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SUMMARY

Objective: Cortical resections in epilepsy surgery tend to be larger in children, com-
pared to adults, partly due to underlying pathology. Some children show unilateral
multifocal seizure onsets involving much of the hemisphere. If there were a significant
hemiparesis present, hemispherectomy would be the procedure of choice. Otherwise,
it is preferable to spare the primary sensorimotor cortex. We report the results of
‘“‘subtotal’’ hemispherectomy in 23 children.

Methods: All children (ages | year and 4 months to 14 years and 2 months) were oper-
ated on between 2001 and 2013 at Children’s Hospital of Michigan (Detroit). Patients
were evaluated with scalp video—electroencephalography (EEG), magnetic resonance
imaging (MRI), IsF-fluor'odeoxyglucose—positron emission tomography (FDG-PET)
scans, and neuropsychological assessments when applicable. Subsequently, each case
was discussed in a multidisciplinary epilepsy surgery conference, and a consensus was
reached pertaining to candidacy for surgery and optimum surgical approach. The
actual extent of resection was based on the results from subdural electrocorticogra-
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phy (ECoG) monitoring. The surgical outcome is based on International League
Against Epilepsy (ILAE) classification (class 1-6).

Results: Among the 23 patients, || had epileptic spasms as their major seizure type;
these were associated with focal seizures in 3 children. MRI showed focal abnormalities
in 12 children. FDG-PET was abnormal in all but one subject. All except two children
underwent chronic subdural ECoG. Multiple subpial transections were performed
over the sensorimotor cortex in three subjects. On histopathology, various malforma-
tions were seen in 9 subjects; the remainder showed gliosis alone (n = 12), porenceph-
aly (n = 1), and gliosis with microglial activation (n = I). Follow-up ranged from 13 to
157 months (mean = 65 months). Outcomes consisted of class | (n = 17, 74%), class 2
(n =2),class3 (n = 1),class4 (n = l1),and class 5 (n = 2).

Significance: Extensive unilateral resections sparing only sensorimotor cortex can be
performed with excellent results in seizure control. Even with the presence of widespread
unilateral epileptogenicity or anatomic/functional imaging abnormalities, complete hemi-
spherectomy can often be avoided, particularly when there is little hemiparesis.
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developmental trajectory whenever possible.” Therefore,
in children, removing “nociferous” cortex is as important as
resecting cortex showing seizure onset at the time of
study.*

In addition to the conventional tools applied to evaluate
children with intractable epilepsy who might be surgical
candidates,® the pediatric epilepsy surgery program at the
Children’s Hospital of Michigan in Detroit relies heavily on
advanced molecular neuroimaging techniques to localize
both the epileptic focus and associated nociferous cortex.
Widespread extraoperative intracranial electrocorticogra-
phy (ECoG) monitoring is applied not only to brain regions
indicated from seizure semiology and scalp interictal/ictal
electroencephalography (EEG) data, but also to cortical
regions showing abnormalities on positron emission tomog-
raphy (PET). However, the ultimate extent of resection is
based on extraoperative ECoG data and not purely on PET
data. In other words, the cortical region that appears abnor-
mal on PET, but without accompanying intracranial ECoG
epileptiform discharges, is generally not resected.

Using this approach, we have found that a number of chil-
dren may show unilateral multifocal ECoG abnormalities
involving the entire hemisphere, for which we concluded
multilobar resections need to be performed. If there were a
significant hemiparesis already present, cerebral hemispher-
ectomy would be the procedure of choice in such cases.
However, if there is no or only a mild hemiparesis, it is pref-
erable to perform multilobar resections yet spare the pri-
mary sensory and motor cortex. We have performed such
resections in 27 children (23 available for follow-up
>12 months) and have used the term “subtotal” hemispher-
ectomy to describe this operation where the entire cerebral
cortex of one hemisphere is resected except for the primary
sensorimotor cortex. We now describe our approach and
results of this operation.

METHODS

Subjects

The patient population consisted of 27 infants and chil-
dren with medically refractory epilepsy who underwent sur-
gery between April 2001 and March 2013 (Table 1). Four
of the 27 patients were lost to follow-up. The remaining 23
patients form the subject of this report. Age at the time of
surgery in these 23 children ranged between 1 year
4 months and 14 years 2 months (mean age 5 years
8 months). Patients were evaluated with scalp interictal and
ictal video-EEG, magnetic resonance imaging (MRI), and
glucose metabolism PET scans, and neuropsychological
assessments when applicable. Some children also received
PET scans with ''C-flumazenil (FMZ)7 or llC-alpha-
methyl-L-tryptophan (AMT)® under research protocols.
Subsequently, the patients were discussed in a weekly held
multidisciplinary epilepsy surgery conference, and a con-
sensus was reached pertaining to candidacy for surgery and

optimum surgical approach, with the understanding that the
actual extent of resection would be based on results from
subdural ECoG monitoring.

Subdural electrode placement and extraoperative ECoG
recording

A craniotomy was made over the frontal-parietotemporal
region of the presumed epileptogenic hemisphere. A combi-
nation of platinum grid and strip electrodes (interelectrode
distance 1 cm) were placed over the region suspected to be
epileptogenic based on the results of presurgical assess-
ment.’ Electrodes were placed on the precentral and post-
central gyri as well as the medial temporal regions in all
cases. The medial and inferior surfaces of the frontal lobe
were also sampled when suggested by any of the noninva-
sive diagnostic tools. All electrode plates were stitched to
adjacent plates or the edge of the dura mater to avoid move-
ment of subdural electrodes after placement; in addition, the
leads were tunneled about an inch from the main wound to
minimize the risk of infection. In all patients, intraoperative
photographs were taken with a digital camera before dural
closure. The dura was closed in a semiwatertight fashion,
and the bone flap was replaced but not secured. A subgaleal
drain was placed to minimize postoperative scalp swelling.
All electrodes were subsequently displayed on the three-
dimensional brain surface reconstructed from high-resolu-
tion MRL "

Extraoperative video-ECoG recordings were obtained for
2-5 days. The seizure-onset zones responsible for habitual
seizures were determined as described previously.” The
extent of resection generally included the seizure-onset
zones and the regions showing frequent interictal epilepti-
form bursts that could not be explained by propagation from
the seizure-onset zone. We also generally intended to
remove the region showing anatomic/functional imaging
abnormalities proximal to that showing the aforementioned
ECoG abnormalities. Electrical stimulation mapping was
employed to localize the eloquent areas, including the pri-
mary sensorimotor area.'! Prior to the resective surgery, the
team and the family of the patient had extensive discussions
regarding the pros and cons of “‘subtotal’ hemispherecto-
my,” “‘subtotal’” hemispherectomy plus MSTs on the senso-
rimotor cortex,” and ‘“hemispherectomy.”

Resection procedure

At the second stage of surgery, grids and strips were again
photographed and sequentially removed. The anterior and
posterior resection margins were defined. Under micro-
scope, the Sylvian fissure was widely opened and through
the circular sulcus the temporal-parietooccipital lobe was
disconnected from the rest of the brain along the posterior
resection margin. The bridging veins from the temporal and
the parietal lobes were coagulated and cut, and the entire
temporal-parietooccipital lobe including hippocampus was
removed in one piece. The subiculum and medial part of the
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Table |I. Continued.

Follow-up Outcome

Surgery
stage

Imaging abnormalities

Seizure Scalp EEG

Age (year)
Pt# Sex (atsurgery) type

21

class

Histopathology (months)

AMT-PET

FMZ-PET
R T,latO

FDG-PET
R FPT, thalamus

MRI

Ictal onset

Interictal spikes
R-F; R-TOP; L-T;

93

Gliosis,

RT decrease;

R thalamus

Diffuse but greater

CP

10y6 m

E

hippocampal
sclerosis

Mild MCD

R thalamus
decrease

decrease

(infarct) decrease

involvementin R

Diffuse but greater

involvementin R
R-T; R-Hemisphere

43

R FPT decrease

Normal

R-T; R-F

Ily2m CP,

F

22

GTC
CP,

67

Gliosis,

R FPO decrease

R hemisphere
(atrophy)

R-FCT

R-FCT; Diffuse

14y2m

M

23

nodular

GTC

heterotopia

FDG, fluorodeoxy glucose; FMZ, '' C-flumazenil; AMT, '' C-alpha-methyl-L-tryptophan; F, female; M, male; y, year(s); m, month(s); IS, infantile spasms; CP, complex partial seizures; GTC, generalized tonic—clonic sei-
zures; R, right; L, left; Inf, Inferior; Post, posterior; med, medial; lat, lateral; P, parietal; T, temporal; F, frontal; O, occipital; FCD, focal cortical dysplasia; WM, white matter; TSC, tuberous sclerosis complex; MCD, malfor-

mation of cortical development; PMG, polymicrogyria.

“Surgical outcome based on 2001 International League Against Epilepsy classification.

uncus was then removed using gentle suction. Corticectomy
was performed along the course of the anterior cerebral
artery, dividing the branches to the frontal lobe along its
course up to the anterior resection margin. Then the
corticectomy was carried to the superior sagittal sinus along
the anterior resection margin, disconnecting the frontal lobe
from the rest of the brain. The frontal lobe was removed
after cutting the bridging veins and the olfactory tract. The
cavity was irrigated with Lactated Ringer’s solution and he-
mostasis was secured. ECoG was obtained from the residual
cortex (i.e., sensorimotor cortex) to confirm adequate
resection and the potential need for MSTs. An external
ventricular drain was left in the cavity and closure was
performed.

Histopathology

All surgical specimens were subjected to detailed histo-
logic examination, including staining with hematoxylin and
eosin, cresyl-violet, Luxol fast-blue, and glial fibrillary
acidic protein (GFAP) antibody. Further stains (such as
periodic-acid Schiff, Bielschowsky, Bodian, Congo red, or
various immunostains) were applied as indicated to clarify
the nature of pathology.

Outcome analysis

Follow-up ranged from 13 to 157 months (mean
65 months). The surgical outcome was reported according
to the International League Against Epilepsy (ILAE) classi-
fication'? at last clinical follow-up or by telephone inter-
view:

Class 1: completely seizure-free; no auras.

Class 2: only auras; no other seizures.

Class 3: one to three seizure days per year; with or with-

out auras.

Class 4: four seizure days per year to 50% reduction of

baseline seizure days; with or without auras.

Class 5: less than 50% reduction of baseline seizure days

to 100% increase of baseline seizure days; with or with-

out auras.

Class 6: more than 100% increase of baseline seizure

days; with or without auras.

RESULTS

Among the 23 patients, 11 had infantile or epileptic
spasms as their major seizure type; the spasms occurred as
the only seizure type in 8 patients, or were associated with
complex partial epilepsy with (n = 2) or without (n = 1)
secondary generalization (see Table 1). Of the 12 patients
without spasms, 12 had complex partial epilepsy with
(n = 8) or without (n = 4) secondary generalization; 2 of
the latter had a history of spasms. Two patients had tuberous
sclerosis complex (TSC; patients 11 and 19) and one
(patient 10) had a history of herpes meningitis in early
infancy.

Epilepsia, 55(12):1926-1933, 2014
doi: 10.1111/epi.12845
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Neuroimaging with MRI showed normal findings in 11 of
the 23 patients. The MRI abnormalities in the remaining 12
patients included focal/lateralized cortical atrophy (n = 4),
suggestion of cortical dysplasia (n = 4), tuberous sclerosis
(n = 2), unilateral thalamic infarct (n = 1), and cystic
abnormality (n = 1). By comparison, glucose metabolism
PET scan was normal in only one subject (patient 13, with
class 5 outcome). PET abnormalities almost always
included lateralized/localized hypometabolism, but also hy-
permetabolism (n = 2: patients 2 and 18) (Fig. 1). The two
patients with tuberous sclerosis both had AMT PET scans,
and these showed increased tracer uptake in the epilepto-
genic tubers. AMT PET was performed in five more patients
and showed lateralized/localized abnormalities in all of
them. FMZ PET scans were performed in seven patients and
showed lateralizing/localizing abnormalities in all of them
(see Table 1).

All patients had a two-stage epilepsy surgery except two
(patients 2 and 14). In these two patients, the resection mar-
gin was determined using intraoperative ECoG and neuroi-
maging findings. Three (patients 1, 6, and 22) of the 23 had

Figure 1.

FDG-PET showing (A) decreased glucose metabolism in the left
temporooccipital regions (arrows) in a 3-year-old child with intrac-
table complex partial and generalized tonic—clonic seizures and
normal fluid-attenuated inversion recovery (FLAIR) MRI, and (B)
increased glucose metabolism in the left temporal cortex (arrow)
in a 9-year-old child with intractable complex partial and general-
ized tonic—clonic seizures, with T-2 weighted MRI showing some
cortical thinning and loss of gray—white matter differentiation in
the same region (arrow). Postsurgical histopathologic evaluation
revealed gliosis in the first and gliosis and some heterotopia in the
second child. Both children were seizure free at 6 and 12 years
after the surgery, respectively.

Epilepsia © ILAE
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MSTs on the sensorimotor cortex following ‘“subtotal”
hemispherectomy because postresection ECoG showed per-
sistent frequent spiking on the sensorimotor cortex. Patient
14 had the motor face area resected in addition to the “subto-
tal” hemispherectomy. Thirteen of the 23 children had a left
hemispheric resection. One patient (patient 17) developed
postoperative hydrocephalus requiring a ventriculoperitone-
al shunt.

On histopathologic evaluation, various malformations
were seen in nine subjects (including two with tuberous
sclerosis); the remainder showed gliosis alone (n = 12),
porencephaly (n = 1), and gliosis with microglial activation
(n = 1) (see Table 1).

Follow-up ranged from 13 to 157 months (mean
65 months). Outcome consisted of class 1 (n = 17, 74%),
class 2 (n = 2), class 3 (n = 1), class 4 (n = 1), and class 5
(n = 2). None of the patients developed hemiparesis/hemi-
plegia or worsening of an existing mild hemiparesis.

Patient 13 rated as class 5 had habitual seizures character-
ized by brief hypermotor semiology accompanied by an
asymmetric tonic posture with right upper extremity exten-
sion. Both PET and MRI were normal. Chronic ECoG
recording showed frequent spike-wave bursts arising from
the left frontal and temporal regions immediately prior to
habitual seizures (Fig. 2). We initially performed resection
of the left frontotemporal lobes. Postoperative ECoG
showed episodes of electrographic seizures arising from the
remaining parietoccipital region; therefore, we immediately
added parietoccipital resection before dural closure. Histo-
pathology report suggested the presence of cortical dyspla-
sia with balloon cells involving all four lobes, with the
frontal and temporal regions most severely affected. He
achieved seizure freedom for a period of 6 months, but
developed recurrent hypermotor seizures. Two years after
the first surgery, we completed the “subtotal” hemispherec-
tomy plus resection of the primary sensorimotor area; he
continues to have habitual hypermotor events without dis-
cernible changes in scalp EEG signals. We interpreted such
hypermotor events as residual seizures arising from a deep
focus (such as insular cortex), which was not completely
removed.

DiSscUSSION

When focal onset (or localization-related) seizures cannot
be controlled with medication, surgical resection of the epi-
leptic focus may be considered. The most important aspect
of presurgical evaluation is to identify a discrete epilepto-
genic region that can be resected without causing an unac-
ceptable loss of neurologic function, and which will lead to
complete cessation of seizures. Furthermore, in treating
children with intractable epilepsy, it is important to consider
both seizure control and allowing for normal cognitive
development. To achieve these goals, the epilepsy surgery
team integrates localization data obtained from seizure
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Figure 2.

(A) Interictal scalp EEG showed frequent spike discharges independently originating from the right posterior and anterior head regions.
Ictal EEG showed widespread low-amplitude fast oscillations superimposed on delta waves with greater involvement in the right hemi-
sphere. Low-frequency filter: 0.53 Hz. High-frequency filter: 70 Hz. (B) Subdural ECoG and stimulation data are presented on her three-
dimensional surface image. MRI showed an encephalomalacic cyst in the right temporal lobe (broken white line). CS: Central sulcus
defined by an anatomic landmark.'" White circles: electrodes free from artifacts. Black circles: electrodes affected by artifacts and
excluded from analysis. Circles filled in red: seizure-onset zones. Circles filled in pink: nonseizure onset sites showing frequent interictal
spike discharges. Circles filled in yellow: nonseizure onset sites with occasional involvement in the field of interictal spike discharges.
Unfilled circles: nonseizure onset sites not affected by interictal spike discharges. Blue squares: hand jerking induced by stimulation. Light
blue square: mouth movement induced by stimulation. Green squares: forced eye deviation to the left side induced by stimulation. (C) In-
traoperative photographs before and after surgery. The seizure-onset zones cannot be directly visualized in these photographs.

Epilepsia © ILAE

semiology, ictal and interictal EEG, anatomic and func-
tional neuroimaging, and neuropsychological assessment.
The most dramatic surgical treatment for intractable epi-
lepsy is cerebral hemispherectomy,'® which leaves the
patient with a contralateral hemiplegia and hemianopsia.
If these deficits are already present preoperatively (such
as in many children with intrauterine unilateral middle
cerebral artery infarcts), the surgical procedure is well
accepted by the patient and family. Hemispherectomy is
associated with seizure freedom in 90% of those oper-
ated at an early age,'* with a range of 63% to 85%
from various centers.'> "’

The most difficult challenge is when the epileptogenic
zone is perceived to diffusely involve the hemisphere but
the child does nor exhibit hemiparesis or hemianopsia.
Although a hemianopsia induced by resection is generally
accepted and tolerated well, hemiplegia caused by surgery
in a child with reasonable hand function prior to surgery is
less acceptable, and parents are usually reluctant to subject
their child to this acute dramatic loss of function. A possible
exception is in the case of Rasmussen encephalitis, for
which there is often a dilemma and it may be futile to per-

form a lesser operation than hemispherectomy because of
the progressive nature of the disorder.'® The present series
did not include any patients with Rasmussen encephalitis.

In some children with mild to moderate hemiparesis asso-
ciated with very early injury or unilateral malformations, a
hemispherectomy that includes resection of sensorimotor
cortex actually may not lead to any worsening of the hemi-
paresis if there already has been reorganization of motor
tracts. We routinely use diffusion tensor imaging (DTI) with
tractography to document motor tracts of these children pre-
operatively. For example, we have previously described the
preoperative DTI tractography findings in an 8-year-old girl
showing near-complete absence of the left corticospinal
tract and a more robust than normal corticospinal tract in the
right hemisphere, suggesting that her right motor function
had reorganized to the right hemisphere and the ipsilateral
corticospinal tract. This was confirmed by the observation
that there was no change in right hemiparesis following left
hemispherectomy.'’

Multilobar resections are often performed in children
with intractable epilepsy, particularly when the condition is
caused by cortical dysplasia.”® In one large series of multilo-

Epilepsia, 55(12):1926-1933, 2014
doi: 10.1111/epi.12845
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bar epilepsy surgery, a favorable outcome was achieved in
only 41% of patients at 10 years of follow-up, with the
greatest predictors of seizure recurrence being incom-
plete resection and persistent epileptiform discharges on
scalp EEG following surgery.”’ These two predictors of
surgical failure can be addressed when there are preoper-
ative functional neuroimaging data to suggest a larger
area of possible nociferous cortex than can be predicted
by seizure semiology, MRI, and scalp interictal/ictal
EEG data, thus guiding a wider area of intracranial
electrode coverage. In such instances, as in the 23 chil-
dren of the present study, the inevitable conclusion is
reached that seizure onset and/or nociferous cortex
involves much of the hemisphere. The decision then has
to be made as to whether a complete or “subtotal” hemi-
spherectomy should be performed. All 23 patients in the
present series had good use of the limbs contralateral to
the affected hemisphere, although mild hemiparesis was
present in some. It should be noted that mild hemipare-
sis in children with very frequent seizures occasionally
may be caused by a postictal effect. In these children,
parents often report that there is no hemiparesis on
seizure-free days.

After discussion with the parents, we chose to perform a
“subtotal” hemispherectomy in these 23 children (Fig. 3).
The presence of rare or occasional interictal epileptiform
discharges from the primary sensorimotor cortex during
ECoG was insufficient to warrant resection, since we could
offer MSTs over this region. In contrast, ictal onset or fre-
quent independent epileptiform discharges from sensorimo-
tor cortex generally resulted in resection of this region, that
is, a standard hemispherectomy, and exclusion from the
present study.

POST-SURGERY

/=i

>

Figure 3.

Presurgical (upper row) and postsurgical (lower row) FLAIR
images showing the results of right-sided “subtotal” hemispherec-
tomy in a child with intractable seizures. Presurgical MRI was read
as essentially normal. The child had only a mild left hemiparesis
prior to surgery, which did not worsen after the surgery, and is sei-
zure free.
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Chronic subdural EEG recording was recommended for
the patients in the present study and was performed to deter-
mine the extent of epileptogenic zone, when noninvasive
assessment failed to confidently presume the boundary
between the epileptogenic zone and eloquent cortices. All
patients in this cohort showed widespread seizure-onset
zones and/or frequent interictal spike-wave discharges in
widespread regions. The present study, however, excluded
patients who underwent cortical resection other than ““subto-
tal” hemispherectomy. Most of the patients whose subdural
EEG recording revealed the seizure-onset zone involving
the sensorimotor cortex for the hand were recommended for
anatomic hemispherectomy, and excluded from this series.
Similarly, patients, whose interictal spikes in the frontal
lobe were all explained/considered as those propagating
from the temporal-parietooccipital regions, were generally
recommended for temporal-parietooccipital resection spar-
ing the frontal lobe and sensorimotor cortex, and also
excluded from this series. Therefore, subdural recordings
contributed to the final surgical decision.

In the present series, 3 (patients 1, 6, and 22) of the 23
children had MSTs over the sensorimotor cortex in addition
to the “subtotal” hemispherectomy. We relied on several
criteria in deciding whether to perform MSTs on the sen-
sory/motor cortex rather than a complete hemispherectomy,
including: (1) degree of interictal epileptiform activity in
this region during extraoperative ECoG, (2) no or only mild
hemiparesis, (3) presence of a strong corticospinal tract in
the affected hemisphere as shown on MRI DTI tractogra-
phy, and (4) parental discussion. Although the “subtotal”
hemispherectomy procedure spares motor function but
introduces a hemianopsia if not already present preopera-
tively, parents were always willing to accept this visual defi-
cit.

Neuroimaging with MRI, in general, provided less local-
izing/lateralizing information than functional imaging with
PET. In some cases, MRI abnormalities were appreciated
only after studying the PET findings. Furthermore, the use
of AMT and FMZ PET scans provided additional lateraliz-
ing and localizing information in some patients. FMZ and
AMT abnormalities were usually more circumscribed than
FDG abnormalities. The abnormalities revealed by AMT
(increases) and FMZ PET (decreases) were always unilat-
eral, and either concordant with FDG data or revealed some
additional foci of abnormalities concordant with EEG
changes, thus providing complementary information and
increasing the confidence for surgical decision-making in
these very difficult cases.

In conclusion, the present study demonstrates that exten-
sive unilateral resections sparing only sensorimotor cortex
can be performed with excellent results in seizure control.
Even with the presence of widespread unilateral epileptoge-
nicity or anatomic/functional imaging abnormalities, com-
plete hemispherectomy can often be avoided, particularly
when there is little or no hemiparesis.
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