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Abstract
Objective:This	study	was	undertaken	to	determine	whether	the	vertical	parasag-
ittal	 approach	 or	 the	 lateral	 peri-	insular/peri-	Sylvian	 approach	 to	 hemispheric	
surgery	is	the	superior	technique	in	achieving	long-	term	seizure	freedom.
Methods:We	conducted	a	post	hoc	subgroup	analysis	of	the	HOPS	(Hemispheric	
Surgery	 Outcome	 Prediction	 Scale)	 study,	 an	 international,	 multicenter,	 retro-
spective	 cohort	 study	 that	 identified	 predictors	 of	 seizure	 freedom	 through	 lo-
gistic	regression	modeling.	Only	patients	undergoing	vertical	parasagittal,	lateral	
peri-	insular/peri-	Sylvian,	or	lateral	trans-	Sylvian	hemispherotomy	were	included	
in	this	post	hoc	analysis.	Differences	in	seizure	freedom	rates	were	assessed	using	
a	time-	to-	event method	and calculated	using	the	Kaplan–	Meier	survival	method.
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1 	 | 	 INTRODUCTION

A	 subset	 of	 pediatric	 epilepsy	 patients	 suffer	 from	 epi-
lepsy	 related	 to	multilobar	or	hemispheric	epileptogenic	
lesions.1	 Up	 to	 40%	 of	 these	 patients	 are	 refractory	 to	
medical	 therapy,	 resulting	 in	 persistent	 disabling	 sei-
zures,	neurocognitive	delay,	and	impaired	quality	of	life.2	
Cerebral	hemispherectomy,	a	technique	involving	discon-
nection	or	removal	of	the	epileptic	hemisphere,	has	been	
shown	to	result	in	excellent	seizure	freedom	rates	of	50%–	
80%	of	appropriately	selected	patients.3,4

Since	 the	 inception	 of	 anatomic	 hemispherectomy5	
and	refinement	of	Rasmussen's	 functional	hemispherec-
tomy,	 in	 which	 disconnection	 is	 performed	 with	 less	
cerebral	 tissue	 removal,6	 three	 major	 hemispherotomy	
techniques	 emerged	 in	 the	 1990s,	 including	 the	 lateral	
peri-	Sylvian	approach,7 lateral	peri-	insular	approach,8	and	
vertical	parasagittal	approach.9 The	peri-	Sylvian	approach	
underwent	 a	 modification	 without	 opercular	 resection,	
termed	the	keyhole	trans-	Sylvian	approach.10	In	contem-
porary	neurosurgery,	hemispherotomy	is	generally	the	fa-
vorable	first-	line	approach,	given	concerns	of	blood	loss,	
coagulopathy,	 high	 rates	 of	 hydrocephalus,	 superficial	
hemosiderosis,	 infection,	 and	 even	 mortality	 associated	

with	 anatomic	 hemispherectomy.11	 In	 addition	 to	 fewer	
complications,	 hemispherotomy	 may	 be	 associated	 with	

Results:Data	for	672	participants	across	23	centers	were	collected	on	the	specific	
hemispherotomy	 approach.	 Of	 these,	 72	 (10.7%)	 underwent	 vertical	 parasagit-
tal hemispherotomy	and	600	(89.3%)	underwent	lateral	peri-	insular/peri-	Sylvian	
or	trans-	Sylvian	hemispherotomy.	Seizure	freedom	was	obtained	in	62.4%	(95%	
confidence	interval	[CI] = 53.5%–	70.2%)	of	 the	entire	cohort	at	10-	year	follow-
	up.	Seizure	freedom	was	88.8%	(95%	CI = 78.9%–	94.3%)	at	1-	year	follow-	up	and	
persisted	 at	 85.5%	 (95%	 CI  =  74.7%–	92.0%)	 across	 5-		 and	 10-	year	 follow-	up	 in	
the	vertical	 subgroup.	 In	contrast,	 seizure	 freedom	decreased	 from	89.2%	(95%	
CI = 86.3%–	91.5%)	at	1-	year	to	72.1%	(95%	CI = 66.9%–	76.7%)	at	5-	year	to	57.2%	
(95%	CI = 46.6%–	66.4%)	at	10-	year	follow-	up	for	the	lateral	subgroup.	Log-	rank	
test	found	that	vertical	hemispherotomy	was	associated	with	durable	seizure-	free	
progression	compared	to	the	lateral	approach	(p = .01).	Patients	undergoing	the	
lateral	hemispherotomy	technique	had	a	shorter	time-	to-	seizure	recurrence	(haz-
ard	ratio = 2.56,	95%	CI = 1.08–	6.04,	p = .03)	and	increased	seizure	recurrence	
odds	(odds	ratio = 3.67,	95%	CI = 1.05–	12.86,	p = .04)	compared	to	those	under-
going	the	vertical	hemispherotomy	technique.
Significance: This	 pilot	 study	 demonstrated	 more	 durable	 seizure	 freedom	 of	
the	vertical	technique	compared	to	lateral	hemispherotomy	techniques.	Further	
studies,	 such	 as	 prospective	 expertise-	based	 observational	 studies	 or	 a  rand-
omized	clinical	 trial,	are	required	 to	determine	whether	a	vertical	approach	 to	
hemispheric	surgery	provides	superior	long-	term	seizure	outcomes.

K E Y W O R D S

hemispherectomy,	hemispherotomy,	seizure	outcomes,	technique

KeyPoints
•	 Hemispherotomy	 is	generally	 the	 first-	line	ap-

proach	over	anatomic	hemispherectomy,	given	
concerns	 for	 perioperative	 complications	 and	
mortality

•	 We	performed	a	post	hoc	analysis	of	the	HOPS	
study,	 which	 identified	 predictors	 of	 seizure	
freedom	following	hemispheric	surgery

•	 Functional	 hemispherotomy	 is	 safe	 and	 effec-
tive	 for	 appropriately	 selected	 children	 with	
medically	intractable	hemispheric	epilepsy

•	 Vertical	 hemispherotomy	 was	 independently	
associated	with	more	durable	seizure	 freedom	
than	 lateral	 peri-	insular/peri-	Sylvian	 or	 trans-	
Sylvian	hemispherotomy

•	 The	relationship	between	seizure	freedom	and	
vertical	 hemispherotomy	 was	 preserved	 after	
controlling	 for	 HOPS-	identified	 predictors	 of	
seizure	freedom
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better	 seizure	 outcomes	 compared	 with	 anatomic	 hemi-
spherctomy,12	although	a	modern	systematic	review	found	
no	 significant	 difference	 in	 seizure	 outcomes	 by	 differ-
ent	hemispheric	procedures	(i.e.,	anatomic	or	functional	
hemispherectomy,	hemispherotomy,	hemidecortication).4

Surgical	 technique	 is	 an	 important	 modifiable	 factor	
that	 invariably	 impacts	postoperative	outcomes.	Most	of	
the	modern	variations	of	hemispherotomy	may	be	broadly	
classified	 by	 the	 plane	 of	 approach:	 lateral	 versus	 ver-
tical.	 Whereas	 the	 lateral	 approach	 frequently	 requires	
resection	of	the	frontoparietal	operculum,8	the	vertical	ap-
proach	requires	resection	of	parasagittal	cortex	prior	to	ac-
cessing	the	corpus	callosum	and	other	white	matter	tracts	
for	 hemispheric	 disconnection.9	 In	 the	 largest	 and	 first	
notable	vertical	hemispherotomy	series,	Delalande	et	al.	
achieved	74%	seizure	freedom,13	and	a	subsequent	verti-
cal	series	showed	92%	seizure	freedom.14	Published	lateral	
series	 are	 more	 numerous15–	19	 and	 have	 demonstrated	
seizure	freedom	rates	as	high	as	85%18	to	90%.17	A	recent	
Italian	study	comparing	lateral,	vertical,	and	modified	ver-
tical	approaches	showed	a	higher	rate	of	seizure	freedom	
in	vertical	than	lateral	approaches	(84%	vs.	73%),	although	
this	did	not	reach	statistical	significance.20	Because	there	
are	no	high-	quality	studies	providing	direct	comparisons	
between	techniques,	 the	surgeon's	general	neurosurgical	
training	 and	 familiarity	 with	 a	 particular	 technique	 dic-
tate	which	approach	is	used.

An	 international,	 collaborative	 multi-	institutional	
study	recently	compiled	the	largest	cohort	of	patients	who	
underwent	hemispheric	 surgery	 to	date	 for	 the	develop-
ment	 of	 the	 Hemispheric	 Surgery	 Outcome	 Prediction	
Scale	 (HOPS).21  The	 purpose	 of	 the	 HOPS	 study	 was	 to	
identify	 predictors	 of	 seizure	 freedom	 following	 hemi-
spheric	surgeries.	Although	it	was	not	designed	to	answer	
the	question	of	which	technique	(i.e.,	lateral	vs.	vertical)	
is	 superior,	 this	 dataset	 provides	 the	 best	 available	 data	
thus	far	to	compare	these	two	techniques	across	multiple	
centers	internationally.	In	this	study,	we	performed	a	post	
hoc	 analysis	 of	 the	 international,	 multicenter	 retrospec-
tive	study	of	patients	undergoing	hemispherectomy.21 The	
goal	was	to	determine	whether	the	vertical	parasagittal	or	
lateral	 peri-	insular/peri-	Sylvian	 hemispherotomy	 tech-
nique	 is	 associated	 with	 superior	 rates	 of	 long-	term	 sei-
zure	freedom.

2 	 | 	 MATERIALSANDMETHODS

2.1	 |	 Originalstudy

The	design	and	results	from	the	multicenter,	international,	
retrospective	cohort	HOPS	study	have	been	previously	re-
ported	in	detail;	 it	 involved	32	pediatric	epilepsy	centers	
across	 12	 countries.	 All	 consecutive	 patients	 with	 drug-	
resistant	epilepsy	who	were	younger	than	19	years	at	the	
time	of	hemispherectomy,	had	at	least	one	follow-	up	fol-
lowing	the	first	postoperative	week,	and	had	seizure	out-
come	data	were	included	in	the	study.	Surgical	techniques	
resulting	 in	 a	 functional	 or	 anatomical	 disconnection	 of	
one	half	of	the	brain,	including	anatomic	hemispherecto-
mies,	hemidecortications,	functional	hemispherectomies,	
peri-	insular	 hemispherotomies,	 peri-	Sylvian	 hemispher-
otomies,	 trans-	Sylvian	 hemispherotomies,	 and	 open	 or	
endoscopically	assisted	parasagittal	vertical	hemispherot-
omies	with	the	preoperative	goal	of	seizure	freedom	were	
included.	 For	 patients	 who	 underwent	 a	 second	 hemi-
spheric	resection,	only	data	from	the	first	procedure	were	
included.	Patients	with	a	planned	subtotal	hemispherec-
tomy	were	excluded	from	the	study.

Demographic,	 patient	 history,	 perioperative	 testing,	
and	surgical	variables	were	collected	in	the	original	study	
following	 a	 review	 of	 the	 literature	 and	 consultation	 of	
expert	opinion,	to	develop	the	HOPS	for	presurgical	pre-
diction	of	 seizure	 freedom.	The	outcome	of	 interest	was	
defined	as	the	time	to	seizure	recurrence	or	length	of	fol-
low-	up	 for	 patients	 who	 were	 seizure-	free	 after	 surgery.	
All	 contributing	centers	participated	 in	accordance	with	
local	 research	ethics,	and	the	organizing	center	received	
institutional	review	board	approval	for	the	study.

2.2	 |	 Posthocanalysis

This	 post	 hoc	 subgroup	 analysis	 used	 the	 patient	 cohort	
from	the	HOPS	study	to	assess	the	comparative	efficacy	of	
the	vertical	hemispherotomy	and	the	lateral	hemispherot-
omy.	Only	patients	who	underwent	a	vertical	parasagittal,	
lateral	 peri-	insular,	 lateral	 peri-	Sylvian,	 or	 lateral	 trans-	
Sylvian	hemispherotomy	were	included	in	the	post	hoc	ef-
ficacy	analysis	(Figure	1).	Since	the	original	HOPS	study,	

F I G U R E  1  Illustration	
demonstrating	hemispherotomy	
techniques.	(A)	Vertical	parasagittal.	(B)	
Lateral	peri-	insular/peri-	Sylvian.	(C)	
Lateral	trans-	Sylvian
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12	participants	were	incorporated	into	this	study	following	
the	 acquisition	 of	 adequate	 follow-	up	 data.	 Vertical	 par-
asagittal	operations	were	placed	in	the	vertical	hemispher-
otomy	 cohort,	 whereas	 lateral	 peri-	insular	 and	 lateral	
peri-	Sylvian	cases	constituted	the	lateral	hemispherotomy	
cohort.	Patients	who	underwent	other	variants	of	the	func-
tional	 hemispherotomy	 (e.g.,	 Rasmussen's	 hemispherec-
tomy,	 hemidecortication)	 were	 excluded	 from	 the	 study.	
In	particular,	modern	modifications	of	Rasmussen's	hemi-
spherectomy,	such	as	the	technique	described	at	University	
of	California,	Los	Angeles,	were	a	priori	not	included,	as	
the	 goal	 of	 the	 study	 was	 to	 compare	 hemispherotomy	
techniques	 with	 minimal	 tissue	 resection.15  The	 clini-
cal	variables	constituting	the	HOPS	score	(age	at	seizure	
onset,	presence	of	generalized	seizure	semiology,	presence	
of	 contralateral	 18-	fluoro-	2-	deoxyglucose-	positron	 emis-
sion	 tomography	 [FDG-	PET]	 hypometabolism,	 etiologic	
substrate,	and	previous	nonhemispheric	resective	surgery)	
were	collected	and	used	 to	calculate	 the	HOPS	score	 for	
each	patient	who	was	included.	Outcome	variables	of	in-
terest	 included	 occurrence	 of	 first	 postoperative	 seizure	
and	time	to	first	postoperative	seizure,	or	last	follow-	up	if	
the	 patient	 experienced	 no	 postoperative	 seizures.	 Final	
follow-	up	was	the	time	of	seizure	recurrence	for	patients	
who	had	an	event	(e.g.,	seizure	recurrence	after	surgery).

Baseline	 characteristics	 of	 the	 included	 participants	
were	 analyzed	 and	 presented	 using	 descriptive	 statis-
tics.	Continuous	variables	were	presented	using	mean	±	
SD.	 Categorical	 variables	 were	 reported	 using	 frequency	
and	percentages.	Age	at	seizure	onset	was	classified	into	
three	distinct	categories	(<3 months,	3 months–	3.5 years,	
>3.5  years)	 and	 reported	 accordingly.	 The	 two	 surgical	
subgroups	of	interest	(vertical	vs.	lateral)	were	compared	
for	significant	differences	using	the	Mann–	Whitney	U-	test	
for	continuous	variables	and	the	chi-	squared	goodness	of	
fit	test	for	categorical	variables.

Kaplan–	Meier	 survival	 analysis	 with	 log-	rank	 test	
was	 performed	 to	 assess	 for	 differences	 in	 time	 to	 sei-
zure	 recurrence	 between	 the	 two	 surgical	 subgroups.	
Multivariate	 mixed-	effects	 Cox	 and	 logistic	 regression	
models	 controlling	 for	 hemispherotomy	 technique	 and	
HOPS	 score	 were	 constructed,	 with	 the	 institution	 as	 a	
random-	effects	 variable.	 Missing	 data	 were	 addressed	
using	the	Markov	chain	Monte	Carlo	method	of	multiple	
imputation	 to	 generate	 10	 complete	 datasets	 for	 regres-
sion	analysis.22	Estimated	parameters	and	standard	errors	
were	combined	and	determined	by	application	of	Rubin's	
rule.23	Cox	regression	was	performed	to	determine	signifi-
cant	and	independent	predictors	of	time	to	first	postoper-
ative	seizure,	and	logistic	regression	was	done	to	identify	
covariates	independently	associated	with	seizure	freedom.	
Only	patients	who	had	at	least	1-	year	follow-	up	were	in-
cluded	 in	 the	 logistic	 regression	 analysis.	 Hazard	 ratios	

(HRs),	 odds	 ratios	 (ORs),	 p-	values,	 and	 95%	 confidence	
intervals	 (CIs)	were	obtained	 for	 the	regression	analyses	
where	appropriate.	A	two-	sided	p-	value	<	.05	was	used	as	
the	threshold	for	statistical	significance	in	all	analyses.	All	
statistical	analyses	were	performed	in	RStudio	(v1.2.1335).

3 	 | 	 RESULTS

3.1	 |	 Baselinecharacteristics

Of	 the	 1269	 participants,	 672	 (53.0%)	 underwent	 func-
tional	 hemispherotomy	 and	 had	 adequate	 outcomes	
data,	 and	 were	 thus	 included	 for	 further	 investigation	
(Supplementary	Table	S1).	There	were	30	functional	hem-
ispherotomy	patients	initially	excluded	for	not	having	suf-
ficient	outcomes	data	and	567	patients	initially	excluded	
for	undergoing	procedures	not	exclusively	disconnective,	
of	whom	198	(34.9%)	underwent	anatomical	hemispherec-
tomy,	 whereas	 the	 remaining	 352	 (62.1%)	 and	 17	 (3.0%)	
underwent	Rasmussen-	style	functional	hemispherectomy	
and	 hemidecortication,	 respectively.	 Functional	 hemi-
spherectomy	was	not	included,	as	it	is	an	older	intermedi-
ary	 technique	between	anatomical	hemispherectomy,	 in	
which	the	cerebral	hemisphere	is	removed,	and	functional	
hemispherotomy,	 in	 which	 disconnection	 is	 performed	
with	 minimal	 tissue	 removal.5–	8	 A	 Kaplan–	Meier	 plot	
demonstrating	the	seizure	freedom	function	in	all	hemi-
spherotomy	patients	is	shown	in	Figure	2.	The	probability	
of	 seizure	 freedom	 for	 the	 hemispherotomy	 cohort	 was	
89.1%	(95%	CI = 86.4%–	91.3%),	74.4%	(95%	CI = 69.9%–	
78.4%),	 and	 62.4%	 (95%	 CI  =  53.5%–	70.2%)	 at	 1,	 5,	 and	
10	years,	respectively.	Within	the	entire	hemispherotomy	
population,	 72	 (10.7%)	 underwent	 a	 vertical	 parasagittal	
hemispherotomy,	 and	 600	 (89.3%)	 underwent	 a	 lateral	
hemispherotomy	 approach.	 The	 72	 vertical	 parasagittal	
hemispherotomy	patients	arose	from	four	centers,	with	a	
median	of	12	(range	=	1–	47)	cases	per	center.	The	600 lat-
eral	hemispherotomy	patients	arose	from	21	centers,	with	
a	median	of	15	(range	=	1–	129)	cases	per	center.

Selected	 independent	 baseline	 characteristics	 for	
the	 two	surgical	subgroups	of	 interest	and	their	com-
parisons	are	detailed	in	Table	1.	The	mean	HOPS	score	
was	2.27 ± 1.05	and	2.35 ± 1.02,	and	the	mean	age	at	sei-
zure	onset	was	1.89 ± 2.70 years	and	2.34 ± 2.87 years,	
for	 the	 lateral	 and	 vertical	 hemispherotomy	 cohorts,	
respectively.	 There	 were	 no	 significant	 differences	
in	 mean	 HOPS	 score	 (p  =  .59),	 mean	 age	 at	 seizure	
onset	(p = .17),	and	distribution	of	age	at	seizure	onset	
(p  =  .35)	 between	 the	 two	 groups.	 Of	 the	 remaining	
predictive	 HOPS	 variables,	 compared	 to	 the	 lateral	
hemispherotomy	 group,	 the	 vertical	 hemispherotomy	
group	had	a	significantly	greater	proportion	of	patients	
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with	a	generalized	seizure	semiology	(59.4%	vs.	32.1%,	
p < .001)	and	bilateral	interictal	FDG-	PET	hypometab-
olism	 (14.8%	 vs.	 2.7%,	 p  <  .001).	 The	 two	 subgroups	
were	otherwise	comparable	 in	 their	proportion	of	pa-
tients	 with	 a	 stroke	 etiology	 (p  =  .31)	 and	 history	 of	
nonhemispheric	 resective	 surgeries	 (p  =  .44)	 as	 well	
as	their	overall	profile	of	specific	nonstroke	etiologies	
(p =  .22).	When	comparing	 relevant	non-	HOPS	clini-
cal	 variables,	 the	 vertical	 hemispherotomy	 group	 had	
a	significantly	greater	proportion	of	patients	with	two	
or	more	seizure	semiologies	(74.5%	vs.	47.4%,	p < .001)	
and	 bilateral	 and	 synchronous	 interictal	 electroen-
cephalographic	(EEG)	abnormalities	(63.6%	vs.	18.0%,	
p  <  .001).	 However,	 the	 proportion	 of	 patients	 with	
contralateral	 magnetic	 resonance	 imaging	 abnormal-
ities	was	not	significantly	different	 (p =  .92)	between	
the	two	groups.	Four	centers	contributed	to	the	total	72	
vertical	 procedures,	 of	 which	 two	 centers	 performed	
both	 vertical	 and	 lateral	 hemispherotomy	 techniques	
and	 two	 centers	 performed	 the	 vertical	 hemispherot-
omy	technique	exclusively.

3.2	 |	 Outcomesanalysis

A	 Kaplan–	Meier	 plot	 demonstrating	 and	 comparing	
the	 seizure	 freedom	 functions	 in	 the	 lateral	 and	 ver-
tical	 hemispherotomy	 strata	 is	 depicted	 in	 Figure	 3.	

The	 probability	 of	 seizure	 freedom	 in	 the	 lateral	 hemi-
spherotomy	cohort	at	1,	5,	and	10	years	was	89.2%	(95%	
CI = 86.3%–	91.5%),	72.1%	(95%	CI = 66.9%–	76.7%),	and	
50.6%	(95%	CI = 46.6%–	66.4%),	whereas	the	probability	
of	 seizure	 freedom	 in	 the	 vertical	 hemispherotomy	 co-
hort	was	initially	88.8%	(95%	CI = 78.9%–	94.3%)	at	1	year	
and	was	then	sustained	at	85.5%	(95%	CI = 74.7%–	92.0%)	
at	5	and	10	years.	Log-	rank	test	showed	a	significant	dif-
ference	in	time	to	first	postoperative	seizure	when	strati-
fied	 by	 hemispherotomy	 technique,	 with	 the	 vertical	
hemispherotomy	subgroup	having	a	 longer	 time	 to	 sei-
zure	recurrence	(p = .01).

Results	 of	 the	 multivariate	 mixed-	effects	 Cox	 regres-
sion	model	correcting	for	the	HOPS	score	are	reported	in	
Table	 2.	 Hemispherotomy	 technique	 is	 significantly	 and	
independently	associated	with	time	to	seizure	recurrence,	
with	the	lateral	approach	conferring	a	faster	progression	to	
first	postoperative	seizure	(HR = 2.56,	p = .03).	The	HOPS	
score	was	also	independently	associated	with	time	to	first	
postoperative	seizure,	with	higher	scores	leading	to	a	faster	
time	to	seizure	recurrence	(HR = 1.43,	p < .001).	Results	of	
the	multivariate	mixed-	effects	logistic	regression	model	for	
patients	with	at	least	1-	year	follow-	up	and	controlling	for	
the	HOPS	score	are	depicted	in	Table	3.	The	findings	fol-
lowed	a	similar	trend	to	the	Cox	regression	analysis,	with	
odds	of	seizure	recurrence	being	significantly	greater	in	pa-
tients	who	underwent	 lateral	hemispherotomy	compared	
to	vertical	hemispherotomy	(OR = 3.67,	p = .04).

F I G U R E  2  Kaplan–	Meier	curve	
depicting	the	seizure	freedom	function	for	
the	entire	cohort	of	children	undergoing	
lateral	or	vertical	hemispherotomy	for	
medically	intractable	epilepsy
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T A B L E  1 	 Clinical	characteristics	of	study	population

Characteristic
Lateralhemispherotomy,
n = 600

Verticalhemispherotomy,
n = 72 p

Centers,	n 21 4

HOPS	score 2.27 ± 1.05 2.35 ± 1.02 .589

Age	at	seizure	onset,	years 1.89 ± 2.70 2.34 ± 2.87 .171

Age	at	seizure	onset

<3 months 187	(31.2%) 16	(23.5%) .345

3 months–	3.5 years 288	(48.0%) 34	(50.0%)

>3.5 years 125	(20.8%) 18	(26.5%)

Generalized	seizure	semiology

Yes 192	(32.1%) 41	(59.4%) <.001*

No 407	(67.9%) 28	(40.6%)

Previous	surgery

Yes 92	(15.3%) 8	(11.1%) .438

No 508	(84.7%) 64	(88.9%)

Stroke	etiology

Yes 224	(37.5%) 32	(44.4%) .306

No 374	(62.5%) 40	(55.6%)

Epilepsy	etiology

Porencephalic	cyst/stroke 224	(37.5%) 32	(44.4%) .220

Malformations	of	cortical	development 114	(19.1%) 14	(19.4%)

Hemimegalencephaly 92	(15.4%) 4	(5.6%)

Rasmussen's	encephalitis 67	(11.2%) 6	(8.3%)

Sturge–	Weber	syndrome 26	(4.3%) 5	(6.9%)

Hemiconvulsion–	hemiplegia	syndrome 7	(1.2%) 0	(.0%)

Other 68	(11.4%) 11	(15.3%)

FDG-	PET	scan

Bilateral	hypometabolism 16	(2.7%) 9	(14.8%) <.001*

Contralateral	hypometabolism 5	(.8%) 0	(.0%)

Ipsilateral	hypometabolism 244	(40.9%) 50	(82.0%)

Not	scanned 331	(55.5%) 2	(3.3%)

MRI	scan

Contralateral	lesion 84	(14.2%) 7	(12.7%) .916

Bilateral	interictal	EEG

Yes 75	(18.0%) 7	(63.6%) <.001*

No 342	(82.0%) 4	(36.4%)

Infantile	spasms

Yes 123	(28.5%) 20	(36.4%) .292

No 309	(71.5%) 35	(63.6%)

Number	of	seizure	semiologies

One 313	(52.2%) 14	(25.5%) <.001*

Two	or	more 284	(47.4%) 41	(74.5%)

Seizure	recurrence

Yes 126	(21.0%) 10	(13.9%) .206

No 474	(79.0%) 62	(86.1%)

Note:: Values	are	presented	as	number	of	patients	(%)	or	mean ± SD	(range).
Abbreviations:	EEG,	electroencephalogram;	FDG-	PET,	18-	fluoro-	2-	deoxyglucose-	positron	emission	tomography;	HOPS,	Hemispheric	Surgery	Outcome	
Prediction	Scale;	MRI,	magnetic	resonance	imaging.
*p < .05.
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4 	 | 	 DISCUSSION

Post	 hoc	 analysis	 of	 the	 multicenter	 HOPS	 study	 sug-
gests	a	significantly	greater	durability	of	seizure	freedom	
for	 children	 undergoing	 vertical	 compared	 with	 lateral	
hemispherotomy.	 The	 rate	 of	 seizure	 freedom	 between	
these	 groups	 is	 nearly	 identical	 at	 1	 year	 of	 follow-	up;	
however,	 seizure	 freedom	 was	 durable	 for	 the	 vertical	
group	and	significantly	declined	over	time	for	the	lateral	
group,	 most	 noticeably	 around	 6	 years	 postoperatively	
(Figure	3).	This	is	consistent	with	our	finding	that	vertical	
hemispherotomy	 is	associated	with	a	 longer	 time	 to	 sei-
zure	recurrence	via	log-	rank	test.	Furthermore,	the	rela-
tionship	between	sustained	seizure	freedom	and	vertical	
hemispherotomy	was	preserved	even	after	controlling	for	

validated	 predictors	 of	 seizure	 freedom	 identified	 in	 the	
HOPS	study	through	the	HOPS	score	during	multivariate	
regression,	thereby	increasing	our	confidence	that	differ-
ences	in	outcome	are	likely	attributed	to	technique	rather	
than	patient	variables	known	to	confer	differential	seizure	
freedom.

Our	findings	contrast	two	studies	directly	comparing	
vertical	 and	 lateral	 techniques,	 which	 found	 favorable	
outcomes	 overall	 but	 no	 differences	 between	 groups.	
One	of	these	studies	was	underpowered	to	detect	differ-
ences	in	seizure	outcome,24	whereas	the	other	was	a	na-
tional	 multicenter	 study	 comprising	 90	 patients	 across	
three	main	Italian	epilepsy	centers	with	a	methodology	
similar	 to	 ours.20	 Our	 calculated	 rates	 of	 seizure	 free-
dom	at	the	last	follow-	up	for	vertical	(86.1%)	and	lateral	

F I G U R E  3  Comparison	of	Kaplan–	
Meier	curves	depicting	the	seizure	
freedom	functions	of	vertical	and	lateral	
hemispherotomy	cohorts

T A B L E  2 	 Multivariate	mixed-	effects	Cox	regression	analysis	
for	predictors	of	faster	time	to	seizure	recurrence,	controlling	for	
hemispherotomy	technique	(vertical	and	lateral)	and	HOPS	score

Variable HRa 95%CI p

Hemispherotomy	technique	(relative	to	vertical)

Lateral 2.56 1.08–	6.04 .034*

HOPS	score 1.43 1.17–	1.75 <.001*

Abbreviations:	CI,	confidence	interval;	HOPS,	Hemispheric	Surgery	
Outcome	Prediction	Scale;	HR,	hazard	ratio.
*p < .05.
aHR	>	1	indicates	a	faster	time	to	seizure	recurrence.

T A B L E  3 	 Multivariate	mixed-	effects	logistic	regression	
analysis	for	predictors	of	seizure	recurrence,	controlling	for	
hemispherotomy	technique	(vertical	and	lateral)	and	HOPS	score

Variable ORa 95%CI p

Hemispherotomy	technique	(relative	to	vertical)

Lateral 3.67 1.05–	12.86 .042*

HOPS	score 1.13 .87–	1.48 .356

Abbreviations:	CI,	confidence	interval;	HOPS,	Hemispheric	Surgery	
Outcome	Prediction	Scale;	OR,	odds	ratio.
*p < .05.
aOR	>	1	indicates	greater	odds	of	seizure	recurrence.
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(79.0%)	 approaches	 were	 almost	 identical	 to	 the	 latter	
study,	 which	 had	 84.2%	 and	 73.1%	 seizure	 freedom	 in	
the	 vertical	 and	 lateral	 groups,	 respectively;	 however,	
the	utilization	of	a	modified	interhemispheric	approach	
by	de	Palma	et	al.	yielded	a	much	lower	rate	of	seizure	
freedom	 for	 their	 vertical	 group	 overall	 and	 may	 ex-
plain	 the	 different	 conclusions	 between	 our	 findings.20	
For	 the	 vertical	 approach,	 our	 study	 included	 patients	
undergoing	 parasagittal	 technique	 only,	 which	 may	 be	
advantageous	 relative	 to	 modified	 vertical	 techniques.	
Compared	with	the	original	parasagittal	approach,	inter-
hemispheric	 vertical	 modifications	 potentially	 require	
more	 lateral	 retraction	 for	 access	 to	 the	 temporal	 horn	
of	 the	 lateral	ventricle,	 increase	risk	 to	 the	parasagittal	
draining	veins,	and	increase	risk	to	the	healthy	contra-
lateral	 hemisphere.25  With	 the	 recent	 development	 of	
endoscopic	 interhemispheric	 techniques,26,27	 the	 verti-
cal	approach	has	already	become	a	heterogeneous	group	
of	interventions	that	warrant	individual	study	given	the	
possibility	of	different	seizure	outcomes.	A	possible	ex-
planation	for	previous	comparative	studies	failing	to	find	
a	difference	between	surgical	techniques	is	that	the	co-
horts	were	compared	at	a	single,	 relatively	short,	 time-
point	(i.e.,	the	time	of	final	follow-	up).	The	data	from	the	
current	study	suggest	the	difference	in	efficacy	between	
the	vertical	and	lateral	group	is	only	apparent	on	long-	
term	 follow-	up	 (i.e.,	 over	 6  years),	 and	 any	 study	 that	
compares	 seizure	 outcomes	 at	 conventional	 timepoints	
such	 as	 1	 or	 2  years	 following	 surgery	 will	 also	 fail	 to	
capture	this	difference.

Given	 that	 complete	 disconnection	 is	 possible	 from	
both	the	vertical	and	lateral	approaches,	the	reason	for	dif-
fering	seizure	outcomes	is	not	immediately	clear.	One	pu-
tative	explanation	is	 the	higher	 likelihood	of	 incomplete	
disconnection	in	the	lateral	hemispherotomy	group.	Given	
that	seizure	recurrence	and	the	need	for	reoperation	have	
been	attributed	to	incomplete	resection,28	this	may	theo-
retically	contribute	to	the	greater	durability	of	seizure	free-
dom	in	patients	undergoing	vertical	approaches.	 Insular	
epileptogenic	 onset	 is	 likely	 an	 underrepresented	 cause	
of	 refractory	 epilepsy	 in	 children,29,30	 and	 residual	 insu-
lar	cortex	has	been	identified	as	a	cause	of	failure	follow-
ing	hemispherectomy.16 The	 intraoperative	management	
of	insular	cortex	varies	considerably	between	lateral	and	
vertical	approaches.	The	vertical	approach	may	provide	a	
greater	likelihood	of	complete	disconnection	of	the	insula	
and	associated	subcortical	structures	as	they	are	undercut,	
whereas	 in	 the	 lateral	 approach,	 the	 insula	 is	 either	 left	
unresected	(particularly	in	middle	cerebral	artery	[MCA]	
stroke	etiology	cases),	undercut,	or	resected	piecemeal	be-
tween	the	MCA	branches.15,17,19	In	cases	where	the	insula	
is	resected	in	a	piecemeal	fashion,	it	is	theoretically	possi-
ble	that	residual	insular	cortex	can	remain	inadvertently	

connected.	However,	this	would	certainly	not	explain	the	
majority	 of	 recurrent	 cases.	 Incomplete	 frontobasal	 dis-
connection	 is	 another	 cause	 of	 seizure	 recurrence31	 and	
may	 have	 differed	 between	 groups.	 Some	 surgeons	 use	
the	 sphenoid	 ridge	 as	 guidance	 in	 the	 lateral	 approach,	
leaving	the	posterior	third	of	the	frontobasal	connections	
unresected.32	 In	contrast,	 the	vertical	approach	more	re-
liably	 allows	 for	 posterior	 disconnection	 to	 the	 foramen	
of	 Monroe.	 Additionally,	 the	 vertical	 approach	 entails	 a	
perithalamic	 cut	 that	 not	 only	 functionally	 disconnects	
the	basal	ganglia,14	but	also	theoretically	separates	all	po-
tentially	dysplastic	neurons	that	failed	to	migrate	from	the	
subventricular	zone	 to	 the	cortex.33 This	may	contribute	
significantly	 to	 surgical	 outcomes	 for	 congenital	 disor-
ders	 including	 malformations	 of	 cortical	 development.	
Functional	hemispherotomy	is	a	complex	procedure	with	
intricate	 surgical	 steps	 required	 to	 successfully	 perform	
a	 complete	 hemispheric	 disconnection,	 a	 major	 predic-
tor	 of	 seizure	 outcome.28,34	 Epilepsy	 program	 and	 surgi-
cal	experience	has	been	shown	to	play	a	 significant	 role	
in	 obtaining	 a	 complete	 anatomical	 disconnection	 and	
obtaining	 higher	 likelihood	 of	 seizure	 freedom	 and	 bet-
ter	outcome.35–	37 Although	this	variable	was	not	explicitly	
studied	 in	 this	 analysis,	 the	 learning	 curve	 could	 poten-
tially	explain	the	higher	seizure	recurrence	rate	in	lateral	
than	in	vertical	hemispherotomies.

Other	general	operative	considerations	in	favor	of	the	
vertical	 approach	 have	 been	 proposed,14	 including	 risk	
of	injury	to	the	contralateral	hemisphere	with	the	lateral	
approach,	 although	 this	 is	 rare	 in	 experienced	 hands.	
Intraoperative	 blood	 transfusion	 and	 the	 total	 duration	
of	 surgery	 have	 been	 shown	 to	 be	 less	 in	 vertical	 hemi-
spherotomy.24	Increased	blood	loss	in	lateral	hemispherot-
omy	is	thought	to	be	associated	with	the	greater	amount	
of	 tissue	 resected,	 with	 the	 exception	 of	 the	 keyhole	
technique.19  The	 risk	 of	 hydrocephalus	 is	 thought	 to	 be	
higher	in	lateral	hemispherotomy	due	to	resection	of	the	
subarachnoid	 space	 of	 the	 Sylvian	 fissure,	 although	 the	
2%–	20%	 rate	 of	 hydrocephalus	 in	 lateral	 series16,17,19,38,39	
appears	 to	 be	 comparable	 with	 3%–	16%	 in	 vertical	
series.13,14

It	 is	 important	 to	 note	 that	 there	 were	 several	 clinical	
differences	between	the	two	groups.	Most	notably,	the	ver-
tical	 hemispherotomy	 group	 had	 a	 higher	 proportion	 of	
patients	with	factors	known	to	be	associated	with	poor	sei-
zure	outcomes,	including	bilateral	FDG-	PET	abnormality40	
and	 generalized	 seizure	 semiology.41,42  When	 comparing	
relevant	 non-	HOPS	 clinical	 variables,	 the	 vertical	 hemi-
spherotomy	 group	 had	 a	 significantly	 greater	 proportion	
of	patients	with	two	or	more	seizure	semiologies43	and	bi-
lateral	 and	 synchronous	 interictal	 EEG	 abnormalities,44,45	
which	 are	 characteristics	 also	 associated	 with	 seizure	 re-
currence.	Nonetheless,	vertical	hemispherotomy	remained	
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significantly	associated	with	more	durable	seizure	freedom	
despite	the	attributes	in	favor	of	a	better	prognosis	for	the	
lateral	subgroup.	Overall,	the	apparent	advantage	of	vertical	
hemispherotomy	is	not	explained	by	or	attributed	to	a	more	
advantageous	HOPS	profile	among	the	patient	population.

Because	 fewer	 participants	 underwent	 vertical	 com-
pared	 to	 lateral	 hemispherotomy,	 and	 those	 patients	
come	from	only	four	centers,	our	study	is	prone	to	sam-
ple	bias.	The	risk	of	selection	bias	is	further	increased	be-
cause	patient	selection	by	different	epilepsy	teams	varies.	
Furthermore,	the	experience	and	ability	to	perform	com-
plete	 disconnections	 by	 individual	 surgeons	 may	 have	
varied	 unequally	 between	 the	 participating	 groups	 and	
could	not	be	fully	accounted	for	in	this	analysis,	given	that	
postoperative	magnetic	resonance	imaging	studies	for	col-
lecting	data	on	the	completeness	of	each	hemispherotomy	
were	 not	 initially	 acquired.	This	 may	 have	 implications,	
particularly	in	peri-	insular	regions,	for	why	the	durability	
of	seizure	freedom	is	greater	for	patients	undergoing	ver-
tical	 hemispherotomy.	 Collectively,	 these	 variables	 may	
contribute	to	the	distinct	trend	in	durability	of	seizure	out-
comes	seen	in	the	vertical	group	compared	with	the	lateral	
group	(Figure	3).	However,	institution	heterogeneity	was	
still	accounted	for	to	the	greatest	extent	possible	through	a	
mixed-	effects	model,	and	the	association	between	surgical	
technique	and	outcome	endured	even	after	doing	so.	This	
finding	 is	 consistent	 with	 previous	 single-	center	 studies	
that	 show	 sustained	 seizure	 freedom	 following	 vertical	
hemispherotomy.13,14	 Reasons	 for	 sustained	 durability	
are	explored	above,	and	further	studies	utilizing	pre-		and	
postoperative	tractography,	in	addition	to	leveraging	stan-
dard	imaging,	may	reveal	how	incomplete	disconnection	
contributes	to	seizure	recurrence	and	how	this	varies	by	
technique.

Other	limitations	include	the	utilization	of	data	col-
lected	 from	 the	 HOPS	 study,	 which	 was	 designed	 to	
detect	 preoperative	 variables	 associated	 with	 seizure	
freedom	 rather	 than	 differences	 between	 hemispherot-
omy	 techniques.	 There	 is	 one	 important	 disadvantage	
of	 the	 time-	to-	event	 Kaplan–	Meier	 survival	 curve	 ap-
proach	for	seizure	outcome	used	in	this	study;	it	will	fail	
to	account	 for	 the	running	down	phenomenon,	 that	 is,	
gradual	decline	of	seizures	over	several	months	or	years	
until	 seizure	 freedom	 is	 achieved	 following	 surgery.	 In	
these	situations,	it	is	difficult	to	separate	natural	history	
from	the	effectiveness	of	surgery.	To	the	extent	that	this	
phenomenon	 occurs,	 it	 would	 compromise	 the	 validity	
of	both	a	TTE	approach	and	a	traditional	categorical	ap-
proach	with	a	short	duration	of	follow-	up.	The	absence	
of	 data	 regarding	 antiepileptic	 drug	 (AED)	 weaning	 is	
another	 limitation	 in	 comparing	 surgical	 techniques,	
as	discontinuation	of	AEDs	is	the	ultimate	indicator	of	

success	following	epilepsy	surgery	and	is	associated	with	
improved	cognition.46	Complication	data	were	not	cap-
tured;	they	are	needed	to	weigh	the	potential	benefit	of	
the	 different	 hemispherotomy	 techniques	 against	 their	
associated	risks	to	better	understand	their	overall	role	in	
the	treatment	of	hemispheric	epilepsy.	The	center	effect	
was	 accounted	 for	 using	 a	 multivariate	 mixed-	effects	
model	with	the	institution	as	a	random-	effects	variable;	
however,	 this	model	would	not	account	 for	 fundamen-
tal	differences	between	centers	in	selecting	surgical	pa-
tients,	 hence	 the	 need	 for	 a	 well-	designed	 prospective	
comparative	study.

Further	studies	are	warranted	to	confirm	or	negate	the	
findings	of	the	current	study,	namely,	that	the	vertical	ap-
proach	has	superior	durability	compared	to	the	lateral	ap-
proach.	Future	studies	designed	to	compare	vertical	versus	
lateral	 approaches	 may	 benefit	 from	 an	 expertise-	based	
trial	 rather	 than	 a	 randomized	 controlled	 trial	 (RCT).	
Although	the	 lateral	hemispherotomy	approach	is	much	
more	 commonly	 performed	 than	 the	 vertical	 approach,	
the	 studies	 should	seek	 to	 recruit	a	comparable	number	
of	participants	undergoing	each	approach.	Designing	an	
RCT	to	assess	surgical	interventions	can	be	limited	by	dif-
ferential	expertise	bias,	in	which	the	following	factors	are	
unlikely	to	be	equal:	the	number	of	participating	surgeons	
with	expertise	in	each	procedure,	the	experience	in	each	
procedure	 of	 the	 same	 surgeon,	 and	 the	 technical	 diffi-
culty	of	each	technique	being	studied.47	Similar	to	an	RCT,	
this	post	hoc	analysis	may	answer	the	question	of	which	
procedure	is	more	effective	in	the	real	world.	In	contrast,	
an	expertise-	based	trial	would	allow	us	to	avoid	these	lim-
itations	while	answering	the	more	pragmatic	question	of	
which	technique	is	superior	in	the	hands	of	experts	who	
utilize	a	given	approach.	Considering	the	rarity	of	hemi-
spherotomy	procedures	and	the	typical	referral	pattern	to	
specialized	centers	for	elective	surgery,	this	study	design	
would	 be	 especially	 well	 suited	 to	 address	 this	 clinical	
question.
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