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The extent of sotalol-induced QTc prolongation on the electrocardiogram, is variable among subjects and influenced by sex. However, the influence of baseline QTc on the extent of drug-induced QTc prolongation remains unclear. This was studied around peak plasma concentration in a large cohort of 376 healthy male and 614 healthy female subjects who received 80 mg of sotalol orally. Baseline QTc was 379±16ms in men and 393±15ms in women (p<0.0001). The change in QTc from baseline was highly variable among both sexes and was greater in women than in men (26.5±13.2 vs.13.0±10.8ms; <0.0001). The slope of the regression line between QTc on sotalol and baseline QTc did not significantly differ from unity in men and in women indicating that the extent of QTc prolongation with sotalol was not influenced by baseline QTc. Assessing QTc after administration of an IKr blocker may be more important than measuring a baseline QTc.

ClinicalTrials.

What is already known about this subject

• QTc is longer in women than in men and drug-induced prolongation of ventricular repolarization (QTc prolongation) is greater in women than in men and is associated with a greater risk of torsade de pointes in women.

• The extent of QTc prolongation with sotalol, a pure IKr blocker and a mild β-adrenergic blocker, is variable among subjects but whether or not it is influenced by baseline QTc remains unknown.

What this study adds

• We analysed the relationship between baseline QTc and QTc 3h after administration of a single 80 mg dose of sotalol, i.e. around peak plasma concentration, in 376 healthy male and 614 healthy female and found no influence of baseline QTc on the extent of QTc prolongation in either sex.

• The very large inter-individual variability of QTc prolongation with sotalol emphasizes the importance of measuring QTc soon after treatment initiation with an IKr blocker.

Introduction

The duration of ventricular repolarization is assessed as the duration of QT interval corrected for a heart rate of 60 bpm (QTc) on the electrocardiogram (ECG). QTc prolongation whether congenital or acquired with drugs that block outward potassium currents, mainly IKr, and/or decrease inactivation of the late component of the sodium current (INa-L), is associated with a rare but potentially fatal arrhythmia called torsade de pointes. [START_REF] Kannankeril | Drug-induced long QT syndrome[END_REF] Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, and are permanently archived in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander et al., 2019 a,b). QTc is longer in women than in men and women are at higher risk of torsade de pointes than men. [START_REF] Tamargo | Gender differences in the effects of cardiovascular drugs[END_REF][START_REF] Frommeyer | Drug-induced proarrhythmia: risk factors and electrophysiological mechanisms[END_REF] More than 200 marketed cardiovascular and non-cardiovascular drugs prolong QTc and are listed in the reference site Crediblemeds.org [START_REF] Schwartz | Predicting the Unpredictable: Drug-Induced QT Prolongation and Torsades de Pointes[END_REF] as associated with a known or possible risk of torsade de pointes. Clinical practice, guidelines, as well as the label of many of these drugs recommend measuring QTc before drug administration [START_REF] Kim | How to Diagnose and Manage QT Prolongation in Cancer Patients[END_REF][START_REF] Tisdale | Drug-Induced Arrhythmias: A Scientific Statement From the American Heart Association[END_REF][START_REF] Sandau | Update to Practice Standards for Electrocardiographic Monitoring in Hospital Settings: A Scientific Statement From the American Heart Association[END_REF] because exposure to a drug that prolongs QTc in a patient with high baseline QTc value is more likely to make QTc reach the limit of 500 ms, considered as a major risk factor for torsade. [START_REF] Gibbs | QT prolongation predicts short-term mortality independent of comorbidity[END_REF][START_REF] Tisdale | Development and validation of a risk score to predict QT interval prolongation in hospitalized patients[END_REF][START_REF] Yu | Acquired long QT syndrome in hospitalized patients[END_REF] While it is mathematically evident that reaching a QTc of 500 ms with a QT-prolonging drug is more likely to occur if baseline QTc is at 460 ms than if it is at 400 ms, it is relevant to determine if the amplitude of drug-induced QTc prolongation is amplified when baseline QTc is longer. The concept of repolarization reserve [START_REF] Roden | Taking the "idio" out of "idiosyncratic": predicting torsades de pointes[END_REF] hypothesizes that the extent of QT prolongation associated with reduction of IKr is amplified by reduction of other repolarization mechanisms. Whether the response to a pure IKr blocker might be influenced by initial repolarizing capacities, e.g. the longer the QTc before administration, the greater the extent of QTc prolongation, remains unclear. The main objective of this ancillary study to the GENEREPOL trial (NCT00773201, JES Principal Investigator) [START_REF] Salem | GENomE wide analysis of sotalol-induced IKr inhibition during ventricular REPOLarization, "GENEREPOL study": Lack of common variants with large effect sizes[END_REF] was to examine the influence of baseline QTc on sotalolinduced prolongation of ventricular repolarization in men and women.

Methods

Study design and procedures

Methods of the GENEREPOL trial have been described previously. [START_REF] Salem | GENomE wide analysis of sotalol-induced IKr inhibition during ventricular REPOLarization, "GENEREPOL study": Lack of common variants with large effect sizes[END_REF][START_REF] Salem | Association of Oral Contraceptives With Drug-Induced QT Interval Prolongation in Healthy Nonmenopausal Women[END_REF] The study was approved by the Committee for the Protection of Human Subjects of Paris Ile de France V and all subjects gave their written informed consent to participate. Briefly, healthy men and women aged 18 to 60 years, free of any QT-prolonging drug, received a single 80 mg oral dose of racemic sotalol after an overnight fast. They were selected after routine clinical and biological tests and an ECG were found to be within normal limits and QTc was <450 ms. ECG recordings (Cardioplug device, Cardionics Inc, Brussels, Belgium, triplicate of 10 seconds each) were obtained after a resting period of at least 10 min in the supine position at baseline, before sotalol administration, and 3 h thereafter when a blood sample was also collected to determine sotalol plasma concentration. Subjects remained in the fasting state throughout these procedures.

ECG analyses

The tangent method was used to assess the end of the T-wave. QT interval was corrected by use of Fridericia's cubic root formula which was shown to minimize the slope of the QTc vs. RR relation (not different from zero) compared with other correction formulae. [START_REF] Salem | GENomE wide analysis of sotalol-induced IKr inhibition during ventricular REPOLarization, "GENEREPOL study": Lack of common variants with large effect sizes[END_REF] Heart rate (RR interval) and QTc were assessed as the mean of three values for each ECG. The presence of T-wave notches was assessed independently by two observers (J-ES and CF-B) and considered present when both agreed.

Statistics

Subjects characteristics at baseline and 3 h after sotalol administration were compared in men and women with unpaired Student's t-test. The influence of baseline QTc on QTc change at 3 h was assessed separately in men and in women by comparing the slope of the QTc at 3 h vs. baseline QTc regression line to unity, as described by Macgregor et al. [START_REF] Macgregor | Misleading paper about misleading statistics[END_REF] Multivariable analysis was also used (analysis of covariance) to examine factors associated with the change in QTc from baseline, 3 h after sotalol administration (∆QTc). Factors considered for this analysis were: baseline QTc, heart rate, systolic and diastolic blood pressure, weight, kalaemia, age, sex, plasma sotalol concentration and notches at 3 h. Finally, the sensitivity of men and women to sotalol-induced ∆QTc was assessed by comparing the relationship between ∆QTc and sotalol plasma concentration in men and women by use of GraphPad Prism. [START_REF] Altman | Calculating confidence intervals for regression and correlation[END_REF] Statistical analyses were performed using Addinsoft XLSTAT version 20.3.1 and GraphPad Prism version 8.4.3. A P value <0.05 was considered significant.

Results

A total of 990 subjects, 376 men and 614 women participated to the study. Their characteristics at baseline and 3 h after administration of 80 mg of sotalol per os are shown in table 1. Compared with men, women had longer baseline QTc, lower systolic and diastolic blood pressure, body mass index and higher heart rate. Age and kalaemia were not significantly different. Three hours after sotalol administration, QTc was longer in women than in men (420 ± 21 ms vs. 392 ± 19 ms; p<0.0001) as were ∆QTc (mean difference: 13.5 ms; 95% confidence interval: 11.9 -15.0 ms) and sotalol plasma concentration (438 ± 156 ng/mL vs. 399 ± 125 ng/mL; p<0.0001) without a significant difference in heart rate change. Figure 1 shows the distribution of ∆QTc in men and women. T-wave notches were not found at baseline and were present in 91 patients (90 women and 1 man later found to have a Klinefelter syndrome) 3 h after sotalol administration. Baseline QTc was longer in women who developed notches than in women who did not (400±14 vs. 392±15 ms; mean difference: 7.7 ms, 95% confidence interval: 4.3-11.1 ms; p<0.0001).

The influence of baseline QTc on QTc at 3 h is shown in figure 2. The slope of the relationship between baseline QTc and QTc at 3 h did not significantly differ from unity in men (0.952, 95% prediction interval: 0.885 -1.020) and in women (1.035, 95% prediction interval: 0.967 -1.103) and was not significantly different in men and women (p=0.105). Likewise, this analysis in the 91 subjects who developed notches (supplemental figure 1) on sotalol did not show an influence of baseline QTc on QTc at 3 h (slope 1.019, 95% prediction interval: 0.784 -1.254).

In multivariable analysis of factors associated with the change in QTc from baseline 3 h after sotalol administration, baseline QTc did not predict ∆QTc. The main variables independently associated with ∆QTc were sex (women β: 0.423; 95% confidence interval: 0.373 -0.474; p<0.0001) and plasma sotalol concentration (β: 0.353; 95% confidence interval: 0.301 -0.405; p<0.0001). Notches, kalaemia and age were less strongly associated (β: 0.114, 0.085, -0.080, respectively; p<0.001 for all).

The slope of the regression line between ∆QTc and sotalol plasma concentration was significantly higher in women (0.03690; 95%confidence interval: 0.03088 -0.04292) compared with men (0.02235; 95%confidence interval: 0.01381 -0.03090, p<0.01).

(supplemental figure 2).

Discussion

The most important finding of the study is that baseline QTc does not significantly influence the amplitude of QTc prolongation with sotalol, an IKr blocker with weak β-adrenergic blocking properties. 16 Our study otherwise confirms the well-known fact that ventricular repolarization is physiologically longer in women than in men. [START_REF] Tamargo | Gender differences in the effects of cardiovascular drugs[END_REF][START_REF] Salem | Influence of steroid hormones on ventricular repolarization[END_REF][START_REF] Kannankeril | Factors affecting the degree of QT prolongation with drug challenge in a large cohort of normal volunteers[END_REF][START_REF] Rautaharju | Sex differences in the evolution of the electrocardiographic QT interval with age[END_REF] It also confirms that, compared with men, women have an amplified response to sotalol [START_REF] Darpo | Are women more susceptible than men to drug-induced QT prolongation? Concentration-QTc modelling in a phase 1 study with oral rac-sotalol[END_REF][START_REF] Weeke | QT variability during initial exposure to sotalol: experience based on a large electronic medical record[END_REF][START_REF] Somberg | Gender differences in cardiac repolarization following intravenous sotalol administration[END_REF] and other QTc prolonging drugs, [START_REF] Benton | Greater quinidine-induced QTc interval prolongation in women[END_REF] and are more sensitive than men to sotalol-induced QTc prolongation, i.e. they have a greater QTc prolongation relative to sotalol plasma concentration, [START_REF] Darpo | Are women more susceptible than men to drug-induced QT prolongation? Concentration-QTc modelling in a phase 1 study with oral rac-sotalol[END_REF] although this increased sensitivity to a QTcprolonging drug has been questioned. [START_REF] Kannankeril | Factors affecting the degree of QT prolongation with drug challenge in a large cohort of normal volunteers[END_REF] We chose to use sotalol because it has a relatively simple pharmacological profile with predictable pharmacokinetics and peak plasma concentrations reached around 3 h. 16 It has weak β-adrenergic blocking properties and essentially prolongs ventricular repolarization by inhibiting IKr, the main ionic current responsible for druginduced QTc prolongation and torsades de pointes. D-sotalol, has also been shown to increase INa-L in vitro, but this was tested at a concentration of 100 µM, corresponding to a non-clinical concentration of 27,237 ng/mL. [START_REF] Yang | Screening for acute IKr block is insufficient to detect torsades de pointes liability: role of late sodium current[END_REF] Only a few studies have examined the influence of baseline QTc on its change with QT-prolonging drugs. Couderc et al. investigated the baseline values associated with sotalol-induced changes of ventricular repolarization in patients with a previous history of drug-induced torsade de pointes and in controls. [START_REF] Couderc | Baseline values and sotalol-induced changes of ventricular repolarization duration, heterogeneity, and instability in patients with a history of drug-induced torsades de pointes[END_REF] Baseline QTc did not predict the extent of sotalol-induced QTc prolongation, which was not significantly different in both groups. Another study found that a baseline QTc >450 ms (corrected with Bazett's formula) predicted QTc prolongation, defined as QTc >500 ms or ∆QTc >60 ms, whichever the mechanism, in patients admitted to cardiac critical care units. [START_REF] Tisdale | Development and validation of a risk score to predict QT interval prolongation in hospitalized patients[END_REF] However, these two studies did not formally analyse the relationship between baseline QTc and its prolongation on sotalol or during acute critical care. Kannenkeril et al. [START_REF] Kannankeril | Factors affecting the degree of QT prolongation with drug challenge in a large cohort of normal volunteers[END_REF] assessed this relationship in healthy subjects using ibutilide, a drug that blocks IKr and activates INa-L. 26 ∆QTc had no correlation to baseline QTc. However, assessing the change of a parameter as a function of its baseline value should not be performed by plotting its change in relation to its baseline value because baseline value is included in the calculation of the change. [START_REF] Macgregor | Misleading paper about misleading statistics[END_REF] An appropriate method is to determine the slope of the regression line between parameter values during the intervention and their baseline values. [START_REF] Macgregor | Misleading paper about misleading statistics[END_REF] A regression line with a slope significantly different from unity, as assessed by the 95% prediction confidence interval indicates an influence of baseline value on its change during intervention. Using this method of analysis, we found no influence of baseline QTc on its change with sotalol in men and in women. Multivariable analysis confirmed this result. However, baseline QTc was longer in subjects who subsequently developed T-wave notches with sotalol. This suggests that pre-drug ECG might contain information relevant to the detection of excessive response to QT-prolonging drugs beyond QTc duration.

We studied healthy subjects in order to limit sources of variability of drug-induced changes of ventricular repolarization and our results might not apply to patients with cardiovascular diseases. However, the majority of drugs that prolong repolarization, Baseline QTc and sotalol-induced QTc prolongation 10 including antibiotics or antipsychotics, are non-cardiovascular drugs 4 commonly administered to patients with no pre-existing heart disease. This makes our results clinically relevant to the general population. Also, there was no placebo group in the GENEREPOL study and we used a single dose of sotalol and results might have been different with repeated dosing or with a higher sotalol dose. However, our results are consistent with those of another study which used a single 160 mg dose of sotalol. [START_REF] Darpo | Are women more susceptible than men to drug-induced QT prolongation? Concentration-QTc modelling in a phase 1 study with oral rac-sotalol[END_REF] Finally, our results with sotalol do not necessarily apply to all QTprolonging drugs. However, IKr blockade, the mechanism by which sotalol prolongs QTc, is the main mechanism involved in drug-induced QTc prolongation and torsade de pointes and our results are likely to apply to drugs which only prolong ventricular repolarization by blocking IKr. Our results do not dispute the concept of repolarization reserve which applies to drugs that prolong repolarization by affecting several ionic currents. [START_REF] Roden | Taking the "idio" out of "idiosyncratic": predicting torsades de pointes[END_REF][START_REF] Roden | Refining repolarization reserve[END_REF] Our results do not indicate that IKr blockade is amplified with longer baseline QTc in the range of normal values. However, they confirm the considerable variability of individual response to IKr blockade as shown in figure 1. Baseline assessment of QTc before prescription of a non-cardiovascular drug with QT liability is recommended in patients with risk factors for proarrhythmia such as coronary heart disease, heart failure, bradycardia, electrolytes abnormalities, female sex or hypogonadism in men, [START_REF] Salem | Hypogonadism as a Reversible Cause of Torsades de Pointes in Men[END_REF] sepsis, previous personal or family history of suspected proarrhythmia or when several QT-prolonging drugs need to be combined. [START_REF] Kannankeril | Drug-induced long QT syndrome[END_REF] While, such baseline QTc assessment is recommended, particularly in hospitalised patients and those with underlying heart disease, 9, 29 several studies did not find a relationship between baseline QTc and the risk of proarrhythmia. [START_REF] Couderc | Baseline values and sotalol-induced changes of ventricular repolarization duration, heterogeneity, and instability in patients with a history of drug-induced torsades de pointes[END_REF][START_REF] Kaab | Sotalol testing unmasks altered repolarization in patients with suspected acquired long-QT-syndrome--a casecontrol pilot study using i.v. sotalol[END_REF][START_REF] Sugrue | Electrocardiographic Predictors of Torsadogenic Risk During Dofetilide or Sotalol[END_REF] Hence, measuring absolute QTc value soon after initiation of a QT-prolonging drug which only blocks IKr may be more important than measuring baseline QTc. Emerging technologies are likely to make QTc assessment easier in the future and less costly than it currently is. 32 This may facilitate the detection of patients at risk of drug-induced proarrhythmia in the future.

In conclusion, this study in a large cohort of healthy subjects under physiological 

  conditions shows that baseline QTc does not significantly influence the extent of sotalol-induced QTc prolongation in subjects without heart disease. The important variability of individual response to IKr blockade emphasizes the need to assess QTc and repolarization morphology soon after treatment initiation, particularly in patients at significant clinical risk of proarrhythmia. Initiation: Utility of a Novel T Wave Analysis Program. Cardiovasc Drugs Ther. 2015;29(5):433-441. 32. Giudicessi JR, Schram M, Bos JM, Galloway CD, Shreibati JB, Johnson PW, et al. Artificial Intelligence-Enabled Assessment of the Heart Rate Corrected QT Interval Using a Mobile Electrocardiogram Device. Circulation. 2021;143(13):1274-1286.
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 1 Figure 1: Distribution of QTcF change from baseline 3 h after oral administration of 80 mg of sotalol in 376 men and 614 women.
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 2 Figure 2: Influence of baseline QTc on sotalol-induced QTc prolongation. The regression slopes with their 95% prediction intervals are shown in men (left panel)
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