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Abstract

Epilepsy is known since ancient history and affects the lives of millions. Due to various physiological and ethical
reasons, it is extremely difficult to conduct thorough examination of the human brain. As a result, even after millennia
of identifying epilepsy and treating it, we know relatively little about what is causing epilepsy and what is the best
way to manage it. In order to meet this challenge, we have developed an artificial neural network, one that allows us
to mimic several aspects of the epileptic brain. Our model is based upon a specially designed neuron “cell”, and the
network is formed in a manner that offers several degrees of flexibility in its formation: Starting with the
neurotransmitter and up to properties of the entire network. We compare the activity of our model to that recorded
from real brains of epilepsy patients, and demonstrate resemblance in key properties of the neuronal activity. Using
this artificial network offers an easier experimental platform that manifests epileptic-like behavior, which allows to
investigate the underlying mechanisms causing epilepsy on one hand, and to examine potential treatments on the
other hand. The model can be adopted to manifest other physiological properties that can be suitable for modeling
other neurological disorders.

Keywords: Epilepsy; Epileptic brain; Medical treatment;
Neurological disorders

Introduction
Epilepsy is a well-known affliction characterized by recurrent and

unprovoked seizures, affecting 1-2% of the population. Epilepsy exact
prevalence is difficult to quantify especially in rural populations and
pediatric epilepsy [1]. Two thirds of epilepsy patients respond to
medical treatment, and for those that remain, surgery is the best viable
option [2,3]. Epilepsy is not a single disorder, but rather a group of
neurological disorders characterized by epileptic seizures, ranging
from nearly undetectable events to long periods of vigorous shaking
[4].

The cause of most epilepsy cases is unknown [5]. Few cases are
genetically related, and some people develop epilepsy as a result of
brain injury, stroke, brain tumor, or drug abuse. Recent research also
connects epilepsy with autoimmune diseases [6,7]. The diagnosis
typically involves ruling out other conditions known to cause similar
symptoms, such as syncope. Epilepsy is often confirmed by
electroencephalography (EEG), but a normal test is not enough to rule
out the disease [8-10]. Other than the actual seizure and the risks
involved in it, the sudden and unpredictable nature of the seizure is
one of the most disabling aspects of epilepsy. Thus, finding a method
capable of predicting epileptic seizures would open new therapeutic
possibilities, and this can be attempted by analyzing network activity
[11-14].

The human brain is the most difficult organ in our body to
experiment with, due to physiological and ethical reasons. This fact,
along with the variability in epilepsy pathogenesis and the difference in
epilepsy manifestation, is making clinical research very limited, which
reduces the quality of care for epilepsy patients.

Most epilepsy data is obtained by EEG and electrocorticography
(ECoG) [15-17]. Our previous work with this type of data has taught
us that, while offering real in-vivo data, both techniques are limited in
the number of channels, difficult to obtain [16,18-20], and does not
allow manipulating the source of the data (the real human brain)
which is required for understanding the mechanisms which result in
seizures. Facing these challenges, in order to support epilepsy research,
we have designed an artificial neural network that possesses key
elements of the real brain, and allows hands-on experiments with
various epilepsy related factors. The artificial neural network is a model
that mimics the behavior of the epileptic brain. It allows changing
various factors that affect the brain behavior while allowing easy access
to the output of the model. By no means do the authors state that this
model captures the vast complexity of the brain as a whole, yet we
believe that it can shed some light in understanding the underlying
mechanisms causing epilepsy, and offer accessible and safe
“laboratory” for experimenting with epilepsy treatments. The same
model and platform can be applicable to other neurological disorders.

Materials and Methods
EpilePC - neural network model: In order to support the work done

in our lab with ECoG, EEG and Multi-Electrode Array signals, we have
generated an artificial brain model called “EpilePC”. This model is
simple enough to be coded and run on a standard PC, yet complex
enough to allow manifestation of the network properties we have
investigated. EpilePC starts by using a single neuron module, many of
which are integrated according to the network variables and
probabilities, forming one unified network. The cells then start to act
and react based on their design and network setup. Figure 1 presents
an overview of the concept behind this work:
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Figure 1: EpilePC model concept. We start by setting the network
variables. Neuron model cells are connected according to the
variables and form a random network representing the brain. The
network operates and generates action potentials and EEG-like
output which is analyzed into various components. We can then
change the input variable and observe the effect over the output.

Neuron Model
The basic component of the network is a single neuron cell,

designed based upon Morris-Lecar neuron model. The model is a two-
dimensional "reduced" excitation model that allows relatively simple
calculation of the membrane voltage by governing Potassium and
Calcium conductance [21,22]. The computational neuronal model was
designed by D. Tishler [23]. Other computational neuron modules are
available as well and we have examined several, such as the
thalamocortical model [24], Spiking neural P systems [25] and others.
These were found to be less agile and too computational-resources
consuming for our purposes. There now also exist VLSI based neuron
modules that allow emulation of neural behavior, typically on a
configurable circuit [26], these devices are quite difficult to master and
are less convenient for integration into existing analytical tools of
neuronal data.

EpilePC Network Design
Network model was designed with the following three objectives:

Scalability
There are about 10 billion neurons in the human brain with about

1016 connections between them [27]. At this point, there is no super-
computer that can model even a fraction of this immense complexity,
let alone a PC. In order to allow the user to optimally balance the
computing capacity at hand with the model complexity, our network
model is using a single neuron model that can be connected to any
number of other neurons, and in any network morphology. We have
identified key elements in the network behavior while using as little as
20 such cells, and were able to experiment with up to 500 neurons. As
our key purpose was to experiment with as many different networks as

possible, 100 cells were few enough to allow the creation of thousands
of different networks in a relatively short time, and more than enough
to represent the key properties we wanted to examine in the network.
Time is another scalable factor, and each simulation can be run in
order to create a couple of seconds of activity or days, again, depending
on the research goals and computing capacity. There is no meaning for
the real time in that aspect: we can generate the progress of an entire
year’s worth of data within a course of minutes (if we keep the network
small enough), and it can last an entire day to run a simulation of a
couple of seconds worth of data (if we take a very large network). The
correlation between the real time and the simulation time is based on
the time constants which are attributed to the simulation through its
variables. Once a network is generated, it can be set to run for an
infinite time, yet, the key characteristics of the network can be noticed
even after a couple of seconds of activity. We have captured network
output from the scale of milliseconds to hours, for this paper all the
analysis was done based on 100 seconds worth of data per network.

Multi-level access
Since neurological disorders can originate in various levels of the

brain, our model allows accessing those various levels too. It is
impossible to model all the properties of a single neuron, let alone the
entire brain, at the same time. However, one can pick a couple of
neurophysiological properties as input variables and observe their
effect over the brain activity, while keeping others unchanged. We are
grouping these variables into three levels: Sub-Cellular – By that we
refer to variables that are manifested within the neuron itself e.g. ion-
channels, neurotransmitters etc. Cellular – properties attributed to the
entire neuron, e.g. refractory period, inhibition\excitation etc. Ultra-
Cellular – Network properties: How the neurons are distributed,
connected and affecting each other.

Simplicity
Another consideration for making EpilePC easy to use is its

interface. The network is created by applying a set of inputs, that are
used in order to configure each of the network variables, in each of the
layers mentioned above, and from that moment, automatic execution
is creating the network and simulation.

Randomness
It is important to note that, while the inputs for forming the

network are predetermined by the user, the network is randomly
generated and operated. This means that each network, even if set by
the same input variables, is different than any other network. For
example, we can generate an almost infinite number of different
networks while using the same inhibition\excitation ratio: in each
network, different neurons will belong to each group and will be
connected differently. At the same time, even within the same network,
the activity pattern in any given time is different than any other time.
This randomness has two reasons: first, our model is designed to be a
statistical model. As any real brain of a real patient differs from the
brain of any other patient, even if dramatically simplified, our artificial
network must allow the same variation. Thus, every result reported in
this work is obtained by running many iterations with many different
networks. Second, there is randomness of activity within any living
network, and this is also included into the model, where each action
potential (AP) is triggered according to the neuron probabilistic
attributes.
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Network Output
Real brain electrical activity is typically presented by analog signals,

which is the case for EEG and ECoG. In EpilePC, after setting the
model variables and running the simulation, an analog output signal is
produced for each neuron in the network. This signal is in the form of
a voltage trace of the membrane potential (very much like a patch
clamp). In order to analyze the average activity of the network, voltage
traces of neuron clusters are averaged into channels (summed and
divided by the number of neurons per channel). This step is done in
order to simulate the receptive field of the EEG\ECoG electrodes. The
number of grouped neurons per channel is set by the user. Any AC
modeling that the user wishes to apply to the signal (e.g. electrode RCL
model, noise, filtering) can be applied at this stage. Since, unlike in the
case of the real brain, we know the exact voltage of each neuron, we
can also sample the activity per neuron: the voltage trace of every
single neuron is run through a peak detection algorithm [23] which
turns it into a discrete binary signal. This output represents all the time
stamps when each neuron was triggered, for each index-channel (ic).
The algorithm detects all local maxima (peaks) which are above
threshold, we used 20 mV for excitatory neurons, 10 mV for inhibitory
neurons. After all neurons’ activity traces has been turned into binary
signals, we generate a raster plot with a [t, ic] matrix representing all
the time stamps of each action potential in [t], for each channel in [ic].
As this kind of format is widely used, generating the output in this
format allows detailed analysis with existing [t, ic] tools and
algorithms. Figure 2 demonstrates the output of the artificial network.
By aggregating signals from 50 neurons we generate an ECoG-like
signal. In (A) the network is quieter, demonstrating relatively
infrequent bursts, which are of relatively low energy, in (B) we zoom in
into one of these bursts. In (C) we see a more active network, with
more frequent bursts, and each with higher activity. In (D) we zoom in
into one of these bursts. In (E) we see the output of the network as a
raster plot, in alignment to the ECoG-like signal that is plotted in (B)
above. This figure presents our control over the neural network
characteristics on one hand, while keeping it random on the other
hand.

While Figure 2 shows the network at the operating zone, Figure 3
presents the network in its two extremes.

Activity Rate – Spikes Per Seconds
Several parameters are used in order to quantify the signals

obtained from EEG or ECoG signals. Practically any neuronal analysis
starts by looking at the network activity as depicted by the electrodes.
Therefore, the key element we chose for quantifying and comparing
the neural activity is the Spike Per Seconds count (sps) and not the
energy of the analog signal (which is extrapolated from the sps). Any
analog signal can be generated from the sps by picking the proper RCL
model of the electrodes. The opposite is not possible to do (calculating
sps from the analog data) as, for example, when X neurons are firing
randomly near f0 frequency, and grouped into one electrode, the result
will be a similar analog signal as half the number of neurons firing in
twice the frequency. Thus, unlike in the case of real EEG or ECoG
signals, which are a summation aggregation of many neurons, our
model offers the privilege of knowing exactly which neuron had spiked
and when, so this information will be used for the model output.

Scale and Normalization
We have set a limit of over 40 sps per neuron (on average) as a

saturated network. ECoG-like signals with higher sps appear very
similar to real ECoG signals recorded during an epileptic seizure, and
when comparing their frequency modulation to real ECoG signals, it is
clear that this limit indeed corresponds to the real physiological values
[28-30]. For the sake of simplicity, all outputs were normalized to an
Activity scale between 0 and 1, where 0 represents a totally inactive
network, and 1 represents a seizure.

Figure 2: Simulation output example. (A) Voltage trace of an
average of 50 neurons during a 10 seconds timeframe. (B) Zooming
in for one burst during a 1 second timeframe. (C) Voltage trace of a
single neuron during a 10 second timeframe in a more active
period. (D) Single neuron zoom-in for one burst during a 1 second
timeframe. (E) Raster plot of the frame used for generating the
ECoG-like signal in (C).

Multi-level Variables Inputs
One of the guiding principles in designing EpilePC was to allow

access to the various layers in the neuronal activity. In order to
demonstrate and experiment with this approach, we have chosen three
variables to investigate, one for the sub-cellular, one for the cellular,
and one for the ultra-cellular levels. All the variables chosen are ones
that are known to be related to neurological disorders in general and
epilepsy in particular, and the values examined were according to their
actual physiological values. As mentioned above, there are several
potential pathogens of epilepsy, so we can try and model their impact
on the network. We choose one pathogen for each level.
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Figure 3: Analog vs. binary display: Raster plot (bottom) and
ECoG-like signal (above) in two extreme cases: Low activity (left
column) and Seizure like activity (right column).

Sub-Cellular level - TauRec (τrec)
In the sub-cellular level one example for epilepsy factor is gamma-

aminobutyric acid (GABA) which holds a key importance in neuronal
activity. GAT-1, encoded by SLC6A1, is one of the major GABA
transporters in the brain and is responsible for re-uptake of GABA
from the synapse. SLC6A1 mutation is found in patients with epilepsy
demonstrating spontaneous spike-wave discharges [31]. In order to
model the transporter reuptake, we use τrec. Synaptic resources have
three states: active (y), inactive (z) and recovered (x).τrec represents the
time constant of resource recovery, the transfer of resources from the
inactive state to the recovered state, τd represents the time constant of
decay of active resources, the transfer of resources from the active state
into the inactive state. Both τrec and τd are constant. tAP represents the
time of arrival of the last AP to the pre-synaptic terminal. μ represents
the amount of resources which are activated when an AP arrives to the
synapse from the source neuron, the fraction transferred from the
recovered state to the active state when an AP arrives [32,33]. The
transfer of resources between the states is governed by the following
equations, the connections are and presented in Figure 4. These
equations were included into the neuron cell module affecting the sps.�̇ = � • (− tan(1.2� − 1.2))���� − ���(� − ���) (1)
�̇ = − ��� + ���(� − ���) (2)
�̇ = ��� − � • (− tan(1.2� − 1.2))���� (3)�+ �+ � = 1 (4)

Cellular Level - Excitatory\Inhibitory Synapses
The ratio between inhibitory and excitatory synapses is another

known factor of epilepsy, as evident from reduction of inhibitory
synapses [34], identification of decrease of inhibitory GABAergic nerve
terminals at epilepsy foci [35], the impact of sodium channels in
inhibitory interneurons which causes seizures [36] and more. Neuronal
synapses can be either excitatory or inhibitory, respectively increasing
or decreasing the likelihood of the post-synaptic neuron to trigger an

AP. While we can control the nature of each separate synapse in the
neuron model, for the sake of simplicity, we have grouped all the
synapses in each neuron to the same type so, instead of an inhibitory
synapse, we look at inhibitory neuron where all of its synapses are
inhibitory. The inhibition of the formed network is defined as ratio
between inhibitory and excitatory synapses (connections) in the
network [37,38]. Thus, in our case, setting Inhibition to 25% means
that 25% of the connections are inhibitory.

Figure 4: Synaptic resources time constants.

Ultra–cellular Level – Connectivity
Finally, network connectivity has perhaps the biggest impact of all,

with large-scale network connectivity resulting with seizures and even
cognitive dysfunction [39]. This is why surgery has high chances for
preventing seizures from happening, along with many other
indications obtained by both medical experience and research [40-42].
Connectivity is represented by a matrix that attributes the strength of
the connections between all the permutations of neurons in the
network. This matrix can be used in order to isolate one section from
the rest, to generate hubs, and control the linkage level in the network
in general. Global network connectivity is defined as the total number
of connections in the network divided by the number of potential
connections [27,37,43]. Connectivity of 25%, for example, means that
each neuron is fed (on average) by 25% of the neurons via synapses.

Setting the Operating Point
As we are experimenting with three input variables, each one with a

large range of values that can be assigned to it, it was important to set
the operating point. We have been using physiological values reported
in the literature as a starting point and examined the network around
it. Operating point value for TauRec (100) was taken from the original
Tsodyks-Uziel-Markram (TUM) model [22]. In the neocortex, which is
the target of our model, there are about 10 billon neurons [27]. It has
been reported in literature that each neuron in the neocortex is
connected to 5000 to 200000 neurons [44]. Bernhard Hellwig reports
that in one cubic millimeter there are about 75000 neurons [33].
Hellwig also reports that every neuron is connected on average to
about 7000 other neurons [33,37] and that the probability to be
connected to neuron distant more than 0.5 mm is very low (i.e. most
connections arrive from near neurons – within radius of about 0.5
mm). This means an average network connectivity ratio of about
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~10%, and up to 80% for the closest four neighbors. We have set
connectivity operating point to 25%, somewhat above the average
since we wanted to generate a relatively connected network, and
inspected the network relative to this point. In the neocortex,
inhibition level is typically around 20% [27,38,45] so this was the
operating point chosen for the inhibition level.

For validation purposes, we have been keeping two variables fixed at
the operating point, which is the physiological norm, changed the third
variable, and observed the network behavior. In all three cases, the
third variable converged near to its own reported norm value, which
increases our confidence in the artificial network and increases its
usability for representing real brain characteristics. We have used
Matlab 2014b (by Mathworks), EpilePC is free for use, in order to
obtain the code, please contact the authors.

Human ECoG Data
The ECoG recordings that were used as our reference were approved

by the University of Michigan IRBMED. The data was provided by
Prof. O. Sagher from the University of Michigan. The data provided to
the authors was fully anonymized. Subjects signed a written consent
for participation in the trial. The data provided includes multi-channel
recording of several patients during seizures and between them, and
we were thus able to analyze the data while knowing when seizures
took place.

Results
We start by presenting the network ECoG-like output as compared

with real ECoG signals. Having presented the similarity between the
two, we will then demonstrate the observability our model offers by
measuring the network activity as a factor of the three input variables
described above (sub-cellular, cellular, ultra-cellular). We start by one-
dimensional analysis, namely, we change one input variable and
present the network output dependency. Then we present a two-
dimensional representation of the network, and then a three-
dimensional one.

Artificial to Real Analog Signal Comparison
We start our comparison by a visual inspection of some examples.

Figure 5 shows two such comparisons. In each electrogram, the top five
channels are real (derived from the real ECoG data), and the bottom
five ones are simulated. Clearly, the human derived data is “richer” in
its patterns and shapes. One has to keep in mind that even when using
ECoG, the results are more distorted then our data, each electrode
records a much larger and deeper area, the electrical environment is
noisier etc. Nevertheless, what we are after is a dramatic increase in the
activity rate, which the model can produce. As no two patients are
alike, so does the simulation varies between one iteration and the
other, depending on the input variables and probabilities. Besides the
visual comparison that is presented in this paper, a detailed statistical
comparison was conducted, comparing several key quantitative
parameters between EpilePC and real human data. This detailed report
can be obtained by contacting the authors.

Figure 5: Real brain to EpilePC output comparison. Two example
comparisons for two patients (patients A and C in our database).
The top five channels are real ones, the lower five channels are
simulated. Red markers indicate epileptic seizure.

Artificial to Real Signal Frequency Comparison
Another comparison is done in the frequency domain. Brain

regions that demonstrate high frequency oscillations, higher than
10Hz and especially in the range of 60-100Hz are correlated with
epileptogenic foci [29,30]. We compare the spectrograms of real ECoG
signals to those generated by our model. The patterns observed are
similar to what is reported in literature [30,46], in the “bands” it
displays during the seizure as presented in Figure 6.

Changing EpilePC Input Variables
We start by examining the effect of changing our three input

variables, over the network output. Figure 7 shows how changing τrec is
affecting the network activity. As expected, when τrec is getting larger
(as we view the subplots from top to bottom), activity is decreasing.
When τrec = 70 ms (top) we get a very high firing rate of 1677 sps in
this example, a firing rate that drops to 140 sps when τrec = 140 ms
(bottom).

Figure 8 presents the effect of changing the inhibition to excitation
ratio. As expected, increasing the portion of the inhibitory neurons
(top to bottom) decreases the activity.

Finally, in Figure 9 we examine the activity level while changing
connectivity ratio. We see that increasing connectivity is increasing
activity.
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Figure 6: Example of ECoG-like spectrogram of 100 seconds a
seizure (A) and between seizures (B), and zoom in of 10 seconds
window in (C) and (D) respectively.

Figure 7: Activity over time for different levels of refractory period
(τrec). On the left, 100s view, on the right we zoom into 10s view.
When τrec is getting larger, (as we move downwards with the
subplots) activity decreases.

Figure 8: Activity over time for different levels of inhibition. On the
left, 100s view, on the right we zoom into 10s view. Top:
Inhibition=0%, middle, 20%, bottom, 40%. As expected, when
inhibition is getting larger, activity decreases.

One-dimensional Analysis
In Figures 7-9 we give an example for the effect of changing each

input variable (τrec, Inhibition\Excitation ratio and Network
Connectivity) over the network activity (by sps). These examples were
generated by one network in a specific timeframe, in order to present
the analog output signal. We now look on a broader view of each of
these input variables. In the following charts, each marker represents
the average activity of twenty randomly generated networks. All the
networks (in all three charts) are normalized to the same scale. As we
change one input variable, we hold the remaining two at their
operation point. Standard deviation across samples in all cases was
smaller than 0.073 so it was omitted for clarity. Figure 10 examines the
effect of τrec, in Figures 11 and 12 we repeat the same process for
Inhibition ratio and Connectivity.

Two-dimensional Analysis
Figures 10-12 show how changing each input variable, statistically

affects the network activity. However, the brain is not a one-
dimensional but a multidimensional system, with the accumulative
effect of many variables determining its overall behavior. It is therefore
important to observe the behavior of our model in more than one
dimension. In Figure 13 we demonstrate the network activity as a
factor of two variables, while the third is kept in the operating point.
Here too, every pixel is generated by running 20 random networks and
averaging their activity.
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Figure 9: Activity over time for different levels of connectivity: On
the left, 100s view, on the right we zoom into 10s view. Top:
Connectivity = 0%, middle, 25%, bottom, 40%. When connectivity
is getting larger, activity increases.

In these charts, the “deep blue water” regions represent very low
neural activity. The “hot” zone represents epileptic behavior. We can
see that the neural model operating point (values that were chosen
according to the real physiological ones) sets the network to operate in
the “shallow water” zone. These are the regions where the combination
of variables allows the network to operate in high enough activity,
allow even some increase, while still keep sufficient margin from the
epileptic zone.

Three-dimensional analysis
We now present the three-dimensional space. Looking at Figure 14

we can see sphere layers of the network: on the outside envelope, there
is the “deep blue” area of no activity at all, the core of the sphere is the
“hot spot” where ultra-activity takes place. In between we see the
transition sphere, which we expect normal brain activity to take place.

Discussion
EpilePC is a software based brain model that can run on any PC,

and generate normal and pathological brain patterns. In particular,
EpilePC can generate artificial neural networks patterns which
resemble the epileptic brain. While other brain models exist, using
software or hardware emulation, these solutions usually require
expensive devices and heavy computation capabilities.

EpilePC allows modifications of various network variables which
affect different levels of the network activity, from the neurotransmitter

up to the entire network, and observe the overall manifestation of these
modifications. The behavior of the network can be examined and
quantified in a much higher resolution and accuracy than what can be
achieved by real EEG\ECoG recording. By no means do the authors
claim that EpilePC provides a complete representation of the human
brain, yet it allows modifying key elements in the brain-model
structure, express key features in the brain behavior, and doing so in an
easy to access and harmless manner. We have used the overall network
activity (as manifested by sps), generated a scale of activity ranging
from zero activity to epileptic seizure, and found the model operation
point to be in acceptance with what is known from physiological
observations. We then shifted from this point and demonstrated how
the network activity alters in response. EpilePC is also useful in the
sense that it allows getting large statistics promptly, and thus to
examine seizure likelihood as a rate for the “epilepticity” of each
condition. Clearly, the threshold of a seizure in the model may differ
from that of a real patient, namely, the conditions and level of activity
beyond which a real seizure occurs. Nevertheless, there are many
differences between the seizure patterns of one patient to another as
well – EpilePC allows us to objectively compare all the networks
generated, according to the same scale, and it is this relative
comparison that allows measuring the impact of each change. We have
demonstrated that we can add and control different network variables,
and examine their independent and combined effect.

Figure 10: Activity as function of TauRec (all other parameters are
kept at operating point): Each point is a result of 20 iterations of
100s each. Activity scale is between 0 (no activity) and 1 (constant
seizures). Activity “knee” is occurring around TauRec = 100ms. As
expected, when increasing TauRec, (moving right from the knee)
activity decays since the recovery period is prolonged. When
TauRec is decreasing (moving left from the knee), recovery time is
getting shorter and neurons can spike too frequently, network
activity dramatically increases towards being an entirely epileptic
behavior.
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Figure 11: Activity as function of Inhibition ratio (all other
parameters are kept at operating point): Each point is a result of 20
iterations of 100s each. When Inhibition ratio is getting lower we
see that the networks demonstrate a higher activity as expected, but
even when there is no inhibition at all, the networks do no go
entirely out of control. When excitation-inhibition is about two to
one (inhibition = 33%) we see that the network is almost entirely
inactive. Inhibition “knee” is at about 25%.

Figure 12: Activity as function of Connectivity (all other parameters
are kept at operating point): Each point is a result of 20 iterations of
100s each. As expected, as connectivity is getting higher we see the
networks increase their activity towards the seizure level. The
“knee” of connectivity is around 25%.

Figure 13: Network activity as a factor of two input variables: The
higher the value is (red color), the networks are becoming more
epileptic. A) Keeping Connectivity to a constant value and
alternating TauRec and Inhibition. B) Keeping Inhibition to a
constant value and alternating TauRec and Connectivity. C)
Keeping TauRec to a constant value and alternating Inhibition and
Connectivity. In each case, X marks the operating point.

Figure 14: Network activity as a factor of three input variables. The
higher the value is (red color), the more epileptic the network is.
The two charts represent the same three-dimensional space from
two angles to better present the sphere like nature of this space.

Conclusion
While being much simpler than the real brain, EpilePC can still be

used for “experimenting” with the brain. The behavior of the artificial
properties we have explored, converge with known physiological
records. Using EpilePC, the multidimensional nature of epilepsy is
presented in a clear and visual manner. EpilePC suggests that it is not
necessarily a single factor that is the sole factor of epilepsy, but rather
the combination of several factors that can cause the network to be
more likely to demonstrate seizures. This concept suggests that proper
treatment is more likely to be obtained by addressing various aspects of
the brain rather than one. For a patient who can be located on the
three-dimensional space, one can determine a multidimensional
treatment for that patient, which will “push” the patient out of the “hot
zone” in the shortest path. This might have a lesser impact on the
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patient’s normal life. For example, a combination of the right drugs
that will have some effect on inhibition and some effect on
neurotransmitter uptake can have the same reduction in seizure
likelihood, as a major shift on the connectivity dimension – obtained
by brain surgery.

Using EpilePC we can also examine the effect of different treatments
on the network, as long as we can attribute a mathematical description
for that property or treatment, and apply them into the network. For
example, a brain surgery, where a certain part of the brain is
disconnected from its surrounding, would be manifested as zero values
in the connection matrix around the chosen area.

EpilePC can be useful for examining other brain properties and
different neurological conditions. EpilePC was already used to simulate
Ataxia-Telangiectasia (AT), a rare, neurodegenerative, autosomal
recessive disease. In the case of AT, EpilePC was used to simulate the
cortical plasticity, estimate the time constant of the DNA damage
response, and was correlated to data obtained from AT mutagenic
mice. The authors believe that EpilePC can be of service to expedite
and simplify the work of other brain scientists, offering an accessible
toolbox for validating their hypothesis prior to engaging with the real
brain. While we have demonstrated that the model parameters
converge to the real physiological ones (which were already known),
we suggest that EpilePC can be used for extrapolating unknown
physiological properties by tuning the model’s parameters until the
overall activity resembles the real one.

Acknowledgment
The authors would like to thank Prof. O. Sagher from the University

of Michigan, for sharing his ECoG recordings with us.

This research has been conducted under the supervision of the late
Prof. Eshel Ben-Jacob. The authors dedicate this paper in his memory.

References
1. Hawley SR, Ablah E, Hesdorffer D, Pellock JM, Lindeman DP, et al.

(2015) Prevalence of pediatric epilepsy in low-income rural Midwestern
counties. Epilepsy Behav 53: 190-196.

2. Schiff SJ (1998) Forecasting brain storms. Nature Medicine 4: 1117.
3. Eadie MJ (2012) Shortcomings in the current treatment of epilepsy.

Expert Rev Neurother 12: 1419-1427.
4. Chang BS, Lowenstein DH (2003) Classification of neural action

potentials network. Computation in Neural Systems.
5. Timofeev I, Steriade M (2004) Neocortical seizures: initiation,

development and cessation. Neuroscience 123: 299-336.
6. Quek AM, Britton JW, McKeon A, So E, Lennon VA, et al. (2012)

Autoimmune epilepsy: clinical characteristics and response to
immunotherapy. Arch Neurol 69: 582-593.

7. Greco A, Maria IR, Armando DV, Conte M, Gallo A, et al. (2016)
Autoimmune epilepsy. Autoimmun Rev 15: 221-225.

8. Holmes MD, Tucker DM, Quiring JM, Hakimian S, Miller JW, et al.
(2010) Comparing noninvasive dense array and intracranial
electroencephalography for localization of seizures. Neurosurg 66:
354-362.

9. Kasper D, Fauci A, Hauser S, Longo D, Jameson JL, et al. (2012)
Harrison's principles of internal medicine. McGraw-Hill.

10. Caballero-Gauedes C, Van de Ville D, Grouiller F, Thornton R, Lemieux
L, et al. (2013) Mapping intraictal epileptic discharges using mutual
information between concurrent EEG and fMRI. Neuroimage 68:
248-262.

11. Elger CE (2001) Future trends in epileptology. Curr Opin Neurol 14:
185-186.

12. Le Van Quyen M, Martinerie J, Navarro V, Boon P, D'Havé M, et al.
(2001) Anticipation of epileptic seizures from standard EEG recordings.
Lancet 20: 183-188.

13. Mormann F, Andrzejak RG, Elger CE, Lehnertz K (2007) Seizure
prediction: the long and winding road. Brain 130: 314-333.

14. Osorio I, Frei MG (2008) Realtime Detection, Quantification, Warning,
and Control of Epileptic Seizures. US Neurol 4: 67-70.

15. Y Lai, Drongelen WV, Hecox K, Frim D, Kohrman M, et al. (2007)
Cortical activation mapping of epileptiform activity derived from
interictal ECoG spikes. Epilepsia 48: 305-314.

16. Hill NJ, Gupta D, Brunner P, Gunduz A, Adamo MA, et al. (2012)
Recording Human Electrocorticographic (ECoG) Signals for
Neuroscientific Research and Real-time Functional Cortical Mapping. J
Vis Exp 26: 64.

17. Sirvern JI (2014) Electrocorticogram (ECOG). Encyclopedia of the
Neurological Sciences.

18. Engel AK, Moll CK, Fried I, Ojemann GA (2005) Invasive recordings
from human brain: Clinical insights and beyond. Nat Rev Neurosci 6:
35-47.

19. Cho JH, Kang HC, Jung YJ, Kim JY, Kim HD (2013) Localization of
epileptogenic zones in Lennox–Gastaut syndrome using frequency
domain source imaging of intracranial electroencephalography: a
preliminary investigation. Physiol Meas 34: 247-263.

20. Gajic D, Djurovic Z, Gennaro SD, Gustafsson F (2014) Classification of
EEG signals for detection of epileptic seizures based on wavelets and
statistical pattern recognition” Linköping University Post Print. Biomed
Eng Appl Basis Commun 26.

21. Morris C, Lecar H (1981) Voltage oscillations in the barnacle giant
muscle fiber. Biophys J 35: 193-213.

22. Tsodyks M, Uziel A, Markram H (2000) Synchrony generation in
recurrent networks with frequency-dependent synapses. J Neuro Sci 20:
50.

23. Teshler D (2013) From Neurons to Gap Junctions: Study of Complex
Neural Network Dynamics. University of Tel-Aviv.

24. Rubin JE, Terman D (2004) High frequency stimulation of the
subthalamic nucleus eliminates pathological thalamic rhythmicity in a
computational model. J Comput Neurosci 16: 211-235.

25. Ionescu M, Păun G, Yokomori T (2006) Spiking neural P
systems. Fundam inform 71: 279-308.

26. Yang S, Wang J, Li S, Li H, Wei X, et al. (2016) Digital implementations of
thalamocortical neuron models and its application in thalamocortical
control using FPGA for Parkinson s disease. Neurocomputing 177:
274-289.

27. Megıas M, Emri ZS, Freund TF, Gulyas AI (2001) Total number and
distribution of inhibitory and excitatory synapses on hippocampal CA1
pyramidal cells. Neurosci 102: 527-540.

28. Bell ML, Rao S, So EL, Trenerry M, Kazemi N, et al. (2009) Epilepsy
surgery outcomes in temporal lobe epilepsy with a normal
MRI. Epilepsia 50: 2053-2060.

29. Quiroga RQ, Kraskov A, Kreuz T, Grassberger P (2002) Performance of
different synchronization measures in real data: a case study on
electroencephalographic signals. Physical Review E 65: 041903.

30. Smith SJM (2005) EEG in the diagnosis, classification, and management
of patients with epilepsy. J Neurol Neurosurg Psychiatry 76: 2-7.

31. Carvill GL, McMahon JM, Schneider A, Zemel M, Myers CT, et al. (2015)
Mutations in the GABA transporter SLC6A1 cause epilepsy with
myoclonic-atonic seizures. Am J Hum Genet. 96: 808-815.

32. Kandar CC, Mukhopadhyay HK, Das SK, Ghosh L, Gupta BK (2012)
Epilepsy and its management: A review. J Pharm Sci Tech 1: 20-26.

33. Hellwig B (2000) A quantitative analysis of the local connectivity between
pyramidal neurons in layers 2/3 of the rat visual cortex. Biol Cybern 82:
111-121.

Citation: Yekutieli Z, Hoshkover S (2018) PC Based Model of the Epileptic Brain. Epilepsy J 4: 1000122. doi:10.4172/2472-0895.1000122

Page 9 of 10

Epilepsy J, an open access journal
ISSN: 2472-0895

Volume 4 • Issue 1 • 122

http://dx.doi.org/10.1016/j.yebeh.2015.09.014
http://dx.doi.org/10.1016/j.yebeh.2015.09.014
http://dx.doi.org/10.1016/j.yebeh.2015.09.014
http://www.math.pitt.edu/~troy/vlad/Shiff2.pdf
https://dx.doi.org/10.1586/ern.12.129
https://dx.doi.org/10.1586/ern.12.129
https://dx.doi.org/10.1016/j.neuroscience.2003.08.051
https://dx.doi.org/10.1016/j.neuroscience.2003.08.051
https://dx.doi.org/10.1001/archneurol.2011.2985
https://dx.doi.org/10.1001/archneurol.2011.2985
https://dx.doi.org/10.1001/archneurol.2011.2985
https://dx.doi.org/10.1016/j.autrev.2015.11.007
https://dx.doi.org/10.1016/j.autrev.2015.11.007
https://dx.doi.org/10.1227/01.NEU.0000363721.06177.07
https://dx.doi.org/10.1227/01.NEU.0000363721.06177.07
https://dx.doi.org/10.1227/01.NEU.0000363721.06177.07
https://dx.doi.org/10.1227/01.NEU.0000363721.06177.07
https://dx.doi.org/10.1016/j.neuroimage.2012.12.011
https://dx.doi.org/10.1016/j.neuroimage.2012.12.011
https://dx.doi.org/10.1016/j.neuroimage.2012.12.011
https://dx.doi.org/10.1016/j.neuroimage.2012.12.011
https://dx.doi.org/10.1016/S0140-6736(00)03591-1
https://dx.doi.org/10.1016/S0140-6736(00)03591-1
https://dx.doi.org/10.1016/S0140-6736(00)03591-1
https://dx.doi.org/10.1093/brain/awl241
https://dx.doi.org/10.1093/brain/awl241
https://dx.doi.org/10.17925/USN.2008.04.02.67
https://dx.doi.org/10.17925/USN.2008.04.02.67
https://dx.doi.org/10.1111/j.1528-1167.2006.00936.x
https://dx.doi.org/10.1111/j.1528-1167.2006.00936.x
https://dx.doi.org/10.1111/j.1528-1167.2006.00936.x
https://dx.doi.org/10.3791/3993
https://dx.doi.org/10.3791/3993
https://dx.doi.org/10.3791/3993
https://dx.doi.org/10.3791/3993
https://books.google.co.in/books?id=hfjSVIWViRUC&pg=PA1080&lpg=PA1080&dq=Sirvern+JI,+%E2%80%9CElectrocorticogram+(ECOG)%E2%80%9D,+Encyclopedia+of+the+Neurological+Sciences,+(2014)&source=bl&ots=IM8lsj5R1f&sig=IUfW8nfrPeACffDLkTZA7E4FILU&hl=en&sa=X&ved=0ahUKEwik5ca--97YAhVGT7wKHVh4AUMQ6AEIKjAB
https://books.google.co.in/books?id=hfjSVIWViRUC&pg=PA1080&lpg=PA1080&dq=Sirvern+JI,+%E2%80%9CElectrocorticogram+(ECOG)%E2%80%9D,+Encyclopedia+of+the+Neurological+Sciences,+(2014)&source=bl&ots=IM8lsj5R1f&sig=IUfW8nfrPeACffDLkTZA7E4FILU&hl=en&sa=X&ved=0ahUKEwik5ca--97YAhVGT7wKHVh4AUMQ6AEIKjAB
https://dx.doi.org/10.1038/nrn1585
https://dx.doi.org/10.1038/nrn1585
https://dx.doi.org/10.1038/nrn1585
https://dx.doi.org/10.1088/0967-3334/34/2/247
https://dx.doi.org/10.1088/0967-3334/34/2/247
https://dx.doi.org/10.1088/0967-3334/34/2/247
https://dx.doi.org/10.1088/0967-3334/34/2/247
https://doi.org/10.4015/S1016237214500215
https://doi.org/10.4015/S1016237214500215
https://doi.org/10.4015/S1016237214500215
https://doi.org/10.4015/S1016237214500215
https://doi.org/10.1016/S0006-3495(81)84782-0
https://doi.org/10.1016/S0006-3495(81)84782-0
http://www.weizmann.ac.il/neurobiology/labs/tsodyks/publications/Tsodyks%20Uziel%20Markram%202000.pdf
http://www.weizmann.ac.il/neurobiology/labs/tsodyks/publications/Tsodyks%20Uziel%20Markram%202000.pdf
http://www.weizmann.ac.il/neurobiology/labs/tsodyks/publications/Tsodyks%20Uziel%20Markram%202000.pdf
https://pdfs.semanticscholar.org/28f6/f62cf5b10a67c0eff3ff1fcdda9f6649856a.pdf
https://pdfs.semanticscholar.org/28f6/f62cf5b10a67c0eff3ff1fcdda9f6649856a.pdf
https://dx.doi.org/10.1023/B:JCNS.0000025686.47117.67
https://dx.doi.org/10.1023/B:JCNS.0000025686.47117.67
https://dx.doi.org/10.1023/B:JCNS.0000025686.47117.67
https://content.iospress.com/articles/fundamenta-informaticae/fi71-2-3-08
https://content.iospress.com/articles/fundamenta-informaticae/fi71-2-3-08
https://doi.org/10.1016/j.neucom.2015.11.026
https://doi.org/10.1016/j.neucom.2015.11.026
https://doi.org/10.1016/j.neucom.2015.11.026
https://doi.org/10.1016/j.neucom.2015.11.026
https://www.ncbi.nlm.nih.gov/pubmed/11226691
https://www.ncbi.nlm.nih.gov/pubmed/11226691
https://www.ncbi.nlm.nih.gov/pubmed/11226691
http://onlinelibrary.wiley.com/doi/10.1111/j.1528-1167.2009.02079.x/pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1528-1167.2009.02079.x/pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1528-1167.2009.02079.x/pdf
https://doi.org/10.1103/PhysRevE.65.041903
https://doi.org/10.1103/PhysRevE.65.041903
https://doi.org/10.1103/PhysRevE.65.041903
https://dx.doi.org/10.1136/jnnp.2005.069245
https://dx.doi.org/10.1136/jnnp.2005.069245
https://doi.org/10.1016/j.ajhg.2015.02.016
https://doi.org/10.1016/j.ajhg.2015.02.016
https://doi.org/10.1016/j.ajhg.2015.02.016
http://www.pharmascitech.in/admin/php/uploads/36_pdf.pdf
http://www.pharmascitech.in/admin/php/uploads/36_pdf.pdf
https://doi.org/10.1007/PL00007964
https://doi.org/10.1007/PL00007964
https://doi.org/10.1007/PL00007964


34. Ribak CE, Reiffenstein RJ (1982) Selective inhibitory synapse loss in
chronic cortical slabs: a morphological basis for epileptic
susceptibility. Can J Physiol Pharmacol 60: 864-870.

35. Ribak CE, Harris AB, Vaughn JE, Roberts E (1979) Inhibitory,
GABAergic nerve terminals decrease at sites of focal
epilepsy. Science 205: 211-214.

36. Cheah CS, Frank HY, Westenbroek RE, Kalume FK, Oakley JC, et al.
(2012) Specific deletion of NaV1. 1 sodium channels in inhibitory
interneurons causes seizures and premature death in a mouse model of
Dravet syndrome. Proceedings of the National Academy of Sciences 109:
14646-14651.

37. Pakkenberg B, Pelvig D, Marner L, Bundgaard MJ, Gundersen HJG, et al.
(2003) Aging and the human neocortex. Exp Geronto 38: 95-99.

38. Whittington MA, Traub RD, Kopell N, Ermentrout B, Buhl EH (2000)
Inhibition-based rhythms: experimental and mathematical observations
on network dynamics. Int Psychophysiol 38: 315-336.

39. Centeno M, Carmichael DW (2014) Network connectivity in epilepsy:
resting state fMRI and EEG–fMRI contributions. Front Neurol 5: 93.

40. Kay BP, DiFrancesco MW, Privitera MD, Gotman J, Holland SK, et al.
(2013) Reduced default mode network connectivity in treatment‐resistant
idiopathic generalized epilepsy. Epilepsia 54: 461-470.

41. Widjaja E, Zamyadi M, Raybaud C, Snead OC, Smith ML (2013)
Abnormal functional network connectivity among resting-state networks
in children with frontal lobe epilepsy. Am J Neuroradiolo 34: 2386-2392.

42. Haneef Z, Lenartowicz A, Yeh HJ, Levin HS, Engel J, et al. (2014)
Functional connectivity of hippocampal networks in temporal lobe
epilepsy. Epilepsia 55: 137-145.

43. Vecchio F, Miraglia F, Curcio G, Della Marca G, Vollono C et al. (2015)
Cortical connectivity in fronto-temporal focal epilepsy from EEG
analysis: a study via graph theory. Clinic Neurophysiol 126: 1108-1116.

44. Kandel ER, Schwartz JH, Jessell TM (2000) Principles of neural science 4:
pp.1227-1246 New York: McGraw-hill.

45. Van Vreeswijk C, Abbott LF, Ermentrout GB (1994) When inhibition not
excitation synchronizes neural firing. J Computational Neuroscien 1:
313-321.

46. Cho JH, Kang HC, Jung YJ, Kim JY, Kim HD et al. (2013) Localization of
epileptogenic zones in Lennox–Gastaut syndrome using frequency
domain source imaging of intracranial electroencephalography: a
preliminary investigation. Physiological Measurement 34: 247.

 

Citation: Yekutieli Z, Hoshkover S (2018) PC Based Model of the Epileptic Brain. Epilepsy J 4: 1000122. doi:10.4172/2472-0895.1000122

Page 10 of 10

Epilepsy J, an open access journal
ISSN: 2472-0895

Volume 4 • Issue 1 • 122

http://homes.mpimf-heidelberg.mpg.de/~mhelmsta/pdf/1979%20Ribak%20Harris%20Vaughn%20Roberts%20Science.pdf
http://homes.mpimf-heidelberg.mpg.de/~mhelmsta/pdf/1979%20Ribak%20Harris%20Vaughn%20Roberts%20Science.pdf
http://homes.mpimf-heidelberg.mpg.de/~mhelmsta/pdf/1979%20Ribak%20Harris%20Vaughn%20Roberts%20Science.pdf
https://doi.org/10.1073/pnas.1211591109
https://doi.org/10.1073/pnas.1211591109
https://doi.org/10.1073/pnas.1211591109
https://doi.org/10.1073/pnas.1211591109
https://doi.org/10.1073/pnas.1211591109
https://www.frontiersin.org/articles/10.3389/fneur.2014.00093/full
https://www.frontiersin.org/articles/10.3389/fneur.2014.00093/full
https://doi.org/10.1111/epi.12057
https://doi.org/10.1111/epi.12057
https://doi.org/10.1111/epi.12057
https://doi.org/10.3174/ajnr.A3608
https://doi.org/10.3174/ajnr.A3608
https://doi.org/10.3174/ajnr.A3608
https://doi.org/10.1111/epi.12476
https://doi.org/10.1111/epi.12476
https://doi.org/10.1111/epi.12476
https://doi.org/10.1016/j.clinph.2014.09.019
https://doi.org/10.1016/j.clinph.2014.09.019
https://doi.org/10.1016/j.clinph.2014.09.019
https://doi.org/10.1007/BF00961879
https://doi.org/10.1007/BF00961879
https://doi.org/10.1007/BF00961879
https://doi.org/10.1088/0967-3334/34/2/247
https://doi.org/10.1088/0967-3334/34/2/247
https://doi.org/10.1088/0967-3334/34/2/247
https://doi.org/10.1088/0967-3334/34/2/247

	Contents
	PC Based Model of the Epileptic Brain
	Abstract
	Keywords:
	Introduction
	Materials and Methods
	Neuron Model
	EpilePC Network Design
	Scalability
	Multi-level access
	Simplicity
	Randomness

	Network Output
	Activity Rate – Spikes Per Seconds
	Scale and Normalization
	Multi-level Variables Inputs
	Sub-Cellular level - TauRec (τrec)
	Cellular Level - Excitatory\Inhibitory Synapses
	Ultra–cellular Level – Connectivity
	Setting the Operating Point
	Human ECoG Data
	Results
	Artificial to Real Analog Signal Comparison
	Artificial to Real Signal Frequency Comparison
	Changing EpilePC Input Variables
	One-dimensional Analysis
	Two-dimensional Analysis
	Three-dimensional analysis

	Discussion
	Conclusion
	Acknowledgment
	References


