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MALFORMATIONS OF CORTICAL DEVELOPMENT —CLASSIFICATION AND DIAGNOSIS

Electrophysiology of the focal cortical dysplasias
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Partial epilepsies associated with focal cortical dyspla-
sias (FCDs) can be singled out among the medically
refractory epilepsies as an exceptionally severe type of
neocortical epilepsy (Semah et al., 1998). The main rea-
sons are that FCDs are intrinsically epileptogenic (Palmini
et al., 1995; Dubeau et al., 1998) and the lesions display
several clinical and electrophysiologic surrogates of hype-
rexcitability (Lerner et al., 2009). Adding to these, a some-
what novel concept proposes that dysplastic networks also
display inhibitory properties that may be disrupted
through a number of mechanisms, including partial resec-
tion and peripheral stimulation, resulting in severe, uncon-
trolled seizures. We review these peculiar aspects of the
epileptogenicity of FCDs, with an emphasis on the role of
electrophysiology as a generator of insights about the
underlying mechanisms.

THE CONCEPT OF INTRINSIC
EPILEPTOGENICITY OF FCDs

The surgical treatment of neocortical partial epilepsies
has received a considerable uplift with the advent of mag-
netic resonance imaging (MRI). Despite this, the major con-
cept of an epileptogenic area surrounding cortical scars or
tumors has remained until the mid-1990s. This was a
time-honored idea formalized by Penfield and Jasper, who
proposed that neurons surrounding neocortical lesions had
disrupted morphology and function, and were prone to
hypersynchronize and lead to seizures (Penfield, 1958).
Inseparable from this conceptualization were electrocorti-
cography (ECoG)recordings showing spikesin these perile-
sional regions (Penfield, 1958). The weight of this evidence
was such that the concept that epileptogenicity in neocorti-
cal lesions depended on perilesional neuronal dysfunction
hasbeen amajortenetinepileptology (Palmini, 2006).

The identification of FCDs through MRI and the correla-
tion between these lesions and acute ECoG or stereo-EEG
(electroencephalography) recordings has led to modifica-
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tion of the concept of perilesional epileptogenicity. The
finding that electrographic recordings over (Palmini et al.,
1995) or inside (Chassoux et al., 2000) macroscopic and
microscopic dysplastic lesions displayed highly epilepto-
genic potentials challenged the classical view: Epileptoge-
nicity was not restricted to perilesional cortex but could
indeed be generated within lesions—in this case, dysplastic
lesions. Support for this concept of intrinsic epileptogeni-
city comes from the fact that epileptic discharges recorded
from FCDs are extremely active, presenting virtually
unique electrophysiologic manifestations (see subsequent
text). Once this concept was established, interest in other
aspects of the epileptogenicity of FCDs was increased,
particularly concerning the hyperexcitability of these lesions.

EVIDENCES FOR HYPEREXCITABILITY
OF DYSPLASTIC LESIONS

Refractoriness of seizures

FCDs represent the most prevalent etiology for medi-
cally refractory neocortical partial epilepsies (Lerner
et al., 2009). With the increased identification of dysplas-
tic lesions on MRI came the realization that patients with
FCDs are usually refractory to antiepileptic drugs (Semah
et al., 1998; Lerner et al., 2009). Such understanding, in
turn, has led to a high degree of suspicion that an FCD is
the etiology of medically refractory neocortical epilepsies
when MRI is normal. The Ilatter concept has been
advanced in recent years, on account of (1) the fact that
most other etiologies of neocortical epilepsies are identi-
fied on MRI, (2) FCDs can be microscopic (or MRI-nega-
tive), that is, may not be identified even through high-
resolution MRI (Najm et al., 2007; Krsek et al., 2008), and
(3) intracranial electrophysiologic recordings in patients
with MRI-negative neocortical epilepsies often disclose
focal regions of continuous spiking which prove, on histo-
pathologic examination, to harbor a dysplastic lesion
(Palmini et al., 1995; Chassoux et al., 2000).

Generalized and partial status epilepticus/epilepsia
partialis continua

Status epilepticus is a medical emergency, usually
related to acute infectious, traumatic, or vascular brain
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insults or when the serum levels of antiepileptic drugs fall
acutely (Duncan et al., 1995). This medical emergency is
rare in the context of fixed cortical lesions. Interestingly, a
number of patients with FCDs present episodes of general-
ized status epilepticus (Palmini et al., 1991) and an even
higher proportion present with prolonged bouts of partial
motor seizures, particularly focal myoclonus, characteriz-
ing epilepsia partialis continua (EPC) (Fusco et al., 1992).
This tendency to present continuous myoclonus, usually
refractory to antiepileptic drugs, is regarded as another
evidence of the increased excitability of the dysplastic
cortex. Among the FCDs, those harboring dysplastic neu-
rons and/or balloon cells (type II FCD; Palmini et al.,
2004) appear to be the ones with a higher incidence of
EPC. These type II FCDs tend to cluster around perirolan-
dic regions and display markedly abnormal distribution of
excitatory amino acid receptors (see subsequent text)
(Spreafico et al., 1998; Najm et al., 2007).

Dysplasia-associated reflex seizures

Reflex seizures are understood as hyperexcitable
responses of sensorimotor cortical tissue to specific types
of afferent volleys. Several epileptic syndromes present
with reflex seizures, mostly related to genetic or destruc-
tive etiologies. FCD is a nongenetic, nondestructive etiol-
ogy particularly related to the occurrence of reflex
seizures (Palmini et al., 2005). Most likely, this reflects
the increased excitability of these lesions.

Highly epileptogenic electrographic patterns

The same electrophysiologic findings that prompted the
concept of intrinsic epileptogenicity of FCDs provide
clear evidence for the extreme hyperexcitability of these
lesions. Scalp EEG, acute and chronic ECoG, as well as
depth electrode recordings all show highly epileptogenic
patterns, which present as (1) continuous, rhythmic or
semirhythmic spikes (Fig. 1 A,B), (2) paroxysmal bursts of
high frequency spikes, or even (3) recurrent electrographic
seizures (Palmini et al., 1995; Gambardella et al., 1996;
Chassoux et al., 2000). In particular, the continuous rhyth-
mic spiking suggests that an intradysplastic pacemaker
operates in a self-sustained, hyperexcitable, unstoppable
fashion. Beyond suggesting a high degree of epileptoge-
nicity, these three electrographic patterns are invaluable to
delimit the epileptogenic zone and plan surgical resection.
When restricting the analysis to type II FCDs, more than
80% of patients present one or more of these electrograph-
ic patterns, which can be conceived as the electrophysio-
logic surrogate of the underlying pathology (Palmini
et al., 1995; Chassoux et al., 2000).

Basic science data

MRI advances and a higher degree of clinical suspicion
have increased the incidence of discovered FCDs in epi-
lepsy investigations. This has kindled the interest of basic
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researchers in unveiling the mechanisms of epileptogenic-
ity in these lesions. Animal models of malformations of
cortical development (MCD) and human dysplastic tissue
resected at surgery have been used in basic science stud-
ies. Abnormal distribution and molecular composition of
excitatory amino acid receptors probably lead to an
increase in excitatory N-methyl-p-aspartate (NMDA)—
mediated activity and bursts of evoked spikes in animal
models of MCD (Calcagnotto & Baraban, 2005) and in
FCD tissue (Spreafico et al., 1998; Najm et al., 2007).
Furthermore, immunohistochemical studies of specific
subregions of resected tissue show differential distribution
of excitatory receptors in different parts of the lesion
(Najm et al., 2007). The relevance of these findings for the
understanding of the epileptogenicity of FCD and surgical
planning is only beginning to be explored.

PuzzLING FINDINGS SUGGESTING
PROMINENT INHIBITION IN
DysPLASTIC NETWORKS

The findings described earlier have led to the concept
that FCDs are intrinsically and highly epileptogenic
lesions. It is difficult to think otherwise given the high sei-
zure frequency, frequent occurrence of EPC, high degree
of refractoriness to antiepileptic drugs, and high incidence
of continuous epileptogenic discharges from the cortical
surface. However, a number of observations in the last
years, coupled with basic science data, suggest that FCDs
may harbor strong inhibitory components, which may be
disrupted in specific circumstances, including peripheral
stimulation and surgery.

Spatiotemporal restriction of intensely epileptogenic
phenomena

Undoubtedly, the occurrence of highly epileptogenic
phenomena including the frequent presentation of EPC
and of continuous spiking and other epileptiform ECoG
patterns (Fig. 1B) point to hyperexcitability in FCDs.
Interestingly, however, intense as they are, these abnor-
malities are restricted to focal seizures and localized, non-
progressive interictal phenomena. One could argue that
EPC in the form of epileptic myoclonus occurring inter-
mittently or continuously without progressing toward
more intense partial motor seizures may indicate that
inhibitory mechanisms within the rolandic cortex prevent
progression of these seizures. In other words, there may be
inhibitory mechanisms preventing the spread of epileptic
activity to other neuronal pools within the rolandic
region—which could lead to more intense motor sei-
zures—and also the propagation of this activity outside
the central strip, leading to variable degrees of generaliza-
tion of the epileptic seizures. Furthermore, the protracted
trains of rhythmic, virtually continuous spikes recorded
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Figure I.

(A) Axial fluid-attenuated
inversion recovery (FLAIR)
magnetic resonance imaging
(MRI) of a 17-year-old boy
with refractory partial motor
seizures. Note that the
“hand knob” in the dysplastic
region (circled) is markedly
different from the normal
side (arrow). (B) Run of
continuous semirhythmic
electrocorticography
(ECoQ) spikes. This
abnormality was unabated
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from the dysplastic lesion, failing to progress to the full
blown recruiting—derecruiting pattern of partial seizures
could also be regarded as indicative of enhanced inhibi-
tion. In all likelihood, these intrinsic mechanisms interact
with those operating to stop seizures in general (Lado &
Moshé, 2008) to control the spread of epileptogenicity
generated in the dysplastic cortex.

“De novo’’ epilepsia partialis continua following
resection

We recently described three patients with medically
refractory EPC who after months seizing were taken to
surgery as a desperate measure (Palmini et al., submitted).
Although continuous motor seizures were strictly unilat-
eral for several months before operation, EPC reemerged
in the contralateral hemibody 48 h after complete resec-
tion of the central cortex in one patient and 1 year later in
the other two. Two of these patients, previously normal
young females, were reported in an abstract in which we
stated the total unexpectedness of such outcome, which
led to the death of one patient and a severe encephalopathy
in the other (Silva et al., 1995). All three patients had FCD
type II on histopathology, despite the fact that 1.5T MRI
was negative in two.

The fact that seizures emerged de novo from cortical
tissue that had never produced seizures suggests that resec-
tion of dysplastic tissue in one rolandic area “‘disinhibited”
a potential, secondary epileptogenic zone, in the homolo-
gous region of the contralateral hemisphere. Should this
reasoning prove correct, it follows that inhibitory mecha-

nisms were probably operative within a network involving
both rolandic regions. Such a network was disrupted by
resecting the primary abnormality that interfered with an
inhibitory equilibrium and led to seizures from the other
side. This was a most malignant outcome, because the ori-
ginal surgery involved complete resection of the motor
cortex on one side (Palmini et al., Palmini A, Andermann
F, Paglioli E, Dubeau F, Costa da Costa J, Olivier A,
unpublished data).

“De novo”” EPC following peripheral trauma

Another recent observation involved a 50-year-old man
operated 10 years earlier for temporal lobe epilepsy asso-
ciated with right hippocampal sclerosis and mild atrophy
of the right hemisphere. He had a favorable outcome, with
rare seizures, but reporting the persistence of the aura he
had before operation, a feeling of paresthesias in the left
hand. This aura was considered atypical for his temporal
lobe epilepsy. Ten years after surgery, he sustained a small
penetrating injury in the dorsum of the left hand and the
following day developed continuous myoclonus in that
hand. EPC could not be stopped by any combination of
antiepileptic drugs or by local anesthetic block. General
anesthesia, however, stopped the myoclonus and the
patient was taken to epilepsy surgery under local anesthe-
sia. ECoG displayed repetitive, continuous, semirhythmic
spikes in the right sensorimotor cortex, in a pattern consis-
tent with FCD (similar to that of Fig. 1B). Resection of the
sensory strip and the posterior bank of the motor cortex in
the depth of the central sulcus led to complete cessation of
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the myoclonus and disappearance of the ECoG spikes.
Histopathology showed a FCD type IB with cortical
dyslamination and immature neurons. The patient had a
paresis of the hand in the immediate postoperative period
that resolved completely in the ensuing weeks.

The emergence of continuous epileptic myoclonus orig-
inating from the cortical sensory regions receiving affer-
ent volleys from the injured left hand suggests disruption
of an inhibitory equilibrium in a cortical dysplastic
network. The abrupt onset of continuous seizures follow-
ing the injury set this patient apart from others in whom
epilepsy with occasional seizures began after different
types of peripheral injury (Spiller et al., 2005). Although
the mechanisms involved in the disinhibition of dysplastic
networks by intense afferent stimuli are unknown, they
are probably related to those operant in patients of malfor-
mations of cortical development who present reflex
seizures (Palmini et al., 2005).

Basic science data

Despite the predominant focus of basic research on
excitatory mechanisms in FCD, a number of studies have
lent support to the notion that inhibition may (also) be
increased in these lesions or at least in neuronal networks
involving dysplastic tissue (Calcagnotto et al., 2005; Najm
et al., 2007). For instance, a significant increase in the
decay-time constant for evoked and spontaneous inhibitory
postsynaptic current was found in human dysplastic tissue,
likely reflecting a decrease in transporter-mediated y-am-
inobutyric acid (GABA) reuptake function (Calcagnotto
etal.,2005). Admittedly, these and other changes in inhibi-
tory transmission are part of a more general picture of
abnormal GABAergic function in dysplastic tissue. Never-
theless, the association of these findings related to inhibi-
tory transmission with the excitatory amino acid receptor
changes discussed earlier suggests that a mosaic of electro-
physiologic abnormalities contributes to the apparently
contradictory clinical findings suggestive of both enhanced
excitation and enhanced inhibition in FCD.
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