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Abstract
An automatic detection system for epileptic spikes is used as an assistive tool for epileptic analysis and diagnosis using electroencephalogram (EEG). Our system consists of four stages: preprocessing, feature extraction classification and expert system. In this paper, we concern to the performance of 4th stage (expert system) to choose the best threshold for detecting epileptic spikes efficiently. The proposed method is verified by experimental data acquired from ten patients (for training) and four patients (for testing). 
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1. Introduction
Epilepsy is a set of chronic neurological disorders. Epilepsy can be characterized by epileptiforms and seizures. Epileptiforms are waveforms that are related to epilepsy and it usually occurs before or after a seizure [1]. Epileptic seizures are obtained from abnormal, excessive or hyper synchronous neuronal activity in the brain. Automatic spike detection is very important because of providing important information such as spike density, patient syndrome. Over the last 40 years, good reviews on spike detection can be consulted in [2, 3, 4] and references therein. 
The automatic detection systems for epileptic spikes can be categorized into two groups: simplex group, which is a simple structure, normally consisting of one or two engineering techniques [5,6] and multi-stage group which is built up by combining the multiple signal processing and machine learning techniques such as [7, 8, 9]. Usually, the multi-stage systems outperform the simplex systems in identifying epileptic spikes. Thus, our proposed automatic epileptic spike detection system consists of four stages: preprocessing, feature extraction, classification and expert system. Note that, the EEG signal should be put into the noise reduction process [10] before this multistage spike detection system. In this paper, we concern to the performance of 4th stage (expert system) to choose the most suitable threshold for the decision of the detecting epileptic spikes.
The paper is organized as follows. Section 2 describes our proposed automatic epileptic spike detection system. Experiments are presented in Section 3. Section 4 gives the results and discusses the results and Section 5 concludes the paper with some remarks for future works.
2. Theory
2.1. Proposed System Model
Figure 1 shows the block diagram of our proposed spike detection system which consists of 4 stages: preprocessing, feature extraction, classifier and expert system. First, all peaks of an EEG signal are automatically detected in 1st state (Preprocessing) and then, negligible peaks are identified and removed. Next, six features (the amplitudes, durations and slopes) [7], which associated to the morphology of an epileptic spike for each significant peak, are calculated and fed to three different perceptrons. Then, the peaks are separated into two groups of (1) non-epileptic spikes and 2) possible epileptic spikes.
Next, the possibility epileptic spikes are analyzed by continuous wavelet transform in the 2nd stage (Feature extraction). We then calculate seven wavelet features of a wavelet scale, which resembles an epileptic spike, from the 4th to the 8th scales [9]. Then, in the 3rd stage (Classifier), the extracted features are fed into the trained ANN. The spike score values, which are output of trained ANN, are in the range {0, 1}. If a value is closer to 1, the corresponding spike is likely to be an epileptic spike. Lastly, in the 4th stage (Expert system), we enforce a simple formula in parliamentary procedure to get rid of the pseudo-spikes which are settled about an epileptic spike.
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Figure 1. Block diagram of the proposed multi-stage automatic spike detection system.

2.2. Expert system
In our system, an expert system is applied to reduce pseudo (false) spikes. By exploiting the spatial and temporal contextual information, the expert system analyzes EEG data which highly possible to be an epileptic spike. Specifically, in all channels, there exist delays of peak appearances. Epileptic events are usually presented by a “spike and slow-wave complex”. Because the slow-wave duration is around 150 - 350 ms therefore there exist no more than two spikes in an such time interval [11]. The expert system is contrived to do the following steps:
Step 1: Initiate a moving window with the length of 350 ms.

Step 2: Compute the weighting parameter for every spike existed in the window as ρ=0.5(a1+a2).
Step 3: Remove the spikes whose weight ρ fall below k ρmax, where 0<k<1, and ρmax is the local maximum of ρ within the windows of interest. 

Step 4: Continue with the next window.
3. Experiments
3.1. Data Acquisition
In our research, EEG data is recorded by the EEG measurement system E-series of Compumedics. The system can record EEG data and movements of the patient. The proposed scheme was evaluated on EEG data recorded using an international standard 10 - 20 recording system with 19 channels. The sampling rate of record system is 256 Hz. The duration for each recording varies from 6 to 31 minutes. 

Table 1. Training dataset
	Patient
	Gender
	Age
	Duration
	Neurologist

	1
	Male
	7
	10m 30s
	72

	2
	Male
	13
	9m 27s
	70

	3
	Male
	15
	9m 55
	169

	4
	Female
	10
	11m 19s
	40

	5
	Male
	18
	10m 27s
	21

	6
	Female
	7
	22m 22s
	13

	7
	Female
	18
	30m 43s
	105

	8
	Female
	17
	22m 58s
	197

	9
	Male
	11
	9m 46s
	102

	10
	Male
	13
	17m 49s
	39


Table 2. Testing dataset
	Patient
	Gender
	Age
	Duration
	Neurologist

	1
	Male
	8
	13m 53s
	36

	2
	Male
	11
	9m 23s
	180

	3
	Female
	10
	9m 46s
	111

	4
	Male
	6
	5m 39s
	346


We carried out measurements on patients who were clinically diagnosed to suffer epilepsy. There are 14 epileptic patients in total, with 10 males and 4 females. The data from 10 patients were used for system training (Table 1) and the data from the other 4 patients were used for system evaluation (Table 2). The age of the patients ranges from 6 to 18. The spikes of the patient, which are labeled by the neurologist, are represented by parameter Neurologist in the tables in this paper. 
3.2. Evaluation Metric
The sensitivity (SEN) is used as the metric for evaluating the operation of the scheme, which is delineated in [12] as follows 
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where the true positive (TP) is the number of spikes that both the system and the neurologist agree to be epileptic, and the false negative (FN) is the number of spikes that the neurologist labels as epileptic spikes but the system does not recognize so.

4. Results and Discussion
Tables 3-4 show the spike detection results from patients 1-4. The Table 5 summarizes the performance of the system for the best selection of the threshold (i.e. 0.4). The validation statistics of our systems for EEG data recorded in 4 epileptic patients are described in Tables 5. As we can see in Table 5, the sensitivity is very different among the patients (the smallest is 79.28% and largest is 91.33%). The difference in the value of sensitivity among the patients can be explained via the recording time (Duration) and the number of spike (Neurologist) in Table 2. For examples, patient 1 has 36 spikes labeled by the neurologist for a recording time of 13m 53s while the patient 5 has 346 spikes for 5m 39s.
Table 3. Spike detection results from patients 1-2 
	Thresholds
	Patient 1
	Patient 2

	
	Neurologist
	TP
	FN
	SEN (%)
	Neurologist
	TP
	FN
	SEN (%)

	0
	36
	29
	7
	80.55
	180
	146
	34
	81.11

	0.1
	36
	29
	7
	80.55
	180
	146
	34
	81.11

	0.2
	36
	29
	7
	80.55
	180
	146
	34
	81.11

	0.3
	36
	29
	7
	80.55
	180
	146
	34
	81.11

	0.4
	36
	29
	7
	80.55
	180
	146
	34
	81.11

	0.5
	36
	29
	7
	80.55
	180
	146
	34
	81.11

	0.6
	36
	29
	7
	80.55
	180
	146
	34
	81.11

	0.7
	36
	28
	8
	77.78
	180
	146
	34
	81.11

	0.8
	36
	25
	11
	69.44
	180
	146
	34
	81.11

	0.9
	36
	24
	12
	66.66
	180
	138
	42
	76.66

	1.0
	36
	23
	13
	63.88
	180
	119
	61
	66.11


Table 4. Spike detection results from patients 3-4
	Thresholds
	Patient 3
	Patient 4

	
	Neurologist
	TP
	FN
	SEN (%)
	Neurologist
	TP
	FN
	SEN (%)

	0
	111
	88
	23
	79.28
	346
	318
	28
	91.90

	0.1
	111
	88
	23
	79.28
	346
	318
	28
	91.90

	0.2
	111
	88
	23
	79.28
	346
	318
	28
	91.90

	0.3
	111
	88
	23
	79.28
	346
	318
	28
	91.90

	0.4
	111
	88
	23
	79.28
	346
	317
	29
	91.61

	0.5
	111
	88
	23
	79.28
	346
	314
	32
	90.75

	0.6
	111
	88
	23
	79.28
	346
	306
	40
	88.43

	0.7
	111
	87
	24
	78.38
	346
	280
	66
	80.92

	0.8
	111
	82
	29
	73.87
	346
	246
	100
	71.09

	0.9
	111
	74
	37
	66.67
	346
	207
	139
	59.82

	1.0
	111
	64
	47
	57.66
	346
	169
	177
	48.84


Table 5. Performance results of the proposed system
	Patient
	Gender
	Age
	Duration
	Neurologist
	TP
	FN
	SEN (%)

	1
	Male
	8
	13m 53s
	36
	28
	8
	80.55

	2
	Male
	11
	9m 23s
	180
	146
	34
	81.11

	3
	Female
	10
	9m 46s
	111
	88
	23
	79.28

	4
	Male
	6
	5m 39s
	346
	317
	29
	91.61%
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Figure 2: The relationship between the average of SEN and Threshold 
Figure 2 shows the relationship between the average of SEN and Threshold. From Figure 2, we see that, threshold from 0 to 0.4, the value of SEN is constant and from 0.6 to 1.0, the SEN decreases to 0. Hence, in our system, the value of k is set to be 0.4 for the best performance of the expert system of all patients.
5. Conclusion
This paper proposed an investigation of the impact of the threshold on the performance of the fourth stage of the detection system for epileptic spikes. The range of the threshold from 0 to 0.4 will ensure the average sensitivity of 83.1%. This study has been successfully implemented and validated on real EEG data of epileptic patients. We also know that the epileptic spike amplitudes are not always stronger than the background EEG signal. In fact, sometimes epileptic spikes are not so distinguished due to its low voltage amplitude. Our expert system might make misjudgment in these cases. This is a limitation to the entire system and need to be investigated carefully in our future work. 
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