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Abstract: Significant variations from the normal QT interval range of 350 to 450 milliseconds (ms) in
men and 360 to 460 ms in women increase the risk for ventricular arrhythmias. This difference in the
QT interval between men and women has led to the understanding of the influence of sex hormones
on the role of gender-specific channelopathies and development of ventricular arrhythmias. The QT
interval, which represents the duration of ventricular repolarization of the heart, can be affected by
androgen levels, resulting in a sex-specific predilection for acquired and inherited channelopathies
such as acquired long QT syndrome in women and Brugada syndrome and early repolarization
syndrome in men. Manipulation of the homeostasis of these sex hormones as either hormonal therapy
for certain cancers, recreational therapy or family planning and in transgender treatment has also
been shown to affect QT interval duration and increase the risk for ventricular arrhythmias. In this
review, we highlight the effects of endogenous and exogenous sex hormones in the physiological and
pathological states on QTc variation and predisposition to gender-specific pro-arrhythmias.

Keywords: sex; anticancer drugs; atrial fibrillation; QT; ventricular arrhythmias

1. Introduction

The QT interval of the electrocardiogram, which represents the total duration of
ventricular depolarization and repolarization [1], is measured from the initiation of the
QRS complex to the termination of the T wave. The QTc interval is the QT interval corrected
for heart rate and normally ranges between 350 and 450 milliseconds (ms) in men and 360
to 460 ms in women [2] (Figure 1). Values below and above these limits are suggestive of
underlying channelopathies [3]. There are many widely used rate correction formulas to
calculate QTc, namely, Bazett’s, Fridericia’s, Framingham’s and Hodge’s, all with their own
merits and disadvantages, that normalize the QT interval obtained at a given cycle length
to 60 beats/min [4]. The QTc interval is a widely used marker of ventricular arrhythmia
risk. Indeed, prolonged QTc is associated with a higher risk of ventricular arrhythmias,

Int. J. Mol. Sci. 2021, 22, 1464. https://doi.org/10.3390/ijms22031464 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-0406-5189
https://orcid.org/0000-0002-0331-3307
https://doi.org/10.3390/ijms22031464
https://doi.org/10.3390/ijms22031464
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22031464
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/22/3/1464?type=check_update&version=1


Int. J. Mol. Sci. 2021, 22, 1464 2 of 19

especially torsade de pointes (TdP) which can be fatal with sudden cardiac death (SCD) [5].
Compared with normal QTc values, the risk of TdP increases 2- to 3-fold if the QTc interval
exceeds the 500 ms threshold and even more so if it exceeds 550 ms [6].

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 19 
 

 

tailed review, we highlight the importance of understanding the physiology of sexual di-
morphism through a detailed discussion of the effects of sex-specific hormones in the 
physiological and pathological states and exogenous use on QTc variation and predispo-
sition to pro-arrhythmias (Table 1). 

 
Figure 1. QTc duration as a function of gender (blue for males and pink for females) and main cardiac proarrhythmogenic 
channelopathies. Horizontal rectangular bars represent the range of QTc for normal and proarrhythmogenic channelopa-
thies. Darker gradient color within the horizontal rectangular bars represents an increased risk for arrhythmia. Vertical 
rectangular bars represent the prevalence for these conditions as a function of gender. DiLQTS: drug-induced long QT 
syndrome, LQTS(X): congenital long QT syndrome type (X), ERS: early repolarization syndrome, BrS: Brugada syndrome, 
SQS: short QT syndrome. 

2. Sex Differences in QT Duration and TdP Risk 
Women have a higher risk of TdP which occurs twice as often than in men [20–22]. 

A longer QTc duration in healthy women compared to healthy men noted by Bazett in 
1920 [23] has since been observed by numerous studies, suggesting that sex hormones 
play an essential role in this phenomenon [24–34]. In fact, there is no difference in the QTc 
interval between genders during childhood, but QTc shortens in men at the time of pu-
berty. This gender difference in QTc values decreases with age due to progressive QTc 
lengthening in males concordant with the decrease in testosterone levels over decades 
until QTc reaches the level of women around the age of menopause [32,34,35]. Although 
variations in the QTc interval remain within normal ranges in the healthy population, 
these observations led to the hypothesis that cardiac repolarization is influenced by sex 
steroid hormones resulting in a sexual dimorphism of arrhythmias and, in particular, in 
the lengthening of QTc [17,35,36]. 

3. Role of Estrogen and Progesterone during the Menstrual Cycle, and Hormonal Sub-
stitution in Menopause in QTc Variation 

It has been well established that estradiol and progesterone have opposite effects on 
ventricular repolarization with lengthening of the QTc interval by estradiol and shorten-
ing of the QTc interval by progesterone [35]. In women, estradiol increases at the begin-
ning of the follicular phase, followed by an exponential rise with ovulation. Progesterone 

Figure 1. QTc duration as a function of gender (blue for males and pink for females) and main cardiac proarrhythmogenic
channelopathies. Horizontal rectangular bars represent the range of QTc for normal and proarrhythmogenic channelopathies.
Darker gradient color within the horizontal rectangular bars represents an increased risk for arrhythmia. Vertical rectangular
bars represent the prevalence for these conditions as a function of gender. DiLQTS: drug-induced long QT syndrome,
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QT syndrome.

Ventricular repolarization, reflected by the QT interval, is a heterogenous process
which can be affected by a variety factors with the main determinants including heart
rate, autonomic activity, age and gender in both acquired and congenital conditions [4].
Reviewed extensively elsewhere [4], ventricular repolarization is largely modulated by
potassium outward channels where perturbance from acquired conditions such as struc-
tural disorders (myocardial ischemia, bundle branch block, antiarrhythmics, electrolyte
disturbances) or congenital disorders with loss- or gain-of-function mutations affecting the
potassium channels can result in QT prolongation (congenital long QT syndrome (LQTS))
or shortening (short QT syndrome, J wave syndromes), respectively, and ultimately pro-
arrhythmias [7].

The prevalence and incidence of cardiac pro-arrhythmic disorders are often influenced
by sex due to specific hormonal effects on the QT interval with a predilection of certain
channelopathies to women vs. men (Figure 1). Acquired long QT syndrome (LQTS), which
is mainly drug-induced (diLQTS), is often secondary to defects in ventricular repolarizing
currents (rapid delayed rectifier potassium current [IKr]) associated with excessive action
potential duration (APD) lengthening and is most prevalent in women [3,8]. Congenital
LQTS (cLQTS) is an inherited arrhythmia syndrome due to genetic dysfunction of cardiac
ion channels that alter the action potential [9]. The follow-up of a large cLQTS population
of 1710 patients during a median of 7,1 years highlighted that female sex is an independent
predictor of life-threatening events (HR: 1.70; 95% CI: 1.00 to 2.88; p = 0.048) [10]. In contrast,
Brugada syndrome (BrS) and early repolarization syndrome (ERS) are more frequent in
men and are due to a transmural voltage gradient created by an imbalance in the cardiac
ion currents involved in phase 1 of the action potential, specifically a loss of function of
the sodium (INa) or calcium (ICa) inward depolarization current and a gain of function of
the transient outward potassium current (Ito) [11]. This leads to the presence of an action
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potential notch described as a “J wave” or slurring of the terminal portion of the QRS,
classic to the “J wave syndromes” of BrS and ERS. Disturbances in these specific cardiac
ion channels have been localized to the right ventricular outflow tract and commonly the
inferior left ventricular wall in BrS and ERS, respectively [12,13]. LQTS, BrS and ERS favor
different forms of malignant ventricular arrhythmias—for example, TdP for LQTS and
ventricular tachycardia for BrS and ERS that may lead to ventricular fibrillation (VF) and,
if sustained, SCD [3,8,14,15]. This sex-specific prevalence of LQTS, BrS and ERS is partly
explained by the fact that androgens shorten APD and QT duration, while its deprivation
has opposite effects [16,17].

The current literature on arrhythmogenic substrates and differences in susceptibility
to certain ventricular arrhythmias between the different sexes is still lacking. For example,
the mechanism behind a lower incidence of SCD in women in comparison to men despite
controlling for concomitant structural heart disease (ischemia, heart failure) [18] or the
sex-specific biological basis of the tendency for women to develop acquired LQTS more
than men with use of the class IA and III antiarrhythmic therapies than men [19] has yet
to be clearly elucidated and remains under investigation. In addition, women are often
underrepresented in major randomized clinical trials such as with antiarrhythmic therapies,
primary prevention of SCD or cardiac resynchronization therapies, making it challenging
to generalize study findings and their clinical applications to both sexes. Now, with the
increased use of exogenous hormonal therapies in certain cancers, recreational therapy,
family planning and transgender treatment, understanding the role of sexual dimorphism
in the risk for cardiac pro-arrhythmias is of absolute importance. In this detailed review,
we highlight the importance of understanding the physiology of sexual dimorphism
through a detailed discussion of the effects of sex-specific hormones in the physiological
and pathological states and exogenous use on QTc variation and predisposition to pro-
arrhythmias (Table 1).

Table 1. Effects of endogenous sex hormones and hormonal therapies on ventricular repolarization
based on gender.

Men

Testosterone QTc shortening in normal men and in hypogonadal men
receiving testosterone
QTc lengthening in hypogonadal men

Estradiol No influence within physiological ranges
Possible QTc lengthening in transwomen

Progesterone No influence within physiological ranges
Gonadotropins QTc lengthening
Androgen deprivation
therapy

QTc lengthening

Anabolic steroid QTc shortening for exogenous testosterone, tribulus terrestris
Variable effects on QTc for other exogenous anabolic-androgenic
steroids

Women

Progesterone QTc shortening
Estradiol QTc lengthening particularly when progesterone levels are low
Testosterone No influence within physiologic ranges

QTc shortening within supraphysiological testosterone levels
Gonadotropins QTc lengthening
Contraceptive pills QTc shortening with first and second contraceptive generation

QTc lengthening with anti-androgenic contraceptive pills
Hormone replacement
therapy

QTc lengthening with HRT with estrogens alone
No influence with HRT combining estrogens and progestins

Selective estrogen receptor
modulators

QTc lengthening

Aromatase inhibitors QTc shortening
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2. Sex Differences in QT Duration and TdP Risk

Women have a higher risk of TdP which occurs twice as often than in men [20–22].
A longer QTc duration in healthy women compared to healthy men noted by Bazett in
1920 [23] has since been observed by numerous studies, suggesting that sex hormones
play an essential role in this phenomenon [24–34]. In fact, there is no difference in the
QTc interval between genders during childhood, but QTc shortens in men at the time of
puberty. This gender difference in QTc values decreases with age due to progressive QTc
lengthening in males concordant with the decrease in testosterone levels over decades
until QTc reaches the level of women around the age of menopause [32,34,35]. Although
variations in the QTc interval remain within normal ranges in the healthy population,
these observations led to the hypothesis that cardiac repolarization is influenced by sex
steroid hormones resulting in a sexual dimorphism of arrhythmias and, in particular, in
the lengthening of QTc [17,35,36].

3. Role of Estrogen and Progesterone during the Menstrual Cycle, and Hormonal
Substitution in Menopause in QTc Variation

It has been well established that estradiol and progesterone have opposite effects on
ventricular repolarization with lengthening of the QTc interval by estradiol and shortening
of the QTc interval by progesterone [35]. In women, estradiol increases at the beginning
of the follicular phase, followed by an exponential rise with ovulation. Progesterone lev-
els subsequently increase during the luteal phase with a subsequent rapid decrease in
estradiol and progesterone during menstruation. Fluctuations in estradiol and proges-
terone levels during the menstrual cycle have therefore been implicated in the increased
risk of ventricular arrhythmias and particularly diTdP, though this remains inconsistent
in the literature [37–40].

DiLQTS occurred more frequently in women during the ovulation period on ibu-
litide, a known QT prolonging anti-arrhythmic drug that blocks IKr [41]. During the
menstrual cycle in healthy women, the QTc interval measured in the follicular phase con-
comitantly with increased estradiol level was higher than the QTc interval measured in the
luteal phase [35,42]. Rodriguez et al. have shown that progesterone (r = −0.40) and the
progesterone-to-estradiol ratio (r = −0.41) were inversely correlated with ibutilide-induced
QT prolongation [39]. Nakagawa et al. also reported that the QTc interval is approximately
10 ms shorter in the luteal phase, resulting from progesterone’s QTc shortening effect
offsetting estrogen’s QTc prolongation effect [43]. Conversely, in 2016, Dogan et al. found
no difference in the QTc interval between menstruation and ovulation periods [40] and
Hulot et al. did not demonstrate a relationship between the level of estrogen and the QTc
interval duration (p = 0.92) [38]. A recent study highlighted the role of some progesterone
metabolites which have known inherent estrogenic activity on cardiac repolarization [44].
The 6β-hydroxyprogesterone and 16α-hydroxyprogesterone metabolites were independent
predictors of QTc interval prolongation. These metabolites, although principally produced
during fetal life, have been demonstrated in vitro to inhibit IKr and thus to prolong ven-
tricular repolarization [44,45]. In contrast, progesterone activates the slow delayed rectifier
potassium current (IKs) and inhibits the L-type calcium current (ICa-L), counterbalancing
IKr inhibition and overcoming the QTc prolonging effects of its metabolites (Figure 2).

Menopause is defined as a permanent cessation of menstruation for at least 1 year
that typically occurs at 50 years of age. Several studies that analyzed the effect of hormone
replacement treatment (HRT) (estrogens + progestins or estrogens alone) on ventricular
repolarization in postmenopausal women remain conflicting [46–48]. One would expect
a prolongation of the QTc interval with estrogen treatment counterbalanced by a QT
shortening when added to progestins with androgenic activity in postmenopausal women
without structural heart disease [49,50].
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Figure 2. Representation of the influence of different endogenous sex hormones and hormonal therapy on ventricular
repolarization. Abbreviations: ADT—androgen deprivation therapy, AIs—aromatase inhibitors, SERMs—selective estrogen
receptor modulators.

A German study compared the impact of HRT on QTc duration among 22 post-
menopausal women without any hormonal treatment (control group) vs. 16 postmenopausal
women with only estrogens treatment and 22 postmenopausal women treated by a combi-
nation of estrogens and progestins (no details were provided on the progestins used). The
length of QTc was significantly higher in patients receiving estrogens alone compared to
the control group (423 ± 28 vs. 398 ± 31 ms, p < 0.05); however, there was no difference
in QTc duration with the addition of progestins compared with controls [50]. A similar
observation was also confirmed several years later by a US study [51], where the QTc
interval increased in postmenopausal women after estrogen therapy (386 ± 11.6 ms prior
to HRT and 398 ± 17 ms with HRT, p < 0.05) with no difference observed in patients re-
ceiving combination HRT (QTc 394 ± 10.1 vs. 388 ± 26.4 ms, NS). Data on specific doses of
estrogen or combined hormone therapy were not available. In addition, Tisdale et al. have
recently shown in a randomized, double-blind, placebo-controlled crossover study that
oral progesterone attenuated ibutilide’s effect on QTc prolongation [52]. In castrated rabbits
implanted with sustained release pellets of progesterone or placebo, a significant decrease
in the incidence of dofetilide-induced TdP (27% vs. 61%, respectively, p = 0.049), bigeminy
(36% vs. 74%, p = 0.03) and trigeminy (18% vs. 57%, p = 0.01) [53] was demonstrated in the
progesterone-exposed group. Overall, estrogens therefore play a role in lengthening QTc,
while progesterone appears to be protective by limiting QTc prolongation.

4. QTc Variation in Hypoestrogenic and Hyperandrogenic States in Women

The role of female hormonal imbalance particularly in ovarian or adrenal diseases
can also impact the QTc interval and subsequent risk for ventricular arrhythmias. Selected
therapies used for treatment of these pathologies may also affect the QTc interval.

Premature ovarian insufficiency (POI), which occurs in 1% of women, is a condition
where the ovaries stop functioning normally before age 40 and is characterized by menstrual
disturbance with elevated gonadotropins and low estradiol [54]. Treatment for POI typically
involves HRT with estrogens and progestins until the normal age of menopause. In
addition to the lengthening effect of estradiol and the shortening effect of progesterone
on QTc duration, the follicle-stimulating hormone (FSH) also appears to be a factor that
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is positively correlated with the duration of ventricular repolarization [36]. The rationale
for this complex hormonal system regulating QTc is supported by the fact that the RNA
of gonadotropin receptors is expressed in the myocardium [55]. Knowledge of cardiac
repolarization in women with POI is, however, poorly documented by a few studies on
Turner syndrome.

Turner syndrome (TS) is a well-known cause of POI and is associated with a risk
of heart disease [56]. TS is a classic situation with low progesterone and estradiol levels
and a high FSH level, which could therefore play a role in QTc duration. Nielsen et al.
illustrated the case of a 58-year-old woman with TS absent of long QT gene mutations, who
developed significant QT prolongation (465 to 600 ms) 12 h after a single dose of 300 mg of
intravenous amiodarone for AF [57]. Seventeen hours later, she had a cardiac arrest with
VF treated by immediate cardioversion without additional amiodarone treatment with
normalization of her ECG within a few days. In a recent publication, 112 genetically proven
TS patients were followed for an average of 7.0 ± 5.1 years after the first ECG [58]. At least
one QTc prolonging medication was prescribed in 81 (74%) patients; however, none had
documented ventricular arrhythmias in comparison to 112 age-matched controls without
TS. QTc was significantly shorter in matched controls using either Bazett’s or Hodge’s
formula compared to TS patients (424 ± 16 vs. 448 ± 28 ms, p < 0.0001; and 414.8 ± 16
vs. 424.2 ± 20 ms; p = 0.0002, respectively). Unfortunately, no information on hormone
therapy was available.

Several studies have analyzed the QTc interval in patients with TS and POI, though
with many limitations [59,60]. These studies were from a small number of patients with
only limited data on HRT and most without hormonal evaluation. Moreover, QTc was
frequently calculated with Bazett’s formula that does not take into account the higher heart
rate in TS as with the use of Hodge’s formula, which is the preferred QTc correction in these
patients [56]. In a recent cross-sectional study, Atici et al. demonstrated that 38 patients
with TS had significantly longer QTc than 35 controls (respectively, QTc 411.9 ± 22.7 vs.
392.1 ± 13.2 ms, p < 0.001), with the major limitation being the lack of data on karyotype or
hormonal treatment [60]. This lengthening of the QTc interval had already been highlighted
by Bondy et al. as early as 2006 [61]. In their study population, 36% of the TS patients (after
puberty and discontinuation of HRT) had a QTc above the reference range in comparison
to only 4% of the controls (440 ms; p = 0.0001).

In 2017, clinical practice guidelines for the care of women with TS suggested that a
resting ECG with QTc measurement should be performed at the time of diagnosis, in order
to avoid prolonging QTc drugs in patients with evidence of baseline QTc prolongation. If
deemed necessary, an ECG should be performed 1–2 weeks after initiation of QT-prolonging
drugs [56]. Recently this year, a larger study of 359 women found no difference in QTc
duration compared to the general population. These authors described a lower prevalence
of QTc prolongation in patients with TS compared to previous studies, which may be
a result of a different cutoff value used for the definition of QTc prolongation (450 for
girls and 460 ms for women, in comparison to a cutoff of 440 ms in other studies) [62].
Another possible explanation could be linked to the karyotypic formula of the patients
(monosomia or mosaic). Although the association of karyotype with Y chromosomal
material and shortening of QTc was recently demonstrated by Harrahill et al. [58], this
association has been rarely studied and the outcomes remain contradicting [61,62]. Finally,
a high prevalence of mutations in the major LQTS genes in women with TS and prolonged
QTc have already been discussed in 2013 [63]. Indeed, 88 TS patients with a prolonged
QTc > 432 ms by Bazett’s formula were found to have seven mutations in major LQTS
genes (SCN5A and KCNH2) and one in a minor LQTS gene (KCNE2).

Hyperandrogenic states in women such as polycystic ovary syndrome (PCOS) or
congenital adrenal hyperplasia (CAH) also highlight the important role of the hormone
level balance on QTc duration. The androgen level is, in fact, another major determinant of
the duration of ventricular repolarization, where a significant decrease in the testosterone
level lengthens the QTc interval in men [17]. The results of studies regarding the influence
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of testosterone on cardiac repolarization in women, however, are still contradictory. In-
deed, no correlation has been found between the testosterone level and QTc interval by
Zhang et al. [64] or Nakagawa et al. [43]. However, in these studies, women did not have
hyperandrogenic states and correlation between the two had been researched based on
quartiles of testosterone normal ranges. It was very likely that the impact on the QTc was
greater in the pathological situation of excess testosterone.

PCOS is the most common endocrinopathy affecting reproductive age women
(8–13% of population) defined by the Rotterdam PCOS Diagnostic Criteria (two of oligo-
or anovulation, clinical and/or biochemical hyperandrogenism or polycystic ovaries on
ultrasound), after exclusion of related disorders such as CAH, Cushing disease, hyperpro-
lactinemia and androgen-secreting tumor [65]. In women with PCOS, a negative correlation
between testosterone levels and QTc has actually been highlighted in comparison to healthy
women [66]. In a prospective case–control study, the QTc interval was compared in 119
PCOS women with hyperandrogenism and 64 age-matched healthy women without PCOS
and without hyperandrogenism [67]. Among PCOS patients with an elevated testos-
terone level compared to controls (2.7 ± 2.1 vs. 1.4 ± 1.7 nmol/L, respectively p = 0.01),
QTc duration was shorter in PCOS patients than in controls (401 ± 61 vs. 467 ± 61 ms;
p = 0.007). This was inversely related to the plasma levels of testosterone (Spearman −0.45,
p = 0.005). However, these results were not observed by Akdag et al. (QTc of patients
with PCOS: 414 ± 33.7 vs. control group: 417 ± 32.9 ms, p = 0.082) [68]. Patients with
PCOS had higher serum testosterone than control subjects (respectively, 95.6 ± 55.9 ng/dL
vs. 49.6 ± 41.3 ng/gL, p < 0.001) but also a higher estradiol level, although no significant
changes in ECGs were observed.

In recent years, multiple studies have focused on the chronic low-grade inflamma-
tion process in visceral adipose tissue and its significant role in the pathophysiological
mechanisms of PCOS disease [69]. Inflammatory cytokines appear to have direct effects
on ventricular repolarization and may play a role in lengthening of the QT duration via
cytokine-mediated changes in potassium channel expression [70–72]. As PCOS involves
hyperandrogenism and an increased inflammatory state, the analysis of QTc duration
is complex; inflammatory status should therefore be considered as another concurrent
variable of the phenotype of PCOS and an arrhythmic risk factor.

Treatment of PCOS may require recombinant FSH administration to improve fertility.
The possible lengthening effect of FSH on QTc has already been highlighted [36] and it
would be worth evaluating whether the short QTc associated with this disease would be
corrected by FSH administration, especially with a significant increase in the estradiol
level due to stimulation of ovulation. Although it did not reach a pathological level, in a
recent study that assessed the effect of supraphysiological estradiol level changes (estradiol
peak at 1656 ± 878 pg/mL) occurring during in vitro fertilization treatment on ventricular
repolarization in 59 patients [73], mean QTc intervals increased significantly after ovarian
hyperstimulation treatment (411.9 ± 23.7 before treatment and 420.7 ± 23.3 ms during
ovarian hyperstimulation; p = 0.007).

Less common than PCOS, CAH is an autosomal recessive disease due to 21-hydroxylase
deficiency and is characterized by cortisol deficiency associated with excess androgen [74].
Abeshira et al. studied the combined influence of several sex steroid hormones and go-
nadotropins on QTc interval duration in a prospective case–control study of 68 patients
with CAH (44 women and 24 men) and 81 age-matched healthy controls (55 women and
26 men) [36]. 17-OH-progesterone, progesterone, the progesterone/estradiol ratio and total
testosterone were higher in women with CAH than in female controls (p < 0.05). CAH
women had shorter QTc intervals compared to female controls (404 ± 2.0 vs. 413 ± 2.1 ms;
p = 0.001), but the QTc interval in CAH women was not statistically different to CAH
men (404.7 ± 3.7 ms) or healthy men (396 ± 2.8 ms). According to univariable analysis,
QTc duration was negatively correlated with progesterone (r = −0.29; p = 0.01), proges-
terone/estradiol ratio (r = −0.38; p = 0.001) and total testosterone (r = −0.2; p = 0.01) in
women. All of these small variations in QTc duration are likely of minimal clinical relevance
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when not associated with other risk factors for TdP; however, they illustrate the important
but complex role of sex hormones in ventricular repolarization.

5. Exogenous Hormonal Therapy and its Effect on QTc Variation

Altering sex hormone receptor pathways through endocrine therapies may modify
ventricular repolarization and can be proarrhythmogenic. Hormonal therapy such as
contraception or breast cancer therapy in women and exogenous testosterone or androgenic
deprivation therapy (ADT) for prostate cancer in men is frequently and increasingly used,
and its effects on ventricular repolarization have garnered significant interest. Indeed, male
acquired hypogonadism or ADT blunts the 10–20 msec difference in QTc between men
and women [8].

5.1. Exogenous Hormonal Therapy in Women

Various hormonal oral contraceptive pills exist such as combined estrogen–progestin
or progestin-only pills. Depending on the progestin used, oral contraceptive pills have
variable antiandrogenic action. Oral contraceptive generations (first, second and third;
e.g., nortestosterone derivatives) are classified by progestin decreasing androgenic potency,
while the fourth (or other) generations are antiandrogenic pills. For instance, levonorgestrel
is a second-generation progestin with high androgenic potency, while desogestrel, norges-
timate and gestodene, which are third-generation progestins, have intermediate andro-
genic potency, and chlormadinone acetate, cyproterone acetate, dienogest or drospirenone,
which are not nortestosterone derivatives, have a predominantly antiandrogenic effect.
Drospirenone also has anti-mineralocorticoid activity.

In a US retrospective study analyzing 410,782 ECGs from 34,676 women on oral
contraceptive pills, QTc was found to be shorter in users of first and second generations
than non-users (p < 0.0001) and longer in users of the fourth generation than non-users
(p < 0.0001) [75]. In a recent cohort of 498 healthy non-menopausal women, drospirenone
was associated with increased sotalol-induced QTc prolongation ( + 6–7 ms) as com-
pared to controls or levonorgestrel [16,76]. Salem et al. also confirmed this finding using
the European pharmacovigilance database with a disproportionality analysis showing
higher reporting rates of suspected diLQTS, ventricular arrhythmias and cardiac arrest for
drospirenone vs. levonorgestrel [76].

In cancer therapy, endocrine therapies are drugs that interfere with hormone-activated
pathways to slow cancer progression, most commonly used for the treatment of breast
cancer. A recent review described in detail the cardiac arrhythmia effects of hormonal
cancer therapy [8]. Many such pharmaceutical agents prolong the QTc interval by interact-
ing with cardiac ion channels, mainly blocking IKr and enhancing the late sodium current
(INa-L) [77]. Prolongation of ventricular repolarization with several oncologic drugs has
been shown to be notably mediated by inhibition of the α-subunit of phosphoinositide
3-kinase [78,79]. Selective estrogen receptor modulators (SERMs) and aromatase inhibitors
(AIs) are cornerstone endocrine drugs used for hormone-sensitive breast cancer treatment.
AIs block peripheral conversion of testosterone into estradiol, leading to decreased estra-
diol and increased testosterone levels. Kurokawa et al. recently showed that ablation of
circulating levels of estradiol in aromatase knockout mice blunted the QT prolonging effect
of E-4031, an IKr blocker [80]. Moreover, it has been shown that high-dose anastrozole
leads to QT shortening in dogs. Results from animal models should be extrapolated with
caution in humans because of potential differences in the composition of cardiac ionic
channels among both species [81]. In a recent pharmacovigilance study, SERMs were found
to be associated with a higher proportion of adverse drug reaction reports related to LQT,
TdP and ventricular arrhythmias compared with AIs of suspected adverse drug reaction
reports [82] (Figure 2).

Although the QTc lengthening due to oral contraceptive pills or cancer therapy remain
moderate and do not appear clinically significant, possible combinations with other QT-
prolonging drugs should be taken into consideration, as well as the diagnosis of cLQTS. For
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instance, association between tamoxifen and antidepressants such as serotonin reuptake
inhibitors, particularly paroxetine, frequently used in breast cancer, induces a significant
increase in the QTc interval [83].

5.2. Exogenous Hormonal Therapy in Men

Exogenous testosterone and dihydrotestosterone (DHT) can shorten QTc duration
in vivo and decrease the APD in preclinical models [8,35]. The ECG pattern of a longer re-
polarization duration (longer QT interval and lower T wave amplitude) in women has been
well established to differ from men as a result of the androgenic effect of testosterone. In
men with hypogonadism who received exogenous intramuscular injection of testosterone,
there was a significant negative linear relationship observed between the QT interval and
testosterone level, whereby QTc was longer (median QTc 363 ms, IQR 357 to 384 ms) during
lower levels of testosterone and shorter (median QTc 352 ms, IQR 340 to 363 ms) during
higher levels of testosterone [84].

In a larger study that looked at the ECG parameters of two randomized controlled
clinical trials assessing testosterone replacement in opioid-induced androgen deprivation
patients (Testosterone and Pain, TAP) and the effect on progression of subclinical atheroscle-
rosis in older men (Testosterone Effects on Atherosclerosis in Aging Men, TEAAM), testos-
terone reduced the age-related increase in QTc duration in men [85]. Specifically, within the
TAP trial [86], a change in QTc was negatively associated with a change in total testosterone
(r = −0.24, p = 0.036) and in the TEAAM trial [87], there was a decrease in QTc by −6.3 ms
(p < 0.001).

Tribulus terrestris belongs to the plant family of Zygophyllaceae that has been used
since ancient times for a multitude of effects, particularly as an aphrodisiac, for improve-
ment in sexual dysfunction and for its anti-inflammatory and anti-oxidant properties [88].
Several studies have demonstrated in different animal models that Tribulus terrestris
increases the levels of testosterone as well as its active metabolite (DHT) and dehy-
droepiandrosterone sulphate [88]. Particularly among primates, there was a mean 51% and
32% increase in testosterone and DHT, respectively, with Tribulus terrestris ingestion in
comparison to normal primate subjects [88]. In castrated rats, administration of Tribulus
terrestris increased testosterone levels by 25%. The effect of the testosterone and DHT
increase is suspected to be secondary to the predominant steroidal glycoside (saponins)
furostonal of Tribulus terrestris, protodioscin, which has a role in androgen production
through either direct hormonal receptor binding or alteration of the steroidal enzyme
metabolism [88]. Indeed, in patients with hypogonadism, protodioscin treatment has been
shown to increase levels of testosterone and luteinizing hormones.

However, the effects of exogenous chronic anabolic–androgenic steroid (AAS) use,
such as oxymetholone, stanozolol and nandrolone, are more complex as they can have vari-
able effects on the ECG pattern due to their different androgenic and anabolic properties
(anabolic-to-androgen ratio) and interactions with gonadotropins, which are dependent
on the chemical structure of the compound studied [35]. AASs are testosterone deriva-
tives with the primary function to have a higher anabolic-to-androgen ratio; for example,
oxymetholone has an anabolic-to-androgen ratio of 9, while stanozolol has an anabolic-to-
androgen ratio of 30, in comparison to that of testosterone of 1 [89]. Thus, chronic AAS use
can cause a significant increase in non-testosterone androgen plasma levels which results
in a negative feedback mechanism on endogenous testosterone secretion by the testes due
to suppression of the hypothalamic–pituitary–gonadal axis. QTc was even found to be
prolonged in some studies of chronic AAS use in male bodybuilders [35].

Acquired male hypogonadism in patients receiving ADT for prostate cancer therapy
has been reported as a risk factor for acquired LQTS and TdP [17,85,90–92] and normal-
ization of the testosterone level by HRT attenuates the modification of QTc duration in
hypogonadal males [85,93,94]. In a case series of seven consecutive men prospectively
admitted for TdP, we showed that all had acquired hypogonadism and that normaliza-
tion of testosterone levels shortened QTc and prevented recurrence of TdP [17]. The
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effects of testosterone on the QT interval were also demonstrated in a small randomized
controlled study of men where ibutilide-induced QTcF prolongation was reversed with
subdermal testosterone in comparison to placebo [95]. Similarly, in extreme cases with
severely decreased total, free and bioavailable testosterone levels which were demonstrated
in a retrospective analysis from a TdP registry, patients receiving ADT, particularly le-
uprolide and bicalutamide for prostate cancer, had prolonged QTc (QTc 530–620 ms) and
suffered TdP [91].

The data on the mechanism of the effect of hormonal changes specific to gender on
the ventricular repolarization and APD have not entirely been elucidated; however, they
have been summarized in recent reviews [8,35] (Figure 2). Specifically, the change in
morphology and shortening of the ventricular APD was shown to be related to a higher
ITo (transient outward potassium current) density in male ventricular epicardial cells than
in female cardiomyocytes in dogs [96]. In addition, in rodent-based preclinical studies,
testosterone has been suggested to shorten the APD by enhancement of the repolarizing
IKr and IKs currents and by decreasing the depolarizing L-type calcium current (ICa-L) [96].
In a translational study that identified an association of enzalutamide (a strong androgen
receptor antagonist) with diLQTS and high fatality rates, enzalutamide was found to
significantly prolong the APD in cardiomyocytes from induced pluripotent stem cells from
men [90]. With exposure to both acute (15 min) and chronic (5 h) enzalutamide, the APD
was significantly prolonged and corresponded to an inhibition of IKr and an enhancement
of INa-L, which was abrogated by DHT administration [90].

6. Role of Sex and Inherited Channelopathies
6.1. Inherited Channelopathies in Women

In addition to acquired LQTS which is often drug-induced [21,97], cLQTS is another
cause of palpitations, syncope, seizures, cardiac arrest and SCD. cLQTS are inherited
primary arrhythmia syndromes due to dysfunction of cardiac ion channels that alter the
action potential [9]. The prevalence of cLQTS is evaluated in approximately 1 out of every
2000 healthy live births. Although there has not been a direct association of all gene
mutations with cLQTS, several mutations linked to the disorder have been identified, the
most common of which has been found in the potassium channel KCNQ1 (cLQTS1) and
hERG (human Ether-à-go-go Related Gene, cLQTS2) genes. cLQTS1 affects 40–55% of
cLQTS individuals. The KCNQ1 gene, expressed in the cell membrane of cardiomyocytes,
encodes the α-subunit of a voltage-gated potassium channel which contributes to generate
the IKs current. cLQTS2 represents 30–45% of the cLQTS population. hERG (KCNH2) codes
for a voltage-gated pore forming the α-subunit of the inwardly rectifying potassium channel
which contributes to generate the IKr current. The incidence of life-threatening events is
lowest for cLQTS1 compared to cLQTS2. In comparison, cLQTS3 affects approximately
5–10% of the population and is associated with more than 300 gain-of-function mutations
of the SCN5A gene. It is considered the most lethal among the cLQTS phenotypes as
malignant VAs can occur at rest and during sleep.

Sex hormones have varying effects on the calcium (ICa,L) and potassium (IKr, IKs and
IK1 channel) currents (Figure 2) in both genomic- and non-genomic-regulated pathways. In
the conventional genomic pathway, sex hormones bind to transmembrane sex hormone
receptors that translocate into the nucleus and regulate expression of target cardiac ion chan-
nel genes. For example, pre-treatment with testosterone in vitro has been shown to increase
the expression of Ica-L, resulting in a shorter QTc interval [98], while estrogen decreases
the expression of Iks and Ikr, resulting in lengthening of the QT interval [99]. Sex hor-
mones have also been demonstrated to exert effects on ventricular repolarization through
non-genomic regulation, particularly activation of the endothelial nitric oxide (eNOS) and
mitogen activating protein kinase (MAPK)-associated intracellular pathways [100]. The
non-transcriptional alterations of specific cardiac ion channels by sex hormones in the
acute setting with preclinical models have further provided evidence of their effects on
regulation of the QT interval and predisposition to arrhythmias. In an animal model of
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guinea pig ventricular cardiomyocytes designed to represent fluctuations in the hormonal
balance during the menstrual cycle in women, acute exposure to progesterone resulted in
APD shortening due to phosphoinositide 3-kinase (PI3K)/Akt-dependent eNOS pathway
enhancement of IKs and inhibition of ICa-L currents [101]. The same group has also pre-
viously shown a similar non-genomic effect of testosterone via the PI3K/Akt-dependent
eNOS pathway [102].

Female sex is an independent risk factor for syncope and SCD in patients with cLQTS
during adulthood and cLQTS adult women have a lengthened QTc interval vs. men [6,103,
104]. Moreover, female sex has been recently determined to be an independent predictor
of life-threatening events for cLQTS patients [10]. Anneken et al. reported that QTc was
shortened during pregnancy in patients with cLQTS2 as compared to the post-partum
period [105]. In cLQTS2 women, the risk for cardiac events (syncope, TdP and SCD) is more
than 4-fold increased during the postpartum (due to the rapid decrease in progesterone) vs.
pre-pregnancy period, while the arrhythmogenic risk during pregnancy is reduced by 50%.
Recently, Odening et al. reported a well-documented case of a 37-year-old female suspected
cLQTS2 patient who had normalization of her QTc interval during pregnancy and the
postpartum period when she breastfed or when a progesterone-releasing intrauterine
device was used [106]. This same group had concordantly shown that progesterone could
successfully prevent induction of ventricular arrhythmia in a rabbit model of LQTS2 [107].
Although exogenous use of hormonal therapies such as medroxyprogesterone acetate
(MPA) for contraception may exert similar antiproliferative effects to progesterone on the
endometrium, it does not appear to affect the non-genomic eNOS pathway of cardiac ion
current regulation and in patients with cLQTs, and use of MPA may increase the risk for
TdP and SCD [108].

6.2. Inherited Channelopathies in Men

In comparison, male sex, higher testosterone levels and use of androgen agonists
are risk factors for ERS and BrS (Figure 1) favoring ventricular tachycardia and VF [109].
Indeed, in comparison to LQTS which has a strong female prevalence, ERS and BrS
are both predominantly seen in men (60–90%), particularly of younger age, which has
been demonstrated to be related specifically to higher testosterone levels [110]. ERS
and BrS, referred to collectively by some as “J wave syndromes” [11], although each
with independently unique ECG characteristics, are typically manifested as specific J
wave patterns associated with malignant ventricular arrhythmias. The J or Osborn wave
first described in 1953 is the positive deflection from the isoelectric line observed during
hypothermia [111] but is commonly seen in the young male population.

The classic ECG pattern of type 1 BrS shows a “coved” ST segment—J-point elevation
with concave ST segment elevation merging into a negative or isoelectric symmetric T
wave. This pattern is typically observed in leads V1 and V2 placed in the third or second
intercostal space. The literature describing the QTc interval in BrS is limited to the first
original description of the ECG and clinical phenotypes by Brugada and Brugada. The QTc
in BrS is generally perceived to be within the normal gender-specific range in patients with
the SCN5A mutation, the gene that encodes the α-subunit of the cardiac sodium channel
leading to the INa current [15]. A shorter QTc, however, has been observed in BrS with loss-
of-function mutations in the genes encoding ICa-L [112]. The direct effect of testosterone on
BrS has also been shown by surgical castration and ADT [113] in patients with prostate
cancer, which resulted in the disappearance of the classical BrS ECG phenotype, suggesting
that testosterone may modulate the early phase of ventricular repolarization.

In ERS, which is highly prevalent in the male population (90%), the QTc is significantly
shorter in males than in females and is suspected to be due to the androgenic effects
of testosterone on the repolarization duration [14]. An inferolateral early repolarization
pattern (J-point elevation of ≥0.1 mV in ≥2 leads in inferior [II, III, aVF] and/or lateral [I,
aVL, V4-V6] leads) in ERS is of particular clinical significance due to its proclivity for SCD
in young males. This channelopathy has been associated with heritable mutations linked
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to the KCNJ8, CACNA1C, CACNB2b and CACNA2D1 subunit genes of the ICa-L channel
and the ATP-sensitive potassium channel subunit gene (ABCC9). Among 2755 male
patients from the Health 2000 study [110], subjects who exhibited an inferolateral early
repolarization pattern were found to have a higher total testosterone level than those with
normal ECG patterns (17.81 ± 6.24 vs. 15.73 ± 6.10 nmol/l, p < 0.0001). This was also
observed in a tertile-level-dependent manner, whereby the ERS ECG pattern increased 2-
fold between each successive tertile, as well as in a recent Turkish study of 179 healthy male
patients [114]. These results further corroborated earlier findings which observed a decrease
in prevalence in the ERS ECG pattern in middle-aged and older men vs. younger men [115].

6.3. Atrial Fibrillation and Sex Hormones

AF is the most common cardiac dysrhythmia with a high prevalence in men and with
increasing age which has been proposed to be linked with testosterone deficiency as the
incidence of hypogonadism is present in approximately 38% of men older than 45 years of
age [116]. Among 275 of 1251 men from the Framingham Study who developed incidental
AF, a significant interaction between the levels of testosterone and AF risk was observed.
Particularly among older men between the ages of 55 and 69 years old and in octogenarians
and above, there was a respective 1.3-fold and 3.5-fold increase in AF risk with each 1
standard deviation decrease in the testosterone level [116]. In a large national cohort study
from 76,639 patients with low testosterone identified from the Veterans Administrations
Corporate Data Warehouse, patients who were administered testosterone replacement
therapy (TRT) and had normalized testosterone levels had a significantly lower risk for AF
in comparison to those who received TRT with persistently low levels of testosterone (HR
0.90, 95% CI 0.81–0.99, p = 0.0255) and patients who were not treated with TRT (HR 0.79,
95% CI 0.70–0.89, p = 0.0001) [117]. The association between a decrease in testosterone levels
and risk for AF development has been suspected due to altered atrial electrical monitoring
from increased inflammation and metabolic disorders such as obesity, hyperlipidemia
and hypertension [116,118].

Testosterone deficiency and AF have also been demonstrated in a rat preclinical
model [119]. In orchiectomized male Sprague-Dawley rats, electrically stimulated repetitive
atrial responses were resolved with the administration of testosterone suggested to be
related to decreased calcium leakage from the sarcoendoplasmic reticulum as a result
of normalization of binding of the FK506-binding protein (FKBP12.6) to the ryanodine
receptor type 2 (RyR2) [119]. On the contrary, however, in aged rabbits receiving TRT,
there was an increased incidence of early afterdepolarizations and arrhythmogenesis in the
pulmonary vein and left atrium via enhanced adrenergic activity [120].

7. QTc Variation in Transgender Individuals

An interesting research study model to assess the effects of sexual dimorphism on
cardiac repolarization is the transgender person. Indeed, sex hormone levels of the desired
gender in a transgender person will reach the same level of those of a cisgender person,
i.e., a transwoman (birth-assigned male, i.e., gender that is assumed on the basis of the
phenotype/physical sex characteristics present at birth whose gender identity is female)
will have very low testosterone and high estradiol levels, and a transman (birth-assigned
female whose gender identity is male) will have increased testosterone levels and lowered
estradiol and progesterone levels [121].

Wamboldt et al. reported ECG analyses of two cases of transwomen who used
estrogen therapy associated with an antiandrogen drug [122]. In the first case series, a
healthy 26-year-old transwoman without heart disease was treated with oral estradiol
(4 mg), cyproterone acetate (25 mg) and finasteride (1 mg). Her ECG showed a sinus
rhythm with frequent premature ventricular contractions. In the second case, a 52-year-old
transwoman was treated by estradiol hemihydrate (2 mg), progesterone (100 mg) and
buserelin acetate (1 mg/mL 3 sprays per day). She had hypertension, type 1 diabetes
mellitus and smoking history but no heart disease. Hormonal evaluation was unavailable.
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Manifestation of AF was diagnosed but occurred during hypoglycemia. Her ECG showed
a sinus rhythm with premature atrial complexes. Unfortunately, QTc measurements were
not specified. Recently, the case of a 63-year-old transman with cardiac arrest was also
reported [123]. This patient was treated by testosterone for about 20 years and developed
the Brugada pattern.

To date, very few data are available on cardiac repolarization in this population.
Antwi-Amoabeng et al. reported a 3.68% incidence of cardiac arrhythmias in a retrospective
cohort of 16,555 transgender adults hospitalized for gender-affirming surgeries. Among this
cohort, arrhythmia occurred significantly more in transmen than in transwomen (p = 0.0029)
and those who were significantly older [124]. The most common arrythmia was AF (2.87%,
lower than the reported 4% incidence in the general surgery population) followed by atrial
flutter and ventricular tachycardia. VF was an infrequent arrythmia (<0.09%). To our
knowledge, there are no data available on QTc modifications in this population to date, but
ECG monitoring before and during hormonal treatment appears appropriate.

8. Conclusions

Large studies have shown that diLQTS and TdP are more prevalent in women than
in men, contrasting with ERS and BrS which are more frequent in men. This can be, in
part, explained by circulating testosterone levels since male hypogonadism or ADT blunts
the ERS and Brugada ECG features and the 10–20 msec difference in QTc between men
and women. Susceptibility to diLQTS is variable in women depending on the menstrual
phase, with higher risk during the follicular phase when the estradiol/progesterone ratio is
high vs. the luteal phase characterized by high progesterone levels. Exogenous hormonal
therapies can alter the clinical penetrance of these cardiac pro-arrhythmia phenotypes,
particularly in congenitally predisposed patients, which emphasizes the need for careful
monitoring and risk assessment in these patients.

Author Contributions: V.G. and M.Y.Y.M.: equally contributed to the conceptualization, methodol-
ogy, writing—original draft preparation and validation of the work; X.W., E.G. and C.F.-B.: conceptu-
alization and reviewing of the work; A.B.: conceptualization of the work, supervision, reviewing and
editing, J.-E.S.: conceptualization and design of the work, supervision, reviewing and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the French National Network for Rare En-
docrine Diseases FIRENDO (www.firendo.fr) - supported by the Ministry of Health as part of the
3nd National Plan for Rare Diseases (2018–2022) - for providing financial support for the publication
of this article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AAS, anabolic–androgenic steroid; ADT, androgenic deprivation therapy; AF, atrial fibrillation; Ais,
aromatase inhibitors; APD, action potential duration; BrS, Brugada syndrome; CAH, congenital
adrenal hyperplasia; cLQTS, congenital long QT syndrome; DHT, dihydrotestosterone; diLQTS,
drug-induced long QT syndrome; ERS, early repolarization syndrome; FSH, follicle-stimulating
hormone; HRT, hormone replacement treatment; LQTS, long QT syndrome; PCOS, polycystic ovary
syndrome; POI, premature ovarian insufficiency; QTc, QT interval corrected for heart rate; SCD,
sudden cardiac death; SERMs, selective estrogen receptor modulators; TdP, torsade de pointes; TS,
Turner syndrome; TRT, testosterone replacement therapy; VF, ventricular fibrillation.

www.firendo.fr


Int. J. Mol. Sci. 2021, 22, 1464 14 of 19

References
1. Curtis, M.J.; Hancox, J.C.; Farkas, A.; Wainwright, C.L.; Stables, C.L.; Saint, D.A.; Clements-Jewery, H.; Lambiase, P.D.; Bill-

man, G.E.; Janse, M.J.; et al. The Lambeth Conventions (II): Guidelines for the study of animal and human ventricular and
supraventricular arrhythmias. Pharmacol. Ther. 2013, 139, 213–248. [CrossRef] [PubMed]

2. Funck-Brentano, C.; Jaillon, P. Rate-corrected QT interval: Techniques and limitations. Am. J. Cardiol. 1993, 72, B17–B22. [CrossRef]
3. Roden, D.M. Drug-induced prolongation of the QT interval. N. Engl. J. Med. 2004, 350, 1013–1022. [CrossRef]
4. Locati, E.T.; Bagliani, G.; Padeletti, L. Normal ventricular repolarization and QT interval: Ionic background, modifiers, and

measurements. Card Electrophysiol. Clin. 2017, 9, 487–513. [CrossRef] [PubMed]
5. Priori, S.G.; Schwartz, P.J.; Napolitano, C.; Bloise, R.; Ronchetti, E.; Grillo, M.; Vicentini, A.; Spazzolini, C.; Nastoli, J.; Bot-

telli, G.; et al. Risk Stratification in the Long-QT Syndrome. N. Engl. J. Med. 2003, 348, 1866–1874. [CrossRef]
6. Sauer, A.J.; Moss, A.J.; McNitt, S.; Peterson, D.R.; Zareba, W.; Robinson, J.L.; Qi, M.; Goldenberg, I.; Hobbs, J.B.; Acker-

man, M.J.; et al. Long QT syndrome in adults. J. Am. Coll. Cardiol. 2007, 49, 329–337. [CrossRef]
7. Locati, E.T.; Bagliani, G.; Cecchi, F.; Johny, H.; Lunati, M.; Pappone, C. Arrhythmias due to inherited and acquired abnormalities

of ventricular repolarization. Card. Electrophysiol. Clin. 2019, 11, 345–362. [CrossRef]
8. Barber, M.; Nguyen, L.S.; Wassermann, J.; Spano, J.-P.; Funck-Brentano, C.; Salem, J.-E. Cardiac arrhythmia considerations of

hormone cancer therapies. Cardiovasc. Res. 2019, 115, 878–894. [CrossRef]
9. Tester, D.J.; Ackerman, M.J. Genetics of Long QT Syndrome. Methodist DeBakey Cardiovasc. J. 2014, 10, 29–33. [CrossRef]
10. Mazzanti, A.; Maragna, R.; Vacanti, G.; Monteforte, N.; Bloise, R.; Marino, M.; Braghieri, L.; Gambelli, P.; Memmi, M.; Pa-

gan, E.; et al. Interplay between genetic substrate, QTc duration, and arrhythmia risk in patients with long QT syndrome. J. Am.
Coll. Cardiol. 2018, 71, 1663–1671. [CrossRef]

11. Antzelevitch, C.; Yan, G.-X. J-wave syndromes: Brugada and early repolarization syndromes. Heart Rhythm. 2015, 12, 1852–1866.
[CrossRef] [PubMed]

12. Nademanee, K.; Veerakul, G.; Chandanamattha, P.; Chaothawee, L.; Ariyachaipanich, A.; Jirasirirojanakorn, K.; Likittanasombat,
K.; Bhuripanyo, K.; Ngarmukos, T. Prevention of ventricular fibrillation episodes in brugada syndrome by catheter ablation over
the anterior right ventricular outflow tract epicardium. Circulation 2011, 123, 1270–1279. [CrossRef] [PubMed]

13. Koncz, I.; Gurabi, Z.; Patocskai, B.; Panama, B.K.; Szél, T.; Hu, D.; Barajas-Martínez, H.; Antzelevitch, C. Mechanisms underlying
the development of the electrocardiographic and arrhythmic mani-festations of early repolarization syndrome. J. Mol. Cell Cardiol.
2014, 68, 20–28. [CrossRef] [PubMed]

14. Panicker, G.K.; Manohar, D.; Karnad, D.R.; Salvi, V.; Kothari, S.; Lokhandwala, Y. Early repolarization and short QT interval in
healthy subjects. Heart Rhythm. 2012, 9, 1265–1271. [CrossRef] [PubMed]

15. Brugada, P.; Brugada, J. Right bundle branch block, persistent ST segment elevation and sudden cardiac death: A distinct clinical
and electrocardiographic syndrome. J. Am. Coll. Cardiol. 1992, 20, 1391–1396. [CrossRef]

16. Salem, J.-E.; Dureau, P.; Bachelot, A.; Germain, M.; Voiriot, P.; LeBourgeois, B.; Trégouët, D.-A.; Hulot, J.-S.; Funck-Brentano, C.
Association of oral contraceptives with drug-induced QT interval prolongation in healthy nonmenopausal women. JAMA Cardiol.
2018, 3, 877–882. [CrossRef] [PubMed]

17. Salem, J.-E.; Waintraub, X.; Courtillot, C.; Shaffer, C.M.; Gandjbakhch, E.; Maupain, C.; Moslehi, J.J.; Badilini, F.; Haroche, J.;
Gougis, P.; et al. Hypogonadism as a reversible cause of torsades de pointes in men. Circulation 2018, 138, 110–113. [CrossRef]

18. Albert, C.M.; Chae, C.U.; Grodstein, F.; Rose, L.M.; Rexrode, K.M.; Ruskin, J.N.; Stampfer, M.J.; Manson, J.E. Prospective study of
sudden cardiac death among women in the United States. Circulation 2003, 107, 2096–2101. [CrossRef]

19. Rienstra, M.; Van Veldhuisen, D.J.; Hagens, V.E.; Ranchor, A.V.; Veeger, N.J.; Crijns, H.J.; Van Gelder, I.C.; RACE Investigators.
Gender-related differences in rhythm control treatment in persistent atrial fibrillation: Data of the Rate Control Versus Electrical
Cardioversion (RACE) study. J. Am. Coll. Cardiol. 2005, 46, 1298–1306. [CrossRef]

20. Makkar, R.R.; Fromm, B.S.; Steinman, R.T.; Meissner, M.D.; Lehmann, M.H. Female gender as a risk factor for torsades de pointes
associated with cardiovascular drugs. JAMA 1993, 270, 2590–2597. [CrossRef]

21. Yap, Y.G.; Camm, A.J. Drug induced QT prolongation and torsades de pointes. Heart Br. Card. Soc. 2003, 89, 1363–1372. [CrossRef]
[PubMed]

22. Coker, S. Drugs for men and women—How important is gender as a risk factor for TdP? Pharmacol. Ther. 2008, 119, 186–194.
[CrossRef] [PubMed]

23. Bazett, H.C. An analysis of the time-relations of electrocardiograms. Ann. Noninvasive Electrocardiol. 1997, 2, 177–194. [CrossRef]
24. Kumar, N.; Saini, D.; Froelicher, V. A gender-based analysis of high school athletes using computerized electrocardiogram

meas-urements. PLoS ONE 2013, 8, e53365.
25. Hii, J.T.; Wyse, D.G.; Gillis, A.M.; Duff, H.J.; Solylo, M.A.; Mitchell, L.B. Precordial QT interval dispersion as a marker of torsade

de pointes. Disparate effects of class Ia antiarrhythmic drugs and amiodarone. Circulation 1992, 86, 1376–1382. [CrossRef]
[PubMed]

26. Surawicz, B.; Parikh, S.R. Prevalence of male and female patterns of early ventricular repolarization in the normal ECG of males
and females from childhood to old age. J. Am. Coll. Cardiol. 2002, 40, 1870–1876. [CrossRef]

27. Griffet, V.; Finet, G.; Di Filippo, S.; Lantelme, P.; Caignault, J.R.; Guérard, S. Athlete’s heart in the young: Electrocardiographic
and echocardiographic patterns in 107 French athletes. Ann. Cardiol. Angeiol. 2013, 62, 116–121. [CrossRef]

http://doi.org/10.1016/j.pharmthera.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23588158
http://doi.org/10.1016/0002-9149(93)90035-B
http://doi.org/10.1056/NEJMra032426
http://doi.org/10.1016/j.ccep.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28838552
http://doi.org/10.1056/NEJMoa022147
http://doi.org/10.1016/j.jacc.2006.08.057
http://doi.org/10.1016/j.ccep.2019.02.009
http://doi.org/10.1093/cvr/cvz020
http://doi.org/10.14797/mdcj-10-1-29
http://doi.org/10.1016/j.jacc.2018.01.078
http://doi.org/10.1016/j.hrthm.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/25869754
http://doi.org/10.1161/CIRCULATIONAHA.110.972612
http://www.ncbi.nlm.nih.gov/pubmed/21403098
http://doi.org/10.1016/j.yjmcc.2013.12.012
http://www.ncbi.nlm.nih.gov/pubmed/24378566
http://doi.org/10.1016/j.hrthm.2012.03.046
http://www.ncbi.nlm.nih.gov/pubmed/22449739
http://doi.org/10.1016/0735-1097(92)90253-J
http://doi.org/10.1001/jamacardio.2018.2251
http://www.ncbi.nlm.nih.gov/pubmed/30073300
http://doi.org/10.1161/CIRCULATIONAHA.118.034282
http://doi.org/10.1161/01.CIR.0000065223.21530.11
http://doi.org/10.1016/j.jacc.2005.05.078
http://doi.org/10.1001/jama.1993.03510210076031
http://doi.org/10.1136/heart.89.11.1363
http://www.ncbi.nlm.nih.gov/pubmed/14594906
http://doi.org/10.1016/j.pharmthera.2008.03.005
http://www.ncbi.nlm.nih.gov/pubmed/18472167
http://doi.org/10.1111/j.1542-474X.1997.tb00325.x
http://doi.org/10.1161/01.CIR.86.5.1376
http://www.ncbi.nlm.nih.gov/pubmed/1423949
http://doi.org/10.1016/S0735-1097(02)02492-0
http://doi.org/10.1016/j.ancard.2013.02.003


Int. J. Mol. Sci. 2021, 22, 1464 15 of 19

28. Bessem, B.; de Bruijn, M.C.; Nieuwland, W. Gender differences in the electrocardiogram screening of athletes. J. Sci. Med. Sport
2017, 20, 213–217. [CrossRef]

29. Mason, J.W.; Ramseth, D.J.; Chanter, D.O.; Moon, T.E.; Goodman, D.B.; Mendzelevski, B. Electrocardiographic reference ranges
derived from 79,743 ambulatory subjects. J. Electrocardiol. 2007, 40, 228–234. [CrossRef]

30. Mangoni, A.A.; Kinirons, M.T.; Swift, C.G.; Jackson, S.H.D. Impact of age on QT interval and QT dispersion in healthy subjects: A
regression analysis. Age Ageing 2003, 32, 326–331. [CrossRef]

31. Rabkin, S.W.; Cheng, X.-B.J.; Thompson, D.J. Detailed analysis of the impact of age on the QT interval. J. Geriatr. Cardiol. 2016, 13,
740–748. [PubMed]

32. Rautaharju, P.M.; Zhang, Z.-M.; Haisty, W.K.; Gregg, R.E.; Warren, J.; Horacek, M.B.; Kucharska-Newton, A.M.; Rosamond, W.;
Soliman, E.Z. Race- and sex-associated differences in rate-adjusted QT, QTpeak, ST elevation and other regional measures of
repolarization: The Atherosclerosis Risk in Communities (ARIC) Study. J. Electrocardiol. 2014, 47, 342–350. [CrossRef] [PubMed]

33. Rijnbeek, P.R.; Van Herpen, G.; Bots, M.L.; Man, S.; Verweij, N.; Hofman, A.; Hillege, H.; Numans, M.E.; Swenne, C.A.;
Witteman, J.C.; et al. Normal values of the electrocardiogram for ages 16–90 years. J. Electrocardiol. 2014, 47, 914–921. [CrossRef]
[PubMed]

34. Vicente, J.; Johannesen, L.; Galeotti, L.; Strauss, D.G. Mechanisms of sex and age differences in ventricular repolarization in
humans. Am. Heart J. 2014, 168, 749–756.e3. [CrossRef]

35. Salem, J.-E.; Alexandre, J.; Bachelot, A.; Funck-Brentano, C. Influence of steroid hormones on ventricular repolarization. Pharmacol.
Ther. 2016, 167, 38–47. [CrossRef]

36. Abehsira, G.; Bachelot, A.; Badilini, F.; Koehl, L.; Lebot, M.; Favet, C.; Touraine, P.; Funck-Brentano, C.; Salem, J.-E. Complex
influence of gonadotropins and sex steroid hormones on QT interval duration. J. Clin. Endocrinol. Metab. 2016, 101, 2776–2784.
[CrossRef]

37. Burke, J.H.; Ehlert, F.A.; Kruse, J.T.; Parker, M.A.; Goldberger, J.J.; Kadish, A.H. Gender-specific differences in the QT interval and
the effect of autonomic tone and menstrual cycle in healthy adults. Am. J. Cardiol. 1997, 79, 178–181. [CrossRef]

38. Hulot, J.-S.; Démolis, J.-L.; Rivière, R.; Strabach, S.; Christin-Maitre, S.; Funck-Brentano, C. Influence of endogenous oestrogens on
QT interval duration. Eur. Heart J. 2003, 24, 1663–1667. [CrossRef]

39. Rodriguez, I.; Kilborn, M.J.; Liu, X.-K.; Pezzullo, J.C.; Woosley, R.L. Drug-induced QT prolongation in women during the
menstrual cycle. JAMA 2001, 285, 1322–1326. [CrossRef]

40. Dogan, M.; Yiginer, O.; Uz, O.; Kucuk, U.; Degirmencioglu, G.; Isilak, Z.; Uzun, M.; Davulcu, E. The effects of female sex hormones
on ventricular premature beats and repolarization parameters in physiological menstrual cycle. Pacing Clin. Electrophysiol. PACE
2016, 39, 418–426. [CrossRef]

41. Gowda, R.M.; Khan, I.A.; Punukollu, G.; Vasavada, B.C.; Sacchi, T.J.; Wilbur, S.L. Female preponderance in ibutilide-induced
torsade de pointes. Int. J. Cardiol. 2004, 95, 219–222. [CrossRef] [PubMed]

42. Endres, S.; Mayuga, K.A.; De Cristofaro, A.; Taneja, T.; Goldberger, J.J.; Kadish, A. Menstrual cycle and ST height. Ann. Noninvasive
Electrocardiol. 2004, 9, 121–126. [CrossRef] [PubMed]

43. Nakagawa, M.; Ooie, T.; Takahashi, N.; Taniguchi, Y.; Anan, F.; Yonemochi, H.; Saikawa, T. Influence of menstrual cycle on QT
interval dynamics. Pacing Clin. Electrophysiol. 2006, 29, 607–613. [CrossRef] [PubMed]

44. Shugg, T.; Egly, C.; Stamatkin, C.W.; Patil, A.S.; Tisdale, J.E.; Overholser, B.R. Progesterone metabolites inhibit the human
ether-a-go-go-related gene and predict QT interval length. J. Clin. Pharmacol. 2019, 60, 648–659. [CrossRef]

45. Wu, Z.Y.; Yu, D.J.; Soong, T.W.; Dawe, G.S.; Bian, J.S. Progesterone impairs human ether-a-go-go-related gene (HERG) trafficking
by disruption of in-tracellular cholesterol homeostasis. J. Biol. Chem. 2011, 286, 22186–22194. [CrossRef]

46. Carnethon, M.; Anthony, M.S.; Cascio, W.E.; Folsom, A.R.; Rautaharju, P.M.; Liao, D.; Evans, G.W.; Heiss, G. A prospective
evaluation of the risk of QT prolongation with hormone replacement therapy: The atherosclerosis risk in communities study.
Ann. Epidemiol. 2003, 13, 530–536. [CrossRef]

47. Larsen, J.A.; Tung, R.; Sadananda, R.; Goldberger, J.J.; Horvath, G.; Parker, M.A.; Kadish, A. Effects of hormone replacement
therapy on QT interval. Am. J. Cardiol. 1998, 82, 993–995. [CrossRef]

48. Yildirir, A.; Aybar, F.; Kabakci, M.G.; Yarali, H.; Akgul, E.; Bukulmez, O.; Tokgozoglu, S.L.; Gurgan, T.; Oto, A. Hormone
replacement therapy shortens QT dispersion in healthy postmenopausal women. Ann. Noninvasive Electrocardiol. 2001, 6, 193–197.
[CrossRef]

49. Gökçe, M.; Karahan, B.; Yilmaz, R.; Örem, C.; Erdöl, C.; Özdemir, Ş. Long term effects of hormone replacement therapy on heart
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