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Introduction

Numerous drugs have attempted to treat the rapidly spreading Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2), which infected about 120M people worldwide as of March 2021 [START_REF] James | Pharmacologic Treatments for Coronavirus Disease 2019 (COVID-19): A Review[END_REF] . Prominently explored drugs includes like chloroquine (CQ), hydroxychloroquine (HCQ), Azithromycin (AZM), Lopinavir/Ritonavir, and Remdisiver 2 . Based on laboratory data and clinical studies [START_REF] Gautret | Hydroxychloroquine and azithromycin as a treatment of COVID-19: results of an open-label non-randomized clinical trial[END_REF] , the US Food and Drugs Administration (FDA) and World Health Organisation (WHO) initially approved CQ and HCQ as emergency medicine. This resulted in the liberal use of HCQ globally, despite the contempt of the paucity of evidence and adverse effect [START_REF] Yao | In vitro antiviral activity and projection of optimized dosing design of hydroxychloroquine for the treatment of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)[END_REF] . To be specific, [START_REF] Chen | Chronic hydroxychloroquine use associated with QT prolongation and refractory ventricular arrhythmia[END_REF][START_REF] Nord | Hydroxychloroquine cardiotoxicity in systemic lupus erythematosus: a report of 2 cases and review of the literature[END_REF] continuous intake of HCQ over 5 years influences the development of retinopathy and cardiac abnormalities like QRS widening, QT interval prolongation leading to ventricular arrhythmias (Torsade de Pointes (TdP)), hypokalemia and hypotension. In contrast, Wang et al., [START_REF] Levis | ECG diagnosis: hyperacute T waves[END_REF] reports the combination of HCQ and AZM elicited electrical alternant, re-entrant circuits, and wave breaks when treating COVID-19 [START_REF] Wang | Mechanistic insights into ventricular arrhythmogenesis of hydroxychloroquine and azithromycin for the treatment of COVID-19[END_REF] . Besides, the dosages of HCQ blocks the ionic currents such as I Na , I CaL , I Kr and I K1 with different intensity, and combining the AZM inhibited I Ks currents additionally.

Subsequently, WHO suspended its authorization for emergency medicine in treating COVID-19 on May 24 [START_REF] Lenzer | Covid-19: US gives emergency approval to hydroxychloroquine despite lack of evidence[END_REF] . In addition to the short viral shedding period, the inclusion of AZM, an antibiotic drug, inhibits I Kr current, thus acting as a pro-arrhythmic agent [START_REF] Ray | Azithromycin and the risk of cardiovascular death[END_REF] . In a similar line, Mercuro et al., [START_REF] Mercuro | Risk of QT Interval Prolongation Associated With Use of Hydroxychloroquine With or Without Concomitant Azithromycin Among Hospitalized Patients Testing Positive for Coronavirus Disease[END_REF] reported that the median baseline QT c was 455 msec in 90 COVID-19 patients, but in the presence of HCQ, QT c increased to 473 msec, and on combining with AZM, QT c decreased to 442 msec. At the cellular level, modelling of drug cardiotoxicity focuses mainly on reducing I Kr current, resulting in APD prolongation in cells and QT interval prolongation in ECG, leading to arrhythmias like TdP [START_REF] Rodriguez | Multiscale modelling and simulation investigation of variability and abnormalities in repolarization: Application to drug cardiotoxicity[END_REF] . Further, those receiving HCQ alone had a 19% QT c prolongation of 500 ms or more, 13% had a change in QT c of 60 msec or more, and 1 case reported TdP, thereby insisting on a better understanding of the mechanism of AZM with HCQ.

Even though QT prolongation serves as a surrogate marker for drug-induced TdP, a potentially lethal polymorphic ventricular tachycardia, to date, there is no substantial clinical evidence that provides the detailed mechanism of HCQ's safety or adversity on SARS-CoV-2 infected cardiac tissue. Specifically, the target drug concentration that causes arrhythmia in an infected patient. For instance, studies reports [START_REF] Sarkar | Exploiting mathematical models to illuminate electrophysiological variability between individuals[END_REF][START_REF] Finkle | Assessing proarrhythmic potential of drugs when optimal studies are infeasible[END_REF] Despite tremendous research to find an effective cure for SARS CoV-2, the inhibitory mechanism of a drug and its dosage response on human cells and tissue has not yet zeroed down. Such a comprehensive study is difficult to achieve in a short span of time, either using in-vivo or clinical studies. In such scenarios, computational models are an attempt to overwhelm these shortcomings and elucidate:

• The effect of SARS-CoV-2 on electrophysiological properties of ventricular tissues

• Lack of clinical evidence that provides a detailed dosage influence of HCQ alone or a combination of HCQ and AZM on SARS-CoV-2 infected cardiac cell and tissue. For example, changes in ECG, mechanism and potential severity of ventricular arrhythmias like TdP.

To address the above gaps, we develop a 2D transmural anisotropic ventricular tissue model framework that can improve the primary understanding of the SARS-CoV-2 effect on the ventricular tissue. This framework allows one to understand the cardiac tissue mechanism, including the response to pharmacological agents like HCQ and AZM. Here, two variations of COVID-19: mild and severe are considered. Different doses of HCQ and its corresponding changes in ionic currents are included in the tissue to understand its influence. Further, a combination of HCQ and AZM is also tested. In each case, we capture the variation in biomarkers such as the QT interval and T-peak of ECG, giving insight into the tissue depolarization and repolarization. Finally, the tissue is excited with premature stimuli to analyze and determine under which of the above conditions, the tissue is prone to arrhythmia.

Although earlier studies have established that HCQ alone or with AZM induces QT prolongation, TdP arises only in certain scenarios. This study aims to determine the arrhythmia occurrence at the tissue level in the above-mentioned transmural configuration.

Methods

In this study, the equations characterising the rise and fall phase of membrane potential in single cardiomyocytes are obtained from the Ten Tusscher (TP06) model [START_REF] Tusscher | Alternans and spiral breakup in a human ventricular tissue model[END_REF] . The ventricular tissue is excited with a stimulus current of amplitude 52 µA for a period of 1 msec. The cell model parameters and integration scheme of our previous study would be adopted in this study [START_REF] Priya | Study of factors affecting the progression and termination of drug induced torsade de pointes in two dimensional cardiac tissue[END_REF] .

The cardiomyocyte's ionic current parameters for various HCQ dosages alone and incombination with AZM are varied based on the clinical study reported by Wang et al., [START_REF] Wang | Mechanistic insights into ventricular arrhythmogenesis of hydroxychloroquine and azithromycin for the treatment of COVID-19[END_REF] , as listed in Table 1. It has been widely accepted and reported that COVID-19 causes hypoxemia [START_REF] He | Characteristic ECG manifestations in patients with COVID-19[END_REF] , which in turn leads to hypoxia; this condition was included in the cardiac myocytes by increasing intracellular ATP concentration, which would in-turn, lead to activation of an ATP sensitive potassium current. Using the formulation of Shaw and Rudy 18 , ATP activated K + current is described by

Where G k, ATP is the maximum conductance of I ATP current and has a value of 3.9 nS/cm 2 , H and n have a value of 2 and 0.24, respectively. The intracellular ATP concentration ([ATP] i ) under normal condition is 6.8 mM, but it decreases to 5.5 mM in mild hypoxia and 5 mM in severe hypoxia. Similarly, k 0.5 is 0.042 for normal condition, 0.125 and 0.25 for mild and severe hypoxia, respectively [START_REF] Clayton | Re-entry in a model of ischaemic ventricular tissue[END_REF] . Henceforth, hypoxia conditions would be referred as COVID-19 tissue configuration. Prior art studies have not considered the role of high temperature (fever) arising Rudy [START_REF] Gima | Ionic Current Basis of Electrocardiographic Waveforms A Model Study[END_REF] for each of the clinical conditions. The variation in the ECG, in particular the QT interval, T-wave morphology, and QRS duration are captured for analysis. Furthermore, the tissue is stimulated with premature stimuli (where the consecutive pulses are reduced by a duration of 10 msec) between the normal beats, to study the conditions that can initiate or sustain an arrhythmia.

Numerical Results

A 2D transmural computational framework consisting of three layers, endo, mid, and epi 2.

In this study, mild and severe COVID-19 ionic current configurations are introduced in the tissue, to study its effect with different dosages of HCQ alone and with AZM. The research community has well accepted that ionic imbalances at the cellular level lead to disruption in the activation of the natural pathways, thereby giving rise to the re-entrant activity, which appears as an arrhythmic event on the clinical ECG. On the other hand, the trigger or pacing sequence is also an influencing factor in inducing the arrhythmic event. Here, the cardiac tissue paced with three consecutive premature beats (PBs) with a regular pacing interval of 800 msec (75 bpm).

Initialization of first PB in each case is determined by the time the endo cells located at the bottom of the tissue have come out of their refractory state and are re-excitable again. The HCQ, as seen in Fig. 1(iv). This effect is due to the change in repolarisation sequence of the cells, specifically occurring from endo to mid and epi. Regular pulses resume at 2.4 sec -The video of the activation maps is provided as a Supplementary. Although no re-entry is generated in the tissue, the appearance of PVCs is a precursor to the development of arrhythmia. Thus, our study is in line with those reported by Wang et al., [START_REF] Hanna | ST-segment depression and T-wave inversion: classification, differential diagnosis, and caveats[END_REF] where a dosage of 10 µM HCQ prolonged the APD of cells but did not induce arrhythmia in tissue on decreasing the pacing interval. Further, the combination of HCQ and AZM created arrhythmic activity. In the presence of 100 µM HCQ, although no arrhythmic event generated, widened T-waves occur.

Such broad-based and symmetrical T-waves usually with increased amplitude are termed as hyperacute T-waves and often associated with a depressed ST are a sign of acute ischemia [START_REF] Levis | ECG diagnosis: hyperacute T waves[END_REF] .

In the mild COVID-19 scenario, the QT interval shortened by 7.14% (0.325 sec) and the Tpeak decreases by 34.48% while the QRS duration remains unchanged, as shown in Fig. 2(i).

When treated with 1 µM HCQ, QT interval increases by 1.43% with a double notched T-peak of 0.124 mV and 0.110 mV. For the 10 µM, the pseudo-ECG prolongs the QT interval and increases the T-peak by 11.42% and 18.10%, respectively. In both cases (1 µM and 10 µM HCQ), QRS duration increases by 7.14%. When HCQ dosage is 100 µM, the QT interval raises by 35.71% with a 3.02% T-peak increase and 21.4% increase in QRS duration. In the arrhythmogenesis test, three reduced duration PBs are applied, when the first PB is applied; the mid and epi cells in the tissue start to repolarization due to the excitation from the previous beat, as a consequence, the wave propagates upward along with the endo and mid-layers and lastly, it enters the epi layer of the cardiac tissue. Succeeding that, the wave front repolarizes from the endo, mid and epi layer with the cells located at the top of the epi layer repolarizing last, resulting in an inverted T-wave. During the second PB excitation (0.8 sec), the wavefront depolarizes the endo and mid layer but is not able to excite the epi layer cells as they are in a refractory state and this results in an ST-segment elevation in the ECG, as indicated in (Fig. 4

2(ii)

Limitations

Although few studies dispute the presence of M-cells and other studies debate that they form islands in the endo-mid interface [START_REF] Antzelevitch | M cells in the human heart[END_REF][START_REF] Glukhov | Transmural Dispersion of Repolarization in Failing and Non Failing Human Ventricle[END_REF] , this study, consider the presence of M-cells in the entire mid-layer. The second assumption, regular pacing interval of 800 msec (i.e., HR is 75 beats/min). Further, the third assumption, is the use of a premature pacing sequence (with a reduced time interval of 10 msec between consecutive beats) to trigger an arrhythmic pattern.

However, few studies report the use of cross-pacing protocol [START_REF] Tusscher | Alternans and spiral breakup in a human ventricular tissue model[END_REF] to simulate an arrhythmia in such in-silico models. In this pacing sequence, the wavefront propagation pattern would travel parallelly, along the entire length of the ventricle tissue, i.e., from endo, mid, and epi, which is not natural and does not mimic the actual depolarisation pattern in the ventricle; thereby, result in irregular pseudo-ECG. Likewise, yet another typical pacing sequence is Short-long-short (SLS) pacing sequences that initiate a TdP pattern; which would be tested in the future for the above scenarios. Finally, our study limits the HCQ dosage consideration to 1 µM, 10 µM, and 100 µM and with 1 µM AZM, which has been reported by the clinical study of Wang et. al., 2020 [START_REF] Hanna | ST-segment depression and T-wave inversion: classification, differential diagnosis, and caveats[END_REF] . However, ionic currents variation for other HCQ dosage concentrations alone or with AZM are needs to be determined from in-vitro studies, and it would be our future scope.
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Conclusions

This study, the first complete electrophysiological mechanism of COVID-19 infected ventricle and its response on change in HCQ dosage, and with AZM. Such computational models strategically allow direct manipulation of ion channels and understanding the influence of this perturbation in COVID-19 infected tissues. Results infer that HCQ dosage increasing prolongs the QT interval and QRS duration and inclusion of AZM magnifies this effect. PVCs could be detected on pacing the tissue with PBs at lower doses of HCQ and it led to the initiation of reentrant arrhythmia in severe COVID-19 conditions. Thus, these in-silico model findings could be considered for patient-specific COVID-19 management, when treated with HCQ alone or with AZM. 

  as a symptom of COVID-19; in this study, we configure the computational model of the ventricular tissue with an elevated temperature of 313.15 Kelvin. The 2D anisotropic transmural ventricular model of Priya et. al.,[START_REF] Priya | Study of factors affecting the progression and termination of drug induced torsade de pointes in two dimensional cardiac tissue[END_REF] is adopted, in which the depolarisation and repolarisation patterns are generated by exciting a small group of cells. To investigate the benefits and adverse effects of the dosage of HCQ and AZM under control and COVID-19 pathologies, the ion channel variations corresponding to these doses are introduced in the cells of the tissue one at a time. A pacing pulse of 75 beats per minute (bpm) is applied to the tissue, and the corresponding voltage propagation is analysed. Further, these activation patterns are validated by synthesising pseudo ECGs based on the equations given byGima & 

  cardiomyocytes, is developed, and a stimulus is provided at the lower leftmost corner of the tissue to understand the cardiac tissue's spatiotemporal mechanism. The stimulus induces a convex wavefront propagating through the endo, mid, and epi layer, starting from the bottom and ending at the top of the tissue layer. The cell repolarisation first occurs in the epi and endo layers, succeeded by M-cells in the top of the mid-layer. The model's outcome, the normalized Pseudo ECG synthesized, is used a) for model validation and b) to give an insight into the mechanism of tissue. Furthermore, QT interval, T-peak amplitudes, and QRS duration are captured for all cell configuration, as shown in Table

  consecutive beats get reduced by 10 msec. The presence of PBs in mild and severe COVID-19 setups for various dosages of HCQ and with AZM is tested to examine arrhythmogenesis occurrence.In the control ventricle condition, the model's outcome is 0.350 sec of QT interval, 0.232 mV of T-peak, and 0.07 sec QRS duration. In the case of adding 1 µM , 10 µM , and 100 µM HCQ, the QT interval increases by 1.42%, 11.43%, and 44.28%, respectively, as shown in Fig.1(i). However, the T-peak decreases by 10.35% and 0.85% under 1 µM and 100 µM HCQ, but, in 10 µM, it increases by 18.10%. Also, QRS duration increased by 7.14% in both 1 µM and 10 µM HCQ and by 21.4% in 100 µM HCQ. Application of PBs in the presence of 1 µM HCQ or 10 µM HCQ gives rise to premature ventricular complexes (PVCs), as seen in Fig.1(ii) and the regular pacing sequence resumes at 2.4 sec. The appearance of PVC is due to the change in the repolarisation sequence with endo and mid cells repolarising first, followed by the epi cells. On including 100 µM HCQ, the three PBs gives rise to similar ECG complexes (with positive widened T-waves) as that in usual pacing. The regular beat resumes after a long pause at 3.3 sec.Further, on the inclusion of 1 µM AZM with 1 µM, 10 µM and 100 µM HCQ, the QT interval prolongs by 7.14%, 20% and 80% respectively, in the control ventricle as shown in Fig.1(iii). Likewise, the T-peak increases by 3.87%, 37.5% and 36.63% under AZM in combination with 1 µM, 10 µM and 100 µM HCQ respectively. However, the QRS duration remains the same in both 1µM and 10 µM HCQ, but increases by 7.14% in 100 µM HCQ. Additionally, PVCs arise due to the inclusion of PBs in the combination of 1 µM HCQ and AZM, and regular pulses resume at 1.6 sec. The occurrence of PVCs increases in the presence of PBs in 10 µM

  For the last PB, yet another PVC occurs and then regular beats resume at 1.6 sec. In the case of 10 µM HCQ, due to the change in repolarization pattern, PVCs occur, yet they do not lead to the formation of re-entrant patterns. When PB's are applied in 100 µM HCQ setup, ECG complexes with widened T-waves are observed.When AZM was supplemented with 1 µM HCQ, 10 µM HCQ and 100 µM HCQ, the QT interval prolongs by a percentage of 7.14, 18.57, and 65.71 respectively, under mild COVID conditions (Fig.2(iii)). Furthermore, the T-peak increases by about 31% in the combination of AZM and 10 µM HCQ or 100 µM HCQ in comparison to mild COVID while there is a negligible effect in 1 µM HCQ. Even though the QRS duration remains unchanged for 1 µM and 10 µM, it increases by 7.14% in 100 µM HCQ with 1 µM AZM. On pacing with PBs, PVCs occurred in both 1 µM HCQ and 10 µM HCQ conditions, and the regular pulses resume at 1.6 sec, as shown in Fig.2(iv). When AZM is supplied with 100 µM HCQ and on applying PBs, no arrhythmic activity appeared in spite of the presence of the hyper-acute T-waves.In severe COVID-19 configuration, the QT interval reduces by 21.48% (0.275 sec) with a negative T-wave peak of -0.17 mV and QT depression, as shown in Fig.2(v). This negative Tpeak episode might be the representation of ischemia, which is in line with the clinical ECG recordings.[START_REF] Levis | ECG diagnosis: hyperacute T waves[END_REF] . On treating with 1 µM HCQ, the QT interval reduces by 2.85% compared to severe COVID-19 and the negative T-peak increases by 15.51%. In contrast, under 10 µM HCQ, the QT interval increase by 4.28%, with a 14.22% reduction in T-peak. For 100 µM HCQ inclusion, the QT interval prolongs by 20%, with an immense reduction in the T-peak (i.e.) 40.98% in comparison to severe COVID-19. Here, the QRS duration is increased by 14.28% in 100 µM HCQ; while remaining unchanged at other dosages. In severe COVID19, the inclusion of 1 µM HCQ and premature pacing sequence create ECG complexes with increased negative T-peak amplitude due to the changes in the repolarisation pattern, as shown in Fig.2(vi). The regular pulses are resumed after a long pause at 1.6 sec. In contrast, on including 10 µM HCQ with the first PB, the M-cells at the tissue top maintain the repolarising state. Therefore, the wave propagate upwards along the endo and mid-layer before entering the epi layer. This creates a change in the repolarisation pattern with endo cells repolarising first, followed by mid and epi cells. A similar activation pattern observed for the second PB. When the third PB endures, the epi cells are repolarising; thus, the wavefront propagates upwards along with the endo and mid-layer and re-enters the epi layer from the top, and then travels down along the epi layer and re-enters into the mid and endo layer. This re-entrant activity creates upward and downward pointing QRS complexes, as shown in 2(vi), and the regular pacing resumes at 2.4 sec, for more detail, refer the voltage maps supplementary video. In the case of 100 µM HCQ, no arrhythmia or PVCs are observed, although flat T-waves occur, representing the myocardial ischemia event[START_REF] Morris | ABC of clinical electrocardiography: acute myocardial infarction-part I[END_REF] or hypokalemia[START_REF] Chua | ECG changes of severe hypokalemia[END_REF] . The above result infers that an inverted T-wave morphology (representative of ischemia) can be a biomarker for severe COVID-19 screening. AZM inclusion indicates the QT interval increases by 2.85%, 7.14% and 22.85% with 1 µM HCQ, 10 µM HCQ and 100 µM HCQ, respectively in comparison to severe COVID, as shown in Fig. 2(vii). The T-peak increases by 10.34% in the combination of AZM and 1 µM HCQ while it decreases by 21.98% and 51.72% in 10 µM HCQ and 100 µM HCQ, respectively. The QRS duration decreases by 7.14% in the combination of AZM and 1 µM or 10 µM HCQ, whereas no response with 100 µM HCQ. On pacing the tissue with PBS, PVCs are observed under 1 μM HCQ and 10 μM HCQ while under 100 μM HCQ, no significant change in the flattened T-waves is observed as seen in as seen in Fig. 2(viii).

Figure 1

 1 Figure 1: Pseudo ECGs generated (i) in control ventricle treated with HCQ, (ii) on pacing with PBs in presence of HCQ, (iii) in control ventricle treated with HCQ and 1 µM of AZM , (iv) on pacing with PBs in presence of HCQ and 1 µM of AZM

  the risk of TdP is not a linear function of QT duration nor the extent of change; in a few cases, drug induced QT c prolongation has not induced arrhythmic death. Although drug-induced QT prolongation does not provide the binary association with arrhythmic or non-arrhythmic mortality, QT interval continues to play a crucial metric in drug safety assessment. In addendum, Sarkar et al., 2012[START_REF] Hohnloser | Amiodarone-associated proarrhythmic effects. A review with special reference to torsade de pointes tachycardia[END_REF] reported that a particular population of cells behaves differently from another population (i.e., healthy vs. diseased) and electrophysiological variability manifests at every, from a molecular to cellular, to organ, and

organism level. Hence, the outcome of previous clinical evidence of HCQ on normal or healthy cells may not explain the exact impact of HCQ on SARS-CoV-2 infected cells.

Table 1

 1 Ionic Currents for different dosages of HCQ and with AZM represented by in-vitro study[START_REF] Wang | Mechanistic insights into ventricular arrhythmogenesis of hydroxychloroquine and azithromycin for the treatment of COVID-19[END_REF] 

	Current	HCQ (1 µM)	HCQ (10 µM)	HCQ (100 µM)
	INa	22%	35%	55%
	ICaL	12%	12%	40%
	IKr	18%	55%	85%
	IK1	10%	20%	80%
		HCQ (1 µM) and AZM	HCQ (10 µM) and AZM	HCQ (100 µM) and AZM
	INa	18%	22%	38%
	ICaL	10%	15%	30%
	IKr	30%	62%	90%
	IKs	18%	20%	22%
	IK1	10%	30%	82%

Table 2

 2 Surrogate biomarker such as QT interval, T-peak and QRS duration of controlled, mild and severely infected COVID ventricle in response to various HCQ doses (1, 10 and 100 µM) alone or with 1 µM AZM

	Dosage	Medication	Disease	QT	T-Peak	QRS
	(µM)	No Medication	Condition Control Mild COVID	Interval 0.350 0.325	(mV) 0.232 0.152	duration 0.070 0.070
			Severe COVID	(sec) 0.275	-0.170	(sec) 0.07
	1	HCQ	Control	0.355	0.208	0.075
			Mild COVID	0.330	0.110	0.075
		HCQ with AZM	Severe COVID Control Mild COVID	0.265 0.375 0.350	-0.206 0.124 0.24 0.151	0.07 0.07 0.070
			Severe COVID	0.285	-0.194	0.065
		HCQ	Control Mild COVID	0.390 0.365	0.274 0.194	0.075 0.075
	10		Severe COVID	0.290	-0.137	0.07
		HCQ with AZM	Control Mild COVID	0.420 0.390	0.319 0.227	0.070 0.070
			Severe COVID	0.300	-0.119	0.065
		HCQ	Control Mild COVID	0.505 0.450	0.230 0.159	0.085 0.090
	100		Severe COVID	0.345	-0.075	0.080
		HCQ with AZM	Control Mild COVID	0.630 0.555	0.317 0.220	0.075 0.075
			Severe COVID	0.355	-0.05	0.07
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