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Abstract
Imaging of tuberous sclerosis complex has rapidly evolved over the last decade in association with increased understanding of the
disease process and new treatment modalities. Tuberous sclerosis complex is best known for the neurological symptoms and the
associated neuroimaging findings, and children with tuberous sclerosis complex require active surveillance of associated abnormalities
in the chest, abdomen and pelvis. Common findings that require regular imaging surveillance are angiomyolipomas in the kidneys and
lymphangioleiomyomatosis in the chest. However multiple rarer associations have been attributed to tuberous sclerosis complex and
should be considered by radiologists reviewing any imaging in these children. In this review the authors discuss the spectrum of
imaging findings in people with tuberous sclerosis complex, focusing on MR imaging findings in the chest, abdomen and pelvis.
Keywords Angiomyolipoma . Children . Magnetic resonance imaging . Tuberous sclerosis complex

Introduction
Tuberous sclerosis complex (TSC) is an autosomal-dominant
genetic disease with a variable phenotype characterized by the
formation of tumors in multiple organs. The most commonly
involved organs are the brain, skin, kidney, lung and heart,
with most morbidity and mortality stemming from the neurologic, pulmonary and renal manifestations of the disease.
Early descriptions of TSC date to 1862 and refer to a child
with cardiac tumors and multiple scleroses in the brain [1].
Similar associations soon broadened to include cardiac and
renal tumors and characteristic skin lesions. The genes responsible for TSC, TSC1 and TSC2, were identified in the 1990s
[2]. The first International TSC Consensus Conference put
forth diagnostic criteria for TSC in 1998 [3]. These criteria
were updated in 2012 and included genetic criteria with
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identification of pathogenic TSC1 or TSC2 mutations being
sufficient for diagnosis (Table 1) [1].

Neurologic and dermatologic findings in TSC
The clinical presentation of TSC is quite varied even within
families sharing the same mutation. TSC has a population
prevalence of 1 in 20,000 and an incidence of 1/6,000 to
1/10,000 live births [4, 5]. Seizures are the most common
presenting feature of TSC. Epilepsy occurs in 85–96% of
people with TSC, typically manifesting as focal seizures or
infantile spasms beginning within the first few months of
age through 3 years of age [6]. Neuroanatomical findings of
TSC include cerebral cortical tubers, subependymal nodules
and subependymal giant cell astrocytomas [7]. Ninety percent
of individuals with TSC have some form of neurocognitive
dysfunction, termed TSC-associated neuropsychiatric disorders by the 2012 consensus conference, including autism
spectrum disorders, intellectual disabilities, psychiatric disorders, and neuropsychological deficits as well as school
and occupational difficulties [1].
The most common dermatologic manifestation in TSC is
hypomelanotic macules. Also called “ash leaf spots,” these
lesions are identified in 90% of people with TSC and are
typically seen at birth or during early infancy [8, 9]. Facial
angiofibromas are hamartomatous nodules of vascular and
connective tissue present in 75% of people with TSC with
onset usually by 5 years of age. Other common cutaneous
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Table 1 Clinical diagnostic criteria from the 2012 International
Tuberous Sclerosis Complex Consensus Conference (used with
permission [1])
Major features

Minor features

Hypomelanotic macules (≥3, at least
“Confetti” skin lesions
5-mm diameter)
Angiofibromas (≥3) or fibrous cephalic plaque Dental enamel pits (>3)
Ungual fibromas (≥2)

Intraoral fibromas (≥2)

Shagreen patch

Retinal achromic patch

Multiple retinal hamartomas
Cortical dysplasiasa
Subependymal nodules
Subependymal giant cell astrocytoma

Multiple renal cysts
Nonrenal hamartomas

Cardiac rhabdomyoma
Lymphangioleiomyomatosis (LAM)b
Angiomyolipomas (≥2)b
TSC1 or TSC2 mutation in deoxyribonucleic acid (DNA) from normal
tissues is sufficient to make the diagnosis without these criteria. Note,
however, that 10–25% of patients with TSC do not have a gene defect.
Definite diagnosis includes two major features or one major feature with
≥2 minor features. Possible diagnosis includes either one major feature or
≥2 minor features
a

Includes tubers and cerebral white matter radial migration lines

b

A combination of the two major clinical features (LAM and
angiomyolipomas) without other features does not meet criteria for a
definite diagnosis

findings include fibrous cephalic plaques (25% of patients),
ungual fibromas (increasing frequency with age to 80%), shagreen patches (50%) and confetti skin lesions (3–58%) [8–10].

Genetics and therapies in TSC
While TSC is heritable, two-thirds of people with TSC have
spontaneous mutations [11, 12]. TSC1 and TSC2 encode for
the proteins hamartin and tuberin, respectively. These proteins
are part of a heteromeric complex that negatively regulates
cell growth and proliferation through inhibition of the mechanistic target of rapamycin complex 1 (mTORC1). Pathogenic
mutations in either TSC1 or TSC2 lead to loss of function and
constitutive activation of mTORC1 and resultant tumor
formation [2].
Historically, TSC treatment involved symptomatic therapy
with anti-epileptic drugs and surgical tumor removal. Since
the discovery of the TSC genes there has been considerable
interest and study of mTOR inhibitors for use in TSC. Two
randomized controlled trials, EXIST-1 and EXIST-2, showed
efficacy in reducing size of TSC-associated subependymal
giant cell astrocytomas (SEGA) and renal angiomyolipomas
[13, 14]; as a result, everolimus was approved by the U.S.
Food and Drug Administration to treat SEGA in 2010

and renal angiomyolipomas in 2012. Other studies have
shown promise in treating seizures in TSC with everolimus. A prospective study of refractory epilepsy in
people with TSC reported seizure frequency reduction
of 50% in 12 of 20 patients [15], which more recently
was confirmed with a randomized multicenter phase III clinical trial (EXIST-3) [16, 17]. Treatment with mTOR inhibitors
has also been shown to reduce renal cyst burden and facial
angiofibromas in TSC [18, 19].

Thoracoabdominal imaging
recommendations/surveillance guidelines
Per the 2012 International Tuberous Sclerosis Complex
Consensus Conference, a baseline abdominal MRI is recommended for all people who are newly diagnosed with TSC to
evaluate for renal angiomyolipomas (AMLs) and cysts
(among other findings discussed later in this paper) [1, 20].
Abdominal CT or renal ultrasound might be considered when
MRI is unavailable or contraindicated, but these are associated
with increased radiation exposure (in the case of CT) or reduced ability to identify lipid-poor AML (in the case of renal
ultrasound) [20, 21].
In addition, a baseline chest CT is recommended to evaluate for lymphangioleiomyomatosis (LAM) in any person with
pulmonary symptoms or in asymptomatic women older than
18 years of age. Subsequently, it is recommended that people
with TSC receive an abdominal MRI every 1–3 years (focused
on the kidneys). Adults with TSC should be screened with
chest CT every 5–10 years or every 2–3 years if previously
diagnosed with LAM. In the case of new clinical symptoms or
lab abnormalities, targeted imaging should be obtained as
appropriate.

Thoracoabdominal MR imaging protocols
Screening abdominal MRI can generally be performed without intravenous contrast screening exam. The protocol utilized
at our institution is outlined in Table 2 and includes a
Table 2

Abdominal MRI protocol at authors’ institution

Sequence

Plane(s)

T2-weighted turbo/fast spin echo
T1-weighted turbo/fast spin echo
T2-weighted turbo/fast spin echo with fat saturation

Coronal, axial
Coronal
Axial

Dixon GRE (including in-phase, opposedphase, fat, and water images) multiphase
(or chemical shift)

Axial

GRE gradient recalled echo, MRI magnetic resonance imaging
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Fig. 1 Tuberous sclerosis
complex and a large adrenal
angiomyolipoma (AML) in a 12year-old boy. a, b Axial MRI. a
In-phase and (b) opposed-phase
images show mild signal dropout
within the adrenal lesion on the
opposed-phase image. The signal
dropout is most concentrated
around the intratumoral vessel
(arrow). Signal dropout is also
present in the multiple small left
renal AMLs (arrowheads)

combination of coronal and axial T1-weighted, T2-weighted
and multipoint Dixon gradient recalled echo (GRE) sequences
(including in-phase, opposed-phase, fat and water images).
Chemical shift imaging (in- and opposed-phase) could
be substituted when multipoint Dixon is not available.
Intravenous contrast agent is not necessary because it does
not provide increased sensitivity for evaluating AMLs vs.
renal cell carcinoma [22].

Thoracoabdominal imaging findings
Angiomyolipomas
Angiomyolipomas (AMLs) are benign tumors composed of mature adipose tissue, dysmorphic blood vessels, and smooth muscle [23–25]. Initially described as
hamartomatous lesions, AMLs are now considered part

Fig. 2 Tuberous sclerosis
complex with a hepatic
angiomyolipoma (AML) in an
11-year-old boy. a, b Axial MRI.
a In-phase and (b) opposed-phase
images show a small hepatic
AML (arrow) in segment 5 of the
liver. The lesion is slightly
hyperintense compared to the
liver on the in-phase image and
has diffuse signal dropout on the
opposed-phase image. Note that
both images demonstrate aortic
pulsation artifact with a pseudolesion in the left hepatic lobe
anterior to the aorta

of the perivascular epithelioid family of tumors. Two
histological types of AMLs are recognized: a classic
type and an epithelioid variant. The epithelioid variant
is very rare, shows almost exclusively epithelioid morphology, and can be more aggressive in behavior compared to the classic type [23, 24, 26].
AMLs can occur in multiple organs in the abdomen including the liver, pancreas, spleen, adrenal glands, mesentery and
kidneys (Figs. 1 and 2) [27–31]. Hepatic AMLs have been
reported in up to 13% of pediatric patients with TSC and are
commonly multiple and usually seen in people with bilateral
diffuse renal AMLs [27, 28]. Renal AMLs are present in up to
80% of pediatric patients with TSC and these children frequently have multiple lesions in both kidneys. Two or more
angiomyolipomas are considered to be one of the major features in the clinical diagnostic criteria for TSC [1]. Children
with renal AMLs are at risk of spontaneous tumoral hemorrhage and renal failure [32]. Complications of AMLs, includ-
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ing spontaneous rupture and hemorrhage, are more likely to
occur in tumors larger than 4 cm and in tumors with aneurysms larger than 5 mm (Fig. 3) [25, 33–36]. Complications
from renal lesions, including hemorrhage and renal failure, are
the leading cause of death in adults with TSC [34, 37].
AMLs can be quite variable in appearance, with macroscopic fat-containing and microscopic fat-containing and
lipid-poor AMLs all known to occur. The fat-containing lesions are easy to identify on both fat-saturated images and
opposed-phase images because of the loss of signal (Fig. 4).
AMLs with macroscopic fat can also be identified by the
“India ink artifact” on opposed-phase imaging. Because the
lesions contain variable proportions of dysmorphic
blood vessels and smooth muscle, the lesions are often
heterogeneous. Intralesional vessels can be identified as
hypointense structures on T2-weighted fat-saturated images while the smooth muscle component is of intermediate signal intensity. It should be noted that while most
AMLs are discrete lesions, they can also have an infiltrative pattern and completely replace the normal renal
parenchyma (Fig. 5).

Fig. 3 Tuberous sclerosis complex
and renal angiomyolipoma (AML)
in a 15-year-old girl. a Coronal
T1-weighted MR image focused
on the left kidney shows a large
AML with internal hemorrhage. A
small vessel (arrows) feeds an
intralesional aneurysm. b Coronal
T1-weighted MR sequence shows
the 3-cm aneurysm (arrows). c
Axial T1-weighted MR image
shows an area of hemorrhage
(arrow) and fat (arrowhead) within
the large AML. d Axial opposedphase MR image at the same level
shows signal dropout at the
periphery of the fat-containing
(arrowhead) portion of the lesion
but not at the hemorrhage (arrow)
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AMLs have a variable appearance on opposed-phase
imaging. Smaller lesions have complete signal drop-out
because fat and water are entirely contained in the same
voxel (Fig. 4). Larger AMLs have a different appearance, with a peripheral border of signal drop-out as well
as linear septations of signal drop-out representing the
interface between the adipose tissue and smooth muscle
(Fig. 1).
Fat-poor AMLs (classic variants with low 4% or less
fat content on histology) [25, 26] generally appear
hypointense on both T1- and T2-weighted imaging
(Fig. 6). These lesions do not have appreciable signal
drop-out with fat saturation or opposed-phase imaging.
They can appear mass-like or the affected kidney might
retain its reniform shape. The imaging pattern of fatpoor AMLs differs from that of most renal cell carcinomas because renal cell carcinoma is generally heterogeneously hyperintense on T2-weighted images [38, 39].
Contrast agent does not typically help to differentiate
fat-poor AMLs from renal cell carcinoma and thus it
is not needed for abdominal imaging.

Pediatr Radiol (2018) 48:1307–1323
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Fig. 4 Tuberous sclerosis complex and multiple angiomyolipomas
(AMLs) in a 17-year-old girl. a Axial T1-weighted MR image shows
multiple AMLs in the left kidney. The more anterior lesion (arrow) is
larger and has more heterogeneous internal composition. The posterior
lesion (arrowhead) is smaller and appears to be predominantly composed
of fat. b Axial T2-weighted MR image with fat saturation shows signal
suppression within both lesions described in (a). The more anterior lesion
(arrow) has some internal signal because of its complexity. c, d Axial inphase (c) and opposed-phase (d) MR images show the same lesions as

described in (a) and (b) as well as a very small third lesion (dashed
arrow). The largest lesion (solid arrow) has a heterogeneous
appearance with mottled signal dropout because of its internal smooth
muscle and small vessels. The intermediate-size lesion (arrowhead) has
signal dropout at the periphery on the opposed-phase image from fat and
soft-tissue sharing the same voxel. The smallest lesion (dashed arrow)
has complete signal dropout on the opposed-phase image because
of its small size and the fact that fat and soft tissue share all of
the same voxels

AMLs have been shown to decrease in size and number
with mTOR inhibitor therapy. However the lesions can return
and increase in size if therapy is suspended [40].

On MR imaging, the renal cysts can vary in size
from a millimeter or less in diameter to several centimeters in diameter. Cysts are generally simple-appearing
with a thin external rim and internal fluid signal intensity (Fig. 7). Occasionally a cyst has internal hemorrhage, making it appear hyperintense on T1-weighted
images and hypointense on T2-weighted images. While
contrast agent is not needed to diagnose renal cysts, if
administered, cysts might display mild peripheral enhancement. A recent study has shown that small renal
cysts can decrease in size and number after mTOR inhibitor
therapy [18].
A small subset (1–9%) of people with TSC have multiple large renal cysts that completely or nearly completely

Cysts
Renal cysts are another common finding in children with TSC,
occurring in 17–47% of pediatric patients [41, 42]. Because of
their frequency, multiple renal cysts are considered a minor
feature in the clinical diagnosis of TSC. They are often seen in
combination with AMLs and, like AMLs, cysts are commonly
bilateral, multiple and of variable size [41–43]. Renal cysts
can eventually lead to renal insufficiency or hypertension as
they replace the renal parenchyma.
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Fig. 5 Tuberous sclerosis complex diffuse infiltration of the kidneys with
large angiomyolipomas (AMLs) in an 18-year-old woman. Coronal T1weighted MR image shows enlargement and complete replacement of the
kidneys with large AMLs. Even though the kidney is completely replaced
by tumor, it maintains its reniform shape

Fig. 6 Tuberous sclerosis
complex and a fat-poor
angiomyolipoma (AML) in an
11-year-old boy. a, b Coronal
T1-weighted MR image (a) and
coronal T2-weighted MR image
with fat saturation (b) show a fatpoor AML (arrows) in the lower
pole of the left kidney. The lesion
maintains the normal reniform
shape and has diffuse low signal
compared to the remainder of the
kidney on both imaging
sequences. c, d Axial in-phase (c)
and opposed-phase (d) images
show the same lesion (arrows),
which does not have signal dropout on the opposed-phase image
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Fig. 7 Tuberous sclerosis complex, multiple renal cysts, and a fatpoor renal angiomyolipoma (AML) in a 7-year-old boy. Axial T2weighted MR image with fat saturation shows multiple cysts in
both kidneys. The largest cyst (arrow) is present in the right
kidney. Each of the cysts is homogeneously hyperintense. In addition to
the cysts, there is a fat-poor AML (arrowheads) arising from the anterior
aspect of the left kidney

Pediatr Radiol (2018) 48:1307–1323

replace the kidney, similar to the imaging appearance of
autosomal-dominant polycystic kidney disease (ADPKD).
This appearance occurs as a result of contiguous mutations in the TSC2 gene and its neighbor on chromosome
16 that is responsible for ADPKD, the PKD1 gene [34,
41, 42, 44, 45]. People with this so-called contiguous
gene syndrome tend to present early in infancy or childhood with severe disease, resembling ADPKD at the time of
diagnosis (Fig. 8).
Like AMLs, cysts can occur in other locations outside the
kidneys. The most common location for extra-renal cysts is
the liver [46]. Cysts have also been described in the pancreas
and adrenal glands.

Renal cell carcinoma
The literature is not clear on whether children with TSC
have an increased risk over the general population of
developing renal cell carcinoma. A meta-analysis of all
reported cases of renal cell carcinoma in TSC suggests
there is not an increased risk [47]. Many reports describe the incidence of renal cell carcinoma in people
with TSC to be between 2% and 4%, although a primary reference for this statement cannot be found. If
the incidence of developing renal cell carcinoma in people with TSC is truly 2–4%, this would be similar to
the 1.6–3.8% incidence of renal cell carcinoma in the
general population [48]. Further complicating this question is the fact that the histological distinction of lipidpoor AMLs and renal cell carcinoma is known to be
difficult.

Fig. 8 Tuberous sclerosis
complex and renal and hepatic
cysts in a 7-year-old boy. a, b
Coronal T1-weighted (a) and T2weighted (b) MR images with fat
saturation show near-complete
replacement of the kidneys with
innumerable cysts. The cysts have
variable signal intensity because
of internal hemorrhage and
protein
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While there is not a clear increased risk of renal cell carcinoma in children with TSC, there do appear to be differences
in the renal cell carcinoma when present. First, people with
TSC and renal cell carcinoma are younger than those with
renal cell carcinoma in the general population [37, 49, 50].
In one study, people with TSC and renal cell carcinoma were
diagnosed at a mean age of 28 years [51]. This is 36 years
younger than the current mean age of diagnosis (64 years) of
renal cell carcinoma in the general population [48]. In addition
to being diagnosed at a younger age, people with TSC and
renal cell carcinoma tend to have less aggressive disease
[7, 52, 53].
Renal cell carcinomas are generally heterogeneously hyperintense on T2-W MRI and demonstrate other findings of
malignancy, including restricted diffusion and enhancement
[38, 39, 51, 54, 55]. Unfortunately, these characteristics are
not unique because fat-poor AMLs can also show restricted
diffusion and enhancement. Recent research has suggested
that there is a significant difference in the apparent diffusion
coefficient (ADC) value and diffusion coefficient between
clear cell renal cell carcinomas and fat-poor AMLs, potentially allowing for distinction [56, 57].

Splenic hamartomas
Hamartomas of the spleen are rare in TSC [58]. If the lesion is
large enough, it can cause abdominal pain [58]. On MRI
(Fig. 9), splenic hamartomas can be difficult to identify because they are often isointense to the background spleen on
both T1- and T2-weighted images. Larger lesions deform the
splenic capsule and can be either mildly hypointense or mildly
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reported of 4–9% [63–66]. Most of the tumors are reported to
be non-functioning and are found incidentally on imaging.
Many pancreatic lesions do not have pathological proof because of the patient’s higher surgical risk as well as the lesion’s
slow growth and asymptomatic nature.
On MRI, pancreatic neuroendocrine tumors associated
with TSC are typically 4 mm to 6 cm in diameter with
well-circumscribed margins (Fig. 10) [65, 66]. They are
more commonly located in the pancreatic body/tail. The
tumors are hypointense to the pancreatic parenchyma on
T1-weighted images and hyperintense on T2-weighted
images. Pancreatic neuroendocrine tumors can be differentiated from pancreatic AMLs by their lack of
intralesional fat and their increased T2-weighted signal.
Lesions sometimes restrict diffusion.
Fig. 9 Tuberous sclerosis complex and splenic hamartomas in an 11year-old girl. Axial T2-weighted MR image with fat saturation shows
two slightly hypointense splenic hamartomas (arrows). The anterior
lesion deforms the splenic capsule

hyperintense on T2-weighted images and hypointense on T1weighted images. If contrast agent is administered, splenic
hamartomas can show diffuse enhancement because of
increased vascularity [59–62]. Larger lesions can also
have scattered foci of low signal on T1- and T2-weighted
images because of fibrous tissue. Occasionally the fibrous
tissue is more extensive and appears as a hypointense central
scar [7].

Pancreatic neuroendocrine tumors
Prior to the era of routine cross-sectional imaging, pancreatic
neuroendocrine tumors were thought to have a rare association with TSC. More recently an increased incidence of pancreatic neuroendocrine tumors associated with TSC has been

Fig. 10 Tuberous sclerosis complex and pancreatic neuroendocrine
tumor in a 15-year-old boy. a–c Axial T1-weighted (a), T2-weighted
with fat saturation (b) and axial T1-weighted post-contrast (c) MR
images show a lesion (arrow) in the head of the pancreas. The lesion is
hypointense on T1-W pre-contrast imaging (a), hyperintense on T2-

Perivascular epithelioid tumors
Perivascular epithelioid tumors (PEComas) are mesenchymal tumors composed of unusual perivascular epithelioid cells (PECs), without a normal counterpart.
The tumor cells coexpress smooth muscle and
melanocytic markers [24, 26, 67–70]. Genetically,
PEComas are most often related to loss of function mutations in TSC genes and can occur sporadically in people
with TSC [26, 69, 71].
PEComas are thought to be part of a family of tumors that
includes AMLs, clear cell sugar tumor of the lung, and LAM
[24, 67]. Generally PEComas are low-grade tumors with a
benign clinical course. However a small subset of PEComas
demonstrates malignant behavior with local recurrence and
hematogenous spread [72, 73]. These can occur in various
anatomical sites including the skin, soft tissues, bone and
viscera.

weighting (b) and enhances after administration of contrast agent (c).
The lesion was not biopsied but was presumed to be a neuroendocrine
tumor given the child’s underlying diagnosis, the lack of intralesional fat
(not shown) and the hyperintense T2 signal
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TSC is much less strongly associated with PEComas outside of AMLs and LAM [71]. However case reports of pancreatic PEComa [72], uterine PEComa [74] and peritoneal
PEComa [73] have been reported.
On MRI, PEComas are hyperintense compared to
muscle on T2-weighted images (Fig. 11). The lesions
are typically vascular with avid enhancement [75]. As
the lesions grow, there can be central areas of necrosis
that do not enhance on post-contrast imaging. Large
tumor vessels can often be seen adjacent to the tumors.
Hematogenous spread can occur, causing lung, liver and
bone metastases [72, 73].

Aneurysms/TSC-associated arteriopathy
Vascular aneurysms, independent from the aneurysms
occurring within AMLs, are an uncommon complication
of TSC and can affect vessels of any size. Aneurysms
of the aorta and cerebral vessels in TSC can occur at a
very early age [76–79]. Aneurysms affecting the iliac/
femoral and pulmonary arteries have also been reported
[76, 77, 80–86]. A 2001 review of aortic aneurysms
found 15 total reports of aortic aneurysms associated
with TSC, 12 abdominal and 4 thoracic (1 patient had

Fig. 11 Tuberous sclerosis
complex and perivascular
epithelioid tumors (PEComa)
and advanced
lymphangioleiomyomatosis in a
35-year-old woman. a Axial CT
image shows extensive cystic
change of the lungs with small,
bilateral loculated pneumothoraces
(arrows). b Coronal contrastenhanced CT shows a multifocal
peritoneal PEComa (arrows). The
masses display peripheral
enhancement and central necrosis.
There are large vessels
(arrowhead) adjacent to the right
margin of the liver, superior to the
upper abdominal mass. c Axial
T2-W MR image shows the large
heterogeneous PEComa (arrows).
The mass has both cystic and solid
components. d Axial T2-W MR
image of the liver shows an
intrahepatic metastasis (arrow) and
large vessels (arrowheads) at the
periphery of the liver
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both), 5 of which presented with rupture [77]. Given
their low incidence, screening for vascular aneurysms
was not recommended by the 2012 consensus conference. Once detected, regular screening is prudent because a rapid increase in size leading to rupture and
sudden death has been reported [76, 78, 87].
The histopathological cause of arteriopathy in TSC is unknown, but pathological specimens have demonstrated intimal fibroplasia, medial atrophy and focal medial disruption
contributing to abnormal physiology of the arterial walls [77].
On imaging, the aneurysms can appear fusiform or saccular
(Fig. 12).
Vascular stenosis can also occur in people with TSC,
including case reports of mid-aortic syndrome with bilateral renal artery stenosis and celiac artery stenosis
[79, 88, 89].

Lymphangioleiomyomatosis
Lymphangioleiomyomatosis (LAM) is a multi-system
disorder that almost exclusively affects females of reproductive and middle-age in either its sporadic (S-LAM)
or TSC-related form (TSC-LAM) [90–92]. LAM is
characterized by cystic lung destruction, cystic fluid-

1316

Pediatr Radiol (2018) 48:1307–1323

Fig. 12 Tuberous sclerosis
complex and a saccular
abdominal aortic aneurysm in a
5-year-old boy. a Threedimensional volumetric
reconstruction of the abdominal
aorta shows a saccular aneurysm
at the level of the origin of the
celiac axis (arrow). b Coronal
source magnetic resonance
angiography image obtained after
administration of a gadoliniumbased contrast agent shows the
saccular abdominal aortic
aneurysm

filled masses involving their lymphatics, and abdominal
angiomyolipomas [92–95]. LAM is a major feature as
part of the clinical diagnostic criteria of TSC. However,
because S-LAM is also associated with AMLs, people
with LAM and AMLs without other major or minor
features are not considered to have TSC [1].
LAM is the most common pulmonary manifestation of
TSC, occurring in 26–49% of patients [46, 93, 96–99].
LAM reflects disordered, immature-appearing smooth
muscle proliferation in a lymphatic distribution around
the airways, blood vessels and lymphatic vessels [24,
69, 90, 100]. LAM cells infiltrate bronchioli of distal
airways, leading to airway obstruction, resulting in airtrapping and alveolar disruption, which in turn leads to
cystic change and spontaneous pneumothorax [91, 100,
101]. Similarly, around the pulmonary venules, smooth
muscle proliferation causes obstruction in the form of
venous congestion and dilation, resulting in hemoptysis
and hemosiderosis. While around the arterioles, it leads
to pulmonary hypertension and right heart failure, and
around the lymphatics, it leads to chylothorax [91, 100].
Thus, pulmonary manifestations of LAM include dyspnea, recurrent spontaneous, chylous pleural effusion
and hemoptysis. Clinically, people with TSC-LAM show
impairment in lung function studies more commonly
than people with TSC but without LAM [96].
If LAM has not been diagnosed, people with TSC
should be screened by CT every 5–10 years. At the
onset of a LAM diagnosis, imaging should be more
frequent at 2–3 years, and with advanced disease,
screening might be needed as often as every 3–6 months
to aid in clinical decision-making [20].
Radiologically, LAM manifests on chest radiograph
with diffuse interstitial infiltrates, cystic or bullous

changes, hyperinflation or pneumothorax [91]. CT scan
has a classic appearance with numerous homogeneous
and well-defined cysts with thin walls, seen in all lobes
of the lungs (Figs. 11 and 13) [91, 97, 102–104]. The
European Respiratory Society guidelines for diagnosis of
LAM include the following criteria on CT: “multiple (>10)
thin-walled round well-defined air-filled cysts with preserved
or increased lung volume with no other significant pulmonary
involvement, specifically no interstitial lung disease with the
exception of possible features of multifocal micronodular
pneumocyte hyperplasia in patients with TSC” [93].
Quantitative CT grading has been shown to correlate with
physiological measurements of lung function [105]. MRI
has not been commonly used to diagnose LAM, although
one report demonstrates visibility of classic cystic change on
MR [106].

Fig. 13 Tuberous sclerosis complex and lymphangioleiomyomatosis
(LAM) in an 18-year-old woman. Axial CT of the lungs shows
multiple small cysts (arrow) at the lung bases typical of the early
findings of LAM

Pediatr Radiol (2018) 48:1307–1323
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MMPH is characterized on CT as multiple small solid or
ground-glass nodules (1–10 mm), scattered throughout the lungs
in a random or miliary distribution (Fig. 14) [97, 102, 111, 112].
This nonspecific pattern can be challenging to distinguish from
granulomatous, metastatic or infectious nodules, and a history of
TSC or findings of LAM is helpful for diagnosis. Because both
fat-poor AMLs and MMPH are relatively common in the setting
of TSC, small pulmonary nodules should not be considered as
definitive evidence of renal cell carcinoma with metastatic disease. MMPH is uncommonly seen on MR imaging because of
the small nodule size. When visible, the nodules are of intermediate signal intensity on T1- and T2-weighted images.
Fig. 14 Tuberous sclerosis complex and a large spontaneous
pneumothorax and multifocal micronodular pneumocyte hyperplasia
(MMPH) in a 17-year-old boy. Axial maximum-intensity projection CT
image shows multiple pulmonary nodules (arrows) typical of MMPH. In
addition, there is a large left-side pneumothorax

Multifocal micronodular pneumocyte hyperplasia
Micronodular hyperplasia of type II pneumocytes was initially
described as a new lung lesion associated with TSC in 1991
and subsequently named multifocal micronodular pneumocyte
hyperplasia (MMPH) in 1995 [90, 107, 108]. MMPH involves
both pneumocyte hyperplasia and the ingrowth of proliferating
epithelial cells into the alveolar walls [90]. After LAM, MMPH
is the next most frequent pulmonary manifestation of TSC
[104]. MMPH has been reported in both males and females
with TSC and females with sporadic-LAM. The frequency of
nodules seen on CT, presumably related to MMPH, is approximately 3–36% in people with LAM and higher in those with
TSC-LAM (12–64%) and 43–50% in people with TSC [96, 97,
99, 103, 109]. Clinically, people with TSC and MMPH can
have no or mild symptoms and in one study did not differ from
TSC patients without pulmonary manifestations in terms of
clinical features or lung function studies [96, 110].

Fig. 15 Tuberous sclerosis
complex and a cardiac
rhabdomyoma in a male patient. a
Axial black-blood MR image at 3
days old shows a large cardiac
mass arising from the
interventricular septum. b Fourchamber white-blood image of
the heart 21 years later shows that
the mass has completely resolved

Cardiac rhabdomyoma
Cardiac rhabdomyomas are benign tumors of the heart. They
typically occur in children younger than 2 years and represent
the first imaging manifestation of TSC in 56% of patients
[113]. Frequently these tumors are diagnosed prenatally and
strongly suggest a diagnosis of TSC, with approximately 50–
80% of people diagnosed with rhabdomyomas having TSC
[112–117]. Generally rhabdomyomas are asymptomatic, but
they can cause heart murmurs, arrhythmias, outflow obstruction or heart failure [114, 116]. While the tumors can vary in
size from 2 mm to 20 mm at the time of diagnosis [114], they
typically regress spontaneously by 2 years of age (Fig. 15).
However, because some rhabdomyomas have been shown to
progress in size, follow-up imaging with echocardiography is
recommended to document resolution [114, 116].
Rhabdomyomas can be single or multiple and can be located in any chamber, although they are more common in the
ventricles (Figs. 15 and 16) [114, 116, 118]. The tumors are
homogeneous on all sequences and are typically mildly hyperintense compared to the myocardium on T2-weighted imaging, hypoenhancing compared to the myocardium on firstpass perfusion (vs. minimally hyperintense), and isointense on
delayed enhancement sequences [119].
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Fig. 16 Tuberous sclerosis complex and a cardiac rhabdomyoma in a 4month-old boy. Axial T2-weighted MR image shows a hyperintense mass
(arrow) arising from the right atrial wall

Pediatr Radiol (2018) 48:1307–1323

Fig. 18 Tuberous sclerosis complex and lymphedema in a 15-month-old
boy. Coronal T2-weighted MR image with fat saturation shows diffuse
enlargement and subcutaneous fluid signal in the left lower extremity

Myocardial fat foci
Incidental detection of fat-containing cardiac lesions is relatively common in people with TSC, reported to occur in 35–
64% of people screened for other purposes [120–122].
Lesions are typically well-circumscribed and follow fat
signal on all imaging sequences. The foci are commonly
located in the interventricular septum or left ventricular
wall (Fig. 17). Generally lesions are small, but they are
rarely large enough to cause mass effect. Occasionally,
fat can appear to completely replace the myocardium. A limited number of myocardial fat foci has been examined at histopathology and have been shown to be either AMLs or areas
of mature fat cells without invasion, an associated capsule, or
fibrosis. This appearance is in contrast to arrhythmogenic right
ventricular dysplasia or inherited myopathies (which are associated with fibrosis), intracardiac lipomas (which have a capsule) and liposarcoma (which is invasive) [120, 123]. Lesions

Fig. 17 Tuberous sclerosis
complex and a focus of
myocardial fat in an 18-year-old
woman. a Axial CT image shows
a focus of hypointense fat (arrow)
within the interventricular
septum. b Axial T2-weighted MR
image shows the same lesion
(arrow) to have increased signal
similar to the subcutaneous fat on
the initial image of an abdominal
MRI

are easily differentiated from the classic subendocardial apical
fatty lesion, consistent with old infarct based on location
[121].

Lymphatic malformation
Congenital or primary lymphedema and lymphatic
malformations are extremely rare in the setting of TSC and
are characterized by a buildup of fluid in tissues related to
developmental abnormalities in the lymphatic system [124].
A retrospective review of people with TSC demonstrated an
incidence of lymphedema in 3.7% (10/268) [125]. In addition
to the cystic fluid-filled masses involving the lymphatics in
people with LAM, lymphedema is associated with TSC-LAM
at a reportedly higher incidence than in the non-LAM TSC
population. In one retrospective review, 32% (8/25) of people
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Fig. 19 Tuberous sclerosis
complex and a sclerotic focus in
the vertebral body in an 18-yearold woman. a, b Axial CT (a) and
axial T1-weighted MR (b) images
of a lower thoracic vertebral body
show sclerosis in the left pars and
lamina (arrows)

with TSC-LAM had lymphedema while none of the 203 patients with S-LAM had this finding [126]. Generally, the diagnosis is made clinically; however occasionally imaging is
performed (Fig. 18) [125, 127–132]. These lesions have been
reported to improve with mTOR inhibitor therapy [133, 134].

Bone islands/skeletal findings
Osseous findings that are associated with TSC were initially
described in 1952 by Holt and Dickerson [135] and include
“scattered sclerotic plaques, cyst-like areas of bone destruction in the phalanges, and wavy periosteal new bone formation
along the metatarsals and metacarpals.”
A retrospective review of abdominal MRI scans in 70 pediatric patients with TSC found sclerotic bone lesions in 73%
of the children [136]. Multiple sclerotic lesions were common
and most were located in the posterior elements of the vertebrae (Fig. 19). Because this study was limited to abdominal
MRIs, the true prevalence and distribution of sclerotic bone
lesions in children with TSC remains incompletely defined.
Fig. 20 Tuberous sclerosis
complex and a mixed cystic and
sclerotic bone lesion in an 18year-old woman. a Coronal CT
image of the spine shows a mixed
cystic and sclerotic bone lesion
(arrow) of a lower thoracic
vertebral body. b Coronal T1weighted MR image shows the
same lesion has a peripheral area
of increased signal and a central
area of decreased signal when
compared to the remainder of the
vertebral body

On MRI, sclerotic bone lesions were hypointense on both T1and T2-weighted images and do not enhance. Prior diagnostic
criteria for TSC included bone cysts as a minor feature
(Fig. 20), but this was removed from the more recent criteria
for lack of specificity and rarity of diagnosis in the absence of
more common TSC-associated findings [1, 3]. Similarly,
wavy periosteal new bone formation is nonspecific but has
been reported in cases of TSC [137].

Conclusion
In addition to the classic neurologic and dermatologic findings
of tuberous sclerosis complex, multiple organs are involved in
the chest and abdomen. Baseline and ongoing surveillance
imaging is recommended for both the chest (by CT) and abdomen (by MRI). Many of the rarer associations discussed
here are not common enough to warrant surveillance imaging
in all children but should be recognized in children with clinical symptoms or in those with TSC otherwise undergoing
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screening. New advances in treatment with mTOR inhibitors
are leading to exciting new possibilities in disease management and are likely to lead to increased survival and reinforce
the need for ongoing surveillance imaging.
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