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Abstract. Surgery is an effective treatment for intractable epilepsy where the seizure cannot be controlled
by medication. Intractable epilepsy is generally treated by removing epileptic foci and propagation paths．
It is, therefore, important to determine epileptic foci and propagation paths in surgery. Surgical site is
determined by visual inspection using magnetoencephalogram ， magnetic resonance imaging,
electroencephalogram and, electrocorticogram. However, diagnosis by visual inspection of a doctor is
fraught with problems which depends on the experience. We aim for establishment of diagnostic
indicator which can show quantitative and objective evidence. In this paper, we propose a new
connectivity analysis. In the connectivity analysis, we calculate the maximum correlation value and the
delay time for each channel-to-channel using correlation function from ECoG which is recorded at
preoperative evaluation for intractable epilepsy patients. A connectivity strength is defined by using
linear combination of the maximum correlation value and its delay time between channels of ECoG.
Then, the propagation structure of epileptiform discharges is estimated by using minimum spanning tree
whose each edge length is reverse of the connectivity strength. We applied the method to ECoG of a
patient with temporal robe intractable epilepsy. The result shows that a estimated propagation structure
was consistent with the result of MEG analysis.
Keywords: Electrocorticogram, Intractable epilepsy, Connectivity analysis, Propagation structure, Minimum spanning tree

1. Introduction
Epilepsy is a common cranial nerve disease that affects up to 1% of the population. Seizure is caused
by epileptiform discharges propagating throughout the brain leading to loss of normal brain function.
Epileptic seizures have a lot of symptoms as they propagate throughout the brain. About 75% of these
patients can control seizures by medication, but 25% of them cannot be cured by medication, which is
known as intractable epilepsy [Cascino, 1994]. Intractable epilepsy can be treated by surgery [Wiebe et
al, 2001]．Patients are cured by removing epileptic foci and propagation structure. In order to further
improve the surgical outcome and avoid any neurological deficits from the removal of the lesion, the
precise origin of the seizure activity must be accurately localized [Niedermeyer and Silva, 2010].
Epileptic foci and propagation paths are diagnosed by visual inspection of doctor using
electrocorticogram (ECoG), which is recorded for inspection before operation [Jenssen et al, 2011],
magnetic resonance imaging (MRI) and, magnetoencephalogram (MEG). Visual inspection depends on
the experience of the doctor to diagnose epileptic foci and propagation path of epileptiform discharges
from ECoG, less experienced doctors cannot accurately diagnose the surgical site.
Connectivity analysis has been a wide area in the brain research these days. In particular, functional
brain network analysis of fMRI data is visually conducted by many researchers. However, there are few
research on connectivity analysis of patients with epilepsy. Mizuno, et.al. proposed a method estimating
epileptic foci and connectivity of epileptiform discharges, which was observed from ECoG, using cross
correlation map [Mizuno-Matsumoto et al, 1999]. The method, however, indicates only a crosscorrelation map of the channels in order to express the connectivity between the channels. After
estimating the quantitative propagation structure of epileptiform discharges using cross-correlation
function, visualization using a graph theory has not been reported.
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In this paper, we developed a new method of estimation and visualization of epileptic foci and
propagation structure of epileptiform discharges. We used cross-correlation function and the minimum
spanning tree of graph theory. We estimated propagation structure of epileptiform discharges from ECoG
which was a patient’s data at seizure onset using connectivity analysis. We consider the effectiveness of
our method by comparing the estimated results and the results of MEG.

2. Methods
2.1. Data acquisition
We used the ECoG which was recorded on subdural for inspection before operation1. Placement of
intracranial Electrodes of a patient is shown in Fig. 1. Channel zero to channel 15 were located at the left
frontal lobe, channel 16 to channel 23 were located at the interior left temporal lobe, channel 40 to
channel 44 were located at the interior right temporal lobe, and channel 24 to channel 39 were located at
the left temporal lobe. The ECoG of the patient was shown in Fig. 2. The ECoG shown in green is the
frontal lobe, blue is the interior temporal lobe and, red is the temporal lobe. The patient lost their normal
brain function after the propagation of epileptiform discharges throughout the brain which was at around
35 seconds. After that, the high amplitude of epileptiform discharges last almost 100 seconds, then,
epileptiform discharges terminated around 140 seconds. After the termination of epileptiform discharges,
flat ECoG were observed for a while.

Figure 1. Electrode layout of the patient: Electrodes were placed at pink circles and the numbers represent
channel number of bipolar EEG mesurment

Figure 2. A Typical ECoG signals of the patient during ictal period. Green line: frontal robe, Blue line: interior
temporal lobe, Red line: temporal lobe.

1
This study has been reviewed and approved by Ethics Review Committee of Kindai University,
Faculty of Medicine (21-135) and Faculty of Biology-Oriented Science and Technology (H26-1-008).
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2.2. Connectivity Analysis
First, we calculated cross-correlation function from ECoG every channel-to-channel as follows:

𝜌𝜌𝑖𝑖𝑖𝑖 (𝜏𝜏) =

𝐸𝐸[(𝑥𝑥𝑖𝑖 (𝑡𝑡)− 𝜇𝜇𝑖𝑖 )(𝑥𝑥𝑗𝑗 (𝑡𝑡− 𝜏𝜏)− 𝜇𝜇𝑗𝑗 )]

,

(1)

�𝐸𝐸 [(𝑥𝑥𝑖𝑖 (𝑡𝑡)− 𝜇𝜇𝑖𝑖 )2 ]𝐸𝐸[(𝑥𝑥𝑗𝑗 (𝑡𝑡)− 𝜇𝜇𝑗𝑗 )2 ]

where 𝑥𝑥𝑖𝑖 and 𝑥𝑥𝑗𝑗 are ECoG of channel 𝑖𝑖 and 𝑗𝑗, and 𝜇𝜇𝑖𝑖 and 𝜇𝜇𝑗𝑗 are averages of 𝑥𝑥𝑖𝑖 and 𝑥𝑥𝑗𝑗 , respectively. 𝐸𝐸[∙]
shows expected value and 𝜏𝜏 is the delay time. In this report, the range of 𝜏𝜏 was from −0.1 seconds to 0.1
seconds. Time averaging window for calculating correlation function was set to one second. Next, we
∗
from cross-correlation
searched the maximum correlation value 𝑚𝑚𝑚𝑚𝑚𝑚𝜏𝜏 ��𝜌𝜌𝑖𝑖𝑖𝑖 (𝜏𝜏)�� and its delay time 𝜏𝜏𝑖𝑖𝑖𝑖
function 𝜌𝜌𝑖𝑖𝑖𝑖 (𝜏𝜏). Here, in order to eliminate the influence of small value of the maximum correlation
𝑚𝑚𝑚𝑚𝑚𝑚𝜏𝜏 ��𝜌𝜌𝑖𝑖𝑖𝑖 (𝜏𝜏)�� which is to be statistically uncorrelated, namely null hypothesis fails to reject with
99.9% confidence interval using the z-test, was assigned as zero. In the case of the maximum correlation
value was zero, a delay time 𝜏𝜏 was set to 0.1 seconds, which is the longest delay time in this study. The
correlation maps between channel to channel is shown in Fig. 3.

Figure 3. Maximum correlation 𝑚𝑚𝑚𝑚𝑚𝑚𝜏𝜏 ��𝜌𝜌𝑖𝑖𝑖𝑖 �� map of ECoG signals between the channels.

Then, we defined connectivity strength as follows:

𝑑𝑑𝑖𝑖𝑖𝑖 = 𝛼𝛼�𝑚𝑚𝑚𝑚𝑚𝑚𝜏𝜏 ��𝜌𝜌𝑖𝑖𝑖𝑖 (𝜏𝜏)��� + (1 − 𝛼𝛼) �1 −

∗
�𝜏𝜏𝑖𝑖𝑖𝑖
�

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚

�

,

(2)

where 𝑚𝑚𝑚𝑚𝑚𝑚𝜏𝜏 ��𝜌𝜌𝑖𝑖𝑖𝑖 (𝜏𝜏)�� is maximum correlation value of each channel-to-channel with respect to 𝜏𝜏. To
∗
use normalized delay time, absolute value of the delay time at maximum correlation �𝜏𝜏𝑖𝑖𝑖𝑖
� was divided by
the longest delay time 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 0.1 in this study. α is an arbitrary constant which determines the weights
of both the maximum correlation term and the delay term. In this study, α was set to 0.5, i.e., the weight
of the maximum correlation value and the delay time was the same. In order to configure the minimum
spanning tree, the inverse connectivity strength 1 − 𝑑𝑑𝑖𝑖𝑖𝑖 was used as edge length.
Finally, we configured minimum spanning tree using connectivity strength to edges. We estimated
and visualized the propagation structure of epileptiform discharges. The minimum tree is a undirected
graph which does not have closed path together with the minimal total weighting for its edges. In other
words, the estimated propagation structure results of epileptiform discharges formed in this report
assumes there is no ECoG loop between channels.
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3. Results
The estimated minimal spanning tree of seizure onset of the patient is shown in Fig. 4. In the
estimation results, circles indicate nodes and the number represents the channel number. The colors of
the circle indicate the position of the channel. Light gray, gray and dark gray present frontal robe, interior
temporal robe and exterior temporal robe, respectively. Also, the lines indicate that the stronger the
connectivity thicker the line. In this study, a root node of the minimum spanning tree configured the node
which has the highest connectivity strength.
In the estimated results of propagation structure, the channels located in the left temporal lobe is first
connected and then they are connected to the interior left temporal lobe then the connections are made
to the left frontal lobe.

Figure 4. Estimated Minimum Spanning Tree. Dark gray: exterior temporal robe channels, Gray: interior
temporal robe channels, Light gray: frontal robe channels

4. Discussion
Fig. 5 shows the results of MEG of a sporadic epileptiform discharge of the patient. The result
indicates the epileptiform spikes in red moving from the left temporal lobe to the interior left temporal
lobe then finally to the left frontal lobe. As we mentioned earlier, the estimated propagation structure of
epileptiform discharges of the patient begin at the left temporal lobe where the epileptic foci were located.
Then epileptiform discharge propagates to the interior left temporal lobe, then finally to the left frontal
lobe. Both results show the same appearance of propagation structure. Since both results indicate a
similar propagation structure, that our method used in this study is considered to be effective in
demonstrating the sporadic epileptiform discharges and the onset of the epileptic seizure is similar.
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Figure 5. The result of the MEG Analysis

5. Conclusions
We developed a new analysis method of connectivity analysis using cross-correlation function and
minimum spanning tree based on the graph theory. Estimated propagation structures of seizure onset
obtained by proposed method were similar to the results of the MEG analysis. These results show the
effectiveness of the method. The connectivity analysis using ECoG for the propagation structure of
epileptiform discharges enables quantitative estimation without using a large-scale system like MEG.
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