
ORIGINAL RESEARCH
PEDIATRICS

MRI Characterization and Longitudinal Study of Focal
Cerebellar Lesions in a Young Tuberous Sclerosis Cohort

J. Vaughn, M. Hagiwara, J. Katz, J. Roth, O. Devinsky, H. Weiner, and S. Milla

ABSTRACT

BACKGROUND AND PURPOSE: There are few articles characterizing cerebellar lesions in patients with TSC and no published series
documenting longitudinal evaluation of these lesions, to our knowledge. Recent suggestion of a correlation between autism and cerebellar
lesions in patients with TSC heightens the importance of understanding these lesions. Our purpose was to characterize cerebellar lesions
in a cohort of young patients with TSC with specific interest in assessing longitudinal changes.

MATERIALSANDMETHODS: We retrospectively reviewedMR images from 145 pediatric and young adult patientswith tuberous sclerosis
(mean age, 7.6 years). A number of imaging characteristics of cerebellar tubers were recorded, and patients were evaluated for SGAs.
Patients with follow-up scans�3 months from the original scan were further analyzed for longitudinal tuber characterization.

RESULTS: There were 24.1% of patients with focal cerebellar lesions; 52.4% of patients with cerebellar lesions demonstrated change in
imaging characteristics during longitudinal analysis. Fifty-one percent of the lesions were enhanced after gadolinium administration.
Twenty percent of the patients with cerebellar lesions had pathologically confirmed SGAs compared with the incidence of 11% in the 145
patients with TSC reviewed.

CONCLUSIONS: In our large cohort of young patients with TSC, cerebellar tubers were common and 52% of patients had tubers that
changed with time. A higher percentage of patients with cerebellar lesions developed SGAs than patients with TSC without cerebellar
lesions. Because this is the first reported longitudinal study of cerebellar lesions in TSC, further investigationmay provide additional insight
into TSC pathology and associated clinical manifestations, such as autism, developmental delay, and seizures.

ABBREVIATIONS: SENs� subependymal nodules; SGAs� subependymal giant cell astrocytomas; TS� tuberous sclerosis; TSC� tuberous sclerosis complex

Tuberous sclerosis complex is a genetic condition with a prev-

alence of approximately 1 in 6000 to 1 in 12,000 neonates.

Two-thirds of the cases are sporadic, and one-third are inherited.1

The disorder is caused by mutations in the TSC1 or TSC2 tumor-

suppressor genes with TSC2 mutations 3 times more common

and associated with more severe symptoms.2 The disorder has a

variable phenotype with lesions in multiple organs, including the

skin and cardiac, vascular, central nervous, skeletal, and pulmo-

nary and genitourinary systems.

Most patients have central nervous system lesions, including

supratentorial cortical tubers (often with subjacent white matter

abnormalities), SENs, and SGAs. These central nervous system

lesions are associated with high morbidity, including seizures in

75%–90% of patients, learning and developmental disabilities

with subaverage intelligence in �50% of patients,3 and mild-to-

moderate autistic spectrum disorders in 25%–50% of patients.

Supratentorial cortical/subcortical tubers are present in �90% of

patients with TSC. Infratentorial lesions are not as well-studied

and occur in 9%– 44% of patients.4-6 A recent study found in-

fratentorial lesions in one-third of 27 pediatric patients with

TSC.7 Supratentorial tubers are typically thought to be stable le-

sions. However, a recent study demonstrated imaging change in 2

TSC patients out of 179 studied, with an increase in both size and

number in pathologically proved cystlike tubers.8 Cellular prolif-

eration in cortical tubers may explain the evolution and change in

tuber size and appearance.9 One patient developed a new right-

sided cerebellar lesion during a 3-year follow-up period suggest-

ing evolution of the infratentorial tubers.10 Pathology revealed
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balloon cells, disorganized neuronal organization, and gliosis and

calcification, similar to those features in supratentorial tubers.10

Thus, pathology specimens have suggested that these focal cere-

bellar lesions are likely tubers.

The purpose of our study was to determine the incidence of

cerebellar abnormalities, particularly presumed tubers, in a large

cohort of pediatric and young adult patients with TSC and to

validate recent literature reports on the MR imaging characteris-

tics of these lesions. The tubers were studied longitudinally to

determine the presence, incidence, and nature of change in cere-

bellar tubers. A potential relationship between patients who de-

velop SGAs and cerebellar tubers was also investigated.

MATERIALS AND METHODS
Study Design
After institutional review board approval, we retrospectively

searched for pediatric and young adult patients with TSC who

underwent brain MR imaging from 1999 to 2010. A computer-

aided search by using the keywords “tuberous sclerosis,” age con-

straints of 0 –25 years at the time of scanning, and study type “MR

imaging brain” was performed to obtain radiologic reports. Inclu-

sion criteria into our study group were a diagnosis of TSC con-

firmed by the presence of typical intracranial findings of TS

and/or chart review, age at time of first scan of 0 –25 years, and

PACS-available brain MR images with high-quality sequences.

Exclusion criteria were age at the time of the first scan older than

25 years, uncertain tuberous sclerosis diagnosis, and poor-quality

or incomplete images. Study subjects included 145 patients (72

males, 73 females; mean age, 7.6 years; and age range, 0 –25 years

at the time of first scan).

Imaging and Analysis
Patients were scanned with 1.5T MR imaging, and standard de-

partmental imaging protocols were used. Sequences included

spin-echo T2WI, spin-echo T1WI, and FLAIR in all patients. 3D

multiplanar reconstruction, gradient-echo T2*-weighted (He-

moflash), DWI, and gadolinium-enhanced T1WI sequences were

reviewed when available.

Scans were reviewed by 3 independent reviewers, including a

radiology resident, a pediatric neuroradiologist, and a Certificate

of Added Qualification– certified general neuroradiologist; con-

sensus was obtained for all criteria examined when there was a

difference in opinion on independent image review.

We identified all patients with TSC and reviewed all of their

MRIs to determine whether cerebellar lesions were ever present.

Imaging characteristics recorded included the following: number

and location (side) of focal cerebellar lesions; signal characteris-

tics of the lesions on T1, T2, and FLAIR sequences; the presence of

lesion calcification; the presence of enhancement when gadolin-

ium was administered; and evaluation for an associated retraction

deformity. Cerebellar lesions were defined as intrinsic focal signal

abnormality on at least 1 of the T1, T2, or FLAIR sequences, typ-

ically in a wedge- or bandlike distribution. The presence of calci-

fication was inferred from low signal intensity on T2 sequences

and susceptibility artifacts on gradient-echo sequences when

available. Retraction deformity was defined as a focal contour

abnormality at the periphery of the lesion with associated volume

loss. All cases were examined for global cerebellar atrophy and a

history of resected SGA.

Patients with cerebellar lesions and follow-up brain MRI at �3

months from the initial scan were examined for longitudinal le-

sion characterization, including the number and location of new

lesions and a change in existing lesion signal characteristics.

Change in an individual lesion was defined as a change in size; T1,

T2, or FLAIR signal; enhancement pattern; development or re-

gression of calcification; and development of an associated retrac-

tion deformity.

RESULTS
Cerebellar tubers were identified in 35 of the 145 (24.1%) pa-

tients, and a total of 54 cerebellar tubers were identified in these 35

patients. Twenty-six tubers were left-sided, and 28 were

right-sided.

Signal characteristics of the tubers were the following: on

FLAIR, 28 of 54 (51.9%) were bright, 12 of 54 (22.2%) were isoin-

tense, and 14 of 54 (25.9%) were dark; on T1, 1 of 54 (1.9%) was

bright, 8 of 54 (14.8%) were isointense, and 45 of 54 (88.3%) were

dark; on T2, 47 of 54 (87.0%) were bright and 7 of 54 (13.0%)

were dark. Gadolinium was administered to 31 of the 35 patients

with tubers; in this group, there were 49 total tubers for evaluation

of enhancement patterns. Twenty-five of these 49 tubers (51.0%)

enhanced on initial MR imaging. Calcification was present in 29

of the 54 (53.7%) tubers. Retraction deformity associated with the

tuber was noted in 46 of the 54 (85.2%) tubers.

In 21 of the 35 patients, there was follow-up MR imaging with

the range of follow-up among these patients varying from 3

months to 7 years (mean follow-up, 4.3 years). Eleven of these 21

patients (52.4%) had at least 1 lesion that changed with time. In

these 21 patients, there were 37 lesions, with 17 lesions changed

(45.9%). The average age of the patients with cerebellar tubers was

8.5 years, and the average age of those with lesions that changed

was 6.4 years. The changes included new lesions (n � 1), change in

lesion size (n � 7; increased size � 5, decreased size � 2), in-

creased or new lesion calcification (n � 11), increased or new

associated retraction deformity (n � 4), change in FLAIR and/or

T2 signal (n � 14), and change in enhancement (n � 9; new

enhancement � 2, increased enhancement � 1, disappearance of

enhancement � 4, decreased enhancement � 2) (Table and Figs

1–3). In these patients who had demonstrated changes in cerebel-

lar lesions, the range of follow-up between the first and last scans

was 11 months to 11 years (mean follow-up, 5.8 years).

In the patients with cerebellar tubers, 6 of the 35 patients

Changes in lesions in patients with cerebellar tubers

Nature of Lesion Change
Total No. of Lesions

Demonstrating This Change
New lesion 1
Increased size 5
Decreased size 2
Increased/new calcification 11
Increased/new retraction deformity 4
Change in T2/FLAIR signal 14
Increased enhancement 1
New appearance of enhancement 2
Decreased enhancement 2
Disappearance of enhancement 4

656 Vaughn Mar 2013 www.ajnr.org



(17.1%) had cerebellar atrophy. In the pa-

tients without cerebellar tubers, 6 of 110

(5.5%) had cerebellar atrophy (Fig 4).

There were a total of 16 SGAs among the

145-patient cohort. There were 9 SGAs in

the 110 patients without cerebellar tubers

(8.2%) and 7 in the 35 patients with cere-

bellar tubers (20.0%).

DISCUSSION
We found that cerebellar tubers were

present in 24.1% of our 145 pediatric and

young adult TSC cohort, similar to the

percentage in a recent report of one-third

of 27 patients with TSC having cerebellar

abnormalities on MR imaging.7 Our im-

aging features of cerebellar tubers were

similar to those in previous reports with

predominantly wedge-shaped lesions that

are hyperintense on T2 and hypo- or

isointense on T1.7 Prior work reports that

cerebellar tubers (3%–92%) are more

likely to enhance than cortical tubers

(3%– 4%).7,11 This difference may result

from impaired blood-brain barrier func-

tion near areas with inflammation and

cortical disorganization.12 In our cohort,

51% of the cerebellar tubers enhanced, of-

ten in a “zebralike” pattern4; this fre-

quency and pattern are similar to those in

prior reports. The zebralike pattern may

reflect the underlying cerebellar anatomy

with interposed cerebellar CSF-filled sulci

between the neuronal elements (Fig 3).

Nine tubers demonstrated a change in en-

hancement pattern with time, and this

evolving pattern may contribute to the

widely differing frequencies (3%–92%)

among reports.7,11

Traditionally, tubers were considered

stable lesions resulting from abnormal

cortical migration during early fetal de-

velopment. Recently, however, a few case

reports and studies document the dy-

namic nature of a small percentage of tubers.13 One report docu-

mented 2 patients with cystlike tubers that increased in size and

number with time.13 In our cohort, 52% of cerebellar tubers

changed in some manner when longitudinally studied, support-

ing the dynamic nature of the infratentorial tubers. In patients

with multiple cerebellar tubers, some of the tubers changed while

others remained static; while in others, several tubers changed in

parallel. The pathologic specimens of the resected cystlike tuber

demonstrated the typical giant or balloon cells with a disorga-

nized cortex; however, the subcortical white matter showed more

striking fiber depletion and gliosis than in supratentorial tubers.13

The pathogenesis of the change in these cystlike tubers is still

unknown; possibilities include disordered migration, tuber de-

FIG 1. T2-weighted images of a patient obtained 5 years apart (A and B ) with cerebellar tubers
demonstrating decreased size and T2 signal during a 5-year period. Gradient-echo imaging (C )
demonstrates calcification related to the cerebellar tubers.

FIG 2. Images from a patient obtained 1 year apart (A–C and D–F ) demonstrating changes in a
left-sided cerebellar tuber (arrows ) and a smaller right-sided tuber. Increased tuber enhance-
ment (A and D ), increased T2 signal (B and E ), and new FLAIR signal abnormalities (C and F ) are
seen.

FIG 3. Images from a patient with contrast-enhancing cerebellar le-
sions demonstrating the “zebra” pattern of enhancement.
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generation, accelerated astroglial apoptosis, or a combination of

these processes.13 A spectrum of degenerative changes may occur

in all cortical tubers, with cystlike tubers representing a subset

undergoing more rapid changes.13 We lack the radiologic-patho-

logic correlation of cerebellar tubers but suspect a similar process

as occurs in the supratentorial cystlike tubers. Previously resected

cerebellar tubers have shown abnormal neuronal migration, gli-

osis, calcification, and folial atrophy with similar pathology as is

seen in the supratentorial lesions10; this pathology is reflected in

the MR imaging appearances.

Although supratentorial cortical tubers are considered re-

sponsible for the neurologic and often epileptic manifestations of

TSC, many tubers appear epileptically inactive and seizures may

arise from the cortex surrounding the tuber.14 Similarly, cerebel-

lar symptoms are not clearly associated with cerebellar tubers.7,15

A correlation between autism and posterior fossa tubers was

found in 1 study, while others correlated autistic symptoms (so-

cial isolation, stereotypical behavior, and communication and de-

velopmental problems) with right-sided tubers.4,16,17 However,

other studies correlated autism in TSC with temporal lobe tu-

bers18,19 and left temporal lobe epileptiform foci.20 Future studies

should examine the relationship between cerebellar lesions, the

severity of phenotype, and cognitive behavioral function, control-

ling for the effects of epilepsy and cerebral tuber burden.

The reported incidence of cerebellar atrophy varies from 4%

to 13% in patients with TSC.5,7,15 Additionally, is this atrophy

reflecting a primary aberrant neuronal developmental process or

rather the sequela of seizures or other associated destructive pro-

cesses? The similarities in the pathologic cerebellar tuber speci-

mens to the supratentorial tuber specimens may be indicative of a

similar primary abnormal developmental process.10 In our co-

hort, the presence of cerebellar tubers and the presence of global

cerebellar atrophy were associated. Cerebellar tubers tend to cal-

cify more frequently than cortical tubers. Moreover, 54% of the

cerebellar tubers in our cohort were at least partially calcified,

with associated retraction deformity in 85%. The cerebellar calci-

fication may be a manifestation of the end stage of the abnormal

neuronal organization,12 and the high frequency of tuber calcifi-

cation and retraction may account for the associated focal atrophy

previously reported.5 Similarly, the global cerebellar atrophy may

reflect underlying abnormal gliosis or treatment-related effects.

To date, the literature is mixed on whether cerebellar tubers

are associated with more phenotypically severe TSC. A relation-

ship between a certain subtype of cortical tubers “type C” and a

more severe phenotype has been suggested, with the “type C”

tubers corresponding to the previously described cystlike tuber

type.21 Clinically, these patients had difficult-to-control and more

frequent seizures as well as lower intelligence quotient scores,21

and they also had a larger cortical tuber burden, a higher percent-

age of the TSC2 gene mutation, and a higher occurrence of

SGAs.21 There was, however, no significant difference detected in

the percentage of cerebellar lesions among the 3 cortical tuber

groups, again raising questions of whether cerebellar lesions and

SGAs are related and whether either are indicative of a more se-

vere disease subset. Cerebellar tubers are not reported to occur in

the absence of cortical tubers, and patients with cerebral and cer-

ebellar tubers have significantly more global cortical lesions than

patients without cerebellar tubers.5 In a future study, we would

like to correlate our findings in the cerebellum with our cohort’s

supratentorial cortical tuber burden and clinical phenotype.

There are limitations to our study, including the retrospective

nature, the limited follow-up examinations available for some of

our patients, and the potential for bias, because our epilepsy cen-

ter is a large TSC referral center and may, therefore, have a TSC

patient population with a more severe phenotype than average.

We also recognize that if, in fact, the presence of cerebellar lesions

is associated with more phenotypically severe TSC, then our re-

ported incidence of lesion change could be an overestimate be-

cause these patients could have undergone more frequent scan-

ning because of their more active disease.

CONCLUSIONS
We think that this study of 145 young patients with TSC docu-

ments the high prevalence of posterior fossa tubers as well as high-

lights the previously unstudied great number with a dynamic lon-

gitudinal imaging appearance. A higher percentage of patients

with cerebellar lesions developed SGAs than patients with TSC

without cerebellar lesions. Because this is the first reported longi-

tudinal study of cerebellar lesions in TSC, further investigation

may provide additional insight into TSC pathology and clinical

manifestations of the disease with time.
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