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1  | INTRODUC TION

Electroconvulsive therapy (ECT) is widely used to treat depres-
sion and is considered to be a rapidly acting and effective ther-
apy.1 Although ECT-induced EEG seizure duration (SD) has been 
shown to have limited relevance to efficacy, SD remains important 
to ensure clinically valid stimulus efficiency. Accordingly, studies 
on determining when a seizure terminates have been reported.2‒4 
Human raters showed sufficient reliability when artifact or poor 
postictal suppression (PS) was absent compared with the built-in 
algorithm with Thymatron DGx (Somatics, Inc), though human 

raters had weak points when the above phenomena were pres-
ent.3 However, an ECT-induced EEG seizure was not stationary, 
but nonstationary5 and appropriate for nonlinear analysis. So far, 
fractal dimension (FD)- and sample entropy (SampEn)-based algo-
rithms, as nonlinear analyses, have been shown to have good in-
terrater reliabilities with experienced human raters.6,7 Gangadhar 
used FD to examine EEG seizures from the end of electrical stim-
ulation6, while Yoo used SampEn with the 3-min EEG including 
the prestimulus EEG with the MECTA Spectrum 5000Q device 
(MECTA Corp).7 There have been no reports on the EEG seizure 
endpoint using SampEn with Thymatron (Somatics, Inc), which 
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Abstract
Although electroconvulsive therapy seizure duration has been shown to have limited 
relevance to efficacy, seizure duration remains important for clinically valid stimu-
lus efficiency. There has been no report on seizure duration using sample entropy 
with Thymatron (Somatics, Inc), which is widely used in Japan. Furthermore, wavelet 
transform analysis is also suitable for a seizure because of the wide range of domi-
nant frequencies. Therefore, in this study with Thymatron, the intraclass correlations 
of seizure duration determined by sample entropy, wavelet transform, and visual de-
termination were investigated to determine whether these methods were applicable 
for clinical use. Wavelet transform, sample entropy, and the human rater had high 
intraclass correlations for seizure duration. The present results indicate that wavelet 
transform and sample entropy can be useful in the clinical electroconvulsive therapy 
setting, and they may also be suitable for clinical research into the mechanisms of the 
generalized tonic-clonic seizures related to the efficacy of electroconvulsive therapy.
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is widely used in Japan. Furthermore, wavelet transform (WT) 
analysis is also suitable for seizures because of the wide range of 
dominant frequencies.8 Therefore, in this study with Thymatron, 
the intraclass correlations of SD by WT, SampEn, and visual deter-
mination were investigated to determine whether these methods 
were applicable for clinical use.

2  | METHODS

Electroconvulsive therapy was conducted by Thymatron contain-
ing an inbuilt EEG system (Fp1-A1, Fp2-A2, International 10-20 
system). The details have been described elsewhere.9 A total of 
100 continuous ECT EEGs from seven patients (4 women and 3 
men; age 60.7  ±  17.7  years; age range, 40-85  years) diagnosed 
with a depressive episode (depressive disorder/bipolar disorder; 
6/1) treated by ECT in Nagoya City University Hospital were ana-
lyzed.10 All session EEGs were used. The EEG from the end of elec-
trical stimulation to 2 seconds was deleted due to machine artifact 
contamination, and the EEG data endpoint, not the seizure end-
point, was always the point at least 15 seconds after the probable 
seizure endpoint. The EEG sampling frequency was 200 Hz. First, 
the human rater determined the SD of all sets. Second, WT and 
SampEn were calculated for all sets without confirming the results 
of the human rater.

2.1 | EEG analysis

2.1.1 | Human rater

The SD was determined with a precision of 1  seconds. The SD 
was the integer rounded down to the nearest decimal. One expe-
rienced human rater rated the SD and PS.9 The SD was defined as 
the point where EEG seizure activity changed to a continuously 
lower amplitude or flattening. The end of the seizure was divided 
into three categories according to the degree of PS. PS was rated 
by the human rater as follows: 0, cannot tell where the seizure 
ends; 1, seizure termination is clear, but suppression is poor (not 
flat); 2, good seizure suppression (very flat), but the transition to 
flat is gradual; and 3, good seizure suppression (very flat), and the 
transition is abrupt.

2.1.2 | Wavelet transform

Wavelet transform analysis is a linear analysis. A seizure is char-
acterized by dynamic localized variations in the frequency of the 
signal. A spectrogram is usually used to represent the spectra in 
the time and frequency space by means of a short-time Fourier 
transform (STFT) using the window function, and a predetermined 

interval is used to analyze the time-varying signals. However, a 
predetermined scaling method of the STFT may not be appropriate 
for the ictal EEG seizure because of the wide range of dominant 
frequencies and the nonstationary power. A method of time-fre-
quency localization that is scale-independent, such as WT, should 
be used.11 Therefore, the ictal EEG was analyzed with a continuous 
wavelet transform (CWT) using the Morse wavelet. The absolute 
maximum magnitude of the CWT was averaged per second. The 
CWT analysis for ictal EEG was useful in terms of the ictal EEG 
gradually changing the evolution of its frequency from faster to 
slower according to the time elapsed.8

2.1.3 | SampEn

SampEn was selected according to Yoo et al7 SampEn is a statistic 
measuring the complexity and regularity of clinical and experimental 
time series data and can be used for the analysis of relatively shorter 
biological data.12 A lower value of SampEn indicates more self-sim-
ilarity and regularity in the time series. SampEn (N, r, m) was calcu-
lated by means of the algorithm in PhysioNet.12‒15 N is the length 
of data, m is the length of sequences to be compared, and r is the 
tolerance for accepting matches.13 In the present study, N = 200 data 
points, m = 2, and r = 0.2 were used.

2.1.4 | Exploring the seizure endpoint

One example of SD is shown in Figure 1A-E. All raters indicated 
the SD of this seizure as 74 seconds. The method of determining 
the seizure endpoint was always calculated by the same method 
with both SampEn and WT analyses. After the calculations with 
SampEn and WT analysis, the following was applied to detect the 
SD for the two methods. The ictal EEG was standardized (mean = 0 
and standard deviation = 1) before these calculations (Figure 1A). 
Figure 1B shows the SampEn analysis, and Figure 1C-E shows the 
WT analysis. Because the changes in SampEn (Figure 1B) were 
similar to those of wavelet magnitude on WT analysis (Figure 1C), 
the below is explained using the WT analysis. Because the wave-
let magnitude and SampEn gradually increased and decreased and 
then flattened (Figure 1B,C), the part of the increase was deleted 
to avoid duplication with the part of the decrease. Thus, SD of 
<15 seconds was excluded. The wavelet magnitude in Figure 1C 
was sorted in ascending order (Figure 1D). Thus, the index in 
Figure 1D means the order from the small to the large wavelet 
magnitude. Then, the 10 wavelet magnitudes backward from 
each index were averaged, according to Yoo et al7 (Figure 1C,D). 
Specifically, each 10 wavelet magnitudes, from index 1 (75 sec-
onds) to 66  seconds, from index 2 (94  seconds) to 85  seconds, 
from index 3 (92 seconds) to 83 seconds, continuing to from index 
10 (100 seconds) to 91 seconds, were averaged (Figure 1C-E). In 
exploring the seizure endpoint, since the index of the seizure 
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endpoint was the largest averaged wavelet magnitude among the 
above 10 averaged wavelet magnitudes, in this seizure, index 5 
(74  seconds) was the seizure endpoint (Figure 1E). The ANOVA 

intraclass correlation coefficients (ICCs) were calculated for the 
SD between the human rater and the two methods.16 All calcula-
tions were performed using MATLAB R2018b.

F I G U R E  1   A, Electroconvulsive therapy (ECT)-induced EEG seizure for which the seizure duration (SD) was determined to be 74 s (arrow) 
by all raters. B, SampEn of the seizure. The X-axis is time (seconds), and the Y-axis is SampEn. The arrow indicates 74 s (X-axis). C, Wavelet 
magnitude per second calculated by wavelet transform (WT) analysis of the seizure. The X-axis is time (s), and the Y-axis is the wavelet 
magnitude of the continuous wavelet transform. The arrow indicates 74 s (X-axis), which is index 5 in D (Arrow). The diamond indicates 
65 s (X-axis). Ten wavelet magnitudes from 74 to 65 s were averaged. From index 1 to index 10, the averaged wavelet magnitudes were 
always calculated similarly. D, The index (X-axis) implies the ascending order of wavelet magnitude (the order from small to large wavelet 
magnitude). Thus, the Y-axis is the time (s) corresponding to the wavelet magnitude in C. The smaller index shows smaller wavelet magnitude. 
The arrow indicates that index 5 (X-axis) is 74 s (Y-axis). E, The 10 wavelet magnitudes backward from each of the 10 indices were averaged. 
The largest averaged wavelet magnitude was index 5 (arrow) (X-axis). The index is the same as in D
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3  | RESULTS

The results are shown in Table 1. One seizure with an 11-second 
SD was excluded. It was confirmed that all of the data sets in-
cluded no coarse artifacts. A total of 99 seizures were included. 
The ANOVA ICCs overall and of all pairs were high and sufficient 
for clinical application. The means (standard deviation) of the SD 
for the human rater, SampEn, and WT were 58.7 seconds (17.6 sec-
onds), 58.7  seconds (17.5  seconds), and 59.8  seconds (17.7  sec-
onds), respectively. The proportions with a 3-second or greater 
difference between each of two methods were 6.1%, 17.2%, and 
12.1% for the human rater vs SampEn, the human rater vs WT, 
and SampEn vs WT, respectively, while that for the human rater vs 
SampEn of Yoo et al7 was 20.8%. PS was rated as 1 (PS1) in 51%, 
2 (PS2) in 28%, and 3 (PS3) in 21%. The ICCs [99% confidence in-
tervals] of PS1, PS2, and PS3 were 0.99[0.98 0.99], 0.99[0.98 1.0], 
and 0.99[0.98 1.0], respectively. The proportions with a 3-sec-
ond or greater difference between each of two methods in PS1 
were 19.6%, 23.5%, and 25.5% for the human rater vs SampEn, 
the human rater vs WT, and SampEn vs WT, respectively; those in 
PS2 were 22.2%, 33.3%, and 14.8%, respectively; and those in PS3 
were 4.8%, 28.6%, and 19.0%, respectively. Thus, the present data 
could consist of the various types of seizure termination.

4  | DISCUSSION

This study demonstrated that WT, SampEn, and the human rater 
had high ICCs for SD. The results with SampEn were the same as 
Yoo et al7 (n = 24). However, Yoo et al used the 3-minute EEG by 
the MECTA Spectrum 5000Q device, and the EEG consisted of the 
period before electrical stimulation, the ictal EEG, and the postictal 
EEG.7 In the present study, the ictal EEG for the calculation of the 
seizure endpoint was the EEG from the end of electrical stimula-
tion to the postictal state. Furthermore, in Japan, the Thymatron is 
broadly used, and our method can be used as soon as the end of the 
seizure with the computer through the Thymatron. The present data 
consisted of consecutive ECT sessions (n = 99) and included difficult 
cases to be rated as shown in the PS ratings. So far, manually rated 
EEG seizure markers of ECT treatment efficacy, regularity, or PS 
were investigated.9,17 Nevertheless, SD is clinically the first criterion 
to determine the validity of the session. The present results indicate 
that these methods, WT and SampEn, can assist human raters in the 
clinical ECT setting. These methods may also be suitable for clinical 

research into the mechanism of the generalized tonic-clonic seizure 
related to the efficacy of ECT.

The limitation of our methods is that coarse artifact contami-
nation between the SD and the data endpoint may cause identifi-
cation of the incorrect SD. Although the data endpoint was usually 
5-10  seconds over the SD, a data endpoint that is not too long is 
desirable to avoid artifact contamination.
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