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Hold a baby to your ear
As you would a shell:

Sounds of centuries you hear
New centuries foretell.

Who can break a baby’s code?
And which is the older-

The listener or his small load?
The held or the holder?

E.B. White
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IntroductIon, AIms And outlIne of the thesIs

1
dIagnOSIS and COuRSE Of TubEROuS SClEROSIS 
COMPlEx
Tuberous Sclerosis Complex (TSC) is a multisystem disorder characterized by the growth 
of hamartomas in multiple organ systems.1, 2 The syndrome was described as early as 1835 
by Rayer,3 and later by von Recklinghousen.4 In 1880, Bourneville described the syndrome 
in three patients and was the first to use the term ‘tuberous sclerosis’ to describe the potato-
like consistency and hypertrophic sclerosis of the brain gyri at autopsy.5 The classical triad 
of seizures, intellectual disability, and adenoma sebaceum (angiofibromas) was first noted 
by Vogt in 1908.6 Since these early descriptions, many other presentations of TSC have been 
recognized and the diagnostic criteria have been refined to include clinical, radiological 
and pathological characteristics. The diagnostic criteria for TSC were most recently revised 
in 19983, 7, 8 (Table 1, diagnostic criteria). 

TSC has a birth incidence of 1:6000.1 It can be diagnosed in the pre- or perinatal 
period if cardiac rhabdomyomas are detected with ultrasound,9, 10 although the diagnosis 
is most often made in the first years of life when children present with seizures and/or 
hypopigmented macules.7, 11 TSC is associated with benign growths called hamartomas, 
and other abnormalities, in many different organ systems, including the brain (tubers and 
astrocytomas), kidneys (angiomyolipoma, cysts, renal cell carcinoma), lungs (nodules and 
lymphangioleiomyomatosis; LAM), skin (angiofibromas), liver (angiomyolipoma, cysts), 
pancreas (cysts, neuroendocrine tumors) and bones (sclerotic lesions, cysts).12-16 With 
increasing recognition of the age-related tumor growth phenotype,17-21 routine imaging 
recommendations have been developed for early recognition and intervention.2, 22-25 

Although health watches focus on the tumor growth predisposition, often the greatest 
burden for patients with TSC and their caregivers is the neuropsychiatric comorbidity.26 
Most individuals with TSC have epilepsy, which is severe and difficult to treat,21, 27 and 
intellectual and specific learning disabilities are common (50-80% of individuals with 

Table 1. Diagnostic Criteria for Tuberous Sclerosis Complex (Roach, 2004),8

Major Features Minor features

Facial angiofibromas or forehead plaque 
Non-traumatic (peri) ungual fibroma 
Hypomelanotic macules (>3) 
Shagreen patch (connective tissue nevus) 
Cortical tuber
Subependymal nodule 
Subependymal giant cell astrocytoma 
Multiple retinal nodular hamartomas 
Cardiac rhabdomyoma, single or multiple 
Lymphangiomyomatosis
Renal angiomyolipoma

Multiple randomly distributed pits in dental enamel 
Hamartomatous rectal polyps
Bone cysts
Cerebral white matter migration lines
Gingival fibromas 
Non-renal hamartoma
Retinal achromic patch 
Confetti skin lesions 
Multiple renal cysts

Definite TSC: Either 2 major features or 1 major feature with 2 minor features
Probable TSC: One major feature and one minor feature
Possible TSC: Either 1 major feature or 2 or more minor features
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TSC).28, 29 Behavioral abnormalities such as and autistic features30-32 and psychiatric disorders 
such as anxiety, depression attention-deficit-hyperactivity-disorder, self-injurious behavior 
and aggression, are also frequent.26, 33-39 These problems are a common reason to seek 
medical attention1 and cause significant impairment in daily life.40 Behavioral problems 
can be challenging to manage at home and are associated with great parental stress.26, 41, 42 
Increasing recognition of the learning difficulties and psychiatric morbidity has resulted 
in guidelines for routine cognitive and behavioral assessments, assisting clinicians who 
have individuals with TSC in their care, and providing guidance to these individuals, their 
families and their caregivers.43, 44

gEnETICS and funCTIOn Of TSC
About 70-85% of individuals with a definite diagnosis of TSC have an identifiable mutation 
in the TSC145 or TSC246 tumor suppressor genes, located on chromosome 9q34 and 
16p13, respectively. Over 1700 mutations in TSC1 and TSC2 have been reported, and the 
TSC1/TSC2 mutation database (http://chromium.liacs.nl/LOVD2/TSC/home.php) is an 
outstanding resource. Larger ‘genomic’ mutations are very rare in TSC1 and more common 
in TSC2, occurring in about 6% of all TSC patients.47 TSC1 mutations commonly involve 
deletion or nonsense mutations (37 and 36%, respectively) while missense mutations are 
rare (3.1%).48 Deletion, nonsense, and missense mutations all occur at similar frequencies 
in TSC2 (22-27%), while splice and insertion mutations are less common (16 and 
9%, respectively).48

Although in most cases, TSC is caused by a de novo germ-line TSC1 or TSC2 mutation, 
in approximately 30% of cases a patient inherits the condition from one of their parents 
and it is not uncommon for a parent to be diagnosed after the birth of a more severely 
affected child.49 In 10-15% of TSC patients, no mutation can be identified (NMI) using 
current diagnostic screening methods.50 A proportion of TSC NMI cases can be explained 
by mosaicism,51-53 or occult mutations in parts of TSC1 or TSC2 not covered by the normal 
screening methods. Nonetheless, the existence of a third gene for TSC has not yet been 
excluded completely. The penetrance of TSC is very high,54 and the expressivity is extremely 
variable, even within families or between individuals with identical germline mutations,55, 56 
making diagnosis a considerable challenge.

The mRNA transcripts of TSC1 and TSC2 encode two large proteins called hamartin 
(TSC1; 130 kDa) and tuberin (TSC2; 200 kDa) respectively. TSC1 and TSC2 bind to each 
other to form a protein complex57 and both proteins are required for the proper function of 
this TSC1-TSC2 complex. TSC1 seems to act as a chaperone, to stabilize TSC2 and prevent 
its degradation.58, 59 TSC2 contains a GTP-ase activating protein (GAP) domain and the 
TSC1-TSC2 complex functions as a GAP for the small GTPase Ras Homolog Expressed in 
Brain (RHEB). The TSC1-TSC2 complex switches RHEB from its active GTP-bound state 
(Rheb GTP) to its inactive GDP-bound state (Rheb GDP), resulting in downregulation of 
the mammalian target of rapamycin (mTOR) complex 1 (TORC1) pathway. In patients with 
a TSC1 or TSC2 mutation, lack of a functional TSC1-TSC2 complex results in upregulation 
of TORC1.
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MTOR is a major regulator of cell growth and homeostasis throughout the body, 

and mTOR dysregulation is also implicated in cancer, diabetes and other neurological 
disorders.60, 61 TORC1 is a serine-threonine kinase and in the brain, is involved in patterning, 
synaptogenesis and the growth of dendrites and axons.62-64 TORC1 upregulation results in 
a loss of control of cell growth and proliferation, hence predisposing to tumor formation 
and other TSC-related morbidity.65, 66 Findings in TSC may help elucidate the disease 
mechanisms of related disorders.65, 66 

Animal models are of particular benefit in the study of brain disease in TSC, since 
histological investigations before natural death are limited to tissue of tubers and sub-
ependymal giant cell tumors. Starting with the Eker rat, rodent models have provided 
great insights into the biological background of the tumor predisposition phenotype, 
which has enabled successful clinical trials for treatment of TSC-associated tumor growth, 
such as sub-ependymal giant cell astrocytomas.68 Other mouse models have been valuable 
in understanding seizure disorders in TSC69-73 but a representative neuroanatomical 
and neurocognitive phenotype has been difficult to capture. In several mouse models, 
treatment with mTORC1-inhibitors had a dramatic effect on seizures, cognitive function 
and survival,74-77 although the effect on the neuroanatomical phenotype was often only 
partial. Ongoing trials in animal models as well as in patients with TSC will reveal which 
manifestations of TSC can be rescued or prevented. 

fROM gEnOTyPE TO nEuROlOgICal PhEnOTyPE
The exact mechanism by which enhanced TORC1 signaling leads to the neurological 
phenotype of TSC is unclear. MTOR is expressed during early brain development in 
progenitor cells in the ventricular zone and in early neuronal cells in the nascent cortical 
plate. Hypothetically, loss of function of tumor suppressor genes that are expressed in the 
mTOR pathway, such as TSC1 and TSC2, PTEN, and NF1,61, 78 would result in dysregulated 
mTOR activity, causing disturbed proliferation of neural and astrocytic precursor cells and 
cytomegaly, compromising neuronal migration and differentiation. 

The variability in the phenotypic expression of TSC can complicate diagnosis and makes 
it difficult to make predictions about disease severity and progression based on genotype. 
One explanation for this variability can be sought in Knudson’s ‘‘two hit’’ hypothesis,79 
suggesting that multiple genetic hits are necessary to lead to the tumor phenotype of TSC, 
such as tubers. In TSC-associated brain lesions, it was originally presumed that second 
‘hits’ would result in biallelic TSC1 or TSC2 inactivation, such as was shown for renal 
angiomyolipomas.80, 81 However, so far, loss of heterozygosity (LOH) or other second hits 
cannot account for all of the TSC-associated brain lesions,82-85 and there is increasing evidence 
for additional genetic, epigenetic, environmental, and/or tissue-specific mechanisms,86, 87 
which are likely to have a large role in determining the patient phenotype. Although for 
visceral organ systems, the mechanism of ‘benign metastasis’ also plays a role in lesion 
formation and growth,88-90 this phenomenon has not been investigated in the brain.

The occurrence of a second event is congruent with the classification of TSC as a focal 
cortical malformation syndrome.61, 91 Indeed, mouse models with induced LOH or another 
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type of ‘second hit’ approach the neuroanatomical phenotype of patients with TSC most 
closely.92, 93 However, other observations of global TORC1 upregulation in some TSC mouse 
models with haplo-insufficiency72, 74, 94 hint at primary, TSC-dependent, cell-autonomous 
neural mechanisms. 

TSC bRaIn ManIfESTaTIOnS
Neuroanatomical abnormalities are often present in patients with TSC, and magnetic 
resonance imaging (MRI) is helpful for diagnosis (see Table 1). The most prominent imaging 
features are tubers, radial migration lines (RMLs), sub-ependymal nodules (SENs) and sub-
ependymal giant cell astrocytomas (SGCTs).95 Over the last decade, microstructural and 
morphometric abnormalities have also been increasingly recognized.28, 96 

Macroscopic abnormalities
On conventional imaging, tubers, white matter abnormalities and/or SENs are often visible. 
Tubers, white matter abnormalities and SENs have similar histopathological characteristics, 
showing generalized cellular disorganization with hypomyelination, giant or balloon cells, 
dysplastic neurons and astrogliosis.97-100 Robust staining for the phosphorylated isoforms of 
ribosomal S6, a marker for TORC1 activity, is a characteristic of the abnormal cells in these 
TSC-associated lesions.101

Tubers are benign, hamartomatous growths that are visible in >80% of patients with 
TSC and vary in size, location and frequency.95 Various imaging-based tuber features have 
been identified, based on their MRI signal characteristics.102 Although tubers remain stable 
in size, their appearance on MRI can change over time, becoming increasingly cyst-like 
and/or calcified.103, 104 

On MRI, white matter abnormalities are visible in 93-100% of TSC patients as curvilinear 
bands, wedge-like shapes or focal hyperintensities.105, 106 Historically, such radial migration 
lines (RMLs) have been regarded as a distinct feature of TSC neuroanatomy106-111 and a 
contributor to neurocognitive morbidity.112, 113 Over the last decades, studies have focused 
on tubers30, 95, 112, 114-117 and microstructural white matter abnormalities (see below); RMLs 
have not been characterized using sophisticated white-matter specific sequences, and as a 
consequence, their contribution to the neuroanatomical phenotype remains unclear. 

Cerebellar lesions occur in about one-third of patients, and differ from tubers on MRI 
in both shape and appearance.118 SENs occur along the wall of the lateral ventricles and 
in 5-20% of cases will develop into SGCTs.119 Because of their propensity to grow, SGCTs, 
particularly those located near the foramen of Monro, can cause increased intracranial 
pressure, obstructive hydrocephalus, neurological deficits and death.119

Microscopic abnormalities
With emerging evidence for white matter dysconnectivity in TSC animal models,72, 94 white 
matter microstructure in TSC is increasingly investigated using diffusion weighted and 
tensor imaging (DWI/DTI). DWI visualizes the diffusion of water molecules, providing 
information on the microstructural properties of tissue. DTI provides information on the 
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directionality (anisotropy) of the diffusion in specific white matter tracts. Tubers and RMLs 
are associated with abnormalities in diffusivity and anisotropy.120-126 DTI findings in normal-
appearing white matter (NAWM) have been conflicting, reporting both normal121, 124, 125 and 
abnormal120, 127-130 microstructural properties. These investigations were often limited by 
low-resolution imaging or did not exclude regions with RMLs from their measurements. 
Findings that presumed NAWM abnormalities were often regional120, 122, 128-132 and correlated 
with the volume of ‘subcortical tubers’131 suggest that the presence of RMLs interfered with 
these DTI measurements. Detailed morphological and DTI characterization of both RMLs 
and NAWM should help clarify this issue. 

nEuROPSyChIaTRIC PhEnOTyPE Of TSC
Epilepsy and intelligence
Epilepsy is the most common neurological problem for individuals with TSC and occurs 
in 70-90% of all patients.21, 133, 134 In most cases, seizures begin in the first year of life, 
manifesting as infantile spasms (IS) or as early-onset, refractory multifocal seizures.21 
However, seizures may begin at any age into adulthood,21, 133 and nearly all patients with a 
single seizure subsequently develop epilepsy.21 Seizure types often have a focal or multifocal 
origin with a topographic correspondence between EEG foci and MRI high-signal lesions. 
This has been interpreted as indicating that the cortical tubers represent the epileptogenic 
foci135, 136 even though epileptogenic activity can also be detected in normal-appearing 
tissue surrounding the tubers.137

Epilepsy variables, such as age of seizure onset, IS and refractory epilepsy are closely 
linked to intellectual functioning.29, 134, 138, 139 The prevalence of global intellectual disability 
in TSC is estimated to be between 50-80%, and many individuals with intellectual quotients 
in the normal range experience specific neuropsychological impairments, such as receptive 
or expressive language deficits, executive deficits, attentional deficits, and memory 
deficits.28, 29, 37, 43, 134, 140-142

Autistic features
The association of TSC with social withdrawal, impaired social contact, stereotypies 
and abnormal speech was described by Critchley and Earl in 1932,143 many years before 
the first description of infantile autism by Leo Kanner.144 In patients with TSC, studies 
have reported prevalences of autism spectrum disorders (ASD) ranging from 16 to 
66%,30, 31, 145 and TSC is estimated to account for 1-4% of all cases of autism.146 Because 
clinical studies have been limited by small cohort sizes and dichotomous classifications 
of autism, intelligence and seizures, the cause and phenotype of autism spectrum 
disorders (ASDs) in patients with TSC remain unclear. In general, autism in TSC and 
idiopathic seizure disorders are thought to be strongly related to epilepsy severity and 
cognitive impairment.39, 41, 147, 148 However, reports of ASDs in individuals with IQs in the 
normal range, and observations of imaging phenotypes distinctly associated with ASD in 
TSC31, 39, 149 imply that autistic features can occur independently, and could be the result of 
distinct pathogenic mechanisms. 
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In addition to TSC, a number of other neurodevelopmental disorders have been 
associated with ASD, such as Fragile X syndrome, Neurofibromatosis type 1, and epilepsy of 
unknown origin,150 and it has been proposed that investigation of autism in these disorders 
may shed light on the etiology and treatment of idiopathic autism.151 Little is known 
about the relative contribution of the genetic and neuroanatomical risk factors versus the 
influence of cognitive deficits and epilepsy comorbidity on the autistic phenotype. Clinical 
research comparing the expression of autistic features in neurodevelopmental disorders 
could address this lack of knowledge by elucidating the relationship with intelligence and 
epilepsy, identifying autistic phenotypes, and comparisons with idiopathic autism. 

Sleep and anxiety
While epilepsy, intelligence, attention deficits, hyperactivity and self-injurious behavior are 
relatively well-characterized in TSC,21, 29, 38, 152, 153 much less is known about anxiety and sleep 
disorders in the pediatric and adult population. It is unclear whether these are primarily 
due to the genetic mutation, secondary to the chronic conditions associated with TSC, or a 
combination of these factors. Additionally, there are no clinical guidelines on the diagnosis 
and treatment of these disorders in TSC.

In other genetic syndromes, such as Williams Syndrome (WS) and Fragile X Syndrome 
(FXS), it is increasingly recognized that anxiety disorders may be specific for the behavioral 
phenotype.154-156 In TSC, the reported prevalence of anxiety disorders ranges from 28 - 48% using 
DSM-IV criteria,34, 35, 139, 157 and all types of anxiety disorders have been described. However, little 
is known about the etiology, phenomenology or treatment of these disorders in TSC. 

Sleep disruption is common in children with TSC, and often due to sleep-related 
epileptic events. Sleep disruption is associated with increased behavioral problems, 
resulting in higher stress levels for both the patients and their families.158-160 The impact 
of sleeping disorders in adults with TSC has not been investigated, and increased clinical 
characterization will increase awareness of these important issues.26, 161

RISk faCTORS fOR nEuROCOgnITIvE MORbIdITy
The vulnerability to neuropsychiatric disorders of patients with TSC, is likely due to direct 
effects of a TSC1 or TSC2 mutation on neuroanatomy and synaptic function.153, 162,163 
Additionally, infantile spasms or other early onset and refractory seizures, could disrupt 
the development of neuronal circuitry through TORC1-dependent and independent 
mechanisms.164 Other factors such as increased rate of life stressors, tumor predisposition, 
cosmetic impact and other medical comorbidity, are also likely to contribute to psychological 
dysfunction. Due to the complex phenotype of TSC, it is difficult to disentangle these 
primary and secondary effects of TORC1 dysregulation.

Genetic risk factors 
As a group, TSC patients with a TSC2 mutation have a worse prognosis than patients with 
a TSC1 mutation. TSC2 mutations are associated with a higher tuber burden,114 more 
cyst-like tubers103 and a more severe neuropsychiatric phenotype, with higher rates of IS 
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and refractory epilepsy, lower intelligence and a higher risk for autism and self-injurious 
behavior.29, 30, 165, 166 Interestingly, the TSC2 patient population shows a bimodal distribution 
of intelligence scores,29, 134 suggesting the existence of distinct subgroups which may differ 
in underlying pathogenetic mechanisms. In contrast, the TSC1 patient population shows a 
normal distribution of intelligence scores, but shifted slightly towards the lower end of the scale. 
The TSC NMI population appears to be a distinct clinical and pathophysiological subgroup, 
with a milder neurocognitive profile and differentially affected other organ systems.29, 134 

There are several possible reasons why individuals affected by TSC2 mutations are 
more severely affected than those with TSC1 mutations. First, the TSC2 locus may be more 
susceptible to mutation (explaining why there are more individuals with a TSC2 mutation 
compared to a TSC1 mutation (5:1 ratio) and therefore more likely to suffer a second hit). 
Secondly, since TSC2 encodes the catalytic subunit of the TSC1-TSC2 complex which is 
necessary for the canonical TSC1-TSC2 function, mutations in this subunit will lead to 
severe loss of function. In contrast, TSC2 may have some residual RHEB GAP activity even 
after complete loss of TSC1. 

Although the phenotypic differences between the TSC1 and TSC2 mutation populations 
are clear and reproducible,29, 30, 50, 114, 139, 165, 167 it is not yet possible to differentiate TSC1 and 
TSC2 patients at the individual level. Many severely affected individuals with TSC have a 
TSC1 mutation, while other mildly affected individuals have a TSC2 mutation. Despite the 
considerable phenotypic variability, there is increasing evidence for genotype-phenotype 
correlations in TSC and it is possible that the type of mutation may help determine the 
severity of the disease. 

Truncating TSC1 and TSC2 mutations are, in general, completely inactivating, resulting 
in complete loss of TSC1-TSC2 activity and upregulation of TORC1.168, 169 In contrast, some 
missense and splice site mutations can result in the production of protein that may have some 
residual function or activity and may therefore be expected to have less drastic effects on the 
disease phenotype. The TSC2 GAP-domain is essential for TSC1-TSC2 function.170 Although 
some investigations have reported a higher neuroanatomical and neurological phenotype 
associated with mutations affecting the GAP domain,50, 114 this was not always observed for 
the cognitive phenotype.50, 114 Furthermore, relatively mild phenotypes associated with non-
truncating mutations in the GAP domain and elsewhere have been described.59, 171, 172

Recent case reports and in vitro investigations suggest that TSC1 missense mutations 
destabilize TSC1 and may result in a relatively mild clinical phenotype.171-175 Investigations 
in larger patient cohorts could elucidate whether these are mutation- or location-
specific effects. 

Neuroanatomical risk factors
Early diagnosis and intervention may improve neurocognitive prognosis in TSC,176, 177 
inspiring an active search for prognostic neuroradiological biomarkers. Tuber count, 
burden or location have all been associated with seizure variables, intelligence and ASD28, 

30, 116, 138, 153, 178-181 but, overall, the findings have been variable and sometimes conflicting. 
Tubers or perituberal areas can be epileptogenic by disturbing neural circuitry136, 137, 182 and 
tuber epileptogenicity has been associated with microstructural abnormalities, increased 
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serotonin synthesis, decreased benzodiazepine receptor expression and increased gamma-
aminobutyric acid (GABA) levels.126, 183-186 Tubers with a cyst-like appearance predict a 
higher risk of refractory epilepsy and autism.103

Although white matter MRI abnormalities were associated with intellectual disability in 
TSC as early as 1995,187 a recent study did not find any association between the frequency 
of radial migration lines (RMLs) and a diagnosis of autism.30 In the latter study, RMLs were 
categorized as either fewer than, more than, or equal to three in number, and this may 
not represent the true distribution of these lesions. Recently, DWI/DTI studies comparing 
white matter microstructural characteristics reported significant differences between TSC 
patients with and without autism.132 Thus far, the white matter phenotype has not yet been 
delineated sufficiently to be able to distinguish abnormalities in ‘normal appearing white 
matter’ from the effects of focal migration abnormalities. 

SENs are generally not thought to directly cause neurocognitive morbidity, although 
they may cause ‘stiffening’ of the ventricular walls. In contrast, SGCTs can block the 
circulation of cerebrospinal fluid, causing increased intracranial pressure, and when 
untreated, can result in death.119, 188, 189 TSC patients with cerebellar lesions do not display 
‘typical’ cerebellar symptoms such as ataxia, and although a positron emission tomography 
(PET) study found increased metabolism in the deep cerebellar nuclei and caudate nuclei 
to be associated with autism in TSC,149 the impact of cerebellar lesions on neuropsychiatric 
morbidity remains unclear.118, 190

Epileptogenic risk factors
Various epilepsy features, including early age at seizure onset, infantile spasms (IS), mixed 
seizure type, and poor seizure and IS control, have been associated with intellectual 
disability.29, 114, 115, 138, 153, 180, 187, 191, 192 IS have also been associated with autism in TSC,30, 192 similar 
to observations in other genetic syndromes.193 Furthermore, temporal lobe epileptiform 
discharges on EEG and early seizure onset have been associated with autism, emphasizing 
that early recognition and treatment of IS and other seizure types are of great importance to 
reduce the cognitive consequences.176, 178, 194 The effect of interictal epileptiform discharges 
on electroencephalography (EEG) on cognitive function is unclear195 and no research has 
been performed on this in TSC.

Gender
Some studies have reported a more severe cognitive phenotype in men with TSC compared 
with women with the disease.50, 167 In contrast, attention-deficit-hyperactivity-disorder and 
autism spectrum disorders seem to affect both genders equally in TSC.30, 139 For anxiety 
disorders, both higher rates in women34 and no gender differences have been reported.39 
More detailed quantification of the TSC phenotype will better address the effect of gender 
on disease expression.

Age
There has been little investigation on cognitive and adaptive development in children and 
adults with TSC. In a study of infants with TSC, cognitive development was found to be 
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slow but relatively stable, although a subset showed large variability.196 In a parallel study, 
it was found that children with TSC and autism were more impaired than those without 
autism.147 In other neurodevelopmental syndromes, there are indications for intellectual 
and/or adaptive decline,197, 198 but cognitive and adaptive development has not been studied 
in older children and adults with TSC. More information on the natural history of the 
neuropsychiatric phenotype, including cognitive and adaptive skills, autistic features and 
anxiety, will be critical for determining the required support for an affected individual to 
succeed at school, work and in the community. 

TREaTMEnT Of nEuROPSyChIaTRIC MORbIdITy
Advances in pharmaceutical research have made the medical management of epilepsy more 
successful.199 Nonetheless, in TSC patients, epilepsy often remains refractory to treatment.21 
Except for vigabatrin for infantile spasms, there is no consensus on the most effective 
anticonvulsant in TSC.27 Efficacy of other anti-epileptic drugs (AEDs) including topiramate, 
lamotrigine and levetiracetam has been reported in small populations of patients with 
TSC200, 201 and vagus nerve stimulation, dietary treatments and neurosurgery can also 
be effective.27, 202, 203 However, there remains a great need for new treatment options and 
treatment predictors. For example, clobazam (CLB) has been widely used as an adjunctive 
therapy in refractory epilepsy in adults and children,204 but has not yet been evaluated in 
TSC. Treatment studies including predictors for outcome would help inform and stratify 
patients for interventions. 

Similar to the seizure phenotype, the behavioral problems and other psychiatric 
morbidities in TSC are often refractory to treatment26, 35 and the high rates of psychiatric 
morbidity contrast greatly with the paucity of evidence for guiding treatment in patients 
with TSC or other genetic syndromes. For TSC, reports are limited to the treatment of 
sleep disorders with melatonin.205 Anecdotally, traditional sedatives have been found to 
be less effective in patients with TSC, and they often worsen the situation by increasing 
hyperactivity.206 There have been no studies on selective serotonin reuptake inhibitors 
(SSRIs), even though retrospective reports suggest that SSRIs are generally the pharmacologic 
treatment of choice for anxiety in patients with TSC.34, 35, 207 

Specific TORC1 inhibitors are in clinical use, and have been shown to reduce the 
growth and/or decrease the volume of subependymal giant cell tumors (SGCT) and renal 
angiomyolipomas, and improve the appearance of facial angiofibromas,68, 208 underlining 
the exciting potential of these drugs as disease-modifying therapy in TSC. 

SCOPE and aIMS Of ThIS ThESIS
Intellectual disability, epilepsy and autistic features often co-occur in syndromes with a 
known genetic cause, such as Tuberous Sclerosis Complex (TSC). Since for TSC, the 
responsible disease mechanisms and even disease-modifying therapies have been rapidly 
identified, TSC is increasingly used as a model to identify the cause and therapies for 
idiopathic autism spectrum disorders. However, the clinical phenotype of TSC, such as 
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autistic features and contributing neuroanatomy, is still poorly understood. Furthermore, 
other neuropsychiatric morbidity such as anxiety and sleeping disorders may be 
underdiagnosed and undertreated, in children as well as adults. 

This thesis focuses on gene-brain-behavior relationships in the syndrome Tuberous 
Sclerosis Complex. The objective was to further explore the neuroanatomical and 
neurobehavioral phenotype of TSC, and elucidate the contribution of specific mutation 
types. By clarifying some of these mechanisms, it may assist in the treatment and counseling 
of patients and their caregivers, and serve as a platform for future research. 

OuTlInE
In Chapter 2 and 3, the relationships between genotype and neurocognitive phenotype are 
explored, focusing on intellectual outcomes and the occurrence of infantile spasms. 

In Chapter 4, an MRI-based phenotype is presented, characterizing normal-appearing 
white matter, radial migration lines, and their association with neurobehavioral morbidity. 

The neurocognitive phenotype over time is presented in Chapter 5, focusing on cognitive 
and adaptive development. Chapter 6 provides insights on the rate and expression of 
autistic features in TSC and related disorders such as Neurofibromatosis type 1, childhood-
onset epilepsy, and idiopathic autism spectrum disorders, and the relationship between 
these autistic features and other neurocognitive variables.

Chapter 7 and Chapter 8 provide information on the occurrence and presentation 
of selected sleep- and stressor-related disorders in adolescent and adult individuals. In 
Chapter 9, an investigation into clobazam treatment for epilepsy in patients with TSC and 
refractory epilepsy is presented. 

Chapter 10 provides a general discussion of the findings of this thesis, and their 
implications for future research as well as for clinical care.



21

IntroductIon, AIms And outlIne of the thesIs

1
REfEREnCES

1. Crino PB, Nathanson KL, Henske EP: The 
tuberous sclerosis complex. N Engl J Med 
2006; 355: 1345-1356.

2. Curatolo P, Bombardieri R, Jozwiak S: 
Tuberous sclerosis. Lancet 2008; 372: 657-
668.

3. Roach ES, Gomez MR, Northrup H: 
Tuberous sclerosis complex consensus 
conference: revised clinical diagnostic 
criteria. J Child Neurol 1998; 13: 624-628.

4. Jozwiak S, Schwartz RA, Janniger CK, 
Bielicka-Cymerman J: Usefulness of 
diagnostic criteria of tuberous sclerosis 
complex in pediatric patients. J Child Neurol 
2000; 15: 652-659.

5. Bourneville DM: Sclerose tubereuse des 
circonvolutions cerebrales: idiotie et 
epilepsie hemiplegique. Arch Neurol (Paris) 
1880; 1: 81-91.

6. Vogt H: Zus Diagnostik der Tuberosen 
Sklerose. Enforsch Behandl Jugendl 
Schwachsinns 1908; 2: 1-12.

7. Schwartz RA, Fernandez G, Kotulska K, 
Jozwiak S: Tuberous sclerosis complex: 
advances in diagnosis, genetics, and 
management. J Am Acad Dermatol 2007; 57: 
189-202.

8. Roach ES, Sparagana SP: Diagnosis of 
tuberous sclerosis complex. J Child Neurol 
2004; 19: 643-649.

9. Datta AN, Hahn CD, Sahin M: Clinical 
presentation and diagnosis of tuberous 
sclerosis complex in infancy. J Child Neurol 
2008; 23: 268-273.

10. Giacoia GP: Fetal rhabdomyoma: a prenatal 
echocardiographic marker of tuberous 
sclerosis. Am J Perinatol 1992; 9: 111-114.

11. Staley BA, Vail EA, Thiele EA: Tuberous 
sclerosis complex: diagnostic challenges, 
presenting symptoms, and commonly 
missed signs. Pediatrics 2011; 127: e117-25.

12. Benyounes N, Fohlen M, Devys JM, 
Delalande O, Moures JM, Cohen A: Cardiac 

rhabdomyomas in tuberous sclerosis 
patients: a case report and review of the 
literature. Arch Cardiovasc Dis 2012; 105: 
442-445.

13. Meraj R, Wikenheiser-Brokamp 
KA, Young LR, McCormack FX: 
Lymphangioleiomyomatosis: new concepts 
in pathogenesis, diagnosis, and treatment. 
Semin Respir Crit Care Med 2012; 33: 486-
497.

14. Oh JM: Bone changes in a patient with 
tuberous sclerosis complex. J Clin Rheumatol 
2012; 18: 161.

15. Black ME, Hedgire SS, Camposano S, Paul 
E, Harisinghani M, Thiele EA: Hepatic 
manifestations of tuberous sclerosis 
complex: a genotypic and phenotypic 
analysis. Clin Genet 2012; 82: 552-557.

16. Larson AM, Hedgire SS, Deshpande V et 
al: Pancreatic neuroendocrine tumors in 
patients with tuberous sclerosis complex. 
Clin Genet 2012; 82: 558-563.

17. Smythe JF, Dyck JD, Smallhorn JF, 
Freedom RM: Natural history of cardiac 
rhabdomyoma in infancy and childhood. 
Am J Cardiol 1990; 66: 1247-1249.

18. Cohen MM, Pollock-BarZiv S, Johnson 
SR: Emerging clinical picture of 
lymphangioleiomyomatosis. Thorax 2005; 
60: 875-879.

19. Clarke MJ, Foy AB, Wetjen N, Raffel C: 
Imaging characteristics and growth of 
subependymal giant cell astrocytomas. 
Neurosurg focus 2006; 20: E5.

20. Clarke A, Hancock E, Kingswood C, 
Osborne JP: End-stage renal failure in adults 
with the tuberous sclerosis complex. Nephrol 
Dial Transplant 1999; 14: 988-991.

21. Chu-Shore CJ, Major P, Camposano S, 
Muzykewicz D, Thiele EA: The natural 
history of epilepsy in tuberous sclerosis 
complex. Epilepsia 2010; 51: 1236-1241.

22. Roach ES, DiMario FJ, Kandt RS, Northrup H: 
Tuberous Sclerosis Consensus Conference: 



22

recommendations for diagnostic evaluation. 
National Tuberous Sclerosis Association. J 
Child Neurol 1999; 14: 401-407.

23. Adriaensen ME, Schaefer-Prokop 
CM, Duyndam DA, Zonnenberg BA, 
Prokop M: Radiological evidence of 
lymphangioleiomyomatosis in female 
and male patients with tuberous sclerosis 
complex. Clin Radiol 2011; 66: 625-628.

24. Manohara D: Primary care management of 
tuberous sclerosis complex in children. J Am 
Acad Nurse Pract 2012; 24: 391-399.

25. Cudzilo CJ, Szczesniak RD, Brody AS et al: 
Lymphangioleiomyomatosis screening in 
women with tuberous sclerosis. Chest 2013; 
144: 578-7.

26. Kopp CM, Muzykewicz DA, Staley BA, 
Thiele EA, Pulsifer MB: Behavior problems 
in children with tuberous sclerosis complex 
and parental stress. Epilepsy Behav 2008; 13: 
505-510.

27. Thiele EA: Managing epilepsy in tuberous 
sclerosis complex. J Child Neurol 2004; 19: 
680-686.

28. Ridler K, Suckling J, Higgins NJ et al: 
Neuroanatomical correlates of memory 
deficits in tuberous sclerosis complex. Cereb 
Cortex 2007; 17: 261-271.

29. Winterkorn EB, Pulsifer MB, Thiele EA: 
Cognitive prognosis of patients with 
tuberous sclerosis complex. Neurology 2007; 
68: 62-64.

30. Numis AL, Major P, Montenegro MA, 
Muzykewicz DA, Pulsifer MB, Thiele EA: 
Identification of risk factors for autism 
spectrum disorders in tuberous sclerosis 
complex. Neurology 2011; 76: 981-6.

31. Smalley SL: Autism and tuberous sclerosis. J 
Autism Dev Disord 1998; 28: 407-414.

32. Curatolo P, Napolioni V, Moavero R: Autism 
Spectrum Disorders in Tuberous Sclerosis: 
Pathogenic Pathways and Implications for 
Treatment. J Child Neur 2010; 25: 873.

33. Pulsifer MB, Winterkorn EB, Thiele EA: 
Psychological profile of adults with tuberous 

sclerosis complex. Epilepsy Behav 2007; 10: 
402-406.

34. Muzykewicz DA, Newberry P, Danforth N, 
Halpern EF, Thiele EA: Psychiatric comorbid 
conditions in a clinic population of 241 
patients with tuberous sclerosis complex. 
Epilepsy Behav 2007; 11: 506-513.

35. Chung TK, Lynch ER, Fiser CJ et al: 
Psychiatric comorbidity and treatment 
response in patients with tuberous sclerosis 
complex. Ann Clin Psychiatry 2011; 23: 263-
269.

36. D’Agati E, Moavero R, Cerminara C, 
Curatolo P: Attention-deficit hyperactivity 
disorder (ADHD) and tuberous sclerosis 
complex. J Child Neurol 2009; 24: 1282-1287.

37. de Vries PJ, Gardiner J, Bolton PF: 
Neuropsychological attention deficits in 
tuberous sclerosis complex (TSC). Am J Med 
Genet A 2009; 149A: 387-395.

38. de Vries PJ, Watson P: Attention deficits 
in tuberous sclerosis complex (TSC): 
rethinking the pathways to the endstate. J 
Intellect Disabil Res 2008; 52: 348-357.

39. de Vries PJ, Hunt A, Bolton PF: The 
psychopathologies of children and 
adolescents with tuberous sclerosis complex 
(TSC): a postal survey of UK families. Eur 
Child Adolesc Psychiatry 2007; 16: 16-24.

40. de Vries PJ: Targeted treatments for cognitive 
and neurodevelopmental disorders in 
tuberous sclerosis complex. Neurother 2010; 
7: 275-282.

41. Hunt A, Dennis J: Psychiatric disorder 
among children with tuberous sclerosis. Dev 
Med Child Neurol 1987; 29: 190-198.

42. Hunt A: Tuberous sclerosis: a survey of 97 
cases. III: Family aspects. Dev Med Child 
Neurol 1983; 25: 353-357.

43. de Vries P, Humphrey A, McCartney D et 
al: Consensus clinical guidelines for the 
assessment of cognitive and behavioural 
problems in Tuberous Sclerosis. Eur Child 
Adolesc Psychiatry 2005; 14: 183-190.

44. de Vries PJ, Hunt A: The importance of 
comprehensive assessment for cognitive and 



23

IntroductIon, AIms And outlIne of the thesIs

1
behavioral problems in tuberous sclerosis 
complex. Epilepsy Behav 2006; 9: 373.

45. van Slegtenhorst M, de Hoogt R, Hermans C 
et al: Identification of the tuberous sclerosis 
gene TSC1 on chromosome 9q34. Science 
1997; 277: 805-808.

46. European Chromosome 16 Tuberous 
Sclerosis,Consortium: Identification and 
characterization of the tuberous sclerosis 
gene on chromosome 16. Cell 1993; 75: 
1305-1315.

47. Kozlowski P, Roberts P, Dabora S et 
al: Identification of 54 large deletions/
duplications in TSC1 and TSC2 using MLPA, 
and genotype-phenotype correlations. Hum 
Genet 2007; 121: 389-400.

48. Kwiatkowski DJ: Genetics of Tuberous 
Sclerosis Complex. Kwiatkowski DJ, 
Whittemore VH, Thiele EA (eds): Tuberous 
Sclerosis Complex: Genes, Clinical Features, 
and Therapeutics. Weinheim. Germany, 
2010, pp 29-31.

49. Cassidy SB, Pagon RA, Pepin M, Blumhagen 
JD: Family studies in tuberous sclerosis. 
evaluation of apparently unaffected parents. 
JAMA 1983; 249: 1302-1304.

50. Sancak O, Nellist M, Goedbloed M et al: 
Mutational analysis of the TSC1 and TSC2 
genes in a diagnostic setting: genotype--
phenotype correlations and comparison of 
diagnostic DNA techniques in Tuberous 
Sclerosis Complex. Eur J Hum Genet 2005; 
13: 731-741.

51. Camposano SE, Greenberg E, Kwiatkowski 
DJ, Thiele EA: Distinct clinical characteristics 
of tuberous sclerosis complex patients with 
no mutation identified. Ann Hum Genet 
2009; 73: 141-146.

52. Muzykewicz DA, Sharma A, Muse V, 
Numis AL, Rajagopal J, Thiele EA: TSC1 
and TSC2 mutations in patients with 
lymphangioleiomyomatosis and tuberous 
sclerosis complex. J Med Genet 2009; 46: 
465-468.

53. Qin W, Kozlowski P, Taillon BE et al: Ultra 
deep sequencing detects a low rate of mosaic 

mutations in tuberous sclerosis complex. 
Hum Genet 2010; 127: 573-582.

54. Osborne JP, Jones AC, Burley MW et al: 
Non-penetrance in tuberous sclerosis. 
Lancet 2000; 355: 1698.

55. Smalley SL, Burger F, Smith M: Phenotypic 
variation of tuberous sclerosis in a single 
extended kindred. J Med Genet 1994; 31: 
761-765.

56. Rok P, Kasprzyk-Obara J, Domanska-
Pakiela D, Jozwiak S: Clinical symptoms of 
tuberous sclerosis complex in patients with 
an identical TSC2 mutation. Med Sci Monit 
2005; 11: R230-234.

57. Tee AR, Fingar DC, Manning BD, 
Kwiatkowski DJ, Cantley LC, Blenis J: 
Tuberous sclerosis complex-1 and -2 gene 
products function together to inhibit 
mammalian target of rapamycin (mTOR)-
mediated downstream signaling. Proc Natl 
Acad Sci U S A 2002; 99: 13571-13576.

58. Nellist M, van Slegtenhorst MA, Goedbloed 
M, van den Ouweland AM, Halley DJ, van 
der Sluijs P: Characterization of the cytosolic 
tuberin-hamartin complex. Tuberin is a 
cytosolic chaperone for hamartin. J Biol 
Chem 1999; 274: 35647-35652.

59. Nellist M, Verhaaf B, Goedbloed MA, Reuser 
AJ, van den Ouweland AM, Halley DJ: 
TSC2 missense mutations inhibit tuberin 
phosphorylation and prevent formation of 
the tuberin-hamartin complex. Hum Mol 
Genet 2001; 10: 2889-2898.

60. Zoncu R, Efeyan A, Sabatini DM: mTOR: 
from growth signal integration to cancer, 
diabetes and ageing. Nat Rev Mol Cell Biol 
2011; 12: 21-35.

61. Crino PB: mTOR: A pathogenic signaling 
pathway in developmental brain 
malformations. Trends Mol Med 2011; 17: 
734-742.

62. Hentges KE, Sirry B, Gingeras AC et al: 
FRAP/mTOR is required for proliferation 
and patterning during embryonic 
development in the mouse. Proc Natl Acad 
Sci U S A 2001; 98: 13796-13801.



24

63. Choi YJ, Di Nardo A, Kramvis I et al: 
Tuberous sclerosis complex proteins control 
axon formation. Genes Dev 2008; 22: 2485-
2495.

64. Chow DK, Groszer M, Pribadi M et al: 
Laminar and compartmental regulation 
of dendritic growth in mature cortex. Nat 
Neurosci 2009; 12: 116-118.

65. Manning BD, Cantley LC: Rheb fills a GAP 
between TSC and TOR. Trends Biochem Sci 
2003; 28: 573-576.

66. Au KS, Williams AT, Gambello MJ, Northrup 
H: Molecular genetic basis of tuberous 
sclerosis complex: from bench to bedside. J 
Child Neurol 2004; 19: 699-709.

67. Krab LC, Goorden SM, Elgersma Y: 
Oncogenes on my mind: ERK and MTOR 
signaling in cognitive diseases. Trends Genet 
2008; 24: 498-510.

68. Krueger DA, Care MM, Holland K et al: 
Everolimus for subependymal giant-cell 
astrocytomas in tuberous sclerosis. N Engl J 
Med 2010; 363: 1801-1811.

69. Onda H, Lueck A, Marks PW, Warren HB, 
Kwiatkowski DJ: Tsc2(+/-) mice develop 
tumors in multiple sites that express gelsolin 
and are influenced by genetic background. J 
Clin Invest 1999; 104: 687-695.

70. Onda H, Crino PB, Zhang H et al: Tsc2 null 
murine neuroepithelial cells are a model for 
human tuber giant cells, and show activation 
of an mTOR pathway. Mol Cell Neurosci 
2002; 21: 561-574.

71. Uhlmann EJ, Wong M, Baldwin RL et 
al: Astrocyte-specific TSC1 conditional 
knockout mice exhibit abnormal neuronal 
organization and seizures. Ann Neurol 2002; 
52: 285-296.

72. Goorden SM, van Woerden GM, van der 
Weerd L, Cheadle JP, Elgersma Y: Cognitive 
deficits in Tsc1+/- mice in the absence of 
cerebral lesions and seizures. Ann Neurol 
2007; 62: 648-655.

73. Wong M, Ess KC, Uhlmann EJ et al: 
Impaired glial glutamate transport in a 

mouse tuberous sclerosis epilepsy model. 
Ann Neurol 2003; 54: 251-256.

74. Ehninger D, Han S, Shilyansky C et al: 
Reversal of learning deficits in a Tsc2+/- 
mouse model of tuberous sclerosis. Nat Med 
2008; 14: 843-848.

75. Meikle L, Pollizzi K, Egnor A et al: Response 
of a neuronal model of tuberous sclerosis to 
mammalian target of rapamycin (mTOR) 
inhibitors: effects on mTORC1 and Akt 
signaling lead to improved survival and 
function. J Neurosci 2008; 28: 5422-5432.

76. Zeng LH, Xu L, Gutmann DH, Wong M: 
Rapamycin prevents epilepsy in a mouse 
model of tuberous sclerosis complex. Ann 
Neurol 2008; 63: 444-453.

77. Anderl S, Freeland M, Kwiatkowski DJ, Goto 
J: Therapeutic value of prenatal rapamycin 
treatment in a mouse brain model of 
tuberous sclerosis complex. Hum Mol Genet 
2011; 20: 4597-4604.

78. Lee da Y, Yeh TH, Emnett RJ, White CR, 
Gutmann DH: Neurofibromatosis-1 
regulates neuroglial progenitor proliferation 
and glial differentiation in a brain region-
specific manner. Genes Dev 2010; 24: 2317-
2329.

79. Knudson AG,Jr: Mutation and cancer: 
statistical study of retinoblastoma. Proc Natl 
Acad Sci U S A 1971; 68: 820-823.

80. El-Hashemite N, Zhang H, Henske EP, 
Kwiatkowski DJ: Mutation in TSC2 
and activation of mammalian target of 
rapamycin signalling pathway in renal 
angiomyolipoma. Lancet 2003; 361: 1348-
1349.

81. Kenerson HL, Aicher LD, True LD, Yeung RS: 
Activated mammalian target of rapamycin 
pathway in the pathogenesis of tuberous 
sclerosis complex renal tumors. Cancer Res 
2002; 62: 5645-5650.

82. Henske EP, Scheithauer BW, Short MP et al: 
Allelic loss is frequent in tuberous sclerosis 
kidney lesions but rare in brain lesions. Am J 
Hum Genet 1996; 59: 400-406.



25

IntroductIon, AIms And outlIne of the thesIs

1
83. Crino PB, Aronica E, Baltuch G, Nathanson 

KL: Biallelic TSC gene inactivation in 
tuberous sclerosis complex. Neurology 2010; 
74: 1716-1723.

84. Qin W, Chan JA, Vinters HV et al: Analysis 
of TSC cortical tubers by deep sequencing of 
TSC1, TSC2 and KRAS demonstrates that 
small second-hit mutations in these genes 
are rare events. Brain Pathol 2010; 20: 1096-
1105.

85. Niida Y, Stemmer-Rachamimov AO, Logrip 
M et al: Survey of somatic mutations 
in tuberous sclerosis complex (TSC) 
hamartomas suggests different genetic 
mechanisms for pathogenesis of TSC 
lesions. Am J Hum Genet 2001; 69: 493-503.

86. Han S, Santos TM, Puga A et al: 
Phosphorylation of tuberin as a novel 
mechanism for somatic inactivation of the 
tuberous sclerosis complex proteins in brain 
lesions. Cancer Res 2004; 64: 812-816.

87. Ehninger D, Sano Y, de Vries PJ et al: 
Gestational immune activation and Tsc2 
haploinsufficiency cooperate to disrupt fetal 
survival and may perturb social behavior in 
adult mice. Mol Psychiatry 2012; 17: 62-70.

88. Black ME, Hedgire SS, Camposano S, Paul 
E, Harisinghani M, Thiele EA: Hepatic 
manifestations of tuberous sclerosis 
complex: a genotypic and phenotypic 
analysis. Clin Genet 2012; 82(6): 552-5.

89. Astrinidis A, Henske EP: Aberrant cellular 
differentiation and migration in renal and 
pulmonary tuberous sclerosis complex. J 
Child Neurol 2004; 19: 710-715.

90. Yu J, Henske EP: mTOR activation, 
lymphangiogenesis, and estrogen-mediated 
cell survival: the “perfect storm” of pro-
metastatic factors in LAM pathogenesis. 
Lymphat Res Biol 2010; 8: 43-49.

91. Barkovich AJ, Guerrini R, Kuzniecky RI, 
Jackson GD, Dobyns WB: A developmental 
and genetic classification for malformations 
of cortical development: update 2012. Brain 
2012; 135: 1348-1369.

92. Feliciano DM, Quon JL, Su T, Taylor MM, 
Bordey A: Postnatal neurogenesis generates 

heterotopias, olfactory micronodules and 
cortical infiltration following single-cell 
Tsc1 deletion. Hum Mol Genet 2012; 21: 799-
810.

93. Way SW, McKenna J,3rd, Mietzsch U, Reith 
RM, Wu HC, Gambello MJ: Loss of Tsc2 in 
radial glia models the brain pathology of 
tuberous sclerosis complex in the mouse. 
Hum Mol Genet 2009; 18: 1252-1265.

94. Nie D, Di Nardo A, Han JM et al: Tsc2-Rheb 
signaling regulates EphA-mediated axon 
guidance. Nat Neurosci 2010; 13: 163-172.

95. Ridler K, Suckling J, Higgins N, Bolton 
P, Bullmore E: Standardized whole brain 
mapping of tubers and subependymal 
nodules in tuberous sclerosis complex. J 
Child Neurol 2004; 19: 658-665.

96. Ridler K, Bullmore ET, De Vries PJ et al: 
Widespread anatomical abnormalities of 
grey and white matter structure in tuberous 
sclerosis. Psychol Med 2001; 31: 1437-1446.

97. Crino PB: Molecular pathogenesis of tuber 
formation in tuberous sclerosis complex. J 
Child Neurol 2004; 19: 716-725.

98. Boer K, Troost D, Jansen F et 
al: Clinicopathological and 
immunohistochemical findings in an 
autopsy case of tuberous sclerosis complex. 
Neuropathology 2008; 28: 577-590.

99. Marcotte L, Aronica E, Baybis M, Crino PB: 
Cytoarchitectural alterations are widespread 
in cerebral cortex in tuberous sclerosis 
complex. Acta Neuropathol (Berl) 2012; 123: 
685-693.

100. Trombley IK, Mirra SS: Ultrastructure 
of tuberous sclerosis: cortical tuber and 
subependymal tumor. Ann Neurol 1981; 9: 
174-181.

101. Baybis M, Yu J, Lee A et al: mTOR cascade 
activation distinguishes tubers from focal 
cortical dysplasia. Ann Neurol 2004; 56: 478-
487.

102. Gallagher A, Grant EP, Madan N, Jarrett DY, 
Lyczkowski DA, Thiele EA: MRI findings 
reveal three different types of tubers in 



26

patients with tuberous sclerosis complex. J 
Neurol 2010; 257: 1373-1381.

103. Chu-Shore CJ, Frosch MP, Grant PE, Thiele 
EA: Progressive multifocal cystlike cortical 
tubers in tuberous sclerosis complex: 
Clinical and neuropathologic findings. 
Epilepsia 2009; 50: 2648-2651.

104. Chu-Shore CJ, Major P, Montenegro M, 
Thiele E: Cyst-like tubers are associated 
with TSC2 and epilepsy in tuberous sclerosis 
complex. Neurology 2009; 72: 1165-1169.

105. Braffman BH, Bilaniuk LT, Naidich TP 
et al: MR imaging of tuberous sclerosis: 
pathogenesis of this phakomatosis, use of 
gadopentetate dimeglumine, and literature 
review. Radiology 1992; 183: 227-238.

106. Baron Y, Barkovich AJ: MR imaging of 
tuberous sclerosis in neonates and young 
infants. AJNR Am J Neuroradiol 1999; 20: 
907-916.

107. Kingsley DP, Kendall BE, Fitz CR: Tuberous 
sclerosis: a clinicoradiological evaluation 
of 110 cases with particular reference to 
atypical presentation. Neuroradiology 1986; 
28: 38-46.

108. McMurdo SK,Jr, Moore SG, Brant-Zawadzki 
M et al: MR imaging of intracranial tuberous 
sclerosis. AJR Am J Roentgenol 1987; 148: 
791-796.

109. Nixon JR, Houser OW, Gomez MR, Okazaki 
H: Cerebral tuberous sclerosis: MR imaging. 
Radiology 1989; 170: 869-873.

110. Nixon JR, Miller GM, Okazaki H, 
Gomez MR: Cerebral tuberous sclerosis: 
postmortem magnetic resonance imaging 
and pathologic anatomy. Mayo Clin Proc 
1989; 64: 305-311.

111. Iwasaki S, Nakagawa H, Kichikawa K et al: 
MR and CT of tuberous sclerosis: linear 
abnormalities in the cerebral white matter. 
AJNR Am J Neuroradiol 1990; 11: 1029-1034.

112. Roach ES, Williams DP, Laster DW: 
Magnetic resonance imaging in tuberous 
sclerosis. Arch Neurol 1987; 44: 301-303.

113. Shepherd CW, Houser OW, Gomez MR: MR 
findings in tuberous sclerosis complex and 

correlation with seizure development and 
mental impairment. Am J Neuroradiol 1995; 
16: 149.

114. Jansen FE, Braams O, Vincken KL et al: 
Overlapping neurologic and cognitive 
phenotypes in patients with TSC1 or TSC2 
mutations. Neurology 2008; 70: 908-915.

115. Goodman M, Lamm SH, Engel A, Shepherd 
CW, Houser OW, Gomez MR: Cortical tuber 
count: a biomarker indicating neurologic 
severity of tuberous sclerosis complex. J 
Child Neurol 1997; 12: 85-90.

116. Bolton PF, Griffiths PD: Association of 
tuberous sclerosis of temporal lobes with 
autism and atypical autism. Lancet 1997; 
349: 392-395.

117. Lyczkowski DA, Conant KD, Pulsifer MB 
et al: Intrafamilial phenotypic variability in 
tuberous sclerosis complex. J Child Neurol 
2007; 22: 1348-1355.

118. Ertan G, Arulrajah S, Tekes A, Jordan L, 
Huisman TA: Cerebellar abnormality in 
children and young adults with tuberous 
sclerosis complex: MR and diffusion 
weighted imaging findings. J Neuroradiol 
2010; 37: 231-238.

119. Adriaensen ME, Schaefer-Prokop CM, 
Stijnen T, Duyndam DA, Zonnenberg BA, 
Prokop M: Prevalence of subependymal 
giant cell tumors in patients with tuberous 
sclerosis and a review of the literature. Eur J 
Neurol 2009; 16: 691-696.

120. Garaci FG, Floris R, Bozzao A et al: Increased 
brain apparent diffusion coefficient in 
tuberous sclerosis. Radiology 2004; 232: 461-
465.

121. Karadag D, Mentzel HJ, Gullmar D et al: 
Diffusion tensor imaging in children and 
adolescents with tuberous sclerosis. Pediatr 
Radiol 2005; 35: 980-983.

122. Peng SS, Lee WT, Wang YH, Huang KM: 
Cerebral diffusion tensor images in children 
with tuberous sclerosis: a preliminary 
report. Pediatr Radiol 2004; 34: 387-392.

123. Piao C, Yu A, Li K, Wang Y, Qin W, Xue 
S: Cerebral diffusion tensor imaging in 



27

IntroductIon, AIms And outlIne of the thesIs

1
tuberous sclerosis. Eur J Radiol 2009; 71: 
249-252.

124. Firat AK, Karakas HM, Erdem G, Yakinci 
C, Bicak U: Diffusion weighted MR findings 
of brain involvement in tuberous sclerosis. 
Diagn Interv Radiol 2006; 12: 57-60.

125. Sener RN: Tuberous Sclerosis: Diffusion 
MRI findings in the brain. Eur Radiol 2002; 
12: 138-5.

126. Jansen FE, Braun KP, van Nieuwenhuizen 
O et al: Diffusion-weighted magnetic 
resonance imaging and identification of the 
epileptogenic tuber in patients with tuberous 
sclerosis. Arch Neurol 2003; 60: 1580-1584.

127. Widjaja E, Simao G, Mahmoodabadi SZ et al: 
Diffusion tensor imaging identifies changes 
in normal-appearing white matter within 
the epileptogenic zone in tuberous sclerosis 
complex. Epilepsy Res 2010; 89: 246-253.

128. Makki MI, Chugani DC, Janisse J, Chugani 
HT: Characteristics of abnormal diffusivity 
in normal-appearing white matter 
investigated with diffusion tensor MR 
imaging in tuberous sclerosis complex. 
AJNR Am J Neuroradiol 2007; 28: 1662-1667.

129. Arulrajah S, Ertan G, Jordan L et al: Magnetic 
resonance imaging and diffusion-weighted 
imaging of normal-appearing white matter 
in children and young adults with tuberous 
sclerosis complex. Neuroradiology 2009; 51: 
781-786.

130. Krishnan ML, Commowick O, Jeste SS et 
al: Diffusion features of white matter in 
tuberous sclerosis with tractography. Pediatr 
Neurol 2010; 42: 101-106.

131. Simao G, Raybaud C, Chuang S, Go C, Snead 
OC, Widjaja E: Diffusion tensor imaging of 
commissural and projection white matter in 
tuberous sclerosis complex and correlation 
with tuber load. AJNR Am J Neuroradiol 
2010; 31: 1273-1277.

132. Peters JM, Sahin M, Vogel-Farley VK et 
al: Loss of white matter microstructural 
integrity is associated with adverse 
neurological outcome in tuberous sclerosis 
complex. Acad Radiol 2012; 19: 17-25.

133. Webb DW, Fryer AE, Osborne JP: Morbidity 
associated with tuberous sclerosis: a 
population study. Dev Med Child Neurol 
1996; 38: 146-155.

134. Joinson C, O’Callaghan FJ, Osborne JP, 
Martyn C, Harris T, Bolton PF: Learning 
disability and epilepsy in an epidemiological 
sample of individuals with tuberous sclerosis 
complex. Psychol Med 2003; 33: 335-344.

135. Jansen FE, Van Huffelen AC, Van Rijen PC et 
al: Epilepsy surgery in tuberous sclerosis: the 
Dutch experience. Seizure 2007; 16: 445-453.

136. Mohamed AR, Bailey CA, Freeman JL, 
Maixner W, Jackson GD, Harvey AS: 
Intrinsic epileptogenicity of cortical tubers 
revealed by intracranial EEG monitoring. 
Neurology 2012; 79: 2249-2257.

137. Major P, Rakowski S, Simon MV et al: Are 
cortical tubers epileptogenic? Evidence 
from electrocorticography. Epilepsia 2009; 
50: 147-154.

138. O’Callaghan FJ, Harris T, Joinson C et al: 
The relation of infantile spasms, tubers, and 
intelligence in tuberous sclerosis complex. 
Arch Dis Child 2004; 89: 530-533.

139. Lewis JC, Thomas HV, Murphy KC, Sampson 
JR: Genotype and psychological phenotype 
in tuberous sclerosis. J Med Genet 2004; 41: 
203-207.

140. Harrison JE, O’Callaghan FJ, Hancock E, 
Osborne JP, Bolton PF: Cognitive deficits in 
normally intelligent patients with tuberous 
sclerosis. Am J Med Genet 1999; 88: 642-646.

141. Prather P, de Vries PJ: Behavioral and 
cognitive aspects of tuberous sclerosis 
complex. J Child Neurol 2004; 19: 666-674.

142. Gallagher A, Tanaka N, Suzuki N, Liu H, 
Thiele EA, Stufflebeam SM: Decreased 
language laterality in tuberous sclerosis 
complex: a relationship between language 
dominance and tuber location as well as 
history of epilepsy. Epilepsy Behav 2012; 25: 
36-41.

143. Critchley M. ECJ: Tuberous sclerosis and 
allied conditions. Brain 1932; 55: 311-346.



28

144. Kanner L: Autistic disturbances of affective 
contact. Nervous Child 1943; 2: 217.

145. Wiznitzer M: Autism and tuberous sclerosis. 
J Child Neurol 2004; 19: 675-679.

146. Fombonne E, Du Mazaubrun C, Cans C, 
Grandjean H: Autism and associated medical 
disorders in a French epidemiological 
survey. J Am Acad Child Adolesc Psych 1997; 
36: 1561-1569.

147. Jeste SS, Sahin M, Bolton P, Ploubidis GB, 
Humphrey A: Characterization of autism 
in young children with tuberous sclerosis 
complex. J Child Neurol 2008; 23: 520-525.

148. Berg AT: Epilepsy, cognition, and behavior: 
The clinical picture. Epilepsia 2011; 52: 7-12.

149. Asano E, Chugani DC, Muzik O et al: Autism 
in tuberous sclerosis complex is related to 
both cortical and subcortical dysfunction. 
Neurology 2001; 57: 1269-1277.

150. Kelleher RJ,3rd, Bear MF: The autistic 
neuron: troubled translation?. Cell 2008; 
135: 401-406.

151. Sahin M: Targeted treatment trials for 
tuberous sclerosis and autism: no longer a 
dream. Curr Opin Neurobiol 2012; 22: 895-
901.

152. Staley BA, Montenegro MA, Major P et 
al: Self-injurious behavior and tuberous 
sclerosis complex: frequency and possible 
associations in a population of 257 patients. 
Epilepsy Behav 2008; 13: 650-653.

153. Jansen FE, Vincken KL, Algra A et al: 
Cognitive impairment in tuberous sclerosis 
complex is a multifactorial condition. 
Neurology 2008; 70: 916-923.

154. Woodruff-Borden J, Kistler DJ, Henderson 
DR, Crawford NA, Mervis CB: Longitudinal 
course of anxiety in children and adolescents 
with Williams syndrome. Am J Med Genet 
2010 Part C Semin Med Genet; 154C: 277-
290.

155. Tranfaglia MR: The psychiatric presentation 
of fragile x: evolution of the diagnosis and 
treatment of the psychiatric comorbidities of 
fragile X syndrome. Dev Neurosci 2011; 33: 
337-348.

156. Baker K, Vorstman JA: Is there a core 
neuropsychiatric phenotype in 22q11.2 
deletion syndrome? Curr Opin Neurol 2012; 
25: 131-137.

157. American Psychiatric Association: 
Diagnostic and Statistical Manual of Mental 
Disorders, Fourth Edition, Text Revision. 
Washington, DC, American Psychiatric 
Association, 2000.

158. Hunt A, Stores G: Sleep disorder and 
epilepsy in children with tuberous sclerosis: 
a questionnaire-based study. Dev Med Child 
Neurol 1994; 36: 108-115.

159. Hunt A, Shepherd C: A prevalence study of 
autism in tuberous sclerosis. J Autism Dev 
Disord 1993; 23: 323-339.

160. Hunt A: Development, behaviour and 
seizures in 300 cases of tuberous sclerosis. J 
Intellect Disabil Res 1993; 37: 41-51.

161. Bruni O, Cortesi F, Giannotti F, Curatolo 
P: Sleep disorders in tuberous sclerosis: a 
polysomnographic study. Brain Dev 1995; 
17: 52-56.

162. Ehninger D, de Vries PJ, Silva AJ: From 
mTOR to cognition: molecular and cellular 
mechanisms of cognitive impairments in 
tuberous sclerosis. J Intellect Disabil Res 
2009; 53: 838-851.

163. van Eeghen A, Pulsifer M, Merker V et 
al: Understanding relationships between 
autism, intelligence, and epilepsy; a cross-
disorder approach. Dev Med Child Neurol 
2013; 55: 146-153.

164. Zeng LH, Rensing NR, Wong M: The 
mammalian target of rapamycin signaling 
pathway mediates epileptogenesis in a 
model of temporal lobe epilepsy. J Neurosci 
2009; 29: 6964-6972.

165. Dabora SL, Jozwiak S, Franz DN et al: 
Mutational analysis in a cohort of 224 
tuberous sclerosis patients indicates 
increased severity of TSC2, compared with 
TSC1, disease in multiple organs. Am J Hum 
Genet 2001; 68: 64-80.

166. Bolton PF: Neuroepileptic correlates of 
autistic symptomatology in tuberous 



29

IntroductIon, AIms And outlIne of the thesIs

1
sclerosis. Ment Retard Dev Disabil Res Rev 
2004; 10: 126-131.

167. Au KS, Williams AT, Roach ES et al: 
Genotype/phenotype correlation in 325 
individuals referred for a diagnosis of 
tuberous sclerosis complex in the United 
States. Genet Med 2007; 9: 88-100.

168. Garami A, Zwartkruis FJ, Nobukuni T et 
al: Insulin activation of Rheb, a mediator of 
mTOR/S6K/4E-BP signaling, is inhibited by 
TSC1 and 2. Mol Cell 2003; 11: 1457-1466.

169. van Slegtenhorst M, Nellist M, Nagelkerken 
B et al: Interaction between hamartin and 
tuberin, the TSC1 and TSC2 gene products. 
Hum Mol Genet 1998; 7: 1053-1057.

170. Li Y, Inoki K, Guan KL: Biochemical and 
functional characterizations of small 
GTPase Rheb and TSC2 GAP activity. Mol 
Cell Biol 2004; 24: 7965-7975.

171. Mayer K, Goedbloed M, van Zijl K, Nellist 
M, Rott HD: Characterisation of a novel 
TSC2 missense mutation in the GAP related 
domain associated with minimal clinical 
manifestations of tuberous sclerosis. J Med 
Genet 2004; 41: e64.

172. Wentink M, Nellist M, Hoogeveen-
Westerveld M et al: Functional 
characterization of the TSC2 c. 3598C>T 
(p.R1200W) missense mutation that co-
segregates with tuberous sclerosis complex 
in mildly affected kindreds. Clin Genet 2011.

173. Jansen AC, Sancak O, D’Agostino MD 
et al: Unusually mild tuberous sclerosis 
phenotype is associated with TSC2 R905Q 
mutation. Ann Neurol 2006; 60: 528-539.

174. Khare L, Strizheva GD, Bailey JN et al: A 
novel missense mutation in the GTPase 
activating protein homology region of TSC2 
in two large families with tuberous sclerosis 
complex. J Med Genet 2001; 38: 347-349.

175. O’Connor SE, Kwiatkowski DJ, Roberts PS, 
Wollmann RL, Huttenlocher PR: A family 
with seizures and minor features of tuberous 
sclerosis and a novel TSC2 mutation. 
Neurology 2003; 61: 409-412.

176. Bombardieri R, Pinci M, Moavero R, 
Cerminara C, Curatolo P: Early control of 
seizures improves long-term outcome in 
children with tuberous sclerosis complex. 
Europ J Paediatr Neurol 2010; 14: 146-149.

177. Jozwiak S, Domanska-Pakiela D, Kotulska K, 
Kaczorowska M: Treatment before seizures: 
new indications for antiepileptic therapy in 
children with tuberous sclerosis complex. 
Epilepsia 2007; 48: 1632-4.

178. Bolton PF, Park RJ, Higgins JN, Griffiths PD, 
Pickles A: Neuro-epileptic determinants 
of autism spectrum disorders in tuberous 
sclerosis complex. Brain 2002; 125: 1247-
1255.

179. Raznahan A, Higgins NP, Griffiths PD, 
Humphrey A, Yates JR, Bolton PF: Biological 
markers of intellectual disability in tuberous 
sclerosis. Psychol Med 2007; 37: 1293-1304.

180. Kaczorowska M, Jurkiewicz E, Domanska-
Pakiela D et al: Cerebral tuber count and its 
impact on mental outcome of patients with 
tuberous sclerosis complex. Epilepsia 2011; 
52: 22-27.

181. Walz NC, Byars AW, Egelhoff JC, Franz DN: 
Supratentorial tuber location and autism in 
tuberous sclerosis complex. J Child Neurol 
2002; 17: 830-832.

182. Ma TS, Elliott RE, Ruppe V et al: 
Electrocorticographic evidence of 
perituberal cortex epileptogenicity in 
tuberous sclerosis complex. J Neurosurg 
Pediatrics 2012; 10: 376-382.

183. Chandra PS, Salamon N, Huang J et al: FDG-
PET/MRI coregistration and diffusion-
tensor imaging distinguish epileptogenic 
tubers and cortex in patients with tuberous 
sclerosis complex: a preliminary report. 
Epilepsia 2006; 47: 1543-1549.

184. Asano E, Chugani DC, Muzik O et al: 
Multimodality imaging for improved 
detection of epileptogenic foci in tuberous 
sclerosis complex. Neurology 2000; 54: 1976-
1984.

185. Mori K, Mori T, Toda Y et al: Decreased 
benzodiazepine receptor and increased 
GABA level in cortical tubers in tuberous 



30

sclerosis complex. Brain Dev 2012; 34: 478-
486.

186. Tiwari VN, Kumar A, Chakraborty PK, 
Chugani HT: Can diffusion tensor imaging 
(DTI) identify epileptogenic tubers in 
tuberous sclerosis complex? Correlation 
with -[11C]methyl-L-tryptophan ([11C] 
AMT) positron emission tomography 
(PET). J Child Neurol 2012; 27: 598-603.

187. Shepherd CW, Houser OW, Gomez MR: MR 
findings in tuberous sclerosis complex and 
correlation with seizure development and 
mental impairment. AJNR Am J Neuroradiol 
1995; 16: 149-155.

188. Goh S, Butler W, Thiele EA: Subependymal 
giant cell tumors in tuberous sclerosis 
complex. Neurology 2004; 63: 1457-1461.

189. O’Callaghan FJ, Martyn CN, Renowden 
S, Noakes M, Presdee D, Osborne JP: 
Subependymal nodules, giant cell 
astrocytomas and the tuberous sclerosis 
complex: a population-based study. Arch Dis 
Child 2008; 93: 751-754.

190. Eluvathingal TJ, Behen ME, Chugani 
HT et al: Cerebellar lesions in tuberous 
sclerosis complex: neurobehavioral and 
neuroimaging correlates. J Child Neurol 
2006; 21: 846-851.

191. Takanashi J, Sugita K, Fujii K, Niimi H: MR 
evaluation of tuberous sclerosis: increased 
sensitivity with fluid-attenuated inversion 
recovery and relation to severity of seizures 
and mental retardation. AJNR 1995; 16: 
1923.

192. Goh S, Kwiatkowski DJ, Dorer DJ, Thiele EA: 
Infantile spasms and intellectual outcomes 
in children with tuberous sclerosis complex. 
Neurology 2005; 65: 235-238.

193. Eisermann MM, DeLaRaillere A, Dellatolas 
G et al: Infantile spasms in Down syndrome-
-effects of delayed anticonvulsive treatment. 
Epilepsy Res 2003; 55: 21-27.

194. Muzykewicz DA, Costello DJ, Halpern EF, 
Thiele EA: Infantile spasms in tuberous 
sclerosis complex: prognostic utility of EEG. 
Epilepsia 2009; 50: 290-296.

195. Aldenkamp AP, Arends J: Effects of 
epileptiform EEG discharges on cognitive 
function: is the concept of “transient 
cognitive impairment” still valid? Epilepsy 
Behav 2004; 5: S25-34.

196. Humphrey A, Williams J, Pinto E, Bolton 
PF: A prospective longitudinal study of early 
cognitive development in tuberous sclerosis 
- a clinic based study. Eur Child Adolesc 
Psychiatry 2004; 13: 159-165.

197. Fisch GS, Simensen RJ, Schroer RJ: 
Longitudinal changes in cognitive and 
adaptive behavior scores in children and 
adolescents with the fragile X mutation or 
autism. J Autism Dev Disord 2002; 32: 107-
114.

198. Fisch GS, Carpenter N, Howard-Peebles PN, 
Holden JJ, Tarleton J, Simensen R: The course 
of cognitive-behavioral development in 
children with the FMR1 mutation, Williams-
Beuren syndrome, and neurofibromatosis 
type 1: The effect of gender. Am J Med Genet 
A 2010; 152A: 1498-1509.

199. Chu-Shore CJ, Thiele EA: New drugs for 
pediatric epilepsy. Semin Pediatr Neurol 
2010; 17: 214-223.

200. Collins JJ, Tudor C, Leonard JM, Chuck 
G, Franz DN: Levetiracetam as adjunctive 
antiepileptic therapy for patients with tuberous 
sclerosis complex: a retrospective open-label 
trial. J Child Neurol 2006; 21: 53-57.

201. Franz DN, Tudor C, Leonard J et al: 
Lamotrigine therapy of epilepsy in tuberous 
sclerosis. Epilepsia 2001; 42: 935-940.

202. Larson AM, Pfeifer HH, Thiele EA: Low 
glycemic index treatment for epilepsy in 
tuberous sclerosis complex. Epilepsy Res 
2012; 99: 180-182.

203. Hsieh DT, Pfeifer HH, Thiele EA: Dietary 
management of epilepsy. Am Fam Physician 
2012; 86: 1000-1001.

204. Michael B, Marson AG: Clobazam as an add-
on in the management of refractory epilepsy. 
Cochrane Database Syst Rev 2008; 004154.

205. O’Callaghan FJ, Clarke AA, Hancock E, 
Hunt A, Osborne JP: Use of melatonin to 



treat sleep disorders in tuberous sclerosis. 
Dev Med Child Neurol 1999; 41: 123-126.

206. Hancock E, O’Callaghan F, English J, 
Osborne JP: Melatonin excretion in normal 
children and in tuberous sclerosis complex 
with sleep disorder responsive to melatonin. 
J Child Neurol 2005; 20: 21-25.

207. Berry-Kravis E, Potanos K: 
Psychopharmacology in fragile X syndrome-

-present and future. Ment Retard Dev Disabil 
Res Rev 2004; 10: 42-48.

208. Koenig MK, Hebert AA, Roberson J et 
al: Topical rapamycin therapy to alleviate 
the cutaneous manifestations of tuberous 
sclerosis complex: a double-blind, 
randomized, controlled trial to evaluate 
the safety and efficacy of topically applied 
rapamycin. Drugs R D 2012; 12: 121-126.





gEnOTyPE and COgnITIvE 
PhEnOTyPE Of PaTIEnTS wITh 

TubEROuS SClEROSIS COMPlEx

1,2Agnies M van Eeghen 
1Margaux E Black 

3Margaret B Pulsifer 
4David J Kwiatkowski

 1Elizabeth A Thiele

1Department of Neurology, The Carol and James Herscot 
Center for Tuberous Sclerosis Complex, Massachusetts General 

Hospital, Boston, MA, USA; 2ENCORE Expertise Centre for 
Neurodevelopmental Disorders, Department of Neuroscience, 

Erasmus Medical Centre, Rotterdam, The Netherlands; 3Department 
of Psychiatry, Psychological Assessment Center, Massachusetts 

General Hospital, Boston, MA, USA; 4Translational Medicine 
Division, Department of Medicine, Brigham and Women’s Hospital, 

Boston, MA, USA

2



34

abSTRaCT
Tuberous sclerosis complex (TSC) is an autosomal dominant, multisystem disorder, which 
affects 1 in 6000 people. About half of these patients are affected by mental retardation, 
which has been associated with TSC2 mutations, epilepsy severity and tuber burden. The 
bimodal intelligence distribution in TSC populations suggests the existence of subgroups 
with distinct pathophysiologies, which remain to be identified. Furthermore, it is unknown 
if heterozygous germline mutations in TSC2 can produce the neurocognitive phenotype 
of TSC independent of epilepsy and tubers. Genotype–phenotype correlations may help 
to determine risk profiles and select patients for targeted treatments. A retrospective chart 
review was performed, including a large cohort of 137 TSC patients who received intelligence 
assessment and genetic mutation analysis. The distribution of intellectual outcomes was 
investigated for selected genotypes. Genotype–neurocognitive phenotype correlations 
were performed and associations between specific germline mutations and intellectual 
outcomes were compared. Results showed that TSC1 mutations in the tuberin interaction 
domain were significantly associated with lower intellectual outcomes (P<0.03), which was 
also the case for TSC2 protein-truncating and hamartin interaction domain mutations 
(both P<0.05). TSC2 missense mutations and small in-frame deletions were significantly 
associated with higher IQ/DQs (P<0.05). Effects related to the mutation location within 
the TSC2 gene were found. These findings suggest that TSC2 protein-truncating mutations 
and small in-frame mutations are associated with distinctly different intelligence profiles, 
providing further evidence that different types and locations of TSC germline mutations 
may be associated with distinct neurocognitive phenotypes.
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InTROduCTIOn
Tuberous sclerosis complex (TSC) is an autosomal dominant, multisystem disorder caused 
by heterozygous mutations in the tumorsuppressor genes TSC1 and TSC2.1,2 Their protein 
products, hamartin and tuberin respectively, interact to form a protein complex that inhibits 
signal transduction to the downstream effectors of the mammalian target of rapamycin 
complex  1 (mTORC1), a serinethreonine kinase with major roles in cell growth signaling. 
Various regions in the TSC2 C-terminal domain, including the GTPase- activating protein 
(GAP) domain, appear to be important for normal TSC2 protein function in the mTOR pathway 
regulation of mTOR.3 Mutations in TSC1 and TSC2 are typically inactivating, resulting in little 
to no protein activity, leading to upregulation of mTORC1.4,5 This results in a constitutive 
growth phenotype with development of hamartomas in various organ systems, including the 
brain. More than 90% of individuals with TSC show neuroanatomical abnormalities such as 
tubers, sub-ependymal growths and white matter abnormalities.6 Most patients are affected 
by epilepsy, often presenting with infantile spasms (IS) as the initial symptom of the disorder.

The prevalence of mental retardation (MR) in TSC is estimated to be between 44 and 
70% and has been associated with tuber burden, tuber/brain proportion, early seizure onset, 
IS, mixed seizure types, TSC2 mutations and poor seizure control.7–13 A bimodal intellectual 
quotient (IQ) distribution in the total TSC population has been suggested7 and was recently 
refined as being observed only in the TSC2 population.10 TSC patients with germline TSC1 
and TSC2 mutations have only one fully functional TSC2 allele in all their cells, and this 
condition could lead to neurocognitive dysfunction through the mechanism of haplo-
insufficiency,14–16 similar to Fragile-X syndrome and Neurofibromatosis type 1.14–16 However, 
in TSC there are additional factors which may contribute to cognitive impairment, including 
loss of heterozygosity, which may contribute to tuber development,17,18 and effects of early 
onset and refractory epilepsy. Thus far, no associations have been found between specific 
TSC mutation types and cognitive outcomes,10,19 although there are reports on associations 
with epilepsy and psychiatric features.10,19–22 As most of these studies have limited power or 
do not address all mutation types of interest, more extensive investigations are warranted 
to determine potential correlations between genotype and neurocognitive phenotype in 
TSC. Furthermore, as mTOR-inhibitors are now under investigation to prevent or reverse 
neurocognitive morbidity in TSC, more specific information on genotype–phenotype 
associations will assist clinicians and caregivers in these important treatment decisions. In 
this study, we use quantitative intelligence outcomes and genetic mutation results of a large 
TSC patient cohort to explore the intellectual phenotype and associations with the affected 
gene and specific gene domains, mutation types and locations.

METhOdS
Study group
The charts of all 377 patients with a definite diagnosis of TSC who were treated at the 
Herscot Center for TSC at Massachusetts General Hospital (MGH) were reviewed. TSC 
patients who had received genetic mutation analysis and neuropsychological assessment at 
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the MGH Psychology Assessment Center were identified. This study was approved by the 
Institutional Review Board of MGH.

Cognitive assessment
Comprehensive neuropsychological evaluations, including intellectual functioning, were 
performed by an experienced neuropsychologist (MP). For all patients, the outcome of 
the most recent full-scale intelligence quotient (IQ) assessment was selected. These were 
available by one of the following five neuropsychological measures, according to best 
practice standards: (1) Bayley Scales of Infant Development – 2nd edition (BSID),23 (2) 
Stanford–Binet Intelligence Scale – 5th edition,24 (3) Wechsler Preschool and Primary Scale 
of Intelligence – 3rd edition,25 (4) Wechsler Intelligence Scale for Children – 4th edition26 
and (5) Wechsler Abbreviated Scale of Intelligence – revised.27 The BSID and Stanford–
Binet also provide mental age scores, which are based on a patient’s raw score converted to 
a mental age at which an average child would obtain that score. For the patients who were at 
the floor of the age-appropriate standardized scores, we calculated developmental quotients 
(DQs) (mental age/ chronological age x100), where a DQ of 100 would be considered the 
mean. The presence of MR was recorded for each patient with a score of o70, according to 
the Diagnostic and Statistical Manual of Mental Disorders, 4th edition.

Clinical data
Clinical data were collected from the patient medical records, including information on 
gender, history of epilepsy and history of IS. We did not have access to clinical data of 
two patients, and these missing values were excluded when determining percentages in 
the results.

Genetic analysis
All patients at MGH followed for TSC are offered genetic testing as part of their 
comprehensive evaluation. Genetic testing of the TSC1 and TSC2 genes, including detecting 
of large DNA deletions and rearrangements of the TSC2 gene, was performed at Athena 
Diagnostics (Worcester, MA, USA) or the MGH Neurogenetic Diagnostic Laboratory 
(Boston, MA, USA). Pathogenic mutations were confirmed by consultation of two TSC 
mutation databases (website tsc-project.partners.org, chromium.liacs.nl/LOVD2/TSC). 
Patients with predicted disease-associated mutations of the TSC1 and TSC2 genes were 
labeled as such. Patients with no definite findings or only polymorphisms were classified 
as having no mutation identified (NMI). We examined the possible effects of each of the 
missense mutations identified in these patients using the Alamut Mutation Interpretation 
Software. A single mutation (TSC2 A460T) was predicted to have a possible effect on 
splicing, with a score of -33%. However, as this score was <50%, it was considered unlikely 
to have an effect on splicing. Patients with two pathogenic mutations were excluded. An 
individual’s specific mutation-type and its exon and nucleotide location within the TSC1 or 
TSC2 gene were recorded.

To examine the neurocognitive impact of mutations in specific gene domains, functional 
domains of the TSC1 and TSC2 gene products were selected, including the TSC1 tuberin 
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interaction domain (TID), the TSC2 hamartin interaction domain (HID) and the TSC2 
GAP domain.5,28 Mutations were additionally classified into protein-truncating (PT; 
nonsense, frame-shift, splice site, large deletions of at least one exon) and non-truncating 
(missense, small in-frame deletions and insertions) mutations. Protein-truncating muta-
tions were divided into proximal and distal mutations, determined from the middle exon 
of each gene.

To investigate the effect of gene location of TSC2 missense mutations, these were 
grouped into three subsets according to the exon (E) location of the affected amino acid: 
affecting or potentially affecting HID–TID (E1–E22); the GAP domain (E34–E41); and 
mutations in between these two regions (E23–E33).

Statistical analysis
Statistical analyses were performed using SPSS Version 11.5 (SPSS, Inc., Chicago, IL, USA).

T-tests were used to compare selected genetic mutation domains and types with 
outcomes on intellectual measures. Owing to relatively small sample size, we restricted 
analyses in the TSC1 cohort to comparing TID mutations with all remaining mutations and 
with only proximal PT mutations.

For TSC2 mutations, HID mutations were compared with all other muta-tions and 
proximal PT mutations (<E22). Additionally, GAP mutations were compared with other 
distal mutations, PT mutations were compared with missense mutations and small 
in-frame deletions, and proximal PT mutations were compared with distal PT mutations. 
To investigate if, within the TSC2 cohort, PT mutations and missense mutations showed 
distinctly different intellectual profiles, a two-sample Mann–Whitney test was performed.

When not specifically mentioned, all mutation subgroups were compared with the 
remaining cohort of the respective affected gene. All reported P-values used two-tailed tests 
of significance with a set at 0.05.

RESulTS
Patient characteristics
Of all 377 patients with a definite diagnosis of TSC, 164 (44%) had received IQ/DQ 
assessment. Genetic testing had been performed on 137 (85%) of these patients, including 
66 men and 71 women, with a mean age of 17 years old (range 3–57) and 4 patients under 
the age of 5. Of this study group of 137 patients, 35 (26%) patients were affected by a 
pathogenic TSC1 mutation, 81 (59%) patients by a pathogenic TSC2 mutation and in 21 
(15%) patients no mutation could be identified (NMI). The distribution of the pathogenic 
mutations within the TSC1 and TSC2 genes is shown in Figure 1.

Intellectual profiles of TSC1, TSC2 and NMI cohorts
Of the total study group, the mean IQ/DQ was 71.1 (range 7–135). In 36 (22%) patients, 
conversion to DQ was performed. The prevalence of MR was 23% for the TSC1 population, 
57% for TSC2 patients and 29% for the NMI cohort (Figure 1, Table 1). Intelligence scores 
for the total study group and according to mutation subtype are illustrated in Figure 2a and 
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confirm the bimodal appearance of the IQ/DQ distribution of the total and TSC2 cohort 
(Figures 2a and b). The mean IQ/DQ of the TSC1 and TSC2 mutation subgroups was 83 and 
64, respectively, where male and female patients showed identical mean IQ/DQs (Figure 3a). 
The mean IQ/DQ of the total NMI subgroup was 79, with the 13 men showing a mean IQ/DQ 
of 77, and the 8 women a mean of 84. Of note is that the NMI subgroup consisted of 13 men 
and 8 women while the TSC1 and TSC2 cohorts each had a slight preponderance of women.

Genotype–phenotype analyses TSC1 mutations
In the TSC1 cohort, the 11 (33%) patients with a mutation in the TID showed a significantly 
lower mean IQ/DQ of 66 (P<0.03) compared with 88 in the remaining TSC1 cohort (for 
epilepsy characteristics, see Table 1). Compared with patients with proximal PT mutations 
(<E15) not affecting the TID domain who showed a higher mean IQ/DQ of 84, the IQ/DQs 
of patients with TID mutations remained lower, although not significantly (P<0.12). Of the 
four TSC1 missense mutations, one patient had an IQ of 37, which lowered the mean of 
the other three related patients who had IQ/DQs between 72 and 103. Of interest are the 
relatively high IQ/DQs associated with the three splice site mutations affecting the proximal 
TID, contrary to the more distal splice site mutation in I14, which was associated with an 
IQ/DQ of 21. Excluding this latter splice site mutation, no TSC1 patients with a mutation 
distal of the TID were affected by MR or IS, although most had a positive history of epilepsy 
(Figure 1 and Table 1).

 

 

 

 
 

Figure 1. TSC1 and TSC2 gene exon map, depicting mutation types of patients with and without MR. CaMD, calmodulin-binding domain; CCD, 

coil–coil domain; ERM, ezrin–radixin–moesin; GAP, GTPase-activating protein; LZD, leucine zipper domain; TAD, transcription-activating domain; TMD, 

transmembrane  domain. 

 

Table 1. Neurocognitive characteristics per TSC mutation type 

and domain 

 
 
Gene 

 
Domain/type 

Mean IQ/DQ 

(range) P/N 
 

MR P/N 
 

Epilepsy P/N 
 

IS P/N 
 

TSC1 
 

All mutations 
 

83 (7–130) 
 

8/35 (23%) 
 

31/35 (89%) 
 

3/31 (1%) 

 TID 66 (7–115) 5/8 (63%) 8/8 (100%) 2/8 (25%) 

 Missense 72 (37–103) 2/5 (40%) 5/5 (100%) 2/5 (40%) 

TSC2 All mutations 64 (7–134) 46/81 (57%) 72/81 (89%) 44/75 (59%) 

 HID 51 (8–134) 14/18 (78%) 17/18 (94%) 10/16 (63%) 

 GAP 72 (11–132) 5/11 (46%) 9/11 (82%) 8/10 (80%) 

 PT 60 (7–134) 30/47 (65%) 42/47 (91%) 30/47 (73%) 

 Prox. PT (E1-E22) 49 (22–91) 30/46 (78%) 9/9 (100%) 5/8 (63%) 

 Small in-frame 79 (11–117) 8/23 (35%) 19/23 (83%) 9/22 (41%) 

 Missense 78 (11–116) 6/18 (33%) 14/18 (78%) 7/17 (41%) 

 Large in-frame 

deletions 
51 (8–101) 9/13 (69%) 13/13 (100%) 6/13 (46%) 

NMI — 79 (12–135) 6/21 (29%) 13/21 (62%) 8/21 (38%) 
 

Abbreviations: E, exon; GAP, GTPase-activating protein; HID, hamartin interaction domain; 

IQ/DQ, intellectual/developmental quotient; IS, infantile spasms; MR, mental retardation; 

NMI, no mutation identified; P/N, number of patients in cohort displaying symptoms/number 

of patients at risk; PT, protein truncating; TID, tuberin interaction domain; TSC, tuberous 

sclerosis complex. 

Characteristics of the NMI cohort are included. 
 

 
Genotype–phenotype analyses TSC2 mutations 

Within the TSC2 cohort, the patients with mutations in the HID 

(n=18, 21%) showed a significantly lower mean IQ/DQ of 51 

(P<0.05) (for epilepsy characteristics, see Table 1).  The patients 

with a  proximal  PT mutation  (<E22,  excluding  HID  mutations) 

showed a similar mean IQ/DQ of 49. Distal PT mutations showed a 

significantly higher mean IQ/DQ of 69 (P<0.04) compared with 

proximal PT mutations (Figures 2b and 3b). When PT mutations were 

compared with small in-frame deletions and missense mutations 

combined, the latter group had a significantly higher mean IQ/DQ 

of 76 (P<0.05), which was only slightly higher with an IQ/DQ of 78 

when only missense mutation were included in the analysis (P<0.04) 

(Figures 2b and 3b). The Mann–Whitney test confirmed significantly 

different intellectual profiles for PT and missense mutations. Muta- 

tions in the GAP-domain were associated with a mean IQ/DQ of 72, 

which was higher than remaining mutations with a mean IQ/DQ 

of 63, but not significantly so (Po0.38). Although the GAP-related 

IQ/DQ profile was higher than the mean IQ/DQ of all PTs (P<0.12), 

it was only slightly higher than distal PTs (Table 1). When missense 

GAP mutations were compared with the remaining GAP mutations, 

the mean IQ/DQs were similar (71 vs 68). 

Grouping all TSC2 missense mutations according to their position on 

the gene (see Materials and Methods) revealed mean IQ/DQs that were 

relatively lower for proximal and distal missense mutations, whereas 

missense mutations in the middle of the TSC2 gene were associated with 

a relatively normal cognitive phenotype, excluding one outlier (Figure 4). 

 
DISCUSSION 

The data provided by our large study cohort and quantitative 

intelligence outcomes are the first to indicate significant relationships 

between specific mutation types and intellectual outcomes in patients 

with TSC. We confirm the more severe neurocognitive phenotype of 

the total TSC2 population, and within this cohort, found subgroups 

showing significantly different intellectual profiles associated with 

Figure 1. TSC1 and TSC2 gene exon map, depicting mutation types of patients with and without 
MR. CaMD, calmodulin-binding domain; CCD, coil–coil domain; ERM, ezrin–radixin–moesin; 
GAP, GTPase-activating protein; LZD, leucine zipper domain; TAD, transcription-activating domain; 
TMD, transmembrane domain.
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gEnOTyPE–PhEnOTyPE analySES TSC2 
MuTaTIOnS
Within the TSC2 cohort, the patients with mutations in the HID (n=18, 21%) showed a 
significantly lower mean IQ/DQ of 51 (P<0.05) (for epilepsy characteristics, see Table 1). The 
patients with a proximal PT mutation (<E22, excluding HID mutations) showed a similar 
mean IQ/DQ of 49. Distal PT mutations showed a significantly higher mean IQ/DQ of 69 
(P<0.04) compared with proximal PT mutations (Figures 2b and 3b). When PT mutations 
were compared with small in-frame deletions and missense mutations combined, the latter 
group had a significantly higher mean IQ/DQ of 76 (P<0.05), which was only slightly higher 
with an IQ/DQ of 78 when only missense mutation were included in the analysis (P<0.04) 
(Figures 2b and 3b). The Mann–Whitney test confirmed significantly different intellectual 
profiles for PT and missense mutations. Mutations in the GAP-domain were associated 
with a mean IQ/DQ of 72, which was higher than remaining mutations with a mean IQ/
DQ of 63, but not significantly so (P<0.38). Although the GAP-related IQ/DQ profile was 
higher than the mean IQ/DQ of all PTs (P<0.12), it was only slightly higher than distal 
PTs (Table 1). When missense GAP mutations were compared with the remaining GAP 
mutations, the mean IQ/DQs were similar (71 vs 68).

Table 1. Neurocognitive characteristics per TSC mutation type and domain.

Gene Domain/type
Mean IQ/DQ
(range) P/N MR P/N Epilepsy P/N IS P/N

TSC1 All mutations 83 (7–130) 8/35 (23%) 31/35 (89%) 3/31 (1%)

TID 66 (7–115) 5/8 (63%) 8/8 (100%) 2/8 (25%)

Missense 72 (37–103) 2/5 (40%) 5/5 (100%) 2/5 (40%)

TSC2 All mutations 64 (7–134) 46/81 (57%) 72/81 (89%) 44/75 (59%)

HID 51 (8–134) 14/18 (78%) 17/18 (94%) 10/16 (63%)

GAP 72 (11–132) 5/11 (46%) 9/11 (82%) 8/10 (80%)

PT 60 (7–134) 30/47 (65%) 42/47 (91%) 30/47 (73%)

Prox. PT (E1-E22) 49 (22–91) 30/46 (78%) 9/9 (100%) 5/8 (63%)

Small in-frame 79 (11–117) 8/23 (35%) 19/23 (83%) 9/22 (41%)

Missense 78 (11–116) 6/18 (33%) 14/18 (78%) 7/17 (41%)

Large in-frame 
deletions

51 (8–101) 9/13 (69%) 13/13 (100%) 6/13 (46%)

NMI — 79 (12–135) 6/21 (29%) 13/21 (62%) 8/21 (38%)

Abbreviations: E, exon; GAP, GTPase-activating protein; HID, hamartin interaction domain; IQ/DQ, 
intellectual/developmental quotient; IS, infantile spasms; MR, mental retardation; NMI, no mutation 
identified; P/N, number of patients in cohort displaying symptoms/number of patients at risk; PT, protein 
truncating; TID, tuberin interaction domain; TSC, tuberous sclerosis complex.
Characteristics of the NMI cohort are included.
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Figure 2. Histograms depicting intelligence distributions of selected TSC 

mutation groups. (a) Intelligence outcomes  of  the  total  TSC  cohort, 

including the TSC1 (dark gray), TSC2 (shaded gray) and NMI (light gray) 

cohorts. (b) Intelligence outcomes of TSC2  mutation  subgroups  with 

missense mutations and small in-frame deletions (dark gray), proximal 

protein-truncating mutations (shaded gray) and distal protein-truncating 

mutations (light gray). 

Figure 3 Boxplots depicting intelligence outcomes of selected TSC 

mutation cohorts. (a) Intelligence outcomes of TSC1, TSC2 and NMI 

mutation cohort, including the mean intelligence, SD and outliers. (b) 

Intelligence distributions for TSC2 subgroups with small in-frame deletions, 

proximal protein-truncating mutations, distal protein-truncating mutations. 

Small in-frame mutations included missense mutations and deletions o1 

exon. 

specific genotypes. TSC2 patients with proximal PT mutations and HID 

mutations showed very similar, significantly lower mean IQ/DQs compared 

with patients with small, in-frame deletions or missense mutations, 

confirming case reports finding a milder phenotype in patients with 

missense mutations.20,22,29–31 This apparent phenotypic dichotomy 

corresponds with the reported bimodal IQ/DQ distribution in the TSC2 

population and we showed that this bimodal appearance can, at least partly, be 

explained by the effects of different mutation subtypes. Furthermore, these 

findings correlate well with functional considerations of the effects of 

different mutations on the TSC1–TSC2 protein complex. Two 

pathophysiological mechanisms have been reported in TSC, where truncating 

TSC1 and TSC2 mutations undergo mRNA nonsense-mediated decay, and 

what little aberrant truncated protein is produced is likely rapidly cleared 

from cells in the cytosol with no functional protein production. In contrast, 

missense and other small in-frame mutations may produce an intact, 

albeit dysfunctional, protein that remains present in the cell with 

variable remaining function.32,33 In addition to this ‘all-or-nothing’ 

theory, we found that PT mutations occurring in the latter half of 

TSC2 were associated with significantly higher intellectual outcomes 

than PT mutations in the first half of the protein, suggesting that 

mutations in TSC2 which leave the HID intact may result in produc- 

tion of some functional protein. This suggests a third pathophysio- 

logical mechanism, applying to distal TSC2 truncating mutations that 

leave the HID intact and result in appropriate formation of the 

hamartin–tuberin complex, but perhaps disrupt functions exerted by 

domains in the distal part of TSC2, such as GAP-expression, trans- 

cription and binding of kinases.22,34 There was some suggestion that 

mutations in the GAP domain were associated with a relatively better 

neurocognitive profile, although this did not reach significance, perhaps 

because the relatively small sample size limited the power of this 

observation as we only investigated mutations directly in this domain. 

Figure 2. Histograms depicting intelligence 
distributions of selected TSC mutation groups. 
(a) Intelligence outcomes of the total TSC 
cohort, including the TSC1 (dark gray), TSC2 
(shaded gray) and NMI (light gray) cohorts. 
(b) Intelligence outcomes of TSC2 mutation 
subgroups with missense mutations and small 
in-frame deletions (dark gray), proximal protein-
truncating mutations (shaded gray) and distal 
protein-truncating mutations (light gray).

Grouping all TSC2 missense mutations according to their position on the gene (see 
Materials and Methods) revealed mean IQ/DQs that were relatively lower for proximal and 
distal missense mutations, whereas missense mutations in the middle of the TSC2 gene were 
associated with a relatively normal cognitive phenotype, excluding one outlier (Figure 4).

dISCuSSIOn
The data provided by our large study cohort and quantitative intelligence outcomes are the 
first to indicate significant relationships between specific mutation types and intellectual 
outcomes in patients with TSC. We confirm the more severe neurocognitive phenotype of 
the total TSC2 population, and within this cohort, found subgroups showing significantly 

Figure 3. Boxplots depicting intelligence 
outcomes of selected TSC mutation cohorts. 
(a) Intelligence outcomes of TSC1, TSC2 and 
NMI mutation cohort, including the mean 
intelligence, SD and outliers. (b) Intelligence 
distributions for TSC2 subgroups with small 
in-frame deletions, proximal protein-truncating 
mutations, distal protein-truncating mutations. 
Small in-frame mutations included missense 
mutations and deletions o1 exon.
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different intellectual profiles associated with specific genotypes. TSC2 patients with proximal 
PT mutations and HID mutations showed very similar, significantly lower mean IQ/DQs 
compared with patients with small, in-frame deletions or missense mutations, confirming 
case reports finding a milder phenotype in patients with missense mutations.20,22,29–31 This 
apparent phenotypic dichotomy corresponds with the reported bimodal IQ/DQ distribution 
in the TSC2 population and we showed that this bimodal appearance can, at least partly, 
be explained by the effects of different mutation subtypes. Furthermore, these findings 
correlate well with functional considerations of the effects of different mutations on the 
TSC1–TSC2 protein complex. Two pathophysiological mechanisms have been reported 
in TSC, where truncating TSC1 and TSC2 mutations undergo mRNA nonsense-mediated 
decay, and what little aberrant truncated protein is produced is likely rapidly cleared from 
cells in the cytosol with no functional protein production. In contrast, missense and other 
small in-frame mutations may produce an intact, albeit dysfunctional, protein that remains 
present in the cell with variable remaining function.32,33 In addition to this ‘all-or-nothing’ 
theory, we found that PT mutations occurring in the latter half of TSC2 were associated with 
significantly higher intellectual outcomes than PT mutations in the first half of the protein, 
suggesting that mutations in TSC2 which leave the HID intact may result in production 
of some functional protein. This suggests a third pathophysiological mechanism, applying 
to distal TSC2 truncating mutations that leave the HID intact and result in appropriate 
formation of the hamartin–tuberin complex, but perhaps disrupt functions exerted by 
domains in the distal part of TSC2, such as GAP-expression, transcription and binding of 
kinases.22,34 There was some suggestion that mutations in the GAP domain were associated 
with a relatively better neurocognitive profile, although this did not reach significance, 
perhaps because the relatively small sample size limited the power of this observation as we 
only investigated mutations directly in this domain.
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mutation subgroup. In addition, it is still unclear if second hits are 

absolutely necessary for the formation of tubers,17,18 which are also 

associated with intellectual outcomes.9,43
 

A drawback for this type of study is the use of multiple cognitive 

measures, which is inherent to the inclusion of different age groups. 

We accounted for this by using both dichotomous and quantitative 

outcomes of cognitive functioning, MR and IE, in order to validate 

and strengthen our findings. As the patients were assessed at different 

ages, it is unclear if cognitive development is sufficiently stable in 

patients with TSC to perform such a study. Although thus far there 

has been little investigation on cognitive development in children and 

adults with TSC, we recently found that the mean IQ/DQ of a large 

TSC cohort remained stable over time, albeit showing variability,44 

confirming a previous study in infants with TSC.45 As this study group 
Missense mutation location 

 

Figure 4. Boxplot depicting intelligence outcomes for all patients with 

TSC2 missense mutations, specified per location of the mutation on 

the TSC2 gene. The outlier in the middle group represents a female 

patient with a neurological history of refractory partial  complex seizures 

and epilepsy surgery; genetic analysis revealed a P1497R mutation. 

 

 
 

Investigating the location of mutations more in detail, we found 

compelling clinical support for previous observations that TSC2 

missense mutations that do not affect the  hamartin–tuberin inter- 

action or the GAP domain produce a milder phenotype, possibly by 

retaining some GAP activity.31,35 The single severely affected patient 

in the ‘milder’ missense group possibly reflects a remote splice site 

mutation,36 a severe ‘second hit’ in the other allele, secondary effect 

of seizures or another pathophysiologic phenomenon in this complex 

syndrome. 

Although the TSC1 cohort was relatively smaller, the findings that 

mutations in the TID were associated with a more severe cognitive 

phenotype, even when compared with only proximal PT mutations, 

confirms the importance of unimpaired binding of hamartin and 

tuberin through their interaction domains. The three patients with 

splice site mutations in the TID without cognitive impairment were 

noteworthy and future studies should focus on protein studies of 

splice site mutations to learn more about their effect. The relatively 

low mean IQ/DQ of the five TSC1 missense mutations conflicts with 

previous observations of a relatively mild phenotype,33,37 possibly due 

to the fact that all of these missense mutations occurred in the N-

terminal region, which is essential for TSC1 function.32,38 Of note is 

that, excluding splice site mutations, none of the patients with more 

distal mutations were affected by MR. 

  Previous studies have reported a more severe cognitive 

phenotype in men compared with women with TSC, using 

dichotomous outcomes such as ‘MR’.19,39,40 However, the nearly 

identical IQ/DQs in men and women in our large TSC1 and 

TSC2 cohorts are more consistent with previous data on the 

prevalence of autism, ADHD and other neuropsychiatric disorders in 

the TSC population,41,42 suggesting that genetic effects override 

gender effects. 

The neurocognitive phenotype of patients with TSC is highly 

variable, because of several effects. Apart from the effect of the genetic 

mutations, the effect of epilepsy comorbidity, neurosurgery and other 

anti-epileptic treatments may influence cognitive development in 

patients with TSC and thus complicate genotype–phenotype associa- 

tions. Our explorations confirm that cognition and epilepsy are 

interrelated in TSC, showing greater frequencies of epilepsy and IS 

in mutation subgroups with a higher prevalence of MR and low mean 

IQ/DQs, which may contribute to the large ranges of IQ/DQ per 

Figure 4. Boxplot depicting intelligence outcomes for all patients with TSC2 missense mutations, 
specified per location of the mutation on the TSC2 gene. The outlier in the middle group represents a 
female patient with a neurological history of refractory partial complex seizures and epilepsy surgery; 
genetic analysis revealed a P1497R mutation.
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Investigating the location of mutations more in detail, we found compelling clinical support 
for previous observations that TSC2 missense mutations that do not affect the hamartin–tuberin 
interaction or the GAP domain produce a milder phenotype, possibly by retaining some GAP 
activity.31,35 The single severely affected patient in the ‘milder’ missense group possibly reflects 
a remote splice site mutation,36 a severe ‘second hit’ in the other allele, secondary effect of 
seizures or another pathophysiologic phenomenon in this complex syndrome.

Although the TSC1 cohort was relatively smaller, the findings that mutations in the TID 
were associated with a more severe cognitive phenotype, even when compared with only 
proximal PT mutations, confirms the importance of unimpaired binding of hamartin and 
tuberin through their interaction domains. The three patients with splice site mutations in 
the TID without cognitive impairment were noteworthy and future studies should focus on 
protein studies of splice site mutations to learn more about their effect. The relatively low mean 
IQ/DQ of the five TSC1 missense mutations conflicts with previous observations of a relatively 
mild phenotype,33,37 possibly due to the fact that all of these missense mutations occurred in 
the N-terminal region, which is essential for TSC1 function.32,38 Of note is that, excluding splice 
site mutations, none of the patients with more distal mutations were affected by MR.

 Previous studies have reported a more severe cognitive phenotype in men compared 
with women with TSC, using dichotomous outcomes such as ‘MR’.19,39,40 However, the 
nearly identical IQ/DQs in men and women in our large TSC1 and TSC2 cohorts are more 
consistent with previous data on the prevalence of autism, ADHD and other neuropsychiatric 
disorders in the TSC population,41,42 suggesting that genetic effects override gender effects.

The neurocognitive phenotype of patients with TSC is highly variable, because of several 
effects. Apart from the effect of the genetic mutations, the effect of epilepsy comorbidity, 
neurosurgery and other anti-epileptic treatments may influence cognitive development in 
patients with TSC and thus complicate genotype–phenotype associations. Our explorations 
confirm that cognition and epilepsy are interrelated in TSC, showing greater frequencies 
of epilepsy and IS in mutation subgroups with a higher prevalence of MR and low mean 
mutation subgroup. In addition, it is still unclear if second hits are absolutely necessary for 
the formation of tubers,17,18 which are also associated with intellectual outcomes.9,43

A drawback for this type of study is the use of multiple cognitive measures, which 
is inherent to the inclusion of different age groups. We accounted for this by using both 
dichotomous and quantitative outcomes of cognitive functioning, MR and IE, in order to 
validate and strengthen our findings. As the patients were assessed at different ages, it is 
unclear if cognitive development is sufficiently stable in patients with TSC to perform such 
a study. Although thus far there has been little investigation on cognitive development in 
children and adults with TSC, we recently found that the mean IQ/DQ of a large TSC 
cohort remained stable over time, albeit showing variability,44 confirming a previous study 
in infants with TSC.45 As this study group IQ/DQs, which may contribute to the large ranges 
of IQ/DQ per represents only TSC patients who were referred for neuropsychological 
assessment, this may represent a bias toward more severely affected patients. For this study, 
we selected intelligence as the primary outcome because these quantitative data provide 
more precise and powerful information, although this reduced the size of the study cohort. 
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We limited our statistical analysis to intelligence outcomes per mutation type, as similar 
investigations on epilepsy parameters are ongoing in a larger sample. Of importance is 
that some subjects in categories associated with a more severe neurocognitive phenotype 
had excellent intelligence outcomes. This, together with the described missense mutation 
finding, limits the use of our findings as prognostic indicators and should remind clinicians 
to be very cautious in attempting phenotype predictions. Future genotype–phenotype 
correlations in larger cohorts should expand on our findings and include seizure variables, 
psychiatric burden and the neuroanatomical endophenotype of TSC. Functional analysis 
on the biochemical effects of specific missense mutations, small in-frame deletions and 
splice site mutations may identify more genotype–phenotype correlations.
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abSTRaCT
Tuberous Sclerosis Complex (TSC) is an autosomal dominant syndrome with a variable 
neurocognitive phenotype. Recently, different intelligence profiles were observed for 
distinct mutation types and locations, suggesting that individuals with missense mutations 
represent a subgroup with milder neurocognitive outcomes. We applied these recent 
insights to the analysis of the epilepsy phenotype in a large cohort of patients with TSC. 
Associations between genotype and a history of epilepsy and/or infantile spasms (IS) 
were explored retrospectively, using data from 478 TSC patients from the databases of the 
Tuberous Sclerosis Alliance and the Herscot Center at Massachusetts General Hospital. 
Absolute and relative risks for IS and other types of epilepsy were calculated for various 
mutation classes, selected according to type and location. As expected, TSC2 mutations 
were associated with a significantly higher occurrence of IS and other epilepsy types. 
However, missense mutations located in the central region of TSC2 (exons 23 - 33) were 
associated with a significantly reduced incidence of IS. Our study further delineates the 
epilepsy phenotype in TSC patients. Identifying distinct epilepsy phenotypes for specific 
mutation subgroups may help identify relevant biomarkers and assist clinicians in making 
treatment decisions. 
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InTROduCTIOn
Tuberous Sclerosis Complex (TSC) is an autosomal dominant, multisystem disorder 
caused by mutations in the TSC1 and TSC2 genes. Disruption of the TSC1-TSC2 protein 
complex results in upregulation of signal transduction through the mammalian target of 
rapamycin (mTOR) complex 1 (TORC1), resulting in a constitutive growth phenotype with 
development of hamartomas in various organ systems, including the brain. 

Epilepsy is the most common neurological symptom of TSC and occurs in 90% of patients, 
often manifesting as infantile spasms (IS) or as early onset, intractable multifocal seizures.1 
IS are often the first presenting seizure type and occur in one-third of patients with TSC, 
often evolving into refractory epilepsy. Since IS are associated with a higher risk for cognitive 
impairment and autism,2, 3 early recognition and treatment are of great importance.4 

IS and epilepsy are generally more frequent and more severe in patients with TSC2 
mutations, compared to individuals with TSC1 mutations.4 However, this distinction 
may be an over-simplification, as recent reports indicate that specific TSC2 mutations 
are associated with a less severe epilepsy phenotype.5-8 Here, we explore the associations 
between specific TSC1 and TSC2 genotypes and epilepsy phenotypes using data provided 
by a large TSC patient cohort.

METhOdS 
Clinical and genetic information on 1034 individuals with TSC from 15 institutions in 
the USA was obtained from the TS Alliance Natural History Database. Information on a 
history of epilepsy and a history of IS was classified into present, not present, or unknown. 
Since electroencephalographic (EEG) characteristics are not a diagnostic criterium for IS 
(Commission on Pediatric Epilepsy of the International League Against Epilepsy, 1992), and 
EEG data were not consistently available, these were not retrieved. Specific data on seizure 
types other than IS, or intelligence outcomes were not consistently available. Complete 
data on IS, other seizure types, and results of genetic testing were available for 440 (43%) 
individuals and were supplemented with information from 77 patients from the Carol and 
James Herscot Center for TSC at Massachusetts General Hospital (MGH). Of the total 
group, patients with an unclear seizure history (14), only one seizure (2), incomplete results 
of genetic mutation analysis (20), or genetic mosaicism (3) were excluded. Pathogenic 
mutations were classified using ALAMUT mutation interpretation software, SIFT amino 
acid substitution analysis software,9 functional testing,10 and by comparison with the TSC1 
and TSC2 Leiden Open Variation Database (chromium.liacs.nl/LOVD2/TSC). 

Patients with definite pathogenic TSC1 or TSC2 mutations were labeled as such. Patients 
with only polymorphisms, unclassified variants or no identified variants were classified as 
no mutation identified (NMI). Nonsense, frame-shift and splice-site mutations, as well as 
deletions of at least one exon were classified as protein terminating (PT) mutations. Missense 
mutations and small in-frame deletions or insertions were classified as non-terminating 
(NT) mutations. NT TSC2 mutations were divided into 3 groups according to the location 
of the pathogenic change:8 1) a proximal group containing changes to exons 1 - 22, that 
were likely to disrupt the TSC1-TSC2 interaction, 2) a distal group containing changes 
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to exons 34 - 41 that were likely to affect the GAP domain, and 3) the remaining central 
group with mutations mapping to exons 23 - 33. NT mutations to this central region have 
been shown to affect the activity of the TSC1-TSC2 complex, but do not appear to affect 
TSC1-TSC2 binding, and map outside the GTPase activating protein (GAP) domain.10, 11 
Statistical analyses were performed using SPSS Version 11.5 (SPSS, Inc., Chicago, IL). Chi-
square analyses were performed with alpha set at 0.05. This study was approved by the 
review boards of the MGH and the TSA Database. 

RESulTS
Patient characteristics
A complete epilepsy history and complete genetic analysis was available for a total of 478 
individuals, consisting of 233 (49%) males and 245 (51%) females with a mean age of 7.6 
years (range 1.5 to 63.1 years). Of this group, 99 (21%) had no history of seizures, 141 (30%) 
had a history of IS and other seizure types, 222 (46%) had a history of epilepsy without IS, 
and 16 (3%) had a history of IS followed by seizure freedom. 

Genotype-phenotype analyses
A pathogenic TSC1 mutation was identified in 110 (23%) individuals, a TSC2 mutation 
was identified in 269 (56%) individuals, and in 99 cases (21%), no mutation was identified 
(NMI). Patient characteristics per mutation cohort are listed in Table 1. Absolute risks of IS 

Table 1. Patient characteristics per TSC mutation cohort.

TSC1 (N = 110) TSC2 (N = 269) NMI (N = 99)

Mean age (range)
Mean age at diagnosis (range)

8.1 (2.0—16.2)
9.2 (−0.4 to 59.5)

4.8 (1.9—57.3)
2.2 (−0.5 to 43.8)

10.1 (1.5—63.1)
7.6 (0.0—55.7)

Female 59 (53.6%) 132 (49.1%) 54 (54.5%)

IS 16 (14.5%) 122 (45.4%) 19 (19.2%)

Other epilepsy 88 (80.0%) 219 (81.4%) 57 (57.6%)

IS + epilepsy 16 (14.5%) 108 (40.1%) 17 (17.2%)

Epilepsy no IS 72 (65.5%) 110 (40.9%) 40 (40.4%)

IS only 0 (0.0%) 14 (5.2%) 2 (2.0%)

No history of epilepsy 22 (20%) 37 (13.8%) 40 (40.4%)

PT mutations 104 (94.5%) 185 (68.8%) 0 (0%)

NT mutations 6 (5.5%) 84 (31.2%) 0 (0%)

Missense mutations 6 (5.5%) 67 (24.9) 0 (0%)

In-frame insertions 0 (0%) 0 (0%) 0 (0%)

In-frame deletions 0 (0%) 17 (6.3%) 0 (0%)

TSC, tuberous sclerosis complex; NMI, no mutation identified; IS, infantile spasms; PT, protein terminating; 
and NT, non-terminating.
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or other forms of epilepsy per mutation group were estimated (see Table 1, Figure 1A), and 
relative risks (RR) were calculated with chi-square tests. TSC2 mutations were significantly 
associated with a higher risk for IS compared to TSC1 mutations (RR 1.56, P<0.0001) and 
NMI (RR 2.36, P<0.0001). TSC2 mutations were also associated with a significantly higher 
relative risk for other epilepsy types compared with the NMI group (RR 1.41, P< 0.0001), 
but not compared with the TSC1 mutation group (RR 1.08, P<0.43) (Figure 1). Compared 
with the NMI patients, the TSC1 mutation cohort did not have a significantly higher risk 
for IS (RR 1.06, P<0.24), but did show a higher risk for other types of epilepsy (RR 1.34, 
P<0.0001). 

Next, relative risks were computed for more specific mutation types. Only six patients 
had a TSC1 missense mutation, which are known to be rare,12, 13 and three of these 
patients were related. Therefore, no detailed analyses were performed. For patients with a 
TSC2 mutation, there were no significant differences in IS or epilepsy outcomes between 
individuals with a PT or NT mutation (P<0.46 and P<0.10, respectively). However, 
when the NT mutations were sub-divided according to their location in the TSC2 gene 
(Figure 2), proximal and distal TSC2 mutations showed a significantly higher risk of IS 
compared with mutations in the central region (exons 23 - 33) of the gene (proximal: 
RR 3.52, P<0.001; distal: RR 1.77, P<0.008) (Figure 2). Although higher risks for other 
seizure types were also observed, they did not reach significance for either proximal 
(RR 1.3, P<0.10) or distal TSC2 NT mutations (RR 2.35, P<0.06), compared to the central 
NT mutation group.

From the 16 patients with a history of IS that resolved without the occurrence of other 
types of epilepsy, 14 individuals had a mutation in TSC2 and 2 individuals were NMI. Of 
the TSC2 mutations, 7 were PT and 7 were NT, the latter in proximal and distal locations. 
Strikingly, although not statistically significant (P<0.11, OR 0.14 – 1.30) due to the small 
sample size, 22% of the patients with a TSC2 NT mutation and IS became seizure free, 
compared to only 8% of the patients with a TSC2 PT mutation and IS.

Figure 1. Bar-graph depicting the incidence of Infantile Spasms (green) and other types of 
epilepsy (blue) for A) individuals with a TSC1 or TSC2 mutation or with no mutation identified 
(NMI), and B) individuals with a non-terminating mutation in exon 1 - 22 (E1-E22), exon 23 - 33 
(E23-E33) or exon 34 - 41 (E34-41) of the TSC2 gene. * P<0.01
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dISCuSSIOn
The large cohort provided by the combination of two large databases allowed us to 
investigate the risk of epilepsy and IS associated with specific TSC germline mutation types. 
In addition to confirming a significantly higher occurrence of IS in patients with a TSC2 
mutation,1 we observed that non-terminating mutations located in the central region of the 
TSC2 gene (exons 23 - 33) are associated with a significantly lower risk for IS, and a trend 
towards a lower prevalence of any type of epilepsy. This profile is similar to that of patients 
with a TSC1 mutation or with NMI. Combined with the recent evidence for higher mean 
intellectual outcomes for patients with non-terminating mutations in this region of the TSC2 
gene,8 these observations suggest that patients with a NT mutation between exons 23 and 33 
of the TSC2 gene are likely to have a less severe neurocognitive profile. Although for specific 
TSC2 amino acid changes, variable epilepsy profiles were observed, the consistent absence 
of IS in patients carrying the TSC2 c.2714G>A (p.R905Q) and c.3598C>T (p.R1200W) 
variants confirms the previously reported milder phenotype in these patients,5, 14 while 
the presence of IS in all patients with a TSC2 c.1831C>T (p.R611W) mutation suggests a 
generally more severe phenotype, consistent with in vitro observations that this mutation 
causes severe impairment of TSC1-TSC2 binding and function.15 Unfortunately, we did not 
have sufficient numbers of patients with a TSC1 missense mutation to allow any statistical 
comparisons to be made. 

A previous study on intellectual outcomes in TSC showed more distinct associations 
with genotype, such as differences between proximal and distal PT mutations as well as 

Figure 2. Exon map of the TSC2 gene, showing missense mutations and small in-frame deletions 
identified in patients with (grey) and without (black) a history of infantile spasms.
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differences between PT and NT mutations.8 The occurrence of epilepsy and IS seem less 
strongly associated with germline mutation types, which may be due to the dichotomous 
outcomes in this study. It is also likely that stochastic effects, such as loss of heterozygosity 
(LOH) and other somatic, second-hit mutational events are important determinants for 
tuber development16, 17 and the epilepsy phenotype in TSC, while the cognitive phenotype 
may be more directly influenced by the nature of the germline mutation. This is also 
consistent with a recent report that found a stronger relationship between tuber count and 
IS than between tuber count and developmental outcomes.18 

A major strength of this study is that it was performed on an extremely large TSC cohort 
which provided sufficient power for detailed genotype-phenotype comparisons. Although 
hypsarrhythmia is the EEG pattern classically associated with IS, the diagnosis of IS in 
TSC is a clinical diagnosis, and hypsarrhythmia need not be present for this diagnosis to 
be made. The data on IS were provided by TSC experts who are unlikely to misdiagnose IS. 
Due to possible overestimation in pediatric epilepsy samples, the prevalence of IS in TSC 
has been difficult to determine and the rate of IS in 33% of patients in this cohort may be 
the most unbiased so far. 

Unfortunately, the available data were insufficient to analyze associations between 
genotype and the complete epilepsy phenotype, or to distinguish other seizure types 
associated with poor neurodevelopmental outcomes, such as Lennox-Gastaut syndrome. 
Furthermore, we were limited by the lack of systematic data on intelligence outcomes, 
and it will be interesting to explore associations between genotype and more specific 
neurocognitive profiles, including response to anti-epileptic treatments. 

Finally, it is important to note that some subjects in categories associated with a more 
severe epilepsy phenotype had excellent outcomes and vice versa. This limits the clinical 
use of our findings as prognostic indicators and close monitoring of each patient diagnosed 
with TSC remains justified. Nevertheless, the increased recognition of TSC patients with 
less severe neurological phenotypes may assist in the search for biomarkers and the selection 
of patients for preventative treatment. Functional analysis on the biochemical effects of 
specific missense mutations, small in-frame deletions and splice site mutations will help 
characterize the effects of mutations and identify candidates for more specific genotype–
phenotype correlation studies. 
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abSTRaCT
The contribution of radial migration lines (RMLs) to the neuroanatomical and 
neurocognitive phenotype of tuberous sclerosis complex (TSC) is unclear. The aim of this 
study was to perform a comprehensive evaluation of the neuroradiological phenotype of 
TSC, distinguishing RMLs from normal-appearing white matter (NAWM) using diffusion 
tensor imaging (DTI) and volumetric fluid-attenuated inversion recovery imaging.

Magnetic resonance images of 30 patients with TSC were evaluated. The frequencies of 
RMLs, tubers, and subependymal nodules (SENs) were determined for every hemispheric 
lobe. Cerebellar lesions and subependymal giant cell tumors were counted. DTI metrics 
were obtained from the NAWM of every hemispheric lobe and from the largest RML and 
tuber. Analyses of variance and correlations were performed to investigate the associations 
between neuroanatomical characteristics and relationships between RML frequency and 
neurocognitive outcomes. NAWM DTI metrics were compared with measurements of 16 
control patients.

A mean of 47 RMLs, 27 tubers, and 10 SENs were found per patient, and the frequencies 
of these lesions were strongly correlated (P<0.001). RML fractional anisotropy and mean 
diffusivity were strongly inversely correlated (P= 0.003). NAWM DTI metrics were similar 
to the controls (P=0.26). RML frequency was strongly associated with age of seizure onset 
(P=0.003), intelligence outcomes (P=0.01), and level of autistic features (P=0.007).

A detailed neuroradiological phenotype is presented, showing that RMLs are the most 
frequent neuroanatomical lesion, are responsible for white matter DTI abnormalities, 
and are strongly associated with age of seizure onset, intelligence outcomes, and level of 
autistic features.
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InTROduCTIOn
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by mutations 
in the tumor suppressor genes TSC1 or TSC2. Loss of function of the TSC1–TSC2 protein 
complex causes upregulation of the mammalian target of rapamycin (mTOR) pathway, 
resulting in a tumor growth phenotype. Brain manifestations of TSC are variable in severity 
are characterized by cortical tubers, white matter (WM) abnormalities, and periventricular 
subependymal nodules (SENs) which may evolve into subependymal giant cell tumors 
(SGCTs).1-3 Neurocognitive morbidity is often severe, including early onset seizures 
(90 %), cognitive impairment (50 %), and psychiatric disorders (70 %).4,5 Early diagnosis 
and interventions may improve neurocognitive prognosis, inspiring an active search for 
neuroradiological prognostic biomarkers.

Historically, neuroimaging studies in TSC have focused on morphological tuber 
characteristics and their relationships with neurocognitive morbidity, reporting variable 
and conflicting results.6,7 With emerging evidence for WM dysconnectivity in TSC,8 imaging 
investigations shifted to WM microstructure using diffusion tensor imaging (DTI), which 
is sensitive to the molecular movement of water and provides information on WM integrity 
or pathology.

It was established that radial migration lines (RMLs) were associated with abnormal DTI 
values9-14 (Figure 1), consistent with the histopathological findings of disrupted myelination 
in these areas.15,16 Although these observations suggest that RMLs may contribute to 
neurocognitive morbidity in TSC, these lesions have only rarely been acknowledged as 
prognostic biomarkers17,18 and no quantitative evaluations have been performed.

Instead, recent studies have focused on DTI investigations in normal-appearing white 
matter (NAWM) with conflicting observations, reporting both normal10,13,14 and abnormal 
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Figure 1. Appearance of RMLs in a patient with TSC. a Axial 

volumetric FLAIR showing RML extending from the temporal horn 

of the right lateral ventricle to the right superior temporal gyrus 

(arrow). b ADC map showing increased MD in the area of the 
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Figure 1. Appearance of radial migration lines in a patient with TSC. A) Axial volumetric FLAIR, 
showing RML extending from the temporal horn of the right lateral ventricle to the right superior 
temporal gyrus (arrow). B) ADC map, showing increased mean diffusivity in the area of the RML, 
suggesting disruption of the white matter microstructure (arrow). C) FA color map, showing aberrant 
orientation of white matter fibers in the area corresponding with the RML (arrow).
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NAWM microstructure.9,19-22 However, most investigations were limited by small sample 
sizes, low-resolution fluid-attenuated inversion recovery (FLAIR) imaging, or did not 
exclude regions with RMLs from their measurements. Findings that presumed that NAWM 
abnormalities were often regional9,11,20-24 and correlated with the volume of “subcortical 
tubers”23 suggest that the presence of RMLs interfered with these DTI measurements.

We hypothesized that, in TSC, the contribution of RMLs to the neuroradiological 
phenotype is underrecognized, that RMLs are responsible for microstructural WM 
abnormalities, and that RMLs contribute to the neurocognitive phenotype of TSC. To 
explore the first hypothesis, a detailed morphological evaluation was performed, quantifying 
the distribution and frequencies of RMLs, tubers, SENs, and SGCTs. Secondly, RMLs and 
NAWM were interrogated with DTI under guidance of volumetric FLAIR imaging in TSC 
patients and control patients. Lastly, RML characteristics were compared with quantitative 
data on seizures, intelligence and autistic features.

METhOdS
Subjects
All subjects were followed at the multidisciplinary TSC clinic of the study institution 
and had a definite diagnosis of TSC.1 The inclusion criteria were (1) the availability of a 
recent magnetic resonance imaging (MRI) study that met the study protocol criteria (see 
succeeding sections), free of motion or technical artifacts, obtained since 2009 and (2) 
at least 4 years of age, as after this myelin remodeling is limited. Exclusion criteria were 
neurosurgery within the last year. This study was approved by the institutional review board 
of the hospital.

Clinical information
Medical records were reviewed and the following information was recorded: date of birth, 
gender, history of seizures, history of infantile spasms (IS), age of onset of seizures, and 
history of neurosurgery. When available, full-scale intelligence quotients or developmental 
quotients (IQ/DQs) were retrieved.

Behavioral measures
In the context of a larger study on TSC and neurobehavioral morbidity, psychometric 
questionnaires were prospectively distributed between 1 October 2010 and 1 April 2012. 
For this study, we retrieved scores of the Social Communication Questionnaire (SCQ), 
when available. The SCQ25 is a reliable, validated screening instrument for ages 4 years and 
older. It yields a level of autistic features, based on current diagnostic criteria for the Autism 
Diagnostic Interview—Revised.26 The scale is completed by a caregiver, and since it can 
also be used for nonverbal probands, it is suitable for all TSC patients.27 For this study, the 
T scores of the SCQ-Lifetime were used.

Image acquisition
All MRIs were performed without gadolinium on a 3.0-T system (TimTrio; Siemens, Erlangen, 
Germany) as part of the diagnosis or annual routine follow-up. The imaging protocol included 



63

the neuroAnAtomIcAl phenotype of tsc...

4

3D volumetric T1-weighted sequence (flip angle, 7°; TR, 2,530 ms; TE, 1.64 ms; inversion time, 
1,100 ms; voxel size, 1.0×1.0×1.0 mm; section thickness (ST), 1.0 mm; acquisition matrix, 
256 ×256; field of view (FOV), 26 cm; sagittal); T2-weighted turbo spin echo (TR, 6,380 ms; 
TE, 97 ms; voxel size, 0.4×0.4×4.0 mm; ST, 4.0 mm; matrix, 442×512; FOV, 17–22 cm; 0 gap; 
axial), 3D turbo spin echo FLAIR (TR, 5,000 ms; TE, 355 ms; time to inversion, 1,800 ms; 
voxel size, 0.5×0.5×1.0 mm; ST, 1 mm; matrix, 388 ×384; FOV, 19×19  cm; sagittal), and 
susceptibility-weighted imaging (SWI) (TR, 26 ms; TE, 19 ms; voxel size, 0.9×1.0×1.5 mm; 
ST, 1.5 mm; matrix, 182 ×256; FOV, 17×23 cm). Diffusion tensor images were acquired in 
an axial plane and contained the following parameters: TR, 8,440 ms; TE, 90 ms; voxel size, 
2.0× 2.0×2.0 mm; ST, 2 mm; imaging matrix, 128 ×128; FOV, 26 × 26 cm; 0 gap; diffusion 
directions, 25; b value, 1,000 s/mm2. Images were eddy current corrected and processed to 
create fractional anisotropy (FA) and mean diffusivity (MD) maps.

Morphologic MRI evaluation
MRIs were evaluated by one of two radiologists: a pediatric neuroradiologist with 11 years 
post-fellowship experience (PC) and a radiologist specifically trained for the evaluation 
of TSC patients (LOT). Evaluations were performed after a review of five test cases where 
methods and lesion classification were established by consensus (AvE, LOT, and PC).

For the identification and counting of RMLs and tubers, the volumetric FLAIR images 
served as the primary data set, were reformatted on an AGFA PACs workstation, and viewed 
simultaneously in the axial, coronal, and sagittal planes. The axial T2, magnetization-
prepared rapid gradient echo, and SWI sequences were consulted for clarification and to 
distinguish calcifications, cysts, and SENs.

Tubers were defined as cortically located lesions hyperintense to the normal cortex on 
the T2/FLAIR images that produced thickening or blurring of the normal cortex. RMLs were 
defined as curvilinear or band-shaped lesions traversing the deep WM and hyperintense to 
the NAWM on FLAIR or T2-weighted images (Figure 1a). Tubers and RMLs were further 
evaluated for associated disruption of the gyral folding pattern and cystic and calcified 
components, and a nomenclature for morphological configurations was adopted (Figure 2).

SENs were defined as lesions originating from the ventricle wall and protruding into 
the ventricular lumen. SGCTs were defined as SENs that measured >1 cm; although this 
definition is clinically insufficient, it served our quantitative purpose. For patients with 
a history of SGCT resection, this SGCT was also counted. Cerebellar TSC lesions were 
defined as high-signal findings on the T2-weighted images. The hemispheric and lobar 
distributions of RMLs, tubers, and SENs were calculated.

Quantitative MRI analysis
Elliptical regions of interest (ROIs) were manually placed by an experienced radiologist (JJ) 
in consensus with a TSC research fellow with 2 years of experience with TSC neuroanatomy 
(AvE) after establishing a substantial interrater correlation with a pediatric neuroradiologist 
(PC) (see the “Statistical analysis” section). Using volumetric FLAIR images as anatomical 
reference, maximally sized ROIs (range, 20–100 mm2) were placed on apparent diffusion 
coefficient (ADC) maps on (1) the largest RML and its contralateral WM region, (2) the 
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largest tuber, and (3) the NAWM of every cerebral lobe in both hemispheres (OsiriX Dicom 
Viewer, Geneva). Because the frontal lobe is disproportionally large, two ROIs were placed 
per frontal hemispheric lobe: in the prefrontal WM and the more posterior WM (Figure 3). 
All ROIs were transposed on identical sections on the FA maps.

After excluding lobes where no NAWM could be visually detected, the mean MD and 
FA values of each lobe were averaged for each patient to approach a whole-brain index of 
NAWM MD and FA indices of the cerebral lobes. Cases where the largest RML or tuber 
were too small to allow a margin of at least 2 mm around the ROIs were excluded from the 
analysis of DTI metrics due to possible partial volume effects. Cystic or mineralized lesions 
were avoided as these have aberrant values. Lobes affected by neurosurgery were excluded 
from all analyses.

Figure 2. Images and adopted nomenclature of various morphological abnormalities in patients 
with TSC. A) RML terminating in tuber (grey arrow) and gyral folding disruption (grey bracket). 
Disruption of the gyral folding pattern was defined as local simplification of the number of gyral folds 
compared to normal adjacent and contralateral cortex. Note the evidence for hypocellularity in both 
tubers (black arrows), previously referred to as ‘cystic’ tubers, defined as low signal iso-intense with 
CSF on T1 and FLAIR sequences and high signal on T2 weighted sequences. This can be distinguished 
from mineralization (white arrow), defined as low signal on the susceptibility (SWI) and/or T2-
weighted images. Note the confluence of the RMLs in the deep white matter (grey arrow); RMLs 
that shared part, but not all, of their neuroanatomy were counted as two lesions. B) Image of a subtle 
isolated RML in a female patient with an IQ of 112 and no neuropsychiatric comorbidity. MRI showed 
16 small RMLs, no tubers and no SENs. 
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The MD and FA measurements of the same ROIs were obtained for 16 healthy control 
patients, including 7 children (mean age, 9 years; range, 4–15 years) and 9 adults (mean age, 
36 years; range, 29–41 years). Control images were retrospectively retrieved, and inclusion 
criteria included a normal MRI study using the same imaging protocol and the absence of 
neurological deficits or developmental delay.

Statistical analysis
To determine interrater agreement for the assessment of RMLs, tubers, and MD and 
FA values of tubers, RMLs, and NAWM, intraclass correlation coefficients (ICCs) were 
determined for a subset of 10 MRIs. An ICC of 0–0.20 indicated poor agreement; an ICC of 
0.21–0.40, fair agreement; an ICC of 0.41–0.60, moderate agreement; an ICC of 0.61–0.80, 
substantial agreement; and an ICC of 0.81–1.00, nearly perfect agreement.28

Figure 3. Images showing examples of selected ROIs in one patient. A) ROIs in bilateral cerebellar 
NAWM, B) ROIs in largest RML and contralateral NAWM, and C) ROI placement in bilateral occipital 
WM. Due to the severe RML burden, no NAWM could be visually detected in the right occipital lobe 
and these DTI measurements were excluded from the analyses. 



66

Analyses of variance (ANOVAs) and correlations were performed to (1) explore 
relationships between frequencies of RMLs, tubers, SENs, SGCTs, and cerebellar lesions, (2) 
test the association between the MD and FA of the largest RML and these macrostructural 
lesion frequencies, (3) compare RML frequency with intelligence outcomes, seizure 
variables, and age at MRI, and (4) compare NAWM DTI metrics of the cerebral lobes of 
TSC and control patients. Statistical analyses were performed using SPSS version 15.0 
(SPSS Inc., Chicago, IL, USA). Confidence intervals were 95 %, and α was set at 0.05.

RESulTS
Interrater agreement
For 10 MRIs, the ICCs between PC and LOT were r=0.71 for RMLs and r = 0.80 for tubers, 
indicating substantial agreement. The remaining MRIs were reviewed by both PC (10) and 
LOT (10).

For DTI indices, the interrater correlation between PC and JJ/AvE was 0.93 for RML 
MDs, 0.80 for contralateral NAWM MD, and 0.74 for mean lobar NAWM MD values, 
indicating substantial to nearly perfect agreement. These agreements were the same for FA 
values. The MD/FA measurements by JJ/AvE were used for further analyses.

Patient characteristics
The MRIs of 30 patients (13 males and 17 females) were included, with a mean age at time of 
MRI of 15.5 years (range, 5–51 years). Of these patients, 23 (77 %) had a history of epilepsy, 
8 (29 %) had a history of IS, and 11 (37 %) had refractory epilepsy. Eight patients had a 
history of neurosurgery: six received epilepsy surgery and two underwent SGCT resection. 
Twelve (40 %) of the patients had an intellectual disability (IQ<70). Of the 28 patients who 
received genetic mutation analysis, 11 (39 %) showed a TSC1 mutation, 15 (54 %) had a 
TSC2 mutation, and in two (7 %) patients, no mutation was identified.
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Figure 4. Graphs depicting associations between morphological neuroanatomical characteristics 
of the study group. A) Scatterplot showing the correlation between the frequency of RMLs and tubers, 
showing categories of SEN frequencies. B) Boxplot depicting the association between the (history 
of) SGCT and frequencies of RMLs, tubers and SENs. C) Boxplot depicting the association between 
cerebellar lesions and frequencies of RMLs, tubers, and SENs. Box = 25th–75th percentile, horizontal 
line = 50th percentile. *, P<0.01; **, P<0.001 
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MORPhOlOgICal and MICROSTRuCTuRal 
RElaTIOnShIPS
The neuroradiological characteristics of the study group are listed in Table 1. All patients 
showed RMLs and 29 (97 %) patients showed tubers. Fifty-seven percent of RMLs ex tended 
into a tuber. Isolated tubers were rare (3 %), small, and not cystic or mineralized. RML 
frequency, tuber frequency, and SEN frequency were significantly correlated (P≤0.001, 
r>0.56 for all comparisons; Figure 4A).RMLs, tubers, and SENs were equally distributed 
over the hemispheres. Compared with normal lobar proportional volumes,29 RMLs and 
tubers seemed to be slightly overrepresented in the frontal and occipital lobes (Figure 5). A 
trend was observed between the age at MRI and the frequency of RMLs (P=0.06).

After excluding five patients where partial volume effects may have influenced RML ROI 
measurements, a significant negative correlation was found between the MD and FA of the 
largest RML (P=0.003, r=−0.56). Interestingly, the MD of the largest RMLs were associated 
with higher frequencies of RMLs (P=0.10, r=0.33), tubers (P=0.05, r=0.39), and SENs 
(P=0.006, r=0.55), although only the latter comparisons were significant. The largest RML 
FA showed no significant associations with lesion frequencies (P>0.20 for all comparisons).

Table 1. Neuroanatomical characteristics of the study group.

N±SD (range)

Morphological characteristics

RMLs 47±19 (4–86)

Tubers 27±16 (0–76)

Tuber–RML units 28±16(0–76)

Without gyral distortion 6±4 (0–23)

With gyral distortion 18±12 (0–40)

Cystic tubers 3±5 (0–19)

Mineralized 1±0.8 (0–6)

Isolated tubers 0.43±0.7 (0–5)

Isolated RMLs 20±15(2–48)

SENs 10±6 (0–22)

No. of patients with SEN >1 cm 13 (43 %) 

No. of patients with cerebellar lesion 7 (23 %)

DTI characteristics (mean and standard deviation) 

MD tuber (×10−6 mm2/s) 1,196± 225 (909–1,863)

MD RML (×10−6 mm2/s) 1,120± 190 (826–1,576)

FA RML 0.23±0.06 (0.31–0.37)

MD NAWM (×10−6 mm2/s) 758± 60.0 (633–844)

FA NAWM 0.44±0.12 (0.31–0.53)

N number, SD standard deviation, NAWM normal-appearing white matter
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There was a trend towards co-occurrence of SGCTs and cerebellar lesions (P=0.06). 
Patients with SGCTs showed significantly more RMLs (P=0.01), tubers (P=0.005), and SENs 
(P=0.01), but no significant differences in DTI metrics of RMLs or tubers (P>0.10 for all 
comparisons) (Figure 4B). Patients with cerebellar lesions showed significantly more tubers 
(P=0.007) and SENs (P=0.01), but no significant differences in RML frequency (P=0.17) or 
differences in DTI values of RMLs and tubers (P>0.4 for all comparisons) (Figure 4C).

Relationship between RMLs and the neurocognitive phenotype
Highly significant relationships were observed between frequency of RMLs and quantitative 
neurocognitive outcomes such as age of seizure onset, IQ/DQs, and rate of autistic features 
(Table 2). Associations with dichotomous variables such as a history of IS were weaker.

Table 2. Results of statistical analysis showing bivariate associations between RML frequency and 
neurodevelopmental outcomes, depicting p values for ANOVAs and correlations.

RML frequency

Age at MRI 0.06 (r= −0.34)

History of epilepsy 0.05

History of infantile spasms 0.12

Age of seizure onset 0.003 (r=−0.60)

IQ/DQ 0.01 (r= 0.48)

Rate of autistic featuresa 0.007 (r=0.56)

Clinical data were available for all patients, IQ/DQ scores were available for 26 patients, and SCQ scores 
were available for 22 patients ANOVA analysis of variance, r correlation coefficient, IQ/DQ intelligence/
developmental quotient 
a As measured by the SCQ (see the “Methods” section) 
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Figure 5. Proportional distribution of RMLs and tubers in the study sample, compared with 
normal proportional volumes of cerebral lobes. Sagittal view of schematic drawings of two brains, 
depicting A) proportional volumes of lobes in humans,29 and B) proportional distribution of RMLs (R) 
and tubers (T) of the study sample (N=30). The proportional volume of the insular lobe is 1.7 %, and 
RMLs and tubers were similarly distributed (both 1%).
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NAWM characteristics
Of all supratentorial hemispheric lobes, no NAWM could be detected in 105 (35 %) lobes 
of 25 patients. After exclusion of these lobes, TSC and control patients did not show 
significant differences for mean supratentorial lobar NAWM MD and FA values (P=0.26 
for both comparisons) (Figure 6). The DTI metrics of cerebellar NAWM were normal and 
similar for cerebellar lobes with our without a lesion (P>0.48 for all comparisons).

dISCuSSIOn
Our findings suggest that RMLs are the most frequent neuroanatomical lesion in TSC 
patients and are strongly associated with neurocognitive morbidity. The combination of 
DTI and high-resolution FLAIR imaging allowed these focal migration abnormalities to be 
distinguished from normal brain parenchyma, demonstrating that RMLs are responsible 
for DTI abnormalities in the cerebral lobes.
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Figure 6 Box plot comparing the DTI metrics of NAWM of TSC 

patients and control patients. No statistical difference was found 

between the two groups. Box 25th–75th percentile, horizontal line 

50th percentile 

Figure 6. Boxplot comparing DTI metrics of normal-appearing white matter (NAWM) of TSC 
patients and control patients. No statistical difference was found between the two groups. Box = 
25th–75th percentile, horizontal line = 50th percentile.

Characteristics of RMLs
The observed average frequency of 47 RMLs compellingly resembles the mean of 46 
morphological abnormalities found in a recent neuropathological study.30 Only about half 
of these RMLs terminated in a tuber, and RMLs without cortical involvement were generally 
smaller. In the RMLs, the MD, reflecting the magnitude of water diffusion regardless of 
the direction, and the FA, reflecting the degree of directionality of the diffusion, were 
abnormal and inversely correlated. This is similar to previous observations in TSC13,14,31 and 



70

in WM associated with other malformations of cortical development.32 The observation 
that the NAWM DTI metrics of the cerebral lobes of TSC patients were similar to that 
of control patients underlines that WM abnormalities in TSC are not diffuse and reflect 
focal migration abnormalities rather than other causes of disconnectivity. In this regard, 
we prefer “radial migration line” to previous nomenclature such as “subcortical tubers,” 
hamartomas, or radial glial bands. Although the observed trend towards more RMLs at a 
younger age is probably due to referral bias, future research should investigate features of 
RMLs in utero and in early childhood.

Contribution of RMLs to the neuroradiological phenotype 
The strong correlations between the frequencies of RMLs, tubers, and SENs confirm that 
these lesions originate from a common biological dysfunction in the periventricular 
zone. Since these lesions show also histological similarities15,16,33 and evidence of mTOR 
dysregulation,34 RMLs, SENs, and tubers should be regarded as an inextricable triad 
representing aberrant proliferation and migration in TSC. Solely identifying patients by 
tubers or SENs may lead to a misleading conclusion of a “negative” MRI at a time where 
intervention may greatly improve neurodevelopmental prognosis. Hence, we advocate 
combining tubers and RMLs into one major diagnostic criterion.

The significant associations between the MD of the largest RML and lesion frequencies 
support histological observations that both lesion frequency and severity may covary with 
mTOR dysregulation.30 Furthermore, patients with SGCTs and cerebellar lesions showed 
more RMLs, tubers, and SENs, suggesting that lesion frequency may help stratify patients at 
risk for SGCT growth. However, due to partial volume effects, only the largest RMLs could 
be interrogated with DTI metrics, limiting our analyses between lesion frequency, severity, 
and growth.

The exact mechanisms by which enhanced mTOR signaling leads to migration deficits 
are unclear. mTOR is expressed during early brain development in progenitor cells in the 
ventricular zone and in early neuronal cells in the nascent cortical plate. Loss of function 
of regulatory genes that are expressed simultaneously with mTOR, such as TSC1 and 
TSC2, PTEN, and NF1,35,36 would result in dysregulated mTOR activity, causing disturbed 
proliferation of neural and astrocytic precursor cells and cytomegaly, compromising 
neuronal migration and differentiation.

Relationship between RMLs and the neurocognitive phenotype
The frequency of RMLs was strongly associated with the age of seizure onset and a history 
of seizures, underlining that WM migration deficits are a robust biomarker for these 
important prognostic outcomes. Although this association could be explained by the 
strong relationship between RML and tuber frequency, and a subcortical origin of seizures 
is controversial, our observations add to evidence of epileptic discharges in regions without 
tubers37 or outside of tubers.38 Together with observations of seizures in a TSC mouse model 
with only subcortical lesions39 and neurosurgical experience that relatively large resections 
of cortex and WM are often necessary to achieve seizure freedom,40 our findings suggest 
that WM should be included in investigations in epilepsy studies.
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Compellingly, RML frequency was also strongly associated with the level of intelligence 
and rate of autistic features, concordant with observations that these variables are 
inextricably linked with age at seizure onset.41 Together with our findings of normal 
NAWM microstructure, our results suggest that, in TSC, neurocognitive deficits are 
suggest that, in TSC, neurocognitive deficits are caused by focal migration and proliferation 
abnormalities, rather than primary, global synaptic dysfunction primary, global synaptic 
dysfunction. By interfering with the development of neural circuitry, RMLs could impair 
neurotransmission, resulting in seizures and deficits in intelligence, communication, and 
social skills. The regional distribution of RMLs may particularly affect longer-ranging WM 
tracts, concordant with a previous observation that impaired WM integrity of the corpus 
callosum was associated with autistic features.24

Since quantifying RMLs was extremely laborious, the observed strong associations with 
neurocognitive outcomes and DTI and FLAIR abnormalities should encourage research on 
automated methods for evaluating whole-brain WM diffusivity or hyperintensity indices 
as potential biomarkers. DTI may well detect brain abnormalities before conventional 
MRIs in early childhood or even prenatally, which is particularly critical in the context of 
administration of neuroprotective therapies.

Limitations
Although our study population was relatively large, the number of our analyses exceeded 
that allowed for this sample size and should be regarded as exploratory. Distinguishing 
NAWM from multifocal dysplasia is complex in TSC; the variable distribution of RMLs 
does not allow standardized ROI placement or using a template, which may introduce 
data variability. However, we established acceptable interrater correlations and further 
increased the confidence level of our validity for the NAWM DTI metrics by including one 
ROI in every lobe, and even two ROIs in the frontal lobe, and taking the average of these 
measurements. This is the first study to exclude lobes without visible NAWM, making this 
the most detailed NAWM analysis in TSC. Since NAWM was detected in every patient and 
all indices contributed equally to the analyses, selection bias was limited.

Since most of the study patients had a positive history of epilepsy, observed DTI changes 
could be related to sequelae of chronic seizures, such as neuronal loss and gliosis. However, 
the normal DTI measurements in the NAWM of our patients suggest that aberrant FA and 
MD values in patients with TSC are relatively specific for the presence of RMLs. We did not 
address the FA of tubers to limit our comparisons as FA abnormalities in tubers have been 
well established and RMLs were the focus of this paper.

COnCluSIOn
This study suggests that, in TSC, disruptions in cerebral neural circuitry are not diffuse, 
but primarily determined by focal migration abnormalities. RMLs are the most pervasive 
neuroanatomical feature, are the major contributor to WM microstructural abnormalities, and 
are strongly associated with neurocognitive morbidity. These observations pave the way for 
studies on whole-brain DTI parameters as a biomarker for neurocognitive morbidity in TSC.
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abSTRaCT
The aim of the work described here was to systematically analyze the developmental 
trajectory of patients with tuberous sclerosis complex (TSC). A retrospective longitudinal 
chart review was performed, selecting patients who received multiple neuropsychological 
assessments. Intellectual/Developmental Quotients, Adaptive Behavior Composite scores, 
and clinical data were collected. On available EEGs, interictal epileptiform discharges 
were counted. Sixty-six (18%) patients with TSC received multiple cognitive and adaptive 
development assessments. The mean intelligence of this study group remained relatively 
stable, albeit variable. Significant decline in adaptive functioning was observed, associated 
with lower age at seizure onset. Patients who underwent neurosurgery prior to baseline 
testing showed cognitive improvement. Developmental declines were significantly 
associated with increased numbers of antiepileptic drugs, with a trend toward association 
with mutation type and interictal epileptiform discharges. This study suggests that the 
developmental course of patients with TSC may be altered by epilepsy comorbidity and 
neurosurgery, underlining the need for early and effective interventions in this population.
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InTROduCTIOn
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder that arises from 
germline mutations in either the TSC1 or TSC2 gene, which encode hamartin and tuberin, 
respectively.1 These proteins function as tumor suppressors by forming a heterodimer 
complex that inhibits the mammalian target of rapamycin complex 1 (mTOR1) pathway.2,3 
Loss or dysfunction of these proteins results in growth of benign tumors called hamartomas 
in various organ systems, including the brain. Clinical manifestations associated with brain 
involvement are common and include epilepsy, cognitive impairment, and psychiatric 
disorders. The prevalence of cognitive impairment in TSC is estimated to be between 44 
and 70% and has been associated with various epilepsy features, including early age at 
seizure onset, infantile spasms (IS), mixed seizure type, TSC2 mutations, and poor seizure 
and IS control.4-12 In a study of infants with TSC, development was found to be slow but 
relatively stable, although a subset showed large variability.13

Increased knowledge of the developmental course and the influence of epilepsy 
comorbidity will provide more information for patients and assist clinicians in important 
treatment decisions, especially now that early (preventative) treatments with mTOR 
inhibitors are being considered. Therefore, our primary aim was to determine if the 
generally stable development reported in infants with TSC is also the case for older age 
cohorts. Furthermore, we wanted to determine if, and which, factors influence cognitive 
and adaptive development in patients with TSC, exploring the effect of genetic background, 
age at seizure onset, neurosurgery, and autism, as well as dynamic epilepsy characteristics 
such as interictal epileptiform discharges (IEDs) and antiepileptic drugs (AEDs) used 
for treatment.

METhOdS
Study group
Charts of all patients with a definite diagnosis of TSC who were treated at the Herscot 
Center for TSC at Massachusetts General Hospital were reviewed. Patients who had received 
neuropsychological assessment (NPA) at least twice were identified and the results of the 
earliest and most recent NPAs (NPA1 and NPA2) were obtained.

This study was approved by the institutional review board of Massachusetts General 
Hospital.

Neuropsychological assessment
Neuropsychological assessment is routinely offered as a part of clinical care for patients with 
TSC at the time of diagnosis and at the time of changes in their neuropsychiatric morbidity 
or developmental trajectory. Comprehensive NPAs are performed by an experienced 
neuropsychologist at the Psychology Assessment Center of Massachusetts General Hospital 
(M.P.) and include assessment of cognitive and adaptive functioning. For the study cohort, 
we gathered test scores from measures of intelligence and adaptive skills at two time points 
(NPA1 and NPA2). Intellectual Quotient (IQ) or Developmental Quotient (DQ) was derived 
from one of the following six neuropsycholog ical measures, selected in conformity with the 
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mandate of best clinical practice: (1) Bayley Scales of Infant Development, Second Edition 
(BSID-II);14 (2) Stanford–Binet Intelligence Scale, Fifth Edition;15 (3) Wechsler Preschool 
and Primary Scale of Intelligence, Third Edition (WPPSI);16 (4) Wechsler Intelligence Scale 
for Children, Fourth Edition (WISC);17 (5) Wechsler Abbreviated Intelligence Scale—
Revised (WAIS-R);18 and (6) Differential Abilities Scales.19 To assess adaptive functioning, 
the Survey Form of the Vineland Adaptive Behavior Scale20 was used, yielding standardized 
scores for communication, daily living skills, socialization, and, for children less than 6 
years old, motor skills, resulting in a total Adaptive Behavior Composite (ABC) score. Both 
IQ and ABC scores have a mean of 100 and a SD of 15. For patients with outcomes on the 
floor of the standardized scores, we calculated DQs (mental age/chronological age × 100), 
where a DQ of 100 would be considered the mean.

Clinical data
Clinical data were obtained from the clinic records of the consultation with the referring 
child neurologist (E.T.), which was always close in time before each NPA. Information was 
collected on gender, age, and results of genetic mutation analysis. The diagnosis of autism 
spectrum disorders (ASDs) was made by our affiliated psychiatrist and M.P. based on 
DSM-IV criteria. Epilepsy was characterized based on age at seizure onset, IS, and number 
of AEDs used for seizure control. Data on epilepsy surgery and subependymal giant cell 
tumor (SGCT) resection surgery were obtained.

Electrophysiological data
For patients who received an EEG within a year of each NPA, available records were 
reviewed by an experienced and blinded neurophysiologist (C.C-S.). EEGs were obtained 
using a 19-channel montage with the standard 10–20 electrode placement system. For 
routine clinical EEGs, the entire recording was reviewed and manually scored. For longer 
recordings, the first 20 minutes of the wake and sleep states were reviewed and scored. 
Studies were screened for IEDs. Counted discharges were averaged to a value per minute. 
Regional scores were summed to generate a whole brain score, portraying a quantitative 
index of the overall interictal activity of the EEG.

Statistical analysis
Statistical analysis was performed using SPSS for Windows (Version 11.5).

To determine change in developmental outcomes, a paired t-test was performed to 
compare the IQ/DQ and ABC outcomes at NPA1 and NPA2. We preferred total change in 
developmental outcomes over time-dependent outcomes as the latter would inappropriately 
imply linearity in gains or declines. Because the NPAs were performed at different time 
intervals, changes in IQ/DQ and ABC were calculated and correlated with the IQ/DQ 
change/year and ABC change/year to justify use of the former as primary outcomes.

Because of the different sample size, predictors of changes in intelligence and adaptive 
functioning were examined using a general linear model for each outcome. Levene’s test 
was included to investigate homogeneity. Gender, mutation type, and a positive history of 
IS were included as predictors, and age at seizure onset and age at NPA1 were defined as 
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covariants. To evaluate the influence of changes in IEDs and number of AEDs on changes 
in cognitive and adaptive outcomes, Pearson correlations were performed. Missing values 
were excluded when determining percentages in the results. To compare changes in IQ/
DQ and ABC in groups with and without a diagnosis of ASDs or a history of neurosurgery, 
t-tests were performed.

In the general population with cognitive impairment, one would expect 6% to show an 
IQ change of more than 10 points when reevaluated with the Wechsler scale.21 To optimize 
the sensitivity and relevance of our findings, we interpreted a change of at least 15 IQ/
DQ points as significant. For all tests, a confidence interval (CI) of 95% was used. We 
interpreted associations as significant for α values ≤ 0.05; α values ≥ 0.05 and ≤ 0.1 were 
considered trends.

RESulTS
Study group
Sixty-six (18%) patients with TSC in our clinic had undergone at least two NPAs, with 
a mean interval of 3.9 years (range: 0.5–9.3). Of these 66 patients, henceforth called the 
study group, all (100%) had completed multiple intelligence tests and 41 (62%) had received 
multiple adaptive functioning assessments. Demographic and clinical data of the study 
group are summarized in Table 1.

Course of cognitive and adaptive development
The mean IQ/DQ change for the total study group was − 2 points, which was not significant 
(P<0.29, CI: –1.9 to 6.3) and showed large variability, ranging from a relative decrease of 
48 to an increase of 52 points, with a SD of 16.7 (see Figure 1, left). Twenty (30%) patients 
had a significant IQ/DQ change of > 15 points, including 9 patients with an increase and 11 

Figure 1. Scatterplot depicting (A) intellectual outcomes and (B) adaptive functioning scores 
at the first and second evaluations. IQ/DQ, Intellectual/Developmental Quotient; ABC, Adaptive 
Behavior Composite; NPA, neuropsychological assessment.

 

 A 

Total study group 

(N = 66) 

B 

Cognitive improvement 

(N =9 ) 

C 

Cognitive deterioration 

(N = 11) 
Gender (male) 32 (48.5%) 3 (33%) 9 (82%) 
Characteristics at NPA1    

Mean age (years) 5.8 (0.5–20) 2.8 (0.9–8.4) 3.4 (0.5–12.5) 
Mean Intellectual/Development Quotient 67 (8–133) 60 (19–113) 85 (47–111) 
Mean Adaptive Behavior Composite score 66 (18–132) 74 (18–132) 84 (46–114) 
Mean interval between NPAs (years) 3.9 (0.5–9.3) 5.3 (2.2–7.7) 3.9 (0.9–7.2) 

TSC1 mutation 14 (21%) 1 (11%) 3 (27%) 
TSC2 mutation 39 (59%) 7 (78%) 8 (73%) 
No mutation identified 10 (15%) 1 (11%) — 
Not performed 3 (5%) — — 

Epilepsy variables    
History of epilepsy 58 (88%) 8/9 (89%) 11/11 (100%) 
History of infantile spasms 32 (48%) 4/8 (50%) 7/11 (64%) 
History of intractable epilepsy 36 (55%) 4/4 (50%) 6/11 (55%) 
Mean age at seizure onset (years) 1.3 1.3 0.84 
Mean change in number of IEDs/min (N = 23) 1.55 (− 56.3 to 23.5) − 0.42 (− 4.17 to 1.51) 2.72 (− 20.93 to 23.51) 
Mean change in number of AEDs 0.15 (− 3 to 2) − 0.25 (− 3 to 2) 0.5 (− 1 to 2) 

Neurosurgery before NPA1 13 (20%) 3 (33%) 1(9%) 
Neurosurgery between NPAs 8 (12%) 1 (11.1%) 2 (18%) 

 

 
 
 
 

Table 1 

Clinical characteristics of (A) the total study cohort and the subgroups with a (B) significant relative increase or (C) significant relative decrease in cognitive outcomes. 

 
 
 
 
 
 
 

 
Result of mutation analysis 

 
 
 
 
 
 
 
 
 
 

 
Ranges and percentages provided in parentheses. NPA, neuropsychological assessment; IEDs, interictal epileptiform discharges. 

 

(NMI) group showed a mean loss of 2 IQ/DQ and 6 ABC points 

(SD = 11 and 10, respectively). There were four pairs of siblings in 

the study group, and identical genetic mutations were identified in 

three pairs. Within siblings, IQ/DQ changes were extremely variable, 

ranging from 13 to 69, and in all but one pair IQ/DQ increased in 

one sibling and declined in the other. 

 
Subgroup with neurosurgery 

 
Thirteen patients underwent neurosurgery before the first NPA, in- 

cluding 10 (77%) for epilepsy surgery and 3 (23%) for subependymal 

giant cell tumor (SGCT) resection. Over a mean interval between 

NPAs of 4.7 years, this group displayed a significantly different devel- 

opmental trajectory, showing a gain of 7 IQ/DQ points versus a loss of 

4 points for the group without a history of neurosurgery (P < 

0.02). There were mean gains of more than 7 IQ/DQ points for the 

patients who had epilepsy surgery and 5 points for the patients 

who had SGCT surgery (Fig. 4). There was no significant difference 

in change in adaptive scores between these two groups (P <  

0.31), although 

the group with a positive surgery history showed a decline of 3 ABC 

points, which was less than the 8 ABC points of the remaining cohort. 

For the patients for whom two ABC measurements were available, the 

7 patients who had had epilepsy surgery showed a mean loss of 5 ABC 

points, whereas one patient who underwent SGCT surgery had a gain 

of 9 ABC points. 

Eight (12%) patients from the study group underwent neurosur- 

gery between NPAs (Fig. 4): five received epilepsy surgery and three 

underwent SGCT resection; none of these patients had prior neuro- 

surgery. All three SGCT surgery patients showed a relative decline in 

IQ/DQ (range: –10 to − 25) and ABC (range: –12 to − 26), possibly 

related to postsurgical temporary obstructive hydrocephalus just be- 

fore NPA2 in one patient and extreme anxiety during NPA2, which 

might have underestimated performance, in a second patient; for 

the third patient, no clear cause was evident from the medical re- 

cords. The five patients who underwent epilepsy surgery between 

NPAs showed very variable, but no mean change in, IQ/DQ (range: 

–22 to + 29), but a mean loss of 9 ABC points (range: –22 to − 1). 

Age  at  NPA1  was  very  similar  (4.8)  for  both  the  group  with 

 

 

 
 

Fig. 1. Scatterplot depicting (left) intellectual outcomes and (right) adaptive functioning scores at the first and second evaluations. IQ/DQ, Intellectual/Developmental Quotient; 

ABC, Adaptive Behavior Composite; NPA, neuropsychological assessment. 
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patients with a relative decline (see Table 1). Of note is that 9 of the 11 (82%) patients with a 
cognitive decline were male. The mean ABC change between NPAs was significant (P<0.0001, 
CI: 3.2–10.4), with a mean relative decrease of 7 ABC points (see Figure 1, right).

When the total change in IQ/DQ and ABC was divided by the time interval, the change 
per year was very strongly correlated with the total change (both showed correlations of 
0.74, P<0.0001), justifying the use of the outcome change in IQ/DQ and change in ABC 
as primary endpoints in our regression analysis. Age at seizure onset was shown to have a 
significant effect (P<0.002) on the change in adaptive scores (Figure 2) and showed a trend 
toward association with mutation type (P<0.09) (Figure 3).

Table 1. Clinical characteristics of (A) the total study cohort and the subgroups with a (B) 
significant relative increase or (C) significant relative decrease in cognitive outcomes.

A
Total study 
group  
(N = 66)

B
Cognitive 
improvement  
(N =9 )

C
Cognitive 
deterioration  
(N = 11)

Gender (male) 32 (48.5%) 3 (33%) 9 (82%)

Characteristics at NPA1

Mean age (years) 5.8 (0.5–20) 2.8 (0.9–8.4) 3.4 (0.5–12.5)

Mean Intellectual/Development Quotient 67 (8–133) 60 (19–113) 85 (47–111)

Mean Adaptive Behavior Composite score 66 (18–132) 74 (18–132) 84 (46–114)

Mean interval between NPAs (years) 3.9 (0.5–9.3) 5.3 (2.2–7.7) 3.9 (0.9–7.2)

Result of mutation analysis

TSC1 mutation 14 (21%) 1 (11%) 3 (27%)

TSC2 mutation 39 (59%) 7 (78%) 8 (73%)

No mutation identified 10 (15%) 1 (11%) —

Not performed 3 (5%) — —

Epilepsy variables

History of epilepsy 58 (88%) 8/9 (89%) 11/11 (100%)

History of infantile spasms 32 (48%) 4/8 (50%) 7/11 (64%)

History of intractable epilepsy 36 (55%) 4/4 (50%) 6/11 (55%)

Mean age at seizure onset (years) 1.3 1.3 0.84

Mean change in number of IEDs/min 
(N = 23)

1.55 (− 56.3 to 
23.5)

− 0.42 (− 4.17 to 
1.51)

2.72 (− 20.93 to 
23.51)

Mean change in number of AEDs 0.15 (− 3 to 2) − 0.25 (− 3 to 2) 0.5 (− 1 to 2)

Neurosurgery before NPA1 13 (20%) 3 (33%) 1(9%)

Neurosurgery between NPAs 8 (12%) 1 (11.1%) 2 (18%)

Ranges and percentages provided in parentheses. NPA, neuropsychological assessment; IEDs, interictal 
epileptiform discharges.
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Levene’s test and the regression model revealed no significant variance in factors 
included in the regression analysis and no significant predictors of changes in IQ/DQ. 
Gender, age at NPA1, and a positive history of IS were not significantly associated with 
change in ABC.

 

 
 
 

A.M. van Eeghen et al. / Epilepsy & Behavior 23 (2012) 10–15  13 

 

 
 

Fig. 2. Scatterplot depicting the relationship between age at first NPA and changes in 

intellectual (dark gray) and adaptive functioning (light gray) outcomes. IQ/DQ, intel- 

lectual/developmental quotient; ABC, Adaptive Behavior Composite. 

 

 
 

Fig. 4. Boxplot depicting changes in intellectual and adaptive functioning outcomes in 

subgroups I (neurosurgery before NPA1), II (neurosurgery between NPAs), III (epilepsy 

and no history of neurosurgery), and IV (a negative seizure history). The numbers of 

available intellectual and adaptive functioning outcomes for each cohort are noted un- 

derneath the x axis. 

 

neurosurgery at baseline and the group with recent neurosurgery, 

indicating that the first group was operated on at a younger age 

than the latter. 

 
Epilepsy characteristics 

 
Among the study group, 58 (88%) patients had a positive history of 

epilepsy at baseline assessment and 3 (5%) developed epilepsy be- 

tween NPAs. The various epilepsy variables are summarized in 

Table 1. The regression model showed a significant relationship be- 

tween younger age at seizure onset and change in adaptive outcomes, 

which could not be explained by a significantly younger age at first 

examination (P b 0.24). Plotting of the data showed that greater 

variability of IQ/DQ and ABC changes was related to younger age at 

seizure onset (Fig. 2). A significant negative correlation was found 

between number of AEDs and cognitive change (P < 0.02) as well as 

change in adaptive functioning (P < 0.01). Complete information on 

medication use was available for 62 (94%) patients. Thirteen (21%) 

of these patients did not use AEDs at the time of both NPAs, including 

the 8 patients with no history of epilepsy. At NPA1, 14 (23%) patients 

used valproate, 12 (19%) lamotrigine, 9 (15%) levetiracetam, 8 (13%) 
 

 

 
 

Fig. 3. Boxplot showing changes in intellectual and adaptive changes per TSC mutation 

type, including standard deviations and outliers. Dark blue: change in Intellectual/ 

Developmental Quotient (IQ/DQ); light blue: change in Adaptive Behavior Composite 

score (ABC); NMI, cohort with no mutation identified. 

 
carbamazepine, 5 (8%) vigabatrin, 4 (6%) gabapentin, and 3 (5%) 

topiramate. At NPA2, the AED regime had been changed in 54 of the 

62 patients; 7 (11%) patients started using AEDs, 5 (8%) patients 

ceased AED treatment, 6 (10%) used a decreased number of AEDs, 

and 12 (19%) used an increased number of AEDs. At NPA2, 23 (37%) 

patients used lamotrigine, 19 (31%) levetiracetam, 8 (13%) valproate, 

6 (10%) carbamazepine, 4 (6%) gabapentin, 3 (5%) topiramate, and 3 

(5%) vigabatrin. 

All eight patients without a history of epilepsy had IQ/DQ values 

> 65 at NPA1. This group showed average declines of 0.5 IQ/DQ and 

1.5 ABC points, compared with 2.6 and 7.5 points for the group with 

a positive history of epilepsy, respectively (Fig. 4). 

 
EEG analysis 

 
For 23 patients, there were available EEGs obtained within a year of 

both NPAs. This EEG subgroup showed a mean increase in number of 

IEDs of 1.55 discharges/minute (see Table 1). The group that lost 

more than 15 IQ/DQ points (N = 5) showed an average increase of 

2.7 discharges/minute at EEG2, whereas the group with a significant 

IQ/DQ increase (N = 4) showed an average IED decrease of 0.4/minute 

(Table 1); similar phenomena were observed for available ABC scores. 

When changes in IQ/DQ and ABC were correlated with changes in the 

number of IEDs per minute per whole brain, no significant associations 

were found (P < 0.86 and P < 0.38, respectively). 

 
Subgroup diagnosed with autism spectrum disorders 

 
Twenty-seven (41%) patients from the study group were diag- 

nosed with an autism spectrum disorder. At time of the first evalua- 

tion, the group with ASDs had a lower mean IQ/DQ of 50 versus 79 

for the group without ASDs (P <0.00) and a mean ABC of 49 versus 

80 (P < 0.00). Compared with the group without  ASDs,  the  group 

with ASDs showed no significant difference in IQ/DQ or ABC score 

changes (P < 0.33 and P < 0.28, respectively). 

 
Discussion 

 
The current study is the largest longitudinal investigation of intel- 

lectual and adaptive development in patients with TSC to date, and 

identifies significant associations with neurosurgery and epilepsy 

characteristics. For the whole study group, mean cognition remained 

relatively stable, although one-third of patients showed a significant 

Figure 2. Scatterplot depicting the relationship between age at first NPA and changes in intellectual 
(dark gray) and adaptive functioning (light gray) outcomes. IQ/DQ, intellectual/developmental 
quotient; ABC, Adaptive Behavior Composite.

 

 
 
 

A.M. van Eeghen et al. / Epilepsy & Behavior 23 (2012) 10–15  13 

 

 
 

Fig. 2. Scatterplot depicting the relationship between age at first NPA and changes in 

intellectual (dark gray) and adaptive functioning (light gray) outcomes. IQ/DQ, intel- 

lectual/developmental quotient; ABC, Adaptive Behavior Composite. 

 

 
 

Fig. 4. Boxplot depicting changes in intellectual and adaptive functioning outcomes in 

subgroups I (neurosurgery before NPA1), II (neurosurgery between NPAs), III (epilepsy 

and no history of neurosurgery), and IV (a negative seizure history). The numbers of 

available intellectual and adaptive functioning outcomes for each cohort are noted un- 

derneath the x axis. 

 

neurosurgery at baseline and the group with recent neurosurgery, 

indicating that the first group was operated on at a younger age 

than the latter. 

 
Epilepsy characteristics 

 
Among the study group, 58 (88%) patients had a positive history of 

epilepsy at baseline assessment and 3 (5%) developed epilepsy be- 

tween NPAs. The various epilepsy variables are summarized in 

Table 1. The regression model showed a significant relationship be- 

tween younger age at seizure onset and change in adaptive outcomes, 

which could not be explained by a significantly younger age at first 

examination (P b 0.24). Plotting of the data showed that greater 

variability of IQ/DQ and ABC changes was related to younger age at 

seizure onset (Fig. 2). A significant negative correlation was found 

between number of AEDs and cognitive change (P < 0.02) as well as 

change in adaptive functioning (P < 0.01). Complete information on 

medication use was available for 62 (94%) patients. Thirteen (21%) 

of these patients did not use AEDs at the time of both NPAs, including 

the 8 patients with no history of epilepsy. At NPA1, 14 (23%) patients 

used valproate, 12 (19%) lamotrigine, 9 (15%) levetiracetam, 8 (13%) 
 

 

 
 

Fig. 3. Boxplot showing changes in intellectual and adaptive changes per TSC mutation 

type, including standard deviations and outliers. Dark blue: change in Intellectual/ 

Developmental Quotient (IQ/DQ); light blue: change in Adaptive Behavior Composite 

score (ABC); NMI, cohort with no mutation identified. 

 
carbamazepine, 5 (8%) vigabatrin, 4 (6%) gabapentin, and 3 (5%) 

topiramate. At NPA2, the AED regime had been changed in 54 of the 

62 patients; 7 (11%) patients started using AEDs, 5 (8%) patients 

ceased AED treatment, 6 (10%) used a decreased number of AEDs, 

and 12 (19%) used an increased number of AEDs. At NPA2, 23 (37%) 

patients used lamotrigine, 19 (31%) levetiracetam, 8 (13%) valproate, 

6 (10%) carbamazepine, 4 (6%) gabapentin, 3 (5%) topiramate, and 3 

(5%) vigabatrin. 

All eight patients without a history of epilepsy had IQ/DQ values 

> 65 at NPA1. This group showed average declines of 0.5 IQ/DQ and 

1.5 ABC points, compared with 2.6 and 7.5 points for the group with 

a positive history of epilepsy, respectively (Fig. 4). 

 
EEG analysis 

 
For 23 patients, there were available EEGs obtained within a year of 

both NPAs. This EEG subgroup showed a mean increase in number of 

IEDs of 1.55 discharges/minute (see Table 1). The group that lost 

more than 15 IQ/DQ points (N = 5) showed an average increase of 

2.7 discharges/minute at EEG2, whereas the group with a significant 

IQ/DQ increase (N = 4) showed an average IED decrease of 0.4/minute 

(Table 1); similar phenomena were observed for available ABC scores. 

When changes in IQ/DQ and ABC were correlated with changes in the 

number of IEDs per minute per whole brain, no significant associations 

were found (P < 0.86 and P < 0.38, respectively). 

 
Subgroup diagnosed with autism spectrum disorders 

 
Twenty-seven (41%) patients from the study group were diag- 

nosed with an autism spectrum disorder. At time of the first evalua- 

tion, the group with ASDs had a lower mean IQ/DQ of 50 versus 79 

for the group without ASDs (P <0.00) and a mean ABC of 49 versus 

80 (P < 0.00). Compared with the group without  ASDs,  the  group 

with ASDs showed no significant difference in IQ/DQ or ABC score 

changes (P < 0.33 and P < 0.28, respectively). 

 
Discussion 

 
The current study is the largest longitudinal investigation of intel- 

lectual and adaptive development in patients with TSC to date, and 

identifies significant associations with neurosurgery and epilepsy 

characteristics. For the whole study group, mean cognition remained 

relatively stable, although one-third of patients showed a significant 

Figure 3. Boxplot showing changes in intellectual and adaptive changes per TSC mutation type, 
including standard deviations and outliers. Dark blue: change in Intellectual/ Developmental 
Quotient (IQ/DQ); light blue: change in Adaptive Behavior Composite score (ABC); NMI, cohort 
with no mutation identified.



84

TSC mutation subgroups
Because the regression analysis hinted at an association between mutation type and adaptive 
development, genetic subgroups were compared (see Figure 3). These groups had a similar 
mean age at NPA1. The group of patients with a TSC1 mutation showed a mean decline of 
5 IQ/DQ and 2 ABC points (SD = 12 and 14, respectively). The TSC2 mutation subgroup 
showed a mean loss of 1 IQ/DQ and 8 ABC points (SD = 20 and 11, respectively), and the 
no mutation identified (NMI) group showed a mean loss of 2 IQ/DQ and 6 ABC points 
(SD = 11 and 10, respectively). There were four pairs of siblings in the study group, and 
identical genetic mutations were identified in three pairs. Within siblings, IQ/DQ changes 
were extremely variable, ranging from 13 to 69, and in all but one pair IQ/DQ increased in 
one sibling and declined in the other.

Subgroup with neurosurgery
Thirteen patients underwent neurosurgery before the first NPA, including 10 (77%) for 
epilepsy surgery and 3 (23%) for subependymal giant cell tumor (SGCT) resection. Over 
a mean interval between NPAs of 4.7 years, this group displayed a significantly different 
developmental trajectory, showing a gain of 7 IQ/DQ points versus a loss of 4 points for the 
group without a history of neurosurgery (P<0.02). There were mean gains of more than 7 
IQ/DQ points for the patients who had epilepsy surgery and 5 points for the patients who 
had SGCT surgery (Figure 4). There was no significant difference in change in adaptive 
scores between these two groups (P<0.31), although the group with a positive surgery 
history showed a decline of 3 ABC points, which was less than the 8 ABC points of the 
remaining cohort. For the patients for whom two ABC measurements were available, the 7 
patients who had had epilepsy surgery showed a mean loss of 5 ABC points, whereas one 
patient who underwent SGCT surgery had a gain of 9 ABC points.
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Eight (12%) patients from the study group underwent neurosurgery between NPAs 
(Figure 4): five received epilepsy surgery and three underwent SGCT resection; none of 
these patients had prior neurosurgery. All three SGCT surgery patients showed a relative 
decline in IQ/DQ (range: –10 to − 25) and ABC (range: –12 to − 26), possibly related 
to postsurgical temporary obstructive hydrocephalus just before NPA2 in one patient and 
extreme anxiety during NPA2, which might have underestimated performance, in a second 
patient; for the third patient, no clear cause was evident from the medical records. The five 
patients who underwent epilepsy surgery between NPAs showed very variable, but no mean 
change in, IQ/DQ (range: –22 to + 29), but a mean loss of 9 ABC points (range: –22 to − 1).

Age at NPA1 was very similar (4.8) for both the group with neurosurgery at baseline 
and the group with recent neurosurgery, indicating that the first group was operated on at 
a younger age than the latter.

Epilepsy characteristics
Among the study group, 58 (88%) patients had a positive history of epilepsy at baseline 
assessment and 3 (5%) developed epilepsy between NPAs. The various epilepsy variables 
are summarized in Table 1. The regression model showed a significant relationship 
between younger age at seizure onset and change in adaptive outcomes, which could not 
be explained by a significantly younger age at first examination (P<0.24). Plotting of the 
data showed that greater variability of IQ/DQ and ABC changes was related to younger 
age at seizure onset (Figure 2). A significant negative correlation was found between 
number of AEDs and cognitive change (P<0.02) as well as change in adaptive functioning 
(P<0.01). Complete information on medication use was available for 62 (94%) patients. 
Thirteen (21%) of these patients did not use AEDs at the time of both NPAs, including 
the 8 patients with no history of epilepsy. At NPA1, 14 (23%) patients used valproate, 
12 (19%) lamotrigine, 9 (15%) levetiracetam, 8 (13%) carbamazepine, 5 (8%) vigabatrin, 
4 (6%) gabapentin, and 3 (5%) topiramate. At NPA2, the AED regime had been changed 
in 54 of the 62 patients; 7 (11%) patients started using AEDs, 5 (8%) patients ceased AED 
treatment, 6 (10%) used a decreased number of AEDs, and 12 (19%) used an increased 
number of AEDs. At NPA2, 23 (37%) patients used lamotrigine, 19 (31%) levetiracetam, 
8 (13%) valproate, 6 (10%) carbamazepine, 4 (6%) gabapentin, 3 (5%) topiramate, and 3 
(5%) vigabatrin.

All eight patients without a history of epilepsy had IQ/DQ values > 65 at NPA1. This 
group showed average declines of 0.5 IQ/DQ and 1.5 ABC points, compared with 2.6 and 
7.5 points for the group with a positive history of epilepsy, respectively (Figure 4).

EEG analysis
For 23 patients, there were available EEGs obtained within a year of both NPAs. This 
EEG subgroup showed a mean increase in number of IEDs of 1.55 discharges/minute (see 
Table 1). The group that lost more than 15 IQ/DQ points (N = 5) showed an average increase 
of 2.7 discharges/minute at EEG2, whereas the group with a significant IQ/DQ increase 
(N = 4) showed an average IED decrease of 0.4/minute (Table 1); similar phenomena were 
observed for available ABC scores. When changes in IQ/DQ and ABC were correlated with 
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changes in the number of IEDs per minute per whole brain, no significant associations were 
found (P<0.86 and P<0.38, respectively).

Subgroup diagnosed with autism spectrum disorders
Twenty-seven (41%) patients from the study group were diagnosed with an autism 
spectrum disorder. At time of the first evaluation, the group with ASDs had a lower mean 
IQ/DQ of 50 versus 79 for the group without ASDs (P<0.00) and a mean ABC of 49 versus 
80 (P<0.00). Compared with the group without ASDs, the group with ASDs showed no 
significant difference in IQ/DQ or ABC score changes (P<0.33 and P<0.28, respectively).

dISCuSSIOn
The current study is the largest longitudinal investigation of intellectual and adaptive 
development in patients with TSC to date, and identifies significant associations with 
neurosurgery and epilepsy characteristics. For the whole study group, mean cognition 
remained relatively stable, although one-third of patients showed a significant change in 
cognitive performance, confirming previous observations in infants with TSC.13 Supported 
by large SDs of IQ/DQ changes, this evidence suggests that the cognitive trajectory of 
patients with TSC can be highly variable. Cognitive decline was associated with increased 
numbers of AEDs, which likely reflects poor epilepsy control. Refractory epilepsy is 
common in patients with TSC, and epilepsy has been associated with poor cognitive 
outcomes.22 Developmental decline can also occur in patients with severe and early-onset 
epilepsy, warranting early and aggressive treatment of seizures. However, the neurocognitive 
side effects of anticonvulsants could also impair function,23 striking a delicate balance for 
clinicians. The medication use of the study cohort shows a slight shift toward second- and 
third- generation AEDs in accordance with best practice, but this study type did not allow 
for investigation of the effects of specific AEDs on the developmental trajectory.

The significant relative decline in adaptive scores in the total study population was the 
most consistent finding of our study. This indicates that patients fall increasingly behind 
in their neurodevelopment, which is not to be confused with the term regression, as the 
latter implies loss of skills instead of slower gain. Adaptive decline was significantly related 
to younger age at seizure onset and increased number of AEDs, confirming the association 
between early seizure onset and detrimental developmental outcomes.6,24 The observations 
that the patients with significant changes in developmental outcomes were relatively younger 
and that this variability stabilizes as age advances emphasize that infancy is a critical time 
when influences such as seizures can alter brain development and future outcomes in patients 
with TSC. The observation that patients with low baseline cognitive outcomes increased 
their scores and patients with relatively higher outcomes showed deterioration (Table 1) 
could indicate regression to the mean, which is related to large SDs, although plotting of the 
data showed no evidence for this statistical phenomenon (Figure 1).

Interestingly, the subgroup who had undergone neurosurgery before the first evaluation 
showed a significant improvement in intellectual performance, which occurred regardless 
of surgery indication and could not solely be explained by a larger interval between NPAs. 
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Whereas findings in general pediatric epilepsy surgery patients have been inconsistent,25,26 
studies in epilepsy surgery patients with TSC have reported excellent long-term seizure 
outcomes and quality of life,27,28 confirming our observations, although referral or reporting 
bias should be considered. In contrast, the TSC subgroup who underwent neurosurgery 
between NPAs showed variable and little mean change in developmental outcomes. This may 
reflect referral bias or a pattern of initial postoperative variation followed by improvement 
in neurosurgical patients with TSC. The compelling observation that the three patients with 
a history of SGCT surgery showed intellectual improvement after neurosurgery warrants 
further study focusing on the neurocognitive consequences of SGCT growth.

Although theoretically IEDs may influence cognitive performance, there are few 
investigations of this clinically relevant issue.29 Interestingly, we found that the frequency 
of IEDs was increased on available EEGs of patients who manifested significant cognitive 
decline, and that it was decreased in the group with relative improvement, although this 
was not significant. The epilepsy phenotype of TSC is relatively severe and the effect of 
seizures may overshadow potential cognitive effects of IEDs. As the EEG study sample was 
relatively small, future research should provide more information on the effect of interictal 
discharges on cognition to guide clinicians in the decision on treating this phenomenon.

Although cognitive deficits in TSC are related to altered signaling caused by the genetic 
mutation, change in IEDs was extremely variable within siblings affected by the same 
genetic mutation, suggesting that there is no genetic pre-determination for developmental 
gain or decline. Effects of the relatively more severe seizures and psychiatric manifestations 
in patients affected by TSC, TSC2 mutations in particular,30 may override inherent cognitive 
abilities. This is reflected by the variability in outcomes in the TSC2 cohort which could not 
solely be explained by young age at NPA. Interestingly, the NMI cohort showed the most 
stable developmental trajectory, reflecting the previously reported milder neurological 
phenotype of patients with NMI.31

Notably, a remarkably large proportion of men showed cognitive and adaptive decline 
versus women (9:2), a phenomenon previously shown in males with other autosomal 
dominant syndromes,32 although the small subgroup limited our statistical inferences.

In patients with autism, declines and variability in adaptive behavior scores have been 
shown across all ages,33 more so than in individuals with learning disabilities without 
autism.34 In this population, the subgroup with ASDs did not manifest a significantly 
different course in intellectual or adaptive outcomes. This could be due to the low baseline 
cognitive and adaptive functioning of this cohort, or a potential nuanced difference may 
be obscured by the effect of the relatively severe epilepsy type found in patients with TSC.

There are several limitations inherent to this type of study. Although previously seizure 
frequency has been suggested to be of importance in cognitive development in children 
with TSC-related epilepsy,35 this variable was difficult to determine retrospectively. Part of 
the variability in the cognitive outcomes could be caused by interscale validity variability, 
especially at young age. However, the use of multiple cognitive measures was inherent to 
the inclusion of different age groups and similar to other longitudinal studies on cognitive 
development.36 Applying a rigorous cutoff of 15 IEDs and finding a similar proportion of 
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patients (29%) showing significant change on the Vineland Scale, which is used across all 
age groups and the predictive quality of which has been validated,20 support our findings. 
Furthermore, our regression analyses showed no significant effect of age at evaluation on 
change in developmental outcomes. Because of the exploratory nature of this study, our 
effort to address multiple variables of influence on the developmental trajectory may have 
diminished statistical power and prospective studies should confirm our findings.

Although patients with TSC are routinely offered neuropsychological assessment at the 
time of diagnosis, most patients do not receive neuropsychological assessment multiple 
times unless this is clinically indicated. Hence, this cohort represents a relatively small 
proportion of our large clinic population and may be biased toward the more severe end 
of the neuropsychiatric spectrum of TSC as a result of referral bias. This is reflected by the 
relatively large proportion of pediatric and neurosurgical patients. However, the relatively 
higher IQ/DQs and stable development that was observed in patients not affected by 
epilepsy is likely to be an authentic reflection of development in the TSC population with 
milder neurological involvement. Although the investigated patients did not have equal time 
intervals between NPAs, the observation that the change in IQ/DQ correlated significantly 
with the IQ/DQ change per year suggests this method is applicable. The average test–retest 
interval of 4 years allows sufficient time for factors such as physical, psychological, and 
environmental changes to affect an individual’s intellectual ability. The retrospective nature 
of our study and the large number of variables did not allow for comparisons between 
subdomains of cognitive and adaptive development.

Low intellectual quotient and adaptive skills are defining features of intellectual disability. 
Our findings of variable cognitive outcomes and relative decline in adaptive scores confirm 
the need for repeated routine neuropsychological assessments in patients with TSC37 and 
multiple assessments in case of neurosurgery or changes in neuropsychiatric morbidity. 
The association between epilepsy variables and developmental outcomes suggests that early 
diagnosis and treatment of epilepsy may prevent these encephalopathic effects and improve 
developmental outcomes in patients with TSC.
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abSTRaCT
As relationships between autistic traits, epilepsy and cognitive functioning remain 
poorly understood, these associations were explored in the biologically related disorders 
Tuberous Sclerosis Complex (TSC), neurofibromatosis type 1 (NF1), and epilepsy. The 
Social Reponsiveness Scale (SRS), a quantitative measure of autistic traits, was distributed 
to 180 patients with TSC, NF1 and childhood-onset epilepsy of unknown cause (EUC), 
and compared with SRS-data of 210 individuals with idiopathic autism spectrum disorders 
(ASDs) and 130 of their unaffected siblings. Scores and trait profiles of autistic features were 
compared with cognitive outcomes, epilepsy variables and genotype. Regression models 
showed a significant association between rate of autistic features, intelligence outcomes 
and epilepsy variables but not with a specific underlying disorder or genotype. The rate of 
autistic features was strongly associated with intelligence outcomes in TSC and epilepsy 
patients; in NF1 patients these relationships were weaker. For all study groups, autistic trait 
subdomains covaried with neurocognitive comorbidity, with endophenotypes similar to 
that of idiopathic autism. Our data show that in TSC and childhood-onset epilepsy, the 
rate and phenotype of autistic features are inextricably linked with epilepsy and intelligence 
outcomes. Such relationships were weaker for individuals with NF1. 
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Tuberous Sclerosis Complex (TSC) and neurofibromatosis type 1 (NF1) are biologically 
related syndromes caused by mutations in the tumor suppressor genes TSC1, TSC2 and 
NF1, respectively. Mutations in these and other genes, such as the Fragile-X mental 
retardation (FMR1) gene, can result in disruption of the mammalian target of rapamycin 
(mTOR) pathway and are associated with learning disabilities, epilepsy and autistic features. 
Dysregulation of the mTOR pathway accounts for 10-15% of individuals with autism and 
may also represent a final common pathway for epilepsy and autism of unknown cause.1, 2

Autism is a complex neurobehavioral disorder that includes impairments in social 
interaction, language and communication deficits, and rigid, repetitive behaviors. 
Currently, the group of autism spectrum disorders (ASDs) is subclassified into autism, 
Asperger syndrome and pervasive developmental disorder not otherwise specified 
(PDD-NOS).3 Autism associated with neurogenetic syndromes can be classified as 
‘complex autism’ which is characterized by lower intelligence quotients (IQ) and higher 
rates of epilepsy comorbidity.4 Because of the heterogeneous etiology but high heritability 
of ASDs, disorders of a known genetic etiology associated with autism are attractive 
research models. However, although TSC and NF1 animal models display various 
neurocognitive features of these syndromes,5, 6 autistic features have been difficult to 
reproduce. Clinical investigations of autistic features in TSC, NF1 and epilepsy involved 
small cohorts, dichotomous ASD outcomes, and lack of phenotypic characterization.7-9 
Little is known about the relative contribution of the genetic risk factor to the autistic 
features and phenotype, versus the influence of cognitive impairment and epilepsy 
comorbidity. Increased understanding of the neurodevelopmental manifestations of 
these disorders will allow for more precise associations to be tested between biomarkers 
and specific traits, especially now that promising treatments are under study.10 In the 
current study, quantitative data on autistic features were compared with epilepsy and 
intelligence outcomes of large cohorts of patients with TSC, NF1, and childhood-onset 
epilepsy of unknown origin (EUC), and compared with data of individuals with and 
without idiopathic ASDs. 

METhOdS
Patient Recruitment 
Individuals with TSC and NF1 were recruited at the outpatient clinics of Massachusetts 
General Hospital (MGH). Patients with non-familial, childhood-onset EUC with normal 
brain imaging results were recruited at the outpatient adult and pediatric epilepsy clinics 
of MGH. Subjects with sporadic, idiopathic ASD and their non-affected siblings were 
recruited through the Autism Consortium (AC), a research and clinical collaboration that 
includes 6 Boston-area medical centers. Only AC individuals that had been assigned a 
diagnosis of ASD based on both the Autism Diagnostic Interview-Revised (ADI)11 and 
Autism Diagnostic Observational Schedule-Generic12 (ADOS) and for whom the Social 
Responsiveness Scale13 was available, were included (see Figure 1). 
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Assessment of autistic features
The Social Responsiveness Scale (SRS)13 is a widely used, reliable and validated14 
psychometric measure that assesses autistic traits in children of age 4 and older; an 
adult version is available for research purposes.15 The scale is completed by caregivers or 
companions and contains 65 items spanning five domains; 1) social awareness, 2) social 
cognition including information processing and interpretation, 3) social and reciprocal 
communication, 4) social motivation, including questions on social anxiety and avoidance, 
and 5) autistic preoccupations and mannerisms such as stereotyped behavior. Raw scores 
are converted to gender-based T scores; total T-scores > 60 are highly suggestive of any 
ASD, and scores > 75 are highly suggestive for autism. 

Clinical Information
Medical records were reviewed and the following information was recorded: age at 
evaluation, gender, history and types of seizures, age of seizure onset, refractory epilepsy 
(as defined by the International League Against Epilepsy,16 number of anti-epileptic drugs 
(AEDs), and presence of a formal ASD diagnosis according to the DSM-IV criteria3 or 
ADI/ADOS evaluation.11, 12 Full-scale intellectual/developmental quotients (IQ/DQs) were 
available by various measures, according to best practice standards. As full-scale IQ often 
does not completely reflect academic difficulties17 and was not available for most NF1 
patients, the presence of a learning disability or special education services was recorded, 
and cognitive function was categorized as 1) no learning problems, 2) specific learning 
disability (LD), or 3) global intellectual disability (ID, IQ<70). For TSC patients, results 
of genetic mutation analysis were obtained and categorized as TSC1 and TSC2 mutations, 
and NMI (no mutation identified). The mutation type was sub-grouped into protein 
terminating (including nonsense, splice-site, and frameshift mutations, and insertions 
and deletions ≥ 1 exon) and non-terminating (including missense mutations and small, 
in-frame insertions and deletions < 1 exon) and the location of the mutation on the TSC2 
gene was recorded. This study was approved by the internal review board of MGH and by 
the Autism Consortium.

Statistical analysis
Total SRS scores for all cohorts were compared with t-tests. Factors associated with total 
SRS score for the neurodevelopmental disorders were examined using a step-wise linear 
regression, including gender, type of disorder (TSC, NF1 or epilepsy), history of epilepsy, 
and refractory epilepsy as fixed factors and cognitive category (ID, LD, no learning 
disability) and age of epilepsy onset as covariates. Since it has been argued that in studies of 
neurodevelopmental disorders, IQ should not be included as a covariate,18 we repeated this 
analysis without the cognitive variable. 

To distinguish the effect of genetic background from epilepsy in the TSC cohort, 
another model was constructed with total SRS score as a dependent, and mutation group 
(TSC1, TSC2, NMI) and epilepsy as fixed factors. T-tests were performed to compare SRS 
outcomes for cognitive categories in NF1, gender, and for specific TSC2 mutation groups 
and infantile spasms (IS) in the TSC population. Correlations were performed to explore 
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the association between SRS scores and IQ/DQ and age at evaluation. SRS T-scores were 
used for all analyses. An alpha of 0.05 was applied with confidence intervals of 95%. 

RESulTS
Patient Characteristics
In total, 180 SRS scales were collected at the MGH outpatient clinics, including 64 TSC 
patients, 50 NF1 patients, and 66 individuals with EUC, henceforth called the study groups. 
The AC database yielded SRS data of 210 AC probands, henceforth called the ‘AC-ASD’ 
group, and 130 AC unaffected siblings, henceforth called the ‘AC-siblings’ (Figure 1). IQ/
DQ scores were available for 45 (69%) TSC patients, 42 (81%) EUC patients, 3 (6%) NF1 
patients, 118 (56%) AC-ASD patients and 68 (52%) AC-siblings (see Table 1 for clinical 
characteristics for all cohorts). Information on epilepsy and developmental/educational 
trajectory were available for all study groups, however AC database information on the 
epilepsy type of probands and developmental history of siblings was incomplete. Non-
responder characteristics are listed in Figure 1. 

Distribution of autistic features
For all study groups, mean SRS scores were significantly lower than the AC-ASD group 
(P<0.0001) and significantly higher than the AC-siblings (P<0.0001). The frequencies of 
patients with an SRS score higher than 60, which is suspect for ASD, was 36 (56%) for 
the TSC cohort, 20 (40%) for the NF1 cohort, and 35 (53%) for the EUC cohort. The 
percentages higher than 75, which are suspect for autism, were 24 (38%), 9 (18%) and 13 
(20%), respectively. SRS scores for AC probands and siblings were similar to those found 
previously.19 Although the NF1 and EUC groups showed normal distributions of autistic 
features, the TSC population displayed a bimodal distribution (Figure 2). SRS total scores 
were not significantly correlated with age (P<0.2 for all groups).

Association with neurocognitive phenotype
The first regression model showed a significant association between total SRS score 
and IQ category (P<0.0001), refractory epilepsy (P<0.003), and epilepsy (P<0.02), and 
the combination of TSC diagnosis and refractory epilepsy (P<0.001), but no significant 
association with TSC, NF1 or EUC (P<0.42). Excluding cognitive category from the 
regression analysis, the relationship between SRS score and epilepsy variables remained 
the same, and a significant association with a combination of male gender and refractory 
epilepsy emerged (P<0.05). 

Correlations showed highly significant inverse relationships between IQ/DQ and 
SRS total scores for TSC and EUC (Figure 3A). Although patients with NF1 and learning 
disabilities showed higher SRS scores than normal-learning patients, this difference was 
not significant (P<0.11, CI -8 to 5) (Figure 3B). The TSC cohort showed significantly higher 
SRS scores in patients with refractory epilepsy (P<0.0001, CI 13 – 29), IS (P<0.02, CI 2 - 
21), or epilepsy without IS (P<0.01, CI 4 – 25). The age of epilepsy onset was significantly 
inversely correlated with the SRS scores (r=-0.33, P<0.02). In the EUC study group, SRS 
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scores were not significantly associated with age of onset of epilepsy (r=-0.15, P<0.25) or 
refractory epilepsy (P<0.16, CI -6.1 – 4.3). Due to low number of epilepsy patients, no 
statistical analyses were performed for the NF1 group and epilepsy variables. 

Table 1. Clinical characteristics of study and control groups. 

TSC 
N= 64

NF1
N= 50

EUC
N= 66

AC-ASD
N= 210

AC-controls
N= 130

Gender 
Male (%)
Female (%)

27 (42%)
37 (58%) 

31 (62%)
19 (38%)

32 (48%)
34 (52%)

167 (79%)
43 (21)

60 (46%)
71 (54%)

Age at evaluation (range) 22 (4-62) 25 (4-63) 16 (4-49) 9 (4-22) 10 (4-21)

Epilepsy
Mean age onset (years)
Refractory 
Mean # AEDs

53 (83%)
2.1 (0-21)
26 (49%)
1.5 (0-4)

3 (6%)
2.0 (0-5)
0 (0%)
1 (0-1)

100%
6 (0-17)
25 (38%)
1.6 (0-5)

15 (7%)
3 (0-12)
5 (42%)
2 (1-5)

0 (0%)
-
-
-

Seizure type (%)
IS 
Prim gen

Absence
Tonic/Clonic
TC + absence
Other

Focal Simple
Focal Complex
Unknown

23 (36%)
-
   -
   -
   -
   -
4 (8%)
49 (92%)
-

-
1 (33%)
   -
   -
   1 (100%)
   -
-
2 (67%)
-

-
34 (52%)
   8 (23%)
   32 (60%)
   4 (11%)
   2 (6%)
4 (6%)
28 (42%)
-

3 (20%)
3 (20%)
   1 (33%)
   -
   2 (67%)
   -
   -
   -
12 (80%)

-
-
-
-
-
-
-
-
-

Mean IQ/DQ 

Intellectual Disability (%)
Learning Disability (%)

76
(15-134)
30 (47%)
12 (19%)

101 
(88 - 113*)
3 (6%)
23 (46%)

80 
(40-128)
21 (32%)
13 (20%)

95 
(34-148)
40 (19%)
103 (49%)

111 
(83-145)
0 %
n.a.

ASD diagnosis 
Autism 
Other ASD

15 (23%)
   15 (100%)
    - 

1 (2%)
    -
    1(100%)  

10 (15%)
    4 (44%)
    6 (56%)  

100%
   188 (89%)
   22 (11%)

0 (0%)
-
-

SRS total score 
(mean + range)
Social awareness 
Social cognition
Social communication
Social motivation
Mannerisms 

67
(36 – 95)
59 (30-95)
65 (36-95)
65 (37-95)
64 (37-95)
69 (41-95)

60 
(34-95)
53 (30-77)
60 (36-95)
58 (36-95)
59 (37-95)
65 (40-95)

62 
(35-95)
54 (30-81)
62 (36-95)
60 (37-95)
61 (37-95)
64 (40-95)

81 
(43-95)
72 (36-95)
79 (45-95)
79 (39-95)
73 (37-95)
82 (42-95)

49 
(34-95)
45 (30-88)
49 (36-95)
51 (37-95)
51 (37-95)
50 (40-95)

TSC, Tuberous Sclerosis Complex; NF1, Neurofibromatosis type 1; EUC; childhood-onset epilepsy of 
unknown cause; AC, autism consortium; ASD, autism spectrum disorder; AED, anti-epileptic drugs; IS, 
infantile spasms; TC, tonic-clonic; IQ/DQ, intellectual quotient / developmental quotient; MR, mental 
retardation (IQ<70); SRS, social responsiveness questionnaire; n.a., no information available. Numbers 
and percentages in subgroups are reflected as a fraction of the total of the subgroup. *only 3 IQ scores were 
available for the NF1 cohort. 
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Association with genotype and gender 
The TSC-specific regression model showed a significantly stronger relationship between 
the SRS score and epilepsy (P<0.02) than between SRS score and the TSC mutation group 
(P<0.67). The TSC1 group scores were significantly lower than the TSC2 cohort (P<0.04, 
CI 0.6 - 21), and similar to the seven patients with no mutation identified (NMI). The four 
patients with TSC2 missense mutations showed mean SRS scores that were 10 points lower 
than the 17 individuals with TSC2 protein terminating mutations. 

Figure 2. Histogram showing distribution of SRS scores for patients with TSC (red), NF1 (orange) 
and epilepsy (green). Note the bimodal distribution pattern in the TSC cohort. An SRS total score > 
75 indicates a high suspicion of autism, while a score between 60 and 75 is indicative of another ASD 
such as PDD-nos.

Figure 3. Graphs showing relationship between cognitive outcomes and rate of autistic features. 
A) Scatterplot of IQ/DQ outcomes and SRS scores for the TSC (black), epilepsy (dark gray) and 
AC-ASD (light gray) cohorts. * P<0.05. B) Boxplots showing SRS total scores per cognitive category 
for individuals with TSC (dark gray), NF1 (light gray) and epilepsy (shaded gray) 
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No significant differences in mean SRS scores were observed between males and females 
with TSC, NF1, or EUC. When the association between gender and refractory epilepsy was 
explored, significantly more autistic features were observed for male EUC patients with 
refractory epilepsy compared with females (P<0.05, CI 0 -28) but no such differences were 
observed in TSC patients (P<0.98, CI -11 to 11). 

Phenotype
Within each study group, the SRS subdomains (Social Awareness, Social Cognition, Social 
Communication, Social Motivation, and Mannerisms) correlated strongly with each other 
(r>0.40, P<0.005 for all groups). The study groups and AC-ASD group showed similar SRS 
trait profiles with relatively higher scores for the social cognition and mannerisms domains, 
and less affected social awareness domains (Figure 4A). This profile was attenuated for 
individuals without LD or ID (Figure 4B) or without epilepsy, who all showed mean domain 

Figure 4. Boxplots depicting SRS trait profiles for selected study cohorts. Each box shows the 
median and quartiles within a category. Reference lines indicate thresholds above which T-scores 
are clinically suspect for autism (>75, striped line) or other ASD (between 60 and 75, dotted line). 
A) SRS scores for all cohorts. B) SRS trait scores for individuals without ID or LD, with TSC (N=22), 
NF1 (N=22), epilepsy (N=32) and idiopathic ASD (N=67). C) SRS trait scores for individuals with a 
learning disability (LD) or intellectual disability (ID) with TSC (N=42), NF1 (N=27), epilepsy (N=34) 
and idiopathic ASD (N=142). 
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Table 2. Results of statistical analysis.

2A) Associations with SRS score for different variables per study group, depicting P-values for 
ANOVA’s and correlations.

TSC 
SRS score

NF1
SRS score

EUC
SRS score

ANOVAs
IQ categorya <0.001 0.25 <0.001

epilepsy 0.001 n/a -

refractory epilepsy <0.001 n/a 0.40

infantile spasms 0.018 n/a n/a

Correlations
IQ/DQ score <0.001 n/a 0.01

age onset epilepsy 0.035 n/a 0.24

a) no learning problems, specific learning disability, or global intellectual disability (see methods). ANOVA, 
analysis of variance; IQ, intellectual quotient; DQ, developmental quotient; n/a, not analyzed due to small 
patient samples or insufficient data

2B) Variables in the linear regression models.

Ba P-Value
95% CI of Bb

Lower Upper

Multi-disorder model 
Study group:

TSC
EUC
NF1

17.3
23.7
0c

0.31
0.14
-

-8.6
-7.5
-

2.8
54.9
-

IQ category:
Normal learning
Learning disability
Intellectual disability

-16.8 ± 5.0
0c

30.1 ± 17.4

0.001
-
0.079

-26.7
-
-3.6 

-6.9
-
65.6

epilepsy 10.8 ± 21.4 0.613 -31.6 53.2

refractory epilepsy 2.0 ± 1.5 0.19 -1.03 5.0

age onset epilepsy -0.28 ± 0.3 0.40 -0.9 0.38

TSC-specific model

Mutation type:
TSC1
TSC2
NMI
Unknown

IQ/DQ
epilepsy
refractory epilepsy

-0.12 ± 9.1
-6.4 ± 8.3
-4.2 ± 10.6
0c

-0.27 ± 0.1
20.7 ± 8.7
15.7 ± 5.6

0.99
0.45
0.70
-
0.015
0.023
0.008

-18.7
-23.2
-25.7
-
-0.49
3.0
4.3

18.4
10.5
17.3
-
-0.06
38.4
27.0

infantile spasms 6.3 ± 4.8 0.196 -3.4 15.9

a) The coefficient of that variable in the overall model
b) 95% confidence intervals surrounding the B
c) This group was designated as the reference category
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scores in the normal value ranges although NF1 patients without LD showed relatively 
high scores on the mannerism domain. For individuals with LD or ID, this trait profile 
became more pronounced (Figure 4C). Lastly, to approximate a true autistic phenotype, 
individuals with SRS T-scores > 60 were selected and more striking trait differences were 
observed; study groups showed relatively less affected social awareness and relatively more 
mannerisms, although the profiles remained similar to that of the AC-ASD cohort. In 
general, the social communication domain seemed consistently in the average of the other 
traits, regardless of the neurocognitive profile. 

The TSC cohort showed strong correlations between autistic trait domains and IQ/
DQs on all domains, while this relationship was weaker for the EUC and AC-ASD cohorts, 
and absent in the AC-sibling group (Table 2). For the EUC and AC-ASD cohorts, lower 
intelligence outcomes were generally associated with more impaired social cognition, 
social communication and mannerisms but less associated with social awareness and 
social motivation domains. In the TSC2 cohort, the social cognition domain was relatively 
impaired, while for the TSC1 and NMI groups the social motivation domain was more 
severely affected, similar to the EUC groups without learning disabilities. 

dISCuSSIOn
To our knowledge, this study is the first to compare autistic rates and traits in large cohorts 
of biologically related disorders. Across disorders, similar mechanistic and phenotypic 
relationships were apparent, suggesting that autistic features covary more directly with 
cognitive and epilepsy co-morbidity than with the genetic background. 

Relationships with intelligence and epilepsy 
Contrary to weak associations observed in idiopathic autism,20 TSC and EUC patients 
showed highly significant inverse associations between IQ and total SRS score, implying that 
cognitive impairment and autistic features are part of the same neurocognitive construct. 
In other words, the more severe and global the cognitive impairment, the more likely the 
underlying brain dysfunction also affects the widely distributed networks responsible for 
social behavior, language, and cognitive flexibility. This relationship seemed less robust in 
NF1 patients, perhaps due to lack of quantitative IQ data, less variability in neurocognitive 
outcomes, or to weaker statistical relationships between epilepsy, IQ, and autism for 
individuals with borderline to normal intelligence21 such as observed in NF1 patients. 

Although the relationship between epilepsy and autism has been recognized since the 
description of the first autistic patients,22 the underlying mechanism is still unclear.23 TSC 
patients showed highly significant associations between SRS scores and various epilepsy 
variables such as age of seizure onset, IS and refractory epilepsy, providing a useful model 
for understanding relationships between epilepsy and autism. Such relationships were weak 
in the EUC cohort, perhaps due to the heterogeneous etiology in this group. Although we 
confirmed that TSC and NF1 showed no gender differences in autistic features, as their 
autosomal inheritance would imply, male EUC patients with refractory epilepsy represented 
a vulnerable subgroup, perhaps reflecting gender-specific mechanisms of idiopathic autism. 
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Our results suggest that, regardless of the underlying disorder, children who have a history 
of severe or refractory epilepsy at an early age, represent a subgroup associated with insults 
to the developing brain manifesting in a more severe autistic phenotype. 

Relationship with genetic background
Since genetic mutation analysis is not a routine part of NF1 patient care, our genotype-
autistic phenotype analyses were limited to the TSC cohort. TSC patients without learning 
disabilities or epilepsy showed normal SRS scores, suggesting that TSC germline mutations 
do not exert a uniform effect on cognitive and autistic features. We confirmed that TSC2 
patients as a group are more affected by autistic features.8, 24 and identified a relatively 
milder autistic phenotype in patients with TSC2 missense mutations, as has recently been 
observed for other neurocognitive morbidity. Interestingly, the distribution of SRS scores 
in the TSC population showed the same bimodal distribution as has been observed for 
intelligence outcomes, confirming that these variables are inextricably linked in TSC. 
Although there are some indications for genotype-neurocognitive phenotype relationships 
in these syndromes,26 direct links between autism and NF1 and TSC gene loci have not been 
identified27 and it is still unclear if heterozygous mutations can cause brain disruption or 
whether a “second hit,” with loss of heterozygosity (LOH) is necessary. 

Autistic trait profiles 
A key question in investigating autistic phenotypes is whether the symptom clusters are 
independent or rather covary together. Our observations suggest that in TSC, NF1 and 
EUC, the autistic traits covary together significantly, and are strongly dependent on 
neurocognitive comorbidity. Individuals with NF1, TSC, and childhood-onset epilepsy, 
showed similar profiles of autistic traits. There was a trend for more severely impaired social 
cognition and mannerisms with relative preservation of social awareness, reminiscent 
of autistic traits described in Fragile-X patients. The mannerisms subdomain was most 
consistently affected for all study groups with cognitive impairments, possibly reflecting 
the sub-group of mannerisms whereby the sensory and motor repetitive behaviours are 
generally associated with lower IQs.28 Mannerisms were also strikingly present in NF1 
patients without learning disabilities, which is a different autistic feature than the previously 

Table 3. Correlations between intelligence outcomes and SRS subdomain scores for study groups. 
The NF1 group was not included due to lacking IQ scores.

Social 
awareness

Social 
cognition

Social 
communication

Social 
motivation Mannerisms

TSC IQ/DQ -0.85** -0.92** -0.96** -0.85** -0.91**

Epilepsy IQ/DQ -0.24 -0.42* -0.35* -0.22 -0.43*

AC-ASD IQ/DQ -0.10 -0.30** -0.15 -0.11 -0.11

AC-sibling IQ/DQ -0.06 -0.16 -0.20 -0.20 -0.18

* significant to P<0.05 level; ** significant to P<0.001 level 
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reported social skill deficits in patients with NF129 and may reflect symptoms of a different 
behavioral characteristic such as anxiety. The social motivation domain was relatively more 
affected within the normal-learning EUC population and the TSC1 and NMI subgroups, 
resembling the social alienation and interpersonal sensitivity that has previously been 
reported in normal to mildly affected individuals with TSC, epilepsy, Fragile-X syndrome, 
and idiopathic ASD patients.30-33 Altogether, the inter-disorder similarities and intra-
syndrome phenotypic heterogeneity suggest there is no mTOR-specific autistic phenotype, 
and that the debate in Fragile-X syndrome whether these autistic- like behaviors truly 
represent autism or are a ‘phenocopy’ of autism34 may be irrelevant, since the autistic 
features seem to overlap at a neural level for all of these disorders. Future research should 
further explore the neural determinants of the variable neurocognitive manifestations in 
these disorders, such as synaptic disruption2, 35 and neuroanatomical manifestations such as 
hamartomas and white matter abnormalities.36, 37

Limitations
Our samples were representative, and nonresponders were similar to participants. 
However there are also limitations. Of note is that in this study, the SRS was used to 
explore quantitative relationships, not as a diagnostic tool. Since research on the biological 
determinants of the SRS subdomains is limited, we performed few statistical comparisons 
on these domains and focused on clinically relevant observations. Secondly, as disruption 
of the mTOR pathway has been implicated in idiopathic cases of epilepsy and autism, 
our observations on phenotypic profiles may not reflect distinctly biologically different 
neurodevelopmental disorders. Thirdly, as a group, siblings of autistic individuals show a 
higher rate of (subclinical) autistic features19 and do not represent the normal population. 
However, for our purposes the AC-siblings were a suitable comparison group, as they were 
all clinically evaluated for autistic features, familial ASDs were excluded, and showed SRS 
rates very similar to a normal population. Furthermore, we did not investigate relationships 
between autistic features and seizure frequency or specific anticonvulsants, which may 
impair neurocognition,38 and future studies should explore this. Lastly, for both AC cohorts, 
the age at evaluation was lower than for the study groups; although in idiopathic ASD, 
autistic symptoms may decrease over time, there is no information on how this would affect 
the phenotype. 

COnCluSIOn
Our observations suggest that the autistic features in TSC, NF1, and childhood-onset 
epilepsy are an inextricable part of the neurocognitive phenotype and seem determined 
at a neural rather than the genetic level. Mouse models showing cognitive and epilepsy 
morbidity in these syndromes may inherently explain the pathophysiology of autistic 
features, suggesting that therapeutic interventions for neurocognition may also improve 
autistic features.10 These mechanistic and phenotypic observations may extend to other 
mTOR-related syndromes, and perhaps ‘complex autism’ in general.
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abSTRaCT
An adult cohort with Tuberous Sclerosis Complex was investigated for the prevalence of 
sleep disturbances and the relationship with seizure variables, medication and psychological 
functioning. Information on 35 adults was gathered using four questionnaires, including 
the Epworth Sleepiness Scale (ESS), Sleep and Epilepsy Questionnaire (SEQ), Sleep 
Diagnosis List (SDL), and the Adult Self-Report Scale (ASR). In addition, clinical, genetic 
and electrophysiological data were investigated. 

Of 35 respondents, 25 had a history of epilepsy. A subjective sleep disorder was found 
in 31% of the cohort. Insomnia scores showed a significant positive correlation with 
obstructive sleep apnea syndrome and restless legs syndrome scores. Significant correlations 
were found between daytime sleepiness and scores on depression, antisocial behavior, and 
use of mental health medication. Subgroup using anti-epileptic medication showed high 
correlation between daytime sleepiness, attention deficits and anxiety scores. 
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InTROduCTIOn
Tuberous sclerosis complex (TSC) is a genetic disorder affecting 1 in 6,000 live births, and 
is caused by mutations in the tumor-suppressor genes TSC1 or TSC2. These genes encode 
a protein complex that inhibits mTOR kinase signaling by inactivating the Rheb GTPase,1, 2 
a regulator of cell growth. In TSC, mutations in these genes lead to benign tumors affecting 
multiple organs, including the skin, kidneys and heart. In more than 90% of TSC patients, 
the brain is involved,3 often resulting in significant neuropsychiatric morbidity including 
seizures, mental retardation, autism, Attention-Deficit-Hyperactivity-Disorder (ADHD), 
depression and anxiety.4, 5 

Seizure disorders are present in 70-90% of TSC patients, most often presenting in the 
first year of life.6, 7 Most seizures are of the ‘partial onset’ subtype but generalized tonic-
clonic, myoclonic and infantile spasms are also frequent. In TSC, reported EEG findings 
during sleep are increased epileptiform activity during non-REM sleep and, contrastingly, 
less epileptiform activity during REM sleep,8 just as has been described in epilepsies of 
other causes.9 Similar to frontal lobe seizures resulting from other etiologies, in TSC, 
nocturnal seizures are often associated with complex motor phenomena (tonic posturing, 
clonic movement of one limb).

Research on sleep in TSC has been very limited, and has involved children only. Hence, 
little information is available on the sleep architecture of TSC patients, how sleep states 
are altered by the underlying neurological condition and epilepsy, and how sleep disorders 
affect the individual’s wake life.10-12 The sleep disturbances in TSC are likely more complex 
than simply being secondary to epilepsy. In addition to the obvious neuroanatomical 
abnormalities, there are more possible contributing factors including mental retardation 
and psychiatric comorbidity like autism and hyperactivity, which, in turn, could affect the 
development of circadian rhythms and bedtime routines.13 In addition, anticonvulsant 
medications, often prescribed in patients with TSC, can also affect sleep.9 

In children with TSC, severe sleep problems are frequent after the onset of epileptic 
spasms and are often due to sleep-related epileptic events. Sleep disorders, including night 
waking, early waking, seizure-related sleep problems, and excessive daytime sleepiness, 
have previously been recognized as a frequent cause and result of stress in the more severely 
affected TSC patients and their families.11 In a postal survey of 300 children with TSC, a 
high prevalence of sleep disorders was reported, with problems with settling (60%) and 
night waking (62%) being the most common.12, 14 A follow-up questionnaire-based study 
looking at sleep disorders and the relationship with epilepsy in TSC found the degree of 
sleep disruption to be significantly higher in the group with seizures than in the siblings and 
matched controls and also associated with a high level of behavioral disturbance.11 There is 
only one controlled polysomnographic study, comparing 10 children with TSC and partial 
epilepsy with healthy controls.10 In 9 TSC cases sleep architecture abnormalities were found, 
including shorter total sleep time, fragmentation by frequent awakenings, and a decrease in 
REM sleep.10 Although the sample was small, there was a tendency for children with TSC 
and seizures to show a more disturbed sleep architecture. Although sleep disturbances were 
seen with and without the occurrence of nocturnal seizures and/or the presence of EEG 
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abnormalities, sleep disorders seemed to be mainly due to sleep-related epileptic events and 
improved after a seizure-free period. Shorter awakenings not related to epileptic seizures 
were identified that were not detected by the caregivers, suggesting that the prevalence of 
sleep disorders in TSC patients is underestimated.10 To our knowledge, there have been no 
studies evaluating sleep disorders in adults with TSC.

The present study explores the relationship between TSC and sleep disorders in an 
attempt to describe the prevalence and severity of sleeping problems in this patient group 
and the relationship with seizure features, medication and psychological functioning. 

METhOdS
The study is a questionnaire-based exploration of sleep in adult patients with TSC. Inclusion 
criteria were adults (age ≥ 18 years old) with a clinical diagnosis of definite TSC, followed 
at the TSC clinic at Massachusetts General Hospital in Boston; the presence of epilepsy was 
not a criterion for enrollment. No control patients were recruited. There was no selection 
on the basis of cognitive abilities or psychiatric comorbidity. Information on epilepsy 
intractability was obtained from our clinical database, using the definition: 1) having used 
three or more medications for the treatment of epilepsy or 2) having undergone epilepsy 
surgery, or 3) one or more seizures per day despite therapy. 

Questionnaires
Participants were sent the following questionnaires, to be completed by the patient and with 
assistance of a caregiver as needed: the Sleep Diagnosis List (SDL)15 derived from the Sleep 
Diagnosis Questionnaire,16 Epworth Sleepiness Scale (ESS),17 the Adult Self Report Scale18 
which is derived from the Child Behavior Checklist (CBCL),19 and the Sleep and Epilepsy 
Questionnaire (SEQ). 

The SEQ is an eight-page questionnaire with 24 questions based on the patient intake 
for of the Department of Sleep Medicine at our hospital, to assess aspects of epilepsy 
severity and sleep. It includes questions on seizure presence, type, frequency and severity, 
including treatment of these seizures in the past and present. It also contains questions on 
the subjective presence of sleeping problems and relationship with AEDs, psychiatric drugs, 
as well as experiences with treatment of sleep disorders. The ESS poses eight questions 
regarding the chance of a person dozing off during day-to-day activities, answered on a 
4-point scale from 0 = never doze to 3 = high chance of dozing. A total score ≥ 10 is generally 
interpreted as daytime sleepiness. The SDL has been validated in epilepsy populations and 
consists of 30 randomly distributed questions covering five common sleep disturbances 
(e.g. insomnia, sleep apnea, narcolepsy, periodic leg movements and parasomnia) in the 
past six months, rating answers on a 5-point scale from 1=never to 5 = very often or always. 
A total mean score ≥ 3 in a category indicates the presence of a sleep disturbance. The 
ASR has been validated in adults with chronic conditions, has been identified as highly 
consistent with DSM-IV criteria, and is used to assess people’s perceptions of their own 
psychological functioning over the last six months. It consists of about 140 questions, 
including demographic information and rating behaviors and functioning, thus gathering 
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information on psychological syndromes (Anxious/Depressed; Withdrawn; Somatic 
Complaints; Thought Problems; Attention Problems; Aggressive Behavior; Rule-Breaking 
Behavior, Intrusive) and DSM-oriented scales (Depressive Problems; Anxiety Problems; 
Somatic Problems; Avoidant Personality Problems; Attention Deficit/Hyperactivity 
Problems; Antisocial Personality Problems). 

TSC mutational analysis
Genetic testing was performed at Athena Diagnostics (Worcester, MA, USA) or the MGH 
Neurogenetic Diagnostic Laboratory (Boston, MA, USA). Patients in whom genetic testing 
was negative are classified herein as NMI (no mutation identified). Patients with disease-
associated mutations of the TSC1 and TSC2 genes were recorded. Mutations were not 
further classified. 

Electroencephalography
Electroencephalography records were investigated for patients who had undergone surface 
EEG monitoring with a standard international 10-20 system of electrode placement, 
consisting of at least 25 minutes of recording. Only EEGs performed in the last 5 years were 
included in our analysis. When more than one EEG record was available, the EEG closest 
in date to the filling in of the questionnaires was used. Only information on the presence of 
regional epileptiform features consisting of spikes, sharp waves, and spikes and waves was 
gathered. Distinct localizations were not distinguished. 

Statistical analysis
Statistical analyses were performed using SPSS Version 11.5 (SPSS, Inc., Chicago, IL). 
Complete (sections of) questionnaires were used for analysis. For the analysis of the SEQ 
and ARS, 90% completion of a section was considered sufficient for analysis. ESS and SDL 
scores were excluded if one item was missing.

Initially, a Pearson correlation between the outcomes of the ESS and the SDL-subscales 
insomnia and RLS was performed to investigate their relationship. A multivariate linear 
regression established the influence of gender, age, seizure history, and TSC mutation on 
the outcome of the ESS and SDL subscales. 

To explore the influence of epilepsy on sleep in TSC patients, we selected the group with 
a positive history for seizures and investigated the effect of a history of intractable epilepsy, 
seizure frequency, number of AEDs and the presence of interictal spikes on the ESS and 
SDL outcomes. 

For secondary analysis, continuous variables were analyzed by two-sample T-test and 
limited Pearson correlations were performed. 

All reported p-values used two-tailed tests of significance with α set at 0.05. Data points 
unknown due to unavailable answers or histories were excluded from all statistical tests. Due 
to our small sample and abundance of variables, we had to restrict our statistical analysis.

Ethics
This study has been approved by the Institutional Review Board (IRB) of our hospital. 
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RESulTS
Participant characteristics
Of the 146 questionnaires that were sent out to adult TSC patients, 36 patients returned the 
questionnaires, resulting in a relatively low response rate of 25%. The scores of two SEQs 
and one ASR were not included because of insufficient information. Of note is that, in the 
remainder, questions on education and mental health were most often not filled out. The 
ESS and SDL were fully completed by all participants. The demographic characteristics of 
patients included in the analyses are listed in Table 1. 

Table 1. Patient characteristics. The total responder group consisted of 35 patients, of which 20 were 
currently using AEDs. Fifteen and eleven responders scored high on the Epsworth Sleepiness Scale 
(ESS) and Sleep Diagnosis List (SDL). 

 
No AED 
(N=15)

AED use 
(N=20)

ESS ≥10
(N=15)

SDL≥3 
(N=11)

Men (N=10) 2 8 3 3

Women (N=25) 13 12 12 8

Single (N=19) 9 10 8 5

Employed (N=24) 13 11 10 8

Mean age 33 33 34 34

Lower secondary education or less 
(N=11)

5 6 3 3

Pre-university education or higher 
(N=29)

9 10 10 6

Positive seizure history (N=25) 5  20  9 10

AED polytherapy (N=14) - 14 6 5

TSC2 mutation (N=12) 3 9 3 2

Of the 25 patients with a seizure history, 13 (52%) had a history of intractable epilepsy, 
and 7 (28%) had a history of status epilepticus. Seizure frequency ranged from daily to 
less than one a month. Of these 25 patients, about half (49%) of the patients had their last 
seizures more than 6 months ago, and 4 (11%) patients had the last seizure within the last 
month. None of the respondents experienced multiple seizures per day. Six patients (17%) 
were on AED monotherapy and 14 (40%) were on AED polytherapy. The most common 
AEDs currently used were as follows: carbamazepine (CBZ; 49%), lamotrigine (LTG; 
40%), valproate (VPA; 34%), phenytoin (PT; 34%), lorazepam (LZP; 31%), phenobarbital 
(PB; 31%), levetiracetam (LVT; 26%), gabapentin (GBP; 26%), topimarate (TPM; 23%), 
oxcarbamazepine (OXC; 20%), benzodiazepine (BZD; 20%), zonisamide (ZNS; 14%) and 
clonazepam (CLN; 14%). 
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Regarding mental health, 17/31 (55%) patients indicated on the SEQ that they had 
visited a mental health professional over the last year, and 15 (50%) of the cohort were 
taking medication for mental health concerns, with 9 on more than one psychiatric drug. 

Sleep parameters
Within the SDL, insomnia scores showed a significant positive correlation with the 
obstructive sleep apnea syndrome (OSAS) score (r= 0.512, P <002) and restless legs syndrome 
(RLS) score (r=0.372, P<0.028). The raw narcolepsy score was positively correlated with 
RLS (r=0.480, P<0.004). There was only one responder with a narcolepsy score ≥ 3. This 
patient also had RLS and insomnia scores above the threshold. As this person was on AED 
polytherapy, mental health medication and on the SEQ reported to ‘be a zombie’ because of 
sleep medication, we do not suspect this person to be a true narcoleptic. RLS and OSAS also 
correlated significantly with each other (r= 0.411, P <0.014). Some correlations between the 
sleep subscales are shown in Table 2. 

Table 2. Correlations between outcomes of the SDL scale (excluding parasomnia scores).

Insomnia Narcolepsy OSAS RLS

Insomnia - 0.279
(P<0.104)

0.512
(P<0.002)*

0.372
(P<0.028)

Narcolepsy 0.279
(P<0.104)

- 0.286
(P<0.095)

0.480
(P<0.004)*

OSAS 0.512
(P<0.002)*

0.286
(P<0.095)

- 0.411
(P<0.014)*

RLS 0.372
(P<0.028)*

0.480
(P<0.004)*

0.411
(P<0.014)*

-

SDL= Sleep Diagnosis List, OSAS=obstructive sleep apnea syndrome, RLS= restless legs syndrome
* significant

Multivariate linear regression analysis did not show a significant effect of age, gender, TSC 
mutation or positive seizure history on the ESS score. On the SDL subscales, female gender 
did have a significant effect on insomnia (P<0.05). SDL subscale scores of parasomnia, 
OSAS and narcolepsy were not included in the regression analysis because few patients 
scored high for this type of disorder.

Regression analysis within the group with a positive seizure history did not show a 
significant association of the seizure frequency, number of AEDs and the presence of 
interictal spikes on scores of RLS or daytime sleepiness. 

Prevalence of subjective sleep disturbance
According to the SDL, there were subjective indications for a sleep disturbance in the 
past 6 months for 11 patients (31%), with 8 patients (23%) scoring above the threshold 
for insomnia, five (14%) patients for restless legs syndrome, 2 (6%) for OSAS and 1 (3%) 
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for narcolepsy. No patients had significant parasomnias. All of the patients with insomnia 
had a positive seizure history. Of the patients with insomnia, two patients were on 1 AED, 
two patients were on 2 AED, one patient was on 5 AED. One patient was not on any AEDs. 
Of the patients scoring ≥ 3 on insomnia, patients suffered relatively frequent seizures, 
1 patient having more than daily seizures, 2 patients with daily seizures, 5 patients with 
weekly seizures, and no patients with less than weekly seizures. Of these patients, 3 had 
ever suffered a status epilepticus, of the total of seven patients who reported having a status 
epilepticus. Of note is that the two patients with the highest insomnia scores were women 
with epilepsy, one using 3 and the other 5 AEDs and ages respectively of 24 and 23 years. 

On the ESS, 15 patients (43%) scored ≥ 10, which reflects daytime sleepiness indicating 
a sleep disorder, and 1 patient (3%) scored 18, suggesting a severe sleep disorder. When the 
EES scores above and below 10 were compared, no significant differences were found in the 
number of current AEDs, the presence of interictal spikes on the EEG, nor the score on SDL 
subscales. Three patients had a high score on the ESS as well as the SDL. Looking at patients 
with a positive history of epilepsy, half of the patients with a history of intractable epilepsy 
scored over the ESS threshold, compared with 25% of the patients without this history. 
These numbers were too low for statistical comparison. 

Association with mental health 
Fifteen patients (43%) were currently on psychiatric medication, with 9 patients using one, 
and 6 patients using more than one psychiatric drug. Psychiatric medications noted were 
SSRI’s (8), TCA’s or other antidepressants (6), benzodiazepines (4), lamotrigine (4), valproic 
acid (2), risperidone (1), and olanzapine (1). Of the 17 respondents who answered ‘yes’ 
to the SEQ question if they had visited a mental health professional this year, 10 (59%) 
indicated that sleeping problems had an effect on their daily routines, and 10 (59%) scored 
≥ 10 on the ESS. On the SDL, 3 out of these 17 (18%) had scored ≥ 3 on insomnia, and 2 
(12%) scored ≥ 3 on RLS. 

Of the 15 people who scored high on the ESS, 7 were on psychiatric medication. There 
was a significant positive correlation between the ESS score and depressive symptoms as 
well as antisocial symptoms, and a trend towards increased anxiety with higher ESS scores 
(see Table 3). When focusing on the subgroup using AEDs, depression and anxiety scores 
were significantly elevated, as well as problems with attention. Notably, the antisocial scores 
were not significant in the group using AEDs, and the insomnia scores on the SDL scale 
showed extreme low correlation with any of the psychological outcomes.

Association with medication
Thirteen respondents (40%) had tried medical intervention for sleeping problems, most often 
lorazepam (5), zolpidem (4), melatonin (2), and flu-medication containing paracetamol 
and antihistamines (2). Most were considered helpful, although about half of the zolpidem 
and lorazepam-users reporting grogginess on the next day. Eleven patients (33%) had tried 
non-medicinal interventions to improve sleep, most often including relaxation techniques, 
which were reported to be helpful. 
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Of the patients with a positive seizure history, 15 (60%) reported an effect of AEDs 
on their sleep. Specific medications that were causing longer sleep periods, sleepiness 
or grogginess were valproic acid (4 patients), carbamazepine (4 patients), phenytoin 
(2  patients), and diazepam, levetiracetam, lamotrigine, phenobarbital, and clonazepam. 
AEDs or devices causing disrupted sleep and/or sleeplessness were lamotrigine, lorazepam 
and the vagal nerve stimulator. 

When comparing the groups with and without benzodiazepines with the ESS and 
narcolepsy scores to investigate a sedative effect, there was a significant effect on narcolepsy 
(P<0.007) scores and a trend towards higher ESS scores. There was a significant positive 
correlation between the number of mental health medications used, and the level of anxiety 
(P<0.0095).

dISCuSSIOn
To our knowledge, this is the only study of sleep in adults with TSC. Various limitations are 
inherent to our questionnaire-based approach. The response rate of the questionnaires was 
25%, which is relatively low for this study type and resulted in a small sample size. The unequal 
male to female ratio of responders could be explained by the relatively higher prevalence 
of daytime sleepiness scores in our female cohort, perhaps resulting in more affinity with 
this study in women. Of the respondents, 25 (76%) had a positive seizure history, which is 
relatively lower than the reported prevalence of epilepsy in 90% of TSC patients. This could 
indicate that the respondents are mildly affected with regard to neurological involvement, 
which is supported by their relatively high level of education. Apart from this gender and 
IQ bias, our study group does seem to be representative; many of our results, e.g. female 
gender did have a significant effect on insomnia (P<0.05) and age approached significant 

Table 3. Correlation between psychological complaint scores and scores on sleep scales, for the 
total responder group and the subgroup of patients currently using AEDs. 

ASR subscales
ESS score total 
group (n=35)

ESS score 
subgroup using 
AED 
(N=20)

SDL subscore 
insomnia, total 
group 
(N=35)

SDL insomnia 
score subgroup 
patients using 
AED
(N=20)

Depressed 0.41 (P<0.014)* 0.37 (P<0.11) -0.07 0.005

Anxious 0.32 (P<0.061) 0.47 (P<0.04)* -0.03 0.03

Avoidant 0.193 0.16 -0.149 0.35 (P<0.13)

Somatic complaints 0.10 0.02 -0.29 (P<0.091) -0.18

Attention deficits 0.27 0.46 (P<0.04)* -0.12 -0.13

Hyperactivity 0.06 0.24 -0.02 0.11

Antisocial 0.37 (P<0.03)* -0.11 0.01 0.05

ASR= Adult Self Report scale, ESS= Epworth Sleepiness Scale, SDL= Sleep Diagnosis List; * significant
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effect on symptoms of restless legs syndrome (P<0.08), are consistent with occurrences in 
the general population and thus validate our study group. As this was an exploratory study, 
no power calculations were performed to determine the sample size. Additionally, we have 
shown many statistical comparisons in order to generate hypotheses for future research. 
Hence, the power and P-values should be interpreted cautiously. 

A specific limitation is the lack of objective data such as information on polysomnographic 
(PSG) studies to confirm results of the subjective patient reports. Due to disparity in timing, 
the EEG data may not accurately reflect the electrographic nature of the patient’s brains at the 
time of filling out the questionnaires. However, there is evidence demonstrating consistent 
localization of focal interepileptiform features in patients with TSC over a 10-year period.20 
We did not have matched controls for our study group. 

Excessive daytime sleepiness (EDS) is a common sleep/wake complaint among people 
with epilepsy, typically attributed to the effects of AEDs and seizures. A major finding in 
our cohort is that 15/35 (43%) had a high score on the ESS, indicating EDS. Notably, 12 
(80%) were of the female gender, which cannot solely be explained by the female responder 
bias. Although the number or patients were too small to perform statistical analysis, there 
was a trend of more daytime sleepiness in patients with a history of intractable epilepsy. 
Of the eight patients who used a benzodiazepine, four (50%) had a score above the cut-off 
on the ESS, which confirms the sedative effect of benzodiazepines, although we cannot 
rule out other influences such as sleep disturbances or medication. Of the fifteen patients 
taking mental health medication, 7 (47%) had an ESS score higher than 10, indicating these 
patients are more at risk for daytime sleepiness. 

Relationship epilepsy features and sleep 
Epilepsy has been implicated in the disturbance of sleep physiology in a variety of ways, 
especially in the epilepsies associated with structural brain lesions. Sleep is widely recognized 
as an activator of interictal epileptiform discharges during electroencephalographic (EEG) 
recordings and additionally, has a pronounced effect on secondary generalization of partial 
seizures.21 The prevalence of a subjective sleep disorder in 31% of the total study group, 
and in 40% of TSC patients with a positive seizure history, is similar to the significantly 
high prevalence of 39% previously reported in an adult cohort with partial epilepsy,22 
where the presence of a sleep disturbance adversely affected quality of life. In another 
controlled study of adult epilepsy patients, higher rates of sleep complaints, insomnia and 
daytime sleepiness was also reported in the epilepsy patients, although symptoms of RLS 
were decreased.23 

Although not all patients with a positive seizure history had insomnia, all patients 
with insomnia did have a positive seizure history, confirming that in TSC patients with 
epilepsy, health care providers should be alert for presence of a sleep disorder as well as 
nocturnal seizures. Frequent awakenings have also been observed in patients with learning 
disabilities24 and in autistic patients without TSC25 and both groups have a higher prevalence 
of epilepsy, confirming the association between neurodevelopmental disorders, epilepsy, 
and sleeping problems.
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Restless legs syndrome
Of our study group, 5 patients (14%) had indication for RLS as measured by the SDL. 
Additionally, the RLS score on the SDL correlated positively and significantly with 
insomnia, narcolepsy and OSAS. RLS is a clinical diagnosis with an estimated 9% to 20% 
prevalence in the elderly.26 Half of the patients report a positive family history and it has 
been associated with age, iron metabolism abnormalities and chronic and end-stage renal 
disease.27 In renal disease, no biochemical test value is associated with the presence of 
RLS. The pathophysiology of RLS has been related to the dopaminergic system and several 
studies have shown significant improvement with treatment of dopaminergic agents. All 
of the 5 TSC-patients with a high RLS score had renal involvement. However, as most of 
TSC patients have renal involvement and this is often symptomatic, we can not make any 
conclusions about renal pathology and RLS in TSC patients. 

In adults with ADHD a significantly increased nocturnal motor activity and an enhanced 
frequency of arousals associated with periodic leg movements is documented. Vice versa, 
there is a high comorbidity of ADHD in adult RLS patients28 as well as in TSC patients.4 In 
clinical practice, adults with ADHD often complain about sleep disorders.28 Thus, clinicians 
should be aware that ADHD and RLS need to be considered either as differential diagnoses, 
or might alternatively occur also as comorbidity in TSC. 

Psychological functioning
Solely high scores on these self-report scales cannot be used for diagnosis of a psychiatric 
disorder. However, these questionnaires can assist in detection of problems in a specific 
area. In a recent questionnaire study,29 the presence of a subjective sleep disturbance, 
depression and anxiety had a great effect on the quality of life in adults with epilepsy, even 
greater than short-term seizure control. In TSC, high rates of depression and anxiety have 
been reported.4, 5 In this cohort the correlation between the ESS and depression score was 
highly significant (P<0.014), irrespective of AED use. This phenomenon has previously 
been observed in adult epilepsy patients30 and could indicate that daytime sleepiness 
represents a vital sign of depression, which clinicians should be aware of. The correlation 
between daytime sleepiness and increased symptoms of anxiety and depression indicates 
that treatment of the cause of this sleepiness may decrease psychological problems in TSC 
patients, or vice versa, whether it be adjusting medication, screening for nocturnal seizures 
or depression, or other considerations. Remarkably, increased scores on the ‘insomnia’ 
SDL subscale was not associated with anxiety, suggesting there is no indication that the 
observed EDS was caused by insomnia in these anxious patients. Although antisocial scores 
correlated with higher ESS scores, they were not associated with use of AED, suggesting 
they are not related to epilepsy features in patients with TSC. Possibly, the antisocial scores 
reflect features of aggression and/or autism, which are known to have a high prevalence in 
TSC, and often result in the use of mental health medication. 

The high score on Problems with Attention in the group of TSC patients using AED, 
reflects previous observations of a high prevalence of ADHD in patients with epilepsy.31, 32 
The reasons for this association are not fully understood, but include effects of seizures, 
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antiepileptic medications, underlying neurodevelopmental vulnerability, and subclinical 
epileptiform activity.31, 33

Because people with intellectual disabilities have been found to suffer high rates of 
sleep disturbances which are related to mental health problems and the use of anti-epileptic 
medication,34, 35 we expect the prevalence of the above mentioned mental health complaints 
to be even higher the TSC population with lower IQs. 

Genetic effect
Previous studies have demonstrated a more severe neurologic phenotype in patients with 
TSC2 mutations.32, 36 The outcomes of this study did not show a significant difference 
between mutations in TSC1 and TSC2, suggesting that a genetic basis of the sleep disorder 
in TSC is unlikely. 

Therapy
Presumably, improvements of sleep duration and quality will positively affect the daytime 
behavior of the child,37 as well as the psychological functioning of adults with TSC. However, 
in patients with epilepsy, sleep is often fragmented in the absence of seizures or medication, 
suggesting that sleep instability may be an inherent component of certain forms of epilepsy.9

AEDs seem to have variable effects on nocturnal sleep and daytime vigilance,38 and 
have different short-term and long-term effects. Carbamazepine, the AED most used by our 
participants, seems to have a positive effect on sleep with long-term use, as well as newer 
drugs like lamotrigine, gabapentine, and levetiracetam.39, 40 Valproate and topamirate do 
not seem to have that effect. Further studies are needed to determine the long-term effects 
of AED therapy on sleep and wakefulness, psychological function and whether the anti-
epileptic effects vary in patients with different types of epilepsy and TSC. Alterations in the 
timing or type of AEDs may be helpful. 

Carbamazepine, oxcarbamazepine, and topiramate have specific therapeutic efficacy in 
nocturnal epileptic seizures, possibly by acting on the same mutated acetylcholine receptors,41 
and might be effective in nocturnal seizures in TSC. Contrary to a beneficiary effect in 
a healthy, non-epileptic population,40 a study investigating the effects of levetiracetam in 
patients with TSC reported poor sleep, especially in nonresponders.42

In our study, the use of benzodiazepines was significantly related with a high narcolepsy 
score and also had a clear correlation with daytime sleepiness, confirming the sedating 
effect of this medication, although there are other explanations such as seizure severity. 
Traditional sedatives have been found to be less effective in patients with TSC, and they 
often worsen the situation by increasing hyperactivity.43 Perhaps, patients in our cohort were 
suffering of sleepiness and RLS before treatment, resulting in benzodiazepine treatment. 
General considerations are that sedating AEDs should be minimized during the day but 
could be useful ante noctem. Activating AEDs should be used as appropriate. 

The sedative component of benzodiazepines, measured by the reduction of locomotor 
activity, has been attributed to neuronal circuits expressing specific GABA-a receptors, 
the most prevalent receptor subtype in the brain. The development of GABA-b receptor 
modulators could open up a new era of therapy for troubles like insomnia, epilepsy and 
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narcolepsy, acting on lower doses and with fewer side-effects.44 GABA is the main inhibitory 
neurotransmitter of the CNS. Epileptogenesis in TSC may be related to an impairment 
of GABAergic transmission, which is supported by the effectiveness of drugs with affinity 
for these receptors in the treatment of epilepsy in TSC. Additionally, particular neuronal 
networks defined by respective GABA-a receptor subtypes can now be linked to the 
regulation of various behavioral patterns.45 This is of relevance for the pharmacotherapy 
of sleep and psychological dysfunction in TSC patients. Although one patient in our 
cohort reported less sleep with gabapentin, in our clinical experience, the GABA-analogue 
neurontin may improve sleep complaints next to its anti-epileptic qualities. Gabapentin 
may helpen deepen sleep, positively affecting Stage 4 sleep, and reducing arousals during 
the night, and could be potentially helpful for both sleep onset and sleep maintenance. 
Additionally, gabapentin can be effective in the treatment of RLS.46 

Individuals with TSC often take other medications, increasing the risk of drug 
interactions. As few significant side effects have been described, melatonin may be an 
effective and safe treatment option for sleep problems. Melatonin is a chronobiotic drug 
with hypnotic properties,47 increases levels of serotonin in the brain, thus raising the seizure 
threshold,13 and has been used as adjuvant therapy as AED in children with intractable 
seizures.48 Children with intractable epilepsy exhibited significant improvement in various 
sleep variables including sleep apnea, as well as Epworth sleepiness scores under melatonin 
therapy.49 There was also significant reduction in seizure severity. In children with TSC, 
it has been suggested that the exogenous melatonin does not act by correcting abnormal 
endogenous melatonin secretion but by a simple sedative effect.43 As melatonin excretion 
in children is very similar to that seen in adults, these findings could be extrapolated to 
the adult TSC population.43 Another study comparing the effects of 5 mg of melatonin 
versus placebo in patients with TSC, found increased total sleep time and a trend toward 
decreased sleep latency, but with varying responses between subjects.37 In a follow-up study, 
no evidence of a dosage-effect was found between 5 mg or 10 mg of melatonin.37 Future 
studies in the specific TSC population are warranted to confirm this. 

It has been reported that VNS treatment may affect respiration during sleep, resulting 
in stimulation-related apneas and hypopneas, and improved daytime alertness has also 
been reported.50 Additional studies with larger numbers of subjects will be necessary to 
determine the effect of the VNS on daytime sleepiness and overnight sleep, comparing 
different stimulation intensities. Previous studies have shown that the diagnosis and 
treatment of OSAS should be considered in patients with poor seizure control or worsening 
of the epilepsy, and that treatment of OSAS can improve seizure control.51 

COnCluSIOn
This study confirms a high prevalence of sleep disorders in adult patients with TSC and 
the association with epilepsy features as well as mental health complaints. Although 
the uncontrolled nature of our data and relatively small and skewed study group limit 
conclusions, careful history taking and polysomnography (PSG) including EEG should be 
performed when sleeping problems or daytime sleepiness interfere with daily activities. 
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Home videos and sleep diaries are an inexpensive and proven method of monitoring sleep 
patterns.13 Early detection and treatment of nocturnal epileptiform features and sleep 
abnormalities will have a positive effect on the quality of life, including mental health, of 
patients with TSC. Daytime sleepiness could be an indicator of a depressive disorder or 
other mental health problems and diagnosis and treatment of the causative factor could 
improve the quality of life. 

Future larger and controlled studies should provide more insight into the relationship 
with epilepsy and the neuroanatomical basis of sleep disorders in TSC patients, as well as 
the neurophysiologic features of sleep in TSC. Therapeutic trials for epilepsy as well as sleep 
and mental health disorders in TSC patients can provide more direction in the development 
and choice for specific pharmacological agents. 
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abSTRaCT
Patients with tuberous sclerosis complex (TSC) have high rates of psychiatric comorbidity, 
such as mood and anxiety disorders. The aim of this study is to identify patients with 
stressor-related disorders such as post-traumatic stress disorder (PTSD) or adjustment 
disorder (AD) and to describe their clinical picture in the setting of TSC. A retrospective 
review was performed of medical charts of TSC patients referred for a stressor-related 
disorder to a TSC Psychiatric clinic. Seven females and two males were identified (3 PTSD, 
6 AD), including four children. The presenting symptom was aggression in two patients 
with a severe intellectual disability and avoidance in the remaining patients. The mean 
duration of symptoms at the time of the study was 21 months (range: 7-48 months) and 
seven of the nine patients were still having symptoms related to the trauma. All patients 
who received an initial diagnosis of AD changed to another diagnostic category because 
duration of the symptoms extended beyond 6 months. In most cases, selective serotonin 
reuptake inhibitors improved the symptoms. Stressor-related disorders in TSC frequently 
show a chronic course (beyond 6 months) and may appear with triggering events that are 
not typically viewed as trauma in normal population. 
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InTROduCTIOn
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder that is due to 
inactivating mutations in TSC1 or TSC2. It is characterized by benign tumors involving 
multiple organ systems. Most of the patients have brain involvement, with variable 
presentations of epilepsy, cognitive deficits, autistic features, depression and anxiety.1-3

Post-traumatic stress disorder (PTSD) is a psychiatric disorder characterized by 
abnormal fear extinction in response to a traumatic event involving actual or threatened 
death or serious injury of self or others. It lasts for more than a month and it is characterized 
by several symptoms of re-experiencing, avoidance, negative alterations in cognition and 
mood and hyperarousal.4 In the Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition, Text Revision (DSM-IV-TR), PTSD is classified under the chapter of 
trauma and stressor-related disorders, next to other categories such as acute stress disorder, 
when similar symptomatology lasts for less than 4 weeks, and adjustment disorder (AD), 
which provides a residual diagnosis for individuals who have exhibited marked distress and 
functional impairment following exposure to stressful, but not traumatic, events. Stressor-
related disorders in TSC are understudied and may be underestimated. The aim of this 
study is to describe the clinical characteristics of these disorders in TSC population. 

METhOdS
All TSC patients referred to the TSC Psychiatric clinic of the Massachusetts General Hospital 
between January 2009 and December 2012 with the clinical suspicion of stressor related-
disorder were identified. Patients diagnosed with post-traumatic stress disorder (PTSD), 
acute stress disorder and adjustment disorder (AD), according to the DSM-IV-TR criteria,4 
were reviewed. All the patients were evaluated by the same psychiatrist (PN). Patients 
with a pre-existent diagnosis of PTSD that were seen in the psychiatric clinic during this 
period were excluded since the aim of the study was to obtain detailed information on the 
triggering event, the acute clinical picture and evolution. The following information was 
noted: age at the time of the event, gender, result of genetic analysis, psychiatric history 
and treatment, comorbid epilepsy and medication, cognitive phenotype, triggering event, 
presentation, evolution and duration of the symptoms and response to treatment.

RESulTS
Seven females and two males (mean age 22 years, range: 8-49) were identified. Three patients 
were adolescents (13-15 years old) and one patient was 8 years old (See Table 1 for clinical 
characteristics). Three of these patients were diagnosed with PTSD, and six with adjustment 
disorder (AD) (see Table 2 for symptoms according to DSM-IV-TR criteria). In all of the 
patients initially diagnosed with AD, this diagnosis was revised to other categories, mainly 
generalized anxiety disorder (GAD), due to persistence of symptoms beyond 6  months. 
In the two patients with severe intellectual disability the main presenting symptom was 
irritability and aggression, while avoidance was the main symptom in patients with 
normal cognitive function. The triggering event or stressor was easily recalled in all the 
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Table 1. Characteristics of TSC patients affected by stressor-related disorders.

P (G)

Age at 
event 
(years)

TSC 
mut

Psychiatric 
history 

History of 
Epilepsy (a) 
(treatment)

Cognitive 
status Triggering event Presenting main symptoms

Duration  
(b) Treatment (c) and response

1 (F) 15 TSC2 No Refractory 
(OXC,GBP, 
LVT)

Normal IQ Seizure with conserved 
consciousness and sensation 
of imminent death in a boat 
(intense acute response)

Avoidance of boat
Panic attack when exposed

10 months Citalopram (15 mg), good response
Supportive therapy

2 (F) 8 TSC1 No No Normal IQ and 
behavior

Streptococcus upper 
respiratory infection at the 
beginning of school-year
Paternal unemployment 

Avoidance of school
Somatic complaints (throat and 
abdominal pain) 
Generalized anxiety

1 year 
(resolved)

Citalopram (15 mg) and CBT, good 
response

3 (F) 13 TSC2 Generalized 
anxiety disorder 
Specific phobia

Refractory 
(LEV,OXC)

Borderline IQ 
(77) 
Emotional 
lability

Impression that coach made 
sexual gesture and remark

Avoidance of men (generalized to  
all men, even father)

2 years 
(resolved)

Citalopram (15 mg), good response
Supportive therapy

4 (F) 14 TSC2 No In remission 
without 
treatment 

Normal IQ and 
behavior

Viral illness. Starting high-
school. Lower performance 
in initial exams

Avoidance of school 
Generalized anxiety 

7 months Sertraline (100 mg), and starting on-line 
school, good response
Supportive therapy

5 (F) 25 TSC2 MDD at 17 years 
old
GAD

No Normal IQ and 
behavior

Dysfunctional family life 
(recurrent triggering events, 
every time they meet) 

Depressed mood; Worsening of 
generalized anxiety; Hyperarousal

9 months Sertraline (100 mg), good response 
Supportive therapy

6 (F) 49 ND MDD (since 
husband death 
when she was 
45)
GAD

In remission 
without 
treatment

Normal IQ and 
behavior

Sexual assault while waiting 
in the emergency room

Reexperience: fear when exposed to 
man resembling the assailant or hospital 
settings
Depressed mood; Hyperarousal 
Avoidance 

4 years Quetiapine improved sleep initially.
Limited response to citalopram, 
mirtazapine, aripiprazol and clonazepam
CBT

7 (M) 32 ND ASD features 
Depressed mood 
previous year

In remission 
without 
treatment 

Borderline Incident at work: impression 
that a law enforcement 
officer had been staring at 
him in an accusatory way

Paranoia about others at work giving 
him accusatory glances and about getting 
arrested 
Avoidance of work place

2 years Citalopram (30mg), good response
Supportive therapy

8 (F) 22 ND Severe ID
ASD

In remission 
with 
treatment 
(CBZ, VPA)

Severe 
intellectual 
disability

Violent assault (hit with 
a belt by other student at 
school´s bathroom) 

PTSD 
Irritability
Aggression
Vomiting

3 y and 7 m 
(better after 
22 months)

No response to risperidone. Improvement 
after school change and getting a pet.
Supportive therapy

9 (M) 20 TSC2 Severe ID
ASD

Refractory 
(LEV,TPM, 
LMT)

Severe 
intellectual 
disability

Hospitalization for 
resection of a pancreatic 
neuroendocrine tumor

Irritability
Aggression 
Destructive behavior

15 months No response to aripiprazol, duloxetine, 
asenapine and guanfacine. Mirtazapine 
helped with sleep and appetite. Good 
response to olanzapine (7,5 mg)
Supportive therapy

ASD: autism spectrum disorder; CBT: cognitive behavioral therapy; F: female; GAD: generalized anxiety 
disorder; GBP: gabapentine; ID: intellectual disability; IQ: intellectual quotient; LEV: levetiracetam; 
LMT: lamotrigine; M: male; MDD: major depressive disorder; mut: mutation; ND: not determined; OXC: 
oxcarbacepine; P(G): patient and gender; TPM: topiramate; VPA: valproic acid; y:years
(a) As defined by the International League Against Epilepsy (Kwan et al., 2010), epilepsy was defined as:
- refractory: after failure of adequate trials of two tolerated, appropriately chosen and used antiepileptic 
drugs (AEDs)
- in remission without treatment: no seizures for 5 years or greater and not receiving AEDs at the time of 
ascertainment
- in remission with treatment: no seizures for 5 years or greater and receiving AEDs at the time of 
ascertainment

(b) If symptoms related to the triggering event have disappeared completely is indicated as resolved. In the 
rest of cases all or some symptoms persist.
(c) Dosage used for maximum effect with minimal secondary effects.
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cases but it was not intense enough to be considered traumatic in 6 of the cases, as did 
not involved actual or threatened death or serious injury of self or others.4 In the PTSD 
group, the stressor was physical aggression in two cases and a seizure in the other. As the 
duration of symptoms was longer than six months in all the patients initially diagnosed 
as AD, their diagnosis was changed to generalized anxiety disorder or specific phobia. 
The mean duration of the symptoms was 21 months (range: 7-48 months) but seven of 
the nine patients were still having symptoms related to the trauma at the time the study 
ended. Citalopram or other selective serotonin reuptake inhibitors (SSRIs) ameliorated 
the symptoms in most of the cases. All the patients received also non-pharmacological 
supportive therapy, which consisted of elements of cognitive behavioral therapy (CBT) and 
caregivers guidance and education. Two patients received formal CBT, which ameliorated 
the symptoms in both cases.

dISCuSSIOn
Our study describes the main clinical characteristics of PTSD and other stressor-related 
disorders in a TSC cohort. Although anxiety disorders are frequent in TSC patients,2, 3 
frequency or clinical features of stressor-related disorders have not previously been reported, 
suggesting that stressor-related disorders may be underdiagnosed in patients with TSC. 
The pathophysiology of PTSD is related to dysfunction of the neural circuitry of the 
fear response, where learned fear due to a traumatic event becomes generalized to safe 
situations.5,6 Trauma is necessary but not sufficient for the precipitation of PTSD. Some 
trauma victims develop PTSD (between 5 and 30%)7,8 while others seem resilient when 
experiencing the same trauma. A variety of factors may contribute to this, including the 
genetic background, abnormal fear brain-circuitry or stressful early life experiences.9 

Anxiety disorders have a prevalence between 28 and 56% in TSC patients.2,3 Factors 
contributing to anxiety and stressor-related disorders in TSC patients may be related to a 
dysfunctional circuitry of fear response, due to anatomical disruption of neuronal tracts 
or to functional synaptic disturbance of the main implicated areas (such as amygdala, 
hippocampus and prefrontal cortex)6,10 but also to the psychological burden of having a 
chronic and severe disease. In our group of patients there was a predominance of women 
(7:2). In the general population, women suffer from anxiety disorders more frequently than 
men. In a study of psychiatric comorbidity of 43 TSC patients, ADs were diagnosed in 
21% of the cases.2 Most of the large epidemiological surveys of mental health in general 
population lack prevalence data for ADs, in part because there is no clinical interview used 
in large epidemiological surveys sufficiently robust in diagnosing it.11 

PTSD clinical criteria in the DSM-IV-TR are usually applied to normal adults suffering 
a traumatic event. In other cases, such as children or cognitively impaired people, the 
diagnosis of this disorder is especially challenging. In children, PTSD may be expressed 
by disorganized or agitated behavior, which is also predominant in individuals with 
intellectual disability (ID). An improvement in the future DSM-V12 will be specific PTSD 
criteria in children less than 6 years old, as they may present with disorganized or agitated 
behavior and express intrusive memories as repetitive play. Nonetheless, a similar initiative 
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has not been undertaken yet in the DSM-V for individuals with ID. Severe intellectual 
disability was present in two of our patients (cases 8 and 9) and their symptoms consisted 
primarily in irritability and aggression. Patient 8 suffered a clear traumatic event but due 
to her intellectual disability collecting clinical details such as symptoms of re-experiencing 
needed for a PTSD diagnosis was not possible, so it was made from what could be inferred 
from her behavior. Individuals with ID have been found to be more likely to experience 
traumatic events and early life stressors such as hospital admissions, more invasive health 
procedures and high levels of parental stress and they may have different interpretation of 
distressing experiences such as being exposed to multiple caregivers and changes of house 
or school. Practitioners often attribute behavioral disturbances as part of the ID itself, a 
phenomenon known as “diagnostic overshadowing”13 that may preclude the detection of 
stressor-related disturbances. The Diagnostic Manual-Intellectual disability,14 developed in 
association with the American Psychiatric Association, provides some help identifying the 
psychiatric symptoms that are often expressed differently in persons with ID. In the case 
of stressor-related disorders they present mainly with affective disorders and aggressive or 
destructive behaviors.13 The predominant symptom in our cases with normal or borderline 
cognitive function was avoidance and in the cases with intellectual disability was irritability 
and aggressiveness. This agrees with previous studies suggesting that the severity of PTSD is 
negatively associated with the level of intelligence. Interestingly, patients 2 and 8 presented 
somatic symptoms that could not be attributed to other processes, the former throat and 
abdominal pain and the latter vomiting. It is important to recognize this as a possible part 
of the clinical picture in order to avoid added unnecessary work-up of physical symptoms. 

The intensity of the immediate response (i.e., extreme withdrawal, panic-like response) 
to the traumatic event is associated with an increased risk of developing PTSD.15 Case 
number 1 experienced a very intense initial response to the traumatic event, which 
consisted in a seizure with preserved consciousness that made her feel completely helpless. 
Data about seizures as the potential trigger of PTSD in epilepsy are scarce but a recent study 
suggests that PTSD may be very frequent in this setting, with 51% of patients meeting the 
diagnostic criteria for full-PTSD and 30% for partial-PTSD.16 These results suggest that in 
patients with epilepsy, it is important to consider seizures as a potential triggering event of 
PTSD, mainly if it causes an intense panic response in the patient.

The observation that all our patients with an initial diagnosis of AD experienced 
persistent symptoms beyond 6 months raises some doubts about the clinical utility of this 
diagnostic category in TSC population. In fact, the clinical value of the current DSM-IV-TR 
diagnosis of AD is also controversial in the general population because is not characterized 
by sufficiently specific clinical, psychometric or prognostic features, and mainly overlaps 
with other mood and anxiety disorders.17 Also, the DSM-IV-TR classifies ADs into subtypes 
according to the predominant symptoms: depressed mood, anxiety, disturbance of conduct 
or unspecified. The addition of a new subtype: with PTSD-like symptoms is undergoing 
further consideration for inclusion in the DSM-V.12 Our experience agrees with some 
authors who propose AD as a stress-response syndrome similar to PTSD sharing a common 
pathophysiology.18 
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Selective serotonin reuptake inhibitors (SSRIs) are the first line pharmacologic 
interventions for PTSD and their use is supported by several randomized controlled 
trials.19 In our cases, citalopram and sertraline were useful in ameliorating some of the 
symptoms, but only two of the patients had a complete remission, both treated with 
citalopram. Mirtazapine is a noradrenergic and serotonergic antidepressant that may be 
useful as a second line of treatment.20 It was prescribed in two of our patients and one of 
them showed amelioration of sleep and appetite disturbances. Antiadrenergic medications, 
such as prazosin or guanfacine, are occasionally used for lowering the sympathetic tone and 
the associated hyperarousal, impulsivity and intrusive symptoms, such as nightmares.21,22 
Guanfacine was prescribed for one of our patients but was not effective. The antipsychotic 
quetiapine was useful in controlling nightmares in one of our patients but other prominent 
PTSD symptoms persisted. A meta-analysis of studies in adults23 suggests that antipsychotics 
may be particularly effective in reducing intrusive symptoms. Mood stabilizers such as 
lamotrigine, valproic acid, topiramate, carbamazepine and levetiracetam can also be useful 
and overall, most studies have demonstrated a modest improvement.22

Trauma-focused cognitive behavior therapy (CBT) and trauma-focused cognitive 
therapy (without exposure) (CT) are first line treatments and have been used with success 
in the treatment of PTSD in general population and seem also useful in the case of patients 
with ID.13 Two patients received CBT, which was very useful in one case and partially 
effective in the other.

Interestingly, benzodiazepines (BZDs), that are often used to treat anxiety, are not 
useful in PTSD treatment or prevention22 and may even be harmful. Some studies24 suggest 
that early administration of BZDs, which is associated with enhancing access to emotional 
memories, might interfere with the normal spontaneous recovery. Also, BZDs abolish 
the expected activation of the hypothalamic-pituitary-adrenal (HPA) axis in stress.25 This 
consideration is important also in the setting of TSC patients with epilepsy because some of 
them use BZDs as antiepileptic drugs (AEDs). Only one of our patients was receiving BZDs 
at the time of the event. 

Recent research in PTSD focus on the preventing role of some medications such as 
glucocorticoids,26 estrogens27 and omega-3 fatty acids,28 that administered in the first hours 
after the traumatic event can prevent the appearance of symptoms. 

Our study presents some limitations inherent to its retrospective nature, such as lack 
of details about acute behavioral response at the trauma event, presence or not of specific 
symptoms related to PTSD and detailed response to treatments. Nonetheless, it is the first 
study to date depicting the specific clinical characteristics of stressor-related disorders in 
TSC patients. More reports are needed in order to better understand these disorders in TSC 
and allow an earlier diagnosis and treatment for these patients.

COnCluSIOn
TSC patients may have underlying vulnerability to anxiety and stressor-related disorders, 
even in the setting of a triggering event considered not traumatic for the majority of 
population. In TSC patients, these disorders usually have a chronic course (more than 



136

6 months) and are quite resistant to standard treatments. Raising awareness about stressor-
related disorders in TSC patients will allow an earlier diagnosis and treatment. Additional 
studies are needed regarding treatment of these disorders in TSC population and the 
possible role of prophylactic medications.
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abSTRaCT 
Clobazam (CLB) was recently approved by the FDA, but has not been evaluated in Tuberous 
Sclerosis Complex (TSC). We retrospectively reviewed a cohort of patients with TSC and 
refractory epilepsy who started CLB over a five-year period. Clinical characteristics and 
number of tubers on MRI were assessed. Duration of therapy, therapeutic response and 
adverse events were recorded. CLB was prescribed in 29 adults and children of whom 72% 
were cognitively impaired, with a median age at seizure onset of five months. Mean duration 
of CLB therapy was 17.3 months with a 12 and 24-month estimated retention rate of 82% 
and 68%, respectively. Twenty patients (69%) reported a good response (>50% seizure 
reduction) at the end of the titration, and six patients (21%) remained good responders 
after 12 months of CLB therapy. Adverse events occurred in 13 patients, predominantly 
somnolence and behavioral disorders. One quarter of the responders reported improvement 
in behavior. No predictive factor for a good response could be identified. CLB appears to be 
a well-tolerated and valuable option for treatment of refractory epilepsy in TSC. 
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InTROduCTIOn
Tuberous Sclerosis Complex (TSC) is a genetic disorder characterized by the presence 
of hamartomas that affect most organ systems including the brain. Epilepsy is the most 
frequent neurological manifestation affecting 80 to 90% of individuals, with epilepsy onset 
during the first year of life in 70%.26 Two thirds of patients show refractory epilepsy and 
most have multiple seizure types requiring a combination of antiepileptic drugs (AEDs).6 

Clobazam (CLB) has been widely used in other countries for years and has been 
consistently proven effective as an adjunctive therapy in refractory epilepsy in adults 
and children in four randomized controlled studies summarized in a Cochrane review.16 
Additionally, CLB can be used as monotherapy for non-refractory focal and generalized 
childhood epilepsies,3, 9 and has been shown effective in various epilepsy types.5, 8, 25 CLB has 
been approved in the US by the Food and Drug Administration in October 2011 for use as 
adjunctive therapy for the treatment of seizures associated with Lennox-Gastaut syndrome.

CLB is a 1,5-benzodiazepine with nitrogen atoms in the 1 and 5 positions and a 
keto group in the 4 position, in opposition to classical 1,4-benzodiazepines. It has been 
initially used as anxiolytic, then as anticonvulsant after Gastaut described its antiepileptic 
properties in 1979.12 CLB enhances the gamma-aminobutyric acid (GABA) inhibition by 
allosteric binding to the GABAa receptor and upregulation of the GABA transporters 1 
and 3. CLB is well absorbed, has a rapid onset of action and belongs to the long-acting 
(>24h) benzodiazepines.21 Its spectrum of antiepileptic activity is broad including focal 
and generalized seizures, tonic, clonic and myoclonic seizures, or absences.3 CLB has the 
advantage over the 1.4 benzodiazepines in causing less sedation.27

No data on the efficacy of CLB specifically in TSC are available. The aim of the present 
study was to evaluate the efficacy and tolerability of CLB therapy in epilepsy in the setting 
of TSC and to identify potential predictive factors for a good response. 

METhOdS 
Patient selection
Among 307 patients with a definite diagnosis of TSC,22 followed at the Herscot Center for 
TSC at Massachusetts General Hospital, we identified the first use of CLB in January 2007 
and reviewed all patients who were prescribed CLB from this date to January 2012. 

Data collection 
Charts were reviewed to collect information about gender, age at time of the study, age at 
seizure onset, seizure types, history of infantile spasms, results of genetic mutation analysis 
and number and types of AEDs used currently and previously. Available MRIs were reviewed 
for the number of cerebral and cerebellar tubers by one of the authors experienced in the 
evaluation of MRIs of patients with TSC (A.v.E) after achieving a inter-rater agreement 
with an experienced neuroradiologist (P.C) in ten cases (Pearson test, P<0.007). Cognitive 
impairment was defined by an intellectual quotient (IQ) <70 estimated from psychometric 
tests when available or from clinical reports. The diagnosis of autism spectrum disorders 
(ASD) was made based on DSM-IV criteria. Epilepsy was considered refractory as defined 
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by the International League Against Epilepsy, after failure of adequate trials of two tolerated, 
appropriately chosen and used AEDs.15 CLB dosing, titration schedule and dose of CLB at 
the time of the last documented visit were noted. Adverse events were classified as mild (not 
interfering with daily activities and no change in dosage required), moderate (interfering 
with daily activities requiring decreased doses) and severe (treatment discontinued). Rate 
and reason for discontinuation were recorded. 

The baseline period used to assess efficacy corresponded to the interval between the last 
visit prior to the one where it was decided to introduce CLB, ranging from 3 to 6 months. 
The percentage of seizure reduction at the end of the CLB titration with the minimally 
effective or maximally tolerated dose was assessed based on reports from both patients 
and parents during outpatient clinic visits and/or phone calls with the clinic nurse. The 
length of the period to complete the CLB titration was variable and determined by patient 
response, ranging from one week to three months. Patients were divided in two groups: 1) 
responders subdivided in patients with a >90% seizure reduction from baseline or >50% 
seizure reduction and 2) non-responders (<50% seizure reduction, no change or increase 
in seizure frequency). Furthermore, we assessed the number of patients in whom good 
response to CLB lasted for more than 12 months, without changing or starting other 
antiepileptic therapy. 

CLB was used to treat both epileptic spasms and partial seizures in TSC patients who 
did not respond to first-line therapies. The first CLB dose ranged from 0.05 to 0.1 mg/kg/day 
in the evening and titration (5 mg/day at one week interval) was determined by the clinical 
response to obtain the minimal effective dose. If needed, the dose was increased until a 
maximum level of 3 mg/kg/day in children, or was decreased if side effects occurred. If 
possible, previous medications were gradually reduced and discontinued. No fixed titration 
or withdrawal schemes were set and titration rates were adapted to each patient. If CLB was 
not effective or not tolerated at the maximal doses used, the drug was typically tapered over 
2 to 3 months, without additional drugs used during the withdrawal period.

Statistical analysis
SPSS version 11.5 (Statistical Package for the Social Science, Chicago) was used for all 
analyses. Responders and non-responders were compared using chi-square and student test, 
with significance set a P<0.05. A Kaplan-Meier curve was performed for retention of CLB. 

The institutional review board of the Massachusetts General Hospital approved this study. 

RESulTS
Of the total of 307 patients with TSC and epilepsy, 31 (10%) were treated with CLB. Two 
patients were excluded due to incomplete clinical information. Twenty-nine patients 
(14  males, 23 patients <16 years) were included and their characteristics are detailed in 
Tables 1 and 2. All patients had refractory epilepsy and 25 (86%) experienced daily seizures. 
Eight underwent resective epilepsy surgery and four had a vagus nerve stimulator before 
CLB therapy. None fulfilled the diagnostic criteria of Lennox-Gastaut syndrome. All 
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patients but one had been started on CLB in our institution. Twenty-five (86.2%) patients 
started CLB as at least the third AED and one patient received CLB as monotherapy.

Twenty (69%) patients showed a good response at the end of the titration including five 
(17.3%) with >90% reduction in seizure frequency. Nine (31%) patients did not respond 
as they experienced less than 50% reduction (n=6), no change in seizure frequency (n=2) 
or paradoxical increase in seizure frequency (n=1). Of the 20 initial good responders, six 
were identified as being still good responders at 12 months, including two patients who 
remained with >90% seizure reduction. Figure 1 shows the Kaplan-Meier curve with a CLB 
retention rate of 82% at 12 months and of 68% at 24 months. 

Table 1. Clobazam response and patient characteristics. 

Responders Non-responders

>90% reduction
n=5

>50% reduction
n=15

<50% reduction
n=9

Male, n 3 6 5

Mean age* (SD) 15.2 (+/-9.2) 8.2 (+/-6.9) 10.7 (+/-8.3)

Cognitive impairment, n 4 13 4

History of autism, n 2 5 1

Behavioral disorders, n 3 6 2

Median age (years) at epilepsy onset 
(range)

0.5 (0.3-2) 0.3 (0.1-1.6) 0.4(0.2-5)

History of IS, n 2 13 6

Seizure types

PCS only, n 2 6 5

Multiple types of seizures, n 3 8 4

Spasms, n (%) 0 4 2

Median age at CLB therapy  
(years, range)

12 (1.3-27) 3.5 (0.3-24) 8 (0.9-24)

Median duration of epilepsy before 
CLB (years, range)

11.5 (0.8-26.5) 63.2 (0.1-23.6) 3 (0.4-23.8)

Mean number of AEDs 
concomitantly prescribed (SD)

2.6 (+/-1.5) 1.9 (+/-1.2) 2.7 (+/-1.4)

Mean number of AEDs previously 
withdrawn (SD)

7.6 (+/-4.5) 6.5 (+/-2.5) 5.7 (+/-3.4)

Mean of maintenance dose  
(mg/kg/day, SD)

1.2 (+/-0.5) 1.7 (+/-0.8) 1.5 (+/-0.9)

Mean of maximal dose  
(mg/kg/day, SD)

1.5 (+/-0.9) 2.1(+/-0.8) 1.9 (+/-0.8)

Mean duration of CLB therapy 
(months, SD)

22.2 (+/-8.0) 18.8 (+/-9.7) 14 (2-26)

* at the time of the study, IS=Infantile Spasms, PCS=Partial Complex Seizure, GTC=Generalized Tonic-
Clonic seizure, AED=antiepileptic drug 
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Responders tended to be less likely to have cognitive impairment but this did not reach 
significance (P<0.07). Responders and non-responders did not differ with regard to history 
of infantile spasms, type of seizures, age at CLB therapy, duration of epilepsy prior to CLB, 
or history of autism. The maximum and maintenance doses used in children were higher 
than those used in adults (respectively 2.2 vs 0.9 mg/kg/d and 1.8 vs 0.8mg/kg/d). No 
difference was found in average CLB doses at the end of the titration between responders 
and non-responders. Patients with >90% seizure reduction tended to have less tubers than 
partial responders (mean 27 vs 42 respectively, P<0.10). 

Six children had epileptic spasms at the time when CLB was introduced and responded as 
follows: two patients reported >50% spasm reduction and four did not report improvement 

Table 2. Clobazam response and TSC genetic and radiologic features.

All patients Responders Non responders

n=29
>90% reduction
n=5

>50% reduction
n=15

<50% reduction 
n=9

TSC1 3 0 1 2

TSC2 18 3 9 6

No mutation identified 1 0 1 0

No genetic analysis 6 1 4 1

Mean number of tubers, SD 37 (+/-16.9) 27 (+/-12.0) 42 (+/-17.8) 34.7 (+/-16.5)

Figure 1. Kaplan-Meier curve showing the retention of CLB (percentage of patients still taking 
CLB) over a 38-month period. Patients were censored if they were lost of follow-up (n=1) or if they 
were still on CLB at the time of the study (n=21).
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in spasms although CLB had dramatically reduced other types of seizures concomitantly 
present. Of the CLB responders, 12 had been treated with vigabatrin for infantile spasms in 
the past and CLB was later started for partial seizures. Of the 9 patients for whom clinical 
information was available, 6 (66%) became spasm free with vigabatrin. 

Adverse effects were seen in 13 (44.8%) patients with the following distribution: mild 
(n=2), moderate (n=8) and severe (n=3) (see Table 3). There was no significant difference 
in terms of therapeutic response, number of concomitant AEDs or maximal doses of CLB 
between patients who reported side effects and those who did not. 

Seven patients (24.1%) discontinued CLB. The reasons for withdrawal from treatment 
were: poor efficacy despite high doses (n=4), adverse events and poor efficacy (n=2) and 
adverse events only (n=1). Review of records did not suggest increased seizure frequency 
during the withdrawal period. Seven (24.1%) patients reported behavioral improvement 
after CLB therapy, characterized by better mood, more interactivity or increased verbal 
skills, and three patients reported also better quality of sleep. Figure 2 shows the antiepileptic 
therapies taken in conjunction with CLB in responders and non responders; no specific 
effective combination could be identified in responders.

dISCuSSIOn 
To our knowledge, this is the first study describing efficacy of CLB in patients with 
TSC. Our results suggest that use of CLB in this population is safe and effective, with a 
prolonged good response at 12 months in 21% of patients, consistent with other studies 
of CLB therapy in refractory epilepsies.3, 13, 17, 18, 19, 24 There is no consensus on the most 
effective AED in TSC except for vigabatrin in infantile spasms.20 Efficacy of other AEDs 

Table 3. Adverse events. 

Patients with adverse events* 13*

Requiring dose adjustment only 9

Requiring drug discontinuation 3

Specific type of adverse events

Behavior disorders, aggressiveness 7

Sleepiness/sedation 7

Mood disorders** 3

Bad quality of sleep 3

Ataxia 2

Drooling 2

Garbled speech 1

Muscle weakness 1

  * 7 patients had 2 or more adverse events
** irritability, intolerance to frustration, emotional lability
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in small populations of patients with TSC and epilepsy have been reported regarding 
topiramate, lamotrigine and levetiracetam, and the CLB response rate in our group is 
similar or superior to that reported in these studies.7, 10, 11 Similar to another report, no 
predictive factor of a good response could be identified in our study.18 

The majority of TSC2 genotype found in our cohort can be explained by the recognized 
association between TSC2 mutations and a more severe phenotype.2 Most of patients 
experienced multiple types of seizures with a predominance of partial complex seizures. 
Prior studies have suggested that CLB may be helpful for individual patients with refractory 
spasms.13, 25 Despite the small number of patients, response to CLB in refractory partial 
seizures seemed better than in refractory spasms. Shimizu et al. reported a better response 
with CLB when more than one generalized tonic-clonic seizure per year occurred with PCS.24 

The response rate at 12 months was lower compared to the initial response (69% vs 
21%), possibly explained by the high frequency of seizures requiring other antiepileptic 
therapies after CLB, despite a good response. It may also be explained by the potential 
development of tolerance should also be mentioned as previously described for CLB and 
other benzodiazepines as well, with an incidence ranging from less than 10% to more than 
70%.1, 3 These variations may be due to more or less restrictive definitions of tolerance and 
its difficult assessment in retrospective studies. Despite potential tolerance, our results 
suggest that CLB can be considered as long-term therapy as reported in prior studies.3  
(Remy, 1994). 

With regard to dosage, half of patients who responded to CLB did so with dosages > 
1.45 mg/kg/day (range 0.5-3 mg/kg/day) and seven required a high dosage > 2 mg/kg/day. 
Although prior study showed efficacy of CLB with lower doses,14 our experience suggests 
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Figure 2. Antiepileptic drugs taken in conjunction with CLB. LVT indicates levetiracetam; 
LTG, lamotrigine; VPA, valproate; VGB, vigabatrin; CBZ, carbamazepine; GBP, gabapentin; BZD, 
benzodiazepines (other than CLB); ZNS, zonisamide; PGB, pregabalin; RFN, rufinamide; FBM, 
felbamate; LCS, lacosamide; TPM, topiramate; PHT, phenytoine; diet, dieteray therapy (ketogenic diet 
or low glycemic index therapy); VNS, vagal nerve stimulator
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individual variability in necessary doses and that high dosage > 1mg/kg/day is often 
required. In the current study, frequency and types of adverse events are similar to other 
reports: most of side effects were mild with sedation and behavioral disorders being the 
most common without apparent relation to dosage.13, 18 We did not observe serious toxicity 
which remains uncommon with CLB, as reported in one study where 11% of the cohort 
required discontinuation of the medication because of serious behavioral deterioration 
such as aggressive agitation or self injurious behavior.23 Furthermore, we reported 
an improvement in behavior in about one quarter of patients who were all responders, 
suggesting that this improvement may be related to a better seizure control as previously 
reported by Munn et al.19 

Several limitations are inherent to our study. This was not a prospective study with 
allocation of treatment. The retrospective, observational nature of this study of local practice 
without any fixed-protocol and the small number of patients implies some weaknesses. It is 
more difficult to assess accurately the frequency of seizures and tolerability. Side effects may 
be confounded by the lack of systematic checklist, the use of other drug effects and the high 
incidence of neurological and behavioral comorbidities in our population. The tolerance 
rate was impossible to assess accurately in this small and time limited retrospective study. 
CLB serum concentration was not measured as this has not been routinely available in the 
United States during the study period. As CLB was only available via importation from 
Canada and paid for out-of-pocket by patients, its use at the time of the study was limited 
to patients with refractory epilepsy who have already tried several other AEDs, which may 
have underestimated the CLB response in TSC related epilepsy.

COnCluSIOn 
CLB appears to be a well-tolerated and effective option for treatment of refractory epilepsy 
in TSC, showing an initial good response rate in 69% of patients and 21% at 12 months. 
Although tolerance may possibly develop, seizure freedom for sustained periods can occur. 
Additional clinical experience is necessary to demonstrate its long-term efficacy and define 
the best use of CLB in TSC patients.

aknOwlEdgEMEnTS
This study was supported by the Carol and James Herscot Center for Tuberous Sclerosis 
Complex. Dr Jennesson receives financial assistance from the “association des Amis de 
l’American Memorial Hospital de Reims” (France). The authors confirm that they have read 
the Journal’s position on issues involved in ethical publication and affirm that this report is 
consistent with those guidelines.

149

clobAzAm therApy of refrActory epIlepsy In tsc

9



REfEREnCES

1. Allen JW, Jawad S, Oxley J & Trimble M: 
Development of tolerance anticonvulsant 
effect of clobazam. J. Neurol. Neurosurg. 
Psychiatry 1985; 48: 284-285. 

2. Au KS, Williams AT, Roach ES, Batchelor 
L, Sparagana SP, Delgado MR, Wheless JW, 
Baumgartner JE, Roa BB, Wilson CM, Smith-
Knuppel TK, Cheung MY, Whittemore 
VH, King TM, Northrup H: Genotype/
phenotype correlation in 325 individuals 
referred for a diagnosis of tuberous sclerosis 
complex in the United States. Genet. Med. 
2007; 9: 88-100. 

3. Canadian Clobazam Cooperative Group: 
Clobazam in treatment of refractory epilepsy: 
the Canadian experience. A retrospective 
study. Epilepsia 1991; 32: 407-416. 

4. Canadian Study Group for Childhood 
Epilepsy: Clobazam has equivalent 
efficacy to carbamazepine and phenytoin 
as monotherapy for childhood epilepsy. 
Epilepsia 1998; 39: 952-959

5. Chapman AG, Horton RW, Meldrum 
BS: Anticonvulsant action of a 
1,5-benzodiazepine, clobazam, in reflex 
epilepsy. Epilepsia 1978; 19: 293-299. 

6. Chu-Shore CJ, Major P, Camposano S, 
Muzykewicz D, Thiele EA: The natural 
history of epilepsy in tuberous sclerosis 
complex. Epilepsia 2010; 51: 1236-1241. 

7. Collins JJ, Tudor C, Leonard JM, Chuck 
G, Franz DN: Levetiracetam as adjunctive 
antiepileptic therapy for patients with 
tuberous sclerosis complex: a retrospective 
open-label trial. J. Child Neurol. 2006; 21: 
53-57. 

8. Corman C, Guberman A & Benavente O: 
Clobazam in partial status epilepticus. 
Seizure 1998; 7: 243-247.

9. Dulac O, Figueroa D, Rey E, Arthuis M: 
Monotherapy with clobazam in epilepsies in 
children. Presse Med. 1983; 12: 1067-1069.

10. Franz DN, Tudor C, Leonard J: Topiramate 
as therapy for tuberous sclerosis complex-
associated seizures. Epilepsia 2000; 41: 87. 

11. Franz DN, Tudor C, Leonard J, Egelhoff 
JC, Byars A, Valerius K, Sethuraman G: 
Lamotrigine therapy of epilepsy in tuberous 
sclerosis. Epilepsia 2001; 42: 935-940. 

12. Gastaut H, Low MD: Antiepileptic properties 
of clobazam, a 1-5 benzodiazepine, in man. 
Epilepsia 1979; 20: 437-446. 

13. Kalra V, Seth R, Mishra D, Saha NC: 
Clobazam in refractory childhood epilepsy. 
Indian J. Pediatr. 2010; 77: 263-266. 

14. Kinoshita M, Ikeda A, Begum T, Terada K, 
Shibasaki H: Efficacy of low-dose, add-on 
therapy of clobazam (CLB) is produced by 
its major metabolite, N-desmethyl-CLB. J. 
Neurol. Sci. 2007; 263: 44-48. 

15. Kwan P, Arzimanoglou A, Berg AT, Brodie 
MJ, Allen Hauser W, Mathern G, Moshe SL, 
Perucca E, Wiebe S, French J: Definition of 
drug resistant epilepsy: consensus proposal 
by the ad hoc Task Force of the ILAE 
Commission on Therapeutic Strategies. 
Epilepsia 2010; 51: 1069-1077. 

16. Michael B, Marson AG: Clobazam as an 
add-on in the management of refractory 
epilepsy. Cochrane Database Syst. Rev. 2008; 
16: CD004154. 

17. Mills JK, Lewis TG, Mughal K, Ali I, Ugur 
A, Whitehouse WP: Retention rate of 
clobazam, topiramate and lamotrigine in 
children with intractable epilepsies at 1 year. 
Seizure 2011; 20: 402-405. 

18. Montenegro MA, Arif H, Nahm EA, Resor 
SR, Jr, Hirsch LJ: Efficacy of clobazam as 
add-on therapy for refractory epilepsy: 
experience at a US epilepsy center. Clin. 
Neuropharmacol. 2008; 31: 333-338. 

19. Munn R, Farrell K: Open study of clobazam 
in refractory epilepsy. Pediatr. Neurol. 1993; 
9: 465-469. 

20. Pellock JM, Hrachovy R, Shinnar S, Baram 
TZ, Bettis D, Dlugos DJ, Gaillard WD, 
Gibson PA, Holmes GL, Nordl DR, O’Dell 
C, Shields WD, Trevathan E, Wheless JW: 
Infantile spasms: a U.S. consensus report. 
Epilepsia 2010; 51: 2175-2189. 

150



21. Riss J, Cloyd J, Gates J, Collins S: 
Benzodiazepines in epilepsy: pharmacology 
and pharmacokinetics. Acta Neurol. Scand. 
2008; 118: 69-86. 

22. Roach ES, Gomez MR, Northrup H: 
Tuberous sclerosis complex consensus 
conference: revised clinical diagnostic 
criteria. J. Child Neurol. 1998; 13: 624-628. 

23. Sheth RD, Goulden KJ, Ronen GM: 
Aggression in children treated with clobazam 
for epilepsy. Clin. Neuropharmacol. 1994; 17: 
332-337. 

24. Shimizu H, Kawasaki J, Yuasa S, Tarao Y, 
Kumagai S, Kanemoto K: Use of clobazam for 

the treatment of refractory complex partial 
seizures. Seizure 2003; 12: 282-286. 

25. Silva RC, Montenegro MA, Guerreiro CA, 
Guerreiro MM: Clobazam as add-on therapy 
in children with epileptic encephalopathy. 
Can. J. Neurol. Sci. 2006; 33: 209-213. 

26. Thiele EA: Managing epilepsy in tuberous 
sclerosis complex. J. Child Neurol. 2004; 19: 
680-686. 

27. Wildin JD, Pleuvry BJ, Mawer GE, Onon 
T, Millington L: Respiratory and sedative 
effects of clobazam and clonazepam in 
volunteers. Br. J. Clin. Pharmacol. 1990; 29: 
169-177. 

151

clobAzAm therApy of refrActory epIlepsy In tsc

9





10
gEnERal dISCuSSIOn and 

fuTuRE PROSPECTS 





155

GenerAl dIscussIon And future prospects

10

TSC is a genetic multi-system disorder characterized by specific brain abnormalities and 
neurobehavioral manifestations, which are often severe. Although promising therapies 
for these brain manifestations are currently under study, the factors contributing to 
the neurobehavioral morbidity of TSC remain poorly understood. In this thesis, the 
neuroanatomical and neurobehavioral phenotypes, as well as underlying genotypes, of TSC 
are explored. By providing an updated clinical and theoretical framework, these studies 
provide insight into the mechanisms associated with neurobehavioral morbidity and into 
potential treatment targets. 

This research was made possible by the contributions of many individuals with TSC 
and other neurodevelopmental disorders, and their families, to the databases of the 
Carol and James Herscot Center for TSC at Massachusetts General Hospital (MGH), the 
Autism Consortium and the Tuberous Sclerosis Alliance. Prospective and retrospective 
data collection was greatly facilitated by the presence of specialized clinics for patients 
with rare disorders and by supportive collaborators at MGH, the Erasmus Medical 
Center and elsewhere. The studies described in this thesis were mostly carried out on 
a cohort of TSC patients between 4 and 62 years old, who attend the Carol and James 
Herscot Center for TSC at MGH, the largest TSC referral center in New England. Other 
pediatric and adult patients were recruited at the outpatient Neurofibromatosis Type 1 
clinic and outpatient epilepsy clinics. Active recruitment of patients without cognitive 
impairment, non-response analyses and comparisons to historical data in the literature 
showed that the findings in the selected patient cohorts are applicable to the general 
TSC population.

SEaRChIng fOR bIOMaRkERS
Recent pre-clinical studies of TSC and related disorders present exciting possibilities for 
rescue, and perhaps even prevention, of neurocognitive morbidity.1-4 Because neurocognitive 
morbidity in TSC is variable and can be very mild, intervention is not always necessary 
or justifiable, and biomarkers for patient stratification are needed. The identification of 
practical biomarkers that are predictive for cognitive severity, at a time point early enough 
for intervention, is an ongoing challenge for clinical research. In Chapter 1, Chapter 2 
and Chapter 4, the use of genotypic and neuroanatomical biomarkers for neurocognitive 
morbidity is discussed. Other parameters, such as electrophysiological measures,5 are 
equally interesting but beyond the scope of this thesis. 

Genotype-phenotype associations
It is well-established that, as a group, TSC2 mutations are associated with a relatively 
severe phenotype compared with TSC1 mutations.6-10 Patients in whom no mutation can 
be identified (NMI) also seem to display a distinct, relatively mild phenotype.11 However, 
the phenotypes of these three mutation groups overlap greatly, limiting their value as 
predictors of the neurocognitive morbidity in individual patients. Distinguishing solely 
between the TSC1, TSC2 and NMI subgroups may be an over-simplification, and the 
type and location of the mutation may also play a role. For example, TSC2 deletions 
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that extend into the adjacent PKD1 gene are associated with early-onset severe polycystic 
kidney disease12 and other reports indicate that some TSC2 missense mutations are 
associated with a less severe epilepsy phenotype.13-16 In Chapter 2 and Chapter 3, we show 
associations between specific germline mutation types and neurocognitive outcomes. 
In general, TSC2 missense mutations were associated with a milder neurocognitive 
phenotype than truncating TSC2 mutations. These observations are concordant with 
findings of milder phenotypes associated with missense mutations in other neurogenetic 
disorders17-19 and reflect the possibility that the presence of a protein in the cell, albeit 
unstable and/or with variable remaining function, may be associated with milder brain 
disruption and a relatively less severe clinical phenotype.20-22 TSC1 missense mutations 
are rare. Therefore, we could not draw conclusions on these as a group. Nonetheless, it 
would be useful to establish whether this class of mutation is also associated with a less 
severe TSC phenotype. 

In Chapter 2, the previously reported bimodal intelligence distribution10 is refined 
to only the TSC2 population, and it is shown how the phenotypic differences between 
individuals with truncating and non-truncating mutations could, at least partly, explain 
this bimodal distribution. Data presented in Chapter 3 and Chapter 6 indicate that similar 
mechanisms are likely to play a role in the occurrence of infantile spasms and in the severity 
of autistic features. 

In addition to the importance of mutation type (protein-truncating versus non-
truncating mutation), findings in Chapter 2 also show that another factor contributing 
to the severity of the disease may be the position of the mutation. Centrally located TSC2 
missense mutations were associated with a distinctly milder intellectual phenotype 
compared with proximal or distal non-truncating mutations, consistent with previous case 
reports14-16 and possibly due to retention of TSC1-TSC2 binding and/or GAP activity. Taken 
together, these findings suggest that different types of genetic mutation have a differential 
effect on TSC1-TSC2 function, and thus on the TSC neurocognitive phenotype. As it is 
sometimes difficult to evaluate the pathogenicity of TSC1 and TSC2 missense variants, 
genetic mutation analysis and genotype-phenotype investigations should be supported 
by functional studies.20, 23 Furthermore, more detailed knowledge of the structure of the 
TSC1-TSC2 complex will help us to predict how specific mutations affect TSC1-TSC2 
function and contribute to TSC pathogenesis.24, 25

Unfortunately, for now, even the detailed genotype-phenotype associations reported 
in Chapter 2, Chapter 3 and Chapter 6 were too variable to predict neurocognitive 
outcome for individual patients. This variable expressivity suggests that other genetic, 
epigenetic and environmental factors modulate the cognitive phenotype. These 
factors are discussed further below. The use of genetic predictors of disease severity 
in TSC should be viewed in the context of a larger equation, including other types of 
probabilistic prognostic indicators. However, at the present time, genetic mutations 
are the only biomarkers that can be interrogated prior to the development of the brain 
malformations in TSC.
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uPdaTIng ThE nEuRORadIOlOgICal PhEnOTyPE
Tubers are considered the hallmark brain feature of TSC and have been relatively well-
characterized. Tuber number and/or burden is significantly associated with neurocognitive 
morbidity.26-29 During brain development, tuber formation is presumed to be preceded by 
proliferation and migration abnormalities in the periventricular zone and white matter.30 
With magnetic resonance imaging (MRI), white matter migration abnormalities are 
visible as radial migration lines (RMLs), although they are not always seen in relation to a 
tuber.31, 32 The presence of migration abnormalities may underlie the regional white matter 
abnormalities in TSC patients.33-35 

Recently, the notion that tubers are responsible for neurocognitive morbidity in TSC 
was challenged by findings in mouse models that suggested possible additional mechanisms 
such as cell-autonomous synaptic dysfunction2, 36 or axon guidance abnormalities.37, 38 So far, 
little is known on the ‘white matter phenotype’ of patients with TSC, or how to distinguish 
RMLs, which are often subtle, from normal white matter. The contribution of white matter 
migration deficits to the neurocognitive phenotype of TSC also remained unclear.7, 39, 40 

Imaging techniques such as diffusion tensor imaging (DTI) and thin-section 
fluid-attenuated inversion recovery (FLAIR) imaging allow the increasingly detailed 
characterization of white matter. By combining DTI analysis with a detailed morphological 
evaluation, Chapter 4 provides an updated neuroanatomical phenotype for TSC, including 
qualification and quantification of white matter migration deficits viewed as RMLs. For each 
patient, RMLs were the most frequent neuroanatomical lesion and greatly outnumbered 
tubers. Comparisons of DTI parameters revealed that normal-appearing white matter could 
not be distinguished from control patients, and confirmed that RMLs were associated with 
DTI abnormalities. These findings re-identify TSC as a multifocal disorder.41, 42 As RMLs, 
tubers and sub-ependymal nodules (SENs) all arise from the periventricular zone and have 
similar histological characteristics,30 these lesions are probably very closely related and 
reflect the same basic deficit in neuronal cell proliferation, differentiation and migration. 
This idea is supported by the observations in Chapter 4 that the frequencies of RMLs, 
tubers and SEN are strongly associated with each other, and with neurocognitive outcomes. 
By interfering with the development of neural circuitry, these focal dysplasias can cause the 
seizure phenotype, and affect the widely distributed networks responsible for intelligence, 
social behavior and communication, as reported in Chapter 6. 

Findings in mouse models of TSC suggest that activation of mTORC1 is sufficient 
to cause seizures without the presence of gross neuroanatomical defects, and that these 
seizures respond to therapy with mTOR inhibitors.1 This may indicate that mTORC1 
dysfunction in the focal lesions is responsive to therapy with mTOR-inhibitors. Postnatal 
administration of mTORC1-inhibitors cannot completely reverse the widespread 
neuroanatomical malformations in mouse models of TSC,43-45 suggesting that interventions 
are necessary prior to the development of gross pathology, in order to prevent these.46 It will 
be important to develop and investigate animal models which most closely resemble the 
focal phenotype47, 48 to find out which neurocognitive and neuroanatomical manifestations 
of TSC can be rescued, and at which neurodevelopmental stage.
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ExPandIng ThE nEuROPSyChIaTRIC PhEnOTyPE
Expression of the phenotype over time
Although the natural history of epilepsy in TSC has been described,49 little is known about 
the longitudinal development of intelligence, adaptive functioning and autistic features. 
As described in Chapter 5, most individuals with TSC continued to progress and the 
level of intelligence was relatively stable for many patients. However, a significant decline 
in adaptive functioning was observed for the whole cohort, indicating that individuals 
with TSC fall increasingly behind the general population. The great variability in 
cognitive function appeared to be mostly determined by seizure variables, confirming 
previous observations in infants with TSC.50 Observations suggestive of an epileptic 
encephalopathy in a subgroup of TSC patients should encourage pro-active treatment of 
seizures, and perhaps even suppression of interictal epileptiform discharges,51 regardless 
of the age of the individual. For example, as described in Chapter 9, clobazam was a 
reasonably tolerated and valuable option in the treatment of refractory epilepsy in TSC, 
even in adulthood. 

The cross-sectional results in Chapter 6 showed that, similar to intelligence outcomes, 
the level of autistic features is stable throughout life, and strongly associated with seizure 
variables. The high rate of subjective sleep disorders in adults with TSC, as described in 
Chapter 7, is similar to observations in children with TSC,52 suggesting that these are 
pervasive throughout life and more frequent in patients with epilepsy. In contrast, the 
stressor-related anxiety disorders, as described in Chapter 8, show a more complex pattern. 
They could develop at any age in patients without pre-existing anxiety disorders, but once 
arisen, often assumed a chronic course. The pervasive but complex neurobehavioral aspects 
of TSC are largely unfamiliar to psychiatrists outside specialized centers, and most primary 
mental health services cannot meet the particular needs of these patients. The holistic 
approach, including mental health expertise, of physicians for the intellectually disabled (in 
The Netherlands called ‘arts voor verstandelijk gehandicapten’ (AVG)), would be beneficial 
for adolescents and adults with a multisystem disorder such as TSC, regardless of the age or 
intelligence of the affected individual. 

Lastly, as expected for a developmental brain malformation, the frequency of 
neuroanatomical lesions associated with TSC, as derived from the study group aged 
four years and older described in Chapter 4, was not influenced by age, although cystic 
degeneration and calcification of tubers over time has been described previously.53 The 
compelling observations noted in Chapter 5, such as the influence of gender, neurosurgery 
and genetic mutation on longitudinal cognitive and adaptive development, may provide 
further clues for research. 

Epilepsy-intelligence–autism triad
In Chapter 6, we reveal relationships between various neurocognitive manifestations of 
TSC. In patients with TSC, epilepsy severity, intellectual outcomes and the level of autistic 
features were closely linked, such that those with an earlier age of seizure onset and lower 
IQ show a greater level of autistic features as measured by the Social Responsiveness Scale. 
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In other words, the more severe and generalized the seizure phenotype and cognitive 
impairment, the more likely it was that the underlying brain disruption also affected 
the widely distributed networks responsible for social behavior, communication and 
cognitive flexibility. 

Autism spectrum disorders (ASD) are reported to occur with a greater prevalence 
in TSC patients than in patients with Neurofibromatosis type 1 (NF1).7 Thus TSC1 and 
TSC2 mutations are presumed to be associated with a high risk of autism.7, 54 However, 
the comparisons in Chapter 6, between TSC and related disorders such as NF1 and 
childhood-onset epilepsy, suggested that the severity, as well as the type of autistic features, 
were more strongly associated with the severity of the neurocognitive comorbidity, than 
with the etiological diagnosis. This could indicate that patients with comparable epilepsy 
and intelligence profiles show similar autistic endophenotypes, regardless of the etiology. 
Furthermore, these observations suggests that the factors underlying the great variability 
in the neurocognitive phenotype of TSC and NF1, which are not yet understood, might 
better explain the severity of autistic features than the underlying genetic mutation. This 
was further emphasized by observations that TSC patients without seizures or intellectual 
disabilities showed a normal mean level of autistic features, indicating that the germline 
mutation alone is not sufficient to cause autism spectrum disorders (ASD), but that 
additional factors are necessary to lead to the epilepsy-intelligence-autism triad. The study 
in Chapter 6 could not provide causal relationships, and future research will hopefully 
distinguish the role of epilepsy, focal migration abnormalities, or other mechanisms in the 
development of these outcomes. 

Although it has been suggested that aberrant mTORC1 signaling may be a shared feature 
of syndromic and high-functioning idiopathic ASD,55 genetic linkage and genome-wide 
association studies are contradicting, and often underpowered and/or lacking in clinical 
information.56-58 The observations in Chapter 6 suggest that autism is not an isolated disorder 
in TSC. Nonetheless, TSC research may serve to understand the epilepsy-intelligence-
autism triad, as mTORC1 might be a common mediator in the interaction between early 
life seizures, cognitive dysfunction and neurodevelopmental comorbidities.59 Studies on 
patients manifesting this triad, which is about a third of the total ASD population60 might 
provide more insight. 

Sleep and stressor-related disorders
As described above, research in TSC is often focused on neurobehavioral outcomes. It is 
therefore surprising that very little is known about the predisposing factors, phenomenology, 
and treatment of the sleep and anxiety disorders that are highly prevalent in TSC. In 
Chapter 7 and Chapter 8, selected sleep and anxiety disorders are described in pediatric 
and adult patients with TSC, using a questionnaire-based approach and a retrospective 
investigation, respectively. 

Previous research on sleep in TSC has been limited to children.52, 61, 62 The questionnaire 
study discussed in Chapter 7 showed a subjective sleep disorder in 31% of adults with 
TSC, that was significantly associated with daytime sleepiness, psychological complaints, 
and the use of psychotropic medication. As a group, responders showed relatively mild 
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neurocognitive deficits, and it is possible that sleep abnormalities are even more frequent 
and severe in adult TSC patients with more significant intellectual disabilities, due to the 
greater underlying brain disruption in these individuals, as described in Chapter 4. The 
reported sleep disruption and daytime sleepiness are especially interesting with regards to 
recent suggestions that mTOR signaling may contribute to distinct aspects of the circadian 
rhythm.63 Future studies should further investigate the underlying pathophysiology of sleep 
disorders in TSC. 

In Chapter 8, the phenomenology of post-traumatic stress disorder (PTSD) and 
adjustment disorder (AD) is described in nine TSC patients. Importantly, PTSD and AD 
arose in settings that for the general population would not usually be considered traumatic. 
Presenting symptoms, consisting of aggression and/or avoidance, were of long duration and 
refractory to standard treatments. Anxiety is a frequent and debilitating symptom in patients 
with TSC, but the risk factors are less clear than those found for seizures, intelligence and 
autistic features. As in the general population, anxiety disorders may also follow a different 
developmental course than ASD or attention-deficit-hyperactivity-disorder (ADHD).64 
Raising awareness about the vulnerability of TSC patients to stressor-related disorders will 
facilitate early diagnosis and treatment. Further exploration of the cause, expression and 
treatment of anxiety disorders in TSC is warranted.

Neuroradiological and electrophysiological biomarkers
In Chapter 4, the frequency of radial migration lines (RMLs) was shown to be strongly 
associated with age at seizure onset, intelligence outcomes and the level of autistic 
features. Although this suggests that RMLs may be suitable imaging biomarkers in TSC, 
quantification of RMLs is extremely laborious, as optimal detection depends on evaluating 
MRI images at various angles and in sufficiently thin sections. Furthermore, the imaging 
features of focal white matter deficits in utero are not yet known. The finding that RMLs 
are responsible for the microstructural white matter abnormalities detected with diffusion 
tensor imaging (DTI), as presented in Chapter 4, provides a theoretical model for the use 
of connectivity parameters as biomarkers.35 DTI may detect brain abnormalities before 
conventional MRI, which is particularly critical in the context of the administration of 
neuroprotective therapies. Other automated imaging methods for evaluating white matter 
abnormalities, such as white matter hyperintensity indices,65 may also be useful. The 
strong brain-behavior relationships found in this thesis, combined with the insights on 
the inextricability of the autism-intelligence-epilepsy triad reported in Chapter 6, suggest 
that a valid biomarker specific for one domain of neurocognition, could predict global 
neurocognitive morbidity.

Lastly, it should be noted that DTI and lesion characteristics may serve as biomarkers 
for treatment stratification and response. For example, while patients with refractory 
epilepsy, as described in Chapter 9, are in most dire need of therapy, the results of clobazam 
treatment suggest that patients with relatively less tubers respond better. Thusfar, little is 
known about efficacy predictors and the side-effect profiles of anti-epileptic drugs and 
psychotropic medications in patients with TSC. Further research should elucidate these 
important issues.
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CROSS-dISORdER COMPaRISOnS
As shown in Chapter 1 and Chapter 2, genotype-phenotype predictions in TSC are limited 
by the variability of the TSC phenotype. This variability occurs in most neurodevelopmental 
disorders, as was observed in the cross-disorder explorations in Chapter 6. Shared 
mechanisms, such as additional genetic or epigenetic and environmental factors may 
modulate these phenotypes, but for now, it is unclear which of these ‘second events’ are 
random or syndrome-specific. To facilitate the identification of factors uniquely associated 
with specific neurobehavioral outcomes, a cross-disorder approach is required. For example, 
genetic, epigenetic and environmental modifiers of the neurobehavioral phenotype, such 
as have previously been suggested for viral infection during gestation in TSC,66 maternal 
autoimmune disorders in Fragile-X,67 and paternal age in autism spectrum disorders,68 
could be more easy to identify when patients with all of these neurodevelopmental disorders 
are combined into one cohort. Investigators should aim to distinguish large cohorts of 
individuals with neurodevelopmental disorders based on behavioral homogeneity, only 
enabling syndrome heterogeneity when necessary.69 Subgrouping into pathophysiologically 
similar subgroups, such as individuals with TSC1, TSC2, NF1 and DEPDC5 mutations which 
have all been associated with focal seizures, oncogenic processes and neuropsychiatric 
disorders, could assist in identifying the pathways leading to epileptogenesis as well as 
other comorbidities. 

The exploration of syndrome-specific behavioral manifestations is limited by overlaps 
between neurodevelopmental disorders, which are the rule, rather than the exception.70 For 
example, the observations in Chapter 6 indicate that the rate of autistic features is closely 
associated with the level of global cognitive deficits. To acknowledge a common underlying 
biological construct, terms such as ‘complex autism’, ‘multiple complex developmental 
disorder’, and ‘syndromal autism’ have been proposed71-73 and this approach may also be 
applicable to other psychiatric classifications. 

Anxiety disorders are frequent in pediatric and adult patients with TSC,74, 75 and 
in many other neurodevelopmental disorders syndromes such as Fragile X syndrome, 
Williams Syndrome, Neurofibromatosis type 1, and idiopathic autism spectrum disorders. 
Only rarely, potential causes for anxiety have been identified, such as hyperacusis leading 
to phobias in Williams Syndrome.76 In TSC, predisposing factors for anxiety may include 
brain disruption involving fear circuitry, anticipatory fear for seizures or tumor growth, 
anxiety associated with medical interventions and cosmetic appearance, an overall life 
course that increases vulnerability to anxiety-evoking events. In Chapter 8 this complexity 
was underlined in a cohort of TSC patients with post-traumatic stress syndrome (PTSD) 
or adjustment disorder (AD). These disorders could arise at any time point, even without 
a clear precipitating event, with various and complex symptomatology, often taking on a 
refractory course. Distinguishing ‘primary’ psychiatric disorders from those that originate 
directly from the disruption of brain structure and/or function by a genetic mutation, 
can be difficult for the clinician. It may be that anxiety associated with genetic syndromes 
such as TSC is less genetically determined and under great influence of other factors, as 
has been proposed for idiopathic anxiety.64, 77 Cross-disorder identification of genetic and 



162

non-genetic causes of anxiety may assist in prevention, early detection and appropriate 
treatment of anxiety disorders in individuals with neurodevelopmental disorders.

Quantitative data, as described in Chapters 1, 4, 5 and 6, generally provided significant 
insight into gene-brain-behavior relationships, whereas dichotomous variables, such as 
‘history of infantile spasms’ in Chapter 3, proved to be less informative. This, and the 
overlap between neurodevelopmental disorders as described above, support previous calls 
that neurobehavioral traits such as intelligence or autistic-like features should be assessed 
using quantitative measures rather than as a qualitative, dichotomous trait.78 For example, 
for TSC, age at seizure onset is a consistent and independent determinant of cognitive 
function9 and is easily retrieved from clinical databases. The longitudinal TSC database at 
the Herscot Center proved invaluable for providing information on the natural history of the 
manifestations of TSC. Similar databases should be established for all neurodevelopmental 
disorders, preferably combined. In addition to providing information for research, a 
repository for both the clinical data and the quantitative measurements of neuropsychiatric 
functioning will provide useful historical data for the care provider. Experience suggests 
that adult patients with intellectual disabilities often become ‘known well by no one’,79 and 
a database would help prevent this problem. 

In conclusion, the studies addressed in this thesis provide new insight into the clinical 
spectrum of TSC, particularly in adolescents and adults. Increased awareness of the variable, 
pervasive and treatment-refractory phenotype of TSC should be translated into improved 
health care for TSC patients. Joint pediatric/adult neurodevelopmental clinics run by 
pediatricians, child neurologists, clinical geneticists and physicians for the intellectually 
disabled (AVG) may provide such a supportive environment.79, 80 Specialized AVGs could 
consider dedicating themselves to improving health and quality of life for individuals with 
neurodevelopmental disorders across the spectrum of neurocognitive morbidity and in all 
age groups, and not limit their care to adults or the intellectually disabled population only.
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summAry

SuMMaRy
Tuberous Sclerosis Complex (TSC) is a genetic disorder which is caused by mutations in 
the TSC1 or TSC2 genes. Mutations in these genes can result in growth of benign tumors 
in virtually every organ system, including the brain. Characteristic brain abnormalities are 
tubers, white matter abnormalities, sub-ependymal nodules and sub-ependymal giant cell 
astrocytomas. These brain abnormalities can result in severe neurobehavioral comorbidity 
such as refractory seizures, learning problems and intellectual disability, and behavioral 
symptoms such as autistic features, hyperactivity, aggression, anxiety and sleep disorders. 
The neuropsychological problems are experienced as the greatest burden of TSC by patients 
as well as caregivers, and the major cause for seeking help from health care professionals. 

Thusfar, little is known on the cause and treatment of the epilepsy and psychological 
disorders in TSC, or the expression of the broad neurobehavioral phenotype over time. 
In addition, the TSC1/TSC2 mutation groups, or the tuber burden, seem inadequate as 
predictors of the neurobehavioral phenotype. The purpose of this thesis was to further 
explore the neurobehavioral phenotype in children and adults with TSC, as well as the 
underlying genetic and neuroanatomical factors.

In Chapter 2, Chapter 3 and Chapter 6, the most recent genetic insights were applied 
in large patient cohorts, using quantitative outcomes where possible. This revealed that the 
location, as well as the type of mutation, are predictive factors for the level of intelligence, 
the occurrence of infantile spasms, and the rate of autistic features. Mutations that did 
not result in truncating of the protein, such as missense mutations, were associated with 
a milder neurocognitive phenotype. The same was the case for mutations in the central 
part of the TSC2 gene, which is less involved in the binding and GAP-function. Results in 
Chapter 2 also divulged that the bimodal distribution of intelligence in TSC2 patients may, 
for a large part, be explained by these differential effects of mutations that do, or do not, 
lead to truncation of the TSC2 protein. Unfortunately, even when applying these detailed 
mutation classifications, the genotype-phenotype associations remained variable, limiting 
their use in a clinical setting. 

The elusive ‘white matter phenotype’ in TSC inspired the detailed and complete 
radiological evaluation of the neuroanatomical phenotype, including white matter 
abnormalities called ‘radial migration lines’ (RMLs). Findings in Chapter 4 suggest that, 
when RMLs are taken into account, the normal-appearing white matter does not show 
microstructural abnormalities. RMLs were the most frequently occurring neuroanatomical 
abnormality, and were strongly associated with the number of sub-ependymal nodules 
and tubers. Furthermore, the number of RMLs as well as other lesion types were strongly 
associated with the age of seizure onset, level of intelligence, and the rate of autistic features. 
These findings imply that these neurobehavioral manifestations of TSC can be explained by 
the presence of focal abnormalities rather than a global synaptic white matter deficit.

Since many patients with TSC receive the diagnosis ‘autism’, and the cause of 
idiopathic autism spectrum disorder remains unclear, TSC is often used as a study model 
for idiopathic autism. In Chapter 6, the relationship between autistic features, epilepsy 
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variables and intelligence is described, showing that these variables are inextricable in 
TSC. This epilepsy-intelligence-autism triad seemed to express itself similarly in related 
disorders such as childhood-onset epilepsy of unknown cause and Neurofibromatosis 
type 1. When comparing these disorders, the underlying disorder was a weaker predictor 
for the severity of autistic features than the severity of the neurocognitive comorbidity. In 
other words, the level and expression of autistic features is more similar between patients 
with comparable age of seizure onset and intelligence, than between patients with the same 
disorder. Such observations imply that autism is not an isolated disorder in TSC, which is 
important for clinical care as well as research. Although TSC-research could help elucidate 
the pathophysiology of autistic features in combination with epilepsy and cognitive 
impairment, it may be an inadequate model to study isolated autism spectrum disorders. 

Although the natural history of epilepsy in patients with TSC has been studied, the 
trajectory of intelligence, and a functional part called ‘adaptive functioning’ remained 
unclear. In Chapter 5, results are presented of a longitudinal study on these important 
outcomes, showing that adaptive functioning declined significantly for the whole patient 
cohort. Intelligence seemed relatively more stable, but could be very variable, mainly under 
the influence of the epilepsy severity. This chapter emphasized the importance of aggressive 
detection and treatment of seizures, and perhaps interictal epileptogenic discharges, even 
at a later age. For example, the study described in Chapter 9 shows that clobazam could 
be an acceptable treatment option for refractory seizures, even in older patients with TSC. 

In Chapter 7, sleep disorders in adults with TSC are addressed, revealing that these occur 
frequently and are associated with psychological complaints and the use of psychotropic 
drugs and anti-epileptic medications. The report on stressor-related disorders in Chapter 8 
clarified that these are also frequent, and refractory to treatment. These chapters underline 
the complex symptomatology of TSC and that many questions remain on the etiology, 
pathophysiology and treatment of neurobehavioral disorders in patients with TSC. 

This thesis offers an update on the neurobehavioral phenotype of children and adults with 
TSC, as a starting point for future research as well as clinical care. All of the included 
chapters underlined that the TSC phenotype is complex and pervasive. Insights in germline- 
and later risk factors that lead to the neuroanatomical and neurobehavioral phenotype in 
children and adults, will hopefully generate effective and preventative therapies for this 
severe disorder. Until then, the complex and treatment-refractory symptoms of TSC require 
specialized and holistic care, such as provided by physicians for the intellectually disabled.   
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sAmenvAttInG

SaMEnvaTTIng
Tubereuze Sclerose Complex (TSC) is een autosomaal-dominant overervend syndroom 
dat wordt veroorzaakt door mutaties in de TSC1 of TSC2 genen. TSC kan leiden tot groei 
van goedaardige tumoren in alle orgaansystemen, inclusief de hersenen. Karakteristieke 
neuroanatomische afwijkingen zijn tubers, witte stof afwijkingen, sub-ependymale nodules 
en sub-ependymale reusceltumoren. Deze hersenafwijkingen gaan vaak gepaard met 
ernstige epilepsie, leerproblemen en verstandelijke handicaps, en gedragsverschijnselen 
zoals autistische kenmerken, hyperactiviteit, agressie, angst-stoornissen en slaapproblemen. 
Deze neuropsychologische verschijnselen worden als zeer belastend ervaren door zowel 
patienten als hun verzorgers.

Tot dusver is er nog weinig bekend over de oorzaak en behandeling van de 
neuropsychologische verschijnselen van TSC, en het verloop hiervan na de kinderleeftijd. 
Ook voldoen TSC1/TSC2 mutatie-groepen of tuber-kwantificaties niet als voorspellers van 
het neuropsychologische fenotype voor individuele patienten. De doel van het onderzoek 
in dit proefschrift waren het verder verduidelijken van het neuropsychologische fenotype 
in kinderen en volwassenen met TSC, en de neuroanatomische en genetische factoren die 
hieraan bijdragen. 

In Hoofdstuk 2, Hoofdstuk 3 en Hoofdstuk 6 werden de meest recente genetische inzichten 
toegepast in grote patintcohorten, met kwantitatieve uitkomsten waar mogelijk. Hieruit 
bleek dat zowel de locatie, als het type van mutaties een rol speelt in het tot stand komen van 
het niveau van intelligentie, het syndroom van West, en de mate van autistische kenmerken. 
Mutaties die niet tot truncering van het eiwit leidden, zoals missense mutaties, waren 
geassocieerd met een milder neurocognitief phenotype. Hetzelfde gold voor mutaties in het 
centrale gedeelte van het TSC2 gen, dat niet betrokken is bij de bindings- of GAP-functie. 
In Hoofdstuk 2 bleek tevens dat de bimodale distributie van intelligentie in TSC2 patienten 
ook grotendeels kon worden veklaard door deze verschillende effecten van mutaties die 
wél of niet de truncering van de TSC2 eiwit veroorzaken. Ondanks deze gedetailleerde 
classificatie van mutaties bleef de grote variabiliteit van de genotype-phenotype bevindingen 
de klinische toepassing hiervan beperken.

Alhoewel het bekend is dat in TSC zowel macrostructurele als microstructurele witte 
stof afwijkingen voorkomen, was het complete ‘witte stof phenotype’ van TSC onduidelijk. 
De gedetailleerde en complete beschrijving van het complete neuroanatomische phenotype 
in Hoofdstuk 4 gaven het inzicht dat, als de focale witte stof afwijkingen die zichtbaar 
zijn als radiale migratie-lijnen, goed in acht worden genomen, de resterende normale witte 
stof geen microstructurele afwijkingen vertoont. Tevens was het aantal radiale migratie 
lijnen zowel zeer sterk geassocieerd met het aantal sub-ependymale nodules en tubers, als 
met de leeftijd van het ontstaan van epilepsie, en het niveau van intelligentie en autistische 
verschijnselen. Deze bevindingen bekrachtigen dat de neurocognitieve problemen in 
patienten met TSC verklaard kunnen worden door de aanwezigheid van focale afwijkingen, 
in tegenstelling tot de globale synaptische afwijkingen die in TSC muis-modellen zijn 
geobserveerd.  
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Omdat bij veel patienten met TSC de diagnose ‘autisme’ word gesteld, en de oorzaak van 
idiopathisch autisme nog onduidelijk is, wordt TSC vaak als studiemodel voor idiopathisch 
autisme gebruikt. In Hoofdstuk 6 werd de relatie tussen autistische kenmerken, epilepsie 
variabelen, en intelligentie onderzocht, waaruit bleek dat deze drie onlosmakelijk verbonden 
waren. Deze epilepsie-intelligentie-autisme triade leek ook tot uiting te komen in gerelateerde 
neuro-ontwikkelingsstoornissen zoals Neurofibromatose type 1 en idiopathische epilepsie 
op kinderleeftijd. De onderliggende genetische aandoening leek een zwakkere voorspeller 
van autistische verschijnselen dan de ernst van neurocognitieve comorbiditeit. Met andere 
woorden, het niveau en expressie van autistische kenmerken kwam sterker overeen tussen 
groepen met vergelijkbare neurocognitieve morbiditeit, dan tussen etiologische subgroepen. 
De observaties dat de autistische kenmerken niet uniek leken voor deze aandoeningen, 
en ook niet in geïsoleerde vorm voorkwamen, is belangrijk voor patientenzorg, maar ook 
voor toekomstig onderzoek. Alhoewel TSC-onderzoek zou kunnen helpen in het begrijpen 
van autistische kenmerken in combinatie met epilepsie en cognitieve beperkingen, lijkt het 
inadequaat als model voor geïsoleerd voorkomende autistische spectrum stoornissen.  

Alhoewel er veel bekend is over het verloop van epilepsie in patienten met TSC, was 
het verloop van het intelligentie-niveau, en een functioneel onderdeel daarvan wat ‘adaptief 
functioneren’ word genoemd, onduidelijk. De bevindingen in Hoofdstuk 5 onthulden dat 
het adaptief functioneren geleidelijk afnam voor de gehele groep. Het niveau van intelligentie 
leek relatief meer stabiel, maar bleek ook variabel, wat vooral leek verklaard door de ernst van 
de epilepsie. Dit hoofdstuk benadrukte het belang van aggressieve behandeling van epilepsie, 
en wellicht ook interictale ontladingen, op elke leeftijd. In Hoofdstuk 9 werd bijvoorbeeld 
het effect van clobazam beschreven bij een groep patienten met TSC en therapie-resistente 
epilepsie, waaruit bleek dat clobazam een goede behandelingsoptie kan zijn.  

In Hoofdstuk 7 werd de aandacht gevestigd op slaapstoornissen bij volwassen patienten 
met TSC, waaruit bleek dat deze veel voorkomen en gepaard gaan met psychologische 
klachten en het gebruik van psychotrope medicijnen en anti-epileptica. In Hoofdstuk 8 werd 
duidelijk dat stressor-gerelateerde aandoeningen, zoals post-traumatische stress stoornis, 
relatief veel voorkomt bij patienten met TSC, en dat deze moeilijk te behandelen zijn. 
Deze hoofdstukken benadrukken de complexe symptomatiek van TSC en dat er nog veel 
onduidelijkheden zijn op het gebied van etiologie en behandeling van neuropsychiatrische 
problemen in patienten met TSC. 

Dit proefschrift biedt een ‘update’ on het gedragsfenotype van kinderen en volwassenen 
met TSC, als uitgangsbasis voor zowel de wetenschap als klinische zorg. Alle genoemde 
hoofdstukken droegen bij in het inzicht dat het gedragsfenotype van TSC complex is, en 
zich uit over de gehele levensduur. Meer inzicht in de kiemcel- en latere gebeurtenissen 
die leiden die leiden tot de neuroanatomische en neuropsychologische verschijnselen bij 
kinderen en volwassenen, leidt hopelijk tot preventieve en effectieve therapieën voor deze 
ernstige aandoening. Tot die tijd vereisen de complexe en therapie-resistente verschijnselen 
van TSC, gespecialiseerde en holistische zorg, bijvoorbeeld van een arts voor verstandelijk 
gehandicapten (AVG).
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