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Abstract

Purpose of Review There is growing awareness of the link between oncology treatments and cardiovascular (CV) complications.
This has led to the development of cardio-oncology, a specialty aimed at managing CV risk and disease in cancer patients and
survivors. Cardiac arrhythmias are potential adverse CV complications of cancer treatments; however, these cardiotoxicities are
often underappreciated due to the uncertain arrhythmogenic mechanisms of various chemotherapeutic agents.

Recent Findings Chemotherapeutic agents can induce arrhythmias via direct electrophysiological effects on ion channels or
intracellular signaling pathways, or indirectly from cardiac tissue damage.

Summary As more drugs are being linked to the development of arrhythmias, a deeper understanding of the pathophysiology of
their electrophysiological (EP) effects will be necessary. Expanding research in this field has allowed for the identification of
novel agents with potential arrhythmogenic properties and the development of preventative measures, early recognition, and
closer surveillance of patients more susceptible to these EP side effects.
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Introduction

The number of cancer survivors continues to grow as
diagnostic modalities improve and the development of
more targeted chemotherapies increase [1]. As mortality
rates of various malignancies improve and the popula-
tion ages, the link between cardiovascular disease and
various cancer treatments has become more apparent.
Historically, the focus has been primarily on the
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cardiotoxic manifestations of left ventricular dysfunction
and heart failure associated with several commonly uti-
lized chemotherapeutics; however, growing awareness of
the potential arrhythmogenic properties of many of these
therapies has led to increased research in this area [2, 3,
4eoo].

The exact pathophysiological mechanisms by which
chemotherapeutic agents cause electrophysiological
(EP) complications are unknown; however, theories
have suggested their effects on specific intracellular sig-
naling pathways may lead to “off-target” arrhythmogen-
ic effects on the heart and cardiovascular tissues [4e°].
The most common EP complications are atrial fibrilla-
tion (AF), supraventricular tachycardia (SVT), and QT
prolongation which can lead to ventricular arrhythmias
such as torsades de pointes [4e, 5, 6°¢]. Evaluation and
management of these arrhythmias can pose significant
and unique challenges in cancer patients given their
multiple comorbidities and the complexities of their
treatment plans.

In this article, we will review the current data regarding the
cancer therapies associated with the development of arrhyth-
mias and various other EP abnormalities as well as potential
evaluation and management strategies.
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Section 1: Traditional Chemotherapy
Anthracyclines

Anthracyclines (AC) are a class of chemotherapy agents that
function by inhibiting DNA and RNA synthesis and are uti-
lized in the treatment of several malignancies including leu-
kemias, lymphomas, and breast cancer. Examples in this class
include daunorubicin, doxorubicin, idarubicin, and epirubicin.
There are two means by which anthracyclines have
pro-arrhythmic effects: (1) in the setting of cardiomyopathy
due to structural changes or (2) through direct toxicity to car-
diac myocytes.

One of the more feared complications of AC treatment is
the development of a chemotherapy-induced cardiomyopathy
(CMO), which increases the risk of arrhythmias due to cardiac
structural changes and fibrosis. These abnormalities lead to an
arrthythmogenic substrate resulting from territories of conduc-
tion block which allow for the development of reentry and
uncontrolled impulse propagation [7, 8]. AC has also been
linked to a pro-inflammatory response including histamine
release and cytokine release syndrome, which can lead to the
development of myocarditis, pericarditis, myocardial fibrosis,
and hypertrophy [4e¢]. While reports vary in the literature, the
incidence of CMO with the use of AC can be more than 5% at
a cumulative dose of 450 mg/m? or higher [2, 7, 9, 10].
Recommendations by the American Society of Clinical
Oncology suggest patients at the highest risk for cardiac dys-
function include those exposed to high-dose anthracyclines
(e.g., doxorubicin >250 mg/m?, epirubicin > 600 mg/m?) as
well as those exposed to lower dose protocols who have car-
diovascular risk factors or who receive radiation in which the
heart is in the treatment field [11].

In a recently published study evaluating arrhythmias in
patients with AC-associated CMO and implantable devices,
non-sustained ventricular tachycardia (NSVT) was seen in
73.9%, AF in 56.6%, while ventricular fibrillation (VF) was
seen in only 30.4% [12e¢]. There was no statistically signifi-
cant difference in clinical outcomes including overall mortal-
ity or device therapy when comparing the AC-associated
CMO group to other cardiomyopathy etiologies [12¢¢]. In a
different study, rates and risk of arrhythmias in cancer survi-
vors with chemotherapy-induced cardiomyopathy were simi-
lar to patients with other forms of non-ischemic cardiomyop-
athy [13].

In the absence of left ventricular dysfunction and CMO,
there are several mechanisms by which AC can be directly
arrhythmogenic. Mechanisms causing arrhythmias are
thought to be due to dysregulation of ion channels and buildup
of free radical particles [6°, 14]. Doxorubicin has also been
shown to widen the QRS complex and prolong the QT interval
by inhibition of Purkinje fiber Na* and Ca”* exchange in
animal models and the formation of reactive oxygen species
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(ROS) which promote apoptosis [15-17]. In one study, pre-
mature ventricular complexes (PVCs) were the most com-
monly encountered arrhythmias, occurring in 3% of patients
at 1-h post-infusion and in 24% of patients 24-h post-infusion,
followed by non-sustained VT (up to 6% 24-h post-infusion)
and SVT and VT (at 0.5-3%) [18, 19]. Of the SVTs, atrial
fibrillation had an incidence of up to 10.3% as a result of AC
exposure [5, 18, 19].

Alkylating Agents

Alkylating agents are class of chemotherapy that work by
disrupting the structural formation of the double helix of
DNA. Examples in this class include cyclophosphamide, bu-
sulfan, and melphalan.

Cyclophosphamide is used to treat leukemia, lymphoma,
ovarian cancer, breast cancer, and multiple myeloma (MM).
There are a wide range of arrhythmias that result in the context
of utilizing cyclophosphamide in various chemotherapy regi-
mens. One study demonstrated an 8-10% occurrence rate of
atrial and ventricular tachyarrhythmias in patients treated with
high-dose cyclophosphamide [20]. These arrhythmias, mainly
consisting of SVT, paroxysmal AF, premature ventricular
beats, VT, and QT prolongation, occurred 24- to 72-h
post-administration and typically resolved 1-7 days
post-administration [20]. Other studies illustrated the develop-
ment of SVT, VT (including VF), and AV block due to
high-dose cyclophosphamide treatment in the setting of stem
cell transplantation (SCT) [21-24]. There have also been re-
ports of cyclophosphamide-associated ventricular arrhythmias
secondary to QT prolongation [20]. Furthermore, when cyclo-
phosphamide is used in combination with busulfan (another
alkylating agent) as preconditioning chemotherapy for SCT,
the incidence of AF is increased to 6.4% [24].

Melphalan is an alkylating agent used in the treatment of
light-chain (AL) amyloidosis, MM, and ovarian cancer and is
often administered as induction chemotherapy prior to SCT. In
one study, melphalan caused SVT in 11% of BMT recipients
[25]. SVT was most common among patients with MM treat-
ed with melphalan (72.58%) followed by non-Hodgkin’s lym-
phoma (14.52%) and amyloidosis (4.84%). Significant risk
factors associated with the development of SVT after melpha-
lan exposure include advanced age, history of hypertension,
history of AF, increased left atrial size, and increased serum
creatinine [25].

Antimetabolites

5-Fluorouracil (5-FU) is primarily utilized in the treatment of
gastrointestinal and head and neck cancers. 5-FU can cause
coronary vasospasm resulting in ischemia [6¢¢]. As a result,
ventricular arrhythmias are common ranging from PVCs to
sudden cardiac death [26-28]. VT has an incidence rate of
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3.7-7.4% [29]. Sinus bradycardia is reported in up to 12% of
patients while a minority may develop advanced AV block
[29]. Arrhythmias recur in 90% of patients when
re-challenged with an antimetabolite confirming a
pro-arrhythmic class effect [30-32].

Gemcitabine is used in treatment of bladder cancer, pancre-
atic cancer, and non-small cell lung cancer. It has a strong
association with SVT, especially AF [33]. In one study,
8.2% of patients treated with gemcitabine in combination with
vinorelbine developed AF or atrial flutter [34].

Antimicrotubule Agents

Paclitaxel is an antimicrotubule agent used to treat breast can-
cer, ovarian cancer, lung cancer, and cervical cancer.
Paclitaxel results in QTc prolongation, right and left bundle
branch blocks, and T wave changes on ECG [6¢°¢]. It is asso-
ciated with transient, asymptomatic sinus bradycardia in about
29% of patients when used as monotherapy and rarely AV
block. The arrhythmias typically manifest within 24-h
post-infusion and dissipate 48- to 72-h post-infusion; howev-
er, patients may experience SVT or PVCs up to 10 days after
the final infusion [35-37]. The incidence increases when used
with cisplatin. A postulated mechanism of bradycardia is via
H1 and H2 receptor stimulation leading to conduction delay
through the AV node and Purkinje network [36, 37].

Platinum Compounds

Cisplatin is utilized in treating various cancers including head
and neck malignancies and small cell lung cancer. Systemic
use of cisplatin can result in sinus bradycardia [6+¢]. Premature
atrial complexes and PVCs have been noted in about 66% of
patients; however, incidence of SVT and AF is rare and gen-
erally limited to case reports in the literature [38, 39].
Electrolytes should be monitored during treatment as
cisplatin-induced hypomagnesemia may predispose to ar-
rhythmias [40]. In contrast, the incidence of arrhythmias is
much higher in the setting of direct intrapericardial cisplatin
administration (AF: 12—-18.8%; NSVT: 8%) [41-43]. These
effects were neither dose- nor time-dependent occurring hours
to months after treatment [3, 4, 41-43].

Arsenic Trioxide

Arsenic trioxide is a chemotherapeutic agent with significant
efficacy in the treatment of acute promyelocytic leukemia
(APL) with studies reporting remission rates between 85 and
93% [5, 44-46]. 1t is strongly associated with the development
of QTc prolongation. In one study evaluating patients from
phase 1 and phase 2 trials, the incidence of QT prolongation
was 38%, with 26% of subjects demonstrating QT intervals
greater than 500 ms [44, 47]. QTc prolongation persisted for

up to 5 weeks and typically returned to normal after 8 weeks
[44-49]. It is recommended that therapy be discontinued if the
QTc exceeds 500 ms and resumed once below 460 ms [47].

Arsenic trioxide has also been shown to cause
life-threatening arrhythmias including accelerated
idioventricular rhythms and torsades de pointes likely due to
preceding QT prolongation within the first 24 h of adminis-
tration [48, 49]. Arsenic trioxide has also been reported to
cause ST-T wave abnormalities, first-degree AV block,
PVCs, non-sustained VT, and complete AV block sometimes
requiring temporary pacing to allow for continued treatment
[44-49].

Section 2: Targeted and Immunotherapies
Tyrosine Kinase Inhibitors

Tyrosine kinase inhibitors (TKIs), which target abnormal sig-
naling pathways, have led to significant advances in the treat-
ment of various malignancies [50]. Unfortunately, these
agents have been associated with adverse off-target effects
on the cardiovascular system leading to hypertension, acute
coronary syndromes, and LV dysfunction. In addition, there is
increased recognition of arrhythmias and electrical complica-
tions including AF QT prolongation and ventricular arrhyth-
mias associated with these agents (Table 1) [5, 50-53].

Ibrutinib is an inhibitor of Bruton’s tyrosine kinase protein
(BTK) approved for the treatment of chronic lymphocytic
leukemia (CLL), mantle cell lymphoma (MCL), and
Waldenstrom’s macroglobulinemia with multiple studies on-
going evaluating its role in various other malignancies and
disease states [54, 55]. Emerging data suggests a strong link
between ibrutinib and the development of atrial fibrillation
and other supraventricular arrhythmias [51, 52]. The inci-
dence of AF across various clinical studies has been reported
up to 16% [56¢]. A recent publication evaluating patients with
CLL and MCL in four large randomized controlled studies
reported AF incidence in those treated with ibrutinib to be
6.5% [95% confidence interval (CI): 4.8, 8.5] at 16.6 months
versus 1.6% (95% CI: 0.8, 2.8) for the comparator group
[56°]. At 36-month follow-up, the incidence of
ibrutinib-associated arrhythmias was 10.4% (95% CI: 8.4,
12.9) [56¢]. Another meta-analysis reported a relative risk of
AF with ibrutinib exposure to be 3.86 (95% CI: 1.97-7.54)
[57].

The risk of AF with ibrutinib appears to increase with on-
going therapy with a median time to onset of approximately
3 months after initiation. Moreover, independent risk factors
for developing AF in this population include older age and
prior AF history [50, 56+, 58]. Optimal treatment and manage-
ment of AF in these patients is of significant importance to
avoid discontinuation of the drug. Anticoagulation is often an
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Table 1 Tyrosine kinase

Common electrophysiological
abnormalities

Rare electrophysiological abnormalities

inhibitors commonly associated Name TKI subtype

with arrhythmias and other

electrophysiological

abnormalities Ceritinib ALK
Crizotinib ALK
Dasatinib BCR-ABL
Ibrutinib BTK
Nilotinib BCR-ABL
Pazopanib VEGF
Sorafenib VEGF
Sunitinib VEGF
Vandetanib VEGF
Vemurafenib BRAF

Sinus bradycardia,
QTc prolongation
Sinus bradycardia,
QTc prolongation
SVT

A Fib

N/A

N/A

QTec prolongation
QTec prolongation
QTc prolongation
QTec prolongation

PACs
N/A

PVCs, VT, QTc prolongation

PVCs, VT

A.Fib, AVB, SCD, QTc prolongation
Sinus bradycardia, QTc prolongation
Sinus bradycardia, SVT

A_Fib, sinus bradycardia

SCD, VT

Sinus bradycardia, sinus tachycardia,

PACs, PVCs, VT

ALK, anaplastic lymphoma kinase inhibitor; A.Fib, atrial fibrillation; AVB, atrioventricular block; BCR-ABL,
tyrosine kinase inhibitor; BRAF, kinase inhibitor; BTK, Bruton tyrosine kinase inhibitor; PACs, premature atrial
complexes; PVCs, premature ventricular complexes; Q7¢, corrected QT interval; SCD, sudden cardiac death; SV7,
supraventricular tachycardia; 7K/, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor inhibitor;

VT, ventricular tachycardia

important component in the treatment algorithm of AF in or-
der to reduce stroke risk. However, ibrutinib is associated with
an increased risk of clinically significant bleeding. In particu-
lar, intracranial hemorrhage has been reported in patients tak-
ing ibrutinib and warfarin. As such, vitamin K antagonists are
contraindicated in ibrutinib-treated patients [59, 60]. While
there are no specific studies evaluating the safety of
direct-acting oral anticoagulants (DOACsS) in this population,
they may be a safer alternative as multiple phase I1I trials have
demonstrated fewer bleeding events with DOACs in compar-
ison to warfarin in the general population [61, 62].

One possible mechanism by which ibrutinib causes atrial
fibrillation is its effects on P13K protein expression in
myocytes. A study done by McMullen et al. revealed that
there was reduced P13K protein expression and AKT signal-
ing in the myocytes of rats treated with ibrutinib [52]. Further
studies have demonstrated that reduced expression of P13K
protein in human myocytes could be associated with atrial
fibrillation specifically the alpha subunit of the P13K hetero-
dimer which is expressed in both lymphoid tissue and cardiac
myocytes [52, 63, 64]. Nevertheless, the second-generation
BTK inhibitor, acalabrutinib, has not demonstrated increased
rates of arrhythmias as compared to ibrutinib [65].

Emerging data has also linked ibrutinib to development of
ventricular arrhythmias. In one recently published article
looking at cases of ventricular arrhythmias or sudden death
in ibrutinib-treated patients documented in the FDA Adverse
Event Reporting System (FAERS), there were seven identified
instances of VT/VF and six sudden deaths; 10 of these 13
cases had no prior cardiac history [66]. None of these patients
were taking any other medications known to cause arrhyth-
mias [66]. In the HELIOS trial, the number of grade >3
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ventricular arrhythmias, cardiac arrests, and sudden deaths
was seven in the ibrutinib-containing arm versus O in the
placebo-containing arm [67].

Dasatinib and nilotinib are BCR-ABL tyrosine kinase in-
hibitors used in the treatment of Philadelphia
chromosome-positive chronic myeloid leukemia (CML) and
have been associated with various conduction disturbances.
While the majority of the attention is focused on their effect
on the QT interval, SVT and non-sustained VT have been
reported [6°¢, 68]. QTc prolongation is more commonly seen
with nilotinib and rarely with dasatinib. The incidence of QT
prolongation greater than 30 ms has been reported in up to
26% of patients exposed to nilotinib with one study showing
an average QT interval change of 18 ms in healthy volunteers
[68-70]. In < 1% of patients, QTc prolongation of > 500 ms
has been observed, and in 0.6% of patients, sudden cardiac
death (SCD) was reported; thus, nilotinib has a black box
warning for SCD and QTc prolongation [69-71].

Ceritinib and crizotinib are anaplastic lymphoma kinase
(ALK) inhibitors, used in the treatment of non-small cell lung
cancer, and have been associated with sinus bradycardia and
QTc prolongation [72, 73]. Bradycardia associated with crizo-
tinib is usually asymptomatic and rarely requires therapy in-
terruption. In one series of patients undergoing therapy with
crizotinib, 31% developed a heart rate below 50 beats per
minute [72, 74]. QTc prolongation is relatively common with
crizotinib and ceritinib with increases > 60 ms from baseline
reported in 3.5 and 3% of patients, respectively [72, 73].

TKIs with specific activity against vascular endothelial
growth factor (VEGF) signaling pathways are often referred
to as VEGF inhibitors. These agents have been linked to sig-
nificant adverse cardiovascular events, most frequently
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hypertension; however, electrophysiology issues including
dose-dependent QTc prolongation and atrial and ventricular
arrthythmias also occur [4¢, 71, 75, 76]. Vandetanib, used for
the treatment of medullary thyroid cancer, carries a black box
warning for increased risk of QTc prolongation, torsades de
pointes, and SCD which commonly results in its discontinua-
tion or dose reduction [69, 71]. Vandetanib’s effects are
dose-dependent, with an average change in QTc of 14—
35 ms. One large meta-analysis reported an incidence of
QTc prolongation with vandetanib use of 16-18% and
high-grade QTc prolongation of 3.7-12% [69, 75, 76].
Torsades de pointes is less common with an incidence of
0.09-0.16% [50].

Clinical trials have demonstrated that the VEGF inhibitor
sunitinib, which is used for the treatment of gastrointestinal
stromal tumors and renal cell carcinoma, causes
dose-dependent QTc prolongation with the average increase
in the QTc of 15.4 ms (90% CI: 8.4-22.4 ms) [77]. QT pro-
longation greater than 500 ms occurred in less than 2.3% of
patients and episodes of torsades de pointes occurred in less
than 0.1% in the US FDA database [4¢, 53, 77]. Other VEGF
inhibitors with significant QT-prolonging effects include
vemurafenib (used the treatment of metastatic melanoma)
with clinical trials reporting an interval increase of > 60 ms
from baseline occurring in 5% of patients with 1.5 to 2.9%
developing intervals > 500 ms [78], and pazopanib (used in
the treatment of renal cell carcinoma, soft tissue sarcomas, and
thyroid cancer) with reported QTc prolongation > 500 ms
identified in 2% of patients and torsades de pointes in < 1%
of patients [4e, 50].

Sunitinib has also been reported to cause AF although the
exact incidence is unknown, as these findings are limited to
case reports. Sunitinib-induced arrhythmias may also occur in
the setting of heart failure and LV dysfunction which have
been reported at rates of up to 15% in the literature [4ee, 53,
77,79, 80]. Sorafenib, used in the treatment of hepatocellular
carcinoma and renal cell carcinoma, is more commonly asso-
ciated with AF with an incidence of about 5.1% if used in
conjunction with the antimetabolite 5-fluorouracil [81, 82].

Monoclonal Antibodies

Trastuzumab is a human epidermal growth factor receptor 2
(HER2)/neu inhibitor, used primarily in the treatment of breast
cancer. It is most commonly associated with the development
of cardiomyopathy and ventricular arrhythmias may occur in
this setting [83]. Interestingly, these effects are not
dose-dependent and are frequently reversible upon discontin-
uation of trastuzumab [4ee, 83]. Other HER 2/neu receptor
inhibitors, such as lapatinib, have been reported to cause sig-
nificant QTc prolongation with clinical studies reporting QTc
> 500 ms in up to 6.2% of patients [4ee].

Rituximab has been associated with the development of
AF, SVT, VT, and PVCs during or immediately after infusion
and often cease upon discontinuation of therapy [84, 85]. In
one study comparing the incidence of SVT and cardiac toxic-
ity between patients treated with CHOP chemotherapy, those
patients also exposed to rituximab had a higher incidence of
arrthythmias than those who were not given this drug (24 vs.
13% respectively) [84].

Cetuximab is an epidermal growth factor receptor inhibitor
used primarily in the treatment of head and neck cancers that
carries a black box warning for increased risk of cardiopulmo-
nary arrest and SCD [86]. Hypomagnesemia might be the
underlying mechanism behind some of these cases [87].
Adverse events are higher in patients treated with concurrent
radiation therapy (2 vs. 0% respectively) or in combination
with 5-FU (3 vs. 2% respectively) [4ee, 86, 87].

Proteasome Inhibitors

Bortezomib and carfilzomib are proteasome inhibitors used in
the treatment of multiple myeloma. Both have been associated
with development of heart failure and secondary arrhythmias;
however, they are more common with carfilzomib [88-90].
Common primary or secondary arrhythmias seen with
bortezomib therapy include AF, bradycardia, and complete
AV Dblock requiring pacemaker placement [88].

Patients on carfilzomib are at increased risk of cardiomyop-
athy especially in the setting of prior heart failure or exposure to
other cardiotoxic chemotherapy regimens. It has also been as-
sociated with development of arrhythmias, most commonly
supraventricular tachycardias. Interestingly, the risk of arrhyth-
mias with carfilzomib therapy decreases with subsequent cy-
cles [91]. Among 526 patients with advanced multiple myelo-
ma that took part in one of four phase II studies with
single-agent carfilzomib, adverse cardiac events were reported
in 112 patients (22.1%) [91]. Of these patients, 73.6% had a
past history of cardiac disease and 70% had baseline cardiovas-
cular risk factors. Cardiac arrhythmias were reported in 70 pa-
tients (13.3%), with 12 patients having grade 3 or higher ar-
rhythmias and 11 having serious life-threatening arrhythmias.
Discontinuation of treatment occurred in 23 patients due to
cardiac events and six patients required dose reduction [91].

Another retrospective single-center study of 130 patients
treated with carfilzomib reported cardiac adverse events in
26 patients (20%) including hypertension, AF, SVT, and con-
gestive heart failure [92¢]. Among the four patients in the
study that were hospitalized due to a cardiac arrhythmia, two
of them experienced cardiac arrest from the arrhythmia [92¢].
Interestingly, in these patients, median ejection fraction
dropped from 55 to 33% as assessed by echocardiography
[92¢]. The pathophysiological mechanism behind
carfilzomib’s cardiotoxic effects is not well known, although
proteasome inhibition has been shown in murine models and
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clinical studies to impair cardiac function [92¢, 93-95].
Similar adverse cardiovascular event rates have been reported
in the phase 3 ENDEAVOR trial comparing carfilzomib and
dexamethasone with bortezomib and dexamethasone [96].

Immunomodulatory Agents

Thalidomide and lenalidomide are two agents used in the
treatment of multiple myeloma. Thalidomide has been asso-
ciated with development of mild sinus bradycardia in up to
55% of patients and severe sinus bradycardia in 1-3% of
patients possibly through inhibition of both TNF-alpha and
the vagus nerve leading to over activity of the parasympathetic
nervous system [97, 98]. Bradycardia usually resolves within
12 to 21 days after stopping the agent, but in some cases,
pacemaker placement has been necessary [97]. In addition to
sinus bradycardia, thalidomide has also been associated with
development of atrial fibrillation and sustained VT, although
the latter is quite rare [97-99]. Routine cardiac monitoring is
recommended in these patients as well as limiting the use of
beta-blockers, calcium channel blockers, digoxin, or antiar-
rhythmic drugs. Lenalidomide has also been implicated in
development of atrial fibrillation, and overall incidence in
clinical trials has ranged from 4.6 to 7% especially in combi-
nation with dexamethasone and bortezomib [97—-100].

Histone Deacetylase Inhibitors

Vorinostat, panobinostat, and romidepsin are histone
deacetylase inhibitors used in the treatment of various hemato-
logical malignancies that have been associated with significant
side effects including non-specific ECG changes including ST
and T wave abnormalities and QTc prolongation. Various ar-
rhythmias including SVT, AF, and ventricular arrhythmias as
well as torsades de pointes have been reported [101].

Romidepsin therapy is associated with frequent ectopy and
more seriously sudden cardiac death. In two different studies,
2 out of the 131 patients and 1 out of the 25 patients treated
with romidepsin for metastatic neuroendocrine tumors devel-
oped SCD with the latter study prematurely terminated be-
cause of the high number of electrophysiological events in-
cluding QTc prolongation and VT [101-104]. Clinical studies
have reported up to 38% of patients treated with romidepsin
will develop SVT, 14% can develop VT, and PACs and PVCs
were seen in 65 and 38%, respectively. In an observational
study of 42 patients treated with romidepsin for T cell lym-
phoma, QTc intervals > 450 and > 500 ms were seen in 28 and
4 patients, respectively [104].

Panobinostat also causes non-specific ECG changes that
are usually temporary; however, it can cause significant QTc
prolongation which varies depending on the extent and fre-
quency of therapy as well as the dose and route of administra-
tion. Observational studies have reported QTc prolongation of
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> 500 ms ranging up to 28% leading to a black box warning
for severe arrhythmias [4e, 101, 105].

Immune Checkpoint Inhibitors

In recent years, immunotherapy has revolutionized the field of
oncology, emerging as an effective treatment for various ma-
lignancies. While autoimmune side effects are well described,
there is increasing data suggesting immunotherapy may also
lead to cardiovascular toxicities, particularly myocarditis.
Genetic deletion of immune checkpoints on T lymphocytes
in mice (e.g., cytotoxic T lymphocyte-associated protein 4
(CTLA-4), programmed cell death protein 1 (PD-1), and pro-
grammed death-ligand 1 (PD-L1)) is associated with dilated
cardiomyopathy and the development of autoimmune myo-
carditis suggesting that these checkpoints protect against T
cell-mediated myocarditis [106, 107]. Therefore, mechanisti-
cally, it is of no surprise that PD-1 and CTLA-4 inhibitors
have an increased risk of myopericarditis [106—108].

Pembrolizumab and nivolumab are programmed death
receptor-1 inhibitors that are associated with development of
myocarditis. Arrhythmias including sinus tachycardia, ven-
tricular bigeminy, AV block, AF, and even SCD have been
reported during treatment with these agents likely secondary
to myocarditis [109, 110]. Ipilimumab is another checkpoint
inhibitor that targets CTLA-4 and has also been associated
with likely immune-mediated pericarditis and myocarditis.
There have also been limited reports of AF and secondary
ventricular arrhythmias with ipilimumab [109, 110]. Among
20,594 patients treated with immune checkpoint inhibitors in
the safety databases of Bristol-Myers Squibb, there were 18
reported myocarditis cases with more severe episodes reported
in patients who had received combination therapy with
nivolumab plus ipilimumab [106, 108]. These episodes were
diagnosed at an average of 17 days after the first treatment
suggesting early toxicity [106, 108]. These findings also dem-
onstrate that cardiac complications are more frequent with
combined immune checkpoint inhibitors as opposed to treat-
ment with single agents.

Chimeric antigen receptor therapy (CAR-T therapy) is a
new modality of immunotherapy where T cells are genetically
modified to target tumors through the expression of a chimeric
antigen receptor. CAR-T cell therapy has been efficacious in
the treatment of various hematological malignancies; howev-
er, unexpected cardiotoxicities have been observed possibly
via off-target effects resulting from low affinities of T cell
receptors for the targeted tumor antigens or through harmful
immune responses such as the cytokine release syndrome
(CRS) [111-113]. CRS is the most prevalent adverse event
following CAR-T and involves release of inflammatory cyto-
kines which have been associated with tachycardia, hypoten-
sion, and cardiac dysfunction [113]. Other clinical features,
including high fevers, renal impairment, hepatic failure, and
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disseminated intravascular coagulation, increase the risk for
development of arrhythmias including SVT and atrial fibrilla-
tion [111-113].

Interleukin-2 Immunotherapy

Interleukin-2 was the first successful immunotherapy agent
activating T cell proliferation and differentiation to combat
cancer. It is currently utilized in the treatment of metastatic
renal cell carcinoma and melanoma. IL-2 therapy has been
associated with significant cardiotoxicity including the devel-
opment of SVT and AF with reported rates as high as 17%
[114-116]. The frequency of ventricular arrhythmias is low
(0.4-1.1%) [114]. Arrhythmias typically subside upon discon-
tinuation of therapy. Proposed mechanisms of action include
direct myocardial toxicity versus coronary artery vasospasm
or myocarditis. Capillary leak syndrome commonly occurs
with IL-2 therapy leading to hypotension and a reflex increase
in heart rate which can also trigger SVT and VT [114-117].
Due to these side effects, IL-2 therapy is not recommended for
patients with cardiac or pulmonary disease.

Topoisomerase Inhibitors

Amsacrine, used in the treatment of some lymphomas and
acute leukemias, has been reported to cause ECG changes
and arrhythmias within minutes to hours after the first course
of therapy and typically resolve with discontinuation of the
drug. It has been associated with QTc prolongation as well as
non-specific ST-T wave abnormalities and tachyarrhythmias
including AF or atrial flutter, SVT, PVCs, and even ventricular
fibrillation and SCD. The incidence of torsades de pointes in
one study was as high as 16% with 90% of patients develop-
ing QTc >470 ms and 65% with QTc >500 ms [118-120].
The arrhythmic risk may be significantly increased in the set-
ting of amsacrine-induced electrolyte abnormalities; thus,
maintaining appropriate electrolyte levels is of extreme impor-
tance [118-120].

Section 3: Radiation Induced Rhythm
Disturbances

Radiation therapy can cause long-term cardiovascular effects
including accelerated coronary artery disease, fibrosis-induced
pericarditis, and valvular heart disease which in turn have
associated arrhythmic complications. Less commonly, radia-
tion itself can cause direct electrophysiological abnormalities
including ECG changes and arrhythmias. Data on the effects
of radiation therapy and acute ECG changes is limited primar-
ily to case reports of secondary arrhythmias and non-specific
changes such as T wave abnormalities, decreased QRS ampli-
tude, and rarely bundle branch or AV block [121, 122].

In one prospective trial looking at 25 patients receiving >
45 Gray (Gy) to the thorax with pretreatment estimates of >
20 Gy to the heart, 12 patients experienced acute non-specific
ECG changes during therapy, including T wave changes,
prolonged QTec, and poor R wave progression [121]. Seven
of these patients had resolution of their ECG changes on sub-
sequent evaluation, and no patients required any intervention
for these findings [121]. There have also been several case
reports documenting the development of left bundle branch
block in patients receiving radiotherapy as well as the devel-
opment complete heart block requiring pacemaker implanta-
tions, although this is quite rare [121-124].

In addition to increased risk of cardiotoxicity, there have
also been documented reports of autonomic dysfunction asso-
ciated with thoracic and neck radiation therapy [125, 127]. A
cohort study looking at Hodgkin’s lymphoma survivors who
had received thoracic radiation therapy demonstrated in-
creased resting heart rate as well as abnormal heart rate recov-
ery compared to matched control subjects [125]. These pa-
tients also had reduced exercise tolerance with exercise tread-
mill testing and increased all-cause mortality [125]. In addi-
tion, radiation therapy patients were more likely to have
blunted or abnormal systolic blood pressure responses to ex-
ercise compared with the control subjects [125]. A similar
study of childhood survivors of Hodgkin’s lymphoma also
reported an elevated resting heart rate on ambulatory Holter
monitoring and a blunted blood pressure and heart rate re-
sponse to exercise [126].

Autonomic dysfunction has also been reported as a late
side effect of neck radiotherapy via baroreceptor failure
[127]. In one study, heart rate response to deep breathing
and Valsalva ratio were notably lower in patients > 6 months
after radiation therapy for nasopharyngeal carcinoma [127].
The findings from these studies suggest possible
dose-related injury of the autonomic nervous system as higher
doses of radiation therapy had higher predispositions to ab-
normal heart rate recovery [125-127].

Conclusion

There is increasing awareness of the potential cardiotoxic and
arrhythmogenic properties of many different cancer therapeu-
tics. The most common electrophysiological abnormalities in-
clude the development of atrial arrhythmias, in particular atrial
fibrillation and QTc prolongation with the associated risk of
torsades de pointes and sudden cardiac death. While these
may be secondary to some other cardiotoxicity such as car-
diomyopathy and heart failure, many novel treatments have
direct electrophysiological and arrhythmogenic effects.
Treating these patients can be challenging and often requires
a multidisciplinary approach. Therefore, it is essential for the
collaboration between cardiologists and oncologists in the
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management of treatment-related arrhythmias in order for pa-
tients to continue receiving optimal cancer therapies while
minimizing cardiovascular risk. As the field continues to
evolve, research is necessary to better understand the etiology
and treatment of arrhythmias in this population. The ongoing
MADIT-CHIC study (Multicenter Automatic Defibrillator
Implantation Trial-Chemotherapy-Induced Cardiomyopathy;
NCT02164721) will be the first prospective study evaluating
the benefit of cardiac resynchronization therapy defibrillators
in AC-associated CMO. The results of this study will improve
our understanding of the natural history of this type of CMP as
well as provide information about associated arrhythmia bur-
den. Moreover, it is essential to improve our identification of
those at the highest risk for the development of arrhythmias.
While there are increased rates of AF observed with many
cancer therapies, it is not clear if these risks persist once treat-
ment is withdrawn. Ambulatory rhythm monitoring using
handheld technology such as with smartphones or using im-
plantable rhythm monitors may be necessary to better quanti-
tate long-term burden. In addition, appropriate stroke risk mit-
igation strategies must be studied in the setting of
cancer-related abnormalities including anemia and thrombo-
cytopenia. As such, there may be increased utility for direct
oral anticoagulants or even left atrial appendage closure de-
vices in these patients. With enhanced understanding via in-
vestigation, clinicians will be better prepared to effectively
manage arrthythmias in cancer patients in the future.
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