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Abstract

Background: Tuberous sclerosis complex (TSC) results in neurodevelopmental phenotypes, benign tumors, and

cysts throughout the body. Recent studies show numerous rare findings in TSC. Guidelines suggest routine abdomi-
nal and chest imaging to monitor these thoracoabdominal findings, but imaging is not uniformly done across centers.
Thus, the prevalence of many findings is unknown. To answer this, we categorized the clinical reads of 1398 thoraco-
abdominal scans from 649 patients of all ages in the Cincinnati Children’s Hospital TSC Repository Database.

Results: Typical TSC findings were present in many patients: kidney cysts (72%), kidney fat-containing angiomyoli-
pomas (51%), kidney lipid-poor angiomyolipomas (27%), liver angiomyolipomas (19%), and lung nodules thought to
represent multifocal micronodular pneumocyte hyperplasia (MMPH) (18%). While many features were more common
in TSC2 patients, TSCT patients had a higher prevalence of MMPH than TSC2 patients (24% versus 13%, p=0.05). Many
rare findings (e.g., lymphatic malformations and liver masses) are more common in TSC than in the general popula-
tion. Additionally, most thoracoabdominal imaging findings increased with age except kidney cysts which decreased,
with the 0-10 years age group having the highest percentage (69% 0-10 years, 49% 10-21 years, 48% 21 4 years,

p <0.001). Finally, in our population, no patients had renal cell carcinoma found on abdominal imaging.

Conclusions: These results show that regular thoracoabdominal scans in TSC may show several findings that should
not be ignored or, conversely, over-reacted to when found in patients with TSC. Female sex, TSC2 mutation, and age
are risk factors for many thoracoabdominal findings. The data suggest novel interactions of genetic mutation with
pulmonary nodules and age with renal cysts. Finally, in agreement with other works, these findings indicate that sev-
eral rare thoracoabdominal imaging findings occur at higher rates in the TSC population than in the general popula-

tion. This work supports obtaining detailed thoracoabdominal imaging in patients with TSC.
Keywords: Tuberous sclerosis, TSC2, TSCT, MRI, CT, Renal angiomyolipomas, Renal cysts, Pulmonary nodules

Background

Tuberous sclerosis complex (TSC) is a rare genetic dis-
ease resulting in neurodevelopmental disorders and
benign tumors in multiple body organs with a highly
variable phenotype [1-4]. TSC is an autosomal dominant
disorder with a prevalence of 1 in 5000 to 1 in 10,000
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people [5, 6] caused by germline mutations of TSCI or
TSC2. Some patients have no mutation identified and
are later discovered to have mosaicism in TSCI or TSC2
[7]. TSCI and TSC2 encode hamartin and tuberin which
function to inhibit mTOR. In TSC, hamartin and tuber-
bin function is reduced allowing for overactivation of
mTOR [8]. In phenotype-genotype correlations, patients
with T7SC2 mutations tend to have a more severe pheno-
type compared to TSCI mutations [2, 4, 9, 10].

Patients with TSC are at high risk for autism and
epilepsy and thus are frequently followed by pediatric
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neurologists [11]. Therefore, lesions outside of the
nervous system have been slower to be characterized.
Current guidelines suggest abdominal imaging every
1-3 years for all patients with TSC and females older
than 18 should undergo additional screening for lym-
phangiomyomatosis (LAM) at least every 5 years with
chest imaging [12]. However, clinical manifestations
vary significantly from patient to patient ranging from
no findings to multiple thoracic and abdominal lesions
involving the heart, lungs, kidneys, liver, spleen, and
pancreas [13].

Recently, the Tuberous SClerosis Registry to
increase Awareness (TOSCA) study presented find-
ings associated with TSC based on provider reports
[11, 14]. In the TOSCA cohort, 17.3% of patients had
a rare diagnosis and 2.9% had malignancies [14]. This,
combined with thoracoabdominal findings of TSC
reported by our group, highlights that while the focus
of abdominal imaging is the renal manifestations of
TSC, other organs need to be assessed [13]. Further,
with the increasing use of mTOR inhibitors (mTORi)
as disease-modifying therapy, manifestations of TSC
beyond the hallmark manifestations of subependymal
giant cell astrocytoma, angiomyolipomas, LAM, and
epilepsy are increasingly relevant [15-21]. Indeed,
rare findings such as pancreatic neuroendocrine
tumors in TSC can also respond to mTORI treatment
[22].

While there are multiple reports of these thoracoab-
dominal findings in TSC, there has been little system-
atic study of findings of TSC on imaging [2, 11, 14, 23].
TOSCA was able to look at diagnoses across numer-
ous countries [11, 14]. While not all locations may be
performing the same thoracoabdominal imaging sur-
veillance, TOSCA found that the frequency of rare
manifestations in TSC patients varied based on age,
sex, and genetic mutation, with most findings more
commonly occurring in adults, females, or patients
with a TSC2 mutation [14]. The lack of existing data
and the links uncovered by TOSCA suggest that we
need to understand the prevalence of thoracoabdomi-
nal imaging findings in TSC to (1) better understand
genotype—phenotype associations, (2) assess risk for
patients developing rare findings, and (3) determine
best practices for surveillance and treatment of these
rare findings associated with TSC. To address these
issues, we performed a retrospective cohort analysis
of the Cincinnati Children’s Hospital Medical Center
(CCHMC) TSC repository database for the prevalence
of thoracoabdominal imaging findings as determined
by the clinical imaging reports of patients’ chest CTs,
abdominal CTs, and abdominal MRIs.

Page 2 of 10

Methods

This was a retrospective cohort study of all patients
enrolled in the Cincinnati Children’s Hospital TSC
Repository Database with a confirmed clinical or genetic
diagnosis of TSC who had thoracoabdominal imaging
(CT, MRI) performed at CCHMC before July 1, 2019.
The first and last imaging reports for MRI abdomen, CT
abdomen, and CT chest were included for each patient to
represent their disease course. This yielded 1398 thoraco-
abdominal scans from 649 patients of all ages. The earli-
est scan included in this dataset was from January 1997.
Age, genetic mutation, and whether the patient had ever
been prescribed a mTORi were additionally determined
for each patient based on a review of electronic medi-
cal records. It is common practice in the CCHMC TSC
Center, in agreement with guidelines, to obtain an MRI
abdomen (or CT abdomen) every 2-3 years in all patients
and a CT chest in females over the age of 18 every five
years (as well as males with symptoms).

Clinical imaging reports were reviewed and specific
findings were abstracted from the report. If the clinical
read used non-definitive language regarding findings,
two radiologists (ATT and AJT) reviewed the imaging to
determine the presence or absence of results. If there was
disagreement, a third radiologist served as a tie-breaker.
Initial interpreting radiologists as well as reviewers for
this study were aware of the patient’s diagnosis of TSC
but were generally not aware of the patient’s specific
genetic mutation unless that was included in the history
provided for imaging (uncommon at our institution).

The percentage of patients with a thoracoabdominal find-
ing in at least one of the two selected imaging examinations
per patient was calculated. Percent of patients with these
findings were categorized by sex (male/female) and genetic
etiology. Genetic etiologies were broken down into muta-
tions in TSCI, mutations in TSC2, patients with both T7SCI
and TSC2 mutations (TSC1/TSC2), no mutation identified
in the patient (NMI), patients with reported positive test-
ing but no results available at our institution (positive but
unknown), and no testing done (not tested). Additionally,
percentages of each finding were determined by binned age
at the time of scan (0—10 years, 10-21 years, and 21 4 years).
Chi-square analysis was performed for the frequency of
findings related to genetic mutation, age, and sex.

Results

Patient characteristics and imaging modalities used

In our 649-patient cohort, there was an even split
between sexes but, as consistent with prior studies and
known epidemiology of TSC [9], more patients had iden-
tified mutations in TSC2 than TSCI (45% versus 9%). Of
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the remainder with genetic testing performed, 1% iden-
tified mutations in both TSCI and TSC2 (TSC1/TSC2),
1% of results were unavailable, and 9% had no identifiable
mutation in either TSCI or TSC2 (NMI, Table 1). In this
cohort, 18 had TSC2-PKD1 contiguous gene syndrome,
a large TSC2 deletion, or a TSC2 mutation without a
report available to determine if they had contiguous gene
syndrome. Abdominal imaging for the included patients
was MRI abdomen only for 528 patients, CT abdomen
only for 66 patients, and 22 patients with both MRI and
CT abdomen. Of the 66 patients with CT abdomen only,
16 had vagal nerve stimulators as the likely reason for
CT imaging. All chest imaging included was from chest
CTs. As predicted from the TSC surveillance guidelines
[12], more women had chest CTs than men (Table 1).
The median age at time of scan was 17 years with a range
of 0-77 years old. Representative imaging findings are
shown (Fig. 1) but more detailed imaging characteristics
have been previously published[13].

Table 1 Demographics

Total Male Female
By patient
All patients 649 306 (47%) 343 (53%)
Genetics
TSC1 59 31 (53%) 28 (47%)
TSC2 289 137 (47%) 152 (53%)
NMI 59 31 (53%) 28 (47%)
TSC1/TSC2 8 6 (75%) 2 (25%)
Positive but unknown 9 6 (67%) 3(33%)
Not tested 225 95 (42%) 130 (58%)
mTORi
Yes 187 98 (52%) 89 (48%)
No 462 208 (45%) 254 (55%)
By scan
All scans 1398 605 (43%) 793 (57%)
Imaging type
CT abdomen 137 76 (55%) 61 (45%)
CT chest 280 53 (19%) 227 (81%)
MRI'abdomen 981 476 (49%) 505 (51%)
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Manifestations of TSC apparent by thoracoabdominal
imaging

Overall, 580 patients (89%) had findings on thoracoab-
dominal imaging. The most common thoracic findings
overall were lung nodules thought to represent multi-
focal micronodular pneumocyte hyperplasia (MMPH)
(18%), sclerotic bone lesions in the thoracic bones (14%),
and lung cysts (12%) (Table 2, Fig. 1A). The most com-
mon abdominal findings were renal cysts (72%), renal
angiomyolipomas (59% with any renal angiomyolipoma;
51% with lipid-rich angiomyolipomas, and 27% with
lipid-poor angiomyolipomas), hepatic angiomyolipomas
(19%), and sclerotic bone lesions in an abdominal or pel-
vic bones (15%) (Table 3, Fig. 1B-D). TSC patients are
reported to be at increased risk for renal cell carcinoma
[11, 24, 25]. However, no patient had imaging findings felt
to be consistent with renal cell carcinoma in our cohort,
even in patients > 40 years of age (N=126).

mTOR inhibitor use

Our study cohort spans the time where mTORi became
used more frequently in TSC. In our cohort, patients
from all ages were equally likely to be prescribed
mTORi (percent prescribed mTORi: 0-10 years=33%,
10-21 years old=37%,>21 years old 30%). Those pre-
scribed an mTORi had a higher prevelence of typical
TSC findings: renal cysts, renal fat-containing AMLs,
renal lipid-poor AMLs, hepatic AMLs, and lung nodules
(Table 4).

Sex differences

Thoracic findings overall were more common in females
(Table 2), primarily because women were four times more
likely to have chest imaging than men (Table 1). How-
ever, when only looking at those patients who received
chest CTs, lung cysts and thoracic sclerotic bone lesions
were still more common in women (Additional file 1:
Table S1). Lung cysts and nodules were most prevalent,
consistent with early or definite LAM and MMPH that
is known to occur in adult women with TSC [26]. Most
males (84%) had no CT imaging of the chest, as asymp-
tomatic males do not require LAM surveillance [12,
27, 28]. However, 60% of men with a chest CT showed

(See figure on next page.)

fat saturated abdominal MRI

Fig. 1 Representative imaging findings in TSC. A Axial CT chest in lung windows of 34 year old female with pulmonary nodules (black arrow)
and cysts (white arrows). B 29 year old female with large AML arising from left kidney (arrow) on coronal T2-weighted fat saturated MRI. C 7 year
old male with simple splenic and renal cysts (arrows) on axial T2-weighted fat saturated MRI. D 42 year old male with innumerable renal, hepatic,
and pancreatic (arrow) cysts on coronal T2-weighted fat saturated MRI. Patient has had no genetic testing but has a clinically-suspected diagnosis
of TSC2-PKD contiguous gene syndrome. E 5 year old male with abdominal aneurysm (arrow) on axial T2-weighted abdominal MRI. F 5 year old
female with lymphatic malformation (arrow) on axial T2-weighted fat saturated MRI. G 53 year old female with hepatic hemangioma (venous
malformation, arrow) on axial T2-weighted fat saturated abdominal MRI. H 15 year old female with hepatic adenoma (arrow) on axial T2-weighted
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Fig. 1 (See legend on previous page.)
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Table 2 Thoracic findings in TSC patients grouped by sex and gene
Lung cysts Lung Lung Thoracic Cardiac Cardiac Cardiac Thoracic Thoracic
nodules effusions AML rhabdomyoma fattyfocus aneurysms sclerotic lymphatic
bone lesion malformation
Total 77 (12%) 119 (18%) 46 (7%) 8 (1%) 8(1%) 38 (6%) 0 (0%) 90 (14%) 0 (0%)
(N=649)
Sex, N (%)
Male 10 (3%) 29 (9%) 16 (5%) 2 (1%) 3(1%) 12 (4%) 0 (0%) 14 (5%) 0 (0%)
(N=306)
Female 67 (20%) 90 (26%) 30 (9%) 6 (2%) 5(1%) 26 (8%) 0 (0%) 76 (22%) 0 (0%)
(N=343)
Gene, N (%)
TSCT(N=59) 1(2%) 14 (24%) 5(8%) 0 (0%) 1(2%) 2 (3%) 0 (0%) 7 (12%) 0 (0%)
7SC2 25 (9%) 39 (13%) 21 (7%) 4(1%) 5 (2%) 17 (6%) 0 (0%) 36 (12%) 0 (0%)
(N=289)
NMI(N=59) 3 (5%) 6 (10%) 1 (2%) 0 (0%) 0 (0%) 4(7%) 0 (0%) 6 (10%) 0 (0%)
TSC1/TSC2 1(13%) 2 (25%) 0 (0%) 0 (0%) 0 (0%) 1(13%) 0 (0%) 1 (13%) 0 (0%)
(N=8)
Positive but 2 (22%) 2 (22%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1(11%) 0 (0%)
unknown
(N=9)
NotTested 45 (20%) 56 (25%) 19 (8%) 4 (2%) 2 (1%) 14 (6%) 0 (0%) 39 (17%) 0 (0%)
(N=225)

AML angiomyolipoma

pulmonary nodules and 20% had pulmonary cysts (Addi-
tional file 1: Table S1), suggesting that men also are at risk
for pulmonary involvement even if overall prevalence
is much lower than that reported for females (Table 2).
Female patients had a higher prevalence than male
patients of most abdominal findings including kidney
angiomyolipomas, liver angiomyolipomas, sclerotic bone
lesions, and lymphatic malformations (Table 3). Further-
more, while multiple female patients had an abdominal
lymphatic malformation or an adrenal adenoma, no male
had these findings on abdominal imaging.

Genetic differences

Supporting the understanding that patients with 7SC2
mutations have a more severe phenotype [2, 4, 9], most
imaging findings were more prevalent in this group
(Tables 2 and 3). Specifically, there is a fourfold increase
in lung cysts (x’=4.14 p=0.04), a twofold increase in
renal angiomyolipomas (x’=14.14 p<0.001), and a
fivefold increase in liver angiomyolipomas (x*=6.96
p=0.008) if the patient has a TSC2 mutation compared
to TSCI mutation. Conversely, TSCI patients were more
likely to have lung nodules than TSC2 patients (x*=3.97,
p=0.05, Table 2).

Age differences

All thoracoabdominal manifestations of TSC increased
with age except for kidney cysts, which paradoxically
decreased with age (x>=42.39, p<0.001, Table 5).

Rare findings

In our cohort, eight patients had abdominal lymphatic
malformations, eight had renal arterial aneurysms, five
had abdominal aneurysms, and two had vascular stenosis
(see Fig. 1E, F). These were detected even though vascu-
lar imaging-specific sequences are not routinely done on
patients with TSC.

While renal lesions predominate in TSC and are the
primary reason serial abdominal imaging is recom-
mended in TSC, hepatic lesions were a frequent finding
(Fig. 1G, H). Specifically, hepatic masses (5 without a
specific read by the radiologist but differential included
benign or malignant tumors, 1 read as likely follicu-
lar nodular hyperplasia, 1 read as hepatocellular neo-
plasm, and 1 read as hepatic hemangioma) were found
more frequently than reported in the general population
[29]. Biopsy of one patient’s liver lesion showed hepatic
adenoma.

Cysts were also identified in the liver, spleen, and pan-
creas of patients with TSC (Table 3). Cysts were found in
patients not just with polycystic kidney disease or TSC2-
PKD1 contiguous gene deletion syndrome. In those with
liver cysts, 26/80 had no renal cysts or a T7SCI muta-
tion. Meanwhile only 2/23 of the splenic cysts patients
had clinically diagnosed contiguous gene syndrome
(no confirmatory testing, see example in Fig. 1D) and
12/23 patients were genetically confirmed not to have
TSC2-PKD1 contiguous gene syndrome (see example in
Fig. 1C).
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Table 4 Frequent findings in TSC patients based on mTORi prescription

Kidney cysts Kidney fat- Kidney lipid-poor  Liver AML Lung cysts Lung nodules
containing AML AML
mTORi prescribed 146 (79%) 110 (59%) 60 (32%) 41 (22%) 21 (11%) 40 (22%)
(N=186)
mTORi not pre- 320 (69%) 224 (48%) 117 (25%) 83 (18%) 56 (12%) 79 (17%)

scribed (N=463)

AML angiomyolipoma, mTORi mTOR inhibitor

Discussion

Here we report the prevalence of thoracoabdomi-
nal imaging findings in a retrospective cohort of TSC
patients spanning 20 years of clinical surveillance. The
data add to the knowledge of TSC features observed
throughout the patient’s lifespan. Our results suggest,
with rare exceptions, that female sex, TSC2 mutation, and
increasing age contribute to the risk of developing TSC-
related thoracoabdominal findings. Additionally, several
findings, including aneurysms and hepatic masses, occur
at higher frequencies than expected in the general popu-
lation, reflecting possible novel contributions to the TSC
phenotype. Our results strongly support the recommen-
dation for detailed imaging of the entire abdomen, rather
than alternative modalities such as ultrasound focused
on kidneys alone, as the International TSC Consensus
Group reaffirmed in 2021 for guiding treatment decision-
making and monitoring responses [12].

Previous work in other TSC cohorts has yielded similar
results to our data [11, 14, 23], such as the prevalence of
renal angiomyolipomas (40-60%) [11, 23]. Similarly, the
prevalence of pulmonary cysts, a diagnostic hallmark of
LAM, was consistent with previous estimates of LAM
in TSC (7-28%) [11, 23, 26]. This is reassuring given the
differences in the composition of the study cohort (large,
long-standing single-center multidisciplinary TSC clinic
vs. multicenter cross-sectional studies) and ascertain-
ment methodology (direct imaging reports vs. clinician-
supplied diagnoses). Additionally, the prevalence of
findings in our older age group agrees with those in a
Spanish TSC adult cohort [23].

There are, however, some interesting differences
between our work and others. We found a higher prev-
alence of renal cysts in patients (72% compared to
23-44%, [11, 23]), which we suspect can be attributable
to the fact that cystic renal disease is a minor diagnostic
criterion in TSC, and therefore may be overlooked when
relying solely on clinician (or patient) reporting with-
out verification through direct assessment of the actual
images or radiologist’s reported findings. Additionally,
this might depend on the type of imaging modality used
in previous studies (MRI versus CT versus ultrasound).
For example, within our repository only 17 patients were

not included in this cohort because they only had renal
ultrasounds. Of those, 9 ultrasounds were read as nor-
mal, 7 had renal AMLs, 1 had renal cysts, and 2 had other
findings (nephromegaly and “nonspecific lesion”). Impor-
tantly, 2 ultrasounds read as normal had subsequent
MRIs after our study inclusion cutoff which showed renal
cysts. Another difference is the identification of sclerotic
bone lesions and cardiac rhabdomyomas, which can
partly be explained by the imaging modalities utilized.
MRI is recommended for abdominal surveillance rather
than CT or ultrasound in TSC due to the improved vis-
ualization of renal angiomyolipoma on MRI, especially
when lesions contain little or no fat [30]. While sclerotic
bone lesions would be more readily appreciated with CT,
renal angiomyolipoma represent a greater risk for clinical
complications and MRI utilization should continue to be
prioritized over CT for this reason [12]. Cardiac rhabdo-
myomas are best visualized by cardiac echocardiogram,
although dedicated cardiac MRI approaches exist for
high-resolution detection of rhabdomyomas and other
structural cardiac abnormalities [31].

Surprisingly, we had no imaging diagnosis of renal cell
carcinoma even though this has been associated with
TSC [11, 24, 25]. Within our cohort there were 3 renal
biopsies done at CCHMC. These were done after renal
transplant related to TSC2-PKD1 contiguous gene syn-
drome and not for concerns of renal cell carcinoma. We
are unsure why the radiologists do not suggest renal cell
carcinoma but there are several possibilities including
frequent imaging at our instituation to allow for compari-
son imaging, the use of MRI as a predominate imaging
modality (Table 1), influence of mTORi treatment, or a
bias in the images included. While imperfect to suggest
this is not a biased cohort, no patient had a diagnosis of
renal cell carcinoma in the electronic medical record to
suggest that they received treatment elsewhere for renal
cell carcinoma. Multicenter studies looking at repeated
MRI imaging from TSC patients, pathology-based diag-
noses, and treatment approaches are needed to under-
stand this finding.

In agreement with prior work [14], we found several
rare findings with a higher prevalence in our cohort than
reported in the general population. Specifically, liver
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Table 5 Most frequent thoracoabdominal findings found in TSC patients grouped by age

Kidney Kidney Fat- Kidney Any Liver Lung Abdominal Thoracic Liver Lung Lung effusions
cysts containing lipid- AML AML nodules sclerotic bone sclerotic cyst cysts
AML poor lesion bone lesion
AML
0-10years (N=432) 296 (69%) 78 (18%) 58 (13%) 122 9%  3(1%) 7 (2%) 0 (0%) 9 (2%) 0(0%) 15 (3%)
(28%)

10-21 years 202 (49%) 201 (48%) 67 (16%) 228 60 (14%) 46 (11%) 33 (8%) 33 (8%) 4 (1%) 16 (4%) 11 (3%)
(N=416) (55%)
21+years (N=550) 265 (48%) 351 (64%) 112 (20%) 383 145 (26%) 109 (20%) 81 (15%) 74 (13%) 84 (15%) 104 (19%) 28 (5%)

(70%)

masses as a group were found in 1% of TSC patients,
although in the general population it is 1 in 100,000 to 1
in 1,000,000 [29]. Pathologic diagnosis to identify these
masses will help determine the relation between TSC and
liver lesions. We also found lymphatic malformations in
the abdomen at 1-2% based on the patient’s risk factors
(female sex and TSC2 mutation). This is consistent with
the already known association of congenital lymphatic
problems and TSC [32, 33]. Additionally, cysts within
multiple abdominal organs were found, regardless of the
status of TSC2-PKD1 contiguous gene syndrome diag-
nosis, suggesting that this could be the result of TSC-
specific pathways. However, not all rare imaging findings
may be TSC-related. Adrenal adenomas were rare in our
TSC cohort, occurring at a frequency similar to those
detected incidentally in the general population 0.5-2%
[34].

Many of our findings were not felt to be clinically sig-
nificant by the clinical team and thus biopsies or further
tissue work up has not been pursued. Thus, the direct
association with TSC has not been proven. Further work
looking at histopathology, incidence of imaging findings
in the general population, and the effect of mTOR! treat-
ment will help in our understanding. Most of these find-
ings are too rare to include as part of the TSC syndrome
diagnostic criteria but knowledge of these rare findings
found on screening MRIs and CTs should allow radiolo-
gists and TSC treating physicians to better discuss treat-
ment implications, subspecialty referral, and follow up
imaging. Furthermore, routine MRIs in children instead
of renal ultrasounds found these lesions that occur at a
higher incidence than the population allowing for inter-
ventions if needed before serious complications (see
Fig. 1E, F, and H).

It has previously been reported that females are more
likely to have rare findings in TSC and particularly have
higher rates of LAM [14, 28] and congenital lymphatic
disease [33], consistent with our results. Based on LAM
surveillance imaging recommendations [12], females
are more likely to have chest imaging, but abdominal
imaging was performed equally across sexes (Table 1).

Estrogen is thought to contribute to the risk for LAM
[12, 28], but it remains unclear if this or other factors
influence the prevalence of other TSC manifestations.
The link between estrogen and LAM is also thought to
explain why most male patients with TSC do not develop
LAM and therefore LAM surveillance imaging is not rou-
tinely performed in asymptomatic males [12]. Consistent
with these prior observations and clinical practice, males
in our cohort were less likely to have cysts and nodules.
We cannot say definitively if the nodules reported are due
to MMPH, which is associated with TSC, or other causes
such as past infections, smoking, or other chronic health
issues [35]. The latter could explain our observation that
pulmonary nodules did not exhibit a preference for TSC
patients with a mutation of TSC2, unlike most other
identified radiological findings in our study. Pulmonary
nodules were more likely to be found in patients with
mutation of TSCI rather than TSC2. We cannot explain
this observation and more analysis would be needed to
confirm this finding and investigate the underlying mech-
anisms involved, especially as that difference appears less
when looking only at patients who received chest CTs
(Additional file 1: Table S1). Regardless, the presence
of lung nodules and lung effusions should remind TSC
providers that lung findings in TSC are not exclusive to
females and to not ignore the possibility of pulmonary
TSC manifestations in males or seemingly less affected
patients with 7SC1 mutations.

Nearly all thoracoabdominal findings increased with
age (Table 5). This is not surprising as many imaging
findings such as angiomyolipomas and LAM are rou-
tinely not seen until the second or third decade of life [2,
11, 12, 28]. However, we found that renal cyst detection
decreased with age. Others have reported small studies
suggesting that younger patients had more renal cysts
detected [36]. It is possible that this is the natural history
of TSC renal cysts or that the increasing use of mTOR
inhibitors has decreased the prevalence of renal cysts in
the modern era [37]. In our cohort we only have whether
patients were prescribed mTORi or not. As a descrete
variable, mTORi treatment did not detect any difference
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in renal cysts (Table 4) but this is likely to indicate that
patients with more disease burden were more likely to be
on mTORis. Systematic study of cystic renal disease in
TSC is needed and an emerging area of active research to
better understand its underlying pathogenesis and natu-
ral history in TSC [38].

We do acknowledge our study has limitations. It is a
retrospective cohort at a single United States TSC center.
As such, the clinical decision-making for obtaining
imaging and the frequency thereof, imaging technolo-
gies available and corresponding acquisition protocols
utilized, and the interpretation of imaging results are
institution-specific. Also, the current study analyzed the
radiologist’s reported findings rather than re-evaluation
and scoring of the images themselves. Caution, there-
fore, must be given as images for each patient were not
re-reviewed. Thus some findings may be missed or sub-
ject to the variability of radiologists’ skill or reporting
practices. Furthermore, many patients may have imaging
performed at other institutions not included here, pos-
sibly altering the prevalence of specific findings. We did
not include ultrasound imaging as it does not cover the
entire abdomen or chest and thus any unique findings on
ultrasound are not counted in this cohort. Finally, we did
not track all scans from an individual patient to see how
their results changed, whether mTORIi impacted findings
on subsequent scans, or if reported findings were consist-
ently interpreted over time.

Conclusion

These data provide prevalence estimates of thoracoab-
dominal findings in a cohort of TSC patients receiving
routine screening imaging of the abdomen and chest.
Knowledge of these findings and their prevalence over
time will help TSC specialists and radiologists optimize
the frequency of imaging to monitor clinical disease and
increase awareness of rare imaging findings discovered on
imaging. Our data suggest that female sex, age, and T7SC2
mutations are associated with a higher risk for most find-
ings except pulmonary nodules and renal cysts. Future
work is needed to understand the disease progression of
abdominal and thoracic TSC manifestations, determine
which manifestations require intervention, and produce
best practices for thoracoabdominal imaging in TSC. Our
data, along with prior work, supports the use of routine,
detailed thoracoabdominal in TSC patients.

Abbreviations

CCHMC: Cincinnati Children’s Hospital Medical Center; LAM: Lymphangiomy-
omatosis; mMTORi: MTOR inhibitor; NMI: No mutation identified; TSC: Tuberous
sclerosis complex; TOSCA: Tuberous SClerosis Registry to increase Awareness.

Page 9 of 10

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513023-022-02277-x.

Additional file 1. Thoracic findings in TSC patients recieving a chest CT.

Acknowledgements

The authors would like to thank David Huddleston for help with data manage-
ment, Dr. Jonathan Dillman for providing the tie-breaking determination of
radiological findings, Molly Griffith and Adrienne Victory for data collection
and consenting of patients through the Cincinnati Children’s TSC Repository
database, and the Cincinnati Children’s TSC patients and families for their sup-
port and participation.

Authors’ contributions

DMR was responsible for analyzing data, drafting the manuscript, revising the
manuscript, and approving the final version. BKF was responsible for collect-
ing the data, analyzing the data, drafting the manuscript, and approving the
final version. DEF was responsible for collecting the data and approving the
final version. JW was responsible for collecting the data. DNF was responsible
for revising the manuscript and approving the final version. DAK was respon-
sible for designing the study, revising the manuscript, and approving the final
version. ATT was responsible for designing the study, revising the manuscript,
and approving the final version. AJT was responsible for designing the study,
analyzing data, revising the manuscript, and approving the final version. All
authors read and approved the final manuscript.

Funding

BKF was supported by a fellowship from the Office of Research at the
University of Cincinnati College of Medicine. DEF acknowledge support from
the German Tuberous Sclerosis Foundation (Tuberdse Deutschland e.V.). DAK
receives additional research grant funding from NIH National Institute of
Neurological Disorders and Stroke (U54-NS092090, U01-NS092090), FDA Office
of Orphan Products Development (R01-FD007275), and the TSC Alliance. The
funders had no role in the study’s design, data collection and analysis, or the
manuscript’s writing.

Availability of data and materials
All data generated and analyzed during this study are available in the pub-
lished manuscript.

Declarations

Ethics approval and consent to participate

All patients, or their legal guardian(s), consented for the Cincinnati Children’s
Hospital TSC Repository Database as approved by and study conducted
according to the CCHMC Internal Review Board (IRB #2012-2317).

Consent for publication

All patients, or their legal guardian(s), consented for publication as a part of
the Cincinnati Children’s Hospital TSC Repository Database as approved by the
CCHMC Internal Review Board (IRB #2012-2317).

Competing interests

DMR, BKF, DEF, JW, DNF, ATT, and AJT declare that they have no competing
interests related to this work. DAK recieves consulting and/or speaker fees
from Novartis Pharmaceuticals, Greenwich Bioscience, NobelPharma America,
and REGENXBIO. Unrelated to this work: ATT receives consulting fees from
Lantheus and AJT receives consulting fees from Applied Radiology.

Author details

'Division of Neurology, Cincinnati Children’s Hospital Medical Center, Cincin-
nati, OH, USA. 2Departmem of Pediatrics, University of Cincinnati College

of Medicine, Cincinnati, OH, USA. 3University of Cincinnati College of Medicine,
Cincinnati, OH, USA. 4Depar‘[ment of General Pediatrics, University Children’s
Hospital Muenster, Muenster, Germany. >The First Hospital of Yichang, Yichang,
China. ®Department of Radiology, Cincinnati Children’s Hospital Medical


https://doi.org/10.1186/s13023-022-02277-x
https://doi.org/10.1186/s13023-022-02277-x

Ritter et al. Orphanet Journal of Rare Diseases (2022) 17:124

Center, Cincinnati, OH, USA. ’Department of Radiology, University of Cincin-
nati College of Medicine, Cincinnati, OH, USA.

Received: 5 November 2021 Accepted: 7 March 2022
Published online: 15 March 2022

References

1.

Northrup H, Krueger DA, International Tuberous Sclerosis Complex
Consensus G. Tuberous sclerosis complex diagnostic criteria update:
recommendations of the 2012 linternational Tuberous Sclerosis Complex
Consensus Conference. Pediatr Neurol. 2013;49(4):243-54.

Crino PB, Nathanson KL, Henske EP. The tuberous sclerosis complex. N
Engl J Med. 2006;355(13):1345-56.

Franz DN. Non-neurologic manifestations of tuberous sclerosis complex. J
Child Neurol. 2004;19(9):690-8.

Kingswood C, Bolton P, Crawford P, Harland C, Johnson SR, Sampson JR,
et al. The clinical profile of tuberous sclerosis complex (TSC) in the United
Kingdom: a retrospective cohort study in the Clinical Practice Research
Datalink (CPRD). Eur J Paediatr Neurol. 2016,20(2):296-308.
Ebrahimi-Fakhari D, Mann LL, Poryo M, Graf N, von Kries R, Heinrich B,

et al. Incidence of tuberous sclerosis and age at first diagnosis: new data
and emerging trends from a national, prospective surveillance study.
Orphanet J Rare Dis. 2018;13(1):117.

Osborne JP, Fryer A, Webb D. Epidemiology of tuberous sclerosis. Ann N'Y
Acad Sci. 1991,615:125-7.

Tyburczy ME, Dies KA, Glass J, Camposano S, Chekaluk Y, Thorner AR,

et al. Mosaic and intronic mutations in TSC1/TSC2 explain the majority of
TSC patients with no mutation identified by conventional testing. PLoS
Genet. 2015;11(11):e1005637.

Huang J, Manning BD. The TSC1-TSC2 complex: a molecular switchboard
controlling cell growth. Biochem J. 2008;412(2):179-90.

Dabora SL, Jozwiak S, Franz DN, Roberts PS, Nieto A, Chung J, et al. Muta-
tional analysis in a cohort of 224 tuberous sclerosis patients indicates
increased severity of TSC2, compared with TSC1, disease in multiple
organs. Am J Hum Genet. 2001,68(1):64-80.

Caban C, Khan N, Hasbani DM, Crino PB. Genetics of tuberous sclerosis
complex: implications for clinical practice. Appl Clin Genet. 2017;10:1-8.
Kingswood JC, d’Augeres GB, Belousova E, Ferreira JC, Carter T, Castel-
lana R, et al. TuberOus SClerosis registry to increase disease Aware-

ness (TOSCA)—baseline data on 2093 patients. Orphanet J Rare Dis.
2017;12(1):2.

Northrup H, Aronow ME, Bebin EM, Bissler J, Darling TN, de Vries PJ, et al.
Updated international tuberous sclerosis complex diagnostic criteria

and surveillance and management recommendations. Pediatr Neurol.
2021;123:50-66.

Morin CE, Morin NP, Franz DN, Krueger DA, Trout AT, Towbin AJ.
Thoracoabdominal imaging of tuberous sclerosis. Pediatr Radiol.
2018;48(9):1307-23.

Sauter M, Belousova E, Benedik MP, Carter T, Cottin V, Curatolo P, et al. Rare
manifestations and malignancies in tuberous sclerosis complex: findings
from the TuberOus SClerosis registry to increAse disease awareness
(TOSCA). Orphanet J Rare Dis. 2021;16(1):301.

Franz DN, Krueger DA. mTOR inhibitor therapy as a disease modifying
therapy for tuberous sclerosis complex. Am J Med Genet C Semin Med
Genet. 2018;178(3):365-73.

Franz DN, Agricola K, Mays M, Tudor C, Care MM, Holland-Bouley K, et al.
Everolimus for subependymal giant cell astrocytoma: 5-year final analysis.
Ann Neurol. 2015;78(6):929-38.

Krueger DA, Wilfong AA, Mays M, Talley CM, Agricola K, Tudor C, et al.
Long-term treatment of epilepsy with everolimus in tuberous sclerosis.
Neurology. 2016;87(23):2408-15.

Krueger DA, Capal JK, Curatolo P, Devinsky O, Ess K, Tzadok M, et al. Short-
term safety of mTOR inhibitors in infants and very young children with
tuberous sclerosis complex (TSC): multicentre clinical experience. Eur J
Paediatr Neurol. 2018;22(6):1066-73.

French JA, Lawson JA, Yapici Z, Ikeda H, Polster T, Nabbout R, et al. Adjunc-
tive everolimus therapy for treatment-resistant focal-onset seizures asso-
ciated with tuberous sclerosis (EXIST-3): a phase 3, randomised, double-
blind, placebo-controlled study. Lancet. 2016;388(10056):2153-63.

Page 10 of 10

20. Franz DN, Belousova E, Sparagana S, Bebin EM, Frost M, Kuperman R,
et al. Everolimus for subependymal giant cell astrocytoma in patients
with tuberous sclerosis complex: 2-year open-label extension of the
randomised EXIST-1 study. Lancet Oncol. 2014;15(13):1513-20.

21. Bissler JJ, Kingswood JC, Radzikowska E, Zonnenberg BA, Frost M, Belou-
sova E, et al. Everolimus for angiomyolipoma associated with tuberous
sclerosis complex or sporadic lymphangioleiomyomatosis (EXIST-2): a
multicentre, randomised, double-blind, placebo-controlled trial. Lancet.
2013;381(9869):817-24.

22. Mowrey K, Northrup H, Rougeau P, Hashmi SS, Krueger DA, Ebrahimi-
Fakhari D, et al. Frequency, progression, and current management: report
of 16 new cases of nonfunctional pancreatic neuroendocrine tumors in
tuberous sclerosis complex and comparison with previous reports. Front
Neurol. 2021;12:627672.

23. De Sautu De Borbon EC, Guerra Vales JM, Lumbreras Bermejo C, Guerrero
Ramos F, Buj Padilla MJ, Gonzalez de la Aleja J, et al. Clinical, genetic and
quality-of-life study of a cohort of adult patients with tuberous sclerosis.
Orphanet J Rare Dis. 2021;16(1):243.

24. Yang P, Cornejo KM, Sadow PM, Cheng L, Wang M, Xiao Y, et al. Renal
cell carcinoma in tuberous sclerosis complex. Am J Surg Pathol.
2014;38(7):895-909.

25. Lam HC, Siroky BJ, Henske EP. Renal disease in tuberous sclerosis com-
plex: pathogenesis and therapy. Nat Rev Nephrol. 2018;14(11):704-16.

26. Cudzilo CJ, Szczesniak RD, Brody AS, Rattan MS, Krueger DA, Bissler JJ,
et al. Lymphangioleiomyomatosis screening in women with tuberous
sclerosis. Chest. 2013;144(2):578-85.

27. Adriaensen ME, Schaefer-Prokop CM, Duyndam DA, Zonnenberg BA,
Prokop M. Radiological evidence of lymphangioleiomyomatosis in
female and male patients with tuberous sclerosis complex. Clin Radiol.
2011,66(7):625-8.

28. Tian X, Glass JE, Kwiatkowski DJ, Towbin AJ, Li Y, Sund KL, et al. Lymphang-
joleiomyomatosis association with underlying genotype in patients with
tuberous sclerosis complex. Ann Am Thorac Soc. 2021;18(5):815-9.

29. Vijay A, Elaffandi A, Khalaf H. Hepatocellular adenoma: an update. World J
Hepatol. 2015;7(25):2603-9.

30. Halpenny D, Snow A, McNeill G, Torreggiani WC. The radiological diag-
nosis and treatment of renal angiomyolipoma-current status. Clin Radiol.
2010;65(2):99-108.

31. Beroukhim RS, Prakash A, Buechel ER, Cava JR, Dorfman AL, Festa P, et al.
Characterization of cardiac tumors in children by cardiovascular mag-
netic resonance imaging: a multicenter experience. J Am Coll Cardiol.
2011,58(10):1044-54.

32. Klinner J, Kruger M, Brunet T, Makowski C, Riedhammer KM, Mollweide
A, et al. Congenital lymphedema as a rare and first symptom of tuberous
sclerosis complex. Gene. 2020;753:144815.

33. Geffrey AL, Shinnick JE, Staley BA, Boronat S, Thiele EA. Lymphedema in
tuberous sclerosis complex. Am J Med Genet A. 2014;164A(6):1438-42.

34. Barzon L, Sonino N, Fallo F, Palu G, Boscaro M. Prevalence and natural
history of adrenal incidentalomas. Eur J Endocrinol. 2003;149(4):273-85.

35. Loverdos K, Fotiadis A, Kontogianni C, lliopoulou M, Gaga M. Lung nod-
ules: a comprehensive review on current approach and management.
Ann Thorac Med. 2019;14(4):226-38.

36. Castagnetti M, Vezzu B, Laverda A, Zampieri S, Rigamonti W. Urological
counseling and followup in pediatric tuberous sclerosis complex. J Urol.
2007;178(5):2155-9.

37. Siroky BJ, Towbin AJ, Trout AT, Schafer H, Thamann AR, Agricola KD, et al.
Improvement in renal cystic disease of tuberous sclerosis complex after
treatment with mammalian target of rapamycin inhibitor. J Pediatr.
2017;187:318-22 €2.

38. Kumar P, Zadjali F, Yao Y, Bissler JJ. Renal cystic disease in tuberous sclero-
sis complex. Exp Biol Med (Maywood). 2021:15353702211038378.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Prevalence of thoracoabdominal imaging findings in tuberous sclerosis complex
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Results
	Patient characteristics and imaging modalities used
	Manifestations of TSC apparent by thoracoabdominal imaging
	mTOR inhibitor use
	Sex differences
	Genetic differences
	Age differences
	Rare findings

	Discussion
	Conclusion
	Acknowledgements
	References


