
Introduction

Perampanel is an antiepileptic drug (AED) usually used as pri-
mary and adjunctive treatment for partial onset seizures with or 
without secondary generalized tonic-clonic seizures and as ad-
junctive treatment in generalized tonic-clonic seizures. Peram-
panel acts selectively on the α-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid receptor (AMPAR) as a noncompetitive an-

pISSN 2672-0442   eISSN 2672-0450
Epilia: Epilepsy Commun 2021;3(1):40-46

https://doi.org/10.35615/epilia.2021.00227  

Original article

Background: The purpose of this study was to investigate the changes in electroencephalography 
(EEG) functional connectivity (FC) induced by perampanel treatment and to explore the relation-
ship between changes in FC and serum perampanel levels. 

Methods: The EEG recordings of 16 patients with epilepsy were used in this study. EEG recordings 
and neuropsychological tests were performed before and after 25 weeks of perampanel treatment. 
Serum perampanel levels were also obtained after treatment. FC was measured using the weighted 
phase lag index (wPLI) and was compared before and after treatment. The correlation between sig-
nificant changes FC and serum perampanel levels was evaluated. 

Results: Eight patients showed a more than 50% reduction in seizure frequency. However, neuro-
psychological tests showed little change, with only the delayed recall of the Rey Complex Figure 
showing a significant increase after perampanel treatment. In FC analysis, the wPLI of three elec-
trode pairs (FP1-P3, F8-P3, and P4-Pz) in the alpha band significantly decreased. The changes in 
the connectivity of the electrode pairs were not correlated with serum perampanel levels. 

Conclusions: Although decreases in cognitive function were not observed due to perampanel treat-
ment, significant reductions were observed in alpha band FC, suggesting a potential negative effect 
on cognition. 
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tagonist.1,2 Because AMPAR is an ionotropic transmembrane re-
ceptor for glutamate-mediated excitatory neurotransmission in 
the central nervous system, AMPAR inhibition caused by peram-
panel may negatively affect cognitive functions.

A study comprising subjects aged 12 to 18 years reported that 
the continuity of attention and speed of memory decreased and 
the quality of episodic memory increased after 19 weeks of ad-
junctive perampanel treatment, although the effect size was 
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small.3 After 52 weeks using the same subjects, no change in the 
speed of memory was observed, while a small but statistically 
significant decrease in the power of attention was found, suggest-
ing that perampanel may have negatively affect attention.4 An-
other study reported small increases in the power of attention 
and quality of episodic secondary memory, together with de-
creases in the continuity of attention related to increased peram-
panel serum levels in adolescents aged 12 to 18 years.5 Two stud-
ies reported no cognitive deficits due to perampanel treatment.6,7 
In our previous study comprising adult patients, although neuro-
psychological (NP) tests showed no decline in cognition, elec-
troencephalography (EEG) spectral analysis showed an increase 
in the power of the theta band and a decrease in the alpha band, 
accompanied by a decrease in the peak alpha frequency after 6 
months of perampanel treatment, indicating potential negative 
effects on cognitive function.7 However, another study using 
EEG spectral analysis reported an increase in cortical EEG fast 
activity, with an increase in the beta band and a decrease in the 
delta band in adults and children after three months of follow-up, 
indicating potential enhancement of attention and cognition.8 
Although previous studies using comprehensive NP tests, a gold 
standard for examining cognitive function, have reported little or 
no change in cognition after perampanel treatment, significant 
changes in the power of brain oscillations were observed. Con-
sidering that brain oscillations are more sensitive than clinical 
measures, further investigation is needed to evaluate the effect of 
perampanel on brain activity. 

Neuronal coherence is recognized as a sign of interaction or 
communication between active neuronal groups; thus, it is close-
ly related to cognition.9 Functional connectivity (FC) is the tem-
poral correlation of activity between different brain regions, 
quantitatively representing neuronal coherence. Naturally, FC 
measures can be used to investigate alterations in cognitive func-
tion.10 Little is known thus far about the effect of perampanel on 
FC, and knowledge concerning the FC change induced by per-
ampanel may lead to a better understanding of the effect of per-
ampanel on brain activity and cognition. 

In the present study, we analyzed phase-based FC in EEG 
caused by perampanel signals. We sought to scrutinize the chang-
es in EEG FC and determine the relationship between the chang-
es in FC and perampanel serum levels. The weighted phase lag 
index (wPLI) was used as a measure of FC to minimize the effect 
of volume conduction and reduce spurious connections.

Methods

1. Patients
This study was approved by the Institutional Review Board of 
Seoul National University Hospital (No. C-1602-107-742), and 
informed consent was obtained from all the participants. 

The patient characteristics and study design were described in 
our previous study.7 The patients were aged between 19 and 65 
years and had partial seizures with or without secondary general-
ized seizures. The EEGs were recorded, and NP tests were con-
ducted for all the participants before they started taking peram-
panel (baseline) and after 25 weeks (follow-up). Perampanel was 
taken orally once a day, and the dose was increased by at least 2 
mg every 2 weeks, starting at 2 mg/day. The doses were in-
creased by 2 mg every week for patients taking enzyme-inducing 
antiepileptic drugs concurrently. The maintenance dose of per-
ampanel ranged from 4 to 12 mg/day, which was not changed for 
a month before the final EEG recording. Concomitant AEDs 
were not changed during study period.

2. Electroencephalography recording and processing
The EEGs were recorded using the International 10–20 system 
with cap electrodes (Natus Neurology Inc., Middleton, WI, USA). 
The impedance of all the electrodes was kept below 10 kΩ. Rest-
ing-state EEGs were recorded for 10 minutes at a sampling rate of 
400 Hz while patients were seated comfortably. Patients were 
asked to close their eyes and open them every 10 seconds. For 
each EEG recording with the eyes closed, 3-second-long epochs 
were selected when the posterior dominant rhythm was present in 
the occipital regions. An average of 33.1 epochs was selected from 
each EEG recording.  

EEG analyses were performed using MATLAB 2019b (Math-
Works Inc., Natick, MA, USA). The EEG data were re-refer-
enced to the common average reference and bandpass filtered 
(0.5–50 Hz) for analysis. Direct current (DC) offset removal 
and detrending were applied to eliminate DC fluctuations and 
deterministic trends. Independent component analysis was ap-
plied to correct stereotyped ocular and muscular artifacts. The 
preprocessed EEG data from a previous study were used in this 
study.7 

3. Functional connectivity analysis
The wPLI was used as a measure of FC. The wPLI is a phase-
based measure of FC similar to the phase lag index (PLI). The 
PLI measures the asymmetry of the distribution of phase differ-
ences between two electrodes.11 Based on spurious connectivity 
due to volume conduction likely having a phase angle difference 
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of 0 or π, PLI is defined as the extent to which the distribution of 
phase angle differences is asymmetric. It is calculated by taking 
the average of the sign of the imaginary part of the cross-spec-
trum. Although true connections with a phase angle difference 
close to 0 or π may not be found when the PLI is used, it effec-
tively minimizes the effect of volume conduction; thus, it is an 
effective means for assessing FC in exploratory research. The 
wPLI gives weights to phase angle differences that are farther 
away from 0 or π by weighting the sign of the phase angle differ-
ences by the magnitude of the imaginary component, further re-
ducing spurious connections. 

In this study, the EEG recordings were first bandpass filtered 
to obtain four frequency bands; delta (0.5–4.0 Hz), theta (4–8 
Hz), alpha (8–12 Hz), and beta (12–30 Hz). A Hilbert trans-
form was applied to each epoch in each of the four frequency 
bands in every EEG recording to obtain the instantaneous phase 
for each time point. Next, the wPLI was calculated for each elec-
trode pair. The wPLI matrices for each patient at baseline and 
follow-up were obtained by averaging the wPLI over all epochs.

4. Neuropsychological examinations
The NP test scores from a previous study were used in the present 
study.7 The Beck Depression Inventory-II was used to assess the 
degree of depression.12 The Epworth Sleepiness Scale was used to 
measure daytime sleepiness,13 and the Buss-Durkee Hostility In-
ventory was used to measure aggression.14 To evaluate general cog-
nitive function, the Mini-Mental Status Examination was used.15 
For language function measurement, the Korean Boston Naming 
Test was used.16 The Rey Complex Figure Test (RCFT) was ad-
ministered to evaluate visuospatial and memory function, using 
the copy score and copy time for visuospatial measurement and 
immediate recall, delayed recall, and recognition for memory func-
tion evaluation.17 The Korean California Verbal Learning Test was 
used to assess verbal and working memory functions.18 To measure 
attention and executive functions, the digit span forward and back-
ward tests, Controlled Oral Word Association Test,19 and Trail 
Making Test were used.20

5. Perampanel serum level analysis
The perampanel serum level data were obtained from a previous 
study.7 High-performance liquid chromatography (HPLC; 1200 
series, Agilent Technologies, Santa Clara, CA, USA) coupled 
with tandem mass spectrometry (MS/MS; API3200, Applied 
Biosystems, Waltham, MA, USA) was used to measure the per-
ampanel serum levels. Fifty microliters of plasma was mixed with 
50 μL of an internal standard and 100 ng/mL of trazodone in 
50% methanol. Next, 300 μL of acetonitrile was added, and the 

mixture was centrifuged at 12,298 × g for 5 minutes at 4°C. Two 
microliters of the supernatant was injected into the HPLC-MS/
MS system.

6. Statistical analyses
The EEG FC and NP test scores were compared between base-
line (before perampanel treatment) and follow-up (after 25 
weeks of perampanel treatment). To determine the normality of 
the data, the Kruskal-Wallis test was used. Differences in the 
overall connectivity strength between baseline and follow-up 
were evaluated using the Wilcoxon signed-rank test because the 
data did not follow a normal distribution. Statistical analysis of 
electrode pairwise connectivity strength differences was per-
formed using the nonparametric permutation test with pix-
el-based multiple testing correction.21

The changes in connectivity that were revealed to be signifi-
cant after pixel-based correction were analyzed to determine 
whether they were correlated with the perampanel serum levels. 
Spearman’s rank correlation coefficient was used because the 
data were not normally distributed.

A two-tailed significance level of P <  0.05 was used for all sta-
tistical analyses. Statistical analyses were performed using MAT-
LAB 2019b.

Results

1. Clinical information and cognitive functions
Seventeen patients completed the present study. An error oc-
curred in the EEG recording of an electrode (P8) in one patient, 
so the EEG analysis was performed in 16 patients. 

The mean age of the 16 patients was 33.3 years (range, 21–65 
years), and eight were female (50.0%). The mean length of edu-
cation was 14.8 years, with most (75.0%) reporting having re-
ceived college education. The average maintenance dose of per-
ampanel was 5.75 mg/day (range, 4–8 mg/day). Fourteen pa-
tients were prescribed perampanel as adjunctive treatment 
(87.5%), and 14 had partial epilepsy (87.5%). Eight patients 
(50.0%) showed a more than 50% reduction in seizure frequen-
cy after taking perampanel. 

The RCFT delayed recall test score was significantly increased 
at follow-up compared with that at baseline (follow-up, 22.94; 
baseline, 20.03; P =  0.004). NP tests other than the RCFT de-
layed recall test showed no significant change following peram-
panel treatment. Detailed statistical information regarding the 
NP test scores is presented in our previous study.7
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2. Functional connectivity analysis
FC differences between baseline and follow-up are summarized 
in Fig. 1 and Table 1.

1) Global connectivity strength
The overall connectivity strength of each frequency band was 
calculated by averaging the wPLI over all electrode pairs for each 
frequency band (Table 1). The Wilcoxon signed-rank test re-
vealed no significant difference for all frequency bands. Although 
not statistically significant, a small decrease was found in the 
overall connectivity strength of the alpha band in the follow-up 
compared with that at baseline (follow-up, 0.5131; baseline, 
0.5476; P =  0.0980).

2) Overall spatial pattern of functional connectivity
The largest 10% of the wPLI values for each frequency band 
were selected to observe the change in the overall spatial pattern 
of FC at baseline and follow-up. The overall patterns were gener-
ally similar in the delta, theta, and beta frequency bands, with an 

increase in the temporal and parietal regions at follow-up in the 
delta and theta bands and a decrease in the beta band. The alpha 
band FC was noticeably decreased at follow-up (Fig. 1A).

3) Electrode pairwise functional connectivity comparison
Electrode pairwise FC comparison before correction showed in-
creases in FC in the delta band and decreases in the alpha band 
after perampanel treatment. After pixel-based multiple testing 
corrections (family-wise error rate <  0.05), three electrode pairs 
of connections in the alpha band were significantly reduced at 
follow-up compared with that at baseline (Fig. 1B). The three 
connections were FP1-P3 (P =  0.0008), F8-P3 (P =  0.0110), 
and P4-Pz (P =  0.0208).

3. Correlation of functional connectivity with perampanel 
serum levels
The perampanel serum levels of 15 subjects were used for analy-
sis because the serum level of one patient was not obtainable. 
The mean serum perampanel level was 238.5 ±  150.6 ng/mL 

Fig. 1. (A) Overall spatial pattern of functional connectivity (FC) at baseline and follow-up. The lines indicate connections representing the 
highest 10% of all weighted phase lag index values at each frequency. (B) Differences in FC between baseline and follow-up. The red and blue 
lines indicate connections with significantly increased and decreased FC at follow-up, respectively, compared with those at baseline. The upper 
panel shows the significant differences in connectivity before multiple testing corrections (uncorrected, P < 0.05). The lower panel shows the 
differences in FC between baseline and follow-up after pixel-based multiple testing corrections (family-wise error rate < 0.05). No significant 
difference was found in FC in the delta, theta, and beta bands after correction.
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(range, 47.9–504 ng/mL). No electrode pair was significantly 
correlated with the perampanel serum levels. The Spearman cor-
relation coefficients of the FP1-P3, F8-P3, P4-Pz electrode pairs 
were r =  0.3036 (P =  0.2708), r =  –0.2821 (P =  0.3072), and r 
=  0.1893 (P =  0.4984), respectively.

Discussion

The present study was the first to investigate the long-term effect 
of perampanel on EEG FC. Previous studies have reported that 
the adverse effects of perampanel on cognition are minor.6-9 De-
spite small or no clinical changes, other studies, including ours, 
showed significant changes in EEG spectral power after peram-
panel treatment.9,10 Only one study has investigated the effect of 
perampanel on FC.22 Magnetoencephalography recorded before 
and 2 hours after perampanel intake in 20 healthy volunteers re-
ported selective increases in amplitude-based FC in the alpha 
(8–13 Hz) and beta (13–30 Hz) bands. Our study results seem 
to indicate changes in the opposite direction from ours, where 
we observed a decrease in alpha band connectivity. However, in 
addition to using a different measure of FC from ours, this study 
only demonstrated acute effects in healthy young male subjects 
where subjects had significant somnolence and dizziness after 
taking a single dose of a 6-mg perampanel tablet. Nevertheless, 
the acute effects of perampanel on FC should also be explored in 
patients with epilepsy in the future. 

The overall connectivity strength showed a tendency to de-
crease in the alpha band after perampanel treatment, although it 
was not statistically significant (P =  0.0980). Decreases in the 
alpha band FC were also apparent in the overall spatial pattern. 
When the FC was compared electrode pairwise, the connectivity 
strength of three pairs (FP1-P3, F8-P3, P4-Pz) was significantly 
reduced after treatment in the alpha band after pixel-based multi-
ple testing corrections (family-wise error rate <  0.05). Overall, 
the present study showed a decrease in alpha band FC after per-
ampanel treatment. A previous study conducted using rest-
ing-state EEG recordings of amnestic mild cognitive impairment 
patients with type 2 diabetes revealed significant decreases in the 
global mean PLI in the lower alpha (8–10 Hz), upper alpha (10–

13 Hz), and beta (13–30 Hz) bands.13 Another study reported 
decreased connections in the upper alpha (10–13 Hz) band mea-
sured by lagged phase synchronization in resting-state EEGs in pa-
tients with Alzheimer disease.14 A study using synchronization 
likelihood (SL) showed that patients with vascular dementia or 
mild Alzheimer disease had reduced frontoparietal SL.23 Consider-
ing that several studies have shown associations between cognitive 
deficits and decreases in alpha band FC, our study results may sug-
gest the potential adverse effects of perampanel on cognitive func-
tion. 

The differences between baseline and follow-up of the three 
electrode pairs exhibiting significant decreases were not correlat-
ed with the perampanel serum levels. Although the underlying 
reason for this deviation cannot be fully explained, several as-
pects should be considered. First, the total serum concentration, 
not the free concentration, was used in the present study. The to-
tal serum concentration is widely used and has been shown to 
generate acceptable outcomes in practice. However, because only 
the free form of the drug can pass the blood-brain barrier to exert 
an effect, the total serum levels can sometimes be misleading.24,25 
Perampanel is highly bound to serum proteins (95%), making 
the free fraction important in the drug effect.26,27 Factors not con-
sidered in the present study may have induced variations in the 
free fraction of perampanel between patients, resulting in dis-
crepancies between the total and free serum levels. Additionally, 
the number of subjects was small, reducing the statistical power. 
Considering the substantial difference between individuals, a 
larger sample size may be required to detect the true differences 
in FC.

In this study, we reanalyzed the EEG recordings of a previous 
study to measure changes in phase-based FC induced by peram-
panel treatment. We observed significantly reduced FC in the al-
pha band at follow-up, particularly in frontoparietal connections, 
signifying the effect of perampanel on EEG FC and implying a 
potential adverse cognitive effect. However, the electrode pairs 
showing significant changes were not correlated with the peram-
panel serum levels, indicating the need for further studies to veri-
fy the effect of perampanel on alpha band FC. Further studies to 
locate the particular sites at which connections are reduced could 

Table 1. Overall strength of functional connectivity at baseline and follow-up
Functional connectivity (Hz) Baseline Follow-up P-value
Delta (2–4) 0.5877 ±  0.0108 0.5937 ±  0.0194 0.4691
Theta (4–8) 0.4394 ±  0.0219 0.4401 ±  0.0245 0.9588
Alpha (8–12) 0.5476 ±  0.0606 0.5131 ±  0.0468 0.0980
Beta (12–30) 0.2786 ±  0.0223 0.2749 ±  0.0229 0.5349

Values are presented as mean ± standard deviation.

www.jepilia.org

Perampanel effect on EEG connectivity

44



lead to a better understanding of the meaning of the changes in 
FC found in the present study.
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