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Abstract

The cerebellum plays an important role in motor learning and cognition, and structural cerebellar
abnormalities have been associated with cognitive impairment. In tuberous sclerosis complex,
neurological outcome is highly variable, and no consistent imaging or pathological determinant of
cognition has been firmly established. The cerebellum calls for specific attention as mouse models
of tuberous sclerosis complex have demonstrated a loss of cerebellar Purkinje cells and cases of
human histological data have demonstrated a similar loss in patients. We hypothesized that there
might be a common cerebellar finding in tuberous sclerosis complex that could be measured as
morphometric changes with magnetic resonance imaging. Using a robust, automated image
analysis procedure, we studied 36 patients with tuberous sclerosis complex and age-matched
controls and observed significant volume loss among patients in the cerebellar cortices and
vermis. Furthermore, this effect was strongest in a subgroup of 19 patients with a known,
pathogenic mutation of the tuberous sclerosis 2 gene and impacted all cerebellar structures. We
conclude that patients with tuberous sclerosis complex exhibit volume loss in the cerebellum, and
this loss is larger and more widespread in patients with a tuberous sclerosis 2 mutation.

Introduction

Tuberous sclerosis complex is a rare, genetic, neurocutaneous disorder affecting 1 in 6000
live births with approximately 40,000 cases in the U.S. and over one million worldwide [1,
2]. While some children with the disease remain cognitively intact, over 40% have
intelligence quotients (1Qs) below 70[3] and many are eventually diagnosed with an autism
spectrum disorder [4, 5]. The vast majority of children with tuberous sclerosis complex will
also suffer from epilepsy during their lifetime [6].

Tuberous sclerosis complex is an autosomal dominant disorder caused by germ line
mutations in either of two genes: 7SCI and 7SCZ. Pathogenic mutations in either gene lead
to dysregulation of mammalian target of rapamycin signaling and, in turn, excessive
translation of proteins associated with cell growth and with the physical manifestations of
the disease. Within the brain, these physical signs include tubers, subependymal nodules,
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and subependymal giant cell astrocytomas. The relationship between these gross
morphological brain abnormalities and cognitive phenotype remains difficult to establish.

While previous morphological studies using magnetic resonance imaging (MRI) have
focused largely on cortical tubers, subependymal giant cell astrocytomas, and subependymal
nodules, recent evidence indicates that there may be other structural abnormalities more
strongly related to cognitive phenotype [7]. Recent findings of Purkinje cell loss in a mouse
model of tuberous sclerosis complex [8] and in several cases of human histology [8, 9],
combined with evidence that the cerebellum plays a key role in learning and cognition [10,
11], motivated us to test whether there are morphological differences in the cerebellum in
tuberous sclerosis complex that are observable /n vivo using magnetic resonance imaging.

A cohort of 36 patients with tuberous sclerosis complex (ages 1-27 years) was recruited
from the Multi-Disciplinary Tuberous Sclerosis Center at Children’s Hospital Boston and 36
age-matched controls (ages 1-25 years) were recruited from the community. Control
subjects underwent imaging as part of their routine care or as part of this research study.
Each MRI was reviewed by a pediatric neuroradiologist (S.P.P.), and all controls had normal
MRI results and normal neurologic examinations. Subject demographics are presented in
Table 1. Patients fulfilled the clinical criteria for definite tuberous sclerosis complex, as
defined by the Tuberous Sclerosis Complex Consensus Conference [12], and underwent
genetic testing that included 7SCZ and 75CZ2 gene sequencing and micro-deletion analysis.
Genetic testing was performed by two clinical laboratories: Athena Diagnostics (Worcester,
MA) and Boston University School of Medicine Center for Human Genetics (Boston, MA).
Twenty-six patients had their diagnoses confirmed by genetic testing (19 TSC2, 7 TSC1). In
other patients, either testing was not performed or failed to find a known, pathogenic
mutation.

Standard Protocol Approvals, Registrations, and Patient Consents

All recruitment and imaging was performed in accordance with an institutional review board
(IRB) approved protocol. Written, informed consent was obtained for each participant.

Data Acquisition

To enable morphometric examination of the cerebellum /7 vivo, magnetic resonance
imaging (MRI) was employed. Imaging was performed on a 3 Tesla Siemens Tim Trio
(Siemens, Erlangen, Germany) magnetic resonance imager using a 32-channel head coil.
Computational morphometry studies of the cerebellum utilized images of each patient from
two pulse sequences: 1) T1-weighted images acquired using MPRAGE (TE 2.27ms/TlI
800ms/TR 1410ms), FOV 240, matrix 256, slice thickness 1.0mm, spacing 0 and 2) T2-
weighted images acquired using Turbo Spin Echo (TE 85ms/TR 16000ms), field-of-view
200, matrix 192, echo train length 11, slice thickness 1.2mm, spacing 0. Images for this
study were acquired without contrast media.

Data Analysis

The primary measure in this study was regional tissue volume. While automatic delineation
of the cerebellum can be challenging due to unexpected size and shape variation in
pathology, it is necessary in order to avoid the bias and variability associated with hand-
drawn measurements and to enable observer-independent analysis of large patient data sets.
In order to reliably label the cerebellum in these patients, we employed a two-step procedure
in which image voxels were first labeled based on image appearance as gray matter, white
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matter, or non-brain tissue. VVoxels labeled as gray or white matter were then further
subdivided, based on anatomical position, into left cerebellar hemisphere, right cerebellar
hemisphere, vermis, and non-cerebellar tissue. This two-step procedure, utilizing both
appearance and location features, allowed us to avoid errors likely if location cues alone
were used. Details of this procedure are as follows.

The initial segmentation of gray matter and white matter using image appearance features
was performed using a previously validated automatic segmentation procedure [13, 14]
based on the joint distribution of image intensities in each subject’s T1 and T2-weighted
images. This technique uses highly flexible, non-linear registration (Advanced
Normalization Tools)[15] to warp example segmentations to the target image under study.
These example segmentations are then used to train a supervised classifier to generate the
probability of each tissue class at each voxel. Unlike label fusion approaches, our algorithm
learns the pattern of intensities specific to a particular structure, in a particular individual’s
image, and is therefore robust to changes in anatomy.

The separation of the cerebellum from the rest of the brain based on location cues, as well as
the separation of the hemispheres and vermis from one another, was performed using a label
fusion procedure [16]. Each of fifteen labeled example images was warped to the target
subject and a consensus was generated for the left and right hemispheres and vermis using
the MAP STAPLE algorithm [17, 18]. Figure 1 shows three orthogonal views of a single
subject with a color-coded overlay of the cerebellar segmentation showing left and right
cerebellar cortices, central cerebellar white matter, and vermis.

Tissue volumes were generated for the cerebellar vermis, and for gray matter and white
matter in each of the left and right cerebellar hemispheres, for a total of five measures per
subject. Comparisons were performed using linear regression to explain regional tissue
volume based on group membership (e.g. tuberous sclerosis complex versus control). Given
the wide range of ages studied (1-27), it was necessary to correct for differences in overall
brain size due to development. Total intracranial volume (brain parenchyma and
cerebrospinal fluid) is suitable for this purpose [19] and was used as a confound to correct
for global size. Because long-term exposure to phenytoin has been associated with cerebellar
atrophy[20], it was necessary to test for an effect related to the drug. Given the limited
degrees of freedom afforded by the sample size, separate regression models were fit for each
structure and false discovery rate control [21] was used to account for multiple comparisons.
Each regression model was of the form:

volume=Bo+B1 TSC+f TIV+B3 PHT

where volume is the measured tissue volume (response), 7SCis a group indicator for
tuberous sclerosis complex, 7/Vis the total intracranial volume to control for head size, and
PHT is an indicator for any exposure to phenytoin during the patient’s lifetime.

Regression analyses are shown in Table 2. The significance of each coefficient was assessed
using a two-tailed t-test with the null hypothesis that the coefficient is zero and therefore
does not contribute to the model. Group membership (75C) contributed significantly to the
volume of the cerebellar cortices (left and right) and vermis, with tuberous sclerosis
complex patients exhibiting significant reductions in volume in these structures. There was
no significant effect for phenytoin (PHT) exposure.
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The data were further subdivided based on genetic analysis. Nineteen patients had known,
pathogenic mutations of 75C2whereas only seven patients had known mutations of 75C1.
Patients with mutations of unknown significance were not considered. Due to the small
sample size of TSCI patients, only 75CZ2 patients were compared statistically with controls
in this subgroup analysis. The 7SCZregression analysis is shown in Table 2 (right column)
and demonstrates significant volume loss for 7SCZ2 patients in all cerebellar regions, with an
increased effect compared to that seen in the overall patient group. A potential effect for
phenytoin exposure was seen only in the cerebellar vermis, and this did not reach statistical
significance after false discovery rate control. The cerebellar volumes, as a fraction of total
intracranial volume, are illustrated in Figure 2 and a regression analysis is shown in Figure
3.

Discussion

Most imaging studies in tuberous sclerosis complex to date have focused on the study of
lesions associated with the disease. Several authors have investigated the relationship
between lesion number, volume, location, and functional outcomes such as epilepsy, autism,
and cognitive disorders [9, 22-26]. None of these measures is sufficient to explain the range
of disease phenotypes observed, with some patients exhibiting widespread tubers but only
mild cognitive effects, and other patients with only mild lesion burden, but profound
disability. Several groups are investigating alternate indicators of disease, such as white
matter microstructure. Our group was the first to report on the relationship between
microstructural abnormalities in normal appearing white matter, as measured using diffusion
imaging, and neurodevelopmental outcome [7].

A few studies have examined regional tissue volumes in tuberous sclerosis complex. Ridler
and colleagues undertook a general morphometric study of 10 patients and 8 controls and
demonstrated widespread volumetric differences with the disease, with an /ncrease in white
matter in affected patients in a region that appears to include the cerebellar peduncles and a
gray matter loss in the cerebellar cortex [27]. A larger study of 25 adult patients and controls
[28] reported a gray matter loss with tuberous sclerosis complex in the cerebellum, as well
as deficits in the basal ganglia and brainstem, but did not investigate white matter changes.
The present study reinforces these gray matter observations but finds contradicting evidence
with respect to the cerebellar white matter, with our results suggesting a reduction in
cerebellar white matter volume in tuberous sclerosis complex patients.

Cerebellar involvement in tuberous sclerosis complex has been observed in mouse models
and in human histology. Boer and colleagues [9] presented immunohistochemical findings
from the autopsy of a 32-year old patient with a 7SC2mutation. Supratentorial findings in
this patient included cortical tubers and subependymal nodules. Examination of the
cerebellum revealed no apparent tubers, but found cerebellar folia with “prominent”
Purkinje cell loss. Based on their observation of reactive changes including gliosis and
calcifications, they hypothesized that these changes resulted from an ongoing degenerative
process, rather than a developmental abnormality.

Recently, Reith and colleagues [8] generated a mouse mutant where 7s5¢2was specifically
deleted in cerebellar Purkinje cells. These mutants displayed Purkinje cell apoptosis
beginning at 1 month of age with increasing cell loss demonstrated as mutants aged. The
authors subsequently examined four cerebellum samples from human tuberous sclerosis
complex patients and age-matched controls and reported finding a reduction in Purkinje cell
densities in two of the four patients. The authors did not specify whether these patients had
75C1or TSC2mutations. They did however indicate that the samples that exhibited
Purkinje cell loss came from patients with a history of seizures and exposure to phenytoin.
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In a mouse model, Di Nardo and colleagues found that absence of the 75C1/2gene product
complex leads to increased vulnerability to endoplasmic reticular stress and therefore
TSC1/2 serves a neuroprotective role [29]. Reith confirmed this, and found that the Purkinje
cell loss they observed was due to oxidative and endoplasmic reticular stress[8]. It is unclear
if the loss of this neuroprotective effect alone leads to progressive cellular injury in tuberous
sclerosis complex patients, or whether seizures, medication or other stressors may contribute
as well.

Possibly as many as ninety percent of tuberous sclerosis complex patients suffer seizures at
one time or another [6], and several therapeutic agents may impact the cerebellum.
Phenytoin is known to have potential cerebellar effects when used long-term [20], however
such use has become rare due to its challenging pharmacokinetics, narrow therapeutic
window, prominent drug-drug interactions, and long-term side-effects. Nonetheless we
tested for, and failed to find, an effect due to the drug. Another potential effect is due to
glucocorticoid treatment of infantile spasms. Both acute and chronic exposure during early
development may lead to cerebellar volume loss, possibly through apoptosis of the external
granule layer [30, 31]. While vigabatrin is the first-line treatment for infantile spasms in
tuberous sclerosis complex, three patients were exposed to adrenocorticotropic hormone
(ACTH), and two of these patients were in the 7SCZ2group. For this small number of
patients, a potential role of the steroids in their cerebellar atrophy cannot be excluded.

Cerebellar tubers have been reported in the literature as common in tuberous sclerosis
complex [32, 33], but their relationship to genotype and cerebellar volume is not currently
known. Images in this study were reviewed for cerebellar tubers by a pediatric
neuroradiologist (S.P.P.). Only three patients were affected, one with a 7SC2 mutation and
two for whom a known mutation could not be identified. Due to the small numbers
encountered in our cohort, we were unable to assess the significance of these lesions.

With respect to the genetics of tuberous sclerosis complex, functional mutations in either
T7SCI1or TSCZhave been associated with the disease, and 7SCZ and 7SCZ2are thought to
have complementary roles [34]. TSC1 (hamartin) and TSC2 (tuberin) heterodimerize to
form a GTPase activating protein complex that inhibits Rheb, itself a key activator of
mammalian target of rapamycin, a critical regulator of protein synthesis. While TSC2
possesses the functional domain, TSC1 is required for stability of TSC2 by preventing its
degradation; thus, both proteins are required for proper function of the complex with
mutations in either sufficient to result in clinical disease.

Our data may indicate differences in cerebellar volumes based on genotype of tuberous
sclerosis complex mutation. Although our 7SCZ mutation possessing cohort is too small to
allow for a firm comparison between genotypes, overall reduced cerebellar volumes appear
to be associated with 7SC2mutation. Despite their complementary nature, the 75CZ1 and
T7SC2protein products may serve different roles in nervous system tissue. Gutmann and
colleagues [35] noted a different subcellular distribution of TSC1 and TSC2 within the
mouse cerebellum, hinting at potential independent functions. Indeed, while both are
required for either protein’s stability, enzymatic activity lies on TSC2. Thus, TSC2 may
retain some function in the absence of TSC1, while TSC1, lacking a catalytic domain, would
be unable to inhibit mammalian target of rapamycin signaling without TSC2 [36].
Furthermore, there are compelling data that patients and mouse models with 75C2
mutations exhibit more severe neurological phenotypes [37-43]. The observed difference
between 75CI and 7SCZ patients is therefore plausible and warrants further investigation in
a larger cohort.
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The cerebellum plays an important role in learning, motor control and memory [10, 11].
Structural abnormalities including congenital lesions and aberrant morphology are strongly
associated with cognitive impairment [28, 33, 44], and there is a growing body of literature
reporting on the potential role of the cerebellum in autism [44-47]. In tuberous sclerosis
complex specifically, the presence of tubers in the cerebellum has been linked to autism [26,
33].

We found that TSC patients have smaller cerebella than control subjects, with statistically
significant reductions in the left and right cerebellar cortex and vermis, and no statistically
significant reduction in left and right cerebellar white matter. When analyzing a subgroup of
19 patients with TSC2 mutations, we identified a larger and more widespread pattern of
cerebellar volume loss. In this subgroup, we identified statistically significant reductions in
left and right cerebellar cortex, in left and right cerebellar white matter, and in the vermis.

Future work should be aimed at uncovering the precise mechanism behind the cerebellar
volume loss in tuberous sclerosis complex and its possible relationship to 7SC2mutations.
Histological and animal model findings suggest a potential degenerative process, but the
precise mechanism, and any developmental role, remains unclear. The relationship between
this volume change and cognitive outcome in these patients, including autism, will be a
topic of future investigation by our group.
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Figure 1. The cerebellum was segmented automatically without examiner interaction
Displayed from left to right are coronal, sagittal, and axial views of a single subject’s T1-
weighted MRI (see text) with the five identified cerebellar regions overlaid in color. Shown
are the (1,5) cerebellar cortex, (2,4) central cerebellar white matter, and the vermis (3).
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Figure 2. Cerebellar volumeisdecreased in patientswith TSC2 mutations

Ratio of cerebellar volume to total intracranial volume (TIV) is shown for Controls, TSC1,
and TSC2. Only patients with known pathogenic mutations are included. Boxes show the
first to third quartile with the median indicated by the bold line. The “whiskers” indicate the
most extreme data points within 1.5 times the size of the box. Outliers beyond this range are
plotted as circles.
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Figure 3. Cerebellar volumeiscompared to total intracranial volume (T1V) to control for
maturational growth

Regression lines are displayed comparing all controls (blue line) to all patients (red line).
Patients are coded by symbol based on whether a known pathogenic mutation was found
and, if so, whether it was 7SCZ or 7SCZ2. The TSC2 patients (triangles) appear to have
smaller cerebella than the TSC1 patients (crosses). Patients whose genetic status is unknown
appear evenly distributed (diamonds).
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Table 1
Study Demographics
Characteristic TSC Controls
sample (75C1/TSC2lunknown) 36 (7/19/6) | 36
gender (M:F) 23:13 17:19
age (meanzsd) 9.7+6.6 9.746.5 paired t-test t=0.41 p=0.68
phenytoin exposure (75C1/TSC2lunknown) | 7 (1/4/1)
ACTH exposure (75C1/TSC2lunknown) 3(0/2/11)
cerebellar tubers (75C1/TSCZlunknown) 3(0/1/2)

Page 13

M = Male; F = Female. 7SC1/TSC2 = Patients with known, likely pathogenic 7SC1/7SC2 mutation. ACTH = adrenocorticotropic hormone.
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