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ith the development of newer drugs and improvements
in established treatment protocols, prognosis for many
types of cancer has improved dramatically. Some cancers that
were historically associated with high fatality rates now have
high cure rates or successful palliation, turning the malignancy into a chronic disease. Given this improved prognosis,
more patients will face the adverse effects of cancer treatment.
Cancer therapy can result in cardiac toxicity, such as cardiomyopathy. Cardiotoxicity with chemotherapeutic agents in
the form of cardiomyopathy was first described in 1966 in
patients receiving anthracyclines.1 However, cancer treatment–induced arrhythmia (CTIA) has not attracted specific
attention until recently.2
CTIA is a complex entity with multiple factors involved in
its pathogenesis. It can be divided into primary CTIA (caused
by a drug disrupting specific molecular pathways critical for
the development of a specific arrhythmia) and secondary
CTIA (caused by damage to the endocardium/myocardium/
pericardium through ischemia, inflammation, or radiation
therapy (RT), with arrhythmia as a secondary phenomenon).
Secondary CTIA is much more common. The distinction
between primary and secondary CTIA is not well defined,
with many contributing and confounding factors, and the exact
mechanisms for many drugs are still to be elucidated (Figure).
The incidence of CTIA with many chemotherapeutic
agents is yet to be firmly established as most chemotherapy
trials have not had adequate numbers of patients enrolled to
study this problem. In addition, most cancer treatment trials
have excluded patients with preexisting cardiac disease, which
is the most vulnerable population for CTIA. The National
Cancer Institute has developed Common Terminology Criteria
for Adverse Events, which is used for adjudication of cardiac
toxicity with chemotherapeutic agents in clinical trials.4
Establishing a causal relationship of a certain chemotherapeutic agent to a specific CTIA can be challenging. First of
all, cancer itself can predispose to arrhythmia. One example
is atrial fibrillation/flutter (AF/AFL), with the overt manifestation of the arrhythmia sometimes preceding the diagnosis
of the malignancy.5 Chronic inflammation, metabolic changes
induced by cancer, and the presence of common risk factors,
such as obesity and alcohol use, are the most plausible explanations for this association. The absence of cardiac monitoring
prior to chemotherapy in most trials makes it difficult to determine whether there was a preexisting undiagnosed arrhythmia,

rather than one related to the chemotherapy. Second, most
chemotherapy protocols include multidrug regimens, which
make the identification of the exact causative agent difficult.
In addition, a synergistic effect of multiple drugs on the cardiac toxicity profile cannot be ruled out. Many patients also
have a history of prior treatment for cancer, which makes it
difficult to determine whether the arrhythmia is secondary to
the current regimen or a chronic effect of past therapy. Third,
CTIAs in clinical trials are often described as symptoms, and
the exact diagnosis of the underlying arrhythmia is often not
available. It has been noted that the National Cancer Institute
Common Terminology Criteria for Adverse Events for cardiotoxicity is often used incorrectly in oncology trials.6
Besides arrhythmias, chemotherapeutic agents can also
contribute to various ECG changes, such as QTc interval prolongation and conduction abnormalities. QTc prolongation is
most commonly related to effects on hERG (human Ether-à-gogo-Related Gene) potassium channels and the rapid component
of the delayed rectifier potassium current IKr.7 While QTc prolongation is common with many chemotherapeutic agents, the
incidence of clinically significant arrhythmias like torsades de
pointes is less frequent. Though rare, the clinical implications
of torsades de pointes are extremely important given the lifethreatening nature of this arrhythmia. To quantify the risk for
torsades de pointes, QTc interval is the best surrogate marker
that is readily available and well established in clinical trials.
In this review, we will describe the ECG changes and
arrhythmias associated with individual cancer chemotherapeutic agents using the classification in Table 1. The mechanisms by which chemotherapeutic agents cause arrhythmias
are in many cases still poorly understood, but we provide what
evidence is available. We have left out isolated case reports
and rare observations of arrhythmias with various chemotherapeutic agents both because it is more difficult to assess cause
and effect and also that, given their rarity, they are less likely
to be meaningful to clinicians. Tables 2 and 3 summarize the
relative frequency of the various arrhythmias associated with
different classes of anticancer drugs.

Anthracyclines
Anthracyclines are commonly used in the treatment of breast
cancer, acute leukemia, lymphomas, and childhood solid
tumors. Cardiomyopathy is the most common cardiac toxicity of anthracyclines, but they can often cause primary CTIA,
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Figure. Mechanisms of arrhythmias in cancer patients. AC indicates anthracyclines; ATO, arsenic trioxide; HA, histamine; hERG, human
Ether-à-go-go-Related Gene; PI3K, phosphotidyl inositol 3–kinase; PKI, protein kinase inhibitors; SB, sinus bradycardia; and 5-FU, 5-fluorouracil. Heart image reprinted with permission from Marieb and Hoehn.3 Copyright © 2013, Pearson Education, Inc.

as well as CTIA secondary to cardiomyopathy. Cardiomyopathy associated with anthracyclines is usually dose dependent
(5%–8% incidence at 450 mg/m2 cumulative dose) and not
reversible.8
Various ECG changes and arrhythmias can be seen even during the first infusion of anthracyclines. They are usually nonspecific and include ST-T segment changes, QRS voltage lowering,
T-wave flattening, and QTc interval prolongation. They may be

found in ≤30.3% of patients.9 In contrast to cardiomyopathy, ECG
changes induced by anthracyclines seem to be dose independent.
QTc interval prolongation is common with anthracyclines, with QTc>450 ms seen after the first cycle of chemotherapy in 11.5% patients.10 The incidence can increase with
subsequent cycles of anthracyclines, with marked prolongation of QTc sometimes leading to ventricular arrhythmias.11
Administration of dexrazoxane, an EDTA analog approved by

Table 1. Classification of Chemotherapeutic Agents
Class

Medications

Anthracyclines

Daunorubicin, doxorubicin, epirubicin, idarubicin, aclarubicin, mitoxantrone

Alkylating agents

Cyclophosphamide, busulfan, ifosfamide, melphalan

Antimetabolites

Capecitabine, clofarabine, cytarabine, fludarabine, 5-fluorouracil, gemcitabine, pentostatin

Antimicrotubule agents

Docetaxel, paclitaxel, vinblastine, vincristine

Histone deacetylase inhibitors

Panobinostat, romidepsin, vorinostat

Immunomodulatory drugs

Lenalidomide, thalidomide

Platinum compounds

Carboplatin, cisplatin, oxaliplatin

Proteasome inhibitors

Bortezomib, carfilzomib

HER2 inhibitors

Lapatinib, pertuzumab, trastuzumab

Immune checkpoint inhibitors

Ipilimumab, nivolumab, pembrolizumab

Multitargeted TK inhibitors

Alectinib, ceritinib, crizotinib, dasatinib, ibrutinib, nilotinib, ponatinib

VEGF signaling pathway inhibitors

Axitinib, cabozantinib, lenvatinib, sorafenib, pazopanib, regorafenib, sunitinib, vandetanib, vemurafenib

Other monoclonal antibodies

Alemtuzumab, cetuximab, necitumumab, rituximab

Miscellaneous agents

All-trans retinoic acid, amsacrine, arsenic trioxide, IL-2, interferons

HER2 indicates human epidermal growth factor receptor 2; IL-2, interleukin-2; TK, tyrosine kinase; and VEGF, vascular endothelial growth factor.
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Table 2. Arrhythmias Associated With Various Conventional Classes of Chemotherapy
Class

ST

SB

CAVB

PAC

SVT

AF

PVC

VT

QTc/TdP

SCD

Alkylating agents
 Cyclophosphamide

+++

c

c

++

++

++

++

c

c/−

−

 Ifosfamide

c

c

−

c

c

c

c

c

−/−

c

 Melphalan

c

−

−

c

++

+++

c

c

−/−

−

 Busulfan

c

−

c

−

c

++*

c

−

−/−

c

Amsacrine

c

c

−

−

c

c

c

c

c

c

+++

++

c

+++

++

+++

+++

++

+++/c

+

Anthracyclines
Antimetabolites
 Capecitabine

+++

++

c

++

c

++

++

c

+++/c

+

 Clofarabine

c

c

−

−

c

+++†

c

−

c/−

−

 Cytarabine

−

c

−

−

−

c

−

−

−

−
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 Fludarabine

−

c

−

−

++

−

−

−

−

−

 5-FU

c

+++

c

c

c

++

+++

++

c

++

 Gemcitabine

−

−

−

−

c

++‡

−

c

−

c

 Pentostatin

−

c

−

−

−

−

c

−

−

c

 Docetaxel

c

−

−

−

c

c

−

−

−

c

 Paclitaxel

+++

+++

c

c

c

+

c

+

−

c

 Vincristine

−

−

−

−

−

c

c

−

−

−

+++

−

c§

−

−

c

+++

+++

+++§/++§

++

−

c

c

−

−

−

−

−

−

−

Antimicrotubule agents

Arsenic trioxide
ATRA
HDAC inhibitors
 Panobinostat

c

c

−

c

c

c

c

c

+++§/c

c

 Romidepsin

c

c

−

−

++

++

−

c

−/−

++

 Vorinostat

−

c

−

−

−

c

c

−

++/c

c

IL-2

c

c

c

c

+++

++

++

+

−

+

 Lenalidomide

−

c

−

−

c

++

−

c

−

c

 Thalidomide

−

+++

c

−

c

++

c

c

−

c

Interferons

c

−

c

c

c

c

c

c

−

c

−

c

c

c

c

c/+++‖

c

c/++‖

c/−

−

Immunomodulatory drugs

Platinum compounds
 Cisplatin
Proteasome inhibitors
 Bortezomib

c

c

c

c

c

c

c

c

c

c

 Carfilzomib

−

c

c

c

++

c

−

−

−

c

− indicates not available; +, uncommon (<1%); ++, common (1% to 10%); +++, very common (>10%); 5-FU, 5-fluorouracil; AF, atrial fibrillation; c, case reports;
CAVB, complete atrioventricular block; HDAC, histone deacetylase; IL, interleukin; PAC, premature atrial complexes; PVC, premature ventricular complexes; SB, sinus
bradycardia; SCD, sudden cardiac death; ST, sinus tachycardia; SVT, supraventricular tachycardia; TdP, torsades de pointes; and VT, ventricular tachycardia.
*If combined with cyclophosphamide.
†If combined with cytarabine.
‡If combined with vinorelbine.
§Included in FDA black-box warning.
‖For intracavitary use.

the Food and Drug Administration to prevent anthracyclineinduced cardiomyopathy, has been shown to reduce the QTc
prolongation associated with anthracyclines.12

Studies using Holter monitoring have shown an association between anthracycline administration and a broad range
of arrhythmias, including sinus bradycardia and tachycardia,
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Table 3. Arrhythmias Associated With Various Classes of Novel Targeted Therapies
Class

ST

SB

CAVB

PAC

SVT

AF

PVC

VT

QTc/TdP

SCD

HER2 inhibitors
 Trastuzumab

c

c

−

−

−

−

−

c

−

c

 Pertuzumab

+

+

−

−

+

c

c

+

−

+

 Lapatinib

c

−

−

−

c

c

−

−

++/−

c

Immune checkpoint inhibitors
 Ipilimumab

−

−

−

−

−

c

−

c

−

c

 Nivolumab

−

−

c

−

−

−

−

+

−

c

 Pembrolizumab

c

−

−

−

−

c

c

c

−

c

Multitargeted TK inhibitors
 Alectinib

−

++

−

−

−

−

−

−

c/−

−

 Ceritinib

−

++

−

c

−

−

−

−

++/−

−
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 Crizotinib

−

+++

−

−

−

−

−

−

++/−

−

 Dasatinib

−

−

−

−

++

−

c

+

++/−

c

 Ibrutinib

−

−

−

−

−

++

c

c

−

c

 Nilotinib

−

−

c

−

−

c

−

−

++*/−

+*

 Ponatinib

−

+

+

−

+

++

−

−

c/−

−

Other monoclonal antibodies
 Alemtuzumab

−

+

−

−

−

+

−

c

−

+

 Cetuximab

c

c

−

−

−

c

−

−

c/−

++*

++

−

−

−

−

−

−

−

−

++*

c

c

c

−

+

++

c

c

c/c

c

 Necitumumab
 Rituximab
VEGF pathway inhibitors
 Sorafenib

−

c

c

−

c

++†

−

−

−

−

 Sunitinib

c

c

−

−

−

c

−

−

++/+

c

 Vandetanib

−

−

−

−

−

−

−

c

++*/+

+*

 Vemurafenib

+

+

−

c

+

++

+

−

++/c

−

− indicates not available; +, uncommon (<1%); ++, common (1% to 10%); +++, very common (>10%); 5-FU, 5-fluorouracil; AF, atrial fibrillation; c, case reports;
CAVB, complete atrioventricular block; HER2, human epidermal growth factor receptor 2; PAC, premature atrial complexes; PVC, premature ventricular complexes; SB,
sinus bradycardia; SCD, sudden cardiac death; ST, sinus tachycardia; SVT, supraventricular tachycardia; TdP, torsades de pointes; VEGF, vascular endothelial growth
factor; and VT, ventricular tachycardia.
*Included in FDA black boxed warning.
†If combined with 5-FU.

premature atrial complexes, supraventricular tachycardia (SVT),
premature ventricular complexes (PVCs), and ventricular tachycardia (VT). Even during the first cycle of therapy, arrhythmias
have been detected in ≤65.5% of patients.13 In one study, the frequency of arrhythmia was low (3%) in the first hour postinfusion
but increased significantly (24%) from 1 to 24 hours,14 with most
of them being benign arrhythmias. Most of the studies lacked baseline arrhythmia monitoring prior to anthracycline administration,
which makes it difficult to determine the true incidence of these
arrhythmias that are secondary to anthracycline administration.
While most anthracycline-induced arrhythmias are benign,
AF has been a common complication of treatment, with one
study showing up to an incidence of 10.3%.13 In a recent study
from the Mayo Clinic, episodes of nonsustained VT, AF, and
sustained VT or ventricular fibrillation were seen in 73.9%,
56.6%, and 30.4% of patients with anthracycline-related

cardiomyopathy who had implantable cardioverter defibrillators.
The prevalence of arrhythmias was similar to that in patients with
implantable cardioverter defibrillators implanted for noncancerrelated cardiomyopathy.15 While most arrhythmias associated
with anthracyclines may be secondary to cardiomyopathy, rare
malignant ventricular arrhythmias can occur during administration of anthracyclines or during the early phase of chemotherapy
treatment before the onset of left ventricular systolic dysfunction.16 Severe hypokalemia can aggravate these arrhythmias,17
underscoring the importance of maintaining electrolyte balance
during treatment with anthracyclines. Bradyarrhythmias including atrioventricular (AV) block have also been reported.

Alkylating Agents
Cyclophosphamide is commonly used in the treatment of
breast cancer, lymphomas, leukemia, multiple myeloma, and
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ovarian cancer. CTIA is one of the most common manifestations of cardiotoxicity caused by cyclophosphamide. In a
series of patients treated with cyclophosphamide before bone
marrow transplantation, ECG changes, including ST-segment
or T-wave changes, QTc interval prolongation, and arrhythmias were found in 33% of the patients, with 27% developing
an early decrease in total QRS voltage.18
A broad range of arrhythmias has been documented in
patients treated with cyclophosphamide, including premature
atrial complexes, PVCs, SVT, AF, ventricular arrhythmias
with preceding QTc interval prolongation, and AV block, the
latter occasionally requiring pacemaker placement.19
Melphalan is an alkylating agent used in the treatment of
multiple myeloma, light-chain amyloidosis, and ovarian cancer. CTIA is among the most frequent side effects of melphalan treatment, with AF being the most frequent manifestation.
It occurs in 6.6% to 22.5% of patients, particularly elderly
patients.20,21 In a large database of 438 patients receiving
melphalan with bone marrow transplantation, supraventricular arrhythmias, including AF and SVT, were seen in 11% of
patients in comparison to an incidence of 0% to 2% with other
chemotherapeutic regimens.22
Busulfan is another nonspecific alkylating agent used
prior to bone marrow transplantation for leukemia that is also
associated with AF, with an incidence ≤6.4% when used in
combination with cyclophosphamide.23

Antimetabolites
5-Fluorouracil (5-FU) is commonly used in gastrointestinal
cancers and breast cancer. CTIA is the second most common
cardiotoxicity of 5-FU after angina and myocardial infarction.24
5-FU has been shown to induce ECG changes, with most
of them being secondary to ischemia, because this drug can
cause coronary vasospasm.25 Commonly observed ECG
changes include prolonged P-wave duration, increased P-wave
dispersion, ST–T wave changes, diffusely decreased QRS
voltage, QTc prolongation, and increased QT dispersion.26
Supraventricular arrhythmias are rare in patients treated
with 5-FU monotherapy. On the contrary, 5-FU can cause a
wide spectrum of ventricular arrhythmias from frequent PVCs
to sudden cardiac death (SCD).27 The incidence of VT can be
as high as 3.7 to 7.4% and often occurs in the setting of myocardial ischemia, and thus, it is secondary CTIA.28 5-FU can
also cause sinus bradycardia in ≤11.96% of patients in addition to AV block and intraventricular conduction delays.28
Gemcitabine is commonly used in the treatment of bladder cancer, pancreatic cancer, and non–small cell lung cancer.
Its use is associated with the development of SVT, especially
AF. The association of gemcitabine with AF is strong and can
occur even after the first dose. In a series of 49 patients treated
with a combination of gemcitabine and vinorelbine, AF/AFL
occurred in 8.2% of the patients.29
Clofarabine is Food and Drug Administration–approved
for the treatment of acute lymphoblastic leukemia. The most
common arrhythmia associated with clofarabine treatment is
AF. The frequency of AF/AFL with clofarabine ranges from
7.4% to 19% depending on treatment schedule and whether it
is used as monotherapy or in combination with cytarabine.30,31
Much less common are ventricular arrhythmias (3% when

used in combination with cytarabine),32 sinus bradycardia, and
sinus tachycardia.

Antimicrotubule Agents
Paclitaxel is an anticancer agent from the Pacific yew tree (Taxus
brevifolia) used commonly in the treatment of breast cancer,
ovarian cancer, lung cancer, and cervical cancer. Before it was
introduced as an anticancer drug, cases of VT and SCD because
of Taxus poisoning were reported.33 ECG changes associated
with paclitaxel use include T-wave changes, QTc interval prolongation, right bundle branch block, and left bundle branch block.34
The most common arrhythmia associated with paclitaxel
use is sinus bradycardia, which occurs in 29% of patients if
paclitaxel is used as monotherapy35 and more commonly when
combined with cisplatin. Sinus bradycardia is usually mild,
transient, and asymptomatic. Rare cases of transient AV block
have also been reported.36

Histone Deacetylase Inhibitors
Vorinosat is a histone deacetylase inhibitor used in the treatment of cutaneous T-cell lymphoma. It can cause nonspecific
ECG changes (ST-T segment, P- and T-wave abnormalities,
QTc prolongation).37
Panobinostat is used in the treatment of refractory multiple myeloma. It also causes frequent but usually temporary
and nonspecific ECG changes. More importantly, panobinostat can cause significant QTc prolongation, with the frequency and extent depending on dose, route, and schedule.
The reported incidence of QTc interval prolongation >60 or
>500 ms has ranged from 8.6% to 28%. Based on this observation, panobinostat carries black box warning concerning
severe arrhythmias and EKG changes.38
Romidepsin is a histone deacetylase inhibitor used in the
treatment of cutaneous T-cell lymphoma that also commonly
causes nonspecific ECG changes. In contrast to panobinostat,
romidepsin-induced QTc interval prolongation is usually mild.39
Romidepsin use is also associated with different supraventricular arrhythmias, although the baseline frequency of ectopy in the
studied population of patients is high. More serious is the fact
that SCD has been reported with romidepsin. Two of 131 patients
in one study40 and 1 out of 25 in another study had SCD, with
the latter study having been terminated prematurely because of
an unexpectedly high number of cardiovascular adverse events
(QTc interval prolongation and VT in addition to SCD).41

Immunomodulatory Drugs
Thalidomide is used in the treatment of multiple myeloma. It is
known to cause bradyarrhythmias, including complete AV block,
both in monotherapy and in combination with other chemotherapeutic agents. Sinus bradycardia has been observed in 26% to
53% of patients and is usually a primary CTIA.42 Although sinus
bradycardia usually resolves within 12 to 21 days after discontinuation of thalidomide, in some cases, temporary pacing or
permanent pacemaker insertion has been necessary.43
Thalidomide use has also been associated with the development of AF (4.7% of patients versus 3.4% in the placebo
arm)44 and, rarely, sustained VT or SCD. Given the high incidence of arrhythmias with thalidomide, cardiac monitoring is
recommended in these patients.
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Lenalidomide is used in treatment of multiple myeloma
and myelodysplastic syndrome. It has been associated with
the development of AF when used in combination with
dexamethasone in the presence or absence of bortezomib.
The overall incidence of AF in clinical trials ranged from
4.6% to 7%.45

Platinum Compounds
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Cisplatin is widely used in the treatment of multiple cancers,
including metastatic gonadal tumors and advanced bladder
cancer. It can be used systemically or locally. Systemic use
of cisplatin is often associated with sinus bradycardia, which
can start immediately during infusion. Cases of SVT and AF
have also been reported, and they can recur with rechallenge.
Premature atrial complexes and PVCs are common during
Holter monitoring and have been found in up to two-thirds
of the patients.46 Cisplatin-induced hypomagnesemia has been
speculated to be responsible for some CTIA, including AF,
asystole, and pulseless VT, even after local use.47
Cisplatin can be delivered locally by instillation into
serous cavities. If used intrapericardially, the risk of AF ranges
from 12% to 18.8%, with an 8% incidence of nonsustained
VT. The risk of AF is even higher (23.9%–66 %) if hyperthermic cisplatin lavage is used for instillation into the abdominal
and pleural cavities in patients undergoing pleurectomy.48

Proteasome Inhibitors
Bortezomib is a proteasome inhibitor used in the treatment
of multiple myeloma and mantle cell lymphoma. Heart
failure is the most common cardiotoxicity associated with
bortezomib and can result in secondary arrhythmias. Isolated cases of SVT and AF have been reported with bortezomib use. Rarely, bradyarrhythmias, including complete AV
block, requiring permanent pacemaker implantation have
been documented.49
Carfilzomib is a proteasome inhibitor used in the treatment of relapsed or refractory multiple myeloma. Similar to
bortezomib, carfilzomib has been shown to increase the risk of
heart failure. In a pooled safety analysis of 4 phase-2 studies
with a total of 526 patients treated with carfilzomib, arrhythmias occurred in 13.3% of patients, most of which were mild
supraventricular arrhythmias that likely represented secondary CTIA. The incidence of cardiac arrhythmias was much
lower during subsequent cycles of carfilzomib.50

Targeted Cancer Therapy
These agents have revolutionized the treatment of many types
of cancers. The main concerns with their use are related to QT
interval prolongation associated with torsades de pointes and
SCD.51–53 The data on the relevant agents are summarized in
Table 4. Some agents with distinct proarrhythmic profiles will
be discussed later.

Multitargeted Tyrosine Kinase Inhibitors
Alectinib is approved for the treatment of metastatic non–small
cell lung cancer. Bradycardia is the most common cardiac side
effect of alectinib and was reported in clinical trials in 7.9% of
patients, with sinus bradycardia being documented in 5.1% of

them; it is likely a primary CTIA. Moreover, an analysis of the
ECGs in this trial demonstrated that 20% of patients had heart
rates <50 beats per minute at least once. The mean decrease in
heart rate was 11 to 13 beats per minute. Bradycardia associated with alectinib is usually asymptomatic, reversible, and
rarely requires interruption of therapy. The effect of alectinib
on the QTc interval is mild (mean QTc change 5.3 ms), and
only 1 in 221 of the patients has a QTc >500 ms.54
Ceritinib inhibits anaplastic lymphoma kinase and is used
in the treatment of advanced or metastatic non–small cell lung
carcinoma. It can cause sinus bradycardia and QTc interval
prolongation.55 QTc interval prolongation has been reported
in 4% of patients, with 3% of them having an increase in QTc
interval >60 ms. Only 0.3% of patients developed a QTc interval >500 ms.56
Crizotinib is an anaplastic lymphoma kinase inhibitor
used in the treatment of advanced or metastatic non–small
cell lung carcinoma. Crizotinib has a CTIA profile similar
to ceritinib and is associated with sinus bradycardia (likely
a primary CTIA) and QTc interval prolongation. The mean
observed decrease in heart rate in one series of patients was
≈25 beats per minute, with 31% of patients developing a heart
rate <50 beats per minute. A pretreatment heart rate <70 beats
per minute was the only significant risk factor for developing
sinus bradycardia.57 QTc interval prolongation is also relatively common, with a QTc interval >500 ms or an increase
from baseline QTc >60 ms occurring in 1.3% and 3.5% of
patients, respectively.58
Dasatinib is a BCR-ABL (breakpoint cluster regionAbelson) tyrosine kinase inhibitor used in the treatment of
Philadelphia chromosome–positive chronic myeloid leukemia
and acute lymphoblastic leukemia. Its use is associated with
the development of SVT and nonsustained VT, with the overall incidence of arrhythmias in clinical trials reaching 11%.59
Some of the arrhythmias may be secondary to the development of cardiomyopathy. Dasatinib causes only mild prolongation of the QTc interval (mean change of only 3–6 ms),
though around 1% of the patients in clinical trials experienced
QTc prolongation of >500 ms.
Ibrutinib is a Bruton’s kinase inhibitor used in the treatment of chronic lymphoid leukemia, mantle cell lymphoma,
and Waldenström’s macroglobulinemia. Ibrutinib use is
strongly associated with the development of AF, which seems
to be a primary CTIA. In a recent meta-analysis, the relative
risk of AF was found to be 3.86 (confidence interval 95%,
1.97–7.54).60 The incidence of AF in clinical trials has ranged
from 5% to 7%, with a median time to onset 3.0 to 3.8 months
after initiation of ibrutinib and 76% of cases occurring within
the first year of therapy. The risk of AF appears early, continues to accrue with ongoing therapy, and can persist for ≤2
weeks after discontinuation of ibrutinib. The clinical consequences and optimal management of AF in these patients is
unclear. In a retrospective analysis of 56 ibrutinib-induced AF
cases, AF was persistent in 63% of patients, despite treatment.
Development of AF led to permanent discontinuation of ibrutinib in 46% of cases. Ibrutinib also increased the bleeding risk
in these patients, with 14% of nonthrombocytopenic patients
with AF experiencing major bleeding during treatment, which
would complicate the use of anticoagulants.61
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Table 4. Arrhythmic Profile of Different Tyrosine Kinase Inhibitors51–53
Medication

Common Arrhythmias, %

Rare Arrhythmias

Mean QTc Change, ms

QTc >500 ms, %

TdP, %

Afatinib

NA

NA

1.6

NA

NA

Alectinib

SB (5.1–20)

NA

5.3

0.45

NA

Axitinib

NA

NA

6.1

0.66

NA

Bosutinib

NA

AF, CAVB, SB, PAC

2.6

0.2

NA

Cabozantinib

NA

SCD, ST

10–15

NA

NA

Ceritinib

SB (3)

PAC

NA

0.33

NA

Cobimetinib

AF* (3)

NA

1.2

1.2*

NA

SB (5–69)

NA

9.7–13.3

1.3

NA

Dasatinib

SVT (13)

PVC, VT

3–6

0.96

NA

Ibrutinib

AF (4.8–16)

PVC, VT

<10

NA

NA

Imatinib

NA

AF, SCD

NA

NA

NA

Lapatinib

NA

AF, SCD, SVT

5.8–13.5

6.2

NA

Lenvatinib

NA

SCD

−5.7

1.5

NA

Nilotinib

NA

AF, AVB, SCD

5–15

0.68–1.2

NA

Osimertinib

NA

NA

14–16.2

0.2

NA

Crizotinib
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Pazopanib

NA

SB

4.4

1.04–1.97

0.21–0.34

Ponatinib

AF (7)

CAVB, SB, SVT

−3.6

NA

NA

Regorafenib

NA

AF

−4

NA

NA

Ruxolitinib

NA

SB, SVT, VT

3.28

NA

NA

Sorafenib

AF (5.1)†

SB, SVT

4.2–9

NA

NA

Sunitinib

NA

AF, SB

9.6–15.4

0.52

<0.1

Trametinib

NA

NA

NA

4‡

NA

Vandetanib

NA

SCD, VT

14–35

7–14

0.09–0.16

Vemurafenib

AF (1.5)

SB, ST, PAC, PVC, VT

12.8–15.1

1.5–2.9

Rare

5-FU indicates 5-fluorouracil; AF, atrial fibrillation; AVB, atrioventricular block; CAVB, complete atrioventricular block; NA, not available; PAC, premature
atrial complexes; SB, sinus bradycardia; SCD, sudden cardiac death; ST, sinus tachycardia; SVT, supraventricular arrhythmia; TdP, torsades de pointes.
*If +vemurafenib.
†If combined with 5-FU.
‡If combined with dabrafenib.
Adapted from Zamorano et al51 with permission of the publisher. Copyright © 2016, Oxford University Press. Authorization for this adaptation has been
obtained both from the owner of the copyright in the original work and from the owner of copyright in the translation or adaptation.

Nilotinib is a BCR-ABL tyrosine kinase inhibitor used in
the management of refractory Philadelphia chromosome–positive chronic myeloid leukemia. Nilotinib use is associated with
ECG changes, including conduction disturbances, ST-T–wave
changes, and QTc prolongation, in ≤20% of patients. The incidence of QTc prolongation >30 or >60 ms has been reported in
26% and 0.4% to 2.1% of patients, respectively.62,63 QTc prolongation of >500 ms is observed in <1% of patients. SCD was
reported in 0.6% of patients. For these reasons, nilotinib carries
a black box warning for QTc prolongation and SCD.63
Ponatinib is another breakpoint cluster region-Abelson
tyrosine kinase inhibitor used in the treatment of resistant
Philadelphia chromosome–positive chronic myeloid leukemia
or acute lymphoblastic leukemia. Its use has been associated
with significant tachyarrhythmias and bradyarrhythmias that
may be primary or secondary to cardiomyopathy or arterial
thrombosis. In a phase-2 trial, supraventricular arrhythmias,
especially AF, were commonly seen. Three out of 449 patients

also required pacemaker implantation because of symptomatic bradyarrhythmias. Ponatinib does not have a significant
effect on the QT interval.64

Vascular Endothelial Growth Factor
Signaling Pathway Inhibitors
Sunitinib is a vascular endothelial growth factor inhibitor that
is used in the treatment of advanced renal cell carcinoma,
gastrointestinal stromal tumors, and pancreatic neuroendocrine tumors. Studies have shown dose-dependent QTc prolongation (average of 9.6 ms change at therapeutic doses),65
with <0.1% incidence of torsades de pointes. Heart failure
has been associated with sunitinib and can cause secondary
arrhythmias.
Sorafenib is a small molecule tyrosine kinase inhibitor
used in the treatment of unresectable hepatocellular carcinoma and advanced renal cell carcinoma. Mild QTc prolongation is commonly seen with sorafenib, ranging from 4.2 to 9.0
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ms, with no cases of QTc >500 ms or a change from baseline
≥60 ms reported.66 The most common CTIA associated with
sorafenib is AF, with the incidence reaching 5.1% if sorafenib
is used in combination with 5-FU.67
Vandetanib is a tyrosine kinase inhibitor used in the treatment
of refractory medullary thyroid carcinoma. It is well known to
cause QTc prolongation, and this is one of most common reasons
for its discontinuation or dose reduction.68 The effect is dosedependent, with a mean change in QTc of 14 to 35 ms. Some
trials showed ≤36% of patients developing a >60 ms increase
in QTc interval, with a 7% to 14% incidence of QTc>500 ms.
Torsades de pointes is less commonly seen (0.09%–0.16%).
This agent carries a black box warning for an increased risk of
QTc prolongation, torsades de pointes, and SCD.69
Vemurafenib is a BRAF kinase inhibitor used in the treatment of malignant melanoma. QTc prolongation is also relatively common with vemurafenib treatment.70 It occurs in 5%
of patients and is among the most common adverse events
leading to drug discontinuation. In clinical trials, a QTc interval increase >60 ms from baseline occurred in 5%, with 1.5%
to 2.9% of the patients developing QTc interval prolongation
>500 ms.71 Arrhythmias are much less common, with AF/AFL
having the highest incidence at 1.5%.72

Human Epidermal Growth Factor
Receptor 2/neu Inhibitors
Trastuzumab is a human epidermal growth factor receptor 2/
neu inhibitor used in the treatment of certain breast and gastric
cancers. The most common cardiotoxicity of trastuzumab is
cardiomyopathy, which is reversible in most instances with discontinuation of the drug. Rare cases of malignant ventricular
arrhythmias, usually secondary to left ventricular systolic dysfunction, have been reported.73 Other human epidermal growth
factor receptor 2/neu receptor inhibitors, such as pertuzumab
and lapatinib, are also associated with left ventricular systolic
dysfunction but are rarely associated with CTIA. Lapatinib can
significantly prolong QTc >500 ms in 6.2% of patients, but
there have been no reported cases of torsades de pointes.

Immune Check Point Inhibitors
Pembrolizumab is a programmed death receptor-1 inhibitor
recently approved for the treatment of non–small cell lung carcinoma, malignant melanoma, and squamous cell carcinoma
of the head and neck. Because it is a relatively new drug, the
exact incidence of CTIA with this drug is not entirely known.
Autoimmune myocarditis is the most common cardiotoxicity
associated with pembrolizumab. Rare cases of sinus tachycardia with ventricular bigeminy, AF, and SCD74 have been
reported with its use, and they are likely secondary CTIA from
autoimmune myocarditis.
Ipilimumab is a cytotoxic T-lymphocyte antigen 4 inhibitor that was recently approved for use in metastatic melanoma.
The drug has been associated with immune-mediated myocarditis and pericarditis. Given the limited experience with
ipilimumab, there are only limited case reports of AF and
malignant ventricular arrhythmias associated with this drug.74
Nivolumab is a programmed death receptor-1 inhibitor approved for the treatment of metastatic non–small cell

lung carcinoma, metastatic melanoma, advanced renal cell
carcinoma, and Hodgkin’s lymphoma. AV block and rare
cases of ventricular arrhythmias has been reported during nivolumab treatment, possibly as a consequence of
myocarditis.75

Other Monoclonal Antibodies
Cetuximab is an epidermal growth factor receptor inhibitor
used in the treatment of metastatic colon cancer, non–small
cell lung carcinoma, and head and neck cancer. Although
cetuximab use did not result in a clinically meaningful prolongation of the QTc interval in a multicenter trial with 51
patients, there has been some concern for an increased incidence of SCD with its use. In one study, cardiopulmonary
arrest/SCD occurred in 2% of patients treated with RT and
cetuximab as compared with none in the group treated with
RT alone.76 In another study, fatal cardiac disorders or SCD
were reported in 3% of 219 patients treated with cetuximab
and platinum-based therapy with 5-FU as compared with 2%
of 215 patients treated with chemotherapy alone. For this
reason, the medication carries a black box warning about
an increased risk of cardiopulmonary arrest/sudden death.76
Hypomagnesemia secondary to cetuximab possibly contributes to some of these cases, with at least one case of ventricular fibrillation occurring in a patient with documented severe
hypomagnesemia.77
Necitumumab is a monoclonal IgG1 antibody to the epidermal growth factor receptor and is used in the treatment
of metastatic squamous non–small cell lung carcinoma. Its
effect on the QTc interval is minimal. However, in clinical
trials, cases of cardiopulmonary arrest or SCD occurred in
3% of patients in the group treated with necitumumab and
gemcitabine/cisplatin versus 0.6% treated with gemcitabine/
cisplatin combination alone, again possibly because of hypomagnesemia. Therefore, necitumumab also carries a black
box warning for hypomagnesemia and an increased risk of
cardiopulmonary arrest/sudden death.78

Other Agents
Interleukin-2
Interleukin-2 (IL-2) is available as a recombinant protein,
aldesleukin, which is used in the treatment of metastatic renal
cell carcinoma and metastatic melanoma. Its use is associated
with severe cardiotoxicity, including CTIA. The vast majority
are SVT/AF, with an incidence ranging from 9.7% to 17%. AF
alone can be found in 4.3% to 8.0% of patients.79 Ventricular
arrhythmias can also occur, sometimes requiring termination
of therapy. However, the frequency of life-threatening VT is
low (0.4%–1.1%).80 Various vasopressors that are used for IL2-induced hypotension have been speculated to be the underlying mechanism for the CTIA.

Arsenic Trioxide
Arsenic trioxide is used in the treatment of acute promyelocytic leukemia. Cardiac toxicity reported in arsenic trioxide
poisoning includes various ECG abnormalities, such as STT–wave changes, first-degree AV block, sinus tachycardia,
and QTc interval prolongation.81
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Some degree of QTc prolongation with arsenic trioxide is
observed in most if not all patients. In one study, QTc intervals ≥500 ms developed in 26.3% of patients. In an analysis
of 3011 ECGs from 113 patients treated with arsenic trioxide, 90% of the patients had QTc >470 ms and 65% had QTc
>500 ms using Bazett’s formula.82 QTc prolongation has been
associated with the development of torsades de pointes; the
incidence was as high as 16% in one study.83
Other ventricular arrhythmias are common with the use
of arsenic trioxide, including PVCs and nonsustained VT.84
Cases of SCD have also been reported. Transient AV block,
sometimes requiring temporary pacing to continue arsenic trioxide treatment, has also been described.

Amsacrine
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Amsacrine has a mode of action similar to anthracyclines. It
can also cause ECG changes similar to anthracyclines, including ST segment elevation, T-wave inversion or flattening,
prominent U waves, and significant prolongation of the QTc
interval. Its use has been associated with the development of
SVT, AF/AFL, multiple PVCs, asymptomatic VT, and fatal
ventricular fibrillation. Some cases of ventricular fibrillation have occurred in the setting of documented electrolyte
abnormalities that can develop right after amsacrine administration.85 The importance of maintaining electrolyte balance
must be emphasized because amsacrine is relatively safe to
use even in patients with left ventricular systolic dysfunction,
provided the potassium level is strictly monitored.86

Radiation Therapy
RT is often used in combination with chemotherapy for the
treatment of many cancers. RT can induce multiple long-term
sequelae, including coronary artery disease because of accelerated coronary atherosclerosis, cardiomyopathy, valvular
disease, or pericarditis because of associated fibrosis. These
sequelae can result in secondary CTIA. RT has been associated with various nonspecific ECG changes, including QTc
interval prolongation, although the most common manifestations are nonspecific T-wave changes and decreased QRS
amplitude.87 RT can also affect the conduction system of the
heart, with a wide spectrum of manifestations from incomplete right bundle branch block to complete AV block.88 It can
also cause malfunction of permanent pacemakers, implantable cardioverter defibrillators, and cardiac resynchronization
therapy devices in ≤7% of patients, although permanent or
severe damage is rare.89 This is specifically seen in neutronproducing RT.

Conclusions
Recent advances in cancer treatment, including many targeted therapies, have resulted in improved prognosis for
patients with malignancies, albeit with a significant burden
because of adverse effects from cardiac arrhythmias. It is,
thus, important for cardiologists and electrophysiologists to
know the association of individual chemotherapeutic agents
with specific arrhythmias to identify drug-mediated arrhythmias early and treat them effectively. Many new combination
treatments for various cancers continue to emerge, which
make arrhythmia risk assessment and management even

more complex. Further studies are required to identify the
mechanisms leading to CTIA with various cancer therapies
and, thereby, help prevent and treat such arrhythmias. Future
cancer drug discovery pathways should incorporate ways to
study the cardiac electrophysiological properties of these
agents to help prevent significant cardiac morbidity and mortality in these patients.

Disclosures
None.
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