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Long QT Syndrome (LQTS) is a rare, inherited channelopathy characterized by
cardiac repolarization dysfunction, leading to a prolonged rate-corrected QT
interval in patients who are at risk for malignant ventricular tachyarrhythmias,
syncope, and even sudden cardiac death. A complex genetic origin, variable
expressivity as well as incomplete penetrance make the diagnosis a clinical
challenge. In the last 10 years, there has been a continuous improvement in
diagnostic and personalized treatment options. Therefore, several factors such
as sex, age diagnosis, QTc interval, and genetic background may contribute to
risk stratification of patients, but it still currently remains as a main challenge in
LQTS. It is widely accepted that sex is a risk factor itself for some arrhythmias.
Female sex has been suggested as a risk factor in the development of malignant
arrhythmias associated with LQTS. The existing differences between the sexes
are only manifested after puberty, being the hormones the main inducers of
arrhythmias. Despite the increased risk in females, no more than 10% of the
available publications on LQTS include sex-related data concerning the risk of
malignant arrhythmias in females. Therein, the relevance of our review data
update concerning women and LQTS.
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1. Introduction

Congenital long QT syndrome (LQTS) is a cardiac channelopathy, characterized by

ventricular repolarization and polymorphic ventricular tachycardia (torsades de pointes,

TdP), leading to malignant arrhythmias, syncope and sudden cardiac death (SCD) at a

young age. It is clinically recognized by a prolonged QT interval in the surface

electrocardiogram (ECG). LQTS is one of the most common inherited arrhythmia

conditions (1:2000/1:2500). LQTS is caused by rare genetic alterations in cardiac ion

channels or accessory ion channel subunits, mainly following an autosomal-dominant

pattern of inheritance. To date, there are 17 genes potentially associated with LQTS, but

definite deleterious alterations have been identified in three genes (KCNQ1, KCNH2 and

SCN5A) that account for about 90% of all LQTS cases (1). Due to the potential risk of

malignant arrhythmias, it is crucial to accurately identify and manage patients.

Continuous advances in diagnosis and personalized treatment, as well as prevention, have

been achieved in the last few years. However, risk stratification remains the main,
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challenge in clinical practice at present. Variable expressivity and

incomplete penetrance are hallmarks of LQTS, impeding a

conclusive risk stratification. Currently, the existence of

differences in sex in LQTS is widely accepted, showing females

with an increased risk of developing polymorphic ventricular

arrhythmia or SCD than men after the onset of adolescence (2).

In addition, women experience a decreased risk during

pregnancy, but increased in postpartum period and

perimenopause. These differences exist due to hormone levels,

which vary depending on the menstrual cycle, gestation, and the

postnatal period. Despite being widely accepted as definite risk

factor, no more than 10% of studies focused on the

pathophysiological mechanism occurring in females suffering

from LQTS have been published to date (Figure 1). Herein, we

will review evidence from basic and clinical studies involving

female-susceptibility to LQTS. A better understanding of the role

of sex-related differences in LQTS will lead to improvement in

risk stratification.
2. Clinical findings

Congenital LQTS is a primary cardiac electric disease

characterized by the prolongation of the QT interval, usually

associated with T-wave abnormalities. To make a definite

diagnosis, it is essential to exclude secondary causes of the

prolonged QT interval, such as QT-prolonging drugs or

electrolyte imbalances (3). High risk of life-threatening

arrhythmias includes T wave alternans and functional 2:1

atrioventricular block in the ECG. In addition to the baseline

ECG, QTc behavior can also be assessed during stress testing and

24 h Holter recording, preferably 12-lead. Therefore, the

“Schwartz score” was developed as a diagnostic criterion to

support the diagnosis of the disease if a score of >=3,5 is
FIGURE 1

(A)- publications focused on long QT syndrome (pubMed, January 2023). Fro
10% (800 publications) included any data concerning females/women or gen
Syndrome and sex differences (PubMed, January 2023). Since 2005, th
differences has been maintained at nearly 45–50 studies per year.

Frontiers in Cardiovascular Medicine 02
attained. Adrenaline testing, supine-to-standing ECG or mental

stress tests are of lower diagnosis yield (4). It is widely accepted

that QT intervals are generally longer in healthy women;

therefore, sex-specific cut-off values for prolonged QTc should be

applied in order to accurately diagnose LQTS −470 ms in men

and 480 ms in women- (5). In addition, women are more

susceptible of developing a QT prolongation at slower heart

rates, making QTc duration at rest and during sleep critical

markers of arrhythmic risk (6). Therefore, adult women with

LQTS are at higher risk of malignant arrhythmias due to the

influence of a hormone, requiring pharmacological therapy (7).

Taking into account all these points, a novel risk score for

patients with long QT syndrome has been developed, offering

accurate prognostic information to guide clinicians in identifying

the patients at the highest risk of life-threatening arrhythmias (8).

The use of β-blockers (preferably nadolol) is the most effective

therapy in both sexes (especially in LQTS type 1 and 2), despite the

fact that response varies by sex and underlying genotype. Patients

with LQTS type3 may benefit from mexiletine or even flecainide;

left cardiac sympathetic denervation may be also offered despite

rarely and only for special cases. Finally, a reduced number of

LQTS patients are suitable for ICD, such as primarily survivors

of cardiac arrest and patients at a high-risk for SCD, with

recurrent syncope despite adequate pharmacological therapy.
3. Genetic and cellular basis

The normal QT interval in the ECG represents the time from

the beginning to the end of ventricular depolarization. LQTS is

characterized by a prolonged QT interval due to cardiac

repolarization dysfunction leading to risk for ventricular

tachyarrhythmias, syncope, and even SCD (3). Indeed, QT

prolongation is related to a combination of modifiable and
m approximately 11,500 publications about Long QT Syndrome, less than
der/sex differences. (B)- Time-line of publications focused on Long QT

e number of publications including any data concerning gender/sex
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unmodifiable risk factors. Electrolyte anomalies are the most

common risk factors associated with prolonged QT. Among

those, hypokalemia has the main arrhythmogenic effect, as well

as hypocalcemia and hypomagnesemia. They may be responsible

for prolonging the QT interval, but may also be a major risk

factor for drug-induced LQTS, one of the most frequent reasons

for QT prolongation (9). Genetic background, as well as older

age and female sex, are the most important unmodifiable risk

factors. Focused on genetics, rare deleterious alterations located

in genes encoding ion channels or associated proteins have been

reported as a cause of LQTS. Diagnosed families follow an

autosomal dominant pattern of inheritance, with characteristic

incomplete penetrance and variable expressivity. Nowadays

hundreds of rare alterations have been reported in more than 15

genes (10), despite only a limited number of variants that are

definitively classified as deleterious following current ACMG

recommendations (11). These causative variants are located

mainly in three genes (KCNQ1, KCNH2, and SCN5A), and are

responsible up to 75% of all patients with LQTS (3, 10). Loss-of-

function deleterious variants in the potassium channels KCNQ1

and KCNH2 are responsible for LQT1 and LQTS2, respectively.

They cause decreasing activity of the slow delayed rectifier

current (IKs) and rapid delayed rectifier current (IKr) (phase 3

of the action potential), respectively. In contrast, gain-of-function

deleterious variants in the SCN5A gene (sodium channel, phase 0

of an action potential) are responsible for LQTS3. They cause

persistent sodium influx that extends through the plateau phase.

A loss of IKs or IKr function, or gain of INa function

predisposes ventricular myocytes to early afterdepolarizations,

then triggering malignant arrhythmias. Other rare alterations

have been reported in minor genes, accounting for 5% of LQTS
FIGURE 2

Risk of malignant arrhythmias in women after the onset of adolescence. High
periods, and deleterious variants in loop-pore of the KCNH2 gene. QTc: QT c
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(CACNA1C, CALM1, CALM2, CALM3, and TRDN), whereas

about 20% of all diagnosed patients do not have an identifiable

deleterious variant in any of the current known genes related to

LQTS (3). We must also remark that co-inheritance of a second

rare variant that affects ventricular repolarization is described as

a “second hit”. These variants are classified as deleterious in the

same gene (compound heterozygosity) or in a different gene

(digenic heterozygosity). Compound deleterious variants are

present in 5%–10% of LQTS patients and it is well-accepted as

cause of a more severe phenotype (12). Concerning genetic risk

after the onset of adolescence, women with pathogenic variants

in KCNQ1 (LQTS1) and KCNH2 (LQTS2) are at increased risk

of malignant arrhythmias, especially LQT2 due to a pore loop

pathogenic variant (13) (Figure 2).
4. Pregnancy, post-partum and
perimenopausal periods

It is widely accepted that there exists a slight female phenotypic

predominance in LQTS, with the female sex being a risk factor for

malignant arrhythmias. This increased risk occurs after

adolescence due to sex hormone differences, with testosterone

being a main cause of QT-interval duration in men (2). Low risk

of arrhythmias is widely accepted during pregnancy but this risk

increases during postpartum, menopausal, and perimenopausal

periods (Figure 2). The complex interaction of sex hormones

and cardiac ion currents/action potential is widely accepted but it

still remains to be clarified (14). What is clear is that sex

differences in the electrical substrate are not the result of a

simple change in the expression of a single or even a few ionic
risk situations are QTc more than 500msec, peripartum and post-partum
orrected; LQTS: Long QT Syndrome; LP/P: Likely Pathogenic/Pathogenic.
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currents (7). As a preventive measure, a multidisciplinary approach

to women with LQTS ensures comprehensive risk assessment and

optimal patient care.
4.1. Pregnancy

Fluctuations in sex hormone levels during pregnancy could

potentially provoke cardiac events. In addition to sex hormone

levels, other internal or external factors may alter cardiac

electrophysiology during pregnancy and postpartum (alterations

in adrenergic activity, disrupted sleep pattern), that can

contribute to changes in arrhythmic risk (14). It is widely

reported that pregnancy decreases risk of malignant arrhythmias

in females diagnosed with LQTS, especially in LQTS type 1 (15).

The choice of b-blockers has not been established due to the

limited evidence available nowadays. One thing that is for certain

is that the use of b-blockers such as propranolol is effective in

reducing the risk of arrhythmic events (15, 16). However, lower

fetal birth weight has been reported, leading to non-selective b-

blocker use, mainly metoprolol (17). Because of the risk in

mothers with LQTS for stillbirth and the higher risk of

miscarriages, a more stringent follow-up of these patients during

pregnancy might be necessary. Finally, concerning contraceptives,

no conclusive studies have been published to date, with the risk

of arrhythmias remaining unknown (18).
4.2. Postpartum

Concerning post-partum follow-up, women with LQTS,

especially LQTS type 2, show a higher risk of VT and SCD in

comparison to the relatively low risk during pregnancy. After

postpartum, the risk of cardiac events returns to basal levels

before pregnancy. However, there are no general

recommendations and approved schemes on how women with

LQTS should be supervised after delivery. Limited data suggest

increased risk in the early post-partum period, particularly in

patients with LQTS2 (15). In addition, the use of b-blockers is

mostly well tolerated during the postpartum period to prevent

life-threatening manifestations. It is also important to note that

b-blockers are secreted in breast milk, but hypoglycemia and

bradycardia may occur in breastfed infants, albeit rarely (19).

Therefore, dose adjustment of beta-blockers may be needed and

postpartum care remains the same as in routine cases (20).
4.3. Menopausal and perimenopausal
periods

Nowadays, only one study has been published focusing on

females after the onset of menopause who have been diagnosed

with LQTS. Available data suggest a higher risk of malignant

arrhythmias in LQTS-type2 women (21). In contrast, there are

studies in post-menopausal period showing that estrogen

replacement therapy (ERT) prolongs the QTc interval more,
Frontiers in Cardiovascular Medicine 04
compared to those postmenopausal women taking no hormones

or taking combined estrogen-progestin replacement therapies

(22, 23). It suggests that progesterone has a similar protective

effect to testosterone (24).
5. Role of hormones in
arrhythmogenic risk

The underlying molecular mechanisms that cause patients with

LQTS to have sex-dependent variability in arrhythmogenic risk

remain to be elucidated. However, several studies suggest that it

results from the effect of certain hormones on cardiac ion

channels. Animal experiments have shown that estradiol could

act as a pro-arrhythmic agent in LQTS2, whereas progesterone

would have a protective role (25). This effect of estradiol is

attributed to its interaction with certain potassium ion currents

(26), and due to the effect on the transcription of some genes

like KCNE2 and RyR2, being mediated by an estrogen receptor-

dependent process (27, 28). However, such effects have not been

supported in human studies, in which a more complex

interaction between estrogen and progesterone appears to exist

(29). For example, a recent study in women with LQTS found an

inverse relationship of RR interval with estradiol levels during

the menstrual cycle (30). In addition, progesterone was found to

show an inverse association with the corrected QT interval and

with the ratio of progesterone to estradiol in women with

LQTS2. This shortening of the QT interval was observed during

the luteal phase, and was mainly attributed to increased

progesterone levels in this phase (30). Such associations were not

maintained in women with LQTS1, supporting that the observed

differences in LQTS subtypes are due to different effects of

hormones on the channels, with different sensitivity between

genotypes. Likewise, it has been shown that progesterone may

have anti-arrhythmic effects, which may help to reduce the risk

of arrhythmias (31). These effects of progesterone on the QT

interval are related to an increase in intracellular calcium

reuptake from the sarcoplasmic reticulum mediated by SERCA2a

(32). Similar to progesterone, testosterone decreases ICaL current

and increases potassium channel currents (IKr, IKs, IK1), reducing

the QTc interval in animals and humans (33–35).

During pregnancy, the combination of hormones is complex.

Apart from the interaction of estrogen and progesterone,

oxytocin released towards the end of pregnancy, during labor

and lactation, would have direct effects on sodium channels and

cause a direct acute inhibition on the potassium IKs channel (36),

which could explain the increased risk in post-partum women

with LQTS2. Data on the potential impact of prolactin on

cardiac electrophysiology are limited, but some animal studies

suggest that it would act similarly to oxytocin (36).
6. Conclusions

LQTS is a rare heterogenous group of arrhythmogenic entities,

characterized by a prolonged QT interval. In recent years, a
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continuous improvement in diagnosis as well as genetic/

pathophysiological mechanism has been performed, however, risk

stratification remains a current challenge. It is widely accepted

that sex is an independent risk factor due to females having a

high risk of malignant arrhythmias associated with LQTS.

Hormones seem to be the main reason for reported sex

differences, despite the fact that the link between the sex

hormones and susceptibility to malignant arrhythmias is still a

matter of debate. Additional studies will help to unravel the

pathophysiological mechanism involved in sex differences,

helping to define a proper risk stratification in LQTS patients.
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