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Abstract

Arrhythmias are increasingly recognized as serious, end-stage complications of pre-capillary pulmonary hypertension, including
pulmonary arterial hypertension (PAH) and chronic thromboembolic pulmonary hypertension (CTEPH). Although arrhythmias
contribute to symptoms, morbidity, in-hospital mortality, and possibly sudden death in PAH/CTEPH, there remains a paucity of
epidemiologic, pathophysiologic, and outcome data to guide management of these patients. This review summarizes the most
current evidence on the topic: from the molecular mechanisms driving arrhythmia in the hypertrophied or failing right heart, to the

clinical aspects of epidemiology, diagnosis, and management.
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Introduction

Pulmonary hypertension (PH) is defined as an increase in
mean pulmonary artery pressure (mPAP) to >25mmHg
at rest as assessed by right heart catheterization (RHC).
As outlined in the most recent European Society
of Cardiology (ESC)/European Respiratory Society (ERS)
guidelines, PH is subdivided into groups 1-5: group 1
(pulmonary artery hypertension [PAH] including idiopathic,
heritable, toxin-induced, or associated with other condi-
tions); group 2 (PH due to left heart disease); group 3 (PH
due to lung diseases and/or hypoxia); group 4 (chronic
thromboembolic PH [CTEPH]); and, lastly, group 5 (PH
with unclear or multifactorial mechanisms).! Estimated
five-year survival with PH is in the range of 38-59%,>
depending on the underlying etiology, with group 3 PH
currently having the worst prognosis.® In a recent popula-
tion-based epidemiologic study of PH patients, a diagnosis
of any form of PH was associated with a sevenfold increase
in standardized mortality rate.*

The primary cause of death in PAH is thought to be right
heart failure, occurring as a direct consequence of elevated
PAP, although in some studies approximately 50% of
patients died from another cause, with PH as a contributing
factor.”’ Arrhythmias, such as sinus tachycardia, atrial
tachycardia, atrial fibrillation (AF), atrial flutter (Afl),
sinus bradycardia, ventricular tachycardia (VT), and ven-
tricular fibrillation (VF), have been recognized as serious,
end-stage complications of PAH and CTEPH.® Despite evi-
dence that these arrhythmias contribute to symptom
burden, morbidity, in-hospital mortality, and possibly
sudden death,®*'? there remains scant data regarding the
epidemiology, pathophysiology, and outcome of PAH
patients with arrhythmia.
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In this review, we explore the maladaptive and arrhyth-
mogenic response of the right heart to group 1 and group
4PH. We discuss the current patterns of clinical manage-
ment, noting where these are evidence-based, and consider
options for management of arrhythmia in PH. We also iden-
tify knowledge gaps and propose future directions.

While arrhythmia has been identified to coexist in all
subgroups of PH, we will focus mainly on group 1 PH
(PAH) and CTEPH in this review for two reasons. First,
the majority of basic science studies pertaining to this
topic have been conducted in PAH animal models and
most clinical studies have predominantly included patients
with PAH (group 1) and/or CTEPH (group 4). Second, the
other subgroups (notably groups 2 and 3) have distinct
etiology and pathophysiology, and therefore likely have dif-
ferences in the mechanism of arrhythmogenesis, types of
arrhythmia, and in the incidence and outcomes of these
arrhythmias. For clarity and simplicity of text, we will
refer to the group 1 (PAH) and group 4 (CTEPH) patients
collectively as PAH/CTEPH, unless otherwise noted.

The arrhythmogenic substrate of the right
heart in pulmonary hypertension

A number of potential mechanisms have been identified as
contributing to arrhythmia susceptibility in patients with
elevated PAPs and pressure- and volume-overloaded right
atrium and ventricle. One of the earliest studies noted vas-
cular degeneration and infarction in the sinus and AV node
and sudden death in patients with what was then called
primary PH (now referred to as idiopathic PAH
[IPAH))."? In subsequent decades, a more granular mechan-
istic exploration has unfolded, revealing complex alterations
in structure, electrophysiology, metabolism, and signaling
pathways in the right heart.

Autonomic nervous system

The autonomic nervous system plays a key role in the devel-
opment and progression of PAH and right heart failure'?
and has been implicated in pathogenesis of arrhythmia and
sudden cardiac death (SCD).'* Sympathetic overdrive in
PAH is manifested by decreased heart rate variability,
a blunted baroreflex, and poor exercise capacity, and is
associated with associated with worse clinical status and
prognosis.'> 7 Increased sympathetic activity has also
been correlated with premature ventricular contractions
and ventricular arrhythmia in PAH patients.'® Todine-123-
metaiodobenzylguanidine ('**I-mIBG) myocardial imaging,
a technique used to evaluate cardiac sympathetic nervous
activity using single-photon emission computed tomography
(SPECT), supports the aforementioned findings. Uptake of
2L mIBG, a stable, modified form of guanethidine, occurs
via the uptake-1 mechanism that normally uptakes norepin-
ephrine.'”” By comparing activity at 3-h scans to those at
30min, one can assess washout of the mIBG, which is a

measure of the retained NE within sympathetic neurons.
When the sympathetic system is activated there is a reduc-
tion of pre-synaptic norepinephrine uptake, manifest as
lower retention of mIBG. A low heart to mediastinal
(HMR) ratio of mIBG (<1.2) in late images predicts
event-free survival in left heart failure.”® Increasing mPAP
correlates with decreased mIBG activity in the right ven-
tricle (RV), indicative of increased RV sympathetic activity.
This decreased mIBG activity is associated with worse
cumulative survival in PAH patients.”’>* Additionally,
there is evidence of adrenergic remodeling in the RV, includ-
ing downregulation and desensitization of Bl-adrenergic
receptors, as well as downregulation of a—adrenergic and
dopaminergic receptors.”*** In PAH patients with RV fail-
ure, there is also decreased adenylyl cyclase responsiveness
to B-agonists and depletion of norepinephrine,’®?’ with a
loss of the ability to augment catecholamine levels with
exercise.”®

The intrinsic and extrinsic cardiac nervous systems have
been implicated in the susceptibility to supraventricular
arrhythmia (SVA) in PAH. In a recent study, Huang et al.
studied atrial arrhythmia using a canine model in which
PAH is induced in beagles using a single injection of
2mg/kg of dehydromonocrotaline followed by an eight-
week interval of observation while PAH develops.”’ The
dogs with PAH were more vulnerable than controls to
induced AF/AFIL. Histopathology demonstrated increased
densities of sympathetic nerves and B-1 autonomic receptors
in the right atrium, in contrast to the downregulation of
B-adrenergic receptors in the failing RV.?>?” By systematic-
ally ablating the ganglionic plexi, which contain cholinergic
and adrenergic neurons affecting the atrial myocardium, this
reduced susceptibility to atrial arrhythmia, thereby demon-
strating a pivotal role for the adrenergic component of the
autonomic nervous system in regulating vulnerability to
atrial arrhythmia in PAH.

Electrical remodeling

Stretch and fibrosis of the right atrium constitute an
arrhythmogenic substrate, which combined with electrical
remodeling due to changes in expression and function of
ion channels in cardiomyocytes, increases susceptibility to
and propagation of arrhythmia.>®** An electrophysiology
study comparing the right atrium of eight patients with
longstanding IPAH versus 16 matched controls demon-
strated prolongation of sinus node recovery time and reduc-
tion in tissue voltage with electrically silent areas in the
atrium. There was also slowing of atrial conduction and
activation times and an increase in areas of complex fractio-
nated activity (critical sites for AF perpetuation).’**> These
factors are associated with increased susceptibility to induc-
tion AF, as stimulated by either increased automaticity
(ectopy) or single and multiple re-entrant pathways.>*¢
Right ventricular hypertrophy (RVH) and fibrosis are
seen in patients with PAH/CTEPH and are associated
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with increased all-cause mortality.’’” Downregulation of
inward rectifying potassium channels and slowed ventricular
conduction (secondary to decreased gap junction expres-
sion, specifically connexin-43 remodeling, and fibrosis)
impairs depolarization and repolarization in RVH.*®
Similar changes also cause arrhythmogenic early and late
after- depolarizations and increase susceptibility to spontan-
eous or induced ventricular arrhythmia in models of RVH
and left ventricular hypertrophy (LVH).>**' Changes in
Ca’" handling has also been implicated in the prolongation
and dispersion of action potential duration in rat models of
PH.*** In aggregate, these active and passive changes in the
electrical system in the RV predispose to creation of reen-
trant circuits and arrhythmia.**** Structural remodeling, for
instance myocyte fiber angle disarray, can also change elec-
trical conduction leading to prolonged action potential dur-
ation and arrhythmia vulnerability, as seen in the
monocrotaline-PAH rat model.*®

Ischemia

Ischemia is a known pro-arrhythmic factor in the left ven-
tricle;*”*® likewise, RV ischemia is thought to contribute to
arrhythmia vulnerability in PAH/CTEPH. Elevated tropo-
nin levels in PAH patients reflect this ischemia and are asso-
ciated with increased mortality, although not specifically
with arrhythmia.*® The genesis of ischemia in RVH is multi-
factorial, reflecting some combination of changes in epicar-
dial coronary artery perfusion pressure (reduced perfusion
pressure in the right coronary artery due to elevated right
ventricular systolic pressure [RVSP],* left main coronary
artery compression®') and microvascular abnormalities
(impaired angiogenesis manifest as capillary rarefaction
related to decreased angiogenic gene expression).”> >*
Secondary ischemia-related metabolic changes in the mal-
adaptive RV, such as induction of increased rates of
uncoupled glycolysis, are thought to perpetuate the vicious
cycle of ischemia.>

Electrocardiogram (ECG) abnormalities

Changes in the ECG are common in patients with PAH/
CTEPH; however, there is controversy regarding the clinical
significance of these abnormalities, and therefore uncer-
tainty regarding the utility of screening electrocardiography.
Kanemoto et al.'" reviewed 171 ECGs of 101 patients with
PAH and found “arrhythmia” in 17.8% of all cases, with a
higher prevalence (33.9%) among the deceased cohort.
Three abnormalities accounted for 70% of all observed
arrhythmias: sinus tachycardia (38%); sinus bradycardia
(18%); and first-degree A-V block (15%); with sinus tachy-
cardia being significantly associated with mortality. A more
contemporary investigation examined the progression of
ECG changes in 50 PAH patients and found a significant
increase in median heart rate, PR interval, QRS duration,
R/S ratio in lead V;, and QTc duration in the ECG recorded

closest to death, compared to the ECG recorded at the time
of initial diagnosis. No PAH patient retained a normal ECG
close to death.>

As previously discussed, sinus tachycardia likely reflects
autonomic dysregulation.'® In addition, in patients with RV
failure and PH, stroke volume may be fixed (and low) and
sinus tachycardia is likely a reactive mechanism to maintain
cardiac output. Loss of heart rate variability is a marker of
autonomic dysfunction that reflects tonic activation of the
autonomic nervous system and may also be a homeostatic
attempt to maintain cardiac output. Heart rate variability is
blunted during exercise testing of PAH patients; a decrease
in heart rate variability at rest parallels the severity of PH in
PAH, as measured by mPAP.'7*° Sinus tachycardia and
decreased heart rate variability may be useful predictors of
susceptibility to SVA.

In left heart disease and other non-cardiac conditions,
prolongation of the QT interval on ECG is described as a
precursor to ventricular arrhythmia and is associated
with increased mortality and sudden death.®> %% In PAH,
longer QTc and QTc dispersion are correlated with
increasing mPAP.% In an age- and sex-matched cohort
study of patients receiving PAH-specific therapy, both
QRS duration and QTc interval were prolonged in
202 PAH patients versus 100 controls. A QTc duration
>480ms was an independent predictor of mortality, even
in the subgroup of PAH and CTEPH.® There was no dif-
ference in serum potassium to explain the prolongation of
QTc, as might be expected with aggressive diuretic use. QTc
prolongation correlated with impaired RV function,
increased RV mass (measured by cardiac MRI), and poor
prognosis.

In animal models of PAH, QT prolongation is associated
with longer action potential duration and a proarrhythmic
state.*’ In the monocrotaline-rodent PAH model, QT pro-
longation is associated with decreased expression of repolar-
izing, voltage-gated (Kv) potassium channels (Kv1.2, Kv1.5,
and Kv4.2) in the RV myocytes and is reversed with
metabolic therapies, such as the pyruvate dehydrogenase
kinase inhibitor, dichloroacetate.”® The etiology of pro-
longed QTc in patients with PH has not been clearly defined
but may be a result of chronic ischemia in RVH and/or
changes in the sympathetic nervous system, as discussed
previously.*®®7 Extrapolation from other disease processes
would suggest an that such ionic remodeling and QTc pro-
longation would increase susceptibility to ventricular
arrhythmia; however, this has not been directly studied in
PAH/CTEPH patients and presents an opportunity for
future investigation.

QRS prolongation has also been an area of active study
in PAH. QRS duration has been found to be longer in
patients with PH compared to controls and is associated
with indices of decreased RV function.®® More specifically,
prolonged QRS duration can contribute to RV dysyn-
chrony, which is frequent in PAH and is an independent
predictor of clinical worsening.®*%’
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Supraventricular arrhythmias

SVAs are the most prevalent rhythm disturbance observed
in patients with PAH/CTEPH and they occur with greater
incidence than in the general population."”* 72 In this dis-
cussion of SVA, we are referring specifically to AF, AFI,
atrioventricular nodal reentrant tachycardia (AVNRT), or
atrial tachycardia, and not to sinus tachycardia. The onset
of SVA often signals progressive right-sided cardiac
dysfunction and frequently precipitates clinical decompen-
sation by eliminating the atrial kick which is important
to diastolic RV filling in the hypertrophied RV.%7374
Four retrospective and three prospective studies have
examined the incidence and clinical relevance of SVA in
PAH, in some cases including patients with CTEPH and in
one study including patients with group 3 PH.®7>7° The
details of these studies are outlined in Tables 1 and 2.
A graphical inter-study comparison of SVA frequency
is depicted in Fig. 1. The seven studies are all small,
with substantial limitations in methodology, but taken
together, highlight six important points in regard to SVA
and PAH/CTEPH.

I. There is no clear difference in baseline characteristics
predicting SVA susceptibility

Baseline characteristics do not reliably predict which
patients will develop SVA (Tables 1 and 2). However, the
findings most correlated with development of SVA include
elevated right atrial pressure (RAP)">7%7880 and markers
of overall cardiac dysfunction, such as decreased cardiac
index/output, increased RV diameter, and elevated
NT-proBNP.”®7#8 Only in a minority of studies were pul-
monary vascular resistance (PVR) and mPAP associated
with incident SVA,”®"® perhaps suggesting it is the adapta-
tion of the heart to increased afterload, rather than the after-
load itself, that predicts development of SVA. There is
biologic plausibility to this finding, given that the maladap-
tive response of the right heart is thought to predispose to
atrial arrhythmias.?**°

Differences in non-invasive measures of disease severity,
such as 6-minute walk distance (6MWD) and World Health
Organization (WHO) functional class (FC), did not predict
development of SVA in any of the studies. This is unex-
pected but may be a consequence of the overall homogeneity
of the included cohorts, which largely included patients with
poor functional state, or the relatively small sample size with
less sensitive and more subjective measures.

Likewise, in most studies, the baseline PAH therapy and
co-morbidities were no different between PAH/CTEPH
patients with SVA versus those without. An exception is
the study by Mercurio et al., who found a significantly
increased frequency of thyroid disease (defined as hypo- or
hyperthyroidism, or radiographic thyroid nodules) in the
SVA group compared to those without SVA (69% vs.
43%).%° The clinical significance of thyroid disease, which
is prevalent in PAH, was not explored in the other studies

and may be an underrecognized contributing factor to
development of arrhythmia.®!

2. SVA often precipitates clinical decompensation

Onset of SVA often correlates with a clinically relevant
decompensation. Whether the SVA triggers the clinical
decompensation or is the result of right heart failure is not
always clear; however, in many cases, clinical decompensa-
tion onsets abruptly with an episode of SVA and conversely
resolves with restoration of sinus rhythm. The majority of
patients reported symptoms at time of SVA onset (59-98%).
Across all studies, objective and standardized measures of
disease severity consistently worsened after development of
SVA. The reported measures included worsening of New
York Heart Association (NYHA) FC and a decrease in
6MWD. One study reported an increase in PAH-specific
therapy in 46% of patients with SVA.,* while another
noted that arrhythmia led to admission to the intensive
care unit and vasopressor use in approximately 30% of
SVA episodes.*

3. Some SVAs are subclinical and detection may require a
screening ECG or ambulatory monitor

While the majority of patients do have symptoms at SVA
onset (mean ~80%), up to 41% of episodes are asymptom-
atic, with their arrhythmia identified only via screening ECG
or ambulatory monitor. With the finding that SVA is asso-
ciated with increased mortality in patients with PAH/
CTEPH, the role for surveillance of PAH/CTEPH patients
by means of routine ECG, Holter monitors, or loop recor-
ders warrants further study.

4. Restoration of sinus rhythm reverses decompensation

Restoration of sinus rhythm coincides with the reversal of
adverse effects of an episode of SVA. Atrioventricular syn-
chrony in sinus rhythm increases cardiac output and is
particularly important when there is diastolic dysfunction.
Thus, it is likely the active, synchronous atrial loading of
the ventricles that results from sinus rhythm increases car-
diac output in PAH patients. Restoring sinus rhythm
should therefore be strongly considered in patients
with PH. However, as will be discussed in the management
section, there is a lack of randomized clinical trial
data comparing rate versus rhythm control in PAH/
CTEPH patients. When reported, restoration of sinus
rhythm was associated with objectively confirmed clinical
improvement. For example, in one study, at the time of

SVA onset, 6MWD decreased from 362+114m to
258+ 147m, returning to a value near Dbaseline
(3454+137m) 6-12 weeks after restoration of sinus

rhythm. Over the same time period, NT-proBNP decreased
from 59264+4648ng/L at the time of SVA onset to
3360 4+ 2804 ng/L after correction.”®
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Fig. 1. Overall frequency and subtypes of SVA (by study) in PAH/CTEPH. Subtypes: atrial fibrillation, atrial flutter, or other atrial tachycardia.

SVA, supraventricular arrhythmia.

5. Permanent SVA is associated with increased risk of
death

SVA is associated with increased mortality, driven primarily
by permanent (as compared to transient) SVA. In the four
retrospective studies, mortality was in the range of 22-53%
in the SVA cohort compared to 0-13% in those patients
without SVA.'%7>7282 Similarly, two of the prospective stu-
dies report elevated hazard ratios (HR) for mortality in
those who develop SVA (HR =1.75-2.15).7%" A third
study describes an increased mortality of 69% in the SVA
group compared to 51% in those without SVA, although
this was not statistically significant on survival analysis.®
The effect of permanent SVA on mortality is quite striking,
as depicted in the survival curves in Fig. 2. The increase in
mortality was almost entirely attributable to development of
permanent SVA (HR =2.3-3.8), as compared to transient or
no SVA.’678

6. Atrial fibrillation is the most common cause of
permanent SVA in PAH/CTEPH

The most common cause of permanent SVA is AF (account-
ing for 42-70% of all cases). However, Afl is also prevalent,
occurring in 12-50% of the series reviewed (Fig. 1). Less
common SVAs include AVNRT and atrial tachycardia.
The high incidence of AF has clinical implications given
that restoration of sinus rhythm is more difficult in AF
compared to other SVA, and that permanent SVA is asso-
ciated with increased mortality. Clinicians should regard the
development of permanent AF as a serious adverse event in
a patient with PAH/CTEPH. Addition of permanent SVA

to contemporary mortality prediction models (for example,
REVEAL registry risk assessment) may help with prognos-
tication, as it appears to portend a significant decline in
survival.'-#386

Additional large-scale investigations are needed to pro-
spectively characterize the incidence of SVA in PH. While
onset of SVA appears to be associated with increased mor-
tality, it is not clear if the SVA is causal of deterioration or
simply a result of worsening clinical condition.
Unfortunately, given the nature of the disease process and
the invasiveness required to obtain hemodynamic data, the
frequent monitoring required to address this question may
require these data be obtained as a part of large clinical
trials or international registries. To date, the incidence/
prevalence of SVA have not been reported in prospective
or large-scale studies.>®>87:88

Management

Guidelines. There is currently no standardized guidance
regarding management of SVA in PAH/CTEPH, although
the options include both pharmacologic and non-pharma-
cologic interventions (Table 3). Given the improvement in
hemodynamics and functional status observed with restor-
ation of sinus rhythm,'%7¢787982 the ESC/ERS guidelines
state that ‘“‘although prospective and controlled data are
lacking, [these] findings suggest that maintenance of a
stable sinus rhythm after cardioversion should be considered
an important treatment goal in patients with PAH.”" The
ESC/ERS guidelines also state that SVAs “‘represent an
indication for oral anticoagulation” for stroke prevention,
although the risk of stroke in PAH patients with Afl is
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Fig. 2. Comparative survival of PAH patients with and without SVA. Kaplan-Meier survival analyses from two prospective studies’®’® examining

SVA in PAH. In both studies, permanent SVA was associated with increased mortality compared to transient SVA and never SVA. Included with
permission.

Table 3. Recommendations for the management of SVAs in PAH and CTEPH.

|. Rhythm control, as opposed to rate control, should be considered as initial first-line therapy for SVA in PAH/CTEPH.

2. Pharmacologic rhythm control options include amiodarone, sotalol, dronedarone, and class | C antiarrhythmics; however, the risk of drug—drug
interaction with PAH/CTEPH medications should be carefully evaluated.

3. The use of short acting beta-blockers or calcium channel blockers for rate control in acute SVA can be considered with caution in the patient
with acute decompensated right ventricular failure (RVF). The long-term use of beta-blocker or CCB therapy to maintain rate control in RVF
requires further research.

4. The use of electrophysiology studies with catheter ablation appears to be a safe alternative to pharmacologic therapy, especially in those
patients with atrial flutter.

5. The safety and efficacy of left atrial interventions, such as pulmonary vein isolation or the “maze” procedure, have not been studied in PAH/
CTEPH.

6. In patients with PAH, anticoagulation can be considered, especially in those patients with permanent AF. However, the risks and benefits should
be carefully weighed, as there is some evidence for harm with anticoagulant use certain subgroups of PAH (associated-PAH) and the current
risk stratification models for anticoagulant use in atrial fibrillation (i.e. CHA2DS2-VASc) may not accurately represent this population.

unclear.! In the absence of prospective and controlled data,
no level of recommendation or strength of evidence for
maintaining sinus rhythm or anticoagulation is provided.
Furthermore, the 2009 American College of Cardiology
Foundation (ACCF)/American Heart Association (AHA)
expert consensus document on PH does explicitly address
SVA management.®’

Rate and rhythm control. Several studies have reported treat-
ment practice patterns, highlighting the heterogeneity in
real-world approach and outcomes.'®’>76787982 I three

of the seven studies, 100% of patients with SVA had initial
attempts at rhythm control with direct current cardiover-
sion, radiofrequency ablation, or antiarrhythmic drug ther-
apy.'%7%7® A rate control strategy was utilized in a minority
of patients, typically in those with permanent AF.>"
Rhythm control strategies were more successful in atrial
flutter (46.2-100%) versus atrial fibrillation (16.7-67.0%).
The treatment tactics used and their efficacy are outlined
in Table 4, with the exception of the Ruiz-Cano study,
which was excluded due to lack of detail regarding arrhyth-
mia management.82 However, Ruiz-Cano did report that
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Table 4. Management strategies and success rates of therapy for SVA in PAH/CTEPH.

DCCv ABL ODP Recurrence
(%) (%) (%) Pharmacologic Sinus rhythm obtained of SVA (%)
Tongers (2007) 29.6 29.6 1.1 3.7% (digoxin) 59.3 (AF 16.7%; AFI 100%) NR
Canillo (2015) 65.1 23.1 - 76.9% (sotalol, 65.0 (NR) 52.9
amiodarone,
| C antiarrhythmic)
Mataczynska-Rajpold 18.8 25.0 6.3 25.0% (amiodarone, 68.8 (AF 50.0%; AFI 60.0%) 56.3
(2016) propafenone)
Olsson (2012) 56.3 333 2.1 85.4% (amiodarone, 77.1 (AF 67.0%; AFIl 88.0%) 27.1
dronedarone, flecainide,
digitalis)
Wen (2014) 5.0 2.5 - 92.5% (amiodarone, 52.5 (AF 25.0%; AFI 46.2%) 15.0
digoxin)
Mercurio (2018) 31.0 31.0 - NR* (amiodarone, NR 64.3

digoxin, metoprolol/
carvedilol, verapamil/
diltiazem, flecainide)

*Qverall percentage of patients receiving pharmacologic therapy not reported; some patients received more than one agent. Individual percentages of drug use are
as follows: amiodarone 45%, digoxin 57%, metoprolol/carvedilol 43%, verapamil/diltiazem 43%, flecainide 2%.
DCCYV, direct current cardioversion; ABL, ablation; ODP, overdrive pacing; AF, atrial fibrillation; AFI, atrial flutter; SVA, supraventricular arrhythmia.

patients with AVNRT (which they called INRT) underwent
catheter ablation of the slow pathway while those with typ-
ical Afl had cavotricuspid isthmus ablation. The manage-
ment of AF was not discussed and outcomes were simply
noted to be “similar to that of the general population.”®?

A variety of pharmacologic strategies were used for SVA
(Table 4) including digoxin, amiodarone, sotalol, dronedar-
one, and class 1C antiarrhythmic agents (flecainide, propa-
fenone). Medical therapy for SVA in PAH/CTEPH is
limited by concern for drug—drug interactions with antiar-
rhythmics and PAH-specific therapies, as well as adverse
effects. For example, bosentan (an endothelin receptor
antagonist [ERA]) is an inducer of CYP3A4 and may
reduce levels of amiodarone or dronedarone.’®®! Many
antiarrhythmic drugs have antihypertensive effects based
on mechanism of action and may cause systemic hypoten-
sion when used concomitantly with phosphodiesterase
inhibitors (sildenafil, tadalafil) or prostacyclins (epopros-
tenol).”® The use of beta-adrenergic blockers in PH is also
controversial. There is risk of provoking heart failure or
circulatory collapse, based on their well-established negative
inotropic and chronotropic effects.”*?> More contemporary
data have started to study the safety and efficacy of beta-
blockers in patients with PAH who are free from conges-
tion/heart failure,”* °® but the use of beta-blockers for
improvement of RV function and/or survival remains a
research question and is not standard of care. In contrast,
the use of short acting beta-blockers may be helpful in
restoring sinus rhythm or regulating heart rate in patients
with acute SVA.

Amiodarone (both intravenous and oral administration)
was the most frequently reported antiarrhythmic agent for
medical cardioversion and/or maintenance of sinus rhythm.

While amiodarone is typically well-tolerated in the short
term, the long-term effects may compound morbidity in
patients with PAH/CTEPH.”” In the studies of SVA in
PAH/CTEPH, AFIl and other atrial arrhythmias, such as
AVNRT, were more readily converted to and maintained
in sinus rhythm with amiodarone in short- and intermedi-
ate-term follow-up compared to AF.!%-76:79-82

Electrophysiology studies with catheter ablation are safe,
feasible, and successful in patients with PH.”® % In a retro-
spective analysis of 22 patients with AFl and PAH/CTEPH,
Showkathali et al. showed that AFI1 ablation at the cavotri-
cuspid isthmus was successfully performed without compli-
cations in all patients and was associated with a statistically
significant improvement in FC.?® The relative success of this
interventional strategy can be attributed to the right-sided
location of typical flutter or re-entrant pathways, allowing
avoidance of trans-septal puncture thereby reducing proced-
ural risks of stroke and bleeding.

Little is known about left heart interventions in PAH/
CTEPH patients and it is unclear whether, or to what
degree, left-sided pathways contribute to arrhythmia in
this cohort. Were pulmonary veins and left atrial pathways
to prove important in PAH/CTEPH-related SVA, caution
would be required in terms of catheter-based therapeutics.
There is uncertainty regarding the effect of pulmonary vein
manipulation on pre-capillary pulmonary pressure.”>”’
Pulmonary vein isolation is more invasive compared to
catheter-based interventions in the right heart and concerns
exist regarding the risk of anesthesia and intubation in
patients with PAH/CTEPH. In general, intubation should
be avoided in PAH patients due to the problematic effect of
sedation on cardiac function and vasodilation leading to
hemodynamic collapse.'®® In-hospital mortality in PAH
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patients requiring vasopressor and mechanical ventilation
for RV failure approaches 100%,'** justifiably increasing
hesitancy to perform more invasive (and potentially low-
yield) ablation procedures.

Anticoagulation. Since the use of anticoagulation in CTEPH is
routine management, anticoagulation for SVA would not
alter therapy; however, there is increasing recognition of
the absence of benefit and potential for harm with antic-
oagulation in some forms of PAH.'>'%° This highlights
the value of more carefully establishing the risks and benefits
of anticoagulation for arrhythmia in PAH patients.

In recent guidelines, oral anticoagulation is considered
harmful in patients with associated-PAH but is recom-
mended in idiopathic, heritable, or anorexigen-induced
PAH (expert consensus’’/Grade IIb'). It is uncertain
whether these recommendations should change in the
event of permanent atrial fibrillation and it is unknown if
the current risk stratification models (such as CHA2DS2-
VASc) are valid in PAH/CTEPH.'"” Only the prospective
studies by Olsson et al., Wen et al., and Mercurio et al.
specifically comment on the frequency of anticoagulation
therapy in the examined PAH/CTEPH patients: Olsson
et al., 92% overall on oral anticoagulants;76 Wen et al.,
73% in SVA cohort, overall use not reported;’® and
Mercurio et al., 36% of SVA cohort, overall use not
reported.®® These differences likely reflect international
practice pattern variation and inclusion criteria, e.g. the
Olsson study included CTEPH while the others did not.
There is no apparent difference in risk of developing SVA
or subsequent morbidity or mortality after onset of arrhyth-
mia based on the use of anticoagulation;’®’® however, vas-
cular outcomes such as stroke were not specifically
addressed. Unfortunately, neither of the recent publications
that examined the utility of anticoagulation in PAH
(COMPERA and REVEAL) comment on atrial arrhyth-
mias,®”!% the presence of which might alter the benefits of
anticoagulation. With up to 41% of patients experiencing
asymptomatic atrial arrhythmias (Tables 1 and 2), a study
assessing incremental benefit in morbidity with anticoagula-
tion would require screening ECG or ambulatory moni-
toring to capture all potentially relevant SVAs.

Ventricular arrhythmia

Ventricular tachyarrhythmias (VT or VF) are thought to
cause the majority of SCDs in adult patients.'” Registry
data demonstrate that most PAH patients die from progres-
sive right heart failure or SCD.*!'? Since SCD often occurs
outside the hospital, the cause of sudden death in PAH
patients has not been well elucidated. The basis of SCD is
hypothesized to include arrhythmia, circulatory collapse,
compression of left main coronary artery, or pulmonary
artery rupture or dissection.''" In contrast to advanced LV
failure, malignant ventricular arrhythmias are not frequently
observed in PAH, despite plausible pathophysiologic

changes in the ventricular tissue (fibrosis) and QTc prolonga-
tion. VF has been demonstrated in a monocrotaline-induced
PAH rat model,*' but clinical investigations have only iden-
tified VT/VF in a minority of PAH patients with SCD
(8%).641

Non-sustained ventricular tachycardia (NSVT) was
recently identified to be more prevalent than previously
thought in a cohort of non-group 2 PH patients.'"
Nonetheless, in a follow-up study, NSVT was not
correlated with increased mortality in PAH/CTEPH.'"
Since routine and sustained rhythm monitoring in PAH/
CTEPH is not a standard clinical practice, the possibility
that VT/VF contributes to a higher proportion of SCD
cannot be excluded.

Antiarrhythmic and device therapy for SCD

There are currently no data to show that patients with PAH/
CTEPH and RV dysfunction benefit from defibrillator
implantation to prevent SCD. The guidelines and manage-
ment for arrhythmia in left heart failure may not apply to
RV failure, due to differences in the underlying disease pro-
cesses. Just as medications that are beneficial for group 1
PAH have been shown to be harmful or ineffective in group
2 PH (and vice versa), strategies to prevent and treat SCD
may also differ. Practice guidelines for prevention of SCD in
PAH state that “antiarrhythmic therapy is not indicated for
prevention of SCD in patients with PAH,” and, further, that
patients may be at “high risk during surgical procedures,
such as ICD implantation.”'"! ICD implantation is often
offered to non-PH patients who have a cardiac arrest sec-
ondary to documented VT or VF,'""!''* but clinical judg-
ment must be employed regarding use of ICDs or
prophylactic antiarrhythmic agents in PAH/CTEPH, given
the absence of any clinical trials demonstrating benefit in
this cohort.

Likewise, the role of cardiac resynchronization therapy
(CRT) in right heart failure due to PAH/CTEPH remains
undefined.'">!'"® Ventricular dyssynchrony is observed in
progressive RV failure associated with PAH, often visua-
lized as paradoxical septal movement caused by RV pres-
sure/volume  overload that compresses the left
ventricle."!”"!"® This dyssynchrony is thought to hinder
LV diastolic filling resulting in decreased LV stroke
volume.""” RV free wall pacing with resynchronization
improves RV function in a computer simulation model of
PAH, an animal model of PAH, and clinically in a small
cohort of patients with CTEPH.'?'*> However, further
investigation is needed to confirm whether CRT is a
valid therapeutic strategy in PAH/CTEPH patients with
RV failure. Of note, in left heart failure, CRT has not
been shown to be beneficial in patients with right bundle
branch block or with QRS intervals of <160 ms, two fea-
tures that are common in patients with RV failure from
PH. This raises some skepticism about the potential role
CRT in PAH/CTEPH.
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Table 5. Opportunities for further investigation in arrhythmia and pulmonary hypertension.

Is there a role for surveillance monitoring with serial ECGs or continuous recording (such as with Holter monitor or loop recorder) to better
understand the frequency of arrhythmia (supraventricular and ventricular) in PAH/CTEPH?
Why are ventricular tachycardia and ventricular fibrillation, which are prevalent in left-sided heart failure, not well characterized in the failing right

ventricle of patients with PH?

Would markers of RV failure, such as serial measurements of brain natriuretic peptide (BNP), be predictive of the onset of arrhythmias?
Biomarker surveillance may allow better understanding of the role of SVA as a cause versus a consequence of RV failure.

Which treatment strategy is superior (rhythm or rate control) for SVA in PAH/CTEPH?

What is the success of pharmacologic vs. non-pharmacologic treatment of SVA in PAH/CTEPH patients and what are the predictors of successful

restoration of sinus rhythm?

Does the relatively high incidence of asymptomatic SVA in PAH/CTEPH lead to an increased incidence of stroke?
What is the role of anticoagulation in PAH/CTEPH patients with and without confirmed SVA, given the increased frequency of atrial arrhythmias in

this population?

Is there a role for ICD placement in RV failure secondary to PAH/CTEPH?
Does cardiac resynchronization therapy provide benefit in RV failure secondary to PAH/CTEPH?

ECG, electrocardiogram; RV, right ventricular; ICD, implantable cardiac defibrillator; SVA, supraventricular arrhythmia.
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Fig. 3. Schematic illustration outlining the development and consequence of arrhythmia in PH. CRT, cardiac resynchronization therapy; ICD,
implanted cardiac defibrillator; VT, ventricular tachycardia; VF, ventricular fibrillation; fib, fibrillation; 6WMD, 6-min walk distance; WHO FC,
World Health Organization functional class; BNP, brain natriuretic peptide; NT-proBNP, N-terminus-pro brain natriuretic peptide.

Conclusion

In summary, arrhythmias are an increasingly recognized
cause of morbidity and mortality in patients with PAH/
CTEPH.'?® Despite ongoing research, there remain numer-
ous gaps in knowledge, which limit a clinician’s ability to
optimally identify and manage arrhythmia in PAH/CTEPH
(Table 5). SVAs, including AF and Afl, are more common

than ventricular arrhythmias and, if sustained, portend clin-
ical decompensation and increased mortality (Fig. 3).
Improved screening and standardized management of SVA
has the potential to improve outcomes in PAH patients.
Randomized trials assessing rhythm versus rate control stra-
tegies and evaluating the role of anticoagulation are needed.
Ventricular arrhythmias, while rare, can cause SCD in
PAH/CTEPH. In contrast to left heart failure, Grade I
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evidence is lacking regarding the value of ICDs for primary
prevention of such arrhythmias in PAH with RV failure. A
large-scale surveillance study for sudden death etiology, per-
haps using PH registries, could provide needed insight on
the magnitude of arrhythmias and help to guide further rec-
ommendations for prevention and management.
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