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Abstract Tuberous sclerosis complex (TSC) is an auto-
somal-dominant neurocutaneous disease with high pheno-
typic variability. The incidence is approximately one in
5000-10,000 births. TSC is characterized by widespread
hamartomas and benign or rarely malignant neoplasms
affecting various organs, most commonly the brain, skin,
retinas, kidneys, heart, and lungs. The wide range of organs
affected reflects the roles of TSC1 and TSC2 genes in the
regulation of cell proliferation and differentiation. Clinical
diagnostic criteria are important because genetic testing does
not identify the mutation in up to 25 % of patients. Imaging
is pivotal, as it allows a presumptive diagnosis of TSC and
definition of the extent of the disease. Common manifesta-
tions of TSC include cortical tubers, subependymal nodules,
white matter abnormalities, retinal abnormalities, cardiac
rhabdomyoma, lymphangioleiomyomatosis (LAM), renal
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angiomyolipoma, and skin lesions. Pulmonary involvement
consists of LAM and, less commonly, multifocal micron-
odular pneumocyte hyperplasia (MMPH), which causes
cystic and nodular diseases, respectively. Recent reports
indicate that pulmonary LAM is found by computed
tomography in up to 35 % of the female patients with TSC.
MMPH is rare and may be associated with LAM or, less
frequently, occurs as an isolated pulmonary manifestation in
women with TSC. Dyspnea and pneumothorax are common
clinical presentations of LAM, whereas MMPH is usually
asymptomatic. The aim of this review is to describe the main
clinical, imaging, and pathological aspects of TSC, with a
focus on pulmonary involvement.

Keywords Tuberous sclerosis complex - Imaging -
Computed tomography - Lymphangioleiomyomatosis -
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Introduction

Tuberous sclerosis complex (TSC) is a genetically deter-
mined multisystem neurocutaneous syndrome characterized
by a classic clinical triad of facial adenoma sebaceum,
epilepsy, and mental retardation [1-4]. TSC is the second
most common phakomatosis, after neurofibromatosis type 1,
and is the result of dysfunctions in cell differentiation,
proliferation, and migration in the early stages of fetal
development [1, 3]. The organs most commonly involved
are the brain, skin, kidneys, lungs, retinas, and heart [2]. The
earliest symptoms of TSC consist of heart tumors and cor-
tical tubers, which can be seen prenatally. Classic manifes-
tations such as cortical tubers or subependymal nodules,
white matter (WM) abnormalities, retinal abnormalities,
cardiac rhabdomyoma, lymphangioleiomyomatosis (LAM),
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and renal angiomyolipoma (AML) allow a presumptive
diagnosis, particularly when skin lesions are present [5].
TSC exhibits autosomal-dominant inheritance, with a
reported incidence of one in 5000-10,000 births [6]. Pen-
etrance is approximately 95 %, but clinical manifestations
vary from minor to severe disease and only 7-37 % of
patients have positive family histories [7, 8]. Extensive
linkage analysis of families with TSC revealed that the
syndrome is heterogeneous and localizable to gene muta-
tions in two distinct chromosomes: TSC1 (chromosome
9q34) and TSC2 (chromosome 16p13), tumor suppressor
genes that facilitate the production of hamartin and tuberin,
respectively [7]. Mutated genes lead to abnormal control of
cell growth, resulting in tumor formation throughout the
body. Although recent advances in treatment have
improved morbidity, the prognosis remains quite poor and
nearly 40 % of patients die by the age of 35 years [5].
Demonstration of a pathogenic mutation in TSC1 or TSC2
in normal tissue is considered sufficient for the diagnosis of
TSC, independent of clinical manifestations [9]. However,
clinical diagnostic criteria are important because genetic
testing does not identify the mutation in up to 25 % of
patients [10]. The clinical diagnosis of TSC is based on the
presence of at least two major or one major and two minor
criteria (Table 1) [9]. Imaging plays an important adjuvant
role in suggesting or confirming the diagnosis of TSC, as
well as defining the extent of disease involvement. The aim

Table 1 Diagnostic criteria for tuberous sclerosis complex [7, 11]

Major features
Hypomelanotic macule
Facial angiofibromas
Ungual fibromas
Shagreen patch
Retinal hamartomas
Cortical tuber
Subependymal nodules
Subependymal giant cell astrocytoma
Cardiac rhabdomyoma
Lymphangioleiomyomatosis
Renal angiomyolipomas

Minor features
“Confetti-like” skin lesions
Dental enamel pits
Intraoral fibromas
Retinal achromic patch
Multiple renal cysts
Nonrenal hamartomas

Cerebral white matter radial migration lines

Definite diagnosis: two major features or one major feature and two or
more minor features. Probable diagnosis: one major and one minor
feature. Possible diagnosis: one major or two or more minor features
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of this review is to describe the clinical, imaging, and
pathological manifestations of TSC, with a focus on pul-
monary involvement.

Pulmonary Manifestations
Lymphangioleiomyomatosis

LAM is a rare disorder characterized by abnormal prolifera-
tion of smooth muscle cells (LAM cells). LAM often occurs
in patients with TSC (TSC-LAM), but it may occur in a rare
sporadic form (S-LAM) that affects the lungs, lymphatics of
the thorax, and retroperitoneum, as well as the kidneys [11].
S-LAM is associated with mutations in the TSC2 gene and is
considered a forme fruste of TSC [12]. It affects almost
exclusively women of child-bearing age. TSC-LAM occurs in
patients with germline mutations in TSC1 or TSC2. TSC-
LAM, but not S-LAM, has been reported in males [12]. The
reported prevalence of LAM in patients with TSC is 1-3 %
[7], but it may be much higher (up to 35 %) in women with
TSC [13]. TSC-LAM is approximately five times more
common than S-LAM [14]. The average age at diagnosis of
LAM is 35 years, with the risk increasing by about 8 % per
year [12]. In both forms, the disease is characterized by dif-
fuse interstitial proliferation of bundles of smooth muscle
cells and cystic changes in the pulmonary parenchyma.
Microscopically, smooth muscle-like cells (LAM cells) are
present as clusters of immature spindle cells that stain with
smooth muscle actin, progesterone receptor, and the mela-
nocytic marker HMB-45 [15].

The hallmark feature of LAM is the presence of diffuse,
well-circumscribed, thin-walled lung cysts [14, 16]. Clin-
ically, LAM is characterized by progressive dyspnea on
exertion, recurrent pneumothoraces, abdominal and tho-
racic lymphadenopathy, and abdominal tumors, including
AMLs and lymphangiomyomas. Renal AMLSs occur in
approximately 80 % of patients with TSC, in contrast to
60 % of patients with S-LAM [12]. Hemoptysis with small
amounts of blood is common in pulmonary LAM [15].
Pulmonary function tests usually show obstruction and less
often demonstrate a restrictive pattern [15].

The diagnosis of LAM is based on characteristic com-
puted tomography (CT) findings in addition to any one of the
following: radiological and/or pathological diagnosis of
renal AML, chylothorax or chylous ascites, pathological
diagnosis of lymphangioleiomyoma, lymph node involve-
ment by LAM, and a diagnosis of TSC [15]. Vascular
endothelial growth factor-D, a lymphangiogenic factor, has
been found to have high sensitivity and specificity for the
diagnosis of LAM [15]. The European Respiratory Society
guidelines recommend high-resolution computed tomogra-
phy (HRCT) examination for all female patients with TSC at
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18 years of age and, if normal, at 30-40 years of age.
Patients with TSC and unexplained respiratory symptoms
should be screened by HRCT, regardless of age [13].

The clinical course of pulmonary LAM is usually slow
and progressive, ultimately leading to respiratory failure.
The 10-year survival rate was estimated to be 79 % in a
study involving 69 patients [17], and the presence of TSC
did not affect survival. The median age at death in this
series was 48 years. In another study, the estimated 10-year
transplant-free survival rate was 86 % [18].

Classic features of LAM on HCRT allow a presumptive
diagnosis and can obviate lung biopsy. They include thin-
walled (<3 mm thickness) rounded cysts spread uniformly
throughout the lungs (Fig. 1) [19]. The intervening lung
parenchyma is usually normal, although reticular opacities
are occasionally seen, likely reflecting interstitial edema due
to lymphatic obstruction [20]. Communication between
cysts and small airways is indicated by a decrease in cyst size

Fig. 1 A 42-year-old woman with tuberous sclerosis complex
lymphangioleiomyomatosis. Axial CT images with lung window
settings at the levels of the upper (a) and lower (b) lung regions show
innumerable thin-walled cysts distributed uniformly throughout the
lungs

on expiratory CT acquisitions [20]. Pneumothorax and
chylous pleural effusion are the two major complications of
pulmonary LAM (Fig. 2). Pneumothorax is seen at presen-
tation in 39-53 % of patients and during the course of the
disease in 60-81 % of patients. The risk of recurrent pneu-
mothorax in LAM is greater than 70 % [13]. Chylothorax is
less common, seen at presentation in up to 14 % of cases and
after diagnosis in 22-39 % of patients [21].

LAM is considered to be a low-grade metastasizing neo-
plasm, and the metastatic potential is supported by the pres-
ence of circulating LAM cells found in blood, urine, chylous
effusion, bronchoalveolar lavage fluid, and lymphatic

B

Fig. 2 A 52-year-old woman with sudden onset of right chest pain
and dyspnea. Axial CT image with lung window settings (a) and
coronal reformatted mini—-maximum intensity projection image
(b) show numerous bilateral, variably sized, thin-walled cysts (some
subpleural), compatible with lymphangioleiomyomatosis and right-
sided pneumothorax
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systems of affected patients [22]. In the World Health Orga-
nization classification, LAM is listed as a mesenchymal tumor
in the malignant epithelial tumor category [23].

The differential diagnosis of LAM on HRCT includes
other cystic diseases, such as pulmonary Langerhans’ cell
histiocytosis (PLCH), Birt—-Hogg—Dubé syndrome (BHDS),
and lymphoid interstitial pneumonia (LIP) [15, 24-27]. In
PLCH, cysts are variably sized and often have thickened
walls and bizarre shapes. In contrast to LAM, cysts pre-
dominate in the upper and middle lung zones, sparing the
costophrenic angles. The presence of nodules in the inter-
vening lung is very suggestive of PLCH [15, 24]. Impor-
tantly, however, multiple fine nodules may be seen in TSC—
LAM with multifocal micronodular pneumocyte hyper-
plasia (MMPH). In BHDS, thin-walled cysts, often larger,
are distributed asymmetrically and predominate in the sub-
pleural and paramediastinal regions of the lower lung zones.
LIP typically manifests with few cysts and interstitial
changes, such as reticulonodular and ground-glass opacities.
Pneumothorax is more commonly seen in LAM than in
BHDS and PLCH (reported in 10-25 % of cases), and may
occasionally be the presenting manifestation of these dis-
eases [24, 28]. Skin and kidney involvement is frequently
seen in TSC-LAM and BHDS. In contrast to TSC, in which
tumors are usually benign, BHDS carries an increased risk of
renal cell carcinoma (RCC) [15, 24].

Multifocal Micronodularpneumocyte Hyperplasia

MMPH is the second most frequent pulmonary manifes-
tation in TSC. It is a rare disorder characterized by mul-
ticentric, well-demarcated, nodular proliferation of type II
pneumocytes along the alveolar septa [29, 30]. The absence
of immunohistochemical staining for HMB-45 suggests a
different histogenesis from pulmonary lesions in LAM
[30]. MMPH has been reported in men and women with
TSC and TSC-LAM, as well as in women with S-LAM
[12]. Clinical manifestations include dyspnea, cough, and
mild to moderate hypoxemia. Unlike LAM, MMPH is
indolent and not progressive [29]. MMPH is characterized
on HRCT by multiple solid nodules or nodular ground-
glass opacities ranging in size from 2 to 10 mm, scattered
throughout the lungs in a random distribution (Fig. 3).
Although differentiation between MMPH and miliary
metastatic or granulomatous disease may be difficult,
MMPH should be considered in patients with TSC [12].

Other Thoracic Manifestations
Rare thoracic involvements in TSC include LAM

involvement of the mediastinum or thoracic duct, and
aortic or pulmonary artery aneurysm [31].
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Fig. 3 A 46-year-old man with tuberous sclerosis complex. Axial CT
image with lung window settings shows small nodular ground-glass
opacities in both lungs. The histopathological diagnosis was multi-
focal micronodular pneumocyte hyperplasia

Neurological Manifestations

Neurological complications, including seizures and intel-
lectual disability, are the major causes of morbidity in
patients with TSC [32]. Epilepsy is the most common,
affecting 80-90 % of patients [32]. Seizures often manifest
in the first year (usually in the early months) of life [2].
Approximately 30 % of children with TSC have severely
to profoundly impaired intellectual capacity. In addition to
learning disability, autism spectrum disorders, attentional
deficits, and other neurobehavioral abnormalities may
occur [2].

Cortical Tubers

Cortical tubers are benign hamartomas of the cerebral
cortex, thought to be the result of abnormal cellular dif-
ferentiation and migration [33]. They are present in 95 %
of patients with TSC and are closely related to the neuro-
logical manifestations of this complex [33]. Although 95 %
of cortical tubers are multiple, solitary tubers are seen in
rare instances [34]. Magnetic resonance imaging (MRI) is
superior to CT for the detection and characterization of
cortical tubers. They typically appear as well-circum-
scribed areas of low signal intensity on T1-weighted and
high signal intensity on T2-weighted sequences [35]
(Fig. 4b).

Subependymal Nodules

Subependymal nodules are another common form of
hamartomatous lesion in patients with TSC. They can
occur anywhere along the ventricular surface, but are most
commonly found in the caudothalamic groove near the
foramen of Monro [36]. CT is useful for the detection of
subependymal nodules because they commonly (88 %)
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demonstrate calcification when compared with cortical
tubers [35]. On MRI, they show intermediate signal
intensity on T1-weighted images and isointense to hyper-
intense signals on T2-weighted images [35].

Subependymal Giant Cell Astrocytomas

Subependymal giant cell astrocytomas (SEGAs) are lesions
derived from subependymal nodules, usually a gradual
process occurring in the first two decades of life. The
prognosis is generally good, as SEGAs grow slowly, rarely
invade the brain, and infrequently undergo hemorrhage or
necrosis [31, 37]. Hydrocephalus is present in 15 % of
patients. On CT, SEGAs appear as hypo- to isodense
lesions with variable degrees of calcification located near
the foramen of Monro. On MRI, they are hypo- to isoin-
tense compared with cortex on T1-weighted and hetero-
geneously iso- to hyper-intense on T2-weighted images
[37, 38] (Fig. 4a). Contrast enhancement is better seen on
MRI than on CT [31].

White Matter Abnormalities

WM abnormalities include superficial abnormalities asso-
ciated with cortical tubers, radial migration lines, and cyst-
like WM lesions. On MRI, superficial WM abnormalities are
seen as hyperintense areas on T2-weighted images and
hypointense areas on T1-weighted images. Cyst-like WM
lesions are located in the deep WM, typically near the lateral
ventricles [31, 39]; they manifest on MRI as small well-
demarcated lesions of similar intensity to the cerebrospinal
fluid in all sequences [31]. Superficial WM abnormalities

reflect reduced myelin or increased gliotic reaction, and
cyst-like lesions seem to reflect cystic degeneration of WM
or dilated perivascular spaces [31, 39].

Renal Manifestations
Renal Angiomyolipoma

AMLs are the most common mesenchymal renal neo-
plasms; they occur sporadically in 80 % of cases, most
commonly in middle-aged women. The remainder of cases
develop in association with TSC, seen in 70-80 % of these
patients [40]. Compared with sporadic lesions, AMLs in
TSC manifest at a younger age; tend to be multiple, larger,
and bilateral; and are more prone to grow and require
surgical resection [40]. AMLs are commonly incidental
findings, but may manifest with abdominal pain, nausea,
vomiting, and fever. Common clinical manifestations
include a palpable mass, abdominal tenderness, hematuria,
anemia, shock, hypertension, and renal failure. These signs
and symptoms are usually the result of mass effect and
hemorrhage. The most alarming complication of renal
AMLs is rupture due to their abnormal vasculature,
including aneurysm formation. The probability of rupture
depends on the presence of aneurysm, which is related to
the size of the AML [41]. On imaging, tumor size of 4 cm
or larger and aneurysm size of 5 mm or larger were used as
predictors of rupture with high sensitivity and specificity
[41].

On ultrasound (US), AMLs appear as well-defined
hyperechoic lesions [42]. CT allows the diagnosis by

Fig. 4 A 13-year-old boy with tuberous sclerosis complex, intellec-
tual disability, and tonic—clonic seizures. Post-contrast sagittal T1-
weighted image (a) shows a nodule in the lateral ventricle close to the

Monro foramina, suggesting giant cell subependymal astrocytoma
(arrow). Axial FLAIR MRI (b) shows cortical tubers in the right
temporal and occipital lobes as hyperintense areas (arrowheads)
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demonstrating intratumoral macroscopic fat. CT attenua-
tion measuring <-20 Hounsfield units on unenhanced
images is characteristic [42] (Fig. 5). On MRI, AMLs with
predominant fatty components are isointense relative to fat
in all sequences [43]; signal intensity is typically higher
than the renal parenchyma on T1-weighted images and
homogeneous high signal intensity is typical on T2-
weighted images. Demonstration of fat within the lesion
when comparing images obtained before and after selective
fat-suppression pulsing is most reliable [43]. The use of in-
phase and out-of-phase imaging is also helpful. Notably,
imaging features of AMLs, particularly lipid-poor lesions,
and RCC overlap significantly [44].

Renal Cysts

Renal cysts or polycystic kidney disease may be seen in
patients with TSC. As opposed to AMLs, renal cysts occur
in young children [45]. Although generally asymptomatic,
they can more frequently cause hypertension, renal failure,

Fig. 5 A 53-year-old woman with tuberous sclerosis complex
presenting with abdominal pain and palpable flank masses. Axial
unenhanced (a) and contrast-enhanced (b) CT images demonstrate
multiple fat-containing tumors in the kidneys, compatible with
angiomyolipomas
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and retroperitoneal hemorrhage [11]. Typical US, CT, and
MRI findings in TSC are bilateral multiple renal cysts in
younger patients [11].

Renal Cell Carcinoma

RCC is rare in TSC, with an estimated incidence of 2—4 %.
This incidence is, however, higher than in the general
population [46]. The average age of occurrence is 28 years,
approximately 25 years earlier than in the general popu-
lation [31]. In patients with TSC, RCC shows a striking
female predominance, multifocality, and bilaterality [31].
A variety of cell types have been reported, including clear
cell, papillary, and chromophobe carcinomas [47], and CT
findings vary according to the subtype. Clear cell carci-
noma, the most common subtype, is typically hypervas-
cular on contrast-enhanced CT [46]; it is hypo- to
isointense on T1-weighted and iso- to hyperintense on T2-
weighted MRI [47]. The tumors may demonstrate consid-
erable signal drop on out-of-phase MRI due to the presence
of abundant fat [47]. Cystic changes are seen in up to 15 %
and calcification in 10-15 % of these tumors [47, 48].

Dermatological Manifestations

Detection of characteristic skin lesions, which can appear
anytime during childhood, is important in the diagnosis of
TSC. The most common lesions are hypomelanotic mac-
ules, angiofibromas, shagreen patches, forehead plaques,
and ungual fibromas [49]. Oral manifestations are frequent
and characterized mainly by fibrous hyperplasia (angiofi-
bromas) and dental pitting. Hypomelanotic macules,
angiofibromas, ungual fibromas, shagreen patch, “confetti”
skin lesions, and dental pits are part of the updated diag-
nostic criteria for TSC [50].

Hypopigmented macules have been described as the
earliest visible sign of TSC [51]. They are typically round
at one end and tapered at the other [49]. Approximately
90 % of patients with TSC have more than one hypome-
lanotic macule; 40 % have more than five nodules, which
typically present within the first few years of life. The
nodules remain stable for decades and become less
apparent in late adulthood [49].

A distinct form of hypopigmentation consists of
numerous small (1-2 mm) hypomelanic spots, called
“confetti-like spots”, typically present in the limbs of 30 %
of young children with TSC. These lighter patches of skin
are caused by lack of melanin [45].

Facial angiofibromas (Fig. 6), formerly called adenoma
sebaceum, are seen in approximately 75 % of patients with
TSC [45]. They usually appear at 3—-4 years of age,
increase in number and size throughout the teenage years,
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and become relatively stable during adulthood, typically
appearing as small red papules in the malar area, with the
so-called “butterfly distribution” [45].

Shagreen patch is an irregularly shaped, thickened and
slightly elevated, soft skin-colored patch, usually seen on
the lower back, formed by fibrous tissue. The name “sha-
green” refers to a type of leather tanned to produce
greenish knobs that resemble shark skin. This manifesta-
tion is characteristic of TSC and found in approximately
40 % of patients. It occurs in early childhood and may be
the first sign of the disease [51].

Periungual fibromas (Koenen’s tumors) are nodular
lesions located around and under the toenails (90 %) or,
less commonly, the fingernails (56 %). They are seen in
approximately 20 % of patients, and are the last of the
cutaneous lesions to appear, typically arising during ado-
lescence or adulthood. Ungual fibromas are multiple in
75 % of cases [51].

Other Manifestations

Cardiac rhabdomyoma is a benign striated muscle tumor
and the most common cardiac tumor in children (45 %)
[52]. Approximately 75 % of these tumors occur before
1 year of age and may be seen before birth. Cardiac
rhabdomyoma is common in TSC, with a reported fre-
quency of 50-65 %; 40-80 % of patients with cardiac
rhabdomyoma have TSC [31]. These tumors are seen in
about 60 % of children, in contrast to 20 % of adults, with
TSC, and this discrepancy is attributed to spontaneous
tumor regression, particularly in the first 6 years of life
[53]. Most rhabdomyomas are asymptomatic, with a
minority causing arrhythmia and/or cardiac failure [53].
Echocardiography has been established as the primary

e (TN
_, 5 ‘b
b HNERES

Fig. 6 A 13-year-old boy with tuberous sclerosis complex and
multiple angiofibromas over the centrofacial area

diagnostic modality in children; on this modality, cardiac
rhabdomyomas appear as multiple (or, less often, single)
nodular lesions that are hyperechoic, well defined, and oval
[52]. MRI can provide additional information regarding
tumor extension and size, particularly in older patients and
when echocardiography is suboptimal [54].

Retroperitoneal LAM is histologically identical to its
pulmonary counterpart and occurs in up to 20 % of patients
with TSC-LAM [20]. Clinically significant disease is rare.
Symptoms include abdominal bloating or discomfort,
lymphedema and paresthesia of the lower extremities. On
imaging, thick- or thin-walled cystic lesions can be found
in the retroperitoneum, reflecting dilatation of lymphatic
vessels due to obstruction. Enlarged lymph nodes, dilata-
tion of the thoracic duct, ascites, and pleural effusion can
be seen in retroperitoneal LAM [20, 31].

Skeletal abnormalities include cyst-like lesions, hyper-
ostosis of the inner table of the calvaria, osteosclerotic
changes, new periosteal bone formation, cystic changes in
the phalanges, and scoliosis [55]. Cyst-like lesions are
usually irregularly circumscribed and have sclerotic halos.
Skull abnormalities consist of patchy areas of increased
bone attenuation in the calvaria, generally occurring after
puberty, most commonly in the parietal region. These
changes have been shown to be due to hyperostosis of the
inner table and of the trabeculae of the diploic spaces [55].
Spinal tumors have been reported very rarely in patients
with TSC and are represented mainly by sacrococcygeal
and cervical chordomas [56].

A variety of hepatobiliary lesions, including hep-
atomegaly, AMLs, lipomas, hamartomas, and fibromas,
have been described in TSC. Most hepatic AMLs are
sporadic. The incidence of hepatic AML in TSC (13 %) is
much lower than that of AML in the kidney [57]. These
lesions are typically small and multiple and show imaging
features consistent with fat on US, CT, and MRI. They are,
however, rarely hypoechoic on US, probably because of the
small amounts of intratumoral fat. Variable enhancement is
seen after contrast administration on CT and MRIL
Chemical shift (in-phase and out-of-phase) MRI can be
used to show the fat content of hepatic AMLs [58].

Conclusion

TSC is one of the most common multisystem neurocuta-
neous syndromes. It may present with various phenotypes
and a wide variety of clinical and imaging manifestations.
TSC should be suspected in the presence of classic lesions,
such as cortical tubers, subependymal nodules, and WM
abnormalities in the brain, cardiac rhabdomyoma, renal
AML, skin lesions, and pulmonary LAM, even in the
absence of suspicious clinical findings. Recognition of
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various clinical and imaging features of TSC is pivotal in
making a presumptive diagnosis, as well as defining the
extent of the disease; it also aids decision making about
disease management.
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