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Neurological manifestations
of tuberous sclerosis complex

Abstract CNS lesions of tuberous
sclerosis complex (TSC) are due to a
developmental disorder of neurogen-
esis and neuronal migration. MRI
studies provide excellent in vivo
demonstration of the various patho-
logic lesions. Symptoms of cortical
tubers may include seizures, mental
retardation, learning disabilities, and
abnormal behavior. Seizures have a
focal or multifocal origin, this clini-
cal feature depending on the local-
ization of the cortical tubers. Epi-
lepsy associated with TSC is often

intractable, but seizure control has
benefited from the introduction of
the new antiepileptic drugs. Care-
fully selected drug-resistant patients
can be assessed with intensive moni-
toring as candidates for surgical re-
moval of epileptogenic lesions. The
success of epilepsy surgery is predi-
cated on the clear identification of
epileptogenic foci.
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Introduction

Tuberous sclerosis complex (TSC) is one of the most com-
mon neurocutaneous syndromes, with an overall preva-
lIence of approximately 1 in 30,000 and a birth incidence
of 1 in 6,000 [26]. TSC is a multisystem autosomal dom-
inant disorder characterized by hamartias, or nongrowing
lesions, and hamartomas, which grow as benign tumors,
The most frequently affected organs are the skin, brain,
kidneys and heart. Sporadic cases account for about two-
thirds of all cases of TSC.

Genetic linkage studies performed on families segre-
gating TSC indicate that about half the cases are due to
TSCI, the gene on chromosome 9q34 and half are due to
TSC2, the gene on chromosome 16p13 [15, 27]. There
is no evidence for a third gene causing TSC. The 75C2
gene and its protein product, named tuberin, were recently
identified [14, 24]. The likely role of tuberin as a GTPase-
activating protein is consistent with its proposed function
as a tumor suppressor gene [29]. Identification of TSCI
has not yet been achieved, despite intensive efforts in many
laboratories. Recent findings also suggest a growth sup-

pressor-like activity for the TSC/ gene [5]. There are
no significant differences in the clinical phenotype asso-
ciated with TSCJ vs TSC2 disease, as defined by analysis
of families showing clear linkage to one or the other
chromosomal region. Furthermore, the high clinical vari-
ability within families in which a single mutation must
be segregating suggests that strong correlations between
a particular genotype and the clinical phenotype are un-
likely.

The diagnosis of TSC is not difficult in a patient with
the classic features of the disorder. Any one pathogno-
monic feature is sufficient to establish the diagnosis. These
include facial angiofibromas, multiple ungual fibromas,
multiple retinal astrocytomas, and histologically con-
firmed cortical tubers or subependymal nodule or giant cell
astrocytoma. Many other signs are less specific for TSC,
but a definite or presumptive diagnosis is allowed when
two or three features are present [19]. Even some of the
findings now considered pathognomonic must be viewed
with caution, because there are few population studies to
document their specificity for TSC or to allow an estimate
of their prevalence in the general population [28]. Because
of the wide variability of clinical expression and severity
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of TSC and the absence of a reliable molecular marker of
the disease, diagnosis can be difficult in patients with only
subtle manifestations.

Pathologically, TSC is a disorder of cell migration,
proliferation and differentiation [22]. Present evidence
suggests that the CNS lesions of TSC are due to a devel-
opmental disorder of neurogenesis and neuronal migration.
Two populations of neuroepithelial cells are generated
by the germinal matrix in TSC. One is a population of nor-
mal neuroblasts that form normal neurons and astroglia and
that migrate to the cortical plate, where they form histo-
logically normal cerebral cortex. The second is an abnor-
mal cell population that forms primitive cells, which often
fail to show clear neuronal and glial differentiation. Some
of these cells, named “neuroastrocytes,” remain in the
germinal matrix zone, where they form subependymal
nodules and giant cell tumors. Immunochemical studies
have demonstrated that cells in these lesions may have both
neuronal and glial markers [20]. Some neuroastrocytes
show partial migration, forming heterotopias in the sub-
cortical white matter. More highly differentiated cells
migrate to the cortical plate, where they form aggregates
of dysplastic cortex, the cortical tubers. Cells in tubers
share with those in subependymal nodules and giant cell
tumors the frequent absence of clear neuronal and glial dif-
ferentiation, showing features of primitive stellate neurons
with few dendritic spines [20, 22]. The findings of similar
cells at different sites, including the subependymal zone,
white matter and cortex, indirectly support the idea that
these lesions of TSC result from a migration abnormality.
MRI studies provide excellent in vivo demonstration of the
various pathologic lesions. An especially interesting find-
ing is the frequent demonstration of abnormal wedges of
tissue extending from the subependymal zone to the cere-
bral cortex, and including subependymal nodules, white
matter heterotopias and cortical tubers. These lesions pro-
vide compelling evidence of defective cell migration in
TSC.

Cortical tubers constitute the hallmark of the disease
and are pathognomonic of cerebral TSC. The neurologic
manifestations are variable. Symptoms of cortical tubers
include partial or generalized seizures, mental retardation,
learning disabilities, and abnormal behavior. Seizures are
the most common neurologic symptom of TSC, occurring
in 92% of patients in a large clinical series [18]. Epilepsy
associated with TSC is often intractable, but has benefited
from the advent of the new antiepileptic drugs. Newer
neuroimaging techniques have added to our understanding
of symptomatic epilepsies with structural lesions and to
strategies for presurgical evaluation of TSC children with
intractable epilepsy. Surgery will probably receive more
attention in the future; however, the success of epilepsy
surgery is predicated on the clear identification of epilep-
togenic foci [13].

Epilepsy

Epilepsy in TSC often begins during the first year of life
and, in most cases, in the very first months. At this time
the most common types of seizures are partial motor sei-
zures and infantile spasms. The high incidence of infantile
spasms and hypsarrhythmia has long been emphasized, but
it is now clear that infants with TSC are clinically and elec-
troencephalographically different from those with classic
infantile spasms and hypsarrhythmia [10]. In the same
child partial seizures may precede, coexist with, or evolve
into infantile spasms. Many forms of subtle partial sei-
zures, such as unilateral tonic or clonic phenomena mainly
localized in the face or limbs, and other seizures with sub-
tle lateralizing features, such as tonic eye deviation, head
turning, and unilateral grimacing, can occur frequently but
may be missed by the parents until the 3rd or 4th month of
life, when infantile spasms occur. The awake EEG at on-
set shows multifocal or focal spike discharges and irregu-
lar focal slow activity. Although foci can be located in any
region of the brain, the most common locations for focal
EEG discharges at the age of infantile spasms are the pos-
terior temporal and occipital regions in topographic cor-
respondence with MRI tubers [9, 12]. During sleep, an
increase in epileptiform activity is usually observed; the
multifocal abnormalities tend to generalize, resembling
hypsarrhythmia. Video-EEG monitoring and polygraphic
recordings of the infantile spasms have shown that the ic-
tal phenomenon is a single seizure. Each spasm consist of
a combination of both focal and bilateral manifestations.
The ictal EEG starts with a focal discharge of spikes and
polyspikes, often originating from the posterotemporal, ro-
landic, or occipital regions, followed by a generalized ir-
regular slow transient and an abrupt, diffuse relative flat-
tening of the EEG. Although the pathophysiological mech-
anisms responsible for the coexistence of infantile spasms
and partial motor seizures are still uncertain, infantile
spasms associated with TSC may be of a focal nature, sug-
gesting arapid secondary generalization of partial seizures.
This is not surprising given the presence of multifocal le-
sions, which act as epileptogenic foci in TSC.

The prognosis of infantile spasms is generally poor, and
a large majority of patients with infantile spasms at onset
later experience either simple partial motor or complex par-
tial seizures, or apparently generalized (tonic, atonic, and
tonic-clonic) seizures. Paroxysmal EEG abnormalities
may include unifocal spikes and spike-and-wave activity,
multifocal spike-and-wave, and bilaterally synchronous or
asynchronous slow spike-and-wave complexes. After 2
years of age, additional frontal or anterior temporal epilep-
tic foci progressively appear [10, 12]. During sleep the
EEG is characterized by multifocal frontally dominant ab-
normalities associated with bursts of bilateral and more
synchronous slow spike-and-wave complexes, often inter-
preted as Lennox-Gastaut syndrome. At this stage it is dif-
ficult to recognize any focal origin of these apparently gen-
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eralized abnormalities, but in our opinion these electroclin-
ical patterns should be considered to be examples of par-
tial epilepsies with secondary bilateral synchrony (SBS) in
the great majority of cases. The EEG features necessary
for the diagnosis of SBS are the presence of focal epilep-
tiform discharges followed within 100—200 ms by bursts
of bilaterally synchronous spike-and-wave complexes.
High time-resolution topographic EEG analysis and dipole
localization methods may detect SBS, often originating in
frontal regions and corresponding to prominent cortical tu-
bers detected by MRI in the mesial surface of the frontal
or anterotemporal lobes [11]. Differentiation between
symptomatic partial epilepsy with SBS and symptomatic
generalized epilepsy of the Lennox-Gastaut type is partic-
ularly difficult in patients with frequent and intractable
atonic seizures or drop attacks [16]. We found that atonic
seizures may result from secondary epileptogenesis in
these patients and may have a frontal cortical origin [30].
Single photon emission computed tomography (SPECT)
and positron emission tomography (PET) images reveal-
ing multifocal areas of cortical hypoperfusion or hypome-
tabolism suggest that these methods may also be useful
in distinguishing the two syndromes [6, 33]. This distinc-
tion is not of theoretical importance alone. Patients with
SBS may profit from callosal section, with relief of drop
attacks.

EEG mapping can often help to localize and describe
the epileptic foci with more precision, and is a supplemen-
tary tool in the presurgical evaluation of epileptic patients.
We have recently studied interictal epileptiform activity in
11 children with TSC and epilepsy, using spike voltage to-
pography and a computer-based dipole source localization
method [11]. At least 10,400-ms epochs containing one
paroxysmal discharge were computed for each subject, and
localization of equivalent dipole layers was attempted. We
studied the onset of the discharges in six patients with ap-
parently bisynchronous abnormalities with a sequence of
maps, using high time resolution. In all cases a lateralized
onset was found, with subsequent propagation to the con-
trolateral homologous regions with an average latency of
24 ms. Five children had a frontal and one had a temporal
localization, corresponding to the site of a prominent MRI
lesion. These findings support the concept that, in most
TSC children, apparently generalized spike-and-wave
complexes are of focal origin, with subsequent SBS. This
has important implications for the clinical management of
these patients. In our opinion, multifocal and apparently
generalized interictal EEG abnormalities and/or multiple
arcas of cerebral involvement should not automatically
preclude epilepsy surgery in a child with intractable epi-
lepsy and TSC.

The natural history of epilepsy in patients with TSC,
tends from infancy into childhood to be one of increasing
seizures frequency and severity, with poor response to anti-
epileptic drugs and a diminished quality of life because of
the seizures and adverse medication effects. In late child-

hood and early adulthood this pattern may gradually
change, often showing a spontaneous improvement in sei-
zure frequency. However, some of the lesions (i.e., mesial
frontal parasagittal tubers) are intrinsically epileptogenic
and associated with very severc seizures. Unfavorable
prognostic factors include onset earlier than 1 year of age,
presence of several seizure types (infantile spasms and par-
tial motor or complex partial seizure; drop attacks and atyp-
ical absences) multifocal discharges and/or SBS, and oc-
currence of new EEG foci during the evolution.

The choice of the proper antiepileptic drugs (AED) in
children with TSC is an important decision, since a grow-
ing body of evidence shows that it may play a part in pre-
venting future development of drug resistance. After the
introduction of many new AEDs drug selection has become
increasingly complex. The choice of AEDs should be based
on the type of epileptic syndrome. However, diagnosis of
the type of syndrome may be difficult at the onset in TSC
children. Vigabatrin (VGB) has demonstrated efficacy in
the treatment of infantile spasms, initially as add-on ther-
apy and subsequently as monotherapy [1]. This drug ap-
pears to work rapidly, usually in 3-8 days after the onset
of therapy. It is also appears to have considerably fewer
and less severe side effects than conventional treatments.
In our current practice VGB has replaced ACTH and so-
dium valproate as the first-choice treatment for infantile
spasms in TSC. Lamotrigine (LTG) is emerging as more
effective in generalized seizures, particularly atonic sei-
zures and atypical absences, and in Lennox-Gastaut
syndrome. Clinical data suggest that LTG is relatively non-
sedative and that has positive effects on cognitive perfor-
mances and behavior. Both VGB and LTG have demon-
strated efficacy in partial seizures. In our experience VGB
is effective mainly in partial epilepsies without secondary
generalization and originating from occipital and postero-
temporal regions [7]. By contrast, LTG is advisable in fron-
tal lobe epilepsies with SBS. In cases of intractability a
second monotherapy is recommended before polytherapy
is considered. Some TSC patients may benefit from the use
of a drug combination because the mechanisms of action
is thought to be complementary. When complex partial sei-
zures with SBS show clinical worsening during VGB treat-
ment, the addition of LTG may lead to improvement of the
seizures, alertness and school performance. In most pa-
tients with multifocal epilepsy or Lennox-Gastaut syn-
drome, total seizure control may be impossible. In these
patients the aim of the treatment should be to suppress the
more dangerous seizures (i.e., drop attacks that can cause
head trauma) without producing unacceptable adverse ef-
fects. In our experience no patient requires more than two
drugs, because seizure control is not significantly im-
proved with add-on and there is an increased risk of side
effects. Evaluation of behaviour and cognitive function is
as important as the evaluation of seizure frequency in TSC.
A decline in cognitive ability due to the persistence of
intractable seizures should lead to prompt consideration of
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epilepsy surgery. Clear localization of the most active epi-
leptogenic focus and of the zone of the cortical abnormal-
ity may lead to tuberectomy and improved seizure control
in selectively drug-resistant patients [2, 4].

Relationships between clinical and EEG findings and MRI

MRI has been reported to be more accurate than CT in de-
tecting and localizing the tubers, which appear as high-in-
tensity signal areas in T2-weighted images. Cortical tubers
detected by MRI represent the epileptogenic foci of TSC,
and a topographic relationship exists between EEG abnor-
malities and the largest MRI high-signal lesions [9]. MRI
lesions in the occipital lobes show the best correlation with
the EEG foci, whereas the weakest correlation is with fron-
tal lesions. The age at seizure onset and the age when epi-
leptiform activity becomes apparent on EEG depend on the
location of the cortical tubers detected by MRI and may
coincide with functional maturation of the cortex, with an
earlier expression for temporo-occipital regions than for
frontal ones. SPECT and PET show that functional activ-
ity reflecting brain regional cortical maturation increases
successively in different regions of the brain. Central, tem-
poral and occipital cortex become progressively mature
during the first months of life, whereas frontal cortex does
not reach high functional levels until the second year of
life. Therefore, it is not surprising that cortical lesions that
are associated with infantile spasms are not epileptogenic
later and that, in the same child, complex partial seizures
originating from a more anterior tuber may not begin for
a number of years. In TSC patients with intractable atonic
seizures, there is a strong relationship between the pres-
ence of frontal tubers, focal spikes in the frontal or fron-
topolar areas and SBS, which is more likely to occur in
frontal epilepsies than in other focal epilepsies. The pres-
ence of more than one focus in half of our patients sug-
gests that SBS may also result from a complex interaction
of multiple epileptogenic lesions. Patients with multiple
lesions may have a greater tendency to show hypsarrhyth-
mia at an early age, with subsequent development of mul-
tifocal slow spike-and-wave complexes.

However, it is well known that PET or SPECT may re-
veal hypometabolic or hypoperfused regions not predicted
by MRI, demonstrating that the disturbance of cerebral
function may be more extensive than indicated by morpho-
logic imaging [25]. Hypometabolic areas on PET without
any MRI correlate may be due to the presence of small tu-
bers. Tubers have been shown ultrastructurally to have sim-
plified synaptic patterns and therefore use less glucose than
surrounding brain tissue. Recently, fluid-attenuated inver-
sion recovery images have been shown to be more sensi-
tive for the detection of small subcortical and gyral core
tubers, most of which were overlooked or misdiagnosed as
the partial volume effect of the CSF on conventional T2-

weighted images [34]. These observations may explain
why the correlation between MRI and EEG findings is not
absolute.

An improvement in functional localization can be ob-
tained by combining EEG and magnetoencephalography
(MEG) signals. Whereas scalp EEG detects both tangen-
tial and radial sources, i.e., activity both in the sulci and in
the gyri, MEG selectively measures tangential sources, i.e.
activity in the sulci. Spatial resolution of MEG is about
one-third better than that of EEG, because magnetic fields
are not distorted by resistive properties of the skull and
scalp. Combining MEG data on brain function with MRI
data on brain structure, it is even possible to localize an
equivalent dipole layer in a zone corresponding to a corti-
cal tuber. A multimodal neurophysiological approach, in-
cluding computerized EEG topography and magnetoen-
cephalography, can give a better insight into the localiza-
tion sources and classification of seizures associated with
TSC, supporting the view that seizures are partial in most
cases, clinical features depending on the localization of the
cortical tubers.

Learning disabilities and mental retardation

Patients with TSC range from intellectually normal to se-
verely retarded. The prevalence of learning disabilities var-
ies from 38% to 80%, and when learning disability is
present, it tends to be moderate or severe in degree. Chil-
dren with infantile spasms and hypsarrhythmia are reported
to be more severely atfected than those with any other form
of epilepsy [18]. The question arises as to whether seizures
cause mental retardation or whether mental retardation and
epilepsy in children with TSC are two different aspects of
the same underlying brain dysfunction. The relationship
between mental functions and number of cortical lesions
detected by MRI has been investigated. Although there was
considerable variation in the mental functions of patients
with five or fewer cortical lesions, the development of all
patients with ten or more cortical lesions was severely im-
paired. Recently, no correlation has been found between
the severity of mental retardation and the number and size
of tubers, including small subcortical and gyral core tubers
detected only on fluid-attenuated inversion recovery im-
ages [34]. Curatolo et al. [10] have suggested that both
number and localization of cortical tubers play an impor-
tant part in mental outcome and that epilepsy and mental
retardation probably reflect the underlying brain dysfunc-
tion caused by the cortical tubers. Late-onset partial sei-
zures or transient infantile spasms were the only seizure
types observed in the nonretarded individuals. All the pa-
tients with favorable evolution of their epilepsy had nor-
mal psychomotor development before the onset of the first
seizure and usually had only one seizure type. Children
withnormal intelligence had small, isolated cortical tubers,
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mainly localized in the parietal and rolandic regions, and
less severe epilepsy. They may have had different specific
neuropsychological deficits related to the location of the
cortical tubers, even when the epilepsy was in complete re-
mission. By contrast, patients with stable mental retarda-
tion suffered from frequent partial seizures, developing
multifocal or secondary generalized epilepsy, and were
found on MRI to have multiple bilateral, strategically lo-
calized cortical tubers. Progressive mental deterioration
observed in TSC children with intractable seizures may
also be due to a heightened epileptogenicity of parasagit-
tal frontal tubers. Recently, Shepherd et al. [32] reported
that fewer tubers in the frontal regions might be a favor-
able predictor for mental development. In their series, TSC
patients with infantile spasms had more tubers than those
with other types of seizures, who in their turn had more tu-
bers than those without seizures.

Behavioral problems

In addition to mental retardation, multiple behavioral prob-
lems, including sleep disorders, hyperactivity, attention
deficit, aggressiveness, and autism, have been found in
children with TSC [10, 17]. Sleep disorders, such as night
waking, waking early, seizure-related sleep problems, and
excessive daytime sleepiness, are considered one of the
most common behavioral manifestations in children with
TSC. In a study on 300 children investigated by postal
questionnaire, Hunt and Stores [21] reported the presence
of sleep problems in 58% of children and seizure-related
sleep problems in 41%. Our findings [3] based on a poly-
somnographic study show a wide range of sleep abnormal-
ities in children with TSC, similar to those reported in chil-
dren with symptomatic partial epilepsy. The main pertur-
bations that characterized the sleep organization of TSC
patients were a reduced REM sleep, sleep instability, and
fragmentation by frequent awakenings. Children with sei-
zures show a more disrupted sleep architecture than sei-
zure-free children. Therefore, sleep disorders seem to be
mainly due to sleep-related epileptic events. Melatonin has
recently been reported as effective in improving the dis-
turbed sleep patterns of children with multiple neurologic
handicaps [23]. TSC children suffering from hyperactiv-
ity and attention deficit disorder and showing a delayed
sleep onset could benefit most.

An association of TSC and autism is based on the joint
occurrence of these two relatively rare disorders. The cause
of this association remains unknown. The majority of TSC
children reported as having autistic-type behavior had ex-
perienced infantile spasms and were mentally retarded,
raising the question of cognitive defects as a primary cause
of autism and behavior problems [8]. Although the patho-
genesis of autism in individuals with seizures and mental
retardation still remains a puzzle, it is possible that some

of the behaviors exhibited by children with TSC are organ-
ically determined and that autism, epilepsy, and mental re-
tardation are all different symptoms of the same underly-
ing brain dysfunction. Autism appears to be more common
in infants with frontal and parieto-temporal tubers, and it
has been suggested that an early dysfunction in the asso-
ciative areas owing to the location of cortical tubers may
be responsible for the autistic features [10]. An alternative
explanation is that this typical pattern of abnormal be-
havior seen in TSC, including aggresiveness, irritability,
stereotypy, and autistic behavior, reflects more direct
effects of an abnormal genetic program. If so, then TSC
appears as a dramatic linkage between a gene disorder and
discrete behavioral abnormalities. This opens a path for the
study and treatment of biological bases of behavior, a cur-
rent focus of neurosciences. The identification of genes
causing TSC will help us to improve the definition of tim-
ing and anatomic localization, including both regional and
cellular distribution of TSC gene expression and subcellu-
lar localizations of the TSC1 and TSC2 protein products
and their contribution to behavior. When the biochemical
abnormalities are better understood, a rational approach to
pharmacotherapy directed at the specific underlying neu-
rotransmitter systems may finally be developed.

Hydrocephalus
and subependymal giant cell astrocytomas

Hydrocephalus and brain tumors are two specific neurosur-
gical complications of TSC. Blockage of, usually, one
foramen of Monro or, more rarely, the acqueduct by a sub-
ependymal or intraventricular nodule or tuber localized in
these areas may result in obstructive hydrocephalus and in
symptoms of increased intracranial pressure. Another com-
plications is the neoplastic transformation of a previous be-
nign nodule into a giant cell astrocytoma. Subependymal
giant cell astrocytomas occur in 6—14% of TSC patients,
who present either with a worsening of epileptic manifes-
tations or with symptoms of intracranial hypertension [31].
Early identification of a giant cell astrocytorma enables it to
be removed before symptoms arise. Our patients have rou-
tine CT or MRI yearly. Those with a small tumor can be
followed up with more frequent MRI (every 3 -6 months),
but any evidence of progressive enlargement in size should
prompt surgery. Lesions usually, but not always, show
arrest of growth in late adolescence. Partial calcification of
the lesion may be a good prognostic indicator.

Concluding remarks

One of the most significant advances in the last few years
in the clinical study of localization-related symptomatic epi-
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lepsies has been the search for topographic correlations be-
tween seizure type and the epileptogenic zone. Prompt de-
tection and precise localization of lesions may lead to sur-
gical treatment and improved seizure control. Correlation
between cortical tubers detectetd by MRI and epileptogenic
areas is far from being definitive in TSC. One problem is
that the subtle focal onset of secondarily generalized sei-
zures may not be recognized, and seizures may be incor-
rectly diagnosed as generalized from the onset. The risk for
incorrect diagnosis is high in seizure types that are by defi-
nition generalized, such as infantile spasms, atypical ab-
sences, and atonic seizures. In these cases accurate topo-
graphic localization of epileptogenic foci by visual inspec-
tion of the tracing may be difficult when apparently bilater-
ally synchronous EEG abnormalities occur. Spike mapping

of the EEG may allow prompt recognition of the focal on-
set of apparently generalized bursts, revealing small inter-
channel time differences. Identification of dipole sources of
interictal spikes prove to be more accurate both in time and
in space than visual inspection of EEG tracings. The com-
bined use of topographic mapping of EEG and dipole local-
ization methods may provide important clues to the local-
ization of the epileptogenic areas, even in cases with appar-
ently synchronous spike-and-wave bursts, showing that such
patients may be candidates for epilepsy surgery. In the fu-
ture, mapping the results on a three-dimensional MRI re-
construction will allow more accurate localization of the
zone of the cortical focal abnormalities and help the surgeon
to perform individualized and conservative resections in
children with intractable seizures associated with TSC.

EEG findings. Neurophysiol Clin
18:149-157

(1994) Autistic behaviour and atten-
tion deficits in tuberous sclerosis: a
population-based study. Dev Med
Child Neurol 36:50-56
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