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BACKGROUND In March 2020, hydroxychloroquine (HCQ) alone or
combined with azithromycin (AZM) was authorized as a treatment
for COVID-19 in many countries. The therapy proved ineffective
with long QT and deadly cardiac arrhythmia risks, illustrating chal-
lenges to determine the new safety profile of repurposed drugs.

OBJECTIVE To investigate proarrhythmic effects and mechanism of
HCQ and AZM (combined and alone) with high doses of HCQ as in the
COVID-19 clinical trials.

METHODS Proarrhythmic effects of HCQ and AZM are quantified us-
ing optical mapping with voltage-sensitive dyes in ex vivo
Langendorff-perfused guinea pig (GP) hearts and with numerical
simulations of a GP Luo-Rudy and a human O’Hara-Virag-Varro-
Rudy models, for Epi, Endo, and M cells, in cell and tissue, incorpo-
rating the drug’s effect on cell membrane ionic currents.

RESULTS Experimentally, HCQ alone and combined with AZM leads
to long QT intervals by prolonging the action potential duration and
increased spatial dispersion of action potential (AP) repolarization
across the heart, leading to proarrhythmic discordant alternans.
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AZM alone had a lesser arrhythmic effect with less triangulation
of the AP shape. Mathematical cardiac models fail to reproduce
most of the arrhythmic effects observed experimentally.

CONCLUSIONS During public health crises, the risks and benefits
of new and repurposed drugs could be better assessed with alterna-
tive experimental and computational approaches to identify proar-
rhythmic mechanisms. Optical mapping is an effective framework
suitable to investigate the drug’s adverse effects on cardiac cell
membrane ionic channels at the cellular level and arrhythmia mech-
anisms at the tissue and whole-organ level.

KEYWORDS Alternans; Action potential; Arrhythmias; Azithromy-
cin; COVID-19; Cardiotoxic drugs; CiPA; Hydroxychloroquine;
Optical mapping

(Heart Rhythm O2 2021;2:394–404) © 2021 Heart Rhythm Society.
Published by Elsevier Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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Introduction
The novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which causes the coronavirus disease
COVID-19, became a global pandemic in early 2020, gener-
ating a significant impact on public health. Given the time de-
lays associated with developing a vaccine and new effective
drugs, COVID-19 treatment modalities have relied on
repurposed drugs such as remdesivir and dexamethasone,
and hydroxychloroquine (HCQ) with azithromycin (AZM).
Based on positive in vitro studies1,2 and a small non-
randomized study by Gautret and colleagues,3 HCQ and
its analog chloroquine (CQ) were authorized in many
countries for off-label use to treat COVID-19 in March
2020. HCQ was included as 1 of the 4 drugs in the large in-
ternational clinical trial SOLIDARITY organized by the
World Health Organization. As evidence accumulated, the
trials showed no benefit for HCQ/CQ with or without
AZM and eventually were terminated, while also finding
serious risk of the drug-induced long QT syndrome,
leading to cardiac arrhythmia in some hospitalized
patients.4–8

The key advantage of repurposed drugs is an established
safety profile, and advancement to clinical trials and
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KEY FINDINGS

- This study confirms that hydroxychloroquine (HCQ) and
azithromycin (AZM) at high clinical concentrations
leads to long QT intervals by prolonging the action po-
tential duration (APD) and increased spatial dispersion
of action potential (AP) repolarization across the heart,
leading to proarrhythmic discordant alternans.

- HCQ and AZM are potentially arrhythmic as they in-
crease the amplitude of alternans at shorter cycle
length (CLs) and to move the onset of alternans toward
higher CLs that are close and/or include CLs produced
by the normal sinoatrial node.

- Most up-to-date, state-of-the-art mathematical models
of cardiac cells (for guinea pig and human) failed in re-
producing critical experimental data such as the devel-
opment of APD alternans under simulated drug
conditions.
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applications can be expedited.9 However, safety profiles need
to be readdressed if new doses are higher and the patient pop-
ulation is different. This is even more important if comorbid-
ities specific to the patient population are present. Before the
COVID-19 pandemic, there were few reports of the proar-
rhythmic effects of HCQ, especially in combination with
AZM. However, COVID-19 patients were treated using
doses of an order of magnitude higher (6–12 g HCQ/CQ
over 10 days3,5) than the standard HCQ dosage for malaria
(310 mg base once per week). HCQ accumulates in cells,
with a long half-life of approximately 50 days, and may
lead to irreversible myocardial damage10–12 at the higher
concentrations used. Furthermore, COVID-19 itself can
induce myocardial injury,13–15 placing the general patient
population at increased cardiovascular risk.16 Therefore,
HCQ/CQ’s safety profile alone or in combination with
AZM in COVID-19 patients can be significantly different
from that for the malaria treatment. Because future pan-
demics are inevitable, there is an urgent need for an expedited
framework, such as well-designed in vivo, ex vivo, and
in vitro experiments, along with in silico models, to provide
sufficient data regarding the safety and efficacy of repurposed
drugs.

In this study, we present a detailed study of the effect of
HCQ and AZM in whole-heart optical-mapping imaging
and computer simulations. Our objectives were (1) to
quantify, using optical mapping, the arrhythmogenic
effects of HCQ and AZM on the action potential duration
(APD) prolongation observed as QT interval prolongation
on electrocardiograms (ECGs), spatial dispersion of APD
observed as ECG T-wave alternans; and (2) to use
numerical simulations using a guinea pig (GP) model to
compare the effects of the drugs with experiments, and
to help extrapolate the effects of these drugs to human
hearts.
Methods
All procedures were approved by the Office of Research and
Integrity Assurance at Georgia Institute of Technology in
accordance with the provisions of the USDA Animal Welfare
Act Regulations and Standards, PHS policy, conforming to the
current Guide for Care and Use of Laboratory Animals. Mate-
rials and data that support the findings of this study are avail-
able from the corresponding author upon request. A detailed
methods section can be found in the Data Supplement.

Briefly, we used optical-mapping imaging to elucidate the
cellular proarrhythmic effects of HCQ and AZM in whole
ex vivo arterially perfused GP hearts (n 5 12). Drugs were
added to the perfusate circulating through the isolated hearts,
at 1 hour mark from the beginning of the experiment (heart
cannulation), at concentrations equivalent to therapeutic
serum doses of 1000 ng/mL (3.0 mM) for HCQ and 500
ng/mL (0.67 mM) for AZM. The hearts were stained with
transmembrane potential (Vm)-sensitive fluorescent JPW-
6003 dye for imaging of propagating electrical waves, repre-
sented as action potentials (APs) across the heart’s surface at
a high spatial and temporal resolution. (6)-Blebbistatin at a
concentration of 1.8 mM was used as a contraction decou-
pler.17 Sequences of fluorescence images were recorded
using a high-speed EMCCD camera (Evolve 128, Photomet-
rics) at resolution of 128! 128 pixels (0.2! 0.2 mm spatial
resolution) at 500 Hz. AP repolarization was quantified as
spatial and temporal dispersion of APD as a function of the
stimulation period in restitution protocols.18 Each experiment
lasted 5–6 hours, and the time it took for drug effects to reach
the plateau in the APD prolongation was around 2–3 hours
after administration of the drugs or 3–4 hours from the begin-
ning of the experiment. Restitution protocols were repeated
every 30 minutes. As a control, we performed restitution pro-
tocols on 2 GP hearts with no drugs and confirmed that AP
shape and APD restitution did not change from the beginning
of the experiment to the end at the 6-hour mark. Similarly, at
the beginning of all drug experiments we performed a restitu-
tion protocol before the drugs were added as control. Along
with optical mapping, pseudo-ECGs (pECGs) were recorded
from a pair of bipolar electrodes. To measure conduction ve-
locity (CV), we used a 3-point measurement method
(Supplemental Figure 1). The activation time at 3 noncol-
linear points (the vertices of a near isosceles triangle with a
side length of 2mm on the anterior aspect of the left ventricle)
are used to measure CV, using a closed analytical formula
(more details can be found in the Data Supplement).

For the numerical simulations, we used the most advanced
ventricular cell model of GP heart,19 and what is considered
the state-of-the-art O’Hara-Virag-Varro-Rudy (OVVR)
model20 for human ventricular cells, in single cell and tissue
using WebGL.21 Simulations were carried out using explicit
Euler for the voltage and a combination of Rush-Larsen and
semi-implicit (backward Euler) for the gate variables21,22

with time step of dt 5 0.05 ms, and space discretization of
dx 5 150 mm in tissue-level simulations and the standard
diffusion coefficient of 0.001 cm/ms2. Tissue simulations
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were performed in a 2-D isotropic monodomain with 1024!
1024 cells (w15 cm2). The area is chosen to be large enough
to investigate the possibility of the development of concor-
dant/discordant alternans. APD restitutions were obtained
by stimulations induced at a corner of the 2-D domain to cap-
ture wavefront curvature effects.
Results
Experimental results
Before and after the addition of HCQ and AZM, we recorded
pECGs (Figure 1A) and performed optical mapping of fluo-
rescence signals to capture optical action potentials repre-
senting cellular Vm (Figure 1B). In the HCQ&AZM-treated
hearts, pECG recordings showed QT prolongation at longer
cycle lengths (CLs) along with pronounced T-wave
alternans.7,23,24 Similarly, in optical mapping recordings,
Figure 1 Arrhythmic effects after application of hydroxychloroquine plus azith
drugs were added for different periods of stimulation; cycle lengths (CLs), from 3
(columns) during the experiment, counting from the time when the HCQ&AZM dr
have reached a plateau and did not change significantly later on during the experim
stimulation electrode’s stimulus artifact, followed by the actual QRS indicating the h
prolongation under HCQ&AZM, in addition to T-wave alternans (TWA). B: The o
anism of QT prolongation and TWA. Under HCQ&AZM, the APD prolongs, and th
at shorter CLs. Alternans is absent without the drugs.C-D: Spatial distribution of AP
stimulation before and after HCQ&AZM. Before the drugs were added, the same p
However, with HCQ&AZM, we observed APD dispersion that further develops
arrhythmia. Numbers to the right indicate 3rd and 97th percentile of APD valu
(DAPD) between even and odd beats, showing a transition from no alternans to
CLs under 180 ms.
we observed APD prolongation (the cellular mechanisms
of QT prolongation) resulting in APD alternans (beat-to-
beat variations in APD, and cellular mechanism of T-wave
alternans). Additionally, we observed spatial APD disper-
sion.24,25 APD was calculated at 75% repolarization of AP,
unless otherwise noted, and spatial distribution maps of
APD were calculated across the whole anterior heart surface
(Figure 1C). Before the drugs were added, the APD maps
showed no change in the APD dispersion between even
and odd beats. As expected in healthy hearts, as the CL
decreased, the APD decreased, but the spatial distribution
of APD did not change. However, infusion of HCQ&AZM
increased the spatial dispersion of APD, as indicated by the
higher maximum APD values across all CLs and lower
minimum APD values at short CLs compared to the control
restitution measurements with no drugs. The effects of the
drugs was to increase the amplitude of alternans at shorter
romycin (HCQ&AZM). A: Guinea pig electrocardiogram (ECG) before the
00 ms to 150 ms, indicated by the numbers in the left and at different times
ugs were added. After 2.5 hours the action potential duration (APD) changes
ent. The ECG shows what would appear as 2 QRS complexes. The first is the
eart’s activation and the Twave indicating its deactivation. There is a clear QT
ptical action potential (AP) signal from 1 pixel, showing the cellular mech-
ere is the development of period 2 alternans, alternating short and long APDs
D across the tissue for even and odd beats as a function of the pacing period of
attern for even and odd beats indicate no increase in spatial APD dispersion.
as the stimulation period decreases, creating an increased susceptibility for
es, expressed for each CL. E: Blue-red patterns show variations in APD
concordant alternans and then into discordant alternans clearly forming for



Uzelac et al Lessons From COVID-19 With Hydroxychloroquine and Azithromycin 397
CLs and to move the onset of alternans toward higher CLs. In
Figure 1C, concordant alternans are already present at CL5
300 ms and transform into spatially discordant alternans
around a CL of 220 ms. Below a CL of 160 ms, multiple
spatially discordant alternating regions develop. In the
HCQ-alone- and AZM-alone-treated hearts, we observed
APD prolongation at longer CLs with increased alternans
amplitude at shorter CLs (Supplemental Figure 2).

The effects of HCQ, AZM, and HCQ&AZM on APD pro-
longation across all 12 experiments were compared (Table 1)
using the maximum (extrapolated) APD values (APDlim, the
maximal APD values from the restitution fit curves at longer
CLs), and the APDs measured at CL of 250 ms. CL of 250
ms was chosen as the natural sinoatrial CL for GPs. The re-
ported APD values represent the mean from optical APs
from 15 spatially distributed points on the left ventricle’s
epicardial surface. HCQ, alone or combinedwithAZM, signif-
icantly prolonged APD (Figure 2 and Supplemental Figure 2),
creating a substrate for arrhythmiaswith increasedAPD spatial
dispersion (Figure 1C–E). In HCQ&AZM-treated hearts, the
APD increased from 138.0 6 3.9 ms to 162.2 6 7.1 ms
(P 5 .02). APD prolongation was more pronounced in
the HCQ-treated hearts, in which APD increased from
132.4 6 1.2 ms to 176.7 6 6.1 ms (P , .01). In AZM-
treated hearts, AZM had a modest effect on APD with no sta-
tistically significant difference (127.1 6 17.9 ms to 152.1 6
13.7 ms, P5 .26). There was no statistically significant APD
prolongation (P 5 .14) in the control experiments during the
entire course of the experiments exceeding 6 hours (Table 1
and Figure 2).
Table 1 Summary values from all 12 experiments and averages for contr
azithromycin for action potential duration and conduction velocity meas

# Group APD250b [ms] APD250a [ms] APD

1 Control 138.9 6 0.5 152.4 6 0.6 197.
2 Control 126.3 6 0.8 141.2 6 0.6 175.
3 HCQ 131.6 6 0.7 181.3 6 2.1 166.
4 HCQ 133.1 6 0.7 172.1 6 3.5 185.
5 AZM 145.0 6 0.5 164.7 6 3.4 183.
6 AZM 109.2 6 0.6 139.4 6 3.9 130.
7 HCQ&AZM 143.1 6 0.9 187.8 6 2.7 157.
8 HCQ&AZM 134.0 6 0.4 163.7 6 0.9 162.
9 HCQ&AZM 145.0 6 0.4 159.1 6 2.5 201.
10 HCQ&AZM 131.8 6 0.7 143.1 6 2.3 200.
11 HCQ&AZM 148.0 6 0.6 158.6 6 1.1 216.
12 HCQ&AZM 125.9 6 0.6 160.6 6 2.0 205.

APD250b [ms] APD250a [ms] P value APDlimb [ms]

Control 132.6 6 6.4 146.8 6 5.7 .14 186.5 6 13.8
HCQ 132.4 6 1.2 176.7 6 6.1 ,.01 175.6 6 14.0
AZM 127.1 6 17.9 152.1 6 13.7 .26 157.0 6 27.9
HCQ&AZM 138.0 6 3.9 162.2 6 7.7 .02 190.4 6 25.1

Subscript b/a indicates before and after drug treatment. The “before” measurem
been added (around 1 hour experiment mark); “after” refers to measurements obtai
drugs were added.

P value represents the P value for the difference between the 2 prior columns.
APD2505 action potential duration calculated at 75% repolarization of action p

CL for guinea pigs); APDlim5 the estimated limit value of APD75) based on the rest
velocity in cm/s for CL of 250 ms; HCQ 5 hydroxychloroquine.
Alternans occur during cardiac cell repolarization
and develop in cardiac tissue at short periods of
stimulation.18,24 The magnitude of repolarization alternans
can vary across heart tissue, causing spatial dispersion of
repolarization and forming a substrate for the initiation
of reentrant arrhythmias.18,24–26 GP hearts are not
specifically vulnerable to alternans even at fast pacing
rates and temperature has to be decreased to elicit
alternans.24

We defined the CL at the onset of alternans (ACL) as the
CL at which alternans exceed 5 ms across at least 5% area of
the imaged ventricles. In the control experiments, ACL at the
beginning of the experiments and after 6 hours were 150 ms
and 1456 5 ms, respectively (Table 2), indicating no signif-
icant change in heart electrophysiology. Furthermore, for
each experiment with the drugs, we first performed 2 restitu-
tion recordings before adding the drug(s). We observed that
alternans developed in the drug-treated hearts at normal
body temperature and, more importantly, even at physiolog-
ical CLs for GPs (Table 2, Figure 1B, and Supplemental
Figure 2). Table 2 shows that only half of the GPs developed
alternans before administering the drugs, and the average
ACL when alternans developed was 1476 16 ms. However,
in all isolated GP hearts treated with HCQ, AZM, or
HCQ&AZM, alternans developed at higher CLs. The mean
ACL was 211.7 6 11.9 ms (P , .01) for the HCQ&AZM-
treated hearts, 185 6 45 ms for AZM hearts, and 245 6 35
ms for HCQ hearts (P , .01). P values are calculated by
performing t tests on ACLs before and after the drugs were
given.
ol, hydroxychloroquine, azithromycin, and hydroxychloroquine plus
urements

limb [ms] APDlima [ms] CVb [cm/s] CVa [cm/s]

1 6 7.7 177.9 6 6.7 57.4 6 0.4 69.5 6 0.9
8 6 4.3 172.8 6 8.9 78.7 6 0.5 65.9 6 0.5
2 6 2.7 311.0 6 39.0 52.7 6 0.2 36.6 6 0.4
0 6 10.0 261.0 6 27.0 85.2 6 0.9 89.4 6 1.4
6 6 5.3 229.0 6 19.0 58.9 6 0.2 56.3 6 1.1
4 6 6.5 175.0 6 25.0 69.9 6 0.4 49.2 6 0.6
5 6 6.6 300.0 6 26.0 38.9 6 0.4 49.5 6 1.4
7 6 7.6 240.0 6 19.0 62.6 6 0.3 49.7 6 0.3
3 6 4.5 273.0 6 33.0 59.4 6 0.2 55.7 6 0.9
0 6 11.0 190.0 6 24.0 67.6 6 0.5 73.5 6 1.1
0 6 11.0 309.0 6 17.0 72.9 6 0.3 68.3 6 0.7
0 6 13.0 216.0 6 14.0 48.0 6 0.2 49.5 6 0.5

APDlima [ms] P value CVb [cm/s] CVa [cm/s] P value

175.4 6 5.7 .40 68.1 6 10.7 67.7 6 2.1 .96
286.0 6 35.4 .05 69.0 6 16.3 63.0 6 26.4 .82
202.0 6 31.8 .27 64.4 6 5.5 52.8 6 3.8 .13
254.7 6 24.4 ,.01 58.2 6 5.2 57.7 6 4.9 .87

ents are performed 30–45 minutes into the experiment before any drug has
ned once measured values reached steady state, typically 2–3 hours after the

otential (APD75), at pacing cycle length (CL) of 250ms (physiological/natural
itution curve at large CLs; AZM5 azithromycin; CV5 the average conduction



Figure 2 Quantifying effects of azithromycin (AZM), hydroxychloroquine (HCQ), and AZM&HCQ as a function of pacing cycle length (CL). A: The resti-
tution curves, depicting the steady-state action potential duration (APD) vs the diastolic interval, averaged across 15 spatially distributed points over the left ven-
tricular epicardial surface for 4 different treatments. In control experiments, the blue restitution curve is obtained at the beginning of experiments and the green
curves are after 6 hours. In drug-treated hearts, the blue curves show the untreated control curves obtained at the beginning of the experiment, and the green curves
are after APD prolongation reached plateau, 2–3 hours after drugs administration. The shaded areas indicate 95% confidence interval of the fit. B: APD steady-
state curves vs pacing cycle length (period) obtained before (gray) and after (yellow: even beats, blue: odd beats) infusion of the drugs for the same 15 points as in
A.C:Action potential (AP) triangulation ratio as a function of the period of stimulation before (blue) and after (red) infusion of the drugs. The triangulation index
was calculated across the entire imaged portion of the epicardial surface of the left ventricle and increased at longer stimulation periods in the HCQ and
HCQ&AZM groups. D: Optical AP traces obtained at a CL 5 250 ms, from a single pixel on the left ventricle, showing APD prolongation in the drug groups.
Note the triangular shape of the HCQ- and HCQ&AZM-treated APs.E:APD dispersion maps for CL5 180 ms, showing no alternans for control, and discordant
alternans for AZM, HCQ, and AZM&HCQ.
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Table 2 Summary values from all 12 experiments and averages for control, hydroxychloroquine, azithromycin, and hydroxychloroquine plus
azithromycin for alternans measurements

# Group ACLb [ms] ACLa [ms] Altb [ms] Alta [ms] Slopeb Slopea DIb DIa

1 Control 140 28.4 1.34 6 0.08 35.8 6 2.9
2 Control 150 150 12.2 11.1 0.90 6 0.09 1.15 6 0.09 61.0 6 2.7 51.5 6 3.7
3 HCQ 130 280 8.3 30.6 0.90 6 0.03 1.42 6 0.11 42.7 6 3.3 78.3 6 3.3
4 HCQ 160 210 9.9 10.1 0.92 6 0.05 1.63 6 0.01 61.4 6 3.3 57.5 6 4.9
5 AZM 230 28.1 1.16 6 0.09 71.5 6 6.5
6 AZM 140 10.4 1.54 6 0.19 51.9 6 6.9
7 HCQ&AZM 240 11.7 1.58 6 0.11 65.3 6 3.8
8 HCQ&AZM 126 250 6.1 20.0 1.04 6 0.04 1.24 6 0.07 40.9 6 4.0 83.6 6 3.0
9 HCQ&AZM 200 10.7 14.0 1.37 6 0.07 66.1 6 3.3
10 HCQ&AZM 180 200 7.2 21.1 0.98 6 0.05 1.14 6 0.08 75.6 6 5.5 78.2 6 4.3
11 HCQ&AZM 130 170 7.2 15.2 1.02 6 0.14 1.42 6 0.16 43.0 6 4.8 51.6 6 4.2
12 HCQ&AZM 210 25.2 1.15 6 0.05 66.2 6 3.9

ACLb [ms] ACLa [ms] P value Altb [ms] Alta [ms] P value Slopeb Slopea P value

Control 150.0 145.0 6 5.0 N/A 12.2 19.8 6 8.7 N/A 0.90 1.25 6 0.10 N/A
HCQ 145.0 6 15.0 245.0 6 35.0 ,.01 9.1 6 0.8 20.4 6 10.3 .26 0.91 6 0.01 1.53 6 0.11 .02
AZM 185.0 6 45.0 N/A 19.3 6 8.9 N/A 1.35 6 0.19 N/A
HCQ&AZM 145.3 6 17.4 211.7 6 11.9 ,.01 7.8 6 1.0 17.9 6 2.1 ,.01 1.01 6 0.02 1.32 6 0.07 ,.01

Subscript b/a indicates before and after drug treatment. The “before” measurements are performed 30–45 minutes into the experiment before any drug has
been added (around 1 hour experiment mark); “after” refers to measurements obtained once measured values reached steady state, typically 2–3 hours after the
drugs were added.

P value represents the P value for the difference between the 2 prior columns.
ACL5 cycle length (CL) at the onset of alternans exceeding 5 ms in amplitude over 5% of greater tissue area (no value indicates no alternans was present);

Alt5 maximum alternans amplitude between even and odd beats (ms); AZM5 azithromycin; DI5 diastolic interval at the onset of alternans (ms); HCQ5 hy-
droxychloroquine; Slope 5 the slope of the action potential duration restitution curve at the onset of alternans.
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To further quantify the effects of the drugs on APD pro-
longation across a broad range of pacing CLs, we calculated
restitution curves, APD vs diastolic interval (DI), and trian-
gulation ratios. DI is the time from the end of an AP to the
next AP’s upstroke such that CL 5 APD 1 DI. We used
75% of repolarization as the threshold to separate APD
fromDI. Restitution curves were fitted to a single exponential
curve from data of 15 selected pixels across the left ventricle
(Supplemental Table 1). Figure 2A shows the averaged resti-
tution curves for the 4 different treatments. HCQ, AZM, and
HCQ&AZM shifted the restitution curves upward, consistent
with the differences in APD250 values (Table 1). Addition-
ally, the slopes of the restitution curves in drug-treated hearts
increased (Table 2). For HCQ&AZM-treated hearts, the resti-
tution curve slope at the onset of alternans increased from
1.01 6 0.02 to 1.32 6 0.07 (P , .01), and the alternans
amplitude increased as well (17.9 6 2.1 ms vs 7.8 6 1.0
ms, P , .01). The effect of AZM on the restitution curve
was less than HCQ and HCQ&AZM. HCQ alone resulted
in the restitution curve shift more than HCQ&AZM,
APDlim 5 286.0 6 35.4 ms vs 254.7 6 24.4 ms (Table 1).

AZM, HCQ, and HCQ&AZM predominantly affected the
repolarization phase and did not have a major effect on CV
(Table 1). While HCQ alone blocks sodium channels across
the cell membrane the mean CV at CL 5 250 ms did not
change significantly after HCQ&AZM treatment (P , .87),
57.76 4.9 cm/s compared to 58.26 5.2 cm/s with no drugs
added. This is expected, as the relation of CV with sodium
channels conductance is not linear with nonuniform distribu-
tion of sodium channels, and it has been shown not to be
proportional to the maximum upstroke velocity.27 In numer-
ical models, CV has been shown to depend on the overall
integral of the upstroke, the threshold of excitation, and
nonuniform distribution of sodium channels, among other
parameters.
Modeling results
Numerical simulations using a detailed cardiac cell model for
GP ionic currents19 were performed in single cell and in tissue
to compare with experiments. The simulation results were
then extrapolated to a human ventricular model using the
OVVR model in 3 different cell types (Epi, Endo, and M
cell) in single cell and in tissue).20 TheGPmodel was rescaled
to match the experimental data (as the model’s APD is shorter
than APD in the control experiments at physiological CLs).
We modeled the effects of HCQ and AZM by reducing ionic
currents following pharmacological data.28 Briefly, based on
ion channel voltage-clamp studies,28–30 the effects of HCQ
were simulated by reducing the sodium current (INa) up to
25% 6 4%, the rapid delayed rectifier potassium current
(IKr) by up to 65% 6 7%, and the slowly activating
potassium currents (IKs) by up to 7% 6 6%, and inwardly
rectifying potassium current (IK1) by 35% 6 7% (but we
tested to up to 85% as in28), and lastly, the L-type channel
was blocked by up to 9%6 3%, which affects the L-type cal-
cium current (ICaL), sodium current (ICaNaL), and potassium
current (ICaKL) as well. The magnitudes of reduction in ionic
currents in our simulations are well within the experimentally
observed values in HCQ- and AZM-treated hearts and the
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Figure 3 Numerical results. A: Action potential shapes were obtained in the guinea pig (GP) mathematical cell model for control, azithromycin (AZM), hy-
droxychloroquine (HCQ), and HCQ&AZM. The GPmodels replicate alternans and prolongation of the action potential (AP) repolarization phase under HCQ and
HCQ&AZM, as in the experimental observations. However, the resting membrane potential is elevated. B: AP restitution curves showing alternans from beat to
beat for simulations that include the drug effects of HCQ and HCQ/AZM. The GPmodel fails to replicate alternans during control at cycle lengths (CLs), 150ms
and under AZM at physiological CLs.C:AP duration restitution curves before and after drugs in the O’Hara-Virag-Varro-Rudy (OVVR) human ventricle model
for Epi, Endo, and M cells, obtained from pacing in simulated 2-D tissue, at a corner and measured in the center of the tissue model. The restitution curves are
plotted across physiological heart rates. No restitution curves are shown for theM cell under HCQ and HCQ&AZ, as they produced early afterdepolarizations that
propagated in tissue. The GP and OVVR models, in their current form, are not able to reproduce the dynamics of the experiments quantitatively and may require
revision using robust experimental data.
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theoretical values calculated using the Hill’s equation from
the in vitro measurements of half-maximal inhibitory concen-
trations of HCQ and AZM when applied to different ionic
channels.28

For the GP model, AZM only slightly prolonged APD,
which was less than in the experiments (Figure 2D,
Supplemental Figure 2, Figure 3A, and Supplemental
Figure 3). Consistent with experimental observations
(Figure 2D and Supplemental Figure 2), HCQ prolonged
APD in single-cell simulations, such that APD alternans
developed at physiological CLs (Figure 3A and
Supplemental Figure 3). Alternans was suppressed in simula-
tions performed at the tissue level, with a slight reduction in
maximum APD. However, the elevation of the resting
membrane potential in simulations seems to be a significant
discrepancy from the experiments (Figure 3A, and
Supplemental Figure 3). Although measurement of the
resting membrane potential with Vm-sensitive dyes is diffi-
cult, the large increase in resting membrane potential in the
simulations should substantially decrease the amplitude of
the signal, something that was not observed experimentally.
The combination of AZM and HCQ further prolonged APD
and slightly increased the range of CLs causing alternans.
Maps of activation wavefronts and repolarization wavebacks
are shown in Supplemental Figure 4, illustrating the change
in morphology and direction under HCQ&AZM as long
QT increases and repolarization alternans appears.

Simulations in theOVVRhumanmodel, both in single cell
and tissue, showed that AZM, HCQ, and HCQ&AZM pro-
long APD significantly more than observed experimentally
in HCQ&AZM-treated hearts of GP. The QT-prolonging
effects were obvious for the Epi and Endo type cells
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(Figure 3C). However, for the M cell types, HCQ and
HCQ&AZM led to easy inducibility of runs of early afterde-
polarizations (EADs) (Figure 3C), even after a first stimulus
starting from resting initial conditions. Therefore, APD resti-
tution curves could not bemeasured for theMcells, andAPDs
with EADs lasted almost 5 seconds, which is unphysiological.
Furthermore, no alternans was observed in any of the cell
types under the drugs. The human model did not display the
elevated resting membrane potential as the GP model did.
For the humanmodel, blocking of IK1 to up to 85% had no sta-
tistical effect on the APD or resting membrane potential.

Our numerical simulations for the effects of AZM, HCQ,
and AZM&HCQ on the human model agree with the overall
results obtained in the study of Delaunois and colleagues,28

using the OVVR model and its 2 variations. The study
considered some population cell variations, a control
“healthy” population ofw400 cells, and a “high-risk popula-
tion” of w100 cells. However, simulations were performed
only in a single cell, a model of the epicardial cell, and
only for 1 pacing CL of 1 second. Their results also showed
APD prolongation, but no alternans was reported and no
APD repolarization irregularities for AZM, HCQ, and
AZM&HCQ at concentrations equivalent to therapeutic
serum doses of HCQ and AZM used for COVID-19 in hos-
pitalized patients. AP repolarization abnormalities were
found only at unrealistic high values of 100, 300, and 1000
mM of HCQ concentrations, corresponding to 33, 100, and
333 times the values used in the clinical trials and our
experiments, which are an order of magnitude higher than
the highest clinical uses.
Discussion
We found that in GP hearts, HCQ combined with AZM leads
to QT prolongation, in agreement with previous clinical
studies.7 Furthermore, using optical mapping technique, we
linked the QT interval prolongation not only to an increase
in the APD at the cellular level but also to spatial dispersion
of AP repolarization. In the GP hearts treated with
HCQ&AZM, the QT was prolonged at a physiological heart
rate of 250 ms. At shorter CLs, APD alternans and dispersion
occurred, and the surface of ventricles was divided into mul-
tiple regions based on the phase of the APD. The spatial APD
dispersion led to spatially discordant alternans (Figure 1C),
which is the cellular equivalent of T-wave alternans in the
pECG (Figure 1A), a clinical marker for arrhythmia suscep-
tibility and risk of sudden cardiac death.31,32 Importantly, in
GP control hearts without drugs, there was no increase in the
dispersion of AP repolarization over the range of pacing CLs
from 300 ms down to 150 ms (Figure 2A and Table 1).

Antibiotics such as erythromycin often prolong the QT in-
terval by blocking the hERG potassium channel, resulting in
slower cardiac repolarization and an increased risk of fatal
arrhythmia. However, not all QT interval prolongations are
proarrhythmic. For instance, AZM has a low affinity for the
hERG channel33 and prolongs the QT interval in a manner
that does not seem to increase the risk of arrhythmia.34 In
addition to APD prolongation and APD restitution curve
shift, APD triangulation is another important arrhythmic
indicator,35–37 expressed as (APD75 2APD30)/CL
(Figure 2C).37 Lower triangulation ratios with AZM and
AZM&HCQmanifest as the lengthening of the plateau phase
(phase II of AP) in addition to the repolarization phase
lengthening (phase III), which is observed at physiological
CLs of above 200 ms (Figure 2D and Supplemental
Figure 2). This may explain the lower incidence of alternans
in AZM- and HCQ&AZM-treated hearts with smaller ACL
value than in HCQ-treated hearts (Table 2 and Figure 2B).
HCQ prolongs APD predominantly owing to prolongation
of the AP repolarization phase (Figure 2D), resulting in a
higher triangulation ratio (Figure 2C) than AZM and
HCQ&AZM. A larger triangulation ratio has been shown
previously to be associated with increased susceptibility to
alternans36 and formation of EADs.38,39 Alternans and
EADs are known factors in developing torsade de
pointes40–42 leading to deadly ventricular fibrillation.
Lower triangulation ratios with HCQ&AZM compared to
HCQ alone (Figure 2C) and lower ACLs (Table 2 and
Figure 2B) are in agreement with a recent clinical study
where the QT interval was shorter in the HCQ&AZM
combo-treated patients compared to HCQ alone.43 These
findings show that APD prolongation mechanisms of HCQ
and AZM are not additive, and we hypothesize that proar-
rhythmic effects of HCQ can be counteracted to a certain
degree with drugs such as AZM that prolong the plateau
phase of AP.

Both AZM and HCQ block predominantly delayed recti-
fier potassium channels in the cell’s membrane, leading to
APD prolongation in the AP repolarization phase. Since
GP and humans have similar distributions of these
channels,44,45 GP is a commonly used model to test drug-
induced repolarization abnormalities that could affect hu-
mans.46–48 We used the GP mathematical model for cardiac
cells from Livshitz and Rudy19 to incorporate experimental
observations. The same model changes were extrapolated
to the 3 cell types of the human OVVR20 ventricular cardiac
model, recognized as the gold standard to study drug effects
by the Comprehensive in Vitro Proarrhythmia Assay (CiPA)
initiative,49 sponsored by the Food and Drug Administration.

The numerical simulations with the GP model in single
cell reproduced APD prolongation and development of alter-
nans with HCQ alone and HCQ&AZM. However, the GP
model did not reproduce the magnitudes of APD alternans
and the CL for the onset of APD alternans. Furthermore,
the model showed almost no effect of AZM alone, and
simulations in tissue exhibited no significant alternans. Using
the human ventricular model in a single cell and in tissue, we
observed APD prolongation with HCQ, as predicted by the
GP model (Figure 3 and Supplemental Figure 3), as consis-
tent with clinical data.7 However, unlike in the GP model,
no alternans developed in the human model even for the sin-
gle cell simulation in 3 different cell types (Epi, Endo, M
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cells). This is not unexpected because the OVVR model has
limitations to reproduce alternans compared to clinical
studies.50

Human in silico models of cardiac tissue with the ability
to reproduce the drug response in membrane ionic channels
would be a significant step towards studying and under-
standing the arrhythmia mechanisms of drugs. However,
the current models remain limited, as the models are often
optimized to reproduce a particular experimental observa-
tion. Additionally, model parameters are typically obtained
from a mix of data ranging from different experimental
setups and animal species. Modification of an in silico
model to study adverse drug effects in silico is a challenging
task. Clinical trials with in silico models have been identi-
fied by CiPA as an alternative to the traditional drug
approval process, representing an ongoing shift from tradi-
tionally empirical evidence towards the understanding of
adverse effects on the ionic channels and their role in ar-
rhythmogenesis. However, this study shows that even the
most complete heart models do not accurately characterize
the effects of different drugs on ionic membrane currents.
This creates an even greater challenge for integrating the
cell models into more complex 3-D heart models, and cur-
rent CiPA drug modeling guidance needs to be modified
to overcome the current challenges.
Conclusion
In summary, we have presented protocols used in ex vivo ex-
periments and computer simulations that can be used to
investigate the adverse effects of new or repurposed drugs
on cardiac ionic channels at the cellular and tissue levels. Un-
til recently, optical mapping systems required expensive
high-speed cameras, not widely affordable for basic re-
searchers. However, with advents in technology, these cam-
eras are now becoming more affordable.51 Similarly, until
recently, simulations of complex cardiac models were limited
to research groups with access to supercomputers, but the
development of graphical processing units with thousands
of computational cores and programs designed to exploit
them have enabled simulations of these complex models,
including computationally expensive parameter-fitting simu-
lations, to be performed easily and efficiently using local PC
workstations.21 With optical-mapping imaging, we investi-
gated the proarrhythmic effects of HCQ and AZM, 2 drugs
rarely used together before and, for HCQ, used at much
higher concentration to treat COVID-19 than their intended
purpose, raising questions about new safety profiles. We
have found that temporal APD prolongation and spatial
dispersion of APD alternans are the mechanisms responsible
for QT prolongation, a known proarrhythmic surrogate in
clinical practice. Although numerical simulations can pro-
vide information on how the drugs directly affect the ion cur-
rents to a certain level, our results show that the current
models lack the accuracy needed for quantitatively predictive
studies. Therefore, caution is still required when interpreting
results from computational models used to study drug cardi-
otoxicity.
Limitations of the study
Arrhythmia susceptibility owing to drug-induced APD pro-
longation is based on the amount of repolarization reserve,
the ratio of IKr to IKs current, which varies significantly across
mammalian species. In GP hearts,52 the ratio of IKr to IKs is
w10:1, whereas in human hearts53 it is w1:3. As HCQ pri-
marily blocks IKr channels, the same drug concentrations
would be expected to lead to significantly less pronounced
APD prolongation in humans than in GP hearts. However,
other mechanisms may play a role, as drug-induced partial
blockage of IKr channels may lead to overexpression of IK1
and IKs repolarization currents. Hence, a direct comparison
is not straightforward. Nevertheless, GP and rabbits are spe-
cies commonly used to test for drug-induced repolarization
abnormalities that could affect humans.46,47 We did not
investigate if HCQ and/or AZM interact with the voltage-
sensitive dye and/or blebbistatin used in this study. Numeri-
cally we only studied the effect of the drugs on the maximum
conductance of the currents, and it may be of interest to inves-
tigate how the binding/unbinding rate constants of the drugs
with cell membrane ionic channels are affected by different
drugs concentrations, membrane voltage potential, and stim-
ulation frequency using, for example, the modulated receptor
method.54,55 We chose the OVVR model over other existing
human ventricular cell models, as it is the model designated
by CiPA to investigate numerically drugs’ arrhythmic
effects.
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