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ARTICLE INFO ABSTRACT
Keywords: Objective: To explore the relationship between Tuberous sclerosis complex (TSC) and cardiac
Fetal cardiac tumor tumors at our institution over the past five years and to evaluate the value of imaging technol-

Tuberous sclerosis complex

ogies and genetic testing in the prenatal diagnosis of TSC.
Fetal echocardiography

Genetic testing Methods: Fetal echocardiography (FE) was performed in the whole population between 2016 and
Termination of breenanc 2020. Fetuses detected with cardiac tumor(s) were included. Fetal cranial magnetic resonance
preg y

Fetal cranial MRI imaging (MRI) and gene mutation tests were further examined. Those who declined genetic
testing were excluded in the final analysis.
Results: A total of 40 fetuses were included in our study. There were 27 cases performed cranial
magnetic resonance imaging (MRI) and the rest of 13 cases refused. Among 10 fetuses with
cranial lesions detected by MRI, all of them were eventually diagnosed with TSC. And for 17
fetuses without cranial lesions, none of them were identified with a pathogenic variation in gene
TSC1/2. The prevalence of TSC was significantly higher in the multiple tumors group than in the
solitary group (9/20 vs. 2/20, P = 0.034). 11 fetuses had TSC1 (n = 3) or TSC2 (n = 8) causative
or suspected causative mutations, of which 9 were sporadic mutations and 2 were familial
mutations.
Conclusion: Fetal cranial MRI should be recommended to evaluate brain lesions, and genetic
mutation should be examined, if possible, especially for those with multiple heart tumors. When
typical cardiac tumors and cranial lesions are detected, the diagnosis of TSC can almost be made
even without genetic mutation results.

1. Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by mutations in the TSC1 and TSC2 genes, which are
located on chromosomes 9934 and 16p13.3, respectively. The prevalence of TSC is estimated to be 1 in 6000 live births [1]. Classical
TSC is identified by the triad of facial angiofibroma, intellectual disability and epilepsy. TSC increases the psychological pressure and
economic burden on patients and has a considerable impact on the quality of their lives, especially on patients with symptoms of
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epilepsy and mental retardation [2]. Diagnosing this disorder is often complicated and delayed due to diverse manifestations and
varied ages at onset [3]. In addition to clinical manifestations, genetic criteria have been added to diagnose TSC in the second In-
ternational TSC Consensus Conference [4]. Several studies showed the beneficial role of early intervention in TSC patients and the
possibility of improving cognitive outcomes [4-8]. This strategy is currently applied in the multicenter European Commission, even
worldwide [9,10]. Therefore, early recognition and diagnosis of TSC have become the focus of recent studies [11].

Cardiac rhabdomyoma, the most common type of cardiac tumor [12], may be the initial manifestation of TSC according to previous
studies [13-15] and thus become a prenatal marker for TSC. Advances in fetal echocardiography technology have facilitated the
prenatal diagnosis of fetal cardiac rhabdomyoma. However, antenatal consultation for fetal cardiac rhabdomyoma remains chal-
lenging because cardiac rhabdomyoma may occur alone or in association with TSC. Besides, prenatal ultrasound has poor specificity,
and related specific brain or renal lesions may develop progressively after birth, making it difficult to diagnose TSC prenatally based on
clinical features alone. Fetal cranial magnetic resonance imaging (MRI) can be used to detect the cortical tuber, which occurs in more
than 90% of TSC patients. Therefore, MRI is useful in the prenatal diagnosis of TSC [4,16]. The primary aim of this study was to explore
the incidence of TSC in fetuses detected with cardiac tumors at our institution over the past five years. An additional objective was to
evaluate the value of fetal cranial MRI and genetic testing in the prenatal diagnosis of TSC.

2. Materials and methods
2.1. Subjects

From January 2016 to December 2020, a total of 17999 pregnant women and their families attended the Fetal Medicine Center of
Women’s Hospital, Zhejiang University School of Medicine. All women underwent fetal echocardiography, and those identified with
fetal cardiac tumors were included in the study. After obtaining informed consent, further examinations, including fetal cranial MRI
and genetic testing, were performed. Families who declined genetic examination were excluded.

3. Methods
3.1. Fetal echocardiography

According to the 2013 International Society of Ultrasound in Obstetrics and Gynecology guidelines, fetal echocardiography was
performed by a maternal fetal medicine specialist and a Voluson E8 ultrasound system (GE Healthcare, Zipf, Austria) using a Philip
iU22 color Doppler diagnostic ultrasound equipped with a transabdominal probe (model RAB4-8-D and C5-1). The number, size and
location of all cardiac tumors were determined and recorded.

3.2. Fetal cranial MRI examination

A GE Medical Systems LLC 1.5T Signa HDxt MRI scanner with gradient field strength was used. Standard cross-sectional, coronal,
and sagittal sweeps were performed during the fetal cranial examination, with all sequences taking less than 15 min.

3.3. TSC genetic testing and histological examination

For those who agreed to undergo the TSC genetic test, amniocentesis was performed from 16 weeks to 24 weeks of gestation, and
paracentesis of umbilical cord blood was performed after 24 weeks of gestation or paracentesis of peripheral blood was performed after
birth. If families chose to terminate the pregnancy, pathological autopsy was performed after the abortion, and fetal tissue samples
were taken for histological examination. Among the families who agreed to undergo genetic analysis after the termination of the
pregnancy, fetal tissue was obtained for DNA extraction. Peripheral blood samples of parents and other family members were also
collected. Approximately 20 ml of amniotic fluids was collected in aseptic tubes. Blood was stored using a 4-ml ethyl-
enediaminetetraacetic acid (EDTA) anticoagulation vacuum tube.

Genomic DNA was extracted from amniotic fluid, cord blood, aborted tissue, or peripheral blood using the Rapid Genetic DNA
Blood Kit (Huada Gene Corporation). We amplified 21 exons of the TSC1 gene, 40 exons of the TSC2 gene and their intron flanking
sequences by polymerase chain reaction (PCR)-mediated amplification using appropriate primers. All PCR products were sequenced
and analyzed with Illumina HiSeq 2500 following standard protocols. Next-generation sequencing of the PCR amplicons revealed full
coverage of all the exons and their intron flanking sequences. To detect the large deletions and duplications in both TSC genes, we
perform multiplex linkage correlation probe amplification (MLPA) reactions with MLPA kits for TSC1 and TSC2 (Huada Medical
Laboratory, Shenzhen). The pathogenicity of all variants was determined according to the sequence variant interpretation criteria and
guidelines developed by the American College of Medical Genetics and Genomics [17].

When pathogenic variation was identified, the family history was investigated and genetic testing was performed in the parents.
Clinicians and genetic counsellors analyzed and matched the biological information, clinical phenotype, clinical symptoms and
treatment status of each patient’s pedigree. Finally, a genetic diagnosis could be made based on the data.



N. Jin et al. Heliyon 9 (2023) 16980
3.4. Pathological autopsy and follow up of newborns

For those families who decided to terminate the pregnancy, informed consent of pathological autopsy was obtained. Neonates who
were delivered successfully have been followed up till three years after birth. Epilepsy status, cognitive/behavioral outcome, growth
and development , and other organ manifestations were followed and recorded every three months. This study was approved by the
Ethics Committee of the Women’s Hospital, Zhejiang University, School of Medicine ( IRB-20210332-R ).

3.5. Statistical methods

We divided all participants into 2 groups according to the number of cardiac tumors, and comparison of the prevalence of TSC was
made. Categorical variables were expressed as frequencies (percentage) and were compared using the Pearson y2 test or Fisher’s exact
test. Statistical analysis was performed using SPSS version 25 (IBM Corp., Armonk, NY, USA). A two-tailed P < 0.05 was considered
statistically significant.

4. Results
4.1. Clinical characteristics

Over the past five years (2016-2020), we identified 58 fetuses with cardiac tumors. Eighteen cases were excluded due to declining
genetic testing. Specific information of every included case is shown in Supplemental Table 1. The mean age of the pregnant women
was 28.9 + 6.4 years (range 20-40 years), and the mean gestational week when fetal cardiac tumor was identified was 29.2 + 4.5
weeks (range 22-40 weeks). The clinical characteristics of our study population are presented in Table 1. In total, 18 women chose to
continue the pregnancy and experienced successful deliveries. A total of 38.9% (7/18) of the women underwent cesarean section for
various indications. The median week of gestation at delivery was 38.3 weeks, and the mean neonatal birth weight was 3105 g. The
median length of stay in the neonatal intensive care unit (NICU) was six days, mainly due to TSC investigations and hospitalization for
observation.

4.2. Flowchart of the study

Fig. 1 depicts the overall flowchart of this study. Of 40 participants identified with fetal cardiac tumors, 27 fetuses underwent fetal
cranial MRI, and the rest declined. There were 10 patients with fetal cranial lesions, 8 of whom chose to terminate the pregnancy.
Among these aborted fetuses, pathogenic mutations were found in all samples. Two neonates with pathological lesions on cranial MRI
harbored mutant TSC gene. Seventeen fetuses were identified without cranial lesions in cranial MRI: 7 survived and were found to be
negative in the gene test and without the presence of clinical manifestations until three years after birth; 10 were aborted, and their
genetic analysis indicated that no mutation was found. Of the 13 participants who refused fetal cranial MRI, 9 chose to continue the

Table 1

Clinical characteristics of the prenatally diagnosed cardiac tumor(s) with follow-up data (n = 40).
characteristic Value
Maternal age (years) 28.9 (20-40)
GA at echocardiographic and ultrasound examinations (weeks) 29.2 (12240 )
GA at fetal cranial MRI (weeks) 30 (23-40)
Number of echocardiographic examinations 2(1-3)
Delivery 18
Abortion 22
Cesarean delivery 7 (38.9% )
Indication for Cesarean delivery
Previous Cesarean delivery 4(22.2%)
Failure to progress 1(5.6%)
Fetal presentation (breech/transverse) 2(11.1%)
Non-reassuring FHR pattern 1(5.6%)
GA at delivery (weeks) 38.3 ( 35.0-40.4 )
Live birth 18 ( 100.0% )
Birth weight (g) 3105 ( 2685-3750 )
Apgar score
1-min 8(5-10)
5-min 9(7-10)
Male-to-female ratio of neonates 11:7
NICU admission 18 (1100.0% )
Duration of stay in NICU (days) 6 (4-10)
Diagnosed with tuberous sclerosis after birth 3(16.7% )
Abnormalities of postnatal brain MRI in TSC cases 3(16.7%)

Data are presented as median (range) or frequencies (percentage).
GA, gestational age, MRI, magnetic resonance imaging, NICU, neonatal intensive care unit.
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Fig. 1. Flow chart for confirming the diagnosis of tuberous sclerosis complex with fetal cardiac rhabdomyomas.

pregnancy and experience a successful delivery. Among these 9 newborns, only one harbored a pathogenic mutation of the TSC gene,
and the other 8 children were genetically and clinically confirmed to not have TSC. In addition, 4 women chose to terminate the
pregnancy, and no mutation was found in their fetuses.

4.3. Fetal echocardiography

We divided 40 women into two groups according to the number of cardiac tumors (Table 2, Fig. 2), with half in the single tumor
group (ST group) and the other half in the multiple tumors group (MT group). The prevalence of TSC in the ST group was significantly
lower than that in the MT group (10.0% vs. 45.0%, P < 0.05). As Table 2 shows, the left ventricle (LV) was the most common location
where tumors occurred (28 cases), followed by the right ventricle (RV, 20 cases). There was no cardiac tumor located in the

Table 2
Comparison of clinical characteristics between solitary cardiac tumor group and multiple cardiac tumors group.
Total (N = 40) Solitary (N = 20) Multiple (N = 20)
Diagnosis of TSC 11 (27.50) 2 (10.00) 9 (45.00) *
Location
LV 28 11 17
RV 20 6 14
1vs 8 3 5
LA 2 0 2
RA 1 0 1
Pericardium 0 0 0
Abortion 22 (55.00) 9 (45.00) 13 (65.00)*
Delivery 18 (45.00) 11 (55.00) 7 (35.00)*

Data are presented as frequencies (percentage).

LV, left ventricle; RV, right ventricle; IVS, interventricular septum; LA, left atrium; RA, right atrium.

*, P < 0.05; #, P > 0.05.

There was a statistically significant difference in the positive TSC gene mutation rate of 45.0% in the fetal heart tumor multiple group and 10.0% in
the single group. (P = 0.034).
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Fig. 2. Fetal heart ultrasound showing cardiac tumors.

pericardium. In the MT group, 13 women chose to terminate the pregnancy. Compared to the high abortion rate in the MT group
(65.0%), there were only 9 women who terminated the pregnancy in the ST group (45.0%). However, this difference was not sta-
tistically significant.

4.4. Fetal cranial MRI

For those whose fetal cranial MRI results were positive, pathogenic changes were widely distributed within the brain (Fig. 3),
including subventricular, paraventricular, paraventricular white matter areas, lateral ventricles, and brain parenchyma. There were no
other combined abnormalities found in 5 cases and other abnormalities found in 5 patients (Supplemental Table 2).

4.5. TSC gene detection

Genetic testing for TSC was successfully performed in 40 fetuses and their families. The results for 29 fetuses and their families were
all negative. Among 11 fetuses with positive results, 3 harbored TSC1 mutations, and 8 harbored TSC2 mutations. All three TSC1
mutations were sporadic. Of the 8 TSC2 mutations, 6 were sporadic mutations, and 2 were familial mutations. The positive rate of TSC
gene testing was 45.0% in the multiple tumors group and 10.0% in the single tumor group; this difference was statistically significant.

Fig. 3. Fetal cranial MRI showing pathological cranial lesions.
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4.6. Pathological examination

There were totally 22 families choosing to terminate the pregnancy and all of them agree the autopsy. The results revealed that 21
cases had cardiac rhabdomyomas, including 13 cases of multiple rhabdomyomas and 8 cases of single rhabdomyomas. The rest one
involved single fibroma.

4.7. Follow-up results of 18 children

Twenty-two women and their families decided to terminate the pregnancy, while 18 fetuses were successfully delivered. We fol-
lowed up these children for three years. For the 18 children with fetal heart tumors, the tumors decreased or disappeared after birth in
16 children. Only two remained the same without progression, with no cases requiring surgical intervention. The 15 children with a
negative genetic result showed no clinical symptoms during three-years following period. Three patients were diagnosed with TSC and
treated with rapamycin after birth. One patient had central nervous system symptoms including epilepsy and growth retardation, and
got a satisfactory seizure control after drug treatment. The remaining two families actively selected drug treatment for cortical tubers
and the size of tubers remained stable.

5. Discussion

Advances in imaging technology and genetic analysis facilitate the diagnosis of TSC and prenatal consultation. Although a positive
result of molecular analysis is sufficient to confirm the diagnosis, the cost of genetic testing is high, and there are 10-15% of TSC
patients do not have mutations identified by conventional genetic testing [18,19]. Some specific clinical manifestations occur after
birth or even later. Therefore, it is still difficult for experts in fetal medicine to provide a clear diagnosis. Epilepsy is the most common
symptom appearing in 80-90% of patients, mainly in the first year of life. And there is a strong association between mental retardation
and epilepsy. In the large series of 160 patients from Mayo Clinic Gomez found that all patients with mental retardation had history of
epilepsy, and none without seizures had mental retardation [20,21]. Therefore, we followed for three years to ensure that out diagnosis
were relatively reliable. And we excluded the 15 gene-negative children from the diagnosis of TSC because no clinical symptoms
showed up during the follow-up period.

In our study, there were totally 22 families choosing to terminate the pregnancy for fetal cardiac tumor(s) and the percentage of
termination was over 50% (22/40). There were 14 aborted fetuses without pathogenic variations in TSC1/2. Despite there is possibility
that not all of these 22 cases are healthy, improvement of prenatal consulting is extremely needed to help parents make a better
decision.

Our study showed that those with lesions found by fetal cranial MRI were eventually diagnosed as TSC by genetic testing. However,
no one in the cranial MRI-negative group was confirmed as a TSC patient. This result again demonstrates the crucial value of fetal
cranial MRI. A previous study concluded that fetal brain MRI appears to be more sensitive than fetal brain ultrasound in the prenatal
diagnosis of TSC cerebral lesions because a proportion of cases diagnosed by MRI were initially reported as normal on US [22].
Considering its high diagnostic value and affordable cost, fetal cranial MRI is recommended for pregnant women with fetal cardiac
tumors. Furthermore, simple cardiac tumors without other lesions symbolized a better prognosis, mentally and physically [23,24].
Most of the delivered children in this study had cardiac rhabdomyoma that shrank or even disappeared after birth. Therefore, when a
single cardiac tumor is detected, if fetal cranial MRI and genetic testing are both negative, the risk of TSC is low.

Cranial cortical tuber can be detectable in ~80-90% TSC patients and thus be classified another major feature of TSC [23]. Chances
are that a TSC patient can have multiple cranial tubers in different size and location, which is speculated to be responsible for the
neurological symptoms [25]. Focal epileptiform interictal discharges mapped by intracranial electroencephalogram (EEG) frequently
superimpose with cortical tubers [26]. For pharmacologically refractory epilepsy, surgical resection of intracranial tubers could
alleviate seizures in the majority of TSC patients [27]. However, some studies indicated that perituberal region was also playing an
important role in epileptiform activity, besides tuber core [27,28]. Therefore, cerebral cortical tubers are the leading cause of seizures,
which demonstrates the significance of cranial MRI in the evaluation of prognosis of TSC. When cranial lesion is detected prenatally,
there is strong possibility that neurological manifestations will occur in the neonate sooner or later. However, there is also limitation in
fetal MRI. Considering low myelinization of the fetal brain, some cranial lesions may not be detected by imaging technology prenatally
and even in early neonatal period [11]. In our study, the median gestational age of MRI conducted is 30 weeks and there is possibility
that some cortical tubers cannot be detected.

In our study, we found that the prevalence of TSC in the single tumor group was significantly lower than that in the multiple tumor
group, which indicated that fetuses with multiple cardiac tumors were more likely to suffer from TSC. This result was consistent with
previous studies [15,29]. In their study, approximately 86% (32/37) of the fetuses with multiple cardiac tumors and 31% (5/16) of the
fetuses with a single cardiac tumor harbored TSC1 or TSC2 mutations and were genetically diagnosed with TSC [15]. Consequently,
the number of heart tumors might be of great significance to evaluate the possibility of TSC. Besides, there is higher incidence of single
heart tumor (50%) than that of other literature, the reason might be the exclusion of 18 cases who refused genetic testing. Among those
18 cases excluded, there were 15 cases with multiple heart tumors and 3 cases with solitary heart tumor.

TSC2 gene mutations are more common and are associated with more severe clinical manifestations. The incidence of TSC2
mutations is twice that of TSC1 in familial inheritance and 3.5 times that in sporadic cases [30,31]. J. Chen et al. [15] examined a total
of 53 pregnant women with fetal cardiac tumor(s) and performed TSC gene tests. They found that 37 fetuses harbored pathogenetic
TSC1 or TSC2 mutations, of which 25 were sporadic mutations and 12 were familial mutations. In addition, 6 mutations were located
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in TSC1, and 31 mutations were located in TSC2. The results of genetic testing in our study further confirmed the ratio of TSC1:TSC2 to
some extent. The incidence of TSC gene mutations is lower than that in other studies, and the reason might be the difference in races
and regions. The high detection rate of fetal cardiac tumors currently could also contribute to this bias. In addition, there exists
mosaicism and deep intronic mutations in TSC1/TSC2 genes, which could not be identified by conventional testing [19].

The prenatal diagnosis of TSC is complicated, and fetal echocardiography is the preferred screening technology. If pathological
variants in the TSC1 or TSC2 gene are identified, it is clear to diagnose the disease antenatally. However, high cost and long waiting
time make the popularization of genetic testing difficult to achieve. Most pregnant women are already in the late stage of pregnancy
when fetal cardiac tumors are detected. Definitive diagnosis and antenatal suggestions are required as soon as possible. Therefore, the
application of fetal cardiac ultrasound and cranial MRI to clarify the coexistence of fetal heart tumors and intracranial nodules can
improve the prenatal confirmation rate of TSC and optimize prenatal consultation for tuberous sclerosis.

Data from the surviving children in this study indicated that those with simple cardiac rhabdomyoma had a good prognosis and
satisfactory mental and physical development. Most of the children in this study had cardiac rhabdomyoma that shrank or even
disappeared after birth, which might be influenced by changes in maternal hormone levels and related to the pathological mechanism.
Rhabdomyoma cells are glycogen-rich heterotypic cells, most of which undergo vacuolation degeneration and apoptosis after birth.

Some limitations of the study should be acknowledged. This was a retrospective study, and only fetuses with primary symptoms of
cardiac tumors were included. For people with a positive family history, when they get pregnant, they could have been performed
particular examinations such as non-invasive prenatal testing or amniocentesis even before fetal heart tumor detected. Therefore, they
are not in the scope of our research. Those families who refused genetic tests were excluded from our study because the diagnosis of
these fetuses could never be confirmed after they chose to terminate the pregnancy. This exclusion might influence the incidence rate
of TSC. Besides, we excluded the 15 gene-negative children from the diagnosis of TSC because no clinical symptoms showed up on
them during the follow-up period. However, TSC related manifestations can develop with ages, and thus the diagnosis could be missed.
Considering that most of TSC symptoms develop with age, the incidence of TSC might be higher. In addition, the sample size was
relatively small. There were only 40 cases included in the final analysis, and 18 fetuses were diagnosed with TSC. There were fewer
infants with TSC who survived and the follow-up period was short, thus making the prognosis of TSC less convincing.

6. Conclusion

The disease of TSC has drawn more attention in clinical practice. For all cases where cardiac tumors are found, fetal cranial MRI is
recommended, and TSC genes need to be tested if possible. Fetuses with simple cardiac tumors usually have a good prognosis, and such
pregnancies should not be terminated before cranial lesions are detected. Although TSC gene pathogenic mutations have become an

independent diagnostic criterion, this affordable prenatal diagnostic test to detect typical cardiac and cranial lesions could still help to
confirm the disease.
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