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ABSTRACT - Aims. Hemispheric disconnection surgery (HDS) is one of the
most effective surgical options for appropriate candidates with medically-
refractory epilepsy (MRE) in whom most or all seizures arise from diffuse
areas within a single hemisphere. While there are several well-accepted
indications for HDS, there are additional patients who may benefit from
HDS. However, there are no standardized recommendations for how preo-
perative studies should be used to identify appropriate candidates for HDS.
We aimed to propose an algorithmic approach for presurgical evaluation
in order to guide appropriate implementation of HDS for either cure or
palliation of severe MRE in infants, children, and adults. Methods. We per-
formed a qualitative review of the literature using PubMed, the Cochrane
Library, and Google Scholar to select primary articles addressing imaging
modalities used for the presurgical evaluation of patients with MRE being
considered for HDS. Results. In total, we identified 126 articles that met
our inclusion criteria. We propose a framework to guide candidate selec-
tion for HDS that incorporates various elements of the clinical presentation,
electroencephalographic analysis, and neuroimaging. While this approach
still requires prospective validation, the authors feel it is grounded in a
synthesis of the best available evidence in the literature and informed by
expertopinion. Conclusions. HDS is a powerful tool in the armamentarium
of experienced multi-disciplinary epilepsy centers to treat patients with
severe MRE arising from diffuse areas constrained to a single hemisphere.
The under-utilization of epilepsy surgery may be, in part, remedied by esta-
blishing evidence-based pathways for presurgical analyses to determine
surgical candidacy.
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Hemispheric disconnection surgery (HDS) is an effec-
tive surgical treatment for appropriate candidates with
medication-resistant epilepsy (MRE) in whom most
or all seizures are thought to arise from diffuse
areas within a single hemisphere (Kim et al., 2018).
While anatomic hemispherectomy (AH) was develo-
ped in the early 20" century and may still be favored
in certain cases (e.g. hemimegalencephaly, Rasmus-
sen’s encephalitis, after failed hemispherotomy), most
contemporary neurosurgeons have embraced some
variation of functional hemispherotomy (FH) for
patients with hemispheric epilepsy. FH has also largely
replaced hemidecortication, a procedure associated
with technical difficulty, blood loss, and at least in
one series, lower rates of seizure control (Rangel-
Castilla et al.,, 2012; Rasmussen, 1983; Krynauw, 1950;
Griessenauer et al., 2015). Rather than focus on the
nuances of surgical technique, we will hitherto refer
to anatomic hemispherotomy, functional hemisphero-
tomy, and hemidecortication collectively as HDS. The
foregoing manuscript will therefore seek to provide
a systematic framework to evaluate the various com-
ponents of the preoperative work-up (e.g. semiology,
brain MRI, PET) in determining candidacy for HDS.
The selection of appropriate candidates for HDS is
not standardized and varies between institutions.
Thus, we review the literature to elucidate the role
of various components of a patient’s clinical work-
up including neurological exam, seizure semiology,
neuropsychological testing, video-EEG (vEEG), and
neuroimaging to guide selection of appropriate candi-
dates for HDS. While there are several well-accepted
indications for HDS (e.g. Rasmussen’s encephalitis,
Sturge-Weber syndrome, perinatal middle cerebral
artery stroke, hemimegalencephaly), other patients
without these established indications may benefit
from HDS. Thus, a better understanding of the preo-
perative evaluation can assist neurosurgeons and
epileptologists to:

- identify cases of MRE in which the entire hemis-
phere or much of the hemisphereisinvolvedin seizure
generation;

— lateralize seizure activity;

- and inform the patient and family of risks, likely defi-
cits, and expected rates of seizure freedom following
surgery.

Methods

We performed a qualitative review of the literature by
searching PubMed, Google Scholar, and the Cochrane
Library for articles describing various clinical and ima-
ging studies in selecting patients who underwent
HDS from 1980 to the present. We also qualitati-
vely reviewed surgical outcomes in this population

Patient selection for hemispheric disconnection surgery

since quantitative assessment was not possible due
to heterogeneity in the literature. Key words inclu-
ded the following: hemispheric disconnection surgery
(HDS), functional hemispherotomy (FH), functional
hemispherectomy (FHE), anatomic hemispherectomy
(AH), hemidecortication, hemispheric epilepsy, epi-
lepsy surgery, medically-refractory epilepsy (MRE),
seizure semiology, ictal EEG, interictal EEG, VEEG,
brain MRI, PET, SPECT, MEG/MSI, electrical source
imaging (ESI), fMRI, Wada test, and neuropsycholo-
gical evaluation. The reference lists of these articles
were also curated to identify relevant studies to this
review. Included articles focused on various clini-
cal and imaging studies (e.g. MRI, PET, SPECT, MEG)
in the presurgical work-up of patients undergoing
HDS and associated seizure outcomes. Articles which
included patients undergoing repeat HDS due to
recurrence were also included. Only human studies
written in English were included. Those articles des-
cribing multi-lobar resections were excluded from
this review. Articles discussing temporal lobe epi-
lepsy, and those illustrating the role of imaging
technologies in localizing epilepsy for the purpose of
resective surgery were also excluded. Articles were
chosen based on their discussion of pre-operative
work-up in the decision-making process to proceed
with HDS.

Results

We included 126 studies and case reports that focu-
sed on various facets of the presurgical evaluation that
helped to determine patient candidacy for HDS. Of
these studies, 61 studies reported utilizing one or more
imaging and/or functional diagnostic studies and their
rolein selecting patients who underwent HDS. We also
reviewed studies that illustrate how adjunctive ima-
ging technologies (e.g. PET, SPECT/SISCOM, MEG) may
be used to determine surgical candidacy (table 7).

Medical history and neurologic examination

Most patients who present for consideration of HDS
have frequent (e.g. often daily) seizures, hemipare-
sis, as well as varying degrees of neuropsychological
impairment. Invariably, patients who are candidates
for HDS have MRE, having failed multiple prior trials
of AEDs, and not uncommonly, these patients may
have a history of status epilepticus. Hemiparesis classi-
cally affects the upper extremities to a greater degree
than the lower extremities, and manifests distally (e.g.
pincer strength) more than proximally. Hemiparesis
may be profound or subtle, but the absence of any
weakness typically indicates a more focal pathology,
and a more selective resection/disconnection should
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Table 1. Summary of studies describing the role of imaging modalities in the preoperative work-up for HDS.

Study Number EEG MRI PET MEG SISCOM
of patients (fMRI/DTI)
Boshuisen et al., 2010 43 43 43 N/A N/A N/A
Carmant et al., 1994 7 7 7 N/A N/A 7
Carmant et al., 1995 12 12 N/A N/A N/A N/A
Chandra et al., 2008 19 19 19 N/A N/A 7
Ciliberto etal., 2012 8 8 8 N/A N/A N/A
Curtiss et al., 2001 43 43 43 43 N/A N/A
Doring et al., 1999 28 28 N/A N/A N/A N/A
Gonzilez-Martinez 18 18 18 18 N/A N/A
et al., 2005
Greiner et al., 2011 54 54 N/A N/A N/A N/A
Groppel et al., 2015 28 28 28 28 N/A N/A
Hallbook et al., 2010 110 110 110 N/A N/A N/A
Hamad et al., 2013 15 15 15 N/A N/A N/A
Kiehna et al., 2016 8 8 8 (DTI) N/A 4 N/A
Kossof et al., 2003 110 110 110 N/A N/A N/A
Limbrick et al., 2009 49 49 49 Obtained N/A Obtained
(number of (number of
patients not patients not
available) available)
Moosa et al., 2013 186 186 186 186 N/A N/A
Nelles et al., 2015 34 34 34 (DTI) N/A N/A N/A
Scavarda et al., 2009 8 8 8 N/A N/A 8
Smith et al., 1991 25 25 25 N/A N/A N/A
Soufflet et al., 2004 10 10 10 N/A N/A 10
Torres et al., 2009 13 13 13 2 13 N/A
Traub-Weidinger 35 35 35 35 N/A N/A
etal., 2016
Wang et al., 2018 25 25 25 (fMRI, DTI)  N/A N/A N/A
Whyllie et al., 2007 50 50 50 47 N/A 7

EEG: electroencephalogram; MRI: magnetic resonance imaging; fMRI: functional MRI; PET: positron electron tomography; MEG: magne-
toencephalography; SPECT: single-photon emission computed tomography; SISCOM: subtraction ictal SPECT co-registered to MRI;

DTI: diffusion tensor imaging (DTI).

be considered. An exception to this may occur in
very young children (< six months) with hemispheric
involvement on MR, refractory seizures, and a clinical
course suggestive of a catastrophic epileptic encepha-
lopathy - even if focal deficits are difficult to appreciate

on examination in such an infant, HDS may still be
warranted.

Preoperatively, patients may also exhibit homony-
mous hemianopsia or other visual field impairments,
although in young children or in those with significant
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cognitive impairment, formal visual field testing
may not be possible. If visual field constriction is
not present preoperatively, as may be seen in an
individual after perinatal MCA stroke with relative
preservation of the optic radiations and occipital
cortices, HDS can be expected to result in a homony-
mous hemianopsia with macular sparing. A new visual
field deficit should not be used as a reason to forego
HDS in an otherwise appropriate candidate with
severe MRE.

Expressive speech and comprehension should be care-
fully assessed, and if the patient has language skills
that can be evaluated, further testing may be required
to determine the side of language dominance, espe-
cially in patients being considered for left-sided HDS
or in patients with acquired epilepsy etiologies. The
timing of precipitating insult (e.g. perinatal stroke) is
also important to establish as a neurological injury
occurring earlier may be more likely associated with
plasticity and reorganization of eloquent cortices than
injury later in life.

In addition to obtaining a thorough history of the
precipitating event, the age at seizure onset, and the
frequency of seizures, one should be attentive to signs
on examination that might indicate that the patient has
asyndrome associated with hemispheric epilepsy such
as port-wine stains associated with Sturge-Weber syn-
drome or an enlarged hemisphere with an abnormal
gyral pattern, thickened cortex, and enlarged ipsilate-
ral ventricle as seen in hemimegalencephaly (table 2).
Seizure outcomes in numerous studies have tended
to be better in patients with acquired pathologies
(e.g. perinatal MCA stroke, Rasmussen’s encephalitis)
compared to those with congenital underlying etio-
logies (e.g. hemimegalencephaly) (Devlin et al., 2003;
Ciliberto et al., 2012; Kim et al., 2018). Finally, if hemis-
pheric pathology is suspected and the patient has
epileptic encephalopathy or any other features sug-
gestive of congenital pathology, genetic and metabolic
testing may be warranted.

A child with infrequent or rare seizures should be
monitored with inpatient VEEG or even ambulatory
EEG to ensure that nocturnal or subclinical seizures
are not being missed. This is especially important
in children who seem to be regressing, missing
milestones, developing behavioral problems, or
show worsening of school performance. It is not
uncommon for parents and caregivers to unde-
restimate the seizure burden in children (Benbir
et al, 2013). Serial neuropsychological testing
is advised in all patients with MRE (Wilson
et al, 2015). A steady decline in behavioral and
neurocognitive faculties of affected children can
help parents who continue to be reluctant about
proceeding with surgery recognize the potentially
devastating natural history of MRE.

Patient selection for hemispheric disconnection surgery

Language function and testing

The timing, location, etiology of neurological insult
causing epilepsy, the age at surgery, quality of preo-
perative, and baseline language function should each
be considered when counseling patients and families
on expected postoperative language outcomes. Lan-
guage mapping utilizing fMRI, Wada testing, MEG, and
intra/extra-operative direct cortical stimulation (DCS)
is rarely required before proceeding with right-sided
HDS, and cannot be performed in infants, pre-
verbal children, or adults with profoundly impaired
speech and comprehension (Austermuehle et al., 2017;
Rolinski etal., 2019). On the other hand, identifying the
language cortex may be critical in patients with strong
baseline verbal skills who had an acquired insult with
seizure-onset later in childhood. Early neurological
insult promotes increased plasticity in the contrala-
teral hemisphere, and it is thought that a congenital
or early-in-life (e.g. perinatally-acquired) insult pro-
vides enough time for the non-dominant hemisphere
to develop language function (de Bode and Curtiss,
2000; Maehara et al., 2002; Hamad et al., 2013).

Most agree that neurocognitive and language out-
comes are maximized if HDS is performed as soon
as the patient demonstrates features of hemispheric
MRE. At least one group concluded that postoperative
language improvement is typically more pronounced
in patients with a shorter duration (e.g. < two years)
of epilepsy prior to surgery (Groppel et al., 2015).
Meanwhile, the side of surgery remains a controversial
topic, and while many studies show that patients who
undergo right-sided hemispherectomy experience
improved language outcomes compared to those
undergoing left-sided hemispherectomy (Dennis and
Kohn, 1975; Dennis, 1980; Vargha-Khadem and Polkey,
1992; Stark and McGregor, 1997; Menard et al., 2000),
there are other reports that show the opposite or no
difference between left or right (Smith, 1966; Vargha-
Khadem et al., 1997; de Bode and Curtiss, 2000). Finally,
preserved language may play a role in the timing of
definitive HDS of the language-dominant hemisphere
in patients with Rasmussen’s encephalitis as immu-
nomodulatory therapy has led to cases of prolonged
remission (Varadkar et al., 2014).

Seizure semiology

Semiology includes clinical observations of the seizure
that assist in determining focal or generalized patho-
logy and offers clues to localization and lateralization
in the case of focale epilepsy. Despite its many limita-
tions and high rates of interobserver variability, some
features of the seizure semiology are reproducible and
may be useful in evaluating patients for FH. Semiology
features associated with high positive predictive value
for post-FH improvement include unilateral clonic
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Table 2. Classic MRI and physical examination findings for syndromes in which HDS may be indicated.

Syndrome Classic MRI findings

Physical examination findings

Rasmussen’s

Swollen cortex with hyperintense T2/fluid-attenuated

Hemiparesis, hemianopsia, cognitive

porencephaly

appearance, encephaloclastic changes, and ventricular
enlargement. Hippocampal atrophy and signal
abnormalities associated with mesial temporal sclerosis
may also be appreciated (Shimizu et al., 2012)

syndrome inversion recovery signals. Scans at later stages of the difficulties (Bien et al., 2002; Varadkar et al.,
disease will show progressive atrophy of the affected 2014; Varadkar and Cross, 2015)
hemisphere (Bien et al., 2002; Varadkar et al., 2014;
Varadkar and Cross, 2015)
Sturge-Weber Hyperintense and hypointense white matter Port-wine stains. Developmental delays
syndrome abnormalities caused by chronic ischemic changes, in and cognitive delays (Chiron et al., 1989)
addition to the classic leptomeningeal angiomatosis
and hypotrophy of the ipsilateral hemisphere and
ventricular enlargement (Chiron et al., 1989)
Perinatal DWI can show cytotoxic edema within hours of the Lethargy, hypotonia, apnea, and
ischemic initial ischemic event. After 1-2 months, the infarcted hemiparesis (Sehgal, 2012)
stroke area will usually reveal tissue loss and cysts (Dudink et
al., 2009; Lehman and Rivkin, 2014; Taussig et al., 2015)
Congenital MRI shows cavity with well-circumscribed cystic Spastic paresis, contractures, hypotonia,

cognitive difficulties. Macro- or
microcephaly (Shimizu et al., 2012)

Other

Diffuse unilateral polymicrogyria (PMG),
schizencephaly (often associated with PMG), or diffuse
unilateral periventricular nodular heterotopia

N/A

jerking, unilateral dystonic posturing and automatisms
with preserved responsiveness, and asymmetric tonic
limb posturing (Marks and Laxer, 1998; Elwan et al.,
2018). Clonic or dystonic arm movements at seizure
onset can often be observed and may help impli-
cate the contralateral hemisphere. However, it is not
uncommon to have multiple seizure types and rapid
secondary generalization (Shukla et al., 2002). Patients
with generalized semiology or secondary generali-
zation may be more likely to experience recurrent
seizures after FH (Hu et al.,, 2016). Thus, semiology
can be a critical component of the presurgical analysis,
and should be carefully studied by the epilepsy team,
to support or contradict the prevailing hypothesis of
laterality of the involved hemisphere based on neuro-
logical examination, neuroimaging and other elements
of the presurgical evaluation.

Neuropsychological examination

Neuropsychological testing is an important com-
ponent of presurgical evaluation in order to assess
verbal memory, intelligence, and other cognitive func-
tions that may be affected by the underlying epilepsy
and its comorbidities (e.g. anxiety, depression, etc.) or
may be at risk from proposed operative interventions

(Dijkerman et al., 2008; Dorfer et al., 2015). Neu-
ropsychological evaluation in patients with diffuse
unilateral hemispheric involvement is typically varied
and requires individualized evaluation (Helmstaedter
and Witt, 2012). The most relevant clinical question at
hand is determining to what degree the contralateral
(unaffected) hemisphere will take over or has already
taken over the function of the disease hemisphere
(Kim et al.,, 2018). While many studies suggest that
the most important predictor of neuropsychological
outcomes following HDS is the patient’s preoperative
baseline condition, improvement in behavior as well
as academic performance has also been documented
and is likely attributable to resolution and/or reduction
in seizure burden (Devlin et al., 2003).

Electroencephalography (EEG) (ictal and interictal)

VEEG plays a critical role in determining patient
candidacy for HDS, both in lateralizing the epilepsy
and in determining whether the electrographic abnor-
malities are focal or diffuse, but may be less critical
in establishing candidacy for HDS than for other
types of epilepsy surgery. If the patient has multiple
seizure types, bilateral MRI findings, and semiology
suggestive of independent seizure onset in the
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contralateral hemisphere, a prolonged vEEG study
may provide additional information about the laterality
(or bilaterality) of seizure onset. When lateralization
is not in doubt, a short interictal EEG will typically
suffice. Patients who present for consideration of
HDS typically have focal interictal abnormalities such
as attenuation, slowing, or epileptiform discharges
that are seen broadly within the affected hemis-
phere. Non-lateralizing EEG findings (i.e. bilateral or
contralateral aka “falsely lateralizing” EEG findings)
should not be regarded as a contraindication to HDS
when other factors favor proceeding with surgery as
postoperative seizure outcomes compare favorably to
those patients with EEG findings that lateralize to the
abnormal hemisphere (Carmant et al., 1994; Doring et
al., 1999; Wyllie et al., 2007; Garzon et al., 2009; Greiner
et al., 2011; Elwan et al., 2018).

Lee et al. reported post-hemispherectomy seizure
freedom rates in 54 epilepsy patients with various etio-
logies. Of the 42 patients who became seizure-free,
17 had non-lateralizing EEG findings (Lee et al., 2014),
with other groups reporting similar findings (Smith et
al., 1991; Gonzalez-Martinez et al., 2005; Greiner et al.,
2011; Ciliberto et al., 2012; Hu et al., 2016). On the other
hand, Carmant et al. studied outcomes after HDS in
12 children, and reported that slowing, independent
spiking, or ictal discharges over the contralateral
hemisphere had a negative impact on postoperative
seizure freedom (Carmant et al.,, 1995). In another
study, patients with lateralized onset of seizure on ictal
EEG were found to have higher rates of seizure free-
dom compared to patients with non-lateralized EEG
findings (Moosa et al., 2013a). An analysis of 49 HDS
patients revealed that those with bilateral ictal and
interictal EEG abnormalities had higher rates of seizure
recurrence, though this conclusion was not based on
statistical significance (Limbrick et al., 2009).

“False lateralization” (ictal or interictal information
implicating the contralateral hemisphere at seizure
onset) has been documented, most notably in patients
who demonstrate a profound degree of hemispheric
destruction (e.g. post-infectious encephalomalacia,
perinatal MCA stroke) and many of these patients can
achieve seizure freedom after HDS of the structurally
damaged hemisphere (Carmant et al., 1995; Doring
et al.,, 1999; Ciliberto et al., 2012; Wyllie et al., 2007;
Garzon et al., 2009;). In large destructive hemispheric
lesions, surface EEG electrodes over the affected
hemisphere may not detect seizure onset, and the
first ictal discharges are instead seen over the contra-
lateral “normal” hemisphere once the seizure has
propagated bilaterally. Such patients should not be
denied HDS, especially when other elements of the
preoperative evaluation (e.g. hemiparesis on examina-
tion, seizure semiology, neuroimaging) demonstrate
concordance.

Patient selection for hemispheric disconnection surgery

Magnetic resonance imaging (MRI)

MRI continues to play a critical role in decision-making
for epilepsy surgery. The evidence for unilateral
hemispheric involvement (e.g. atrophy or abnormal
cortication) and contralateral hemiparesis found toge-
ther should lead to serious consideration of HDS
candidacy. Classic MRI findings in which HDS is an
indicated surgical option are summarized in table 2.
However, MRI may be normal in some cases or the
changes can be subtle (e.g. early stages of Rasmussen’s
encephalitis) (Holec et al., 2016; Nagahama et al., 2017).
Increasingly, MR volumetry and MR spectroscopy have
shown a role in lateralizing temporal lobe epilepsy
(Aitouche etal., 2017), but their application to selection
of candidates for HDS has not been established.

MRl abnormalities contralateral to the side of the invol-
ved hemisphere are generally thought to be associated
with lower rates of seizure freedom after HDS, but as
with EEG findings, the significance of bilateral MRl fin-
dings is controversial. In a retrospective cohort study
of 43 children who underwent HDS, Boshuisen et
al. found decreased rates of seizure freedom among
children with contralateral MRI abnormalities compa-
red to those without contralateral hemispheric lesions
(45% vs 88%, respectively; p=0.03) (Boshuisen et al.,
2010), and others have corroborated this claim (Moosa
et al., 2013a; Moosa et al., 2013b; Ramantani et al., 2013;
Villarejo-Ortega et al., 2013; Hu et al., 2016). On the
other hand, some studies have failed to demonstrate a
significant difference in seizure freedom as a result of
contralateral MRI abnormalities and do not consider it
tobeanindependent predictor of outcomes (Hallbook
etal., 2010; Hu et al., 2016). This discrepancy is not sur-
prising as not all lesions are epileptogenic and not all
epilepsy is lesional. If contralateral MRI abnormalities
are seen in a patient with non-lateralizing EEG findings,
the possibility that independent epileptogenicity
exists in the contralateral hemisphere should be reco-
gnized, and while HDS may still be considered, pallia-
tion might be a more realistic goal rather than cure.

Functional and adjunctive studies

If the clinical examination, semiology, brain MRI, and
VEEG are concordant and all implicate diffuse regions
of epileptogenicity and dysfunction within a single
hemisphere, further studies may not be required to
make a recommendation to proceed with HDS. Howe-
ver, if there is discordance of the aforementioned
studies (e.g. discordant semiology, multiple seizure
types, non-lateralized EEG findings) or if MRI abnor-
malities are subtle or bilateral, additional studies (e.g.
PET, SPECT, MEG) may play a role in determining HDS
candidacy by helping determine whether all or most
of the seizures arise from a single hemisphere. Once
the epileptogenic hemisphere is firmly established,
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another series of functional studies (e.g. fMRI, Wada,
MEG, DTI) may help lateralize and localize eloquent
brain functions that need to be preserved. A summary
of imaging modalities and seizure outcomes across
studies is included in table 3.

Fluorine-18 fluorodeoxyglucose positron emission
tomography (18F-FDG PET)

There are numerous surgical epilepsy series in which
PET is obtained for all patients as a routine component
of the presurgical evaluation (la Fougere et al., 2009;
Suarez-Pinera et al., 2015; Traub-Weidinger et al., 2016).
Evidence of diffuse hypometabolism of one hemis-
phere on PET may further bolster the argument to
offer a patient HDS while bilateral hypometabolism
may serve as a negative prognostic factor (Schur et al.,
2018). In cases of Rasmussen’s syndrome with subtle
MRI findings, PET may play a role in seizure lateraliza-
tion (Chugani et al., 1993; Ochoa-Figueroa et al., 2012).
PET may also help to demonstrate a more focal area of
hypometabolism, obviating the need for a more exten-
sive disconnection, which may be especially helpful
in infants in whom focal abnormalities may result in
generalized EEG patterns (Halac et al., 2017). In a study
of eight infants with intractable epilepsy of neonatal
onset, PET findings helped to determine whether HDS
or a more focal, tailored resection was most appro-
priate (Chugani et al., 1993).

While difficult to reliably detect in every case, the
presence of bilateral PET abnormalities may influence
postoperative seizure freedom but the implication of
such findings must be considered in the context of
other imaging findings such as MRI, the patient’s his-
tory, and the neurologic examination (Moosa et al.,
2013a). Inagroup of 35 children with MRE, interictal PET
was performed prior to HDS. Every patient reported
in this series with unilateral PET hypometabolism was
seizure-free ayear after surgery even if MRl abnormali-
ties were bilateral. Of those with unilateral MRI abnor-
malities and bilateral PET hypometabolism, 87.5% were
seizure-free (Traub-Weidinger et al., 2016). In a sepa-
rate series (Chugani et al, 1993), 23 patients with
infantile spasms underwent PET as part of their presur-
gical evaluation. Eight of those 23 patients underwent
hemispherectomy. In three patients, PET revealed
bilateral areas of hypometabolism, despite unilate-
ral structural abnormalities on MRI. All three patients
had persistent seizures post-HDS. The remaining five
patients in this series had diffuse hypometabolism of
one hemisphere and were seizure-free post-HDS.

Magnetoencephalography (MEG)

Unfortunately, very few studies have specifically
addressed the value of MEG in predicting seizure

outcomes after HDS. Furthermore, MEG is expensive,
requires specialized expertise for interpretation, may
be of limited value in the pediatric cohort because of
lack of universal sedation protocols, and is typically
only available at select academic and high-volume
centers in developed countries (Birg et al., 2013). In
13 patients evaluated with MEG prior to undergoing
peri-insular hemispherotomy, seven of eight patients
exhibiting unilateral dipole clusters within the affec-
ted hemisphere were seizure-free postoperatively.
Of the three patients who had not been completely
seizure-free, two had MEG spikes concentrated over
the disconnected hemisphere, and one had bilateral
MEG spikes (Schwartz et al., 2010; Jung et al., 2013). Of
note, MEG findings did not alter decision-making for
patients in this study, despite some patients having
MEG results that were discordant with MRI and/or EEG
findings (Torres etal., 2011). Studies with bigger sample
sizes must be performed to further examine the
correlation between MEG findings and HDS outcomes.
MEG may also be applied to mapping language and
motor functions preoperatively, as it has high sen-
sitivity to a wide spectrum of brain signals and the
ability to map them to their specific anatomical origins
due to its superior temporal resolution (Erdler et al.,
2000; Baillet, 2017). MEG and Wada studies can assess
language lateralization with 80% to 95% accuracy
(Burgess et al., 2011; Papanicolaou et al., 2014). Some
have suggested high corncordance between Wada and
MEG/fMRI in mapping language and memory (Kemp
et al., 2018). In addition, MEG has been used with suc-
cess to map motor and visual function in individuals
undergoing evaluation for epilepsy surgery (Kober et
al., 2001; Ray and Bowyer, 2010; Collinge et al., 2017). In
patients with recurrent seizures following HDS, MEG
may be complementary to VEEG and MRI/DTI studies
in determining if recurrent seizures originate from
the disconnected or contralateral hemisphere (Kiehna
et al., 2016).

Single-photon emission computed tomography
(SPECT)

While some patients with MRE may have occasional
seizures that are difficult to capture, patients who
are candidates for HDS often have daily seizures and
might be more easily studied with ictal SPECT. Patients
with severe unilateral hemispheric epilepsy would be
expected to have interictal hypometabolism (as with
PET), and increased blood flow to diffuse areas of the
affected hemisphere on ictal SPECT. SPECT may also
aid with lateralization when MRI, EEG, or semiology
findings are unequivocal, and has been studied for
various disease states when HDS is being considered.
Interictal SPECT has aided lateralization in patients
with  Sturge-Weber syndrome (SWS), revealing
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reduced rates of cerebral blood flow (CBF) in cortical
and subcortical areas involving the diseased hemis-
phere (Chiron et al., 1989). A separate series of seven
patients undergoing interictal SPECT as part of their
work-up for HDS revealed that all six patients who
had unilateral hypoperfusion had favorable seizure
outcomes following HDS regardless of bilateral
findings on ictal scalp EEG and MRI (Carmant et al.,
1994). Uematsu et al. looked at ictal SPECT in nine
patients with hemimegalencephaly and found relative
hyperperfusion in the affected hemisphere, which
was lessened but not totally eliminated post-HDS
(Uematsu et al., 2010). In Rasmussen’s encephalitis,
a study of ictal SPECT in eight patients revealed
increased areas of focal perfusion in the involved
hemisphere in four patients; no patient had increased
ictal perfusion within the contralateral hemisphere
(Yacubian et al., 1997).

Two separate case reports showed continued hyper-
metabolism in an incompletely disconnected area of
frontobasal cortex in patients with continued seizures
postoperatively and demonstrated how SPECT can also
play a role in considering repeat HDS after failed
hemispherotomy. Inthefirst case, targeted stereotactic
resection of this residual cortex led to seizure free-
dom after repeat surgery. In the second case, a patient
withright-sided SWSwho underwent FH had recurrent
seizures. Subtraction ictal SPECT co-registered with
MRI (SISCOM) studies revealed right orbito-frontal
hyperperfusion. The patient then underwent right
orbito-frontal resection and further disconnection of
the anterior corpus callosum and was seizure-free after
14 months of follow-up.

Wada testing and functional magnetic resonance
imaging (fMRI)

The use of intra-arterial amobarbital testing (IAT) is
particularly intriguing in the selection of patients for
HDS as this test temporarily inhibits the function of
the entire MCA and ACA vascular territories of the
injected hemisphere and may be a reliable indicator
of post-hemispherotomy speech and motor function.
A cohort of six patients undergoing HDS were studied
with presurgical IAT; three patients displayed reduced
dexterity of fine motor movements during IAT and this
correlated in each case with reduced dexterity post-
operatively (Fujimoto et al., 2017). In a study by Hamer
et al., all left-hemisphere HDS candidates underwent
Wada testing of the abnormal hemisphere (Hamer et
al., 2000). Bilateral 1AT, while critical in temporal lobe
epilepsy, is generally avoided in patients with unilateral
hemispheric destruction as inactivation of the func-
tional hemisphere often leads to a prolonged period
of total unresponsiveness, and inadvertent damage
to the intact hemisphere could have catastrophic

Patient selection for hemispheric disconnection surgery

consequences (Moddel et al., 2009). No test is perfect,
however, and Loddenkemper et al. describe a case of
an adult patient who suffered an MVA at the age of
five leaving him with left hemispheric encephaloma-
lacia and right hemiparesis. Wada testing was done
preoperatively and the patient continued to speak
normally following left intracarotid amobarbital injec-
tion; nevertheless, HDS was complicated by a new,
profound postoperative aphasia (Schulze-Bonhage et
al., 2004).

Functional magnetic resonance imaging (fMRI) repre-
sents a less invasive and less costly technique than IAT
which provides a reasonable alternative with compa-
rable accuracy (Sabsevitz et al., 2003; Szaflarski et al.,
2017). In a study that surveyed 82 epilepsy programs
worldwide for current clinical practice regarding lan-
guage fMRI, 100% of these programs reported using
fMRI for language lateralization (Benjamin et al., 2018).
fMRI and Wada display similar accuracy for language
lateralization, exceptin patients with atypical language
centers (Janecek et al., 2013). Additionally, fMRI allows
lateralization and localization of motor, visual, and
other eloquent functions (Zhang et al., 2015).

Diffusion tensor imaging (DTI)

Evaluation of axonal pathways in the corticospinal
tracts (CST) using diffusion tensor imaging (DTI) can
be a marker of the integrity of motor function in
the affected hemisphere (Nelles et al., 2015). The pre-
sence of functioning CST in the affected hemisphere
may lead to motor deficits following surgery on the
hemisphere. DTI therefore can be used for preopera-
tive evaluation in determining patient outcomes with
regards to motor function (Mori et al., 2002; Nelles et
al., 2015; Ho et al., 2017). The second application of DTI
is for patients who have already undergone HDS but
continue to suffer from seizures; these patients may
benefit from DTl before considering repeat FH, AH, or
focal ablation of residual crossing white matter tracts.
In a case series of eight patients with recurrent sei-
zures (Kiehna et al., 2016), DTI detected residual white
matter connecting fibers between the hemispheres
and repeat surgery with removal of these connections
resulted in seizure freedom in five of these patients;
the three remaining patients had Engel Class Il out-
comes at 24 months of follow-up. In another series of
three patients who had recurrent seizures following
hemispherotomy, MRI with DTl was obtained for sub-
sequent work-up which revealed remaining connec-
tions in the corpus callosum of all three patients.
All three patients received a second hemispherotomy
to complete the disconnection which was confirmed
on follow-up with a second MRI with DTI. Notably,
two patients had persistent seizures post-operatively,
and in one of those patients, a frontal lobectomy was
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needed. Despite complete hemisphericdisconnection
as confirmed by DTI, not all patients are completely
free of seizures postoperatively and this may indi-
cate independent epileptogenicity in the contralateral
hemisphere (Bartoli et al., 2018). DTI performed intra-
operatively has also been described as a method to
identify any remaining connections and allow for the
surgeon to complete the disconnection without need
for reoperation (Ho et al., 2017; Kim et al., 2017).

Intracranial EEG (icEEG)

Intracranial EEG may play a role in determining the
extentof involvementin adiseased hemisphere (e.g. to
help determine whether HDS versus a more selective,
peri-insular disconnection is warranted), lateralizing
the side of seizure onset in a patient with multi-focal
findings and/or non-lateralizing EEG (e.g. tuberous
sclerosis), and extra-operative mapping of potentially
eloquent cortex in or adjacent to epileptogenic tis-
sue. While noninvasive studies are typically sufficient
to identify a candidate and proceed with HDS, icEEG
continues to be a powerful tool in the armamentarium
to make epilepsy surgery both as safe as possible and
as selective as necessary (Thadani et al., 1995).

Timing of surgery

Multiple studies show that the younger the patientand
the shorter the duration of their epilepsy, the higher
their chances of cure and seizure freedom following
HDS (Basheer etal., 2007; Scavarda et al., 2009; Scavarda
et al., 2010). In fact, hemispheric disconnection can be
considered as early as the first month of life in some
cases (Bulteau et al., 2013). In a retrospective study of
61 patients, those who had hemispherectomies before
seven years of age had a higher rate of seizure freedom
(90%) compared to patients aged 7-16 (73% seizure-
free), and patients over the age of 16 (60% seizure-free)
(Althausen et al., 2013). However, adult patients may
still achieve favorable results if they are well selected
for surgery (Cukiert et al., 2009; Althausen et al., 2013).
The timing of HDS in patients with Rasmussen’s ence-
phalitis is highly individualized and depends onanum-
ber of factors including patient age, side of surgery,
the frequency and severity of seizures, the rapidity of
neurological regression, the effect of immunomodu-
latory therapy, and baseline neurological functioning
(de Bode and Curtiss, 2000; Schur et al., 2018).

HDS in infants

The historic reluctance to perform HDS on infants has
largely disappeared due to modern improvements in
anesthetic technique (Dorfer et al., 2015), coupled with
the rise of FH affording shorter operative times, less

blood loss, and fewer major complications as com-
pared to AH (Piastra et al., 2004). Multiple case series
report excellent rates of seizure freedom and minimal
morbidity and mortality rates in infants undergoing
HDS (Gonzalez-Martinez et al., 2005; Honda et al.,
2013). Rapid replacement of blood and platelets during
surgery, strict control of body temperature, and meti-
culous surgical and anesthetictechnique has remained
essential in achieving good outcomes.

Based on a retrospective analysis of 15 infants who
received epilepsy surgery between the ages of 1.5 to six
months, four infants underwent anatomical and seven
underwent functional hemispherotomy. Every patient
in this study required a blood transfusion. The rates of
seizure freedom were less in this study than in those
that looked at slightly older infants (Duchowny et al.,
1998). Four patients underwent repeat HDS for recur-
rent seizures. Based on another series of 18 infants
ranging between 3 and 22 months of age, the outcomes
of anatomic hemispherectomy, functional hemisphe-
rectomy, and modified anatomic hemispherectomy
were studied. Thirteen of these patients were seizure-
free, four had over 90% reduction in seizure frequency,
and one had over 50% reduction in seizure occurrence
(Engel Class I11). The most significant factor associated
with seizure recurrence was found to be incomplete
disconnection on follow-up MRI (p<0.05) (Gonzalez-
Martinez et al., 2005). Overall, carefully selected infants
with catastrophic epilepsy may achieve favorable out-
comes in terms of seizure freedom which outweighs
therisk of blood loss (Peacock et al., 1996; Duchowny et
al., 1998; Gonzalez-Martinez et al., 2005). With regards
to patients with early infantile epileptic encephalopa-
thies (Ohtahara syndrome), the literature reveals much
more favorable outcomes for patients who were trea-
ted with epilepsy surgery versus those who received
pharmacotherapy (Malik et al., 2013).

HDS in adults

Though HDS has traditionally been a procedure for
the pediatric age group, reports in the literature
have shown adult patients can be candidates for
HDS (McGovern et al., 2019). Carefully-selected adult
patients have had excellent outcomes with seizure
freedom rates of 75% to 92% following HDS (Cukiert
et al., 2009; de Francisco et al., 2009; McClelland and
Maxwell, 2007; Liang et al., 2013). With regards to motor
outcomes, there have been mixed results reported in
the literature. A systematic review of the literature of
90 adult patients who underwent hemispherectomy
found that 35% of the patients had improvement in
hemiparesis, whereas 21% had worsening of their
hemiparesis, but could still ambulate; motor function
was stable for about a half of patients after surgery
(Althausen et al., 2013; Schusse et al., 2018). Loss of
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pincer grasp may occur after HDS in adults, and this
should be discussed preoperatively as it may impact
quality of life (Stark and McGregor, 1997; Soufflet
etal., 2004).

Palliative HDS

In special cases where patients have severe and debi-
litating seizures starting on both sides of the brain but
with a clear predominance for one hemisphere, pal-
liative HDS may improve quality of life (QOL), lessen
the burden of seizures, and slow neuropsychological
decline (Ciliberto et al., 2012; llyas et al., 2014). Families
and patients in this situation must be counseled about
expectations of surgery. While seizure freedom should
always be the goal, significant improvement in seizure
burden has been shown to positively impact QOL and
development, especially in children (Lupashko et al.,
2011; Ciliberto et al., 2012; llyas et al., 2014).

Algorithm outlining considerations for HDS

Based on our synthesis of the literature and the col-
lective experience of the authors, we propose an
algorithm for the clinical evaluation and treatment
indications for HDS (figure 7). While this flowchart
largely reflects the opinions of the authors and lacks
external validation, we hope it can serve as a star-
ting point to guide practitioners who may have limited
experience with HDS.

Discussion

To address the profound underutilization of epilepsy
surgery, many authors have tried to construct presur-
gical algorithms that can be implemented to select
appropriate candidates for various surgeries (Englot,
2018). Indeed, regarding patient selection for hemis-
pheric surgery, there seems to be no clearly defined
standard for which studies should be routinely utili-
zed in preoperative planning. While multi-disciplinary
epilepsy teams essentially all rely on neurologic exa-
mination, brain MRI, and vEEG, there is significant
variability and no universal guidelines for when to
obtain PET, SPECT, MR spectroscopy, MEG, fMRI, Wada
testing, or DTI. Furthermore, the selection of an infant
for hemispherotomy may involve different conside-
rations than in an adult, just as left-sided (dominant)
hemispherotomy may pose certain risks to language or
memory, that would not be expected with right-sided
hemispherotomy. Selection of patients for repeat HDS
often involves DTI or thinly cut MRI sequences to
facilitate identification of areas of incomplete dis-
connection (Kiehna et al., 2016; Bartoli et al., 2018).
Finally, while it may be relatively straightforward to

Patient selection for hemispheric disconnection surgery

identify the need for HDS in a patient with a clas-
sic indication (e.g. Rasmussen’s encephalitis, perinatal
ischemic stroke, hemimegalencephaly), the decision
to perform hemispherotomy for patients with condi-
tions such as electrical status epilepticus during sleep
(ESES), intraventricular hemorrhage (IVH) of prematu-
rity, post-traumatic brain injury (TBI), infection, and
subtle or bilateral MRI abnormalities may be signifi-
cantly more nuanced.

Presurgical studies to select patients for hemisphe-
rotomy should be geared toward answering three
different but related questions:

— is HDS indicated, or could a less extensive resec-
tion/disconnection lead to seizure freedom?

— what is the laterality of the hemisphere involved in
generating seizures?

— where on the ipsilateral hemisphere is there residual
eloquent corte, if any?

If the patient has significant hemiparesis on examina-
tion with loss of pincer grasp, contralateral destruction
ofthe hemisphere on MRI, aninterictal EEG that reveals
diffuse spiking, slowing, and attenuation of signals, an
ictal EEG that shows ipsilateral onset, and concordant
semiology, then the side of the affected hemisphere
may not be in question. If, however, MRI findings are
subtle or bilateral, semiology is suggestive of mul-
tiple, independent seizure foci, and EEG findings are
non-lateralizing, then further studies may be indica-
ted before proceeding with HDS. The significance of
either bilateral MRI abnormalities or non-lateralized
EEG findings, when seeninisolation, is still unclear, but
neither should be used as grounds to deny a patient
HDS when other factors favor proceeding.

Little has been written about semiology in terms of
either patient selection or its influence on the out-
come of HDS (Marks and Laxer, 1998; Elwan et al,,
2018). It is generally assumed that a focal semiology
(e.g. clonic arm movements contralateral to the affec-
ted hemisphere) is another data point that supports
pursuing HDS while generalized seizures may portend
lower rates of seizure freedom post-hemispherotomy
(Carmant et al., 1995; Liu et al., 2018).

If the lateralization of seizure onset is still in question
after obtaining brain MRI and EEG, then PET, ictal
SPECT (SISCOM), and/or MEG/MSI may play a role in
lateralizing seizure onset. Bilateral PET hypometabo-
lism has been associated with a relatively higher rate of
seizure recurrence after HDS, while unilateral hemis-
pheric hypometabolism on PET bolsters the argument
to proceed with hemispherotomy and generally is
associated with excellent rates of postoperative sei-
zure freedom (la Fougere et al., 2009; Ochoa-Figueroa
et al.,, 2012; Traub-Weidinger et al., 2016). Ictal SPECT
is often performed in centers which have these capa-
bilities, either for questionable cases or candidates
for repeat hemispherotomy to identify residual areas
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Debilitating seizures after 2
AED trials > 1 year or evidence of
catastrophic epileptic encephalopathy

No Yes
Medical Standardized pre-surgical evaluation:
t
mandgemen 1) H&P, neurological exam

(motor, speech, visual fields, etc.)

2) Video EEG

3) Brain MRI, if available, considering
obtaining 3T MRI, DTI, thin cut slices
for neuronavigation

4) Neuropsychological testing

1) Neurological exam reveals profound

hemiparesis or hemiplegia, no language No

v

1) If hemiparesis is subtle*** OR
2) the patient has good language function

function (non-verbal or preverbal, eg.

child < 2 years), +/- homonymous
hemianopsia (if testable)

2) MRI shows pan-hemispheric involvement
contralateral to the side of weakness and
concordant with focal semiology

3) EEG abnormalities may be lateralized to the
side of proposed HDS, non-lateralized

(eg. bilateral), or falsely lateralized to the
“normal” hemisphere in cases of profound
hemispheric atrophy or encephalomalacia

and a left-sided HDS is being considered AND
3) the underlying etiology was acquired
after the age of 2 years (eg. Rasmussen’s

encephalitis, trauma, post-natal ischemia)

Yes
A 4

No

!

Uncertainty in persistence of eloquent function
on side of proposed HDS:
Consider fMRI, Wada, MEG, or DTI to
map language and/or motor cortex

AN

If eloquent brain

Proceed to HDS E

If seizures persist
after HDS

v

Consider thin cut MRI with DTI,

lateralizes to contralateral
hemisphere

If eloquent brain detected within involved
hemisphere, consider tailored peri-insular
disconnection in order to preserve eloquent
cortices; stage | icEEG survery (eg. subdural
grids) may be utilized

OR

AND

1) Subtle or bilateral MRI abnormalities; normal MRI
2) Discordant semiology with multiple seizure types

3) EEG findings are non-lateralizing

repeat VEEG, ictal SPECT,
and/or MEG***

I

Consider repeat FH, AH, or focal

PET shows unilateral

hemispheric hypometabolism or
ictal SPECT shows unilateral
hemispheric hypermetabolism
contralateral side of weakness

!

Uncertainty regarding lateralization:
Consider PET/SPECT

ablation/resection of residual cortices
and/or white matter crossing fibers

AN

PET/SPECT shows bilateral/multifocal
areas of abnormality

PET/SPECT shows an isolated focus

of abnormality

N\

A

Consider HDS as
palliative treatment

Consider bilateral stage | icEEG survey
to target the predominant seizure type

Consider lesional resection
+/- stage 1 icEEG

Figure 1. Algorithmic approach for evaluating candidates for hemispheric disconnection surgery (HDS) in patients with medically-
refractory epilepsy. “A short interictal EEG may be sufficient especially if there is hemispheric destruction on MRI with appropriate
hemi-deficits and semiology suggestive of onset in the affected hemisphere. *"Most epilepsy centers do not regard a possible visual
field defect as an absolute contraindication to proceeding with HDS in an otherwise appropriate candidate. *** Subtle or non-detectable
hemiparesis may occur in infants < six months, but should not be regarded as a contraindication to proceeding with HDS in a situation
of catastrophic epileptic encephalopathy. ***Repeat vVEEG may be especially helpful in cases with bilateral MRl abnormalities and/or

multiple seizure types with semiology implicating the contralateral “norma

of cortex which continue to cause seizures (Honda et
al., 2013; Taussig et al., 2015). Finally, a few studies have
suggested that clustering of spikes based on MEG/MSI
studies within the affected hemisphere is associated
with higher rates of seizure freedom than in patients

1”

hemisphere.

who have bilateral MEG clusters, however, the number
of patients studied was small and it is difficult to draw
firm conclusions (Schwartz et al., 2010; Torres et al.,
2011; Jung et al., 2013). MEG has the additional benefit
of allowing mapping of motor and language cortex.
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It must be said that most of these studies require
sedation in children or non-cooperative patients with
cognitive dysfunction, and may be difficult to perform.
MEG is costly and not widely available even within the
United States, and the logistic considerations around
ictal SPECT are non-trivial. Electric source imaging (ESI)
with high-density EEG should also be mentioned as
a tool in the armamentarium of the epileptologist
when lateralizing and localizing epileptogenic cor-
tex. Few patients require sedation, application with
various electrode nets is relatively easy, and the cost
is low, but data analysis is complex and non-intuitive,
and requires a certain level of experience and mathe-
matical expertise (Sharma et al., 2018). After every
non-invasive study, if doubt still lingers as to the late-
ralization of seizure onset, a bilateral SEEG or subdural
strip survey may be considered.

Finally, fMRI, Wada testing, and DTl may play a role
in determining the side and localization of eloquent
cortex. Especially in left-sided hemispheric surgery,
several centers may routinely perform fMRI, Wada, or
both to try to localize speech function (Chandra et
al., 2008; Benjamin et al., 2018; Rolinski et al., 2019). It
has been thought that the timing of insult early in life
(e.g. perinatal stroke) plays a role in the contralateral
relocation of language cortex. Wada testing (i.e. IAT)
is particularly attractive as this involves the chemical
inactivation of the hemisphere in question and allows
the examiner to see what additional deficits might be
expected after hemispheric disconnection (Hamer et
al., 2000). However, recent evidence suggests that fMRI
and MEG may be comparable to Wada in regard to
motor and speech mapping (Papanicolaou et al., 2014).
Both fMRI and Wada require a certain degree of patient
cooperation, which may not be forthcoming in small
children or those with cognitive impairments. DTI has
been used preoperatively to assess the integrity of cor-
ticospinal tracts, and postoperatively to evaluate the
completeness of disconnection (Kiehna et al., 2016). All
these studies are especially helpful in cases where the
patient’s hemiparesis is subtle or language function is
reasonably good; intuitively, these patients have more
tolose and therefore should be studied more carefully.

Limitations

While we aim in this review to provide comprehen-
sive recommendations on how to use a neurological
examination, semiology, imaging, and functional stu-
dies to select patients for HDS, we recognize that any
flowchart will involve a gross simplification of what is
an inherently complex and nuanced process. The deci-
sion of whether or not to proceed with HDS involves a
careful balancing of benefits (e.g. improvement of sei-
zures, quality of life, and neuropsychological function)
against risks (e.g. anticipated neurological deficits,

Patient selection for hemispheric disconnection surgery

surgical complications), from the perspective of both
caregivers as well as individual patients and families.
The recommendations within this manuscript, while
based on an extensive review of the literature, largely
represent the opinions and biases of the authors, and
lack external, prospective validation.

Conclusion

HDS represents an effective and potentially curative
surgical treatment for patients with hemispheric MRE.
A better understanding of the presurgical evaluation
of HDS candidates, including careful clinical assess-
mentand the use of non-invasive preoperative imaging
studies, is critical in this era of underutilization of
epilepsy surgery. While the decision to proceed with
HDS can often be made on the basis of neurological
examination, semiology, brain MRI, and vEEG alone,
additional studies may help lateralize seizure onset
(i.e. PET, SPECT, MEG) and/or identify potential areas
of functionality that need to be preserved (fMRI, MEG,
IAT, DTI). O
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