Article published online: 2022-10-07

76 Original Article

THIEME

OPEN
ACCESS

@O®OS

Cerebellar Tubers in Tuberous Sclerosis Complex
Patients: New Imaging Characteristics and the
Relationship with Cerebral Tubers

Akira Yogi'-2

TDepartment of Radiology, University of the Ryukyus Hospital,

Okinawa, Japan

2Department of Radiological Science, David Geffen School of
Medicine, University of California, Los Angeles, California, United

States
3Department of Neurosurgery, Toho University Ohashi Medical
Center, Tokyo, Japan

Yoko Hirata?3

2 2

Michael Linetsky? Benjamin M. Ellingson? Noriko Salamon

Address for correspondence Akira Yogi, MD, PhD, Department of
&adiology, University of the Ryukyus Hospital, 207 Uehara, Nishihara-
cho, Nakagami-gun, Okinawa, 903-0215, Japan

(e-mail: ayogi@med.u-ryukyu.ac.jp).

] Pediatr Epilepsy 2023;12:76-83.

Abstract

Keywords

|

[ =

cerebellar tuber
tuberous sclerosis
complex

associated vascular
anomaly

dynamic change
anatomical location

received

May 14, 2022

accepted

August 20, 2022

article published online
October 7, 2022

Objective The imaging characteristics, evolution, and clinical features of cerebellar
tubers in tuberous sclerosis complex (TSC) patients have not been well described. The
purpose of this study is to investigate the imaging characteristics of cerebellar tubers,
including their dynamic changes, and to evaluate the relationship with cerebral tubers
in TSC patients.

Materials and Methods Two observers retrospectively reviewed 75 consecutive TSC
patients to identify cerebellar tubers and to evaluate their imaging characteristics,
including location, presence of retraction change, calcification, contrast enhancement,
and the presence of an associated vascular anomaly, as well as dynamic changes in
these characteristics. The number of cerebral tubers was compared between TSC
patients with and without cerebellar tubers.

Results Twenty-five TSC patients with 28 cerebellar tubers were identified. All
cerebellar tubers occurred within the lateral portions of the cerebellar hemispheres.
Thirteen cerebellar tubers demonstrated calcification. Ten cerebellar tubers showed
contrast enhancement, half of which demonstrated a zebra-like appearance. A vascular
anomaly was associated with 12 tubers, one of which subsequently developed
parenchymal hemorrhage. Fifteen cerebellar tubers demonstrated complex dynamic
changes in size and contrast enhancement. Patients with cerebellar tubers had more
cerebral tubers (p=0.001).

Conclusion Cerebellar tubers demonstrate a specific distribution, suggesting a
possible influence on higher brain function. The presence of an associated vascular
anomaly may be an important imaging characteristic. Cerebellar tubers may be
associated with a more severe manifestation of TSC, given their association with
increased numbers of cerebral tubers. These findings may provide insights into the
pathogenesis and clinical manifestations of cerebellar tubers in TSC patients.
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Introduction

Tuberous sclerosis complex (TSC) is a de novo genetic disor-
der that is often associated with seizures, infantile spasm,
autistic spectrum disorder (ASD), and other developmental
disabilities."> While cerebral tubers are almost universally
present and associated with seizures, cerebellar tubers occur
in 10 to 44% of TSC patients and do not directly cause
epilepsy.>®

Several studies have documented the imaging findings of
cerebellar tubers, including contrast enhancement, which is
rare in cerebral tubers.>~® Recent studies have also revealed
that cerebellar tubers demonstrate dynamic changes with
increases or decreases in size, while cerebral tubers are
usually static.*’~'% Some studies have demonstrated the
laterality of cerebellar tubers*#19-12; however, only two
studies have reported the anatomic locations of tubers in
the cerebellar lobules.>'" In addition, an abnormal flow void,
considered as an associated vascular anomaly, is occasionally
encountered in association with cerebellar tubers, which has
not been previously reported, to the best of our knowledge.
Furthermore, although it is known that cerebellar tubers are
associated with increased number of cerebral tubers,*>13
the relationship between cerebral tubers presenting with the
internal cystic degeneration, which is often encountered and
considered a severe form of cerebral tubers,'#~® is unknown.

This study aims to review the imaging characteristics of
cerebellar tubers, including the association with associated
vascular anomalies and precise anatomical location, to track
their dynamic changes, and to evaluate the correlation with
cerebral tubers.

Materials and Methods

Patients
The Institutional Review Board at the University of California,
Los Angeles (UCLA) approved the use of human subjects and
waived the need for written informed consent and signed
Patient Consent-to-Disclose Forms since all testing was
deemed clinically relevant to patient care.

We retrospectively selected 75 consecutive TSC patients
(2 months-26 years old, mean age 7.4; 43 female and 32
male) referred to the UCLA TSC Clinic between 2001 and
2014. All patients demonstrated cortical tubers and sub-
ependymal nodules, meeting the criteria of definitive TSC.!”
Twenty-four of them demonstrated subependymal giant cell
astrocytoma (SEGA). Seventeen patients had genetic test,
including TSC1 and TSC2 genetic testing. Four and 12
patients had a mutation in TSC1 and TSC2, respectively.

Thirty-seven (49%) patients had a history of infantile
spasms, and 17 (23%) had autism. Twenty-nine (39%) had a
history of mammalian target of rapamycin (mTOR) inhibitor
use. Thirty-seven (49%) had undergone epilepsy surgery,
including a lobectomy or tuberectomy for the removal of
an epileptogenic zone (n = 34), vagal nerve stimulator place-
ment (n=14), or corpus callosotomy (n=2). Thirteen
patients had a history of multiple types of epilepsy surgery.
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Imaging Analysis

Two experienced neuroradiologists reviewed all magnetic
resonance (MR) examinations to identify the cerebellar
tubers and evaluate their imaging findings and dynamic
changes, in consensus. We resolved any discrepancies
through open discussion, adding another experienced
neuroradiologist. Cerebellar tubers were defined as focal
signal abnormalities, typically wedge- or band-like, on at
least one of the T1-weighted (T1WI) or T2-weighted images
(T2WI) (~Fig. 1).8° According to the imaging characteristics
of cerebellar tubers, the anatomical location, signal charac-
teristics on TIWI and T2WI, calcification, retraction change,
contrast enhancement, and the presence of associated vas-
cular anomaly were reviewed.

The anatomical locations were assessed according to
cerebellar lobules, including the superior or inferior semilu-
nar lobules, gracilis lobule, biventral lobule, posterior or
anterior quadrangular lobule, flocculus, and cerebellar tonsil,
using volumetric sequences, either three-dimension (3D)
magnetization-prepared rapid gradient-echo or 3D spoiled
gradient echo. A distribution map of the cerebellar tubers
was also generated, using the postprocessing software Anal-
ysis of Functional Neuroimaging (http://afni.nimh.nih.-
gov/afni/download). Masks were generated by contouring
the cerebellar tubers manually on T2WI and subsequently
registered to the Montreal Neurological Institute standard
space. The generated masks were extracted and combined to
generate a four-dimensional mask of all cerebellar tubers,
which was colored according to the number of overlapping
tubers. The resultant distribution map was visualized ina 3D
manner using 3D Slicer 4.4.0 (http://www.slicer.org).

Calcification was inferred from T2-shortened areas and/or
susceptibility artifact on gradient-echo sequences within the
tuber. Computed tomography (CT) was also used for this
assessment, when available. A retraction change was defined
as a focal contour abnormality at the periphery of the lesion
with associated volume loss.® We monitored contrast en-
hancement and also assessed whether the enhancement
showed a striped pattern, known as a “zebra-like appear-
ance,” which is characteristic of cerebellar tubers (~Fig. 1 D).
An associated vascular anomaly was defined as a dilated and
prominent flow void coursing adjacent to the tuber which
could be confirmed on consecutive slices (~Fig. 1A, B). In
patients with an associated vascular anomaly, we also eval-
uated whether such prominent flow voids existed on the
contralateral side of posterior fossa.

The presence of new lesions and dynamic changes of
existing cerebellar tubers was visually evaluated over serial
scans. We carefully compared the imaging findings of cere-
bellar tubers on each MR imaging (MRI) with those on the
preceding MRI and defined the dynamic changes as an
increase or decrease in the size, retraction change, and
contrast enhancement, or the development or progression
of calcification or an associated vascular anomaly. We care-
fully compared each MRI to account for slight technical
differences in slice selection and orientation, taking care
not to mistake these for actual dynamic changes.
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Fig. 1 A 7-year-old boy with a right cerebellar tuber. (A, B) Fan-shaped tuber shows hyperintensity on T2-weighted image (T2WI). Contour
deformity due to retraction change is present (arrow heads). There is also a prominent flow void coursing adjacent to the tuber, defined as an
associated vascular anomaly (arrow). (C) Tuber shows slight hypointensity on T1-weighted image (T1WI). (D) Contrast enhancement is present
on contrast-enhanced T1WI, showing a striped pattern with a high and low intensity, “zebra-like appearance.”

Also, the same two observers manually counted all cerebral
tubers and cerebral tubers with internal cystic degeneration.
Cerebral tubers with internal cystic degenerations were defined
as tubers demonstrating hypointensity on TIWI, hyperintensity
onT2WI, and heterogeneous intensity mixed with central hypo-
intensity and surrounding hyperintensity on fluid-attenuated

Statistical Analysis

TSC patients were divided into two groups according to the
presence of cerebellar tubers. We compared the patients’
demographic data and the numbers of all cerebral tubers
and type C cerebral tubers between the two groups, using
the chi-square test and Mann-Whitney U test, respective-

inversion recovery, called type C tubers in Gallagher's classifica- ly. A p-value of<0.05 was considered statistically
tion.'® Discrepancies were resolved through open discussion. significant.
Table 1 Demographic data of TSC patients with or without cerebellar tubers
Patients with cerebellar Patients without p-Values
tubers (n=25)? cerebellar tubers (n=50)?
Age Range 0.4-23.8; mean, 7.4 Range 0.2-26.4; mean, 7.3 0.93
Gender Female 15, male 10 Female 31, male 19 0.87
Patients with a history of infantile spasms 16 (64) 21 (42) 0.07
Patients with autism 8 (32) 9 (18) 0.17
Patients with a history of mTOR inhibitor use 13 (52) 16 (32) 0.09
Patients with epilepsy surgery 13 (52) 24 (48) 0.74

Abbreviations: mTOR, mammalian target of rapamycin; TSC, tuberous sclerosis complex.
*The percentages of patients with each clinical manifestation to patients with cerebellar tubers (n =25) or without tubers (n =50) are in

parentheses.
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Results

A total of 28 cerebellar tubers were found in 25 TSC patients
(0.4-23.8 years old, mean age 7.4; 15 female and 10 male).
Twenty-two patients had one cerebellar tuber while three
patients had two; all patients with two had bilateral cere-
bellar tubers. Patients’ demographic data are summarized
in =Table 1. There was no significant difference in each
characteristic between TSC patients with and without cere-
bellar tubers (p > 0.07).

A total of 116 MR examinations and 39 CT examinations
were performed in these 25 patients with cerebellar tubers.
The number of MR examinations per patient ranged from 1 to
16 (median, 4). The imaging characteristics of the cerebellar
tubers are summarized in =Table 2. Cerebellar tubers oc-
curred in both hemispheres with equal frequency and were
located only on the lateral portions of the cerebellar hemi-
spheres (=Fig. 2). The superior and inferior semilunar
lobules were the most and the second most frequently
affected. All cerebellar tubers (100%) were predominantly
hyperintense on T2WI. Twenty-six (93%) were predominant-
ly hypointense and two were isointense on T1WI. Calcifica-
tion within 13 (46%) of the cerebellar tubers, however,
caused focal heterogeneous signal changes, including low
intensity on T2WI (n=13) and/or high intensity on T1WI
(n=3). CT was performed for 6 of 13 calcified cerebellar
tubers, all of which demonstrated high density. All cerebellar
tubers (100%) exhibited retraction change. Ten (36%) cere-
bellar tubers showed contrast enhancement, half of which
demonstrated a zebra-like appearance. Twelve (43%) cere-
bellar tubers demonstrated an associated vascular anomaly.
There was no such prominent flow void at the contralateral
side of the posterior fossa.

Twenty-two patients with 25 cerebellar tubers under-
went follow-up studies (=Table 3). The follow-up period
ranged from 6.0 to 156.2 months, with a median of 95.6
months. Fifteen cerebellar tubers (60%) demonstrated dy-
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Table 2 Imaging characteristics of cerebellar tubers at first
presentation

Imaging findings No. of cerebellar
tubers?®
Affected hemisphere®
Right/left 14 (50)/14 (50)
Location by cerebellar lobules
Superior semilunar lobule 25 (89%)
Inferior semilunar lobule 20 (71%)
Gracilis lobule 12 (43%)
Biventral lobule 4 (14%)
Posterior quadrangular lobule 4 (14%)
Hyperintense on T2WI 28 (100)
Hypointense on TTWI 26 (93)
Associated vascular anomaly 12 (43)
Calcification 13 (46)
Retraction change 28 (100)
Contrast enhancement 10 (36)
Zebra-like appearance 5(18)

Abbreviations: TIWI, T1-weighted image; T2WI, T2-weighted image.
“The percentage of cerebellar tubers with the finding to all cerebellar
tubers (n =28) are in parentheses.

bThree patients had cerebellar tubers bilaterally.

namic changes in at least one of the imaging characteristics
surveyed (=Figs. 3 and 4). Size increased in four (16%)
cerebellar tubers and decreased in other four (16%). Five
(20%) cerebellar tubers showed complicated size changes
with increase and decrease. One cerebellar tuber increased at
firstand subsequently decreased, resulting in larger size than
the initial one. Another decreased at first and subsequently
increased, resulting in a smaller size than the initial one. The

Fig.2 Distribution map of cerebellar tubers on (A) right posterior view and (B) left posterior view. AQ, anterior quadrangular lobule; Bi, biventral
lobule; Gr, gracilis lobule; ISL, inferior semilunar lobule; PQ, posterior quadrangular lobule; SSL, superior semilunar lobule. The horizontal fissure
(arrows) divides SSL and ISL and the primary fissure (arrow heads) divides AQ and PQ. Twenty-five (89%) cerebellar tubers were in superior

semilunar lobule, 20 (71%) were in inferior semilunar lobule, 12 (43%) were in gracilis lobule, 4 (14%) were in biventral lobule, and 4 (14%) were in
posterior quadrangular lobule. The superior and inferior semilunar lobules, that were the most and the second most frequently affected, were

involved simultaneously in 17 (61%) tubers.
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Table 3 Dynamic change of cerebellar tubers

Imaging characteristics Number of
showing dynamic changes cerebellar tubers®
Size
Increase 4 (16)
Decrease 4 (16)
Mixed with the increase 5 (20)
and decrease
Retraction change
Increase 9 (36)
Decrease 2 (8)
Calcification
Progress 5 (20)
Stable 8 (80)
Contrast enhancement
Decreased/loss 2 (8)
Mixed with the increase 8 (32)
and decrease
Developed an associated 4 (16)
vascular anomaly

*The percentage of tubers with the finding to all tubers (n=25) are in
parentheses.

other three cerebellar tubers alternated increase and de-
crease: two were larger and the other was smaller than their
initial size on the latest MRI. Retraction change progressed in
nine (36%) and decreased in two (8%). Calcification pro-
gressed in five (20%), and the other eight (80%) were stable.
Two cerebellar tubers (8%) showed decrease or complete loss
of contrast enhancement. Eight cerebellar tubers (32%)
showed complicated changes in contrast enhancement
with both increases and decreases. Contrast enhancement
decreased at first and subsequently increased in one cere-
bellar tuber, while it increased at first and subsequently
decreased in two. The other five cerebellar tubers showed
alternating increase and decrease in contrast enhancement,
with contrast enhancement on the latest MRI lower than that
on the initial MRI. Among these eight cerebellar tubers with
complicated changes in contrast enhancement, the latest
contrast enhancement was lower than the initial one in

Yogi et al.

seven. Another cerebellar tuber on the latest MRI demon-
strated contrast enhancement equal to that on the initial
MRI. Among these eight cerebellar tubers with complicated
change in contrast enhancement, the latest contrast en-
hancement was lower than the initial one in seven. Another
cerebellar tuber on the latest MRI demonstrated equal
contrast enhancement to that on the initial MRI.

Six (24%) developed an associated vascular anomaly, one
of which kept progressing and resulted in parenchymal
hemorrhage (~Fig. 4).

A total of 2,131 cerebral tubers (range 4-71; mean, 28.4)
were identified in all 75 TSC patients, and a total of 217 type C
tubers (range from 1 to 19; mean, 2.9) were found in 47 TSC
patients. Patients with cerebellar tubers had more
cerebral tubers and slightly more type C tubers than the
patients without cerebellar tubers (p=0.001 and < 0.02,
respectively).

Discussion

We found that cerebellar tubers were located exclusively
within the lateral portions of the cerebellar hemispheres,
with a predilection for the semilunar lobules. Our result is
consistent with previous works reporting that the cerebellar
tubers were predominantly located in the lateral hemi-
spheres.'"13 Recent studies have suggested that the cere-
bello-cerebral neural network, involving lateral portions of
the cerebellar hemispheres, the semilunar and posterior
quadrangular lobules, is involved in higher brain
functions.'®%° In addition, autism is also associated with
focal abnormalities in the cerebellum, especially in the
semilunar lobule,?®-32 where cerebellar tubers occurred
most commonly in this study. In patients with TSC, the
strong correlation between cerebral tubers and ASD has
been reported'33-3%; however, the relationship between
cerebellar tubers and autism has not been fully established.
Though the correlation between ASD and cerebellar tubers
was reported in one study,'® it did not consider other
variables, including genetics and severity of neurological
phenotypes. The other study reported that ASD did not
correlate with cerebellar tubers and was mainly associated
with genetic abnormality and the number of cerebral tubers
through the multivariate analysis, concluding that cerebellar
tubers were not the best predictor of ASD."? In this study, we

Fig. 3 Initial magnetic resonance imaging (MRI) (A) and follow-up MRIs performed 3 years (B) and 7 years later (C) for a left cerebellar tuber. (A)
The tuber shows hyperintensity on T2-weighted image (T2WI). A retraction change is also present (arrowheads). The hyperintense area
decreases 3 years later (B) and increases again 7 years later (C). The retraction change, on the other hand, keeps progressing.

Journal of Pediatric Epilepsy ~ Vol. 12 No. 2/2023 © 2022. The Author(s).
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Fig.4 A 2-year-old male with tuberous sclerosis complex. (A) T2-weighted image (T2WI) shows a right-cerebellar tuber. (B) Seven years later, a
flow void indicating an associated vascular anomaly (AVA) appears. (C) Nine years later, a nodular T2-hypointense focus within the tuber develops
(arrow). (D) Eleven years after the initial scan, T2WI and T1-weighted image (T1WI) (not shown) demonstrate parenchymal hemorrhage
occurring adjacent to the region of the previously imaged associated vascular anomaly and the T2-hypointense focus (arrow)

also found no significant correlation between cerebellar
tubers and autism. Because the pathogenesis of cerebellar
tubers is not fully understood, it is unknown why cerebellar
tubers occur in such an important area exclusively. It is also
unknown whether cerebellar tubers affect higher brain
functions in patients with TSC, including their correlation
with autism. Further analyses including pathological and
neuropsychiatric assessments may clarify these issues.

In this study, 43% of the cerebellar tubers demonstrated
an associated vascular anomaly, suggesting that it may be an
important imaging finding of cerebellar tubers. The patho-
genesis and pathological features of the associated vascular
anomalies are uncertain due to a lack of pathological studies;
however, we can suggest that the associated vascular anom-
alies may be related to the cerebellar tubers as there were no
such dilated and prominent flow voids on the contralateral
side of the posterior fossa. Moreover, half of these anomalies
developed on follow-up studies without appearing on the
initial scan, and one associated vascular anomaly developed
into a parenchymal hemorrhage. A recent study reported
that epidermal growth factor, hepatocyte growth factor, and
vascular endothelial growth factor, which regulate angio-
genesis as well as cell growth in the developing brain, also
regulate the mTOR pathway and were enhanced in tubers
and SEGA.37-38 It is unknown whether these intrinsic factors
initiate the associated vascular anomalies and their evolu-

tion. Further studies may elucidate the pathogenesis of these
associated vascular anomalies.

Other imaging features in cerebellar tubers were consis-
tent with those in previous reports.’~° They exhibited T1 and
T2 prolongation, retraction changes, calcification, and con-
trast enhancement. Retraction change was confirmed in all
cerebellar tubers. Previous histopathological studies
reported that cerebellar tubers demonstrated abnormal
neuronal migration, gliosis, calcification, and folial atro-
phy.>>839 Folial atrophy causes volume loss of neuronal
tissue within the cerebellar tuber and may result in retrac-
tion change as well as the “zebra-like” contrast-enhance-
ment, which is thought to reflect cerebrospinal fluid-filled
sulci interposed between atrophic neuronal elements.®

Although it is well known that cerebellar tubers show
dynamic changes over time,”® it has not been reported
previously that they show not only monotonic increase or
decrease, but also both increase (progression) and decrease
(improvement), as confirmed in this study. We cannot define
the exact patterns of change in this study because the time
intervals of the MR examinations were not uniform. Howev-
er, the important finding is that cerebellar tubers have more
complicated dynamic patterns than previously suspected.

Cerebral tubers with internal cystic degeneration, known
as type C tubers, were more numerous in patients with
cerebellar tubers, as well as whole cerebral tubers were. It
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is well known that both cerebral and cerebellar tubers
demonstrate similar pathological changes, suggesting that
they may have a common pathway of generation.>>%3° In
addition, the number of cerebral tubers and the presence of
type C tuber are associated with a more severe spectrum of
TSC'%40; therefore, the presence of cerebellar tubers may be
associated with more severe TSC. However, there was no
significant difference in TSC patients’ demographic data
(=Table 1). Though it is of interest whether cerebellar tubers
are associated with the severity of TSC, further analyses with
a larger sample size may reveal the correlation between the
mechanisms of cerebellar tuber generations and TSC
severity.

The limitations of this study include a relatively small
number of cases, the retrospective approach, and the het-
erogeneous time intervals of the MR examinations. The
patients’ TSC gene mutations, detailed medication history,
age of seizure onset, and presence of drug refractory epilepsy
were not evaluated, so we could not precisely evaluate the
relationship between cerebellar tubers and the clinical se-
verity of TSC. The sample solely consisted of patients referred
to the UCLA TSC Clinic; therefore, the patients likely repre-
sent a clinically severe phenotype of TSC. Finally, the severity
of genetic defects was not correlated with cerebellar tubers.

Conclusion

Since cerebellar tubers are less common than cerebral tubers
and do not directly cause epilepsy, they may, at first glance,
seem less clinically relevant. However, this study has docu-
mented that cerebellar tuber occurs exclusively within the
lateral portions of the cerebellar hemispheres, which are
related to higher brain function. In addition, the associated
vascular anomaly may be an important imaging finding in
cerebellar tubers, as they may develop over time and prog-
ress to parenchymal hemorrhage. These findings suggest that
cerebellar tubers may be clinically important. It is also of
interest that cerebellar tubers may demonstrate complex
dynamic patterns of change.

Further analyses incorporating neuropsychiatric and
pathological data would strengthen these preliminary find-
ings, which may provide insight into the pathogenesis and
clinical manifestations of cerebellar tubers in TSC patients.
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