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Introduction

Fetal echocardiography is most commonly used to diagnose fetal arrhythmias, but reveals
only the mechanical consequences of normal and abnormal rhythms. The atrioventricular
relationship and the atrial and ventricular rates can be measured, but cardiac waveform
morphology and repolarization characteristics cannot be assessed.

In principle, waveform morphology and repolarization can be deduced by fetal ECG as early
as 17 weeks of gestation (1, 2), but the electric signals from the fetal heart are attenuated by
amniotic fluid and fetal vernix. In one series, although QRS complexes could generally be
detected, only about 60% of subjects had interpretable p- and T-wave morphology (3). In
general, diagnostic quality ECG signals are only obtained with direct fetal contact, such as
with a scalp electrode placed after rupture of the membranes (4, 5).

Magnetocardiography, a non-invasive measurement of the magnetic fields of the heart, is
uniquely suited for investigation of the unexplored territory of fetal arrhythmias. It is the
only technique that has consistently and reliably provided a fetal ECG-like signal without
direct fetal or maternal contact. Unlike the electrical fields of the heart, the magnetic field
signals are accessible from 18 weeks onward using a SQUID magnetometer (6, 7) or, more
recently, an optically-pumped magnetometer (8). Rhythm tracings, signal averaged
waveforms, and simultaneous fetal heart rate/fetal movement tracings (actocardiograms)
have provided both normative data throughout gestation and unique insight into the
electrophysiological characteristics and natural histories of supraventricular arrhythmias,
atrioventricular (AV) block, and arrhythmias associated with fetal rhabdomyomas,
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ventricular wall defects, and structural cardiac defects (6,7,9-12). The purpose of this paper
is to summarize our experience with fMCG in the diagnosis, evaluation, and treatment of the
fetus at risk for long QT syndrome (13.).

Clinical Features of LQTS

Long QT syndrome (LQTYS) is an inherited channelopathy that may cause syncope, cardiac
arrest or sudden death at any age as a result of life-threatening ventricular arrhythmias (14).
The postnatal diagnosis of LQTS is straightforward and suggested by a prolonged QT
interval on 12 lead ECG, a positive family history and/or characteristic LQTS arrhythmias,
and can be confirmed by genetic testing. Diagnosing LQTS before symptoms is important
because primary prevention is extremely effective in preventing life-threatening ventricular
arrhythmias (15). Ideally, LQTS would be diagnosed before birth and primary prevention
initiated during infancy, but unless LQTS is suspected because of a family history, prenatal
diagnosis is difficult for several reasons. First, commercial genetic laboratories will only test
for LQTS if there is a known family mutation. There is also risk to the pregnancy and the
fetus with invasive testing. Second, although some fetuses present with arrhythmias easily
recognized as LQTS (torsades de pointes (TdP) and/or 2:1 AV conduction), these rhythms
are uncommon, occurring in <25% of fetal LQTS cases (16). Instead, the most common
presentation of fetal LQTS is sinus bradycardia. Not only is sinus bradycardia a subtle
rhythm disturbance frequently not recognized to be abnormal, but the obstetrical definition
of sinus bradycardia (17) is inadequate in the ascertainment of LQTS fetuses (18, 19).
Although sinus bradycardia has long been known to suggest fetal LQTS, the obstetrical
definition of sinus bradycardia is a gestational age independent FHR of < 110 bpm (17).
However, recent reports suggest that a FHR < 3™ percentile for gestational age may more
accurately define LQTS sinus bradycardia (18, 19).

Thus, overall ascertainment of fetal LQTS includes those with: a family history of LQTS (at
50% risk of having the same family mutation), repeated FHR measures < 3" percentile for
gestational age, and the signature LQTS rhythms of 2:1 AV conduction and/or ventricular
tachycardia. Although the data are limited, sinus bradycardia may begin as early as the
second trimester, but TdP and 2:1 AV conduction often occur after ~30 weeks’ gestation (16,
20 - 21).

Why LQTS diagnosis before birth is important

The diagnosis of LQTS before birth is important for several reasons. First, the disease
burden is high: LQTS is the most common cause of arrhythmic death in children, and
causative in at least 8-10% of unexplained intrauterine fetal demise and victims of Sudden
Infant Death syndrome (22—24). Second, if the fetus is recognized to have LQTS, cascade
testing of family members can identity those at risk for sudden cardiac death before
symptoms. Third, withholding or limiting QT prolonging maternal medications common in
obstetrics such as Pitocin or ondansetron, and optimizing maternal magnesium, vitamin D
and calcium levels could reduce risk of TdP to the LQTS fetus. Fourth, if it is known that the
fetus has LQTS, fetal bradycardia due to 2° AV block or a non-reactive fetal heart rate
tracing will be attributed to the LQTS phenotype and not fetal distress, and preterm delivery
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can be avoided. Fifth, anticipatory postnatal care from a prenatal diagnosis improves
outcome has been shown to improve outcome (25). Lastly, screening every newborn with a
12 lead ECG is controversial, and will not detect all cases of LQTS (26).

fMCG diagnosis of LQTS

Once suspected, the diagnosis of fetal LQTS can be confirmed by fMCG in two ways.
During sinus rhythm, signal averaged fMCG demonstrates a gestational age independent
QTc interval > 95 percentile or = 490 ms (13). Signal averaing is performed by detecting
each QRS complex precisely using autocorrection and time-aligning the beats. This will be
sufficient to diagnose LQTS when the fetus manifests only sinus bradycardia (Figure 1).
Supporting evidence for an LQTS diagnosis comes from identifying polymorphic ventricular
tachycardia during episodes of tachycardia with AV dissociation, and confirming the echo
diagnosis of 2:1 AV conduction secondary to prolonged ventricular repolarization. Using
only QTc duration measured during sinus rhythm, LQTS was successfully recognized with a
sensitivity and specificity of 89% (13).

Genotype/Phenotype correlations and risk stratification of fetal LQTS

In those 39 fetuses studied by fMCG (13), fetal QTc duration correlated directly with the
likelihood of pre- and postnatal TdP. Those with TdP had fetal QTc of 659.8 + 31.0 ms,
while those with no TdP had a QTc of 549.1 + 55.2 ms (P =0.003). This correlation was also
seen in LQTS infants: postnatal QTc of those with fetal/neonatal TdP was 664.7+ 24.9
compared to 483.1 £13.7 ms of those with only sinus bradycardia (16). Furthermore, the
fetal rhythm phenotype was suggestive of genotype: subjects with 2:1 conduction and/or
TdP were more likely to have de novo and sporadic mutations including SCN5A R1623Q
mutations, KCNH2 mutations in the pore region, or CALM 2 mutations (13,16) and fetuses
with isolated sinus bradycardia had familial (mostly) or de novo KCNQ1 mutations (13,16).
In fact, of 28 subjects with TdP or aborted cardiac arrest as fetuses, infants or children (13,
20) 5 had a family history of LQTS familial LQTS (). The rhythms and genotypes of the 39
fetuses with LQTS studied by fMCG (13) are shown in Figure 2

fMCG evaluation of fetuses at risk for LQTS

We studied 39 fetuses by fMCG (n=13) at 19-38 (29.5 £ 5.2) weeks: 27 with a positive
family history and 12 with LQTS rhythms. The LQTS rhythms included repeated measures
of FHR < 3" percentile for gestational age, 2:1 AV conduction and/or ventricular
tachycardia diagnosed by fetal echocardiography. When compared to FHR and fetal QTc
intervals, neonatal values were not statistically different (13).

LQTS was correctly diagnosed in 37/39 fetuses studied by fMCG. There were 2 false
results: one false positive and one false negative. The subject with false negative results
(Figure 3A) had a family history of an SCN5A E1784K mutation. This subject had no fetal
LQTS arrhythmias; in fact, all FHRs were > 34 % for gestational age and the fMCG QTc
was 423 ms. At birth, the infant’s QTc was 430 ms, but genetic testing was positive for the
family mutation. The subject with the false positive result (Figure 3B) had no family history
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of LQTS but repeated FHR measures < 3% for gestational age and fMCG QTc intervals of
>500 ms at 31 and 38 weeks. The subject’s postnatal ECG QTc was 440 ms after birth and
at one month of age and genetic testing was negative for a mutation in a known LQTS gene.
In retrospect, the mother had very low vitamin D (25-OH) and magnesium levels during her
pregnancy, which may have contributed to the prolonged fetal QTc. We now check vitamin
D and magnesium levels on all mothers with suspected fetal LQTS and treat to normalize
deficiencies.

FMCG detects evanescent rhythms in LQTS fetuses

Fetuses referred for fMCG with an LQTS family history had all been monitored by serial
fetal echocardiograms from ~20 weeks of gestation. Nonetheless, fMCG uncovered rhythms
not detected during echocardiography in 3 subjects, which altered pre- and postnatal
management (13, 27). One subject with a KCNH2 family mutation had multiple short
episodes of TdP which were treated in utero with magnesium and beta adrenergic blocking
agents. Because of the findings, we correctly anticipated non-sustained TdP after birth and
the infant was sent home with an automatic external defibrillator. A 2"d subject, also with a
KCNH2 family mutation, had monomorphic premature ventricular contractions which
prompted increased surveillance and an earlier delivery. The 3 subject, with a de novo
CALM 2 mutation, had a brief episode of 2:1 AV conduction which recurred after birth and
preceded an aborted cardiac arrest (27). Detecting these transient rhythms was possible
because fMCG records each fetal heart beat in a ~ 1 hour period.

FHR variability/reactivity and repolarization in LQTS fetuses

Magnetocardiography is an ideal technique to assess beat-to-beat FHR variability, which
typically shows a prominent increase at > 28 weeks’ gestation. Decreased FHR variability is
known to be a feature of LQTS subjects attributed to sympathetic imbalance, and may lead
to the mistaken diagnosis of fetal distress. In our cohort, 36% of subjects demonstrated low
FHR reactivity and variability in sinus rhythm (13).

Gross T-wave abnormalities, such as macroscopic T-wave alternans, have been associated
with postnatal LQTS, but until fMCG, these abnormalities had not been known to be
presenting in utero. Fetal T-wave alternans was seen in all subjects with pre- or postnatal
TdP. Electrical alternans was not limited to T-waves: QRS and even P-wave alternans was
demonstrated subjects with the longest QTc intervals in the beats preceding TdP.

Torsades de pointes

As previously noted in both fetal and postnatal studies, TdP occurred in subjects with the
longest QTc intervals (13, 16). Fetal MCG studies demonstrate that the duration of TdP
episodes varied from 1 sec to almost 8 minutes; the number of episodes ranged from 15-45
during a 48 minute period (13). Torsade was both fast and slow with cycle lengths varying
from 238 to 351 ms. All fetuses with TdP diagnosed by fMCG in utero were born alive. One
subject had depressed ventricular function and hydrops. All others, including the subject

J Electrocardiol. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuneo et al.

Page 5

with the longest and most frequent episodes of TdP, had normal ventricular function and no
signs of congestive heart failure.

The patterns of initiation and termination of TdP as seen during fMCG varied between
subjects, between episodes in the same subject, and within the same LQTS type. The long-
short pattern of initiation was rarely seen. Much more frequently, TdP initiated from sinus
rhythm with wide complex aberrantly conducted beats, QRS alternans, or aberrantly
conducted QRS complexes at the same coupling interval as narrow QRS complexes
preceding them (Figure 4). Torsades de pointes also followed periods of 2:1 AV conduction.
Termination patterns included 2:1 conduction followed by sinus rhythm with QRS alternans,
transient 3:1 AV conduction and a long pause (1.2 s) followed by a narrow complex regular
rhythm. T-wave alternans frequently occurred during the recovery rhythms after TdP.

Conclusions

The natural history of fetal LQTS depends on the mutation type. Fetuses with a familial or
de novo KCNQ1 mutation most commonly present with a subtle bradycardia often not even
recognized to be abnormal. On the other hand, fetuses with a KCNH2 mutation are more
likely to present with either sinus bradycardia or 2:1 AV conduction. Torsades de pointes as
a manifestation of a KCNH2 mutation can occur with a family or a de novo mutation. The
most likely diagnosis of a fetus with 2:1 AV conduction and TdP is either an SCN5A
R1623Q or a de novo KCNH2 mutation in the pore region of the gene. As LQTS occurs in
1/2000-2500 persons, but has been detected in only 1/8658 fetuses undergoing routine
ultrasounds (28), ascertainment during fetal life is poor. Fetal MCG is diagnostic of LQTS
and can elucidate the spectrum of rhythms that occur in the LQT fetus, but only after a
referral by a clinician who suspects the fetus has LQTS. Appreciating the manifestations of
LQTS before birth can improve management of this group at risk for ventricular arrhythmias
by provide primary rather than secondary prevention for sudden arrhythmic death at all ages.
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Figure 1.
Signal averaged fMCG tracings of fetuses. (A). Signal averaged tracing (over 50 seconds

from a fetus a normal QTc (399 ms) found after birth to be negative for the family KCNQ1
mutation. (B). Signal averaged tracing (over 50 seconds) from a fetus with a prolonged QTc
found after birth to be positive for the family KCNH2 mutation. In both figures the fetal
heart rates are constant, and vary by ~ 10 ms. Since 10 ms is < the QRS interval, widening
of the QRS complex and reduction in QRS amplitude is minimal.
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Figure2.
Long QT mutations and rhythms of subjects undergoing fMCG with either a family history

of LQTS or an LQTS rhythm (sinus bradycardia, 2° AV block or torsades de pointes).
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Figure 3.
Fetal MCG rhythm tracings. (A) False negative study of a 27 week fetus with an fMCG QT

interval of 423 ms. At birth the ECG QTc was 430 ms, but genetic testing was positive for
the family SCN5A E1784K mutation. (B): False positive studies at 31 and 38 weeks of a
fetus with a prolonged fCMG QTc who had a normal ECG QTc (440 ms) at birth and no
LQTS mutation.
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Figure 4.
FMCG rhythm tracing of TdP in a subject with an LQT-8 mutation (CACNA1CG406A).

Torsades de pointes begins following a wide complex beat (arrow) of the same coupling
interval as the preceding narrow complex beat. The top 2 tracings are the fetal rhythm the 3
is a tracing of both maternal and fetal rhythms.
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