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Introduction

Congenital long QT syndrome (LQTS)
is a genetic disorder characterized by
a prolonged QT interval in the surface
electrocardiogram (ECG) that predis-
poses affected individuals to arrhythmic
syncope, ventricular torsades-de-pointes
(TdP), and sudden cardiac death (SCD)
at a young age [31]. Pathogenic variants
in three genes are known to account for
about 90% of all LQTS cases. KCNQI
(LQT1) and KCNH2 (LQT?2) encode the
pore-forming subunits of voltage-gated
repolarizing K* channels conducting Ik,
and Ik, respectively, whereas SCN5A
(LQT3) encodes the pore-forming sub-
unit, Navl.5, of the cardiac sodium
channel conducting In. and the patho-
logical late In,1. in LQTS [31].

Changes in QT duration

and arrhythmic risk during
pregnancy and postpartum in
women with LQTS

In patients with LQTS, pronounced sex-
related differences can be observed in
the heart-rate corrected QT (QTc) and
arrhythmic risk, strongly suggesting an
important role for female and male sex
hormones. Adult women with congen-
ital or acquired LQTS have longer QTc
intervals and a higher risk for arrhyth-
mic events such as TdP and SCD than
men [31, 39]. In women with congen-
ital LQTS, the risk for arrhythmias is
reduced during pregnancy, while it is
particularly high during the postpartum
period [36]. Pronounced genotype-re-
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lated differences were observed in this
risk of postpartum-related arrhythmias
with a particularly high risk in patients
with LQT?2 [36], in which the arrhyth-
mic risk was found to be up to four
times higher than before pregnancy [10,
36]. Notably, up to 10% of all women
with LQTS experience their first car-
diac event during the postpartum period
[28]. Finally, in women with drug-in-
duced LQTS, QT-prolongation and the
arrhythmic risk were more pronounced
inthefollicular than theluteal phase of the
menstrual cycle [30], a hormonal change
thatstillneeds tobe confirmed for women
with congenital LQTS. These data imply
that the different sexhormone concentra-
tions (and progesterone/estradiol ratios)
at different phases of the menstrual cy-
cle, pregnancy, and postpartum affect the
QT duration and the arrhythmic risk in
LQTS.

The female menstrual cycle hasfollicu-
lar and luteal phases. The follicular phase
is characterized by low levels of proges-
terone and a continuous rise in estradiol
with a pre-ovulatory peak. The transition
from the follicular to the luteal phase is
characterized byapeakinluteinizinghor-
mone (LH), which induces ovulation. In
the luteal phase, progesterone and estro-
gen levels show a peak about 1 week after
ovulation (however, the estrogen peak is
smaller than that during the follicular
phase), followed by a rapid decrease in
the premenstrual days (8 Fig. 1; [37]).

Pregnancy is characterized by an in-
crease in estrogen and progesterone with
a rapid decline of both hormone levels
in the early postpartum period [41]. In
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breastfeeding women, the normal ovar-
ian cycle is disrupted by the release of go-
nadotropin-releasing hormone and LH,
resulting in reduced follicular estradiol
production with consequently reduced
estradiol levels [41].

Relevant changes in the QT interval
are observed during the menstrual cycle,
with shorter QT observed in the luteal
than in the follicular phase—in both con-
genital as well as drug-induced LQTS,
attributed mainly to the increased pro-
gesterone levels during the luteal phase
(BFig. 1; [21, 30]). The opposing effects
of estradiol and progesterone on QT
could also be observed in women with
postmenopausal hormone treatment:
unopposed estrogen supplementation in
menopausal women prolonged QT, and
the effect was reversed by the addition
of progesterone [9]. In line with this,
a case report focusing on QT duration in
a woman with LQTS during pregnancy
and postpartum showed a temporal
shortening/normalization of the QTc du-
ration owing to increased progesterone
levels during pregnancy and while using
a progesterone-releasing intra-uterine
device [25].

These clinical observations were com-
plemented by experimental studies in
transgenic LQT2 rabbit models to further
elucidate the underlying mechanisms by
which hormones may impact cardiac re-
polarization (as described in detail in the
following section) [23]. In LQT?2 rabbits,
estradiol consistently prolonged while
progesterone consistently shortened QT
duration.  Also, estradiol was shown
to act as a pro-arrhythmic modulator
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Fig. 1 A Variation in female hormone levels during the menstrual cycle (a) and during pregnancy and the postpartum pe-
riod (b). QTc corrected QT, PRG progesterone, EST estrogen, FSH follicle stimulating hormone
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Fig. 2 A Molecular mechanisms underlying the hormonal effects on cardiac ion channels (a) and their effect on different
phasesoftheaction potential (b). CACNATC/CACNA2D1 a-and B-subunits of L-type calcium channel, DHT dihydrotestosterone,
EST estradiol, ICa,L L-type Ca2+ current, IKT inward rectifier K+ current, IKr rapid delayed rectifier K+ current, IKs slow delayed
rectifier K+ current, KCNE1/MinK B-subunit to KCNQ1/Kv7.1 to form slow delayed rectifier K+ current, KCNE2/MiRP1 3-subunit
to HERG/KCNH2 to form slow delayed rectifier K+ current, PLN phospholamban, PRG progesterone, RyR2 ryanodine receptor,
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in LQTS by increasing the incidence
of lethal ventricular arrhythmia due
to changes in the electrical substrate
and due to increased susceptibility to
pro-arrhythmic sympathetic triggers; in
contrast, progesterone had an anti-ar-
rhythmic, protective disease-modulating
effect in LQT?2 rabbits [23]. These anti-
arrhythmic progesterone effects may
thus contribute to the reduced arrhyth-
mic risk during pregnancy (in which

high progesterone levels are observed)
(30, 36].

The increased arrhythmic risk during
the postpartum period may be partly
due to the marked decrease in anti-
arrhythmic progesterone concentration.
Recent experimental evidence in trans-
genic LQT?2 rabbits, however, suggests
that the postpartum-related hormones
oxytocin and prolactin may act as ad-
ditional endogenous pro-arrhythmic
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disease modifiers by prolonging cardiac
repolarization [2].
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Abstract

Congenital long QT syndrome (LQTS) is a ge-
netic disorder characterized by a prolonged
QT interval in the surface electrocardiogram
(ECG) that predisposes affected individuals
to arrhythmic syncope, ventricular torsades-
de-pointes, and sudden cardiac death at

a young age. Investigations of large patient
cohorts revealed sex-related differences in
the LQTS phenotype. Adult women with LQTS
are at higher risk for cardiac arrhythmias than
are adult men with LQTS. Sex hormones are
thought to play the primary role for these
gender differences. Clinical experience and
translational studies indicated that females
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with LQTS have a lower risk for cardiac arrhyth-
mias during pregnancy and elevated risk in the
postpartum period due to contrasting effects
of estradiol and progesterone, as well as
postpartum hormones on the action potential
and arrhythmia substrate. However, this pro-
or anti-arrhythmic potential of hormones
varies depending on the underlying genotype,
partly since sex hormones have distinct effects
on different (affected) cardiac ion channels.
Thus, a comprehensive evaluation of women
with LQTS prior to and during pregnancy,
during labor, and in the postpartum period
with consideration of the patient’s disease-

Arrhythmic risk during pregnancy and postpartum in patients with long QT syndrome

and gene-specific risk factors is essential

to providing precision management in this
patient group. This review discusses the
current understanding of hormonal influences
in LQTS and provides practical guidance for the
optimal management of LQTS patients during
pregnancy, delivery, and the postpartum
period.
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Syndrom

Zusammenfassung

Das kongenitale Long-QT-Syndrom (LQTS)

ist eine genetische Erkrankung, die durch

ein verlangertes QT-Intervall im Oberflache-
nelektrokardiogramm (EKG) charakterisiert
ist und Betroffene zu arrhythmogenen
Synkopen, ventrikuldren Torsades-de-pointes-
Tachykardien und plétzlichem Herztod im
jungen Alter pradisponiert. Untersuchungen
an grofBen Patientenkohorten zeigten
geschlechtsspezifische Unterschiede im LQTS-
Phanotyp: Erwachsene Frauen mit LQTS
haben ein hoheres Risiko fiir Herzrhythmus-
stdrungen als gleichaltrige Manner. Fiir diese
geschlechtsspezifischen Unterschiede im
LQTS-Phanotyp werden primar Geschlechts-
hormone verantwortlich gemacht. Klinische
Erfahrungen und translationale Studien

deuten zudem darauf hin, dass Frauen mit
LQTS in der Schwangerschaft ein geringeres
Risiko fiir Herzrhythmusstérungen haben,
wdhrend das Risiko in der Zeit nach der
Geburt erhdht ist. Diese Verdnderungen im
arrhythmogenen Risiko werden gegensatzli-
chen Effekten von Ostradiol und Progesteron
sowie Effekten postpartaler Hormone auf
Aktionspotenzial und arrhythmogenes
Substrat zugeschrieben. Das pro- bzw.
antiarrhythmische Potenzial der Hormone
variiert abhdngig vom zugrunde liegenden
Genotyp, teilweise weil Geschlechtshormone
unterschiedliche Effekte auf die verschiedenen
(betroffenen) kardialen lonenkanéle haben.
Daher ist eine genaue Einschatzung vor und
wéhrend der Schwangerschaft, wahrend der

Arrhythmierisiko wahrend der Schwangerschaft und nach der Geburt bei Patientinnen mit Long-QT-

Geburt und in der postpartalen Phase mit
Bewertung der patienten-, krankheits- und
gen-spezifischen Risikofaktoren essenziell,
um ein prdzises Management von Frauen
mit LQTS zu gewéhrleisten. Die vorliegende
Ubersicht stellt das gegenwirtige Wissen
iber hormonelle Einflisse beim LQTS dar
und bietet praktische Empfehlungen zum
optimalen Management von Patientinnen mit
LQTS wahrend der Schwangerschaft, bei der
Geburt und in der postpartalen Phase.

Schliisselworter

Herzrhythmusstérungen - Genetik - Ge-
schlechtsunterschiede - Postpartale Phase -
Plotzlicher Herztod

(Hormonal) Mechanisms
underlying changes in QT
duration and arrhythmic
risk during pregnancy and
postpartum in women with
LQTS

Different mechanisms have been pro-
posed to explain how sex hormones and
changes in their concentration may im-
pact cardiac repolarizing ion currents,
calcium handling properties, and result-
ing changes in cardiac repolarization/QT
duration and arrhythmic risk (@ Fig. 2).
Due to ethical considerations, most of

these studies have been conducted on
different animal models for LQTS. In
addition to mice and guinea pigs, rabbit
models have played a pivotal role as they
show close similarity to humans in repo-
larizing ion currents, in the sex-related
differences in cardiac repolarization, and
in LQTS-related arrhythmias [3, 14, 22].

In addition to changing sex hormone
levels, other internal or external fac-
tors may alter cardiac electrophysiology
during pregnancy and postpartum, such
as alterations in adrenergic activity and
a disrupted sleep pattern, particularly
during postpartum, and thus contribute
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to changes in arrhythmic risk during
pregnancy and postpartum [28, 34].
As these mechanisms are not yet well
investigated, the focus here is on summa-
rizing direct hormone effects on cardiac
electrophysiology.

Estradiol

Estradiol has been demonstrated to in-
crease the arrhythmic risk in LQTS by
prolonging QT, especially at slow heart
rates [23]. Experimental data suggest
that estradiol interacts with several ion
currents: it inhibits Ik, through direct in-
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teraction with the human ether-a-go-go-
related gene (hERG) channel (via the aro-
matic group of phenylalanine in position
656 of the channel protein) [12]. More-
over, estradiol reduces the transcription
of KCNE?2, the B-subunits to the hERG/Ik,
channel via a genomic estrogen-receptor
mediated mechanism [11].

In addition, estradiol affects Ca** han-
dling. It upregulates ryanodine recep-
tor 2 (RyR2) expression, which leads to
higher Ca**-mediated triggered activity
[15]. Estradiol affects the amplitude of
Ica, currents by increasing its channel ex-
pression, thereby enhancing the propen-
sity to develop early afterdepolarizations
[23, 40].

Progesterone

In contrast to estradiol, progesterone
exerts beneficial QT-shortening effects,
thus decreasing the arrhythmic risk in
LQTS [23, 35]. Through a non-genomic
acute pathway, progesterone enhances
Ixs and inhibits Ic,, in a concentration-
dependent fashion [5, 6]. Progesterone
increases the intracellular Ca?* reuptake
in the sarcoplasmic reticulum by increas-
ing the expression and activity of the
sarcoplasmic calcium ATPase (SERCA),
which may relevantly contribute to the
antiarrhythmic effect exerted by proges-
terone [20].

Testosterone

The blood concentration of the male sex
hormone testosterone increases by 60%
from the first to the third pregnancy
trimester and may therefore also con-
tribute to QT changes during pregnancy
[32]. Testosterone acutely shortens ven-
tricular action potentials by increasing
repolarizing potassium currents Ik, Iks,
and Ix; via a non-genomic pathway [7,
13]. Additionally, testosterone chroni-
cally increases Ik, currents through up-
regulation of Kv7.1 (KCNQI) mRNA ex-
pression [16].

Contrasting acute and chronic testos-
terone effects on Ca?* currents are ob-
served: while testosterone acutely in-
hibits Ic.1 [5], it chronically increases
L-type calcium channel (Cav1.2) expres-
sion, thus exerting differential effects on

cardiac repolarization [19]. Also, testos-
terone enhances SERCA function, lead-
ing to faster Ca?* reuptake and hence an
anti-arrhythmic shortening of Ca** tran-
sient duration, but it also enhances the
activity of RyR2 [38].

Oxytocin

Oxytocinisreleased in a pulsatile manner
during labor and breast feeding. Data on
its role in cardiac electrophysiology stem
from studies in rabbit models. In the
first studies, any direct oxytocin effects
on hERG, Navl.5, or Cayl.2 were ex-
cluded [27]. More recently, in transgenic
LQT?2 rabbits, an oxytocin-induced pro-
longation of QTc/action potential dura-
tion (APD) due to direct acute oxytocin-
induced inhibition of Ixs was identified
[2]. This blockade of Ik, does not only
explain the QT/APD prolonging effect of
oxytocin, but may also account for the
genotype differences in postpartum-re-
lated arrhythmias with particularly high
risk in LQT?2, in which, due to the loss
of Ik:, Ik represents the main repolariz-
ing current. Also, these data suggest that
peakinglevelsin blood oxytocin maylead
to increased arrhythmia susceptibility in
LQTS.

Prolactin

Data concerning the potential impact
of prolactin on cardiac electrophysiol-
ogy is limited. Similar to oxytocin, QT-
prolonging effects could be observed in
transgenic LQT?2 rabbits in vivo and ex
vivo due to Ix,-blocking properties of pro-
lactin [2].

Recommendations for LQTS
patients during pregnancy,
delivery, and postpartum

As female LQTS patients are particularly
susceptible to life-threatening arrhyth-
mias in phases associated with changing
hormone levels, close clinical monitor-
ing of these women during pregnancy;,
labor, and the postpartum period is crit-
ical. In general, a multidisciplinary team
approach is necessary to evaluate and
carefully manage pregnant women with
LQTS. Currently, management is based
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on the assessment of individual as well
as gene- and disease-specific risk fac-
tors, avoidance of arrhythmia triggers,
and—very importantly—uninterrupted
B-blocker therapy during pregnancy and
the postpartum period [1], which signif-
icantly reduces the risk of arrhythmias
and SCD [36].

The choice of B-blockers is less estab-
lished due to the limited evidence avail-
able today; while more data exists for fetal
safety of metoprolol and propranolol [29],
propranolol or nadolol seem to be the
most effective in reducing the arrhythmic
risk [8]. For these reasons, propranolol is
the most widely used for LQT'S and often
the preferred B-blocker in pregnancy and
the postpartum period at 2-3 mg/kg/day
[33]. Generally, B-blockersareassociated
with slightly lower fetal birth weights, but
are otherwise well tolerated during preg-
nancy and the postpartum period [17].

Mothers with LQTS have an eight-fold
increased risk for stillbirth and a two-fold
higher risk for miscarriages as compared
to the general population [4]. More strin-
gent follow-up of LQTS women during
pregnancy might therefore be necessary,
particularly when severe and sustained
sinus bradycardia (defined as fetal heart
rate <3rd percentile for gestational age)
is observed [18]. In one study, TdP and
II° atrioventricular (AV) block occurred
in around 24% of all fetal LQTS and were
highly specific for fetal LQTS [18]. In-
terestingly, fetal LQT1 seemed to show
amild phenotype with sinus bradycardia,
whereas individuals with LQT3 or geno-
type-negative LQTS tended to develop
TdP and/or II° AV block [18].

In patients considered to be at high
risk for malignant ventricular arrhyth-
mias, the availability of a cardiologist and
maternal cardiac telemetry during labor
is advisable. Unassisted vaginal deliv-
ery can be safely performed in women
with LQTS, particularly in those with
an implantable cardioverter defibrillator
(ICD). However, decisions regarding the
delivery plan in LQTS women should be
individualized to the maternal risk profile
as, in those with a history of arrhythmia,
the risk of life-threatening arrhythmias
duringlaborislikely elevated. Anesthetic
planning should include reviewing the
list of medications to avoid potentially
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QT-prolonging drugs (for the full list see
https://crediblemeds.org) [24].

Although arrhythmias in LQT1 and
LQT2 are commonly provoked by high
sympathetic tone [26], arrhythmic events
appear to be rare during labor. The high-
est heart rates during labor are observed
in the active pushing phase. Notably,
heart rate increases more in those re-
ceiving intravenous oxytocin, which ad-
ditionally also prolongs cardiac repolar-
ization and can predispose LQTS patients
to TdP arrhythmia. Therefore, oxytocin
should preferably be avoided in LQTS
patients.

Concluding remarks and
perspectives

In women with LQTS, pregnancy, deliv-
ery, and the postpartum period are criti-
cal phases, with a variation of arrhythmia
risk associated with changing hormonal
levels. While most LQTS patients have
a reduced risk for arrhythmias and SCD
during pregnancy, the risk for arrhyth-
mias drastically increases in the postpar-
tum period, in particular in women with
LQT2, necessitating close patient moni-
toring and management. Female LQTS
patients should be informed that unin-
terrupted B-blocker therapy is the key to
eventless pregnancy, delivery, and post-
partum. A multidisciplinary approach to
women with LQTS involving a cardiol-
ogist/cardiac electrophysiologist, geneti-
cist, as well as an obstetrics/gynecology
specialist ensures comprehensive risk as-
sessment and optimal patient care. Al-
though on the one hand, female sex hor-
mones pose a challenge in the manage-
ment of LQTS women, their differential
effects on cardiac ion channels offer the
potential for developing sex hormone-
based anti-arrhythmic therapies. While
much remains to be understood about
the complex interaction of sex hormones
and cardiacion currents/action potential,
and their extra-cardiac effects, transla-
tional studies serve asa model framework
for exploring these novel therapeutic av-
enues.
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