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Abstract

Rationale: Several drugs have been attempted to treat SARS-CoV-2 (COVID-19), the global
pandemic, of which Hydroxychloroquine (HCQ) shows a significant clinical outcome, irrespective
of cardiotoxicity. Although few clinical observations have been reported in similar line, HCQ
manifestation towards pro-arrhythmia has not been elucidated. This demands further investigation
on the role of biological variability in its many forms in determining COVID-19 patient’s responses
to drugs.

Objective: To investigate HCQ interaction mechanistic under COVID-19 with and without pro-
arrhythmic comorbidities such as Long QT syndrome (LQTS1 & 2), and hypokalemia in, (a) three
types of cardiomyocytes (b) ventricular tissue and its effects when excited with premature beats
(PBs) to understand the possibility of arrhythmogenesis.

Methods and Results: A 2D transmural anisotropic ventricular tissue model consisting of endo-
cardial, midmyocardial and epicardial myocytes are configured for mild and severe COVID-19,
comorbid and HCQ conditions. Results show that along with QT interval reduction, low ampli-
tude and/or inversion T-wave occurred in mild and severe COVID-19 conditions respectively. In
contrast, under LQTS1 with mild hypokalemia, leads to notched T-waves, and HCQ inclusion
increases the QT interval and T-peak in all mild infections. Severe COVID-19 causes inverted
T-waves and shorten QT-interval in all comorbidities except in LQTS2, where biphasic T-waves
is observed. Arrhythmogenesis, reentry is created only on addition of mild hypokalemia while ST
elevation is observed in presence of moderate and severe hypokalemia. When treated with HCQ,
insignificant impact observed.

Conclusion: In-silico ventricular model indicates, HCQ has insignificant effect on COVID-19
with and without comorbidities, except in the combination of mild COVID-19 with moderate hy-
pokalemia condition and severe COVID-19 with mild hypokalemia where it initiated a re-entrant

arrhythmia. These results could guide towards COVID-19 management.

Keywords
Hydroxychloroquine, SARS-CoV-2, Hypoxia, Cardiotoxicity, Ventricular Arrhythmia,
Hypokalemia
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1 Introduction

The novel Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2), responsible for the
COVID-19 pandemic, has become a major concern since it was first reported in Wuhan, China
in December 2019. As of May 30, 6,033,469 cases have been reported worldwide with 366,890
deaths, efforts are being made worldwide to effectively screen, contain, diagnose and treat this

virus'!

. Coronaviruses (CoVs) are single-stranded RNA viruses that have the ability to mutate
and recombine rapidly. SARS-CoV-2 belongs to the 3-CoVs group and binds to the zinc pep-
tidase angiotensin-converting enzyme 2 (ACE2) to enter the host cell. Suppression of ACE2
expression changes the pathology of lungs and contributes to severe pneumonia and acute lung
failure observed with this virus?. Onset of the illness is identified through common symptoms
like fever, cough and shortness in breathing. Other less occurring symptoms are muscle pain,
anorexia, malaise, sore throat, nasal congestion, dyspnea and headache. These symptoms typ-
ically appearing 2-14 days after exposure. Real-time polymerase chain reaction (RT-PCR) test
of nasopharyngeal and oropharyngeal samples is currently the gold standard for confirming the
presence of COVID-19. Further, chest X-rays and computed tomography (CT) scans are being ex-
plored to detect and assess COVID-19 patients through deep learning®®. CT of lungs of patients
show bilateral patchy shadows or ground glass opacity.

Several antiviral drugs® that had been used to treat SARS-CoV1 and Middle East Respira-
tory Syndrome (MERS-CoV) were attempted for treating SARS-CoV-2, albeit with an incon-
sistent efficacy. Notable therapeutic antimicrobials that are currently being explored and have
exhibited positive inhibitory effect for treatment of COVID-19 are chloroquine (CQ), hydroxy-
chloroquine (HCQ) (both targeting prevention or treatment of malaria), HCQ with azithromycin,
lopinavir/ritonavir6, (used during SARS & MERS outbreak) and Remdesiver(GS-5734), which
showed promising outcome during Ebola virus outbreak. Among these, CQ has been declared
as a highly promising drug for COVID-19 according to the 6th edition of new coronavirus pneu-
monia diagnosis and treatment plan, released by National Health and Care Commission of China
(Feb 19 ,2020). An in-vitro study reported the potential activity of HCQ on SARS-CoV-2"Z, Al-
though HCQ, an antirheumatic drug8:9, has a similar chemical structure to CQ, in-vitro studies’
showed HCQ is more potent in inhibiting SARS-CoV-2 ; interested readers could refer!®H for
more details on the effect of HCQ in preventing infection and disease progression. Subsequently,
the negligible cost and known safety profile of this drug has been considered for SARS-CoV-2
treatment. To date, there is no clinical evidence that provides the detailed mechanism of HCQ’s
safety or adversity on SARS-CoV-2 infection, in particular, the cardiac cell and tissue level. To be
specific, under what scenarios the target drug interaction may cause side effect or arrhythmia on a
virus infected patient.

Findings from previous studies suggest that long-term (over 5 years) intake of HCQ is likely to
contribute to the development of retinopathy, including QRS widening, QT interval prolongation,
ventricular arrhythmia like Torsades de pointes (TdP), hypokalemia and hypotension®?. However,
its effect on COVID-19 infected individuals is not clear, leaving a scope for investigation. On a

positive note, in experiments performed on mouse atria, Capel et al.1% reported that HCQ acts as a
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bradycardiac agent (reducing the spontaneous beating rate) in sinoatrial cells via a dose-dependent
reduction of multiple ionic currents: *funny’ current (/r), L-type calcium current (Ic,) and rapid
delayed rectifier potassium current (Ix,). Modelling of drug cardiotoxicity at the cellular level
focuses predominantly on reducing Ik, current, which will inturn prolong the APD in cells and
QT interval in whole heart level, thereby leading to arrhythmias like TdP1?. However, a clinical
study in France'# reported that either HCQ alone or in combination with azithromycin (AZM)
is efficient in treating COVID-19. Wang et al. reported that using a combination of HCQ and
AZM for treating COVID-19 elicited electrical alternans, re-entrant circuits and wave breaks L
Azithromycin is an antibiotic drug that inhibits Ik, current thus acting as a proarrhythmic agent©.
However, Sarkar et al., 201247 reported that one population of cell differs from another (i.e healthy
vs diseased) and electrophysiological variability manifests at every level, from molecular, cellular,
organ, and organisam level. Hence, considering the outcome of previous clinical evidence of HCQ
on normal cells may be inadequate to provide the exact impact of the effect of HCQ on SARS-
CoV-2 cells or tissue.

In the present scenario, numerous research and clinical observations have reported impor-
tant manifestations of COVID-19, including those of cardiac injury. For instance, common co-
morbidities observed in patients in United States were hypertension (14.9%), diabetes (7.4%) and
coronary heart disease (2.5%). Complications observed were acute respiratory distress syndrome
(ARDS) and septic shock in 3.4% and 1.1% respectively.18. Among the 44,672 patients studied in
China, 4.2% were reported to have cardiovascular diseases (CVD) and 12.8% had hypertension. In
this population, 80.9% were reported to have mild disease with no mortality, 13.8% had severe dis-
ease with no mortality, and 4.7% had critical disease with a case fatality rate of 49%. Though the
percentage of patients with CVD was 4.2%, they included 22.7% of all fatal cases?. Yet, another
study of 138 chinese COVID-19 patients, 26.1% had complications and had to be transferred to the
ICU, including ARDS (61%), arrhythmias (44%) and shock (31%)%’. Huang et al. reported that
of the 41 patients admitted, the most common complications were ARDS (29%), viremia (15%),
acute cardiac injury determined by elevated high-sensitivity troponin (12%), and secondary in-
fection (10%)4. Another study?? of 191 patients showed that fatality of the patients increased
in presence of comorbidities like hypertension (48%), diabetes (31%) and coronary heart disease
(24%) and non-survivors had higher rates of heart failure and acute cardiac injury than survivors.
In China, the clinical characteristics of 1099 COVID patients was delineated'2%. Similarly, in

Italy, Henry et al %4

examined 33 laboratory parameters of 3377 patients and reported a significant
increase in inflammatory biomarkers of cardiac and muscle injury, liver and kidney function and
coagulation measures. Lymphopenia, prolonged prothrombin time and elevated lactate dehydro-
genase was also reported. Further, the potassium concentration in blood was reported to be 3.9
(3.6-4.2) mmol/liter and 3.8 (3.5 to 4.1) mmol/liter in non-severe and severe COVID-19 patients
respectively.

As our particular interest is in the human cardiac system; specifically electrophysiology, we
wish to emphasis the variability of COVID-19 in cardiac system. Guo et al.2> reported that among
187 COVID-19 patients, those with myocardial injury (elevated troponin T levels) led to fatal out-

comes in comparison with those with underlying cardiovascular diseases including hypertension,
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coronary heart disease and cardiomyopathy. Furthermore, clinical observations reported by Mer-

curo et al. 20

shows the median baseline QTc was 455 ms in 90 COVID-19 patients. In presence
of HCQ, it increased to 473 ms and in presence of HCQ and azithromycin, it reduced to 442 ms.
Among those who received HCQ alone, 19% had QTc prolongation of 500 ms or more, 13% had
a change in QTc of 60 ms or more and 1 case of Torsade de Pointes (TdP) was reported. Fur-
thermore, CQ has been shown to prolong QT interval and decline the T-wave amplitude by acting
on the inward-rectifying potassium current (Ix;) and has been suggested as a potential therapy for
short QT syndrome (SQT3)2Z. Thus its very evident that investigating and understand the cardiac
manifestation mechanism due to COVID-19 and during medication like HCQ drug is critical.

Another comorbidity observed in COVID-19 patients is hypokalemia. Li X et al., 2019
study on 175 patients with COVID-19 reported that 39 patients had severe hypokalemia (under
3 mmol/L), 69 had moderate hypokalemia (3-3.5 mmol/L) and 67 were normokalemia (over 3.5
mmol/L)%%, In a case report of the electrocardiogram (ECG) recording of two COVID-19 patients,
the first case presented a temporary SIQIITIII morphology followed by reversible AV-block while
the second case demonstrated ST-segment elevation (STE) followed by multi focal ventricular
tachycardia. ACE2 which is highly expressed in hearts and lungs, is the functional receptor for
coronavirus. Thus, He et. al*? proposed that ACE-2 signalling pathways may play a role in car-
diac injury while hypoxemia caused by COVID-19 may cause damage to myocardial cells. Severe
hypoxemia occurring in lungs of COVID-19 patients has been linked to loss of lung perfusion reg-
ulation and hypoxic vasoconstriction?. Acute viral infections like that of COVID-19 have been
known to cause type 1 or 2 myocardial infarction though the frequency of STE in these patients is
unclear!,

Although various researchers have attempted to study the current pandemic SARS CoV-2: it’s
inhibitory mechanism on human cells, symptoms, diagnosis and treatment, for the reasons noted,
it is critical to zero down the effect of a drug and explain its response range. Such comprehen-
sive study, either using in-vivo or clinical studies is difficult in a short span of time with present
day technology, in this situation, computational models can help to elucidate and overcome the

following aspects:

o The effect of SARS-CoV-2 on electrophysiological properties of ventricular myocytes and
spatiotemporal changes in tissues and organ level

e Lack of clinical evidence that provides a detailed influence of HCQ on SARS-CoV-2 in-
fected cardiac cell and tissue. For example: changes in ECG, mechanism and potential

severity of ventricular arrhythmias like TdP

e Mechanistic understanding of HCQ on ventricular myocytes and tissues under other comor-

bid scenarios, such as long QT syndrome (LQTS type 1 and 2), and hypokalemia.

To address the above gaps, we develop a 2D transmural anisotropic ventricular tissue model
framework that can help in primarily understanding the SARS-CoV-2 effect on the three types of
ventricular myocytes: endocardial, midmyocardial and epicardial. This framework allows one to

understand the cardiac cellular and subsequently tissue level mechanism, including the response
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to pharmacological agents like HCQ. Here, two variations of COVID-19; mild and severe are ex-
plored. Secondly, it is understood that in co-morbidities like congenital LQTS1 and drug induced
LQTS2 conditions, the presence of HCQ causes an additional prolongation of QT interval and
is hence contraindicated. However, the percentage prolongation of QT interval is not quantified.
Thus, in a two-dimensional anisotropic transmural tissue, HCQ is introduced in presence of LQTS
1 & 2 and pseudo ECGs are created to understand if it mimics the same effect as those observed in
clinical scenarios. Further, the presence of these conditions in SARS CoV-2 is examined. Thirdly,
hypokalemia (mild, moderate and severe) along with SARS CoV-2 case are introduced one at a
time to understand its effect on cardiomyocytes and ventricular tissue; with and without HCQ. In
each case, the variations in the QT interval and T-peak are captured. Finally, the tissue is excited
with premature stimuli to analyse and determine under which of the above three conditions the
tissue becomes pro- arrhythmic. Although earlier studies have established that HCQ induces QT
prolongation, TdP arises only in certain scenarios. This study is an attempt to address the possibil-
ities under which an arrhythmia is generated at the tissue level in presence of the above mentioned

conditions.

2 Methods

2.1 Human Ventricular Cardiomyocyte Model and its Ion Channel Activities due
to COVID-19 and Specific Comorbid Condition

The rise and fall of membrane potential in single cardiomyocytes is described by the Ten Tusscher
(TP06) model®2. A stimulus current of amplitude 52 uA is applied for 1 ms is used to excite

the cell. The parameters of the model, tissue characteristics and integration scheme are elabo-

rated in [Supplementary-1| The change in cardiomyocyte’s ionic current parameters under various
configurations: COVID-19, LQTS1, LQTS2, and hypokalemia are listed in Table|[T]

Table 1: Change in parameters for different conditions

Condition Ionic Current Change
HCQ'2 Ik, 35% reduction
Icar 12% reduction

LQTS152 Ixs 50% reduction
LQTS23+ Ik, 50% reduction

Mild Hypokalemia (Hypokalemial

)28

Extracellular potassium
concentration (K")

85% reduction

Moderate Hypokalemia (Hypokalemia2)

K+

o0

55% reduction

Severe Hypokalemia (Hypokalemia3) | K 45% reduction
Mild COVID-19 [ATP); 5.5mM

kos 0.125

Severe COVID-19 [ATP]; 5 mM

kos 0.250

As COVID-19 has been linked to causing hypoxemia?, which in turn leads to hypoxia, this

condition was included in the cardiac myocytes by increasing intracellular ATP concentration
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which would in turn lead to activation of an ATP sensitive potassium current. Using the formula-

tion of Shaw and Rudy=>, ATP activated K current is described by the following formula

1 (K]
Iurp = Grarp T (=
1+([k L)H 54

0.5

)" (Vin — Ek) ey

where Gy arp is the maximum conductance of I47p current and has a value of 3.9 nS/ cm?, H
and n have a value of 2 and 0.24 respectively. The intracellular ATP concentration ([AT P];) under
normal condition is 6.8 mM, but it decreases to 5.5 mM in mild hypoxia and 5 mM in severe
hypoxia respectively. Similarly, kg5 is 0.042 for normal condition, 0.125 and 0.25 for mild and
severe hypoxia respectively®. Henceforth, in this study, hypoxia condition would be referred as
COVID-19.

2.2 Two Dimensional Ventricular Cardiac Tissue Model

We build the 2D anisotropic transmural ventricular model®”. Here, the depolarisation and repo-
larisation patterns generated from the tissue are validated by simulating pseudo ECGs based on

the equations given by Gima & Rudy"®, readers looking for basics and more details may refer

to |Supplementary-1| Later, to investigate the benefits and adverse effects of HCQ under control,
COVID-19 and other comorbid pathologies such as LQTS1, LQTS2 and hypokalaemia, the ion
channel variations corresponding to these conditions were included in the cells of the tissue one at

a time. A regular pacing pulse is applied in the tissue, and the corresponding voltage propagation
is analyzed. Further, pseudo ECGs are generated for each of the clinical conditions. The variation
in the ECG, in particular the QT interval and T-wave morphology are captured for analysis. Fur-
thermore, the tissue is stimulated with premature stimuli in between the normal beats to study the

conditions that can initiate or sustain an arrhythmia.

3 Numerical Results

3.1 Change in Cardiomyocytes Ionic Current and its Quantitative Contribution
towards Action Potential

To understand the cellular mechanism of the three different types of cardiomyocytes such as en-
docardical (endo), M (mid) and epicardial (epi) cells, the action potential (AP) is generated under
control, COVID-19 conditions as well as in presence of comorbidities like LQTS1, LQTS2, and
hypokalemia. Further, the effect of HCQ is included in the cells in each of the above scenarios by
reducing the Ix, and Ic,; current. As an evaluation metric, the AP parameters: 1) action potential
duration at 90% repolarization (APDyg) and 2) peak plateau potential values of the three types of

cells under different scenarios are captured and tabulated in Table



180

185

190

195

205

210

3.1.1 Effect of HCQ in Control and COVID-19 Infected Cardiomyocytes

Fig. [I{i-iii) shows the APs between normal and HCQ condition in the three cell types. It has been
observed that the prolongation of the action potential duration (APD) in M-cells is 6.72% (23.944
ms), higher than that of endo (2.87% (7.989 ms)) and epi cells (2.93% (7.982 ms)) due to the
decrease in I, current. In contrast, it is observed that the plateau phase peak is slightly decreased
by 4.69% (1.65), 5.01% (1.83) and 4.97% (1.81) in endo, mid and epi cells respectively due to the
reduction of I¢,; current.

The AP generated in mild and severe COVID-19 conditions in all three types of myocyte are
shown in Fig. [I(iv-vi). Here, APD is reduced by 3.76%, 7.70% and 3.54% in mild COVID-19 and
by 20.65%, 31.35% and 19.90% in severe COVID-19 in endo, mid and epi cells respectively. But,
the plateau peak in comparison with control condition (all three cells) decreases by an average
of 4.08% and 18.32% in mild and severe COVID-19 case respectively. On including HCQ for
mild COVID-19, the APD slightly increases by 2.20%, 4.87% and 2.25% while the plateau peak
got reduced by 4.89%, 5.76% and 5.25% in the endo, mid and epi cells respectively. Due to the
reduced APD under mild and severe COVID-19 conditions, the cells come out of their refractory
state sooner and are available for re-excitement, subsequently leading to the possibility of reentrant
arrhythmia in ventricular tissue. To be specific, introduction of HCQ in mild COVID-19 causes the
APD to prolong and reach near control values. A higher APD prolongation in mid cells is observed
than other cell types. In contrast, under severe COVID-19, HCQ effect on APD is negligible
(0.38%) while the difference in plateau peak is found to be 5.83%, 6.63% and 7.12% in endo,
mid and epi cells respectively. This infers that under severe COVID-19 condition, HCQ has an

insignificant effect either on APD or peak plateau potential in cardiomyocytes.

3.1.2 HCQ Effect on Cardiac Myocytes with Pre-existing Long QT Syndrome

LQTS1 with COVID-19: In case of LQTS1, as a response to 50% reduction of the conductance of
Ik, current in the myocytes, it is observed that the APD is prolonged by about 15% in comparison
to control in all three cell types and the peak of plateau phase is slightly higher, with a minor
difference in the endo, mid and epi cells as shown in Fig. [[(vii-ix). When treated with HCQ, APD
generate multiple early after depolarizations (EADs) in mid cells and returns to rest state at 838.37
msec. Delayed or early after depolarizations are also ventricular tachycardia mechanisms during
ischemia”?. Thus, the change in APD (AAPD) between control versus LQTS1 with HCQ infers
a20.44% (56.76 msec), 135.37% (482.19 msec) and 20.18% (54.852 msec) in endo, mid and epi
cells respectively and the percentage difference in plateau peak in all cells is about 4.62%.

The combination of LQTS1 and mild COVID-19 prolongs the APD by 8.84% and 9.28% in
endo and epi cells respectively, while the increase in mid cells is negligible. The peak plateau is
reduced by 3.64%, 7.38% and 3.75% respectively in the endo, mid and epi cells. On adding HCQ,
the APD increases by 12.6%, 7.65% and 12% and plateau peak decreases an average of 8.76%
with respect to control. In contrast, when comparing with mild COVID-19, HCQ increases the
APD in endo, mid and epi cells by 3.76%, 7.16% and 2.72% respectively.

In presence of LQTS1 and severe COVID-19, the decrease in mid cells APD (29.21%) is



215

220

225

235

240

245

250

higher than that of endo (14.96%) and epi (14.01%) cells, while the reduction in plateau peak is
lower in mid cells (6.85%) than in endo (17.89%) and epi (18.40%). Result infers that APD has
minimal change, while the reduction in plateau peak is an average of 23.54% in all cells, when
comparing with control. While, LQTS1 infected with severe COVID-19 and treated with HCQ

shows no significant effect.

LQOTS2 with COVID-19: In LQTS2, as a response to reducing the conductance of I, current
to 50% in the three cell types, the APD prolongation in mid cells is 25.46% higher (90.69 ms)
in comparison to 7.47% in endo (20.75 msec) and 7% in epi (19.032 msec) cells as seen in Fig.
[T[x-xii) and the difference in peak of plateau phase is about 1.09% in all the three cell types. This
is slightly higher in comparison to LQTS1. As an effect of HCQ treatment, APD further extended
by 8.55% in endo and epi cells. While in mid cells a single EAD is generated and later the AP
returns to rest state at 657.97 msec, which is a change of APD (AAPD) of 84.72%(301.79 msec)
comparing to control mid cell. But, the percentage difference in plateau peak (APlateau peak) is
about 4% in all three cell types.

LQTS2 in combination with mild COVID-19 increases the APD by 3.15%, 6.75% and 3.18%
in endo, mid and epi cells respectively; while the reduction in plateau peak is an average of 3.01%
in all three cell types. On introducing HCQ, the APD increase in mid cells (9.35%) is higher
than that of other cells (3.98%), but plateau peak decreases in mild cells (17.78%) than endo
(7.99%) and epi (8.33%) cells with respect to control. When HCQ treated for COVID-19 mid
cell’s APD increases by 2.6% and plateau peak by 14.72%, which is very high comparing to endo
and epi cell. However, HCQ impact or effect on LQTS2 infected with mild COVID-19 is lower
than HCQ impact on controlled tissue or person. It means, HCQ effect on LQTS2 infected with
mild COVID-19 does not show adverse effect as expected in control group treated with HCQ
nor LQTS2 provided with HCQ. Even though in real scenario, HCQ is not provided for LQTS2
treatment, this finding would help in treating and managing LQTS?2 infected with mild COVID-19

Under LQTS2 and severe COVID-19, the APD in mid cells decreases by 24%, higher than that
of other cell types (14.3%). However, the decrease in plateau peak in mid cells is lower (8.42%) in
comparison to other cell types (17.36%). The change in APD on adding HCQ is negligible while
the peak plateau potential further decreases by 22.99% in all cells types with respect to control
values. To be particular, HCQ treated for COVID-19 mid cell’s APD increases by 1.28% and
plateau peak decrease by 15.05%, which is very high comparing to endo and epi cell.

Thus, its evident that using HCQ for pre-existing LQTS patient would result in EADs in mid
cells which are likely to act as a source of reentry for initiating or sustaining an arrhythmia, which
is not in clinical practice. However, LQTS infected by COVID-19 and when treatment with HCQ,
it does not induce EAD but prolongation of APD is observed in mild than severe COVID-19.

3.1.3 HCQ Effect on Cardiac Myocytes with Hypokalemia Conditions

Hypokalemia condition is further classified into mild, moderate and severe conditions based on

the extracellular potassium concentration (K") by decreasing K,/ to 85% (hypokalemial), 55%
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(hypokalemia2) and 45% (hypokalemia3) respectively as shown in Fig. [[(xiii-xxi).

Hypokalemial with COVID-19: In hypokalemial, the resting potential (V,.5) decreases from -
85.97 mV in control condition (in all three cells) to -88.26 mV, -89.16 mV and -88.55 mV in
endo, mid and epi cells respectively. The percentage AAPD between control and hypokalemial
is higher in mid cells (2.35%) compared to endo (0.79%) and epi cells (0.98%) and A plateau
peak is about 0.9% in three cells respectively. On HCQ including with hypokalemial, the AAPD
in endo, mid and epi cells is further increased from control values to 4.13%, 10.34% and 4.47%
respectively. Further, V,.y decreases to -88.7 mV, -89.20 mV and -88.90 mV and the difference in
plateau peak is 5.60%, 5.96% and 5.91% in endo, mid and epi cells respectively.

Comparing the control and combination of Hypokalemial and mild COVID-19, the APD in
endo, mid and epi cells is decreased by 3.12%, 5.88% and 2.92% respectively. The peak plateau
potential is reduced by an average of 4.89%. With HCQ, the APD reaches near-control values
while the peak potential is reduced by an average of 9.84%. Under Hypokalemial and severe
COVID-19, the APD in mid cells is decreased (30.56%) more than that of other cells (19.73%)
and the peak potential decreases by an average of 19.06% in comparison to control. With HCQ,
the APD is almost similar while the peak potential further reduces by 24.32%. Further, the endo,
mid and epi cells get hyperpolarised to -89.46 mV, -89.78 mV and -89.57 mV respectively in the
absence and presence of HCQ for both mild and severe COVID-19.

Hypokalemia2 with COVID-19: Likewise, the percentage /AAPD between control and hypokalemia2

is 8.87% in mid cells compared to endo (3.79%) and epi (3.72%) cells, while the difference in
plateau peak is an average of 3.18% in three cell types respectively. On including HCQ with
hypokalemia2, the AAPD in endo, mid and epi cells is further increased from control values to
8.55%, 21.30% and 8.52% respectively with a Aplateau peak is 7.82%, 5.96% and 8.33% in endo,
mid and epi cells respectively.

Comparing control with the combination of Hypokalemia2 and mild COVID-19, the change
in APD in all cell types is minimal (less than 1%) while the peak plateau potential is reduced by
an average of 6.92%. With HCQ, the APD increase in mid cells (6.33%) is higher than other cells
(3.59%) in comparison to control while the peak potential is reduced by an average of 11.95%. In
Hypokalemia2 and severe COVID-19, the reduction in APD in mid cells is higher (28.10%) than
endo (18.07%) and epi (17.46%) cells and the peak potential decreases by an average of 20.49%
in comparison to control. With HCQ, the reduction in APD is increased slightly in endo (16.68%),
mid cells (26.48%) and epi (16.10%) cells while the peak potential further reduces by 25.85%.
The resting potential of all cells is increased to -99. 87 mV, -100.44 mV and -99.65 mV in endo,
mid and epi cells in absence and presence of HCQ for both mild and severe COVID-19.

Hypokalemia3 with COVID-19: The percentage AAPD between control and hypokalemia3 is
5.30%, 12.29% and 5.05% in endo, mid and epi cells respectively and the difference in plateau
peak is about 4.15%. On including HCQ condition with hypokalemia3, the AAPD in endo, mid
and epi cells is further increased from control values to 10.84%, 27.52% and 10.66% respectively.

10
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The difference in plateau peak is 8.73%, 9.41% and 9.35% in endo, mid and epi cells respectively.

In hypokalemia3 and mild COVID-19 condition, the APD is increased by 0.89%, 1.43% and
0.95% in endo, mid and epi cells respectively versus control. The peak plateau potential is reduced
by an average of 7.80% in all cells. The APD on adding HCQ),is further increased to 9.88% in mid
cells and 5.6% in endo and epi cells versus control while the peak plateau potential is reduced by
an average of 12.84% in all cells.

Comparing control with hypokalemia3 and severe COVID-19, the decrease in APD in mid
cells (26.91%) is higher than endo (17.00%) and epi (16.48%) cells. The decrease in peak plateau
potential is an average of 21.07% in all cells. On adding HCQ, the reduction in APD is increased
slightly in endo (15.27%), mid cells (25.21%) and epi (14.71%) cells while the peak potential
further reduces by 26.45% in all cells. The resting potential of all cells is increased to -104.89 mV,
-105.03 mV and -104.95 mV in endo, mid and epi cells in absence and presence of HCQ for both
mild and severe COVID-19.

Result infers that the mid cells undergoing a more pronounced elongation making them vul-
nerable to EAD development in the case of LQTS. In LQTS2 with mild COVID-19, the mid cells
have a higher APD prolongation than other cells. Uniquely, the increase in APD of mid cells in
the case of LQTS1 with mild COVID-19 is lesser than other cells. The combination of LQTS1 or
LQTS2 with severe COVID-19 causes a reduction in the APD in all cells without and with HCQ.
The reduction in mid cells being more pronounced than that of endo and epi cells. The combina-
tion of hypokalemia and COVID-19 decreases the APD except in the case of hypokalemia 2 and
mild COVID-19, hypokalemia 3 and mild COVID-19 and with HCQ. The mid cells undergoing a
more pronounced effect than endo or epi cells. The plateau peak is decreased in all cases and the
addition of HCQ enhances this effect. Further, hyperpolarization of the cells has been shown to in-
duce arrhythmia via development of after depolarisations*”. In addendum, HCQ treatment has the

adverse effect of further prolonging the APD and thus acting as a causative agent for arrhythmia.

Condition Condition with HCQ

Cell Type | APDyg Plateau APDg Plateau
Peak Peak
Control Endo 277.63 35.15 285.62 33.50
Mid/M 356.18 36.55 380.12 34.72
Epi 271.76 36.35 279.74 34.54
Mild COVID-19 Endo 267.19 33.73 273.09 32.08
Mid/M 328.72 35.04 344.73 33.02
Epi 262.142 34.87 268.04 33.04
Severe COVID-19 Endo 220.30 28.79 221.195 27.11
Mid/M 244.53 29.69 245.62 27.72
Epi 217.67 29.76 218.36 27.64
LQTS1 Endo 320.29 35.31 334.39 33.65
Mid/M 406.55 36.58 838.37 34.75
Epi 313.57 36.48 326.61 34.66
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LQTS1 and Mild COVID-19 Endo 302.19 33.87 312.63 32.
Mid/M 357.95 33.85 383.44 33.22
Epi 297.00 34.985 306.605 | 33.15
LQTS1 and Severe COVID-19 | Endo 236.09 28.86 237.36 27.17
Mid/M 252.13 29.7 252.46 27.74
Epi 233.68 29.66 234.63 27.69
LQTS2 Endo 298.38 35.53 301.38 33.76
Mid/M 446.87 36.95 657.97 35.00
Epi 290.79 36.75 295.01 34.82
LQTS2 and Mild COVID-19 Endo 286.37 34.10 288.69 32.34
Mid/M 380.24 3543 389.51 30.05
Epi 280.4 35.26 282.60 33.32
LQTS2 and Severe COVID-19 | Endo 236.96 29.12 233.87 27.33
Mid/M 268.73 33.47 264.17 27.97
Epi 233.65 29.96 230.67 27.89
Hypokalemial Endo 279.84 34.84 289.10 33.18
Mid/M 364.56 36.21 393.02 34.37
Epi 274.43 36.01 283.91 34.19
Hypokalemial and Mild Endo 268.96 33.45 276.55 31.80
COVID-19
Mid/M 335.22 34.73 353.39 32.88
Epi 263.82 34.578 271.10 32.73
Hypokalemial and Severe Endo 221.84 28.60 223.43 26.91
COVID-19
Mid/M 247.32 29.47 249.39 27.46
Epi 219.09 29.37 220.49 27.39
Hypokalemia2 Endo 288.16 34.05 301.38 32.40
Mid/M 387.77 35.37 432.06 33.49
Epi 281.86 35.192 294.92 33.32
Hypokalemia2 and Mild Endo 276.44 32.76 287.56 31.11
COVID-19
Mid/M 352.68 33.97 378.75 32.08
Epi 270.86 33.82 281.59 31.93
Hypokalemia2 and Severe Endo 227.45 28.15 231.29 26.46
COVID-19
Mid/M 256.06 28.92 260.83 26.87
Epi 224.30 28.83 227.98 26.77
Hypokalemia3 Endo 292.36 33.73 307.74 32.08
Mid/M 399.99 35.00 45421 33.11
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Epi 285.49 34.83 300.73 32.95
Hypokalemia3 and Mild Endo 280.12 32.48 293.19 30.83
COVID-19

Mid/M 361.28 33.64 391.38 31.74

Epi 274.34 33.49 286.97 31.60
Hypokalemia3 and Severe Endo 230.26 27.98 235.23 26.29
COVID-19

Mid/M 260.30 28.69 266.37 26.62

Epi 226.96 28.6 231.76 26.53

Table 2: Action potential duration and Plateau peak metrics of all the three setups for various
condition

3.2 Heterogeneous Cardiac Tissue Mechanism(s) in Control, COVID-19, and Co-
morbid Conditions

To understand the spatiotemporal mechanism of the cardiac tissue, a framework consisting of three
layers (endo, mid and epi) of cardiomyocytes is developed and the lower leftmost corner (Cells
1:10,1:2) of the tissue is stimulated. As a result of this stimuli, a convex wavefront propagates
from the endo to mid and epi layer from the bottom to the top of the tissue. The repolarisation
occurs first in the epi and endo layers, and M-cells in the mid layer are the last to repolarise. Nor-
malised pseudo ECGs are synthesized from this tissue. Mild and severe COVID-19 conditions
are introduced in the tissue to study its effect without and with HCQ. Furthermore, other comor-
bidities such as LQTS1, LQTS2 and hypokalemia are included to understand the its influence on
COVID-19 conditions. In each of these conditions, the QT interval and T-peak amplitudes are
recorded in Table 3

In control, the QT interval is observed to be 0.345 s and the T-peak occurs at 0.2265 mV. In
presence of mild COVID-19, the QT interval is shortened by 5.79% (0.325) sec and T-peak de-
creases by 33.33% (0.151 mV) as seen in Fig. [2{i). In combination with HCQ drug, the QT interval
slightly increases by 1.45% ( 0.340 sec) and T-peak rises by 20.08% (0.181 mV) in comparison
with no HCQ. However, it doesn’t reach the control values. Under severe COVID-19 conditions,
the QT interval is further reduced by 20.29% (0.275 s) and a negative T-wave peak of -0.17 mV is
observed along with a QT depression. This negative T-peak might be representative of ischemia
in clinical ECG recordings®’. In contrast, the effect of HCQ in severe COVID-19 is negligible
with QT interval duration remaining the same and T-peak increasing slightly to -0.153 mV. Here
we have considered a pacing interval of 800 msec (i.e HR is 75 beats/min), so the Bazett QT
interval is 0.363 sec and 0.307 sec in mild and severe COVID-19 conditions. A study by Anttonen

et al.,**

reported that an individual’s QT interval <320 msec is a low rate of all-cause mortality,
from which we infer that a patient with severe COVID-19 is thus not at high risk of mortality from
cardiac failure or disorder; unless and otherwise in presence of other comorbidities. On adding
HCQ, the QT interval is in increased to 0.380 sec in mild, while it remains the same in severe

COVID-19 conditions.
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Figure 1: Cardiac ventricular action potential mechanism of cardiac myocyte cell such as Endo,
Mid and Epi cells has been tested for various pathophysiological condition (i-iii) control my-
ocyte cell treated with HCQ, (iv-vi) Mild and severe COVID-19 condition with HCQ drug effect,
(vii-ix) pre-existing LQTS1 with HCQ, (x-xii) pre-existing LQTS2 treated with HCQ and (xiii-
xv) Hypokalemia (three stages) with HCQ

Mercuro et al.%® reported that in 90 COVID-19 patients, the median baseline QT, was 455
(430-474) ms in control vs 473 [454-487] ms in HCQ conditions. The QT values reported in our
study are lower than those observed clinically due to the limitation of considering only a segment
of the ventricle. However, the percentage increase in APD between control and HCQ in the clinical
study of Mercuro et al. is 3.95%. On comparing the percentage change in Q7, in mild COVID-19
and on including HCQ, an increase in 4.68% is observed.

On introducing LQTS1 and LQTS2 conditions with properties described in Table. [T} an in-
crease in QT interval by 11.59% (0.385 s) is observed in each case as seen in Fig. |Zkii). However,
the T-peak is reduced by 7.28% (0.210 mV) in LQTS1 while it is increased by 38.18% (0.313 mV)
in LQTS2 condition. When treated with HCQ, the QT interval is further prolonged by 20.29%
(0.415 sec) and 14.49% (0.395 sec) with increase of T-peak by 26.27% (0.286 mV) and 43.29%
(0.326 mV) in LQTS1 and LQTS2 respectively. Further, in mild COVID-19 tissue with comorbid
LQTSI1 condition, QT interval increases by 7.24% (0.370 s) with a notched T-wave pattern of two
peaks appearing at 0.1065 mV and 0.0961 mV as seen in Fig. 2[iii). Further, HCQ drug impacts
the QT interval and T-peak by increasing them by 13.04% (0.390 s) and 30.24% (0.158 mV) re-
spectively. Whereas, in severe COVID-19 with LQTSI1, the QT interval is reduced by 14.49%
(0.295 ms) and a negative T-peak amplitude of -0.262 mV is observed. The QT interval remaines
the same in presence of HCQ while the T-peak only slightly increases to -0.238 mV. This inverted
T-wave morphology could be due to bundle block, hypertrophy effect or pulmonary embolism“L.

Similarly, in the case of LQTS2 and mild COVID-19, the QT interval and maximum T-peak
increases by 8.69% (0.375 sec) and 8.16% (0.245 mV) respectively (as seen in Fig. |Zkiv)). On
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introducing HCQ, there is no change in the QT interval while T-peak raises by 11.25% (0.252 mV)
in comparison to control. In severe COVID-19 and LQTS2, the QT interval is the same 0.300 mV
and a biphasic T-wave of amplitude 0.015 mV and -0.075 mV (without HCQ) is found despite of
HCQ addition.

Thus, this study infers that when an individual with pre-existing LQTS condition gets infected
by mild COVID-19, a prolongation of the QT interval occurs and the inclusion of HCQ adds further
to the extension of QT interval. The finding of inverted T-wave in LQTS1 or LQTS2 and severe
COVID-19 is suggestive of an ischemic pattern. This could be one of the reasons that explains why
COVID-19 patients with comorbidities are at a higher risk of mortality. Furthermore, the presence
of HCQ does not create any alterations in the pseudo ECG pattern. An inverted T-wave pathology
could be indicative of an ischemia or hypokalemia condition, this demands us to investigate and
understand the mechanism of hypokalaemia in COVID condition in the next section.

Fig. [J(v-viii) shows the pseudo ECGs generated for the different combinations of Hypokalemia
and COVID-19 as well as in presence of HCQ. In comorbid hypokalemial condition as seen in Fig.
2[v), the QT interval increases by 2.89% (0.355 sec), while the peak amplitude of T-wave increases
only by 1.10% (0.229 mV), almost similar to control condition. When exposed to HCQ, the QT
interval increases by 8.69% (0.375 msec) and T-peak amplitude increases by 16.99% (0.265 mV)
in comparison to control. But, when infected by mild COVID-19, the QT interval decreases by
2.89% (0.335 sec), yet a notched T-wave appears with the first T-peak of 0.127 mV and second
peak of 0.153 mV is observed. On adding HCQ, the notched T-wave are replaced by positive
T-waves. The QT interval is increased by 1.45% (0.350 mV) and T-peak is reduced by 17.88%
(0.186 mV) in comparison with control. In contrary, in pre-existing hypokalemial conditions
infected severely with COVID-19, the QT interval reduces by 17.39% (0.285 s) and a negative
T-peak of 0.16 mV is observed in comparison with control (i.e suggestive of ischemia disorder).
HCQ drug does not have any noteworthy effect other than slight reduction of T-peak to -0.14 mV.

In hypokalemia2, the QT interval is prolonged further by 10.14% (0.380 ms) but a reduction
in T-peak by 4.19% (0.217 mV) is observed. HCQ exposure increases QT interval by 18.84%
(0.410 ms) with 12.58% (0.255 mV) increase in T-peak. On considering hypokalemia2 and mild
COVID-19, the QT interval increases by 2.89% (0.355 s) while T-peak reduces by 37.74% (0.141
mV) in comparison to control. On including HCQ, the QT interval is prolonged by 10.14% (0.380
sec) and the T-peak is reduced by 23.17% (0.174 mV). Similar to hypokalemial infected COVID-
19 scenario, in hypokalemia2 and severe COVID-19, a negative T-peak of 0.156 mV is observed
with reduced QT interval of 13.04% (0.300 sec). Here too, HCQ has no significant effect, other
than a slight increase in the QT interval and T-peak to 0.305 s and 0.126 mV respectively.

Finally, in hypokalemia3, the QT interval is prolonged further by 13.04% (0.390 msec) while
the T-peak is reduced by 7.28% (0.210 mV), similar to that seen in presence of hypokalemia2.
In presence of HCQ, the QT interval increases by 23.18% (0.425 msec) and the T-peak increases
by 8.61% (0.246 mV) with respect to control. Mild COVID-19 infection has the effect of in-
creasing the QT interval by 5.79% (0.365 sec) and reducing the T-peak by 41.28% (0.133 mV).
HCQ treatment further prolongs the QT interval by 14.49% (0.395 sec) and the T-peak reduces
by 25.82% (0.168 mV). During severe COVID-19 with hypokalemia3 also, a negative T-peak of
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-0.155 mV with 10.14% reduction of QT interval (0.310 sec) is observed. In hypokalemia3 and
severe COVID-19 condition, the QT interval is reduced by 10.14% (0.310 sec) and a negative
T-peak of -0.155 mV is observed. On adding HCQ with the above conditions, the QT interval
increases to 0.320 s and the T-peak becomes slightly less negative at 0.121 mV.

Thus, it can be summarized that irrespective of the severity level of a preexisting hypokalemic
condition, getting severely infected by COVID-19 can proliferate the risk factor due to the pres-
ence of inverted T-wave, that implies the occurrence of ischemia. Even though the scope of this
study is limited to cardiac diseases or variabilities in cardiac system, hypokalemia can be trigged
due to imbalance electrolyte imbalance or if they are the manifestation of renal diseases’ . Thus
its unclear about severe COVID-19 is whether the T-wave inversion is associated with cardiac

complications or renal disorder cause electrolyte imbalance.

3.3 Arrhythmogenesis Effect of HCQ on COVID-19 Infected Tissue - without and
with Comorbidities

3.3.1 Premature pacing sequence protocol

Scientific community had well accepted that, early or late phase of replarization of the ventric-
ular AP are the manifestation of ion imbalance and controlled by different mechanistic; this are
involved in or responsible for various life-threatening cardiac disease. To analyze arrhythmia oc-
currence, the cardiac tissue is paced with premature beats (PBs) in presence of the normal pacing
beats of 800 ms (75 bpm). It has been reported*? that Q7. formulae will lead to false negative
diagnosis at higher heart rate, so QT interval measured is accurate at heart rate <100bpm, further
it has been recommended as <80 bpm. Here, three consecutive PBs as shown in Fig. [3| (single or
two PBs are not effective in creating an arrhythmia) are applied, to strive in initiating an arrhyth-
mic pattern. The duration of PBs 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. Ini-
tially, the presence of PBs in mild and severe COVID-19 configurations are tested to examine if
an arrhythmia occurs. Next, other comorbidities mentioned in Section 2.1: LQTS1, LQTS2 and
hypokalemia are included to understand which conditions give rise to an arrhythmia. Finally, the
comorbidities along with COVID-19 infection are tested by the same pacing protocol. In each

condition, the inclusion of HCQ is also examined.

3.3.2 Cardiac Tissue Arrhythmogenesis Response in Presence of COVID-19 Infection and
its Effect for HCQ

Fig. 4|shows the pseudo ECG on including mild and severe COVID-19 conditions in the tissue and
on HCQ exposure. Under mild COVID-19, three PBs each of 295 msec duration are applied after
the first beat. The mid cells in the tissue are in a repolarising state when the first PB is applied.
This causes the depolarisation from the first PB to travel upward along the endo layer and later
depolarize the mid and epi layer. Repolarisation occurs from the endo, mid and then epi layer
which appears as a negative T-wave in the ECG in Fig. [{i). The depolarisation wavefront from

the second PB is not able to excite the cells in the epi layer as they are in a refractory state and
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Figure 2: Pseudo ECGs generated in control and in presence of HCQ under (i)mild and Severe
COVID-19 (ii) LQTS1 and LQTS2, (iii) LQTS1 and COVID-19, (iv)LQTS2 and COVID-19,
(v)Hypokalemia, (vi)Hypokalemial and COVID-19, (vii)Hypokalemia2 and COVID-19 and
(viii)Hypokalemia3 and COVID-19

PB: Premature Beat
PB1 pp2 PB3 S|
800 ms i 800 ms 800 ms

0.001 0.8 1.6 24 3.2 Time (s)

Figure 3: Premature Pacing Protocol: Three premature beats are applied after the first normal
pacing pulse. Regular pacing duration is 800 ms.

this appears as a ST segment elevation. Further, when the third PB occurs, an inverted T-wave
is created as the mid and epi cells repolarise simultaneously. Later, normal pacing pulses are

a0 resumed at 1.6 sec in both the cases. Presence of HCQ shows a similar trend. Our study is in line
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with those reported by Wang et al.,?” where a dosage of 10 uM HCQ prolonged the APD of cells
but didn’t induce an arrhythmia in tissue on decreasing the pacing interval.

In severe COVID-19, the three PBs are applied every 250 msec. The application of three PBs
leads to an ECG pattern with an increase in the negative amplitude of the T-peak due to the changes
in depolarisation and repolarisation pattern same as that of the first PB in mild COVID-19 case.
The first and third PBs create ECGs with an increased amplitude of negative T-peak compared to
that created by the second PB. The normal ECGs are resumed at 1.6 sec in both scenarios. Thus, it
can be inferred that an inverted T-wave morphology (representative of ischemia) can be used as a
bio-marker for severe COVID-19 conditions. Further, HCQ drug causes negligible modifications
in the voltage propagation patterns and no effect has been observed in the ECG compared with

control.
1 1§ ¥
"""" Control
—Severe COVID-19
0.5 == Severe COVID-19 with HCQ
E E s N 4
0.5 N e Control u “"v L'v
——Mild COVID-19
—-=Mild COVID-19 with HCQ
1 . : ; .
0 1 2 3 4 2 3 4
Time (s) Time (s)
) (i1)

Figure 4: Pseudo ECG for 1)Mild COVID-19 and HCQ ii)Severe COVID-19 and HCQ

3.3.3 Cardiac Tissue Arrhythmogenesis Response in Pre-existing Long QT Syndrome In-
fected by COVID-19 and Effect of HCQ Drug

LQTSI and COVID-19: LQTS1 conditions are introduced in the cardiomyocytes and after the
first pacing pulse, three premature beats each of 350 ms duration are applied at the same pacing
site and the pseudo ECG is recorded as indicated in Fig. [5(i). The first PB is applied when the
mid cells are in refractory state, hence the depolarisation wavefront travels upwards along the
endo layer and then proceeds into the mid and epi layers. Thus, the repolarisation pattern changes
with the mid cells repolarising before the epi cells thereby giving rise to an inverted T-wave. It
is observed that the second PB creates an elevated ST segment, this is because the cells in the
epi layer don’t get depolarised as they are in refractory state due to the application of the first
PB. The third PB gives rise to a biphasic T-wave of 0.055 mV and -0.132 mV due to the delayed
repolarisation of epi cells. On adding HCQ and pacing with PBs of 360 ms, the first PB creates a
pattern similar to that observed without HCQ. However, the application of second PB depolarises
the epi cells also and a negative T-wave is observed in Fig. [5i). The third PB depolarises all the
cells also. These changes in the depolarisation and repolarisation pattern gives rise to the pseudo
ECG waveform, however no reentry is generated and the normal propagation pattern is resumed
at 1.6 sec in both the scenarios. Further, when LQTSI1 is exposed to COVID-19 there response
during PBs are captured by generating a pseudo ECGs as shown Fig. [3[(ii).
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480 In case of LQTS1 and mild COVID-19 conditions, PBs are applied every 330 ms and the first
and third PB gives rise to inverted T-waves while the second PB creates an upright T-wave. On
including HCQ, and pacing the tissue with PBs each of 355 ms, a similar pattern of pseudo ECG
is obtained although with an extension of the QT interval. Under LQTS1 and severe COVID-19
conditions, three PBs each of 265 ms, are applied and this creates the pseudo ECG pattern seen in

sss  Fig. [5(iii). The first and third PBs create ECGs with an increased amplitude of negative T-peak
compared to that created by the second PB. A similar ECG pattern is found on including HCQ. In
all the above scenarios, the normal pulses are resumed after a long pause at 1.6 sec.

LQTS2 and COVID-19: In the case of LQTS2, PBs are applied every 330 ms and 340 ms without
a0 or with HCQ respectively. When the first PB is applied , the mid cells are in repolarising state
and hence the depolarisation wavefront travels along the endo layer and later moves into the mid
and epi layer. This same pattern is repeated for the next two PBs and thus no reentry of wave
propagation occurs. These changes in the depolarisation and repolarisation creates the pseudo
ECG pattern in Fig. [5](iv) and HCQ has no effect as it follows a similar trend.
495 Fig. [5[v-vi) compares the pseudo ECGs generated on pacing the tissue with PBs, each of 315
ms and 265 ms, in LQTS2 and mild COVID-19 conditions versus LQTS2 and severe COVID-
19 conditions respectively. In both cases, the PBs generate negative T-waves although the QRS
complexes obtained in mild COVID-19 are wider. No arrhythmic pattern is generated and the
regular pacing pattern of 800 ms is resumed from from 1.6 s. ECGs in severe COVID-19 are
so0  observed to create biphasic T-waves. On including HCQ and pacing the tissue with PBs, a similar
pattern of pseudo ECG is obtained in both mild and severe COVID-19, although with an extension
of the QT interval.
The net result of this study infers that the inverted T-wave morphology seen in all severe
COVID-19 conditions and the notched T-waves morphology observed in LQTS 1 & mild COVID-
sos 19 conditions, clinically represent preponderant right or left ventricular hypertrophy and bundle

branch block, which is out-of-scope of this study and it requires further investigation.

3.3.4 Cardiac Tissue Arrhythmogenesis Mechanism in Presence of Pre-existing Hypokalemia
and COVID-19 and When Treated with HCQ

To investigate the impact of COVID-19, pseudo ECGs are generated on pacing the tissue with
s10  PBs in the presence of different degree of Hypokalemia, severity of COVID-19 and on including
HCQ.Fig. [6] shows the pseudo ECGs generated after pacing the tissue with PBs for the above

mentioned conditions.

Hypokalemial infected with mild COVID-19, with and without HCQ:The tissue is regularly
515 paced every 800 msec. After the first pacing pulse, three premature beats each of 305 msec du-
ration are applied at the same pacing site as indicated in Fig. [6[i). It is observed that in the case
of hypokalemial, reentrant activity is generated from 0.37 sec to 1.39 sec and normal beats are

resumed from 1.6 sec. On including HCQ and applying three PBs at 325 msec duration each,
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Figure 5: Comparison of Pseudo ECGs for 1))LQTS1 and LQTS1 with HCQ, ii)LQTS1 and Mild
COVID-19 with HCQ iii)LQTS1 and severe COVID-19 with HCQ iv)LQTS2 and LQTS2 with
HCQ, v)LQTS2 and Mild COVID-19 with HCQ vi)LQTS2 and Severe COVID-19 with HCQ

reentrant activity is generated from 0.38 sec to 2.2 sec and it resumes to normal from 2.4 sec.

520 Hence, there is a 43.96% risk in the arrhythmic activity.
In Fig. [6]ii), hypokalemial and mild COVID-19 conditions are included in the tissue, three
PBs each of 295 msec are applied after the first beat. The regular pacing interval is 800 ms. When
the tissue is excited due to the first PB, the cells in top of endo layer and those in mid and epi
layers are in repolarising state. Thus, the wavefront from first PB travels upwards along the endo
525 layer and propagates into the mid and epi layer. When the second PB occurs at 0.59 sec, the mid
and epi cells are in repolarising state, thus the wavefront propagates along the endo layer and then
enters into the mid and epi layer from the bottom once they come out of refractory state. A similar
excitation pattern is observed after the third PB is applied. These changes in depolarisation and
repolarisation appears as an arrhythmic-like activity from 0.355 sec to 1.24 sec in the pseudo ECG

s30 and normal beats are resumed from 1.6 s. Therefore, it is to be noted that the reentrant activity is
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Figure 6: Pseudo ECG for i)Hypokalemial and treated with HCQ, ii)Hypokalemial with mild
COVID-19 and treated with HCQ iii)Hypokalemial with severe COVID-19 and treated with
HCQ ii) iv)Hypokalemia2 and treated with HCQ with HCQ, v)Hypokalemia2 with mild COVID-
19 and treated with HCQ vi)Hypokalemia2 with severe COVID-19 and treated with HCQ,
vii)Hypokalemia3 and treated with HCQ, viii)Hypokalemia3 with mild COVID-19 and treated
with HCQ ix)Hypokalemia3 with severe COVID-19 and treated with HCQ

not generated in the voltage maps. The voltage maps are provided in Supplement 2. On includ-
ing HCQ at 305 msec duration of three premature beats, a similar type of waveform is generated
from 0.365 sec to 1.395 sec and normal beats are resumed from 2.4 sec. On the other hand, hy-
pokalemial infected with severe COVID-19, the absence of HCQ creates a reentrant pattern from
0.315 s to 1.045 s on pacing the tissue with 3 PBs each of 250 ms duration as seen in Fig. [6(iii).
On including HCQ and applying the same pacing protocol, reentry is not generated in the tissue.
However, the excitation by the PB creates a similar appearance of ECG waveform. This difference
can be seen in Fig. [f[iii) and the voltage maps are further illustrated in Supplementary-2. This

shows that HCQ plays a vital role in pre-exisitng hypokalemial with COVID-19 cases.

Hypokalemia? infected with mild COVID-19, with and without HCQ: Applying three PBs each
of 330 msec duration in between the normal pacing pulses in presence of hypokalemia2 doesn’t
generate any re-entrant activity as seen in Fig. [f[iv). The third PB at 0.99 sec generates a negative
T-peak of 0.056 mV and the normal activity is resumed from 1.6 sec. However, in presence of
HCQ with 355 msec PBs, reentrant activity is generated from 0.4 sec to 1.34 sec and the regular
pacing sequence is resumed at 1.6 sec.

Hypokalemia2 and mild COVID-19 conditions are included in the tissue and paced with PBs

22



550

555

560

565

570

as shown in Figl(v). Reentrant activity is observed in the pseudo ECG after pacing with three
PBs each of 300 msec duration from 0.355 sec to 0.935 sec.

In order to understand the detailed arrhythmogenesis mechanism in hypokalemia2 with mild
COVID-19 conditions, voltage maps of cardiac tissue are shown in Fig. [7]starting from the appli-
cation of the first PB at 0.300 sec. At this time, the endo cells at the top and the M-cells and epi
cells are still in repolaring state. The depolarisation wave created from this first PB is shown in
Fig.[I(a) at 0.31 sec. This wave proceeds upwards along the endo layer by which time the M-cells
are returning to rest state as seen in Fig. [7(b). The wavefront then travels along the entire length
of endo layer and reenters the mid and epi layers as seen in Figs. [7(c-d). This wavefront then
reenters into the endo layer at the bottom of the tissue and travels upwards along the endo layer
as seen in Fig. [7(e-f). The second PB is applied at 0.6 sec and during this time the endo cells are
already depolarised. This wavefront re-enters into the mid and epi layers by which time the mid
and epi cells have repolarised as seen in Fig. [7(g-i). The wavefront depolarises cells in mid and
epi layers and reenters endo layer as seen in Figs. [7(j-k). The third PB is applied at 0.9 sec and the
cells at the pacing site are already depolarised. The cells start repolarising from the epi, mid and
endo with cells at the bottom of the endo and mid layer repolarising last as seen in Figs. [7(ii)(I-n).
All the cells finally repolarise at 1.085 sec.

T=0.31s T=0.375s T=0.425s T=0.5s T=0.55s T=0.625s T=0.675s
250 250 250 250 25

250 25 50
200 I, 2 200
150 5 150
100 100

50 5 5 5 50

20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 -20
(a) (b) (©) (@ (e) ) @ 0
T=0.725s T=0.775s__ T=0.825s T=0.85s ) L T=0925 T=0.975s T=1.025s

250 250 250 5 250

200 200 200 2 200

150 150 L S 150 S B 150

100 100 100 100

50 50 50 5 50
1i

20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100
(h) (] (O] (k) (O] (m) (n)

v,
30

% 4 & L b
E 3 & 3 &

Figure 7: Voltage maps on applying PBs in Hypokalemia2 with Mild COVID-19

On adding HCQ and pacing the tissue with 3 PBs, each of 330 msec duration, in between the
regular pacing interval of 800 msec, although arrhythmic-like activity is observed from 0.37 sec to
1.295 sec in the pseudo ECG, this is due to the depolarisation and repolarisation sequence of the

cells in the tissue and not because of reentry which has been inferred form voltage map provided

inSupplementary 1| Normal beats are resumed from 1.6 sec.

In case of severe COVID-19 conditions, the application of three PBs each of 250 msec, gives
rise to the pseudo ECG shown in Fig[f[(vi). The excitation of the first and third PB appear repre-
sentative of an ST-elevation. On introducing HCQ, a similar ECG waveform is observed and no

reentry of wavefront is observed.
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Hypokalemia3 infected with mild COVID-19, with and without HC(Q: Similarly, in case of hy-
pokalemia3, reentrant activity is not generated when pacing the tissue with 335 msec duration PBs
as seen in Fig. [6(vii). Inclusion of HCQ casuses reentrant activity to appear from 0.415 sec to 1.45
sec on pacing with PBs of 355 msec duration. The regular pacing sequence is resumed at 1.6 sec.
Even though HCQ drug is not intended for hypokalemia treatment, here we attempted to under-
stand the role of HCQ in hypokalemia. Result infers that the presence of HCQ is pro-arrhythmic
under all severity levels of hypokalemic and would have to be used with caution in such scenarios.

Figl6|viii) shows the pseudo ECG on including Hypokalemia3 and mild COVID-19 conditions
in the tissue and pacing with PBs. No reentrant activity is observed even after pacing with three
PBs each of 310 msec duration. Similarly, on adding HCQ and pacing the tissue with 3 PBs, each
of 330 msec duration, in between the regular pacing interval of 800 ms, no reentrant activity is
generated.Normal beats are resumed from 1.6 sec. Under hypokalemia3 and severe COVID-19
conditions, the application of three PBs each of 265 ms, gives rise to the pseudo ECG shown in
Figl6(ix). Similar to earlier case of hypokalemia2 and severe COVID-19, the excitation of the first
and third PB appear representative of an ST-elevation as the epi cells are not depolarised. Voltage
maps of hypokalemia3 and severe COVID-19 conditions are shown in Fig. [§ provides insight on
this observed response. The depolarisation wavefront created due to the first PB applied at 0.265
sec is seen in Fig. [§a) and at 0.31 s, the mid and epi cells in the upper half of the tissue are still
in repolarising state. This change in the repolarisation pattern (epi cells repolarising at the same
time as mid cells) causes an inverted T-wave to appear in the pseudo ECG. The depolarisation
wave from the first PB travels along the endo and mid layers (Fig. [§(b)). However, this wavefront
doesn’t enter the epi layer as they are in repolarising state. Thus, the endo and mid cells start
repolarising as seen in Figs. [§[c-d), this gives rise to the raised ST-segment that appears in the
pseudo ECG in Fig. [6(ix). The depolarisation wavefront from the second PB is observed in Figs.
BJe-g), travelling from endo to mid and epi layer. However, the repolarisation occurs in the endo
layer followed by the mid and epi layer as seen in Figs. [§[(h-i) which results in an inverted T-wave.
When the third PB is applied at 0.795 s, the cells in the top of the mid and epi layer are still
repolarising which causes the activation wavefront from the third PB to excite only the cells in
endo and half of the mid layer as seen in Figs. [§j-n). All the cells finally return to rest state at
1.04 sec. In this scenario treatment with HCQ creates a negligible difference in the pseudo ECG
waveform.

Here, a 2D anisotropic transmural ventricular model is considered in which the entire mid layer
is composed of M-cells with longer APD. However, certain studies have disputed the presence of
M-cells** and others have debated that they form islands in the endo-mid interface*®*Z. Here,
a premature pacing sequence is used to trigger an arrhythmic pattern. Other studies have reported
the use of cross-pacing protocolZ to simulate an arrhythmia in such in-silico models. This pacing
sequence is not used here, as the propagation pattern would then travel parallelly along the entire
length of the ventricle from endo, mid and epi and it would not mimic the actual depolarisation
pattern in ventricle. Thereby, the generated pseudo ECG would appear irregular. Short-long-

short (SLS) pacing sequences which are commonly observed to initiate a TdP pattern“® is another
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Figure 8: Voltage Maps on applying PBs in Hypokalemia3 and Severe COVID-19 with HCQ

option which would be tested in the future for the above scenarios. In clinical ECG recordings,
self-terminating reentrant arrhythmia of few cycles may not be considered as critical. However,
the limited duration of the reentry generated here is due to the consideration of the 2D ventricle
model. In a three-dimensional or whole heart model, sustainable ventricular arrhythmias may
occur. Based on the clinical study of12, the effect of HCQ on the ionic currents of atrial myocytes
for a specific dosage is adopted into this study of ventricular myocytes. The actual percentage
variation in ionic currents based on the dosage of HCQ needs to be determined from in-vitro

studies.

4 Conclusions

In this study, we present the first complete electrophysiological mechanism of COVID-19 with and
without comorbidities such as Long QT syndrome and hypokalemia on the human ventricular my-
ocytes and tissue and its responses to HCQ treatment. This model strategically allows more direct
studies of ion channel perturbation from clinical observation of COVID-19 victims. The main con-
clusion of this study is, when healthy cardiac tissue is infected, it engenders shorter QT interval,
low amplitude or inverted T-waves and ST depression; which could be used as biomarkers. When
treated with HCQ, in case of severe COVID, there is no significant adverse effect, but in mild
COVID-19, QT interval prolongs and T-peak increases in ECG. Secondly, COVID-19 infection
withal to comorbid cardiac ventricle, causes a slight QT interval elongation, notched T-waves in
mild COVID with LQTS1 or hypokalemial, inverted T-waves in presence of all severe COVID-19
except in LQTS2 where biphasic T-waves are observed. In particular, the hypokalemic ventricle is
prone to arrhythmia than long QT syndrome, when infected with COVID-19. However, in all hy-
pokalemic conditions, HCQ drug has no significant effects on cardiac ventricle. Thus, the finding
of in-silico models could be considered for management of COVID-19 patients with pre-existing

pathologies.
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Table 3: Pseudo ECG parameters: T-peak and QT interval duration as a metric for assessing the
effect of COVID-19, other comorbidities and in presence of HCQ

QT interval (s) | T-peak (mV)

Control 0.345 0.2265

Mild COVID-19 0.325 0.152

Severe COVID-19 0.275 -0.170

Mild COVID-19 with HCQ 0.340 0.181

Severe COVID-19 with HCQ 0.275 -0.153

LQTS1 0.385 0.210

LQTS2 0.385 0.313

LQTS1 with HCQ 0.415 0.286

LQTS2 with HCQ 0.395 0.326
Hypokalemial 0.355 0.229

Hypokalemial with HCQ 0.375 0.265
Hypokalemia2 0.380 0.217

Hypokalemia2 with HCQ 0.410 0.255
Hypokalemia3 0.390 0.210

Hypokalemia3 with HCQ 0.425 0.246

LQTS1 and Mild COVID-19 0.370 | 0.106, 0.096

LQTS1 and Mild COVID-19 with HCQ 0.390 0.158
LQTSI1 and Severe COVID-19 0.295 -0.262

LQTSI1 and Severe COVID-19 with HCQ 0.295 -0.238
LQTS2 and Mild COVID-19 0.375 0.245

LQTS2 and Mild COVID-19 with HCQ 0.375 0.252
LQTS2 and Severe COVID-19 0.300 | 0.015, -0.077

LQTS2 and Severe COVID-19 with HCQ 0.300 | 0.015, -0.087
Hypokalemiala and Mild COVID-19 0.335 | 0.127,0.153
Hypokalemial and Mild COVID-19 with HCQ 0.350 0.186
Hypokalemial and Severe COVID-19 0.285 | -0.16,-0.087
Hypokalemial and Severe COVID-19 with HCQ 0.285 -0.14
Hypokalemia2 and Mild COVID-19 0.355 0.141
Hypokalemia2 and Mild COVID-19 with HCQ 0.38 0.174
Hypokalemia2 and Severe COVID-19 0.300 -0.156
Hypokalemia2 and Severe COVID-19 with HCQ 0.305 -0.126
Hypokalemia3 and Mild COVID-19 0.365 0.133
Hypokalemia3 and Mild COVID-19 with HCQ 0.395 0.168
Hypokalemia3 and Severe COVID-19 0.31 -0.155
Hypokalemia3 and Severe COVID-19 with HCQ 0.32 -0.121

30




	Introduction
	Methods
	Human Ventricular Cardiomyocyte Model and its Ion Channel Activities due to COVID-19 and Specific Comorbid Condition
	Two Dimensional Ventricular Cardiac Tissue Model

	Numerical Results
	Change in Cardiomyocytes Ionic Current and its Quantitative Contribution towards Action Potential
	Effect of HCQ in Control and COVID-19 Infected Cardiomyocytes
	HCQ Effect on Cardiac Myocytes with Pre-existing Long QT Syndrome
	HCQ Effect on Cardiac Myocytes with Hypokalemia Conditions

	Heterogeneous Cardiac Tissue Mechanism(s) in Control, COVID-19, and Comorbid Conditions
	Arrhythmogenesis Effect of HCQ on COVID-19 Infected Tissue - without and with Comorbidities
	Premature pacing sequence protocol
	Cardiac Tissue Arrhythmogenesis Response in Presence of COVID-19 Infection and its Effect for HCQ
	Cardiac Tissue Arrhythmogenesis Response in Pre-existing Long QT Syndrome Infected by COVID-19 and Effect of HCQ Drug
	Cardiac Tissue Arrhythmogenesis Mechanism in Presence of Pre-existing Hypokalemia and COVID-19 and When Treated with HCQ


	Conclusions

