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Limited resection of focal
cortical dysplasia
and associated epileptogenic
cortex may lead to positive
surgical outcome
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ABSTRACT – A drug-resistant epilepsy patient with premotor type IIb
focal cortical dysplasia is described with a positive postoperative outcome
following partial resection of the lesion and epileptogenic zone. Presurgical
fMRI of the sensorimotor areas showed haemodynamic responses over the
posterior border of the lesion and ictal EEG-fMRI revealed activation of
both the primary sensorimotor strip and premotor lesion area. Almost con-
tinuous 1-2 Hz interictal spiking was recorded during a chronic ECoG study
over the primary sensorimotor cortex. Following partial resection of the
lesion, an acute ECoG revealed marked reduction of epileptic activity over
the sensorimotor area. Post-operatively, seizure control was significantly
improved (class IV ILAE outcome). Although partial FCD resections pre-
dict a worse postoperative outcome, individual patients may still respond

d portion, and histopathology may be
ccessful outcome.

ial EEG, EEG-fMRI, fMRI, cortical elec-

along with resection of the ictal
onset zone and highly active inter-
ictal cortical areas, as derived from
invasive EEG (Palmini et al., 1995;
Kim et al., 2009; Widdess-Walsh
favourably. The type of lesion, resecte
included among factors related to su

Key words: epilepsy surgery, intracran
trical stimulation

Epilepsy surgery for focal cor-
tical dysplasia (FCD) associated
with intractable seizures is becom-
ing increasingly common following
recent achievements in imaging
d
o

i:10.1684/ep
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(Colombo et al., 2009; Focke et al.,
2008; Woermann and Volmar, 2009)
and the increasing use of invasive
EEG and electrical cortical stimula-
tion. Factors significantly related to
a successful surgical outcome are
resection of the complete lesion,

et al., 2007). Incomplete resection of
either the highly epileptogenic cor-
tex or the MRI lesion predicts a less
satisfactory postoperative outcome,
which is even worse for incom-
plete resections of both (Perry et al.,
2010). However, surgery “against the
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dds”, especially in cases with frequent incapacitating
eizures, may still be accompanied by positive out-
omes and thus be an option, as shown in this case
eport.

ase report: clinical data

32-year-old, right-handed man of Caucasian origin,
resented with a history of intractable epilepsy since

he age of 10. He was the product of a full-term normal
regnancy and delivery. Developmental milestones
ere appropriately achieved and cognitive status was
ormal, without any family or personal history of risk

actors for epilepsy.
eizure semiology was reported to be stereotyped
hroughout history. Events occurred both during wake-
ulness and sleep; the patient recognised an aura
f “stiffening sensation” over the trunk and thorax,
nd arms assumed tonic positions, with the left arm
ften jerking immediately thereafter. If standing, he
ould collapse. He was unable to either talk or

ollow commands during the event but the level of
onsciousness was minimally disturbed, as he often
recisely recalled things that happened during the
eizure. Seizure duration was 10-20 seconds. During
ore prolonged episodes, late hyperactive behaviours

gross whole body movements and kicking) could
ccur.
eurological examination revealed a mild left hand
rift and a superimposed mild fast tremor, with no

unctional compromise. Repeated routine EEGs and
rain MRI were unrevealing. The disease had followed
protracted course with daily multiple seizures. To

ate, the last three years were the worst with an
verage of 20-30 events per day. He had had very
requent drops with minor injuries, lacerations, and
one fractures. Daily activities were greatly reduced
nd he was eventually restricted at home.
e had had multiple adequate and unsuccessful drug

rials. At the time of presurgical evaluation, he was
aking phenytoin at 300 mg/24hr, levetiracetam at
,000 mg/24hr, oxcarbazepine at 2,100 mg/24hr, pheno-
arbital at 150 mg/24hr and clobazam at 40 mg/24hr. He
lso experienced significant medication side effects
dizziness, lack of coordination, and depression).

ase report: investigations
pileptic Disord, Vol. 13, No. 4, December 2011

ideo-EEG was performed using a 32-channel system,
xtendable to 128 channels for invasive recordings.
tructural and functional imaging was performed on a
.5T MR scanner. A 32-channel MR-compatible system
amplifier and cap) was used for EEG-fMRI. Functional
ata were pre-processed and statistically analysed by
PM8. Electrical cortical stimulation (ECS) was per-
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ormed by a current-controlled stimulator through
ubdural grid electrodes (see Addendum for a detailed
escription).

ase report: results

urface video-EEG revealed interictal sharply-
ontoured theta waves over Cz (figure 1A) and
ess frequently over P4 (figure 1B). Ictal EEG consisted
f a low-amplitude fast frequency (14-16 Hz) discharge
ver the anterior midline (Fz/Cz) and fronto-central
lectrodes (F3/F4 and C3/C4) with a right-sided pre-
ominance for most events (figure 1C). A recent MRI
can revealed an abnormality of the right premotor
egion, consisting of cortical thickening, blurring of
he grey to white matter transition and hyperintense
hite matter signal, assuming a conical shape with the
ase lying at the cortical lesion and tip reaching the

ateral ventricle across the white matter (figure 2A1,
2). fMRI of the sensorimotor areas disclosed close
roximity of the lesion to the anterior border of the
ctivated cortical areas (figure 2B1, B2; in green). EEG-
MRI revealed minor interictal spiking-triggered BOLD
hanges over the primary motor area (figure 2B1, B2; in
lue), however, a typical seizure recorded during the
can demonstrated activation of both the primary sen-
orimotor strip and posterior lesion area (figure 2B1,
2; in red). Invasive EEG was suggested after thorough
iscussion with the patient regarding the significant
isk of not being able to fully resect the epileptogenic
egion (or not being able to proceed to any resection
t all).
he patient was implanted with a subdural 8 × 6 grid
ver the right superior, lateral fronto-central and
arietal area, covering the MRI-visible lesion, and two
× 6 strips placed over the medial hemispheric surface
overing the superior frontal, supplementary motor
nd primary medial sensorimotor cortex (electrodes
8, 29, 30, 36, 37, 38, 44, 45, and 46 were covering the
ysplastic area) (figure 2C). Almost continuous 1-2 Hz

nterictal spiking was recorded over contacts 25 to 28,
3 to 37, 41-44 (all overlying primary sensorimotor cor-
ex, confirmed by ECS), and over medial strip contacts
1 to 63 (overlying primary sensorimotor [leg] cortex,
onfirmed by ECS) (figure 3A). Multiple typical seizures
ere recorded, with ictal EEG onset consisting of an ini-

ial attenuation of background activity and evolution of
ow-voltage fast rhythms, initially involving grid con-
423

acts 41-44, 25-28, 33-37, rapidly propagating to medial
entral (61-63) contacts (figure 3B). Onset of clinical
anifestations was synchronous with initial electro-

orticographic change, consisting of face grimacing,
onic posturing of both arms, tonic trunk flexion and,
ithin the second second of the EEG change, clonic

eft arm activity.
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igure 1. Non-invasive EEG study.
A) Interictal surface EEG showing sharply-contoured theta waves
diffuse EEG attenuation before the appearance of a fast rhythm

iven the overlap between interictal spiking over
he sensorimotor strip and early ictal ECoG onset
hanges, a decision was taken for a limited resec-
24

ion of the lesion and epileptogenic zone (figure 3D).
his involved the anterior part of the malformation,
orresponding to electrodes 21-23, 29-31, 37-39, being
econdarily involved with ictal activity. Acute post-
esection ECoG revealed gross reduction of epileptic
ctivity over the sensorimotor area and preservation of
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Cz, and (B) less frequent P4 spiking. (C) Ictal scalp EEG showing
tivity with a right-sided predominance.

pileptic activity over the non-resected medial hemi-
pheric areas (figure 3C). Histopathology revealed type
Ib FCD (Palmini et al., 2004; Blümcke et al., 2011). On
Epileptic Disord, Vol. 13, No. 4, December 2011

ostoperative days one to three, the patient had mul-
iple acute seizures. He then remained seizure-free
ntil postoperative month 10, with occasional seizures
ssociated with reductions in drug dosage. Due to
roublesome medication side effects, levetiracetam
as discontinued by month 10 and oxcarbazepine total



E

Positive outcome of limited FCD resection

A1
L L

L

46

48
47

37
36
35
34
33

38

39
40

30

32
31

22
21
20

23
24

14

16
15

1
2
3
4
5

6
7

8
52

53
54

55
56

51

59
60

61
62

63
64

13
12
11
10
9

19
18
17

29
28
27
26
25

45
44
43
42
41

LR R R L LR R

RC

A2 B1 B2 D

Figure 2. Imaging and invasive ECoG study.
(A1) Pre-operative axial FLAIR MRI slices showing the FCD site over the right pre-motor and motor areas. (A2) Pre-operative coronal
FLAIR MRI slices highlighting the transmantle sign of the FCD. (B1) Axial view overlapping functional data: left hand motor task BOLD
response highlighting the primary motor cortex is shown in green, BOLD response of the interictal Cz theta waves over the primary
motor cortex (plus a minor premotor activation) is depicted in blue, and ictal BOLD response maximising in the posterior border of
t y mo
d ith p
s otor
m al FLA
o rgical
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he premotor area, with a secondary activation over the primar
ata. (C) Presurgical T1 3D isotropic MR sequence co-registered w
ubdural grid electrode positioning covering sensorimotor-prem
edial hemispheric fronto-central cortex. (D) Post-operative axi

f maximum ictal EEG-fMRI (note that the orientation of post-su

aily dosage reduced to 1,500 mg by month 11. In his
urrent state at 15 months post-surgery, he is expe-
iencing, on average, 1-2 simple partial seizures per
eek with much less intensity and no falls. There has
een no change in his neurological examination com-
ared to pre-operative status.

iscussion

ur case supports the possibility that positive out-
ome following FCD epilepsy surgery may be achieved
ven after partial removal of the epileptogenic zone
nd lesion. Full resection of both the MRI abnorma-
ity and epileptogenic zone in FCD epilepsy surgery
s associated with a better postoperative outcome
nd seizure-free rates ranging between 70 and 80%.
ollowing partial FCD resection only, seizure-free out-
omes vary between 20 and 40% (Kim et al., 2009;
rsek et al., 2009a; Krsek et al., 2009b; Perry et al.,
010; Chang et al., 2011), demonstrating that among
atients offered partial resections there are some that,
against the odds”, respond favourably. We recognise
pileptic Disord, Vol. 13, No. 4, December 2011

hat our patient is not completely seizure-free, how-
ver he enjoys a greater than 90% seizure reduction
ompared to his pre-operative status, the seizures are
uch less intense, he has had no further injuries since

urgery and was able to reduce drug-load and get
onsiderable relief from side effects. Given that the
ationale of the intervention was to offer the patient a

s
t
b
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tor region, in red. (B2) Coronal view overlapped by functional
ost-implantation 3D isotropic CT image showing intraoperative

areas over the lesion area, and strip electrode positions over the
IR MRI showing partial FCD resection which included the area
slices is slightly different from that of the pre-surgical slices).

etter quality of life and limit seizure-related injuries
ather than complete seizure freedom, the surgical
utcome so far was deemed successful. It could be
rgued that a better result may be achieved by a more
xtensive resection of the lesion to include the ante-
ior dorso-medial part; this was avoided, however, due
o concerns about damaging leg motor areas given the
ositive motor responses to ECS of nearby medial strip
lectrodes.
re- or peri-operative features predictive of a success-
ul outcome with limited resections are not known.
t is reasonable to assume that even partial removal
f epileptogenic areas, may, in some circumstances,
educe excitatory inputs critical for seizure generation.
nhibitory influences arising from brain areas adja-
ent to, or remote to the epileptogenic zone, may also
lay a role. In a recent report (Palmini, 2010), release
f inhibitory mechanisms between rolandic regions
as proposed to account for two cases of de novo

ntractable rolandic seizures, following an initial FCD
esection from the contralateral rolandic region. Our
atient, in spite of having a long history of very fre-
uent simple partial seizures, had had only occasional
425

econdary generalised seizures and no episodes of sta-
us epilepticus. Whatever the mechanism, this might
e indicative of efficient inhibition, somehow con-
training ictal propagation.

ith regards to histopathology subtype, a better
utcome is predicted, in general, for type IIb FCD,
ompared to non-balloon cell FCD, given complete
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Figure 3. Intracranial ECoG study.
(A) Interictal spiking recorded over the primary sensorimotor cortex (intracranial grid contacts 25 through 28 and 33 through 37), anterior
t and o
E d 33
( oss re
p hem
r

r
v
e
k
o

o the primary sensorimotor strip (over contacts 41 through 45),
EG pattern involving sensorimotor cortex grid contacts (25-28 an
61-63) contacts. (C) Post-resection intracranial EEG, showing gr
reservation of epileptic activity over the non-resected medial
esected area or made poor contact after the resection).
26

esection of the lesion and epileptogenic zone is pro-
ided (Tassi et al., 2002; Urbach et al., 2002; Lerner
t al., 2009; Sarkis et al., 2010); however, it is not
nown if this holds true following partial resections
nly.

T
p
p
t
p

ver the medial strip contacts 61 through 63. (B) Intracranial ictal
-37), rapidly propagating to premotor (41-45) and medial central
duction of epileptic activity over the sensorimotor region and
ispheric areas (non-detecting electrodes were either over the
Epileptic Disord, Vol. 13, No. 4, December 2011

here are some interesting features regarding the
resurgical evaluation of data with implications for
rognosis. In our case, both subdural electrode moni-

oring and interictal/ictal EEG-fMRI suggested only
artial, nevertheless congruent, involvement of the
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osterior part of the lesion and normal appearance
n MRI adjacent sensorimotor cortex. Subdural elec-

rodes over the medial part of the lesion recorded
rominent epileptic activity, nevertheless without
oncomitant BOLD changes on EEG-fMRI. The reverse
as true for the malformed portion, anterior to the

ensorimotor strip, which did not produce prominent
piking; ictal events during EEG-fMRI showed BOLD
ncreases over this portion, accompanied by concomi-
ant BOLD changes over the sensorimotor cortex.

ur findings are in agreement with acute intraopera-
ive ECoG data (Palmini et al., 1995), reporting robust
nd continuous spiking not only from the visible cor-
ical dysplasia itself but, in addition, from adjacent
eemingly normal cortical areas. Our findings are also
n agreement with chronic subdural recording data
Boonyapisit et al., 2003; Marusic et al., 2002), suggest-
ng that the epileptogenic potential is not uniform all
ver the FCD surface; these studies present evidence

hat areas overlying balloon cells (type IIb pathology)
ay be non-epileptogenic and functionally inactive,
hile main generators of interictal spiking and ictal
nsets are found to be balloon cell-devoid dysplastic
reas. Evidence against a major contribution of
alloon cells to epileptogenicity is also provided by
asic neuroscience data (Cepeda et al., 2003).

n contrast to the above mentioned reports, studies
ased on sEEG monitoring with intralesional record-

ngs (Chassoux et al., 2000; Tassi et al., 2002; Francione et
l., 2003) have documented almost continuous spiking
nd epileptogenic zone localisation within type IIb
CD. Discrepancies between sEEG/intralesional and
ubdural recordings in detecting abnormal activity
rom FCD might be related to different sensitivities
f each technique, as they target different parts of

he lesion. Depending on the location and configu-
ation of FCD, subdural electrodes may not detect
bnormal activity arising from within the lesion and the
eeper parts of the lesion, as they provide only superfi-
ial coverage of the cortical surface. Depth electrodes
pileptic Disord, Vol. 13, No. 4, December 2011

ight therefore be more advantageously placed to
ample abnormal activity in such cases, albeit with a
ompromise for superficial coverage, especially with
xtensive lesions.
nterictal EEG-fMRI studies in a, as yet, limited number
f FCD cases have consistently reported BOLD signal

ncreases within the FCD and variable effects in adja-

g
H
C
K
D
U
a
N

Positive outcome of limited FCD resection

ent or remote cortical regions, including decreases
r no changes at all from peri-lesional adjacent cortex

Federico et al., 2005) or signal increases in adjacent
r remote functionally connected or non-connected
egions (Tyvaert et al., 2008). In this regard, it is impor-
ant to note, based on the ictal EEG-fMRI of our case,
he co-activation of both sensorimotor strip and the
nterior-lateral part of the lesion which was not highly
ctive during subdural ECoG recordings. This area was
rossly included in the resection, and this may be
ossibly related to the positive outcome. Ictal EEG-

MRI might be helpful, in this regard, for shaping the
imits of resection, by revealing epileptogenic cortex
ot clearly appreciated or not covered by intracra-
ial electrodes. This should be verified in prospective
tudies.

e certainly do not suggest that surgery should be
erformed for every case of FCD, even if only partial
esection is feasible. We stress that the most significant
actor predictive of a better outcome, i.e. feasibility
f complete resection of lesion and epileptogenic
one, should guide the presurgical evaluation pro-
ess and the surgical strategy. We have found our
ase to be instructive in two respects. First, even
eemingly fully resectable FCD (by MRI criteria) may
ltimately prove more complicated with regards to

he organisation of the epileptogenic zone, especially
n the vicinity of eloquent cortex, often resulting in
n inability to fully resect the epileptogenic substrate.
econd, our case provides clues that EEG-fMRI might
e helpful in revealing, pre-operatively, epileptogenic
reas distant from the principal MRI lesion and thus
id the assessment for an optimal resection, as well
s guide intracranial electrode placement and shape
he limits of resection if an invasive investigation is
ecided. �
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Addendum: methods
Thirty-two-channel video-EEG signals were AC
recorded, amplified by x1000 (Pro Amp, LaMont
Medical Inc., Wisconsin, USA), band-pass filtered
at 0.1-500 Hz, digitised at 16-bits, sampled at 2 kHz
by Harmonie (Stellate, Montreal, QC, Canada), and
stored on hard disk along with concurrent video
streams. Invasive EEG recordings were performed
by the same system extended to 128 channels,
sampling the cortex through intracranial subdural
electrode grids (Dixi Microtechniques, Besançon,
France).

Functional imaging was comprised of gradient-echo
T2*-weighted single-shot echo-planar images (45
2.5 mm slices of 0.3 mm interslice distance, TE/TR:
45/4000 msec, 90o flip angle, FOV 240 cm2, 96 × 96
matrix, iPAT), acquired by a 1.5T Avanto scanner
(Siemens AG, Germany). Structural MRI T1 and
FLAIR sequences were sampled by the same MR
scanner. CT images were acquired by a Somatom
Definition scanner (Siemens AG, Germany). A 32-
channel MR-compatible electrode cap (BrainCap
MR, Easycap, Herrsching-Breitbrunn, Germany) was
used for EEG-fMRI, signals were amplified by x1500,
band-pass filtered at 0.01 Hz-1 kHz, digitised at
16-bit and sampled at 5 kHz by a MR-compatible
BrainAmp system (BrainAmp MR plus, Brain Pro-
ducts, Munich, Germany). Statistical Parametric
Mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm/)
was used for analysis, after pre-processing (realign-
ment to the mean by 2.5 mm B-Spline interpolation,
8 mm Gaussian kernel smoothing) at a threshold
of P < 0.001 (uncorrected). Overlap of functional
data was performed by means of MRIcron. Co-
registration of MR with CT was realised with Brain
Voyager QX (Brain Innovation, Maastricht, Nether-
lands).

Electrical Cortical Stimulation (ECS) was performed
by a Nimbus constant-current cortical stimulator
(Newmedic, Labège, France). Stimulation com-
prised of 50 Hz pulses for 5 sec at intensity steps of
1 mA (beginning from 1 mA) until clinical symptoms
appeared or after discharges.
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