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Abstract

Introduction: Early detection and monitoring for malignant arrhythmias is fundamental to
prenatal care in long QT syndrome (LQTS). Recently we studied the feasibility of isolating the
fetal electrocardiogram (fECG) and measuring electrocardiographic intervals with a non-invasive
fECG device using blind source separation with reference signal. Our aim was to evaluate the
ability of fECG to diagnose LQTS.

Case Presentations: We identified three cases of clinically-suspected LQTS based on fetal
echocardiogram (2 had sinus bradycardia, 1 had 2" degree atrioventricular block with negative
maternal anti-SSA/SSB antibody titers). With IRB approval, these patients were prospectively
enrolled for fECG acquisition. Offline post-processing generated fECG waveforms and calculated
QT intervals.

Case 1 and 3 had a maternal history of LQTS. Two of the three fetuses with suspected LQTS had
confirmed LQTS by postnatal ECG and genetic testing. FECG was able to identify a prolonged
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QTc interval in both cases. One of these also had fetal magnetocardiography (fMCG) which
yielded similar findings to the fECG. The last case fECG was normal; fMCG and postnatal ECG
were also normal.

Conclusions: In three cases, fECG findings corroborated the diagnosis of LQTS. Non-invasive
fECG may offer a novel method for fECG that is portable and more clinically accessible.

Keywords

congenital long QT syndrome; prenatal diagnosis; fetal electrocardiography; non-invasive;
arrhythmias

Introduction:

Prenatal diagnosis of congenital LQTS with close fetal monitoring is essential to the
management of susceptible fetuses in utero and during postnatal transition. Early detection
enables preventive measures such as correcting maternal hypomagnesemia or hypocalcemia,
as well as avoiding maternal QT-prolonging medications that could reduce the risk of
torsades de pointes (TdP) developing in the LQTS fetus (1). If malignant ventricular
arrhythmias such as ventricular tachycardia (VT) or TdP are detected, transplacental
treatment is recommended and highly successful (2-5). Additionally, specialized delivery
room care can be planned for (6) and primary prevention can be initiated immediately with
beta-blockade in the neonate (7).

Prenatal diagnosis of LQTS using conventional antepartum testing is challenging since fetal
electrocardiographic tracings are not conventionally available. In addition, the secondary
finding of fetal sinus bradycardia or decreased heart rate variability on cardiotocogram is
often subtle and may not be recognized as abnormal by routine obstetrical standards (8).

Fetal echocardiography is the conventional tool for evaluating the mechanism of an
abnormal fetal heart rhythm, but is limited by its assessment of atrial and ventricular
mechanical systoles rather than the cardiac electrical waveform (1,9). It cannot assess the
electrical waveform morphology or repolarization characteristics. Fetal
magnetocardiography (fMCG) is the current gold standard to precisely characterize fetal
heart rhythm and conduction, and has been well described in the diagnosis and management
of congenital LQTS (10-12). However, its need for expensive and highly specialized
equipment has geographically limited its clinical application (1,13).

The clinical application of fetal electrocardiography (FECG) has been historically limited by
technical challenges in extracting the low-amplitude fetal ECG signal from maternal noise
(14). A novel signal processing technique of blind source separation has shown improved
success in isolating fetal ECG activity and measuring cardiac electrical intervals (15-17).

This case series highlights the use of a non-invasive 12-lead fetal ECG device with blind
source separation with reference technique (IRIS™ by Atom Medical Company in Tokyo,
Japan) in the diagnosis and management of fetal LQTS. This case series is a part of a IRB-
approved research protocol at our institution with this device from which early work has
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been published (18). Written informed consent was obtained from all expectant women
prospectively enrolled in the study.

Table 1 summarizes the results of all three cases. A threshold of QTc interval of = 490ms by
fMCG has been shown to correlate with postnatal genetically confirmed LQTS (11).

Case Presentations:

Case 1:

Case 2:

A 21-year-old woman with familial LQTS (KCNEL1 and probable KCNH2 mutations) with a
transvenous ICD, status post left thoracic sympathectomy, and on maintenance beta
blockade was referred for a screening fetal echocardiogram at 23 weeks gestation. Fetal
echocardiogram revealed a structurally normal heart. Simultaneous pulsed Doppler
interrogation of the mitral valve and left ventricular outflow tract revealed normal sinus
rhythm with a lower heart rate of 120 bpm. The isovolumetric relaxation time was mildly
prolonged at 50 ms, which coupled with the lower heart rate was suggestive of LQTS in the
fetus (19,20).

Fetal ECG was performed that appointment and demonstrated normal sinus rhythm with a
prolonged QTc interval of 526 ms and T wave flattening, indicative of fetal LQTS. Notably,
fECG was able to isolate the fetal signal with a prolonged QT interval from the maternal
tracing with LQTS (Figure 1). The mother was referred for fMCG done at 25 weeks
gestation which showed an averaged QTc of 573 ms, consistent with LQTS. Fetal ECG was
repeated at 27 weeks gestation with similar findings to the prior fECG and the fMCG
(Figure 2).

Maternal serum calcium and magnesium levels were monitored regularly. Repeat fetal
echocardiogram at 27 weeks gestation was unchanged. She delivered a full-term baby at an
outside institution without complications. The baby was admitted to the special care nursery
with a QTc of 480-572 ms and biphasic T-waves on postnatal ECG. The baby had no
bradycardia or ventricular arrhythmia, and was discharged home with propranolol. Genetic
testing returned positive for a variant in the KCNH2 gene, confirming the diagnosis of
LQTS type 2.

A 37-year-old woman was referred for fetal echocardiogram at 20 weeks gestation after a
routine obstetrical ultrasound found fetal bradycardia. Fetal echocardiogram demonstrated a
structurally normal heart. Pulsed Doppler interrogation of rhythm revealed a heart rate of 60
bpm with second degree atrioventricular heart block. Given the possibility of autoimmune-
mediated heart block, transplacental treatment with dexamethasone was started and
subsequently discontinued once maternal anti-SSA/SSB antibody titers returned negative.

Repeat cardiac evaluations demonstrated persistent fetal sinus bradycardia, raising concern
for fetal LQTS. Fetal cardiac function remained normal and there were no signs of fetal
hydrops. Fetal ECG at 24 weeks gestation demonstrated sinus bradycardia with an averaged
heart rate of 86 bpm and prolonged QTc of 504 ms. An fMCG was unable to be done.
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With prenatal electrophysiology consultation, she delivered a full-term baby without
complications. In the delivery room, the baby’s heart rate was 140 bpm and no resuscitation
was required. Postnatal ECG demonstrated QTc prolongation to 484-527 ms with T-wave
abnormalities. After transfer to our institution, the baby was started on propranolol. Genetic
testing revealed a pathologic variant in KCNQ1, confirming the diagnosis of LQTS type 1.
Notably, parental ECGs were normal and so this likely represented a de novo mutation.

A 26-year-old woman with gene negative LQTS with a transvenous ICD and maintenance
beta blockade was referred for a screening fetal echocardiogram at 20 weeks gestation. Fetal
echocardiogram demonstrated a structurally normal heart. Pulsed Doppler rhythm
interrogation demonstrated normal sinus rhythm. Repeat cardiac evaluations revealed no
change in fetal or cardiac status, but the heart rate was lower at 115 bpm in the third
trimester.

Fetal ECG at 27 weeks found normal sinus rhythm at a rate of 143 bpm with normal QT
interval of 433 ms. The mother was referred for fMCG at 22 weeks which demonstrated a
normal fetal heart rate and normal averaged QTc interval of 451 ms — i.e., without evidence
of LQTS, as seen on fetal ECG (Figure 3).

She delivered a full-term baby without complications. The baby was seen in outpatient
cardiology clinic at 1 and 2 months of age with no clinical concerns. ECGs done at those
appointments had no concerns for congenital LQTS with normal QTc intervals and normal
T-wave morphology.

Discussion:

This case series is the first to feature the application of fetal ECG using blind source
separation in the diagnosis of fetal LQTS compared to the current gold standard tests of
fMCG or postnatal testing. In the two cases of confirmed LQTS on postnatal ECG and
genetic testing, fECG was able to identify a prolonged QT interval in both cases.
Significantly, one of these cases had maternal LQTS and fECG was able to isolate the fetal
signal with prolonged QT from the maternal tracing with LQTS. That case also had an
fMCG done whose findings suggestive of LQTS were similar to that seen on fECG. The
third case of clinically suspected LQTS based on fetal echocardiogram had a normal QT
interval on both fECG and fMCG with normal postnatal ECG testing, reinforcing the known
limitations of echocardiography to predict electrocardiographic abnormalities. Thus in our
series of three cases, fECG had high diagnostic accuracy for LQTS compared to
conventional gold standard testing.

Blind-source separation with reference technique may offer a novel, non-invasive method for
fECG that is portable and able to be acquired in a standard patient examination room and
thus, more clinically accessible (18). This is especially valuable in suspected congenital
LQTS in which frequent evaluation of the fetal heart rate and rhythm is essential.
Furthermore, fetuses at risk for or with clinically suspected LQTS should perhaps be
screened more than once since literature on fMCG in the diagnosis of LQTS has shown that
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a prolonged QT interval may not be evident until later in gestation on repeat testing (11).
Additionally, repeated evaluations in LQTS suspected fetuses are needed to monitor for
malignant arrhythmias such as long QT induced atrioventricular block and ventricular
tachycardia (1). Frequent screening and monitoring are not as feasible by fMCG in which
practice locations are limited. In addition, the acquisition time of fECG being only 10
minutes makes it easy to integrate into a busy clinical practice. Therefore, the high clinical
accessibility of fECG has the potential to significantly alter the clinical care of LQTS
susceptible fetuses.

At this time, there is limited data on the clinical application of fECG and further
advancements in the technology are needed for clearer fECG signal acquisition that can
more precisely filter out maternal noise and baseline wandering. Also, at this time fECG
post-processing and measurements of cardiac time intervals are made as part of clinical
research by a specialized team and not widely available for independent analysis. Early
results of fECG including this case series are promising however; more data is needed to
understand its diagnostic accuracy in fetal arrhythmias and conduction system disease.
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Established Facts and Novel Insights:

Established Facts:

Early detection and monitoring for malignant arrhythmias is fundamental to
prenatal care in congenital long QT syndrome (LQTS) to prevent perinatal
mortality.

Fetal magnetocardiography (fMCG) is the gold standard to precisely
characterize fetal heart rhythm and conduction, but has limitations.

Historically, fetal electrocardiography (fFECG) has been limited by technical
challenges in extracting the low-amplitude fetal ECG signal from maternal
noise.

Novel Insights:

A novel signal processing technique of blind source separation has shown
improved success in isolating the fetal ECG and measuring cardiac intervals.

This case series highlights the application of a non-invasive fECG device with
blind source separation (IRIS™ by Atom Medical Company in Tokyo, Japan).

In three cases of clinically-suspected LQTS, fECG had high diagnostic
accuracy compared to current gold-standard tests of fMCG and postnatal
testing.

More research on fECG in fetal arrhythmia and conduction disease is needed,
but early results are promising.
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Figure 1.
Case 1 fECG done at 23 weeks showing prolonged QT interval, isolated from the maternal

tracing with LQTS.
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Figure 2.
Case 1. Panel on the left is fECG tracing done at 27 weeks gestation, demonstrating low

fetal heart rate 125 bpm and prolonged QTc 544 ms. Panel on the right shows fMCG done at
25 weeks gestation; also showing a prolonged QT interval with averaged QTc 573 ms. Both
consistent with LQTS.
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Figure 3.
Case 3. Panel on left is fECG done at 27 weeks gestation normal QT interval (QTc 433 ms).

Panel on right is fMCG at 22 weeks gestation; also normal with an averaged QTc 451 ms.
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Table 1:
Summary of results
Case Number | Maternal LQTS fECG (GA) fMCG (GA) Postnatal ECG Postnatal genetic
testing
1 Yes, KCNEL1 and QTc 526ms (23) QTc 573ms (25) Positive, QTc 480— Variant KCNH2 gene
KCNH2 mutations Repeat QTc 544ms (27) 572ms (LQT2)
2 No QTc 504ms (24) Not done Positive, QTc 484— Variant KCNQ1 gene
527ms (LQTY)
3 Yes, gene negative QTc 433ms (27) QTc 451ms (22) Normal Not done

LQTSlong QT syndrome, fECG fetal electrocardiogram, GA gestational age, fMCG fetal magnetocardiography, /ms milliseconds
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