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Abstract

Purpose Tuberous sclerosis complex (TSC) is a rare autosomal dominant genetic disorder that affects multiple organ sys-
tems. Mutations in the TSC1 and TSC2 genes result in the constitutive hyperactivation of the mammalian target of rapamy-
cin (mTOR) pathway, contributing to the growth of benign tumors or hamartomas in various organs. Due to the implication
of mTOR pathway dysregulation in the disease pathology, increasing evidence supports the use of mTOR inhibitors for
treating multiple manifestations of TSC.

Methods In this study, we conducted a retrospective analysis of clinical findings and treatment data from 38 patients diag-
nosed with tuberous sclerosis who were followed up in the Pediatric Oncology Clinic between 2010 and 2020. We collected
information on patients’ ages, genders, affected sites, familial history, imaging findings, presence of tumors, and treatments.
Results Among the patients, nine individuals with TSC manifestations were treated with mTOR inhibitors. Specifically,
everolimus was successfully administered to five patients with inborn cardiac rhabdomyoma causing hemodynamic impair-
ment. In addition, two patients with refractory seizures received everolimus in combination with anti-epileptic drugs. A
patient with renal angiomyolipomas larger than 3 cm was treated with everolimus, while a patient with extensive facial
angiofibroma received topical sirolimus. All patients tolerated the mTOR inhibitors well, and the side effects were deemed
acceptable.

Conclusion The utilization of mTOR inhibition in TSC is expected to become more prevalent in clinical practice, as current
research is anticipated to provide a better understanding of the therapeutic roles of these treatments in TSC.
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Introduction
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& Tuberous sclerosis complex (TSC) is an autosomal domi-
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nant genetic disorder that commonly leads to the develop-
ment of hamartomas in multiple major organ systems [1].
The pathogenesis is driven by uncontrolled mTOR activa-
tion caused by de novo or inherited mutations in the TSCI
(Tuberous sclerosis complex 1) or TSC2 (Tuberous sclero-
sis complex 2) genes [2]. TSC1 is located on chromosome 9
(9934), while TSC2 is found on chromosome 16 (16p13.3),
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and they encode the proteins hamartin and tuberin, respec-
tively [3]. These proteins play a role in inhibiting the mTOR
pathway, which regulates cell growth and differentiation.
Defects in hamartin and tuberin proteins lead to the acti-
vation of the mTOR pathway [4]. Consequently, affected
patients experience neurological manifestations and develop
brain, lung, kidney, and skin lesions. Updated TSC consen-
sus recommendations established in 2012 recommend using
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systemic treatment with mammalian target of rapamycin
(mTOR) inhibitors in specific cases, offering an opportu-
nity to simultaneously address multiple manifestations of
TSC [5]. This retrospective study aims to evaluate the clini-
cal findings and treatment data of patients diagnosed with
tuberous sclerosis who were followed up in our clinic.

Methods

The study included a total of 38 patients who were diag-
nosed with tuberous sclerosis and followed up in the Pediat-
ric Oncology Clinic between 2010 and 2020. The patients’
records were retrospectively examined, and informa-
tion such as ages, genders, affected sites, familial history,
imaging findings, presence of tumors, and treatments was
recorded. The diagnosis was made based on the updated

Table 1 TSC diagnostic criteria

Diagnostic criteria according to the 2012 International Tuber-
ous Sclerosis Complex Consensus Conference

Definite diagnosis: Two major features, or 1 major feature with
greater than 2 minor features, or the presence of a TSC1 or TSC2
mutation of confirmed pathogenicity

Possible diagnosis: Either 1 major feature or greater than 2 minor
features

Major criteria:

Skin/oral cavity

* Hypomelanotic macules (n> 3, at least 5 mm in diameter)

* Angiofibromas (n>3) or fibrous cephalic plaque

* Ungual fibromas (n>2)

+ Shagreen patch

Central nervous system

* Cortical dysplasias (includes tubers and cerebral white matter
radial migration lines)

* Subependymal nodules

* Subependymal giant cell astrocytoma

Heart

* Cardiac rhabdomyoma

Lungs

* Lymphangioleiomyomatosis

Kidney

* Angiomyolipoma (n>2)

Eyes

* Multiple retinal hamartomas

Minor criteria:

Skin/oral cavity

* Confetti skin lesions

* Dental enamel pits (n>3)

* Intraoral fibromas (n>2)

Kidney

* Multiple renal cysts

Eyes

* Retinal achromic patch

Other organs

* Nonrenal hamartomas

Genetics: Identification of either a TSC1 or a TSC2 pathogenic
mutation in DNA from normal tissue is sufficient to make a definite
diagnosis.
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international diagnostic criteria for TSC in 2012 (Table 1)
[6]. The data extracted from the files were entered into the
Statistical Package for the Social Sciences 22.0 for Win-
dows (SPSS Inc.; Chicago, IL, USA) program. The patients
with tuberous sclerosis were analyzed regarding grouping,
percentages, and differences.

Patients and results

Of the 38 patients included in the study, 20 (52.6%) were
male, and 18 (47.4%) were female. The median age at the
time of diagnosis was 6 months, ranging from 1 day to 14
years, and the median follow-up period for the patients
was 7 years, ranging from 0.5 to 10 years. Eight patients
(21%) received their diagnosis during the neonatal period.
Ten patients (26.3%) had a positive family history of TSC,
and nine patients (23.6%) had consanguineous parents. The
most common presenting symptom was seizures, observed
in 23 patients (60.5%). Additionally, ten patients presented
with cardiac findings, while five exhibited skin lesions.

Cutaneous manifestations

Hypomelanotic macules were observed in all of our patients.
The lesions exhibited characteristics of angiofibroma,
appearing as pink-red papules were localized on the face
and observed in 15 (39.4%) patients. Two (5.2%) patients
presented with a “shagreen” patch and fibrous plaque. One
of the patients, a 15-year-old male, underwent treatment for
extensive facial angiofibroma with topical 0.1% sirolimus
for approximately two years. As no topical form of siroli-
mus is available in Turkey, the hospital’s pharmacy depart-
ment prepared a topical 0.1% sirolimus formulation using
sirolimus solution (Rapamune®, 1 mg/ml, Pfizer, Turkey).
The solution was compounded with soft white paraffin
using basic pharmacy equipment. Remarkably, the patient
did not experience any cutaneous adverse effects during
the course of the topical sirolimus treatment. After using
the 0.1% preparation for 3 months, there was a noticeable
reduction in both the erythema and size of the angiofibro-
mas (Fig. 1A, B).

Renal manifestations

Renal angiomyolipoma (RAML) was detected in 15
patients (39%), while multiple renal cysts were observed in
five patients (13%). Seven patients (18%) presented with
both angiomyolipomas and renal cysts. Renal ultrasonog-
raphy was conducted annually for follow-up purposes. In
all patients except one, the size of renal angiomyolipomas
did not increase by more than 0.5 cm during the follow-up
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Fig. 1 (A) Facial angiofibromas
of the patient before using topical
0.1% sirolimus. (B) The ery-
thema and size of the angiofibro-
mas decreased after using topical
0.1% sirolimus for 3 months

Fig.2 Axial T2 weighted and
coronal T1 weighted magnetic
resonance images of renal
angiomyolipomas (A,C) before
treatment and (B,D) after 1 year
of everolimus treatment

period. However, one patient experienced a significant
increase in the size of renal angiomyolipomas, with the
lesions exceeding 3 cm. In this case, a 17-year-old female
patient, treatment involved oral administration of everoli-
mus at a dosage of 10 mg per day for a duration of 2 years.
After 1 year of treatment, a remarkable reduction in volume
exceeding more than 50% was recorded (Fig. 2A-D).

Cardiac manifestations

A total of 21 patients (55%) were diagnosed with cardiac
rhabdomyoma. Three of these cases were identified through

prenatal fetal echocardiography, while six patients were
diagnosed during the neonatal period due to symptoms such
as murmur, arrhythmia, and cyanosis. Routine echocar-
diography for tuberous sclerosis screening detected cardiac
rhabdomyomas in 12 asymptomatic patients. In one patient,
surgery was performed at the age of 6 weeks due to severe
left ventricular outlet obstruction and hemodynamic impair-
ment. Among the remaining five symptomatic patients, treat-
ment involved oral administration of everolimus at 0.25 mg
twice daily, 2 days per week. Treatment was adjusted to
maintain blood everolimus levels between 5 and 15 ng/mL.
Remarkably, all of these patients responded favorably to
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mTOR inhibitor treatment within a few days (Fig. 3A, B).
The duration of treatment in these patients ranged from 3 to
12 months, after which it was discontinued. Although two
patients experienced minimal progression of cardiac rhab-
domyomas after discontinuing everolimus, they remained
asymptomatic. Close monitoring was implemented for these
patients, and no treatment restart was necessary.

Patients who underwent surgery or received medi-
cal treatment are currently being followed up and remain
asymptomatic. In the case of asymptomatic patients, sponta-
neous regression of rhabdomyomas was observed.

Neurologic manifestations

Brain magnetic resonance imaging (MRI) revealed normal
findings in only two patients (5%), while cortical/subcorti-
cal tubers and subependymal nodules were detected in the
remaining 36 patients (95%). None of the patients were
found to have subependymal giant cell astrocytoma. Among
the patients, 33 (87%) exhibited epileptiform abnormali-
ties with seizures, and one patient presented with infantile
spasms. All these patients received anti-epileptic therapy.
In two patients whose convulsions could not be controlled
with polytherapy, everolimus was administered. After 6
months, electroencephalographic data showed a decrease
in seizure frequency for both patients. With the addition of
everolimus to their treatment, these patients no longer expe-
rienced epileptic seizures and were able to transition from
anti-epileptic polytherapy to monotherapy. They continued
to receive a therapeutic dose of everolimus for 12 months.
In one of these patients, everolimus was gradually tapered
over six months and then discontinued after 18 months of
treatment. However, the other patient experienced epileptic
seizures during the tapering phase and required reintroduc-
ing a therapeutic dose of everolimus. After a few weeks, the
seizures ceased, and everolimus was gradually tapered off
after 30 months of treatment. Both of these patients are cur-
rently being followed up with anti-epileptic monotherapy.
All patients tolerated the mTOR inhibitors well, and
the side effects were deemed acceptable. Two patients

Fig. 3 Echocardiographic appear-
ances of multiple intracardiac
rhabdomyomas (A) before treat-
ment and (B) after 3 months of
everolimus treatment
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developed short-term grade II oral mucositis. Omega-
3-responsive transient hypertriglyceridemia developed in
other 2 patients. The characteristics of patients treated with
mTOR inhibitors are summarized in Table 2.

Discussion

The current management approach for TSC primarily
addresses symptoms through pharmacologic, surgical, or
behavioral interventions. Animal studies have shown the
potential benefits of utilizing mTOR inhibitors for manag-
ing various TSC symptoms, and these findings have been
successfully translated into clinical trials, resulting in sig-
nificant symptom relief. Specifically, everolimus, a first-
generation mTOR inhibitor, has received FDA (Food and
Drug Administration) approval for three indications related
to TSC: subependymal giant cell astrocytomas, renal angio-
myolipomas, and epilepsy [7].

Other TSC symptoms that may potentially benefit from
this class of medication are currently being investigated,
including cutaneous manifestations. Hofbauer et al. reported
a case of TSC with facial angiofibromas that showed
improvement after systemic sirolimus treatment following
a renal transplant [8]. This prompted further investigation
into the effect of sirolimus on angiofibromas. However,
systemic sirolimus is expensive and can cause oral mucosi-
tis and hypercholesterolemia [9]. As an alternative, topical
application of sirolimus was considered.

Wataya-Kaneda et al. [10] were the first to utilize topi-
cal sirolimus, either by crushing pills and mixing them
with vaseline or using a sirolimus solution. In our case, the
patient was treated with sirolimus solution compounded in
soft white paraffin. After 3 months of application, the facial
angiofibromas showed a reduction in size and paler appear-
ance, with no observed adverse reactions. However, the
angiofibromas increased in size and redness a few weeks
after discontinuing the treatment. Cinar et al. reported that
the efficacy of topical sirolimus diminished over time, but
repetitive usage was effective based on their prospective
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Table 2 Characteristics of patients treated with mTOR inhibitors
Patient Treatment age/ Treatment Indication mTOR Treatment Adverse Event
Gender inhibitor Duration
1 1 year Refractory epilepsy Everolimus 18 months Mucositis oral
Female (Grade II)
2 2 years 4 months Refractory epilepsy Everolimus 30 months Hypertriglyceridemia
Male (Grade I)
3 17 years RAMLs>3 cm Everolimus 18 months -
Female
4 16 years 6 months Extensive facial angiofibroma Sirolimus 22 months -
Male (Topical
0.1%)
5 0 month Mutiple intracardiac rhabdomyoma/cyanosis Everolimus 6 months -
Male
6 0 month Left ventricle outlet obstruction/ rhabdomyoma  Everolimus 9 months Hypertriglyceridemia
Male (Grade I)
7 0 month Mutiple intracardiac rhabdomyoma/cyanosis Everolimus 3 months -
Female
8 0 month Mutiple intracardiac rhabdomyoma/cyanosis Everolimus 6 months Mucositis oral
Female (Grade 1)
9 0 month Multiple intracardiac rhabdomyoma at left ven-  Everolimus 12 months -
tricular inflow and outflow tract /cyanosis
Male

Note. RAMLs =Renal angiomyolipomas

study evaluating the effectiveness and tolerability of topi-
cal sirolimus [11]. This suggests that the effect of topical
sirolimus is transient.

In our patient, topical sirolimus was restarted, and a
repeat treatment protocol is ongoing. Topical sirolimus is a
promising treatment option for facial angiofibromas due to
its minimal side effects and ease of application. It is antici-
pated that physicians will increasingly utilize this treatment
in the future.

The renal lesions are frequently observed in TSC and
their frequency increases with age. The most common renal
lesions are angiomyolipomas. Kingswood et al. reported the
effects of everolimus on renal angiomyolipoma in patients
with TSC who were being treated for subependymal
giant cell astrocytoma in the EXIST-1 trial, which largely
involved a pediatric population. They found angiomyoli-
poma response rates of 53.3% for everolimus and 0% for
placebo after a median treatment duration of 9.6 and 8.3
months, respectively. After 1 year of treatment, more than
80% of patients achieved a reduction in renal angiomyoli-
poma volume of over 50% [12]. Everolimus was also evalu-
ated for managing renal angiomyolipoma in the large phase
3 EXIST-2 trial. The angiomyolipoma response rate after
approximately 8 months of treatment was 42% in patients
taking everolimus compared with 0% in patients receiving
a placebo. This response rate increased to 54% in patients
treated with everolimus for a median of 29 months and 58%
after the open-label extension phase [13—15]. Based on the
results from the core phase of EXIST-2, mTOR inhibitors

are recommended as the first-line treatment for cases with
asymptomatic TSC-associated AML larger than 3 cm in size
[5]-

We initiated everolimus treatment in our asymptomatic
patient, who experienced a significant increase in the size of
renal angiomyolipomas (RAMLs) (>3 cm). If these tumors
continue to grow, TSC-RAML can lead to arterial hyperten-
sion and pose a risk of life-threatening hemorrhage, which
is the primary cause of TSC-associated mortality in such
cases [16]. After one year of treatment, our patient achieved
a reduction of more than 50% in the volume of RAMLs.
However, previous studies suggest that regrowth of TSC-
RAML may occur after the discontinuation of mTOR inhib-
itor therapy, and the optimal duration for this therapeutic
approach is yet to be defined [17, 18]. Luo et al. reported
that low-dose everolimus maintenance therapy is an effec-
tive strategy for controlling TSC-RAML following full-
dose induction therapy [19]. All of their RAML patients
underwent low-dose everolimus maintenance therapy for
at least 6 months after receiving standard-dose everolimus
induction therapy. Our patient also underwent low-dose oral
everolimus maintenance (5 mg/day) for 6 months following
1 year of induction therapy (10 mg/day). She is currently in
the tapering period, and her lesions have decreased in vol-
ume by more than 50% and remain stable.

Intracardiac rhabdomyoma, a benign cardiac tumor, is
observed in nearly 50% of TSC patients [20]. Cardiac rhab-
domyomas are among the earliest TSC lesions to appear
and can be detected on prenatal ultrasound as early as 22
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weeks of gestation [7]. They typically regress within the
first 3 years of life and are mostly asymptomatic. However,
in some cases, they may cause arrhythmia, valvular defects,
or cardiac failure, necessitating prenatal and postnatal sur-
veillance until regression occurs [21]. Symptomatic patients
can be managed with medication, and surgery is rarely
required. In our clinic, we identified cardiac rhabdomyomas
in 21 (55%) of the patients undergoing follow-up for tuber-
ous sclerosis. One patient with severe left ventricular outlet
obstruction and hemodynamic disorder underwent surgery.
This patient was diagnosed in 2010 when mTOR inhibitors
were unavailable as a treatment option at our clinic. Five of
our patients received everolimus treatment after prenatal or
neonatal diagnosis due to rhabdomyomas causing hemody-
namic impairment. All of these patients responded remark-
ably well to the treatment.

Neurologic manifestations of TSC include epilepsy, cor-
tical tubers, subependymal nodules, giant cell astrocytomas,
intellectual disability, autism spectrum disorder, and behav-
ioral problems. Cortical tubers and subependymal nodules,
considered hamartomatous lesions, are observed in 80-90%
of patients [22]. Cortical tubers are most commonly local-
ized in the frontal and temporal areas and are believed to
contribute to epilepsy and behavioral problems. Epilepsy is
the predominant medical disorder in TSC, affecting up to
96% of individuals [23]. During the presentation, two of our
patients had normal brain MRI findings, while cortical tubers
and subependymal nodules were detected in other patients.
Most of these patients exhibited epileptiform abnormalities
and experienced seizures. Various antiseizure medications
can be utilized for epilepsy in TSC. However, refractory
epilepsy remains a significant concern, as seizures persist
in over 60% of patients [24]. Although no mTOR inhibitors
are currently approved specifically for treating TSC-associ-
ated seizures, recent clinical evidence has shown promise
in this regard [25]. The EXIST-3 trial demonstrated the effi-
cacy of everolimus in patients with treatment-resistant focal
seizures [26]. We successfully controlled refractory seizures
in two patients by adding everolimus to their anti-epileptic
regimen. These findings indicate suggest that adjunctive
treatment with everolimus may be an effective option for
reducing refractory seizures.

In conclusion, a multidisciplinary approach involving
oncologists, neurologists, cardiologists, nephrologists, psy-
chiatrists, and genetic counselors is crucial for the success-
ful management of TSC. mTOR inhibitors are increasingly
utilized not only for the hamartomatous and oncologic man-
ifestations of TSC but also as adjunctive therapy for neuro-
logic manifestations. Future research will aim to define the
optimal use of mTOR inhibitors in TSC, including indica-
tions and dosages for both short- and long-term treatment.
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