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Approximately 90% of primary cardiac tumors in children are benign, while 75% of cardiac tumors in adults
are benign and 25% are malignant. More than 60% of all cardiac tumors in children is diagnosed with cardiac
rhabdomyoma. Cardiac rhabdomyoma is commonly associated with tuberous sclerosis complex (TSC), which is
an autosomal dominant disorder caused by mutations in either TSCI gene or TSC2 gene. TSC is characterized by
development of benign tumors in multiple organ systems, including the skin, the brain, the heart, the lungs, the
kidney, and the liver. Cardiac rhabdomyomas are usually located in the ventricles, especially in the left ventricle,
and show multiple lesions. In fetus, cardiac rhabdomyoma can be detected at 20 weeks of gestation. Multiple
tumors in the ventricles detected by fetal ultrasound may suggest rhabdomyoma accompanied with TSC. Most
children with cardiac rhabdomyomas are asymptomatic. In some occasions, murmurs, arrhythmias, or heart
failure is noted. In particular, patients may present with congestive heart failure and rarely sudden cardiac death
when a tumor is located at the left ventricular outflow tract. The majority of cardiac rhabdomyomas are known
to regress spontaneously in utero and after birth. Because there is high probability of complete regression of the
tumor during early childhood, the treatment strategy is usually conservative. In some patients, however, surgi-
cal resection is required when the tumor causes severe obstruction with hemodynamic compromise or lethal
arrhythmias. Emerging recognition of mammalian target of rapamycin (mTOR) inhibitors in cardiac rhabdo-
myomas provides a targeted therapy. mTOR inhibitors appeared effective in treating TSC-associated tumors.
Recent studies reported that systemic mTOR inhibitors would confer a clinical benefit in regression of cardiac
rhabdomyomas in pediatric patients with TSC.

Keywords: cardiac rhabdomyoma, tuberous sclerosis complex, mammalian targets of rapamycin inhibitors

. of such tumors are benign, while approximately 10%
Introduction are malignant. Rhabdomyoma is the most common
Primary cardiac tumors are rare in pediatric pop- cardiac tumor in children seen in more than 60% of

ulation with extremely low prevalence. The majority all primary cardiac tumors."® Cardiac rhabdomyomas
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Fig. 1 Cardiac rhabdomyoma on echocardiography and cardiac MRI
a) Echocardiographic features. Echocardiography shows multiple rhabdomyomas located in both ventricles as hyperechoic
solid masses. Arrowheads show multiple rhabdomyomas. b) Cardiac MRI. Cardiac MRI shows solitary rhabdomyoma in the
left ventricle as hyperintense mass on T2-weighted images. Arrowhead shows solitary rhabdomyoma in the left ventricle.

Table 1 Echocardiographic and cardiac MRI features of cardiac tumors in children

Tumor Location

Echocardiography

Cardiac MRI

Rhabdomyoma Ventricle (LV>RV)

multiple >solitary

contiguous with myocardium
well-circumscribed hyperechoic mass

isointense to myocardium (T1)
hyperintense to myocardium (T2)

Fibroma Ventricle (LV free wall) heterogenous mass non-contractile mass
solitary>multiple calcifications delayed enhancement

Teratoma intrapericardial cystic and solid mass hypointense
solitary>multiple pericardial effusion

Myxoma atrium (LA>RA) mobile and heterogeneous mass hyperintense to myocardium (T2)

attachment to interatrial wall irregular borders

solitary>multiple

heterogeneous enhancement

LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

tend to regress over time, and spontaneous remission is
frequently the case in children. This histological type of
the cardiac tumor is commonly associated with tuberous
sclerosis complex (TSC).? Recently, mammalian target
of rapamycin (mTOR) inhibitors have been reported for
treating symptomatic cardiac rhabdomyoma in infants.
This review provides a brief overview of this entity of
disease summarizing information available, in addition
to current data regarding mTOR inhibitors in the treat-
ment of pediatric cardiac rhabdomyoma with TSC; the
agent may be used in the clinical practice.

Diagnosis
The physician should assess a cardiac tumor based on
its size, shape, site of attachment, and the area of exten-
sion. Echocardiography is an imaging modality com-
monly used for non-invasive screening and evaluation

of a cardiac mass in children, although echocardiogra-
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phy cannot provide the histopathological information.
Cardiac magnetic resonance imaging (MRI) can provide
further assessment of the tumor, including anatomical
information, especially useful for the decision making
process towards surgical resection. While cardiac MRI
is a preferred modality, it may have potential risks
associated with sedation or general anesthesia during
examination. Computed tomography (CT) can also
play an important role in evaluation for a cardiac mass,
providing anatomical information such as calcification,
and comprehensive assessment of metastatic disease.
Because the majority of primary cardiac tumors in chil-
dren are benign, CT has special reservations about the
potential for increased radiation exposure.

Table 1 shows the imaging characteristics of primary
cardiac tumors in children. Cardiac rhabdomyomas
are commonly multiple (in more than 60% of patients)
and multiple rhabdomyomas are highly associated with



TSC.% Cardiac rhabdomyomas are located on either
of the ventricles, especially on the left, with or without
outflow obstruction. Echocardiography can detect
rhabdomyomas as hyperechoic solid masses (Fig. la).
CT provides anatomical information such as the myo-
cardium contiguous with the tumors, or the nature of
the tissues of the tumors themselves. This modality
is helpful, as mentioned above, for comprehensive
assessment of metastatic disease.?” Cardiac MRI shows
isointense to myocardium on T1-weighted images and
hyperintense on T2-weighted images (Fig. 1b).” With
contrast-enhanced imaging, cardiac rhabdomyomas
appear as areas weakly enhanced. CT and cardiac MRI
are non-invasive diagnostic tools. The imaging features
from these modalities, although non-specific, are often
used to characterize the mass further, eventually facili-
tating diagnoses and guiding treatments.>” Histological
assessment remains as a gold standard for confirmation
of a pathological diagnosis.

Clinical Manifestations

Most children with cardiac rhabdomyoma are usu-
ally asymptomatic; some patients have heart failure or
arrhythmias.!> Presentation of such clinical symptoms
depends on the size and location of the tumor. After
birth, clinical symptoms are related to obstruction across
the inflow or outflow tracts of the ventricles. Outflow
tract obstruction is a potential risk of cardiac dysfunc-
tion due to impairment of coronary perfusion, lethal
ventricular arrhythmia, and sudden cardiac death.®10 A
huge cardiac tumor can cause left atrioventricular valve
stenosis and its hemodynamics resembles to hypoplastic
left heart syndrome during the neonatal period. Car-
diac rhabdomyoma may be noted coincidentally with
cardiac arrhythmia. The incidence of arrhythmias had
been reported to be 16 to 47% of cases!!"!¥ in children.
Wolft-Parkinson-White syndrome in children with
cardiac rhabdomyoma were ten times more frequent
than those in the general population (1.5% vs 0.15%).14
This suggests that tumor cells may create continuity
through the atrioventricular junction. As the cardiac
tumor regresses, this arrhythmia results in spontaneous
resolution. The majority of patients having cardiac
rhabdomyoma and Wolft-Parkinson-White syndrome
were asymptomatic. Among all arrhythmias, ventricular
tachycardia is commonest (6%) in children with cardiac
rhabdomyoma.'® Ventricular arrhythmia is a potential

risk of sudden cardiac death, but arrhythmic death is
rare in this setting.

Natural History

Approximately 80% of cardiac rhabdomyomas spon-
taneously regress and morbidity and mortality by the
lesion remain low.!%17) Because prognosis of cardiac
rhabdomyoma in children is commonly favorable, active
treatments for the tumor masses should be performed
only when symptomatic and life-threatening. The symp-
toms and the prognosis depend on the size and location
of the tumor, thus these features should be monitored
on echocardiography during follow-up. Less commonly,
cardiac rhabdomyomas may grow or newly appear
around 10-15 years old. The natural history of cardiac
rhabdomyoma in adolescents is possibly different from
those in younger children. After spontaneous regres-
sion of a tumor, cardiac rhabdomyoma may regrow in
puberty, especially in young girls.!¥ Rhabdomyoma can
develop under the endocardium or the epicardium. A
tumor in the sub-epicardial layer can stretch the coro-
nary artery when greater than 2cm in diameter, even
without hemodynamic compromise.!”

Cardiac Rhabdomyomas Associated
with TSC

Cardiac rhabdomyomas are found in approximately
50% of patients with TSC; in turn, more than 60% of
cardiac rhabdomyomas are associated with TSC. TSC
is inherited in an autosomal dominant trait and have
mutations in either of the tumor-suppressor genes TSCI
(9934) or TSC2 (16p14.3). The TSC protein complex
inhibits mechanistic target of rapamycin complex 1,
which controls cell growth, proliferation, autophagy, and
protein and lipid synthesis. Mutations in the TSCI and
TSC2 result in hyperactivation of the mTOR signaling
pathway, and subsequently resulting in the development
of tumor-like lesions called hamartomas.” Cardiac
rhabdomyomas were more frequent in patients with
mutation of TSC2 than those of TSCI mutation. In
addition, the clinical features of TSC include malforma-
tions of subependymal giant cell astrocytomas (brain
tumor), renal angiomyolipomas, facial angiofibromas,
and pulmonary lymphangioleiomyomatosis. The prog-
nosis is highly variable and depends on the severity of
symptoms in TSC patients. Life-threatening conditions
related to brain tumors, renal or pulmonary lesions,
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and, in general, cardiac rhabdomyomas, do not affect
prognosis in children with TSC. Cardiac rhabdomyomas
are usually larger in patients with TSC than in those
without.? Multiple tumors are common association with
TSC, causing outflow tract obstruction more frequently.
Therefore, genetic testing may be considered after birth
when tumors are multiple.

Although genetic testing is not required in every
patient with TSC, the test is useful to confirm or rule
out the circumstance in patients with cardiac tumor in
whom TSC is suspected but diagnostic criteria do not
entirely meet it. Genetic counseling can help the fam-
ily to make informed decisions about genetic testing,
especially when the child is already diagnosed with
TSC and the parents wish to have more children in the
future because the condition has 95% penetrance.¥
The mutations are spontaneous in 60% of patients while
the remaining are familial. TSCI gene variants are more
common in familial cases of TSC, while TSC2 gene vari-
ants occur more in sporadic cases. Patients with TSC2
gene variants have severer forms of TSC than those in
TSC1 gene variants.># After birth, the diagnosis of car-
diac tumors can be established in symptomatic patients.
Non-invasive test such as echocardiography is a useful
diagnostic tool for assessment of cardiac tumors. Diag-
nosis of TSC is based on updated international criteria.
Still, early diagnosis of TSC is a challenge.?) A definite
diagnosis of TSC is made when a patient has either 2
major features such as hypomelanotic macules and car-
diac rhabdomyoma, or 1 major with 2 minor features
such as confetti skin lesions. In general, the first sign
may be seizures or white patches on the skin. When TSC
is suspected, it may be possible to diagnose the condition
with a careful examination of clinical manifestations,

even in early infancy.

Fetal Rhabdomyoma

Fetal cardiac rhabdomyoma can be detected on 20
weeks of gestation and some cases are diagnosed at the
end of the third trimester. Many tumors of this type
grow until 32 weeks of gestational age, and eventually
get smaller during the first year of life.2!) This suggested
that hormonal stimulation in utero were associated with
tumor growth.?? Cardiac rhabdomyoma may present
during the prenatal period as fetal arrhythmia, heart fail-
ure, or hydrops. Prognosis of fetal hydrops is poor with
4 to 6% risk of stillbirth.29 A previous study demon-
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strated factors leading to difference in clinical outcome
between those with cardiac rhabdomyoma prenatally
diagnosed and postnatally diagnosed.?¥ Twenty fetuses
were diagnosed at 28 weeks of gestational age. Out of
these twenty, one died in utero, and 18 were delivered
at term. Although none had prenatal hemodynamic
complications, 7 (37%) required medical treatments
or surgical intervention after birth. On the other hand,
26 patients were postnatally diagnosed with cardiac
rhabdomyoma. The incidences of cardiac symptoms and
TSC were not different between the groups of patients
having prenatal and postnatal diagnosis. This study
suggested that cardiac rhabdomyoma are typically well
tolerated with a low risk of fetal death, and that natu-
ral prognosis of rhabdomyoma prenatally detected is
mostly favorable. In some cases, however, cardiac tumor
may develop during the fetal period and after birth,
resulting in reduced cardiac output due to intracardiac
obstruction.?’>2>24 Thus, the physician should monitor
the space-occupying tumor in fetuses and children.

Treatments

1. Surgical Resection

Since cardiac rhabdomyomas have a potential of
spontaneous regression, follow-up without surgical
procedures is sensible in children. Indication for surgery
is only against severe obstruction across the ventricular
outflow/inflow or lethal arrhythmias. A previous study
from the Hospital for Sick Children in Toronto docu-
mented outcomes of primary cardiac tumors located
at the right and left ventricular outflow tracts.!® Of 130
children in their series, 36 (28%) had a cardiac tumor at
either of the outflow tracts, with rhabdomyoma being
seen in 26 (72%). Fourteen out of 36 children had a
peak pressure gradient >20 mmHg across the outflow
tract. Twelve out of 36 (33%) underwent surgical repair.
These patients tended to be sicker clinically than those
in whom clinical course was conservatively observed.
One male patient died at 1 year old of acute obstruction
across the left ventricular outflow tract by a rhabdo-
myoma. This study suggested that surgical resection of
tumors should be considered for symptomatic patients
with significant hemodynamic impediments.

A multi-center study from European countries
reported clinical outcomes in 89 children undergoing
surgery for cardiac tumors (a median age 4 months old,
with a range from 1 day to 18 years), including 32 rhab-



domyoma (36%).25 Complete resection was achieved
in 62 (70%) patients, partial resection in 21 (24%), and
cardiac transplant in 4 (4.5%). There were no differences
in survival and adverse events after complete and partial
resection in benign tumors. This retrospective regis-
try revealed surgery for primary cardiac tumors had a
favorable outcome. According to no recurrence after
partial resection, surgery is one of effective strategies
for treating rhabdomyomas. Other retrospective studies
regarding surgical resection of cardiac tumors in chil-
dren demonstrated low mortality rate, especially for car-
diac rhabdomyoma.?*-2® Based on these previous data,
resection of tumors in the pediatric population is asso-
ciated with improvement of symptoms and good out-
comes. This is particularly true in patients with severe
obstruction presenting hemodynamic compromise and
refractory arrhythmias in whom surgical intervention is
pertinently indicated.

Surgical resection of a large cardiac rhabdomyoma,
however, is somewhat concerning, associated with lethal
complications such as arrhythmia and sudden death.
Moreover, a surgical technique through the aortic valve
to approach the tumor has been used for cardiac rhab-
domyoma causing left ventricular outflow obstruction.?®
The retrograde approach is still challenging because the
intracardiac maneuver through the aortic valve is limited
by the size of the aortic annulus. The tumor should be
removed in several pieces to avoid damage to the aortic
valve. Aortic valve insufficiency should not be induced
during the procedure, and that is why left ventricular
outflow obstruction remains as a surgical challenge.?”

2. Inhibitors of mTOR

Inhibitors of mTOR, such as Everolimus or Siroli-
mus, are molecularly targeted drugs. mTOR is a serine/
threonine kinase which controls cell growth, prolifera-
tion, metabolism, apoptosis, and angiogenesis (Fig. 2).
Children with TSCI or TSC2 mutations have hyperac-

Table 2 Summary of treatments with mTOR inhibitors

tivation of the mTOR pathway, leading to abnormal cell
proliferation including hamartoma. Only Everolimus is
currently approved, in the United States and Japan, for
treatment of subependymal giant cell astrocytomas and
renal angiomyolipomas. mTOR inhibitors have been
investigated for treating pediatric patients with TSC, and
are also potential therapeutic agents for cardiac rhabdo-
myoma in TSC.3%3 A systematic review demonstrated
that use of mTOR inhibitors (Everolimus and Sirolimus)
in children with TSC and cardiac rhabdomyomas was
effective and safe.’® In total, 41 patients were included
(from 0 to 18 years old). Most patients had mTOR
inhibitors administrated during the neonatal period
(71%) or infancy (19.5%). Duration of the treatment

Cell membrane

mTOR inhibitors

[ \
1 1
J (everolimus, !
! sirolimus) I
' 7

proliferation, metabolic, apotosis, angiogenesis

Fig. 2 The mechanism of action of mTOR inhibitors
This is a simplified overview of the PI3K-Akt-mTOR
pathway. mTOR is expressed threonine protein
kinase downstream of the PI3K and Akt. Dysreg-
ulation of mTOR is associated with malignant cell
transform, and Everolimus and Sirolimus inhibits the
mTOR signaling pathway. Akt, protein kinase B; GF,
growth factor; mTOR, mammalian target of rapamy-
cin; PI3K, phosphatidylinositol 3-kinase; S6K1, S6
kinase 1; RTK, Receptor Tyrosine kinase; 4E-BP1,
4E-binding protein 1.

mTOR inhibitor Num.ber of Age Initial dose Serum levels Efficacy® Reference number
patients

4 2-20 days 0.1 mg/day 5-15ng/mL Yes 32
Everolimus 1 neonate 0.1 mg/day 8ng/mL Yes 33

1 36 days 0.5mg/day not available Yes 34

1 3 days 0.25mg/day 69.7ng/mL Yes 35
Sirolimus 1 18 days 0.25mg/day 42.1ng/mL Yes 36

1 10 days 0.5mg/day 26ng/mL Yes 37

* Efficacy: size of tumor reduced or no clinical deterioration.
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was reportedly from 28 to 390 days (a median 70 days).
The initial dose for Everolimus was 4.5 mg/m?/week or
0.05 to 1mg/day, and that for Sirolimus 1mg/m?/day
or 0.25 to 0.5mg/day, although overall treatment doses
were various in these studies. Serum levels of Everoli-
mus and Sirolimus were targeted around 5-15ng/mL.
According to the report, as a whole, the size of cardiac
rhabdomyoma was reduced in 95%, and clinical condi-
tion improved in 91%. The 34 adverse events were noted
in 33 patients, their severity being mild in the majority.
Table 2 showed the characteristics of children treated
with Everolimus and Sirolimus from published studies.
These are non-randomized data, and lack of targeted
doses and serum levels is obvious. Because of the pre-
liminary nature, use of mTOR inhibitors should not be
widely justified for treatment of cardiac rhabdomyoma.
In addition, safety profile is still a major concern espe-
cially in premature neonate, because long-term adverse
effects remain unknown. Therefore, this treatment pro-
tocol should be applied in selected patients. Currently,
a placebo-controlled, double-blind phase II trial (ORA-
CLE; Everolimus for cardiac rhabdomyomas in tuberous
sclerosis) is conducted. This study has been started as
the first randomized clinical trial assessing the efficacy of
Everolimus as a specific therapy for symptomatic cardiac
rhabdomyoma in children with TSC.>”)

Conclusions

Clinical prognosis with cardiac rhabdomyoma is gen-
erally good owing to the spontaneous reduction of its
size. Surgical resection of tumors should be considered
to relieve mechanical obstruction. Efficacy and safety
of mTOR inhibitors in children have been reported in
case studies. A randomized, placebo-controlled study
with TSC related rhabdomyoma is currently conducted.
Nonetheless, many cardiac rhabdomyomas may regress
during conservative follow-up. Thus, it is difficult to
evaluate an obvious role of mTOR inhibitors in pediatric
rhabdomyoma. For the time being, observational studies
are informative for assessing the benefit and the risk of
treatment strategies in children. In the future, a national
registry for cardiac rhabdomyoma in children should be
organized at Japanese institutions.
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