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Abstract

Temporal lobe epilepsy (TLE) is an etiologically heterogeneous syndrome that constitutes the largest proportion of
refractory partial epilepsies. The most common substrates of TLE include focal cortical dysplasia (FCD) in children and
hippocampal sclerosis (HS) in adults, with significant overlap of lesion types across age groups. In contrast with the
developmental nature of FCD pathology, HS is considered a post-natally acquired condition. This paper highlights the
clinical and functional characteristics of each, with an introduction to their classification systems and relevant diagnostic
information. While the underlying precipitants of either pathology are not precisely known, some proposed causative
mechanisms are briefly reviewed, with additional discussion of combined FCD and HS vs. isolated lesions. Evidence for
the functional relationship between co-occurring temporal FCD and HS is reviewed, including mesial temporal pathology
as a secondary manifestation of seizure activity generated by the cortical lesion. It is postulated that childhood onset TLE
associated with diagnosed HS is likely linked with neocortical dysplasia as the true underlying pathology that has escaped
identification. Based on the epidemiology and diagnostic characteristics of these histological entities, it is hypothesized
that the actual prevalence of focal cortical anomalies in the general population is underestimated while the rate at which
FCD causes seizures is likely overestimated.
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Introduction cortical dysplasia (FCD) is one of most commonly identified
developmental malformations associated with intractable
pediatric epilepsy [9,10], and is frequently associated with
early seizure onset and neurological deficits [11]. A high
percentage of children with developmental malformations
of the temporal neocortex have additional pathology of the
hippocampus [12,13].

Recurrent seizures affect more than 470,000 children and
3 million adults in the United States [1]. Of all patients with
epilepsy, between 25 and 40 percent do not respond ade-
guately to pharmacological management and are thus con-
sidered refractory [2,3]. While those with seizures originating
from a focal area of the brain are at particular risk for phar-
macoresistance [4] they often benefit from surgical interven-
tion [5]. These benefits may include reduced seizure frequen-
cy or severity, improved cognitive and psychiatric outcomes,
and improved overall quality of life [6].
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be caused by a variety of brain pathologies. Temporal lobe
epilepsy (TLE) is the most common form of epilepsy [7] and
is etiologically heterogeneous. Adult temporal seizures most
commonly arise from acquired damage to mesial temporal
structures [8], while children may have either an underlying
developmental lesion or postnatally acquired injury. Focal
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Pathological Substrates

Hippocampal sclerosis

Also called mesial temporal sclerosis or Ammon’s horn
sclerosis, hippocampal sclerosis (HS) is the most commonly
identified etiology of refractory seizures in adults [14]. Alter-
ations to the normal hippocampal structures include neuro-
nal loss with resultant atrophic changes, and gliotic scarring.
In contrast to adults, HS in children with TLE is rarely found
isolated from other pathologies [15]. In a pediatric surgical
series of 136 TLE patients aged 3 months to 20 years, only
15% had HS [16]. The majority of HS seen in childhood is in
older adolescents, rather than younger children [16,17], and
although it does exist in younger children [13] the incidence
in infants is rare [15].

While the exact etiology is unknown [18], there is a
strong association between febrile convulsions in child-
hood and the later observation of HS [19]. Despite the lack
of known causative mechanisms, animal models of damage
to all hippocampal regions resulting from repeated kindled
seizures suggest that HS is an acquired lesion [20]. HS further
appears to be a progressive disorder, with greater severity of
pathology associated with earlier onset and longer duration
of seizures [21]. Gradual decreases in hippocampal volume
have been noted in patients with continued seizures [22],
likely related to uncontrolled inflammation caused by a cas-
cade of molecular and cellular events associated with ongo-
ing epileptiform discharges [23]. Wyler and colleagues [24]
described a grading system for the progression of hippocam-
pal sclerosis based on relative gliosis and neuronal cell loss:

e Grade |: Mild damage to CA1, CA3, and/or CA4, with less
than 10% neuronal loss.

® Grade ll: Moderate damage with 10 to 50% loss of neurons
(Figure 1).

® Grade lll: Severe damage with more than 50% neuronal
dropout, sparing CA2.

Figure 1: Mesial temporal lobe specimen revealing Hippocampal
Sclerosis with marked loss of neuronal cells and accompanying
gliosis throughout the layers of the cornu ammonis.

® Grade IV: Marked mesial temporal damage, including
greater than 50% cell loss involving all pyramidal cell
layers. May also involve the dentate, subiculum, and
parahippocampal gyrus.

More recently, an ILAE task force published a consensus
report that further refined HS subtypes based on specific
areas of cell loss and gliosis [25].

MRI evidence of HS includes volumetric loss, increased T2
signal, and loss of normal internal architecture [26] (Figure 2).
While MRI visibility of HS often predicts seizure intractability
[27], the severity of MR findings has not been directly
correlated with pharmacological resistance [28]. Watson and
colleagues [29] devised a volumetric MRI grading system for
HS, yielding high correlation with Wyler’s pathological grades.
This grading method is based upon comparison between the
measured volume of the epileptogenic hippocampus and
that of the non-involved side. Although such volumetric
measurement requires manually defining structural contours
due to the complexity of the hippocampal formation, it allows
for pre-operative estimation of HS severity.

Focal cortical dysplasia

FCD is a derangement of neuronal structures within the
cortical tissue resulting from aberrant growth, migration,
and/or proliferation of neural cells during the embryological
stages of brain maturation [30]. Most noteworthy are archi-
tectural changes and disruption of columnar arrangement,
with notable disruption of axonal alignment. Although show-
ing some degree of correlation with adverse prenatal or peri-
natal events [31] FCD’s appear to have less association with
prenatal trauma history or genetic predisposition than other
types of cortical malformation [32]. However, due to histolog-
ical similarities between the balloon-cell FCD subtype and ge-
netically-based syndromes such as Tuberous Sclerosis Com-
plex, and notwithstanding differing clinical manifestations, a

Figure 2: Right-sided hippocampal sclerosis with increased signal
and atrophy of the hippocampal body.
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Figure 3: Scattering of neocortical neuronal cells with an increase
in the number of neurons in the white matter that causes blurred
appearance of the gray-white junction in FCD (100 x magnifica-
tion).

relationship between these pathologies has been suggested
[33]. While data regarding the nature of dysplastic lesions
continues to accumulate, much remains unknown about the
mechanisms underlying FCD formation, with the possibility of
multifactorial routes or multiple pathogenic processes that
result in only a handful of terminal manifestations.

FCD pathology is identified by microscopic findings of
disrupted laminar organization and abnormal neuronal mor-
phology (Figure 3). While MRI findings typically include corti-
cal thickening, blurring of the gray-white interface, and signal
changes in the underlying white matter, FCD lesions vary in
their visibility on MRI [34]. Although aberrant tissue is often
visible on high-quality MR, many cases of FCD may remain
undetectable by conventional imaging. Studies of cases with
histologically proven FCD but no perceptibility on MRI sug-
gest an occurrence rate ranging from 34% [35,36] to 42%
[37]. Cortical dysplasia is generally best visualized on fluid-at-
tenuated inversion recovery (FLAIR) sequences [38] but de-
tection may be better with higher magnet field strength (e.g.,
7-Tesla) [39].

Taylor and Falconer recognized FCD as an underlying
cause of seizures nearly half a century ago when they discov-
ered disorganized cortical neurons and large, bizarre-shaped
cells in ten epileptic patients [40]. Since then, considerable
progress has been made toward understanding dysplastic
changes to cortical tissue. Numerous studies have identified
FCD as the most prevalent underlying cause of epilepsy with-
in the temporal lobe [12] and other brain regions in children
[41]. In 2004 Palmini, et al. documented the consensus of an
expert panel based on specific variants of neocortical archi-
tecture and cellular histopathology [42]. Their proposed tax-
onomy comprised two major histological FCD divisions: Type
| lesions include those with dyslamination of neocortical
neurons with minor cellular abnormalities, while the major
defining feature of type Il is dysmorphic neurons or balloon
cells. Each major type has two subdivisions (a and b). Type la

Figure 4: Architectural disarray of the cortex with enlarged and
mildly dysmorphic ganglion cells and gliosis that typifies focal
cortical dysplasia type Il (400 x magnification).

FCD includes isolated architectural abnormalities of the cor-
tical layers and |b adds immature neurons (either “giant cell”
or small diameter). Type Il also includes architectural abnor-
malities, with lla featuring the addition of dysmorphic neu-
rons, and type llb including both dysmorphic neurons and
eosinophilic balloon cells [35,42] (Figure 4). Figure 5 graphi-
cally summarizes the Palmini classification system. More re-
cently, Blumcke and colleagues [43] proposed a somewhat
more expansive taxonomy that includes standalone FCD’s as
well as those occurring in tandem with other epileptogenic
lesions (see combined pathology). They also added a third
type | category, which contains abnormal lamination in both
tangential and radial directions; however, unlike types la and
Ib, type Ic does not occur in combination with any other pa-
thologies. Barkovich’s classification system [44,45] includes
a wider range of developmental cortical malformations be-
yond FCD, such as lissencephaly, heterotopia, and schizen-
cephaly [46].

Although the general mechanisms underlying the forma-
tion of FCD remain largely unknown, there is some evidence
of links to cortical injury during the later prenatal stages of
cortical maturation [46]. Differences between FCD subtypes
are believed to result from varied ontological timing during
neuronal migration or differentiation [44]. Some subtypes
have also demonstrated regional associations within the cor-
tex: Dysplasia within temporal areas is typically type | [47],
while type IIB malformations with balloon cells (also known
as “Taylor-type” cortical dysplasia) are most often in extra-
temporal regions, particularly the frontal lobes [36,48,49].

In general it is difficult to differentiate between FCD
subtypes based solely on MRI features [50]; however, various
imaging features have been identified across subtypes. At
least one study has found better MRI imaging of Type Il than
Type | FCD [35] while others have shown equivalent visibility
between subtypes [51]. Type Ilb FCD may be more apparent
on imaging than the other subtypes because balloon cells tend
to generate greater signal change on MRI than dysmorphic or
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Figure 5: Characteristics of the four Palmini FCD subtypes, including major histopathological and radiological features.

Figure 6: Left hemisphere FCD, particularly in the temporal lobe,
with diminished arborization of the temporal neocortex and
blurring of the gray-white junction. Left sulcal prominence is
indicative of lobar atrophy, a common feature of type | FCD.

immature cells [52]. Krsek and colleagues [35] demonstrated
that blurring of the junction between gray and white matter
as well as the appearance of cortical thickening were much
more evident on MRI in FCD type II, with lobar hypoplasia or
atrophy more commonly observed in type | (Figure 6). In their
surgical series, FCD type Ilb lesions were more often restricted
to a single lobe than were the other FCD subtypes [35].

FCD lesions are intrinsically Epileptogenic [53,54] and

often lead to high seizure burden [30]. On the whole,
dysplastic cortex is more conductive and hyperexcitable than
normal brain tissue [55]. While dysplastic tissue embedded
within integrated neural networks maintains some degree of
functionality [56,57], neuronal tissue with abnormal cellular
architecture is not as efficient as healthy brain tissue. Even
at best, functional networks that include dysplastic areas
underperform their healthy counterparts [58]. Blurring of
the gray-white junction seen on MRI has been associated
with cognitive morbidity [59], and the nature of cognitive
alterations depend more upon lesion location and extent than
involved FCD subtype [37]. While the electrophysiological
properties of FCD’s do vary based on their histopathology [53]
(e.g., the balloon cells found in type llb are electrically silent
[60]), subtype does not appear to influence overall degree of
epileptogenicity [35].

Combined pathology

As implied by the label, “dual pathology” denotes the
presence of more than one type of defect. Blumcke type
Il cortical dysplasia includes FCD combined with various
epileptogenic lesions, including HS (type llla), glioneuronal
tumors (type llIb), vascular malformations (type llic), and
other lesions acquired in early life (type llid) [43]. For
purposes of the current paper, discussion has been limited
to hippocampal sclerosis in tandem with FCD [61], consistent
with type Illa (Figure 7).

Combined HS and FCD pathologies are frequently detect-
ed in epilepsy surgery patients, but the incidence varies with
population selection criteria. Overall studies of pediatric pa-
tients with TLE have revealed dual pathology in 58 to 79% of
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Figure 7: Dual pathology of the right temporal lobe, with in-
creased signal and atrophy of the hippocampus, as well as blur-
ring of the margin between gray and white matter of the tempo-
ral neocortex.

surgical patients [12,13]. Although temporal dual pathology
in children typically consists of FCD and HS within the same
temporal lobe [62] a large percentage of children and ado-
lescents with histopathologically confirmed FCD have evi-
denced an additional pathology regardless of lobar location
of dysplasia [35]. In pediatric cases with early seizure onset
and confirmed FCD, 27% to 40% demonstrated co-occurring
HS irrespective of lobar localization of seizure activity [36,62];
in a similar sample based on MRI evidence of FCD limited to
the temporal lobes, this jumped to 87% [63]. Adults tend to
evidence a lower incidence of combined pathology than chil-
dren. In a surgical series of 33 adults with TLE, the majority
had isolated HS, with only 48% evidencing dual pathologies
[64]. However, MR spectroscopy in adults with known neo-
cortical epileptic lesions (both temporal and extratemporal)
has revealed subtle hippocampal abnormalities, even in the
absence of gross hippocampal pathology detectable with MRI
[65]. This evidence supports an etiological theory of dual pa-
thology whereby damage to hippocampal structures may be
secondary to repeated seizures originating from neocortical
epileptic foci [63] although it would appear to be more appli-
cable to pediatric than adult-onset TLE.

In a majority of patients with TLE, interictal focal slowing
and EEG spikes correlate well with structural abnormalities
detected by MRI [66]. In temporal lobe dual pathology, ep-
ileptic activity may be generated by the neocortical lesion,
mesial temporal lesion, or both. In cases for which scalp EEG
data does not sufficiently localize the seizure focus or is dis-
cordant with other findings, invasive EEG with placement of
subdural or depth electrodes are often used and have re-
vealed localized patterns of epileptogenic activity associated
with dual pathologies. In twelve children and young adults
with temporal lobe dual pathology, seizure activity originated
from the mesial temporal area in 41% and from the tempo-
ral neocortex in 35%, while 22% demonstrated simultaneous
discharges [67].

Epidemiological and Surgical Considerations

FCD is now known to be the cause of many epilepsies
that were previously labeled as “cryptogenic” or having
a suspected underlying basis that could not be identified.
Although knowledge of cortical malformations has expanded
greatly in the last two decades, the true prevalence of FCD’s
and incidence of epilepsy in those with such malformations
remains unknown due to ascertainment bias and sampling
errors. With the exception of isolated studies of normal
volunteers, data is limited primarily to those who present
with seizures or related issues. Since most individuals will
never have cause for a brain MRI, much less a biopsy, the
actual prevalence of focal cortical anomalies in the general
population is likely underestimated. This idea is further
supported by an increase in the reported prevalence of FCDs
coinciding with improved imaging technology [68]. Likewise,
ascertainment bias also leads to probable overestimation
of the rate at which FCD’s actually cause seizures; since our
knowledge of individuals with FCD comes almost exclusively
from an evaluation prompted by the presence of seizures,
there may be many people with benign FCD producing no
overt symptoms.

The high correlation between febrile convulsions in in-
fancy and later findings of hippocampal sclerosis [69,70] also
carries the implication of the febrile seizure as a precipitating
event leading to subsequent HS development. In rat models
with induced febrile convulsions, the presence of dysplastic
cortex has been shown to increase the risk of later epilepsy
by augmenting the effects of the febrile seizures upon hip-
pocampal neurons [71]. Human data also suggests that early
febrile convulsions in human infants may reflect pre-existing
brain disease related to later evolution of partial seizures
[72]. Along with very rapid seizure spread from neocortical
to mesial temporal regions [73], this evidence is consistent
with the relationship between HS and early febrile events in
patients with temporal FCD [62,74], but without correlation
to the degree of hippocampal atrophy [75]. Thus, the hippo-
campal component of temporal lobe dual pathology could be
the consequence of seizure activity starting in hypersynchro-
nous neocortex and propagating to the mesial temporal area,
thereby inducing structural changes in the hippocampus that
makes it more susceptible to epileptogenic activity [62,65].

Furthermore, because type | FCD predominates within
the temporal lobe and tends to be less visible on MRI than
type I, the neocortical component of a combined temporal
pathology may escape detection in the absence of resection
or biopsy to provide histopathological confirmation. Coupled
with the high frequency of combined HS and FCD pathology
(e.g., type Illa) in children with intractable seizures, this
raises the possibility that many, if not almost all, cases of
pediatric TLE diagnosed as isolated HS may actually be a dual
pathology in which the dysplastic neocortical component
has not been identified. Despite evidence suggesting that HS
arises secondary to cortical epileptogenic tissue, we cannot
presently rule out a common underlying cause of lesions
within both the neocortical and mesial temporal regions.

Surgical intervention has been shown superior to the
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prolonged pharmaceutical treatment of intractable temporal
lobe epilepsy [76]. The ideal surgical resection strikes a
balance between removing enough epileptic tissue to provide
seizure control without harming eloquent cortex and creating
a functional deficit, but the nature of dysplastic tissue makes
this particularly challenging. In surgical series of FCD lesions,
seizure freedom has varied from 50 to 72 percent of patients
[77-80] regardless of FCD subtype. Although a number of
surgical series have demonstrated greater overall reduction
of seizure burden among individuals with type Il pathology,
[35,81-83] one study found better type | outcomes [84] with
others showing little [85] or no difference [78] between type
I and Il FCD. In patients with dual pathology of the temporal
lobe, resection of both the sclerotic hippocampus and
neocortical lesion has resulted in greater seizure freedom
than resection of the individual lesions [86-88]. Furthermore,
dual pathology TLE outcomes are less favorable for cases in
which the EEG and MRI data cannot be clearly interpreted
[87].

While good surgical outcomes are associated with “com-
plete resection” of the epileptogenic zone [31,41,58] the
boundaries of dysplastic lesions can be particularly difficult
to determine [89], especially with normal-appearing anatom-
ical MR imaging. Even in “lesional” cases of FCD, the epilep-
togenic zone, conceptualized as the area of cortex that must
be resected to produce seizure freedom [90], can be difficult
to identify. Because dysplastic tissues have altered morphol-
ogy or dispersion of individual neurons, and disorganization
of neuronal layers [91], this zone is often larger than the area
of dysplastic tissue typically visualized on MRI [52]. In cases of
MR-negative FCD, delineating the epileptogenic zone may re-
quire invasive electrophysiological recording (i.e., electrocor-
ticography and stereo EEG) as well as advanced neuroimaging
techniques (i.e., SPECT, FDG-PET) to aid in the determination
of appropriate resective boundaries [92,93].

Conclusions

Recent improvements in neuroimaging and histopatho-
logical techniques have given rise to a plethora of research
focused on the pathologies underlying TLE; this explosion of
knowledge has in turn facilitated improved surgical outcomes,
yet numerous questions have yet to be resolved. While the
precise etiology of HS remains unknown, it continues to
be recognized as the most common pathology underlying
adult-onset epilepsy and is generally accepted as a postnatal-
ly acquired condition. Conversely, histological characteristics
of FCD evidence clear origins within the embryological period,
although the precise causative factors remain undefined. Fi-
nally, emerging evidence suggests that co-occurring FCD and
HS within the temporal lobe may be functionally interrelated
rather than independent pathologies. Since milder forms of
FCD may not be visible on magnetic resonance images (“MRI
negative”), additional epidemiological studies of type Illa dual
pathology are likely benefit from histological ascertainment
of neocortical tissues and consideration of specific hippocam-
pal changes (e.g., volumetric and spectroscopic changes, as
well as alterations to internal architecture).
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