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Abstract

Tuberous sclerosis complex (TSC) is a rare genetic disease caused by 
heterozygous loss-of-function variants in TSC1 or TSC2. Patients present 
with benign tumours known as hamartomas in the brain, eyes, lungs, 
kidneys, heart and skin. Many hamartomas contain mosaic second hit 
variants in TSC1 or TSC2. The most disabling features of TSC include 
epilepsy and TSC-associated neuropsychiatric disorders (TAND) such 
as intellectual disability and autism spectrum disorder. Remarkable 
progress has been made both in understanding the pathogenesis of 
TSC and in its clinical management, largely due to the discovery of the 
link between TSC1 and TSC2 and the mechanistic target of rapamycin 
(mTOR) signalling pathway. TSC1 and TSC2 form a protein complex that 
inhibits mTOR. Naturally occurring inhibitors of mTOR (rapamycin) 
and its analogues, collectively known as rapalogues, have been used to 
test various hypotheses in preclinical models and are approved for the 
treatment of several manifestations of TSC. Approved drug treatments 
(rapalogues) exist for subependymal giant cell astrocytomas, renal 
angiomyolipomas, pulmonary lymphangioleiomyomatosis, facial 
angiofibromas and refractory seizures. However, there is still an unmet 
need for effective treatment of TAND and refractory epilepsy, despite 
the available medical and surgical options.
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This Primer discusses the genetic and cellular basis of TSC, its 
clinical diagnosis and management, and directions for future research.

Epidemiology
Incidence
The incidence of TSC is estimated to be between 1 in 6,000 and 1 in 
17,000 births worldwide7–9, whereas prevalence is estimated to range 
between 1 in 10,000 and 1 in 25,000 individuals, based on data from 
national registries10–17. Given the high rate of de novo variants, there are 
no described founder effects in TSC, and, therefore, variability in these 
estimates is probably due to ascertainment and diagnostic practices 
rather than differences in the actual prevalence of TSC genes. TSC has 
variable expressivity2; therefore, incidence and prevalence may be 
underestimated owing to patients with mild disease remaining undi-
agnosed. Overall, TSC is relatively common within the larger group of 
neurogenetic disorders and other tumour syndromes18,19.

Although TSC is an autosomal dominant disorder, ~65–80% of 
patients have de novo variants in TSC1 or TSC2 (refs. 3,20,21). TSC2 vari-
ants are more common among patients with TSC (63–85%) compared 
with TSC1 variants (12–19%)3,21,22. Small insertions or deletions are the 
most common variants in both TSC1 and TSC2, but nonsense variants 
are over-represented in TSC1 and missense variants, especially in the 
region encoding the GAP domain, are enriched in TSC2 (ref. 23). Indi-
viduals with variants in TSC2 tend to be more severely affected than 
those with TSC1 or mosaic variants24,25. In general, TSC has minimal 
genotype–phenotype correlation, except for some rare variants that 
are associated with mild disease26–28.

Age at diagnosis
The revision of the diagnostic guidelines in 2013 to allow diagnosis 
based on genetic testing alone has not substantially affected prevalence 
estimates29. However, earlier diagnosis is now possible, with about half 

Introduction
Tuberous sclerosis complex (TSC) is a genetic disorder associated 
with formation of benign tumours (hamartomas) in the brain, eyes, 
heart, lungs, kidneys and skin1 (Fig. 1). Almost 90% of patients expe-
rience seizures, and about the same proportion are diagnosed with 
TSC-associated neuropsychiatric disorders (TAND) such as intellectual 
disability and autism spectrum disorder (ASD)2. TAND are not thought 
to be caused by hamartomas, but rather by disrupted development of 
brain connectivity and networks.

TSC is caused by heterozygous loss-of-function variants in either 
TSC1 (encoding hamartin, TSC1) or TSC2 (encoding tuberin, TSC2). 
Although TSC is an autosomal dominant disorder, only one-third of 
patients inherit the condition, whereas ~65–80% of patients carry 
de novo pathogenetic variants in TSC1 or TSC2 (ref. 3). Most hamartomas 
contain cells with loss of function of the second allele4; therefore, both 
haploinsufficiency and somatic mutations, resulting in the complete 
loss of one of the proteins, are important for the pathogenesis of TSC.

TSC1 and TSC2 form a complex that regulates the RHEB GTPase5,6. 
The main function of RHEB is to activate the mechanistic target of 
rapamycin (mTOR). mTOR regulates critical cellular functions, includ-
ing cell growth, protein synthesis, gene expression, metabolic bal-
ance and stress5,6. TSC1 protects TSC2 from degradation, and TSC2 
inactivates RHEB; therefore, pathogenetic variants in either TSC1 or 
TSC2 cause hyperactivation of mTOR signalling. mTOR hyperactiva-
tion results in various cellular abnormalities, including increased cell 
growth, altered differentiation and hamartoma formation (Fig. 2).

The identification of TSC1 and TSC2 as regulators of the mTOR 
pathway has enabled the use of mTOR inhibitors, known as rapalogues, 
in preclinical and clinical studies. This use has led to improvements 
in our understanding of the pathophysiology of TSC and approval of 
rapalogues for many manifestations of TSC, including those affecting 
the brain, kidneys, lungs and skin.
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Fig. 1 | Affected organs and diagnostic criteria for TSC. The diagnostic 
criteria for tuberous sclerosis complex (TSC) are differentiated into major and 
minor criteria. For a definite diagnosis based on clinical features, the patient 
must exhibit two major features or one major feature with two minor features. 
For a possible diagnosis, the patient must display either one major feature 
or two or more minor features. Of note, a combination of only pulmonary 

lymphangioleiomyomatosis and renal angiomyolipomas without other 
features does not meet the criteria for a definite diagnosis. A pathogenetic 
variant in TSC1 or TSC2 is diagnostic for TSC. Most variants that cause TSC 
prevent protein production, whereas some variants permit protein production 
(such as some missense changes). Other variant types should be considered 
with caution.
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of these patients able to be diagnosed prenatally or within the first 
month of life, although this depends on technology and expertise that 
are only available in some high-resource regions30,31.

Sex biases
TSC does not have sex bias; however, some manifestations vary between 
male individuals and female individuals2. For example, pulmonary 
lymphangioleiomyomatosis (LAM) primarily affects women with TSC32. 
In addition, female individuals are more likely to have renal angiomy-
olipomas (AMLs), and they are more likely to show growth in these 
tumours on serial imaging33. In the general population, ASD has a male 
sex bias (around 4:1 male to female34); however, this effect is attenuated 
in TSC (1–1.6:1 male to female35).

Morbidity and mortality
Across several cohorts, the median age of death of patients with TSC 
was 33–70 years36–39. Renal (end-stage renal disease and haemorrhage) 
and central nervous system (CNS) manifestations (epilepsy and brain 
tumours) are key drivers of mortality39. In one adult cohort, renal AML 
volume was directly associated with life expectancy, demonstrating 
that management of these lesions is critical37. Pulmonary LAM con-
tributes to mortality in adult women, and cardiac rhabdomyomas are a 
reported cause of death in neonates39. Of note, one caveat is that these 
data are from high-income countries, and, therefore, patients may have 

different outcomes in less well-developed health systems. Morbidity 
in patients with TSC is strongly associated with presence and severity 
of neurological symptoms. Indeed, the presence of epilepsy and/or 
TAND and the severity of these manifestations affect both the quality 
of life (QoL) of the patient and their care-givers40,41.

Mechanisms/pathophysiology
Canonical TSC signalling
TSC1 and TSC2 bind to each other, and are dependent on each other for 
stability and function5. TSC1, TSC2 and TBC1D7 form the ‘TSC complex’. 
TSC1 protects TSC2 from ubiquitination and degradation42 and anchors 
the TSC complex to the lysosome, which is necessary for its activity43. 
TSC2 contains a GTPase-activating protein (GAP) domain44–46, and its 
main target is RHEB, which is the primary activator of mTOR47. TSC2 
inactivates RHEB, decreasing the activity of mTOR. TBC1D7 interacts 
with TSC1 (ref. 48). The role of TBC1D7 is unclear because it does not 
appear to be an obligate member of the TSC complex49. Homozygous 
loss-of-function variants in TBC1D7 do not cause TSC but cause a differ-
ent syndrome, with several features suggestive of mTOR hyperactivity 
in the brain, including megalencephaly (abnormally large brain) and 
intellectual disability50,51.

Several kinases integrate growth factor signalling and energy 
sufficiency through the TSC1–TSC2 complex. For example, AKT is an 
important signalling hub that is activated by several receptor tyrosine 
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Fig. 2 | The TSC–mTOR pathway. Several pathways regulate the activity 
of the TSC protein complex (TSC1, TSC2 and TBC1D7), such as extrinsic 
signalling factors and metabolic signals. The TSC complex inhibits RHEB, 
which is the main activator of the mechanistic target of rapamycin (mTOR) 
complex 1 (mTORC1). Therefore, impaired TSC complex function in tuberous 
sclerosis complex (TSC) leads to increased activation of mTORC1. mTORC1 

activation affects protein translation, protein turnover and metabolism, 
and the sum of these changes supports cellular growth. mTOR is part of 
a second complex, mTOR complex 2 (mTORC2), which shares crosstalk with 
AKT. The TSC complex does not directly regulate mTORC2, and it is unclear 
whether mTORC2 contributes to TSC. Dashed lines indicate pathways with 
no intermediates shown.
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kinases and phosphorylates TSC2, which inhibits TSC2 and leads to 
activation of mTOR52,53. By contrast, AMPK senses the AMP-to-ATP 
ratio within the cell and activates TSC2 through phosphorylation when 
the cell is energy-deprived54. Other kinases such as MAPK, RSK1, PKCδ, 
DYRK1A and DAPK1 can also phosphorylate TSC2, but the contribu-
tion of signalling through these pathways to overall mTOR activity is 
less well understood than the contribution of AKT and AMPK55–59. The 
specific mechanism by which AKT phosphorylation of TSC2 inhibits 
its activity is not clear but might involve the release of TSC2 from the 
lysosome and sequestration in the cytosol5,60.

Downstream of the TSC complex, most studies have focused on 
the role of mTOR, partially because naturally occurring and synthetic 
small-molecule inhibitors of this kinase exist. The mTOR protein 
is a kinase, but it exists as part of two larger molecular complexes 
that regulate its localization and activity, known as mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2)61. Obligate binding part-
ners of mTOR include DEPTOR and MLST8, and these proteins are 
part of both mTORC1 and mTORC2. mTORC1 is characterized by the 
presence of RAPTOR, which is necessary for RHEB-mediated acti-
vation of mTORC147,62, and, therefore, mTORC1 is the main target of 
TSC-mediated inhibition. Furthermore, RAPTOR confers sensitivity 
to rapamycin (also known as sirolimus), which is a naturally occurring 
small molecule that binds to FKBP12, leading to partial inhibition of 
mTORC1 (ref. 63). In comparison, mTORC2 contains DEPTOR, MLST8, 
RICTOR, MSIN1 and PROTOR, and is insensitive to acute rapamycin 
effects. mTORC2 has distinct targets from mTORC1 and can modu-
late the cytoskeleton64. mTORC2 activity is reduced in TSC, but its 
contribution to the disorder remains unclear65.

Of note, amino acid levels are also important regulators of mTORC1 
activity, which are transduced by the Ragulator–Rag complex that acti-
vates with mTORC1 (ref. 66). The Ragulator–Rag complex cooperates 
with signals from the TSC complex to regulate mTORC1 activity67,68. 
However, with the disruption of either input, mTORC1 becomes less 
sensitive to regulation by both amino acids and growth factors69.

mTORC1 is an important anabolic signalling hub, and its activ-
ity primarily drives cell growth64. The best characterized function of 
mTORC1 is to increase protein translation via phosphorylation of S6K 
and 4EBP1/2. In parallel, mTORC1 also inhibits catabolic processes, of 
which autophagy is the classic example, via phosphorylation of ULK1, 
which decreases autophagic flux70,71. mTORC1 also inhibits TFEB, which 
decreases the general availability of autophagy machinery72. Moreover, 
mTORC1 has several effects on cellular metabolism, including glucose 
use, lipid synthesis and nucleotide synthesis73. The downstream effects 
of dysregulated mTOR signalling result in the clinical manifestations 
of TSC.

Second hit variants and benign tumours
Several benign tumours occur in people with TSC. These lesions fre-
quently harbour second hit variants in either TSC1 or TSC2 and are 
usually sensitive to mTORC1 inhibitors.

Subependymal giant cell astrocytomas (SEGAs) are benign brain 
tumours that grow in the subventricular zone74. Nearly all SEGAs 
have second hit variants in TSC1 or TSC2 (ref. 4), display increased 
phosphorylation of mTORC1 targets75, and show a good response to 
rapalogues76. Interestingly, most patients with TSC have subependymal 
nodules (SENs) that form during fetal brain development, and SEGAs 
typically arise from the growth of these nodules77. One small study 
found a similar expression pattern in SENs and SEGAs, with increased 
expression of genes related to immune and inflammatory responses 

and decreased expression of genes associated with neurotransmission4. 
However, whether SENs form due to second hit variants of TSC1 or TSC2 
is unclear. SEGAs most commonly grow in late childhood78, but what 
triggers the growth of these tumours is unclear.

Renal AMLs are benign kidney tumours that typically arise during 
late childhood33,79. Over 90% of AMLs have a second hit in either TSC1 
or TSC2 (refs. 4,80,81). Consistent with this finding, renal AMLs show 
hyperactivation of mTORC1 (ref. 82). Second-hit variants in other 
genes have not been identified, suggesting the presence of low-level 
mosaicism or complex genomic changes that are difficult to detect4. 
Histologically, renal AMLs appear to belong to a group known as 
perivascular epithelioid cell tumours and share some similarities with 
neural crest cells, but their true cell of origin is not clear83–87. Clinical 
trials with rapalogues have demonstrated excellent results, showing 
that mTORC1 hyperactivation is a key pathogenetic mechanism for 
renal AMLs88.

Pulmonary LAM is a cystic lung disease that almost always affects 
women with TSC. LAM lesions also have second hits in TSC1 or TSC2 
(refs.  89,90), exhibit mTORC1 hyperactivation91 and respond to 
rapalogues92–94. A sporadic form of LAM affects women without TSC, 
but these patients also frequently have biallelic TSC1 or TSC2 variants 
in tumour tissue95,96. LAM can recur after lung transplantation with 
tumour cells from the recipient, demonstrating that it is a metastatic 
process97,98. Some women with LAM had the same TSC2 variants in both 
LAM and renal AMLs, suggesting that LAM may originate from renal 
AMLs95. However, one study of LAM tissue identified a specific cell 
population that was most similar to uterine cells based on shared 
gene expression patterns, suggesting an alternate origin99. LAM cells 
express oestrogen receptors, and oestrogen signalling has a role in 
the growth of these tumours100. LAM is destructive to the lung paren-
chyma, possibly owing to its secretion of high levels of VEGF, driving 
the formation of lymphatic vascular channels and distorting the lung 
architecture101–103.

Retinal astrocytic hamartomas are typically benign tumours in 
the eye. These lesions are usually present at birth and are generally 
stable104, although in some individuals they demonstrate aggressive 
growth requiring enucleation (removal of the eyeball). Histologically, 
these tumours seem very similar to SEGAs, but the rarity of tumours 
requiring enucleation has precluded more in-depth study105. In one 
cohort, patients with SEGAs were more likely to have retinal astro-
cytic hamartomas than patients without SEGAs, suggesting possible 
shared cellular origins106.

Cardiac rhabdomyomas are benign tumours that develop in 
the fetal heart and frequently regress postnatally107. However, the 
mechanisms underlying the involution of these lesions are unknown. 
Some studies have found second hit variants in these tumours and 
responsiveness to rapalogues, consistent with dependence on mTOR 
signalling108–110.

Somatic variants and skin changes
Among the various skin manifestations of TSC, second hit variants 
have been found in the majority of facial angiofibromas. Interestingly, 
50% of somatic TSC1 or TSC2 variants in facial angiofibromas were 
characterized by CC>TT changes, which is a well-described result of 
DNA damage due to UV exposure111. Facial angiofibromas are sensitive 
to rapalogues112. Some reports suggest that rapalogues also improve 
hypomelanotic macules, shagreen patches and periungual fibro-
mas, but tissue from these manifestations has not been rigorously 
assessed for second hit variants113,114. Shagreen patches are similar 

http://www.nature.com/nrdp


Nature Reviews Disease Primers |            (2026) 12:11 5

0123456789();: 

Primer

to collagenomas with thickened, disorganized collagen bundles115, 
whereas periungual fibromas consist of disordered fibroblasts116.

Epileptogenesis and epilepsy
Epileptic seizures in patients with TSC typically have onset zones within 
or around cortical tubers117,118. The reasons why only some tubers are the 
origin zones of seizures is unclear. Cortical tubers are more common in 
the frontal cortex but have been identified throughout the brain119,120. 
Patients with infantile spasms have a higher tuber burden throughout 
the cortex and show changes in connectivity to subcortical structures 
compared with patients without infantile spasms121.

Cortical tubers are a subset of focal cortical dysplasias (FCD IIb), 
which are defined by the presence of dysmorphic neurons, astrocytosis 
and balloon cells122. mTOR signalling is increased in balloon cells and 
neurons in cortical tubers, although second hit variants in TSC1 or 
TSC2 are less common (found in <30% of tubers) than other lesions 
in TSC4. One possibility is that only a small number of cells with the 
second hit variant is sufficient to form the cortical tuber, and a small 
study of balloon cells specifically suggested a higher rate of second hit 
variants than bulk tissue sequencing123. mTORC1 inhibitors are effec-
tive for refractory seizures in clinical trials124,125, showing that ongoing 
mTOR dysregulation at least partially contributes to epilepsy in TSC.

Physiological mTOR signalling is necessary for the differentiation, 
morphology and function of excitatory neurons, inhibitory neurons 
and non-neuronal cells across many species126–128. Therefore, narrow-
ing down the key pathogenetic mechanisms of dysfunctional mTOR 
activity in disease models has been difficult, as has the fact that animal 
models do not recapitulate tuber formation. Changes in expression 
of neurotransmitter receptors (AMPA, NMDA and GABA-A) and ion 
transporters (NKCC1 and NKCC2) have been found primarily in excita-
tory neurons in models of TSC129,130. Moreover, mice with conditional 
deletions in either Tsc1 or Tsc2, primarily in pyramidal neurons, often 
exhibit spontaneous epilepsy131. These neurons have dysregulated 
translation of synaptic proteins, which is thought to be due directly 
to mTOR hyperactivation127,132–135. However, substantial transcriptional 
changes affecting synapses have also been found in TSC models, such 
as post-transcriptional alterations mediated by the fragile X messenger 
ribonucleoprotein136–140. Changes in synaptic spines have been found 
in animal models of TSC, although the precise changes are unclear, as 
both increased and decreased spine density and spine length have been 
found132,141,142. These studies have suggested that increased expression 
or activity of actin-severing proteins may contribute to these pheno-
types through altering F-actin dynamics in the spine head. Surprisingly, 
animals with conditional deletion of Tsc1 or Tsc2 in interneurons do 
not tend to have seizures143,144. Glial pathology is common in TSC, with 
increased astrocytes and microglia in cortical tubers compared with 
non-tuber areas145,146. Changes in astrocyte buffering functions through 
alterations in aquaporins, potassium channels and connexins, as well 
as more activated microglia, have been observed in cortical tubers 
and conditional deletion of Tsc1 in astrocytes was sufficient to induce 
epilepsy in a mouse model of TSC147.

Neurodevelopment and TAND
TAND are less well understood than epilepsy in patients with TSC 
because the general locations of cortical tubers do not seem to correlate 
with the type or severity of behavioural and cognitive symptoms35,148. 
However, tubers in the fusiform gyrus of the ventral temporal lobe may 
significantly increase the risk for ASD149. It remains unclear whether 
TAND symptoms arise due to disrupted connectivity resulting from 

cortical tubers or are secondary to the heterozygous TSC1 or TSC2 
variant resulting in general dysfunction. Both preclinical and clinical 
studies have indicated abnormal neuronal connectivity throughout 
the brain, including aberrant axons, dendrites and myelination, as 
well as changes in the excitability of TSC1-deficient or TSC2-deficient 
neurons139,140,150,151. Interestingly, aberrant brain connectivity measured 
by diffusion MRI, such as reduced fractional anisotropy of the corpus 
callosum, has been suggested to be associated with ASD in patients 
with TSC152,153. Hypomyelination is well-described in both TSC patients 
and animal models, and TSC2-deficient neurons can secrete CTGF, 
which arrests oligodendrocyte development139, providing one potential 
contributing mechanism.

Early onset of seizures or high seizure burden is associated with 
worsened developmental outcomes154, but medical treatment of seizures 
has not been shown to improve these symptoms155–157. Therefore, seizures 
and TAND may be separate manifestations of abnormally developing 
neural circuits, rather than sequential developments that are depend-
ent on each other. The neuronal dysfunction that increases the risk for 
TAND may be independent of mTOR signalling or only caused by early 
mTOR dysregulation. Although there is evidence for mTOR-sensitive 
critical periods in preclinical models158,159, the mechanism underlying this 
phenomenon and its relevance to TAND in patients await further studies.

Diagnosis, screening and prevention
Diagnostic criteria
The most recent TSC diagnostic criteria were published in 2021 by 
the International Tuberous Sclerosis Complex Consensus Group160. 
Diagnosis is based on the presence of major and minor diagnostic cri-
teria (Fig. 1). Five types of benign tumours commonly occur in TSC 
and are part of the major clinical criteria for diagnosis: SEGAs, reti-
nal astrocytic hamartomas, LAM, cardiac rhabdomyomas, and AMLs 
(two or more to qualify as a major criterion). Other benign tumours 
also occur in patients with TSC such as pancreatic neuroendocrine 
tumours (PNETs)161, but they are less common and are not part of the 
diagnostic criteria. Five primary skin findings are major criteria for TSC: 
hypomelanotic macules (three or more at least 5 mm in diameter), facial 
angiofibromas (three or more), fibrous cephalic plaques, shagreen 
patches and periungual fibromas (two or more). For a definite clinical 
diagnosis of TSC, the patient must exhibit two major features or one 
major feature with two minor features. For a possible clinical diagnosis, 
the patient must have either one major feature or two or more minor 
features. The presence of a pathogenetic variant of either TSC1 or TSC2 
is also sufficient for a definite diagnosis of TSC.

Clinical presentation
The major clinical criteria in TSC occur in an age-dependent manner 
(Fig. 3). Several findings occur during fetal development, including 
cardiac rhabdomyomas, cortical tubers, SENs and retinal astrocytic 
hamartomas (Fig. 4). Owing to advances in prenatal imaging, brain 
findings consistent with a diagnosis of TSC were identified in 78% of 
fetuses with cardiac rhabdomyoma when imaging was performed at 
19–37 weeks of gestation162. In one study30, the most common present-
ing features of TSC at birth were cardiac rhabdomyomas (59%) and 
hypopigmented macules or other skin manifestations30. By 18 months 
of age, cortical tubers (94%) and SENs (90%) were the most common 
manifestations, which is probably related to the child’s brain develop-
ment, neuronal growth and myelination allowing easier detection by 
MRI30. Facial angiofibromas and shagreen patches often appear in 
childhood163. SEGAs affect 10–15% of patients2. A SEGA can be defined 
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as a mass in the caudothalamic groove of >1 cm, or any subependymal 
lesion demonstrating growth on serial imaging regardless of size and 
location74, although other criteria have been suggested164. The most 
common age for SEGAs to grow is late childhood78. Renal AMLs start 
to form in childhood and can continue to grow throughout an individ-
ual’s lifetime165. Periungual fibromas typically develop in adolescence, 
whereas LAM is usually observed only in women166. The goal of TSC 
management is to identify these lesions, such as renal AMLs and LAM, 
prior to symptom onset, and, therefore, these findings are nearly always 
asymptomatic. However, except for cardiac rhabdomyomas and retinal 
astrocytic hamartomas, tumours will generally grow and eventually 
become symptomatic if left unchecked. The tumours usually grow 
slowly and are carefully monitored and treated before they become 
symptomatic. Therefore, counselling and interpretation of diagnostic 
studies require consideration of the age of the patient.

The manifestations of TSC can cause a range of systemic and 
neurological symptoms. For instance, cardiac rhabdomyomas can 
compromise valve function, result in outflow obstruction or cause 
cardiac arrhythmias107. In utero, cardiac rhabdomyomas can lead to 
pericardial effusion (fluid accumulation in the pericardium), hydrops 
fetalis (fluid accumulation in at least two fetal compartments) or heart 
failure in extreme cases.

Onset of seizures in infancy is the first sign of TSC in 15% of patients30. 
More than two-thirds of patients subsequently develop seizures in the 
first year of life30,167,168. The most common initial seizure types are infantile 
spasms and focal seizures155,156, and earlier age of onset of seizures correlates 
with poorer neurodevelopmental outcomes154. Baseline MRI at the time 
of diagnosis and the implementation of serial electroencephalography 
(EEG) (every 4–6 weeks) for the first 12 months of life and every 3 months 
in the second year of life are instrumental in identifying infants at risk of 
epilepsy and developmental delay156,157,169,170. Most patients with TSC have 
epilepsy171, and nearly 40% of these patients will have uncontrolled seizures 
despite standard medical therapy172. Around 25–50% of patients with TSC 
have ASD173,174. In addition, other TAND symptoms are present in individu-
als with TSC, such as attention deficit hyperactivity disorder (ADHD) (30–
50%), intellectual disability (50–60%) and behavioural issues (11–14%)175.  
If untreated, renal AMLs can cause renal damage due to haemorrhage, 
as well as the potential for urinary obstruction due to a mass effect176.  

Two distinct entities are found in the lungs of patients with TSC: multifocal 
micronodular pneumocyte hyperplasia (MMPH) and pulmonary LAM. 
MMPH is characterized by nodule-like ground-glass opacities seen on 
chest imaging and is common but typically asymptomatic in individuals 
with TSC. By contrast, pulmonary LAM is a less common manifestation 
of TSC that can cause progressive respiratory compromise, distress and 
failure, as well as recurrent spontaneous pneumothorax177. Retinal astro-
cytic hamartomas are found in 30–50% of patients with TSC178. They are 
often present from an early age, stable through adulthood and usually 
asymptomatic. Skin findings are typically benign but can cause cosmetic 
concerns, necessitating intervention.

Diagnostic work-up
The evaluation of a patient with suspected TSC involves genetic test-
ing, echocardiography, MRI of the brain and abdomen, fundoscopy 
and a detailed skin examination. However, the interpretation of the 
findings depends on the patient’s age, taking into account the progres-
sive development of clinical manifestations. Fetal echocardiography 
is necessary for fetuses with suspected cardiac rhabdomyomas identi-
fied on routine anatomy scans. However, an echocardiogram can be 
normal in older children due to spontaneous regression of cardiac 
rhabdomyomas163. Of note, a postnatal MRI of the brain to assess for 
cortical tubers and/or SEN or SEGAs is highly sensitive because >90% 
of patients have findings on this study30.

Genetic testing. The distinctive features of TSC mean that clinical 
diagnosis has remained important for identifying patients, but genetic 
testing is helpful for confirmation of the diagnosis and determination 
of recurrence risk. After diagnosis, a three-generation family history is 
recommended to identify additional family members at risk of TSC160.

Genetic testing is available as a TSC1 and TSC2 multigene panel or 
large-scale testing with whole-exome sequencing or whole-genome 
sequencing179. Historically, genetic analysis led to the identification of 
a causative, pathogenetic heterozygous variant in either TSC1 or TSC2 
in ~85% of patients23. The remaining 15% of patients were previously 
categorized as ‘no mutation identified (NMI)’ and harboured various 
levels of mosaicism for inactivating TSC1 or TSC2 variants and often 
had a milder phenotype180,181.
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Fig. 3 | Age at onset or recognition of the most 
prevalent TSC features in infants. Hypomelanotic 
macules, tubers, subependymal nodules (SENs) 
and cardiac rhabdomyomas are often seen before  
the onset of seizures, whereas other manifestations  
such as renal angiomyolipomas and lymphangiolei
omyomatosis are more commonly first seen later in 
life. Of note, some of these features, including cardiac 
rhabdomyomas and cortical tubers, can be observed 
in the fetus, permitting prenatal diagnosis. SEGA, 
subependymal giant cell astrocytoma; TSC, tuberous 
sclerosis complex. Reprinted with permission from 
ref. 30, American Academy of Pediatrics.
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The presence of a pathogenetic TSC1 or TSC2 variant is consid-
ered sufficient for the diagnosis of TSC regardless of clinical find-
ings. This is important for diagnosis of infants and young children 
as they may not yet meet the threshold for a clinical diagnosis160. 
Once a pathogenetic variant has been confirmed, additional genetic 
testing should be offered to first-degree relatives160. Approximately 
two-thirds of individuals with TSC have TSC2 variants, and one-third 
have TSC1 variants3,21,22. Of note, genetic testing may not be available 
in resource-limited settings, in which case clinical criteria can still be 
used for diagnosis without genetic confirmation182.

PKD1 is immediately adjacent to TSC2, so a large deletion on 
chromosome 16p13.3 leads to the TSC2–PKD1 contiguous gene 
syndrome183. These patients have findings consistent with TSC but 
have more aggressive cystic renal disease in early life than would 
otherwise be expected.

Prenatal diagnosis. High-resolution ultrasonography and fetal MRI 
have improved in the past few decades, enabling accurate prenatal 
diagnosis of TSC (Fig. 4). In one prospective study in the USA, 35% of 
patients were diagnosed with definite TSC prenatally and 41% were 
diagnosed within the first month of life30. Cardiac rhabdomyomas often 

develop during the second trimester and can be visualized on a routine 
anatomy scan from 20 weeks gestation, although they can be more 
readily detected in the third trimester184,185. These lesions are highly 
associated with TSC, as 75–80% of fetuses with rhabdomyomas are later 
diagnosed with TSC, and the presence of multiple tumours suggests 
an even higher risk of a later TSC diagnosis107. Cortical tubers, SEN and 
SEGAs also probably develop during the second trimester and can be 
visualized on high-resolution ultrasonography or fetal MRI, although 
they are difficult to detect via ultrasonography186,187. The presence of 
these two major criteria can be used to confirm the diagnosis of TSC 
prenatally162.

Management
Multidisciplinary collaboration is necessary for the treatment of 
patients with TSC (Table 1). Rapalogues (sirolimus and everolimus) are 
indispensable in the TSC armamentarium. Rapalogues are oral medica-
tions that are effective for the treatment of epilepsy and growing lesions 
such as SEGAs, renal AMLs, pulmonary LAM and skin angiofibromas, 
in patients with TSC76,88,94,188. Adverse effects of rapalogues typically 
include oral ulcers, increased susceptibility to respiratory infections 
and hyperlipidaemia; however, they can be used for long-term manage-
ment in most patients by managing the adverse effects as they occur189. 
Owing to the efficacy of rapalogues for some symptoms of TSC, they are 
also frequently used empirically and with mixed results for less common 
manifestations, including cardiac rhabdomyomas190, retinal astrocytic 
hamartomas191, soft tissue masses, PNETs192 and lymphoedema193. The 
therapeutic window is often wide, such that low doses can achieve sig-
nificant benefit with minimal adverse effects. However, some patients 
do not respond to mTOR inhibitors, even at high doses, and some have 
severe adverse effects, leading to medication discontinuation. Treat-
ment with mTOR inhibitors is typically held before surgery because they 
can interfere with wound healing, and in those with febrile illnesses and 
before receipt of live vaccines as they are immunosuppressive. Special 
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Fig. 4 | Clinical manifestations of TSC. A, Axial MRI images of the brain: 
T2-weighted image from a 32-week fetus showing hypointensity in the left 
frontal lobe consistent with a cortical tuber (arrow) (panel Aa); T2-weighted 
image of a neonate showing the appearance of cortical tubers (arrow) at this 
age (panel Ab); T1-weighted image of a neonate showing a cortical tuber (arrow), 
demonstrating that cortical tubers can be more distinct on this MRI sequence 
at this age (panel Ac); T2-weighted image from a patient in early adolescence, 
showing a cortical tuber (arrow) in the right occipital area with hyperintensity 
just below the cortical ribbon, and a subependymal nodule can also be seen 
in the area of the foramen of Monro (arrow) (panel Ad); FLAIR image from 
the same patient showing that cortical tubers (arrow) can be highlighted well 
with this sequence (panel Ae); and T1 image showing a contrast-enhancing 
subependymal giant cell astrocytoma in the ventricle (arrow) (panel Af). 
B, Cardiac rhabdomyomas seen via echocardiography (arrow). Four-chamber 
view with the atria at the top and ventricles at the bottom. The hyperechoic 
masses represent cardiac rhabdomyomas. C, Coronal MRI images of the kidneys. 
The T2-weighted image shows a renal cyst (left arrow) as a hyperintense mass and 
a renal angiomyolipoma (right arrow) as a hypointensity within the parenchyma. 
D, CT scan of the chest demonstrating the cystic findings (hypodense areas, 
arrow) characteristic of pulmonary lymphangioleiomyomatosis1. E, Fundoscopy 
showing a retinal astrocytic hamartoma1 (arrow). F, Examples of the character
istic skin findings in tuberous sclerosis complex (TSC)29: hypomelanotic 
macules (panel Fa, arrow); facial angiofibromas (panel Fb, arrow); periungual 
fibromas (panel Fc, arrow); and shagreen patch (panel Fd, arrow). Panel B image 
courtesy of R. Beroukhim. Panels D and E reprinted from ref. 1, Springer Nature 
Limited. Panels Fa–d reprinted with permission from ref. 29, Elsevier.
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considerations are indicated for pregnant women or women who wish 
to become pregnant, as rapalogues are generally contraindicated as 
safety data are limited, and renal AMLs and LAM can worsen during 
pregnancy in some women194,195.

Comprehensive surveillance and management recommendations 
for all manifestations of TSC are available from the International TSC 
Consensus Group29,160,196. Here, we prioritize discussion of clinical 
management recommendations for disease manifestations involving 
the kidney, lungs, heart and brain, as these have the most significant 
risk to overall morbidity and mortality in TSC. While these recommen-
dations are global, costs and access may prohibit implementation of 
these guidelines in some low-income and middle-income countries197.

CNS manifestations
Drug-resistant epilepsy is common in patients with TSC and is associ-
ated with increased risk of TAND154,198. Parental education to recog-
nize and report infantile spasms and focal seizures is instrumental. 
Some trials have evaluated the use of pharmacological therapies 
for epilepsy prevention in infants with TSC (Box 1). Treatment delay 
of greater than 3 weeks after seizure onset, particularly infantile 
spasms, is associated with worse long-term neurodevelopmental 
outcomes in TSC199.

Vigabatrin is the first-line therapy for infantile spasms in patients 
with TSC and leads to complete remission in >90% of patients200,201. 
Vigabatrin can cause visual field defects; however, this effect appears 
to be less common in children than in adults201. For other seizure types 
and seizures refractory to medications, the full breadth of antisei-
zure treatment options is used. Cannabidiol has also been shown to 
be effective for seizures in TSC202. These medications can be used in 
combination with ketogenic or low-glycaemic diets, epilepsy surgery 

and neuromodulation (such as vagus nerve and responsive nerve 
stimulation) where indicated. These interventions can be effective 
in patients with TSC, with 70–80% of patients showing a >50% reduc-
tion in seizures in small case series203,204. Although patients typi-
cally have many cortical tubers, refractory seizures often arise from 
one dominant lesion; therefore, epilepsy surgery is an important 
consideration205. Epilepsy surgery can be highly effective, with seizure 
freedom rates of 40–50% 10 years after surgery, although tuber bur-
den probably has a significant role as surgery targeting a single tuber 
is more likely to be effective than more extensive procedures205,206. 
The effect of epilepsy surgery in TSC on cognitive development is 
unclear; some studies have demonstrated improvement whereas  
others have not207,208.

TAND are extremely common in patients with TSC and cause sub-
stantial morbidity209. Developmental milestones and cognitive abili-
ties should be closely monitored from infancy, with prompt referral 
for evaluation and supportive therapies where indicated210. These 
therapies often include physical therapy, occupational therapy and 
speech therapy for younger children. ASD is often diagnosed in early 
childhood211, and applied behavioural analysis and naturalistic devel-
opmental behavioural interventions can be helpful for children with 
ASD212. Sleep disorders, especially insomnias and circadian rhythm 
sleep–wake disorders, are also common in TSC and often develop 
in childhood213. School and academic performance should also be 
monitored, as many children with TSC will need individualized educa-
tion plans for optimized learning strategies and interventions. Risk 
of mental health disorders often increases during late childhood, 
and disorders such as depression, obsessive–compulsive disorder 
(OCD), ADHD and anxiety persist throughout the lifetime of individu-
als with TSC and may require the specialized care of psychologists 
and psychiatrists209. Based on the specific symptoms, it has been pro-
posed by the TANDem Consortium to group patients into naturally 
occurring symptom clusters to optimize interventions for TAND214. No 
TSC-specific interventions are available, and standard therapies are 
used for these symptoms (see the individual clinical guidelines cited 
here for depression215, OCD216, ADHD217 and anxiety218). Because new 
challenges can arise at different ages, it is critical to screen for these 
disorders yearly using the TAND-SQ, which is a self-report checklist 
that can be completed by individuals with TSC and/or their care-givers 
identifying and quantifying the current severity of TAND-related behav-
iours and difficulties219. Furthermore, it is important to recognize the 
psychosocial health and well-being of patients and their families when 
caring for patients with TSC214.

SEGAs almost always arise from existing SENs, often near the  
foramen of Monro, where growth can lead to obstruction and life- 
threatening hydrocephalus77. Periodic surveillance with serial MRI 
every 1–3 years to identify new SEGAs or progression of an exist-
ing SEGA is recommended throughout the first two decades of life. 
Peak incidence is between 8 and 12 years of age, although congeni-
tal SEGA arising in the prenatal period or within the first year of 
life can occur220. For reasons that are not clear, new SEGAs almost 
never arise in adults; however, SEGAs that developed in childhood 
can continue to grow in adulthood221. The best outcomes for SEGAs 
are associated with early detection74, and rapalogue treatment is 
recommended before symptoms develop. In patients who tolerate 
such medical therapy poorly, treatment response is suboptimal, or 
in those with symptoms of increased intracranial pressure, surgical 
resection and/or cerebrospinal fluid shunting procedures may be  
more appropriate.

Table 1 | Specialist care involved in the management of TSC

Specialists Disease manifestations

Neurologist, epileptologist, dietitian, 
neuroradiologist, neurosurgeon

Epilepsy, SEN, SEGA, 
hydrocephalus

Psychiatrist, psychologist, 
developmental paediatrician, therapist

TAND

Pulmonologist, thoracic radiologist, 
cardiothoracic surgeon

LAM, pneumothorax, MMPH

Nephrologist, urologist, interventional 
radiologist

Renal AMLs, cysts, chronic kidney 
disease

Ophthalmologist Retinal lesions

Oncologist, gastroenterologist, 
hepatologist, endocrinologist, 
abdominal surgeon

Hepatic AML, PNET, 
retroperitoneal masses, 
lymphangiectasia

Obstetrician–gynaecologist, 
maternal–fetal medicine specialist

Pelvic LAM, high-risk pregnancy

Cardiologist, cardiothoracic surgeon Cardiac rhabdomyoma

Dentist, oral surgeon Gingival fibroma, dental pits

Dermatologist, plastic 
surgeon, podiatrist

Angiofibroma, periungual 
fibroma

Geneticist, genetic counsellor Diagnostic work-up, family 
planning

AML, angiomyolipoma; LAM, lymphangioleiomyomatosis; MMPH, multifocal micronodular 
pneumocyte hyperplasia; PNET, pancreatic neuroendocrine tumour; SEGA, subependymal 
giant cell astrocytoma; SEN, subependymal nodule; TAND, TSC-associated neuropsychiatric 
disorder; TSC, tuberous sclerosis complex.
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Kidney manifestations
Renal AMLs and cysts tend to grow in size and number during the first 
few decades of life in patients with TSC, although rates of growth vary 
between individuals165. The majority of renal masses in patients with 
TSC are benign renal AMLs2. A few scattered renal cysts can initially 
be seen on the first abdominal MRI, which is typically performed 
at 2–3 years of age or at the time of diagnosis, whichever is later. AMLs 
are not generally detected until later childhood or early adolescence, 
but in rare cases have been seen in children as young as 3 years of age165. 
Both cysts and AMLs increase in number and size gradually during the 
first 10–12 years of life, although for reasons unknown, not all lesions 
grow33,79. AMLs enlarge more rapidly during adolescence and early 
adulthood222. Growth can slow substantially once again approaching 
the fourth decade of life, but does not necessarily stop completely. 
Simple kidney cysts are found in more than half of all patients with 
TSC, can develop at any age, and are usually not symptomatic223. Some 
cysts are proteinaceous or contain blood products, but these lesions 
rarely require intervention, unless they develop features concerning 
for neoplasm or exert a significant mass effect on the renal parenchyma 
or other nearby structures. The relatively uncommon transition of 
cystic lesions from simple to complex can occur at any time in life and 
warrants intensified evaluation for possible renal cell carcinoma224,225. 
Of note, exceptions to these generalizations are patients with TSC2–
PKD1 contiguous deletions. Concomitant deletion of TSC2 and PKD1 
in 2–3% of patients with TSC leads to presentation at a younger age 
and a greater likelihood of progression to end-stage kidney failure226.

Why some patients have fewer, smaller renal AMLs, whereas oth-
ers develop large tumours is unclear. AMLs are hypervascular and 
can cause potentially catastrophic haemorrhage when pseudoaneu-
rysms in the irregular vessel walls exceed 4–5 mm in size. Available 
therapies halt the growth of AMLs, making 4–5 mm pseudoaneurysms 
uncommon227. The main complication of AML growth is haemorrhage 
and subsequent renal injury causing reduced glomerular filtration 
rate (GFR)33. Kidney imaging, ideally by MRI, is recommended every 
1–3 years for the lifetime of patients with TSC, with intervals adjusted 
as needed on a case-by-case basis160.

Consensus guidelines recommend starting systemic mTOR inhibi-
tors once renal AMLs are 3 cm in size to prevent further growth. This 
strategy mitigates the bleeding risk and prevents sequelae of high renal 
tumour burden such as decreased GFR and end-stage renal disease228. 
Physical activity restrictions and more aggressive antihypertensive 
therapy may also be indicated to further reduce the risk of bleed-
ing in some patients. Antihypertensive therapy is often required in 
patients of any age who have a high burden of renal lesions as the mass 
effect of cysts and/or masses can increase renin production and lead 
to systemic hypertension. Hypertension can be an early harbinger of 
chronic kidney disease, and should be treated aggressively regard-
less of patient age to extend renal longevity. Angiotensin-converting 
enzyme inhibitors or angiotensin receptor blockers are appropriate 
first-line agents in patients with TSC228. Antihypertensives also reduce 
blood pressure within the abnormal vasculature of the renal AMLs, 
decreasing the likelihood of pseudoaneurysm rupture. An alterna-
tive treatment to rapalogues for renal TSC manifestations is selec-
tive renal artery embolization, which reduces the vascularity of the 
targeted tumour and risk of haemorrhage229. Although embolization 
can diminish lesion size or slow the growth of lesions, neither emboli-
zation nor pharmacotherapy eradicates renal AMLs. As patients with 
TSC are at increased risk of kidney failure, nephron-sparing surgical 
approaches are usually reserved for management of rare renal malig-

nancies, and are generally not used for routine management of benign  
renal AMLs.

The risk of progression to end-stage renal disease relates to 
the renal AML and cyst burden, and compromise of healthy renal 
parenchyma, as well as the potential accumulation of renal insults 
from potential nephrotoxins (such as NSAIDs or iodinated contrast 
agents used in imaging), sporadic haemorrhagic and iatrogenic 
interventions230,231. Unexplained chronic kidney disease in patients 
with TSC with minimal tumour burden have been reported, suggesting 
that haploinsufficiency of TSC1 or TSC2 could have a role232,233. Patients 
with renal findings should be screened annually for hypertension, pro-
teinuria and falling GFR228. Standard treatments from other forms of 
chronic kidney disease apply to TSC, and there should be a low thresh-
old to use renin–angiotensin–aldosterone system blockade to treat 

Box 1 | Prevention of epilepsy and 
neurodevelopmental disorders in TSC
 

Clinical trials evaluating preventive treatments in tuberous sclerosis 
complex (TSC) are now possible owing to advances in prenatal 
diagnosis and identification of electroencephalography biomarkers 
of epilepsy risk169. The EPISTOP and PREVeNT trials evaluated the 
use of vigabatrin156,157 as a preventive treatment for epilepsy and 
neurodevelopmental outcomes in infants with TSC155–157. Both 
trials showed a disease-modifying effect on epilepsy associated 
with TSC155. In the EPISTOP Trial, none of the participants who 
received vigabatrin developed infantile spasms157 whereas only 
20.6% of patients who received vigabatrin developed infantile 
spasms compared with 44% in the standard treatment groups in 
the PREVeNT trial156. Moreover, in the PREVeNT trial, focal seizures 
were the primary driver of drug-resistant epilepsy, although this 
was not reported in the EPISTOP study155–157. Both trials failed to 
show an additive benefit of the preventive effect of vigabatrin on 
the neurocognitive outcome at 2 years of age155, although overall 
developmental outcomes in all study participants, regardless of 
treatment assignment, were significantly better than in previously 
reported TSC cohorts154,155,168. Thus, the study design, with frequent 
contact with TSC specialists, serial electroencephalography and 
close developmental evaluations, may have provided secondary 
clinical benefits in these patients.

Until recently, infantile spasms were thought to be the primary 
predictor of long-term developmental outcomes in children with 
TSC. However, the results of the TACERN natural history study 
challenged this idea, as this study found that the age at onset of 
seizures and overall seizure burden in the first years of life were 
more predictive of developmental outcomes than the presence 
of infantile spasms154,168. These findings were also supported by 
the results of the PREVeNT trial156. Both the PREVeNT and EPISTOP 
trials showed that the presence of a TSC2 pathogenetic variant, 
especially if causing premature termination of TSC2, was associated 
with a higher risk of refractory epilepsy156,262.

Two other clinical trials of preventive therapy evaluating 
sirolimus (ViRap (NCT04987463) and TSC-STEPS (NCT05104983)) 
are ongoing. These trials are focused on the safety and efficacy 
of sirolimus as a preventive therapy for infants with TSC with a 
particular focus on neurological symptoms155.
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hypertension and proteinuria228. Patients requiring renal replacement 
therapy are candidates for renal transplant, and rapalogues should be 
used for immunosuppression after transplantation228. Although a renal 
allograft will remain free of TSC-related lesions, the native kidneys 
remain at continued risk, and, therefore, bilateral native nephrectomy 
(kidney removal) is recommended to prevent continued growth of 
TSC-associated renal lesions after transplantation.

Lung manifestations
LAM primarily affects women of childbearing age, suggesting a role for 
sex hormones in its development and progression. Indeed, LAM is exac-
erbated by exogenous oestrogens234, and, therefore, progestin-only 
therapy is preferred for birth control or menstrual regulation in women 
with TSC. Surveillance for lung manifestations of TSC starts with lung 
imaging in all women with TSC from ~18 years of age, with repeat imag-
ing every 5 years in asymptomatic women with no radiological findings. 
Patients with radiological findings are monitored with annual pulmo-
nary function tests. Sirolimus is the standard of care for patients with a 
decline in respiratory function, requirement for oxygen supplementa-
tion, or detection of chylous effusion, which is caused by disruption 
of the lymph system and leads to accumulation of chyle outside the 
lung177. Interestingly, mTOR inhibition leads to increased autophagy, 
which has been suggested to augment the survival of tumour cells. 
Therefore, potential autophagy inhibitors, hydroxychloroquine and 
resveratrol, have been evaluated as adjunctive therapy to rapamycin in 
two studies, but both were relatively small and led to mixed results235,236. 
Although current guidance is to treat symptomatic patients, ongoing 
studies will determine whether sirolimus is effective in the treatment of 
asymptomatic patients with a high risk of progression (NCT03150914). 
Lung transplantation is also an option for patients with progressive 
lung disease, in whom rapalogue treatment has failed. However, 
LAM can recur in the graft tissue, which has implications for both its  
pathogenesis and treatment97,98.

Heart manifestations
Rhabdomyomas detected prenatally should be closely monitored 
throughout the pregnancy via fetal echocardiography, and a baseline 
echocardiogram and electrocardiogram (ECG) should be obtained in all 
individuals with TSC after birth or at diagnosis160. Follow-up echocardi-
ography should be carried out as appropriate until the rhabdomyoma 
spontaneously regresses or concerns for compromised cardiac func-
tion abate. mTOR inhibitors have been used successfully for cardiac 
rhabdomyomas that impair function110. Rhabdomyomas can interfere 
with electrical conduction of the heart, leading to a range of rhythm 
abnormalities. The overall incidence of arrhythmias in patients with 
TSC with cardiac rhabdomyomas is not known, an incidence as high as 
33% has been found in some series but the actual estimate is thought 
to be between 4% and 11%237. Because arrhythmia risks persist after 
rhabdomyoma regression, surveillance ECGs are recommended at least 
every 5 years throughout life. Standard arrhythmia treatments such as 
medications (amiodarone, propranolol or digitalis), ablation and/or 
an implanted pacemaker or defibrillator should be used in patients 
with TSC with arrhythmia107.

Other common clinical manifestations
Retinal astrocytic hamartomas are common and useful for confirming 
a diagnosis of TSC when present with other clinical manifestations of 
TSC, but regular surveillance is typically not needed in the absence 
of clinical complaints. Less than 5% of patients with TSC develop 

PNETs238–242. PNETs are generally not functional, and thus, small lesions 
are usually not consequential. However, malignant PNETs can occur; 
therefore, patients with should undergo screening with abdominal 
MRI every 1–3 years238. Management of lesions with demonstrable 
growth on serial imaging includes treatment with rapalogues or surgical 
removal, but best practice is unclear because of uncertainty regarding 
their metastatic potential242.

Maintenance of dental health is potentially challenging in TSC. Gin-
gival fibromas may be painful, and dental pits may increase the risk of 
caries. Furthermore, patients with TAND-related developmental delays 
or behavioural issues may struggle with routine dental care. Patients 
with TSC-associated renal lesions frequently also have similar AMLs and 
cysts in the liver. However, hepatic AMLs are not associated with the 
risk of haemorrhage, and hepatic cysts are not known to compromise 
function243. Rapalogue therapy is the first-line therapy in patients with a 
mass effect on adjacent organs243. Congenital lymphoedema and intes-
tinal lymphangiectasia (with congenital protein-losing enteropathy) 
are seemingly related but rare findings in TSC, caused by dysplasia 
of lymphatics and lymphatic vessels193. Fortunately, symptoms of 
these conditions are at least partly responsive to rapalogue treatment 
although the mechanism remains unclear193,244. Lymphatic dysplasia 
may relate to blood vessel wall irregularities found in pseudoaneu-
rysms of renal AMLs, as well as potentially larger aneurysmal dilations 
observed in larger vessels such as the aorta245. Finally, scattered bone 
islands and/or sclerotic bone lesions are very common in patients with 
TSC, but they rarely require intervention and should not raise undue 
alarm for possible cancer246.

Because TSC confers a 50% risk to offspring and may worsen mater-
nal LAM or promote growth of renal AMLs during pregnancy, reproduc-
tive planning should be undertaken carefully. Recommended measures 
include preconception counselling, targeted genetic testing to identify 
the familial mutation and coordinated multidisciplinary care.

Quality of life
Although the manifestations of TSC have historically been the focus 
of research, more attention has been placed on its psychosocial con-
sequences in the past several years (Box 2). However, how mecha-
nisms of abnormal brain development interact with environmental 
factors (such as differences in appearance or coping with chronic 
illness), and to what degree both contribute to the burden of illness, 
are unclear247.

QoL, as defined by the subjective experiences of individuals that 
contribute to their well-being, is an important outcome measure in 
paediatric clinical trials, particularly in neurodevelopmental disorders. 
QoL measures are patient-reported or care-giver-reported outcomes 
that allow investigators to examine the overall effect of treatment on 
daily living and well-being. Several QoL measures have been validated, 
but none can encompass the entire age range and level of functioning 
of individuals with TSC. Among the many available instruments, the 
Paediatric Quality of Life Inventory (PEDSQL) and the SF-36 (Short 
Form Survey 36) are commonly used in studies of TSC. PEDSQL is 
used in patients 2–18 years of age and is both self-completed and 
care-giver completed, whereas the SF-36 is self-completed by adults. 
No TSC-specific surveys are available. In general, self-report is a pre-
ferred method for quantifying QoL, but care-giver report is necessary 
for children and adults with intellectual disability and/or language 
impairment. Without substantive normative data for reference, QoL 
measures can lack context, but they can prove helpful as indices of 
change with treatment or to identify concerns.

http://www.nature.com/nrdp


Nature Reviews Disease Primers |            (2026) 12:11 11

0123456789();: 

Primer

One of the first studies to formally assess QoL in TSC involved 
91 patients in the UK. This study found significantly reduced QoL (evalu-
ated using PEDSQL in children and SF-36 in adults) scores across all 
domains, regardless of the presence of epilepsy or learning disability248. 
Another study in 143 individuals (55 adults) found anxiety or depres-
sion in ~47% of patients, pain or discomfort in ~38% of patients, and 
inability to perform daily activities and self-care in ~40% of patients. 
Other factors that were endorsed in the survey by individuals with TSC 
included fatigue, emotional stress and participation, attempting to 
capture how the health of patients determines their participation in 
daily life through assessment of education, social activities and leisure 
time. This should be further examined through more standardized 
measures in future studies249. Also in the TOSCA study, compared 
with unaffected children, patients with TSC had lower PEDSQL scores 
across multiple domains, which was associated with a TSC2 variant, 
greater seizure severity (defined as early age at onset, longer dura-
tion and higher frequency) and the presence of TAND (specifically 
intellectual disability, ADHD and social anxiety)250. In support of the 
relevance of QoL as a target of treatment in TSC, the EpiCom phase 
IIIb/IV trial (NCT05864846) of cannabidiol for TAND includes QoL 
measurement as a secondary outcome (evaluated via the PEDSQL and 
the PEDSQL–Family Impact Module).

Outlook
The discovery of the connection between TSC and the mTOR pathway 
enabled rapid repurposing of mTOR inhibitors for SEGA, renal AML, 
LAM, refractory epilepsy and facial angiofibromas in patients with 
TSC88,94,124,251,252. This was made possible by the dedicated work of the 
patient advocacy groups, sustained support from funding agencies, 
investigator-initiated studies in academia, and interest from the phar-
maceutical industry. However, several areas of unmet need remain 
for improving the QoL of individuals and families affected with TSC.

One of the primary concerns for the TSC patients and care-givers 
is TAND214,253. The high incidence of ASD and the recognition of other 
neurodevelopmental alterations in patients with TSC have motivated 
research to better define these manifestations and to understand their 
natural history. We now have the TAND checklist148,219 as a clinical tool 
to improve detection of these symptoms and encourage providers 
to address them. We also have detailed phenotyping of infants with 
TSC, combined with the ability to diagnose TSC in the prenatal or 
neonatal period via cardiac manifestations, which has allowed the 
investigation of potential preventative interventions. However, two 
early trials of vigabatrin failed to show improvement of developmental 
outcomes156,157, and trials of rapalogues in older individuals with TSC 
also failed to improve neurocognitive measures254,255. Accordingly, 
there remains a large unmet need in this area, and two trials are evalu-
ating the use of sirolimus treatment within the first 6 months of life 
for infants with TSC (NCT05104983 and NCT04987463). If such trials 
provide positive results, universal newborn screening may be required 
for TSC, using either genetic or biochemical markers. Insights from 
this approach are likely to have important effects on other early-onset 
epilepsies and neurodevelopmental conditions.

One important question is the mechanisms underlying phenotypic 
heterogeneity in TSC, even among people who share the same TSC1 or 
TSC2 variant. Somatic mosaicism, which is stochastic, probably has an 
important role. However, variants in other genes, as well as epigenetic 
modifications, could also contribute to this phenomenon. The effect 
of environmental exposures such as infection, inflammation or diet, 
on the phenotypic heterogeneity is unclear, especially because each of 

these factors affects mTOR signalling. These knowledge gaps make it 
very difficult to provide a prognosis for a newborn with TSC. Predicting 
future manifestations would permit more precise treatment options 
for families. Moreover, identifying biomarkers of TSC and TSC severity 
is a highly sought-after goal of this field. Such biomarkers could also 
help to accelerate clinical trials by helping to stratify participants and 
possibly detect target engagement and provide early response signals.

Although rapalogues have changed the landscape of clinical 
practice and research in TSC, they do have side effects that can be 
dose-limiting. For SEGAs, they do not result in complete tumour reso-
lution, and whether or when treatment can be stopped is unclear. 
Moreover, rapalogues are only efficacious in a subset of patients with 
epilepsy, and they rarely result in seizure freedom, and they do not 
seem to be effective for TAND. In addition, some TSC manifestations 
are not reversed by rapalogues. Whether rapalogues do not inhibit 
mTORC1 sufficiently (rapamycin resistance) or this represents a truly 
mTOR-independent phenotype is unknown. There is growing interest 
in next-generation mTOR inhibitors, which may have better relative 
brain penetrance and more specificity towards mTORC1, or even inhibit 
the pathways downstream of mTOR, such as S6K. Some of these novel 
molecules are moving towards clinical trials and may provide important 
clues about the pathogenesis of TSC.

In addition to small molecules, anti-sense oligonucleotides (ASOs) 
and gene therapy are commonly tested and used in neurogenetic dis-
eases. The use of ASOs to augment TSC1 or TSC2 expression or reduce 
downstream targets that are increased by TSC1/2 deficiency may be 
possible. Alternatively, gene transfer using viral (or possibly non-viral) 

Box 2 | TSC-associated neuropsychiatric 
disorders
 

Behavioural
	• Aggression
	• Temper tantrums
	• Anxiety
	• Depressed mood
	• Self-injury
	• Inattention
	• Hyperactivity
	• Impulsivity
	• Language delay
	• Poor eye contact
	• Repetitive behaviours
	• Sleep problems

Psychiatric
	• Autism spectrum disorder
	• Attention deficit 
hyperactivity disorder

	• Anxiety disorder
	• Depressive disorder

Intellectual
	• Intellectual disability
	• Uneven intellectual profiles

Academic
	• Reading
	• Writing
	• Spelling
	• Mathematics

Neuropsychological
	• Sustained attention
	• Dual-tasking
	• Attentional switching
	• Memory recall
	• Spatial working memory
	• Cognitive flexibility

Psychosocial
	• Self-esteem
	• Self-efficacy
	• Parental stress
	• Relationship difficulties

For more information, see ref. 263. TSC, tuberous sclerosis complex.
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vectors could provide a gene replacement approach. TSC1 is small 
enough to be packaged into adeno-associated viruses (AAVs), which 
are the most commonly used delivery tool for the brain and show 
promise in preclinical models256,257. However, TSC2 is too large for AAV 
vectors, so approaches to miniaturize it through removal of potentially 
non-obligate domains in the middle of the peptide (that is, construc-
tion of a mini-gene) are being evaluated258. The questions with these 
approaches are whether they change gene expression in the right cells, 
at the right time and at the right dosage. Overexpression of TSC1 or 
TSC2 does not seem to have any adverse effects on cellular function, 
which is a major advantage of these potential approaches. However, the 
pathogenesis of TSC is complex, with both haploinsufficiency and loss 
of heterozygosity having a role in disease. Thus, non-cell-autonomous 
interactions between cells carrying heterozygous and homozygous 
TSC variants may be difficult to model preclinically. Human induced 
pluripotent stem cell-derived organoids have been developed and 
allow an experimental platform for testing these hypotheses before 
clinical application128,259–261. Therefore, ongoing support for basic and 
translational research is essential to future clinical progress in TSC.

Published online: xx xx xxxx
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