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3 supportive data for glia as one of the epileptogenicity

1) Neurophysiological biomarkers：  

ictal DC shifts & red slow

2) Pathological endorsement: 

selectively decreased Kir4.1 activity at astrocytes 
with DC shifts

3) Surgical outcome 

Wide-band EEG: 
a mysterious and very useful technique

1) active- vs. passive DC shifts
AMED study in Japan (Multi-institutional study)
Surgical outcome

2) 2 types of ictal DC shifts, and pathology

3) Interictal red slow, i.e., co-occurrence of slow and HFO

4）Is it recorded by scalp EEG ?

5) Future： AI analysis, mathematical modeling



Time constant (TC) 
   to filter out slow components

TC x LFF=0.16(1/2π)
0.1 sec 1.6 Hz
1 sec 0.16 Hz
10 sec 0.016 Hz

Application of LFF and HFF �

LFF
0.3 Hz 70 Hz
(TC=0.5 s)

HFF�

EMG

Slow EEG�

DC EEG

Schema of brain potentials

(Sano, 1968)

AC potentials
�

Steady potentials (DC potentials)
�

Slow potential shifts
ictal DC shifts
BP(MRCP) 
CNV:
Nerofeedback (NFB)
Slow cortical potentials by VNS�

�

DC amplifier or long time constant(10sec) of AC amplifier needed �

Wide-band EEG in clinical （invasive） recording: →close 
to the established tool, but still a research topic

(Ikeda et al., 1996)

100Hz1Hz 1000Hz0.1Hz

(Ikeda et al, Epilepsia,1996)

(Worrell et al., 2008)�
HFO (high frequency oscillation) �

TC=10sec

DC shifts, infraslow �

(Ikeda et al., 1996)

100Hz1Hz 1000Hz0.1Hz

(Imamura et al.,2011) (Kanazawa et al. 2015)(Daifu et al., 2016)

(Worrell et al., 2008)�

500Hz

0Hz

Ictal DC shift preceded ictal HFO in invasive recording.

10 sec

HFO�
 Neurons�
�
DC shifts�
 Glia�

(Kovac,	
  Speckmann,	
  Gorge	
  et	
  al.,	
  Prog.	
  Neurobiol.	
  2017)	


BP(MRCP) 
CNV�

ictal DC shifts:�

(Migraine)

(stroke) �

Nerofeedback (NFB)
Slow cortical potentials 
Induced by VNS �

(Kovac,(Speckmann,(Gorge(et(al.,(Prog.&Neurobiol.&2017)�
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Role of astrocyte in brain disease as revealed by DC shifts EEG: 

1）epilepsy
active DC shifts, AI analysis
red slow

2）migraine
delta slow, subdelta slow (1Hz>)

3）cerebrovascular disease
transient neurological episode (TNE), infaslow activity (0.3Hz>)
Amyloid spell in cerebral amyloid angiopathy (CAA)

4) Critical care EEG
Burst suppression and SISA(short infraslow activity)
passive DC shifts

High Frequency Oscillation: HFO 
(High Frequency/Gamma Activity: HFA/HGA)	


Physiological HFO (HFA)	
 Pathological HFO 
Ripple (80-200 Hz), Fast ripple (>250 Hz)	


Event-related	
 Stimulus-evoked	


•  Motor 
•  Language 
•  Other cognitive 

functions	


•  Somatosensory 
•  Visual 
•  Auditory	


•  Invasive (macroelectrode, microelectrode) 
•  Non-invasive (scalp EEG, MEG) 

Ictal HFO	
 Interictal HFO	


•  Isolated 
•  Spike-related 
•  Slow-related 
       =Red slow	


Recording method	


(made by Kobayashi K, Ikeda A, 2018)�
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•  Isolated 
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Red slow�

Recording method�

(made by Kobayashi K, Ikeda A, 2018)�

1) Normal HFO (IPSP by interneurons)  

2) Pathologic HFO (population spikes from clusters of 
abnormally bursting of neurons) (Engel et al., 2009)

Interictal HFO vs. ictal HFO
Bursts of neuronal activity mediated by gap junctions 
(Traubs et al., 2001,2003): synchronous action potential 
firing of a group of principal cells 

          100-200 Hz : ripple: (normal and epileptic in hipp)   
          250-500 Hz : fast ripple (only epileptic in hipp) 
  

HFO located in a more restricted area as compared 
with conventional EEG
（Jirsch et al. 2006, Ochi et al.,2007）	


(Jefferys et al., 2012)	


Mainly �
intracellular�
potentials?�
�
�
Mainly �
extracellular�
potentials?�
�

Fast ripple�

Ripple�

Terminology: Ictal DC (direct current) shifts

Also described as very slow, infra-slow, steady, 

Recorded by 
DC amplifier DC shifts
AC (alternative current) amplifier Slow shits

long time constant, i.e. 10 sec、
     small low frequency filter (LFF) i.e., 0.016Hz

Terminology: Ictal DC (direct current) shifts

Also described as very slow, infra-slow, steady, 

Recorded by 
DC amplifier DC shifts
AC (alternative current) amplifier Slow shits

long time constant, i.e. 10 sec、2 sec for scalp
     small low frequency filter (LFF) i.e., 0.016Hz



Recording condition: Sampling rate=2kHz, TC=10s, HFF=300Hz �
diplay condition changed: from TC0．3 to 10、�time window=20,30,60sec, 2m, 3m,��

Time frequency analysis on the EEG review station (+-60sec)
Collaboration with Nihon Kohden （HFO up to 600Hz and DC shifts shown together in the review station)�

Wide-band EEG: 
a mysterious and very useful technique

1) active- vs. passive DC shifts
AMED study in Japan (Multi-institutional study)
Surgical outcome

2) 2 types of ictal DC shifts, and pathology

3) Interictal red slow, i.e., co-occurrence of slow and HFO

4）Is it recorded by scalp EEG ?

5) Future： AI analysis, mathematical modeling

Clinical neurophysiological features of epileptic seizures�
1)   PDS (paroxysmal depolarization shifts)�
2)   Impaired extracellular K homeostasis by deceased Kir4.1, 

related ictal DC shifts�



③Active DC shift ② ① Passive DC shift 
Clinical state Chronic epilepsy Acute symptomatic seizure 
Clinical patients Habitual seizures Non-habitual seizures 

Basic animals Chronic model Acute model 

Chronic	
  pilocarpine	
  model	
  
LGi1	
  rat	
  model	
  
NER(=Noda	
  epilepsy	
  rat	
  model)	
  

Acute pilocarpine model 
 

・Conventional ictal pattern 
・HFO 

time 

・DC shift 

 onset 

Hypothesis of active vs. passive DC shift in the ictal period 

③　 ②　① time 

(by Ikeda et al) (as the working hypothesis of AMED research team of Epilepsy and Glia,  
chaired by Maehara, Japan, 2015-2018) 

(drawn by the help of Murai) 1960s�

Ictal activity by pentylentetrazole 

(Speckmann & Elger, 1987)

EEG�

DC / EEG�

（acute animal model）�

passive DC shifts?�

EEG and intracellular recording in interictal and ictal periods
(Ayala et al., 1973)

Ictal, sustained PDS 
	


2 Passive�

Amplifying effects of glial cells on slow shifts

Glia �

Glia Glia

Glia

Neuron Neuron

(Kuffler et al., 1966)�(Dysfunction of astrocytes in CD, 
Bordey et al., J Neurophysiol, 2001)

Intracellar 
potentials

1 Passive�

(Ohno et al, 2015)�

Impaired K+ homeostasis is important both after seizure and �
before seizure, that may triggger (seizure as the humoral factor)?�

Active DC shifts�

�
Uncoupling of�
Gap junction�
 �

Impaired K+ homeostasis is important both after seizure and �
before seizure, that may triggger (seizure as the humoral factor)?�

Active?�

（recently shown by animal study, 
human sample from epiileptogenic 
zone generating ictal DC shifts ）�

Uncoupling of�
gap junction�
�
 �

(Ohno et al, 2015) �
Astrocyte�depolarization（including DC shifts）
→�inhibition of astrocyte glutamate clearance
→enhancing neuronal activation by glutamate�
(Armbruster�et al, Nature Neurosciece, 2022) �



Subdurally recorded ictal EEG in Patient 1
TC=10sec, Focal, ictal slow shifts �
 �

(Ikeda et al, Brain,1999)

Ictal DC shifts (invasive recording): summary

1)  Ictal DC shifts recorded by invasive electrodes, 
especially subdural ones, in humans were almost 
invariably recorded regardless of underlying etiology or 
epilepsy type. 

2)  96 % of patients showed ictal DC shifts, incidence rate 
being 42~100% (87%) of seizures in each patient.

2) Its more restricted localization could aid in delineating 
ictal onset zone clinically before surgery presumably as a 
core epileptogenic zone, if present.

DC onset plotted as 
compared with
HFO onset at 0 sec.�

*=P<0.05�

Ictal�DC shifts occurred earlier than or as early as ictal HFO.�
�

(Kanazawa et al., Clin Neurophysiol, 2015)�

Alligned iron sand �
by the magnetic �
field.�
�
Magnetic field=�
modified extracellular�
circumstances�

Wide-band EEG: 
a mysterious and very useful technique

1) active- vs. passive DC shifts
AMED study in Japan (Multi-institutional study)
Surgical outcome

2) 2 types of ictal DC shifts, and pathology

3) Interictal red slow, i.e., co-occurrence of slow and HFO

4）Is it recorded by scalp EEG ?

5) Future： AI analysis, mathematical modeling



Brain communications （2022, September 3rd, e-pub)�

Ictal DC shifts as epilepsy surgery biomarker :�
Multi-institutional study in Japan�

Methods: patients and recording	

AMED(Japan Agency for Medical Research and Development) study

5 institutes in Japan have participated in the study
Kyoto University Graduate School of Medicine, Kyoto
Tokyo Medical and Dental University, Tokyo
Nishi-Niigata Chuo National Hospital, Niigata
National Center Hospital, National Center of Neurology and Psychiatry, Tokyo
Shizuoka Institute of Epilepsy and Neurological Disorders, Shizuoka 

Medically intractable focal epilepsy patients
 - chronic placement of intracranial electrodes 
 - ECoG : sampling rate 1000 or 2000 Hz, time  constant 10 sec

icDCs were defined as sustained negative and/or positive potentials longer than 3 
sec, at least 200microV, preferentialy >1mV, viewed in a setting of a TC of 10 sec  
(Ikeda et al., 1999, Brain) 

Large cohort studies on postoperative outcomes are still lacking.�

41�

 Analyzed by wide-band EEG analysis software (Nihon Kohden, Tokyo, Japan) �



Reproducible, patient-specific patterns were identified.�
Ictal HFO frequency band was either stable or became slower � Two humped icDCs, �

Repetitive spikes prominent, clear ictal band-like HFOs obscuring�

Infrequenctly, positive polarity of icDCs can be sometimes observed�
Obvious ictal band-like HFOs were not detected�

/15� /46�

/15� /46�

/53�

/53�

*: P < 0.05 ,**: P < 0.03 , ***: P < 0.01 , ****: P < 0.001, *****: P < 0.0001�

�

*: P < 0.05 �
**: P < 0.03 �
***: P < 0.01 �
****: P < 0.001�
*****: P < 0.0001�



*: P < 0.05 �
**: P < 0.03 �
***: P < 0.01 �
****: P < 40.001�
*****: P < 0.0001�

>� >�

52�

Core electrode of ictal DCs and ictal HFOs overlapped by 39 %�

Results:	
  surgical	
  outcome	


p = 0.0332 
(Pearson's chi-square test)	


Good Bad
DC core R+ 20 5
DC core R- 6 7

p = 0.036 
(Pearson's chi-square test)	


Good Bad
HFOs core R+ 15 4
HFOs core R- 4 6

Complete resection of ictal DC and ictal HFOs ‘core’ areas 
significantly correlates with good surgical outcome.  

・Ratio of good outcome (Engel I) 
Total: 68.4% (26/38) 
ictal DC core complete resection: 80%(20/25)	


・Ratio of good outcome (Engel I) 
Total: 65.5% (19/29) 
ictal HFO core complete resection: 78.9%(15/19)	


(i) Pt group showing ictal DC (n=38) 	
 (ii) Pt group showing ictal HFOs (n=29) 	


ü  Outcome：Engel	
  I	
  as	
  ”good”,	
  Engel	
  II	
  III	
  IV	
  as	
  ”bad”	
  
ü  ResecGon：	
  
	
  	
  	
  	
  	
  	
  Complete	
  resecGon	
  of	
  DCs(HFOs)	
  core	
  electrodes	
  as	
  “DC(HFO)	
  core	
  R+”	
  
	
  	
  	
  	
  	
  	
  Not	
  complete	
  resecGon	
  of	
  DCs(HFOs)	
  core	
  electrodes	
  as	
  “DC(HFO)	
  core	
  R-­‐”	
  

77%� 72%�

Overall, 66% in Engel I � �Overall,  61% in Engel I�
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Conclusion   
 
1) It is the first large cohort multi-institutional study on wide-band EEG 

analysis and postoperative outcomes in Japan.

2) icDCs onset was statistically earlier than icHFOs onset in both MTLE and 
Neocortical epilepsy.

3) icDCs more frequently recorded than icHFOs among both patients (92% 
vs. 71%) and seizures (86% vs. 62%). 

4) Complete resection of the core area of icDCs significantly correlated with 
favorable outcomes, similar to icHFOs outcomes.

5) The independent significance of icDCs and icHFOs should be considered 
as reliable biomarkers to achieve favorable outcomes in epilepsy surgery.

Standards as clinical practice parameters for recording and �
analysis of ictal DC shifts and HFO�
�
Initially made by AMED research group in Japan�
approved by JES, Japan Epilepsy Surgery Society�
currently on the investigation by Japan Clinical Neurophysiology 
Society�
�

Standards as clinical practice parameters for recording and �
analysis of ictal DC shifts and HFO�
�
Initially made by AMED research group in Japan�
approved by JES, Japan Epilepsy Surgery Society, �
currently on the investigation by Japan Clinical Neurophysiology 
Society�
�

Wide-band EEG: 
a mysterious and very useful technique

1) active- vs. passive DC shifts
AMED study in Japan (Multi-institutional study)
Surgical outcome

2) 2 types of ictal DC shifts, and pathology

3) Interictal red slow, i.e., co-occurrence of slow and HFO

4）Is it recorded by scalp EEG ?

5) Future：virtual brain model, mathematical modeling

5sec, 100microV�

Type#1 DC shifts =rapid development, FCD1A�

Kir4.1↓�
61％（Sz), 67%(pt)�

(Kajikawa�et al, Clin Neureophysiol, 2022)�



5sec, 100microV�

Type#2 DC shifts =slow development, FCD2A�
�Kir4.1→� 39％（Sz), 33%(pt)�

(Kajikawa�et al, Clin Neureophysiol, 2022)�

Methods 

TC:	
  10sec	
  TC:	
  2sec 

onset peak 

Attenuation rate  
of amplitudes(vertical axis) 

Subjects: 21 patients with intractable partial epilepsy  
ECoG recording:  
                         #1. band-pass filter of 0.016-600 Hz sampling rate of 2,000 Hz  
                         #2. band-pass filter of 0.016-300 Hz sampling rate of 1,000 Hz  
Analysis software: EEG review program (Nihon Kohden, Tokyo, Japan)  
Selection of electrode: 1 electrode with the earliest ictal DC shifts  
                                        with TC 10 sec  
Parameters:  #1. the amplitude and duration from onset to peak of  
                             ictal DC shifts with TC 10 sec and TC 2 sec superimposed 
                             TC 10 sec. 
                       #2. the attenuation rate of the amplitudes  
                            = (TC10sec-TC2sec)/TC10sec×100 (%) 

Duration with TC 10sec 
(horizontal axis) 

(Kajikawa�et al, JES annual congress,2017, in submission, 
2021)�

FCD1A 29 Sz (5 Pt) Type#1>Type#2 

Oligoastrocytoma/FCD1A   9 Sz (1 Pt) Type#1>Type#2 

HS/FCD1A   6 Sz (1 Pt) Type#1&Type#2 

Oligodendroglioma/FCD1B/FCD2A 10 Sz (1 Pt) Type#2 

FCD2A 18 Sz (4 Pt) Type#1<Type#2 
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FCD1A vs. FCD2A (including comorbid with glioma) �
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Wide-band EEG: 
a mysterious and very useful technique

1) active- vs. passive DC shifts
AMED study in Japan (Multi-institutional study)
Surgical outcome

2) 2 types of ictal DC shifts, and pathology

3) Interictal red slow, i.e., co-occurrence of slow & HFO

4）Is it recorded by scalp EEG ?

5) Future： AI analysis, mathematical modeling

Scalp-recorded slow (DC) EEG with Lt focal motor seizures
Short duration Long duration

(Ikeda et al., 1999)�

(TC of 10sec)

Ictal DC shifts (scalp recording)
1)  Incidence rate: 14~40% (22%) in 73 seizures.
2)  Detected particularly when seizures were clinically 
      intense, but not in small seizures.

-> Future advancement in recording condition is warranted. 
	


acute �

chronic�acute � (Murai et al., 2020)�

TC 2sec�

(TC of 2sec)

200Hz�
�
0Hz�

P4 （right parietal)�
(acute symptomatic�
 seizures)�
Passive DC shifts�
�
�
P3 (left parietal) �
(chronic focus) �
Active DC shifts�
�

Scalp-recorded slow (DC) EEG at P3 vs P4 onset

1) Time constant 2 sec could record ictal DC shifts even in scalp EEG.
2) Acute symptomatic seizure showed passive DC shifts whereas 

chronic focus showed active DC shifts.

10 sec�

(Murai et al., 2017)�

Time constant (TC) 
   to filter out slow components

TC  x   LFF =        0.16(1/2π)
0.1 sec   1.6 Hz
1 sec 0.16 Hz
10 sec 0.016 Hz

Application of LFF and HFF �

LFF
0.3 Hz 70 Hz
(TC=0.5 s)

HFF�

EMG

Slow EEG�

DC EEG

1) TC is the attenuation marker for constant voltage activity�
2) Brain DC (infraslow) activity is not constant, but 
dynamically changing with increment and decrement.     �
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インドネシアでの、てんかん診療の質向上をめざした 
デジタル脳波のワイドバンド成分の 

記録解析普及の実装研究	

日本医療研究開発機構	


地球規模保健課題解決推進のための研究事業	


キックオフミーティング	


京都大学大学院医学研究科てんかん・運動異常生理学講座教授	


京都大学医学部附属病院てんかん診療支援センター長	


池田昭夫	


Japan Agency for Medical Research and Development (AMED)�
International Collaborative Research Program�

�
Implementation study of wide band EEG recording, analysis and 
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Wide-band EEG: 
a mysterious and very useful technique

1) active- vs. passive DC shifts
AMED study in Japan (Multi-institutional study)
Surgical outcome

2) 2 types of ictal DC shifts, and pathology

3) Interictal red slow, i.e., co-occurrence of slow & HFO

4）Is it recorded by scalp EEG ?

5) Future： AI analysis, mathematical modeling
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