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BACKGROUND: Right ventricular outflow tract (RVOT) is a common source of ventricular tachycardia, which often requires
ablation. However, the mechanisms underlying the RVOT'’s unique arrhythmia susceptibility remain poorly understood due to
lack of detailed electrophysiological and molecular studies of the human RVOT.

METHODS: We conducted optical mapping studies in 16 nondiseased donor human RVOT preparations subjected to
pharmacologically induced adrenergic and cholinergic stimulation to evaluate susceptibility to arrhythmias and characterize
arrhythmia dynamics.

RESULTS: We found that under control conditions, RVOT has shorter action potential duration at 80% repolarization relative
to the right ventricular apical region. Treatment with isoproterenol (100 nM) shortened action potential duration at 80%
repolarization and increased incidence of premature ventricular contractions (FP=0.003), whereas acetylcholine (100 uM)
stimulation alone had no effect on action potential duration at 80% repolarization or premature ventricular contractions.
However, acetylcholine treatment after isoproterenol stimulation reduced the incidence of premature ventricular contractions
(P=0.034) and partially reversed action potential duration at 80% repolarization shortening (P=0.029). Immunolabeling
of RVOT (n=4) confirmed the presence of cholinergic marker VAChT (vesicular acetylcholine transporter) in the region.
Rapid pacing revealed RVOT susceptibility to both concordant and discordant alternans. Investigation into transmural
arrhythmia dynamics showed that arrhythmia wave fronts and phase singularities (rotors) were relatively more organized in
the endocardium than in the epicardium (P=0.006). Moreover, there was a weak but positive spatiotemporal autocorrelation
between epicardial and endocardial arrhythmic wave fronts and rotors. Transcriptome analysis (n=10 hearts) suggests
a trend that MAPK (mitogen-activated protein kinase) signaling, calcium signaling, and cGMP-PKG (protein kinase G)
signaling are among the pathways that may be enriched in the male RVOT, whereas pathways of neurodegeneration may be
enriched in the female RVOT.

CONCLUSIONS: Human RVOT electrophysiology is characterized by shorter action potential duration relative to the right
ventricular apical region. Cholinergic right ventricular stimulation attenuates the arrhythmogenic effects of adrenergic
stimulation, including increase in frequency of premature ventricular contractions and shortening of wavelength. Right
ventricular arrhythmia is characterized by positive spatial-temporal autocorrelation between epicardial-endocardial arrhythmic
wave fronts and rotors that are relatively more organized in the endocardium.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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WHAT IS KNOWN?

* Right ventricular outflow tract is a common source
of idiopathic ventricular arrhythmias.

* However, the mechanisms underlying the right
ventricular outflow tract's unique arrhythmia sus-
ceptibility remain not well elucidated due to lack of
detailed electrophysiological and molecular studies
of human right ventricular outflow tract.

WHAT THE STUDY ADDS

* Human right ventricular outflow tract electrophys-
iology is characterized by shorter action poten-
tial duration relative to the right ventricular apical
region and drives the transmural dispersion of
repolarization and transmural action potential
duration dispersion under normal physiological
conditions.

* Cholinergic stimulation attenuates the arrhythmo-
genic effects of adrenergic stimulation, including
increase in frequency of premature ventricular con-
tractions and shortening of wavelength.

* Arrhythmia in the right ventricle is associated
with weak positive spatiotemporal autocorrelation
between the epicardial-endocardial arrhythmic
wave fronts and reentrant rotors that are relatively
more organized in the endocardium.

Nonstandard Abbreviations and Acronyms

APD action potential duration

APD80 action potential duration at 80%
repolarization

DF dominant frequency

MAPK mitogen-activated protein kinase
MMVT monomorphic ventricular tachycardia
PGP9.5 protein gene product 9.5

PKG protein kinase G

PS phase singularity

PVC premature ventricular contraction
RV right ventricle

RVAR right ventricular apical region
RVOT right ventricular outflow tract
S1S1 basic pulse pacing protocol

Th tyrosine hydroxylase

VAChT vesicular acetylcholine transporter
VF ventricular fibrillation

VT ventricular tachycardia

nant site of origin of premature ventricular con-
tractions (PVCs) and ventricular tachyarrhythmias
including the Brugada syndrome, idiopathic ventricu-
lar arrhythmias, and arrhythmogenic right ventricular

The right ventricular outflow tract (RVOT) is a domi-
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(RV) cardiomyopathy among others.'? Anatomically, the
RVOT is a thin, smooth-walled, tubular structure located
between the pulmonary artery and inlet and apical com-
ponents of the RV. The tissue structure is interspersed
with heterogenous distribution of fibrous and fat tis-
sue®** and comprises a complex 3-dimensional network
of cardiac fibers arranged circumferentially in the sub-
epicardium and longitudinally in the sub-endocardium.®
Moreover, the RVOT—pulmonary root junction is charac-
terized by multiple tissue types including the myocardium,
valve, and smooth muscle tissue, with the myocardium of
the free-standing subpulmonary infundibulum commonly
supporting the bases of the three pulmonary sinuses.
Given the complex anatomic makeup and the presence
of endocardial Purkinje network’ the RVOT could be
predisposed to arrhythmogenesis, as suggested by the
observation that #80% of idiopathic ventricular arrhyth-
mias originate in the RVOT® While there have been
basic RVOT studies in mice,>™° rabbit,'"'? porcine,'® and
canine'*'® animal models, the electrophysiological and
arrhythmogenic profile of healthy human RVOT remains
poorly studied.

The autonomic nervous system plays an important
regulatory role in cardiac physiology, and the dysfunc-
tion of the autonomic nervous system associated with
sympathovagal imbalances has been linked to cardiac
arrhythmias.’®'” While sympathetic modulation affects
both the atria and the ventricles, the current paradigm
suggests that the parasympathetic control is limited to
the atria and that direct parasympathetic modulation of
the ventricles is insignificant.'”® Evidence suggests the
presence of cholinergic innervation in the ventricles in
various species,'®?° but the functional significance of
direct parasympathetic influence on ventricles is not
well-established or characterized.

Both focal and reentrant mechanisms play a role
in arrhythmogenesis, with reentry believed to be the
primary mechanism of maintenance of sustained ven-
tricular arrhythmias?' and focal sources serving as trig-
gers. However, controversy remains on the mechanism
of reentrant arrhythmia: is it driven by multiple wavelets
or a single mother rotor??? Recent studies have also
suggested that endocardial and epicardial dissociation
may play a role in the maintenance of atrial arrhyth-
mias.?® However, the role of endocardial-epicardial dis-
sociation in the maintenance of ventricular arrhythmias
is not well-characterized.

In this study, we aimed to fill the existing knowledge
gap in characterization of human RVOT electrophysiology
using dual-sided (epicardial and endocardial) optical and
electrical mapping of the RV from donor human hearts
and to characterize transcriptome and protein expres-
sion in combination with RNA sequencing and immuno-
histochemistry, respectively. Using these techniques, we
provide novel functional, structural, and transcriptomic
profile of nonpathological human RVOT.
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MATERIALS AND METHODS

The data, methods, and study materials will be made available
for other researchers upon request for the purposes of devel-
oping new methods of analysis, reproducing the results, or rep-
licating the procedure. Detailed description of the materials and
methods is available in the Supplemental Material.

Study Design

All studies (n=30) using deidentified human heart tissue
were approved by the Institutional Review Board at the
George Washington University and University of California,
Los Angeles. In total for this study, we procured 29 deiden-
tified donor human hearts from the Washington Regional
Transplant Community. One additional donor heart was pro-
cured through the University of California at Los Angeles
Cardiac Arrhythmia Center in Los Angeles, California. All
hearts were arrested using ice-cold cardioplegic solution
in the operating room and transported to the laboratory for
dissection and subsequent electrophysiology, transcriptome,
and immunostaining studies. A complete list of hearts with
available clinical information is shown in Figure S1.

This was a prospective, nonrandomized study, and the
investigators were not blinded to the data. Three donor
hearts (group 0) were used to conduct exploratory research
including development of study protocol and the techniques
for RVOT wedge dissection, cannulation, and perfusion.
Donor hearts were grouped to investigate the effects of cho-
linergic and adrenergic modulation using optical mapping.
Group 1 (n=7; male, 3; female, 4) donor hearts were used
to study the effects of cholinergic and adrenergic stimulation
in isolation. Group 2 (n=6; male, 3; female, 3) was used to
evaluate the effects of cholinergic stimulation in donor hearts
already subjected to adrenergic stimulation. Since fresh tis-
sue samples could not be extracted from groups 1 and 2,
additional group 3 donor hearts were used to collect tissue
for RNA sequencing (n=10; male, 5; female, 5) and immu-
nostaining (n=4; male, 1; female, 3) studies. Group 3 was
not subjected to functional studies to avoid likely changes
in transcriptome caused by in vitro perfusion. While optical
mapping was the primary modality for functional studies, we
also conducted simultaneous optical and electrical mapping
in 3 donor hearts to validate optical mapping with a clinically
relevant electrical mapping.

All data and software used for functional, transcriptomic,
and immunostaining studies will be made available through the
online repository at the George Washington University.

Experimental Preparation and Study Protocol

Dual-sided (epicardial and endocardial) optical and electri-
cal mapping experiments were conducted in RVOT prepa-
rations from donor human hearts (Figure 1A). To prepare
the RVOT wedge preparation, the aorta and the pulmonary
artery were dissected open to expose and isolate the right
and left coronary arteries for cannulation. Most of the atria,
the left ventricle, and the posterior RV were removed to
expose the anterior RV and the RVOT surface area. The
remaining vessel branches were tied off. The RVOT prepa-
ration was stretched across a frame and secured to pull it
flat (Figure 1B). The tissue was suspended vertically in a
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bath to allow optical access to both the endocardial and
epicardial surface and immobilized by blebbistatin (10-15
pM) to suppress motion artifacts in optical recordings, with-
out adverse electrophysiological effects.?* Di-4-ANBDQBS
was used to map transmembrane potential as described
previously.?

Tissue was paced from the endocardium using a dynamic
restitution protocol (basic pulse pacing protocol [S1S1]) to
assess rate dependence of action potential duration (APD).
Briefly, the S1S1 protocol entails pacing the tissue for at least
60 beats at constant cycle length (S1S1) and then repeating
the process by progressively shortening the S1-S1 intervals.
This restitution protocol was executed after each treatment.
For group 1, the tissue was treated with acetylcholine (100
pM) and the restitution protocol repeated. Following that,
acetylcholine was washed out, and the tissue was treated
with isoproterenol (100 nmol/L). The restitution protocol
was repeated until arrhythmia was induced (Figure 1C). For
group 2, the tissue was first treated with isoproterenol (100
nmol/L) and the restitution protocol repeated. The tissue
was then subjected to acetylcholine (100 pM) treatment,
while still under the influence of sympathetic stimulation
(no washout of isoproterenol). In case the S1S1 restitution
protocol alone was unable to induce arrhythmia, burst pac-
ing (60 Hz) in combination with pinacidil (50 uM) was used
for arrhythmia induction. Only in 2 cases (D3 and D10), we
were unable to induce arrhythmia. All arrhythmia inductions
were sustained and lasted for at least 15 minutes. We chose
an aggressive arrhythmia induction protocol as ventricular
tachycardia (VT) is only occasionally initiated by PVCs origi-
nating from the RVOT.2®

OPTICAL CARDIAC MAPPING

Optical action potentials were mapped from =7x7
cm field of view from the two surfaces (epicardium
and endocardium) using 2 MiCAMO5 (SciMedia, CA)
CMOS cameras (100x100 pixels). All optical signals
were processed in MATLAB-based custom open-
source software RHYTHM. Activation times were
determined by calculating the time of dF/dt__, which
corresponds to the steepest segment of the optical
action potential upstroke (Figure S2A). APD was cal-
culated at 80% repolarization (APD80). To measure
the extent of spatial organization during ventricular
tachyarrhythmia, indices including dominant frequency
(DF), regularity index, and organization index were
evaluated for each pixel.?” To evaluate the complexity
of arrhythmias including wave front dynamics, phase
singularity (PS) dynamics, and endocardial-epicardial
dissociation dynamics, the optical signals were trans-
formed into the phase domain using the Hilbert trans-
form (Figure S2B).

Wave fronts were defined as the isophase lines along
d=w/2.%% The number of discrete wave fronts was cal-
culated for each field of view and tracked over its life
span. Wave fronts smaller than 20 pixels (=14 mm) were
treated as noise and not included in the analysis. Wave
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Figure 1. Experimental setup and study protocol.

A, Schematic of the dual-sided optical mapping setup (top). A 64-electrode passive stretchable and translucent array to record electrical
signals simultaneously with optical signals. Representative sample optical action potentials and electrograms from 2 locations on the
endocardial surface are shown (bottom). B, Representative donor human heart and right ventricular outflow tract (RVOT) tissue wedge
preparation. The RVOT region is identified on the epicardial and the endocardial surfaces (marked with a white dotted rectangle). C, Study
protocol that includes group 1 (n=7) and group 2 (n=6) hearts. Group 1 experiments focused on evaluating the effects of sympathetic
(isoproterenol [Iso], 100 nM) and parasympathetic stimulation (100 pM) in isolation. Group 2 experiments focused on evaluating the effect of
parasympathetic stimulation post-sympathetic stimulation. Arrhythmia induction was attempted in all hearts using the S1S1 protocol or 50 Hz
burst pacing. D, Bar graph depicting breakdown of the 30 donor hearts by sex, age, body mass index (BMI), and type of study. Ach indicates
acetylcholine; Endo, endocardial; Epi, epicardial; LAA, left atrial appendage; LV, left ventricle; PA, pulmonary artery; RAA, right atrial appendage;

RV, right ventricle; and TC, tissue chamber.

front collision was defined as a phenomenon wherein 2
wave fronts collided with each other and merged into a
single wave front (Video S1). Wave front fractionation
was defined as a phenomenon where a single wave
front would split into 2 wave fronts (Video S2). A colli-
sion or a fractionation (wave front splitting) marked the
end of the life span of a wave front. Alternately, wave
front tracking was also terminated if the wave front
moved past the field of view, fell below the 20-pixel
threshold, or expired (Video S3). Wave fronts were also
tracked for multiplicity and repeatability.?® Multiplic-
ity was defined as an index of number of unique wave
front pathways in an overall activation pattern. Repeat-
ability was defined as measure of the number of times
a wave front propagation over a pathway was repeated
(Video S4). PSs were calculated as nonzero topological
charges constrained to the isophase wave fronts within
3-pixel radius (2 mm) in each frame. PS meandering
(total distance traveled) and PS displacement (short-
est path between the initial and final positions) were
calculated by tracking individual PS trajectories across
their life spans. To explore the endocardial-epicardial
arrhythmia dissociation dynamics, wave fronts and
PSs between the two surfaces were compared using
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spatiotemporal autocorrelation analysis. Epicardial and
endocardial DF, regularity index, and organization index
were also compared at each pixel location to compute
the Jaccard similarity index.2°

ELECTRICAL CARDIAC MAPPING

To establish the clinical relevance of optical mapping,
we applied simultaneous electrical and optical cardiac
mapping in donor hearts (n=3; male, 2; female, 1).
Briefly, 2 stretchable passive electrode arrays were
used for epicardial and endocardial electrical map-
ping. Each array (3x4 cm) had 64 electrodes arranged
in an 8x8 matrix with interelectrode distance of =3 to
4 mm and electrode diameter of 1 mm. Fabrication
of the electrode array was done at the Northwest-
ern University as described ealier®' A custom-printed
circuit board was fabricated at the Duke University®?
for connecting the electrode array to a data acquisi-
tion system (1024-channel RHD recording system;
Intan Technologies, CA). The electrical and optical
data acquisition systems were compared with enable
synchronized measurements of electrical and opti-
cal signals. All the unipolar electrical signals were
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processed in MATLAB, version 2020a. The local
activation times were determined by calculating the
time of dV/dt  , which corresponds to the steepest
downward slope in the activation complex. The local
repolarization times were determined by calculating
T, —the pointin the T wave with the maximum upward
slope (Figure S2C). Activation recovery interval—a
surrogate marker of APD—was then computed as
the interval between local activation and repolariza-
tion time3® and is assumed to occur near APD at 50%
repolarization.®*

Transcriptome

Tissues from human RVOT and RV apical region (RVAR),
separated into epicardium and endocardium (total hearts,
10; male, B; female, 5; 4 tissue samples from each heart)
were collected for subsequent RNA extraction. RNA
sequencing was performed with lllumina HiSeq using
paired-end 150 reads (Novogene). DESeq2 was used for
differential gene expression.® Differentially expressed
gene cutoff was at P, <0.05. Enrichment analysis on dif-
ferentially expressed genes was performed with goana®®
for gene ontology and clusterProfiler®” for Kyoto Ency-
clopedia of Genes and Genomes.

Immunostaining

Briefly, fixed specimens of the human heart RVOT were
shipped to the Eastern Tennessee State University at
4°C in PBS containing 20% sucrose and 0.02% sodium
azide. Slide-mounted tissue sections were immunos-
tained at room temperature for specific neural markers
using standard methods of ABC immunohistochemis-
try. Primary antibodies used included rabbit anti-VAChT
(vesicular acetylcholine transporter; Synaptic Systems;
catalog number 139103; 1:500), sheep anti-TH (tyro-
sine hydroxylase; Millipore; catalog number AB1542;
1:500), or rabbit anti-PGP9.5 (protein gene product
9.5; Abcam; catalog number ab108986; 1:2000). Nerve
density was calculated as the area occupied by nerves
as a percentage of the entire image area and reported
as Y%area. Data was analyzed and graphed using Prism,
version 8.4.3 (GraphPad Software, CA).

Statistical Analysis

All means characterizing the spatial average of a single
study are represented as sample meanSD. All means
that characterize average trends across the cohort
of donor hearts are reported as sample meantSEM.
Repeated measures ANOVA (1 or 2 way) with multiple
comparisons and post hoc Holm-Sidak or Tukey Hon-
est Significant Difference multiple comparison test was
used for APD and PVC comparisons, respectively. Two-
tailed paired t test was used for comparison between
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epicardial and endocardial wave fronts and PS metrics.
Significance was defined as £<0.05.

RESULTS

Cardiac Mapping of Human RVOT Reveals
Transmural APD and Repolarization Gradient

To determine whether the RVOT had distinctive electro-
physiological features relative to the RVAR, we conducted
cardiac mapping studies using RV tissue from 16 donor
human hearts. The epicardial and endocardial activation,
repolarization (repolarization time at 80% repolarization),
and APD maps, as well as sample optical action poten-
tials from a representative donor heart (D11) paced at
60 beats per minute (Figure 2A), depict the underlying
repolarization dispersion and APD dispersion. For 3 donor
hearts, we also conducted simultaneous electrical and
optical mapping studies to evaluate the feasibility of dual
modality mapping. The representative (D14) activation
maps from simultaneous electrical and optical mapping
paced at 120 beats per minute showed a similar profile
(Figure 2B). Moreover, the activation recovery interval
calculated from time-aligned electrograms correlated
with APD at 50% repolarization (epicardium, r=0.81;
endocardium, r=0.92; Pearson correlation). There was
no statistically significant difference between the activa-
tion recovery interval and the APD at 50% repolariza-
tion restitution curves (Figure S3). These data suggest
that simultaneous electrical and optical mapping can be
used as a viable technique to generate a richer set of
strongly correlated data. The APD8O restitution curves
provide a statistical summary for each region (RVOT or
RVAR), as well as the overall RV in the epicardium and
the endocardium (Figure 2C). We noted shorter action
potentials in the RVOT relative to the RVAR (P <0.0001
and P, <0.0001, repeated measures 2-way ANOVA)
We also found shorter APs in the RVOT epicardium
relative to the RVOT endocardium (P=0.0016, repeated
measures 2-way ANOVA). Moreover, there was a gen-
eral trend with female APD80 being longer than male
APDB8O, especially at lower heart rates; however, it was
not statistically significant. Similarly, while the female
repolarization time at 80% repolarization dispersion and
APD8O dispersion trended to be longer than the male
counterparts, they were not statistically significant. These
results suggest that RVOT drives the transmural disper-
sion of repolarization and the transmural APD dispersion
under normal physiological conditions.

Cholinergic Stimulation Attenuates Effects of
Adrenergic Stimulation

To determine the role of parasympathetic stimulation in
ventricular electrophysiology, we compared the electro-
physiological response of RV subjected to acetylcholine
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Figure 2. Baseline electrophysiology of donor human right ventricular outflow tract (RVOT).
A, Representative epicardial and endocardial activation, repolarization, and action potential duration at 80% repolarization (APD80)
maps from a group 2 donor human heart (D11) paced at 60 beats per minute (BPM). Sample optical action potentials from the RVOT,
right ventricular (RV) mid wall, and RV apical region are also shown. B, Representative epicardial and endocardial activation maps from
simultaneous optical and electrical recording in a group 2 donor human heart (D14) paced at 120 BPM. Corresponding time-aligned
optical action potential and local electrograms from the RVOT region are also shown. Box plot shows correlation between APD50 and
activation recovery interval (ARI) calculated from the local optical and electrical signals in the epicardial (R>=0.65, Pearson correlation)
and endocardial regions (R?>=0.84, Pearson correlation). C, Baseline restitution curves from the RV, RVOT, and RV apical epicardial and
endocardial regions are shown (n=16; male, 7 and female, 9). Female donor hearts trended to have relatively longer APD80 compared
with male donor hearts, though not statistically significant. Representative epicardial and endocardial repolarization (repolarization time
at 80% repolarization) and APD80 gradients at 30, 60, and 120 BPM are also shown. Females trended to have larger repolarization and
APDB8O0 gradients but not statistically significant.
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(100 pM) treatment in the absence of sympathetic stim-
ulation (group 1) with the electrophysiological response
of RV pretreated with isoproterenol (100 nmol/L) and
subsequently subjected to acetylcholine (100 pM) stimu-
lation (group 2). In group 1 donor hearts, treatment with
acetylcholine had no effect on APD relative to baseline
conditions. Moreover, after acetylcholine was washed
out, treatment with isoproterenol shortened APD as
expected (Figure 3A; Figure S4A). In comparison, group
2 donor hearts were treated with isoproterenol first,
which resulted in shortening of APD. However, while still
under the influence of isoproterenol, additional treatment
with acetylcholine resulted in prolongation of the APD
(P =0.015 and P_, =0.029, repeated measures 2-way
ANOVA) back tovvard baseline conditions (Figure 3B;

Human RVOT Arrhythmogenesis

Figure S4B). APD80 maps (paced at 60 beats per min-
ute) and the corresponding sample optical action poten-
tials from a representative group 2 donor heart (D11)
highlight the initial shortening of APs in response to
isoproterenol (100 nmol/L) stimulation and subsequent
lengthening of APs reverting to near baseline conditions,
upon treatment with acetylcholine (100 pM; Figure 3C).
We also counted nerve density distribution in RVOT tis-
sue samples from 4 additional donor hearts using immu-
nohistochemical staining, which showed the presence of
VAChT-positive, PGP9.5-positive, and TH-positive nerve
densities in both the subepicardial and the subendocar-
dial regions (Figure 3D; Figure Sb).

Given that adrenergic stimulation promotes PVCs, it is
possible that additional cholinergic stimulation could have
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Figure 3. Effect of parasympathetic and sympathetic stimulation on action potential duration at 80% repolarization (APD80).
A, Representative epicardial and endocardial APD80 maps from group 2 donor human heart (D11) paced at 60 beats per minute (BPM)
under baseline conditions, after treatment with isoproterenol (100 nm) and finally after acetylcholine (100 pM) intervention in the presence
of isoproterenol. Corresponding optical action potentials from 2 locations in the RVOT and RV mid wall are also shown. B, Epicardial and

endocardial APD8O restitution curves from group 1 hearts, where the effects of sympathetic and parasympathetic stimulation were evaluated
separately. While sympathetic stimulation shortened APD80, parasympathetic stimulation by itself had no effect on APD80. C, Epicardial and
endocardial APD8O restitution curves from group 2 hearts, where the effect of parasympathetic stimulation was evaluated in the presence of
sympathetic stimulation. Acetylcholine attenuated the effects of isoproterenol with the recovery of APD80 trending toward baseline conditions
(P<0.05, repeated measures 2-way ANOVA). D, Inmunostaining of RVOT tissue sample from representative donor human heart (D28)

shows the presence of VAChT (vesicular acetylcholine transporter)-positive, PGP9.5 (protein gene product 9.5)-positive, and TH (tyrosine
hydroxylase)-positive nerve densities in both the subepicardial and the subendocardial regions.
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inverse effects on PVCs as seen previously with APD. To
investigate further this idea, we tracked the frequency of
PVCs in donor hearts from both groups (Figure 4A). In
group 1, acetylcholine (100 pM) by itself had no effect on
the frequency of PVCs compared with baseline. In con-
trast, treatment with isoproterenol (100 nmol/L) after
washout of acetylcholine noticeably increased the fre-
quency of PVCs (P=0.036, ordinary ANOVA). In group 2
hearts, initial treatment with isoproterenol (100 nmol/L)
increased the frequency of PVCs (P=0.003, ordinary
ANOVA), as expected. However, additional treatment
with acetylcholine (100 pM) reduced the frequency of
PVCs (P=0.034, ordinary ANOVA). The effects were
consistent across both male and female donor hearts
from both groups. However, we did not find any statisti-
cally significant sex-related differences in frequency of
PVCs in response to either sympathetic or parasympa-
thetic stimulation, presumably due to age of the hearts
studied. Taken together, these results show that while
parasympathetic stimulation by itself has no statistically
significant effect on ventricular electrophysiology, in the
presence of adrenergic stimulation, cholinergic stimula-
tion attenuates the effects on APD and PVC frequency.

To investigate the nature of arrhythmia susceptibility,
RV tissue from 13 donor hearts was treated with iso-
proterenol (100 nmol/L) and then subjected to S1S1
restitution stimulation to induce arrhythmias, which also
triggered concordant or discordant alternans, dependent
on the frequency of stimulation. An example of discor-
dant APD at 50% repolarization alternans (Figure 4B)
induced at 240 beats per minute from a representative
donor heart (D10) and an example of concordant alter-
nans (Figure S6A) induced at 300 beats per minute from
another representative donor heart (D11) highlights the
heterogeneous spatial distribution of alternans. In gen-
eral, alternans appeared slightly more prevalent in the
endocardium in comparison with the epicardium. Inci-
dences of concordant alternans were relatively more fre-
quent than discordant alternans (Figure S6B). Moreover,
discordant alternans occurred at higher frequencies in
comparison with concordant alternans. Finally, the RVOT
region appeared to be slightly more susceptible to the
alternans in comparison with the rest of the RV. Our data
suggest that RVOT is susceptible to both concordant
and discordant alternans, which may be linked to the
intrinsic transmural dispersion of repolarization, as well
as transmural APD dispersion, and result in vulnerability
to arrhythmias.

Arrhythmia Wave Front and PS Dynamics

To get further insight into the transmural dynamics of RV
arrhythmias, RV tissue was subjected to pharmacological
arrhythmia promotion in combination with S1S1 proto-
col and, failing that, a 50-Hz burst pacing protocol. We
induced sustained arrhythmias (lasting >15 minutes) in
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12 donor hearts with 3 of them categorized as mono-
morphic ventricular tachycardia (MMVT). Representative
arrhythmia phase data from donor heart (D14) showed
reentrant MMVT and was characterized by a scroll wave,
anchored by 2 PSs, one each on the epicardium and the
endocardium, respectively (Figure BA; Video Sb). The
DF (epicardium, 6.98%1.13 Hz; endocardium, 7.12+0.67
Hz), regularity index (epicardium, 0.75+0.18; endocar-
dium, 0.78+0.14), and organization index (epicardium,
0.83+0.16; endocardium, 0.90+£0.14) maps reflected
organized nature of MMVT (Figure 5B). Arrhythmic
wave fronts were characterized by collisions (epicar-
dium, 28.77%; endocardium, 23.77%) and fraction-
ations (epicardium, 27.10%; endocardium, 25.85%) but
also showed a high degree of repeatability (epicardium,
67.95%; endocardium, 82.72%; Figure 5C). The average
wave front size was larger, but the average wave front
duration was smaller in the epicardium (size, 4.29+4.11
cm; duration, 4.3+7.7 ms) in comparison with the endo-
cardium (size, 3.64+3.09 cm; duration, 65+10.2 ms).
Moreover, the number of wave fronts was also larger in
the epicardium (epicardium, 8.55/cm?s; endocardium,
5.06/cm?s). Analysis of epicardial and endocardial PS
showed that the average duration of PS was larger in the
endocardium (epicardium, 37.3£27.3 ms; endocardium,
43.8+28.8 ms; Figure 5D). Moreover, only a small frac-
tion of PS was considered stable, defined as lasting at
least one cycle length in duration (epicardium, 2.25%;
endocardium, 2.01%). PS meandering (epicardium,
1.36+0.72 cm; endocardium, 1.31£0.68 cm) was slightly
longer in the epicardium. Spatiotemporal autocorrela-
tion analysis showed weak positive association between
epicardial and endocardial wave fronts (28.4% of wave
fronts followed similar trajectories) and PS (38.5% simi-
lar trajectories; Figure BE). Dynamic time warp was used
to quantify the similarity between epicardial and endo-
cardial wave front temporal sequences and showed rela-
tively higher incongruence (dynamic time warp distance,
46) compared with during pacing (dynamic time warp
distance, b; Figure S7). Moreover, the local epicardial
and endocardial DF was highly congruent (96.6% simi-
lar). These results suggest that MMVT in donor human
RV/RVOQT is driven by a relatively small number of highly
repeatable wave fronts and PSs that are reentrant in
nature and have a high degree of regularity.
Representative arrhythmia phase data from donor
heart (D4) shows ventricular fibrillation (VF) also with
an instance of scroll wave (Figure 6A; Video S6). The
DF (epicardium, 6.96+4.81 Hz; endocardium, 8.54+3.61
Hz), regularity index (epicardium, 0.32+0.17; endocar-
dium, 0.38+0.15), and organization index (epicardium,
0.45+0.17; endocardium, 0.48+0.22) maps reflected the
relatively less organized VF wave fronts in comparison
with that seen in MMVT (Figure 6B). Analysis of epicar-
dial and endocardial wave fronts showed a high degree of
multiplicity (epicardium, 71.119%; endocardium, 70.99%)
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Figure 4. Effect of parasympathetic stimulation on arrhythmogenesis.

A, Representative tissue chamber bath ECG recordings under baseline conditions and after treatment with isoproterenol 100 nM from a
representative group 2 donor heart (D11). Premature ventricular contractions (PVCs) were observed after the intervention as shown. In group
1 hearts, treatment with acetylcholine had no statistically significant effect on the frequency of PVCs relative to baseline conditions, whereas
treatment with isoproterenol increased the frequency of PVCs (F=0.035, ordinary ANOVA). In group 2 hearts, acetylcholine intervention
post-treatment with isoproterenol decreased the frequency of PVCs (P=0.034, ordinary ANOVA). Sex-related differences were not statistically
significant. Treatment duration for each intervention across the two groups is also shown. B, Representative example of epicardial and
endocardial action potential duration at 50% repolarization (APD50) maps depicting discordant alternans in the right ventricular outflow tract
(RVOT) as a consequence of S1S1 arrhythmia induction protocol in group 1 donor human heart (D10). The alternans was triggered at the
pacing rate of 240 beats per minute (BPM). Corresponding sample optical action potentials from 4 different locations in the epicardial and
endocardial regions are also shown. RVAR indicates right ventricular apical region; and RVMR, right ventricle mid region.
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Figure 5. Monomorphic ventricular tachycardia (MMVT) dynamics.

A, Representative epicardial (Epi) and endocardial (Endo) spatiotemporal phase maps depicting reentrant MMVT in the donor human heart
(D14) are shown. We can track the phase singularities (marked as a black dots) on both the Epi and Endo surfaces as the wave fronts
complete one rotation (reentry) around the phase singularity (PS; rotor) over the duration of 180 ms. B, Epi and Endo dominant frequency (DF),
regularity index (RI), and organization index (Ol) maps along with the bar graphs are shown. Representative action potentials depicting MMVT
from Epi (1) and Endo (2) locations are also shown. C, Wave front dynamics including breakdown of Epi and Endo wave fronts by percentage
of wave fronts that terminated in collisions, fractionations, or otherwise expired are shown. (Continued)
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Figure 5 Continued. We also show the percentage of Epi and Endo wave fronts that were characterized as unique (multiplicity) or repeating
(repeatability). Given that this arrhythmia exhibited MMVT characteristics, we see a relatively higher percentage of wave front repeatability
compared with other types of arrhythmias (eg, VF). Epi and Endo wave front (WF) time series shows the relative congruence in the number of
wave fronts incident on both surfaces at a given point of time. Dynamic time warp (DTW) was used to quantify the similarity between the two
temporal sequences. Total number of wave fronts tracked over the duration of 8 s as well as the number of wave fronts per unit area (cm?) and
per unit time (s) are shown. We also show a histogram of wave front size in pixels (1 pixel, #0.07 cm) and a histogram of wave front duration in
milliseconds. D, Phase singularity (rotor) dynamics including the total number of PS tracked over the duration of 8 s, as well as the number of
PS per unit area (cm?) and per unit time (s) are shown. Bar graphs of PS displacement (minimum distance between the starting location of the
PS and location just before PS termination) and PS meandering (total path length traversed by the PS over its life span) along with a histogram
of PS duration in milliseconds are shown. We also show a sample Epi and Endo PS trajectory. E, Epi and Endo dissociation dynamics included
spatiotemporal autocorrelation analysis of wave fronts and PS. A representative example of Epi and Endo wave front with similar trajectory over
their first 15 ms is shown. Likewise, representative examples of 3 Epi and Endo PS with similar trajectories are also shown. Plot of the DTW
values during pacing (120 beats per minute) and during arrhythmia are shown. The relatively higher number denotes larger dissimilarity between
the temporal sequences of Epi and Endo arrhythmic wave fronts in comparison to when the tissue was paced. Jaccard similarity index was used

to quantify similarity between Epi and Endo wave fronts, phase singularities, DF, RI, and Ol. OAP indicates optical action potential.

and lower degree of repeatability (epicardium, 28.89%;
endocardium, 29.01%) in comparison with MMVT (Fig-
ure 6C). The average size was larger, but the average
duration was smaller in the epicardial wave fronts (size,
3.44£2.95 cm; duration, 3.71£5.98 ms) in comparison
with the endocardial wave fronts (size, 3.10+£2.28 cm;
duration, 4.80£7.35 ms). Moreover, the number of wave
fronts was also larger in the epicardium (epicardium,
19.59/cm?2s; endocardium, 15.84/cm?2s), and both were
larger than compared with MMVT wave fronts. Analysis
of epicardial and endocardial PS showed that the aver-
age duration of PS was also larger in the endocardium
(epicardium, 33.4117.98 ms; endocardium, 38.97£24.57
ms; Figure 6D). In addition, relatively smaller fraction
of PS was stable (epicardium, 0.61%; endocardium,
1.48%) in comparison with MMVT. PS meandering (epi-
cardium, 1.28+0.64 cm; endocardium, 1.15+0.66 cm)
and displacement (epicardium, 0.35+0.21 cm; endocar-
dium, 0.33£0.19 cm) were also longer in the epicardium.
Spatiotemporal autocorrelation analysis showed weaker
positive association between the epicardial and endocar-
dial wave fronts (16.5% of wave fronts followed similar
trajectories) and PS (33.17% similar trajectories) in com-
parison with MMVT (Figure 6E). These results suggest
that VF in donor human RV/RVOQT is driven by a relatively
larger number of irregular and less organized wave fronts
and PSs that still appear to be reentrant in nature.

The statistical summary of arrhythmia dynamics from
12 donor hearts suggests that the endocardial arrhyth-
mic wave fronts are relatively more regular (P=0.0026,
paired f test) and organized (P=0.0058, paired t test)
than that seen in the epicardium (Figure 7B and 7C).
However, we do not observe any statistically significant
sex-specific differences relative to arrhythmia wave front
organization (Figure S8B and S8C). Epicardial wave front
size is larger (P=0.0034, paired f test) and so is wave
front count (F=0.0003, paired t test) in comparison with
endocardial wave fronts (Figure 7D and 7E), whereas
the endocardium is characterized by longer wave front
duration (P=0.0001, paired t test; Figure 7F). Moreover,
epicardial wave fronts are characterized more fraction-
ations in comparison with the endocardium (Figure 7G).

Circ Arrhythm Electrophysiol. 2022;15:e010630. DOI: 10.1161/CIRCER.121.010630

PS duration (R<0.0001, paired t test) is longer in the
endocardium than seen in the epicardium (Figure 7L),
whereas the epicardium is characterized by larger PS
meandering and displacement (Figure 7M and 7N).
Taken together, these results provide further statistical
evidence that the arrhythmia in the endocardium is rela-
tively more organized than in the epicardium.

Sex-Specific Differences in the Human RVOT
Transcriptome

We sought to get insight into the regulatory features of
the RVOT by determining the transcriptome profile of
RVOT and RVAR tissue from 10 donor human hearts
using bulk RNA sequencing. Principal component anal-
yses showed that the tissue samples were clustered
together by sex along the first principal component,
which accounted for 26% of the observed variance (Fig-
ure 8A). Bioinformatic analysis showed that sex altered
expression of 261 genes in the RVOT (Figure 8B). To
further elucidate sex- and location-specific (RVAR ver-
sus RVQOT, epicardium versus endocardium) differences,
we performed hierarchical clustering of both genes and
the samples based on the gene expression profile (dif-
ferentially expressed genes) in the gene expression
matrix, identifying the top 20 genes (Figure 8C). Further
gene ontology analysis showed that these sex-regulated
genes are mainly involved in immunoglobin complex and
humoral immune response, etc, in case of females and
demethylase activity and demethylation, etc, in case of
males (Figure 8D). The Kyoto Encyclopedia of Genes
and Genomes analysis revealed the top 16 Kyoto Ency-
clopedia of Genes and Genomes—annotated pathways
enriched for differentially expressed genes expressed in
male and female RVOT (Figure 8E). Among them, MAPK
(mitogen-activated protein kinase) signaling,®® calcium
signaling,®® and cGMP-PKG (protein kinase G) signal-
ing*® pathways, which were enriched in male RVOT, have
been reported to be involved in cardiac hypertrophy and
cardiac electrophysiological remodeling. Incidentally,
neurodegeneration pathways were enriched in female
RVOT. These differences were not as pronounced when
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Figure 6. Ventricular fibrillation (VF) dynamics.

A, Representative epicardial (Epi) and endocardial (Endo) spatiotemporal phase maps depicting reentrant VF in the donor human heart (D4)
are shown. We can track the phase singularities (marked as a black dots) on both the Epi and Endo surfaces. In this instance, we see the
Endo wave front (WF) complete one rotation (reentry) around the phase singularity (PS; rotor) over the duration of 120 ms. B, Epi and Endo
dominant frequency (DF), regularity index (RI), and organization index (Ol) maps along with the bar graphs are shown and depict heterogeneity
relative to that seen during MVT. Representative action potentials depicting VF from Epi (1) and Endo (2) locations are also shown. C, WF
dynamics including breakdown of Epi and Endo WFs by percentage of WFs that terminated in collisions, (Continued)
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Figure 6 Continued. fractionations, or otherwise expired are shown. We also show percentage of Epi and Endo WFs that were characterized
as unique (multiplicity) or repeating (repeatability). Given that this arrhythmia exhibited VF characteristics, we see a relatively lower percentage
of WF repeatability compared with other types of arrhythmias (eg, MMVT). Epi and Endo WF time series shows the relative congruence or lack
thereof in the number of WFs incident on both surfaces at a given point of time. Dynamic time warp (DTW) was used to quantify the similarity
between the two temporal sequences. Total number of WFs tracked over the duration of 8 s, as well as the number of WFs per unit area

(cm?) and per unit time (s) are shown. We also show a histogram of WF size in pixels (1 pixel, ~0.07 cm) and a histogram of WF duration in
milliseconds. D, Phase singularity (rotor) dynamics including total number of PS tracked over the duration of 8 s, as well as the number of PS
per unit area (cm?) and per unit time (s) are shown. Bar graphs of PS displacement (minimum distance between the starting location of the PS
and location just before PS termination) and PS meandering (total path length traversed by the PS over its life span) along with a histogram of
PS duration in milliseconds are shown. We also show a sample Epi and Endo PS trajectory. E, Epi and Endo dissociation dynamics included
spatiotemporal autocorrelation analysis of WFs and PS. A representative example of Epi and Endo WF with similar trajectory over their first 15
ms is shown. Likewise, representative examples of 3 Epi and Endo PS with similar trajectories are also shown. Plots of the DTW values during
pacing (120 beats per minute) and during arrhythmia are shown. The relatively higher number denotes larger dissimilarity between the temporal

sequences of Epi and Endo arrhythmic WFs in comparison to when the tissue was paced. Jaccard similarity index was used to quantify
similarity between Epi and Endo WFs, phase singularities, DF, RI, and Ol. OAP indicates optical action potential.

comparing sex-specific differences in the RVAR (Figure
S9). Our results suggest a trend that MAPK signaling,
calcium signaling, and cGMP-PKG signaling pathways
could be linked with the sex-specific electrophysiological
differences seen in the RVOT.

DISCUSSION

In this study, we studied donor human hearts to assess
the basic electrophysiology and transcriptome of human
RVAR and RVOT tissue and investigate the effects of
autonomic modulation on arrhythmia susceptibility, while
also leveraging these data to characterize transmural
arrhythmia dynamics. We showed that RVOT is charac-
terized by shorter action potentials in comparison with
the RVAR, which is evident in both transmural dispersion
of repolarization and APD. We also showed that cho-
linergic stimulation in isolation has no effect on the RV
electrophysiology. However, in the presence of adrener-
gic stimulation, additional cholinergic stimulation coun-
teracts the sympathetic effects by attenuating both APD
shortening and the frequency of PVCs. Finally, we also
showed that RV arrhythmia dynamics is characterized by
reentry, which is relatively more organized in the endo-
cardium in comparison with the epicardium.

Our data support the existence of spatial heterogeneity
in repolarization and APD between epicardial and endo-
cardial RVOT and the RVAR under physiological condi-
tions. The reasons for this heterogeneity remain unclear
but could be associated with one or more of conduction
velocity heterogeneities or spatial heterogeneities of cal-
cium dynamics and the ionic currents in the sarcolemma
that drive repolarization phase of action potentials or
intercellular uncoupling. Work done by Boukens et al'® in
mice suggests that the slow conducting phenotype of the
embryonic RVOT is maintained in adult heart resulting in
lower conduction reserve in the RVOT relative to RV. Our
transcriptomic analysis of RVAR and RVOT tissue did not
reveal any statistically significant differences in the calcium,
potassium, or gap junction channel expressions. However,
work by Gaborit et al*’ on nondiseased human hearts
suggests that basal epicardium is characterized by higher
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expression of genes related to calcium handling (Cav1.2
and SERCA?2 [sarco-endoplasmic reticulum Ca2+ ATPase
2 an enzymel), whereas the basal endocardium has higher
expression of sodium channels (Nav1.5 and Navf31). There
is also literature evidence to suggest that in healthy human
hearts, RV contains relatively larger collagen content and
fat relative to the left ventricle® Moreover, if nonvascular
intramural clefts seen in the mouse RVOT® are present in
the human RVOT, it could also facilitate subtle intercellular
uncoupling. While the precise mechanisms remain uneluci-
dated, our results encourage future studies to understand
the specific role of each mechanism.

Our study showed that acetylcholine by itself had no
effect on APD or the frequency of PVCs in the RV, unlike
isoproterenol, which shortened APD and increased the
frequency of PVCs. However, acetylcholine in the pres-
ence of adrenergic stimulation mediated reversal of iso-
proterenol shortened APD and decreased the frequency
of PVCs induced by isoproterenol. Moreover, immunohis-
tochemistry also confirmed ventricular cholinergic inner-
vation, revealing the presence of VAChT nerve densities
across the RVOT transmural wall. Vagal nerve stimulation
has been reported in preclinical and clinical studies to
have antiarrhythmic effects, especially in the setting of
acute and chronic myocardial ischemia and infarction,
which is often associated with imbalance in autonomic
modulation in favor of sympathetic hyperactivity.*>-*¢ The
presence of vagal innervation in the ventricle has been
confirmed by others, and it has also been suggested
that muscarinic receptors on adrenergic nerve termi-
nals could attenuate norepinephrine release, resulting in
parasympathetically mediated inhibitory effects on car-
diac sympathetic activity.*"~*°

Our data also revealed that RV/RVOT is character-
ized by complex transmural arrhythmia dynamics that can
extend from a relatively few organized and stable reen-
trant rotors as seen during MMVT to many disorganized
and transient rotors, which also exhibited reentry as seen
during VF. Compared with the endocardium, the epicar-
dium had more wave fronts per unit area and per unit time
and more wave front fractionations, which could be asso-
ciated with the fat accumulation on the epicardial surface.
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Figure 7. Statistical summary of arrhythmia dynamics.

A, Dominant frequency (DF) was not statistically different between the epicardium and endocardium. B, Regularity index (RI) was higher in the
endocardium (P=0.0026, paired t test). C, Organization index (Ol) was higher in the endocardium (P=0.0058, paired t test), suggesting that
the arrhythmic wave fronts (WFs) were more regular and organized in the endocardium in comparison with the epicardium. D, Number of WFs
per unit area per unit time were higher in the epicardium (P=0.0003, paired t test). E, Average size of the WFs was larger in the epicardium
(P=0.0034, paired ttest). F, Average duration of the WFs was longer in the endocardium (P=0.0001, paired ttest). G, Percentage of WFs that
terminated with collisions was not statistically different between the two surfaces. H, Percentage of WFs that terminated with fractionations
(WF splitting into >2 WFs) was higher in the epicardium (P=0.0174, paired ttest). I, Percentage of WFs that were unique (multiplicity) was not
statistically different between the two surfaces. J, Percentage of WFs that repeated their trajectories (repeatability) was not statistically different
between the two surfaces. K, Number of phase singularity (PS) per unit area per unit time was not statistically different between epicardium
and endocardium. L, Average duration of PS was longer in the endocardium in comparison with epicardium (P<0.0001, paired t test). M,
Average path length of the PS trajectory was longer in the epicardium (P=0.0093, paired ttest). N, Average distance traveled by the PS was
smaller in the endocardium in comparison with epicardium (P=0.0286, paired t test), suggesting that the PS was more spatially stable. O, The
temporal sequences of arrhythmic WFs were more dissimilar than that of paced WFs as expected. P, There was weak positive spatiotemporal
autocorrelation between epicardial and endocardial WFs and PS. Epicardial and endocardial local DF was more spatially correlated relative to
local Rl and local Ol. VF indicates ventricular fibrillation; and VT, ventricular tachycardia.

However, the endocardium was characterized by longer
wave front duration and PS duration, larger regularity and
organizational index, and shorter PS meandering and PS
displacement. Taken together, these metrics suggest that

the endocardium has relatively more organized and sta-
ble arrhythmia dynamics relative to the epicardium. The
relative disorganization of arrhythmias on the epicardium
could be associated with the accumulation of epicardial

Circ Arrhythm Electrophysiol. 2022;15:e010630. DOI: 10.1161/CIRCER.121.010630 March 2022 178
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Figure 8. Transcriptome profiling of human right ventricular outflow tract (RVOT).
A, Principal component analyses showed that the tissue samples were clustered together by sex along the first principal component, which
accounted for 26% of the observed variance. B, Volcano plot showing sex altered expression of 261 genes in the RVOT. C, Hierarchical clustering

of both genes and the samples based on the gene expression profile (DEGs) in the gene expression matrix, identifying the top 20 genes. D,

The gene ontology (GO) analysis suggests a trend that these sex-regulated genes are mainly involved in immunoglobin complex, humoral

immune response, etc, in case of females and demethylase activity, demethylation, etc, in case of males. E, The Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis revealed the top 16 KEGG-annotated pathways enriched for DEGs expressed in male and female RVOTs. BP
indicates biological process; CC, cellular component; end, endocardial; epi, epicardial; MAPK, mitogen-activated protein kinase; MF, molecular

function; PC, principal component; PKG, protein kinase G; RVAR, right ventricular apical region; and TCA, tricarboxylic acid cycle.
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adipose tissue, which has been associated with electrical
and structural remodeling in the atria.®® In addition, there
was a weak positive spatiotemporal association between
epicardial and endocardial wave fronts and PS and could
be characterized as 3-dimensional scroll waves with colo-
calized rotors extending out onto both surfaces. Our find-
ings suggest reentry as the primary mechanism driving
the arrhythmia dynamics in RV. In case of low-complexity
arrhythmias such as MMVT, the reentrant arrhythmia
appears to be characterized by a small number of stable
rotors. Furthermore, in case of high-complexity arrhyth-
mias such as VF, the reentrant arrhythmia appears to be
driven by multiple propagating wavelets. Taken together,
we believe the arrhythmia dynamics lie on a spectrum
with stable reentrant rotors?' governing low-complexity
arrhythmias on one end and multiple wavelets®' driving
high-complexity fibrillation dynamics on the other end.
Incidentally, the average displacement of the rotor (epi-
cardium, 0.32+0.01 cm; endocardium, 0.31£0.02 cm)
also suggests the minimal spatial resolution needed to
accurately localize arrhythmia drivers.

VTs originating in the RVOT are commonly associated
with focal mechanisms, including enhanced automatic-
ity and cAMP-mediated triggered activity.? Moreover, the
ectopic activity in the RVOT can be facilitated by cate-
cholamines but seldom results in sustained VT, especially
in nonpathological hearts. In our study, we combined
infusion with isoproterenol with concurrent rapid pacing
to achieve sustained VT. It is likely that in failing hearts,
the ectopic activity is more likely to lead to sustained VT
and will be investigated in the future.

Limitations

Our work presents several limitations. First, the cohort of
donor hearts procured for this study had unavoidable high
variability given the different comorbidities present (eg,
hypertension, diabetes, asymptomatic onset of cardiovas-
cular disease, perhaps due to age, etc). Most of the hearts
we received were rejected for transplantation due to age
restriction, and we had limited information available on
the exact health status. As such, we cannot discount the
effect of comorbidities that may be present. Even so, the
donor hearts represent as close to normal human physi-
ology as is possible in a basic research setting. Second,
the fat accumulation on the epicardium and the presence
of endocavitary structures (eg, papillary muscles, modera-
tor band, and trabeculations) made it difficult to measure
conduction velocity with precision. Therefore, the role of
conduction velocity heterogeneity was not explored. Third,
we did not quantify the fibrous and fatty infiltration or the
number of nonvascular clefts in the RVOT tissue, which
could potentially play a role in the spatial heterogeneities of
APD and repolarization. Fourth, we did not investigate the
role of Purkinje fibers in the arrhythmia dynamics, which
could contribute to arrhythmia through a combination

Circ Arrhythm Electrophysiol. 2022;15:e010630. DOI: 10.1161/CIRCER.121.010630
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of triggered activity and reentrant wave fronts.> Fifth,
recent studies®®* have suggested that idiopathic VF seen
in structurally normal hearts may result from structural
abnormalities including diffuse fibrosis and increased col-
lagen content in the myocardium that may not be read-
ily detected by standard clinical imaging modalities. While
the donor hearts used in this study may have developed
age-related fibrosis, we did not explore the role of subtle
structural abnormalities in arrhythmogenesis.

Conclusions

In this report, we show that human RVOT electrophysiol-
ogy is characterized by shorter action potentials relative
to the RVAR resulting in spatial heterogeneity of repo-
larization and APD and potentially creating a substrate
for arrhythmia vulnerability. We also report that choliner-
gic stimulation attenuates the arrhythmogenic effect of
adrenergic stimulation by reversing APD shortening and
decreasing the frequency of PVCs. Finally, we also show
that RV arrhythmia is characterized by reentry associated
with a small but stable group of rotors as seen in MMVT
or multiple transient wavelets as seen in VF. Furthermore,
the epi/endo arrhythmia dynamics is characterized by
weak positive spatial-temporal autocorrelation between
epicardial and endocardial wave fronts and rotors that are
relatively more organized and stable in the endocardium.
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