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Abstract
Objective:Nodular	heterotopias	 (NHs)	are	malformations	of	 cortical	develop-
ment	 associated	 with	 drug-	resistant	 focal	 epilepsy	 with	 frequent	 poor	 surgical	
outcome.	The	epileptogenic	network	is	complex	and	can	involve	the	nodule,	the	
overlying	cortex,	or	both.	Single-	pulse	electrical	stimulation	(SPES)	during	stereo-	
electroencephalography	(SEEG)	allows	the	investigation	of	functional	connectiv-
ity	 between	 the	 stimulated	 and	 responsive	 cortices	 by	 eliciting	 cortico-	cortical	
evoked	potentials	(CCEPs).	We	used	SPES	to	analyze	the	NH	connectome	and	its	
relation	to	the	epileptogenic	network	organization.
Methods:We	retrospectively	studied	12	patients	with	NH	who	underwent	1 Hz	
or	 0.2  Hz	 SPES	 of	 NH	 during	 SEEG.	 Outbound	 connectivity	 (regions	 where	
CCEPs	 were	 elicited	 by	 NH	 stimulation)	 and	 inbound	 connectivity	 (regions	
where	stimulation	elicited	CCEPs	in	the	NH)	were	searched.	SEEG	channels	were	
then	classified	as	“heterotopic”	(located	within	the	NH),	“connected”	(located	in	
normotopic	cortex	and	showing	connectivity	with	the	NH),	and	“unconnected.”	
We	used	 the	epileptogenicity	 index	 (EI)	 to	quantify	 implication	of	channels	 in	
the	seizure-	onset	zone	and	to	classify	seizures	as	heterotopic,	normotopic,	and	
normo-	heterotopic.
Results:One	hundred	 thirty-	five	outbound	and	72	 inbound	connections	were	
found.	Three	patients	showed	connectivity	between	hippocampus	and	NH,	and	
seven	 patients	 showed	 strong	 internodular	 connectivity.	 A	 total	 of	 39  seizures	
were	analyzed:	23	normo-	heterotopic,	12	normotopic,	and	4	heterotopic.	Logistic	
regression	 found	 that	 “connected”	 channels	 were	 significantly	 (p  =  8.4e-	05)	
more	 likely	 to	be	epileptogenic	 than	“unconnected”	channels	 (odds	 ratio	4.71,	
95%	confidence	 interval	 (CI)	 [2.17,	10.21])	and	heterotopic	channels	were	also	
significantly	(p = .024)	more	epileptogenic	than	“unconnected”	channels	(odds	
ratio	3.29,	95%	CI	[1.17,	9.23]).
Significance: SPES	 reveals	 widespread	 connectivity	 between	 NH	 and	 normo-
topic	regions.	Those	connected	regions	show	higher	epileptogenicity.	SPES	might	
be	useful	to	assess	NH	epileptogenic	network.
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1 	 | 	 INTRODUCTION

Nodular	 heterotopias	 (NHs)	 are	 malformations	 of	 corti-
cal	 development	 resulting	 from	 abnormal	 radial	 neu-
ronal	migration,	which	can	be	located	in	the	subcortical	
white	 matter	 or	 more	 frequently	 along	 the	 ventricular	
walls,	 either	 unilaterally	 or	 bilaterally.1,2	 Patients	 with	
NHs	typically	have	drug-	resistant	 focal	epilepsy	and	fre-
quently	 need	 epilepsy	 surgery	 evaluation.	 However,	 sei-
zure	 outcomes	 after	 resective	 surgery	 or	 less-	invasive	
multitarget	 ablation,	 like	 stereo-	electroencephalography	
(SEEG)–	guided	thermocoagulations	or	laser	ablation,	are	
conflicting.3–	6	Recent	data	indicate	that	epileptogenic	net-
works	associated	with	NH	are	heterogenous	and	unique	
to	each	patient.3	Determining	if	the	epileptogenic	zone	is	
restricted	to	the	NH,	involves	both	the	NH	and	the	“over-
lying	cortex”	or	is	localized	outside	the	NH,	is	challenging,	
and	usually	requires	invasive	EEG	recordings	with	depth	
electrodes.

Other	 epileptogenic	 lesions	 and	 cortical	 malforma-
tions,	 including	 focal	 cortical	 dysplasia	 or	 hippocampal	
sclerosis,	can	be	associated	with	NH	and	sometimes	take	
part	 in	 the	epileptogenic	network.7,8	Furthermore,	 alter-
ation	 of	 cortical	 development	 also	 involves	 normotopic	
(i.e.,	normally	located)	and	apparently	normal	cortical	re-
gions,9,10	resulting	in	complex	and	variable	organization	of	
the	epileptogenic	zones	across	patients.	Intracranial	EEG	
data	 are	 nonetheless	 in	 agreement	 on	 a	 higher	 involve-
ment	of	the	normotopic	cortex	compared	to	NH.3,11	In	a	
recent	study	of	19 patients	with	NH	recorded	with	SEEG,	
seizure	onsets	were	mostly	normotopic	(48.5%)	or	normo-	
heterotopic	(45.5%),	whereas	only	6%	were	purely	hetero-
topic.3	 However,	 all	 of	 the	 normotopic	 regions	 were	 not	
equally	 involved,	 and	 differentiating	 epileptogenic	 from	
non-	epileptogenic	normotopic	cortices	is	challenging.	The	
commonly	used	anatomical	classification	between	“local”	
(same	 lobes	 as	 the	 NH)	 and	 “distant”	 normotopic	 corti-
ces	is	questionable,	especially	for	patients	with	posterior	
periventricular	 multiple	 NH,	 which	 face	 the	 temporo-	
parieto-	occipital	 junction,	 and	 for	 whom	 most	 cortical	
regions	 could	 be	 considered	 “local”	 while	 separated	 by	
several	 centimeters.	 Furthermore,	 some	 patients	 in	 this	
study3  showed	 higher	 epileptogenicity	 in	 distant,	 rather	
than	in	local	normotopic	cortices.

Relationships	 between	 NH	 and	 normotopic	 cor-
tices	 are	 complex.6	 Histology12	 and	 diffusion	 trac-
tography	 magnetic	 resonance	 imaging	 (MRI)	 studies	
reveal13,14  structural	 connectivity	 tracts	 emerging	 from	

NH	 and	 connecting	 with	 adjacent	 but	 also	 distant	 re-
gions,	 ipsilaterally	 and	 contralaterally.	 Some	 of	 those	
connections	 might	 be	 functional:	 SEEG	 recordings3,4,15	
and	 functional	 MRI	 (fMRI)	 studies13,16,17  have	 shown	
synchronous	 activities	 between	 NH	 and	 the	 overlying	
cortex	 during	 epileptic	 discharges	 or	 cognitive	 tasks.	
Quantitative	MRI	also	showed	cortical	thickening	prefer-
entially	in	cortices	overlying	the	HN,	which	co-	localized	
with	areas	of	abnormal	function	identified	with	resting-	
state	 fMRI.18	 A	 few	 case	 reports	 used	 cortico-	cortical	
evoked	potentials	(CCEPs)	to	study	NH	functional	con-
nectivity19,20	or	to	help	localize	small	NH	scattered	in	the	
white	 matter.21	 Some	 noninvasive	 reports,	 using	 fMRI	
and	 magnetic	 transcranial	 stimulation	 with	 simultane-
ous	scalp	EEG,	suggested	that	the	existence	of	functional	
connectivity	 between	 NH	 and	 normotopic	 structures	
could	 predict	 the	 epileptogenicity	 of	 the	 network,17,22	
but	 this	 hypothesis	 has	 not	 been	 formally	 evaluated	
using	invasive	EEG	recordings.

To	 address	 this	 issue,	 we	 analyzed	 the	 SEEG	 data	 of	
patients	with	NH	in	whom	single-	pulse	electrical	stimula-
tion	(SPES)	had	been	performed	within	the	NH.	Our	ob-
jectives	were:	(1)	 to	describe	NH	functional	connectivity	
using	CCEPs,	and	(2)	to	evaluate	if	the	normotopic	struc-
tures	functionally	connected	with	the	NH	would	be	more	
epileptogenic	than	unconnected	structures.	Consequently,	
we	wanted	to	evaluate	if	CCEPs	could	be	used	as	an	epi-
leptogenicity	biomarker	for	normotopic	cortex	in	patients	
with	NH.

K E Y W O R D S

cortico-	cortical	evoked	potentials,	epilepsy,	epileptogenicity,	functional	connectivity,	nodular	
heterotopia

KeyPoints
•	 Single-	pulse	 electrical	 stimulation	 is	 a	 useful	

tool	to	assess	the	epileptogenic	network	in	nod-
ular	heterotopias.

•	 Cortico-	cortical	evoked	potentials	showed	that	
nodular	heterotopias	have	widespread	connec-
tivity	 with	 the	 overlying	 cortex	 but	 also	 with	
distant	cortical	regions	and	other	nodules.

•	 Cortical	 regions	 functionally	 connected	 to	 the	
nodules	have	higher	epileptogenicity	 than	un-
connected	ones.

•	 Whether	 or	 not	 these	 data	 may	 help	 to	 guide	
radiofrequency	 thermocoagulations	 or	 laser	
therapy	 in	 patients	 with	 nodular	 heterotopias	
will	require	specific	studies.
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2 	 | 	 METHODS

2.1	 |	 Patientselection

We	 retrospectively	 reviewed	 the	 database	 of	 patients	
with	 drug-	resistant	 focal	 epilepsy	 who	 underwent	 in-
vasive	 recordings	 with	 SEEG	 for	 presurgical	 evalua-
tion	 between	 January	 2001	 and	 October	 2017	 in	 two	
French	 tertiary	 epilepsy	 centers	 (Lyon	 and	 Marseille)	
to	 select	 those	 who	 fulfilled	 the	 following	 criteria:	 (1)	
had	 drug-	resistant	 focal	 epilepsy	 and	 MRI	 evidence	 of	
NHs,	(2)	underwent	SEEG,	and	(3)	in	whom	1 Hz	and/
or	0.2 Hz	SPES	of	NH,	performed	 for	clinical	purpose,	
were	available.

Overall,	 12	 patients	 were	 eligible,	 including	 11	 who	
had	 previously	 been	 reported	 in	 Pizzo	 et	 al.3	 (Table	 1).	
For	the	other	eight	patients	included	in	Pizzo	et	al.,3	only	
high-	frequency	(50 Hz)	stimulations	were	performed	and	
were	therefore	not	eligible	for	the	current	study.	All	12	pa-
tients	had	a	comprehensive	phase	I	surgical	evaluation	in-
cluding	surface	EEG,	neuropsychological	testing,	routine	
MRI,	 and	 [18F]-	fluorodeoxyglucose	 positron	 emission	
tomography.	 The	 patients	 underwent	 SEEG	 exploration	
during	 long-	term	 video-	EEG	 monitoring,	 as	 part	 of	 nor-
mal	clinical	care.	We	collected	and	analyzed	clinical	and	
raw	data	of	SEEG	recordings.	All	patients	were	 fully	 in-
formed	of	 the	purpose	and	risks	of	 the	SEEG	procedure	
and	gave	their	written	consent.	The	local	ethics	committee	
approved	this	study.

2.2	 |	 SEEGrecordings

SEEG	 was	 routinely	 performed	 according	 to	 Talairach's	
stereotactic	method23	or	using	a	frameless	stereotactic	sur-
gical	robot.	The	brain	regions	to	be	investigated	by	depth	
electrodes	were	determined	for	each	patient,	based	on	in-
dividual	presurgical	data	and	most	likely	origin	of	seizure	
onset,	independently	from	this	study.

Electrodes	were	0.8 mm	in	diameter	and	included	5–	18	
recording	 contacts,	 2  mm	 in	 length,	 1.5  mm	 apart	 (Dixi	
Medical	 in	 Lyon,	 ALCIS	 in	 Marseille).	 They	 were	 im-
planted	stereotactically	after	a	peroperative	angiography.

We	 recorded	 EEG	 signals	 using	 a	 video-	EEG	 moni-
toring	 system—	Micromed	 (Lyon)	 or	 a	 Coherence-	Natus	
(Marseille)—	at	a	 sampling	 rate	of	256,	512,	or	1024 Hz.	
The	 referential	 electrode	 was	 a	 contact	 located	 within	
the	white	matter	or	the	skull,	as	far	as	possible	from	the	
suspected	epileptogenic	zones.	Two	hardware	filters	were	
present	in	the	acquisition	procedure:	(1)	a	high-	pass	filter	
with	cutoff	frequency	equal	to	0.53 Hz	(Lyon)	and	0.16 Hz	
(Marseille),	used	to	remove	very	slow	variations	that	could	
contaminate	the	baseline	and	(2)	an	anti-	aliasing	low-	pass	

filter	with	a	cutoff	frequency	at	97,	170,	or	340 Hz	accord-
ingly	to	the	sampling	rates	250,	512,	or	1024 Hz.	For	each	
patient,	 we	 used	 a	 bipolar	 montage	 between	 adjacent	
contacts	 of	 each	 electrode.	 Channels	 showing	 artifacts	
or	 localized	 in	 the	white	matter	were	excluded	 from	the	
analysis.

2.3	 |	 SEEGcontactclassification

The	 exact	 locations	 of	 each	 electrode	 and	 each	 record-
ing	 contact	 were	 verified	 on	 a	 post-	implantation	 MRI	
(Lyon	and	Marseille)	or	 computerized	 tomography	 (CT)	
scan	(Marseille)	but	with	CT	scan/MRI	data	fusion	using	
the	 in-	house	 software	GARDEL	(a	Graphical	user	 inter-
face	 for	 Automatic	 Registration	 and	 Depth	 Electrodes	
Localization)	 following	 previously	 described	 proce-
dures,24,25	 available	 at:	 https://meg.univ-	amu.fr/wiki/
GARDE	L:prese	ntation.	All	patients	had	at	least	one	pair	
of	contacts	within	an	NH.	According	to	their	location	on	
MRI,	the	SEEG	contacts	were	classified	as	“heterotopic”	if	
located	within	or	near	the	visible	borders	of	the	HN	and	
“normotopic”	if	located	in	nonlesional	cortex.

2.4	 |	 Ictalrecordings:Visualanalysis,
computationoftheepileptogenicity
index,andseizureclassification

As	 described	 in	 the	 previous	 study,3	 seizure	 data	 were	
collected	and	visually	analyzed,	with	special	attention	to	
the	seizure-	onset	patterns	and	to	the	structures	involved	
at	seizure	onset.	We	computed	the	epileptogenicity	index	
(EI)	for	all	selected	seizures	by	using	our	in-	house	plugin,	
implemented	 in	 the	 AnyWave	 software,26,27	 available	
respectively	 at:	 https://meg.univ-	amu.fr/wiki/AnyWa	
ve:Plug-	ins	and	https://meg.univ-	amu.fr/wiki/AnyWave.	
The	EI	is	a	method	computed	on	SEEG	signals	that	aims	
to	quantify	the	epileptogenicity	of	brain	structures.3,28	In	
summary,	 the	 EI	 is	 intended	 to	 quantify	 two	 important	
features	 of	 the	 transition	 from	 preictal	 to	 ictal	 activity	
on	the	SEEG	signals:	(1)	the	signal	energy	redistribution	
from	lower	frequency	bands	(theta,	alpha)	toward	higher	
frequency	bands	(beta,	gamma,	high	gamma,	and	ripple),	
and	(2)	 the	delay	 in	appearance	of	 these	high-	frequency	
components	in	a	given	structure	with	respect	to	the	first	
structure	involved	in	a	“rapid	discharge”	mode	of	seizure	
onset.	The	EI	is	a	normalized	quantity	ranging	from	0	(no	
epileptogenicity)	 to	 1	 (maximal	 epileptogenicity).	 This	
quantity	may	be	estimated	using	a	 two-	stage	procedure:	
(1)	 within	 a	 sliding	 window	 (5  s	 duration),	 the	 signal	
energy	 ratio	 (ER)	 is	 computed,	 between	 high	 (beta	 [12–	
24  Hz],	 gamma	 [24–	127  Hz])	 and	 low	 (theta	 [4–	7.4  Hz]	

https://meg.univ-amu.fr/wiki/GARDEL:presentation
https://meg.univ-amu.fr/wiki/GARDEL:presentation
https://meg.univ-amu.fr/wiki/AnyWave:Plug-ins
https://meg.univ-amu.fr/wiki/AnyWave:Plug-ins
https://meg.univ-amu.fr/wiki/AnyWave
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and	alpha	 [7.4–	12 Hz])	 frequency	bands	of	 the	EEG	ob-
tained	 from	 the	 signal	 spectral	 density	 C(w)	 (squared	
modulus	of	Fourier	 transform);	 (2)	change-	points	 in	 the	
ER[n]	 quantity,	 which	 is	 sensitive	 to	 frequency	 changes	
in	 the	 signal,	 are	 detected.	 An	 optimal	 algorithm	 (“cu-
mulative	sum	algorithm”	or	“CUSUM”)	 is	used	 to	auto-
matically	determine	the	time	instant	when	ER	increases,	
that	is,	when	theta–	alpha	activity	(predominant	in	back-
ground	 SEEG	 signals)	 changes	 into	 higher	 frequency	
activity	 (predominant	 during	 the	 rapid	 discharge).	 The	
seizure	onset	was	set	visually	by	the	reviewer	and	then	the	
plugin	was	launched	on	a	time	window	around	the	onset.	
The	involvement	of	each	structure	in	the	development	of	
the	seizure	is	thus	detected,	channel	by	channel,	by	using	
the	CUSUM	algorithm.

Some	patients	showed	independent	bilateral	epilepto-
genic	zones	and	seizure	dynamics	(patients	A,	F,	G,	H,	and	
K).	Because	the	objective	of	 the	study	was	to	evaluate	 if	
the	connectivity	revealed	by	SPES	could	predict	 the	epi-
leptogenic	network,	we	only	considered	the	seizures	origi-
nating	from	the	hemisphere	in	which	SPES	were	available.	
For	one	of	the	patients	with	bilateral	epileptogenic	zones	
(patient	 K),	 SPES	 was	 available	 for	 both	 hemispheres;	
thus,	we	separated	the	SEEG	data	between	right	(rK)	and	
left	(lK)	hemispheres	for	EI	and	statistical	analysis	for	this	
patient.

Seizures	were	classified	as	heterotopic,	normotopic,	or	
normo-	heterotopic	according	to	the	EI	value.	An	EI	value	
of	0.3	was	set	as	a	threshold	to	define	a	channel	as	epilep-
togenic.3	When	the	EI	was	≥0.3	in	the	heterotopic	cortex	
only,	the	seizure	was	considered	“heterotopic”;	when	the	
EI	 was	≥0.3	 in	 normotopic	 cortex	 only,	 the	 seizure	 was	
considered	 “normotopic”;	 when	 the	 EI	 was	≥0.3	 in	 both	
heterotopic	 and	 normotopic	 cortex,	 the	 seizure	 was	 de-
fined	“normo- heterotopic.”

2.5	 |	 Electricalstimulation

Clinical	 SEEG	 investigation	 typically	 includes	 cortical	
direct	 electrical	 stimulations	 with	 50  Hz	 and/or	 ≤1  Hz	
stimulations	with	the	main	objectives	of:	(1)	assessing	the	
epileptogenicity	of	the	implanted	brain	regions	by	trigger-
ing	ictal	signs,	epileptic	discharges,	or	full-	blown	seizures,	
helping	to	better	localize	the	epileptogenic	zone;	and	(2)	
performing	a	functional	mapping	in	order	to	delineate	the	
relation	between	the	epileptogenic	zone	and	the	eloquent	
cortices.29

Low-	frequency	stimulation	(≤1 Hz),	called	single-	pulse	
electrical	stimulation	(or	SPES),30–	32	also	allows	the	study	
of	 CCEPs.	 CCEPs	 correspond	 to	 highly	 consistent	 loco-	
regional	 or	 distant	 cortical	 early	 responses,	 appearing	

T A B L E  1 	 Clinical,	MRI,	and	SEEG	characteristics

Patient

Patient
numberin
Pizzoetal.3 Sex Age(y)

Epilepsy
onset(y)

Family
history MRI Surgicaltreatment

Outcome
(Engelclass)

A 1 f 30 21 N Bilateral	PNH,	
posterior,	>L

/

B 2 f 15 10 N Unilateral	PNH,	TO,	L Thermocoagulation	NC + NH I

C 6 m 44 20 N Unilateral	NH,	F,	R /

D 7 m 24 18 N Bilateral	bifocal,	
posterior	R	&	F	L

Temporo-	occipital	
disconnection

I

E 11 f 42 33 N Unilateral	bifocal	PNH,	
TPO,	R

Thermocoagulation	NC + NH I

F 13 f 28 16 N Bilateral	PNH,	TPO Thermocoagulation	NC + NH III

G 14 f 29 20 N Unilateral	PNH,	TO,	L Thermocoagulation	NC + NH IV

H 15 m 31 11 N Bilateral	PNH,	TPO Thermocoagulation	NC + NH IV

I 16 f 16 12 N Bilateral	PNH,	TPO Thermocoagulation	NC	
and	temporo-	occipital	
cortectomy

IV

J 17 f 27 24 N Bilateral	PNH,	TPO,	>R Thermocoagulation	NC + NH IV

lK 18 f 52 21 N Bilateral	PNH,	TPO Thermocoagulation	
NC + NH	(only	within	left	
hemisphere)

IV

rK

L f 17 15 N Unilateral	PNH,	PO,	L Thermocoagulation	NH I

Abbreviations:	f,	female;	F,	frontal;	L,	left;	m,	male;	NC,	normotopic	cortex;	NH,	nodular	heterotopia;	O,	occipital;	P,	parietal;	PNH,	periventricular	NH;	R,	
right;	T,	temporal.
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before	100 ms	with	a	fixed	latency.	CCEPs	are	considered	
physiological	 and	 measure	 the	 effective	 connectivity	 be-
tween	the	stimulated	cortical	region	and	other	connected	
regions	with	a	high	temporal	and	spatial	resolution.

Electrical	 stimulations	 were	 produced	 by	 a	 current-	
regulated	neurostimulator.	Square	pulses	of	current	were	
applied	 between	 two	 adjacent	 contacts	 (bipolar	 stimu-
lation)	 with	 mono-		 or	 biphasic	 pulses.	The	 used	 param-
eters	are	known	to	deliver	current	within	5 mm	around	
the	stimulated	dipole	and	ensure	a	charge	density	below	
the	maximal	safety	limit	of	60 μC/cm2/phase,	in	order	to	
avoid	tissue	damage.

SPES	performed	within	the	heterotopic	nodule	was	an	in-
clusion	criterion	for	this	study	but	SPES	was	also	performed	
in	normotopic	regions	in	6	of	the	12	included	patients.

Because	of	the	retrospective	design	of	the	study,	stim-
ulation	parameters	for	each	stimulated	site	were	heterog-
enous	between	cortical	 regions	and	between	 individuals	
in	terms	of	intensity,	frequency,	and	duration.	Five	to	20	
pulses	were	delivered	for	each	stimulated	dipole.	All	pa-
tients	 had	 1  Hz	 SPES	 and	 three	 patients	 had	 additional	
0.2  Hz	 SPES	 in	 order	 to	 look	 for	 delayed	 responses33,34	
(data	not	shown).	Both	frequencies	allow	the	analysis	of	
the	CCEPs	time	range	[0–	100 ms].	 Intensities	varied	be-
tween	1	and	3 mA	and	pulse	width	between	1	and	2 ms.

2.6	 |	 Cortico-corticalevoked
potentialsandfunctional
connectivityassessment

Connectivity	 was	 determined	 using	 our	 in-	house	 CCEP	
software.	For	each	bipolar	stimulation,	we	performed	an	
automatic	detection	of	the	pulse	artifact	generated	on	the	
stimulated	channel.

Cortico-	cortical	 evoked	 potentials	 consist	 of	 an	 early	
bi-		or	polyphasic	component	(emerging	10–	50 ms	after	 the	
stimulation)	generally	followed	by	a	slow	wave	(50–	500 ms	
after	the	stimulation).	The	stimulation	artifact	was	removed	
using	a	local	interpolation	of	5 ms	around	the	artifact.	The	
analysis	focused	on	the	first	100 ms	to	only	describe	the	early	
responses.	CCEPs	were	searched	on	all	the	recorded	cortical	
regions	using	a	bipolar	montage	of	adjacent	contacts.	Noisy	
trials	 containing	 artifacts	 or	 epileptiform	 discharges	 were	
excluded.	 The	 trials	 of	 each	 stimulation	 block	 were	 then	
averaged.	We	used	a	Wilcoxon	signed-	rank	test	 to	compare	
EEG	signal	during	the	1 s	after	stimulation	to	the	1 s	before	
stimulation.	CCEPs	were	considered	significant	based	on	the	
Wilcoxon	test	(p ≤ .05)	confirmed	by	visual	analysis	to	ascer-
tain	that	the	waveforms	corresponded	to	an	expected	CCEP	
morphology	with	an	amplitude	above	twice	the	standard	de-
viation	of	background	activity.	We	measured	the	latency	of	
the	first	wave	and	the	peak-	to-	peak	amplitude	of	the	CCEP.

When	a	significant	CCEP	was	observed,	the	stimulated	
and	the	responsive	channels	were	considered	connected.	
To	assess	 the	number	of	 connections,	we	gathered	adja-
cent	 channels	 within	 the	 same	 cortical	 region:	 one	 con-
nection	can	represent	the	functional	connectivity	between	
one	 or	 more	 stimulated	 adjacent	 channel(s)	 and	 one	 or	
more	responsive	adjacent	channel(s).

To	 evaluate	 the	 NH	 connectome	 (Figure	 1),	 we	 de-
termined	 its	 outbound connectivity	 (normotopic	 regions	
where	 CCEPs	 were	 elicited	 by	 heterotopic	 cortex	 stimu-
lation)	 and	 its	 inbound connectivity	 (normotopic	 regions	
where	stimulation	elicited	CCEPs	in	heterotopic	cortex).	
Outbound	 connectivity	 was	 available	 for	 all	 patients,	
whereas	 inbound	 connectivity	 analysis	 was	 possible	 for	
only	the	6	patients	who	had	SPES	performed	in	normotopic	
cortices.	Then	according	to	CCEP	analysis,	“normotopic”	
channels	were	subclassified	as	“normotopic connected”	if	
they	showed	outbound	and/or	inbound	connectivity	with	
the	heterotopic	nodule	or	“normotopic unconnected”	if	no	
connectivity	was	found.

2.7	 |	 Statisticalanalysis

We	used	R	to	perform	a	mixed-	effect	logistic	regression	of	
epileptogenicity	(EI)	versus	connectivity	(normotopic	un-
connected/normotopic	connected/heterotopic).	The	vari-
able	to	be	explained	is	constituted	by	the	EI	values	of	each	
channel	of	each	seizure	of	each	patient.	EI	was	dichoto-
mized	according	to	its	“non-	epileptogenic”	value	when	EI	
<0.3	and	“epileptogenic”	when	EI	≥0.3.	As	 fixed	effects,	
we	 entered	 the	 variable	 “connected”	 into	 the	 model;	 as	
random	effects,	patients	and	channels	could	have	differ-
ent	intercepts.

2.8	 |	 Dataavailabilitystatement

The	data	that	support	the	findings	of	this	study	are	avail-
able	 from	 the	 corresponding	 author	 upon	 reasonable	
request.

3 	 | 	 RESULTS

3.1	 |	 Patientscharacteristics

Nine	patients	had	periventricular	NH:	four	were	bilateral	
symmetrical,	three	were	bilateral	asymmetrical,	and	two	
were	unilateral.	The	three	other	patients	had	subcortical	
NH:	two	bilateral	and	one	unilateral.	A	total	of	727	chan-
nels	were	recorded:	121	were	“heterotopic”	and	606	were	
“normotopic”	(Table	1).
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3.2	 |	 Connectivityanalysis

Outbound	connectivity	was	studied	for	all	patients.	Two	
patients	(C	and	D)	showed	no	connection;	their	data	were	
then	withheld	from	further	analysis.	Among	the	remain-
ing	 10  patients,	 we	 found	 135	 outbound	 connections	
(4–	36	per	patient)	revealing	92	connected	normotopic	re-
gions	(3–	19	per	patient).	The	latencies	of	outbound	CCEPs	
were	 [mean  ±  SD]	 36  ±  15  ms	 and	 amplitudes	 were	
130 ± 96 mA.	Three	patients	(E,	F,	rK)	each	showed	one	
outbound	connection	with	contralateral	normotopic	cor-
tex,	linking	a	posterior	periventricular	NH	to	contralateral	
temporal	or	parietal	lateral	cortices	(Table	2).

Inbound	 connectivity	 was	 available	 for	 only	 the	 six	
patients	 who	 had	 SPES	 performed	 within	 normotopic	

cortices.	We	found	72 inbound	connections	(7–	30	per	pa-
tient)	 revealing	 38  connected	 regions;	 33	 of	 those	 (86%)	
were	 also	 outbound	 connected	 regions.	 The	 latencies	 of	
inbound	CCEPs	were	[mean ± SD]	26 ± 11 ms	and	ampli-
tudes	were	75 ± 45 mA.	CCEPs	recorded	within	NH	had	
the	same	morphology	as	normotopic	CCEPs	but	with	a	sig-
nificantly	smaller	amplitude	(p = 1.8e-	05).

All	 patients	 but	 one	 (patient	 G)	 had	 multiple	 elec-
trodes	 implanted	 within	 NH.	 Seven	 (64%)	 of	 those	 pa-
tients	 showed	 internodular	 connectivity,	 with	 a	 total	 of	
36	connections	(1–	16	per	patients);	12	connections	were	
reciprocal	 and	 12	 were	 unidirectional.	 The	 latencies	 of	
internodular	CCEPs	were	[mean ± SD]	24 ± 11 ms	and	
amplitudes	were	101 ± 27 mA.

One	 reciprocal	 connection	 (patient	 J)	 and	 three	 in-
bound	 connections	 (patients	 rK,	 lK	 and	 L)	 were	 found	

F I G U R E  1  (A)	Outbound	and	(B)	inbound	heterotopic	nodule	connectivity	in	patient	lK.	On	the	left,	transversal	T1-	weighted	magnetic	
resonance	imaging	(MRI)	scans	and	on	the	right,	a	three-	dimensional	(3D)	view	of	all	the	implanted	electrodes	and	their	contacts	showing	
the	location	of	the	stimulated	(red	dots)	and	of	the	responding	regions	(green	dots)	with	the	corresponding	cortico-	cortical	evoked	potential	
(CCEP)	waveform.	The	vertical	red	bar	represents	the	stimulation	time.	The	artefact	has	been	removed	by	a	[−5 s,	+5 s]	interpolation.	Two	
electrodes	targeted	the	left	posterior	periventricular	heterotopic	nodules.	Five	outbound	connections	(A)	were	found	homolaterally	with	
lingual	and	lateral	temporal	cortices.	Five	inbound	connections	(B)	were	found	homolaterally	with	the	hippocampus,	and	lingual	and	lateral	
temporal	cortices.	The	insula	and	the	temporal	pole	did	not	show	significant	connectivity	with	the	nodular	heterotopias	(NHs)
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between	a	posterior	periventricular	NH	and	the	ipsilateral	
hippocampus,	which	was	recorded	in	all	patients.

We	 did	 not	 find	 connections	 between	 NH	 located	 in	
different	hemispheres.	However,	patient	E,	who	had	two	
unilateral	temporo-	occipital	NH	separated	by	several	cen-
timeters,	showed	a	unidirectional	connection	linking	the	
anterior	to	the	posterior	nodule.

Among	the	535	normotopic	channels	of	the	10	patients	
in	whom	CCEPs	were	observed,	267	were	considered	con-
nected	with	NH	and	268	unconnected.	An	example	of	an	
NH	functional	connectome	revealed	by	SPES	is	shown	in	
Figure	1.

3.3	 |	 Seizure-onsetzone

Thirty-	nine	seizures	were	analyzed	([mean ± SD]	3 ± 1.47	
per	 patient)	 using	 visual	 and	 computational	 analysis	
(Table	 2).	 Interictal	 activity	 and	 seizure-	onset	 patterns	
were	similar	 to	 those	described	 in	Pizzo	et	al.3	Four	sei-
zures	were	heterotopic,	12	were	normotopic,	and	23	were	
normo-	heterotopic.	Ten	patients	had	exclusively	one	type	
of	 seizures	 in	 their	 studied	 hemisphere:	 two	 had	 het-
erotopic	seizures,	two	had	normotopic	seizures,	five	had	
normo-	heterotopic	seizures,	and	patient	K	had	exclusively	
normotopic	seizures	in	her	left	epileptogenic	network	and	
exclusively	 normo-	heterotopic	 seizures	 in	 the	 contralat-
eral	network.	The	remaining	two	patients	had	both	nor-
motopic	and	heterotopic	seizures.

3.4	 |	 Relationbetweenfunctional
connectivityandepileptogenicity

Thirty-	one	 seizures	 in	 the	 10	 patients	 for	 whom	 CCEPs	
were	found,	contributed	to	the	analysis.	EI	was	compared	
between	 the	 three	 categories	 of	 channels:	 “heterotopic,”	
“normotopic	connected,”	and	“normotopic	unconnected”	
(Figures	 2	 and	 3).	 Mixed-	effect	 logistic	 regression	 found	
that	“connected”	channels	were	significantly	(p = 8.4e-	05)	
more	 likely	 to	be	epileptogenic	 than	“unconnected”	ones	
with	 an	 odds	 ratio	 of	 4.71,	 95%	 confidence	 interval	 (CI)	
[2.17,	 10.21]	 (Figure	 4).	 Heterotopic	 channels	 were	 also	
significantly	 (p  =  .024)	 more	 epileptogenic	 than	 “uncon-
nected”	ones	with	an	odds	ratio	of	3.29,	95%	CI	[1.17,	9.23].

3.5	 |	 Epilepsysurgery

Nine	 patients	 had	 thermocoagulations	 at	 the	 end	 of	 the	
SEEG	 recording	 with	 a	 good	 persistent	 outcome	 (Engel	
I)	 in	 three	 patients:	 patient	 B	 with	 normo-	heterotopic	
seizures	had	thermocoagulations	within	NH,	connected,	T
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and	unconnected	normotopic	cortex;	patient	E	with	het-
erotopic	seizures	had	thermocoagulations	within	NH	and	
connected	normotopic	cortex;	patient	L	with	heterotopic	
seizures	had	thermocoagulations	exclusively	within	NH.

Two	 patients	 had	 surgery:	 patient	 D,	 in	 whom	 no	
CCEPs	 were	 found,	 had	 a	 temporo-	occipital	 disconnec-
tion	 with	 a	 good	 outcome	 (Engel	 I),	 and	 patient	 I	 had	
thermocoagulations,	later	followed	by	a	temporo-	occipital	
cortectomy,	that	both	had	no	effect	(Engel	IV).

4 	 | 	 DISCUSSION

This	is	the	first	patient	series	(n = 12)	in	whom	SPES	were	
used	to	study	NH	functional	connectivity.	Our	work	sup-
ports	the	hypothesis	that	epileptogenicity	associated	with	
NH	relies	on	a	diffuse	network	involving	heterotopic	and	
normotopic	structures	but	this	is	the	first	SEEG	study	to	
demonstrate	a	direct	 link	between	 functional	connectiv-
ity	 between	 normotopic	 cortices	 with	 NH	 and	 epilepto-
genicity.	We	showed	a	high	internodular	connectivity	and	
widespread	outbound	and	inbound	connections	between	
NH	 and	 normotopic	 cortex,	 including	 the	 hippocam-
pus	 and	 the	 contralateral	 hemisphere.	 Connectivity	 and	

epileptogenicity	 patterns	 were	 heterogenous	 across	 pa-
tients;	nonetheless,	regions	connected	to	the	HN	showed	
a	significantly	higher	epileptogenicity	 than	unconnected	
regions.

4.1	 |	 NHconnectivity

Cortico-	cortical	 evoked	 potential	 analysis	 showed	 that	
NH	are	highly	connected:	only	two	patients	did	not	have	
CCEPs	and	nearly	half	of	the	recorded	normotopic	chan-
nels	 were	 connected	 to	 the	 NH.	 It	 should	 be	 noted	 that	
most	NH	faced	multiple	lobes;	most	normotopic	channels	
were	located	within	those	lobes	and	had	to	be	considered	
as	“local”	while	not	being	in	the	cortex	immediately	over-
lying	the	HN.	We	did	not	diffusion	tensor	imaging	(DTI)	
available	to	reconstruct	and	actually	measure	the	length	
of	 the	 anatomical	 fibers	 linking	 the	 stimulating	 and	 the	
recording	 contacts.	 However,	 based	 on	 visual	 analysis	
we	could	assume	that	many	local	connections	were	long-	
distance	and	three	patients	also	showed	connections	with	
the	 contralateral	 hemisphere.	 Tractography	 studies	 also	
found	that	most	NH	had	numerous	structural	connectivity	
tracts,	mainly	toward	the	overlying	cortex	but	also	toward	

F I G U R E  2  Normotopic	seizure	in	patient	lK.	(A)	Stereo-	electroencephalography	(SEEG)	recording	from	heterotopic	cortex,	normotopic	
cortex	connected	to	the	nodular	heterotopias	(NHs),	and	normotopic	cortex	unconnected	to	the	NH.	(B)	The	epileptogenicity	index	(EI)	map	
showed	the	increase	in	energy	ratio	(in	blue	to	yellow	scale)	and	the	time	of	detection	(circle,	alarm	time;	cross,	detection	time	30)	in	each	
SEEG	channel	selected.	The	highest	epileptogenicity	is	detected	in	the	connected	normotopic	cortex.	(C)	Box	plot	of	EI	values	obtained	in	
each	group	of	contacts	in	this	seizure.	The	red	dotted	line	marks	the	0.3 value	considered	as	a	threshold	to	define	a	region	as	epileptogenic.	
Normotopic	connected	cortex	showed	a	high	degree	of	epileptogenicity
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other	homolateral	and	contralateral	cortical	regions,	and	
to	a	 lesser	extent	 subcortical	and	cerebellar	 structures.13	
Resting-	state	 and	 task-	related	 fMRI13,17,35	 as	 well	 as	 in-
tracranial	EEG3,15,36	proved	that	many	of	those	tracts	were	
functional,	demonstrating	simultaneous	activation	within	
heterotopic	 and	 normotopic	 overlying	 regions.	 Genetic	

and	 molecular	 understanding	 of	 NH	 physiopathology	
suggest	that	heterotopic	neurons	are	functional	but	failed	
to	 migrate	 to	 the	 developing	 cortex.2	 Using	 this	 cortical	
development	approach,	Deleo	et	al.18	proposed	an	original	
definition	of	the	overlying	cortex	using	the	Laplace	equa-
tion	 to	 generate	 hypothetical	 curvilinear	 paths	 between	

F I G U R E  3  Epileptogenicity	index	trough	seizures	and	patients.	Median	EI	values	(refer	to	color	bar)	for	each	groups	of	channels	
(“heterotopic	cortex,”	“normotopic	cortex	connected	to	the	nodular	heterotopias	[NH],”	and	“normotopic	cortex	unconnected	to	the	NH”)	
for	each	studied	patient's	seizure	(lines).	There's	marked	heterogeneity	between	seizures	but	note	that	the	“normotopic	unconnected”	group	
is	usually	the	less	epileptogenic

F I G U R E  4  Effect	of	connectivity	
on	epileptogenicity	index.	Cumming	
estimation	plot48 showing	connectivity	
effect	on	the	median	difference	
distributions	of	the	EI	(5000	bootstrap	
resamples)	among	the	studied	seizures.	
The	channels	considered	epileptogenic	
(EI ≥0.3)	are	represented	in	red.	The	
median	and	25th	and	75th	percentiles	
are	displayed	as	gapped	lines	to	the	
right	of	each	group.	The	difference	axis	
illustrates	the	median	difference	between	
groups:	the	median	is	indicated	by	the	
black	circle,	the	95%	confidence	interval	
by	the	vertical	line,	and	the	difference	
distribution	by	the	filled	curve
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the	 outer	 ventricular	 zone	 and	 the	 cortical	 surface.	 One	
might	hypothesize	that	the	predominant	NH	connectivity	
with	 the	 immediately	 overlying	 cortex	 reflects	 the	 func-
tional	connectivity	between	heterotopic	neurons	and	the	
gray	matter	location	they	were	intended	to	join,	and	that	
long-	distance	NH	connectivity	is	analogous	to	association	
fibers	emerging	from	normotopic	cortices.

Three	 patients	 had	 CCEPs	 between	 posterior	 NH	 and	
the	 hippocampus,	 which	 had	 also	 been	 observed	 in	 one	
patient	 by	Valton	 et	 al.19	 Experimental	 electrophysiologic	
studies	 also	 demonstrated	 functional	 coupling	 between	
heterotopic	 neurons	 and	 the	 hippocampus,	 using	 brain	
slices	from	an	NH-	induced	rat	model37	and	from	a	resected	
temporal	lobe	in	a	patient	with	drug-	refractory	epilepsy.38	
Furthermore,	 hippocampal	 abnormalities	 are	 frequently	
associated	 with	 cortical	 malformation,	 up	 to	 70%	 of	 pa-
tients	with	NH	in	some	studies,18,39	which	raises	the	ques-
tion	of	a	dual	pathology.	A	quantitative	and	functional	MRI	
study	found	an	increased	complexity	of	the	parahippocam-
pal	cortex	correlated	with	hippocampal	malrotation	indices	
while	those	regions	did	not	overlap	with	the	HN	overlying	
cortex.18	However,	even	when	temporal	lobe	structures	are	
involved	in	the	seizures,	temporal	lobe	resection	is	usually	
unsuccessful.40	These	data	suggest	that	the	NH	connectiv-
ity	network	exceeds	the	immediately	overlying	cortex	and	
might	notably	involve	the	hippocampus.

Two	 thirds	 of	 our	 patients	 showed	 internodular	 con-
nectivity.	 Using	 fMRI,	 Khoo	 et	 al.8	 found	 that	 11	 of	 16	
patients	 showed	 internodular	 connectivity	 and	 that	 83%	
of	the	studied	NH	were	connected	with	at	least	one	other	
nodule,	 even	 when	 located	 in	 a	 different	 hemisphere;	
during	 intracranial	 EEG,	 the	 authors	 also	 showed	 that	
ictal	 activity	 spreads	 faster	 between	 fMRI-	connected	
nodules.41	Furthermore,	a	good	seizure	outcome	is	more	
likely	in	patients	when	the	ablation	targets	a	unique	nod-
ule42	or	all	or	several	NH4	when	seizure	onsets	involve	the	
heterotopic	cortices.	We	can	highlight	that	patient	L,	who	
showed	the	most	 internodular	connections	(seven	recip-
rocal	and	two	unidirectional	connections),	had	exclusive	
heterotopic	seizures	and	became	seizure-	free	after	exten-
sive	NH	radiofrequency	thermocoagulation.

4.2	 |	 NHepileptogenicity

To	our	knowledge,	this	is	the	first	study	to	demonstrate	that	
functional	 connectivity,	 assessed	 by	 CCEPs,	 between	 ap-
parently	normal	cortical	regions	and	NH	is	associated	with	
significantly	 higher	 epileptogenicity.	 A	 few	 noninvasive	
reports	also	showed	correlations	between	connectivity	and	
epileptogenicity	in	patients	with	NH.	An	EEG-	fMRI	study	
in	one	patient	with	bilateral	NH	showed	connectivity	be-
tween	NH	and	the	overlying	cortex	within	the	epileptogenic	

hemisphere	but	not	in	the	contralateral	non-	epileptogenic	
side.17	 Similarly,	 Shafi	 et	 al.22	 found	 hyperexcitable	 corti-
cal	 responses	 to	 transcranial	magnetic	 stimulation	within	
normotopic	regions	connected	to	the	NH,	which	were	not	
present	 in	 unconnected	 regions.	 However,	 interpretation	
of	data	at	an	individual	patient	level	in	our	series	remains	
difficult:	patients	without	CCEPs	(C	and	D)	demonstrated	
normotopic	and	normo-	heterotopic	seizures,	whereas	some	
patients	with	heterotopic	seizures	(E	and	L)	showed	wide-
spread	 CCEPs.	 It	 also	 remains	 unclear	 if	 CCEPs	 are	 dif-
ferent	 between	 epileptogenic	 and	 physiological	 networks,	
since	 the	 topology	 revealed	 by	 SPES	 within	 the	 epilepto-
genic	 zone	 seemed	 similar	 to	 that	 found	 in	 homologous	
nonepileptogenic	regions.43,44	However,	other	studies	indi-
cated	that	the	epileptogenic	zone	showed	more	numerous45	
and	larger46,47	CCEPs	than	nonepileptogenic	regions.	This	
issue	 has	 been	 poorly	 addressed	 in	 epilepsies	 associated	
with	cortical	malformations	for	which	the	existence	of	aber-
rant	connections	is	well	documented.

4.3	 |	 Treatmentoutcome

In	the	largest	published	HN	study	(n = 20)	by	Mirandola	
et	al.,4	 good	outcome	 (Engel	 I)	was	achieved	 for	13	of	17	
patients	who	benefited	from	thermocoagulation,	including	
4	patients	with	bilateral	HN,	and	 for	6	of	7	patients	after	
surgery.	In	our	study,	good	outcome	(Engel	I)	was	achieved	
in	only	40%	of	the	patients:	three	of	nine	after	thermocoagu-
lation	only	and	one	of	two	after	surgery.	Among	those	four	
patients,	three	had	unilateral	HN	and	one	(patient	E)	had	
bilateral	HN	but	a	unilateral	epileptogenic	zone.	Among	the	
six	patients	with	bad	outcome	(Engel	III-	IV),	five	had	bilat-
eral	HN	including	four	with	bilateral	 independent	epilep-
togenic	zones.	Patients	with	bilateral	HN	represent	58%	of	
our	study	population	but	only	25%	in	Mirandola	et	al.	with	
no	mention	of	bilateral	epileptogenic	zones.	The	outcome	
discrepancies	between	the	two	studies	might	be	explained	
by	 a	 difference	 in	 widespread	 epileptogenic	 zones.	 As	 re-
ported	in	the	present	study,	most	patients	included	in	the	
Mirandola's	cohort	underwent	SEEG-	guided	thermocoagu-
lations	directed	to	both	to	heterotopias	and	to	selected	cor-
tical	regions.	However,	the	total	number	of	thermolesions	
at	the	individual	patient	level	could	not	be	compared	and	
we	could	not	exclude	that	differences	in	the	management	
of	the	cortical	thermocoagulations	may	have	contributed	to	
the	outcome	discrepancies	between	the	two	studies.

4.4	 |	 Limitationsofthestudy

Our	study	is	retrospective,	and	the	main	limitation	is	the	
heterogeneity	 of	 SPES	 protocols	 and	 of	 the	 population.	
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Given	 that	 SPES	 was	 performed	 during	 routine	 clinical	
assessment,	 stimulation	 protocols	 were	 heterogenous	
across	 patients	 and	 all	 recorded	 cortical	 sites	 were	 not	
systematically	 explored.	 This	 especially	 concerned	 the	
first	patients	(A–	G),	for	whom	systematic	extensive	SPES	
was	not	yet	part	of	our	daily	practice	and	with	fewer	de-
livered	 stimulations:	 we	 may	 have	 underestimated	 their	
NH	connectome.	For	 the	 latest	patients	 (H–	L)	however,	
we	 performed	 SPES	 in	 all	 of	 the	 recorded	 cortices.	 This	
could	explain	why	we	did	not	find	outbound	connections	
in	patients	C	and	D	who	had,	respectively,	only	two	and	
one	heterotopic	dipoles,	each	stimulated	once	with	SPES,	
whereas	some	of	the	latest	patients	had	up	to	seven	stimu-
lated	heterotopic	dipoles.

Low-	frequency	 SPES	 at	 0.2  Hz	 can	 also	 induce	 de-
layed	responses,	which	appear	at	least	100 ms	after	the	
stimulation.	Those	responses	are	rare,	inconsistent,	and	
with	 variable	 latency	 and	 a	 spike	 or	 sharp-	wave	 mor-
phology.	They	are	suggestive	of	an	underlying	epilepto-
genic	cortex.29,33,34	Because	0.2 Hz	SPES	was	available	in	
only	three	patients,	we	did	not	include	delayed	response	
analysis	in	the	study.

NH	 is	 a	 rare	 cause	 of	 epilepsy,	 making	 it	 difficult	 to	
study	 a	 homogenous	 population;	 we	 included	 patients	
with	 unilateral	 and	 bilateral,	 subcortical	 and	 periven-
tricular,	 unique,	 and	 multiple	 NH.	 Such	 variety	 of	 MRI	
anomalies	could	explain	the	heterogeneity	of	CCEPs	and	
seizure-	onset	patterns.

Finally,	 NHs	 are	 deep	 and	 small	 malformations,	
sometimes	not	exceeding	a	few	millimeters.	It	is	there-
fore	 challenging	 to	 perfectly	 implant	 the	 electrodes	
within	 the	 NH	 and	 it	 was	 not	 unusual	 not	 to	 be	 able	
to	 have	 more	 than	 one	 contact	 within	 the	 NH	 borders	
when	 they	 were	 very	 small.	 Bipolar	 electrical	 stimula-
tion	 might	 have	 frequently	 involved	 the	 white	 matter	
surrounding	the	NH,	which	may	question	that	the	elic-
ited	 CCEPs	 would	 not	 only	 reflect	 HN-	outbound	 con-
nectivity.	However,	this	white	matter	is	likely	to	be	made	
of	 fiber	 tracts	 connected	 to	 the	NH,	and	 inbound	con-
nectivity	 analysis	 showed	 that	 86%	 of	 the	 connections	
were	 reciprocal,	 which	 was	 reassuring	 concerning	 the	
risk	of	false-	positive	outbound	connections.

5 	 | 	 CONCLUSION

Our	 study	 demonstrated	 that	 normotopic	 cortex	 func-
tionally	connected	to	the	NH	has	higher	epileptogenicity	
than	unconnected	regions.	Our	study	adds	up	to	previous	
data	showing	that	NH	epileptogenic	networks	are	large,	
heterogenous	 across	 patients,	 and	 involve	 both	 hetero-
topic	and	neocortical	regions.	During	invasive	intracra-
nial	recordings,	CCEP	study	could	be	an	additional	tool	

to	 explore	 the	 epileptogenic	 network	 in	 patients	 with	
NH,	 particularly	 with	 a	 view	 to	 better	 targeted	 lesion	
therapy.	However,	whether	these	data	may	help	to	guide	
radiofrequency	 thermocoagulations	 or	 laser	 therapy	 in	
these	patients	will	require	specific	studies.
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