Pediatr Radiol (2008) 38:936-952
DOI 10.1007/s00247-008-0832-y

REVIEW

The pathogenesis and imaging of the tuberous sclerosis

complex

Henry J. Baskin Jr.

Received: 16 January 2008 /Revised: 3 March 2008 / Accepted: 12 March 2008 /Published online: 15 April 2008

© Springer-Verlag 2008

Abstract Tuberous sclerosis complex (TSC) is an autoso-
mal-dominant disorder characterized by the formation of
hamartomatous lesions in multiple organ systems. It is the
second most common neurocutaneous syndrome after
neurofibromatosis type 1 and has been recognized since
the late 1800s. Although the disease has complete pene-
trance, there is also high phenotypic variability: some
patients have obvious signs at birth, while others remain
undiagnosed for many years. In addition to skin lesions,
TSC patients develop numerous brain lesions, angiomyoli-
poma (AMLs), lymphangiomyomatosis (LAM) in the
lungs, cardiac thabdomyomas, skeletal lesions, and vascu-
lar anomalies, all of which are well seen with medical
imaging. Our knowledge of TSC genetics and pathophys-
iology has expanded dramatically in recent years: two
genetic loci were discovered in the 1990s and recent
elucidation of TSC’s interaction with the mTOR pathway
has changed how we manage the disease. Meanwhile,
medical imaging is playing an increasingly important role
in the diagnosis, management, and treatment of TSC. We
provide an update on the genetics and pathophysiology of
TSC, review its clinical manifestations, and explore the
breadth of imaging features in each organ system, from
prenatal detection of cardiac thabdomyomas to monitoring
rapamycin therapy to treatment of AMLs by interventional
radiology.
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Introduction

Tuberous sclerosis complex (TSC) is the second most
common phakomatosis after neurofibromatosis type 1 [1]
and is characterized by the formation of histologically
benign hamartomas and low-grade neoplasms in multiple
organ systems. It has a prevalence of about 1 in 6,000
newborns and affects approximately 1.5 million people
worldwide, occurring in all races and both genders equally.
TSC is an autosomal-dominant disorder with high pene-
trance and variance [2]; obvious signs might be present at
birth, while in other patients it eludes diagnosis for decades.
Almost all patients with TSC have numerous cutaneous
stigmata [3, 4], some of which can be subtle. The vast
majority of patients have brain lesions [3] and, although
these can cause seizures, learning difficulties, behavioral
problems, and autism, only 50% of TSC patients have
below average intelligence [5]. Most patients have renal
lesions [6], which cause complications in about 10%.
Cardiac tumors are usually clinically silent, although they
occasionally cause obstruction and arrhythmias [7]. Fewer
TSC patients have clinically evident lung disease, and still
fewer have vascular complications. Skeletal lesions go
largely unnoticed. All of these lesions are very well
visualized by medical imaging.

The broad spectrum of pathology seen in TSC is
reflected in the expansive history of its elucidation. The
disease was first reported in 1862 by Friedrich von
Recklinghausen. He described an infant with cardiac
rhabdomyomas and sclerotic brain lesions who died shortly
after birth, but he did not appreciate how the lesions were
related [8]. In 1880, Désir¢ Bourneville documented the
neurologic symptoms of an infant with hard mass lesions in
the cortex of the brain that he likened to hard potatoes,
coining the term “tuberous sclerosis.” The association of
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these neurologic abnormalities with skin lesions was made
a decade later by John Pringle who described adenoma
sebaceum in a patient with mental retardation [9]. During
the next century, it became better understood that TSC
encompassed abnormalities of the skin, central nervous
system (CNS), heart, lungs, kidneys, bones, and blood
vessels [10], and the full spectrum of the disease was
summarized by Gomez et al. [8, 11] 25 years ago. In the
last decade there have been many advances in the molecular
genetics and understanding of the pathophysiology of TSC,
including the mechanism of action of the TSC1 and TSC2
gene products and benign metastasis of smooth muscle cells
causing lymphangiomyomatosis (LAM) [7].

Genetics

TSC is an autosomal-dominant disorder caused by a
mutation in either the TSC1 or TSC2 gene [12, 13]. These
genes act as tumor suppressors, and a mutation to each
allele at one of these loci is required for tumorigenesis,
analogous to Knudson’s hypothesis of retinoblastoma
oncogenesis [14]. For a patient to express TSC, two
mutational events occur: the first is a germ line mutation
(spontaneous or familial), resulting in a loss of heterozy-
gosity (LOH) at the TSC1 or TSC2 allele [15-18];
subsequent somatic mutations of the remaining allele result
in the phenotype of TSC. Somatic mosaicism [19] can
result in a less severe phenotype or a so-called forme fruste
variation of the disease [20]. Similarly, it has been
discovered that some cases of supposed sporadic TSCI1
and TSC2 mutations actually represent inherited defects in
nonaffected parents with gonadal mosaicism [20, 21].
TSC1 and TSC2 are found on chromosome 9p and 16q,
respectively [12, 13]. TSC1 encodes for a protein called
hamartin, which is smaller and thought to help stabilize
the gene product of TSC2, tuberin. Hamartin and tuberin
form a heterodimer that functions as a tumor suppressor
by inhibiting the mTOR kinase cascade. Modulating
mTOR activity is important in regulating cell growth
and proliferation. Dysfunctional gene products from
altered TSC1 or TSC2 gene loci lead to increased
activation of mTOR kinase, which then results in
disorganized cellular overgrowth and abnormal differenti-
ation [15, 22]. Perhaps because it has a more important role
in mTOR regulation, mutations of TSC2 lead to a more
severe phenotype [23-25]. TSC1 mutates spontaneously
less often than TSC2 and is thus more common in familial
cases, but, overall, 70% of TSC mutations are spontaneous,
with TSC2 mutations more than three times as common as
TSC1 mutations [25].

Although LOH at the TSC loci leads to upregulation of
mTOR and subsequent disorganized cell growth, other

proposed mechanisms of tumorigenesis do not involve
LOH at TSC1 or TSC2, but instead are predicated on the
dissociation of the TSC heterodimer, leading to its
inactivation. Dissociation of the TSC heterodimer occurs
after phosphorylation by various kinases [26]. One impor-
tant kinase that inactivates the TSC complex is extracellular
signal-regulated kinase (ERK) [27], which has been shown
to be integral in the formation of subependymal giant cell
astrocytomas (SEGAs) and some cardiac rhabdomyomas
[28, 29].

Clinical manifestations

The clinical picture traditionally associated with TSC is
Vogt’s triad: epilepsy, mental retardation, and facial
angiofibromas. This triad is actually seen in only 30-40%
of TSC patients; about half of patients have normal
intelligence [7]. The presentation of TSC is so variable
that some patients are only diagnosed by genetic testing or
careful screening after a child or sibling presents with more
severe symptoms. For the purposes of this review, the
clinical manifestations of TSC are discussed as they relate
to imaging findings in the sections that follow, organized by
organ system, but a brief discussion of the cutaneous
manifestations and diagnostic criteria of TSC is merited.

Cutaneous manifestations

There are many cutaneous stigmata of TSC and they are
seen in almost all patients with the disorder [30—32]. The
most common and earliest skin finding in TSC is multiple
hypopigmented macules (also called ashleaf spots) [31, 32],
which are seen in more than 90% of patients before 2 years
of age [31]. Hypopigmented macules are not specific for
TSC, but a patient with large numbers of such lesions is
more likely to have TSC; a Wood’s lamp might be needed
to see hypopigmented macules. Several other stigmata are
said to be near pathognomonic for TSC, including adenoma
sebaceum. This name was first coined by Pringle and is
actually a misnomer because the lesion has no sebaceous
glands. The lesion is a hamartoma composed of connective
and vascular elements and is properly termed an angiofi-
broma [33]. Angiofibromas form discrete pink papules on
the malar region of the face in 70% of TSC patients.
Closely related lesions are also found on the forehead of
most TSC patients and are termed “forehead plaques.”
Shagreen patches are thick, rubbery plaques with a pebbly
texture composed of raised connective tissue nevi [32, 34],
and are found on the nape of the neck and lumbosacral
trunk of 50% of TSC patients. Many older children and
adults with TSC have fleshy, raised fibromas around or
under the nail bed termed periungual fibromas [34].
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Although not cutaneous lesions, dental pits, gingival
fibromas, and retinal white patches are also commonly
seen in TSC [7]. Less common and less specific lesions
also include café-au-lait spots, molluscum fibrosum pendu-
lum, and skin tags.

Diagnosis

The diagnosis of TSC can be difficult because the
manifestations are so varied and few signs are specific.
For that reason, a set of criteria has been proposed to help
clinicians reach a diagnosis. The criteria were revised in
1998 and distinguish between major and minor features.
Patients are evaluated and said to have definite, probable, or
suspected TSC based on the presence of these criteria
(Table 1). Medical imaging is heavily relied upon for most
of the major and several of the minor criteria. Genetic
testing is also available.

Neurologic manifestations and imaging findings

Neurologic manifestations of TSC are the most common
cause of morbidity and mortality in TSC patients. They
include seizures, developmental delay, behavioral prob-
lems, and autism [35, 36]. Seizures are the most common
symptom and occur in 90% of TSC patients. About 50%
have mental retardation and these children are more likely
to have a TSC2 mutation [5, 7]. Mild to moderate autism is
also very common in TSC and present in 25-50% of
patients [36]. TSC-associated autism is seen with equal
predominance in males and females, as opposed to the male

Table 1 Major and minor features of TSC. The diagnosis is
considered definite in the presence of two major features or one
major and two minor features. A probable diagnosis of TSC is given if
there is one major and one minor feature, and TSC is suspected if a
patient has one major feature or two or more minor features

Major features Minor features

Facial angiofibroma or forehead plaque Dental pits
Periungual fibroma Hamartomatous rectal polyps
Hypomelanotic macules Bone cysts

(more than three)
Shagreen patch
Cortical tuber
Subependymal nodule
Subependymal giant cell astrocytoma
Multiple retinal nodular hamartomas
Cardiac rhabdomyoma
Lymphangiomyomatosis
Renal angiomyolipoma

Radial glial lines
Gingival fibromas
Nonrenal hamartoma
Retinal achromic patch
“Confetti” skin lesions
Multiple renal cysts

Adapted from references [34, 131].
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predisposition of autism observed in the general population.
It is unclear whether autism is a direct or indirect result of
TSC; it might be secondary to temporal lobe tubers or
epileptiform foci [36]. Brain imaging findings of TSC
include cortical and subcortical tubers, white matter
abnormalities, subependymal nodules, and SEGAs.

Cortical and subcortical tubers

Tubers are variably epileptogenic hamartomas that
exhibit disorganized cortical lamination. They are formed
during embryogenesis and are seen in 90% of TSC
patients. The masses can be cortical or subcortical and
expand the overlying gyri (Fig. 1). Their gross appear-
ance resembles potatoes, which, with their hard texture,
lends the name tuberous sclerosis to this disorder. Patho-
logically, the hamartomas contain glial and neuronal
elements such as atypical giant astrocytes, maloriented
neurons, and bizarre giant cells [15]. On CT imaging,
tubers are low in attenuation and usually do not enhance
[37, 38]. About half calcify [37], which is well seen on CT
images and sometimes even on skull radiographs. On MRI,
the lesions have low T1 signal and high T2 or FLAIR
signal, unless they are calcified, in which case there can be
significant signal loss and blooming artefact [37, 38]. The
MRI pattern is reversed in young infants, in whom the
surrounding unmyelinated brain has increased water con-
tent [39]. The imaging characteristics of tubers are also
altered when they develop cyst-like changes. Cystic tubers
have low T1 and high T2 signal centrally. FLAIR
sequences typically show central signal loss with a high
signal peripheral rim. The cause of these cystic changes is
unknown but might reflect cellular degeneration. It is more
commonly seen in children younger than 7 [40]. Proton
spectroscopy of tubers generally demonstrates decreased N-
acetyl aspartate (NAA) and increased myo-inositol. The
former is thought to reflect a reduction of neurons, and
increased myo-inositol might be caused by gliosis or
immature neurons [41, 42].

Recently, advanced imaging techniques such as diffusion
tensor imaging (DTI) and positron emission tomography
(PET) have shown promise in localizing more epileptic
tubers. DTI is an MRI technique that provides information
regarding both the magnitude and the direction of water
diffusion within a voxel. This is helpful in TSC patients
because cortical and subcortical tubers have abnormal
cortical architecture and altered axonal integrity, properties
that can result in higher apparent diffusion coefficients
(ADC) and lower fractional anisotropy (FA) in the lesions
compared to normal white matter [43]. Tubers with
significantly higher ADCs and lower FA have increased
epileptogenic potential compared to other lesions [44, 45].
Thus DTI provides incremental information beyond mor-



Pediatr Radiol (2008) 38:936-952

939

Fig. 1 Child with cortical and
subcortical tubers. Unenhanced
CT image (a) and axial FLAIR
MR image (b) demonstrate a
large subcortical tuber in the left
frontal lobe (large arrow)
merging with underlying white
matter abnormality. Multiple
smaller tubers (small black
arrows) have a similar CT ap-
pearance. These smaller hamar-
tomas, as well as another in the
left posterior whiter matter (b
white arrow) have a cystic ap-
pearance with low-signal inten-
sity centrally and a rim of
increased FLAIR signal periph-
erally. Another child has diffuse
mineralization of a left frontal
hamartoma that appears as
poorly defined, hazy increased
attenuation on the CT image (c)
and shows corresponding signal
loss on the T2-W image (d)

phologic MRI findings alone. Similarly, large areas of
FDG-PET hypometabolism within tubers correlate with
increased epileptogenicity more so than tumor size alone
[46]. PET using alpha-[11C]methyl-L-tryptophan (AMT) is
also helpful in identifying epileptogenic foci in TSC [45].
Tubers that have increased AMT uptake are more epilep-
togenic than tubers without increased AMT uptake;
selective resection of such lesions improves the success of
epilepsy surgery [47]. Magnetoencephalography also shows
promise in improving precise localization of epileptic foci
for surgical resection in TSC patients [48, 49].

White matter abnormalities

White matter abnormalities of TSC consist of radial glial
bands and periventricular cyst-like lesions (Fig. 2).
Radial glial bands extend from the ependymal surface of
the ventricle to the cortex, sometimes terminating in a
subcortical tuber [50]. Although the lesions are classically
linear and referred to as bands, they can also be wedge-
shaped and even tumefactive [51]. The bands are present

in more than 80% of TSC patients and represent
heterotopic neuronal and glial elements that arrested
during cortical migration [51]. CT usually fails to
demonstrate these lesions, but they are very well seen by
MRI. They have similar signal characteristics to cortical
tubers, with low signal on T1-W images and high signal
on T2-W images. The lesions are best seen with FLAIR
and rarely enhance [51, 52]. Small white matter cysts are
seen in almost half of TSC patients, and their etiology is
unknown [53]. They are low attenuation on CT images
and isointense to CSF on all MRI pulse sequences; these
lesions do not enhance [53].

Subependymal nodules

Subependymal nodules (SENs) are hamartomatous lesions
that dot the ependymal surface of the lateral ventricles
(Fig. 2). The lesions are isointense to gray matter on MR
images. SENs calcify in 90% of cases and therefore bloom
secondary to dephasing artefact on MR images and are
easily seen on CT images. It has been suggested that CT is
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Fig. 2 White matter abnormali-
ties and SENs in TSC. a Coro-
nal T2-W image shows
abnormal increased signal
extending from the ependymal
surface of the ventricle through
the white matter of the right
frontal lobe (white arrow). This
is a radial glial band and is in
continuity with a subcortical
tuber in the frontal lobe (upper
black arrow). Another tuber is
present in the ipsilateral tempo-
ral lobe (lower black arrow).
White matter cysts in the left
periventricular white matter
(black arrows) follow CSF sig-
nal intensity on all sequences,
where they are bright on T2-W
images (b) and suppressed on
FLAIR images (c¢). SENs (white
arrows) are also present, dotting
the ependymal surface of the
ventricles. These are partially
calcified, causing some signal
loss on the MR images. d
Calcification within SENs is
better seen on CT images as
high-attenuation nodules along
the ventricular surface in anoth-
er patient

useful in identifying SENs in undiagnosed family members
with subtle symptoms of TSC [37].

Subependymal giant cell astrocytomas

SEGAs are low-grade neoplasms that arise near the
foramen of Monro in 10-15% of patients with TSC [37]
(Fig. 3). They have a mixed glioneuronal lineage [54] and
some investigators have reported subtle genetic changes
that might account for their growth. These findings suggest
that classifying SEGAs as astrocytomas is not completely
correct [55]. Nevertheless, on imaging these lesions appear
similar to SENSs; consideration that one is dealing with a
SEGA should be made if the lesion is greater than 5 mm,
incompletely calcified, or enhances [56]. Because almost all
of these lesions enhance, for practical purposes, SEGAs are
diagnosed by size greater than 10 mm, demonstrable
growth, or the production of symptoms of hydrocephalus.
A lesion is termed a “probable SEGA” if it could cause
obstruction based on its size or location [55]. Suspected
SEGAs should be followed by MRI at least every year [56,
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57] because hydrocephalus has been reported in 40% of
TSC patients with SEGAs [56].

Abdominal manifestations and imaging findings

Renal complications are the second most common cause of
morbidity and mortality in TSC patients [30]. The devel-
opment of angiomyolipomas (AMLs) is very common in
TSC and the formation of renal cyst is a prominent feature
of TSC2 mutations. This latter feature relates to the
importance of tuberin in the localization of the gene
product of the autosomal-dominant polycystic kidney
disease gene, PKD1 [58]; TSC2 and PKDI are at adjacent
loci on the short arm of chromosome 16 [12, 59-61]. Some
have also reported an increased risk of renal cell carcinoma
(RCC) [60]. Less than 10% of children with TSC have
renal complications, but as they mature, they are at
increased risk of renal failure and hypertension secondary
to a mass effect by AMLs and cysts [30, 62]. AMLs can
also bleed, causing life-threatening hemorrhage. Imaging is



Pediatr Radiol (2008) 38:936-952

941

Fig. 3 Enlarging SEGA in a
child with headache. a Axial
enhanced T1-W image shows
two small enhancing masses at
the bilateral foramina of Monro,
left (white arrow) larger than
right (black arrow). b Enhanced
T1-W image obtained 10 months
later shows interval growth of
the left SEGA (white arrow)
causing mild ventricular en-
largement. Difference in slice
angle causes the right SEGA to
appear smaller and reveals an-
other enhancing lesion more
posterior on the right (black
arrows)

an excellent way to monitor for these complications,
although renal US examinations in most children with
TSC do not become abnormal until 7-10 years of age (55%
by 7 years, 80% by 10.5 years; mean age of abnormal US
examination 7.2 years) [63]. There are, of course, excep-
tions, as renal cysts and AMLs have been documented as
early as 16 days and 4 months, respectively. For practical
purposes, screening is not generally necessary until late in
the first decade [62].

Angiomyolipomas

AMLs are benign hamartomatous neoplasms variably
composed of smooth muscle, fat, and abnormal blood
vessels [64]. The tumors are seen in almost 75% of children
with TSC, and are usually multiple and bilateral [63].
However, 80% of patients with an AML do not have TSC
[64]; these sporadic AMLs are usually single, unilateral,
and occur in women. Mutations of the TSC2 gene have
been found in both sporadic and TSC-associated AMLs.
The tumors are thought to be influenced by estrogen and
progesterone because they are rarely diagnosed before
puberty in patients who do not have TSC, large AMLs
are usually found in women, and they can grow rapidly
during pregnancy. It is also known that the hormonal milieu
influences TSC2 expression in laboratory animals [65]. The
tumors are typically asymptomatic but grow with time [62,
63]. Conventional wisdom holds that AMLs more than
4 cm in diameter are at increased risk of bleeding
(sensitivity 100%, specificity 38%) [66] and should be
considered for treatment [67]. However, more recently
authors have suggested that embolization of AMLs in TSC
be reserved for symptomatic lesions [68]. Furthermore,
investigators have also shown that a better predictor of
AML hemorrhage is the presence of aneurysms larger than
5 mm (sensitivity 100%, specificity 86%) [66]. These
aneurysms can be well seen by cross-sectional or conven-
tional angiographic techniques [69].

The classic imaging appearance of an AML is that of a
focal, well-marginated, fat-containing mass [62, 64, 70].
They are often cortical and usually multiple in TSC
patients. The numerous interfaces of the fatty component
causes AMLs to appear as echogenic masses on US
examination, and they are more likely to shadow compared
to RCC. The fatty component of the tumor is low
attenuation on CT images and follows the signal intensity
of subcutaneous fat on MR images. AMLs can also have an
infiltrating pattern [62, 64, 70]; these infiltrating tumors
have a more variable composition and their attenuation or
signal characteristics depend on the relative amounts of fat,
soft tissue, and vessels [62, 64, 70]. Because of the
increased ratio of soft tissue and vessels, these lesions tend
to enhance. Unfortunately, some AMLs can have aggres-
sive features on both imaging and pathology; further
complicating matters, imaging alone cannot completely
differentiate between a lipid-poor AML and an RCC.
However, the use of intravenous contrast agents has been
shown to be useful in this second situation: a study of 81
patients (19 AMLs, 62 RCCs in a non-TSC population)
showed that homogeneous or prolonged enhancement favor
an AML over an RCC (P<0.05). The presence of both of
these findings had a 91% positive predictive value and 87%
negative predictive value [71]. For practical purposes,
imaging in the TSC population will demonstrate far more
AMLs than RCCs, and the distinction is not usually part of
the imager’s task (Fig. 4).

AMLs are not restricted to kidneys and can also be
found in other abdominal organs [72], and even in the
retroperitoneum [73] (Fig. 5). These lesions have the same
imaging characteristics as renal AMLs [72]. Perhaps
because they can be more confidently identified, reported
cases of extrarenal AMLs tend to have the focal pattern
with fatty attenuation on CT images and fat signal on MR
images. Contrast enhancement is usually marked in the
arterial phase with persistent enhancement during the portal
venous phase. Color Doppler US shows punctiform or
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Fig. 4 Renal AMLs and their
complications. a High-resolu-
tion linear sonogram of the left
kidney of a young child with
TSC shows innumerable small
echogenic masses (arrows) in
the renal cortex. b Conventional
angiogram of a large renal AML
(large arrows) in a different
patient demonstrates increased
vascularity and markedly abnor-
mal vessels containing several
aneurysms, the largest of which
was more than 5 mm in diameter
(small arrow). ¢ Axial nonen-
hanced CT image in an adult
with TSC shows bilateral large,
predominantly fatty AMLs in
the upper renal poles (white
arrows). The patient had acute
flank pain and the right AML
contains a fluid level from re-
cent hemorrhage (black arrows).
d Coronal T2-W image in a
different TSC patient shows a
heterogeneous mixed signal
mass in the upper pole of the
right kidney (large arrows) with
extension into the superior vena
cava (small arrows) confirmed
at surgery. This was a patholog-
ically confirmed AML

Fig. 5 Two TSC patients with extrarenal fatty masses, presumed to be
AMLs. a Axial enhanced CT image shows a heterogeneous but mostly
low-attenuation mass causing a mild mass effect in the inferior vena
cava (large arrow). A smaller lesion is present in the left hepatic lobe
(small arrow). Several similar lesions were also present (not shown). b

@ Springer

In another patient, axial enhanced CT image demonstrates a large,
diffusely infiltrating fatty mass in the retroperitoneum (arrows). ¢ A
conventional renal angiogram (representative image of the left kidney
during the nephrographic phase) is normal



Pediatr Radiol (2008) 38:936-952

943

filiform vascular flow and on gray-scale imaging extrarenal
AMLs have been reported as smoothly contoured and
echogenic [72].

Renal cysts

Benign epithelial renal cysts are seen in less than half of
TSC patients [62, 63]. Renal cysts are associated with
mutations of TSC2 because the TSC2 and PKD1 genes are
at contiguous loci on chromosome 16. The combined TSC-
polycystic kidney disease phenotype is seen in about 5% of
TSC patients and confers a worse prognosis than TSC alone
[74]. The cysts grow with time, and a mass effect leads to
renal failure and hypertension. On US examination, they
have the conventional cystic appearance of an anechoic
mass with sharply circumscribed smooth walls and
increased through-transmission. The rounded, well-defined
borders are well-seen on both CT images and MR images
and the cysts do not enhance. Unless complicated by
hemorrhage, renal cysts show water attenuation on CT
images and fluid signal on MR images [62] (Fig. 6).

Renal cell cancer

The association of TSC with RCC has been considered
controversial, but mounting evidence supports the concept
that TSC patients are at increased risk for both RCC and
malignant AMLs [60, 75-77]. The latter is quite rare, but it
is known that RCC occurs earlier in TSC patients than in
other patients. The mean age of patients with TSC-
associated RCC is about 30 years, approximately 25 years
younger than non-TSC patients with RCC [60, 76]. The
literature is punctuated by many case reports of RCC
forming in children and infants with TSC [60]. LOH at the
TSC2 locus seems to be responsible for these RCCs, which
develop in the dysplastic epithelial cysts associated with the

Fig. 6 Renal cysts in two
patients with combined TSC-
polycystic kidney disease. a
Axial enhanced CT image
shows numerous fluid-attenua-
tion cysts in the left kidney, the
largest of which has some rim
calcification (large arrow). Sev-
eral AMLs are also present
(small arrows). b Coronal T2-W
image shows innumerable bilat-
eral renal cysts enlarging the
kidneys

TSC2-PKD1 genetic defect [75]. For practical purposes,
though, RCC is very rare in TSC patients, while atypical
AMLs are not uncommon. As discussed above, consider-
ation of the enhancement characteristics of a suspicious
lesion can help guide clinical management.

Perivascular epithelioid cell tumors

Within the same family of neoplasms as AML and
LAM, the World Health Organization recognizes two
very rare tumors called PEComa (Perivascular Epitheli-
oid Cell + “oma”) and clear cell sugar tumor of the lung
[78]. This family of neoplasms shares similar immunophe-
notypic characteristics and each tumor demonstrates peri-
vascular epithelioid cell differentiation [79]. Clear cell
sugar tumors of the lung are benign and only have a loose
association with TSC [79, 80]. PEComas, however, are
more clearly associated with TSC and some authors have
suggested they be included in the diagnostic criteria for the
disease [81, 82]. PEComas have no known normal tissue
counterpart and their malignant potential is uncertain [83];
several patients have had documented metastatic spread
[84]. These poorly understood neoplasms are more com-
mon in girls and young women and are typically found in
the uterus or in other abdominopelvic sites [83, 85]

(Fig. 7).

Cardiopulmonary manifestations and imaging findings

The most common clinically important cardiopulmonary
manifestation of TSC is LAM, an unusual interstitial lung
disease that causes hyperexpansion in women. Cardiac
tumors are also seen in TSC, most commonly benign
rhabdomyomas, but also AMLs. These are discussed in
detail below.
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Fig. 7 Young woman with TSC, LAM, and malignant PEComa.
Axial contrast-enhanced CT image (a) and sagittal reconstructed
image (b) show extensive bulky recurrence of heterogeneous masses
throughout the pelvis (small white arrows) after partial surgical
resection of malignant uterine PEComa. On the coronal reconstructed

Lymphangioleiomyomatosis

LAM is a proliferation of atypical smooth muscle cells in
the axial lymphatics of the lungs that occurs almost
exclusively in women [86]. Although only about 5% of
TSC patients have clinically progressive lung disease, 40%
of women with TSC have abnormalities seen on CT
imaging. Smooth muscle proliferation and lymphatic
obstruction leads to interstitial lung disease, cystic lung
destruction, and chylous effusions [87]. This progressive
disorder is marked by dyspnea (83%), recurrent pneumo-
thoraces (69%), cough (66%), and hemoptysis (20%) [88,
89], and end-stage therapy requires lung transplant [90].
LAM can occur either sporadically or in association with
TSC [87]; in both cases, LAM is caused by mutation of
TSC2 (or, less commonly, TSC1) [91, 92]. Furthermore,
60% of patients with sporadic LAM have a primary lesion,
such as leiomyoma or AML [88, 93], and genetic analysis
shows identical TSC2 mutations in LAM and AML cells of
these patients [91]. The pathogenesis of LAM is thought to
involve a complex interplay of TSC LOH and hormonal
influence [77, 91, 94]. The current pathogenetic hypothesis
of the LAM centers on the concept of benign but abnormal
smooth muscle cells, with TSC LOH metastasizing to the
lung, usually from renal AMLs [77, 91, 94-96]. The
patient’s hormonal milieu is an important factor, probably
because estrogen promotes the migration of abnormal
smooth muscle cells. Estrogen and progesterone receptors
have been found on LAM cells [87, 97] and it is known that
both LAM and AML cells are under hormonal control [98].
The recurrence of LAM after transplantation highlights and
reinforces the concept of TSC mutations, benign metastasis,
and hormonal environment causing LAM: recurrent LAM
has been documented in previously normal (non-LAM)
lungs from a male donor. In these cases, the recurrent LAM
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image (c), smaller metastatic deposits are seen in the abdomen
adjacent to the right lobe of the liver (small black arrows). The
patient’s native kidneys had been removed because of large AMLs
causing renal failure; note the transplanted kidney in the left pelvis
(long black arrow)

cells had identical mutations to pretransplant samples,
indicating that post-transplant migration of TSC-altered
cells metastasized from the recipient’s AMLs caused
recurrent LAM in the transplanted lungs.

Imaging of LAM demonstrates the fairly unusual appear-
ance of interstitial lung disease associated with hyperexpan-
sion on chest radiographs (Fig. 8). Fine reticular opacities are
seen in two-thirds of patients, and more than half of patients
have large lung volumes. Cysts can be seen in about one-
third of chest radiographs in LAM [99]. CT is more sensitive
for LAM, and cysts are the predominant feature, seen in
100% of LAM patients. The cyst walls should be barely
perceptible (but can be up to 2 mm thick) and are surrounded
by normal lung [77]. The distribution is diffuse in 50% of
patients, but 40% have apical sparing and the remainder
have basal sparing [89]. Several investigators have reported
lymphadenopathy associated with LAM [89, 99], but this
was not a feature in a large series from the Armed Forces
Institute of Pathology [99]. Small, noncalcified lung nodules
have also been reported as a feature of LAM [88]. Pleural
fluid collections are seen on CT imaging in 10-40% of LAM
patients. If the fluid is chylous in nature, the attenuation
should theoretically be less than zero Hounsfield units, but
because they often contain increased protein content, this is
often not the case [99]. LAM can also occur at extrapulmo-
nary sites: LAM cells have been found in lymph nodes
throughout the body, in the liver, and in the pancreas.
Extrapulmonary LAM can be associated with chylous ascites
and uterine leiomyomas [100].

Cardiac thabdomyomas
Cardiac rhabdomyomas are benign hamartomas and are the

most common cardiac tumor in children [101, 102].
Although these tumors can be sporadic, 80% of children
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Fig. 8 LAM. a Chest radio-
graph demonstrates large lung
volumes and diffuse fine reticu-
lar opacities throughout both
lungs. Hyperexpansion in the
setting of interstitial lung dis-
ease is unusual and should sug-
gest the diagnosis of LAM, and
therefore, at least consideration
of TSC. b High-resolution chest
CT image in a woman with
TSC. Several smooth-wall cysts
are present (black arrows)
throughout the lungs. TSC/LAM
is also associated with multifo-
cal micronodular pneumocyte
hyperplasia and a hamartoma-
tous overgrowth of type 2
pneumocytes, and 2- to 5-mm
nodules (white arrows) can of-
ten be found in these patients. ¢,
d High-resolution chest CT with
coned-down images in lung (c)
and soft-tissue (d) windows
shows a low-density (5.3 HU)
left pleural fluid collection, pre-
sumably a chylous effusion, a
common complication of LAM

with rhabdomyomas are found to have TSC [103, 104]. Up
to two-thirds of newborns with TSC have rhabdomyomas
and they are often multiple [34]. The tumors are composed
of vacuolated cardiac myocytes and are usually asymptomat-
ic, regressing in the first year of life [7, 104, 105].
Occasionally, thabdomyomas cause conduction abnormali-
ties, outflow obstruction, and cardiomyopathy, and in these
patients, surgical management has been advocated. Other-
wise, these masses are managed conservatively [34, 103,
104]. Rhabdomyomas can be visualized by prenatal imaging
as early as 22-28 weeks gestational age [102] (Fig. 9). They
can be intramural but are usually intraluminal masses that
protrude into ventricles. On US examination they are
echogenic, and on fetal MRI they are isointense to cardiac
muscle on T1-W images and hyperintense on T2-W images.
Multiple small lesions can cause diffuse myocardial thick-
ening [102]. Rhabdomyomas must be differentiated from the
second most common cardiac tumor in children, ventricular
fibromas [106—108]. Whereas rhabdomyomas are associated
with TSC, fibromas are seen with increased frequency in
children with orofacial abnormalities [109] and Gorlin (basal
cell nevus) syndrome [102]; stigmata of these respective

syndromes can aid in differentiating the tumors. In contrast
to rhabdomyomas, fibromas tend to be solitary [102, 106].
On imaging, the diagnosis of fibroma is suggested by foci of
calcification, cystic degeneration, and heterogeneous en-
hancement. On MR images, fibromas are usually T2
hypointense, reflecting their fibrous histology [102, 109].

Cardiac AMLs

Although thought to be quite rare, pathologically confirmed
cardiac AMLs have been reported in patients not known to
have TSC [110, 111]. Others have reported TSC patients
with fat-containing masses that were presumed to be
cardiac AMLs [112] (Fig. 9). Obviously, a conservative
approach in these patients precludes differentiating lipoma
from AML, both benign lesions.

Skeletal manifestations and imaging findings

The most common skeletal abnormalities of TSC are
localized areas of sclerosis, commonly seen in the ribs

@ Springer



946

Pediatr Radiol (2008) 38:936-952

- s 1
Fig. 9 Rhabdomyomas imaged during the second trimester and
postnatally. a Axial T2-W fetal MR image shows several high-signal
cardiac masses (arrows) in a fetus with a family history of TSC. b
Postnatal cardiac MR image (four-chamber view on the left, short-axis
view on the right) shows the same lesions (arrows), presumed

and vertebral bodies and along the iliac side of the
sacroiliac joints. The lesions are of unclear etiology but
are probably hamartomas and are seen in almost all TSC
patients [113]. They appear as ovoid sclerotic lesions with
poorly defined margins (Fig. 10) and in today’s practice are
most commonly found in vertebral bodies on CT images
obtained to evaluate renal or lung disease. Radiographs of
the hands and feet can show cysts in the phalanges and,
occasionally, pressure erosions from periungual fibromas
[113, 114] (Fig. 10).

Vascular manifestations and imaging findings

Although not routinely considered part of TSC, there is a
well-documented association of vascular dysplasia in this
disease [115—117]. The risk of bleeding from an AML is

I ‘

rhabdomyomas that were later followed with echocardiography. ¢
Contrast-enhanced CT image through the heart shows a small fat-
containing mass in the left ventricle that was presumed to be a cardiac
AML

well known and is discussed above, but the literature also
contains numerous case reports describing stenosis, occlu-
sion, and life-threatening large-vessel aneurysms that are
often missed clinically [115, 117-120]. Intracranial aneur-
ysms are the most common TSC-associated vascular
anomaly outside AMLs and are best seen on T2-W or
intermediate-weighted images as vascular flow voids or by
MR angiography [121-125]. Aneurysms of the thoracic
(TAA) and abdominal aorta (AAA) as well as of the
pulmonary and brachial arteries have also been reported.
AAAs have been reported in patients as young as
4.5 months; the mean age of TSC patients with AAA is
5 years, and with TAA is 11.7 years [115]. The vascular
anomalies in TSC are thought to be caused by vascular
hamartomas disrupting the vasa vasorum, possibly causing
degeneration or dysplasia of the elastic fibers [115, 116]

(Fig. 11).

Fig. 10 Skeletal hamartomas. a, b Axial CT images in bone windows shows ill-defined sclerotic lesions in characteristic locations (arrows). ¢
Coned-down radiograph of a phalanx shows a pressure erosion (arrow) from a periungual fibroma in a child with TSC
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Fig. 11 Aneurysms associated
with TSC. a A 3-D surface-
rendered image from a CT an-
giogram shows a large aneurysm
off the left vertebral artery (ar-
row) that was later coiled. b T2-
W image through the circle of
Willis demonstrates bilateral fu-
siform aneurysms of the middle
cerebral arteries. These are very
well seen on T2-W and proton
density sequences. ¢, d Axial

(¢) and coronal (d) reformatted
images from a CT angiogram
reveal a massive aortic aneurysm
in a 16-month-old child with
TSC. Note: Images 11c & 11d
courtesy of Gary Hedlund, DO

Medical imaging in management and therapy
Diagnosis

Medical imaging plays a crucial role in the diagnosis
and management of TSC. The diagnostic criteria dis-
cussed above rely heavily upon imaging (Table 1).
Infants and children who present with seizures and
cutaneous manifestations of TSC promptly undergo brain
imaging, usually with MRI. This examination alone can
make a definite or probable diagnosis of TSC if any two of
the following lesions are found: tuber, SEN, SEGA, and
radial glial band. Even before birth, the presence of a
cardiac mass alerts the physician to the possible diagnosis
of TSC, allowing timely diagnosis and screening of family
members. Echocardiography is also recommended in
children with suspected TSC to search for rhabdomyomas.
Renal imaging is helpful in confirming the diagnosis in
older children and adults by demonstrating AMLs and
renal cysts. Likewise, post-menarchal females with sus-
pected TSC can undergo a high-resolution chest CT scan to
identify subclinical LAM [3].

Follow-up

Patients with TSC should undergo follow-up brain imaging
every 1 to 3 years, especially if any lesions have been shown
to have grown [3, 10]. The presumed diagnosis of SEGA
merits particularly close follow-up, and these children should
be imaged each year until age 21 years (then every 2—
3 years) [3, 10, 56]. The inspection of vascular flow voids
should be incorporated into the radiologist’s search pattern in
TSC, because intracranial aneurysms are a rare but important
part of this disorder. Surveillance abdominal imaging should
consist of a baseline US examination at diagnosis and serial
follow-up beginning in the late first decade [3, 10, 62].
Although these scans are often limited to the kidneys, the
astute imager should also briefly inspect the aorta, as there is
an increased risk of AAA even in children with TSC.
Similarly, a chest CT scan is often obtained to evaluate LAM
in young women with LAM, and a search for aneurysms of
the thoracic aorta or pulmonary artery should be made. Most
experts recommend that women with LAM undergo a chest
CT scan at least every 3 years. Although cardiac rhabdo-
myomas are asymptomatic, serial echocardiography should
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Table 2 Summary of suggested imaging approaches

Diagnostic checklist Follow-up interval

Follow-up checklist

Brain
abnormalities, SEGAs

Begin serial US examinations at 10 years, sooner if

clinically indicated or known

Abdomen Renal AMLs and cysts CT scan or MRI for suspected

angiography to evaluate aneurysms
Every 3-5 years in women (age more than 18 years)

CT scan in females: LAM
with LAM
Chest Echocardiography:

rhabdomyoma(s)

Tubers, SENs, white matter MRI every 1-3 years; at least yearly if SEGA

Yearly until involution or stable size

Flow voids; SEGA growth, hydrocephalus

AML and/or cysts bleeding or growth; kidney size

TSC2 mutation

hemorrhage; CT Lesion growth; evaluate renal parenchyma;
intratumoral aneurysms >5 mm and/or AAA

Evaluate LAM progression; aneurysms

Involution or stable size

be performed until they involute or are shown to remain
stable in size. Table 2 condenses the recommendations for
diagnosis and follow-up in TSC patients.

Therapy

Therapeutic options for TSC patients revolve mainly
around symptomatic management. Vigabatrin is an irre-

Table 3 Summary of clinical and imaging findings in TSC

versible GABA inhibitor that has been shown to quell
infantile spasms in more than 90% of TSC patients
(although it is not FDA-approved for this purpose) [7].
Older children with particularly epileptogenic focal tubers
have been treated by surgical resection [7]. Rapamycin is
an immunosuppressant derived from bacteria that inhibits
the mTOR pathway [126] and has been shown to cause
regression of SEGAs [127]. It also shows promise in the

Finding Occurrence Comments
Clinical Mental retardation <50% Most have normal intelligence
Autism 25-50% No male predominance (as in sporadic)
Hypopigmented macules 90% by age Earliest and most common skin finding; nonspecific,
2 years but high number of lesions increase likelihood of TSC
Facial angiofibromas 70% Hamartomas. Also known as adenoma sebaceum (misnomer)
and forehead plaques
Shagreen patches 50% Dorsal connective tissue nevi
Periungual fibromas Common Most older children and adults with TSC
Neurologic Cortical and subcortical tubers  90% Half calcify; can undergo cystic changes
White matter abnormalities 80% Best seen on MR images, similar imaging to tubers
Subependymal nodules 90% 90% calcity; best seen on CT
Subependymal giant 15% Differentiate from SENs by location,
cell astrocytomas size >10 mm, growth, hydrocephalus
Abdominal Renal angiomyolipomas 75% Usually fat-containing; can cause life-threatening hemorrhage
Extrarenal angiomyolipomas Uncommon Seen in liver, retroperitoneum, heart
Polycystic kidney phenotype 5% True epithelial cysts; caused by proximity of TSC2 and PKD!1 loci;
mass effect causes hypertension and renal failure. Even outside
PCKD phenotype, cysts are more common in TSC
Renal cell cancer Rare Controversial association; TSC has slight increased risk above baseline;
RCC occurs earlier than in patients without TSC
PEComa Very rare Uncertain malignant potential, can metastasize
Cardiopulmonary Lymphangioleiomyomatosis 5-40% Almost exclusively in women, 5% are symptomatic,

Cardiac rhabdomyomas 65% (newborns)

Skeletal Sclerotic lesions >90%
Vascular Pseudoaneurysms in AMLs Common
Vascular dysplasia (outside Rare

AMLs)

40% have changes seen on CT imaging

Benign; regress during childhood

Mostly seen in vertebral bodies, ribs and along sacroiliac joints

Lesions >5 mm are associated with hemorrhage and may require
embolization

Pseudoaneurysms known to occur in medium and large vessels
(carotids and aorta); stenosis and occlusion also reported
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treatment of AMLs and LAM [128-130]. LAM has also
been treated with antiestrogen therapies, such as oophorec-
tomy, progesterone, and tamoxifen. Lung transplantation is
reserved for end-stage disease. The radiologist should be
familiar with these and future treatments because successful
treatment will almost certainly change the follow-up
imaging [130]. Even subtle changes in a SEGA or AML
or less severity of LAM could have important consequences
on the patient’s clinical outcome. Of course imaging also
plays an important role after tuber resection or lung
transplantation. Interventional radiology plays a more direct
role in the treatment of AMLs by embolization. Emboliza-
tion of these tumors (with coils or sclerosing agents) should
be considered when they contain aneurysmal vessels larger
than 5 mm [66] and when they actively bleed. Embolization
has been shown to decrease hemorrhage and preserve renal
function and can be repeated if needed [7].

Conclusion

The understanding of TSC pathogenesis and genetics con-
tinues to grow, and despite available genetic testing, medical
imaging continues to play an important role in its diagnosis.
This role will probably expand as more and more subtle cases
of TSC are discovered, and certainly, as more patients
undergo treatment, imaging will play an even more important
role. TSC characteristically involves multiple disparate organ
systems, and therefore patients are often followed by several
subspecialists, often leaving the radiologist as the only
common consultant. This underscores the need for medical
imagers to appreciate the depth and breadth of imaging
abnormalities in this fascinating disease as well as to
understand the clinical management of TSC patients. Table 3
provides a brief guide to the clinical and imaging findings
discussed in this review.
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