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Primary	Objective

Invasive	EEG	recordings:	
1.	Subdural	grid	electrodes	
2.	Stereo	EEG	and	other	depth	electrodes	
3.	Functional	mapping	



EEG	Generators

Speckmann et al, 20001



• Spike	visibility	on	scalp	depends	on:	synchrony,	location,	&	
cortical	extent	

• Linear	relationship	between	amplitude and	the	above	factors

• Power	of	scalp	EEG:	inversely	proportional	to	a	power	of	2.5	
of	the	frequency	(P=1/F2.5)

- Decreases	at	higher	frequency	bands.	Fast	oscillations	(80–
200 Hz)	are	rarely	detected	on	scalp	EEG	because	of	low	
amplitude	(>10	times	smaller	than	IEDs,	c/w	with	cortical	
generators	of	~	1 cm2)	 von	Ellenrieder et	al,	2014

Why	Intracranial	Electrodes?	



• 6	cm2 of	synchronized	cortical	activity	is	necessary	to	record	scalp	
electrodes	 Cooper	et	al,	1965

• Only	a	few	of	cortical	spikes	are	associated	with	scalp	potentials:
- 90%	of	cortical	spikes	with	source	area	of	>10	cm2

produced	scalp	EEG	spikes
- only	10%	of	cortical	spikes	of	<10	cm2 source	area	
produced	scalp	potentials
- Intracranial	spikes	with	<6	cm2 of	area	are	never	
associated	with	scalp	EEG	spikes	 Tao	et	al,	2005,	2007

• Recent	studies	indicate	that	a	significantly	smaller	generator	may	
be	visible	on	the	scalp von	Ellenrieder et	al,	2014

Why	Intracranial	Electrodes?	



• First	invasive	serial	EEG	recording	using	epidural	electrodes	(1939	
at	MNI):	

- Potential	for	delineation	of	the	seizure	focus	

Epidural	single-contact	electrodes	placed	through	burr	holes	over	both	temporal	
lobes.	Lt	temporal	lesionectomy;	seizures	did	not	improve	

Almeida	et	al.,	Epilepsia,	2005.	Reif et	al,	Seizure,	2016

Invasive	Monitoring	– Historical	Perspective



• Subcortical/deep	brain	lesions	e.g.,	thalamus,	basal	ganglia,	
identified	as	sources	of	slow	and	epileptiform	activity	(potential	
seizures	generators) Lennox	&	Brody,	1946

• First	report	on	stereotactically implanted	EEG	electrodes	in	
humans	with	epilepsy:

- Independent	seizure	activity	in	cortical	and	subcortical	
structures	(hence	the	notion	of	simultaneous	recording	of	
cortical	and	deep	brain	tissues)	 Hayne	et	al,	1949	

• Jean	Talairach’s first	experience	with	stereotactic	procedures		
Talairach et	al.,	1949

• Stimulation	studies	in	animals	and	their	impact	on	generalized	
epilepsies	showed	the	Influence	of	thalamocortical	circuits

Jasper	&	Marsan,	et	al,	1951

Invasive	Monitoring	– Historical	Perspective



• In	temporal	lobe	epilepsy	(TLE)	the	importance	of	the	resection	of	
mesial	TL	structures	was	recognized	 Penfield,	1950;	Jasper	et	al.,	1951

• Interhemispheric	connectivity	(observation	of	a	fast	shift	of	EEG	
patterns	in	TLE)	highlighted	the	role	of	subcortical	regions/	tracts	
in	seizure	generation	and	propagation Jasper	et	al.,	1951

• Improved	implantation	technique	(using	pneumencephalogram to	
adapt	implantation	coordinates	with	respect	to	ventricles):

- Defined	a	system	of	reference	lines	and	structures	that	allowed	an	
individualized	and	optimized	approach	for	investigation	of	deep	brain	
structures	and	their	anatomical	localization

• First	atlas	of	stereotactically defined	brain	structures					Talairach,	1957

Invasive	Monitoring	– Historical	Perspective



• First	combined	subdural,	epidural	and	depth	electrodes	to	
investigate	temporal	lobe	epilepsy																												Marsan	&	van	Buren,	1958

• Association	between	a	cerebral	lesion,	the	irritative	zone,	and	the	
epileptogenic focus	conceptualized Talairach &	Bancaud,	1966

• Spikes	likely	did	not	localize	the	epileptogenic	focus	(in	contrast	to	
Jasper).	The	‘‘irritative	zone’’	was	considered	solely	an	interictal	
phenomenon;	seizures	could	be	recorded	elsewhere

• Depiction	of	epileptogenic	focus	based	on	spatio-temporal	
characteristics	of	seizures:

- An	“anatomo-electro-clinical”	correlate	for	the	definition	of	
epileptogenic	Zone	(‘‘epileptogenic	network’’)

Invasive	Monitoring	– Historical	Perspective



• Safety	of	subdural	strips	in	epilepsy	patients	established,	since	
1952 (London	Hospital;	strips	over	frontal	lobe	and	amygdala	through	
burr-holes) Fischer-Williams,	1963	

• Since	the	1980s,	subdural	grids	became	more	popular,	esp.	
subtemporal access	to	mesial	temporal	lobe							Wyler,	Ojemann et	al,	1984

• Functional	analysis	and	cortical	evoked	potentials	through	
subdural	electrode	stimulation Luders,	Lesser,	et	al,	1983

Invasive	Monitoring	– Subdural	Grids



• Precise	delineation	of	the	region	of	seizure	onset	when:	

- Noninvasive	data	are	inconclusive

- To	resolve	divergence	of	noninvasive	data	pointing

to	2	or	more	regions

- To	map	eloquent	cortex

- Sources	are	too	deep	or	too	weak	to	be	seen	on	scalp

- Scalp	recording	is	thought	to	be	a	propagation	pattern				
Jobst	et	al,	2020

Invasive Monitoring - Indications



• Common	clinical	scenarios	requiring	iEEG:

(a)	Nonlesional,	likely	extratemporal	epilepsy

(b)	There	is	a	lesion,	but	it	is	either	large	or	deep/small,	or	
there	are	multiple	lesions	so	one	needs	to	be	confirmed	
as	the	epileptogenic	zone

(c)	Close	proximity	of	the	putative	EZ	to	eloquent	cortex	

(d)	Previous	failed	surgery

• Presence	of	a	lesion	increases	the	chances	of	seizure	freedom	
after	a	resection	by	a	factor	of	2.5

Tellez-Zenteno et	al.,	2010;	Kovac	et	al,	2017

Invasive Monitoring - Indications



• Data	from	452	implantations	in	420	patients	(1999	to	2019):
• n	=	160	subdural	electrodes,	n	=	156	depth	electrodes,	n	=	
136	combination	of	both	approaches

• Most	frequent	complications	in	both	implantation	groups:
- Hemorrhage

- Subdural	electrode:	more	symptomatic	

- Hemorrhage	risk	higher	for	64-contact	grids	(than	for	
smaller	grids)

- Infection:	0.2%

- Transient	neurological	deficit:	8.8%	(more	with	grids)

Julia	Männlin et	al,	2023

Intracranial	Electrodes	- Safety	



3D	reconstruction.	Left	lateral	temporal,	
pre/post-rolandic frontoparietal,	
frontopolar,	fronto-orbital,	and	two	1	× 8	
strips	inserted	towards	the	medial	
temporal	regions

• 4	× 8	subdural	grid	over	Lt	lateral	
temporal	lobe

• 2	× 8	strip	inserted	forward	to	wrap	
around	the	anterior	tip	of	the	
temporal	lobe	and	cover	basal	and	
medial	regions

• 2– 3	mm	opening	in	the	silastic	
cover	on	the	opposite	side	provides	
a	direct	contact	with	brain

Invasive	Monitoring	– Subdural	Grids



Seizure	focus



• 2.3-mm-diameter	platinum-iridium	electrodes	embedded	in	a	
plastic/silastic	sheet;	1cm	center-to-center	distances	

(Ad-Tech,	Racine,	Wisconsin)

• Alternating	polarity	square	wave	pulse	pair	stimulation	(0.3	
msec,	50	or	100	Hz),	3-5	seconds	

• One	electrode	pair	stimulated	at	a	time	starting	at	a	low	
intensity	(1	to	2	mA)	titrated	up	by	0.5	to	1.0	mA	at	a	time	till	a	
functional	change	occurs,	or	max	current	of	15-17.5	mA	is	
reached,	or	ADs	develop

Cortical	Stimulation	Mapping



ÓCopyright	2003,	Georgetown	University	
Motamedi	and	Lesser

Left	hemispheric	subdural	grid	electrode;	stimulated	pair	of	
electrodes	(12	&	13)	and	reference	(64)

Cortical	Stimulation	Mapping



Cortical	Stimulation	Mapping

Resection	line

Seizure	focus

“Clear”

Language

Sensory



Interictal	HFOs	and	spike.	Fast	oscillations	(80–200 Hz)	are	hard	to	record	on	scalp	
EEG	(amplitude	>10	times	smaller	than	IEDs),	i.e.,	cortical	generators	of	~	1 cm2

High	Frequency	Oscillations	(HFOs)



HFOs	at	ictal	event

High	Frequency	Oscillations	(HFOs)



Subdural	Evaluation
Frontal	(Supplementary	Motor	Area/SMA)	Epilepsy



VPC lineVAC line

Subdural	Evaluation
Frontal	(Supplementary	Motor	Area/SMA)	Epilepsy



Ictal onset
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Subdural	Evaluation
Frontal	(Supplementary	Motor	Area/SMA)	Epilepsy



LH, LA, LFi: left hand, left arm, left 
finger 
LL, LF, LT: left leg, left foot, left toe
BL: both legs (motor)
LS, TS, AS: Leg, trunk, arm sensory 
SA: speech arrest
ED: eye deviation to Lt
ND: neck drop 
Sz: induced seizure 
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Ictal and interictal Interictal



A	Network	Disorder



Epileptogenic	Zone

• Area	of	cortex	necessary	and	sufficient	for	initiating	seizures	
whose	removal	is	necessary	for	complete	abolishment	of	
seizures								 Luders et	al,	1993

Jehi.	Epilepsy	currents,	2018

Interictal Spikes

Ictal	Onset	Zone

EZ



Epilepsy	as	a	Network	Disorder

• Insufficient	resection	of	the	mesial	temporal	structures:	
higher	risk	for	seizure	recurrence Hennessy	et	al.,	2000

• Surgical	failure	when	only	one	focus	is	removed
- Repetitive	identical	behavioral	seizures	suggest	one	focus,	
but	epileptogenesis might	be	distributed

- Connected	by	functional/structural	networks

• Post-surgical	prognosis	may	be	related	to	the	extension	of	
the	epileptogenic	network	to	subcortical	structures	(e.g.,	
thalamic)	

• Better	ATL	outcome	when	low	values	of	thalamocortical	
synchrony	are	found,	and	worse	in	case	of	high	index	of	
synchrony Guye et	al,	2006



Epilepsy	as	a	Network	Disorder

Spencer	et	al,	2002,	2018;	Phi	and	Cho,	2019

• High	prevalence	of	comorbid	neuropsychiatric	disorders	
- Similar	networks	postulated	in	neuropsychiatric	disorders,	
(depression/anxiety)
- Overlapping	with	epilepsy	networks	(hence	the	high	prevalence	
of	comorbid	neuropsychiatric	disorders	in	epilepsy)

• Functional,	anatomical,	and	bilateral	connection	of	the	cortical	
and	subcortical	brain	regions

• Multiple	foci	in	a	circuit	can	act	as	independent	seizure	
generators	in	an	abnormal	network

The	epileptogenic	zone	is	the	brain



Network	vs	Focus

(Jehi.	Epilepsy	currents,	2018)

Broadly	applied	treatment	(directed	at	any	region	of	the	network)	should	be	as	
effective	as	treatments	directed	at	a	specific	seizure	‘focus’

Simultaneous	recording	of	SEEG	signals	from	deep	regions	and	buried	
cortex	&	superficial	structures	allows	delineation	of	a	3-D,	spatial	and	
temporal	organization of	seizure	 Minotti et	al,	2018



• Insufficient	anatomo-electroclinical	concordance	(a	surgical	hypothesis	
exists)	

• Most	appropriate	method	for	simultaneous	recording:	
- Superficial	&	Deeply	located	cortical	structures	(e.g.,	insulo-opercular	
system,	the	limbic	system)
- Sulcal	cortical	zones	(e.g.,	focal	cortical	dysplasia)
- Deeply	located	or	periventricular	lesions	(e.g.,	periventricular	
heterotopia,	hypothalamic	hamartoma)

• SEEG	is	preferred	to	subdural	explorations:
- Lower	morbidity	
- In	bilateral	foci
- Prior	craniotomy
- MRI-negative	cases

Limitations	
• Sampling	bias

• Less	spatial	resolution	than	grids	for	cortical	mapping Isnard et	al.,	2018

French Guidelines on SEEG - Indications



• Frameless	and	robot-assisted	SEEG	implantation	provide	easier,	
safer,	and	accurate	insertion	of	sEEG

• No	stereotactic	frame	

• Co-registering	images,	3D	image	added	to	software	which	
pinpoints	exact	location	and	trajectory

• Choosing	entry	point	and	a	target	

• Multiple	pinhole	sized	incisions	

Robotic Stereotactic Assistance



Surgical	Hypothesis:	A	suspected	Fronto-temporo-parietal	epileptogenic	network

Bilateral	depth	electrodes	implanted	through	Robotic	Stereotactic	Assistance	(ROSA)



Interictal and ictal
LP=Lt Parietal
LAN=Lt Angular

LP
LAN



Thalamus
• Relay	center:	connecting	cortical	& subcortical	networks	

• Association	nuclei:	anterior	(ANT),	mediodorsal	(MD),	
pulvinar	(PUL)

- Limbic	system	(alertness,	emotion,	memory)

• Animal	studies:	potential	role	for	thalamus	in	secondary	
generalization:

- Pharmacological	manipulation	in	the	midline	
thalamic	nuclei	sig.	limits	2ndary generalization	

(Turski et	al.,1984)

- Thalamic	inactivation	by	lidocaine	shortens	
Hippocampal	discharges	in	kindled	rats	 (Bertram	et	al.,	2001)	



Thalamus



Thalamus



Thalamus,	Recording	&	stimulating

Where	to	record	and	stimulate	in	the	thalamus?



Thalamus,	Recording	&	stimulating



Thalamus	- Pulvinar



Thalamus,	Connectivity

Bernabei et	el.,	Brain,	2023

Gadot	et	al.,	2022	



Thalamus,	Recording	&	stimulating



Thalamus,	Recording	&	stimulating



• Enough	evidence	to	routinely	implanting	the	thalamus?	

• Thalamus	itself	not	a	seizure	onset	zone	in	focal	epilepsy
- It	has	not	been	part	of	standard	SEEG	implants	

• No	class	1	evidence	to	support	Routine	diagnostic	thalamic	
implantation

- Strong	evidence	for	electrical	stimulation	of	ANT	to	
reduce	seizures	

• Growing	evidence	of	seizure	spread	to	thalamic	nuclei	but	
no	evidence	of	therapeutic	stimulation	of	these	nuclei

• Hypothesis driven implant

Thalamus,	Indications:	Recording/Stimulating

Bernabei et	el.,	Brain,	2023



• Non-localizable	/	poorly	localized	seizures:	
- Scalp	EEG,	MRI,	or	PET	findings	non-localizing,	or	

suggestive	of	multifocal	seizures

• Specific	seizure	semiologies:	
- Gelastic seizures	(hypothalamic	hamartomas)
- Focal	cortical	dysplasia	(frontal,	temporal,	thalamus)

• Lennox-Gastaut Syndrome/other	diffuse	encephalopathies:	
- Multiple	seizure	types	
- Diffuse	EEG	abnormalities

• Limbic	system	involvement:	
- Thalamus	is	a	critical	relay	in	the	limbic	circuit	

Thalamus,	Indications:	Recording/Stimulating


