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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
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Bangkok, July 19th and 20th, 2018

Epileptogenesis, glia and neurons :
is it a paradigm shift?

Akio IKEDA, MD, PhD
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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 and HFO

4)ls it recorded by scalp EEG ?

5) Future: Al analysis, mathematical modeling




Time constant (TC)
to filter out slow components

DC EEG
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FIG. 8.32. Window bastd on LF filter 0.3 Hz and HF filter 70[Hz. Based on
frequency response curvt. published by Grass Instrument Compafy (1973),
permission.

LFF HFF
0.3 Hz 70 Hz TC x LFF=0.16(1/2)
(TC=0.5s) 0.1 sec 1.6 Hz
1sec 0.16 Hz
10 sec 0.016 Hz

Slow potential shifts
ictal DC shifts
BP(MRCP)
CNV:

Nerofeedback (NFBI
Slow cortical potentials by VN

t
(Sano, 1968)

Steady potentials (DC potentials

DC amplifier or long time constant(10sec) of AC amplifier needed
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Wide-band EEG in clinical (invasive) recording: —close
to the established tool, but still a research topic
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Multi-Unit and Unit

Ictal DC shift preceded ictal HFO in invasive recording. (]
(Imamura et al.,2011) (Kanazawa et al. 2015)(Daifu et al., 2016)
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Role of astrocyte in brain disease as revealed by DC shifts EEG:

1)epilepsy
active DC shifts, Al 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 ‘ ‘

Ictal HFO

| | Interictal HFO_||
:

+ Motor I + Somatosensory
« Language « Visual

« Isolated

. sEike-reIated

« Other cognitive « Auditory + Slow-related
functions =Red slow

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

(made by Kobayashi K, lkeda 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)

Cellular mechanisms underl

ying pathological HFOs.

(Jefferys et al., 2012)
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Terminology: Ictal DC (direct current) shifts

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

Recorded by
DC shifts
Slow shits

DC amplifier

AC (alternative current) amplifier
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

AC (alternative current) amplifier

DC shifts
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,
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‘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)
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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 and HFO

4)ls it recorded by scalp EEG ?

5) Future: Al 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

Contents lists available at ScienceDirect

Neuroscience Research
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Active direct current (DC) shifts and “Red slow”: two new concepts for
seizure mechanisms and identification of the epileptogenic zone
Akio Ikeda®*, Hirofumi Takeyama®, Christophe Bernard ¢, Mitsuyoshi Nakatani¢:¢,

Akihiro Shimotake?, Masako Daifu¢, Masao Matsuhashi?, Takayuki Kikuchi',
Takeharu Kunieda®¢, Riki Matsumoto”, Tamaki Kobayashi', Kazuaki Sato?




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

« Conventional ictal pattern

* HFO
- DC shift 3 @ o ime
1960s (drawn by the help of Murai)
(3Active DC shift |@ @ Passive DC shift
Clinical state Chronic epil ] cute sympt i i ]
Clinical |patients |Habitual seizures lon-habitual seizures
Basic animals | Chronic model fAcute model
Chronic pilocarpine model Acute pilocarpine model
LGi1 rat model
NER(=Noda epilepsy rat model) |\|

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

Ictal activity by pentylentetrazole

(acute animal model)
EEG 1

DC/EEG

i j ?
passive DC shifts: (Speckmann & Elger, 1987)

EEG and intracellular recording in interictal and ictal periods
(Ayala et al., 1973)
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Amplifying effects of glial cells on slow shifts
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(Dysfunction of astrocytes in CD;

Bordey et al., J Neurophysiol, 2001) (Kuffler et al., 1966)

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

Active DC shift

Tripartite synapse ,,

mGlu receptor
EAAT1(GLAST) EAAT(GLAST)

EAAT2 (GLT-1)

Kird.1/5.1
Kird.1 Uncoupling of
Gap junction

AQP4 7 Pown-regulation
or dysfunction

Kir4. 1§

Astrocytes (syncytium)

Figure 1. Astroglial spatial K" buffering and Kird.1 channels. Astrocytes play a key role in controlling environmental K*
concentrations at tripartite synapses via spatial K* buffering function, which also regulates exiracellular glutamate
concentrations. Kird.1 channels, which consist of the homo-tetramer of Kird.1 (Kird.1) and the hetero-tetramer of Kird.1 and

Kir5.1 (Kir4.1/5.1), conduct K" buffering currents in astrocytes. {Ohno et a| 20‘] 5]

Impaired K* homeostasis is important both after seizure and
before seizure, that may triggg eizure as the humoral factor)?

. Tripartite synapse
Active? Trertesapse o, o

EAAT1(GLAST)

EAAT1(GLAST)
EAAT2 (GLT-1)

Kird.1/5.1
Kird.1

Down-regulation
or dysfunction

Kir4.1
(Ohno et al, 2015)
(recently shown by animal study,
human sample from epiileptogenic
zone generating ictal DC shifts )

Astrocyte depolarization (including DC shifts)
— inhibition of astrocyte glutamate clearance
—enhancing neuronal activation by glutamate
(Armbruster et al, Nature Neurosciece, 2022)
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Subdurally recorded ictal EEG in Patient 1
TC=10sec, Focal, ictal slow shifts
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(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.

Ictal DC shifts occurred earlier than or as early as ictal HFO.
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Magnetic field=
modified extracellular
circumstances

(Kanazawa et al., Clin Neurophysiol, 2015)

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)ls it recorded by scalp EEG ?

5) Future: Al analysis, mathematical modeling
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Ictal DC Shifts Contribute to Defining the Core Ictal Focus in
Epilepsy Surgery
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Ictal DC shifts as epilepsy surgery biomarker :

Multi-institutional study in Japan
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Methods: patients and recording o
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.

EEG Data

acquisition
(0=61)

Patient excluded
- only induced Sz (n=1)
————— | - recorded with TC 2 sec (n=1)

v * SOZ supposed to be outside of
implanted clectrodes (n=6)
EEG Data
for DC/HFO analysis
(n=53)
Patient excluded
* SOZ was supposed to be
_— in bilateral temporal (n=1)
v « palliative surgery (n=1)
* only MST operation (n=2)
EEG Data
for outcome analysis
(n=49)

A- Seizure onset Seizure end B Seizure onset Seizure end
. The display with TC 0.3 sec The display with TC 10 sec
—

Analyzed by wide-band EEG analysis software (Nihon Kohden, Tokyo, Japan)
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Reproducible, patient-specific patterns were identified.
Ictal HFO frequency band was either stable or became slower

A. Representative case in previous study (Patient 4)
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Y

|

B. Patient 10
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Two humped icDCs,
Repetitive spikes prominent, clear ictal band-like HFOs obscuring
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Infrequenctly, positive polarity of icDCs can be sometimes observed
Obvious ictal band-like HFOs were not detected

E. Patient 32
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Mesial temporal epilepsy

Neocortical epilepsy

(MTLE) (NE)
Patients # (n=61) 15 46
Gender
Male 7 30
Female 8 16
Age at onset 120+ 7.0 11.7+£9.8
(mean + SD) (3-27) (0-43)
Age of surgery 31.5+10.9 27.8+122
(mean + SD) (11-52) (12-61)
Lesion
Frontal 0 25
Temporal 15 (mesial) 11 (lateral)
Parietal 0 4
Occipital 0 4
fronto-parietal 0 1
templo-parietal (0] 1
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C. Onset time of ictal DCs and ictal HFOs in each patients
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C. Onset time of ictal DCs and ictal HFOs in each patients
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Results: surgical outcome

Complete resection of ictal DC and ictal HFOs ‘core’ areas

significantly correlates with good surgical outcome.
Ictal DC evaluation

Ictal HFOs evaluation

Results: surgical outcome

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

Ictal DC evaluation Ictal HFOs evaluation
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. Standards as clinical practice parameters for recording and
Conclusion analysis of ictal DC shifts and HFO

1) ltis the first large cohort multi-institutional study on wide-band EEG

Initially made by AMED research group in Japan
analysis and postoperative outcomes in Japan.

approved by JES, Japan Epilepsy Surgery Society
currently on the investigation by Japan Clinical Neurophysiology
Society

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

TADAMIGE 2017 5 35 : 3-13
3) icDCs more frequently recorded than icHFOs among both patients (92% %ﬁ(ﬁﬁ)ﬁ\f /v7§‘/\m_,\%0) ﬁ*ﬁ?ﬁ?ﬂﬁ”’ 5. ,3%1/];!]%

vs. 71%) and seizures (86% vs. 62%).
DC fEf « HFO oidshds X OIRAT OBEHEAL %

mAEORRY N B RE B B AP

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

. =2 1 i 5) s 5) 3 6)
5) The independent significance of icDCs and icHFOs should be considered g# igﬂ ﬁz}; m‘ﬁm ik §ﬁ,, Eli( Hﬁi.m
as reliable biomarkers to achieve favorable outcomes in epilepsy surgery. AT Bl BF # gl

L L L S

Standards as clinical practice parameters for recording and Wide-band EEG:
analysis of ictal DC shifts and HFQO

(i) Clinical habitual Sz #1

Initially made by AMED researcH i i

approved by JES, Japan Epileps e ua e —
currently on the investigation b —
Society

TAD AN

a mysterious and very useful technique

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

2017 ; 35

RS T AN A BT O, 2) 2 types of ictal DC shifts, and pathology
! ot =R g |w ‘|’H ‘ﬂl: . .
‘ mm il llil’l'< | 4|_ 3) Interictal red slow, i.e., co-occurrence of slow and HFO
il |
il -'uw‘.xn.w
4 ' 4)ls it recorded by scalp EEG ?
T 60sec 5) Future:virtual brain model, mathematical modeling
Clinical Neurophysiology 137 (2022) 113-121 Typet 1 DC shifts =rapid development, FCD14

61%(5z), 67%(pt)

Kird.1J
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DC onset to peak R
il | DConsetto peak

Two types of clinical ictal direct current shifts in invasive EEG of ()
intractable focal epilepsy identified by waveform cluster analysis @

Shunsuke Kajikawa®, Masao Matsuhashi®, Katsuya Kobayashi?, Takefumi Hitomi,

Masako Daifu-Kobayashi*, Tamaki Kobayashi ¢, Yukihiro Yamao®, Takayuki Kikuchi, Kazumichi Yoshida
Takeharu Kunieda *', Riki Matsumoto *¢, Akiyoshi Kakita", Takao Namiki', Ichiro Tsuda’,

Susumu Miyamoto®, Ryosuke Takahashi®, Akio Ikeda "
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DC onset to peak

Kajikawa et al,

Ureophysiol, 2022)




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

C 10s™iy~"
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55 100w

Ssec, 100microV
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‘

onsetto peak

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)/TC10secx100 (%)
TC: 10sec TC: 2sec

leureophysiol, 2022)

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

Duration with TC 10sec
(horizontal axis)

FCDIA vs. FCD2A (including comorbid with glioma)
(Kajikawa et al., 2022)

Type#l vs. Type#2
Kird.1\vs . Kird.1— (kobayashi et al, 2018),
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“ ®)
. 90 « Type#2=slow development
g0 | :
70 @
. g
5o 260
L g
Ty Type #1 | Type #2
{ FCD IA 22 7
L FCD 1A 5 i3 ) *_Mypeti=rapid development
# p<0.01 :
5 10 15 20 25 3 35 H
Peak latency (TC 10 §) (seconds) 0 S P‘:ak /m‘fmy (th:ow s 2(;00”32) 35
® FcpiA 295z (5PY) Type#t>Type#2|
@ Oligoastrocytoma/FCD1A 98z (1Pt) Type#1>Type#2
@® HS/FCD1A 65z (1Pt) Type#1&Type#2
@ Oligodendroglioma/FCD1B/FCD2A  10Sz (1 Pt) Type#2
® FCD2A 18 Sz (4 Pt) Type#1<Type#2)

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

Active?

Tripartite synapse ,,

mGlu receptor

EAAT(GLAST)

EAAT1(GLAST)
EAAT2 (GLT-1)

Kird.1/5.1
Kird.1 Uncoupling of
Gap junction

AQP4 gOown-regulation
or dysfunction

Kird. 14

Astrocytes (syncytium)

Figure 1. Astroglial spatial K" buffering and Kird.1 channels. Astrocytes play a key role in controlling environmental K*
concentrations at tripartite synapses via spatial K* buffering function, which also regulates exiracellular glutamate
concentrations. Kird.1 channels, which consist of the homo-tetramer of Kird.1 (Kird.1) and the hetero-tetramer of Kird.1 and

Kir5.1 (Kir4.1/5.1), conduct K" buffering currents in astrocytes. {Ohno et a| 20‘] 5]

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)ls it recorded by scalp EEG ?

5) Future: Al analysis, mathematical modeling
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Scalp-recorded slow (DC) EEG with Lt focal motor seizures
Short duration

T
L

FzAV.
i

CAV

PzAV

EMG LUTA) i

'
I
EMG (LtGO)

T

B = (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. (Ikeda et al., 1999)

-> Future advancement in recording condition is warranted.

Scalp EEG Could Record Both Ictal DC Shift and HFO Together Even
With a Time Constant of 2 Seconds (J Clin Neurophysiol 2020;37: 191-194)

§ Masutaro Kanda,§

Tomohiko Murai,* Takefumi Hitomi,*+ Masao i, Riki * Yuki
Ryosuke Takahashi,* and Akio Ikeda

TC 2sec

acute chronic

(Murai et al., 2020)

Scalp-recorded slow (DC) EEG at P3 vs P4 onset (TC of 2sec)

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.

P4 (right parietal)
(acute symptomatic
seizures)

Passive DC shifts

P3 (left parietal)
(chronic focus)
Active DC shifts

Aol Mo Ssow 0w W 0w
FFT 002000Hz 120ms 100Kz 164116900ms - Basene 20 %

(Murai et al., 2017)

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,
Application of LFF and HFF Time constant (TC)

to filter out slow components

wn
o0 o

~
o

% Attenuation
@
o

3
S

FIG. 8.32. Window bastd on LF filter 0.3 Hz and HF filter 70[Hz. Based on
frequency response curvf: published by Grass Instrument Compafy (1973),
permission.

LFF HFF
0.3 Hz 70Hz  TC x LFF= 0.16(1/2m)
(TC=0.5s) 0.1 sec 1.6 Hz

1sec 0.16 Hz
10 sec 0.016 Hz

At the earliest ictal onset, only by TFA program, 30-40 Hz, fast activity at T1, T3, T5, P3
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At the earliest ictal onset, only by TFA program, 30-40 Hz, fast activity at T1, T3, T5, P3

Fast activity onset
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43yo lady Lt.TLE, In 2002 Left selective amygdalohippocampectomy

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

Implementation study of wide band EEG recording, analysis and
dissemination in epilepsy care using digital EEG in Indonesia
2022—2026
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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)ls it recorded by scalp EEG ?

5) Future: Al analysis, mathematical modeling

Al auto-detection of ictal DC shift to facilitate its
clinical application as a surrogate biomarker for
epilepsy surgery
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Yukihiro Yamao3), Takayuki Kikuchi?®, Kazumichi Yoshida3), Keiichi Ueda®,
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