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ABSTRACT
Background  Childhood epilepsy with centrotemporal 
spikes (CECTS) is the most common epilepsy syndrome 
in school-aged children. However, predictors for seizure 
frequency are yet to be clarified using the phase lag 
index (PLI) analyses. We investigated PLI of scalp elec-
troencephalography data at onset to identify potential 
predictive markers for seizure times.
Methods  We compared the PLIs of 13 patients with 
CECTS and 13 age- and sex-matched healthy controls. 
For the PLI analysis, we used resting-state electroen-
cephalography data (excluding paroxysmal discharges), 
and analyzed the mean PLIs among all electrodes and 
between interest electrodes (C3, C4, P3, P4, T3, and 
T4) and other electrodes. Furthermore, we compared 
PLIs between CECTS and control data and analyzed 
the associations between PLIs and total seizure times in 
CECTS patients.
Results  No differences were detected in clinical 
profiles or visual electroencephalography examinations 
between patients with CECTS and control participants. 
In patients with CECTS, the mean PLIs among all elec-
trodes and toward interest electrodes were higher at the 
theta and alpha bands and lower at the delta and gamma 
bands than those in control participants. Additionally, 
the mean PLIs toward interest electrodes in the beta 
frequency band were negatively associated with seizure 
times (P = 0.02).
Conclusion  The resting-state delta, theta, alpha, 
and gamma band PLIs might reflect an aberrant brain 
network in patients with CECTS. The resting-state PLI 
among the selected electrodes of interest in the beta 
frequency band may be a predictive marker of seizure 
times in patients with CECTS.
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Benign epilepsy with centrotemporal spikes, recently 
renamed childhood epilepsy with centrotemporal spikes 
(CECTS), is the most common epilepsy syndrome 
in school-aged children.1 Patients with CECTS show 
characteristic seizure semiologies, such as unilateral 
facial twitching or stiffness and numbness or tingling of 
the face and throat (the tongue, lips, gums, inner side of 
the cheek, and teeth), which cause difficulty in speaking 
(speaking with gurgling noises, speech arrest, drooling, 
and hypersalivation).1, 2 CECTS was previously named 
“benign” epilepsy with centrotemporal spikes; however, 
some patients require multiple antiepileptic drugs due 
to frequent and intractable seizure episodes, and some 
develop cognitive deficits, learning disabilities, and 
psychiatric or behavioral disorders.3, 4 These symptoms 
indicate that ictal and/or interictal epileptic activity 
affects global brain functions outside of the epileptic 
regions.

Many researchers have attempted to identify 
predictive markers for seizure times in patients with 
CECTS using detailed clinical profiles or electroenceph-
alography (EEG) characteristics.5, 6 Functional magnetic 
resonance imaging (MRI) studies have revealed an ab-
errant brain network during the resting state in patients 
with CECTS.7, 8 In EEG frequency analyses, phase lag 
index (PLI) calculation is a computed analytic method 
used to estimate connectivity while eliminating volume 
conduction and is applicable with respect to epileptic 
and/or global brain function.4, 9 Using global electrodes, 
it was observed that the PLI value in the resting state 
had significantly lower alpha-band connectivity in 
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patients with CECTS than in control individuals.10 The 
lower PLI value for CECTS patients could be related to 
global dysfunction due to epilepsy or a countermeasure 
against focal hyperexcitation and hypersynchrony. 
Some studies on PLI in patients with CECTS have been 
conducted; however, predictors for seizure frequency 
are yet to be clarified using PLI analyses.

Therefore, the aim of this study was to reveal the 
tendency of connectivity changes at each frequency 
band in patients with CECTS using PLI analyses during 
scalp EEG records of the resting state and to identify 
the potential predictive markers among PLIs at each 
frequency band for seizure times in CECTS using PLI 
analyses.

MATERIALS AND METHODS
Study participants and clinical information
We recruited patients with CECTS whose first scalp 
EEG data were recorded between January 2005 and 
December 2015 at Tottori University Hospital. The 
diagnostic criteria for CECTS were as follows: 1) noc-
turnal seizures with hemifacial (lip and mouth) clonic 
movements, laryngeal symptoms, dysarthria, swallow-
ing or chewing movements, and hypersalivation; 2) age 
at onset between 3 to 14 years; 3) centrotemporal spikes 
with activation during sleep; and 4) no other neurologi-
cal abnormalities. We selected 13 age- and sex-matched 
healthy children for the control group. They developed 
normally and had no history of CECTS or other central 
nervous system disorders.

Clinical information and patient classification
We retrospectively reviewed clinical records and ex-
tracted the following data: sex, age at disease onset, an 
ictal manifestation of the first seizure, the total number 
of seizures, number of seizures before treatment and 
number of seizures before first EEG, electrodes with 
paroxysmal discharges (PDs) at the first EEG record, 
and use of antiepileptic drug treatment.

EEG recordings and visual EEG findings
Scalp EEG was performed before commencing anti-
epileptic drugs using Neurofax (Nihon-Koden, Tokyo, 
Japan). Electrodes were placed according to the inter-
national 10–20 electrode system with 16 EEG channels 
(Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, 
T4, T5, and T6). The mean of C3 and C4 was set as the 
system reference. Signals were digitized at 200 samples 
per second in all channels using a 60 Hz high-frequency 
filter and a 0.5 Hz low-frequency filter. The second 
author (Okazaki T), a certified pediatric neurologist, 
reviewed the first EEG recordings for centrotemporal 

spike foci and the presence of tangential dipoles. 
Tangential dipoles have been previously defined as PDs 
with frontal positivity and centrotemporal negativity on 
monopolar montage.3, 11

Quantitative EEG analysis: selection of EEG, time 
window, and electrodes
The second author (Okazaki T) reviewed each EEG 
recording. Initially, alpha activities during awake eyes-
closed resting state were recorded using five artifact-free 
2-second epochs, and no PDs within 5 s were selected. 
For the computed analyses, we used these selected EEG 
data with referential montages (Fp1, Fp2, F3, F4, C3, 
C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, and T6). The 
mean of C3 and C4 was set as the system reference. 
The EEG data were analyzed using MATLAB (The 
MathWorks Inc., Natick, Massachusetts, USA). The 
frequency bands were classified into delta (0.5–3.9 Hz), 
theta (4.0–7.9 Hz), alpha (8.0–12.9 Hz), beta (13.0–29.9 
Hz), and gamma (30.0–39.9 Hz).

Calculation of the PLI
Before computing the PLI value, we used the bandpass 
filter to extract each band’s signal. Subsequently, we 
calculated the phase difference between electrodes and 
extracted the phase difference matrix.

To calculate the PLI of electrodes x and y, we 
estimated the time series of phase differences across 
electrodes as:

	 ( ) ( ) ( ),  ,φ φ φ∆ = −x y x yt t t

where ϕx (t) and ϕy (t) indicate the phase values of the 
x and y electrodes at time t, respectively.12 We then 
calculated the functional connectivity as the consistency 
in the distribution of instantaneous phase differences 

( ), φ∆ x y t  defined as:
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where the consistency of the phase difference of n seg-
ments was examined.12, 13

The PLI ranges between 0 and 1. If the PLI is 0, the 
two signals are either not coupled or are coupled with a 
phase difference centered at approximately 0 mod π. If 
the PLI is 1, the two signals are perfectly phase-locked 
at a value of Δϕ, which is different from 0 mod π. When 
this non-zero phase locking is strong, the PLI is large. 
However, it is worth noting that PLI does not indicate 
which of the two signals is leading in the phase.14
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Mean PLIs among all electrodes and mean PLIs to-
ward interest electrodes
Using the above method, we compared the mean 
PLIs among all electrode pairs (mean PLI among all 
electrodes) between patients with CECTS and control 
participants. Subsequently, we calculated the mean 
PLIs between the electrodes of interest and the other 
electrodes in each patient (mean PLI toward interest 
electrodes) because the special connectivity changes 
in epilepsy are predicted to be more prominent in the 
electrodes with epileptic discharges. We calculated the 
mean PLIs of all pairs between the interest electrodes, 
including C3, C4, P3, P4, T3, and T4 electrodes and 
other electrodes. Finally, we compared the mean PLIs 
toward interest electrodes between patients with CECTS 
and control participants.

Statistical analyses
Statistical analysis was performed using SPSS statistics 
software (version 27.0, IBM Corp., Armonk, NY). 
Categorical variables, including sex, age at onset of 
the seizure, seizure times, seizure type, spike foci side 
and tangential dipole, and the number of antiepileptic 
drugs used, were compared using the chi-square test. 
Statistical significance was set at a p-value of < 0.05.

Subsequently, the mean PLIs among all electrodes 
and towards interest electrodes in each frequency band 
were compared between patients with CECTS and 

control participants using Welch’s t-test. Because of the 
repetitive analyses, statistical significance was set at a p-
value of < 0.01.

Lastly, multivariate linear regression analysis was 
used to identify significant correlations between seizure 
times and the PLIs in each frequency band. Statistical 
significance was set at a p-value of < 0.05.

Ethics
This study was conducted in accordance with the 
Declaration of Helsinki, and Tottori University Hospital 
Institutional Review Board approved the protocol (ap-
proval number: 18A072). Written informed consent to 
participate in this study was obtained from the partici-
pant’s legal guardian or their next of kin.

RESULTS
Clinical characteristics of CECTS patients and con-
trol participants
This study included 13 (4 female and 9 male) patients 
who met the inclusion criteria. The patients’ clinical 
characteristics are shown in Table 1. The total number 
of seizures ranged from 1 to 37 (mean: 10, range: 1–37). 
At the first EEG recording, there were only six elec-
trodes with PDs on the left, three on the right, and three 
on both sides. Dipole appeared in nine patients.

Table 1.  Clinical information of patients with CECTS

Patient No. Sex Age at onset, 
(years, months)

Ictal manifestation of first 
seizure

Total number 
of seizures

Electrodes with paroxysmal 
discharges at the first EEG 
record

Dipole

1 M 6, 0 IR, 2G, OP 3 Lt-mT +
2 F 7, 0 IR, Cl, HS 3 Lt-pT, mT, C, P +
3 M 7, 1 Cl, 2G, HS 1 Rt-C +

4 F 7, 9 IR, HF, Cl, HS 2 Lt-C,P, mT 
Rt-P, pT +

5 F 8, 1 IR, OP, HS 4 Lt-mT, C +
6 M 8, 7 G or 2G 3 Rt-mT +

7 F 5, 10 IR, OP, HS 37 Lt-C 
Rt-P, mT, P, +

8 M 10 Cl, HS 13 Lt-C -
9 M 7, 0 OP 13 No paroxysmal discharges N/A
10 M 3, 7 IR, OP 20 Lt-mT +
11 M 5, 10 HF, OP 20 Lt-mT +
12 M 5, 5 IR, Cl 8 Rt-C N/A

13 M 5, 7 IR, Cl 5 Lt-mT, F 
Rt-C N/A
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Mean PLIs among all electrodes between CECTS 
patients and control participants
Fig. 1 shows the heat map of a matrix plot of band-
specific mean PLIs of all pairs of electrodes in each 
group (Fig. 1). The CECTS group showed significantly 
lower mean PLIs among all electrodes at the delta and 
gamma bands than the control group (P < 0.001). In 
contrast, the CECTS group had significantly higher 
means of the mean PLIs among electrodes at the theta 
and alpha bands than the control group (P < 0.001) (Table 
2).

Mean PLIs toward interest electrodes between 
CECTS patients and control participants
Fig. 2 shows pairs of electrodes with significant differ-
ences of connectivity between patients with CECTS 
and control participants. At the delta and gamma bands, 
the CECTS group had significantly lower mean PLIs 
toward the interest electrodes than the control group 
(blue lines, P < 0.001). In contrast, the CECTS group 
had significantly higher mean PLIs toward the interest 
electrodes at the theta and alpha bands than the control 
group (red lines, P = 0.006 and P < 0.001, respectively) 
(Table 3).

Correlation between seizure times and PLIs in 
CECTS patients
We performed a multivariate linear regression analysis 
to clarify the correlation between seizure times and 
PLIs in patients with CECTS. No significant correlation 
between seizure times and PLIs among all electrodes 
was observed. However, mean PLIs towards interest 
electrodes on the beta frequency band were negatively 
associated with total seizure times (P = 0.020) (Table 4, 
Fig. 3).

DISCUSSION
We analyzed PLIs using scalp EEG data during the 
resting state and discovered that the mean PLIs among 
all electrodes and the mean PLIs toward interest elec-
trodes (C3, C4, P3, P4, T3, and T4) were higher in the 
theta and alpha frequency bands and lower in the delta 
and gamma frequency bands in patients with CECTS 
than in control participants. In patients with CECTS, 
the mean PLIs toward interest electrodes in the beta 
band were negatively associated with seizure times. 
Hyposynchronization of the beta frequency band may 
occur in patients with CECTS and may be associated 
with the degree of epileptic excitation in these patients.

In previous research on patients with CECTS, clini-
cal findings showed no correlations between seizure 
times and sex or seizure semiology.5 Several studies 

have indicated a correlation between early seizure onset 
age and frequent seizure episodes12, 13; however, a simi-
lar correlation was not found in the present study. This 
may be due to the insufficient sample size in our study 
to identify a significant correlation.

Some studies have identified factors predictive of 
frequent seizures in patients with CECTS using visual 
EEG examination. For example, Gregory and Wong 
described frontal positivity and centrotemporal negativ-
ity as the tangential dipole associated with connectivity 

Fig. 1.  Heat map of a matrix plot of band-specific mean phase lag 
index (PLI) among all pairs of electrodes in each group. The heat 
map shows connectivity in the delta, theta, alpha, and beta fre-
quency bands with different color scales for each band. The closer 
the PLI is to 1 and the closer it is to red, the more the phases are 
aligned. On the contrary, the closer the PLI is to 0 and the closer 
it is to blue, the more the phases are out of alignment. CECTS, 
childhood epilepsy with centrotemporal spikes.



52

M. Oguri et al.

© 2023 Tottori University Medical Press

of frontal and central or temporal activity.11 They 
concluded that patients with tangential dipole spikes had 
a lower incidence of clinical abnormalities and seizure 
times than patients without tangential dipole spikes. 
Vinayan et al. also described patients with CECTS with 
these tangential dipole spikes as having better educa-
tional results.3

Recent research has described other predictive 
markers on visual EEG examination; the frontal focus, 
bilateral asynchrony, and frequency of PDs have been 
described as frequent seizure markers.15, 16 Conversely, 
other researchers could not detect predictive markers 
on EEG recordings for seizure times in patients with 
CECTS.5, 12 No correlation has been established be-
tween visual EEG and seizure outcomes in patients with 
CECTS.

In this study, we initially analyzed the mean of 
global connectivity (mean PLIs among all electrodes). 
We then analyzed the connectivity between the elec-
trodes on peri-Rolandic areas and other areas (mean 
PLIs toward interest electrodes), as the epileptogenic 
areas develop aberrant networks with other areas in 
patients with focal-onset epilepsy.17

The two analyses showed similar tendencies in 
the connectivity changes: increasing on theta and alpha 

bands and decreasing on delta and gamma bands. 
These tendencies were also observed in a previous 
magnetoencephalography (MEG) study, which found 
decreased connectivity of the delta frequency band in 
study in patients with CECTS,18 as well as enhanced 
functional connectivity of the alpha frequency band 
between anterior and posterior cerebral regions and 
less connectivity of the gamma frequency band at EEG 
than in the MEG post-treatment study.18 Another study 
observed increased connectivity of the theta frequency 
band of EEG data at the onset of epilepsies with vari-
able etiologies.19 This tendency was partially obvious 
on the network via the peri-Rolandic area.18 The same 
tendencies of increasing and decreasing connectives at 
each frequency band between the analyses for global 
and interest electrodes might indicate that the aberrant 
networks develop via the epileptogenic cortical regions 
in patients with CECTS.

An association between connectivity and seizure 
times or frequency in CECTS patients is yet to be con-
firmed. This study revealed that a low PLI toward inter-
est electrodes in the beta frequency band might be a risk 
factor for frequent seizures times in CECTS patients. 
The PLI analysis at the beta frequency band using scalp 
EEG data might be applicable for estimating the seizure 

Table 2.  The mean phase lag index among all electrodes in patients with CECTS and control participants in each 
frequency band

Frequency band
Patients with CECTS Control participants

P-value
(n = 13) (n = 13)

Delta 0.36 ± 0.24 < 0.40 ± 0.25 < 0.001*
Theta 0.32 ± 0.23 > 0.28 ± 0.21 < 0.001*
Alpha 0.34 ± 0.24 > 0.30 ± 0.21 < 0.001*
Beta 0.17 ± 0.13 0.16 ± 0.12 0.081
Gamma 0.19 ± 0.14 < 0.23 ± 0.16 < 0.001*

Fig. 2.  Pairs of electrodes with significantly higher (red) or lower (blue) connectivity in patients with CECTS than in control partici-
pants. The pairs with significant differences tended to include interest electrodes (C3, C4, P3, P4, T3, and T4) in the delta and theta 
bands. CECTS, childhood epilepsy with centrotemporal spikes.
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frequency and determining antiseizure medication at 
the onset timing in patients with CECTS.

The tendency was not observed in the analysis 
using global electrodes. In a previous study of EEG 
connectivity for patients with epilepsy, the connectivity 
of the beta frequency band among sensorimotor areas 
decreased.20 A study using functional MRI in patients 
with CECTS indicated the connectivity between senso-
rimotor areas and other cortices, and the connectivity 

between sensorimotor areas and the inferior motor area, 
decreased during the resting state.21 The centrotemporal 
spikes interrupt the connections between sensorimotor 
and other areas, including language areas, inferior fron-
tal areas, and the caudate.22 Using scalp EEG, our study 
revealed more disrupted connectivity from sensorimotor 
areas toward other areas in CECTS patients with more 
frequent seizures.

Interestingly, the PLIs toward the PD electrodes 
on the beta frequency band did not differ between 
patients with CECTS and control participants (Table 
3). Compared with those in the control participants, 
the PLIs toward PD electrodes in patients with CECTS 
were high among patients with infrequent seizures and 
low in patients with frequent seizures. The inversion 
phenomenon among the different seizure frequencies 
was similar to the network analysis results in children 
on the autism spectrum.23 This resulted in no differ-
ences in PLIs between all patients with CECTS and 
control participants in this study.

In conclusion, the mean PLIs using all electrodes 
and toward PD electrodes in patients with CECTS 
increased at theta and alpha frequency bands and de-
creased at delta and gamma frequency bands compared 
with those of the control participants. The mean PLIs 
toward PD electrodes at the beta frequency band were 
negatively associated with seizure times in patients 
with CECTS. This difference in the resting-state EEG 

Table 3.  Mean PLIs in the pairs between the interest electrodes (C3, C4, P3, P4, T3, and T4) and the other elec-
trodes (mean PLIs toward PD electrodes) in patients with CECTS and control participants in each frequency band

Frequency band
Patients with CECTS Control participants

P-value
(n = 13) (n = 13)

Delta 0.34 ± 0.23 < 0.39 ± 0.25 < 0.001*
Theta 0.31 ± 0.22 > 0.29 ± 0.21     0.006*
Alpha 0.34 ± 0.25 > 0.30 ± 0.22 < 0.001*
Beta 0.17 ± 0.13 0.16 ± 0.12     0.029
Gamma 0.19 ± 0.14 < 0.22 ± 0.16 < 0.001*

Table 4.  The results of multivariate regression analysis between seizure times and PLIs with electrodes toward 
interest electrodes in each frequency band

Frequency band B β
95% CI of B

VIF P-value
Lower Upper

Delta –0.76 –0.02 –3.53 2.02 1.01 0.59
Theta 0.12 0.00 –2.72 2.95 1.00 0.94
Alpha 1.45 0.04 –1.12 4.02 1.01 0.27
Beta –5.63 –0.07 –10.39 –0.88 1.01 0.02*
Gamma 1.86 0.03 –2.69 6.42 1.00 0.42

Fig. 3.  Association between mean phase lag index (PLI) toward 
interest electrodes at the beta frequency band on the scalp EEG 
recordings and total seizure times of each patient with CECTS. 
The arrowhead indicates PLIs toward interest electrodes in 
control participants (0.16). PLIs toward PD electrodes were nega-
tively associated with the seizure times that were significant.
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connectivity may be a predictive marker for seizure 
times in patients with CECTS.

Limitations
Our study had some limitations. The seizure times were 
modified using medical treatment. The tendency of low 
PLIs toward interest electrodes in patients with frequent 
seizures was not prominent enough to provide a cut-off 
value for predicting the frequent seizure cases; a study 
with more patients is required to provide this.
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