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Abstract— Epileptic seizure source identification involves 
neurologists combing through a substantial amount of data 
manually, which sometimes takes weeks per patient. This paper 
presents a methodology for minimizing the amount of data a 
neurologist has to analyze to identify the seizure focus. The 
method keeps the neurologist as the final decision maker and aids 
in the decision making process. It has to be noted that the 
primary focus of the work was not improving the accuracy of 
interictal spike detection but reduction of the volume of data. 
The presented methodology is based on Artificial Neural 
Networks (ANN) and is implemented on EEG data collected on 5 
patients using a dense array EEG reader. As a baseline, a simple 
template matching was implemented on the same dataset. 
Experimental results showed that the ANN based methodology 
was able to reduce the dataset by 98%, a significant 
improvement on the template matching method.  

Keywords—EEG, Interictal Spike Detection, Epilepsy, Neural 
Network 

I. INTRODUCTION 

Epilepsy is a neurological disorder that is caused by an 
abnormal firing of a cluster of neurons in the brain [17, 30]. 
According to the World Health Organization (WHO), it affects 
approximately 50 million people worldwide across all age 
groups [32]. People who have epilepsy experience debilitating 
seizures that come without warning, interrupting their daily life 
and potentially endangering themselves. Epilepsy is treatable 
through various forms of medication, but has no known cure 
[32]. 

Doctors use electroencephalography (EEG) to analyze the 
electromagnetic radiation given off by the brain, commonly 
called brainwaves. An EEG reader consists of electrodes that 
are placed in strategic locations on a patient’s scalp. Each 
electrode, gives out a voltage over time readout (see Fig. 1).  

The EEG readings can be used to identify abnormal 
brainwave patterns, such as an epileptic seizure or interictal 
spike. An ictal event is another name for a seizure event, and 
an interictal spike is a spike that occurs between ictal events 
(between seizures). In EEG data, an epileptic seizure is 
identified by a period of very high amplitude, short duration 
pulses. An interictal spike, is a high amplitude pulse that occurs 
sporadically. Interictal spikes are not seizures themselves, but 

are generated by the same group of neurons that cause the 
seizures [6, 29]. Therefore, if the source of the interictal spike 
can be identified, the patient’s seizure source (known as the 
seizure focus) can be found as well.  

To identify these spikes, a neurologist must manually 
analyze the EEG output across multiple channels and be able to 
discern a spike from the noisy background brainwave signals. 
Such noise can include eye blinks, facial muscle movement, 
errant EM waves from electronic devices, etc. The neurologist 
must identify enough spikes to be confident in where the 
seizure focus is located. This is a time-consuming process, 
taking up to 10 days of analysis per patient. 

This paper presents a method to minimize the amount of 
data a neurologist has to analyze to identify the seizure focus. 
An artificial neural network was used to analyze the EEG data 
from 5 patients and identify interictal spike patterns to filter out 
those regions which do not contain interictal spikes. This 
implementation was designed to keep the neurologist in the 
loop as the final arbiter of whether a given signal is an 
interictal spike. The primary focus of this method was not 
accuracy of interictal spike detection, but reduction of data that 
a neurologist has to manually analyze. 

Fig. 1: Raw unfiltered EEG data 



This paper is organized as follows: Section II provides 
background on EEG and interictal spikes. Section III outlines 
the data preprocessing steps. Section IV details the methods 
used to analyze the effectiveness of the presented method. 
Section V analyzes the results of these methods and Section VI 
finishes with some closing remarks and discussion about future 
directions of this research. 

II. EEG AND INTERICTAL SPIKES 

This section introduces Electroencephalography and 
interictal spikes.  

Every living person’s brain generates pulses of electricity, 
creating an electromagnetic field around the brain. EEGs are 
devices capable of measuring this field by way of numerous 
sensors placed around the brain. Different devices can have 
differing numbers of electrodes, with more electrodes leading 
to higher resolution data being collected. 

Each electrode of the EEG network measures the voltage 
potential across the patient’s brain. Different thought patterns, 
muscle movement, and even emotions can be detected using 
EEG [19]. The electrodes are also very sensitive to various 
sources of noise, such as muscle movement around the face, or 
external sources of electromagnetic radiation. 

 Neurologists use the EEG to identify where in the brain a 
patient’s seizures are coming from. Epileptic seizures 
themselves are characterized by excessive, synchronous 
abnormal firing of neurons in the brain [22]. The EEG signal 
during an actual seizure makes it difficult to determine the 

origin of these signals due to the strong, chaotic signals. One 
pattern that arises during monitoring of patients in between 
seizures is the interictal spike. 

The interictal spike tends to occur in the region of the brain 
where the patient’s seizures emanate from [24], [25]. The 
interictal spike is characterized by a sharp change in amplitude 
of the voltage in a relatively short amount of time (typically 
60-100ms, about 100ms for the patients in this study). This 
pattern is similar between patients, though not exactly the 
same. The interictal spike allows neurologists to identify where 
a patient’s seizures are coming from and prepare the patient for 
surgery. 

The current detection method involves a doctor manually 
analyzing hours of EEG data, looking for the interictal spike by 
eye. This is an exhaustive, error-prone process, taking up to ten 
days per patient. 

III. PREPROCESSING OF EEG DATA 

This section discusses the preprocessing techniques used in 
the paper.  

A. Raw EEG Data 

This experiment examined patients from the Virginia 
Commonwealth University Health’s (VCU Health) Department 
of Neurology. The EGI Dense Array EEG was used to examine 
five separate patients, with EEG readings between 5-24 hours. 
The Dense Array has a sampling rate of 1000Hz, generating 
millions of samples per electrode. Due to memory and 
processing constraints, only a small portion of the data from 
each patient was analyzed. 

B. Signal Preprocessing 

The information output from the EEG data is a voltage 
signal propagating over time. Figure 1 shows the raw voltage 
as a function of time from a single electrode of EEG data. The 
signal is visibly noisy, and any distinct patterns would be 
difficult for a human eye to discern. To reduce this noise, an 
infinite impulse response (IIR) Butterworth band pass filter 
[21] from 5-30 Hz is used. This creates a filter that only allows 
signals between 5 and 30 Hz to pass through, attenuating the 
high frequency noise and providing a de-trending of low 

 
Figure 3: Multiple electrode input values showing 21 concatenated 
electrode windows from 7 random non-interictal spike data samples

 
Figure 4: Multiple electrode input values showing 21 concatenated 

electrode windows of interictal spike data. 

Figure 2: Original EEG data plotted with EEG data after being run 
through the bandpass filter. 



frequency travel. Figure 2 shows two interictal spikes both 
before and after being run through this filtering process. 

C. Data Extraction 

The raw data format consists of 256 electrodes and 1,000 
records per second for each electrode. To analyze the data for 
interictal spikes, a sliding window is used to analyze each 
potential window of data for the interictal spike pattern. The 
width of this window was chosen to be 120ms to capture the 
entire 100ms interictal spike, as well as information before and 
after the spike. Each window is extracted and considered a 
single data sample, allowing the windows that contain interictal 
spikes to be separated from those that do not.  

IV. METHODS 

A. Electrode Selection 

The EGI Dense Array consists of 256 electrodes, each 
recording 1,000 samples per second. Due to memory 
constraints of the neural network that will be explained in a 
later section, not every electrode can be analyzed at once. To 
test the effectiveness of analyzing multiple electrodes, three 
different electrode sets were chosen with an increasing number 
of electrodes per set. With the window size of 120 samples ;per 
electrode, this would end up creating very large concatenated 
signals as input to the classification algorithms. To reduce the 
size of the input layers for each electrode test set, each 
electrode was downsampled to a tenth of the original number 
of values. More specifically, every 10th data point from each 
electrode was kept, leaving 12 samples from each electrode 
instead of 120. The overall shape of the signal is kept, keeping 

much of the original information but reducing the over input 
size by an order of magnitude.  

The Data Extraction method, detailed in Section IV C, 
discussed the sliding window technique used to analyze the 
data. For a single electrode, this would mean comparing a 
single window at a given time step to some separate signal for 
comparison. In the case of the multiple electrode analysis, each 
electrode was concatenated together to form a single, 
composite signal for the time step, as seen in Figures (3,4). 
Figure 3 shows a single time step across a number of 
electrodes, with the vertical red lines separating each electrode. 
The time step shown for this figure is not during an interictal 
spike, and there seems to be no discernable correlation of 
signals across the electrodes. However, in Figure 4 there is a 
similar spike signal seen on electrodes 1, 4, 7, 9, and 11. This 
correlation of spike signals between electrodes is the key 
feature of an interictal spike. Identifying signals such as those 
in Figure 4 from those in Figure 3 is the primary purpose of the 
two methods that will be explained in the next section. 

B. Template Matching 

Machine learning algorithms are computationally 
expensive, requiring training time, testing, and tuning of the 
hyper-parameters that are the design of each individual 
network. Signal analysis is not a new field, and machine 
learning algorithms are not the only method available to match 
signals to one another. A more straight-forward approach is to 
use simple template matching. 

As a baseline for comparison, a spike template for each 
patient was constructed from the average of half of a patient’s 
annotated spikes. This template was the width of the spike (120 
samples). This average template was slid across the entire 
dataset for each patient, with the mean-squared-error (MSE) 
being recorded for each window. To determine whether a given 
signal was an interictal spike, a threshold was set so that any 
window with an MSE lower than this threshold would be 
classified as a spike. Five thresholds were tested, ranging from 
the standard deviation of the spikes used to create the average 
set, to its variance. 

This threshold can be changed to best fit the patient’s 
spikes, reducing the number of false positives and increasing 
the number of true positives, however choosing this threshold 
is a difficult task, and one that cannot be easily generalized 
across patients. 

C. Artificial Neural Network 

There is no simple, easy process to choose a good threshold 
for the template matching system described above. A learning 
algorithm, such as an artificial neural network (ANN), is 
capable of using training data to select a number of thresholds 
for each feature of the input space, and classify each sample 
accordingly. 

 
Figure 5: Design of the feed forward artificial neural network using error 

back-propagation. 



Figure 6 shows the training process for the ANN used in 
this study. A 5-fold cross validation was used to train the 
network. The number of annotated spikes per patient is 
significantly smaller than the total number of samples to be 
analyzed. This imbalance in data requires a modification of the 
standard cross validation techniques. As mentioned in 
subsection A, the data was split into windows that contain 
spikes and windows that do not. To create the training and 
testing datasets, the nonspike data used normal 5-fold cross 
validation methods, taking 80% as training data and 20% as 
testing. The spike windows were split into 5 separate 
randomized permutations. For each fold of nonspike data, the 
corresponding spike permutation would be used, with the first 
half being used for training and second half for testing. This 
guaranteed that there was no contamination of the testing data 
during training, and that all nonspike and spike data was 
eventually trained and tested upon. 

The training of the ANN used a batch size of 50 samples, 
with a 50% chance of each sample being a spike or a nonspike 
from the training sets. This equal weighting of spike and 
nonspike helps alleviate the problem of the massively 
imbalanced dataset. Since a given training size of spikes is 
anywhere between 3-7 spikes, each batch will contain 
multiples of the same spike, essentially weighting the spikes 
higher than a nonspike. 

The ANN architecture, diagrammed in Figure 5, consisted 
of an input layer for each electrode test set, a single hidden 
layer with 100 neurons using the sigmoid activation function, 
and a single output neuron also using the sigmoid activation 
function. Error back-propagation method was used to train the 
ANN. Several ANN architectures were tested and the single 
hidden layer network with 100 neurons in the hidden layers 
produced the most accuracy with best generalization. The 
number of iterations used for training was 10,000, making a 

total of 500,000 total samples used for training with the batch 
size of 50. 

V. EXPERIMENTAL RESULTS 

A. Evaluation Metrics 

In this study, True Positives (TP) are spikes that are 
identified as spikes, True Negatives (TN) are non-spikes that 
are identified as non-spikes, False positives (FP) are non-spikes 
classified as spikes and False Negatives (FN) are spikes that 
are classified as non-spikes. The evaluation metrics used in this 
study are precision, recall, F1 score, and data reduction 
percentage. The precision is defined as:  

 )( FPTP

TP
precision

+
=  (1) 

This determines how accurate the system is at filtering out 
actual spikes from falsely classified spikes. 

Recall measures how accurate the system is at extracting 
spikes that are actually occurring in the data, and is defined as:  

 )( FNTP

TP
recall

+
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where TP is true positives and FN is false negatives. 

The F1 score, defined as: 

recallprecision

recallprecision
ScoreF

+
=

*
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The F1 score is a weighted average of the precision and recall, 
allowing a single value to represent the accuracy of the system. 

 

Figure 6: Diagram showing the 5-fold cross-validation technique used for training and testing. 



The metric used to determine the data reduction percentage 
is defined as: 
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with the Total_EEG_Data_Size being patient-specific data 
size, and the Spike_Window_Size equaling 120. This metric 
allows us to determine how much information remains that a 
neurologist would have to analyze.  

B. Results 

1) Template Matching Results 
Figures (7,8) show the precision, recall, and F1 scores for 

the template matching analysis. Immediately obvious is the 

poor precision for all patients except Patient 1. Patient 1’s 
performance is likely due to the quality of the annotated spikes. 
The more similar a set of annotated spikes are, the better a 
template matching system will work. This is because the 
standard deviation used to calculate the threshold value yield a 
more precise value, cutting out more false data. The poor 
precision means the template matching system does not 
discriminate between true positives and false positives very 
effectively. In an implemented system, this would yield a large 
dataset for the neurologist to analyze. 

Adding more electrodes did not yield better results in most 
patients. A template matching system that relies on a threshold 
will likely perform worse when adding more electrodes unless 
the majority of the electrodes added contain spikes. The F1 
score, Figure 8 shows the overall performance of the template 
matching system. Patient 1 performs well, while the remaining 
4 do not perform nearly as well. 

  
Figure 7: Precision and recall scores across all three electrode sets for the single patient analysis. 

 
Figure 8: F1 score and data reduction percentage across all three electrode sets for single patient analysis. 



Figure 8 also shows the data reduction % for the template 
matching. Patient 1 shows a 99% data reduction across all three 
electrode sets, with Patient 2 closely behind around 90%. 
Patient 2’s case is interesting, while the precision for patient 2 
is under 10% on all three electrode sets, the data reduction is 
still a significant amount. However, patients 3-5 show very 
inconsistent results in comparison to the first two patients, with 
patients 4 and 5 exhibiting no data reduction on some electrode 
sets. 

2) Artificial Neural Network Results 
Figure 9 shows the average precision across the 5 folds 

used for testing, giving a useful indication of how well the 
ANN can distinguish between true and false positives. Figure 9 
also shows the average recall, giving a good indication of how 
well the ANN can identify the annotated spikes from the 
testing set. The F1 score averages across all 5 patients are 
consistently higher than the template matching, with the 
exception of Patient 1. Most importantly is the data reduction 
percentage shown in Figure 10 notice the y-axis beginning at 
98%. While the F1 scores are not approaching 100% for any of 

the patients, the amount of data reduction is significant for all 
patients, which was the main goal for this project. 

The analysis between the differing sizes of electrode sets 
allows us to gain useful insight into the effectiveness of the 
multiple electrode approach. By analyzing the precision, recall, 
and F1 scores, it is seen that increasing the number of 
electrodes, in general, decreased the performance of the ANN. 
This is likely due to the ANN not being able to extract any 
extra useful information out of the new electrodes. The 
increased complexity and noise introduced by the new 
electrodes outweighed any extra useful information contained 
in the electrodes. 

VI. CONCLUSION AND FUTURE WORK 

The final results showed that the artificial neural network 
was able to accurately reduce the amount of data across 
multiple patients by over 98%, a significant improvement over 
the template matching system used as a baseline. Furthermore, 
it was found that increasing the number of electrodes did not 
increase the accuracy of the system, but decreased it instead. 

 
Figure 9: Precision and recall scores across all three electrode sets for the single patient analysis. 

 
Figure 10: F1 score and data reduction percentage across all three electrode sets for single patient analysis. 
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