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INTroduCTIoN

Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC) is a rare genetic, multisystem disorder with a prevalence 
of 1 in 6,000, with over 50,000 patients in the USA and over 1 million patients worldwide1. 
Inactivation of TSC1 or TSC2 genes leads to an overactive mechanistic target of rapamycin 
(mTOR) pathway, and subsequent disinhibition of protein synthesis and cell growth. It is 
characterized by hamartoma formation in various organs, including the brain, where they 
are referred to as tubers. Cerebral cortical tubers are present in more than 80% of patients 
with TSC and arise due to abnormal cellular differentiation, migration, and proliferation2.

Epilepsy occurs in up to 90% of patients with TSC, with a high occurrence rate in the first 
years of life, and is intractable in 60% of cases3. 40% of patients with TSC develop infantile 
spasms (IS), a severe infantile epilepsy syndrome3,4. In early childhood, the neurological 
symptoms are particularly devastating, as seizures interfere with neurodevelopment, and 
are strongly associated with autism spectrum disorder (ASD) and intellectual disability (ID)5,6. 

The diagnosis is made clinically, and recently the diagnostic criteria were updated (Table 
1)7. The responsible genetic mutations are identified in approximately 85% of cases. For the 
remaining 15%, significant progress has been made in the discovery of mosaic mutations 
found in affected tissue such as hypopigmented skin lesions8. 

Variable Phenotype

While the diagnosis is not hard to make9, and a genotype-phenotype correlation has been 
established10, the spectrum of phenotypical neurologic presentation is wide and unpredict-
able. 

Several implications of a highly variable and unpredictable neurologic phenotype are 
evident: First, young parents face a great deal of uncertainty when the diagnosis is made. 
The range of cognitive phenotype varies from the ability to graduate from college to severe 
ID. For example, in specialized TSC clinics, patients may present as paucisymptomatic adults 
with TSC as an incidental diagnosis. 

Second, developmental monitoring and supportive therapies are applied often uniformly, 
in a one-size-fits-all manner; and adjustment towards more tailored interventions is done 
reactively rather than proactively. For example, once psychotherapeutic management of 
severe behavioral dysregulation fails, and supplemental psychopharmacological therapy 
is started, the behaviors may have led to failure in the school setting already. In a study of 
serial neuropsychological testing, several developmental “red flags” were identified in high-
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risk patients with TSC11. The identification of such early clinical risk factors in a patient can 
guide early therapeutic decisions with the potential to improve outcome. 

Third, the field is exploring the use of possible early targeted treatment to modify the neu-
rological outcome, but patients at high risk for refractory seizures, ID or ASD need to be 
identified to justify the risk of such therapies12,13. 

Table 1. Revised diagnostic criteria for Tuberous Sclerosis Complex 2012

A. Genetic diagnostic criteria

The identification of either a TSC1 or TSC2 pathogenic mutation in DNA from normal tissue is sufficient to make a 
definite diagnosis of tuberous sclerosis complex (TSC). A pathogenic mutation is defined as a mutation that clearly 
inactivates the function of the TSC1 or TSC2 proteins (e.g., out-of-frame indel or nonsense mutation), prevents pro-
tein synthesis (e.g., large genomic deletion), or is a missense mutation whose effect on protein function has been 
established by functional assessment (www.lovd.nl/TSC1, www.lovd/TSC2, and 8,9 ). Other TSC1 or TSC2 variants 
whose effect on function is less certain do not meet these criteria, and are not sufficient to make a definite diagnosis 
of TSC. Note that 10% to 25% of TSC patients have no mutation identified by conventional genetic testing, and a 
normal result does not exclude TSC, or have any effect on the use of clinical diagnostic criteria to diagnose TSC.

B. Clinical diagnostic criteria

Major features

1. Hypomelanotic macules (≥3, at least 5-mm diameter)

2. Angiofibromas (≥3) or fibrous cephalic plaque

3. Ungual fibromas (≥2)

4. Shagreen patch

5. Multiple retinal hamartomas

6. Cortical dysplasias*

7. Subependymal nodules

8. Subependymal giant cell astrocytoma

9. Cardiac rhabdomyoma

10. Lymphangioleiomyomatosis (LAM)†

11. Angiomyolipomas (≥2)†

Minor features

1. “Confetti” skin lesions

2. Dental enamel pits (>3)

3. Intraoral fibromas (≥2)

4. Retinal achromic patch

5. Multiple renal cysts

6. Nonrenal hamartomas

Definite diagnosis: Two major features or one major feature with ≥2 minor features
Possible diagnosis: Either one major feature or ≥2 minor features
* Includes tubers and cerebral white matter radial migration lines.
†  A combination of the two major clinical features (LAM and angiomyolipomas) without other features does not meet 

criteria for a definite diagnosis.
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Markers of disease outcome

The criteria of a good marker include reliable reproducibility, an observable change in paral-
lel with fluctuations in the clinical phenotype including in response to therapy14, and the 
reflection of underlying neurobiology15. 

Neuroimaging may bare such promise, as it provides direct insight in the brain structure. 
Visualized easily with magnetic resonance imaging (MRI), traditionally, tubers were con-
sidered the hallmark of the disorder15. The association of focal brain abnormalities and 
neurodevelopmental morbidity suggested that these may underlie the cognitive deficits 
in TSC16, perhaps through disruption of the local architecture. For examples, temporal lobe 
tubers were deemed necessary but insufficient to cause ASD17,18, and cerebellar tubers may 
pose an increased risk19,20. Several studies demonstrated that the lesion load correlates with 
neurological severity21,22, and recently it was shown that the disease burden corresponds 
to overall outcome even when radial migration lines (or other lesions) other than tubers 
were quantified16. A previously reported relationship, however, between tuber location and 
ASD could not be reproduced by others23,24. Currently, there may be consensus that overall 
tuber load reflects the disease burden, but the relationship is not strong enough to predict 
outcome individually and reliably. Also, epilepsy cannot be reliably predicted, diagnosed or 
localized from conventional (structural) MRI. 

A neurophysiological approach is also possible. For epilepsy in TSC, the main tool for di-
agnosis and management is the electroencephalogram (EEG). EEG is a readily available, 
non-invasive, continuous biosignal reflecting cerebral function and has been used to study 
neurodevelopmental dysfunction in ASD. In the absence of a conventional EEG signature 
of ASD, computationally more advanced methods including cognitive event-related 
potentials, measures of spectral power or connectivity, and network analysis have been 
applied25,26, but not specifically for TSC. 

With conventional MRI failing, and EEG insufficiently explored, there are no objective 
imaging and neurophysiologic measures available to predict disease outcome in TSC. The 
lack of a widely available, non-invasive, and biologically relevant biomarker of outcome in 
TSC leaves patients, parents and providers with prognostic uncertainty, and prevents the 
rational design of a disease modification trial by pharmaceutical industry standards.

Advanced neuroimaging and neurophysiology 

With the inception of diffusion-weighted imaging (DWI) and the quantification of diffu-
sion by diffusion tensor imaging (DTI), novel tools became available. Diffusion-weighted 
imaging measures the diffusivity of water brain tissue water, based on Brownian motion of 
hydrogen atoms27,28. Unrestricted diffusion occurs when diffusion is equal in all directions, 
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and restricted diffusion reflects the presence of biological barriers. At times, water diffusion 
is unrestricted along one axis, e.g. inside the myelin sheath in axons, and restricted in the 
other two directions. This results in a preferential diffusion along the axis with the least 
restriction15. If brain regions show a consistent pattern of preferential diffusion and restric-
tion, apparent patterns of consistent barriers to diffusion can be used to make assumptions 
about the microstructure of the brain tissue29,30. 

With DTI, diffusion properties can be quantified, and facilitate the modeling of microstruc-
tural tissue properties31. The average amount of diffusion in a volume (referred to as a voxel, 
imagine a 3D pixel) is called the mean diffusivity (MD) and the magnitude of preferential 
diffusion is expressed as the fractional anisotropy (FA). If several adjacent voxels in the 
white matter have a high preferential diffusion (high FA) in the same direction, a white 
matter pathway may be inferred32. In Chapter 3, the technique is graphically reviewed, and 
described in more detail. 

In TSC, white matter that was previously deemed normal on conventional imaging, was 
found to have abnormal diffusion properties33,34. Whether and to what extent abnormal 
white matter diffusion relates to neurological phenotype is unknown. At Boston Children’s 
Hospital, serial MRI monitoring for clinical and for research purposes in patients with TSC, 
has been done with standardized MRI acquisition schemes since approximately 2009. Early 
detection of the TSC diagnosis, and consistency in imaging has added longitudinal data and 
statistical power to the analysis, improving the possibility of outcome prediction. 

With regards to neurophysiology, hypsarrhythmia has been reported to carry some prog-
nostic utility in TSC35, but otherwise EEG has undergone little investigation for use in the 
prediction or understanding of the neurological phenotype. For ASD in TSC, the frequent 
use of EEG studies for clinical management yields a rich dataset for exploration of network 
measures. For epilepsy in TSC, repeated recordings in the same patients provides an op-
portunity to assess longitudinal changes in the EEG and the relation to impending epilepsy. 

ouTlINe

The main aim of this thesis is to develop advanced neuroimaging and neurophysiology 
markers of epilepsy and ASD in TSC. Essentially, this thesis reports the application of two 
tools to two major phenotypical outcomes in TSC (Table 2):



Introduction and outline of the thesis

15

Table 2. Outline of thesis

Autism Spectrum Disorder (Review 
in Chapter 2)

Epilepsy

Neuroimaging (structure)
(Review in Chapter 3)

Chapter 4
Chapter 5

Chapter 6

Neurophysiology (function) Chapter 8 Chapter 7

In order to incorporate such markers in clinical practice or to become part of prospective 
trials, step-wise, several questions need to be addressed. 

First, what is the current knowledge of ASD in TSC, and how do insights and novel thera-
peutic approaches apply to ASD and to disorders with early epilepsy in general? In Chapter 
2, molecular mechanism underlying TSC are reviewed, and it is discussed how aberrant 
neural connectivity can lead to ASD symptoms. With advances in mechanism-based treat-
ment of TSC, ASD symptoms may also improve after such targeted treatment. The potential 
of (early) treatment with vigabatrin and mTOR inhibitors, to control seizures and improve 
neurodevelopment is reviewed. 

Second, how can the application of an advanced neuroimaging technique lead to disease 
insight and a potential marker of neurological outcome? In Chapter 3, applications of DTI 
are explained and illustrated for the non-radiologist, and we review how this has proven 
valuable to noninvasively characterize microstructural properties of the brain. Also, we re-
view its potential in detecting the epileptogenic tuber, and its putative role as a neurological 
biomarker, specifically with respect to ASD. The limitations of the technique are highlighted, 
and novel diffusion models are introduced which partly overcome these shortcomings. 

Third, how can DTI be applied in the early determination of the clinical phenotype in TSC? 
We investigate in Chapter 4 and 5 whether the white matter DTI measures correlate cross-
sectionally with overall neurological outcome in TSC, and with ASD in particular. One theory 
on the pathophysiology in autism is referred to as “developmental disconnection”36. This 
postulates that in ASD there is an impaired long-range corticocortical transfer of intrahemi-
spheric and interhemispheric information, affecting higher order processing of complex 
information. Evidence of such processing difficulties have been found consistently deficient 
across multiple domains and across multiple modalities (fMRI, EEG, DTI, and others)37,38. 

The corpus callosum represents a major commissural white matter pathway, and structural 
abnormality may lead to impaired long-range connectivity,. Thus, in Chapter 4, DTI mea-
sures of the corpus callosum are investigated as markers for ASD in TSC. In Chapter 5, this 
work is extended by inclusion of more patients and a larger and younger cohort of control 
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subjects to establish normative data. Within the limits of statistical possibilities, we aimed 
to control for the confounding effects of refractory epilepsy and of cognitive function. In 
addition, patients with isolated ASD (no TSC) are included, to explore markers common to 
ASD, regardless of etiology. 

With regards to DTI and epilepsy in TSC, in Chapter 6 we lay the foundation for the study 
of the development of seizures (“epileptogenesis”) by exploring the longitudinal evolution 
of DTI measures in various neuroanatomical areas in TSC. We investigate the continuum of 
neuropathology from tuber to perituber tissue, extending also to deeper white matter. In 
addition, we quantify and model the longitudinal diffusion changes of these tissue types. 
The findings are discussed in the context of apparent controversies in the literature on 
tuber vs. perituber onset of seizures39-42. 

Fourth, how can conventional and computational EEG be used in the prediction of neuro-
logical outcome in TSC? In Chapter 7, early results of the prospective observational Autism 
Centers of Excellence (ACE) study of early EEG markers for epilepsy in TSC are presented. 
The interim analysis will assess if with conventional EEG interpretation, epileptiform EEG 
abnormalities precede the onset of clinical seizures in TSC, to determine if serial routine 
clinical EEG is an accurate strategy for early detection of epilepsy in TSC. 

After studying the aforementioned disconnection model of ASD in patients with TSC struc-
turally with DTI in Chapter 4 and 5, in Chapter 8 we study it functionally, through analysis 
of EEG coherence measures. Based on the literature, we anticipate decreased long-range 
connectivity and increased short-range connectivity in patients with ASD. Similar to the DTI 
work, we again aimed to distinguish patients with ASD but no TSC, to assess effects attribut-
able to ASD. Important limitations of the interpretation of EEG connectivity measures in the 
context of the broad, non-converging literature on the neurobiology and neurophysiology 
of ASD are discussed43. 

Next, also in Chapter 8, more advanced measures are applied to study the neuronal net-
work. Functional EEG connectivity, although averaged over time, reflects brief moments of 
time-dependent synchrony (“cross-talk”) between various discrete regional collections of 
neurons44. These aggregates are transiently bound in functional units, forming a network45 
We apply graph theoretical network analysis to probe the design and performance of the 
functional network as a whole46. 

Chapter 9 provides a general discussion on the implications of the findings of this thesis, 
and covers directions for future research and clinical care.
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ABSTrACT

Tuberous sclerosis complex (TSC) is a genetic disorder with a high prevalence of autism 
spectrum disorder (ASD). Tremendous progress in understanding the pathogenesis of TSC 
has been made in recent years, along with initial trials of medical treatment aimed specifi-
cally at the underlying mechanism of the disorder. At the cellular level, loss of TSC1 or TSC2 
results in upregulation of the mechanistic target of rapamycin (mTOR) pathway. At the cir-
cuitry level, TSC and mTOR play crucial roles in axonal, dendritic, and synaptic development 
and function. In this review, we discuss the molecular mechanism underlying TSC, and how 
this disease results in aberrant neural connectivity at multiple levels in the central nervous 
system, leading to ASD symptoms. We then review recent advances in mechanism-based 
treatments of TSC, and the promise that these treatments provide for future mechanism-
based treatment of ASD. Because of these recent advances, TSC represents an ideal model 
for how to make progress in understanding and treating the mechanisms that underlie ASD 
in general. 
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INTroduCTIoN ANd BACkGrouNd

Prevalence of Tuberous Sclerosis Complex and Autism Spectrum disorder

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder due to mutations in 
either TSC1 or TSC2. Spontaneous genetic mutations occur in 2/3 cases. The incidence of 
TSC is about 1 in 6000 live births [1] and it presents with a wide range of manifestations 
caused by localized cellular overgrowth leading to benign tumors (hamartomas) in multiple 
organs, including the brain (cortical and subcortical tubers, subependymal nodules, and 
subependymal giant cell astrocytomas (SEGAs)), eye (retinal hamartomas), heart (rhab-
domyomas), lungs (lymphangioleiomyomatosis), kidneys [angiomyolipomas], and skin 
(hypomelanotic macules, angiofibromas, and shagreen patches) [2-4]. 

Approximately 90 % of patients with TSC will have some level of tuberous sclerosis-
associated neuropsychiatric disorder (TAND), including autism spectrum disorder (ASD), 
attention deficit hyperactivity disorder, depression and anxiety, intellectual disability, and 
specific learning disorders [5]. The prevalence of ASD in TSC varies depending on the 
sampled population, diagnosis definition, and testing methodologies used but ranges from 
26 % to 50 % [6, 7]. TSC is one of the most frequently identified monogenic causes of ASD.

Advantages of TSC as a disease Model to Study ASd

TSC provides a number of advantages as a model disorder in which to study early develop-
ment and treatment of ASD. These include the possibility of pre- or neonatal identification 
of patients, the high prevalence of ASD among the TSC population, the phenotypic variabil-
ity of TSC presentation, the current level of understanding and interest in the mechanisms 
underlying TSC, and the current progress in mechanism-based treatment for TSC [8]. Owing 
to the presence of cardiac rhabdomyomas being detected with ultrasound, many patients 
with TSC are now diagnosed prenatally or at birth [9]. Early diagnosis offers a chance to 
follow the development of ASD symptoms and biomarkers from the earliest possible time 
period, well before any neuropsychiatric symptoms become evident. The prevalence of 
ASD in patients with TSC is higher than in many other cohorts with the potential for pres-
ymptomatic identification, including siblings of children with ASD [6, 10]. 

The severity of ASD symptoms in patients with TSC varies from generally unaffected to 
severely affected, and ASD symptoms are accompanied by range of associated neuro-
psychological deficits. A recent study of ASD behavioral “signatures” found that out of a 
group of 6 genetic disorders associated with ASD, patients with TSC had the widest range 
of autistic features, and the most overlap with a sample of patients with idiopathic ASD 
[11]. This would indicate that findings related to ASD in TSC may have broad applicability to 
a range of patients with ASD of multiple causes. Some of the possible reasons underlying 
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this variability in ASD symptoms and severity in TSC will be explored in the section “The 
Pathophysiology of ASD in TSC.”

One of the most compelling reasons to use TSC as a model in which to study ASD is that the 
cellular mechanisms at the root of the disorder have become increasingly well character-
ized over the last decade. The overactive mTOR pathway seen in TSC has been implicated in 
numerous other diseases, including cancer, obesity, type 2 diabetes, and neurodegenera-
tive disorders, as well as other genetic disorders presenting with ASD, prompting intensive 
investigation into its normal function and pathological dysfunction [12–14]. Several mTOR-
inhibiting drugs have been used and studied for some time in oncology and for immune 
suppression; more recently, these drugs have been approved for use in patients with TSC 
for the treatment of SEGAs and renal angiomyolipomas, and are being studied in the treat-
ment of other manifestations of the disease, including neuropsychiatric symptoms [4, 7]. 
Understanding the cellular mechanisms of TSC and having a mechanism-based treatment 
opens a world of possibility for understanding and treating ASD “from the ground up”.

Mechanism of TSC: The mTor Pathway

The mTOR pathway is a common intracellular biochemical pathway responsible for regulat-
ing mRNA translation, autophagy, stress pathways, and other functions related to cellular 
growth and homeostasis [13, 15, 16]. mTOR is a serine– threonine kinase that is an essential 
component of two complexes, mTOR complex 1 and 2 (mTORC1 and mTORC2). mTORC1 
is regulated by the products of TSC1 and TSC2, hamartin and tuberin, respectively. These 
bind together along with TBC1D7 to form a heteromeric complex that acts as a GTPase-
activating protein, which inactivates Ras homolog enriched in brain (Rheb). When Rheb is 
inactivated, the function of the mTORC1 complex is inhibited. 

The mTORC1 is a key regulatory complex that is controlled by extracellular signals that af-
fect mRNA translation. In normally functioning cells, it is responsive to low energy levels 
(increased adenosine monophosphate/adenosine triphosphate ratio) via the adenosine 
monophosphate-dependent kinase, which then inhibits cell growth. mTORC1 is also acti-
vated by upstream activity of several growth factors on the TSC complex, including insulin 
and insulin-like growth factor 1, which stimulate the phosphoinositide 3-kinase and Ras 
pathways to trigger cell growth [12].

With loss of function of either TSC1 or TSC2 in TSC disease, mTORC1 becomes overactive, 
leading to phosphorylation of eIF4E-binding protein 1 and p70 S6 kinase 1, which activates 
mRNA translation. This leads to cellular overgrowth and metabolic overactivity, causing 
many of the multisystemic effects of TSC.
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The PAThoPhySIoloGy of ASd IN TSC

The pathophysiology underlying ASD in patients with TSC is an area of intense interest and 
inquiry, and one in which attention to the mechanisms at play in TSC may shed some light. 
The core abnormality in TSC, dysregulation of the mTOR pathway, leads to abnormal brain 
development and functioning at all levels of neural function, from intracellular biochemis-
try to the brain as a whole. This includes abnormalities in intracellular signaling; cell growth 
and development; neuronal migration; and axon, dendrite, and synapse formation and 
maintenance. All of these mechanisms have been postulated to be part of the underlying 
pathophysiology leading to ASD. In TSC, these abnormalities lead to formation of dysplastic 
neurons, tubers, and aberrant neuronal connections, and presumably to the ASD, epilepsy, 
and other TAND symptoms seen in patients. This section will review recent findings related 
to TSC and autism due to these multilevel systemic defects.

dysfunction of the mTor Pathway leading to Neuronal 
Intracellular Abnormalities

Loss of activity of either TSC1 or TSC2 leads to loss of inhibition of mTORC1 and increased 
downstream activity, including increased protein synthesis, without regard to upstream 
growth factors or energy availability (Fig. 1a). In neurons, this leads to dysregulation of 
a number of vital functions related to neuronal function and signaling, including axon 
specification and guidance, dendritic morphogenesis, and synapse formation and ad-
aptation. Deficits in these fundamental processes can lead to abnormalities in neuronal 
circuit formation and activity-dependent plasticity. Additionally, dysfunction of the mTOR 
pathway leads to defects in autophagy and the cellular stress response [17–19], potentially 
increasing vulnerability to external stressors such as seizures, hypoxia, inflammation, and 
toxins. When the mTOR pathway is dysregulated in neuroglial progenitor cells, it results in 
abnormalities in brain development, including defects in cell growth, migration, lamination, 
and myelination [20]. Dysfunction of the mTOR pathway is also implicated in a number of 
other single-gene disorders with a high incidence of ASD, such as phosphatase and tensin 
homolog deleted in chromosome ten(PTEN)-associated disorders, neurofibromatosis type 
1, and fragile X [14, 21, 22].

Abnormalities of Synaptic function and Intercellular Signaling

The cellular abnormalities resulting from mTOR dysregulation have a cascading effect that 
leads to defects in synapse formation and function (Fig. 1b). Recent studies have pointed 
to abnormalities at the level of the synapse in a number of conditions associated with ASD 
[23–25]. Upregulation of the mTOR pathway leads to abnormal dendritic protein synthesis 
with reduced or dysmorphic dendritic spines and alterations in postsynaptic glutamate 
receptor-mediated long-term depression [26–28]. These synaptic abnormalities have been 
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figure 1: The multiple levels of neural structure and function aff ected in tuberous sclerosis complex (TSC). 
(a) Biochemical: dysregulation of the mechanistic target of rapamycin (mTOR) pathway leads to unchecked cellular 
growth. (b) Neuronal: cellular overgrowth causes abnormal synaptic excitability and long-term potentiation (LTP), 
dendritic spine morphology, neuronal structure, and cortical lamination. (c) Brain: cellular overgrowth and abnormal 
migration results in formation of tubers, abnormal white matter myelination and connectivity, and cerebellar abnor-
malities. (d) Organism: multiple neural abnormalities result in seizures, abnormal cognition, infl ammation, and autism 
spectrum disorder symptoms. 
PI3K=phosphoinositide 3-kinase; AMP=adenosine monophosphate; ATP=adenosine triphosphate; AKT=protein ki-
nase B; AMPK=AMP-activated protein kinase; mTORC1=mTOR complex 1; 4E-BP1=eIF4Ebinding protein 1; S6K1=p70 
S6 kinase 1
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postulated to contribute to deficits in learning, memory, and adaptation seen in ASD [15, 
23, 29]. Changes at the synapse or electrical properties of the cells may then lead to abnor-
mal neuronal excitability, which was decreased in cerebellar Purkinje cells and increased 
in hippocampal pyramidal neurons of TSC mutant mice [28, 30]. In addition, decreased 
gamma-aminobutyric acid (GABA)-ergic inhibition and increased glutamatergic excitation 
is implicated in the increased seizure susceptibility seen in TSC and likely also contributes to 
cognitive dysfunction [31–33].

Abnormalities of Brain development and Neural Connectivity

The mTOR pathway is active during embryonic brain development and affects the initial 
growth and development of neurons and glia. In addition to causing abnormalities and 
overgrowth of individual cells, mTOR dysregulation leads to abnormalities in neuronal 
migration and formation of cortical lamination (Fig. 1b). These proliferation, differentia-
tion and migration abnormalities appear to be responsible for the various structural brain 
malformations characteristic of TSC, including tubers, white matter heterotopias, radial 
migration lines, and subependymal nodules (Fig. 1c) [15]. Studies of postmortem brains of 
patients with TSC have also shown microscopic structural abnormalities in grossly normal-
appearing regions, potentially indicating more widespread abnormalities in brain structure 
than would be suggested by neuroimaging [34]. The variety of phenotypes seen in TSC 
may be a result of variations in location of tubers and other macrostructural abnormalities, 
with tubers particularly in temporal and cerebellar locations being correlated with ASD 
symptoms in TSC [35–37]. 

In addition to abnormalities in glial and neuronal migration, the formation of myelin also 
appears to be affected in TSC [34, 38], thus contributing to the white matter abnormalities 
found using diffusion-weighted imaging of patients with TSC. These patients had decreased 
anisotropy in regions of radiographically normal-appearing white matter, indicating abnor-
mal white matter microstructure. This decrease was more severe in patients with TSC with 
an autism phenotype throughout the white matter and specifically in language-related 
pathways [39, 40]. The abnormal neuronal formation, migration, and wiring in TSC may 
result in the deficits in functional neural connectivity that have been postulated to be at 
the root of ASD [41–43]. Local overconnection may result from clusters of cells that do 
not properly migrate and laminate and form excessive axonal and dendritic connections. 
Long-range underconnection may result from disorders of myelination, axonal pathfinding 
defects and abnormal larger-scale neuronal migration.

epilepsy, development, and environment effects on ASd in TSC

A number of systemic factors and comorbid conditions affect the ASD phenotype and se-
verity in TSC, including epilepsy, cognitive impairment, and inflammation (Fig. 1d). Epilepsy 
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is the most prevalent neurologic comorbidity of TSC, present in about 85 % of patients, 
with the majority of patients developing seizures within the first year, and often within the 
first few months, of life. Infantile spasms are particularly common, although focal seizures 
also often occur before, after, or in conjunction with spasms [2, 3]. Studies have shown 
correlations with earlier onset of seizures and worse cognitive outcomes in rodents and 
humans [44, 45]. A study of early developmental trajectories in children with TSC and ASD 
found a trend towards more severe epilepsy in patients with TSC with ASD, as well as a 
decreased nonverbal intelligence quotient (IQ) in patients with longer seizure durations 
[10]. Early studies suggest treatment of epileptic abnormalities in TSC prior to the onset 
of seizures results in improved outcomes in intellectual ability and epilepsy control [46, 
47]. This suggests that more severe or poorly controlled epilepsy may contribute to worse 
cognitive outcomes in TSC and ASD, and correlations to that effect have been shown, 
particularly with infantile spasms [48]. However, the correlative versus causal relationship 
between epilepsy and autism remains an area in need of further exploration [49, 50]. 

Patients with TSC have a high prevalence of cognitive impairment and intellectual disability, 
but there is a wide range of severity across patients. IQ scores in TSC appear to be roughly 
bimodally distributed, with one group of patients with severe intellectual disability and 
another group with intelligence in the normal range but with a downshifted mean [3]. The 
biological basis for this bimodal distribution remains unclear. Investigations of early de-
velopmental trajectories of children with TSC have shown correlations between cognitive 
impairment and autism, such that children with the most severe autism also have the most 
severe intellectual impairment. Even children with TSC but without an ASD diagnosis had 
impairment in their play behavior [6]. In addition, children with TSC and an ASD diagnosis 
had a decline in their nonverbal IQ, verbal IQ, and developmental quotient in the second 
to third year of life, evenwhen controlling for the duration of seizures, while their non-ASD 
counterparts had gains in these domains [10]. The relationship between cognition and 
autism in TSC may be a result of a common underlying neurodevelopmental dysfunction, 
increased difficulty with learning due impaired social interactions, or some combination 
thereof. 

The relationship between inflammation and autism is an active area of research, as well 
as one of controversy. One area of particular relevance to autism in TSC is the relationship 
between mTOR pathway dysregulation and altered immune system activity in patients with 
ASD [51]. Other studies have focused on the interaction between prenatal inflammatory 
triggers and TSC genetics, including the finding that mice with Tsc2 haploinsufficiency and 
intrauterine immune activation were more likely to show deficits in social behavior. This was 
paired with an observation that, when compared with children with TSC without ASD or 
children with idiopathic ASD, more children with both ASD and TSC had the third trimester 
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of their development occur during a time of peak seasonal influenza activity [8]. These find-
ings suggest that the interaction of increased immune activation during late intrauterine 
development with the TSC genotype may contribute to the development of ASD.

ProMISING TreATMeNTS

mTor Inhibitors

The first mTOR inhibitor, rapamycin (sirolimus), was discovered in 1975 as an antifungal 
agent and was subsequently found to have antiproliferative and immunosuppressive prop-
erties, leading to its initial uses in preventing solid organ transplant rejection and restenosis 
of coronary arteries following angioplasty. Following the elucidation of the mTOR pathway 
and the role of TSC1 and TSC2, and with the development of derivative medications with 
improved pharmacokinetics and side effect profiles, over the last decade mTOR inhibitors 
have begun to be studied and used in treatment of the various manifestations of TSC, as 
well as in a number of malignancies (see [52] and [53] for reviews). Sirolimus and its deriva-
tives (“rapalogs”) such as everolimus work by binding FKBP12 and then interacting with the 
FKBP12–rapamycin-binding domain of mTORC1, inhibiting the serine–threonine kinase 
activity of mTORC1 and preventing mRNA translation. This effectively restores the mTORC1 
inhibition that would normally be provided by the TSC1/2 complex that is dysfunctional 
in patients with TSC. A second generation of mTOR kinase domain inhibiting medications 
with activity against both mTORC1 and mTORC2 are now under development and in early 
clinical trials [53]. With the clinical availability of these medications, studies of their use in 
TSC have shown a number of promising results in animal and human studies. 

Therapeutic effects of mTor Inhibitor Treatment in Animal Models of TSC

A number of animal models of TSC have been developed, with both spontaneous and con-
ditional knockout of either TSC1 or TSC2 in neural stem cells, neurons, or glial cells (Table 1). 
These animals develop most of the pathologic features of TSC, including abnormal neuronal 
migration and lamination, increased cell size, and hypomyelination, as well as a number 
of neurocognitive features, including seizures, impairment in learning and memory, and 
deficits in social behavior. Trials using mTOR inhibitors in animal models of TSC have shown 
that blocking the action of mTOR can reverse a number of manifestations of TSC, both at the 
cellular level and in the behavior and survival of the animal. Zeng et al. [69] demonstrated 
in mice with conditional knockout of Tsc1 in glial cells that early treatment with rapamy-
cin prevented the development of epilepsy, and later treatment decreased seizures and 
prolonged survival. In another mouse model with neuron-specific conditional knockout of 
Tsc1 in neuronal cells, treatment with rapamycin or everolimus normalized levels of mTOR 
pathway constituents with corresponding improvement in neurofilament abnormalities, 
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reduction of enlarged cells, and restoration of myelination [66]. Treated animals showed sig-
nificant improvement in seizures and overall survival, although these improvements were 
attenuated when treatment was discontinued. These improvements were seen despite no 
evidence in reversal of neuronal migration abnormalities and only minor improvement in 
dendritic spine density and length, indicating not all mTOR-related structural and functional 
abnormalities may be equally important for behavioral abnormalities or seizures, or that 
correction of some but not all abnormalities may be sufficient to improve outcome. 

Ehninger et al. [67] showed that heterozygous Tsc2 mice had abnormalities in hippocampal 
long-term potentiation, with induction of late long-term potentiation at a lower threshold. 
This led to deficits in spatial learning and contextual discrimination, even in the absence 
of frank neuropathology and seizures, and these deficits were abrogated with only 5 days 
of rapamycin treatment. Various approaches have been used to investigate the underly-
ing mechanisms responsible for this hippocampal hyperexcitability [32], with at least 2 
contributing pathways implicated to date. Tavazoie et al. [28] reported that loss of Tsc2 is 
associated with increased α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid(AMPA)-
mediated excitatory currents, whereas Chevere-Torres et al. [26] found that metabotropic 
glutamate-induced long-term depression is impaired with functional disruption of Tsc2 (in 
the DeltaRG mouse model of TSC) that is extracellular regulated kinase dependent and 
rapamycin sensitive [27]. This hyperexcitability is thought to contribute to the epilepsy 
and learning problems seen in TSC and demonstrates another mechanism in which mTOR 
inhibitors may prove beneficial for the treatment of ASD. 

Several studies have specifically examined the underlying mechanisms of autism-like 
behaviors in animals with a TSC mutation. In contrast to hippocampal neurons, where loss 
of Tsc1 or Tsc2 results in hyperexcitability, loss of Tsc1 in cerebellar Purkinje cells in mice 
results in decreased neuronal excitability [30]. These latter mice demonstrate an ASD-like 
phenotype, including abnormal social behavior and learning, repetitive behaviors, and 
vocalization. These changes were prevented by treatment with rapamycin. Similar results 
were obtained with Tsc2 knockout in the Purkinje neurons [57]. Talos et al. [72] reported that 
a rodent model of neonatal seizures results in mTORC1 overactivity, and seizures during a 
period of peak synaptogenesis contributed to deficits in a social novelty assay. Treatment 
with rapamycin in animals with neonatal hypoxic seizures was protective against the devel-
opment of epilepsy and decreased the social novelty deficit. Another mouse model with 
conditional knockout of Tsc1 in forebrain neurons (under CaMKIIα-cre) further links mTOR 
hyperactivation with seizures and autism-like behaviors [73]. Decreased social behavior 
(in the 3-chamber social approach) and increased repetitive behaviors (marble burying) 
were observed in these mutantmice. As the recurrent seizure spread to the brainstem, the 
authors hypothesized that serotonergic neurons were specifically implicated in mediating 
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the autistic-like behaviors. Using a conditional knockout of Tsc1 in serotonergic neurons, 
they found that autism-like behaviors persisted, even though the mice did not develop 
spontaneous seizures. Treatment with rapamycin decreased mTOR hyperactivity and nor-
malized measures of social preference and marble burying. Taken together, these studies 
show a complex relationship between early brain development, mTOR pathway overactiv-
ity in various brain regions, seizures, and the development of ASD-like behaviors, and also 
show that treatment with an mTOR inhibitor is a potentially promising method to normalize 
underlying mechanisms leading to the behavioral manifestations of ASD.

Preliminary results of Neuropsychological effects of mTor Inhibitor  
Trials in humans

The first human clinical trials using mTOR inhibitors in the treatment of TSC began in 2002, 
with the initial focus on reducing tumor burden and growth in the brain (SEGA), kidney 
(angiomyolipoma), and lung (lymphangioleiomyomatosis). These targets were selected 
based on significant diseaserelated morbidity and mortality, lack of effective noninvasive 
treatment options, and relative ease in objectively assessing treatment response. Rapa-
mycin was shown to be effective and well tolerated for reducing SEGA tumor volume 
[74], renal angiomyolipoma volume [75–77], and pulmonary lung function [78], as long 
as treatment was maintained. However, in each case disease progression resumed upon 
discontinuation of treatment, similar to what had been observed in preclinical models. As 
a result, more recent studies have evaluated the sustained efficacy and long-term safety of 
continuous treatment. Krueger et al. [79, 80] treated 28 patients with SEGAs with everoli-
mus for a median of 3 years without loss of SEGA tumor volume reduction and no newly 
encountered clinical toxicities. A placebo-controlled SEGA treatment study with everolimus 
involving 117 patients, with a median follow-up of 2 years, yielded similar results [81, 82]. 
Bissler et al. [83] reported safety and efficacy of everolimus treatment for angiomyolipoma 
but median treatment duration was much shorter (slightly over 6 months). Throughout 
these early clinical trials, unpublished anecdotal reports (Franz, NIH Curing Epilepsy 2007), 
case reports [84], and secondary end points [77, 79] suggested that rapalogs might have 
benefit for central nervous system (CNS)-related manifestations in TSC beyond reduction of 
tumors and tubers. For example, Krueger et al. [79] reported after 6 months of treatment 
with everolimus, seizure frequency was reduced in 56 % of participants. By 24 months, pa-
tients with daily seizures were reduced from 27 % to 13 %, while patients with no seizures 
increased from 39 % to 65 % during the same interval [80]. These improvements correlated 
with improvement in white matter integrity as measured with diffusion tensor imaging 
and were independent of SEGA treatment response [85]. Analysis of seizure control as a 
secondary end point in the placebo-controlled, blinded Phase III trial with everolimus to 
treat SEGA was unable to confirm these earlier results, largely owing to significant differ-
ences in baseline seizure frequency between the control and treatment groups, and the 
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fact that in both groups the majority of participants were seizure-free at time of treatment 
initiation [81]. Since then, smaller, mostly retrospective, studies have continued to report 
treatment benefit for epilepsy [86–89]. To date, the only clinical trial specifically to use mTOR 
inhibitors to treat epilepsy prospectively involved open-label treatment with everolimus for 
4 months [90]. Eighteen of 20 participants reported a reduction in seizure frequency, with 
12/20 (60 %) experiencing an improvement of 50 % or more. Furthermore, treatment re-
sponse appeared to improve over time, with better response at 3–4 months compared with 
response at 1–2 months. This delayed or prolonged response time for optimal outcome 
supports involvement of mechanisms discussed in the previous sections that require weeks 
to months rather than hours to days to show effect, such as synapse remodeling, network 
connectivity, and neuronal plasticity. However, direct evidence that this is the case and the 
relative contributions each has on seizure susceptibility and treatment response remains to 
be determined. Longer-term treatment and placebo-controlled, double-blind clinical trials 
are already in progress to further investigate everolimus impact on seizures and epilepsy in 
TSC.

Evaluating the impact of mTOR inhibitors in patients with TSC with intellectual disability 
and other aspects of TAND, including ASD, has been more difficult. In the initial 28-patient 
SEGA study, a robust neurocognitive assessment battery was included but the majority 
of participants were developmentally and/or cognitively impaired such that relatively few 
were able to complete the assessments, and no conclusions could be drawn [79]. A similar 
attempt by Davies et al. [77] in adults treated with rapamycin for angiomyolipoma fared a 
little better, although the final size of the analysis cohort remained relatively small (n=8) 
and yielded mixed results. They reported improvements in recall memory (7/8) and execu-
tive function (5/8) but worsening in recognition memory (5/8) in adults with TSC following 
treatment with rapamycin for 4–12 months. In another study, Chung et al. [91] reported 
improvement in 3 patients with TSC with comorbid intermittent explosive disorder or ad-
justment disorder not otherwise specified who underwent formal psychiatric evaluations 
before and after initiating treatment with everolimus (n=2) or rapamycin (n=1). In the more 
recent open-label epilepsy trial by Krueger et al. [90], an indirect, more broad approach was 
utilized, sacrificing direct observational measures for indirect parental report using validated 
assessment tools with the goal of providing more universal assessment of TAND-related co-
morbidities and domains. Using the Nisonger Child Behavior Rating Form, adapted from the 
Child Behavioral Rating Form to allow assessment of both cognitively impaired and normal 
IQ children, they reported small but significant improvement in adaptive social behaviors, 
conduct problems, and insecurity/anxiety compared with baseline following treatment for 
4 months. Quality of Life for Children with Epilepsy assessments done in parallel over the 
same time period identified similar improvements in multiple domains, including attention 
and concentration, behavior, social interactions and activity, and overall quality of life.
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However, whether these changes were secondary to or independent of improvement in 
seizure control could not be determined. 

Intense interest exists to confirm and expand these preliminary studies in order to deter-
mine if a longer treatment period results in sustained or further improvements, to verify 
results in a larger cohort using a placebo-controlled, double-blinded study design, and to 
incorporate direct observational assessment approaches to better determine the specific 
areas of neurocognitive and ASD-related subdomains affected by mTOR inhibitor treatment 
and further separate which effects are seizure control-dependent and which are seizure 
controlindependent. Ongoing trials include Everolimus (RAD001) Therapy for Epilepsy in 
Patients with TSC (clinicaltrials.gov: NCT01070316); Trial of RAD001 and Neurocognition in 
TSC (clinicaltrials.gov: NCT01289912); Efficacy of RAD001/Everolimus in Autism and Neu-
roPsychological Deficits in Children With Tuberous Sclerosis Complex (RAPIT) (clinicaltrials.
gov: NCT01730209); A Placebo Controlled Study of Efficacy & Safety of 2 Trough-ranges of 
Everolimus as Adjunctive Therapy in Patients With TSC & Refractory Partial-onset Seizures 
(EXIST-3)(clinicaltrials.gov: NCT01713946); A Study of Everolimus in the Treatment of 
Neurocognitive Problems in Tuberous Sclerosis (TRON) (clinicaltrials.gov: NCT01954693); 
Rapalogues for Autism Phenotype in TSC: A Feasibility Study (RAPT) (clinicaltrials.gov: 
NCT01929642); and Long-term Follow-up for Growth and Development of Pediatric Patients 
From CRAD001M2301 (EXIST-LT) (clinicaltrials.gov: NCT02338609). 

early Vigabatrin Treatment Trials

Vigabatrin is a rationally designed drug that aims to increase the levels of GABA, the main 
inhibitory neurotransmitter in the CNS. The addition of a vinyl group to GABA (vi-GABAtrin) 
creates a substrate that irreversibly inhibits GABA-transaminase, the GABA-degrading en-
zyme, thus increasing GABA availability in the synaptic cleft. In humans, it has a specific and 
rapid mechanism of action and its antiepileptic properties are thought to be a direct result 
of increased inhibitory neurotransmission, although additional mechanisms are considered 
[92]. Side effects during initiation are those common to drugs affecting the CNS, and include 
irritability, drowsiness, and hypotonia, which typically resolve over time. One important side 
effect is irreversible peripheral visual field constriction, with a risk that increases cumulatively 
with higher doses and longer exposure [93]. In the USA, the manufacturer has implemented 
a vigorous monitoring program for this side effect. The clinically evident response of cessa-
tion of spasms within days to weeks provides an opportunity to try vigabatrin at a low risk. 
Other than as add-on for intractable complex partial seizures, vigabatrin is approved in the 
US as monotherapy for infantile spasms (IS). An early small controlled trial demonstrated 
efficacy compared with placebo but no patients with TSC were included [94]. In studies of 
high- versus low-dose vigabatrin and of vigabatrin versus steroid therapy for IS, patients 
with TSC had consistently higher response rates to vigabatrin [95, 96]. Indeed, an early 
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review of the literature suggested a response rate of 95 % to vigabatrin in IS due to TSC 
[97], an estimate that has not changed in subsequent literature [93].Within patients with 
TSC, in a head-to-head comparison with adrenocorticotropic hormone, vigabatrin showed 
clear superiority [98]. Based on these and other studies and reviews, the International TSC 
Consensus Conference recommends vigabatrin as first-line treatment for IS in TSC [4].Why 
IS in TSC in particular respond so dramatically to vigabatrin is not understood. Other drugs 
affecting GABAergic transmission (e.g., barbiturates and benzodiazepines) do not achieve 
comparable efficacy. Reported additional effects of vigabatrin such as decreased glial GABA 
uptake, enhanced GABA release, and reduction of glutamate have not been reproduced 
[92]. In a TSC mouse model, vigabatrin suppressed the mTOR pathway, which could be an 
additional explanation for the particular efficacy in TSC [70]. However, the rapid efficacy 
against IS is more likely based on GABAergic changes. Better long-term neurocognitive 
outcome has been reportedwith early, aggressive, and successful treatment of IS [99–101], 
and later cessation of IS is associated with poorer outcomes [102]. For partial seizures, 
however, efficacy is lower and the beneficial effects on outcome may not be present when 
compared with treatment of IS [100, 101]. When given even earlier, in a small open-label 
trial of vigabatrin initiation prior to onset of IS, good long-term outcomes were also seen 
[46]. If, indeed, mTOR pathway activity is modified by vigabatrin, it could contribute to these 
longerterm benefits. This raises the possibility that vigabatrin is not merely antiepileptic, but 
it may also be disease modifying. How to identify who would most benefit, with justifiable 
risk, from early or even pre-emptive intervention with vigabatrin, is a subject of active study. 
For example, epileptic spasms beyond infancy respond less well to vigabatrin, even though 
these seizures are similar to IS in their electroclinical presentation. Thus, there appears to be a 
therapeutic window in obtaining the longer-term neurodevelopmental benefits from early 
medical intervention. In the USA, a multicenter prospective observational study is currently 
underway to identify early developmental, neurophysiology, and neuroimaging markers for 
increased risk of epilepsy and ASD in TSC (clinicaltrials.gov: NCT01767779; NCT01780441). 
In a next phase, those markers will be used to stratify patients to either standard of care 
versus early aggressive, pre-emptive treatment with vigabatrin. In Europe, a similar effort is 
ongoing (clinicaltrials.gov: NCT02098759). 

fuTure dIreCTIoNS of TreATMeNT for ASd IN TSC

We are on the cusp of a new era in targeted, disease-modifying treatment for TSC and 
other disorders associated with ASD. The initial results from a Phase II study looking specifi-
cally at effects on neurocognition in TSC after treatment with everolimus (clinicaltrials.gov: 
NCT01289912) are currently in the process of being analyzed. Open questions include the 
type of effects mTOR inhibitors will have on ASD symptoms in TSC and how the effects will 
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vary based on patient characteristics and disease manifestations. Another crucial question is 
what end points are quantifiable and dynamic in response to treatment within the duration 
of the trial. Finally, it is not yet clear whether there is a critical window during which treat-
ments will be most effective. Once these questions are studied, we will be in a better posi-
tion to determine which patients will most benefit from which treatment. Robust and early 
biomarkers of neurodevelopmental outcome in TSC are critical to best target treatments 
to patients who will most benefit from them, to avoid unnecessarily exposing patients to 
potentially harmful and irreversible treatment side effects, and to measure treatment ef-
fects. For ASD, behavioral and developmental signs may be recognized early in high-risk 
populations [10], and retrospective work has identified electroencephalography network 
properties and diffusion tensor imaging metrics as possible biomarkers [39, 103]. Diffusion 
imaging abnormalities may reflect changes in the underlying neurobiology [43], and these 
measures may even respond to intervention in parallel with clinical changes seen [85]. 
Further research on these and other biomarkers is needed to better characterize their utility 
for clinical use and future prospective studies. It is a rare but fortunate occurrence when 
our understanding of a disorder matches our ability to treat based on that understanding. 
We are approaching that point now for ASD in TSC. Our hope is that the recent advances 
described here in understanding and treating the mechanisms contributing to ASD in TSC 
will benefit our patients with TSC and provide a path towards better understanding and 
treatment for all people with ASD. 
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ABSTrACT

In this article, the authors aim to introduce the nonradiologist to diffusion tensor imag-
ing (DTI) and its applications to both clinical and research aspects of tuberous sclerosis 
complex. Tuberous sclerosis complex is a genetic neurocutaneous syndrome with variable 
and unpredictable neurological comorbidity that includes refractory epilepsy, intellectual 
disability, behavioral abnormalities and autism spectrum disorder. DTI is a method for mod-
eling water diffusion in tissue and can noninvasively characterize microstructural properties 
of the brain. In tuberous sclerosis complex, DTI measures reflect well-known pathological 
changes. Clinically, DTI can assist with detecting the epileptogenic tuber. For research, DTI 
has a putative role in identifying potential disease biomarkers, as DTI abnormalities of the 
white matter are associated with neurocognitive morbidity including autism. If indeed DTI 
changes parallel phenotypical changes related to the investigational treatment of epilepsy, 
cognition and behavior with mTOR inhibitors, it will facilitate future clinical trials.
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INTroduCTIoN

Tuberous sclerosis complex (TSC) is a genetic neurocutaneous syndrome with an estimated 
incidence of one in 6000–10,000 [1,2]. Benign hamartomas, the hallmark of the disease, are 
found in multiple organ systems, including the brain, eyes, kidneys, lungs, skin and heart, and 
comprised nonmalignant and disorganized cells that often exhibit abnormal differentiation 
[3]. Inherited autosomal dominant mutations (<30%) and sporadic mutations (>70%) lead 
to inactivation of the tumor suppressor genes TSC1 (on chromosome band 9q34) and TSC2 
(on chromosome band 16p13.3) and can be identified in 70–90% of patients who meet 
the clinical criteria of TSC [4,5]. TSC is diagnosed on the basis of major and minor clinical 
criteria, with three of the major criteria being based on neuroimaging findings [6]. In 2012, 
the International Tuberous Sclerosis Consensus updated the TSC diagnostic criteria from 
1998; TSC can now be diagnosed via genetic testing if a pathogenic mutation is found [201]. 

Neurologically, TSC can manifest with developmental delay or intellectual disability, behav-
ioral abnormalities, autism and seizures. Clinical presentation is highly variable and patients 
with a TSC2 mutation typically present with a more severe neurological phenotype [7,8]. 
Epilepsy occurs in 80–90% of all patients, is often medically refractory, and any seizure type 
can be seen [1]. Autism spectrum disorders (ASD) occur in up to 50% of patients by the age 
of 5 years [9]. Close to 45% of patients have varying degrees of intellectual disabilities [5]. 
Neurological sequelae are particularly devastating in children as they appear early in life and 
affect neurological development, with long-term effects on academic and socioeconomic 
outcome. 

Conventional anatomical MRI is routinely used for the detection and monitoring of major 
CNS lesions in both the diagnosis and management of TSC. Neuroimaging in patients under 
the age of 1 year with a clinical suspicion of TSC results in a definite diagnosis in 95% of 
cases [7]. While conventional MRI is highly sensitive, it only gives an impression of the extent 
of CNS involvement, and it does not provide much information on the neurobehavioral 
phenotype nor on epilepsy.

First, no robust MRI biomarker that correlates consistently with the clinical phenotype 
or neurological outcome has been identified. For example, the presence of tubers in the 
temporal lobe has been linked to the risk of autism [10], but other critical regions including 
the cerebellum have also been proposed [11–14]. Although associations have been made 
between total tuber load, epilepsy and cognitive function [12,14,15], age at seizure onset 
is the only consistent and independent determinant of cognitive function [16]. A high 
tuber load or tubers in specific locations are, therefore, neither necessary nor sufficient to 
predict (early) seizures, cognitive impairment or autism (Figure 1A and 1B) [16,17]. Interand 
intra-observer variability in determination of tuber burden may be reduced by automated 
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tuber segmentation [16], but differences in magnet strengths, image acquisition specifics 
and quality form an additional challenge across institutions. Tuber-like pathology may be, 
in fact, more diffusely present below the conventional MRI resolution, with the visually 
discrete tubers just representing the ‘tip of the iceberg’. The authors will discuss that large 
parts of normal-appearing white matter (NAWM), in fact, have an abnormal microstructure. 
In addition, there are other types of structural CNS abnormalities in TSC, as outlined below, 
which may need to be taken into account.

A second limitation of conventional MRI is the inability to identify epileptogenic tubers 
or perituber regions, a critical step in the presurgical evaluation of candidates for epilepsy 
surgery [18,19]. A third limitation is that microstructural CNS tissue characteristics of TSC, 
including abnormal differentiation, migration, organization, myelination and connectivity 
cannot be examined by conventional MRI [3,20–25].

Newer MRI techniques are used to investigate imaging correlates of neurobehavioral phe-
notype, epilepsy and microstructural CNS tissue properties in TSC. Diffusion-weighted MRI 
(DWI) probes natural barriers to the diffusion of water molecules in tissues, thereby provid-
ing information on their microstructural properties. To quantify this diffusion, multiple DWI 
images are used to generate a mathematical model of the diffusion. The most common 
model is called diffusion tensor imaging (DTI), which describes the 3D diffusion and strength 
with a tensor at each voxel. DTI models are consistent with known neuroanatomy and can 
demonstrate pathological microstructural changes of tissue in several neurological condi-
tions, including multiple sclerosis [26], Alzheimer’s disease [27] and epilepsy [28]. Using DTI, 
novel insights into the pathophysiology of TSC and the imaging determinants of clinical 
phenotype may lead to the identification of early prognostic indicators, and guide the de-
velopment of targeted interventions. The authors review the literature on DTI and tuberous 
sclerosis, focusing on clinical implications, as well as its contribution to the understanding 
of the neuropathological processes in TSC. The imaging principles of DTI and several related 
techniques are introduced, and future directions are discussed.

STruCTurAl CNS ABNorMAlITIeS IN TSC, CoNVeNTIoNAl MrI

The intracranial lesions of TSC appear to result from abnormal expression of the genes 
within the germinal matrix stem cells, affecting differentiation and migration, resulting in 
dysplastic cells in the subependymal region, the cortex and along the cell migration path-
ways [29]. There are four common CNS lesions detected by conventional MRI, as described 
below.
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Cortical tubers

Cortical tubers represent focal hamartomatous regions of disorganized cortical lamination. 
Histopathologic examination of tubers typically reveals prominent numbers of glia, neuro-
nal appearing cells, and giant cells that express markers of both neuronal and glial lineages 
[3]. They are found in the brains of at least 80% of children with TSC [30]. On MRI, they are 
highly characteristic moderately well-circumscribed areas of increased signal intensity on 
T2-weighted (T2W) images and decreased signal intensity on T1-weighted (T1W) images. 
The overlying cortex may bulge and the gray–white matter differentiation is reduced. They 
are best appreciated on fluid attenuation inversion recovery images (Figure 1A and 1B) 
[31,32]. Based on conventional imaging, tubers can be classified following the scheme of 
Gallagher et al., which may have clinical implications [33]. The exact role of cerebellar le-
sions is still an active area of investigation [34], but recently a large series of 145 patients 
demonstrated that the MRI appearance of tubers is different in the cerebellum. Here, le-
sions are wedgeshaped, hyperintense on T2 and hypoor isointense on T1. Cerebellar tubers 
are more likely to enhance, and the enhancement may follow the underlying cerebellar 
neuroanatomy [35].

Subependymal nodules & subependymal giant astrococytomas Subependymal nodules 
(SENs) and subependymal giant astrocytomas (SEGAs) are found adjacent to the ventricles. 
SENs are small and can be found anywhere along the lining of the ventricles. SEGAs can 
cause obstructive hydrocephalus as they are larger than SENs and occur most commonly 
at the caudothalamic groove, near the foramen of Monro. They are noninvasive and non-
metastatic, and also histologically benign. However, SEGAs probably arise from SENs and 
the distinction is primarily made on the basis of size and location typically near the foramen 
of Monro [3]. As not all large lesions are astrocytomas, they are sometimes referred to as 
subependymal giant cell tumors. Other than glial-cell elements, they also contain dysplastic 
giant cells that express neuronal markers, similar to tubers [3,5]. On MRI, SENs and SEGAs are 
isoto hyper-intense on T1W images and variably hypointense on T2W images depending 
upon the extent of calcification. T2W images are optimal for showing susceptibility artifacts 
from calcification. Morphologically, they appear as discrete or roughly confluent areas of 
rounded hypertrophic tissue, bulging into the ventricle. Both can show contrast enhance-
ment. The SENs over 5 mm in diameter which are incompletely calcified and enhanced 
after gadolinium administration may be at higher risk of growing into a SEGA (Figure 1C & 
D) [36,37].

white matter abnormalities

W hite matter abnormalities include radial migration lines (RMLs) that appear as linear 
abnormalities extending from the ventricular surface to the cortical tuber. Within the high 
signal of the RMLs, there are linear streaks of abnormalities that are isointense to cortex, 
best appreciated on T2W images and nonenhanced T1W images. These represent gliosis 
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and heterotopic glia and neurons along the course of abnormal cortical migration in the 
subcortical white matter. They are not always seen in relation to a tuber (Figure 1E) [36,38].

discrete rounded cyst-like abnormalities

Discrete rounded cyst-like abnormalities are found subcortically or within the deep hemi-
spheric white matter. They have cystic properties with signal intensities comparable to ce-
rebrospinal fluid (CSF). Recently, a strong association of these lesions was found with TSC2 
and a more severe seizure phenotype [39]. Originally thought to be static lesions derived 
from tuber degeneration or heterotopic tissue [38,40], their evolution over time has been 
clearly documented (Figure 1F) [41].

Microscopic abnormalities, such as micro-dysgenesis, heterotopic gray matter and lami-
nation defects, are generally not visible at conventional MRI resolution. Rare associations 
with cortical malformations, such as hemimegalencephaly [42,43] and schizencephaly [44], 
are beyond the scope of this article. Finally, global cerebellar atrophy is reported in 4–17% of 
TSC patients and recently an association was shown with the presence of cerebellar tubers. 
Whether this is a destructive process (seizures, anti-epileptic medications, among others) or 
a primary developmental phenomenon is unknown [35,45].

dwI, dTI ANd TrACToGrAPhy

diffusion-weighted imaging

DWI allows characterization and quantitative measurement of the diffusion of water 
molecules in tissues. It enables distinction between unrestricted and restricted diffusion 
of protons, based on the random (also known as Brownian) motion of water molecules in 
tissue [26,46]. The most well-known indication for DWI is detection of restricted diffusion in 
acute ischemic stroke.

In pure water, there is no barrier to the diffusion of water molecules and the diffusion is 
referred to as isotropic. By contrast, in the brain, local restriction of water diffusion such 
as that caused by the presence of densely organized white matter fascicles, gives rise to 
anisotropic diffusion. The degree of anisotropy is a measure of directional preference of 
diffusion and depends on the structure present in the voxel (3D pixel). In highly organized 
structures (e.g., white matter tracts), diffusion will be highly anisotropic, as molecules will 
diffuse preferably along the path of least resistance (e.g., along the axon within the myelin 
sheath) [26,46–48]. In less coherent structures (e.g., in a tuber consisting of poorly organized 
collection of cells), the diffusion will be almost isotropic. 
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figure 1: Conventional MRI findings in tuberous sclerosis complex.
(a) and (b) are axial FLAIR images. Both patients have subcortical tubers (arrows) of comparable size and distribution 
(not all tubers shown in current plane), but patient (a) has severe autism, no active seizure disorder and is non-verbal, 
while patient (b) has mild motor and language delays, no autism, and refractory seizures despite multiple antiepi-
leptic drugs. (c) and (d): Axial FLAIR images. Subependymal nodules are seen lining the ependyma (arrowheads) and 
subependymal giant cell astrocytoma (SEGA) is seen in (d), at the level of the foramen of Monroe (arrow). (e) Axial T2-
weighted image shows a radial migration line tracking from the tuber into the deep white matter (arrow, and zoom 
frame). (f ) Axial FLAIR image. Cyst-like appearance of a tuber (arrows).
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In an MRI scanner, protons’ spins are initially aligned with the strong magnetic field produced 
by the magnet. Applying a short magnetic pulse changes this orientation and protons’ spins 
start to precess (much like a spinning humming top deviates from its central a xis). This 
precession generates an electromagnetic signal detectable by an electric coil [46]. The rate 
of precession depends on the strength of the magnetic field. Applying a magnetic field 
that varies along a certain direction (adding a so-called field gradient pulse to the magnetic 
field), we can label the spins by different precession rates according to their position along 
the gradient direction. This variation in precession rates results in an interference between 
the precessing spins, leading to a signal loss. Applying the opposite field gradient pulse 
would refocus the spins and recover the signal loss, only if the protons did not move be-
tween the two pulses. However, due to motion, protons’ spins are imperfectly refocused 
and the signal loss cannot be compensated for. The amount of remaining signal loss is 
related to the amount of motion that occurs in the gradient direction. Measuring the signal 
loss therefore measures the diffusion of protons (or water molecules that contain them). 
This is the physical basis of DWI. 

Each DWI provides information about the diffusion along one particular direction (the gra-
dient direction). Several DWI are thus needed to characterize the diffusion in all directions. 
Much like one only needs two points to characterize a linear relationship between two 
variables, one only needs a few DWI to estimate a diffusion model that characterizes the 
diffusion in all directions.

diffusion tensor imaging

DTI is the most widely used model of the diffusion signal in tissues. DTI models the average 
diffusion direction and strength at each voxel with a tensor, which can be thought of as an 
ellipsoid (Figure 2). This ellipsoid is characterized by a principal direction along which diffu-
sion is the strongest. In the two orthogonal directions, diffusion is more constrained and its 
magnitude is given by the width of the ellipsoid in those directions. A total of six parameters 
are required to fully define the ellipsoid: three parameters for the widths and length (these 
are also called diffusivities or eigenvalues), two parameters to define the direction of stron-
gest diffusivity and one parameter to define the rotation of the ellipsoid around its principal 
axis. Mathematically, ellipsoids are represented as symmetric positive-definite matrices with 
three rows and three columns. Diffusivities can be obtained from those matrices through a 
mathematical method called eigen decomposition (hence their name ‘eigenvalues’).

Since six parameters define the diffusion tensor (the ellipsoid), six DWI acquired for different 
gradient directions would in theory be enough to estimate the values of the tensor param-
eters. However, owing to measurement errors, a larger number of DWI is usually acquired 
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(typically 30 directions). It is suggested to acquire as many images as time allows, and to 
strictly standardize acquisition details for research purposes.

The shape of the tensor provides information on the nature of the diffusion occurring in the 
corresponding voxel (Figure 2). Isotropic diffusion (which occurs in free water) gives rise to 
a spherical tensor, and its diffusivities are equal in all directions. Highly anisotropic diffusion 
gives rise to long and thin ellipsoids, indicating that the diffusion is highly favored along a 
principal direction and highly constrained in the other directions.

dTI-based measures

DTI-based measures quantify the shape of the ellipsoids and can be used as biomarkers 
for diseases. Two main measures are commonly used: the mean diffusivity (MD) and the 
fractional anisotropy (FA). The (bulk) MD is the average diffusion in all three directions. It 
was measured before the introduction of the diffusion tensor model by averaging the 
diffusion coefficient estimated in three orthogonal directions. In practice, this apparent 
diffusion coefficient is used interchangeably with MD. The MD is an intrinsic property of 
tissues. For example, the MD of demyelinated white matter is increased as there is more 
extracellular water and a weaker biological barrier to diffusion [26]. The FA reflects the 
degree of asymmetry of the diffusion in a particular location. If the diffusion is completely 
isotropic (Figure 2B), then FA is equal to zero. Conversely, if the diffusion is extremely aniso-
tropic (water molecules can only diffuse in one direction and diffusivities are zero in the 
other two directions), then FA is equal to one. Diffusion within the white matter axons is 
restricted to the longitudinal axis by cell membranes and by the myelin sheath which forms 
a biological barrier, resulting in a high FA. When neurons or myelin sheaths are damaged, 
the FA decreases; there is less preferential directionality of diffusion because the fluid can 

λ2

λ1

λ3

(a) (b) (c)

figure 2: Diffusion tensor imaging is the most common model of the diffusion.
(a) DTI can be represented as an ellipsoid that consists of three axes of diffusion and the corresponding diffusivities 
(here λ1, λ2 and λ3). The shape of the ellipsoids provides information about the type of diffusion present in the voxel. 
(b) An isotropic diffusion leads to a spherical tensor. (c) Diffusion that are highly restricted in two directions and fa-
vored in one direction will present as an elongated tensor with very small second and third diffusivities. 
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move freely along various axes [49]. MD and FA are nonspecific and can be altered by any 
pathological process that modifies tissue integrity and leads to a loss of structural barriers 
to water motion (Figure 3).

dTI tractography

DTI tractography is a technique based on relatively recently developed postprocessing 
algorithms for DTI, and allows for the study of the 3D configuration of major white matter 
tracts [50,51]. Orientation-based color-coding (also known as color maps) is a visualization 
approach in which the brightness of the image represents the magnitude of preferential 
diffusion (i.e., FA), and red (left–right axis), green (anterior–posterior axis) and blue (inferior– 
superior axis) indicate fascicle orientation. This color scheme assumes that the preferential 
diffusion axis coincides with the orientation of the fascicle, as explained above (Figure 4) 
[52]. To generate tracts, the main direction of the tensors (longest arrow in Figure 2) is fol-
lowed from one voxel to another.

Based on the contiguity of adjacent voxels with a highly similar preferential diffusion axis, 
3D tracts can be generated that represent the course of a major white matter pathway. The 
tract is formed by stepping along the line in both ortho and retro-grade directions accord-
ing to the fascicle orientation (imagine a tract formed by a series of lined-up cucumbers) 
[26]. The tract starts at a seeding point, which is often defined manually by the examiner 
who delineates a certain region of interest. Regions of interest can be determined by (semi)
automated techniques (e.g., functional MRI, or segmentation algorithms that isolate struc-
tures on conventional MRI).

Specifics of reconstructed tracts

The specifics of the reconstructed tracts are dependent on important modifiers that 
terminate the tract-generating algorithm when boundary conditions are met. Examples 
include the maximum angle a tract is allowed to make, the cutoff value of FA below which 
the next voxel is no longer considered to be part of the tract (stopping when the tensor 
is spherical and has an insufficient degree of anisotropy) and the FA-momentum, which 
permits the tractgenerating algorithm to go through an aberrant voxel with a poor FA if 
the previous few voxels in the tract had a high FA value, for instance carry momentum. 
This last modifier allows the tract generation not to stop prematurely. In both clinical and 
research applications of tractography, the exact parameters should always be scrutinized 
closely. Notably, the 3D tracts are not a (micro-)structural reality, but are traces of the major 
pathways representing white matter fascicles by means of connected diffusion tensors. 
The DTI tractography method has been validated with post-mortem anatomic and animal 
studies, showing good agreement [52,53].
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Microstructural tissue properties

Microstructural tissue properties are reflected by FA and MD values of anatomical structures 
such as major white matter pathways (e.g., corpus callosum and language pathways) or 
specific regions of interest (e.g., neoplasm or tuber). A well-established relation between 
DTI parameters and tissue properties is not limited to only animal models, but is also pres-
ent in humans. Changes in axonal integrity and diameter can affect axial diffusivity (the 
mean diffusion along the axial axis) [54]. Radial diffusivity (mean diffusion orthogonal to the 
longitudinal axis) values correlate with myelination in the normally developing mouse brain 
and in experimental dysmyelination [53,55,56]. FA relates to axonal packing, organization 
and myelination [57,58]. With tractography or with segmentation, an anatomically relevant 
collection of voxels can be selected for analysis. The investigation of local microstructural 

(b)

(c)

(a)

(d)

figure 3: Diffusion tensor imaging and diffusion tensor imaging-based measures. 
(a) FLAIR MRI structural image, axial plane. (b) Mean diffusivity (MD) image. Mean diffusivity is especially large in the 
corpus callosum and in corticospinal tracts. (c) Fractional anisotropy (FA) image shows where in the brain diffusion 
is more (white) or less (black) anisotropic. Because of the presence of highly structured white matter fascicles with 
aligned axons and myelin sheath, FA in the white matter is high. By contrast, grey matter presents axons with vari-
ous directions, resulting in a lower FA. (d) FA can be colored based on the directions of the fascicle in each voxel: red 
means the fascicle is oriented left to right, green represents fascicles are oriented along the anterior-posterior axis and 
blue represents the superior-inferior axis.



56

Chapter 3

information in a noninvasive manner is unique and has propelled the widespread use of 
DWI and DTI in the clinical and research setting over the past decade.

lIMITATIoNS of The dTI Model

heterogeneous fascicle orientations

The DTI model assumes that at each voxel, the diff usion is Gaussian with at most one 
preferential direction. This assumption is reasonable only when all axons in the voxel are 
aligned in a specifi c orientation. However, owing to the presence of complex fascicle 
organization, heterogeneous fascicle orientations can be present in one voxel [59,60]. In 
the corona radiata, for example, corticospinal tracts cross fascicles of the corpus callosum 
(Figure 5). Another example are the pyramidal projections that give rise to fanning fascicles 
(i.e., fascicles that follow diff erent directions from an original point at which they are aligned) 
[61]. Recent studies estimate the prevalence of those heterogeneities to range between 60 
and 90% of voxels in the white matter [62]. When fascicles are crossing, kissing or fanning, 
interpretation of the DTI-based measures (MD and FA) may be misleading [63]. For instance, 
in the presence of two crossing fascicles, a single overly wide tensor would be estimated 
resulting in a decreased FA (Figure 5). This decreased FA is not related to a property of 
the fascicle and if interpreted this way may lead to the wrong assumption that the myelin 
integrity is altered for that fascicle.

Partial voluming eff ects

Voxels that are at the interface between diff erent tissues (gray and white matter), between 
adjacent fi ber bundles or between a tissue and CSF suff er another problem called partial 

3
11 22

33

(a) (b) (c)

figure 4: Tractography allows detection of white matter pathways in the brain.
A seeding region is fi rst defi ned (here the corpus callosum) from where tracts will start growing (a). From each voxel of 
the seeding region, tracts grow in the direction of the tensor (b). Step by step, from voxel to voxel, tracts keep growing 
until they reach the grey matter where they stop. This yields three-dimensional maps of the fascicles in the brain, all 
connected to the seeding region (c).
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voluming. The diff usion signal arising from protons in the diff erent compartments (CSF, gray 
or white matter) will be averaged into a single value that is observed in DWI. Because DTI 
assumes that a single fascicle is present in the voxel, infl uences of diff erent compartments 
will confl ate, resulting in an infl ated tensor with a lower FA. As with heterogeneous fascicle 
orientations, this decreased FA may be misleadingly interpreted as altered myelin. Novel 
diff usion modeling methods that attempt to address these problems will be discussed in 
the future perspective section. 

STruCTurAl CNS ABNorMAlITIeS ANd dTI

Cortical tubers

The fi rst report on DWI and TSC stems from 2001 [64]. Tubers appear as structures with 
a decreased FA and increased MD, corresponding to tissue fi ndings of poorly organized 
collections of dysplastic and large cells [3]. Although fl uid attenuation inversion recovery 
imaging provides high-contrast images that allow for delineation of tubers, DTI imaging 
often reveals a larger area of perituberal diff usion abnormalities. This increased diff usivity 

(d)

(a) (b) (c)

(e) (f)

figure 5: Single tensor and multifascicle models. 
(a-c) Unlike assumptions of the diff usion tensor models, fascicles in the voxels may have more than one preferential 
direction . Diff usion tensor imaging model assumes that a single fascicle is present at each voxel. This assumption is 
violated in regions where fascicles cross, such as the corona radiata (b). In those regions, tensors are abnormally in-
fl ated to capture the signal arising from each fascicle (c), resulting in a lower FA that may be misleadingly interpreted. 
By contrast multi-fascicle models (d-f ) represent each fascicle independently and are therefore able to characterize 
regions with crossing fascicles.  
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may better reflect the true extent of tuber pathology, at times demonstrating contiguity 
of tissue abnormalities between adjacent tubers, and a more gradual change to NAWM 
[65–67]. As tubers are prominent abnormalities, extensive research has been carried out on 
the relationship between tuber burden, location and clinical phenotype. Tuber burden has 
been quantified through counting numbers [10], calculation of total volume [68] or of rela-
tive volume as compared with white matter or total brain volume [16]. Although a relation 
has been established between tuber burden and the extent of white matter DTI abnor-
malities [68], the extent of SENs and R MLs also correlate with measures of tuber pathology, 
which is not surprising as histopathologically these lesions have common features too [69]. 
These relations suggest that widespread migration and differentiation abnormalities are 
present and the burden of any of these abnormalities is likely to be reflected in the broad 
neurophenotypical outcome.

SeNs and SeGAs

There are no studies of the DTI properties of SENs and SEGAs available. Currently, a SEN 
that exceeds 1 cm in diameter, enhances with gadolinium contrast enhancement, and is 
not calcified is considered at high-risk for developing into a SEGA, although there is both 
a pathologic and a radiologic continuum between the two [70]. Early differentiation of 
SEGAs from SENs before the foramen of Monro is obstructed may provide opportunity to 
prevent hydrocephalus and associated morbidity and mortality [71,72]. SEGAs can grow 
fast, and once repeat imaging shows interval growth, resolution or stabilization have not 
been reported [73]. With serial DTI, it would be of interest to examine whether any micro-
structural differences between SENs and SEGAs could be established, and if such findings 
carry prognostic value.

white matter abnormalities & NAwM

A growing body of work, summarized in [23], has used DTI to describe abnormalities 
in white matter that appears normal on conventional imaging, referred to as NAWM 
[23–25,67,68,74,75]. DTI abnormalities are not limited to perituberal white matter [66,76,77], 
as myelination, migration and differentiation abnormalities extend beyond the discrete 
boundary of tubers described by conventional T2W (fluid attenuation inversion recovery) 
imaging. This has important implications as it is in concordance with findings of a global or 
diffuse microstructural white matter pathology found in neuropathological studies of TSC 
[78], in addition to multifocal tuber pathology [79]. Many regions have been implicated in 
DTI studies of the NAWM, but heterogeneity in the study population, image acquisition and 
processing, and statistical approach make synthesis of this work challenging. The presence 
of DTI abnormalities may be ubiquitous throughout the white matter [23].
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In TSC, animal models provide a potential explanation for the abnormal diffusion character-
istics. The diameter and integrity of the axon can affect axial diffusivity and the amount of 
diffusion according to the longitudinal axis. In the authors’ laboratory, the Tsc1c/cSynI-Cre+ 
mouse model has an increased axonal diameter [Sahin M et al., Unpublished Data]. Radial 
diffusivity, the amount of diffusion perpendicular to the longitudinal axis, is dependent on 
myelination and the presence of extracellular changes such as glial and giant cells. In TSC, 
increased radial diffusivity may indicate poor myelination (thickness, integrity or perme-
ability) or increased presence of extracellular material, impairing the biological barrier 
to diffusion in the radial direction. Indeed, hypomyelination [21] and aberrant neuronal 
organization [22] have been shown in animal models of TSC. A decreased FA may represent 
abnormal organization, packing or myelination of axons. In mouse models of TSC, loss 
of Tsc1 or Tsc2 is associated with abnormal neuronal connectivity – specifically neuronal 
polarity, axon formation and guidance [20–22].

Recently, the view of diffuse microstructural abnormality in the white matter was chal-
lenged. van Eeghen et al. found no differences in the NAWM of TSC patients compared with 
controls, once migrational abnormalities visible on conventional imaging were excluded 
from the analysis of white matter, and the R MLs accounted for the DTI abnormalities of the 
NAWM. This work should be reproduced as it would imply TSC is characterized by multifo-
cal but not ubiquitous abnormalities in white matter connectivity [69]. Even with the view 
of TSC as a multifocal migrational disorder, DTI is supported as a putative biomarker for 
neurocognitive morbidity in TSC.

Finally, small animal imaging studies of TSC rodent models or imaging data of human 
pathological specimen are much needed to better establish the relation between DTI 
abnormalities and TSC pathology.

ePIlePSy, ePIlePSy SurGery ANd dTI

epilepsy

Epilepsy, in particular, infantile spasms and early-onset refractory seizures have predictive 
value for poor cognitive outcome [16,80,81]. Early control may be associated with improved 
outcome [82,83]. However, this relation is inconsistent on an individual patient level. More-
over, heterozygous mouse models of TSC have failed to replicate typical neuroanatomical 
findings of human patients with TSC (SEGAs, tubers and SENs), and have neither neuro-
pathological abnormalities nor seizures, yet demonstrate cognitive and behavioral abnor-
malities [34]. In these same animal models the presence of epilepsy is again detrimental, 
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worsening the neurophenotype. In short, early and complete seizure control is critical for 
neurodevelopmental outcome.

Abnormal diffusion can result from recurrent seizures and status epilepticus through 
various mechanisms including excitocytotoxic edema and neuronal cell-death, axonal 
damage and subsequent wallerian degeneration, systemic effects including vasoconstric-
tion and hypoxia, antiepileptic drugs, secondary maladaptive developmental changes and 
plasticity-related reorganization of local and widespread connections [84]. In TSC, tubers 
have a relatively decreased FA and increased MD, and more so in epileptogenic compared 
with silent tubers [19,85]. The pathophysiology of these DTI changes is unclear; it could 
be a poorer microstructural integrity responsible for more severe epileptic properties, or 
conversely, local changes as a result from more epileptic discharges or both.

How varying levels of structural integrity of tubers relates to clinical manifestations of epi-
lepsy is still subject to ongoing study. In 2010, a relationship was found between increased 
epilepsy severity and the predominance of poorly organized tubers on conventional imag-
ing [33]. Apparent diffusion coefficient measures of the dominant tuber type confirmed 
quantitative differences in the subgroups. From the same researchers, again mainly based 
on conventional imaging, an association between cyst-like tubers (with by definition an 
exceptional low tissue integrity) and an aggressive seizure phenotype of infantile spasms 
and medically refractory seizures has been reported [39,41,86]. Thus, the evolution of DTI 
characteristics of (peri-)tuberal microstructure over time, and the relationship to epilepto-
genicity and epilepsy severity, are currently being studied in our laboratory.

epilepsy surgery

Seizures arise in the vicinity of tubers, yet the specific origin of epileptiform activity is de-
bated. Two studies have found seizures to originate from the tuber tissue itself [87,88] while 
others have indicated the perituberal tissue to be the source of epileptiform activity [89,90]. 
By contrast, many tubers are not epileptogenic at all, and anecdotally some patients have 
epilepsy in the absence of tubers on structural imaging.

For medically refractory seizures, resective epilepsy surgery typically consists of a tuberec-
tomy. Clinical examination, seizure semiology, multiple imaging and neurophysiologic mo-
dalities are combined to identify epileptogenic tubers [87,91]. A recent report also suggests 
the potential use of magnetic resonance spectroscopy [92], a review of which is outside the 
scope of this paper. Using DTI, two studies with a total of 19 patients have independently 
reported a lower FA and higher MD in epileptogenic compared with nonepileptogenic 
tubers [19,85]. The main focus of epileptic activity remains stable in most patients [93]. 
With the routine availability of DTI as opposed to additional patient burden, high cost and 



Diffusion tensor imaging & related techniques in tuberous sclerosis complex

61

required expertise for other advanced auxiliary studies in the workup for epilepsy surgery, it 
is imperative that the predictive value of DTI in epileptogenic tuber identification in TSC be 
studied on a larger scale (Figure 6).

AuTISM, CoGNITIoN & dTI

Intellectual disability

Three lines of imaging research are explored as potential explanations for neurocognitive 
deficits in TSC. First, as outlined in the introduction, the number, location (frontal or occipi-
tal) and total volume of tubers have been associated with intellectual disability [15,16,94]. 
However, in clinical practice patients without tubers may have disabling symptoms while 
others with large tuber burden can have few neurologic symptoms. In 25 high-functioning 
adults with TSC and a normal intelligence, tuber burden was not correlated with cognitive 
measures [95]. Nontuber pathologies, including the frequency of SENs and R MLs, also ap-
pear to correlate with neurological phenotype [69].

Second, the cerebellum has been implicated, given its smaller size, in a morphometric 
study [45], which revealed the presence of lesions in more than a quarter of patients [11]. 
An association of ASD with PET abnormalities of the cerebellar white matter and of deep 
cerebellar nuclei has been made [96,97]. Recently, our group showed that loss of Tsc1 in 
mouse cerebellar Purkinje cells results in autistic-like behaviors [98].

figure 6: A 2-year-old patient with tuberous sclerosis complex with an epileptogenic right parietal tuber.
Visible on (a) axial fluid attenuation inversion recovery image, arrow indicates large right parietal tuber. (b) Single-
photon emission CT scan with an injection shortly after onset of a seizure, demonstrating focal increased tracer up-
take in the epileptogenic tuber (note the difference in angulation of the image). (c) Mean diffusivity image, revealing 
elevated mean diffusivity (0.0015 mm2/s) at the tuber compared with elsewhere in white matter (0.0008 mm2/s). The 
tuber was resected and the patient has been seizure-free for over 6 months.



62

Chapter 3

Third, in various studies DTI has revealed widespread abnormalities in the NAWM, suggest-
ing a role for aberrant microstructural connectivity in the pathophysiological mechanism 
of neurocognitive def icits. Typically study populations have not been sufficiently large to 
study detailed neuropsychological outcome data, other than presence of a diagnosis of 
autism [23,24]. A large, prospective, multicenter trial is underway to study neurocognitive 
effects of mTOR inhibitors (mTOR-is) but unfortunately, these subjects will not undergo 
imaging as part of this study.

Autism

In humans, TSC and decreased microstructural integrity of the corpus callosum and of 
the language pathways have been associated with ASD in two large DTI studies (Figure 
7) [23,24]. While these were the first studies to correlate DTI with outcome, they were 
limited by the retrospective design, the binary nature of the diagnosis of autism and 
the potential confounders of intelligence measures and epilepsy severity. A prospective 
study is important because while classically ASD can be associated with normal or even 
superior intelligence, it appears in TSC that ASD and intellectual disabilities may co-occur 
[99]. On the other hand, there is a growing body of literature on idiopathic ASD and DTI 
abnormalities in the NAWM, including but not limited to the corpus callosum [100,101] and 
the arcuate fasciculus [102], reviewed elsewhere [103]. Aberrant long-range connectivity is 
central to the theory of autism as a developmental disconnection disorder, in which there is 
decreased integration of cognitive information from functionally separate and distant brain 
regions into a coherent, higher order concept [104]. In summary, abnormal microstructural 
connectivity is found in DTI studies of ASD, both with and without a concurrent diagnosis 
of TSC, which validates TSC as a natural model to study the development of autism. Indeed, 
in a recent electroencephalogram-based cross-disorder study of patients with TSC alone, 
TSC with ASD, and ASD without TSC, abnormal functional connectivity was associated with 
ASD regardless of the etiology [105]. An NIH-funded multicenter Autism Center of Excel-

figure 7: Diffusion tensor imaging of the corpus callosum in tuberous sclerosis complex. 
(a–c) Tractography renderings of the corpus callosum of three subjects: (a) healthy control, mean fractional anisot-
ropy (FA) is 0.46; (b) patient with tuberous sclerosis complex, no autism spectrum disorder, mean FA is 0.50; and (c) 
patient with tuberous sclerosis complex and autism spectrum disorder, mean FA is 0.34. The corpus callosum of (b) 
and (c) are more ragged owing to tubers interfering with streamlines, but only in the patient with autism spectrum 
disorder is the mean FA is lower.



Diffusion tensor imaging & related techniques in tuberous sclerosis complex

63

lence study has just been launched to prospectively study imaging and EEG predictors of 
neurophenotypical outcome, including autism, intellectual deficit and epilepsy. 

CoNCluSIoN

TSC is a genetic, neurocutaneous, multiorgan disorder with potentially devastating sequelae 
including intractable epilepsy, intellectual impairment and ASD. There is a poor genotype–
phenotype correlation and to date no conventional imaging biomarker reliably relates to 
neurophenotype. DTI is able to quantify microstructural tissue water diffusion properties, 
and reflects underlying pathology in TSC. With significant advances in the understanding 
of the molecular biology, the reversal of neurological comorbidity in mouse models, the 
clinical trials of mTOR-is for epilepsy and cognition, the potential of DTI as a biologically 
meaningful biomarker in TSC becomes even more important.

fuTure PerSPeCTIVe

Novel diffusion models allow for more biologically accurate qualification of microstructural 
properties. Over the next few years, these models will yield additional insights in human 
TSC in a noninvasive manner. Moreover, with the emergent use of mTOR-is, it will be impor-
tant to establish a good biomarker that reliably corresponds to epilepsy and cognitive and 
behavioral outcome measures. DTI may prove to meet these requirements, and facilitate 
larger interventional trials.

Novel diffusion models

To overcome the aforementioned limitations of DTI, novel diffusion models have been 
proposed. One natural generalization of DTI is the development of multitensor models (also 
called multi-fiber and -fascicle models) [106]. Instead of assuming that a single fascicle is 
present in the voxel, multitensor models represent each fascicle present in the voxel with 
its own tensor (Figure 5D). With such a model, DTI-based measures (FA and MD) can be 
evaluated for each fascicle independently [107]. This solves the problem of artificially lower 
FA in areas with heterogeneous fascicle orientations. Furthermore, tissues with isotropic 
diffusion and CSF can be represented by an isotropic tensor (a sphere) and be included as 
one of the tensors in the multitensor model, thereby solving the partial voluming problem.

As these models are being defined by more parameters, they also require more DWI. 
However, recent developments have shown that we can estimate a multitensor model from 
45 DWI [108] or even 30 DWI [109]. Imaging time with those novel techniques does not 
exceed 10 min and is therefore achievable in the clinical setting. Multitensor models also 
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require novel methods to estimate them. In particular, one challenge is to estimate how 
many fascicles are present in the voxel. Recent methods have been developed to solve this 
problem in an automatic fashion [110]. Besides overcoming the limitations of DTI, novel 
diffusion models open new opportunities to investigate the white matter microstructure. 
For instance, the amount of isotropic diffusion in the white matter has been related to 
the presence of neuroinflammation or edema [111]. Comprehensive studies of the white 
matter microstructure allow us to distinguish between axon and myelin

injury, cell infiltration and axonal loss [112].

The mTor pathway, mTor-is & dTI as a putative biomarker

TSC1 and TSC2 genes encode for hamartin and tuberin, respectively. These bind to form a 
protein complex that modulates the mTOR kinase, which plays a key role in the regulation 
of protein synthesis [113]. In the absence of a functional TSC protein complex, mTOR is 
overactive with subsequent disinhibited protein synthesis and cell growth [114]. Besides 
cell growth, mouse models have shown the TSC proteins play a critical role in axonal, den-
dritic and synaptic development and function, briefly reviewed here [115]. Loss of Tsc1 or 
Tsc2 function results in aberrant connectivity on a cellular level, and in mouse models is 
associated with seizures and neurobehavioral abnormalities. mTOR-i have a mechanism of 
action that virtually directly addresses the molecular defect in TSC, are safe and effective for 
treatment of SEGAs [73,116], and may also be safe in children under 3 years of age [117]. 
With DTI, microstructural changes of the white matter have been reported with the use of 
mTOR-i in patients with SEGA [79].

epilepsy

In TSC mouse models, mTOR-i can prevent, improve and even stop seizures [118–120]. Ac-
cumulating evidence from small case-series and from larger SEGA treatment trials show 
that mTOR-is have anti-epileptic and potentially even anti-epileptogenic properties [120]. 
However, the neuroanatomic phenotype responds only partly, or not at all, to such inter-
vention. A large multicenter trial is currently underway for everolimus (Afinitor®, Novartis, 
Inc., NJ, USA) as adjunct therapy for refractory partial complex seizures in TSC. DTI changes 
related to altered seizure control will be examined in a subset of the study population.

Cognition & autism

The defects in axonal, dendritic and synaptic development in TSC may well be related to 
neurobehavioral, cognitive and autistic symptoms in these patients. In mouse models, 
mTOR-i improve learning and prevent autistic features [98,121]. Given the first report of 
improvement of white matter microstructure with mTOR-is in humans [79], and the rela-
tion between autism and white matter microstructure [23], it will be exciting to investigate 
whether changes in DTI properties parallel the cognitive and neurobehavioral changes in 
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patients currently studied in the Autism Centers of Excellence network, and in subgroup 
analysis of the SEGA Phase III treatment trial. If so, DTI will become a biomarker for cognition 
in TSC, facilitating future therapeutic developments over the next few years, and allowing 
for exploration of mTOR-is in several genetic causes of autism.

exeCuTIVe SuMMAry

Table 1. Executive summary

Tuberous sclerosis complex is a multiorgan disorder with an unpredictable phenotype

*  Neurologically, tuberous sclerosis complex (TSC) is associated with epilepsy, intellectual disability and autism 
spectrum disorder.

*  Neither genotype nor any conventional imaging biomarker is a reliable and sufficient predictor for neurological 
outcome.

diffusion tensor imaging is a modeling method of tissue water diffusion

*  Water diffusion can be quantified by two main diffusion tensor imaging (DTI) measures: fractional anisotropy, 
which reflects degree of preferential directionality of diffusion, and mean diffusivity, which is an average of 
diffusion in all directions.

*  Tractography is based on lining up diffusion tensors, prolate (cucumber) shapes, with the longest axis reflecting 
preferential diffusion. These tracts accurately reflect the anatomy of major white matter pathways in humans.

In TSC, dTI measures correlate with pathology and clinical phenotype

*  Microstructural tissue properties, as measured by DTI, correspond to abnormalities in myelination, axonal 
organization, altered extracellular milieu and possibly to aberrations in axonal, dendritic and synaptic 
development and function. However, small-animal MRI with DTI of TSC mouse models is required to confirm 
these relationships.

*  DTI can assist with localization of epileptogenic tubers, confirmed by neurophysiological and other imaging 
modalities, potentially affecting neurosurgical outcome of epilepsy surgery in TSC.

*  DTI abnormalities of the normal-appearing white matter are associated with the presence of autism spectrum 
disorder in TSC.

mTor inhibitors that target the molecular deficit in TSC are showing promise with regard to multiple 
neurological symptoms

* mTOR inhibitors (mTOR-is) reduce subependymal giant-cell astrocytoma in both adults and children with TSC.

* mTOR-is have shown anti-epileptic and, potentially, anti-epileptogenic effects in mouse models.

*  mTOR-is may improve cognition and behavior, potentially opening avenues for early pharmacological treatment 
of autism in TSC.

*  Whether DTI can become an industry-standard biomarker for mTOR-related treatment changes in TSC remains 
to be investigated.

Conclusion

* There is unprecedented and dramatic progress in the field of TSC, first with the emergent use of mTOR-is for 
seizures, cognition and potentially autism, and second with DTI as a candidate biomarker for cognitive and 
behavioral outcome.

* If DTI proves to be a reliable and biologically meaningful biomarker for patient stratification and treatment 
response, clinical trials will be much facilitated.
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ABSTrACT

Rationale and Objectives: Tuberous sclerosis complex (TSC) is a genetic neurocutaneous 
syndrome in which cognitive and socialbehavioral outcomes for patients vary widely in an 
unpredictable manner. The cause of adverse neurologic outcome remains unclear. The aim 
of this study was to investigate the hypothesis that disordered white matter and abnormal 
neural connectivity are associated with adverse neurologic outcomes.

Materials and Methods: Structural and diffusion magnetic resonance imaging was carried 
out in 40 subjects with TSC (age range, 0.5–25 years; mean age, 7.2 years; median age, 5 
years), 12 of whom had autism spectrum disorders (ASD), and in 29 age-matched controls. 
Tractography of the corpus callosum was used to define a three-dimensional volume of 
interest. Regional averages of four diffusion scalar parameters of the callosal projections 
were calculated for each subject. These were the average fractional anisotropy (AFA) and 
the average mean, radial, and axial diffusivity.

Results: Subjects with TSC had significantly lower AFA and higher average mean, radial, and 
axial diffusivity values compared to controls. Subjects with TSC and ASD had significantly 
lower AFA values compared to those without ASD and compared to controls. Subjects with 
TSC without ASD had similar AFA values compared to controls.

Conclusion: Diffusion tensor scalar parameters provided measures of properties of the 
three-dimensional callosal projections. In TSC, changes in these parameters may reflect 
microstructural changes in myelination, axonal integrity, or extracellular environment. 
Alterations in white matter microstructural properties were associated with TSC, and larger 
changes were associated with TSC and ASD, thus establishing a relationship between al-
tered white matter microstructural integrity and brain function.
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INTroduCTIoN

Tuberous sclerosis complex (TSC) is a genetic neurocutaneous syndrome with an estimated 
incidence of one in 6000 to 10,000. Although some patients with TSC may never show 
neurologic symptoms affecting their quality of life, epilepsy occurs in 80% to 90% of all 
patients, close to 45% of patients have mild to profound intellectual disabilities, and autism 
spectrum disorders (ASD) occur in up to 50% of patients (1).

The cause of neurologic deficits in patients with TSC is a key unresolved question, and neu-
rologic outcomes remains highly variable and unpredictable. It has been hypothesized that 
tubers disrupt local cerebral architecture, resulting in impaired brain function. However, 
no robust conventional magnetic resonance imaging (MRI) measure of tubers correlates 
consistently with the clinical phenotype or long-term neurologic outcomes (2), and neither 
a high tuber load nor tubers in specific locations are necessary or sufficient to predict sei-
zures, cognitive impairment, or autism (3). 

More recently, investigators have studied the hypothesis that disordered white matter and 
abnormal neural circuitry contribute to neurologic symptoms in patients with TSC. Such a 
neural mechanism would underlie both intellectual impairment and autism and may be 
responsible for comorbid autism in other disorders as well (4). Support for the existence 
of aberrant neural circuitry can be found in TSC mouse models. The Tsc1 and Tsc2 proteins 
appear to be crucial for proper axon specification, guidance, and myelination (5–7). Neuron-
specific Tsc1 knockout mice display diffuse cortical and subcortical hypomyelination (6). In 
Tsc2 heterozygous mice, investigators have found abnormally exuberant and disordered 
axonal projections from the retina to the lateral geniculate nucleus, suggesting defects in 
axon guidance (7).

Similarly, in human subjects with TSC, diffusion tensor imaging (DTI) analysis of white 
matter that appears normal on conventional MRI has identified abnormalities suggesting 
abnormal myelination and astrogliosis (8–11). Moreover, in large studies of children with 
idiopathic autism (autism with no known cause), DTI abnormalities of the corpus callosum 
have been identified (12, 13).

We hypothesized that disruption of the normal development of brain function in patients 
with TSC is caused by alterations in the microstructural integrity of axons and myelination. 
Using DTI, we compared patients with TSC with healthy controls to further characterize 
abnormal white matter microstructure and aberrant connectivity in TSC. In addition, we 
hypothesized that an increase in loss of microstructural integrity in patients with TSC would 
lead to an increase in cognitive and social-behavioral deficits, specifically ASD. In this study, 
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we focused on the corpus callosum, a major commissural long-distance pathway that has 
been wellstudied in ASD as well as in TSC.

Finally, in this paper, we introduce a novel tractographic analysis method that considers all 
tractographic streamlines and adjusts for partial volume averaging in the calculation of DTI 
measures.

MATerIAlS ANd MeThodS

Subjects

Forty patients (age range, 0.5–25 years) with established diagnoses of TSC and 29 age-
matched control subjects were imaged using 3-T MRI. Control subjects underwent imaging 
as part of their routine care or as part of this research study. Each MRI study was reviewed 
by a pediatric neuroradiologist S.P.P., and all controls had normal MRI results and normal 
neurologic examination results. Controls did not undergo neuropsychological evaluation 
as part of this study. Recruitment of subjects and data acquisition were conducted using a 
protocol approved by the institutional review board of Children’s Hospital Boston.

All patients fulfilled the clinical criteria for definite TSC, as defined by the Tuberous Sclerosis 
Consensus Conference (14). All patients with TSC were neurologically examined, and clinical 
data were obtained during office visits and from review of medical records. ASD diagnoses 
were based on clinical assessment by a board-certified pediatric neurologist (M.S.), using 
the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (15), 
and in all but the three oldest subjects supported by additional testing with the Autism 
Diagnostic Observation Schedule (16) by experienced behavioral specialists (S.J., V.K.V.-F.).

data acquisition and analysis

The MRI protocol was based on routine clinical imaging, extended with diffusion imaging. 
Sedation was used only in subjects undergoing clinical imaging if necessary to prevent 
significant motion. The imaging protocol included a T1weighted magnetization-prepared 
rapid-acquisition gradient-echo sequence and a T2-weighted turbo spin-echo sequence, 
with diffusion imaging (17) acquired in the axial plane, using 30 images with b = 1000 s/
mm2 and five images with b = 0 s/mm2 (field of view, 22 cm; slice thickness, 2.0 mm; echo 
time, 88 ms; repetition time, 10 seconds; matrix size, 128 X 128; number of signals acquired, 
1; iPAT = 2, modified as necessary to facilitate completion of the scan if the subject was 
unable to remain perfectly still).
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A segmentation of the intracranial cavity was created from the structural magnetic resonance 
image (18,19). Compensation for residual distortion and patient motion was achieved by 
aligning the diffusion images to the T1-weighted magnetization-prepared rapid-acquisition 
gradient-echo scan, with appropriate reorientation of the gradient directions (20). Tensors 
were estimated using robust least squares and were displayed via color coding (21).

We used a stochastic streamline tractographic algorithm that combines the speed and ef-
ficacy of deterministic decision making at each voxel with probabilistic sampling from the 
space of all streamlines. Potential streamlines are stochastically initialized and evaluated, 
starting from a seeding region of interest (ROI), such as all the white matter in the brain. 
Streamlines are initialized at stochastically sampled locations inside the seeding ROI and 
are constructed by stepping with subvoxel resolution through the tensor field. For each 
potential streamline, we avoid loss of connectivity due to local aberrations by incorporating 
a low-pass filter along the estimated pathway for conventional stopping criteria, including 
streamline curvature and fractional anisotropy (FA) criteria. The range of potential stream-
lines examined is broad in comparison to conventional deterministic streamline tracing and 
is formed by log-Euclidean tensor interpolation (22) at each location, with stepping direc-
tion determined by a linear combination of tensor deflection (23) and primary eigenvector 
orientation, with stopping based on FA and angle criteria.

Specifically, from each stochastically selected subvoxel location pk, a new point along the 
streamline is identified by stepping, with a fixed stepsize s, in the direction vk , determined 
by the primary eigenvector of the tensor estimate at pk:

Such a neural mechanism would underlie both intellectual

impairment and autism and may be responsible for comorbid

autism in other disorders as well (4). Support for the exis-

tence of aberrant neural circuitry can be found in TSC

mouse models. The Tsc1 and Tsc2 proteins appear to be

crucial for proper axon specification, guidance, and myelina-

tion (5–7). Neuron-specific Tsc1 knockout mice display

diffuse cortical and subcortical hypomyelination (6). In

Tsc2 heterozygous mice, investigators have found abnor-

mally exuberant and disordered axonal projections from the

retina to the lateral geniculate nucleus, suggesting defects in

axon guidance (7).

Similarly, in human subjects with TSC, diffusion tensor

imaging (DTI) analysis of white matter that appears normal

on conventional MRI has identified abnormalities suggesting

abnormal myelination and astrogliosis (8–11). Moreover, in

large studies of children with idiopathic autism (autism with

no known cause), DTI abnormalities of the corpus callosum

have been identified (12,13).

We hypothesized that disruption of the normal develop-

ment of brain function in patients with TSC is caused by alter-

ations in the microstructural integrity of axons and
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with healthy controls to further characterize abnormal white

matter microstructure and aberrant connectivity in TSC. In
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increase in cognitive and social-behavioral deficits, specifically

ASD. In this study, we focused on the corpus callosum, amajor
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studied in ASD as well as in TSC.

Finally, in this paper, we introduce a novel tractographic

analysis method that considers all tractographic streamlines
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MATERIALS AND METHODS

Subjects

Forty patients (age range, 0.5–25 years) with established diag-

noses of TSC and 29 age-matched control subjects were

imaged using 3-T MRI. Control subjects underwent imaging

as part of their routine care or as part of this research study.

Each MRI study was reviewed by a pediatric neuroradiologist

S.P.P., and all controls had normal MRI results and normal

neurologic examination results. Controls did not undergo

neuropsychological evaluation as part of this study. Recruit-
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(14). All patients with TSC were neurologically examined,

and clinical data were obtained during office visits and from

review of medical records. ASD diagnoses were based on
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inside the seeding ROI and are constructed by stepping with
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tial streamline, we avoid loss of connectivity due to local aber-
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pathway for conventional stopping criteria, including stream-

line curvature and fractional anisotropy (FA) criteria. The

range of potential streamlines examined is broad in compar-

ison to conventional deterministic streamline tracing and is

formed by log-Euclidean tensor interpolation (22) at each

location, with stepping direction determined by a linear

combination of tensor deflection (23) and primary eigenvector

orientation, with stopping based on FA and angle criteria.

Specifically, from each stochastically selected subvoxel loca-

tion pk, a new point along the streamline is identified by step-

ping, with a fixed step size s, in the direction vk, determined by

the primary eigenvector of the tensor estimate at pk:

pkþ1 ¼ pk þ vks
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The new point pk+1 is tested to ensure it is inside the image boundary and inside the region 
to be considered for tractography. A mask can be used to ensure tractography does not 
step through regions with no white matter. Streamline generation is terminated if points 
are not validated. Streamline termination criteria related to the fractional anisotropy and 
angle changes are then checked. 

The trajectory fractional anisotropy is assessed as a linear combination of the fractional 
anisotropy of the tensor estimate and the previous trajectory fractional anisotropy:

The new point pk+1 is tested to ensure that it is inside the

image boundary and inside the region to be considered for

tractography. A mask can be used to ensure that tractography

does not step through regions with no white matter. Stream-

line generation is terminated if points are not validated.

Streamline termination criteria related to the FA and angle

changes are then checked.

The trajectory FA is assessed as a linear combination of the

FA of the tensor estimate and the previous trajectory FA:

Fkþ1 ¼ aFk þ ð1�aÞFAðDKþ1Þ

where FA(Dk+1) is the FA of the tensor Dk+1. The primary

eigenvector of the tensor is computed, providing ek+1. The

angle criterion is assessed by accumulating the cosine of trajec-

tory angle changes, q:

qkþ1 ¼ bqk þ ð1� bÞ
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The new direction of the streamline is calculated using

a combination of the primary eigenvector and tensor deflec-

tion, while accounting for the previous direction of the

streamline:
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Propagation of each streamline was terminated if the trajec-

tory FA fell below 0.15 or if the tract trajectory angle

exceeded 30�. The trajectories were obtained using the step

size parameter s = 0.33 mm, a = 0.5, b = 0.5, g = 0.5, d =

0.5, and tensor deflection power ε = 2.

Furthermore, as proposed by Wakana et al (24), ROIs may

be specified to ensure potential streamlines meet requirements

of known anatomy, by requiring streamlines to pass through

certain ROIs (selection ROIs) or requiring that they do not

pass through certain ROIs (exclusion ROIs). This process of

stochastically sampling potential streamlines from the seeding

ROI enables us to identify the streamlines that are most

consistent with the diffusion tensor image, even in the pres-

ence of abnormal anatomy. Stochastic sampling is continued

until a predetermined number of streamlines has been exam-

ined, and each streamline meeting all criteria is stored. A

streamline density image is then constructed by counting

the number of times each streamline entered a voxel and

dividing by the total number of streamlines.

The streamlines identified by stochastic tractography can be

used to delineate an ROI, in which the assessment of param-

eters of white matter microstructural integrity may be carried

out. However, such an assessment can be confounded by

partial volume effects, as described by Vos et al (25). When

voxels associated with a fiber tract are identified, the propor-

tion of the voxel associated with the fiber tract is important. A

common strategy to select a tract-based ROI has been to

threshold the streamline density to identify voxels associated

with a particular white matter (26,27). Average parameters,

such as FA or mean diffusivity (MD), characteristic of the

region are then assessed by computing the mean value of

the parameter by summing the parameter over all the voxels

above the threshold and dividing by the number of voxels in

the region (26,27). Vos et al (25) demonstrated that the inter-

action between the geometry and curvature of a white matter

fascicle and the voxel grid creates a partial volume effect that

confounds the analysis. We propose to avoid the confounding

due to the partial volume effect by avoiding the thresholding.

Instead, we use the streamline density directly to enable an

appropriate weighted average of diffusion tensor parameters.

In our analysis, the diffusion tensor parameters of a region

are calculated on the basis of equal weighting of each of the

trajectories, rather than equal weighting of each voxel. Given

a streamline density image, d, and an image of a tensor scalar

parameter, p, on the same discrete image lattice with voxels

indexed by i, the streamline density–weighted mean, m, and

variance, v, of the parameter are given by

m ¼

P
i

dipi
P
i

di
; v ¼

P
i

diðpi � mÞ2

P
i

d2i

The corpus callosum ROI was located by inspection of the

structural MRI scans and a color-coded image of local tensor

orientation and delineated interactively (Fig 1a) using previ-

ously established criteria (24). The stochastic tractography

was used to identify streamlines consistent with the projections

of the corpus callosum, which are illustrated in Figure 1b.

Scalar measures of FA, MD, axial diffusivity, and radial diffu-

sivity were derived from each tensor. These measures reflect

properties of the underlying white matter but do not have

high specificity for particular microstructural white matter

changes (28). The streamlines passing through the corpus cal-

losumROI were used to construct a streamline density image,

constructed by counting the number of times each trajectory

entered a voxel and dividing by the total number of trajectories

created, as illustrated in Figures 1c and 1d. To characterize the

microstructural properties of the white matter of these trajec-

tories, streamline density–weighted averages of these scalar

parameter values were calculated.

This provided four scalar variables characterizing the

projections of the corpus callosum in each subject, the average

FA (AFA), average MD (AMD), average axial diffusivity

(AAD), and average radial diffusivity (ARD). The weighted

average and variance of the FA (and similarly for the other

scalar parameters) in the projections of the corpus callosum

were computed as

AFA ¼

P
i

diFAi

P
i

di
varðAFAÞ ¼

P
i

diðFAi � AFAÞ2

P
i

d2i
;
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where FA(Dk+1) is the FA of the tensor Dk+1 . The primary eigenvector of the tensor is com-
puted, providing ek+1. The angle criterion is assessed by accumulating the cosine of trajec-
tory angle changes, θ:
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Chapter 4

The new point pk+1 is tested to ensure that it is inside the

image boundary and inside the region to be considered for

tractography. A mask can be used to ensure that tractography

does not step through regions with no white matter. Stream-

line generation is terminated if points are not validated.

Streamline termination criteria related to the FA and angle

changes are then checked.

The trajectory FA is assessed as a linear combination of the

FA of the tensor estimate and the previous trajectory FA:

Fkþ1 ¼ aFk þ ð1�aÞFAðDKþ1Þ

where FA(Dk+1) is the FA of the tensor Dk+1. The primary

eigenvector of the tensor is computed, providing ek+1. The

angle criterion is assessed by accumulating the cosine of trajec-

tory angle changes, q:

qkþ1 ¼ bqk þ ð1� bÞ
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The new direction of the streamline is calculated using

a combination of the primary eigenvector and tensor deflec-

tion, while accounting for the previous direction of the

streamline:
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Propagation of each streamline was terminated if the trajec-

tory FA fell below 0.15 or if the tract trajectory angle

exceeded 30�. The trajectories were obtained using the step

size parameter s = 0.33 mm, a = 0.5, b = 0.5, g = 0.5, d =

0.5, and tensor deflection power ε = 2.

Furthermore, as proposed by Wakana et al (24), ROIs may

be specified to ensure potential streamlines meet requirements

of known anatomy, by requiring streamlines to pass through

certain ROIs (selection ROIs) or requiring that they do not

pass through certain ROIs (exclusion ROIs). This process of

stochastically sampling potential streamlines from the seeding

ROI enables us to identify the streamlines that are most

consistent with the diffusion tensor image, even in the pres-

ence of abnormal anatomy. Stochastic sampling is continued

until a predetermined number of streamlines has been exam-

ined, and each streamline meeting all criteria is stored. A

streamline density image is then constructed by counting

the number of times each streamline entered a voxel and

dividing by the total number of streamlines.

The streamlines identified by stochastic tractography can be

used to delineate an ROI, in which the assessment of param-

eters of white matter microstructural integrity may be carried

out. However, such an assessment can be confounded by

partial volume effects, as described by Vos et al (25). When

voxels associated with a fiber tract are identified, the propor-

tion of the voxel associated with the fiber tract is important. A

common strategy to select a tract-based ROI has been to

threshold the streamline density to identify voxels associated

with a particular white matter (26,27). Average parameters,

such as FA or mean diffusivity (MD), characteristic of the

region are then assessed by computing the mean value of

the parameter by summing the parameter over all the voxels

above the threshold and dividing by the number of voxels in

the region (26,27). Vos et al (25) demonstrated that the inter-

action between the geometry and curvature of a white matter

fascicle and the voxel grid creates a partial volume effect that

confounds the analysis. We propose to avoid the confounding

due to the partial volume effect by avoiding the thresholding.

Instead, we use the streamline density directly to enable an

appropriate weighted average of diffusion tensor parameters.

In our analysis, the diffusion tensor parameters of a region

are calculated on the basis of equal weighting of each of the

trajectories, rather than equal weighting of each voxel. Given

a streamline density image, d, and an image of a tensor scalar

parameter, p, on the same discrete image lattice with voxels

indexed by i, the streamline density–weighted mean, m, and

variance, v, of the parameter are given by

m ¼

P
i

dipi
P
i

di
; v ¼

P
i

diðpi � mÞ2

P
i

d2i

The corpus callosum ROI was located by inspection of the

structural MRI scans and a color-coded image of local tensor

orientation and delineated interactively (Fig 1a) using previ-

ously established criteria (24). The stochastic tractography

was used to identify streamlines consistent with the projections

of the corpus callosum, which are illustrated in Figure 1b.

Scalar measures of FA, MD, axial diffusivity, and radial diffu-

sivity were derived from each tensor. These measures reflect

properties of the underlying white matter but do not have

high specificity for particular microstructural white matter

changes (28). The streamlines passing through the corpus cal-

losumROI were used to construct a streamline density image,

constructed by counting the number of times each trajectory

entered a voxel and dividing by the total number of trajectories

created, as illustrated in Figures 1c and 1d. To characterize the

microstructural properties of the white matter of these trajec-

tories, streamline density–weighted averages of these scalar

parameter values were calculated.

This provided four scalar variables characterizing the

projections of the corpus callosum in each subject, the average

FA (AFA), average MD (AMD), average axial diffusivity

(AAD), and average radial diffusivity (ARD). The weighted

average and variance of the FA (and similarly for the other

scalar parameters) in the projections of the corpus callosum

were computed as

AFA ¼

P
i

diFAi

P
i

di
varðAFAÞ ¼

P
i

diðFAi � AFAÞ2

P
i

d2i
;
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The new direction of the streamline is calculated using a combination of the primary eigen-
vector and tensor deflection, while accounting for the previous direction of the streamline:

The new point pk+1 is tested to ensure that it is inside the

image boundary and inside the region to be considered for

tractography. A mask can be used to ensure that tractography

does not step through regions with no white matter. Stream-

line generation is terminated if points are not validated.

Streamline termination criteria related to the FA and angle

changes are then checked.

The trajectory FA is assessed as a linear combination of the

FA of the tensor estimate and the previous trajectory FA:

Fkþ1 ¼ aFk þ ð1�aÞFAðDKþ1Þ

where FA(Dk+1) is the FA of the tensor Dk+1. The primary

eigenvector of the tensor is computed, providing ek+1. The

angle criterion is assessed by accumulating the cosine of trajec-

tory angle changes, q:

qkþ1 ¼ bqk þ ð1� bÞ
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The new direction of the streamline is calculated using

a combination of the primary eigenvector and tensor deflec-

tion, while accounting for the previous direction of the

streamline:
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Propagation of each streamline was terminated if the trajec-

tory FA fell below 0.15 or if the tract trajectory angle

exceeded 30�. The trajectories were obtained using the step

size parameter s = 0.33 mm, a = 0.5, b = 0.5, g = 0.5, d =

0.5, and tensor deflection power ε = 2.

Furthermore, as proposed by Wakana et al (24), ROIs may

be specified to ensure potential streamlines meet requirements

of known anatomy, by requiring streamlines to pass through

certain ROIs (selection ROIs) or requiring that they do not

pass through certain ROIs (exclusion ROIs). This process of

stochastically sampling potential streamlines from the seeding

ROI enables us to identify the streamlines that are most

consistent with the diffusion tensor image, even in the pres-

ence of abnormal anatomy. Stochastic sampling is continued

until a predetermined number of streamlines has been exam-

ined, and each streamline meeting all criteria is stored. A

streamline density image is then constructed by counting

the number of times each streamline entered a voxel and

dividing by the total number of streamlines.

The streamlines identified by stochastic tractography can be

used to delineate an ROI, in which the assessment of param-

eters of white matter microstructural integrity may be carried

out. However, such an assessment can be confounded by

partial volume effects, as described by Vos et al (25). When

voxels associated with a fiber tract are identified, the propor-

tion of the voxel associated with the fiber tract is important. A

common strategy to select a tract-based ROI has been to

threshold the streamline density to identify voxels associated

with a particular white matter (26,27). Average parameters,

such as FA or mean diffusivity (MD), characteristic of the

region are then assessed by computing the mean value of

the parameter by summing the parameter over all the voxels

above the threshold and dividing by the number of voxels in

the region (26,27). Vos et al (25) demonstrated that the inter-

action between the geometry and curvature of a white matter

fascicle and the voxel grid creates a partial volume effect that

confounds the analysis. We propose to avoid the confounding

due to the partial volume effect by avoiding the thresholding.

Instead, we use the streamline density directly to enable an

appropriate weighted average of diffusion tensor parameters.

In our analysis, the diffusion tensor parameters of a region

are calculated on the basis of equal weighting of each of the

trajectories, rather than equal weighting of each voxel. Given

a streamline density image, d, and an image of a tensor scalar

parameter, p, on the same discrete image lattice with voxels

indexed by i, the streamline density–weighted mean, m, and

variance, v, of the parameter are given by

m ¼

P
i

dipi
P
i

di
; v ¼

P
i

diðpi � mÞ2

P
i

d2i

The corpus callosum ROI was located by inspection of the

structural MRI scans and a color-coded image of local tensor

orientation and delineated interactively (Fig 1a) using previ-

ously established criteria (24). The stochastic tractography

was used to identify streamlines consistent with the projections

of the corpus callosum, which are illustrated in Figure 1b.

Scalar measures of FA, MD, axial diffusivity, and radial diffu-

sivity were derived from each tensor. These measures reflect

properties of the underlying white matter but do not have

high specificity for particular microstructural white matter

changes (28). The streamlines passing through the corpus cal-

losumROI were used to construct a streamline density image,

constructed by counting the number of times each trajectory

entered a voxel and dividing by the total number of trajectories

created, as illustrated in Figures 1c and 1d. To characterize the

microstructural properties of the white matter of these trajec-

tories, streamline density–weighted averages of these scalar

parameter values were calculated.

This provided four scalar variables characterizing the

projections of the corpus callosum in each subject, the average

FA (AFA), average MD (AMD), average axial diffusivity

(AAD), and average radial diffusivity (ARD). The weighted

average and variance of the FA (and similarly for the other

scalar parameters) in the projections of the corpus callosum

were computed as

AFA ¼

P
i

diFAi

P
i

di
varðAFAÞ ¼

P
i

diðFAi � AFAÞ2

P
i

d2i
;
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Propagation of each streamline was terminated if the trajectory fractional anisotropy fell 
below 0.15, or if the tract trajectory angle exceeded 30 degrees. The trajectories were 
obtained using the step size parameter s=0.33mm, α=0.5, β =0.5, y=0.5, δ=0.5, and tensor 
deflection power ε=2.

Furthermore, as proposed by Wakana et al (24), ROIs may be specified to ensure potential 
streamlines meet requirements of known anatomy, by requiring streamlines to pass through 
certain ROIs (selection ROIs) or requiring that they do not pass through certain ROIs (exclu-
sion ROIs). This process of stochastically sampling potential streamlines from the seeding 
ROI enables us to identify the streamlines that are most consistent with the diffusion tensor 
image, even in the presence of abnormal anatomy. Stochastic sampling is continued until 
a predetermined number of streamlines has been examined, and each streamline meeting 
all criteria is stored. A streamline density image is then constructed by counting the number 
of times each streamline entered a voxel and dividing by the total number of streamlines.

The streamlines identified by stochastic tractography can be used to delineate an ROI, 
in which the assessment of parameters of white matter microstructural integrity may be 
carried out. However, such an assessment can be confounded by partial volume effects, 
as described by Vos et al (25). When voxels associated with a fiber tract are identified, the 
proportion of the voxel associated with the fiber tract is important. A common strategy 
to select a tract-based ROI has been to threshold the streamline density to identify voxels 
associated with a particular white matter (26, 27). Average parameters, such as FA or mean 
diffusivity (MD), characteristic of the region are then assessed by computing the mean value 
of the parameter by summing the parameter over all the voxels above the threshold and 
dividing by the number of voxels in the region (26,27). Vos et al (25) demonstrated that the 
interaction between the geometry and curvature of a white matter fascicle and the voxel 
grid creates a partial volume effect that confounds the analysis. We propose to avoid the 
confounding due to the partial volume effect by avoiding the thresholding. Instead, we use 
the streamline density directly to enable an appropriate weighted average of diffusion ten-
sor parameters. In our analysis, the diffusion tensor parameters of a region are calculated on 
the basis of equal weighting of each of the trajectories, rather than equal weighting of each 
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voxel. Given a streamline density image, d, and an image of a tensor scalar parameter, p, on 
the same discrete image lattice with voxels indexed byi, the streamline density–weighted 
mean, m, and variance, v, of the parameter are given by

The new point pk+1 is tested to ensure that it is inside the

image boundary and inside the region to be considered for

tractography. A mask can be used to ensure that tractography

does not step through regions with no white matter. Stream-

line generation is terminated if points are not validated.

Streamline termination criteria related to the FA and angle

changes are then checked.

The trajectory FA is assessed as a linear combination of the

FA of the tensor estimate and the previous trajectory FA:

Fkþ1 ¼ aFk þ ð1�aÞFAðDKþ1Þ

where FA(Dk+1) is the FA of the tensor Dk+1. The primary

eigenvector of the tensor is computed, providing ek+1. The

angle criterion is assessed by accumulating the cosine of trajec-

tory angle changes, q:

qkþ1 ¼ bqk þ ð1� bÞ
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The new direction of the streamline is calculated using

a combination of the primary eigenvector and tensor deflec-

tion, while accounting for the previous direction of the

streamline:

vkþ1fgvk þ ð1� gÞ
�
d
�
Dkþ1

�ε
vk þ ð1� dÞekþ1

�

Propagation of each streamline was terminated if the trajec-

tory FA fell below 0.15 or if the tract trajectory angle

exceeded 30�. The trajectories were obtained using the step

size parameter s = 0.33 mm, a = 0.5, b = 0.5, g = 0.5, d =

0.5, and tensor deflection power ε = 2.

Furthermore, as proposed by Wakana et al (24), ROIs may

be specified to ensure potential streamlines meet requirements

of known anatomy, by requiring streamlines to pass through

certain ROIs (selection ROIs) or requiring that they do not

pass through certain ROIs (exclusion ROIs). This process of

stochastically sampling potential streamlines from the seeding

ROI enables us to identify the streamlines that are most

consistent with the diffusion tensor image, even in the pres-

ence of abnormal anatomy. Stochastic sampling is continued

until a predetermined number of streamlines has been exam-

ined, and each streamline meeting all criteria is stored. A

streamline density image is then constructed by counting

the number of times each streamline entered a voxel and

dividing by the total number of streamlines.

The streamlines identified by stochastic tractography can be

used to delineate an ROI, in which the assessment of param-

eters of white matter microstructural integrity may be carried

out. However, such an assessment can be confounded by

partial volume effects, as described by Vos et al (25). When

voxels associated with a fiber tract are identified, the propor-

tion of the voxel associated with the fiber tract is important. A

common strategy to select a tract-based ROI has been to

threshold the streamline density to identify voxels associated

with a particular white matter (26,27). Average parameters,

such as FA or mean diffusivity (MD), characteristic of the

region are then assessed by computing the mean value of

the parameter by summing the parameter over all the voxels

above the threshold and dividing by the number of voxels in

the region (26,27). Vos et al (25) demonstrated that the inter-

action between the geometry and curvature of a white matter

fascicle and the voxel grid creates a partial volume effect that

confounds the analysis. We propose to avoid the confounding

due to the partial volume effect by avoiding the thresholding.

Instead, we use the streamline density directly to enable an

appropriate weighted average of diffusion tensor parameters.

In our analysis, the diffusion tensor parameters of a region

are calculated on the basis of equal weighting of each of the

trajectories, rather than equal weighting of each voxel. Given

a streamline density image, d, and an image of a tensor scalar

parameter, p, on the same discrete image lattice with voxels

indexed by i, the streamline density–weighted mean, m, and

variance, v, of the parameter are given by

m ¼

P
i

dipi
P
i

di
; v ¼

P
i

diðpi � mÞ2

P
i

d2i

The corpus callosum ROI was located by inspection of the

structural MRI scans and a color-coded image of local tensor

orientation and delineated interactively (Fig 1a) using previ-

ously established criteria (24). The stochastic tractography

was used to identify streamlines consistent with the projections

of the corpus callosum, which are illustrated in Figure 1b.

Scalar measures of FA, MD, axial diffusivity, and radial diffu-

sivity were derived from each tensor. These measures reflect

properties of the underlying white matter but do not have

high specificity for particular microstructural white matter

changes (28). The streamlines passing through the corpus cal-

losumROI were used to construct a streamline density image,

constructed by counting the number of times each trajectory

entered a voxel and dividing by the total number of trajectories

created, as illustrated in Figures 1c and 1d. To characterize the

microstructural properties of the white matter of these trajec-

tories, streamline density–weighted averages of these scalar

parameter values were calculated.

This provided four scalar variables characterizing the

projections of the corpus callosum in each subject, the average

FA (AFA), average MD (AMD), average axial diffusivity

(AAD), and average radial diffusivity (ARD). The weighted

average and variance of the FA (and similarly for the other

scalar parameters) in the projections of the corpus callosum

were computed as

AFA ¼

P
i

diFAi

P
i

di
varðAFAÞ ¼

P
i

diðFAi � AFAÞ2

P
i

d2i
;
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The corpus callosum ROI was located by inspection of the structural MRI scans and a color-
coded image of local tensor orientation and delineated interactively (Fig 1a) using previ-
ously established criteria (24). The stochastic tractography was used to identify streamlines 
consistent with the projections of the corpus callosum, which are illustrated in Figure 1b. 
Scalar measures of FA, MD, axial diffusivity, and radial diffusivity were derived from each 
tensor. These measures reflect properties of the underlying white matter but do not have 
high specificity for particular microstructural white matter changes (28). The streamlines 
passing through the corpus callosum ROI were used to construct a streamline density im-
age, constructed by counting the number of times each trajectory entered a voxel and 
dividing by the total number of trajectories created, as illustrated in Figures 1c and 1d. 
To characterize the microstructural properties of the white matter of these trajectories, 
streamline density–weighted averages of these scalar parameter values were calculated.

This provided four scalar variables characterizing the projections of the corpus callosum in 
each subject, the average FA (AFA), average MD (AMD), average axial diffusivity (AAD), and 
average radial diffusivity (ARD). The weighted average and variance of the FA (and similarly 
for the other scalar parameters) in the projections of the corpus callosum were computed 
as 

The new point pk+1 is tested to ensure that it is inside the

image boundary and inside the region to be considered for

tractography. A mask can be used to ensure that tractography

does not step through regions with no white matter. Stream-

line generation is terminated if points are not validated.

Streamline termination criteria related to the FA and angle

changes are then checked.

The trajectory FA is assessed as a linear combination of the

FA of the tensor estimate and the previous trajectory FA:

Fkþ1 ¼ aFk þ ð1�aÞFAðDKþ1Þ

where FA(Dk+1) is the FA of the tensor Dk+1. The primary

eigenvector of the tensor is computed, providing ek+1. The

angle criterion is assessed by accumulating the cosine of trajec-

tory angle changes, q:
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The new direction of the streamline is calculated using

a combination of the primary eigenvector and tensor deflec-

tion, while accounting for the previous direction of the

streamline:
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Propagation of each streamline was terminated if the trajec-

tory FA fell below 0.15 or if the tract trajectory angle

exceeded 30�. The trajectories were obtained using the step

size parameter s = 0.33 mm, a = 0.5, b = 0.5, g = 0.5, d =

0.5, and tensor deflection power ε = 2.

Furthermore, as proposed by Wakana et al (24), ROIs may

be specified to ensure potential streamlines meet requirements

of known anatomy, by requiring streamlines to pass through

certain ROIs (selection ROIs) or requiring that they do not

pass through certain ROIs (exclusion ROIs). This process of

stochastically sampling potential streamlines from the seeding

ROI enables us to identify the streamlines that are most

consistent with the diffusion tensor image, even in the pres-

ence of abnormal anatomy. Stochastic sampling is continued

until a predetermined number of streamlines has been exam-

ined, and each streamline meeting all criteria is stored. A

streamline density image is then constructed by counting

the number of times each streamline entered a voxel and

dividing by the total number of streamlines.

The streamlines identified by stochastic tractography can be

used to delineate an ROI, in which the assessment of param-

eters of white matter microstructural integrity may be carried

out. However, such an assessment can be confounded by

partial volume effects, as described by Vos et al (25). When

voxels associated with a fiber tract are identified, the propor-

tion of the voxel associated with the fiber tract is important. A

common strategy to select a tract-based ROI has been to

threshold the streamline density to identify voxels associated

with a particular white matter (26,27). Average parameters,

such as FA or mean diffusivity (MD), characteristic of the

region are then assessed by computing the mean value of

the parameter by summing the parameter over all the voxels

above the threshold and dividing by the number of voxels in

the region (26,27). Vos et al (25) demonstrated that the inter-

action between the geometry and curvature of a white matter

fascicle and the voxel grid creates a partial volume effect that

confounds the analysis. We propose to avoid the confounding

due to the partial volume effect by avoiding the thresholding.

Instead, we use the streamline density directly to enable an

appropriate weighted average of diffusion tensor parameters.

In our analysis, the diffusion tensor parameters of a region

are calculated on the basis of equal weighting of each of the

trajectories, rather than equal weighting of each voxel. Given

a streamline density image, d, and an image of a tensor scalar

parameter, p, on the same discrete image lattice with voxels

indexed by i, the streamline density–weighted mean, m, and

variance, v, of the parameter are given by

m ¼

P
i

dipi
P
i

di
; v ¼

P
i

diðpi � mÞ2

P
i

d2i

The corpus callosum ROI was located by inspection of the

structural MRI scans and a color-coded image of local tensor

orientation and delineated interactively (Fig 1a) using previ-

ously established criteria (24). The stochastic tractography

was used to identify streamlines consistent with the projections

of the corpus callosum, which are illustrated in Figure 1b.

Scalar measures of FA, MD, axial diffusivity, and radial diffu-

sivity were derived from each tensor. These measures reflect

properties of the underlying white matter but do not have

high specificity for particular microstructural white matter

changes (28). The streamlines passing through the corpus cal-

losumROI were used to construct a streamline density image,

constructed by counting the number of times each trajectory

entered a voxel and dividing by the total number of trajectories

created, as illustrated in Figures 1c and 1d. To characterize the

microstructural properties of the white matter of these trajec-

tories, streamline density–weighted averages of these scalar

parameter values were calculated.

This provided four scalar variables characterizing the

projections of the corpus callosum in each subject, the average

FA (AFA), average MD (AMD), average axial diffusivity

(AAD), and average radial diffusivity (ARD). The weighted

average and variance of the FA (and similarly for the other

scalar parameters) in the projections of the corpus callosum

were computed as

AFA ¼

P
i

diFAi

P
i

di
varðAFAÞ ¼

P
i

diðFAi � AFAÞ2

P
i

d2i
;
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where i is the index of each voxel, di is the streamline density at voxel i, and  FAi is the FA.

Callosal volume was estimated by thresholding the streamline density image at 5% (29), 
counting the number of voxels, and multiplying by the size of each voxel.

Statistical analysis 

The DTI measures were treated as response variables in a regression model with age, 
gender, and group status. Visual plots of the data suggest that age needed to be log trans-
formed. This transformation was later confirmed by assessment of the value of the Akaike 
information criterion for the models with age log transformed and the model with age 
untransformed. Group status was initially defined as patients with TSC or controls. We then 
refined group status into three groups: controls and patients with TSC with and without 
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ASD. All two-way and three-way interactions were considered. Interaction and main effect 
terms were dropped on the basis of likelihood ratio tests so that we achieved a model 
that accurately described the response without extraneous terms. Group and log (age) 
were identified as important terms. Gender was not significant after including age and 
group (TSC vs controls or ASD vs no ASD) in the model. The presence of group difference 
was determined by a likelihood ratio test. Significance tests were corrected for multiple 
comparisons (30), with a nominal a level of .05 and sequential model evaluation. Separate 

figure 1: Tractography of the corpus callosum and density-weighted statistics.
(a) T1-weighted image, superimposed color coded representation of tensors, intensity proportional to the fractional 
anisotropy. Red for left-right, blue for superior-inferior, green for anterior-posterior. A manually drawn two-dimension-
al ROI delineates the corpus callosum (CC). (b) Visualization of the color-coded tractography of the CC. (c) Streamline 
Density weighted image of the CC. Red (high) and blue (low) colors represent streamline density at each voxel. (d) 
Out of the midsagittal plane, the streamline density weighted map follows the trajectories to the cortex. 
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models were fit for each DTI measure. Models were validated through residual plots, Q-Q 
plots, and added-variable plots.

reSulTS

Patients

Forty subjects (24 male, 16 female; mean age, 7.2 years; age range, 0.5–25 years; median 
age, 5.0 years) underwent MRI. Only one patient had normal results on MRI. Twenty-four 
had clinically significant developmental delays or intellectual disabilities, and 12 had ASD 
(note that six patients aged < 1.5 years were not considered for formal diagnosis of ASD). 
Thirty patients had genetic confirmation of their clinical diagnoses with abnormalities in 
the Tsc1 (n =8) and Tsc2 (n = 22) regions; in others, results were negative or testing was 
not performed (eg, in patients with family histories of TSC). Using Fisher’s exact test, the 
prevalence of ASD was not significantly different in patients with Tsc1 compared to Tsc2 
mutations (P = .4634), with or without global developmental delay or mental retardation 
(P =b.2919), and with or without family histories of TSC (P = .3891). Subjects with epilepsy 
(n = 25) and infantile spasms (n = 11 of those 25) were more likely to have ASD (P = .0132 
and P = .0256, respectively). Twenty-nine age-matched controls (14 female, 15 male;bmean 
age, 7.7 years; age range, 0.9–25 years; median age, 6.48 years) with normal results on MRI 
were included.

diffusion tensor properties of projections of the corpus callosum 

Patients with TSC and controls
Patients with TSC and controls. Findings and P values are presented in Table 1. Significant 
group differences were found, with higher AMD, AAD, and ARD values in the patients with 
TSC compared to controls. AFA differences between the patients with TSC and controls 
were again significant (P = .035) but more complex: the model fit implied that the AFA 
increased less with age in the TSC group than in the control group.
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Table 1. p-values using the linear regression model with the DTI measure as the response and group (control, TSC, 
TSC without ASD, TSC with ASD) and log(age) as the predictors

Controls – 
TSC (all cases)

Controls –
TSC without ASD

Controls –
TSC with ASD

TSC with ASD – TSC 
without ASD

AMD 0.000652 0.022068 0.000807 0.128267 (NS)

ARD 0.00200 0.062096 (NS) 0.000764 0.060672 (NS)

AAD 0.000876 0.011224 0.005148 0.467143 (NS)

AFA 0.0350 0.8947 (NS) 0.0266 0.0421

AAD, average axial diffusivity; AFA, average fractional anisotropy; AMD, average mean diffusivity; ARD, average radial 
diffusivity; ASD, autism spectrum disorder; DTI, diffusion tensor imaging; TSC, tuberous sclerosis complex. 
All four DTI measures differed significantly between controls and TSC patients. The AFA was significantly lower in the 
TSC subjects with ASD compared to those without ASD, but no difference was found between TSC patients without 
ASD and controls. 

Patients with TSC with and without ASD and controls 
Graphical displays of the linear regression model are shown in Figure 2. To summarize, 
significantly higher AMD, AAD, and ARD values were found in patients with TSC compared 
to control subjects, and a trend toward higher AMD, AAD, and ARD values was found in 
patients with TSC with autism compared to those without and compared to controls. Sig-
nificantly lower AFA values were found in patients with TSC compared to controls (P = .035) 
and appeared to be nearly solely attributable to the ASD subgroup; subjects without ASD 
had similar AFA values as controls (P = .8947), but patients with TSC and ASD had lower AFA 
values than controls (P = .0266).

Callosal volume
Controls and patients with TSC without ASD were not different in estimated volume of 
the corpus callosum (mean, 69,717 vs 64,973 mm3; P = .2940), but controls did differ from 
patients with TSC with ASD (mean, 54,486 mm3; P = .00320). This difference reached sig-
nificance too between patients with TSC with and without ASD (P = .0371). For all subjects 
and controls, the volume of the corpus callosum was inversely correlated with AMD, ARD, 
and AAD (Spearman’s correlation = -0.80, -0.73, and -0.80, respectively, P < .000001) and 
correlated with AFA (Spearman’s correlation = 0.40, P = .001).

dISCuSSIoN

relation between white matter microstructure and development  
of brain function

Our study provides the first imaging data that identify an association between altered 
white matter microstructure and abnormal brain function in the TSC population. Moreover, 
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a reduction in white matter integrity is seen in patients with worse neurodevelopmental 
outcomes (ie, in those who have ASD; Fig 3).

figure 2: Linear regression models for various DTI measures.
(a-c) Graphical displays of the fit linear regression model for AMD (a), ARD (b) and AAD (c). Controls (dotted line) have 
lower AMD, ARD and AAD than TSC patients with ASD (solid line), but this difference only reaches significance for 
AMD and AAD when controls are compared to TSC patients without ASD (dashed line). For AFA (d), controls and TSC 
without ASD have highly similar values. AFA of the TSC patients with ASD are significantly lower than controls and 
TSC patients without ASD. 
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figure 3: Illustration of projections of the corpus callosum and AFA values. 
(a) 5.3 year-old healthy control, AFA = 0.53. (b) 4.7 year-old with TSC but no ASD, AFA = 0.54 and (c) 4.9 year old with 
TSC and autism, AFA = 0.34. 

Several recent studies have reported DTI abnormalities in TSC of the normal-appearing 
white matter, indicating foci of microstructural abnormalities, depending on sample size 
and technique (8–11,31–34); summarized in Table 2. This body of data suggests that it is 
likely that microstructural changes are present throughout the cerebral white matter in 
TSC. Our study is consistent with previous literature and is the first to allow for phenotypical 
correlation because of its large sample size.

In TSC, several pathophysiologic substrates have been proposed for reduced FA and 
increased MD in the normal-appearing white matter. Changes in axonal integrity and di-
ameter can affect axial diffusivity (35). RD values correlate with myelination in the normally 
developing mouse brain and in experimental dysmyelination (36). In our subjects, increased 
RD may represent disordered myelin sheaths but also axonal depletion or extracellular 
changes such as astrogliosis and giant cells (9,10). Such changes, including abnormal 
neuronal organization and hypomyelination, have been shown in animal models of TSC 
(6). Finally, lower FA may relate to disorganized (37) and poorly myelinated (38) axons. Our 
findings are again in accordance with animal studies, where loss of Tsc1 or Tsc2 function has 
detrimental effects on regulation of axonal growth, particularly neuronal polarity and axon 
formation (5–7).

In idiopathic autism, the white matter appears normal on conventional imaging, but 
the theory of ‘‘developmental disconnection’’ has driven research efforts in the direction 
of investigating connectivity on the functional and microstructural levels. In this model, 
disconnection relates to impaired corticocortical transfer of intrahemispheric and inter-
hemispheric information, affecting the higher order processing of complex information. In 
patients with ASD, these processing difficulties have been found to be consistently deficient 
across multiple domains and across multiple modalities (12, 39–41).
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Within the white matter, the corpus callosum has been implicated in ASD in several lines 
of research, including imaging studies of callosal volume, white matter density, functional 
imaging of information transfer or resting state functional connectivity, and postmortem 
studies (12,41,42). The corpus callosum represents a major interhemispheric tract of highly 
coherent white matter fibers, making it especially suited for DTI to study its microstruc-
tural connectivity as a model for disconnection in autism (12), and indeed, white matter 
microstructural abnormalities have been identified with diffusion imaging in patients with 

Table 2. DTI studies involving NAWM in TSC.

Author,
year

N Age (y) MRI Directions Key findings

Garaci
2004(32)

18 20, 12 - 30 1.5T 6 MD of perilesional NAWM higher than contralateral NAWM. 
NAWM of frontal, occipital and parietal and centrum 
semiovale higher MD than controls.

Peng
2004(33)

7 -, 0.5 - 15 1.5T 6 Lower FA of WM lesions associated with tubers vs. 
contralateral NAWM. Higher MD of corona radiata and 
sagittal striatum vs controls. Increased λ3 of inferior 
longitudinal fasciculus and sagittal striatum vs controls.

Karadag 
2005(40)

7 -, 2 - 20 1.5T 6 Higher MD of tubers vs cortex of controls. Increased MD and 
lower FA in WM lesions and perilesional WM vs controls. No 
difference in MD and FA of NAWM vs controls.

Firat,
2006(41)

6 9, 3 - 15 1.5T 6 MD of tubers higher than NAWM. MD of NAWM not different 
from controls.

Makki, 
2007(9)

6 10, 6 - 15 1.5T 6 Higher MD, lower FA in combined NAWM of genu/splenium 
CC, IC/EC vs controls. Greatest increase was in λ2,3, (i.e. RD).

Aruljajah 
2009(8)

23 12, 1 - 25 1.5T 3-18 Increased MD of frontal and pontine NAWM (in subgroup 8- 
12 year), right parietal and occipital NAWM (in subgroup >12 
year) vs controls.

Krishnan
2010(10)

10 -, 1.5 - 25 3T 35 Lower FA in splenium CC and GCT, lower AD in IC, STG and 
GCT, increased MD and RD in splenium CC of TSC vs controls. 

Simao
2010(11)

12 9, 5 - 16 3T 15 Increased MD, decreased FA, increased RD in genu and 
splenium CC. Increased MD in IC. DTI measures of genu and 
splenium CC correlate with tuber volume (not number).

Peters,
this study

40 7, 0.5 - 25 3T 35 Lower FA, higher MD, RD, AD of entire CC in TSC (all) vs 
controls and TSC (with ASD) vs controls. Lower FA of CC in 
TSC with ASD vs TSC without ASD. No difference in FA of CC 
in TSC without ASD vs controls.

AD, axial diffusivity; ASD, autism spectrum disorder; CC, corpus callosum; CR, corona radiata; CSO, centrum semiovale; 
DTI, diffusion tensor imaging; EC, external capsule; FA, fractional anisotropy; GCT, geniculocalcarine tract; IC, internal 
capsule; ILF, inferior longitudinal fasciculus;
MD, mean diffusivity; MRI, magnetic resonance imaging; NAWM, normal-appearing white matter; RD, radial diffusivity; 
SS, sagittal striatum; STG, superior temporal gyrus; TSC, tuberous sclerosis complex; WM, white matter. 
*Age is expressed as mean (range) or as range.
Patients with TSC compared to controls unless otherwise stated.
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idiopathic autism (43–45). Our DTI data confirm microstructural abnormalities of callosal 
white matter in patients with TSC and more prominently in the subjects with TSC with ASD, 
in support of the notion that abnormal white matter microstructure is related to impaired 
brain development and function.

Our volume estimation data are in concordance with findings of decreased callosal 
volume in autism in multiple imaging studies, summarized by Anderson et al (42). In TSC, 
cortical malformations including tubers and neuronal migration defects affect white matter 
as migrational failure results in impaired neocortical development, which is followed by 
a deficiency in corticocortical fibers destined to be part of the corpus callosum (46,47). 
In a recent study of 12 patients with TSC, DTI indices of major commissural white matter 
also correlated with tuber load (11), suggesting more extensive malformation leading to 
both more tubers and decreased microstructural quality of the corpus callosum. We found 
significant correlations between DTI parameters and volume estimates of projections of the 
corpus callosum. In this interhemispheric pathway, both macrostructural and microstruc-
tural characteristics were abnormal in patients with TSC with ASD.

Streamline density weighted Statistics

There are certain artifacts and pitfalls that must be taken into consideration with respect to 
diffusion imaging and tractography (52). Partial volume mixing and proximity of a pathway 
to other pathways containing many more tracts propagating in a different direction are 
some of the factors that introduce errors or even cause certain pathways to be missed com-
pletely. DTI tractography is consistent with known anatomy (24,49) and with the histologic 
appearance of fiber structure (50,51), but some fiber tracts are not identified, and spurious 
fiber tracts may be incorrectly detected.

Our use of streamline density weighting compensates for partial volume averaging of fiber 
tracts and treats each streamline in the same way. The alternative, of identifying a region 
on the basis of thresholding the streamline density and treating each voxel equally, fails 
to account for the different occupancy of voxels with many streamlines in comparison to 
voxels with few streamlines present. In this way, we compute the mean scalar parameter 
of each streamline of a structure rather than of each voxel. Thus, our use of streamline 
density–weighted statistics enables the analysis of the three-dimensional callosal projec-
tions while appropriately adjusting for changes in streamline density as well as spurious 
tracts. We propose that our calculation of streamline density–weighted averages of DTI 
scalar parameter values be used as a standard in the characterization of the microstructural 
properties of white matter fascicles.
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CoNCluSIoNS

Our novel method of streamline density–weighted calculation of mean DTI scalar param-
eters allows for the incorporation of all white matter projections while compensating for 
volume averaging, resulting in average DTI measures of a white matter structure defined by 
tractography rather than by its voxels. Using streamline density weighting, we found a rela-
tion between alterations in white matter microstructure and neurologic outcomes in TSC.

The finding of decreased AFA and increased AAD, AMD, and ARD of the corpus callosum 
in the TSC population compared to controls is a new finding consistent with the previous 
work that has identified alterations in the white matter of patients with TSC. These patho-
logic findings in the corpus callosum by DTI are likely typical of alterations throughout the 
cerebral white matter in TSC.

The significant difference of AFA between subjects with TSC with and without ASD lends 
further support to the current hypothesis of long-range functional and structural discon-
nection in autism. Our finding of AFA differences raises the possibility of using callosal AFA 
as an early biomarker to predict ASD in the TSC population. Future longitudinal studies 
of our younger patients will provide much-needed insights in pathologic developmental 
changes occurring at the critical periods in ASD (41).
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ABSTrACT

Introduction: Neurological manifestations in Tuberous Sclerosis Complex (TSC) are highly 
variable and unpredictable. We investigated the use of diffusion tensor imaging (DTI) of 
callosal white matter as a marker for neurological burden in TSC, and distinguish effects 
attributable to autism spectrum disorder (ASD), intellectual disability (ID) and epilepsy. 

Methods: 186 children underwent 3T MRI with 35 direction DTI: 51 with TSC (19 of whom 
also had ASD), 46 with non-syndromic ASD and 89 healthy controls (HC). Density-weighted 
DTI metrics were obtained from DTI tractography of the corpus callosum. Subgroups were 
based on presence of TSC, ASD, ID, and epilepsy. Logistic regressions of the age-adjusted FA 
and MD function were done, correcting for volume and volume-age interactions. 

Results: TSC patients demonstrated significantly lower FA (higher MD) values than ASD, and 
ASD had a lower FA than HC. Intellectual disability, epilepsy and the presence of ASD were 
associated with lower FA values in both the TSC and ASD populations. Co-occurrence of 
ASD, ID or epilepsy in TSC, demonstrated additive effects, but some subgroups were too 
small for reliable data fitting. 

Conclusions: Using a cross-disorder approach, this study demonstrates cumulative effects 
of TSC, ASD, ID and epilepsy-related variables on callosal white matter diffusion metrics. In 
TSC, ASD was inextricably linked to ID and epilepsy, and the DTI measures reflect the total 
neurological disease burden rather than ASD specifically. 
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INTroduCTIoN

Tuberous sclerosis complex (TSC) is a genetic multisystem disorder, with formation of 
hamartomatous lesions in various organs, including the brain, where they are referred to as 
tubers. TSC is associated with severe neurological manifestations including epilepsy (90%), 
intellectual disability (ID, 40%), and autism spectrum disorder (ASD, 50%)1. With a prevalence 
of 1 in 6,000, it is the most common monogenic cause of epilepsy and ASD2.

TSC is a model disease for studying both epilepsy and ASD, and their co-occurrence. Early 
onset epilepsy and early cognitive delays3-5 are associated with ASD in TSC. Moreover, an 
improved cognitive outcome with early and aggressive treatment of infantile spasms has 
been reported6, 7, suggesting an epileptic encephalopathy contributes to neurodevelop-
mental outcome. In addition, the autism phenotype in TSC is comparable to non-syndromic 
ASD8, and understanding the mechanism of ASD in TSC may yield insight into the underly-
ing biology of ASD in general.

While the identification of early clinical risk factors in a patient can guide therapeutic 
decisions, effects of even earlier, pre-emptive treatment on outcome should be studied9. 
Research, however, into the use of mTOR inhibitors or vigabatrin before early symptoms of 
epilepsy and ASD occur, could significantly benefit from a robust imaging biomarker. Such 
a marker should be reliably reproducible, change in parallel with fluctuations in the clinical 
phenotype, and reflect the underlying neurobiology. 

Diffusion tensor imaging (DTI) bares such promise, as it non-invasively probes microstruc-
tural properties of the brain. DTI characteristics in TSC are abnormal even in structurally 
normal appearing white matter (NAWM), and were reported to change with exposure to 
mTOR inhibitors10. In TSC patients with ASD, a decreased fractional anisotropy (FA) and 
increased mean diffusivity (MD) have been reported in two large white matter tracts, the 
corpus callosum and the arcuate fasciculus11, 12. These studies, however, did not correct for 
the presence of intellectual disability and epilepsy. Diffusion abnormality of the callosal 
white matter has also been reported in non-syndromic ASD13. It remains unclear, therefore, 
if in TSC, if the altered diffusion is a biomarker specific for ASD. 

The aim of this study was to examine the effects of both TSC and ASD on callosal white mat-
ter microstructural integrity, while accounting for concurrent neurological manifestations. 
To this end, we compared DTI values among three groups: TSC (with and without ASD), 
non-syndromic ASD, and healthy controls (HC), and assessed impact of co-morbid ID and 
epilepsy. 
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MeThodS

Subjects

Fifty-one patients with TSC who had undergone 3T MRI were identified through the Boston 
Children’s Hospital Multidisciplinary Tuberous Sclerosis Program. All patients were diag-
nosed with definite TSC based on clinical and/or genetic criteria14, underwent neurological 
examination, and their medical records were reviewed. Forty-eight subjects with non-
syndromic ASD (thus without TSC) who had undergone 3T MRI as part of their clinical care 
were identified via chart review of the Boston Children’s Hospital clinic and neuroradiology 
records. In all patients, the ASD diagnoses were based on evaluation by a board-certified 
pediatric neurologist (JMP, MS) or developmental medicine specialist, using the Diagnostic 
and Statistical Manual (DSM-IV-TR, and DSM-V), supplemented in most with the Autism 
Diagnostic Observation Schedule (ADOS)15. 

Eighty-nine HC had a normal neurological exam and a normal MRI on review by a pediatric 
neuroradiologist (SPP), performed as part of routine clinical care (e.g. for soft indications like 
tension type headache, new onset simple tic disorder) or as part of this research project. 
Controls did not undergo formal neuropsychological evaluation as part of this study, but 
histories were negative for neurodevelopmental problems. 

Medical ethics Approval 

Subject identification and data acquisition were conducted using a protocol approved by 
the institutional review board of Boston Children’s Hospital.

Clinical data

Electronic medical records including available neuropsychological testing, school perfor-
mance, and clinic notes were reviewed to gather information about neurodevelopment 
and seizure history. Due to the retrospective nature of the study, a continuous measure of 
cognition was not feasible. Intelligence was evaluated based on formal neuropsychological 
assessment or estimated clinically based on development and level of education. To pre-
vent undersampled subgroups, and subsequent underpowering of the study, intelligence 
was categorized as either no ID (which includes normal (IQ>85) and borderline intelligence 
(IQ >70) with learning disability, mild language delays, minor limitations in adaptive func-
tion), or as ID (IQ <70, severely impaired language, communication skills and judgment, ADL 
dependence). 

The epilepsy variable was categorized as present or absent, as more sophisticated classifica-
tion schemes based on the E-Chess16 resulted in undersampling of subgroups. 
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Image Acquisition

On a 3T MRI, the protocol included a routine clinical imaging and a diffusion imaging 
addition. Procedural sedation (most often with propofol) was used for clinical imaging 
studies only, if necessary to prevent excessive motion. The imaging protocol included (1) 
a T1-weighted high-resolution magnetization-prepared rapid acquisition gradient-echo 
(MPRAGE) sequence, (2) a T2-weighted turbo spin-echo (TSE) sequence, (3) a sagittal 3D 
isotropic T2 fluid-attenuated inversion recovery (FLAIR), and (4) axial diffusion imaging using 
a single shell HARDI with 30 slices with b=1000 s/mm2 and 5 b=0 images. The intracranial 
cavity was segmented following the structural MRI. Diffusion images were aligned to the 
T1-weighted MPRAGE to compensate for distortion and patient motion. We estimated the 
tensor fit with robust least-squares, as previously described17.

Tractography

We used a stochastic algorithm for tractography, combining the speed and accuracy of 
deterministic decision-making at each voxel with probabilistic sampling to better explore 
the space of all possible streamlines11. The corpus callosum tractography was created from 
automated generation of region of interest (ROI), based on a template and the STAPLE al-
gorithm, as detailed prior18. After visual review for anatomical accuracy, streamline density-
weighted corrected scalar measures of FA and MD were obtained to correct for partial 
voluming effects and spurious tracts11. 

Statistical Analysis

Statistical analysis was done using the R statistical software package19. Group differences in 
clinical variables (age, gender, epilepsy, ID) were calculated using chi-square and student-t 
tests. 

The assessment of the impact of group status and clinical variable on DTI measures was 
done as follows. For each subject, the data is composed of categorical variables gender, 
group status (ASD, TSC, and HC), and continuous variables age, callosal volume at corre-
sponding age, and DTI metrics at corresponding age. Since volume and DTI metrics are 
functions of age, these were represented as functions20. First, the irregular time-points of 
collected data informed these two functions. Next we performed regression analysis of 
the DTI metrics function against group status, while correcting for the volume function. 
Possible confounders on the impact of group status on DTI metrics included volume, age 
and gender. Early univariate analysis demonstrated gender not to be a confounder, and it 
was omitted from the model. Subgroup analyses were created to adjust for presence of ID, 
ASD and epilepsy. 
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First, to define the DTI measures and volume as functions of age, we chose a fitting approach. 
Given the sparse sampling of the time interval of interest (wide age range), and the different 
time points for each subject in each group and condition, a b-spline basis expansion with 
cubic splines passing through each data point, a least square fitting criterion and a penalty 
term to enable smoothing, could not be used. Specifically, choices including the number 
of basis functions used in the expansion, the time scale, or the weight of the smoothness 
penalty would all greatly affect the functional representation. Thus, we applied approximat-
ing functions, and prior knowledge based on models of growth with a minimal number of 
free parameters, depending on the assumed complexity of the developmental trajectory 
of the DTI metrics over time11,12,17. We explored both a single parameter (asymptotic model, 
or the Michaelis-Menten model) and the use of 2 parameters (both models concurrently), 
but the data lacked power to incorporate volume-age interactions and smaller subgroups 
for a stable estimation of the 2-parameter model. For the 1-parameter model we could not 
assume that at t=0 (i.e. at birth) both volume and FA were nil, so we used conception as a 
common starting point for all subjects (t=0.75). 

Hence, we used the following models:

V (t) = Best Of  
⎡
⎢
⎣

αv (1 - e -e
r
v (t+0.75)),

αFA(t+0.75) ⎤
⎥
⎦

(1)
kFA(t+0.75)

FA(t) = Best Of
⎡
⎢
⎣

αFA (1 - e -e
r
v (t+0.75)),

αv(t+0.75) ⎤
⎥
⎦

(2)
kv(t+0.75)

The parameter α is the horizontal asymptote reached by adulthood. Parameter r is the 
natural logarithm of the rate constant that defines the rate of convergence towards the as-
ymptote, while k (the Michaelis parameter) represents the age at which half the asymptote 
is reached. For a given response variable (volume or FA) and group status, we estimated 
both models, and chose the one with maximal achieved likelihood. The estimation was 
performed by minimizing the non-linear least squares criterion19. 

Next, we assessed effects of group status and clinical variables on DTI measures. First, we 
performed random bootstrapping separations of the original dataset into a training dataset 
(80% of the original data) and a test dataset (the remaining 20% of the data), to assess 
the prediction error of the fitted functional representation of the data, and to produce a 
functional dataset composed of n=10,000 observed curves on a uniform grid of p=1,000 
time points. Next, a regression analysis of FA(t) on the group status, while controlling for the 
effect of V(t) would typically require a functional regression analysis20, but since observa-
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tions of the functional curves are now made on a uniform grid of time interval and at the 
same time points, a traditional regression analysis for each fixed time point can be done22:

logit (FAij(t) = β0j(t) + β1(t)Vij(t) + εij(t) (3)

where i = 1, …, n indices the observations, j = 1, 2, 3 indices the 3 pathologies considered 
in our study and εij(t) is a random error term. Since FA is a positive random variable, we 
assume that it is corrupted with a Gamma-distributed noise. The model fit of the predicted 
FA curves was only applied in the age range common to all subgroups, as there was no data 
available outside of this range. Multivariate regression analysis was done on to determine 
individual effects from ID, epilepsy, ASD across all sufficiently large subgroups. 

reSulTS

Demographic data and clinical variables are presented in Table 1. Healthy controls were 
older than patients with TSC alone, TSC and ASD, and non-syndromic ASD. There were 
more males in the non-syndromic ASD group compared to HC, but no group differences in 
gender distribution otherwise. 

By selection, all HC had normal intelligence and none had epilepsy. For patients with TSC 
alone, they had less frequent ID compared to TSC with ASD, and to non-syndromic ASD. 

Prevalence of epilepsy was higher in patients with both TSC and ASD compared to TSC 
alone, and compared non-syndromic ASD. Patients without epilepsy were equally common 
in the TSC alone and non-syndromic ASD groups. 

Fractional anisotropy (FA) values of callosal white matter are shown for each of the sub-
groups in Figures 1-3. MD parameters were complimentary, visualized in supplementary 
Figures e1-3. 

Step-wise, three levels of analysis were done as follows: 
(1) At the first level, the volume-corrected FA for age was predicted for the main groups 

(HC, TSC, ASD) (Figure 1). There were sufficient subjects to fit the FA prediction model 
using a 2-parameter fit. Not adjusted for neurodevelopmental and epilepsy variables, 
patients with TSC had significantly lower FA (higher MD) compared to those with ASD, 
and compared to the HC group. Patients with ASD also had a lower FA (higher MD) 
compared to the HC group (Figure 1). 
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(2) At the second level, the three categorical variables ID, epilepsy and ASD were used to 
divide the main groups into subgroups. For the presence of ID: TSC with and without ID, 
ASD with and without ID (Figure 2A). For the presence of epilepsy: TSC with and without 
epilepsy, ASD with and without epilepsy (Figure 2B). For the presence of ASD: TSC with 
and without ASD (Figure 2C). The subgroups from the second and third level had only 
sufficient numbers for a stable model fit with a 1-parameter model.

The effect of ID is shown in Figure 2A. The TSC with ID subgroup had lower FA values than 
the TSC without ID subgroup. Similarly, the ASD with ID subgroup had lower FA values than 
the ASD without ID subgroup. 

The effect of epilepsy is shown in Figure 2B. TSC patients with recurrent seizures had 
lower callosal FA values than TSC patients without epilepsy. Again, this same finding was 
present in the ASD subgroups with and without epilepsy

The effect of ASD is shown in Figure 2C. Subjects with both TSC and ASD had significantly 
lower FA values than TSC alone. 

figure 1: Predicted FA-values with age for the three main populations.
(A) Volume-adjusted predicted FA values of the model fit (line plots) are displayed for age, for each of the three main 
groups: Healthy controls (HC), Autism Spectrum Disorder (ASD), and Tuberous Sclerosis Complex (TSC). The devel-
opmental trajectory of white matter maturation has been described previously11, 17, and was used as prior to inform 
the model. 
(B) The volume of the corpus callosum is plotted by age, for each of the three groups HC, TSC, and ASD. Note the early 
overgrowth in the ASD group. 
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(3) At the third level, the possible iterations of the main groups (HC, TSC, ASD) with all three 
categorical variables (ID, epilepsy and ASD) were fitted (Figure 3). Small subgroups with 
less than 10 subjects (e.g. patients with TSC, no ID, no epilepsy but with ASD) were 
omitted as the model would not be stable. 

Six subgroups (3 for TSC and 3 for ASD) were large enough for a stable model fit of FA predic-
tion (Figure 3). Two subgroups could be made for TSC patients without ID: TSC_NO_ID with 
epilepsy, and TSC_NO_ID without epilepsy. The presence of epilepsy was again associated 
with lower FA values. A third subgroup of TSC patients had all 3 neurological co-morbidities 
(ASD, ID, and epilepsy), and demonstrated the lowest white matter FA values.

For ASD, a single subgroup could be made without ID, and without epilepsy, which dis-
played high FA values. The two other ASD subgroups both had ID: ASD_ID with epilepsy, 
and ASD_ID without epilepsy. In these ASD subgroups, again both the presence of ID and 
epilepsy were associated with a decreased callosal FA. 

figure 2: Predicted FA-values with age, corrected for cognition, epilepsy and ASD.
Volume-adjusted predicted FA values of the model fit (line plots) of the subgroups of TSC and ASD are shown. In (A), 
the effect of intellectual disability (ID) is shown on TSC, and on ASD. TSC with ID has lower FA values than TSC without 
ID, and the same applies to ASD with and without ID. In (B), a similar effect of epilepsy is shown on TSC and on ASD. 
In (C), the effect of ASD is demonstrated on TSC. TSC with ASD is associated with decreased FA values compared to 
TSC without ASD. 
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dISCuSSIoN

This study demonstrates effects of both TSC and ASD on callosal white matter microstruc-
tural integrity, and cumulative effects of concurrent neurologic manifestations including ID 
and epilepsy. By the inclusion of patients with and without TSC, and with and without ASD, 
we attempted to isolate the effects of TSC from the effects of ASD. 

The presence of ID had an effect on DTI measures of the white matter in both the TSC and 
ASD subgroups. In a previous DTI study of 20 patients with TSC, aberrant network con-
nectivity was associated with ID23, but in that study and in another, an effect of ASD was not 
found24. Another study in a non-syndromic ASD population reported a similar association 
between IQ and FA values of the corpus callosum13. Thus, given the relatively large sample 
size and the use of a binary measure of cognitive function in our study, it is not surprising 
to find an association between decreased microstructural integrity and ID in both TSC and 
ASD. 

figure 3: Predicted FA values with age for all possible subgroups. 
Volume adjusted predicted FA values for the model fit (line plots) for all possible subgroups with ≥10 subjects are 
displayed. There were consistent cumulative effects from the co-occurrence of TSC, ID, epilepsy and ASD on FA tra-
jectories.
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Similarly, the effect of recurrent seizures on diffusion of white matter tracts in TSC has been 
previously reported in a small study of 17 patients with TSC24. Abnormal local diffusion 
related to focal seizures could be both causative and a secondary effect to the seizures25-27. 
In our study, the average FA measure cannot separate regional differences in callosal white 
matter from diffuse effects involving the entire corpus callosum. Diffuse effects could sug-
gest an overall more severe phenotype, associated with a higher prevalence of epilepsy. 

In addition, in agreement with previous studies, we found aberrant callosal DTI metrics in 
subjects with ASD both with and without TSC11-13, 28, 29. In our work, the difference between 
HC group and non-syndromic ASD without ID was small but significant, suggesting our 
method is able to capture subtle abnormalities in patients with high-functioning non-
syndromic ASD. In TSC, while the ASD phenotype is similar8, the larger effect size (i.e., a 
more abnormal FA as compared to non-syndromic ASD) likely reflects a much less subtle 
widespread macro- and microscopic pathology beyond tubers17. The aberrant structural 
connectivity may affect functional connectivity as well. We previously reported decreased 
overall electroencephalogram (EEG) connectivity in TSC, and decreased long-range over 
short range connectivity in both TSC-related and non-syndromic ASD30. That study, how-
ever, did not separate out effects from the presence of ID. 

The underlying neuropathology of aberrant diffusion of the NAWM in TSC is not yet elu-
cidated. It may be due to the inclusion of microscopic pathology below MRI resolution, 
including changes in neuronal packing, increased heterotopic cells, and small satellite 
lesions referred to as “microtubers” beyond the tuber border identified on conventional 
imaging17, 31, 32. In animal models, abnormalities in myelination have been described33. 
The anatomopathological substrate of diffusion abnormality in TSC could also be studied 
through ex-vivo imaging of resection specimen obtained through epilepsy surgery. Sec-
ondary effects from recurrent seizures, including inflammatory and gliotic changes in the 
white matter adjacent to epileptogenic tissue, are likely to confound such an analysis34, 35. 

The scope of this study was limited to the examination of a single major white matter 
pathway, and other pathways are under investigation. While the corpus callosum structure 
has a role in the pathophysiology of ASD28, it does not directly subserve the language or 
neurobehavioral functions affected in ASD. Examination of tracts involved in ASD-specific 
deficits in language, stimulus reward systems, and social cognition may yield more spe-
cific markers36-38. Finally, as diffusion tensor imaging techniques advance, novel acquisition 
schemes may enhance the ability for group-wise comparisons of white matter tracts and 
their role in ASD pathophysiology39, 40. 

Overall, this study demonstrates that DTI metrics of the corpus callosum are affected cumu-
latively by neurological symptoms in TSC and in non-syndromic ASD. These findings reflect 
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the complex relationship between biological disease burden, and subsequent ID, ASD and 
epilepsy in TSC41. The DTI changes, however, are neither sufficiently specific nor large early 
on, limiting its predictive value. Aside from more imaging samples at a young age, prospec-
tive and longitudinal data is needed to predict specific neurological comorbidity with DTI. 

CoNCluSIoN

Using a cross-disorder approach, we report cumulative effects of neurological co-morbidity 
on callosal white matter diffusion in TSC and in ASD. The lack of specificity of callosal DTI 
metrics does not preclude its potential use as a marker for overall neurological outcome in 
TSC, although more early and longitudinal, prospective data are needed for validation. 
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NoTe

In Figures 2 and 3, the group with non-syndromic ASD (and no epilepsy) has higher FA 
values than the HC. This is an error. We are generating new plots where the bootstrapping 
is improved by fitting by weighted generalized non-linear least squares with weights that 
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account for a variance of the response variable proportional to the estimated power of the 
fitted response itself per group. The curves no longer show the erroneously high values 
for the non-syndromic ASD without epilepsy population. At the time of the thesis submis-
sion, these have not been formatted properly for clarity yet. Please consider the figures as 
“placeholders”. 
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ABSTrACT

Objective: To assess the extent and evolution of tissue abnormality of tubers, perituber tis-
sue, and normal appearing white matter in patients with Tuberous Sclerosis Complex using 
serial diffusion tensor imaging (DTI).

Methods: We applied automatic segmentation based on a combined global-local intensity 
mixture model of 3T structural and 35 direction diffusion tensor magnetic resonance im-
ages (DTI) to define three regions: tuber tissue, an equal volume perituber rim, and the 
remaining normal appearing white matter (NAWM). For each patient, scan, lobe, and tissue 
type, we analyzed the averages of mean diffusivity (MD) and fractional anisotropy (FA) in a 
generalized additive mixed model (GAMM).

Results: 25 patients (mean age 5.9 year; range 0.5-24.5 years) underwent 2-6 scans each, 
totaling 70 scans. Average time between scans was 1.2 years (range 0.4-2.9). Patient scans 
were compared to those of 73 healthy controls. FA values were lowest, and MD values were 
highest in tubers, next in perituber tissue, then in NAWM. Longitudinal analysis showed a 
positive (FA) and negative (MD) correlation with age in tubers, perituber tissue and NAWM. 
All three tissue types followed a bi-exponential developmental trajectory, similar to the 
white matter of controls. An additional qualitative analysis showed a gradual transition of 
diffusion values across the tissue type boundaries. 

Conclusions: Like normal appearing white matter, tuber and perituber tissue in Tuberous 
Sclerosis Complex undergo microstructural evolution with age. The extent of diffusion ab-
normality decreases with distance to the tuber, in line with known extension of histologic, 
immunohistochemical and molecular abnormalities beyond tuber pathology.
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INTroduCTIoN

TSC is a genetic, multisystem disorder characterized by hamartoma formation in various 
organs, including the brain, where they are referred to as tubers. Cerebral cortical tubers are 
present in more than 80% of TSC patients, and arise due to abnormal cellular differentiation, 
migration, and proliferation1. 

Although TSC traditionally has been considered a disorder of discrete, multifocal abnormali-
ties, a growing body of evidence suggests that TSC neuropathology exists far beyond tuber 
borders visible on conventional magnetic resonance imaging (MRI). Tuber-like pathology 
has recently been identified in the direct vicinity of tubers, as well as diffusely throughout 
the white matter2, 3. Studies using diffusion tensor imaging (DTI) are in agreement and 
describe decreased fractional anisotropy (FA) or increased mean diffusivity in tubers4, in 
perituber tissue5, and in otherwise normal appearing white matter (NAWM)6-8. 

In addition, changes in tissue contrast, gadolinium enhancement, and cyst-like degenera-
tion over time on conventional imaging have changed the view of tubers from static to 
dynamic9-11. While cross-sectional studies have linked DTI measures of tubers to epilepsy lo-
calization and severity12, and DTI measures of NAWM to neurodevelopmental disorders13, 14, 
the longitudinal evolution of tissue diffusion in TSC has not been investigated, to date. 

In TSC, therefore, it is unclear when, and where such tissue abnormalities occur in the devel-
opmental trajectory. We sought to describe maturational changes of DTI measures in young 
patients with TSC, and assess the extent of diffusion abnormality across tuber, perituber and 
NAWM tissue types. 

MeThodS

Subjects

25 children and young adults followed in the Multidisciplinary TSC Program at Boston Chil-
dren’s Hospital with a definite diagnosis of TSC15, underwent two to six MRI scans. Patients 
who underwent surgery for epilepsy or for resection of subependymal giant cell astrocytoma 
were excluded. There were no age cut-off criteria. Medical record review provided clinical 
and genetic data. Autism spectrum disorder was diagnosed clinically by DSM-IV criteria, and 
supplemented by ADOS16 in most patients. Intractability was defined as ongoing seizures in 
the presence of 2 or more adequate anti-epileptic drugs (AEDs). 73 control subjects, not age 
matched, were recruited as part of this research study, and each underwent a single scan 
with normal MRI results per review by a pediatric neuroradiologist (SPP). 
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Standard protocol approvals, registrations, and patient consents. 

Recruitment and data acquisition of subject and controls were conducted using a protocol 
approved by the institutional review board.

Image acquisition

Imaging was performed on a Siemens Trio 3T MRI. Acquisition parameters were unchanged 
with repeat imaging for each subject, and images acquired with a different protocol were 
excluded from the study. Sedation was used only in subjects undergoing clinical imaging if 
necessary to prevent significant motion. 

The imaging protocol included (1) a T1-weighted high-resolution magnetization-prepared 
rapid-acquisition gradient-echo (MPRAGE) sequence (voxel size [mm] 0.5×0.5×1 to 1×1×1, 
field of view (FOV) 19.2-25.6 cm, echo time (TE) 1.66-3.39 ms, repetition time (TR) 1130-
2530 ms, flip angle 7°-9°), (2), a T2-weighted turbo spin-echo (TSE) sequence, (3) sagittal 3D 
isotropic T2 fluid-attenuated inversion recovery (FLAIR) (voxel size [mm]=0.9x0.9x1, number 
of excitations (NEX) 1, TR 5000 ms, TE 390-400 ms, echo train length (ETL) 141, FOV 19-26 
cm, flip angle 20°, acquisition matrix 256×256) and (4) diffusion imaging with single-shot 
spin echo acquisition in the axial plane, with twice refocused gradients to minimize Eddy 
currents, using 30 images with b=1000 s/mm2 and five images with b=0 s/mm2 (voxel size 
[mm] 1.72×1.72×2.2, FOV 22 cm, slice thickness 2.2 mm, TE 88 ms, TR 10 seconds, acquisi-
tion matrix 128×128, NEX 1, iPAT 2, TR 1000 ms, flip angle 90°, in-plane GRAPPA, modified as 
necessary to facilitate completion of the scan). 

Compensation for residual distortion and patient motion was achieved by rigid registra-
tion of the diffusion images to the T1-weighted MPRAGE scan, with appropriate reorienta-
tion of the gradient directions17. Tensors were estimated using robust least squares18. 

longitudinal alignment

For each subject, to ensure longitudinal analysis of the same structural regions, segmenta-
tion of the 3 tissue types (tuber, perituber, and NAWM) was only done once on a reference 
scan of highest quality structural imaging. Given maturational increases in tissue contrast, 
this was typically the latest image series acquired. For each scan the diffusion tensors were 
resampled and aligned to the T1 MPRAGE space. The other T1-weighted MRIs underwent 
rigid then non-rigid registration to the T1 reference scan, and this transform was applied to 
the diffusion images19. 

Tissue segmentation

Segmentation of three tissue types was based on a combined global-local intensity mixture 
model20 on the FLAIR image. We used the Expectation-Maximization algorithm to estimate 
the parameters that maximize the tissue maximum a posteriori probabilities. Cortical tubers 
were modeled as outliers21, and specifically validated for use in TSC22 (Figure 1).
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figure 1: Segmentation algorithm and distribution histograms of FA-values of tuber, perituber, and NAWM tissues. 
(A-D) Manual and automated tuber segmentation. (A) Axial Fluid Attenuation Inversion Recovery (FLAIR) image, 
with tubers appearing as bright areas of T2-prolongation. (B) Manual segmentation, areas indicating tuber tissue are 
marked red. (C) Intensity likelihood of outlier voxels with color spectrum from blue (least likely) to red (most likely), 
given the global-local intensity mixture model. (D) Automated tuber segmentation, tuber areas indicated in red, and 
perituber tissue in salmon, after removal of false positive areas (e.g. CSF pulsation artifacts). 
(E) Example of distribution histograms of three tissue types in three scans of one patient. 
On the right, three axial FA-maps are aligned, each acquired at a diff erent time point. The superimposed automated 
segmentation reveals three diff erent tissue types of the right frontal lobe (dark blue cortex not included): Red (tuber), 
salmon (perituber), light blue (normal appearing white matter).
On the left, the corresponding distribution histograms of FA values are displayed for each tissue type. For clarity, only 
the histograms of the right frontal lobe of the fi rst acquired image are shown. The mean (dotted line) and median 
(vertical line) refl ect the skew in each histogram.



116

Chapter 6

The tuber segmentation was expanded in 3 dimensions to the adjacent perituber white 
matter, until a volume equal to the tuber was defined, and truncated in case of overlap 
with grey matter or other tubers. In patients, white matter that was neither tuber (T) nor 
perituber (PT) was designated as normal appearing white matter (NAWM). Radial migration 
lines were included in the tuber- and perituber tissues, depending on local density values. 
Parcellation of lobes was done using a local MAP PSTAPLE algorithm23. 

Empirically, small volumes of tissue classified as tuber with a volume of less than 500 voxels 
were excluded from analysis as the false detection rate approached zero at that cut-off, and 
so was the associated perituber rim in such cases. Calcified and cyst-like tubers were omit-
ted as calcium deposits and free water, respectively, alter tensor estimates (Supplemental 
Figure 1).

diffusion measures

For each subject, in each scan, in each lobe, the average mean diffusivity (MD), and average 
fractional isotropy (FA) of the tissue types were calculated. In each region, the median and 
skew were also calculated to assess distribution of MD and FA values. 

As a qualitative analysis, the boundaries between different tissue types were examined 
by measuring neighboring voxels from one tissue type to the next in 6 random subjects. In 
the axial plane, the FA values were acquired with regular intervals along a trajectory from 
the periphery (tuber), via perituber tissue, to deep NAWM. The plots were smoothed with a 
moving average of 3 data points to correct for jitter.

histopathology and immunohistochemistry

A left occipital lobe resection from a 6 year-old patient with TSC (consented for research, 
not part of the imaging cohort), as part of an epilepsy surgery, was studied histopathologi-
cally. Sections were stained with hematoxylin and eosin and Luxol fast blue (H&E/LFB), and 
immunohistochemical staining for glial fibrillary acidic protein (GFAP), neuronal nuclear 
antigen (NeuN), phosphorylated neurofilament (SMI 31), neurofilament protein (NFP), and 
synaptophysin. Each staining was performed using standard clinical laboratory protocols.

Statistical analysis

Normal distribution of variables was tested using Shapiro-Wilk, and when applicable, non-
parametric testing was applied. Associations were tested by Kendall’s tau rank correlation 
coefficient. Distributions were compared by non-parametric Wilcoxon rank-sum or Kruskal-
Wallis testing, and the influence of tissue types (T, PT, NAWM, control WM), confounding 
for all other factors in the data set as a block variable, was tested by the non-parametric 
Friedman test. If distributions differed, Tukey or Dunnet multiple comparisons were made 
for further analysis.
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The generalized additive mixed model (GAMM) was used for longitudinal analysis of the 
data. This extension of the linear model is suited whenever the outcome variable cannot 
be explanatory variables in a non-linear fashion (Supplemental Figure 2), with no known 
explicit parametrization24. 

In addition, the mixed component of the GAMM allows for the introduction of random 
effects that, in conjunction with repeated measure data, enables separation of inter- and 
intra-subject variability from the random error component, which ultimately yields greater 
statistical power to reveal the most important mechanisms impacting the outcome. The 
interested reader is invited to explore both the technical and layman introduction to GAMM 
(Appendix 1). 

reSulTS

Patient characteristics 

Patient were younger than controls (age at first scan 5.9, range 0.5-24.6 vs. 13.0, range 1.1-
25.2, p<0.0001). Average time between 2 consecutive scans in patients was 1.2 years (range 
0.4-2.9). Sex was not significantly different (17 (68%) patients vs. 37 (51%) controls were 
male). 17 (68%) patients had TSC2 mutations, 5 (20%) had TSC1 mutations, 3 had negative 
genetic testing. 11 (44%) had autism spectrum disorder. All patients had epilepsy (15 (60%) 
intractable), were on antiepileptic drugs, and 10 (40%) had a history of infantile spasms. 

dTI evolution

The mean and median in each tissue type confirmed unimodal distribution of FA and MD 
values, and tail values of 2.5% on each end of the distribution histograms were omitted to 
ensure robust estimates of averages (Figure 1). Univariate analyses revealed that side and 
gender were poorly associated with both FA (p=0.28 and 0.44) and MD (p=0.11 and 0.41) 
and were thus discarded. The dependency of FA/MD with age in our regression model was 
described by 5 regressors (see detailed methods in Appendix), and after GAMM modeling, 
all regression coefficient estimates were statistically non-null (data not shown). 

The selected GAMM model describes an evolution of FA and MD over time common to all 
lobes and tissue types, an evolution of these measures with a volume specific for each lobe 
and a different value of FA and MD at the intersect in each tissue type and in each lobe 
(Figure 2). The bi-exponential trajectory of FA and MD changes with age, are seen not only 
for the control subject and in the NAWM of patients, but also for tuber and perituber tissue. 
The tuber tissue type trajectory reaches a plateau at a lower FA and higher MD value, and 
the perituber tissue type displays characteristics intermediate to tuber and NAWM tissues. 
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figure 2: Diff usion measures over time in Tuberous Sclerosis Complex
Fractional Anisotropy (A) and Mean Diff usivity (B) measures are fi tted with the GAMM, and evolution with age in years 
is shown for every lobe. Three diff erent tissue types are color-colded: red (tuber), salmon (perituber), light blue (nor-
mal appearing white matter). White matter of controls is represented in black. Note the early, steep, linear increase 
before age 5-6 years and the slower increase thereafter. 
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Tuber and perituber tissue were different than the NAWM of controls, both globally and in 
each lobe. There was no consistent pattern of differences in the comparison of NAWM to 
control WM. For the FA only, and only in temporal and parietal regions, the NAWM tissue 
evolution differed significantly from the white matter of controls. Confidence intervals of 
these coefficients approached but did not cross zero, suggesting this may be a spurious 
finding. With the analysis of tissue types independently from lobes, the NAWM DTI trajec-
tory with age did not differ significantly from controls (Supplemental Figure 3). 

dTI across tissue boundaries

To qualitatively evaluate whether boundaries between the tissue types were discrete, we 
plotted DTI measures along a trajectory of adjacent voxels in the axial plane from tuber 
to deep white matter. For each of the 6 random examined patients, we found a gradual 
transition across tissue type boundaries, rather than abrupt changes. The change from 
tuber tissue to perituber tissue was smooth, and so was the change from perituber tissue 
to NAWM (Figure 3). 

Neuropathological examination of illustrative case

Histopathology and immunohistochemistry of an occipital resection specimen of a 6 year 
old patient with TSC revealed a tuber characterized by a loss of lamination, abundant large 
dysplastic neurons, mixed with balloon cells of “ambiguous phenotype” and dense gliosis 
(GFAP). Surrounding this were a variety of pathological features including multiple small 
less compact tubers composed of balloon cells in both gray and white matter and abnor-
mal neocortex with disorganized architecture and lamination, scattered large neurons in 
the superficial cortex, and extensive reactive gliosis. There were scattered focal disruptions 
of the myelination (LFB) by small clusters of balloon cells in the adjacent white matter, and 
more remotely in the NAWM, referred to as microtubers2 (Figure 4).

dISCuSSIoN

This study presents a novel characterization of longitudinal diffusion changes of various 
tissue types in TSC, and establishes a natural evolution of maturing normal appearing white 
matter, perituber tissue and even tuber tissue. In addition, we show a gradient of abnor-
mality between these tissue types, with a smooth transition across boundaries, confirming 
tuber-like pathology is widespread and decreases with distance to the tuber itself. 

As tuber pathology is not discrete, the perituber rim is arbitrarily defined, and may micro-
scopically include parts of both the NAWM and tuber tissue types. Thus, the finding of DTI 
measures of intermediate value between tuber and NAWM tissue types is not surprising. 
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figure 4: Histopathology and immunohistochemistry of tuber (A-D), perituber white matter (E-H), a microtuber area 
(I-L) and normal appearing white matter (M-P). 
The gross specimen (top left), low magnification H&E/LFB (top middle) and pocket of tuber pathology (microtuber2, 
top right) indicate the studied areas. 
Tuber tissue (A) H&E/LFB demonstrates absence of cortical lamination, and presence of cells of “ambiguous pheno-
type” in tubers, variably positive for glial (B) and neuronal markers (C). SMI 31 (phosphorylated neurofilament) positiv-
ity in the perikarya is a feature of dysplastic neurons (D). In the white matter of perituber tissue (E), scattered balloon 
cells are also present, as well as occurring in small confluent clusters in the micro tuber (I). In more remote white 
matter (M), apparently normal myelination is seen. Reactive astrocytes, indicating gliosis likely related to seizure activ-
ity, are seen in tubers (B), as well as remote from the tuber, in (F) and (J), and in the NAWM (N). Scattered heterotopic 
neurons are seen in perituber tissue (G), in the micro tuber (K), and are easy to appreciate at lower magnification in the 
NAWM (O). NFP stain of perituber white matter marks some dysplastic neurons (H), as does the synaptophysin stain in 
the micro tuber area (L). In (P), a normal NFP stain shows white matter, with axons taking a radial turn into the cortex. 
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Likewise, small amounts of normal white matter were included in the tuber, and more so in 
perituber image segmentation, which may be responsible for the DTI changes resembling 
the NAWM developmental trajectory. 

The smooth transition, however, between the three segmented tissue types, and the similar 
evolution, is consistent in every lobe, across all ages, and corrected for volumetric differences. 
Indeed, the perituber cortex contains similar but milder histologic, immunohistochemical 
and molecular abnormalities, suggesting dysplasia and aberrant mTOR signaling beyond 
tubers into perituber tissue3. Our neuropathological example illustrates that dysmorphic 
and heterotopic cells with a hybrid glial-neuronal differentiation and abnormal cell size are 
found far beyond tubers, throughout the white matter2. 

Several potential explanations exist for the differences between lobes. These differences, 
however, are minor and not consistent for FA and MD, and may simply reflect measurement 
variance. Regional differences in the timing and rate of myelination are insufficient as an 
explanation as myelination is largely completed by age 525. Alternatively, the single tensor 
model falls short, as voxels containing crossing fiber pathways can be falsely low in FA as 
there is not a single preferential diffusion direction26, and the model does not account for 
more intricate, complex, multi-fascicle pathways. Finally, if white matter is more normal as 
a function of distance from the tuber, smaller lobes will have more white matter in the 
proximity of a tuber – even if our model accounts for volume.

In both healthy subjects and in patients with TSC, DTI maturational changes of white matter, 
follow a biexponential time evolution, with the most dramatic DTI changes occurring in the 
first few years, and a slower rate in childhood and thereafter27. The steepest DTI maturational 
changes co-occur in time with the first clinical appearance of autism and epilepsy, reflect-
ing the importance of medical and behavioral interventions during this critical period of 
development28. If indeed DTI changes are amenable to intervention with mTOR inhibitors29, 
and parallel clinical outcome, then the greatest impact could be made in the first 5 years of 
maturational change. 

In TSC epilepsy surgery, the apparently contradicting reports of intratuber30, 31 vs. peritu-
ber32, 33 epileptogenic activity may reflect a continuous spectrum of neuropathology. Multi-
stage invasive monitoring approaches34, and better outcomes with wide resection margin 
and even post-operative deficits35, again suggest widespread pathology beyond the 
tuber. Our longitudinal imaging data confirms non-discrete borders of tuber pathology, 
which may in turn impact surgical planning and approach. Indeed, the various degrees of 
neuropathology beyond the tuber in the resection specimen (Figure 4) illustrates why a 
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depth electrode could potentially register activity from perituber and more remote sites 
with tuber-like pathology. 

Images obtained through advances in high-resolution MRI suggest tubers and their ill-
defined borders now represent the “tip of the iceberg” (Figure 5). Using structural imaging, 
both subtle increases and decreases in tuber volume have been reported9, 10, 36. The current 
view, however, suggests these volumetric differences may be attributed to inconsistent 
imaging acquisition schemes, operator dependence and maturational changes in contrast. 
Using diffusion imaging, one study sampled multiple small regions of interest in lobes 
without any structural white matter abnormalities, and found no difference of FA and MD 
between patients with TSC and controls37. We suggest that residual NAWM, remote from 
tubers or associated transmantle structural white matter abnormalities, has in fact subtle 
pathology below imaging resolution. 

1.5T
3T

vendor
angle

myelin

partial 
volume

A B

C D

figure 5: The changing view of TSC pathology
(A) Extent of neuropathology is indicated by the density of black dots. With a segmentation based on imaging density 
values, an arbitrary cut-off is established to obtain the borders of three tissue types: Tuber area in red, perituber in 
salmon, and remainder of NAWM in light blue. Tubers (and other macroscopic abnormalities) represent the “tip of 
the iceberg”, and in the direct vicinity but also more remotely, areas of tuber-like pathology are found as well. With 
distance from the tuber, the extent of pathology diminishes. (B) Studies using depth electrodes (diagonal black lines) 
to elucidate whether seizures start in or next to a tuber30-33, may be subject to measuring abnormal activity of micro-
scopic collections of tuber-like pathology next to the tuber. (C) Reported pockets of normal white matter diffusion 
in patients with TSC compared to controls37, may in fact describe regions (green circles) in which the pathological 
burden is below imaging resolution (D) Studies suggesting tuber volume changes over time9 may be biased by dif-
ferent segmentation thresholds, as the border of tuber pathology is not discrete. From top to bottom, thresholding 
may be subject to subtle differences in acquisition (1.5T, 3T, MRI from different vendor), in maturation (myelin), and in 
partial voluming effects or angulation. 
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This study had a highly consistent imaging acquisition scheme, but its retrospective nature 
and insufficient power limited the assessment of correlations with clinical and neurobehav-
ioral phenotype, which requires a dedicated study with prospective data collection. Patients 
who underwent surgery were excluded, which may bias the study towards patients with 
less severe seizures. In addition, controls were not age matched. Radial migration lines were 
not analyzed separately, and due to effects of free water and calcium on diffusion, calcified 
and cyst-like tubers were omitted. 

Although inaccuracies in registration and segmentation may account for some of the 
observed DTI changes, all changes had consistently the same sign, which would not occur 
if extra-axial space, deep grey matter or CSF were included in the analysis. Tuber segmenta-
tion performed on an older subject, and projected onto a scan acquired at a younger age 
may lead to under- or over-estimation of the tuber volume if tissue contrast has improved 
over time. However, as outlined in the discussion, tuber boundaries are not discrete at any 
age and the arbitrary nature of the segmentation cutoff reflects the continuous spectrum 
of underlying neuropathological abnormality. 

DTI and the single shell HARDI acquisition scheme are limited by the inability to solve for 
multiple fascicle orientations, do not account for isotropic diffusion, and are susceptible to 
partial voluming effects 26. These limitations may lead to underestimation of anisotropy, and 
can hamper the detection of group differences. Novel acquisition schemes allow for the col-
lection of multiple non-zero b-values while maintaining a good signal-to-noise ratio38, which 
is critical to estimate a multi-fascicle model. High-resolution ex-vivo tissue imaging and 
correlation with histopathology will yield further insight into underlying neuropathology.
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APPeNdIx

Part A. Statistical rationale for application of the GAMM

We quantitatively determined and compared the variations of FA and MD over age in the 
four tissue types. The modeling strategy that we adopted is known as Generalized Additive 
Mixed Modeling (GAMM). We refer the reader to the Appendix part B for a quick introduc-
tory overview on GAMMs and to 1. The different steps involved are summarized below:

1. Choice of statistical distribution and link function for generalized linear modeling
The theory of GLMs provides the opportunity to express non-linear functions (link func-
tions) of the outcome as a linear model in the regression coefficients and extends the range 
of outcome distributions from the homoscedastic Gaussian distribution to the Poisson, 
binomial, gamma and inverse Gaussian distributions. In our case, outcome is either FA or 
MD. The former is a positive variable bounded in [0,1] while the latter is an unbounded 
positive variable. Theoretical considerations favor the use of an inverse link function for FA 
(see why in appendix) and a logarithmic link function turns the positive outcome MD into a 
variable with infinite support. Furthermore, given the positive supports of both FA and MD, 
candidate distributions that lie within the GLM theory reduce to the gamma and inverse 
Gaussian distributions. The former is characterized by a variance proportional to its squared 
mean while the latter has a variance proportional to the cubic mean. Supplemental Figure 
3 shows that FA variance varies more linearly with the squared mean than with the cubic 
mean. Similar observations were made for MD. Hence, we opted for gamma-distributed 
outcomes.

2. Selection of relevant independent variables
Given the low number of patients (25), we could not apply the traditional backward step-
wise strategy that consists in starting with a full multivariate model including all the inde-
pendent variables in the dataset (and their interactions) and then sequentially discarding 
regressors that are less supported by the data. Instead, we conducted a series of univariate 
analyses to test for a possible association between the outcome variable (FA or MD) and 
all the independent variables. Decision of variable elimination was made based upon null 
hypothesis statistical testing with a type I error rate of 10%. This means that 10 times out of 
100 we will retain as potential predictor a variable that in fact has very little effect on the 
outcome. This is slightly higher than the usual 5% because we deliberately wanted to be 
conservative in these univariate procedures that do not account for confounding effects. 
Since the outcome variables are continuous, association with a categorical variable was 
assessed with Wilcoxon rank sum test while association with a continuous variable was 
assessed with Kendall’s test of association based on Kendall’s tau measure of association. 
Despite the greater power obtained by using parametric tests, our data strongly supported 
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the claim that outcomes are not Gaussian-distributed, which complicates the conclusions 
of such tests.

3. Estimation of the non-linear variations with age
Our data suggests that FA and MD evolve non-linearly over time, which is well recognized 
in the literature. Previous work accounted for this non-linear dependency by replacing the 
regressor age with log(age)2. However, the large resulting fitting error suggests that micro-
structural changes as depicted by FA or MD are far more intricate. In this paper, we are 
interested in modeling the variations of FA and MD over the whole relevant time domain 
(~0-21 year-old). Modeling maturational changes with a cubic spline is particularly well 
suited for this purpose1. The idea is to decompose the time domain into q - 1 segments 
of equal length during which we assume that maturational changes can be described by 
cubic polynomials. The q - 1 polynomials are then joint continuously up to the second de-
rivative to form a cubic spline of order q. It is of common practice to select the order of the 
cubic spline a little larger than what one would expect to be well suited for describing the 
underlying functional relationship1. We hypothesize that decomposing the time domain [0-
21] into 3 sub-domains ([0-7], [7-14] and [14-21]) should be sufficient to accurately describe 
maturational changes: data indeed seem to suggest a steep increase (resp., decrease) of FA 
(resp., MD) over [0-7] y.o., followed by a transition period over [7-14] y.o. and a stabilization 
period over [14-21] y.o. We thus set the order of the cubic spline to q = 5 to model 4 (thus 1 
extra with respect to what we would expect to be sufficient) age sub-domains. We turn the 
problem of fitting a cubic spline into linear regressors by decomposing the cubic spline of 
order 5 linearly along the 5 corresponding cubic spline basis functions. The dependency of 
FA/MD with age in our regression model is thus described by 5 regressors corresponding to 
the 5 cubic spline basis functions evaluated in age.

4. Determination of the appropriate degree of smoothness
A cubic spline can over-smooth or, on the contrary, under-smooth the underlying true 
dependency between two continuous variables. A way to address this model selection 
problem consists in fitting the cubic spline that minimizes the classic least squares regres-
sion problem augmented with a penalty term that controls the degree of smoothness of 
the spline. In the present work, we penalized the least squares criterion with the integral of 
the second derivative of the cubic spline over the whole time domain and we determine 
its optimal degree of smoothness (determined by the penalty weight) by minimizing the 
generalized cross validation (GCV) score1.

5. Relevant interaction terms
The final list of potential predictors of FA/MD included 2 continuous variables (age and 
tissue volume) and 2 categorical variables (tissue type and lobe). In constructing the regres-
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sion model to predict FA/MD from these variables, an important question to be addressed is 
whether variations of FA/MD with the continuous predictors need to be modeled differently 
within each level of the categorical variables. For instance, FA might evolve at different rates 
over time in the different lobes or in the tuber compared to the NAWM. This problem can 
be assessed by including interaction regressors in the regression model. Which interaction 
terms are to be included is another model selection problem. We address this by fitting 
many models with all possible combinations of interaction terms and by selecting the 
model selection with smallest unbiased Akaike information criterion (AICu)3. 

(Note: The AICu suggested that the evolution of FA and MD over time might be lobe- and 
tissue type-specific but our data is insufficient to validate this hypothesis. The presented 
model has the lowest AICu given the data. With a large multicenter prospective dataset, we 
can solve dependencies better and allow for true estimation of the developmental trajec-
tory of each tissue type). 

6. Intra- and inter-subject variability
One subtlety of the modeling described in the 5 previous steps is that we are construct-
ing a fitting curve of the evolution of FA/MD over time from different patients followed 
over a brief period of time. As a result, each patient only contributes to a small portion of 
the whole [0-21] range of age. It is thus important to account for this in the analysis by 
explicitly modeling intra- and inter-subject variabilities. This can be handled by including 
two random effects in the model: the scan ID and the patient ID. Inclusion of these random 
effects tags each measurement to the corresponding pair (Patient, Imaging Session) and 
allows us to separate the intra- and inter-subject variabilities from the variability induced by 
pure noise. This ultimately improves all null hypothesis statistical testing procedures based 
on the noise variance estimate.

7. Significance of individual regression coefficients
We tested the significance of the individual regression coefficients using the unified frame-
work for simultaneous inference in general parametric models with generally correlated 
coefficients proposed in4.

8. Comparison of FA/MD evolution over time in patients to normal evolution of WM
We compared the evolution of FA/MD over time in the different tissue types to the normal 
evolution in the WM of controls. Specifically, we used Dunnett’s many-to-one multiple 
comparison procedure. We performed this comparison globally on average over all lobes 
and, subsequently, per lobe (Supplemental Figure 3A and 3B). 
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Part B. GAMM: Introduction to Generalized Additive Mixed Modeling

Through this example, we will step-wise explain why commonly applied models fall short, 
and extensions of the linear model are needed. We will use the feeding habits of wolves, 
with the assumption that their rather restrictive diet consists of captured rabbits only.

1. Linear Model

1.1 Linear model
The capture rate is our outcome variable and we want to examine the effect of rabbit 
density on the capture rate. We can first hypothesize that rabbit population (χ1) density has 
a fixed linear effect on the capture rate (y), that is:

y = a0 + a1χ1 (1)

where a0 and a1 are referred to as the linear coefficients, with a0 being the capture rate in 
absence of any rabbits, and a1 describing the magnitude (value) of the linear effect of rabbit 
density on capture rate. For example, if we were to actually carry out the experiment and 
determined that y = 0 + 0.04χ1, we could conclude that the capture rate increases with 
rabbit density by a factor of 0.04.

This model is a simplification of what the capture rate is in reality. As such, it is likely that 
there will be a discrepancy between observed and predicted capture rates for any given 
rabbit density. The most common way to account for that random variability is to complete 
the model by adding a random error component which, on average, amounts to zero but 
randomly varies around 0. To insert this into the model, the random error component needs 
to be characterized. In linear regression modeling, the error component is assumed to fol-
low a Gaussian distribution (bell curve) with constant variance.

1.2 Multivariate linear regression
Now, we might want to study the effect of additional variables on the capture rate, and 
we will need a multivariate linear regression model. For example, it is likely that the wolves’ 
hunting experience might influence the capture rate as well (though it is not our primary 
concern to understand the precise relationship between experience and capture rate). A 
simple way to account for experience is to include the wolf ’s age as an additional explana-
tory variable χ2 and specify the model as y = 0.3 + 1.2χ1 + 0.5χ2. In this particular example, 
we can deduce that a wolf ’s age has a positive effect on the capture rate, meaning that the 
older the wolf, the more experienced it becomes and thus the more rabbits it captures. 
Note also that the coefficient associated with rabbit density changed, now showing a much 
more pronounced effect because we adjusted the model to monitor the effect of age.
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1.3 Non-linearity in a linear model
One could argue that it is flawed to assume a linear effect for age. Indeed, wolf pups will 
learn very quickly, but the learning curve will slow down as it grows up, and eventually 
plateau (you can’t teach an old wolf new tricks!). Thus, the effect of age might be regarded 
as exponential. It is possible to include non-linearity in a linear regression model through 
explicit parametrization of the explanatory variables. Indeed, if we define χ2 as the exponen-
tial age instead of the age itself, then we still have: 

y = a0 + a1χ1 + a2χ2 (2)

and thus the model is still linear, even though we just introduced a non-linearity.

1.4 Limits of the model
However, while wolves may get smarter with age, they are not able to run faster than 
when in their prime. With that in mind, it seems that the effect of wolf age on their capture 
rate might be more complex than an exponential variation. Likewise, the capture rate is a 
bounded variable by definition (positive, between 0 and 1) but the linear regression model 
implies that, as the rabbit density increases, the capture rate will at some point exceed 1 (or 
100%). So what can we do to ensure a better modeling? 

Also, back to the random error component of the model, the Gaussian distribution of this 
error term is the key assumption which allows statistical testing on whether explanatory 
variables (rabbit density, age) significantly affect the outcome variable (rabbit capture rate). 
In fact, the wolf capture rate being a positive variable, the use of the Gaussian distribution 
implies that negative observed values could occur, which is not plausible (wolves spitting 
out live rabbits!).

2. Generalized Linear Model
2.1 Link functions
It is possible to model some functions of the outcome variable rather than the outcome vari-
able itself. It may turn out, for example, that the rabbit density explains the logarithm of the 
capture rate better than the capture rate itself. These functions are known as link functions, 
denoted by (g). While theoretically any function could be attempted to model, in practice 
there are only four of them that are statistically sufficiently understood to use: identity 
(g(y) = y), logarithm (g(y) = log(y)), reciprocal (g(y) = 1/y) and squared reciprocal (g(y) = 1/y2). 

For instance, it seems to be more plausible to model the effect of rabbit density on wolf 
capture rate as: 
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y = 
aχ1

(3)
h + χ1

This way, as the rabbit density increases, the predicted capture rate remains bounded by 
the maximum capture rate of alpha (which is equal to or smaller than 1). 

2.2 Improved error terms
Additionally, the random error component that models the variability of the outcome vari-
able is not restricted to the Gaussian distribution for subsequent statistical testing on which 
explanatory variables significantly impact the outcome. Now other distributions can also 
be used, such as the binomial and Poisson distributions for discrete outcome variables, 
and Gamma and inverse Gaussian distributions for continuous variables. For or example, a 
Gamma distribution is better than Gaussian, as it ensures that the outcome capture stays 
positive as it should be. Hence, our generalized linear model now will not predict negative 
capture rates or capture rates greater than 100% anymore.

2.3 Limits of the model
It is very unlikely that the capture rate (CR) will depend on the rabbit population density 
(PD) through a relationship as simple as the one described by equation (3). With severe 
under population (very low PD), the starving wolves may move out of the region or switch 
food source, in which case, CR should be close to zero. Similarly, with rabbit overpopulation 
(very high PD), wolves will be less interested as they are not as hungry and will get slower 
as they are overweight. However, they may spend more time reproducing as they need to 
spend less time hunting, and baby wolves too will need food. So it is unclear whether the 
WCR should increase, decrease or tend to a positive constant as the RPD increases. 

In general, one could try further explicit parametrization strategies (see 1.3, but these are 
not recommended because they do not reflect reality well and introduce strong biases.

3. Generalized Additive Model
3.1 Linking the link function g with another function ƒ
With generalized additive models (GAM)5, the idea is to admit that we have no clue about 
the way PD affects CR. So, we write that the appropriate link function of the CR depends 
upon the PD via an unknown mechanism described by a function :

g (CR) = ƒ (PD) (4)

and the goal of finding the relationship between WCR and RPD simply comes down to 
estimating ƒ This is not a trivial task because (i) it might seem we are looking for a needle 
in a haystack and (ii) the sample size actually limits the arbitrariness of ƒ. In practice, GAM 
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theory is well understood and there is a sound statistical framework for its estimation that 
guarantees an appropriate optimally smoothed solution that limits overfitting.

3.2 Smoothing and overfitting 
These functions can be smoothed (if plotted, they look smoother), for a better fit to the real 
observed data, but the smoothing process is arbitrary. That can lead to data overfitting, and 
bear risk that conclusions drawn from such a model are not properly supported by the data. 

Cross-validation or generalization error metrics, applied to make the GAM as generaliz-
able as possible, can be used to determine the amount of smoothness and thus minimize 
overfitting6. The only limitation to this approach is the sample size. Too small samples 
indeed limit the number of functions ƒ that can be “explored” (as candidate functions) for 
the real relationship between CR and PD.

3.3 Limits
Generalized additive models cannot account for small but important systematic variations 
in the data, explained below. 

4. Generalized Additive Mixed Model
4.1 Random effects, systematic variation
Other factors, not explained by the models above, might have influence and introduce a 
systematic bias if not appropriately accounted for. For example, the landscape which hunt 
takes place on can either augment or limit the wolf capture rate. Hills and lakes could be 
good hunting grounds as they allow for trapping the prey but mountains and trees provide 
shelter. Also, some wolves will be intrinsically faster runners; some will have more appetite 
than others and so on. A rabbit population with more fast-running hares is overall more 
difficult to catch. Cute, small, brown, fuzzy rabbits are more appetizing. A single wolf ’s ap-
petite might vary every day depending on the wolves’ pack success the prior day. All these 
are examples of random effects, which are likely to introduce systematic variation. 

All these systematic variations appear at different levels. If the model does not incorpo-
rate their effect, they will solely be accounted for as averaged effects and will misleadingly 
inflate the variability of the random error component of the model (see 1.1). A high vari-
ability requires more data, and so not accounting for these random effects will ultimately 
underpower statistical tests of significance. 

4.2 Mixed models
Mixed models are a sound way to capture these systematic variations and to make sure 
they will be kept separate from the error variance. The idea is to assume that the specifi-
cally studied individual wolves are a sample of a larger population of wolves with an overall 
average appetite, experience and speed. Each wolf ’s appetite, experience and speed can 
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then be seen as a slight departure from that average. For explanatory reasons, we will use 
appetite as an example. 

We can now turn the problem of accounting for the effect of each wolf ’s appetite into 
the problem of accounting for an averaged fixed effect of appetite plus a random component 
of which variability describes the departure of the effect of each wolf ’s appetite to the 
average. In this case, we say that appetite (and speed, experience, others) can be viewed as 
random effects.

4.3 Hierarchy (not the one in the wolf pack), repeated measures
Similarly, the mixed model can be built in a multilevel fashion, meaning there is a hierarchi-
cal order to the data. The units analyzed (capture rate) are typically at lower level (wolf, 
rabbit), but the data is nested in higher-level contextual data (landscape). 

In our example, we can think of the type of landscape as a random effect. The landscape 
can be viewed as having (a) an averaged fixed effect on the capture rate and (b) a random 
component with no additional effect on average. The random component though, has a 
variability that accounts for the difference between each landscape effect on the capture 
rate and the averaged fixed effect of landscape. 

Repeated measures, obtained from the same wolves, can additionally be used to incor-
porate another intrasubject level. This again can be split up as (a) an averaged fixed effect 
of appetite, plus (b) a random component which variability captures the difference in ap-
petite of that wolf followed over several days. This way, rather than being a limitation of the 
data, repeated measures can actually be used to reduce the variability of the random error 
component, and improve the fit of the model. 
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Supplementary figure e-1: Challenges in diff usion imaging and cyst-like tubers

(A-D) Calcifi ed tuber
(A) Axial T1-weighted image reveals a hypointense area in a mesial frontal calcifi ed tuber (white arrowhead), which 
is also dark on T2-weighted FLAIR imaging (B). The calcium deposits induce a phase inconsistency, appreciated on 
susceptibility weighted imaging (SWI)(C). This phase diff erence will correspond to a signal loss in the DWI image 
(D). In addition, there is a “blossoming eff ect”, which means the area of diff usion signal loss is greater than the voxels 
containing calcium, noted on the T1- and T2-weighted images. The blossoming eff ect is evident in the SWI image(C), 
where a large hypo intensity can be appreciated. In (D), FA values of calcifi ed tuber 0.00 (white arrow), directly adja-
cent 0.08 (white dotted arrow), remote noncalcifi ed tuber 0.20 (black arrowhead).

(E-H) Cyst-like tuber
(E) Axial T1-weighted image reveals a hypointense area in a left parietal tuber (white arrowhead), which is also dark 
on T2-weighted FLAIR imaging (F). The water in the cyst demonstrates no fase inconsistency on SWI (G), and has 
isotropic, unhindered diff usion on DWI (H). In (H), FA values of cyst-like tuber 0.06 (white arrow), remote non-cyst-like 
tuber 0.22 (black arrowhead).
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Supplementary figure e-2: Distribution of mean and variance of FA values
The choice of the outcome distribution for our model is dependent on the relation between mean, and variance. 
The fi ts of 4 distributions are displayed for illustration. The FA variance varies more linearly with the squared mean (B) 
than with the cubic mean (A), thus a gamma-distribution was used. (C) illustrates a linear relation between mean and 
variance, (D) illustrates a variance that does not depend on the mean at all. In the top left, an illustration of an average 
distribution histogram is inserted, demonstrating the non-Gaussian of tuber (red), perituber (salmon), normal appear-
ing white matter (light blue), and control white matter (black) tissue types. 
Note that in this particular example case, in this lobe, there is incomplete overlap between normal appearing white 
matter and the white matter of a control subject, suggesting a lower mean FA of the NAWM in this example.
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Supplementary figure e-3: Comparison of tissue type evolution to control white matter, per lobe
For fractional anisotopy (A) and mean diff usivity (B), tuber (red), perituber (salmon), and normal appearing white mat-
ter (light blue) tissue types are compared to the white matter of controls, per lobe, using Dunnett’s multiple-to-one 
multiple comparison procedure. The x-axis displays coeffi  cients, and the confi dence intervals crossing zero indicate 
no signifi cant diff erence.

Supplemental table 1. Comparison of tissue type evolution to control white matter, independent of lobe

FA CI (lower, upper) MD CI (lower, upper)

NAWM −0.309 (−0.851, 0.233) −0.092 (−0.198, 0.014)

Perituber −3.924 (−4.666, −3.182) −0.331 (−0.468, −0.195)

Tuber −12.810 (−13.579, −12.042) −0.836 (−0.973, −0.699)

Coeffi  cients from Dunnett’s many-to-one multiple comparison procedure. CI = confi dence interval; FA = Fractional 
Anisotropy; NAWM = Normal Appearing White Matter; MD = Mean Diff usivity.
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ABSTrACT

Background: We assessed the clinical utility of routine electroencephalography (EEG) in the 
prediction of epilepsy onset in asymptomatic infants with tuberous sclerosis complex.

Methods: This multicenter prospective observational study recruited infants younger than 7 
months, seizure-free and on no antiepileptic drugs at enrollment, who all underwent serial 
physical examinations and video EEGs throughout the study. Parental education on seizure 
recognition was completed at the time of initial enrollment. Once seizure onset occurred, 
standard of care was applied, and subjects were followed up until 24 months. 

Results: Forty patients were enrolled, 28 older than 12 months with completed EEG evalu-
ation at the time of this interim analysis. Of those, 19 (67.8%) developed seizures. Epileptic 
spasms occurred in 10 (52.6%), focal seizures in five (26.3%), generalized tonic-clonic seizure 
in one (5.3%), and a combination of epileptic spasms and focal seizures in three (15.7%). 
Fourteen infants (73.6%) had the first emergence of epileptiform abnormalities on EEG at 
an average age 4.2 months, preceding seizure onset by a median of 1.9 months. Hypsar-
rhythmia or modified hypsarrhythmia was not found in any infant before onset of epileptic 
spasms. All children with epileptiform discharges subsequently developed epilepsy (100% 
positive predictive value), and the negative predictive value for not developing epilepsy 
after a normal EEG was 64%. 

Conclusions: Serial routine EEGs in infants with tuberous sclerosis complex is a feasible strat-
egy to identify individuals at high risk for epilepsy. The most frequent clinical presentation 
was epileptic spasms followed by focal seizures, and then a combination of both seizure 
types.
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INTroduCTIoN

Tuberous sclerosis complex (TSC) is an autosomal dominant disease that affects approxi-
mately one in 6000 people, represents one of the most common genetic causes of epi-
lepsy1-3, and is caused by TSC1 or TSC2 mutation. The neurological manifestations in TSC are 
common and in children represent the most disabling problems of the disease, including 
epilepsy, intellectual disabilities, psychiatric problems, and autism. Epilepsy is particularly 
prevalent, affecting about 80% of individuals with TSC4-6 with over 60% having seizures 
that are severe and refractory4,7,8. Almost half of infants with TSC develop epileptic spasms, 
which is associated with poor neurological prognosis4. 

Increasingly TSC is diagnosed at a young age before the onset of epilepsy from non-neu-
rological findings, such as cardiac rhabdomyomas9. The earlier diagnosis of TSC provides a 
unique opportunity to identify and validate a biomarker for epilepsy. A predictive biomarker 
would allow earlier intervention that may alter or curtail epileptogenesis and its adverse ef-
fects. A recent open-label study suggests that treating patients with TSC with an abnormal 
electroencephalography (EEG) before onset of epileptic spasms with vigabatrin may im-
prove neurological outcome10. An earlier retrospective study reported similar benefit with 
early treatment11. Nonetheless, the use of clinical EEG as a reliable biomarker of epilepsy has 
not been rigorously validated and has been limited to retrospective analyses subject to re-
ferral, recording, and recall biases4,12. Our prospective study provides a unique opportunity 
to document the evolution of epileptogenesis, development of clinical seizures, and the 
utility of EEG as an early biomarker for epilepsy in TSC.

MeThodS

Subject recruitment

Infants with TSC in this multicenter prospective observation study were enrolled from the 
neonatal nursery, pediatric cardiology, general pediatrics, genetics, pediatric neurology, 
and obstetrics/perinatology/ maternal-fetal medicine clinics. TSC diagnosis was based on 
clinical features (i.e., cardiac rhabdomyomas, intracranial tubers or subependymal nodules 
or giant cell astrocytomas, characteristic skin findings, and/or other evidence on prenatal 
or perinatal cardiac echocardiography, neuroimaging, and skin examinations) or genetic 
diagnosis13.

Each infant with TSC enrolled met all the following inclusion criteria: (1) age <7 months, (2) 
seizure-free at enrollment, and (3) the genetic or clinical diagnosis for TSC13. Infants were 
excluded if any one of the following criteria was present: (1) age 27 months, (2) history of 
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seizures of any type, or (3) current or past treatment with vigabatrin or inhibitors of the 
mammalian target of rapamycin, before study enrollment. Prematurely born infants with TSC 
as young as 32 weeks’ gestation could participate only if there were no medical complica-
tions from prematurity, involving the brain or other major organs, such as hypoxic-ischemic 
encephalopathy, any intracranial hemorrhage, necrotizing enterocolitis, any respiratory 
diagnoses requiring ventilator support, or cardiovascular compromise. The earliest time of 
enrollment for these premature infants was when they reached term (37 weeks’ gestation).

Infants with TSC were recruited from the TSC centers at each of the five sites (University of 
Alabama at Birmingham, University of California at Los Angeles, Boston Children’s Hospital, 
Cincinnati Children’s Hospital Medical Center, and University of Texas Medical School at 
Houston).

Study design

This study was approved by the institutional review boards of all five institutions. Parental 
consent was obtained for all subjects. At designated time points following enrollment (1.5, 
3, 4.5, 6, 9, 12, 18, and 24 months chronological age), physical and neurological examination 
and a 1-hour research video EEG (to include both sleep and wakefulness) were performed. 
The 1 hour duration of the video EEG was chosen to maximize capturing both wakefulness 
and sleep during the same study, yet sufficiently brief to use in and extend to the clinical 
setting, as well as taking into consideration families’ time commitment and staying within 
funding constraints.

Subjects referred for initial screening and enrollment were seen within 2 weeks. Initial 
evaluation included physical and neurological examination and baseline video EEG (1 hour 
wakefulness and sleep). As part of our research protocol, a seizure recognition educational 
video was shown to the parents or caregivers at the time of enrollment. Enrolled subjects 
were followed up until age 2 years.

If the infant or child at any point in the study developed seizures, history and additional 
clinical video EEG(s) of varying duration were completed to confirm epilepsy onset, and 
antiepileptic drug (AED) treatment was initiated at the managing neurologist’s discretion 
as dictated by individual clinical scenarios, but this clinical information was recorded, as 
were all medical therapies throughout the duration of the study. The research video EEGs 
continued at the designated time points stated above, even after clinical seizure onset. 

In addition to the scheduled serial research 1-hour video-EEG studies to monitor for the de-
velopment and evolution of EEG abnormalities, the parent or caregiver maintained a seizure 
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log throughout the study. Once a diagnosis of seizures was made, the subject continued in 
the study to monitor developmental progress, seizure control, and response to AEDs.

Video-eeG acquisition and interpretation

Video EEGs were uniformly acquired across all five TSC centers, with standard 23 electrodes 
placed according to the 10-20 international placement system. All video-EEG studies were 
recorded for 1 hour, incorporating both sleep and wakefulness, at a high sampling rate of 
2000 Hz, with a high-frequency and low-pass filter of 500 Hz. All video EEGs from all five sites 
were anonymized, then uploaded to a secure central server and located and maintained at 
the University of California at Los Angeles. To view the video EEGs from all five sites, which 
collectively used three different video-EEG vendors, video-EEG analysis was viewed digitally 
with Persyst software (San Diego, CA), in the standard timescale of 30 mm/sec and standard 
filter settings of 1-Hz low-frequency filter (high pass) and 70 Hz high frequency (low pass), 
along with a 60-Hz notched filter.

To render a more balanced interpretation, each video-EEG study was reviewed by two 
independent central EEG reviewers (JMP, MG), who are both board-certified pediatric elec-
troencephalographers and blinded to all clinical information except the age of the subject 
necessary for the EEG interpretation. Differences in the EEG interpretation, when present, were 
adjudicated by a third, blinded board-certified pediatric electroencephalographer (JYW).

The EEG results were classified based on age-appropriate norms, as either normal or abnor-
mal. EEG abnormalities were evaluated in terms of the presence or absence of background 
abnormalities, such as generalized or focal slowing, epileptiform discharges (focal, regional, bi-
lateral, or generalized spike or spike and wave discharges), (modified) hypsarrhythmia, voltage 
attenuation, as well as clinical and/or electrographic seizures, in accordance with the National 
Institutes of Neurologic Disorders and Stroke Common Data Element Tools for Epilepsy.

Statistical analysis

The study design made the following assumptions for statistical sample size. In a popula-
tion of patients with TSC the study assumed the incidence of epilepsy to be 85% and that 
the overall frequency of epileptiform discharges is 50%. Based on the statistical analysis 
of the preliminary data from the University of Alabama Birmingham and the University of 
California Los Angeles, enrolling 30 patients results in >80% power at a nondirectional alpha 
of 0.05 assuming that the ratio of patients with normal EEG versus EEG with epileptiform 
discharges will vary from 0.2 to 0.5. The association between epileptiform discharges and 
epilepsy was analyzed by multiple methods, performed by a statistician at the University of 
Alabama Birmingham (GC): (1) time-to-event survival analysis to determine the temporal 
relationship between epileptiform discharges and seizure onset, (2) multivariable Cox pro-
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portional hazard analysis, to assess the contribution of multiple variables to development 
of epilepsy, and (3) logistical regression analysis to determine the strength of association 
between epileptiform discharges and epilepsy at the end of the 24-month follow-up period.

reSulTS

Cohort and clinical characteristics

A total of 40 subjects were prospectively enrolled into the study (Table 1). At the time of 2/1/15 
data cut-off  for this interim analysis, 28 infants were older than 1 year and were included in 
the current analysis (Figure 1). Three additional subjects older than 12 months were excluded 
since most recent EEG analysis by the blinded reviewers was not completed at the time of 
cut-off . Of the remaining subjects, three had either electrographic seizures or epileptiform 
discharges on EEG and were excluded because they were treated with AEDs before the onset 
of clinical seizures. These subjects could not be included in the statistical calculation for posi-
tive and negative predictive values because they had received a therapeutic intervention. 
The remaining six subjects were excluded from this interim analysis because they were still 
younger than 12 months and therefore needed longer follow-up time.

figure 1: Cohort of study participants with tuberous sclerosis complex. EEG, electroencephalography.
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Gender was distributed evenly among the 28 infants included for the interim analysis, and 
the average age at time of enrollment was 2.7 ± 2.0 months. Of the 28 subjects enrolled, 26 
underwent TSC genetic testing, 20 (76.9%) had a pathologic mutation in TSC2. Mutations in 
TSC1 were identified in five (19.2%). In 1 (3.8%), no mutation in either TSC1 or TSC2 was found.

Table 1. Summary of infants with TSC over age 12 months
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1 C M Normal 5.4 16

2 C M Not tested 3.8 15

3 C F Not tested 2.1 22

4 C F TSC2 1.4 18

5 C F TSC1 7.2 20

6 C M TSC2 2.1 25

7 C M TSC2 1.5 24

8 C F TSC1 7 27

9 C M TSC1 4.4 26

10 C F TSC2 2.3 6 ES 13

11 C F TSC1 2.6 5.5 GTC 15

12 C F TSC2 1.5 2 Focal 14

13 AA F TSC2 0.4 11 Focal 14

14 C F TSC2 1.6 3.5 ES 20

15 C M TSC2 0.7 4.2 Focal spikes 6 Focal & ES 15

16 C F TSC1 3.3 3.4 Regional spikes 4 ES 12

17 C F TSC2 6.5 6.5 Regional spikes 8 ES 17

18 C M TSC2 6 9 Regional spikes 12.5 ES 16

19 C M TSC2 1.1 4 Regional spikes 7 ES 17

20 C F TSC2 4 4 Bilateral spikes 5.5 ES 15

21 C M TSC2 3.9 4 Regional spikes 5 ES 18

22 C M TSC2 1.1 6 Bilateral spikes 6.2 ES 22

23 A M TSC2 1.4 1.5 Focal spikes 3.5 Focal 21

24 C F TSC2 2.5 4 Bilateral spikes 6 Focal & ES 20

25 AI M TSC2 1.5 1.6 Bilateral spikes 3.5 Focal 20

26 H F TSC2 6 6 Focal spikes 20 Focal 29

27 C M TSC2 4.2 4.2 Bilateral spikes 6 ES 28

28 C M TSC2 1.1 1.2 Bilateral spikes 6 ES & Focal 25

AA, African American; AI American Indian; C Caucasian, EEG electroencephalogram; ES epileptic spasms; F Female; 
GTC Generalized tonic clonic seizure; H Hispanic; M Male; TSC Tuberous Sclerosis Complex
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In this cohort of 28 infants older than 12 months, 19 (67.9%) developed clinical seizures dur-
ing the observation period. The average age at time of seizure onset was 6.7 ± 4.1 months, 
the youngest within age 2.0 months and the oldest at age 20 months. Epileptic spasms 
were the most common seizure type and occurred in 10 infants (52.6%). Focal seizures oc-
curred either as the sole seizure type (five subjects, 26.3%) or with epileptic spasms (three 
subjects, 15.8%). In contrast, seizures with generalized onset were rare, with generalized 
tonic-clonic seizures occurring only in one (5.3%) subject, and no other clinical seizure 
types were reported (Table 2).

Of these EEG interictal and ictal findings, the presence of epileptiform discharges preceded 
the onset of first clinical seizure in 14 of 19 infants (73.7%), which occurred between ages 1.2 
and 9.0 months (Table 2). The interval between the first EEG with epileptiform discharges 
and the first clinical seizure was an average of 2.8 ± 3.4 months, median of 1.9 months 
(interquartile range 1.5, 3.0 months). No epileptiform discharges were detected with any 
of the video EEGs in five subjects (26.3%) before the onset of clinical seizures. Seizure type 
in this latter group included focal seizures, epileptic spasms, and generalized tonic-clonic 
seizure (Figure 2). 

Table 2. Clinical seizure semiology and EEG characteristics
Seizure characteristics in 19 subjects who have had a clinical seizure since enrollment, by group:

Seizure Type epileptiform discharges (n=14) Normal eeG (n=5)

Focal seizures 3 2

Epileptic spasms 8 2

Focal seizures & epileptic spasms 3 0

Generalized seizures 0 1

EEG characteristics in 19 subjects who have had a clinical seizure since enrollment:
- Fourteen of 19 (73.6%) had epileptiform activity detected on EEG before the onset of clinical seizures

Average (months) Median (months)

Age at time of first epileptiform discharges 4.2 (S.D. = 2.1) 4.0

Age at time of first clinical seizure 6.7 (S.D. = 4.1) 6.0

Time interval between epileptiform discharges and seizure 2.8 (S.D.= 3.4) 1.9

- Five of 19 (26.3%) had no epileptiform activity detected on EEG before the onset of clinical seizures

Subject Id last normal eeG (months) Clinical seizure onset (months)

10 4 6

11 4 5.5

12 1.5 2

13 9 11

14 1.5 3.5
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The remaining nine infants of the cohort of 28 have remained seizure-free, on no AED, at the 
time of this interval analysis, and all nine infants have had normal video EEGs, without the 
presence of epileptiform discharges on any of the video EEGs (Table 3).

The positive predictive value (PPV), or how often the presence of a biomarker can correctly 
predict the disease in a population, can be determined from the ratio of true positives 
(those subjects with both abnormal EEG and subsequent seizures) to the sum of true 
positives and false positives (those with abnormal EEG and no subsequent seizures). The 
corresponding PPV (Table 3) for the presence of epileptiform activity on an EEG preceding 
the development of clinical seizure onset in infants with TSC is then 14/(14 + 0), or 100% CI 
(76.8%, 100.0%).

figure 2: Summary of electroencephalography (EEG) in relation to clinical seizure onset. ES, epileptic spasms; FS, 
focal seizures. 
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Similarly, the negative predictive value (NPV), or how often the absence of a biomarker can 
correctly predict the nondisease state in a population, is determined from the ratio of true 
negatives (subjects with both normal EEG and no seizures) to the sum of true negatives 
and false negatives (subjects with normal EEG but subsequently developing seizures). The 
corresponding NPV (Table 3) of the absence of epileptiform activity on the EEG and no 
subsequent epilepsy in infants with TSC is then 9/(9 + 5), or 64.3% CI (35.1%, 87.2%).

The other EEG findings of focal or generalized slowing, attenuation, hypsarrhythmia or 
modified hypsarrhythmia, and ictal events did not consistently precede the onset of clinical 
seizures, and none reached statistical significance.

dISCuSSIoN

This prospective multicenter observational study provides unique insight into the develop-
ment of epilepsy in TSC and the clinical utility of serial EEGs in the identification of patients 
at high risk for impending seizure onset. This preliminary report is driven by compelling 
strength of interim analysis and provides early supportive data for risk stratification in 
planned prospective research on effects of pre-emptive antiepileptic treatment in TSC.

The risk for epilepsy in TSC has been previously estimated to be 80%, based on retrospective 
studies in patients of all ages, including older children and adults4,14,15. Determining preva-
lence in infants is more difficult as not all the studies separated their analyses into younger 
cohorts. Jozwiak et al.14 reported seizures present by age 2 years in 83%, whereas Chu-Shore 
et al.4 reported 63% by age 1 year and 82% by age 3 years. Using an observational study de-
sign in which infants were enrolled before seizure onset, and followed up prospectively, we 
calculated in this study the incidence of infants with TSC developing clinical seizures before 
age 2 years as 67.8 %. Although our approach overcomes recall and reporting bias inherent 
to retrospective studies, the estimate in this prospective study may yet underestimate the 
true incidence, as not all subjects have been observed past age 24 months. Continuing 
to follow our present cohort prospectively will allow more definitive calculation of annual 
and cumulative incidence of epilepsy for infants with TSC, by age, throughout infancy and 
childhood.

Table 3. Statistical analysis summary

Clinical seizure No clinical seizure

Epileptiform discharges 14 0

Normal EEG / no epileptiform discharges 5 9

Sensitivity (%) Specificity (%) Positive predictive value (%) Negative predictive value (%)

73.7 100 100 64
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Only one prior published study has evaluated EEG findings in infants with TSC before the 
onset of seizures, consisting of five subjects16. Patients were enrolled from age 9 days to 
9 weeks and had serial EEGs at 4-week intervals. EEG abnormalities were detected in four 
subjects between ages 0.5 and 5.0 months, all of whom (100%) subsequently developed 
seizures within 1-8 days of the first abnormal EEG. The remaining subject with a normal EEG 
never developed clinical seizures. In this study, we found a similar high correlation between 
epileptiform discharges and subsequent seizures, with the average age when epileptiform 
discharges were first detected as 4.2 months. However, sensitivity was notably lower (73.7%) 
and with a much longer time interval between epileptiform discharges and clinical seizure 
onset that averaged 2.8 months and median of 1.9 months. Our study involved multiple 
centers, a larger cohort than previous studies, and multiple blinded EEG readers, adding 
additional patient diversity, power, and scientific rigor to the calculated lower limit of 
sensitivity. An unresolved variable that could contribute to the differences observed is the 
frequency of surveillance EEGs in the asymptomatic cohort. The every 6 weeks EEG at earlier 
time points in our study was chosen to balance study sensitivity with clinical feasibility for 
participating families. This longer time interval between scheduled EEGs, especially at later 
time points when expanded to 3-6 month intervals, may also explain the relatively high 
false-negative rate observed (and corresponding calculated NPV) in our study. The longer 
interval between scheduled EEGs increases the likelihood that newly emerging epilepti-
form abnormalities before the onset of clinical seizures may have gone undetected in the 
interim. However, the calculated time between epileptiform activity and seizures was an 
average 2.8 months, median 1.9 months. We suspect that with more frequent sampling, the 
interval time, here measured only in monthly increments, would likely be shorter with the 
possibility of showing higher sensitivity and lower NPV. A sizeable window between epilep-
tiform discharges and clinical seizure onset is key, as such a window provides a unique and 
feasible opportunity to design and implement antiepileptogenic treatment strategies that 
may delay or prevent clinical seizure onset. 

In our study infants with TSC are as likely to present with focal seizures, epileptic spasms, or 
focal seizures mixed with epileptic spasms (either concurrently or subsequently to onset of 
focal seizures). Furthermore, similar to results of the Domanska-Pakiela et al. study16, classic or 
modified hypsarrhythmia was not found in any infant before the onset of focal seizures or epi-
leptic spasms. This would suggest that classic or modified hypsarrhythmia, reported to occur 
in up to 71% of patients with TSC and clinical epileptic spasms17, occurs after seizure onset and 
corresponds to later events in the epileptogenesis process. These observations on the evolu-
tion of epilepsy onset in infants with TSC have an important impact on clinical management, 
as treatment delay may adversely affect long-term epilepsy and developmental outcome11,17. 
First, parents and clinicians should know that either focal-onset seizures or epileptic spasms 
may be an initial seizure manifestation in infants with TSC. Second, because hypsarrhythmia 
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may follow epileptic spasms, clinicians should not wait for hypsarrhythmia, either in the clas-
sic or modified form, to appear on EEG before initiating appropriate treatment for epileptic 
spasms. Finally, the earliest signs of seizures, whether focal seizures, epileptic spasms, or a 
mix thereof, may be very subtle and could go unrecognized or misdiagnosed without a high 
index of clinical suspicion on the part of parents and clinicians. We found it very useful to 
show videos of multiple clinical seizure types, both classic and subtle forms, to parents to 
increase their likelihood of recognizing and reporting to clinicians the earliest clinical events 
of concern. We also encouraged parents and caregivers to send video files obtained with 
mobile phones for clinician review and confirmation.

Although an EEG is currently recommended at the time of initial TSC diagnosis11,13,18 the 
results of this study not only support the importance of that initial EEG but also the im-
portance of subsequent EEGs in monitoring the development of seizures and epileptiform 
discharges. This recommendation is consistent with the European recommendation, which 
suggested close EEG monitoring in the first few months of life and consideration of preven-
tative treatment in the presence of EEG ictal discharges19.

In conclusion, this study is the first multicenter prospective study to evaluate serial EEGs as 
a biomarker for subsequent epilepsy in the infant population with TSC. Our study demon-
strates the feasibility and importance of close EEG surveillance in infants with TSC, with high 
PPV of epileptiform discharges for predicting those who subsequently develop epilepsy. 
This interim analysis highlights the value of early diagnosis of infants with TSC and the value 
of serial EEG beginning at the time of diagnosis. Importantly, our study suggests there is a 
critical window of time between emergence of epileptiform discharges and clinical seizure 
onset, which provides a unique opportunity to investigate potentially disease-modifying 
antiepileptogenic treatment strategies in this population.
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ABSTrACT

Background: Graph theory has been recently introduced to characterize complex brain net-
works, making it highly suitable to investigate altered connectivity in neurologic disorders. 
A current model proposes autism spectrum disorder (ASD) as a developmental disconnec-
tion syndrome, supported by converging evidence in both nonsyndromic and syndromic 
ASD. However, the effects of abnormal connectivity on network properties have not been 
well studied, particularly in syndromic ASD. To close this gap, brain functional networks 
of electroencephalographic (EEG) connectivity were studied through graph measures in 
patients with Tuberous Sclerosis Complex (TSC), a disorder with a high prevalence of ASD, 
as well as in patients with non-syndromic ASD. 

Methods: EEG data were collected from TSC patients with ASD (n = 14) and without ASD 
(n = 29), from patients with non-syndromic ASD (n = 16), and from controls (n = 46). First, 
EEG connectivity was characterized by the mean coherence, the ratio of inter- over intra-
hemispheric coherence and the ratio of long- over short-range coherence. Next, graph 
measures of the functional networks were computed and a resilience analysis was con-
ducted. To distinguish effects related to ASD from those related to TSC, a two-way analysis 
of covariance (ANCOVA) was applied, using age as a covariate. 

Results: Analysis of network properties revealed differences specific to TSC and ASD, and 
these differences were very consistent across subgroups. In TSC, both with and without a 
concurrent diagnosis of ASD, mean coherence, global efficiency, and clustering coefficient 
were decreased and the average path length was increased. These findings indicate an 
altered network topology. In ASD, both with and without a concurrent diagnosis of TSC, 
decreased long- over short-range coherence and markedly increased network resilience 
were found. 

Conclusions: The altered network topology in TSC represents a functional correlate of 
structural abnormalities and may play a role in the pathogenesis of neurological deficits. 
The increased resilience in ASD may reflect an excessively degenerate network with local 
overconnection and decreased functional specialization. This joint study of TSC and ASD 
networks provides a unique window to common neurobiological mechanisms in autism.
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BACkGrouNd

Tuberous Sclerosis Complex (TSC) is a genetic neurocutaneous disorder, with highly 
variable, unpredictable and potentially devastating neurological outcome [1], and ap-
proximately 40% of these patients develop autism spectrum disorders (ASD) [2]. No 
conventional magnetic resonance imaging (MRI) biomarker can reliably predict intractable 
epilepsy, cognitive impairment or autism in this population [3]. Research has conventionally 
focused on non-syndromic ASD, but now consensus is emerging that single gene disorders 
with high penetrance of ASD (e.g. TSC, Fragile X syndrome, Rett syndrome) can be used to 
better understand the cellular and circuitry bases of ASD [4-6]. Moreover, to advance the 
understanding of common neurobiological mechanisms in ASD, these should be present 
in subjects with ASD regardless of an underlying neurogenetic abnormality. For example, 
using diffusion tensor imaging (DTI), we have recently demonstrated abnormalities in struc-
tural connectivity of the corpus callosum of children with TSC and a co-morbid diagnosis of 
ASD, adding to a growing body of evidence of callosal microstructural deficits in subjects 
with ASD alone [3, 7-10].

Although such structural data from DTI provide insight into the architecture of interre-
gional connections, to understand how neurophysiological function is supported by this 
architecture, functional networks should be analyzed as well [11]. Functional networks are 
implicated in cognitive functioning [12], and may form the physiological basis of infor-
mation processing and mental representations [11]. They are made up by brief states of 
coordinated activity between physiological signals from neuronal aggregates in spatially 
distributed and specialized brain regions [13-16]. Functional connections form the building 
blocks of a functional network, and can be studied with neurophysiological techniques (e.g. 
electroencephalography, EEG) and by neuroimaging (e.g., functional MRI, fMRI).

Compared to fMRI, EEG has poor spatial resolution and is subject to volume conduction. 
However, it has a better signal-to-noise ratio, and a significantly better temporal resolution. 
Moreover, EEG connectivity is directly related to neural activity, whereas fMRI is derived 
from the cerebral hemodynamic response to an increased metabolic demand [17], with 
a lag of 1 to 2 seconds from the neuronal activation. Recently, intermittent motion of the 
head during fMRI acquisition was shown to generate an artifactual reduction in long range 
connectivity and increase in short range connectivity. This artifact may mask alterations in 
functional connectivity associated with autism, and complicate appropriate interpretation 
of functional connectivity MRI studies [18]. The best way to compensate for this artifact after 
the acquisition is completed remains unclear and the acquisition of MRI scans of children 
with autism without motion is a challenging task. On the contrary, artifact assessment is 
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part of routine EEG interpretation by the clinical neurophysiologist, and common post-
processing techniques allow for motion rejection or correction. 

Thus, the main advantage of electroencephalography is the high temporal resolution, al-
lowing for direct characterization of higher frequency coordinated activity [19]. Recently, 
two data-driven analyses of EEG signals allowed for robust classification of subjects with (or 
at high risk for) autism and controls [20, 21]. Although these EEG studies reflect functional 
connectivity, they do not measure the complex network properties. 

To characterize these complex networks with quantitative measures, graph analysis can be 
applied [11]. Graph theory has been recently introduced to characterize biological systems, 
in the brain in particular. Graph analysis of fMRI, magnetoencephalography (MEG) and EEG 
signals has revealed fundamental insights into the large-scale functional organization of 
the human brain in health and disease. Using EEG and MEG, syndrome-specific patterns of 
abnormal functional networks have been described in epilepsy [22], Alzheimer’s disease 
[14] and in adult subjects with ASD [23-25]. 

For ASD, graph theoretical measures of brain networks are particularly well suited as ASD 
is, like Alzheimer’s disease, considered a disconnection syndrome [26-30]. In disconnection 
syndromes, functional impairment is theoretically related to the disruption or abnormal in-
tegration of spatially distributed brain regions that would normally constitute a large-scale 
network subserving function [11, 28]. In ASD specifically, the developmental disconnection 
theory proposes a decreased long-range integration accompanied by increased local con-
nectivity [7]. To synthesize the apparent inconsistencies of various long-range deficits or 
local surfeits in physical (DTI) and functional (fMRI) connectivity reported in ASD, a network 
approach may also be used [26, 27, 31-33].

We studied connectivity in ASD, and the effects of abnormal connectivity on network 
properties. As the study of a homogeneous group of cooperative, high-functioning (young) 
adults precludes generalization of findings to the entire autism spectrum, a two-way study 
population was chosen: patients with and without TSC, and patients with and without ASD. 
To include the early developmental period of accelerated brain growth, during which au-
tism symptoms become apparent [7] and secondary, maladaptive developmental changes 
have not yet occurred [34], a wide age-range was included in our study.

We hypothesized that (micro-) structural deficits in connection in TSC and ASD affect 
functional network properties, quantifiable by neurobiologically meaningful graph mea-
sures [35] of conventional EEG coherence. In particular, we hypothesized a widespread 
disconnectivity in TSC based on structural imaging findings, and decreased long-range 
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and increased short-range connectivity in ASD, in agreement with the current model of 
developmental disconnection.

MeThodS

Subjects

TSC patients were identified through the Boston Children’s Hospital Multidisciplinary Tu-
berous Sclerosis Program, and were diagnosed with definite TSC based on clinical criteria 
described by the Tuberous Sclerosis Consensus Conference [36]. All patients with TSC were 
neurologically examined, and clinical data were obtained during office visits and from 
review of medical records. Genetic confirmatory testing included TSC1 and TSC2 gene 
sequencing and micro-deletion analysis at Athena Diagnostics (Worcester, MA) or Boston 
University School of Medicine Center for Human Genetics (Boston, MA). The ASD diagnoses 
were based on the clinical assessment by a board-certified pediatric neurologist (MS and 
SSJ) using the Diagnostic and Statistical Manual DSM-IV-TR, supplemented in most with the 
Autism Diagnostic Observation Schedule (ADOS) [37] by clinical- or research-ADOS certified 
specialists. 

Autistic subjects without TSC (non-syndromic ASD group) were recruited from the 
Early Childhood Partial Hospitalization Program (ECPHP), an intensive, multidisciplinary, and 
highly specialized intervention program for children with ASD ages 2-5, via the Center for 
Autism Research and Treatment, Semel Institute, University of California, Los Angeles, Los 
Angeles, CA. ASD diagnoses were made as described for the TSC population. 

Controls were selected from the general neurology clinic at Boston Children’s Hospital in 
2010, and were considered when they would have an EEG prompted by single clinical event 
of moderate-to-low suspicion for epilepsy (e.g. syncope, tics, behavioral outbursts, head-
ache, and prominent startle). Included were only those subjects with a normal neurological 
development for age, a normal physical examination, a normal EEG both during wakeful-
ness and sleep and a clinical follow-up of at least 1 month to confirm the trivial nature of 
the EEG referral. 15 controls had a normal imaging study, others were not imaged. Subject 
recruitment, data collection, retrieval and analysis were conducted with informed consent 
for the participation of children in the study by the parents when appropriate (e.g. waived 
for use of retrospective EEG data), using protocols approved by the Institutional Review 
Boards from Boston Children’s Hospital and the Semel Institute, University of California, Los 
Angeles. 
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The study populations are represented in (Figure 1 A). Previous literature has implicated an 
important role of the corpus callosum in ASD [8-10]. For illustrative purposes, and to ensure 
our functional connectivity measure was representative of callosal integrity, the effects 
of an absent or severely malformed corpus callosum (ACC) on coherence were assessed. 
These subjects were retrieved through a search of radiological reports and confirmed by 
review of the images and electronic medical records.

eeG recording and artifact rejection

In Boston, through review of electronic medical records, digital EEG data was identified 
and retrieved from the archives. Both routine electroencephalographic data and inpatient 
data from long-term monitoring with video-EEG was used, utilizing the 10-20 International 
System of electrode placement (Figure 1 B). If multiple recordings were present, a single 
record was chosen based on proximity to the acquisition of imaging data, for future correla-
tion of imaging and EEG findings. If data were of insufficient quality, the next closest EEG 
was chosen. EEGs were recorded on Biologic recording systems, 256 – 512 Hz sampling rate, 
1-100 Hz bandpass, or on a Natus Neuroworks® EEG system, 200 Hz sampling rate, 0.1-100 
Hz bandpass. Data in Los Angeles were collected using a 128 Hydrocel Geodesic Sensor Net 
System (EGI®, Inc). Data were collected and recorded using NetAmps Amplifiers and NetSta-
tion software, sampled at 250 Hz, and digitized with a National Instruments Board (12 bit).

All raw data was imported, pruned, notch filtered at 60 Hz, and if needed spatially downs-
ampled to the standard clinical 19 electrodes (Fig 1B). An average reference was created 
using the BESA® Research 3.5 software package. Next, data was imported into EEGlab for 
band-pass filtering (FIR filter, 1-70 Hz), rejection of artifact-ridden epochs and selection of 
awake task-free data, with a minimum of 2 minutes. Epochs with evidence of muscle artifact 
were, where possible, rejected. ICA was used for semi-automated artifact rejection of eye 
blinks and lateral eye movements, according to previously described methods [38]. The 
average reference was used for calculation of connectivity. After artifact removal, for each 
subject several segments of continuous EEG signal

were available for analysis. While these segments varied in their number and length, no 
group difference was observed in the mean, minimum and maximum length of these seg-
ments (p > 0.15 for both TSC and ASD conditions). The total duration of EEG data analyzed 
was higher in TSC subjects (p < 0.01) with an average time of 646 seconds compared to 439 
seconds for non-TSC subjects. No difference related to ASD was observed in the total dura-
tion of EEG data analyzed. This difference in total length was accounted for in our definition 
of the connectivity measure.
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figure 1. Group structure and functional networks. 
(A) In the two-way representation of our population, group status is defined by the subject being diagnosed with 
Tuberous Sclerosis Complex (TSC) or not, and with Autism Spectrum Disorder (ASD) or not. This structure allows to 
independently attribute effects specific to TSC and ASD. (B) Electrode locations from the international 10-20 system of 
electrode placement are used as nodes in the network. (C) Illustrations of the functional networks of a control subject, 
a TSC patient, a non-syndromic autistic patient, and TSC patient diagnosed with autism. Colors on the connection 
terminations correspond to the colors in (B). 
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Connectivity measure

The connections between brain regions that make up functional networks are measures 
of linear or non-linear statistical interdependence between two time-series [39, 40]. Coher-
ence is a measure of the stability of phase correlation over time, and is sensitive to both 
changes in power and phase relationships, although the former is typically negligible [17]. 
High coherence values between two signals are taken as a measure of strong connectivity 
between the responsible brain regions [41, 42]. Advantages of this measure include ample 
experience across the literature, the intuitive intelligibility by clinician-scientists and the 
description of statistically consistent, recurrent connections over a longer period of time. 
Drawbacks include the neglect of shorter interactions in the time domain and of non-linear 
relations, the assumption of stationarity of the signal, and sensitivity to volume conduc-
tance through skull, scalp and cerebrospinal fluid [14, 17, 42]. 

Combining the data from the different segments of continuous EEG recording by concat-
enation would span transitions which translate into artifactual high frequency content 
of the power spectrum. Thus, coherence was calculated for each segment individually. 
Our connectivity measure was obtained by computing the average of these coherences 
weighted by segment length. This method weighs longer segments more, and gives negli-
gible weight to short segments. Specifically, let Si(t) be the signal in the i-th segment, Li be 
its length, N be the number of segments, Coh(S,ƒ) be the coherence of signal S at frequency 
ƒ and φ be the frequency band of interest, the connectivity measure reads:

C =

N

 dƒ.
Σ Li Coh(Si, ƒ)

∫
i=1

N

Ф Σ Li
i=1

Group comparison of coherences

To illustrate the validity of pre-processing methods and coherence calculations, data were 
analyzed on a sample of 16 patients with an absent or severely underdeveloped corpus 
callosum. The corpus callosum is the largest interhemispheric white matter pathway, critical 
to direct long-range information transfer between homotopic cortical regions and is impli-
cated in autism [3, 8-10]. We calculated the ratio of the mean coherence of all correspond-
ing interhemispheric electrode pairs over all non-midline intrahemispheric electrode pairs. 
As anticipated [43, 44], decreased interhemispheric coherence was found in the group with 
an abnormal or absent corpus callosum (one-tailed two-sample t-test: p<.006 in all three 
bands).
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For comparison of long- versus short-range coherences, neighboring electrode pairs were 
ignored because of excessive volume conductance [42, 45]. Short-distance mean coher-
ence was calculated from all intra- and interhemispheric electrode pairs not immediately 
adjacent, i.e. with a Euclidean distance of 2. Long-distance pairs were defined as a Euclidean 
distance of 3 or more on the grid (Figure 1 B), i.e. 75% or more of the maximum distance 
between aligned electrodes. For analysis of TSC and ASD populations, we controlled for 
baseline coherences and volume conduction by comparison to healthy subjects and for 
maturational changes by including age as a covariate into the regression model. 

The theta band (4-8 Hz) and the lower- and upper alpha bands (8-10 and 10-12 Hz, re-
spectively) were chosen on the basis of previous findings in disconnection syndromes (e.g. 
Alzheimer’s disease [14] and autism (e.g. [45, 46]), the higher power and signal-to-noise ratio 
in these bands and the increased susceptibility of beta- and gamma-bands to contamina-
tion by muscle artifact in routine clinical EEG. This also allowed for limiting the number of 
statistical analyses. 

In addition, graph analysis allows to avoid the multiple comparisons typically needed for 
group analyses at the connection level (19 electrodes have 171 possible connections in 
each subject). The actual correction for the comparisons of the few graph measures used 
would require knowing the correlation between these measures. 

Graph analysis

Mathematically, networks are represented by graphs, which consist of nodes connected by 
edges. A graph based on a connection measure without directionality (e.g. coherence) is 
referred to as undirected. Graphs can also be weighted or unweighted. In an unweighted 
graph, edges represent the presence or absence of a connection between two nodes 
regardless of its strength. By contrast, weighted graphs also encode the strength of the 
connections within the edges. For this study, an undirected weighted graph was built using 
the 19 electrodes as nodes and inter-electrode coherence values as edges (Figure 1 B-C). 
Edge strength can be mapped to a functional distance by applying a function ƒ to it [35]. 
We choose ƒ to be the negative logarithm as it will associate a functional distance of 0 to 
times series in perfect synchronization (coherence equal to 1) and an infinite functional 
distance to incoherent time series (coherence equal to 0). Functional distances then allow 
the definition of functional path lengths being the sum of the functional distances along a 
particular path [35].

Graphs can be characterized by various global measures. It is not yet established which 
measures are most appropriate for the analysis of brain networks [11]. Three important ones 
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are the characteristic path length, clustering coefficient, and global efficiency [14, 35]. The 
characteristic path length is the average length of the shortest paths that must be traversed 
to go from one node to another. The clustering coefficient indicates the likelihood that 
two nodes strongly connected to a third node are also strongly connected to each other, 
forming a strongly connected triangular cluster [11]. As such, the clustering coefficient is 
a measure of the network segregation. The global efficiency is the average of the inverse 
path lengths. As a result, the global efficiency is primarily driven by shorter paths (stronger 
connections) while characteristic path length is primarily driven by longer paths (weaker 
connections). In particular, the characteristic path length of a disconnected network is infi-
nite while its global efficiency is finite. Both characteristic path lengths and global efficiency 
are measures of network integration. A high clustering coefficient and a low average path 
length form a network with ‘small-world’ characteristics. Small-world architecture suggests 
a network with connections that are neither regular nor random, and is found ubiquitously 
in natural and technological systems [11, 35]. 

Additional file 1 provides an accessible introduction to graph theory and our network 
measures used, as well as examples of brain and airline networks.

Another interesting property of networks is its resilience to the removal of random or highly 
connected nodes, known as Random Failure and Targeted Attack, respectively [43,47]. In 
technological networks, the resilience is typically enforced by structurally replicating the 
nodes, inducing a redundancy in the network. In biological systems (and in the brain in 
particular), nodes typically cannot be replicated and resilience may indicate that structurally 
different components can perform similar functions, known as functional degeneracy. Thus, 
while a resilient functional network may reflect the ability to preserve system function in 
neuropathological conditions [14, 43, 47], an excess of degeneracy indicates a decreased 
functional specialization [48-50]. To measure resilience, attacks and failures are simulated by 
removing nodes and their connections from the graph. The global efficiency is computed 
for the resulting damaged network and compared to its initial value. Global efficiency is 
chosen to investigate resilience, as suggested in [35]. 

Additional file 2 contains an entry-level description of network resilience, and the main 
methods of assessing resilience through the two modes of network attack. Again examples 
are provided for airline networks and brain networks. 

All graph measures were computed using the NetworkX toolbox in Python [51] except for 
the global efficiency which was developed in-house.
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Statistical analysis

To distinguish the influence of autism spectrum disorders from that of tuberous sclerosis, a 
two-way ANCOVA was applied. This statistical model can assess effects specific to TSC and 
specific to ASD, and allows the inclusion of age as a covariate. However, it cannot account 
for differences in the group that are not additive. For example, if some measure is larger in 
both ASD and TSC group but the effects do not add up in the TSC with ASD subgroup, then 
the group differences may not be shown by the model. Conversely, it cannot account for 
situations in which a group difference is attributable to a single subgroup. 

Our unique two-way study population structure is somewhat akin to a repeated analysis, 
since, for each hypothesis tested, we have two subgroups to study. If the hypothesis is 
consistent for both subgroups (i.e. both ASD with and without TSC, or both TSC with and 
without ASD), the finding is more intrinsic to ASD (or TSC).

The subject’s age was used as a covariate, given the maturational changes in both EEG 
coherence [52, 53] and in graph measures of brain networks [54, 55]. The corresponding 
generalized linear model for each of the measures y is as follows:

y = ȳ + βASD ASD + βTSC TSC + βage age

where ȳ is the baseline value, ASD and TSC are binary group variables indicating the pres-
ence or absence of autism spectrum disorders and tuberous sclerosis complex respectively, 
and age is the subject’s age in years. The two-way ANCOVA then allows us to assess whether 
βASD and/or βTSC is significantly different from zero, indicating the influence of ASD and/or 
TSC on the measured properties.

Statistical and graph analyses were done with in-house developed software and standard 
issue toolbox on a MatLab platform (2009a, MatLab Inc., Natick, MA).

reSulTS

All results of statistical tests are displayed in Table 1.

demographic data

43 subjects with TSC were included (27 male, mean age 6.9 years, range 0.7 - 25.6), and 46 
age-matched control subjects (19 male, mean age 7.1 years, range 0.08 - 17.4). 14 TSC sub-
jects were diagnosed with ASD (9 male, mean age 9.3 years, range 1.0 - 25.6), and 29 were 
not (17 male, mean age 6.0 years, range 0.7 - 23.4). 16 subjects with non-syndromic autism 
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were included (12 male, mean age 4.1 years, range 2.2 - 5.5). Using Fisher’s exact test (binary 
variables) and student t-test (continuous variables), no group differences were found in 
gender and age between all TSC subjects and controls (p = 0.45, and 0.06, respectively). 
Age of TSC subjects with and without autism did not differ from controls (p =0.48 and 0.16, 
respectively). No age difference was found between all ASD subjects and controls (p = 0.29), 
but there was a slight male predominance (p = 0.02). Non-syndromic ASD subjects were 
younger than controls (mean 4.1 years +/- 1.1 vs. 7.9 years +/- 5.6). Age differences were 
controlled for all four groups in all subsequent analyses, through the incorporation of age 
as a covariate into the ANCOVA model.

ASD was not associated with TSC1 or TSC2 mutations (p = 1.0). In all patients, there was 
no association between significant cognitive impairment (clinical assessment or, if avail-
able, full scale intelligence quotient < 70) and ASD (p = 0.15). There was no difference in 
the prevalence of significant cognitive impairment between patients with ASD alone and 
patients with ASD and TSC (p = 1.0). In TSC patients, there was no association between ASD 
and epilepsy, or ASD and infantile spasms (p = 1.0 and 0.19, respectively), perhaps reflecting 
an inclusion bias of those patients who underwent EEG recordings. 

Coherence measures

The age-related increase in mean coherence (data not shown) result from developmental 
changes in brain maturation [52, 53]. On a network level, it represents increasing integration 

Table 1. p-values of the differences associated with autism spectrum disorder (ASD) and tuberous sclerosis complex 
(TSC). 

Property Theta
ASd

lower Alpha upper Alpha Theta
TSC

lower Alpha
upper 
Alpha

Mean Coherence 0.68 0.5 0.1 0.31 0.0044(**) 0.089

Inter-Intra ratio 0.022(*) 0.26 0.47 0.14 0.78 0.58 

Long-Short ratio 0.0004(***) 0.00012(***) 0.00033(***) 0.083 0.082 0.67 

Clustering Coefficient 0.8 0.66 0.6 0.23 0.001(**) 0.016(*) 

Average Path Length 0.5 0.57 0.085 0.33 0.0076(**) 0.17 

Global Efficiency 0.71 0.31 0.2 0.37 0.0087(**) 0.11 

Resilience:        

1 node removed 0.0019(**) 0.0049(**) 0.001(**) 0.097 0.74 0.39 

2 nodes removed 0.0073(**) 0.06 0.0049(**) 0.19 0.53 0.45 

3 nodes removed 0.003(**) 0.016(*) 0.12 0.11 0.58 0.92 

4 nodes removed 0.0013(**) 0.018(*) 0.089 0.085 0.6 0.86 

5 nodes removed 0.0008(***) 0.042(*) 0.094 0.1 0.74 0.88 

Numbers in bold indicate significant differences between groups, asterisks are defined as follows* <0.05, ** <0.01, 
*** <0.001)
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and decreasing segregation of structural and functional network hubs found by DTI and 
functional MRI (fMRI) studies [54-56]. 

In the TSC group, mean coherence between all electrode pairs was significantly decreased 
in the lower alpha band. This decreased indicates a significant global underconnectivity 
specific to TSC, corrected for age and regardless of the presence of ASD. In the ASD group, 
no difference in mean coherence was observed (Figure 2 A). However, note that the mean 
coherence does reflect the distribution of long- and short-range connections (Figure 2 C).

For TSC, despite our prior report on microstructural deficits of the corpus callosum [3], there 
was no difference in the ratio of inter-hemispheric over intra-hemispheric coherence (Figure 2 
B).
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figure 2. Connectivity by measures of conventional coherence and network topology. 
(A - C) Conventional coherence measures: (A) Mean coherence over all pairs of electrodes shows a significantly global 
under-connectivity for the Tuberous Sclerosis Complex (TSC) group regardless of the presence of Autism Spectrum 
Disorder (ASD). (B) Inter- versus intrahemispheric coherence ratio. The significantly smaller value for patients with an 
absent corpus callosum (ACC) illustrates the validity of coherence as a connectivity measure. (C) Long- over short-
range connectivity ratio is significantly smaller in the ASD group. As the mean coherence in (A) is not altered, this 
indicates a short-range overconnectivity and long-range underconnectivity in patients with ASD, evident in both 
subgroups (in ASD related to TSC and in ASD alone). (D - F) Network topology measures: TSC is characterized by a 
higher average path length (D) and lower clustering coefficient (E) and global efficiency (F). This departure from the 
small-world network topology results in a less functionally integrated and segregated network. No ASD group effect 
was found for these network topology measures. Only the lower alpha band is shown, see Table 1 for details. 
All measures are corrected for age. * p<0.05, ** p<0.01, *** p<0.001. 
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For ASD, with the exception of a group effect in the theta band, this ratio was unchanged as 
well. To illustrate coherence as a measure of connectivity, this ratio indeed showed a reduc-
tion of interhemispheric connections in the group with an absent corpus callosum [43, 44]. 

In the TSC group, the ratio of long- over short-distance coherence trended lower but did not 
reach significance (Figure 2 C).

In the ASD group, this ratio was significantly and consistently decreased over all examined 
frequency bands. As the mean coherence (Figure 2 A) was not altered, the decreased ratio 
indicates a local overconnectivity accompanied by a proportional long-range undercon-
nectivity in patients with ASD. This pattern was evident in both subgroups, i.e. in both ASD 
with and without TSC.

Graph measures

In patients with TSC, we found both a longer average path length (weak, long connec-
tions are weaker) and a decreased global efficiency (strong, short connections are weaker), 
indicating less integration through both short and long network paths (Figure 2 D-F). The 
clustering coefficient was decreased, indicating a decreased local connectedness in the 
graph. Together, the increased path length and the decreased clustering coefficient repre-
sent a network that departs from small-world topology in TSC, independent of a comorbid 
diagnosis of ASD. 

In patients with ASD, regardless of the presence of TSC, no significant group difference was 
found for the three topological measures. Since in ASD the ratio of long- over short-range 
connectivity is significantly lower, the absence of topological differences in this population 
suggests that functional networks are altered while maintaining an unaltered distribution 
of connection strengths (Figure 3).

resilience measures

For TSC, there was no group effect for either the targeted attack or the random failure in 
all three spectral bands. The decreased mean coherence in TSC (Figure 2 A) does not affect 
resilience measures, as these measures reflect a percentage change relative to the baseline 
global efficiency of a network. 

For ASD, with the targeted attack, a significantly decreased decline of the global efficiency 
was found. This group effect was not present with the random failure. In ASD, regardless of 
the presence of TSC, this significantly increased resilience to targeted attack was found in all 
frequency bands (Figure 4). As increased resilience could be related to an altered organiza-
tion of hubs (highly connected nodes) in the network, we calculated the connection degree 
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(coherences between electrode pairs).
In Tuberous Sclerosis Complex (TSC), the distribu-
tion is left-skewed from a relative increase of lower 
coherence values. In Autism Spectrum Disorder 
(ASD, the distribution of connection strengths is 
similar to controls. This indicates the alteration of the 
functional network in ASD stems from the allocation 
of similar connection strengths in a diff erent elec-
trode pairing scheme. Only the lower alpha band is 
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figure 4. Resilience to targeted attacks. 
Autism Spectrum Disorder (ASD) is characterized by 
signifi cantly higher network resilience to targeted 
attacks, indicating a higher degree of functional 
degeneracy (see discussion for details). This diff er-
ence is consistent in both ASD subgroups (with and 
without TSC). Only the lower alpha band is shown. A 
sample bar plot of the global effi  ciency of the net-
work after removal of 3 nodes is inserted (top right). 
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figure 5. Summary of network analysis. 
In summary, functional networks in Autism Spec-
trum Disorder (ASD) are characterized by a high re-
silience to targeted attacks, and this is consistent for 
both ASD alone and ASD related to Tuberous Scle-
rosis Complex (TSC). Functional networks in the TSC 
group have an altered topology with a decreased 
clustering coeffi  cient and increased average path 
length, regardless of a co-morbid diagnosis of ASD. 
The consistency of our fi ndings is highlighted by the 
alignment of the data-cloud on the Y-axis (increased 
resilience for ASD) and on the X-axis (altered net-
work topology for TSC). Groups are displayed with a 
span of one standard deviation.
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of the three highest connected nodes, compared to the sum of the degree of all nodes. In 
ASD, this normalized degree was significantly decreased across all bands (p < 0.005 for the 
first hub; p < 0.001 for second hub except in the upper alpha band; p < 0.01 for the third 
hub except in the upper alpha band).

Subgroup analysis

Results in Figures 2, 3, 4 and 5 and Table 1 suggest that the observed differences are specific 
to a condition (TSC or ASD) rather than a subgroup. To validate this observation, we per-
formed post-hoc t-tests on the differences between the subgroups. The contributions of TSC 
with and without ASD to the findings related to TSC (mean coherence and graph measures) 
were not significantly different. Similarly, the contributions of ASD with and without TSC to 
the findings related to ASD (long- over short-range connectivity and resilience to targeted 
attack) were not significantly different across all bands (except in the theta band for 1 and 
2 nodes removed, p=0.02 and 0.04 respectively). The difference in subgroup age between 
idiopathic ASD and controls did not in turn lead to the identification of a subgroup differ-
ence on these measures. There were no differences in the findings between the groups and 
the subgroups on these measures.

For clarity, the findings characterizing TSC by an altered network topology and ASD by an 
increased resilience are summarized in Figure 5.

dISCuSSIoN

We analyzed functional connectivity through EEG coherence in a large sample of children 
with TSC with and without ASD. Incorporating subjects with ASD alone allowed us to study 
connectivity abnormalities common to autism, regardless of etiology. In TSC, a pattern of 
global underconnectivity and altered network topology was found. ASD was characterized 
by a decreased long- over short range connectivity, and a markedly increased resilience to 
targeted attack.

Coherence measures

In TSC, mean coherence was significantly lower, suggesting a global connection deficit. On a 
structural level, diffuse deficits in connectivity have also been described in TSC. First, animal 
models of TSC have demonstrated aberrant structural connectivity on a neural level, stem-
ming from abnormalities in myelination, guidance and specification of the axon [57-59]. 
Second, in human subjects, DTI studies have revealed widespread decreased white matter 
microstructural integrity (for a brief overview, see [3]). This study is the first to demonstrate 
a functional correlate of structurally aberrant connectivity in TSC.
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In ASD as well as in TSC, the ratio of inter- over intrahemispheric connectivity did not reflect ab-
normalities of the corpus callosum, evident from volumetric, microstructural and functional 
imaging studies [3, 7-9, 60]. This either suggests a more subtle decrease in interhemispheric 
functional connectivity or more widespread distribution of altered connectivity in these 
disorders.

In ASD, a consistent and significant decreased ratio of long- over short-range coherence, in 
the setting of an unaltered mean coherence, is in support of the current model of autism as 
a developmental disconnection syndrome. A comprehensive synthesis of prior findings in 
EEG and MEG coherence studies of ASD is challenging due to methodological differences 
[21, 27]. Nonetheless, patterns of regional underconnectivity and local overconnectivity 
were found in several studies. 18 autistic adults were found to have locally increased frontal 
and temporal resting state theta coherence, and decreased coherence between frontal 
lobe and all other regions in the lower alpha band [45]. In 20 children with ASD, decreased 
intrahemispheric and interhemispheric delta and theta coherences were reported [46]. 
Similar to our findings, Mathewson and colleagues found no significant difference of coher-
ence at rest in the alpha band in adults with autism compared to controls [61]. Barttfeld 
et al. studied EEGs of 10 autistic adults with a measure of synchronization, and reported a 
prominent deficit in long-range and an increase of short-range connectivity [25]. Our data 
for the first time demonstrate similar findings in both ASD associated with TSC, and in ASD 
alone, in support of a common mechanism.

Graph measures

In TSC, despite extensive neurological involvement, functional connectivity has not been 
studied before. In ASD, the classic autistic cognitive profile of superior simple information 
processing and impaired higher order information processing stresses the importance to 
examine functional network as a whole, and not only specific connections between specific 
regions [10]. To investigate properties of the entire functional network both in TSC and in 
ASD, we applied graph theoretical analysis.

In TSC, the widespread deficits in local and regional connectivity in TSC are reflected both in 
conventional and graph measures of coherence. The aberrant network topology results in 
a decreased efficiency of information processing. The miswiring of axonal connections may 
contribute to the pathogenesis of neurological deficits in TSC [3, 62, 63], and our EEG study 
demonstrates the functional implications of these structural abnormalities on a network 
level.

The comparison of TSC to other disorders is complicated by the developmental rather than 
neurodegenerative nature of the disconnection. Using MEG, a recent study on connectivity 
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and demyelination from multiple sclerosis reported an increased path length and clustering 
coefficient, suggesting a more regular network topology [64]. A similar MEG study of con-
nectivity in Alzheimer’s disease, considered a disconnection syndrome, found a decreased 
path length and clustering coefficient, indicating a more random network [14]. Both studies 
found associations between neuropsychological performance measures and graph con-
nectivity measures, underscoring the neurobiological relevance of network analysis.

In patients with ASD, no significant differences in network topology measures were found. 
In the model of autism as a developmental disconnection syndrome, decreased small-
worldness could be anticipated, as demonstrated in a MEG study using the synchronization 
likelihood in young adults with high-functioning autism [25]. Decreased small-worldness 
may then represent a decrease in local specialization (lower clustering coefficient) and 
regional integration (longer average path length) [65]. Our data may not have shown this 
due to the young age of the study-population, where such refinement has

not taken place yet [56]. Also, the absence of a higher clustering coefficient and of a 
longer path length for ASD despite the decrease in long-over-short range coherence dem-
onstrates that nodes are spatially more clustered (conventional analysis) but not functionally 
more clustered (network analysis). This discrepancy is based on the conceptual difference 
between “physical distance” and “network distance”.

resilience

In the ASD group, a key finding of significantly increased resilience to targeted attack was 
found. Different explanations to this observation can be posited, each reflecting different 
aspects of proposed neurobiological mechanisms of ASD.

First, increased resilience in the networks of autistic subjects could be related to redundant 
connectivity patterns. An abundance of connections makes a network highly resilient to 
attacks. However, connections in the brain are formed at a high physical cost [11,66] and the 
brain constantly negotiates the trade-off between wiring costs and topological efficiency 
[67]. In particular, normal early developmental overconnectivity is followed by a pruning of 
connections in the maturing brain [55], suggesting network refinement [56].

Physiologically, in autism, the redundancy of connections could be explained by an im-
paired pruning of connections in the aforementioned dynamic process. The remaining 
overconnected network operates at different scales, from the neuronal level to the system 
level, and is consistent with studies of early cerebral overgrowth in autism (for a summary, 
see [7, 26]).
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Cognitively, overconnectivity can result in a poor signal-to-noise ratio where the system 
is flooded with noise and swamps the signal [34]. With a poor signal-to-noise ratio, the 
output of a network may not be sufficiently distinct to achieve the necessary information 
processing [30]. Thus, overconnectivity can create abnormally undifferentiated response to 
any stimulus. This excess of information gets equal rather than selective attention, creating 
an overstimulated, inefficient and delayed processing bottleneck [34].

Second, increased resilience could imply decreased functional specialization of brain 
regions. In technological systems, resilience refers to redundancy, as the same function is 
performed by identical elements. In biological networks, however, it refers to degeneracy, as 
structurally different elements can perform the same function [48, 50]. A degenerate system 
implies less specialization as the same output can be generated by different elements. 
Therefore, the increased resilience found in ASD could indicate an excessively degenerate 
system, where the removal of targeted nodes does not much affect the global properties of 
the network. Their presence is apparently less critical to the network, providing evidence of 
decreased functional specialization of these nodes. Our finding of a decreased level of con-
nectivity of the main three hubs in the ASD population adds support to this interpretation.

In summary, the integration of primary order perceptions into higher order concepts is 
altered in ASD, but whether this is a top-down deficit (developmental disconnection syn-
drome) or due to heightened primary processing remains unclear [28]. A study using local 
coherence measures has argued decreased responsiveness of autistic subjects to external 
stimuli may stem from a signal reduction through excess dampening [21]. Our network 
approach, however, suggests it rather comes from an excess of information processed in an 
overconnected, less specialized network [7, 31].

future directions

Nodes should best represent brain regions with coherent patterns of extrinsic anatomical 
or functional connections which is problematic with EEG [35]. Specifically, node definition 
with only 19 electrodes is problematic as the locations do not match well defined func-
tional regions. Higher density EEG with 128 or 256 channels in an experimental setting can 
overcome this problem in part, although inherent to the technique only superficial aspects 
of the brain network can be modeled. In addition, electrode positions relative to underlying 
anatomical structures and functional areas are subject to variability, to changes related to 
growth and maturation and to methods of electrode placement used (e.g. high density 
electrode cap or net). Thus, the level of anatomic accuracy of current study does not allow 
for examining in detail the relation between functional and structural connectivity. Volume 
conduction will result in lattice-like graphs with highly clustered connections between 
neighboring electrodes, potentially confounding analysis of network properties [66]. Other 
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measures of connectivity are less sensitive to this problem such as the phase lag index, 
synchronization likelihood [14, 68, 69], and partial directed coherence [17]. Nevertheless, it 
is encouraging that many ‘headline’ results seem to be robust to methodological details at 
several steps of network generation [70].

Frequency bands clearly have different associations with different aspects of cognitive activ-
ity, with different roles in pathology and with different biophysical mechanisms, reviewed 
in [71] and [72]. Also, connectivity levels between regions are different for each frequency 
band [73]. Some authors have proposed that long distance communication may be mainly 
reflected by synchronization in low frequency bands (alpha and theta range) while shorter 
distance local communication is supported by synchronization in beta and gamma fre-
quency bands [74]. As a result, it is imperative that any study should try to be as complete as 
possible in investigating connectivity in the different bands. However, to limit the number 
of comparisons, but more importantly because of potential muscle artifact (interference 
with beta and gamma bands) and potential residual motion artifact interference with the 
delta band) in the EEG data of this challenging population, our study was restricted to the 
theta, upper and lower alpha bands.

Bands not studied include the delta band and the beta and gamma bands. Slower brain 
oscillations in the delta and sub-delta range appear to have a physiological role in sensory 
processing and cognition, even in the absence of environmental stimulation (e.g., the de-
fault mode network in resting EEG and fMRI studies) [75]. In autistic patients, Coben and 
colleagues found the most significant coherence changes in autistic patients in the delta 
and theta bands compared to controls [46]. Gamma frequency oscillatory activity has been 
implicated in local cognitive processes, and in the development of distributed cortical 
networks through both resting-state and task-related neural synchrony in this band [76].

Unfortunately, while analysis of these bands would be no additional challenge to execute, 
with the current limitations of the clinically acquired data, findings would not be meaning-
ful.

Finally, the heterogeneity of the study population should be emphasized. First, the use of 
clinical EEG data as controls could have introduced a bias from subtle EEG abnormalities 
that have escaped routine interpretation by the clinical neurophysiologist, and controls 
were recruited from a population with neurological complaints. Second, autism is a spec-
trum disorder with a wide range of severity, not well reflected by a binary variable

(presence or absence of ASD). In future studies continuous variables could be used, such 
as the calibrated severity score of the Autism Diagnostic Observation Schedule [77], or the 
Social Responsiveness Score (SRS), which was recently used in another cross-disorder ap-
proach of autism [78]. Third, patients with TSC have wide variability in their phenotypical 
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presentation. We did not incorporate anti-epileptic or psychoactive medication, and epi-
lepsy severity variables into the model, while in TSC up to 90% experiences seizures in their 
lifetime [1]. With this high co-occurrence of epilepsy, cognitive impairment and autism 
in TSC [1] differences found may represent more global neurocognitive and behavioral 
dysfunction in TSC [78] – although in our patients we did not find an association between 
severe cognitive impairment and autism. While EEG segments with epileptic discharges 
were excluded from analysis, it remains possible epilepsy impacted the network analysis, 
in particular of the TSC population. However, interictal functional networks of patients with 
epilepsy are characterized by increased connectivity (especially in the theta band) and to-
pological changes including increased regularity and hub-like organization [79-82] – which 
we did not find.

In summary, several limitations of our study including the retrospective nature, the sources 
of EEG data and the possibility of different cognitive states of subjects [27] can largely be 
addressed by a prospective study design. The burden associated with an EEG procedure is 
especially prominent in the young, low-functioning autistic population, and may only be 
justified by clinical indication [21] - warranting the exploratory use of already collected data. 
Still, a large, prospective, multicenter endeavor for determination of advanced neuroimag-
ing and EEG correlates of autism in TSC has been launched. In addition, graph theoretical 
analysis of resting state fMRI connectivity in our population could validate our findings with 
much higher spatial resolution.

CoNCluSIoNS

Connectivity analysis can provide fundamental insights into temporal functional coupling 
of spatially separate, specialized brain regions. Our EEG coherence study demonstrates 
decreased functional connectivity related to tuberous sclerosis complex (TSC) in a global 
manner, and to autism spectrum disorder (ASD) in a more complex pattern.

In TSC, this study is the first to demonstrate altered functional connectivity, both through 
direct measurement of EEG coherence and on a network level. These results may represent 
a functional correlate of structural connectivity abnormalities in TSC, and contribute to the 
neurological pathogenesis in TSC.

In ASD, a decreased long-over short-range coherence and markedly increased resilience to 
targeted attack renders an excessively degenerate network with local overconnection and 
decreased functional specialization.
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APPeNdIx

Box 1 Graph Analysis: An introduction 

Graphs are mathematical representations of networks in which nodes are connected by 
edges (see fi gure below). In the case of an airline network, for example, the nodes are the 
airports and the edges are the fl ights connecting them. In the case of brain networks, nodes 
correspond to brain regions (e.g. electrodes in EEG) and edges represent the connections 
between them. Graphs can be weighted or unweighted. In weighted graphs, edges are 
weighted by the strength of the connection. In the fi gure, the strength is represented by 
the darkness of the edges. The strength can then be used to defi ne a network distance, 
which increases when the strength decreases. In the airline network, the duration of the 
fl ight can be used as a temporal distance between airports. In the brain network, edges 
can be weighted by the coherence between times series. A functional distance can be 
computed by applying a function f to the coherence. Once the graph is constructed, diff er-
ent measures can be computed to investigate diff erent properties of the network. 

Box 1 Graph Analysis: An introduction 
Graphs are mathematical representations of networks in which nodes are connected by edges (see figure 
below). In the case of an airline network, for example, the nodes are the airports and the edges are the flights 
connecting them. In the case of brain networks, nodes correspond to brain regions (e.g. electrodes in EEG) 
and edges represent the connections between them. Graphs can be weighted or unweighted. In weighted 
graphs, edges are weighted by the strength of the connection. In the figure, the strength is represented by the 
darkness of the edges. The strength can then be used to define a network distance, which increases when the 
strength decreases. In the airline network, the duration of the flight can be used as a temporal distance 
between airports. In the brain network, edges can be weighted by the coherence between times series. A 
functional distance can be computed by applying a function f to the coherence. Once the graph is constructed, 
different measures can be computed to investigate different properties of the network. 
 

 
 

Average path length 
Description: Different paths may connect one node to another (path from B to E). The shortest path length is 
the total distance of the shortest path. Averaging these shortest path lengths for all pairs of nodes yields the 
average path length. This graph measure reflects the integration of the network, i.e. how well connected 
distributed regions are.  
 
Airline networks: The average path length is the average time needed to go from any airport to any other. The 
average path length is high if there are poorly connected airports (node A). To decrease it, airline companies 
would need to make sure no small airport is isolated.  
 
Brain networks: The average path length is the average functional distance between any two brain regions. It 
is a measure of how rapidly information from different specialized regions can be combined. 
 
Clustering coefficient 
Description: The clustering coefficient indicates the likelihood that two nodes strongly connected to a third 
node are also strongly connected to each other, forming a strongly connected triangle in the graph (ref 
Rubinov and Sporns). In the figure, the clustering coefficient is higher in the right part of the graph than in the 
left part. The clustering coefficient is considered a measure of the network segregation. Networks that are both 
integrated and segregated are commonly called small world networks. 
 
Airline networks: The clustering coefficient is high if regional airports (e.g. Long Beach, CA, and Monterey, CA) 
have direct connections to each other and not just to major hubs (e.g. New York JFK). Thanks to small-world 
properties, one could fly from Long Beach, CA to Bordeaux, France, with only two transfers in major hubs.  
 
Brain networks: In the brain, a high clustering coefficient indicates the presence of local cliques forming 
specialized functional units. Brain networks are small-worlds in which different functional units can work 
independently but are connected to each other through hubs.  
 
Global efficiency 
Description: The global efficiency is another measure of network integration. It is defined as the average of the 
inverse path lengths. In contrast to the average path length that is very affected by long path with isolated 

Average path length
Description: Diff erent paths may connect one node to another (path from B to E). The short-
est path length is the total distance of the shortest path. Averaging these shortest path 
lengths for all pairs of nodes yields the average path length. This graph measure refl ects the 
integration of the network, i.e. how well connected distributed regions are.

Airline networks: The average path length is the average time needed to go from any 
airport to any other. The average path length is high if there are poorly connected airports 
(node A). To decrease it, airline companies would need to make sure no small airport is 
isolated. 

Brain networks: The average path length is the average functional distance between any 
two brain regions. It is a measure of how rapidly information from diff erent specialized 
regions can be combined.
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Clustering coefficient
Description: The clustering coefficient indicates the likelihood that two nodes strongly 
connected to a third node are also strongly connected to each other, forming a strongly 
connected triangle in the graph (ref Rubinov and Sporns). In the figure, the clustering coef-
ficient is higher in the right part of the graph than in the left part. The clustering coefficient 
is considered a measure of the network segregation. Networks that are both integrated and 
segregated are commonly called small world networks.

Airline networks: The clustering coefficient is high if regional airports (e.g. Long Beach, 
CA, and Monterey, CA) have direct connections to each other and not just to major hubs 
(e.g. New York JFK). Thanks to small-world properties, one could fly from Long Beach, CA to 
Bordeaux, France, with only two transfers in major hubs. 

Brain networks: In the brain, a high clustering coefficient indicates the presence of local 
cliques forming specialized functional units. Brain networks are small-worlds in which dif-
ferent functional units can work independently but are connected to each other through 
hubs.

Global efficiency
Description: The global efficiency is another measure of network integration. It is defined as 
the average of the inverse path lengths. In contrast to the average path length that is very 
affected by long path with isolated nodes, the global efficiency is mostly driven by short 
paths between hubs. The graph in the figure would have a larger efficiency if nodes C and 
D were directly connected. 

Airline networks: The global efficiency is high when fast direct flights exist. To increase it, 
airline companies can introduce fast planes to connect hubs (like the Concorde that used 
to connect Paris, London and New-York).

Brain networks: In brain networks, a high global efficiency indicates that functional units 
are well integrated. It is primarily influenced by strong direct connections, which, in EEG 
analysis, are more physiologically meaningful than long paths between nodes.
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Box 2 Graph Analysis: resilience

The resilience of a network to the removal of nodes provides insight into the presence 
of spare connections. Spare connections allow for alternative paths to be crossed in the 
network when the shortest path can no longer be taken due to missing nodes. Resilience 
is typically measured by simulation of node removal in the network, either as a random 
failure or a targeted attack. Resilience of the airline network would allow one to get to 
its destination even if one airport is closed due to weather conditions. In brain networks, 
resilience may indicate degeneracy, where a path through functionally different nodes 
yields the same output. 

Box 2 Graph Analysis: Resilience 
 
The resilience of a network to the removal of nodes provides insight into the presence of spare 
connections. Spare connections allow for alternative paths to be crossed in the network when the 
shortest path can no longer be taken due to missing nodes. Resilience is typically measured by 
simulation of node removal in the network, either as a random failure or a targeted attack. Resilience 
of the airline network would allow one to get to its destination even if one airport is closed due to 
weather conditions. In brain networks, resilience may indicate degeneracy, where a path through 
functionally different nodes yields the same output.     
 

	  
	  

Random failure 
Description: With each next random omission of nodes (green nodes in the figure), the decline in the 
graph performance is measured (typically global efficiency, see Box 1). 
 
Airline networks: Due to progressively worsening international strikes of ground-workers, more and 
more random airports are temporarily closed, leading to inefficient travel. 
 
Brain networks: Multifocal head trauma could be viewed as an injury to randomly distributed regions. 
With scattered small injuries, large neurological deficits may be limited, indicating resilience to random 
failure.  
 
Targeted attacks 
Description: Hubs with a high degree centrality are removed first (red nodes in the figure).  
 
Airline networks: A global terrorist group executes a coordinated sequential bomb-attack against the 
control towers of major international airports. International travel and travel between major 
metropolitan areas become impossible.  
 
Brain networks: A targeted attack may better mimic preferential neurodegeneration of highly 
connected hubs (ref Stam). Physiologically, such attacks may be more plausible, as highly connected 
nodes tend to be more metabolically active, rendering them more vulnerable for neurodegenerative 
disease (ref Alstott). Excessive resilience could indicate that removal of such active hubs is less 
critical to network function, suggesting decreased specialization.  
 
	  

Random failure
Description: With each next random omission of nodes (green nodes in the figure), the 
decline in the graph performance is measured (typically global efficiency, see Box 1).

Airline networks: Due to progressively worsening international strikes of ground-workers, 
more and more random airports are temporarily closed, leading to inefficient travel.

Brain networks: Multifocal head trauma could be viewed as an injury to randomly dis-
tributed regions. With scattered small injuries, large neurological deficits may be limited, 
indicating resilience to random failure.

Targeted attacks
Description: Hubs with a high degree centrality are removed first (red nodes in the figure).

Airline networks: A global terrorist group executes a coordinated sequential bomb-attack 
against the control towers of major international airports. International travel and travel 
between major metropolitan areas become impossible.

Brain networks: A targeted attack may better mimic preferential neurodegeneration of 
highly connected hubs (ref Stam). Physiologically, such attacks may be more plausible, 
as highly connected nodes tend to be more metabolically active, rendering them more 
vulnerable for neurodegenerative disease (ref Alstott). Excessive resilience could indicate 
that removal of such active hubs is less critical to network function, suggesting decreased 
specialization.
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Tuberous Sclerosis Complex (TSC) is a severe multisystem genetic disorder, with a highly 
variable and unpredictable outcome. While there is increasing insight into basic molecular 
and cellular mechanism of the disease, and there are promising targeted therapies under 
investigation, the factors contributing to neurological outcome are only partially under-
stood. Clinical and genetic indicators may reflect the initial burden of the disease, but read-
ily available, biologically relevant, robust, repeated, non-invasive and objective measures 
are needed to increase our understanding of mechanisms of epilepsy and neurocognitive 
morbidity, to characterize the disorder longitudinally, and to facilitate interventional trials 
via the use of validated biomarkers of neurological outcome in TSC.

This thesis describes the use of advanced neuroimaging and neurophysiologic methods 
in the assessment of phenotypic variation in tuberous sclerosis complex, to serve a dual 
purpose: To improve the understanding of the pathophysiology, and to evaluate the ap-
plication as a disease marker. 

Below, the work is placed in the context of current developments in the field. Next, it is 
discussed with regards to strengths and weaknesses, and its potential clinical implications 
in the diagnosis and management of TSC and neurological co-morbidity. 

In the last section, an outline of future work describes the need for further elucidation of 
TSC pathophysiology, and for research in the development of optimal early treatment and 
prevention strategies. 

The work IN CurreNT CoNTexT 

density-weighted statistics in dTI

A technical contribution in Chapter 4 is the application of density-weighted statistics 
(DWS) in the calculation of a weighted average of DTI parameters. In this chapter, we de-
scribe a novel solution for the problem of partial volume averaging in region-of-interest 
(ROI) analysis with DTI tractography. When voxels associated with a fiber tract are identified, 
the proportion of the voxel associated with the fiber tract is important. A common strategy 
to select a tract-based ROI has been to threshold the streamline density to identify voxels 
associated with a particular white matter tract. Average DTI parameters of the region are 
then assessed by computing the mean value by summing the parameter over all the voxels 
above the threshold and dividing by the number of voxels in the region. However, partial 
volume effects confound the analysis1, and the total number of voxels associated with tracts 
may actually exceed the total number of voxels2. 
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In Chapter 4, we describe the use of streamline density to enable an appropriate weighted 
average of diffusion tensor parameters. In our analysis, the diffusion tensor parameters of 
a region are calculated on the basis of equal weighting of each of the trajectories, rather 
than equal weighting of each voxel. This approach has two effects: First, the average DTI 
measures are calculated per streamline, rather than an average of the values of voxels. 
Second, voxels with a dense fiber anatomy (e.g. in the center of corpus callosum) count 
proportionally more towards the average, while spurious tracts are largely ignored. With 
some adjustment, the method can be applied to multifascicle models, too. 

Phenotypical variability

Chapter 4 does not address co-morbidity, and the phenotype characterization was limited. 
While this is inherent to retrospective studies, there are additional challenges in the charac-
terization of this complex disorder (what’s in a name?). 

First and foremost, there is a marked phenotypical variability, ranging from an incidental 
diagnosis in a college student to ADL dependence with profound intellectual disability, 
refractory seizures and overt ASD in another patient. 

Second, as TSC is a genetic multisystem disorder with prominent imaging abnormality in 
most, patients have a multitude of genetic, clinical, and neuroimaging (and neurophysi-
ology) features, each with the potential of being a key determinant in the neurological 
outcome. Moreover, as these features change with development, sophisticated statistical 
models and longitudinal data are needed. 

As a consequence, because TSC is rare, it is a challenge for any study to cover the full spec-
trum of neurological and cognitive function. To prospectively collect imaging and neuro-
physiology variables in a systematic and consistent manner, well-organized collaboration 
between specialized centers is required. 

Third, there is considerable co-variation of neurological and neurodevelopmental co-
morbidity. While there are evident exceptional cases of severe epilepsy and no autism (or 
vice versa), this is not the rule. Therefore, a peer scientific reviewer’s demand to “correct for” 
intelligence quotient (IQ) or epilepsy-related variables may be unreasonable. This was seen 
in Chapter 5, where, for example, there was more severe epilepsy in patients with both TSC 
and ASD.  Statistically, if one regresses for all covariates, the effects of the variable of interest 
can be lost. The creation of subgroups like in Chapter 5 can be one potential alternative 
approach. 
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Another approach is described in Chapter 5 and Chapter 8, where the utility of a cross-
disorder approach is demonstrated. This concept was in part inspired by another study, 
in which the clinical phenotype of autism spectrum disorder across 3 disorders (TSC, 
neurofibromatosis 1 (NF-1), and childhood-onset epilepsy) was investigated. Regardless of 
etiology, what the 3 disorders had in common was that intelligence and epilepsy-related 
variables were inextricably linked to the phenotype of ASD symptoms3. Thus, findings com-
mon to a diagnosis (ASD) across several disorders, provides insight in the contribution from 
epilepsy and impaired cognition to the autistic phenotype. 

A changing view of tubers

In Chapter 6, tubers, the perituber rim and the adjacent NAWM are described as a con-
tinuum of abnormality, with the tuber being the most abnormal, and the most evidently 
visible on conventional imaging. In addition, tuber tissue is not static, as the diffusion prop-
erties evolve over time. This dynamic nature of tubers is easy to understand in a context of 
widespread tuber-like pathology found adjacent to tubers, and in the white matter more 
remotely from tubers. There is a variable amount of pathology intermixed with more normal 
tissue, and the degree of diffusion evolution over time corresponds to the amount of mi-
croscopic pathology. The concept of tuberous sclerosis as “rocky road ice cream”, where the 
tubers are the chunks and the ice cream represents healthy normal white matter (personal 
communication with Peter Crino) has been abandoned. Instead, tuber pathology evident 
on the MRI can now be viewed as the “tip of the iceberg”. 

The poorly delineated and dynamic nature of tubers can explain several apparent controver-
sies in the literature. First, there is ongoing debate whether electrophysiologically, seizures 
arise from within the tuber4,5 or from the perituber rim6,7.  Electrodes that appear perilesional 
on imaging may in fact be touching upon “microtubers”, small satellite lesions of tuber-like 
pathology in the vicinity of tubers. A second controversy is whether TSC is a disorder with 
ubiquitous and diffuse pathology, or rather one of multifocal areas of abnormality in a 
context of otherwise healthy tissue. For example, one study arguing the latter, examined 
diffusion metrics of the NAWM in only those lobes without lesions evident on conventional 
MRI. There were no statistical differences found between TSC NAWM and the white matter 
of controls8. Chapter 6, however, suggests the presence of a continuum of pathological 
abnormality, large portions of which may be below MRI (or DTI) resolution. Notably, even 
rare patients with well-defined TSC but without identified tubers on conventional MRI can 
have refractory epilepsy, likely reflecting subtle tuber-like pathology resulting in increased 
synaptic excitation9. Third, using serial conventional imaging, both increases and decreases 
of tuber volume over time have been reported, even within the same patient. In the context 
of poorly delineated pathology as outlined in Chapter 6, such volume changes could be 
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due to alterations in acquisition parameters, and to myelination and other maturational 
changes affecting tissue contrast. 

dTI and eeG biomarkers 

In Chapter 4 and 5, DTI measures of the NAWM white matter of the corpus callosum are 
studied with regards to outcome. In Chapter 4, a pilot study demonstrates that a low FA 
and high MD are associated with ASD in TSC. In Chapter 5, this work is expanded and the 
specificity of the marker is investigated. Rather than ASD alone, the DTI measures appear to 
mark a broad neurodevelopmental and neurological outcome. This is not surprising, given 
the complex co-morbidity of epilepsy, cognition and ASD in TSC. 

A true biomarker not only is robust to subtle changes in image acquisition and post-pro-
cessing, it should reflect the underlying neurobiology, and change in parallel to changes in 
the clinical phenotype. DTI is a neuroimaging technique that meets these criteria. Multiple 
independent groups have reported DTI associations with neurological outcome, using simi-
lar but not the same imaging tools10-14. DTI reflects the microstructure of large white matter 
pathways and is anatomically well-validated15-18, but the specific neuropathological change 
underlying DTI abnormality in TSC needs to be elucidated. Finally, in a trial of the treatment 
of SEGA with mTOR-inhibitors, patients underwent baseline and repeat diffusion imaging. 
Improvement in hydrocephalus and in secondary clinical improvements in epilepsy and 
behavior were associated with improvement of DTI measures of the NAWM. 

In summary, DTI holds strong promise as a biomarker of neurological outcome in TSC. It can 
be applied repeatedly, is non-invasive, and readily available in most institutions. It should be 
incorporated in the clinical acquisition protocol as it contains actionable, clinically relevant 
data with regards to localization of the epileptogenic zone19-21. 

The limitation of DTI as a marker for neurological outcome in TSC is evident from Chapter 
5, which revealed a considerable overlap of the FA-values of the subgroups early on. Aside 
from more imaging samples at a young age, prospective and longitudinal data is needed to 
enable an early diagnosis of specific neurological comorbidity in TSC with DTI.

In Chapter 7, serial EEG is applied to predict seizure onset. The detrimental effects of early 
epilepsy, whether infantile spasms or focal seizures, on the development of epilepsy, have 
been recognized to an extent where in 2012 a consensus meeting of TSC specialists have 
already recommended monthly EEG monitoring in the first 6 months of life, and every 6-8 
weeks thereafter22. This practice has not been adopted worldwide, although the study of 
Chapter 7 is set up with similar goals of early and aggressive treatment of epilepsy with 



General discussion

191

potential beneficial effect on outcome. Potential clinical implications of EEG and MRI bio-
markers are discussed below. 

While the positive predictive value was high, of the 19 children who developed clinical 
seizures, however, 5 had a normal EEG prior to onset, so the negative predictive value was 
64%. A normal EEG does not rule out epilepsy, and epilepsy remains a clinical diagnosis. 
Now, one can add that it also does not rule out future epilepsy. 

One clinically relevant finding was that none of the patients with infantile spasms (IS) had 
hypsarrhythmia on the EEG. This constitutes an important message that recognition of 
infantile spasms can be done early, through parental vigilance and (video) education on 
the appearance of IS, and through similar awareness of the clinician. If infantile spasms go 
on longer, the full spectrum of West Syndrome may develop: IS, developmental plateauing 
or regression, and hypsarrhythmia. Another clinical finding was that focal seizures could 
appear before, with or after IS. Focal seizures may not respond as dramatic to vigabatrin, 
and may need a second antiepileptic drug. This is a phenomenon that warrants further 
study as IS are increasingly recognized as a rapidly generalizing focal process. 

The study interim analysis was performed early in the process, and of the 40 patients in-
cluded, only 28 could be analyzed. The final analysis will provide more valuable data in the 
prediction of impending epilepsy in TSC. 

In Chapter 8, functional connectivity was studied, and graph theoretical network measures 
were applied to the EEG data of patients with TSC and/or ASD. This study adds to a growing 
body of connectivity studies, in a wide spectrum of patients with ASD, with variation in the 
methodological detail, too23-28. The EEG signal, with a low signal-to-noise ratio, and ample 
data points, lends itself well to an array of statistical and physical approaches to analysis, 
and the risk of overfitting data is high. This risk may be higher in studies where no formal 
hypothesis is tested, but claim to rather be data-driven instead. In such studies, multiple 
iterations of methodological refinement inevitably lead to significant findings for the “gen-
eration of hypotheses”23. Potential solutions include making both the data and the code 
available for reproduction of studies by others, and encouraging more rigid data acquisition 
and post-processing standards27. 

Chapter 8 attempts to avoid this pitfall by formulating a hypothesis prior to embarking 
on testing, and by executing only a limited number of statistical tests, obviating the need 
for correcting for multiple comparisons. Only relevant frequency bands based on previous 
literature were investigated, and the delta and beta bands were omitted to avoid excessive 
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noise. One weakness of the use of frequency bands in the study, however, is that these may 
represent different neurophysiological processes in different age groups. 

In the Chapter 8 study, EEG data was obtained from clinical studies, with low spatial resolu-
tion and no electrode registration. Another limitation was the coherence measure chosen, 
as it is subject to skull conductance more than novel measures such as partially directed 
coherence or (directed) phase-lag index29. One could wonder what the relevance is of so-
phisticated graph network measures in low spatial resolution data, as the interpretation and 
biological relevance of graph theory is challenging enough in high quality imaging data30. 
The work of Chapter 8 has not been reproduced by others, but a prospective validation 
study in a large sample of patients with TSC undergoing serial EEG monitoring is in progress. 

lIMITATIoNS ANd MeThodoloGICAl CoNSIderATIoNS

limitations of the dTI model

When fascicles cross, kiss, or fan, an artificially low fractional anisotropy (FA) is found when 
the single tensor model is applied31. This is due to the different main directions of two or 
more fascicles (partially) cancelling each other out. It is not a trivial problem, given that an 
estimated 60-90% of voxels contain more than one main fiber tract. In addition, DTI cannot 
probe freely diffusion water, for example in glial cells or stemming from edema32. While 
essentially a resolution problem, with the implementation of a novel acquisition scheme re-
ferred to as CUbe and SPhere (CUSP) imaging, multiple non-zero B-values can be obtained 
in a clinically acceptable time frame, and this data can inform a multifascicle model33. With 
this same scheme, inferences can be made about the non-anisotropic fraction of the diffu-
sion, providing insight in different compartments of the voxel34. Both for TSC and for other 
disorders, it will be important to learn whether the application of diffusion compartment 
imaging (DCI) will provide localizing information in the presurgical workup of patients with 
refractory epilepsy. 

limitations of the cross-disorder approach

Finding commonality across disorders does not necessarily elucidate the disease mecha-
nism. For example in our work, while the corpus callosum structure may have a role in the 
pathophysiology of ASD, there is considerable variation in the literature on which subsection 
may be relevant35.  In Chapter 5 we describe only a subtle difference between the corpus 
callosum of healthy controls and of subjects with isolated ASD, and once corrected for an 
estimate of overall cognitive function, no difference is evident. It appears the corpus cal-
losum does not function as a marker of ASD, but rather of overall developmental outcome. 
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A second but related limitation is that the callosal white matter microstructural integrity 
may be only a generic marker of disease severity in TSC. While we also demonstrated a 
similar DTI abnormality in the language tracts of patients with TSC and ASD12, the findings 
basically replicated the earlier work in the corpus callosum11. The integrity of these white 
matter pathways is not specifically related to the clinical phenotype, and the cognitive func-
tions they subserve may not be specifically reflected by DTI measures.  Thus, as the corpus 
callosum and components of the arcuate fasciculus were similarly affected, the average of 
the region-of-interest (ROI) analysis with DTI tractography may ultimately be “yet another 
measure of total disease burden”, akin to counting tubers2, estimating the tuber-brain-
proportion36, or quantifying radial migration lines8.

Improvements in the atlas-based registration of diffusion data should enable the study of 
specific tracts and the relation to the phenotypic variation in multiple subjects32. Examina-
tion of tracts involved in ASD-specific deficits in language, stimulus reward systems, and 
social cognition may yield more specific markers37-39. Only a large, longitudinal, prospective 
imaging study with (a) detailed documentation of the clinical phenotype including epi-
lepsy, treatment, and full neuropsychological profile and (b) an appropriate and consistent 
MRI acquisition scheme can solve the question of tract-specific neurological deficits in TSC.  

Challenges in the diagnosis of autism

The studies in Chapters 4, 5 and 8 relied on retrospective data. The diagnosis was made 
clinically, by a pediatric neurologist or developmental medicine specialist, supplemented 
by formal neuropsychological ADOS testing in most40. In these chapters, the presence of an 
ASD was treated as a binary variable, where in practice the spectrum is wide. Prospective 
studies allow for proper phenotypical characterization, and for instance the use of calibrated 
ADOS score to indicate the severity of the autistic features as a continuous variable41. 

In addition, ASD have been subject to blanket theories, with a lack in specificity allowing 
for scientific speculation as many findings can be placed in such a broad context. These 
theories include that of developmental disconnection42,43 and, more recently, an inhibition-
excitation imbalance44. There is a diverse range of etiologies of ASD, and a very wide 
spectrum of clinical phenotypes from low-functioning patients with associated intellectual 
impairment to intelligent people with a subtle deficit in social skills. As a consequence, the 
expanding spectrum has led to a rapid increase in diagnosis, and patients may be given 
an empiric or temporary label to obtain more supportive services. Media attention and a 
related publication bias have muddied the water further, hampering scientific progress. 
Already, researchers have argued that, akin to historically broad labels like cerebral palsy, 
autism must be taken apart45.
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Chapter 8 was hypothesis-driven, and a limited amount of statistical testing was done to 
avoid spurious findings. Still, the challenge of this work lies in the extrapolation from EEG 
signals to the understanding of a subtle neurobehavioral phenotype, that is, autism. It is 
hard to know what the neurobehavioral implications are of increased resilience to targeted 
attack in patients with ASD. 

In summary, interpolation of imaging and neurophysiologic data into the behavioral and 
social domain deserves close scrutiny. This increased rigor is the responsibility of the scien-
tific community, not the lay press. 

eeG intervals in the prediction of epilepsy onset

Of the 19 patients who developed clinical seizures in Chapter 7, five had a normal EEG prior 
to onset (negative predictive value 64%). One patient had a normal EEG at age 1.5 months 
and had seizure onset at 2 months, and another had a normal EEG at age 9 months and 
seizure onset by age 11 months, highlighting the challenges of choosing an appropriate 
and feasible EEG monitoring interval. With the development of EEG recording equipment 
small enough to strap to the upper arm, the possibility of home application of dry EEG 
electrodes, and current innovations in telemedicine and health monitoring, TSC seems a 
suitable candidate disorder to study home EEG monitoring. Daily monitoring is neither 
feasible nor desirable, but a 1 or 2 week interval could be achievable. Spike and seizure 
detection software could reduce the work burden by marking areas for expert review with 
sufficient reliability. 

ClINICAl IMPlICATIoNS

Prevention of epileptic encephalopathy

More than a decade ago, it was first reported that treatment may improve but not reverse 
cognitive impairment46. Since then, a retrospective series of 10 patients with early success-
ful treatment of infantile spasms had better neurological outcome than historical controls 
from the same center47. Conversely, late treatment may negatively affect outcome48. More-
over, 5 patients with TSC treated before the onset of infantile spasms based on abnormal 
electroencephalograms (EEGs), had improved outcomes compared to historical controls49. 
Even though that open-label study was small, and neither blinded nor randomized, it high-
lights the current direction of the field towards early and possibly preemptive treatment of 
infantile spams, to reduce or prevent detrimental effects of an epileptic encephalopathy on 
an already fragile brain. 
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To put this in perspective, a recent review article poses genetically determined encepha-
lopathy where early onset seizures contribute to the outcome as opposed to an early 
epileptic encephalopathy. This distinction is not trivial, and indeed effects of early seizure 
control or prevention may be limited. Moreover, evidence from human trials and animal 
studies document ample neurodevelopmental, behavioral and psychiatric co-morbidity in 
TSC in the absence of an active seizure disorder50. There is consensus, however, that an 
early seizure onset contributes to a poor outcome, and that seizure control is critical in the 
reduction of those detrimental effects. 

An early anti-epileptic intervention is possible due to the efficacy of vigabatrin (VGB) for 
infantile spasms in TSC. Vigabatrin is an irreversible blocker of gamma-aminobutyric acid 
(GABA)-transaminase, preventing breakdown of synaptic GABA and increasing GABA levels 
in the cerebrospinal fluid several hundred-fold51. In patients with infantile spasms, a high 
response rate in patients with TSC has been reported repeatedly, and another prospec-
tive trial in the treatment of IS found vigabatrin more effective than adrenocorticotropic 
hormone (ACTH) in cases with cortical malformations or with TSC52,53. Indeed, when TSC 
patients with IS were studied specifically, there was a clear superiority of vigabatrin over 
steroids54. A review of the literature estimated this response rate to be consistently as high 
as 90-95%55. Currently, the International Tuberous Sclerosis Consensus Group, the American 
Academy and the Child Neurology Society recommend vigabatrin as first-line treatment for 
IS in patients with TSC56,57.

The uniquely high response rate of IS in TSC to vigabatrin is offset by important risks of side-
effects, preventing ubiquitous use55. Most important is a cumulative and irreversible retinal 
toxicity, associated clinically with a progressive peripheral visual field constriction55. Clinical 
monitoring of visual function in a young, non-compliant patient with TSC is technically very 
challenging58, but reliable. Abnormalities on electroretinogram (ERG), the standard of care 
for monitoring retinal health in the US, do no consistently correlate with clinical symptoms59.  

Given these side-effects, patients at high risk for adverse neurological outcome should be 
identified. Such stratification can justify the use of potentially hazardous medication. Both 
the European multi-nation EPISTOP trial (NCT02098759) and the US  multi-center Tuberous 
sclerosis complex Autism Center of Excellence Research Network (TACERN, NCT02461459) 
study are applying a variety of approaches to identify early markers of neurological out-
come. These include genetic association studies, blood biomarkers, neuropsychological 
features, EEG and neuroimaging markers. 

The study in Chapter 7 raises the possibility of the use of serial EEG in the detection of 
early epileptiform abnormality. Chapters 4 and 5 demonstrate a promise for white matter 



196

Chapter 9

DTI for marking neurological co-morbidity in TSC, although the abnormalities in the corpus 
callosum are not specific and may be too subtle to be detected in early stages. 

(early) determination of the epileptogenic tuber

An increasing body of research has demonstrated increased diffusivity in tubers, perituber 
tissue and in the normal appearing white matter (NAWM), summarized in Chapters 3 and 
4. Three studies have shown that epileptogenic tubers have increased diffusion compared 
to non-epileptogenic tubers19-21. Chapter 6 uses serial DTI imaging to demonstrate that 
locally increased diffusion of tuber and perituber areas evolves longitudinally, establish-
ing these tissues as dynamic over time60. Others have reported cyst-like degeneration of 
tubers over time, suggesting that that epileptogenic tubers may evolve different from 
non-epileptogenic areas61.

Thus, a sensible next step would be to apply the methods from Chapter 6 in the determina-
tion of the epileptogenic zone. Using a novel approach in atlas-based registration of diffu-
sion data, outliers in diffusion dynamics can be detected32. Preliminary data shows that the 
epileptogenic zone can be identified by a larger focal increase in mean diffusion over time 
as compared to the decreased diffusion in non-epileptogenic areas. Comparison with EEG, 
electrical source imaging (ESI), and other modalities (MEG, AMT-PET, others) will be needed 
to validate these findings. The clinical utility of serial diffusion imaging in the detection of 
the epileptogenic zone will ultimately depend on comparison to both ESI and the surgical 
cavity in the context of surgical outcome in pediatric patients with TSC. 

The use of longitudinal data and normative data raises the possibility of prediction which 
tuber area may become epileptogenic. Such a prediction could guide a potential focal early 
intervention in the infant or young toddler, like surgery, rather than needing sustained sys-
temic therapy. In patients with malformations of cortical development (MCD), early surgery 
may prevent or mitigate catastrophic epilepsy62, but data in TSC are lacking. Technically, 
there is an additional challenge in lesion segmentation given the unmyelinated neonatal 
brain. Logistically, patients may not undergo a sufficient number scans prior to the clinical 
onset of seizures, but normative data within and between patients may suffice to inform the 
model. Ethically, the focal intervention would have to be appropriately safe, non-invasive 
and potentially reversible (e.g. transcranial magnetic stimulation), although surgery still is 
the only curative intervention at this point. 

In summary, the methods described in Chapter 6 should be applied to track DTI properties 
of individual tubers and the perituber rim longitudinally. Clinically, the method could iden-
tify epileptogenic tubers by their different trajectories over time, in the context of epilepsy 
surgery. 
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Below, in the final section, the implications of the work in this thesis for future research 
are described. These include improving the understanding of TSC pathophysiology, and 
strategies in the design of optimal early treatment and prevention trials. 

fuTure dIreCTIoNS

understanding the underlying neuropathology of dTI abnormality

The neuropathology underlying the diffusion changes in tuber, perituber tissue, and NAWM 
has not been elucidated. Based on animal models, increases in axonal diameter, defects 
in myelination, increased heterotopic cells including gliosis, decreased density of axonal 
packing are possible explanations63-67. From human post-mortem studies, small pockets 
of pathology referred to as “microtubers” and isolated heterotopic neurons referred to as 
“sentinel cells” have been described beyond tuber borders evident on conventional MRI68. 
In post-surgical resection specimens, abundant tuber-like pathology is present adjacent 
to tubers69. Thus, a widely distributed microscopic tuber-like pathology is a potential good 
explanation for abnormal diffusion. But if these are not sufficiently abundant, but rather 
spread sporadically as described68, is a predominance of scattered heterotopic cells a more 
suitable explanation?

Astrocytes are abundantly present in tubers and perituber tissue, and could contribute to 
diffusion abnormality beyond the tubers too, in the NAWM70. Studies in both human resec-
tion specimen and in animal models increasingly recognize that cellular and molecular 
abnormalities of glial cells both inside and outside of the tuber contribute to epilepto-
genesis70-72. Moreover, epileptogenesis in TSC is hallmarked by focal progressive astrogliosis 
noted on pathology, but whether astrogliosis or another feature in the TSC brain causes the 
diffusion changes is not known.

To study the nature of tissue abnormality underlying abnormal diffusion in TSC, a potential 
approach is the examination of pediatric epilepsy surgery resection specimens. High-
resolution ex-vivo structural and diffusion MRI of this tissue can be followed by registration 
with quantitative neuropathology73. 

This approach poses several formidable technical challenges. First, ex-vivo studies generally 
rely on the fixation of specimen to inhibit tissue decay which starts as soon as tissue is 
deprived from its blood supply. In addition, ex-vivo DW-MRI requires particular care when 
packaging the specimen because the presence of microscopic air bubbles gives rise to 
geometric and intensity image distortion. Unfortunately, fixation of tissues substantially 
alters tissue diffusivity profiles74. In addition, ex-vivo DW-MRI requires particular care when 
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packaging the specimen because the presence of microscopic air bubbles gives rise to geo-
metric and intensity image distortion. With well-designed optimized acquisition methods 
for ex-vivo brain diffusion-weighted imaging, however, one should be able to address the 
specific requirements of post-mortem and resection specimen imaging using a clinical 3T 
scanner74. 

Second, methods for alignment of microscopy data and feature-based registration with 
MRI structural need refinement to be applied to such tissue specimen75,76. Comparison with 
pre-operative MRI for specimen orientation is also possible. 

Based on preliminary data from non-rigid registration of 2D microscopy slices with ex-vivo 
MRI, the next step would be to compare local diffusion metrics (fractional anisotropy, mean 
diffusivity) in perituber white matter to optical density measures of glutamine synthetase 
(GS) negative and glial fibrillary acidic protein (GFAP) positive astrocytes, and with neuronal 
or myelin markers (Figure 1). 

rational design of early interventional trials

With regards to early preemptive treatment of epilepsy in TSC, several questions can be 
asked: 

When does an intervention amount to a “disease modifying” therapy? 
Is changing the long-term outcome sufficient, through amelioration of seizures? Or do 
effects need to be sustained, even in the context of eventual drug withdrawal? For TSC 
specifically, vigabatrin has not yet proven to primarily prevent seizures, and may rather 
provide (long-term) symptom suppression therapy49,50. 

Which agent is mechanism-based and should be tried first?
Since there is no evidence that vigabatrin is antiepileptogenic, and the preliminary data 
in human is limited, why opt for vigabatrin as an early therapy? The initial open label49 and 
retrospective data47 supporting pre-emptive vigabatrin use were promising, but the ben-
efits of early vigabatrin may be more limited than anticipated. In the TACERN observational 
study, of which preliminary results are provided in Chapter 7, so far of the 5 patients treated 
pre-emptively with vigabatrin, 4 went on to have infantile spasms, focal seizures, or both, 
and only 1 remained seizure free at 2 years follow-up77. 

Another avenue of possible intervention is the use of mTOR inhibitors. To reiterate, the TSC1 
and TSC2 proteins, hamartin and tuberin, respectively, form a heterodimer and inhibit the 
mTOR pathway, responsible for protein synthesis and cell-growth78. Defects in the Tsc1 or 
Tsc2 gene lead to loss of this inhibitory function. With rapamycin and everolimus, and other 
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mTOR inhibitors currently under investigation, the effects of a disinhibited mTOR cascade 
can be reduced mere steps downstream from the defective proteins. Such a targeted thera-
peutic intervention, almost addressing the primary molecular defect, may be referred to as 
precision medicine79. 

The use of everolimus is currently FDA approved for the treatment of subependymal giant 
cell astrocytomas (SEGAs), central brain tumors that arise in the lining of the ventricles and 
carry potential for obstructing CSF flow and causing hydrocephalus. During these trials, 
beneficial effects on seizures and behavior were also reported, although data was limited 
to parental report with limited formal assessments80,81. The effects of mTOR inhibitors on 
epilepsy and on neurodevelopment in TSC are currently under more thorough investiga-
tion in prospective, randomized controlled trials82.

In whom, and when?
Preliminary data and secondary outcome measures from the SEGA trial suggest seizures 
do not universally respond to mTOR inhibitors, and the same applies to neurobehavioral 
symptoms. There may be a window of opportunity for optimal timing of effective treat-
ment, for example during stages of rapid brain development60,83.  The mTOR pathway has an 
important role in normal growth and development78, however, and rodent models of TSC 
develop severe congenital anomalies when exposed to mTOR inhibitors in utero84. While 
long-term use for SEGA appears safe80, and the federal drug administration (FDA) approval 
has been extended for use in the neonatal with SEGA, there may be limits to very early use 
and it probably cannot be universally administered to all patients with TSC. 

To conclude, a study with rapamycin or everolimus would be a true mechanism-based 
anti-epileptogenic treatment trial in the prevention of detrimental neurodevelopmental 
effects in TSC. There is a paucity of literature on vigabatrin in animal models of TSC, while 
virtually all animal models of TSC have been treated with mTOR inhibitors85,86. Safety data 
for everolimus has already been obtained through the treatment of neonates with SEGA. 
Prolonged treatment with mTOR-inhibitors using a periodic pulse regimen could improve 
safety and tolerability, but has not been tried in humans yet87. Feasibility of preemptive 
treatment is good given the presence of an EEG biomarker for risk stratification, and the 
high but not ubiquitous rate of seizures. Ideally, mTOR-inhibitors should be studied both 
separately and concurrently with antiepileptic drugs (Figure 2). 
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CoNCluSIoN

TSC is a unique disorder in which fundamental insights into epileptogenesis and neurode-
velopment can both benefi t patients and be directly applied to related disorders. The early 
diagnosis, the clinical indications for frequent monitoring with EEG and MRI, the presence of 
mechanism-based medications, and the coordination of research across multiple facilities 
provides a unique opportunity to modify disease outcome in this population through early 
targeted intervention. 

Molecular deficits Animal models

Imaging

Neurophysiology

DevelopmentAggressive, early & 
targeted drug interventions

Human biomarkers: 
risk stratification, prediction
and monitoring

Vigabatrin
mTOR inhibitors

Epilepsy
Autism

Behavior
Cognition

Patients with TSC

figure 2: Pathway to disease modifi cation in TSC.
Well-characterized molecular and cellular defi cits can be modeled in rodent models. Through translation of basic 
neuroscience, human markers of neurological co-morbidity in TSC can be studied. Early developmental red fl ags, 
serial EEG, and DTI are potential candidates in the early identifi cation of those at high risk for adverse neurological 
outcome. Early mechanism-based interventions may reduce detrimental eff ects from early onset seizures on neuro-
development.
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SuMMAry

TSC and Autism Spectrum disorder

Chapter 2 reviews the progress made in understanding the pathogenesis of TSC, and the 
promise these insights bare for possible mechanism-based treatment of associated neu-
robehavioral and cognitive morbidity. On a cellular level, the loss of hamartin or tuberin 
results in the upregulation of the mechanistic target of rapamycin (mTOR) pathway. At the 
circuitry level, TSC and mTOR play crucial roles in axonal, dendritic, and synaptic develop-
ment and function. As such, molecular changes result in aberrant neural connectivity at 
multiple levels in the central nervous system, and Chapter 2 reviews how these can lead to 
the autism spectrum disorder (ASD) phenotype. In addition, early results and advances in 
mechanism-based treatments of TSC are reviewed. 

diffusion Tensor Imaging in TSC

Chapter 3 provides an introduction to DWI and DTI, reviews current developments, and 
discusses limitations of the single tensor model. Conventional MRI demonstrates various 
abnormalities in TSC; the most prominent are tuber lesions, radial migration lines, subepen-
dymal nodules and subependymal giant cell astrocytomas. Quantification of any of these 
lesions can provide an estimate of the overall lesion burden, which is correlated with overall 
neurological outcome. For specific outcomes, including epilepsy, ASD, and intellectual 
impairment, conventional neuroimaging is insufficiently predictive, and may not change 
over time to reflect clinical changes in the phenotype. 

Diffusion-weighted imaging (DWI) can non-invasively probe the microstructure of the 
brain1. Diffusion Tensor Imaging (DTI) is a method for modeling and quantifying this water 
diffusion in various brain tissues. The physical principles of DWI and the essentials of the DTI 
model are discussed in detail in Chapter 3. The limitations of the single tensor model are 
reviewed.

In TSC, DTI differentiates well-known macroscopic pathology from its environment (e.g. 
tubers, radial migration lines), and can assist with detecting the epileptogenic tuber2-4. 
Moreover, white matter deemed previously normal on structural MRI, demonstrates abnor-
malities with diffusion imaging. In TSC, such areas are now referred to as normal appearing 
white matter (NAWM)5-7.  DTI abnormalities of the white matter are associated with neuro-
cognitive morbidity including autism spectrum disorder8,9. 

Chapter 4 describes decreased fractional anisotropy (FA) and increased mean diffusivity 
(MD), corrected for age, in patients with both TSC and autism spectrum disorder (ASD). 
Structural and diffusion magnetic resonance imaging was carried out in 40 children 



212

Addendum

and young adults with TSC, 12 of whom also had ASD, and in 29 age-matched controls. 
Tractography of the corpus callosum was used to define a three-dimensional volume of 
interest. Regional averages of diffusion scalar parameters of the callosal projections were 
calculated for each subject. As a group, subjects with TSC had significantly lower average 
FA and higher average MD values compared to controls.  Next, subjects were grouped as 
TSC alone, or as having both TSC and ASD. The presence of TSC with ASD was associated 
with significantly lower average FA values compared to those without ASD and compared 
to controls. Subjects with TSC alone had similar average FA values as controls. 

This was the first DTI study sufficiently large for an assessment of imaging – phenotype 
correlations in TSC, and raised the possibility of the use of DTI of the NAWM as a marker of 
adverse neurological outcome. Chapter 4 does not address co-occurrence of intellectual 
disability (ID), epilepsy, and ASD; thus, the findings are unlikely to be specific for ASD. 

Chapter 5 partly addresses this problem, by further exploring the use of callosal white 
matter diffusion as a marker for more specific neurological outcomes in TSC. Specifically, DTI 
data was collected of a larger sample of subjects with TSC with and without ASD, of epilepsy 
variables, and of patients with ASD but no TSC. This way, the study described in Chapter 
5 aimed to distinguish effects attributable to autism spectrum disorder (ASD), intellectual 
disability (ID) and epilepsy. 

186 children underwent 3T MRI with 35 direction DTI: 32 with TSC alone, 19 with both TSC 
and ASD, 46 with ASD but no TSC, and 89 healthy controls (HC). Comparable to Chapter 4, 
density-weighted DTI metrics were obtained from DTI tractography of the corpus callosum. 
Logistic regression of the age-adjusted FA function was done, correcting for volume and 
volume-age interactions. Again, TSC with ASD was associated with a significantly lower FA 
than TSC alone, ASD alone and HC. 

TSC patients demonstrated significantly lower FA (higher MD) values than those with ASD, 
and ASD patients had a lower FA than HC. Intellectual disability, epilepsy and the presence 
of ASD were associated with lower FA values in both the TSC and ASD populations. The 
co-morbid presence of TSC, ASD, ID or epilepsy demonstrated additive effects, but some 
subgroups were too small for reliable data fitting.

In summary, using a cross-disorder approach, Chapter 5 demonstrates cumulative effects 
of TSC, ASD, ID and epilepsy-related variables on callosal white matter diffusion metrics. In 
TSC, ASD was inextricably linked to ID and epilepsy, and the DTI measures reflect the total 
neurological disease burden rather than ASD specifically.
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In Chapter 6, DTI of various MRI-identified tissue types is described longitudinally. Twenty-
five patients underwent two to six 3T structural MRI and 35 direction DTI scans each. The to-
tal of 70 scans was compared to those of 73 healthy controls. Using a previously established 
parcellation, and an automatic segmentation based on a combined global-local intensity 
mixture model, three regions were defined: tuber tissue, an equal volume perituber rim, 
and the remaining NAWM. For each patient, scan, lobe, and tissue type, the averages of 
MD and FA were analyzed in a generalized additive mixed model. FA values were lowest, 
and MD values were highest in tubers, next in perituber tissue, then in NAWM. Longitudinal 
analysis showed a positive (FA) and negative (MD) correlation with age in tubers, perituber 
tissue, and NAWM. All 3 tissue types followed a biphasic developmental trajectory, similar to 
the white matter of controls. An additional qualitative analysis showed a gradual transition 
of diffusion values across the tissue type boundaries.

This data showed that tuber and perituber tissues in tuberous sclerosis complex underwent 
microstructural evolution with age, comparable to the maturational changes of the NAWM. 
The extent of diffusion abnormality decreased with distance to the tuber, in line with known 
extension of histologic, immunohistochemical, and molecular abnormalities beyond tuber 
pathology. In summary, tubers are no longer seen as inert, isolated islands of abnormality, 
but rather as dynamic and poorly delineated lesions. 

Neurophysiology in TSC

In Chapter 7, preliminary results from serial monitoring of infants with TSC are discussed 
in the context of the development of epilepsy. It describes a multi-center observational 
study in which EEGs were carried out with 6 week intervals before age 6 months, then 
every 3 months until age 1 year, and every 6 months thereafter. Goals were three-fold: (1) 
To determine whether repeated EEGs during infancy are a reliable biomarker for identifying 
TSC infants who will develop epilepsy in the near future; (2) to gain insight in early changes 
in brain EEG patterns prior to the onset of epilepsy; and (3) to identify the time interval 
between EEG changes and the onset of clinical seizures. 

40 infants with TSC younger than 7 months, seizure-free and on no antiepileptic drugs were 
enrolled. Parental education at time of enrollment in the study was done to increase vigi-
lance for the early recognition of potential seizures. This education was aimed at facilitating 
an early diagnosis and treatment, and at improving the accuracy of the estimated age of 
seizure onset. Once seizure onset occurred, standard of care was applied, and subjects were 
followed up until 24 months. 

Of the 40 patients enrolled at time of the interim analysis, 28 were 12 months old with com-
pleted EEG evaluations. Of those, 19 had developed seizures. Epileptic spasms occurred in 
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10, focal seizures in five, and a combination of epileptic spasms and focal seizures in three. 
Fourteen infants had the first emergence of epileptiform abnormalities on EEG at an aver-
age age of 4.2 months, preceding seizure onset by a median of 1.9 months. Hypsarrhythmia 
or modified hypsarrhythmia was not found in any infant before onset of epileptic spasms. 

Thus, the positive predictive value of an EEG with epileptiform abnormality for the devel-
opment of epilepsy was 100%. Chapter 7 provides early evidence for serial EEG monitoring 
as a feasible strategy in the prediction of impending epilepsy in TSC, perhaps paving the 
road for an interventional trial.

Chapter 8 covers a study of functional connectivity based on EEG coherence during the 
resting state (or more accurately: non task-related EEG). The study was motivated by the 
prior work of DTI in patients with TSC and ASD (Chapter 4). If decreased FA of the callosal 
white matter implied decreased structural connectivity between the hemispheres, such a 
difference should be present on a functional connectivity level, too. Next, based on unify-
ing models of autism current at that time10,11, we examined whether there was increased 
short-range connectivity, and decreased long-range connectivity. Finally, the study applied 
a graph-theoretical approach to network modeling. 

EEG data were collected from TSC patients with ASD (n = 14) and without ASD (n = 29), from 
patients with non-syndromic ASD (n = 16), and from controls (n = 46). The data showed an 
overall decreased connectivity in patients with TSC. There were no differences in any of the 
groups in the ratio of interhemispheric over intrahemispheric connectivity, counter to what 
was hypothesized. A “field test” of the interhemispheric over intrahemispheric ratio measure 
on the EEGs of 16 patients with an absent corpus callosum was done. Indeed, a significant 
decrease in EEG functional connectivity reflected the (near-)absence of commissural white 
matter in this group. 

Like Chapter 5, in Chapter 8, the inclusion of subjects with ASD but without TSC allowed 
for a cross-disorder approach, and attribute findings specifically to ASD. For patients with 
ASD, regardless of the presence of TSC or not, a decreased ratio of long-range over short-
range connectivity was found. The graph theoretical measures, once corrected for overall 
connection strength, were essentially negative. When the resilience of the networks was 
tested by a targeted attack of network nodes, the patients with ASD appeared to be more 
resilient. 
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SAMeNVATTING

TSC en het autisme spectrum

hoofdstuk 2 bespreekt de nieuwe ontwikkelingen in het begrip van de pathogenese van 
TSC, en de mogelijkheden deze inzichten bieden in behandelingen van neurologische 
sequelae die gericht zijn op onderliggende mechanismen. Op een cellulair niveau leidt het 
verlies van de hamartin of tuberin eiwitten tot overstimulatie van de mechanistic target of 
rapamycin (mTOR) cascade. Op een netwerk niveau spelen TSC en mTOR een kritische rol in 
de ontwikkeling en functie van axonen, dendrieten, en synapsen. Op deze wijze leiden de 
moleculaire veranderingen tot afwijkingen in de verbindingen op verschillende niveaus in 
het centraal zenuwstelsel, en hoofdstuk 2 bespreekt hoe dergelijke veranderingen tot au-
tisme zouden kunnen leiden. Voorlopige resultaten en nieuwe behandelmethoden gericht 
op de onderliggende moleculaire biologie komen ook aan bod. 

diffusie Tensor Imaging in TSC

hoofdstuk 3 bevat een introductie tot DWI en DTI, bespreekt nieuwe ontwikkelingen, en 
de beperkingen van het enkelvoudig tensor model. Met conventionele MRI kunnen ver-
schillende afwijkigen worden waargenomen; de meest voorkomende zijn tubers, radiale 
migratie lijnen, en SEGAs. De mate van deze afwijkingen is proportioneel met de totale 
ziektelast. Maar, voor specifieke neurologische problemen inclusief epilepsie, autisme, en 
cognitieve ontwikkeling biedt conventionele MRI onvolvoende prognostiek. 

Diffusie-gewogen imaging (DWI) can non-invasief de microstructuur van het brein on-
derzoeken1. Diffusie Tensor Imaging (DTI) is een modelerings methode die water diffusie 
kwantificeert. De fysische beginselen van DWI en de kern begrippen van het DTI model 
worden besproken in hoofdstuk 3. De beperkingen van het enkelvoudig tensor model 
worden ook samengevat. 

DTI kan macroscopische neuropathologie (tubers, radiale migratie lijnen) identificeren, 
en kan een bijdrage leveren aan het identificeren van de epileptogene tuber2-4. Witte stof 
afwijken die niet zichtbaar zijn met conventionele, structurele MRI, zijn wel te detecteren 
met diffusie beeldvorming. Dergelijke witte stof wordt nu de Normal Appearing White Mat-
ter (NAWM) genoemd5-7. De mate van witte stof diffusie afwijkingen is gecorreleerd met 
neurologische en cognitive prognose inclusief autisme8,9. 

In hoofdstuk 4 worden een afgenomen fractionele anisotropie (FA) en toegenomen 
gemiddelde diffusiviteit (MD) in patienten met zowel TSC als autisme besproken. 40 kin-
deren en jong volwassenen met TSC, waarvan 12 met autisme, ondergingen structurele 
en diffusie MRI. Een 3-dimensionale tractografie van het corpus callosum (de hersenbalk) 
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werd gebruikt om de gemiddelde diffusie maten te berekenen (FA, MD, en anderen). Op 
groepsniveau hadden patienten met TSC een lagere FA en hogere MD vergeleken met 
gezonde controle patienten. Patienen met zowel TSC en autisme had een nog lagere FA en 
nog hogere MD, terwijl de waarden van de subgroep zonder autisme dicht in de buurt van 
de gezonde controles kwam. 

Deze studie was uniek omdat het aantal patienten groot genoeg was om verbanden te 
onderzoeken tussen diffusie imaging en de klinisch neurologische presentatie van TSC. Een 
dergelijk verband zou tot het gebruik van DTI als biologische merker van neurologische 
uitkomst kunnen leiden. In het werk besproken in hoofdstuk 4 kwamen de andere neuro-
logische symptomen van TSC (ontwikkelingsachterstand, epilepsie) nauwelijks aan bod, en 
dus correspondeerden de witte stoff DTI afwijkingen niet specifiek met autisme. 

In Hoofdstuk 5 wordt een poging ondernomen om dit probleem te ondervangen. DTI data 
van een veel grotere patienten populatie werd verzameld, samen met meer specifieke 
gegevens wat betreft intelligentie, autisme, epilepsie. Er werder ook patienten met autisme 
maar zonder TSC geincludeerd. Op deze wijze poogt hoofdstuk 5 de efffecten te onder-
scheiden die kunnen worden toegeschreven aan autisme, cognitie, en epilepsie 

186 kinderen ondergingen 3T MRI en 35 richtingen DTI, inclusief 89 controle patienten. Net 
als in hoofdstuk 4 werd er een correctie gemaakt voor de densiteit van het aantal banen 
per voxel in het corpus callosum. In deze studie werd het duidelijk dat er een cumulatief 
effect is van epilepsie, autisme en intellectueel functioneren op de witte stof. (De term 
“effect” wordt hier in statistisch en niet in causaal verband gebruikt.) Opnieuw bleek dat een 
ontwikkelings achterstand, ernstige epilepsie en autisme vaak samen voorkomen. 

In hoofdstuk 6 worden 3 regios geïdentifeerd op conventionele (structurele) MRI: de tuber, 
de perituber en de NAWM. Deze worden vervolgens geprojecteerd op een longitudinale 
serie van diffusie scans, vergaard gedurende meerdere jaren in dezelfde patienten. Met 
behulp van statistisch modeleren bleek dat tuber en perituber regios minder diffusie 
maturatie ondergingen dan de witte stof, maar op een gelijkaardige wijze. Met andere 
woorden, tubers zijn niet statisch, maar dynamisch. Vervolgens werd in een aantal patien-
ten stapsgewijs van de tuber, via de perituber, naar de diepe witte stof een lijn getrokken. 
Hiermee werd aangetoond dat tubers niet goed afgelijnd zijn, en dat de neuropathologie 
zich buiten de grenzen van de tuber op de MRI bevindt. Dit was reeds gesuggereerd in de 
neuropathologie, en in de neurofysiologie, maar werd nu ook duidelijk op imaging gebied. 
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Neurophysiology in TSC

In Hoofdstuk 7 komen de voorlopige resultaten aan bod van een studie waarbij kinderen 
met TSC prospectief werden gemonitord met seriele EEG. De eerste 6 maanden kregen de 
kinderen elke 6 weken een EEG, daarna elke 3 maanden, en van 1 jaar tot en met 3 yaar elke 
6 maande. Het doel van de studie was 3-voudig: Om de onderzoeken of het EEG bruikbaar 
was om patienten die epilepsie zouden ontwikkelingen vroegtijdig te detecteren; (2) om 
inzicht te krijgen in EEG patronen voor de eerste klinische epilepsie aanval en (3) om de 
tijdsduur tussen EEG afwijkingen en eerste aanval te bestuderen. 

Veertig babies met TSC werden geincludeerd. De ouders kregen specifieke instructie en 
een informatie video, zodat aanvallen vroeg konden worden herkend. Op het moment van 
deze interim studie, waren slechts 28 patienten oud genoeg voor analyze van het eerste 
jaar. Negentien kinderen hadden tegen die tijd nepilepsie ontwikkeld, waarvan 10 met 
infantiele spasmen, focale aanvallen in 5, en 3 met beide. Veertien van de 19 hadden een 
afwijkend EEG in gemiddeld 2 maanden voorafgaand aan de eerste waargenomen aanval. 
Alle kinderen met een afwijkend EEG kregen epilepsie, dus de positief predictieve waarde 
was 100% voor deze voorlopige studie. Het lijkt erop dat serieel EEG monitoring een geode 
mogelijkheid biedt voor het vroegtijdig identificeren van patienten met een hoog risico op 
aanvallen. 

In hoofdstuk 8 wordt een studie over de functionele connectiviteit van het brein besproken, 
gebaseerd op een coherentie maat. We wilden onderzoeken of de structurele afwijkingen 
in de witte stof van de hersenbalk (Hoofdstuk 4) ook implicaties hadden voor de functionele 
connectiviteit. De hersenbalk verbindt de twee hemisferen, dus we onderzochten of inter-
hemisferische connectiviteit anders was dan de intra-hemisferische connectiviteit. Korte 
en lange afstand connectiviteit zou, volgens een toen gangbare theorie voor autisme, ook 
afwijkend moeten zijn10,11. 

EEG data van TSC patienten met autisme (n = 14) en zonder autisme (n = 29) werd gebruikt, 
alsmede EEG data van 16 patienten met idiopathische (of niet syndromale) autisme. Pa-
tienten met TSC hadden een globale afname van connectiviteit. Er waren geen verschillen 
tussen inter- en intrahemisferische connectiviteit, in tegenstelling tot de hypothese. 

Zoals ook in hoofstuk 5, in hoofstuk 8 werden er opnieuw patienten met autisme maar 
zonder TSC geincludeerd. Patienten met autisme, los van de aanwezig van TSC of niet, had-
den een afgenomen ratio van lange-afstand connecties in verhouding tot korte afstand 
connecties. Een aantal netwerk maten, gebaseerd op graf-theoretische modellen, werden 
geexploreerd maar waren negatief. Wel bleek dat het EEG netwerk van patienten met au-
tisme beter bestand waren tegen het verwijderen van netwerk knopen. 
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