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QT interval prolongation, corrected for heart rate (QTc), either spontaneous or drug-induced, is associated with an increased risk of torsades de pointes and sudden death. Women have longer QTc than men and are at higher risk of torsades de pointes, particularly during post-partum and the follicular phase. Men with peripheral hypogonadism have longer QTc than healthy controls. The role of the main sex steroid hormones has been extensively studied with inconsistent findings. Overall, estradiol is considered to promote QTc lengthening while progesterone and testosterone shorten QTc. New findings suggest more complex regulation of QTc by sex steroid hormones involving gonadotropins (i.e. follicle-stimulating hormone), the relative concentrations of sex steroid hormones (which depends on gender, i.e., progesterone/estradiol ratio in women). Aldosterone, another structurally related steroid hormone, can also prolong ventricular repolarization in both sex. Better understanding of pathophysiological hormonal processes which may lead to increased susceptibility of women (and possibly hypogonadic men) to drug-induced arrhythmia may foster preventive treatments (e.g. progesterone in women). Exogenous hormonal intake might offer new therapeutic opportunities or, alternatively, increase the risk of torsades de pointes. Some exogenous sex steroids may also have paradoxical effects on ventricular repolarization. Lastly, variations of QTc in women linked to the menstrual cycle and sex hormone fluctuations are generally ignored in regulatory thorough QT studies. Investigators and regulatory agencies promoting inclusion of women in thorough QT studies should be aware of this source of variability especially when studying drugs over several days of administration.

Introduction

The QT interval of the electrocardiogram (ECG), corrected for heart rate (QTc), is a measure of the duration of ventricular repolarization and is a widely used surrogate marker of ventricular arrhythmia risk (Curtis, M.J., et al., 2013;Pugsley, M.K., et al., 2008). It remains the gold standard in human studies despite its well-recognized limitations (Curtis, M.J., et al., 2013;Pugsley, M.K., et al., 2008). Bazett's correction (QTcB = QT/RR ^0.5 ) has been widely used but Fridericia's correction (QTcF = QT/RR ^0.33 ) is currently preferred in accordance with the E14 ICH Guideline adopted by FDA and EMA in 2005. This latter correction is more accurate than Bazett's (Funck-Brentano, C. & Jaillon, P., 1993).

In the healthy population, from puberty to menopause, QTc is longer in women than in men. This gender difference in normal QTc values decreases with age due to progressive QTc lengthening in males until it reaches the level of women around the age of female menopause (Mason, J.W., et al., 2007;Rautaharju, P.M., et al., 2014;[START_REF] Vicente | Mechanisms of sex and age differences in ventricular repolarization in humans[END_REF]. Therefore age-and sex-specific criteria could influence the definitions of upper normal limits for evaluation of QTc prolongation and increased arrhythmic burden (Mason, J.W., et al., 2007;Rautaharju, P.M., et al., 2014). Although risk scores have been developed (Tisdale, J.E., et al., 2013), there is no gender-specific threshold of QTc prolongation at which torsade de pointes is certain to occur. A QTc > 500 ms, and to a greater extent a QTc > 550msec, are associated with at least a 2 to 3 fold increased risk of torsade (Priori, S.G., et al., 2003;Sauer, A.J., et al., 2007). Locati et al. reported gender-related differences in cardiac events in long QT syndrome (LQTS) carriers (Locati, E.H., et al., 1998). This gender related difference was age-dependent.

In LQTS patients, the risk of cardiac events is considered higher in males until puberty and higher in females during adulthood (Locati, E.H., et al., 1998;Priori, S.G., et al., 2003;Sauer, A.J., et al., 2007).

Modulation of ventricular ion-channels by sex hormones has been emphasized (Coker, S.J., 2008).

In the general adult population, female gender is associated with a higher risk of torsades de pointes. This arrhythmia occurs twice as often in women as it does in men (Coker, S.J., 2008;Makkar, R.R., et al., 1993;Roden, D.M., 2004;Yap, Y.G. & Camm, A.J., 2003). Women of childbearing age are at greater risk of QT prolongation during the follicular phase (Burke, J.H., et al., 1997;[START_REF] Endres | Menstrual cycle and ST height[END_REF][START_REF] Nakagawa | Influence of menstrual cycle on QT interval dynamics[END_REF]. LQTS carriers have a reduced risk for cardiac events during pregnancy, but an increased risk during the 9-month postpartum period, especially among women with the LQT2 genotype [START_REF] Seth | Long QT syndrome and pregnancy[END_REF]. It was however not specified if these cardiac events were torsades de pointes related to QT prolongation or other arrhythmias unrelated to QT prolongation. Anneken et al. recently reported that QTc was shortened during pregnancy in patients with LQTS type 2 as compared to the post-partum period [START_REF] Anneken | Estradiol regulates human QT-interval: acceleration of cardiac repolarization by enhanced KCNH2 membrane trafficking[END_REF]. The effect of sex steroid hormones on cardiac repolarization, mainly estradiol, progesterone and testosterone, has been suspected for many years but is still a matter of debate. Conflicting results have been obtained, possibly amplified by use of variable methods of QT correction for heart rate. Aldosterone also appears to influence ventricular repolarization [START_REF] Matsumura | Prolongation of the QT interval in primary aldosteronism[END_REF][START_REF] Maule | QT interval in patients with primary aldosteronism and low-renin essential hypertension[END_REF]. The electrophysiological and molecular differences in male and female cardiac electrophysiology have been discussed earlier (Jonsson, M.K., et al., 2010;Yang, P.C. & Clancy, C.E., 2010). Here, we review the current knowledge about the influence of sex hormones and aldosterone on QTc interval with particular emphasis on clinical studies and potential clinical and regulatory implications.

2. Impact of the main sex steroid hormones on QTc: estradiol, testosterone, progesterone -In women: estradiol and progesterone have opposite effects on QTc interval [Table 12The end of the follicular phase is characterized by high estradiol and low progesterone levels while the luteal phase is characterized by high progesterone with lower estradiol levels and menses (first part of the follicular phase) by both low progesterone and estradiol levels [START_REF] Buffet | Regulation of the human menstrual cycle[END_REF]Mahesh, V.B., 1985) (Figure 1). Burke et al. showed in 20 women under double autonomic blockade (atropine-propranolol) that QTc interval was shorter (p≤0.05) during the luteal phase (438±16ms) than during the menstrual (446±15ms) or the follicular phase (444±13ms) (Burke, J.H., et al., 1997). Endres et al. confirmed these results in 22 women also exposed to double autonomic blockade [START_REF] Endres | Menstrual cycle and ST height[END_REF] and Nakagawa et al. showed that, compared to men, QTc was longer in women only during the follicular phase [START_REF] Nakagawa | Influence of menstrual cycle on QT interval dynamics[END_REF]. To assess if the luteal phase was protective against drug-induced QTc lengthening, a prospective interventional study including 58 healthy adults was conducted [START_REF] Rodriguez | Drug-induced QT prolongation in women during the menstrual cycle[END_REF]. Twenty two men and 38 men were administered ibutilide, a drug with class III antiarrhythmic properties due to activation of a slow inward sodium current and inhibition of the delayed rectifier potassium channel (IKr). Cumulative QTc increase over time with ibutilide infusion, was compared using area under the curve of the change in QTc versus time over 60 minutes from the onset of infusion. Women received the drug on 3 different occasions: menstrual, ovulatory follicular and luteal phases. Ibutilide-induced QTc prolongation was greater (p<0.01) in women during menses (63±13ms) and the ovulatory phase (59±17msec) than during the luteal phase (53±14) and in men (46±16ms). Drug-induced QTc prolongation negatively correlated with plasma progesterone and the progesterone/estradiol ratio (r=-0.4) but did not correlate with estradiol or testosterone levels [START_REF] Rodriguez | Drug-induced QT prolongation in women during the menstrual cycle[END_REF]. Of note, except for one study which analyzed log estradiol (r=-0.43) [START_REF] Nowinski | Repolarization measures and their relation to sex hormones in postmenopausal women with cardiovascular disease receiving hormone replacement therapy[END_REF], no correlation was found between estradiol levels and QTc (Hulot, J.S., et al., 2003;[START_REF] Zhang | Sex-steroid hormones and electrocardiographic QT-interval duration: findings from the third National Health and Nutrition Examination Survey and the Multi-Ethnic Study of Atherosclerosis[END_REF]. Therefore, most studies found a protective effect of the luteal phase, characterized by high progesterone exposure, on drug-induced QTc prolongation (Figure 1). However, it should be emphasized that the extent to which these variations of QTc interval duration observed during menstrual cycle, either spontaneously or drug-induced, are associated to changes in the risk of torsades de pointes remains unknown.

In women, menopause or bilateral oophorectomy is associated with a fall of estradiol and progesterone levels which, if too symptomatic, may require hormone replacement therapy. Several studies examined the effect of estrogen with or without progestin supplementation on the QTc interval. The type of progestin used was rarely reported. Some studies found that administration of estradiol alone was associated with QTc increase while QTc did not change in patients under combined progestin-estrogen due to a progestin counterbalancing effect (Carnethon, M.R., et al., 2003;[START_REF] De Leo | Resting ECG is modified after oophorectomy and regresses with estrogen replacement therapy in premenopausal women[END_REF][START_REF] Haseroth | Effects of progestin-estrogen replacement therapy on QT-dispersion in postmenopausal women[END_REF]Kadish, A.H., et al., 2004;Lee, T.M., et al., 1999). This finding was not confirmed in other studies but the type of progestins and estrogens used were not specified precluding further understanding of these conflicting results (Larsen, J.A., et al., 1998;[START_REF] Nowinski | Repolarization measures and their relation to sex hormones in postmenopausal women with cardiovascular disease receiving hormone replacement therapy[END_REF]. Thus, it cannot be concluded that all progestins shorten QTc interval since pharmacological properties differ among the various progestins used in menopause. Besides progesterone, the natural progestin, there are several derived compounds, whose spectrum of actions and interaction varies depending on the type of steroid hormone receptor considered. Therefore, different biological effects of synthetic progestins may be exerted at the end organ or tissue levels [START_REF] Sitruk-Ware | Pharmacological profile of progestins[END_REF].

Sex steroid hormones exert non-genomic actions on cardiac repolarization [START_REF] Kurokawa | Non-genomic action of sex steroid hormones and cardiac repolarization[END_REF]. In guinea pig ventricular myocytes, acute applications of physiological serum levels of progesterone suppress a depolarizing current, ICaL, and enhance a repolarizing current, IKs (Figure 2A), resulting in shortening of the duration of ventricular action potentials [START_REF] Nakamura | Progesterone regulates cardiac repolarization through a nongenomic pathway: an in vitro patch-clamp and computational modeling study[END_REF]. In female rabbit hearts, progesterone protects against prolongation of action potential duration and triangulation induced by the inhibition of a number of potassium channels by quinidine, including IKr, IK1, and Ito (Tisdale, J.E., et al., 2011). Moreover, in prepubertal ovariectomized transgenic LQT2 rabbits, progesterone significantly shortened QTc interval by decreasing ICaL density (Odening, K.E., et al., 2012). Using patch-clamp recordings, guinea pig hearts and cultured cells overexpressing IKr, physiological concentrations of 17β-oestradiol induced modifications of voltagedependence that partially suppressed IKr in a receptor-independent manner [START_REF] Kurokawa | Acute effects of oestrogen on the guinea pig and human IKr channels and drug-induced prolongation of cardiac repolarization[END_REF]. Using patch-clamped recordings from ventricular myocytes isolated from female rabbits, 17βestradiol upregulated the cardiac sodium-calcium exchanger and induced early afterdepolarizations by a genomic mechanism mediated by estrogen receptors, and de novo mRNA and protein biosynthesis [START_REF] Chen | Regional genomic regulation of cardiac sodium-calcium exchanger by oestrogen[END_REF]. In these experiments, the subsequent addition of dofetilide to the bathing solution prolonged action potential durations but only myocytes treated with 17β-estradiol exhibited early afterdepolarizations (n =6 out of 6 cells). The subsequent addition of KB-R7943, an inhibitor of the sodium-calcium exchanger, to the bathing solution reduced action potential durations in all cells and suppressed early afterdepolarizations in all cells incubated with 17β-estradiol. Therefore, the authors concluded that in female hearts, 17β-estradiol could contribute to the enhanced propensity to early afterdepolarization, the substrate of torsade de pointes, in female hearts [START_REF] Chen | Regional genomic regulation of cardiac sodium-calcium exchanger by oestrogen[END_REF]. A proarrhythmic effect of acute administration of 17β-estradiol, independent of gender, was shown in an (1)-adrenoceptor-stimulated anaesthetized rabbit model receiving the IKr blocker clofilium (Philp, K.L., et al., 2007).

-In women: pathological elevations in testosterone shorten QTc [ Table 2] Testosterone levels are very low in women vs men, except in some pathological hormonal conditions where women are androgenized. Testosterone levels found in healthy women of childbearing age [START_REF] Nakagawa | Influence of menstrual cycle on QT interval dynamics[END_REF] or post-menopausal women [START_REF] Zhang | Sex-steroid hormones and electrocardiographic QT-interval duration: findings from the third National Health and Nutrition Examination Survey and the Multi-Ethnic Study of Atherosclerosis[END_REF] do not correlate with baseline QTc [START_REF] Rodriguez | Drug-induced QT prolongation in women during the menstrual cycle[END_REF]. In contrast, congenital adrenal hyperplasia and polycystic ovary syndrome patients presenting with higher levels of testosterone have shorter QTc intervals than normal healthy women. In these latter conditions with high variability of testosterone levels in women, a negative correlation (r= -0.2 to -0.5) was found between testosterone levels and QTc [START_REF] Abehsira | Complex influence of gonadotropins and sex steroid hormones on QT interval duration[END_REF][START_REF] Gazi | Relationship of QT dispersion with sex hormones and insulin in young women with polycystic ovary syndrome: an observational study[END_REF][START_REF] Vrtovec | The effect of estrogen replacement therapy on ventricular repolarization dynamics in healthy postmenopausal women[END_REF].

-In men: normal levels of testosterone shorten QTc [Table 3] Bidoggia et al. first showed that QTc was longer in castrated men when compared to virilized women or healthy men [START_REF] Bidoggia | Sex differences on the electrocardiographic pattern of cardiac repolarization: possible role of testosterone[END_REF], the latter presenting with similar QTc [START_REF] Abehsira | Complex influence of gonadotropins and sex steroid hormones on QT interval duration[END_REF][START_REF] Gazi | Relationship of QT dispersion with sex hormones and insulin in young women with polycystic ovary syndrome: an observational study[END_REF][START_REF] Vrtovec | Testosterone-related shortening of QTc interval in women with polycystic ovary syndrome[END_REF]. This suggests a shortening effect of testosterone on QTc in normal healthy men. Several cross-sectional studies involving thousands of men with variable age and levels of testosterone (445 in a Rotterdam cohort, 1428 in the study of health in Pomerania, 727 in the Third National Health and Nutrition Examination Survey and 2942 in the Multi-Ethnic Study of Atherosclerosis) [START_REF] Van Noord | The association of serum testosterone levels and ventricular repolarization[END_REF][START_REF] Zhang | Sex-steroid hormones and electrocardiographic QT-interval duration: findings from the third National Health and Nutrition Examination Survey and the Multi-Ethnic Study of Atherosclerosis[END_REF] confirmed the potential shortening effect of testosterone on QTc in men. After multivariable analysis, men in the highest tertile or quartile of testosterone levels had significantly shorter QTc than those in the lowest subgroups. QTc shortening was more strongly associated with the free testosterone fraction than with total testosterone levels. A prospective interventional study [START_REF] Charbit | Effects of testosterone on ventricular repolarization in hypogonadic men[END_REF] conducted in 11 hypogonadic men assessed at different times after their last testosterone administration showed that QT at 60 bpm, i.e. QTc,; p<0.013) at higher total testosterone concentrations (52.6nmol/L), intermediate ) at medium concentrations (35.8nmol/L) and longer (363ms IQ ) at lowest testosterone concentration (6nmol/L). In patients with Klinefelter syndrome, characterized by elevated gonadotropin and low testosterone levels, QTc was shorter in patients treated with testosterone than in untreated patients [START_REF] Jorgensen | Short QTc interval in males with klinefelter syndrome-influence of CAG repeat length, body composition, and testosterone replacement therapy[END_REF]. In contrast, when administered to elderly patients and patients with heart disease with only slight androgen deficit and numerous comorbidities potentially altering QTc duration, acute or chronic administration of testosterone reaching physiological or supra-physiological concentrations was not associated with QTc change (Malkin, C.J., et al., 2003;White, C.M., et al., 1999). Of note, no study has reported significant associations between endogenous estradiol or progesterone levels and QTc in men [START_REF] Pecori Giraldi | High prevalence of prolonged QT interval in obese hypogonadal males[END_REF][START_REF] Zhang | Sex-steroid hormones and electrocardiographic QT-interval duration: findings from the third National Health and Nutrition Examination Survey and the Multi-Ethnic Study of Atherosclerosis[END_REF], even in patients with congenital adrenal hyperplasia who express high progesterone levels [START_REF] Abehsira | Complex influence of gonadotropins and sex steroid hormones on QT interval duration[END_REF]. Coker reviewed animal models supporting the difference in ventricular repolarization duration due to sex hormones (Coker, S.J., 2008). Also, estradiol has been reported to be ~10 fold more potent in blocking ICaL and reducing ischemia-induced arrhythmias in female rats than in male rats (Philp, K.L., et al., 2006).

Experimental data are in line with the clinical findings that testosterone shortens QTc in men. Indeed, in rabbit right ventricular strip preparations superfused with Tyrode's solution, testosterone decreased action potential duration [START_REF] Alexandre | Aldosterone and testosterone: two steroid hormones structurally related but with opposite electrophysiological properties during myocardial ischemia-reperfusion[END_REF]. In Langendorff-perfused guinea-pig hearts, acute administration of testosterone shortened action potential duration (Figure 2C) (Bai, C.X., et al., 2005). In whole-cell patch-clamp recordings, an increase in IKr amplitude (~13-15 %) was also reported with physiological acute administration of testosterone in a neuroblastoma cell line overexpressing this current (Ridley, J.M., et al., 2008). Since IKr enhancement was rapid following acute administration of testosterone, it was felt unlikely that this effect could have been mediated through a genomic effect. However, the increase in IKr amplitude was inhibited by the androgen receptor antagonist flutamide suggesting a "classical" genomic pathway via activation of androgen receptors.

In addition, testosterone also increases IKs in guinea-pig ventricular preparations (Bai, C.X., et al., 2005) and modestly decreases ICaL in both vascular and cardiac L-type Ca2+ channels under physiological conditions (Scragg, J.L., et al., 2004;[START_REF] Wagner | Interaction of gonadal steroids and the glucocorticoid corticosterone in the regulation of the L-type Ca(2+) current in rat left ventricular cardiomyocytes[END_REF]. These findings were also reported in humans where it was suggested that the effects of testosterone on ICaL played a greater role than its effects on IKs in shortening early repolarization [START_REF] Vicente | Mechanisms of sex and age differences in ventricular repolarization in humans[END_REF].

Complex interactions between gonadotropins and steroid sex hormones on QTc interval

Recently, we showed that QTc interval is influenced by complex interactions between sex steroid hormones and gonadotropins depending on gender (Table 4), rather than on one single hormone [START_REF] Abehsira | Complex influence of gonadotropins and sex steroid hormones on QT interval duration[END_REF]. Progesterone/estradiol ratio in women, testosterone in men and FSH in both genders were major determinants of the duration of ventricular repolarization. FSH was positively correlated to QTc (r=0.39 and r=0.38, respectively in men and women) while free testosterone in men (r=-0.34) and progesterone/estradiol ratio in women (r=-0.38) were negatively correlated. This finding is supported by the fact that FSH receptors are present in the myocardium (GeneCards). In women, FSH ovulary peak during the follicular phase might contribute to their higher sensitivity to drug-induced QTc lengthening at this peculiar moment [START_REF] Rodriguez | Drug-induced QT prolongation in women during the menstrual cycle[END_REF]. In men with hypogonadism, QTc was longer compared to healthy men [START_REF] Bidoggia | Sex differences on the electrocardiographic pattern of cardiac repolarization: possible role of testosterone[END_REF][START_REF] Charbit | Effects of testosterone on ventricular repolarization in hypogonadic men[END_REF] except in those with hypogonadotropic hypogonadism [START_REF] Kirilmaz | Comparison of electrocardiographic repolarization patterns between hypogonad males and normal subjects[END_REF]. In those latter patients, low FSH (0.6±0.9 mIU/ml), not promoting QTc lengthening (403±36 vs 408±25 msec, in hypogonadotropic vs healthy men, respectively, p-value not significant), despite low total testosterone levels (71±92 ng/dL) might explain this observation [START_REF] Kirilmaz | Comparison of electrocardiographic repolarization patterns between hypogonad males and normal subjects[END_REF]. Furthermore, complete androgen blockade with bilateral orchiectomy plus peripheral anti-androgen therapy (surgical group) was associated with a faster and more important QTc lengthening in 65 patients with prostate cancer than central blockade of gonadotrophins release (i.e decrease in FSH release) plus peripheral anti-androgen medication (medical group) [START_REF] Sağlam | Changes in electrocardiogram findings during treatment with gonadotropin-releasing hormone agonist and surgical castration for prostate carcinoma[END_REF]. Pre-treatment QTc changed from 412±27 to 422±40 msec (ns) and from 422±29 msec to 440±34 msec (p=0.007) at three months in the medical and surgical groups, respectively [START_REF] Sağlam | Changes in electrocardiogram findings during treatment with gonadotropin-releasing hormone agonist and surgical castration for prostate carcinoma[END_REF].

Direct vs. indirect effects of sex hormones on cardiac ionic current.

The mechanisms of hormones influences on repolarization are complex, combining genomic and nongenomic pathways. The precise mechanisms of action of hormones on ventricular repolarization is still unresolved. This may be due to different experimental conditions using variable models, hormone doses or combinations. Studies found only moderate correlations between individual sex hormones and QTc [START_REF] Abehsira | Complex influence of gonadotropins and sex steroid hormones on QT interval duration[END_REF]. Several groups raised the question of whether the effect of sex hormones on ion channels and cardiac repolarization involved genomic or nongenomic pathways. Non-clinical studies indicated that sex steroid hormones may lead to a transcriptional, posttranscriptional or post-translational effect on ion channels expression and regulation more than a direct channel on/off effect but quantitative comparison are lacking [START_REF] Anneken | Estradiol regulates human QT-interval: acceleration of cardiac repolarization by enhanced KCNH2 membrane trafficking[END_REF]Boyle, M.B., et al., 1987;Drici, M.D., et al., 1996;Liu, X.K., et al., 2003). Steroid hormones affect transcriptional processes, involving nuclear translocation, and bind to specific response elements, ultimately leading to regulation of gene expression (Evans, R.M., 1988). The actions of steroid hormones on ion channels opening and action potential duration are too rapid to be mediated by RNA and protein synthesis and are considered to be primarily related to non-genomic signaling mechanisms directly influencing ion currents [START_REF] Alexandre | Proarrhythmic effects of aldosterone during myocardial ischemia-reperfusion: implication of the sarcolemmal-KATP channels[END_REF]Pham, T.V., et al., 2001). It was reported that physiological levels of steroid hormones could acutely modify cardiac repolarization by regulating cardiac ion channels via non-genomic pathways including nitric oxide (NO) released from NO synthase 3 (Bai, C.X., et al., 2005;Pham, T.V., et al., 2001). Testosterone acutely affects cardiac repolarization by modulating IKs and ICa,L through nongenomic pathways including the androgen receptor, Akt and the NO synthase 3 (Bai, C.X., et al., 2005). Progesterone modulates cardiac repolarization and rapidly shortens action potential duration. This was attributed mainly to IKs enhancement and inhibition of ICaL through a nongenomic pathway involving c-Src/PI3K/Akt-dependent eNOS activation [START_REF] Nakamura | Progesterone regulates cardiac repolarization through a nongenomic pathway: an in vitro patch-clamp and computational modeling study[END_REF]. Elevated estradiol levels were associated with shorter QTc intervals in healthy women and female LQT-2 patients via enhanced estradiol-receptor-a-mediated Hsp90 interaction, increased membrane trafficking and thereby increased K+ repolarizing currents [START_REF] Anneken | Estradiol regulates human QT-interval: acceleration of cardiac repolarization by enhanced KCNH2 membrane trafficking[END_REF].

Animal models, have provided important electrophysiological information on the actions of steroid hormones [START_REF] Alexandre | Rabbit ventricular myocardium undergoing simulated ischemia and reperfusion in a double compartment tissue bath: a model to investigate both antiarrhythmic and arrhythmogenic likelihood[END_REF]Franz, M.R., et al., 1992;Lawrence, C.L., et al., 2005;Thomsen, M.B., et al., 2006;Yan, G.X., et al., 1998). Steroid hormones are involved in complex regulatory pathways in various tissue and organs, meaning that if their effects on cardiac myocytes are in any way dependent on noncardiac actions, these will not be detected in studies using isolated myocytes.

Impact of aldosterone, a non-sex steroid hormone, on cardiac repolarization

It is now well established that, compared to patients with essential hypertension, QTc interval is prolonged in patients with hyperaldosteronism (primary aldosteronism or Conn's adenoma), with a high proportion of patients experiencing QTc values higher than 440 ms [START_REF] Matsumura | Prolongation of the QT interval in primary aldosteronism[END_REF][START_REF] Maule | Ventricular repolarization before and after treatment in patients with secondary hypertension due to renalartery stenosis and primary aldosteronism[END_REF]. Several explanations may be proposed. First, the presence of higher blood pressure levels, due to the increased aldosterone secretion, might contribute to QT interval prolongation in these patients [START_REF] Maule | Ventricular repolarization before and after treatment in patients with secondary hypertension due to renalartery stenosis and primary aldosteronism[END_REF]. Indeed, hyperaldosteronism is associated with high blood pressure levels and left ventricular hypertrophy [START_REF] Milliez | Evidence for an increased rate of cardiovascular events in patients with primary aldosteronism[END_REF] and patients with left ventricular hypertrophy exhibit prolonged QT interval [START_REF] Dritsas | QT-interval abnormalities in hypertrophic cardiomyopathy[END_REF]Martin, A.B., et al., 1994) possibly as a consequence of down-regulation of the human ether-a-go-go related gene expression [START_REF] Hu | Down-regulation of the human ether-a-go-go-related gene in rat cardiac hypertrophy[END_REF]. Secondly, in case of hyperaldosteronism, patients usually exhibit a depletion of intracellular potassium concentration. Potassium is the most abundant intracellular cation. The electrophysiological effects of potassium depend not only on its intra and extracellular concentration, but also on the direction (hypokalemia vs hyperkalemia) and rate of change (Hoffman, B.F. & Suckling, E.E., 1956) that directly modulates potassium currents [START_REF] Ishihara | The Mg2+ block and intrinsic gating underlying inward rectification of the K+ current in guinea-pig cardiac myocytes[END_REF]) and ventricular repolarization. Indeed, IKr activation depends on potassium concentration and this concentration modulates QT interval duration (Yang, T. & Roden, D.M., 1996). In human, it was demonstrated that an oral potassium supplementation can safely increase serum potassium and correct QTc interval and QT dispersion in LQT-2 subjects (Etheridge, S.P., et al., 2003). Finally, aldosterone could also modify cardiac repolarization, via both genomic and non-genomic modulation of ionic currents expression and activity (Figure 2D). In a transgenic mouse model with conditional cardiac-specific overexpression of the human mineralocorticoid receptor, cardiac repolarization was prolonged due to a downregulation of Ito and an increase in ICaL (Benitah, J.P. & Vassort, G., 1999;[START_REF] Ouvrard-Pascaud | Conditional mineralocorticoid receptor expression in the heart leads to lifethreatening arrhythmias[END_REF]. In adult guinea pigs aldosterone administration for 28 days via osmotic pumps prolonged QT interval and action potential duration. This was attributed to a decrease in IKs density associated with a reduction in the mRNA/protein expression of IKs channel pore and auxiliary subunits, KCNQ1 and KCNE1 [START_REF] Lv | Aldosterone down-regulates the slowly activated delayed rectifier potassium current in adult guinea pig cardiomyocytes[END_REF]. Aldosterone also modulates cardiac repolarization via non-genomic pathway. Indeed, acute intravenous administration of aldosterone in patients with supraventricular arrhythmias increased monophasic action potential duration within minutes (Tillmann, H.C., et al., 2002). This might be explained by IKr and IKs decrease by aldosterone, an effect not attributable to the mineralocorticoid receptor [START_REF] Caballero | Spironolactone and its main metabolite, canrenoic acid, block human ether-a-go-go-related gene channels[END_REF].

These observations have been confirmed by pharmacological manipulations using mineralocorticoid receptor antagonists. Spironolactone, a nonselective mineralocorticoid receptor antagonist, in contrast with its blocking properties on human IKr [START_REF] Caballero | Spironolactone and its main metabolite, canrenoic acid, block human ether-a-go-go-related gene channels[END_REF], shortened QTc in primary aldosteronism (from 423 ± 23 ms to 403 ± 12ms; P<0.01) [START_REF] Maule | Ventricular repolarization before and after treatment in patients with secondary hypertension due to renalartery stenosis and primary aldosteronism[END_REF] and in coronary artery disease patients without heart failure (from 440 ± 28 ms to 425 ± 25 ms; P<0.001) (Shah, N.C., et al., 2007). Spironolactone also reduced QTc dispersion and shortened QTc in patients with systolic heart failure (Yee, K.M., et al., 2001). These clinical findings are in line with experimental data showing that spironolactone fully prevented aldosterone-induced electrophysiological changes (prolongation of QT interval and action potential duration) by restoration of IKs density [START_REF] Lv | Aldosterone down-regulates the slowly activated delayed rectifier potassium current in adult guinea pig cardiomyocytes[END_REF]. Moreover, the administration of eplerenone, a selective aldosterone antagonist, during 5 weeks successfully prevented the prolongation of ventricular repolarization and refractoriness induced by aldosterone in a rapid ventricular pacing-induced heart failure model (Stambler, B.S., et al., 2009).

Perspectives for a better understanding of processes linking sex hormones and QTc

The lengthening effect of FSH on QTc is a recent finding [START_REF] Abehsira | Complex influence of gonadotropins and sex steroid hormones on QT interval duration[END_REF]. Polycystic ovary syndrome patients may require recombinant FSH administration to improve their fertility (Norman, R.J., et al., 2007). It would be worth evaluating if the short QTc found in this disease is corrected by FSH administration [START_REF] Vrtovec | Testosterone-related shortening of QTc interval in women with polycystic ovary syndrome[END_REF].

Sex steroid hormone and FSH receptors also exhibit polymorphisms or mutations leading to either a hyperactive or inactive state [START_REF] Lussiana | Mutations and polymorphisms of the FSH receptor (FSHR) gene: clinical implications in female fecundity and molecular biology of FSHR protein and gene[END_REF]. Exploring the influences of these polymorphisms on QTc interval deserves specific investigations. Patients included in large population GWAS studies evaluating polymorphisms linked to QTc interval duration (Arking, D.E., et al., 2014) found an insignificant association with a single nucleotide polymorphism related to FSHR (p=3*10 -3 ).

The only study evaluating polymorphisms linked to drug-induced torsades de pointes was negative for any single nucleotide polymorphism (Behr, E.R., et al., 2013). Subjects included in these studies had multiple confounding factors for QTc assessment such as uncontrolled levels of electrolytes (e.g. dyskalemia), heart diseases with variable activation of the renin-angiotensin-aldosterone system or intake of drugs prolonging QTc including steroid modulators. Furthermore, their hormonal status was highly heterogeneous with the inclusion of children, men, menopausal women and women of childbearing age studied during menses, luteal and ovulatory phases. A hormone receptor polymorphism is unlikely to have the same influence on QTc in an adult and in a child, in a man and in a women or at different times of the menstrual cycle.

Exogenous hormone intake: new therapeutic perspectives or source of proarrhythmic risk?

Humans can be exposed to several situations where an exogenous hormonal intake is required.

Except for substitutive treatment in post-menopausal women, very few studies focused on the effect of such pharmacological interventions on QTc in clinical practice. Alizade et al. showed in 33 competitive male bodybuilders, 15 of whom had been actively using androgenic anabolic steroids for more than 2 years and 18 who had never used them, that QTc was longer in men using androgenic anabolic steroids (oxymetholone, stanozolol, nandrolone, testosterone propionate) compared to control subjects [START_REF] Alizade | The Effect of Chronic Anabolic-Androgenic Steroid Use on Tp-E Interval, Tp-E/Qt Ratio, and Tp-E/Qtc Ratio in Male Bodybuilders[END_REF]. Recently, Anneken et al. reported a QTc shortening in women after administration of the selective estrogen receptor modulator clomiphene and the associated important estradiol release [START_REF] Anneken | Estradiol regulates human QT-interval: acceleration of cardiac repolarization by enhanced KCNH2 membrane trafficking[END_REF]. Clomiphene, as a fertility inducer, exerts an antiestradiol effect on the pituitary axis. It inhibits IKr but does not prolong QTc in the guinea pig (Yuill, K.H., et al., 2004) making the results of Anneken et al. difficult to interpret.

Widely used oral contraceptives is another example of hormonal drugs potentially affecting QTc.

Different types of synthetic progestins with different chemical structures, derived from nor-steroids or spironolactone, are currently used in the composition of contraceptive pills. In a cross-sectional study among 410,782 women, it was found that users of first and second generation progestins (derived from norsteroids) had a significantly shorter QTc than nonusers while users of fourth generation pills (derived from spironolactone) had a significantly longer QTc than nonusers [START_REF] Sedlak | Oral contraceptive use and the ECG: evidence of an adverse QT effect on corrected QT interval[END_REF].

Progesterone, the natural progestin, has been successfully used to reduce the incidence of spontaneous ventricular arrhythmias in a rabbit model of congenital type 2 LQTS (Odening, K.E., et al., 2012). In a prospective, double-blind, placebo-controlled, crossover study involving 15 healthy women, Tisdale et al. recently showed that use of 400 mg oral progesterone once daily for 7 days during the follicular phase decreased ibutilide-induced QTc lengthening (Tisdale, J.E., et al., 2016). Pre-ibutilide QTc was significantly shorter during the progesterone phase (412±15 vs. 419±14 msec; p=0.04).

Compared to placebo, maximal QTc (443±17 vs 458±19msec; p=0.003) and maximal percentage increase in QTc from pre-treatment value (7.5±2.4 vs 9.3±3.4%; p=0.02) with ibutilide were less during the progesterone study period compared to the placebo period. Further investigations are needed to confirm if progesterone or other progestins can prevent or even treat drug-induced torsades de pointes by shortening QTc in humans, particularly in patients at risk such as those with congenital LQTS.

Implications for inclusion of women in thorough QT studies.

Thorough QT studies form the regulatory cornerstone of cardiac proarrhythmic safety evaluation in drug development (International Conference on Harmonization -E14, 2005). QTc interval prolongation is used as a surrogate for a potential risk of proarrhythmia later in development. A positive signal (i.e. QT liability) is considered when the upper bound of the 95% one-sided confidence interval for the largest placebo-controlled, time-matched mean effect of the drug on the QTc interval is at least 10 ms compared to placebo. The variations of QTc interval duration linked to the menstrual cycle and sex hormones fluctuations in women (Figure 1) is generally ignored in thorough QT studies and can contribute to as much as 15 msec changes in QTc interval duration [START_REF] Rodriguez | Drug-induced QT prolongation in women during the menstrual cycle[END_REF]Tisdale, J.E., et al., 2016), well above the threshold of regulatory concern. Investigators and regulatory agencies promoting the inclusion of women in thorough QT studies, or in its recently proposed alternative [START_REF] Darpo | Implications of the IQ-CSRC Prospective Study: Time to Revise ICH E14[END_REF], should be aware of this source of variability particularly in protocols requiring several days of drug administration.

Conclusion

Women have been known for decades to have longer QTc and an increased risk of drug-induced torsades de pointes compared to men and this may in part be due to hormonal influences. Aldosterone prolongs QTc interval while mineralocorticoid receptor antagonists shorten ventricular repolarization.

Endogenous and exogenous sex steroid hormones have variable influences on the duration of ventricular repolarization in both genders. Pathophysiological mechanisms underlying these findings are still imperfectly understood and nonclinical models have strong limitations due to the highly integrated nature of hormonal influences on QTc in humans. Testosterone in men and progesterone in women shorten repolarization while FSH prolongs repolarization in both genders. However, the interactions between these hormones and gonadotropin are complex. Several exogenous hormones carry a non-neutral effect on QTc, which remains to be unraveled. Finally, it should be acknowledged that the amplitude of these changes in the duration of ventricular repolarization are not necessarily associated with anti-or proarrhythmic consequences clinically. Also, investigators and regulatory agencies should be aware that, when women are included in a thorough QT study, the period of the menstrual cycle may significantly influence its results.  Estradiol: studies suggesting a lengthening of QTc -Retrospective case-control study [START_REF] Haseroth | Effects of progestin-estrogen replacement therapy on QT-dispersion in postmenopausal women[END_REF] -60 postmenopausal women. Three groups: estrogen replacement therapy (n=16), progestin-estrogen replacement therapy (n=22) or control (n=22)

-QTc increased in women under estrogen replacement therapy compared to untreated controls and women under combined progestin-estrogen therapy -Prospective interventional study [START_REF] De Leo | Resting ECG is modified after oophorectomy and regresses with estrogen replacement therapy in premenopausal women[END_REF] -26 premenopausal and 15 postmenopausal women before and 20-25 days after bilateral oophorectomy. -Within the 26 premenopausal women oophorectomized; 20-25 days after the procedure: 14 received transdermal estradiol, 12 did not receive any therapy.

-In premenopausal women, T wave duration longer after oophorectomy (p<0.05) -In premenopausal women, T wave duration longer after oophorectomy corrected by estradiol administration (p<0.05)

-Interventional randomized placebo-controlled study [START_REF] Nowinski | Repolarization measures and their relation to sex hormones in postmenopausal women with cardiovascular disease receiving hormone replacement therapy[END_REF] -60 postmenopausal women with cardiovascular diseases treated by oral estroprogestative (n : 20), transdermal estradiol with progestin (n : 20), or placebo (n=20)

-No change in QTc value under treatment (6 and 12 cycles) compared to baseline in any group -Inverse relation between QTc and log estradiol at baseline (r -0.43, p=0.006)

-Prospective cohort study (Carnethon, M.R., et al., 2003) -Women asked about hormonal replacement therapy used at 4 examinations over 9 years : continuous estrogen therapy (n=455), continuous progestinestrogen therapy (n=410), stopped (n=161) or never users (n=2077)

-In women who used estrogen, QTc moderately but significantly (p<0.01) prolonged and risk of QT prolongation about twice that of never users.

-Cross-sectional study (Kadish, A.H., et al., 2004) -Women with past use of menopausal hormone therapy (n=3891) compared to women never treated (n=12451) or currently taking unopposed estrogen therapy (n=9987), or currently taking estro-progestative therapy (n=8049).

-QTc in those never treated with menopausal hormone therapy shorter (423.1±0.2ms) compared to those currently on estrogen alone (425.6±0.2ms, p<0.05) but not significantly different from the two other groups.

-Interventional study (Lee, T.M., et al., 1999) -52 menopausal women with syndrome X receiving estrogens as an acute intravenous combination of 10 different conjugated estrogens -20 control healthy menopausal women -Maximal QTc increased from 448±30ms to 469±30 ms at 20 minutes in women.

-No QTc change in controls  Estradiol: studies not confirming an influence on QTc -Retrospective cross-sectional study (Larsen, J.A., et al., 1998) -Postmenopausal women with estrogen alone group (n=30), or combined estroprogestative drugs (n=44) or without hormonal therapy (n=132)

-No difference in QTc between the three groups.

-Prospective interventional study [START_REF] Rodriguez | Drug-induced QT prolongation in women during the menstrual cycle[END_REF] -58 healthy adults of whom 20 women (38 men) receiving ibutilide at 3 different times: menstrual, follicular and luteal phases.

-Estradiol (r=0.14) not correlated with ibutilide-induced QT prolongation.

-Prospective interventional study [START_REF] Vrtovec | The effect of estrogen replacement therapy on ventricular repolarization dynamics in healthy postmenopausal women[END_REF] -30 postmenopausal women before and after 10 weeks of estrogen therapy compared to 12 postmenopausal women with no estrogen -QTc did not change and was not different in any of the groups studied.

-Prospective cohort study (Hulot, J.S., et al., 2003) -21 healthy women evaluated at 2 periods associated with a wide range of estradiol levels: low (menses) and high (follicular phase).

-No significant change in QTc observed within a large range of physiological estradiol variations with constant progesterone levels found during the menstrual cycle. -No correlation found between estradiol levels and QTc (p=0.92) -Prospective cohort study [START_REF] Nakagawa | Influence of menstrual cycle on QT interval dynamics[END_REF] -11 women evaluated at follicular and luteal phases and 12 men -In women, QT shorter in the luteal than in the follicular phase for all RR intervals (p<0.0001). -Serum estradiol not different in the luteal and follicular phase in women -MESA Cross-sectional study [START_REF] Zhang | Sex-steroid hormones and electrocardiographic QT-interval duration: findings from the third National Health and Nutrition Examination Survey and the Multi-Ethnic Study of Atherosclerosis[END_REF]  Progesterone: studies suggesting a shortening of QTc -Prospective interventional study (Burke, J.H., et al., 1997) -17 women evaluated at 3 different times before and after double autonomic blockade (atropine, propranolol) : at menstrual, follicular and luteal phases.

-Following double autonomic blockade, QTc shorter (p=0.05) in women in the luteal phase (438 ± 6ms) versus the menstrual (446 ± 15ms) or the follicular phase (444 ± 13ms).

-Retrospective case-control study [START_REF] Haseroth | Effects of progestin-estrogen replacement therapy on QT-dispersion in postmenopausal women[END_REF] -60 postmenopausal women. 3 groups: estrogen replacement therapy (n=16), progestin-estrogen replacement therapy (n=22), or control (n=22) -QTc increased in women under estrogen replacement therapy compared to untreated controls and to those under combined progestin-estrogen therapy -QTc not different between untreated controls and those under combined therapy -Prospective interventional study [START_REF] Rodriguez | Drug-induced QT prolongation in women during the menstrual cycle[END_REF] -58 healthy adults including 20 women who received ibutilide at 3 different times: menstrual, follicular and luteal phases.

-QTc increase after Ibutilide greater for women during menses (63 ± 13ms) and ovulatory phase (59 ± 17ms) compared with luteal phase (53 ± 14ms, p<0.05) and men (46 ± 6ms, p<0.05).

-Progesterone and progesterone/estradiol negatively correlated (r=-0.4) with drug-induced QT prolongation.

-Prospective cohort study (Carnethon, M.R., et al., 2003) -Women asked about use of estrogen and progestin + estrogen replacement therapy at 4 examinations over 9 years. Four groups: continuous estrogen therapy (n=455), continuous progestin-estrogen therapy (n=410), stopped (n=161) or never used hormonal therapy (n=2077)

-While QTc was moderately longer in women who used estrogen compared with never users, this finding was not found in patients under progestin-estrogen replacement therapy.
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-Prospective interventional study [START_REF] Endres | Menstrual cycle and ST height[END_REF] -22 women evaluated at three different times before and after double autonomic blockade (atropine and propranolol): menstrual, follicular and luteal phases.

-At baseline, QTc not significantly different among the 3 phases of the menstrual cycle in women -Following double autonomic blockade, QTc was shorter in women in the luteal phase (449 ± 4ms) than during the menstrual (455 ± 6ms; p<0.05) or the follicular phase (476 ± 10ms; p<0.01).

-Cross-sectional study (Kadish, A.H., et al., 2004) -Women with past use of menopausal hormone therapy (n=3891) compared to women never treated (n=12451) or currently taking unopposed estrogen therapy (n=9987), or currently taking estro-progestative therapy (n=8049).

-QTc=423.1 ± 0.2ms in women never treated with menopausal hormone therapy, 423.9 ± 0.3ms in past-menopausal hormone therapy users, 424.0 ± 0.2ms in women currently on combined estrogenprogesterone therapy and 425.6 ± 0.2ms in those currently with estrogen alone (p<0.05 compared to never treated).

-Prospective cohort study [START_REF] Nakagawa | Influence of menstrual cycle on QT interval dynamics[END_REF] -11 women evaluated during the follicular and luteal phase -In women, QT shorter in the luteal than in the follicular phase (p<0.0001) for all RR intervals.

-Serum progesterone higher during luteal vs. follicular phase in women.

-Prospective case-control study [START_REF] Abehsira | Complex influence of gonadotropins and sex steroid hormones on QT interval duration[END_REF] -58 patients with congenital adrenal hyperplasia patients and 58 age-matched controls -Multivariable analysis in all women showed that progesterone/estradiol ratio (β=-0.33) and FSH levels (β=0.34) were related to QTc (r=0.5, p<0.0001) with no influence of disease status.

-Prospective, double-blind, interventional randomized crossover study with ibutilide (Tisdale, J.E., et al., 2016) -19 women given 7 days of placebo or 400mg oral progesterone following menses -Pre-ibutilide QTc significantly lower during the progesterone phase (412 ± 15ms vs. 419 ± 14ms; p=0.04).

-Maximal ibutilide-associated QTc (443 ± 17ms vs. 458 ± 19ms; p=0.003), maximal percent increase in QTc from pre-treatment value (7.5 ± 2.4% vs. 9.3% ± 3.4%; p=0.02), and QTc area under the effect curve during the first hour post-ibutilide administration (497 ± 13ms•h vs. 510 ± 16ms•h; p=0.002) smaller during the progesterone phase.

 Testosterone: studies suggesting a shortening of QTc -Prospective case-control study [START_REF] Vrtovec | Testosterone-related shortening of QTc interval in women with polycystic ovary syndrome[END_REF] -119 women with PCOS and 64 age-matched healthy control -QTc in PCOS patients shorter than in controls (401 ± 61ms vs. -Prospective interventional study [START_REF] Rodriguez | Drug-induced QT prolongation in women during the menstrual cycle[END_REF] -58 adults of whom 20 women (38 men) received ibutilide on 3 different occasions: menstrual, follicular and luteal phases.

-Ibutilide-induced QTc increase not different in women during the luteal phase (53 ± 14ms) compared with men (46 ± 16ms).

-Testosterone (r=0.09), not correlated with ibutilide-induced QTc prolongation.

-Prospective cohort study [START_REF] Nakagawa | Influence of menstrual cycle on QT interval dynamics[END_REF] -11 women evaluated at follicular and luteal phases and 12 men -QT shorter for all RR intervals during the luteal than during the follicular phase (p<0.0001).

-Serum testosterone not different during the luteal and follicular phase.

-Cross-sectional studies [START_REF] Zhang | Sex-steroid hormones and electrocardiographic QT-interval duration: findings from the third National Health and Nutrition Examination Survey and the Multi-Ethnic Study of Atherosclerosis[END_REF] -1885 postmenopausal women -Serum testosterone not associated to QTc interval duration in women Abbreviations: n, number of subjects; ms, milliseconds; PCOS, polycystic ovary syndrome; QTc, corrected QT interval duration; vs., versus -Case-control study [START_REF] Jorgensen | Short QTc interval in males with klinefelter syndrome-influence of CAG repeat length, body composition, and testosterone replacement therapy[END_REF] -62 males with Klinefelter syndrome (elevated gonadotropin and low testosterone -41 treated with testosterone) and 62 healthy males matched on age.

-QTc significantly shorter in patients with Klinefelter syndrome treated with testosterone (365±22 ms) than in untreated patients (378±26 ms)
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-Prospective case-control study [START_REF] Abehsira | Complex influence of gonadotropins and sex steroid hormones on QT interval duration[END_REF] -26 men with congenital adrenal hyperplasia patients and 26 age-matched control subjects.

-After multivariable analysis in all men, QTc (r=0.48, p<0.01) was negatively related to free testosterone (β=-0.29) and positively related to FSH levels (β=0.34) -Estradiol and progesterone not associated with QTc in men -Prospective interventional study [START_REF] Sağlam | Changes in electrocardiogram findings during treatment with gonadotropin-releasing hormone agonist and surgical castration for prostate carcinoma[END_REF] -Men requiring androgen blockade for prostate cancer with bicalutamide antiandrogen therapy plus either bilateral orchiectomy (n=35) or GnRH analogue (n=28).

-QTc increase in both groups 6 months after androgen blockade -QTc increase in bilateral orchiectomy greater than QTc increase in GnRH analogue group, 3 months post-procedure (p=0.05)

 Testosterone: studies not confirming an influence on QTc -Prospective interventional randomized, blinded, controlled, crossover study; 20 men, three periods. (White, C.M., et al., 1999) -Placebo vs. acute testosterone administration at two different dosages -No influence of acute testosterone administration on QTc evaluated at baseline and 28 minutes after initiation of testosterone infusion. Dose/effect relationship between testosterone and QTc not found.

-Interventional randomized, blinded controlled study (Malkin, C.J., et al., 2003) -44 men with stable coronary artery disease and 22 men with heart failure treated either with chronic testosterone administration or placebo -No change in QTc before and 3 months after testosterone initiation in any subgroup -Prospective case-control study [START_REF] Kirilmaz | Comparison of electrocardiographic repolarization patterns between hypogonad males and normal subjects[END_REF] -45 hypogonadotrophic hypogonadic men, 35 healthy men and 39 women -QTc not different among groups -Prospective case-control study [START_REF] Pecori Giraldi | High prevalence of prolonged QT interval in obese hypogonadal males[END_REF] - 
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 1 Figure 1. Schematic representation of main sex hormone levels changes in plasma during
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 2 Figure 2. Influence of different steroid hormones on ionic currents, ventricular action
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  Negative correlation (r-0.45, p=0.005) between testosterone levels and QTc in PCOS patients -Cross sectional study (Gazi, E., et al., 2013) -25 women with PCOS and 22 healthy women under 40 years -QTc not different in the two groups -Testosterone negatively correlated to QTc in PCOS patients (r-0.474, p=0.03)  Testosterone: studies not confirming an influence on QTc

--

  Abbreviations: CI, confidence interval; IQ, interquartile range; MESA, Multi-Ethnic Study of Atherosclerosis; ms, milliseconds; QTc, corrected QT interval duration; SHIP, Study of Health In Pomerania; vs., versus

Table 2 . Results of the main clinical studies evaluating the influence of progesterone or testosterone on QTc interval duration in women Type of study -Population concerned Main Results
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Table 3 . Results of the main clinical studies evaluating influence of testosterone on QTc in men Type of study -Population concerned Main Results  Testosterone: studies suggesting a shortening of QTc
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	-Prospective case-control study (Bidoggia, H., et al., 2000)	-Prolonged ventricular repolarization in castrated men vs. virilized women or
	-27 castrated men, 26 virilized women, 53 control matched for age and sex.	healthy men (p< 0.01)
	-Cross-sectional studies (van Noord, C., et al., 2010)	-In pooled analysis, QTc decreasing among tertiles (p=0.02): 3rd tertile -3.4ms
	-2 cohorts: Rotterdam (445 men) and SHIP (1428 men)	shorter than 1st.
	-1873 men with variable age and levels of testosterone	
	-Prospective interventional study (Charbit, B., et al., 2009)	-QTc shorter at high testosterone concentration (352ms IQ[340-363]),
	-11 hypogonadic men evaluated at 3 testosterone concentrations depending of	intermediate at medium concentration (357ms IQ[349-367]), and higher at
	the time elapsed since last testosterone administration	low testosterone concentration (363ms IQ[357-384]); (p<0.013).
	-Cross-sectional studies (Zhang, Y., et al., 2011)	-Estradiol not associated with QTc in men
	-(NHANES III: 727 men ; and MESA : 2942 men)	-In men (NHANES III), multivariate adjusted differences in QTc comparing the
		highest quartile with the lowest quartile of free testosterone were -8.0 ms
		(95% CI: -13.2, -2.8)
		-In men (MESA), multivariate adjusted differences in QTc comparing the
		highest quartile with the lowest quartile of free testosterone were -4.7 ms
		(95% CI: -6.7,-2.6)
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