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Additional clinical details

A 27-year-old gravida 2 para 0010 Caucasian female was referred for a fetal echocardiogram at
21 weeks’ gestation, revealing multiple homogenous masses, most prominently right ventricular
(RV) and left ventricular (LV) masses (Figure S1A) suggestive of cardiac rhabdomyomas. At 28
weeks, progressive mass size increase led to new left ventricular outflow tract (L\VOT) and right
ventricular outflow tract (RVOT) obstruction as well as mitral valve regurgitation (Figure S1B-

1D). Mild hypoplasia of the aortic isthmus raised concern for evolving aortic coarctation.

Supraventricular tachycardia (SVT) with 1:1 atrioventricular conduction at 220-240 beats per
minute developed in the fetus at 29 and 6/7 weeks. Signs of increasing fetal cardiovascular
compromise -- ascites, polyhydramnios, reversed a-wave flow in the ductus venosus, and
pulsatility in the umbilical vein with increasing RVOT and LVOT obstruction -- were noted.
After multidisciplinary discussion as well as discussion with the mother and her family regarding
risks of the proposed treatment, oral maternal sirolimus therapy was initiated. The potential for
hypertriglyceridemia, hepatic insult and bone marrow suppression were discussed with the
mother prior to initiation of maternal sirolimus therapy. Along with maternal risks, the lack of
data on mechanistic target of rapamycin (mTOR) use in pregnancy and unknown fetal risks were
reviewed, emphasizing that maternal sirolimus therapy may have no effect on fetal

rhabdomyoma.

Maternal sirolimus therapy was initiated at 30 weeks for a target maternal trough concentration

of 10 to 15 ng/mL. At the time of initiation of therapy, the echocardiographic dimensions of the



RV mass were 15.6 x 19.5 mm, and the LV mass measured 12.6 x 20.7 mm. A total of 12 mg of
sirolimus (6.3 mg/m?) administered during the first 48 hours of treatment resulted in a level of
2.1 ng/mL. An additional 22 mg (11.7 mg/m?), resulted in a level of 10.8 ng/mL, 19 hours post-
administration. Daily dosing was then initiated (average daily dose of 13 = 2 mg or 6.8 = 1.04
mg/m?) for an average level of 9.2 = 2 ng/mL over the course of therapy. Weekly maternal
triglycerides, liver function tests and lymphocyte counts were monitored. No elevation in
maternal liver function tests or lymphocyte suppression was present. An elevated triglyceride
level of 731 mg/dL (normal <150 mg/dL) was noted at 31 and 5/7 weeks. Interpretation of this
increase is limited since, to our knowledge, this can occur during pregnancy without sirolimus
treatment!, and normalized following pregnancy. Maternal digoxin and flecainide were initiated

for fetal rhythm management.

Daily and then weekly fetal echocardiograms and obstetrical sonograms were performed. Two
weeks after maternal sirolimus therapy initiation, tumor regression was appreciated at 31 and 5/7
weeks with significant improvement in biventricular outflow obstruction and normalization of
biventricular systolic function. Further tumor regression was noted at 32 and 6/7 weeks as well
as 34 and 6/7 weeks (Figure S2A-2D). Fetal SVT resolved within 24 hours of initiating maternal
antiarrhythmic therapy. Ascites resolved on ultrasound 4 days later. No arrhythmia was present
on follow-up monitoring with normal ductus venosus waveforms and normal umbilical artery
Doppler flow characteristics including normal pulsatility indices for gestational age. No growth

restriction was present on obstetrical monitoring.



Induction of labor was initiated secondary to intrapartum fetal bradyarrhythmia associated with
uterine hypersystole, leading to Caesarean section at 36 and 3/7 weeks. The placenta appeared
grossly normal. The maternal sirolimus level at delivery was 6.9 ng/mL. The cord blood
sirolimus level was 11.3 ng/mL, and the follow-up infant sirolimus level within 22 hours was 9.3
ng/mL (Table S1). Postnatal cardiac electrocardiography and telemetry revealed sinus rhythm
with frequent premature atrial contractions without tachyarrhythmia. An initial postnatal
echocardiogram confirmed a RV mass measuring 8.9 x 15.8 mm and LV mass measuring 8.2 x
17.2 mm with normal biventricular systolic function and no outflow tract obstruction. Despite a

mildly hypoplastic aortic isthmus, no coarctation was present.

Prenatally, the mother was counseled on the high likelihood of tuberous sclerosis complex (TSC)
in the fetus. The family declined prenatal diagnosis via amniocentesis and opted to pursue testing
on cord blood. TSC1/TSC2 sequence analysis and deletion/duplication analysis revealed a
pathogenic variant, ¢.1781delT (p.Val594Glyfs*35), in TSC1, confirming the diagnosis of TSC.
Parental genetic testing was not performed, but a pedigree review revealed no familial clinical

findings associated with TSC in parents or first-degree relatives.

Sirolimus was not administered to the neonate after birth given reassuring clinical findings and
the absence of outflow obstruction, despite the presence of masses on initial transthoracic
echocardiogram. At two months of age, however, outpatient follow-up while off sirolimus
therapy revealed regrowth of the rhabdomyomas and moderate RVOT obstruction with a peak

gradient of 58 mm Hg (Figure S3A and S3B). The infant was restarted on oral sirolimus therapy



at 1 mg/m? daily, for a goal level of 10 to 15 ng/mL. Weekly sirolimus levels, triglycerides, liver
function tests and lymphocyte counts were monitored without abnormalities (Table S1).
Transthoracic echocardiogram after three weeks on sirolimus demonstrated interval decrease in
rhabdomyoma sizes without ventricular outflow obstruction (Figure S3C and S3D). Sirolimus
was discontinued at 4.5 months of age after tumor regression, but at 5 months of age the patient
noted to have interval tumor regrowth again. Sirolimus therapy was restarted with the plan to
continue therapy and monitoring until complete regression. The goal sirolimus level was

decreased to 5 to 8 ng/mL to decrease risks of side effects.

Outpatient follow-up with TSC specialists have revealed no clinical seizure activity and the
infant has remained off of anti-epileptic therapy. Fetal as well as initial postnatal brain magnetic
resonance imaging have shown no brain masses, with the plan for repeat brain imaging at 1 year
of age. The only other clinical manifestations of TSC are hypomelanotic macules. As there are
concerns about growth and development in infants exposed to mTOR inhibitors during fetal life
and postnatally, these clinical parameters have been followed closely. At 9 months old the infant
was at the 89™ percentile for weight and the 99" percentile for height based on the World Health

Organization girls, 0-2 years reference charts. All developmental milestones have been met.

Additional discussion

Rhabdomyoma is the most common cardiac tumor in fetal life, accounting for 60-86% of
primary fetal cardiac tumors. Up to 96% are associated with TSC?*. Most regress naturally

within the first 2 to 4 years of life?3. However, large tumors can cause arrhythmia or flow



obstruction. Prenatal predictors of poor neonatal outcome include cardiac tumor size (diameter
>20 mm), fetal dysrhythmia and hydrops fetalis®. Treatment, both surgical and medical, has been

limited to the postnatal setting.

The clinical challenge in this case was how to support the fetus or premature infant with severe
hemodynamic impairment until natural regression occurred. When fetal cardiovascular
compromise is present, management options during fetal life have predominantly been limited to
prenatal rhythm control or early delivery. No medical or interventional options have been
described prenatally to specifically target inhibition of tumor growth. Several options were
considered given our patient’s gestational age with possibility of ongoing tumor progression in
utero, including the risks associated with prematurity if delivered. Our multidisciplinary team
took into consideration that rapid rhabdomyoma growth mainly occurs between the second and
early third trimester®®. Nir et al. demonstrated in three subjects that growth of rhabdomyomas
either plateaus or decelerates relative to ventricular apex-base length, which steadily grows
throughout gestation®. Chao et al. demonstrated that of 77 cases with data on tumor size, 9

(11.7%) increased in size and only a single case regressed in utero®

No known fetal surgical interventions to date for rhabdomyomas are described in the literature.
Postnatal surgical intervention is considered when tumors result in significant hemodynamic
abnormalities, although this is not without risk®. Padalino et al. demonstrated overall good
outcomes in patients who underwent postnatal rhabdomyoma surgical resection; however, a 31%

postoperative complication rate was noted®. This complication rate is primarily due to difficulty



of large myocardial tumor debulking in a neonatal heart with risk to surrounding cardiac
structures and the conduction system as well as hemodynamic instability prior to intervention in
a premature infant®. Ex-utero intrapartum treatment (EXIT) to extracorporeal membrane
oxygenation (ECMO) was considered given bilateral outflow obstruction, but posed considerable
constraints due to patient size and potential length of cardiopulmonary support while awaiting
tumor regression. Lack of medical utility of postnatal prostaglandin therapy or single ventricle

palliative surgery for bilateral outflow tract obstruction was also discussed.

Recent case reports using mTOR therapy in infants as a pharmacologic alternative to surgery
have demonstrated successful cardiac rhabdomyoma regression’°. This postnatal medical
therapy offered a possible prenatal intervention. Therefore, given the significant risk of mortality
and lack of other feasible therapeutic interventions at 30 weeks gestation, maternal sirolimus

therapy was initiated.

It is known that pathogenic variants in TSC1 and TSC2 genes cause hyperactivity of mTOR,
which enhances cellular proliferation and growth. Sirolimus was chosen for its mechanism of
action as an mTOR inhibitor and feasibility of drug level monitoring. Careful consideration was
given to safety and pharmacokinetic profiles to maximize anticipated benefit. Sirolimus is
currently a pregnancy category C° drug, with limited clinical data in pregnant women. The
largest populations of obstetrical patients in whom mTOR inhibitors, and sirolimus specifically,
have been studied are renal and liver transplant recipients. No adverse effects on fetal

development or increased incidence of congenital anomalies are reported 116,



Maternal dosing was based on established dosing recommendations for solid organ transplant
recipients!’”*8 . The higher concentration trough goal of 10 to 15 ng/mL was employed given
absence of significant adverse effects!”1%2° and the need to intervene expeditiously. Dosing was
also based on potential limitations of sirolimus placental crossing including a molecular weight
of 914 daltons and high plasma protein binding of 92%° which may impede transfer through
lipid-bilayer membranes, including the placenta. Additionally, we recognized that sirolimus is
primarily metabolized via P-glycoprotein (Pgp) efflux and the cytochrome-3A4 (CYP3A4)
enzyme, both of which are expressed in the full-term human placenta®??, This placental and
possibly fetal liver enzyme expression further confounds the pharmacokinetics of the fetus. We
acknowledge that there is no known maternal dosing for any fetal indication, specifically cardiac
rhabdomyomas. It is quite possible that based on the cord blood level in this case, lower maternal
dosing could have had similar clinical response in the fetus. While we cannot state by which
route the placental transfer predominantly occurred, the sirolimus cord blood level at birth at
163% that of maternal level makes it plausible that the transfer was preferentially by

unidirectional enzyme transportation.

While we were able to demonstrate that sirolimus crossed the placenta, the correlation between
tumor regression and initiation of maternal sirolimus therapy is based on observation alone. The
fetal rhabdomyomas rapidly declined in size after initiating maternal sirolimus therapy, which
presents a strong timing correlation. The observational evidence in this case is further
strengthened by the regrowth of the rhabdomyomas while off sirolimus therapy after delivery

and again at 4.5 months of age with regression while on therapy (see figure, printed

8



correspondence). With the decision to start postnatal sirolimus therapy, dosing was chosen at a
lower initial dose than used in a similar postnatal infant case report® to avoid side effects. The
decrease in tumor size in utero and postnatally with the initiation of sirolimus therapy obviated
the need for surgical intervention, neonatal ECMO or other less ideal treatments including single

ventricle palliation?®,

Our case lacks tumor histology due to successful avoidance of surgical intervention, although
characteristic imaging findings and confirmatory TSC1 testing make rhabdomyoma a likely
diagnosis*. This is a single report and outcomes or safety profiles cannot be generalized. Further
studies will need to be done to determine whether these results can be confirmed. With the
knowledge that mTOR inhibitors can cross the placenta, it is also unknown what impact the
medication could have on other TSC related tumors such as in the brain or renal locations. Our
patient did not have tumors in either of these locations so we could not describe any impact here.

While a favorable outcome was achieved, our observations remain limited to short-term follow-

up.

In summary, we have demonstrated in utero tumor regression of giant, obstructive, TSC-
associated cardiac rhabdomyomas (associated with a high mortality risk) using maternal
sirolimus pharmacotherapy. Further study is required to confirm the effectiveness and safety of

maternal sirolimus use for regression of fetal cardiac rhabdomyoma.



Supplementary Figures:

Figure S1. Fetal echocardiography of cardiac rhabdomyomas in this patient. A. Initial fetal
echocardiogram demonstrating LV mass in a 4 chamber view, measuring 10 mm x 6 mm at
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21 weeks’ gestation. B. Fetal echocardiogram at 28 weeks’ gestation showing a new RV mass
and progressive growth of rhabdomyomas in apical 4 chamber view. C. Apical 5 chamber view
with color Doppler demonstrating flow acceleration across the LVOT related to LV mass. D.
Short axis view demonstrating obstruction by color Doppler in the RVOT due to mass. (RA:
right atrium; RV: right ventricle; LV: left ventricle; LA: left atrium; LVOT: left ventricle
outflow tract; RVOT: right ventricle outflow tract; *: rhabdomyoma).

Figure S2. Fetal echocardiogram of cardiac rhabdomyomas at 34 and 6/7 weeks’ gestation while
on maternal oral sirolimus therapy. A. 4 chamber view demonstrating decreased size of the LV
mass. B. Short axis view demonstrating decreased size of the RV mass. C. Apical 5 chamber
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view with color Doppler demonstrating laminar flow across the LVOT. D. Short axis view
demonstrating no obstruction by color Doppler in the RVOT. (RA: right atrium; RV: right
ventricle; LV: left ventricle; LA: left atrium; LVOT: left ventricle outflow tract; RVOT: right
ventricle outflow tract; *: rhabdomyoma).

Figure S3. Postnatal transthoracic echocardiogram in the same patient. A-B: Regrowth of cardiac
rhabdomyomas at 59 days of life while off sirolimus. A. Parasternal short axis showing the right
ventricular rhabdomyoma. B. Apical 4 chamber showing the left ventricular rhabdomyoma.

C-D: Transthoracic echocardiogram images at approximately 3 months of age after 2 weeks of
sirolimus therapy showing a decrease in size of both rhabdomyomas. C. Parasternal short axis
showing the right ventricular rhabdomyoma. D. Apical 4 chamber showing the left ventricular
rhabdomyoma. (RA: right atrium; RV: right ventricle; LV: left ventricle; LA: left atrium; RVOT:
right ventricle outflow tract; *: rhabdomyoma).
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Table S1. Laboratory Values and Concurrent Sirolimus Doses — Infant

Postnatal Age (Days)

Laboratory Birth 1 71 74 77 80 97 98 105 112 126 163
Parameter

(Reference

Ranges)

Creatinine 0.24 0.32 0.24 0.26 0.23 0.18 0.24
(0.5-1.2 mg/dL)

WBC 7.18 8.75 7.6 8.6 8.3 10.9 7.6 9.6 11.7
(9-30 K/cu mm)

AST 41 48 39 41 43 47 38
(16-60 U/L)

ALT 36 53 50 44 44 47 32
(14-54 U/L)

Triglycerides 173 138 124 94 130 192 106
(<150mg/dL)

Sirolimus Level 11.3 9.3 NA 5.9 13.4 11.5 7.6 5.3 6.6 9.7 8.1 8
Sirolimus Dose 0 0 0 1.1 1.1 1.1 0.97 0.97 1.29 1.94 1.71 2.1

(mg/BSA)
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