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Abstract Cardiovascular toxicity is a potential compli-
cation of cancer chemotherapy (CC) that increases the
morbidity and mortality of cancer patients. Cardiac
arrhythmias have been reported as an adverse effect of
many chemotherapeutic drugs, including novel targeted
therapies. The relationship between chemotherapy and
arrhythmias has not been well-established and the proar-
rhythmogenic mechanisms remain uncertain as they can be
the result of a direct electrophysiological effect or of
changes in cardiac structure and function, including myo-
cardial ischaemia and heart failure, which create an
arrhythmogenic substrate. In this review we summarise
available evidence of proarrhythmia induced by CC, dis-
cuss the possible mechanisms involved in this adverse
effect and emphasise the importance of cardiac monitoring
for the early diagnosis, intervention and surveillance of
those patients more susceptible to develop proarrhythmia
in an attempt to reduce the morbidity and mortality. On-
cologists should be fully aware of proarrhythmia and the
close collaboration between cardiologists and oncologists
would result in a better cardiovascular assessment, risk
stratification, cardiac monitoring and treatment during CC
and during the follow-up. The final objective is to under-
stand the mechanisms of proarrhythmia and evaluate its
real incidence and clinical relevance so as to select the
safest and most effective treatment for cancer patients.
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Key Points

Several classes of chemotherapy drugs can induce a
wide spectrum of cardiac arrhythmias, but this is a
poorly recognised and studied aspect of cancer
chemotherapy-induced cardiotoxicity.

Cardiac arrhythmias can be induced by a direct
cardiac effect but they can also be initiated/
maintained by an arrhythmogenic substrate created
by the co-morbidities present in cancer patients or
generated by the cardiotoxicity induced by
chemotherapy drugs.

The diagnosis, monitoring and treatment of cardiac
arrhythmias and co-morbidities in cancer patients
demand a close collaboration between cardiologists
and oncologists.

1 Introduction

In recent years, progress in the early detection of and
success of cancer treatment has led to an impressive
reduction in both mortality and morbidity [1, 2]. At the
same time, however, cardiac complications resulting from
cancer chemotherapy (CC) have been recognised as major
contributors to morbidity and, ultimately, mortality in
cancer survivors [3-7]. Because cancer is an age-related
disease, together with the progressive aging of the popu-
lation, the common occurrence of cardiovascular risk fac-
tors and the increased survival after contemporary
treatment (almost 60 % of cancer survivors worldwide are
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older than 65 years) it is progressively likely that cancer,
cardiovascular diseases and cardiotoxicity related to the
cancer itself or CC may coexist in many patients [2, 6, 8].
This combination represents an important therapeutic
challenge and has a significant impact on the overall out-
comes of cancer patients, particularly in the elderly and in
those with previous cardiovascular diseases [1-8]. Fur-
thermore, in contrast to initial expectations, the risk of
cardiotoxicity persists with the novel drugs acting as spe-
cific signalling inhibitors (‘targeted therapy’) [1-7], which
confirmed that their effects are not specific to the cancer
cell but can also exert off-target effects on the heart. CC
can produce electrocardiographic (ECG) changes as well as
a wide spectrum of both bradyarrhythmias and supraven-
tricular and ventricular tachyarrhythmias. Unfortunately,
proarrhythmia, defined as the provocation of a new
arrhythmia or the aggravation of a pre-existing one during
therapy with a drug at doses or plasma concentrations
below those considered to be toxic, has not received the
attention it deserves and is still not considered an important
part of CC-induced cardiotoxicity. Thus, a better under-
standing of proarrhythmia induced by CC would lead to a
better clinical management and improved patient outcome.

In this article, we review the chemotherapeutic drugs
that can produce cardiac arrhythmias, the potential

mechanisms involved in their genesis and the risk factors
that can increase their incidence. The main chemotherapy
drugs are summarised in Electronic Supplementary Mate-
rial (ESM) Table 1 and the types of cardiac arrhythmias
and the possible mechanisms involved in CC-induced
cardiac arrhythmias in Tables 1 and 2. The patient char-
acteristics and types of cardiac arrhythmias described in
clinical trials and in case reports are presented in ESM
Tables 2 and 3, respectively.

2 Methods

We carried out a search of published reports on chemo-
therapy-induced arrhythmias in English from January 1971
to December 2013 wusing the Pubmed/MEDLINE
(1966-2013) and EMBASE (1980-2012) databases using
the following keywords “cardiac arrhythmia”, ‘bradycar-
dia”, “atrio-ventricular block”, “atrial fibrillation”, “QT
prolongation”, “ventricular arrhythmias”, “torsades de
pointes” and “sudden cardiac death” combined with
“chemotherapy”, “associated with chemotherapy” or
“chemotherapy-induced”. We also ran searches on typi-
cally used chemotherapeutic agents. We excluded publi-
cations where cardiac arrhythmias were not properly

Table 1 Main type of cardiac arrhythmias induced by chemotherapy drugs

Type of proarrhythmia

Causative drug

Sinus bradycardia

AV block

Intraventricular conduction
block

Sinus tachycardia
Atrial fibrillation

Supraventricular
tachycardias

QT prolongation

Premature ventricular
contractions

Ventricular tachycardia/
fibrillation

Torsades de pointes
SCD

Amsacrine, arsenic trioxide, bortezomib, capecitabine, cisplatin, combretastatin, crizotinib, cyclophosphamide,
cytarabine, daunorubicin, fludarabine, 5-FU, mitoxantrone, paclitaxel. ponatinib, rituximab, taxanes,
thalidomide, vinca alkaloids, vorinostat

Arsenic trioxide, bortezomib, capecitabine, cisplatin, cyclophosphamide, daunorubicin, doxorubicin, epirubicin,
5-FU, ifosfamide, IL-2, interferon-o, mitoxantrone, ponatinib, rituximab, taxanes, thalidomide

Cisplatin, 5-FU, imatinib, paclitaxel, trastuzumab

Arsenic trioxide, bortezomib, bosutinib, capecitabine, carmustine, cyclophosphamide, epirubicin, 5-FU, paclitaxel,
romidepsin, vorinostat

Alemtuzumab, amsacrine, bortezomib, cetuximab, cisplatin, cyclophosphamide, doxorubicin, gemcitabine,
ifosfamide, IL-2, interferon-o, melphalan, ponatinib, rituximab, sorafenib, sunitinib, taxanes, vinca alkaloids

Amsacrine, capecitabine, cisplatin, cyclophosphamide, daunorubicin, doxorubicin, ifosfamide, interferon-o, IL-2,
melphalan, ponatini, taxanes

Amsacrine, arsenic trioxide, bosutinib, cabozantinib, capecitabine, combretastatin, daunorubicin, doxorubicin,
enzastaurin, eribulin mexilate, HDAC inhibitors (dacinostat, panobinostat, romidepsin, vorinostat), rituximab,
small-molecule PKI (dasatinib, lapatinib, nilotinib, ponatinib, sorafenib, sunitinib, vandetanib)

Capecitabine, doxorubicin, 5-FU, ifosfamide, interferon alpha/gamma, methotrexate, rituximab, taxanes,
vincristine

Alkylating agents (Cisplatin, cyclophosphamide, ifosfamide, melphalan), amsacrine, antimetabolites
(capecitabine, 5-FU, gemcitabine, methotrexate), anthracyclines (daunorubicin, doxorubicin), arsenic trioxide,
dasatinib, HDAC inhibitors (panobinostat, romidepsin), interferon-o/-v, IL-2, monoclonal antibodies
(alemtuzumab, rituximab, trastuzumab), taxanes

Arsenic trioxide, dacinostat, daunorubicin, HDAC inhibitors, vorinostat

Amsacrine, arsenic trioxide, cabozantinib, capecitabine, doxorubicin, 5-FU, interferon-o, nilotinib, romidepsin,
rituximab

5-FU 5-fluorouracil, AV atrioventricular, HDAC histone deacetylase, IL-2 interleukin-2, PKI protein kinase inhibitor, SCD sudden cardiac death
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Table 2 Mechanisms involved in chemotherapy-induced cardiac arrhythmias

Mechanism of action

Drugs

hERG channel blockade
Abnormal Ca®* homeostasis
Cardiac apoptosis

Cytokine release syndrome
Electrolyte disturbances

Endothelial damage

Heart failure and LV dysfunction

Histamine release

Hypertension

Hypotension

Increase in cardiac automaticity

Myocarditis/pericarditis
Myocardial fibrosis/hypertrophy

Myocardial ischaemia (coronary
vasospasm/vasoconstriction/
thrombosis)

Mitochondrial injury
Oedema

Oxidative stress
Proinflammatory response
Pulmonary hypertension

Thromboembolism

Arsenic trioxide, histone deacetylase inhibitors, PKIs (dasatinib, lapatinib, nilitinib, sunitinib)
Anthracyclines, arsenic trioxide, taxanes

Anthracyclines, antimetabolites (capecitabine, 5-FU), PKIs (sorafenib, sunitinib)

Alkylating agents, anthracyclines, antimetabolites, monoclonal antibodies (alemtuzumab, rituximab)
Amsacrine, cisplatin, melphalan

Alkylating agents (cisplatin, cyclophosphamide, ifosfamide), angiogenesis inhibitors, antimetabolites
(5-FU), bevacizumab, PKIs (sorefenib, sunitinib)

Alkylating agents (cisplatin, cyclophosphamide, ifosfamide), anthracyclines (doxorubicin, epirubicin,
idarubicin), antimetabolites (capecitabine, 5-FU, cytarabine), antitumour antibacterials (bleomycin,
mitomycin), interferon-o, monoclonal antibodies (bevacizumab, trastuzumab), proteasome
inhibitors (bortezomib), PKIs (dasatinib, imatinib, lapatinib, sorafenib, sunitinib), taxanes,
topoisomerase II inhibitors

Doxorubicin, paclitaxel

Angiogenesis inhibitors, bevacizumab, cisplatin, interferon-o, PKIs (sorafenib, sunitinib, vandetanib)

Alemtuzumab, cetuximab, etoposide, 5-FU, interferon-o, IL-2, rituximab, taxanes, thalidomide

Doxorubicin

Anthracyclines (cyclophosphamide, melphalan, mitoxantrone), antimetabolites (capecitabine,
cytarabine, 5-FU, gemcitabine), IL-2, monoclonal antibodies (alemtuzumab, rituximab)

Alkylating agents (cisplatin, cyclophosphamide), anthracyclines, antimetabolites (5-FU,
gemcitabine), sunitinib

Alkylating agents (cisplatin, cyclophosphamide), antimetabolites (capecitabine, 5-FU, gemcitabine,
methotrexate), antitumor antibiotics (bleomycin), etoposide, IL-2, interferon-o,, monoclonal
antibodies (alemtuzumab, bevacizumab), proteasome inhibitors, PKIs
(erlotinib, sorafenib, sunitinib), taxanes, vinca alkaloids

Anthracyclines, tyrosine kinase inhibitors (imatinib, sunitinib)
Alkylating agents, imatinib, rituximab, thalidomide, trastuzumab
Alkylating agents, anthracyclines, antimetabolites, mitomycin C
Anthracyclines, antimetabolites, interferon-o

Thalidomide

Angiogenesis inhibitors (lenalidomide, thalidomide), cisplatin, PKIs
(erlotinib, sorafemib, sunitinib), vorinostat

5-FU 5-fluorouracil, hRERG human ether-a-go-go-related gene potassium ion channels, IL-2 interleukin-2, LV left ventricular, PKIs protein kinase

inhibitors

identified. Two reviewers (ED and RC) independently
assessed the eligibility of the articles and abstracts identi-
fied by the search, and discrepancies were resolved by
consensus. Studies graded as randomised controlled trials,
prospective and retrospective studies are summarised in
ESM Table 2, while case reports are summarised in ESM
Table 3.

3 Chemotherapy-Induced Proarrhythmia
3.1 Alkylating Agents
ECG changes [peaked P waves, low QRS voltage, non-

specific ST/T wave changes, prolongation of the corrected
QT (QTc) interval] and cardiac arrhythmias, including

bradycardia, supraventricular tachycardia (SVT), atrial
fibrillation (AF), atrial flutter, premature ventricular beats
(PVBs), ventricular tachycardia (VT) and complete atrio-
ventricular (AV) block (AVB) have been reported (ESM
Tables 2, 3). Atrial and ventricular tachyarrhythmias
appear in 7.9-10 % of patients 24-72 h after the admin-
istration of a high dose of cyclophosphamide (HDC), par-
ticularly in the context of perimyocarditis and congestive
heart failure, but they disappear spontaneously in 1-7 days
[9-14]. However, ECG changes and isolated AF may also
occur even in the absence of clinical cardiotoxicity. In
patients pretreated with other chemotherapeutic agents
[CHOP (cyclophosphamide, doxorubicin, vincristine and
prednisone) therapy] and whole-body irradiation undergo-
ing bone marrow transplantation (BMT), cyclophospha-
mide produces QT prolongation and cardiac arrhythmias
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(SVT, paroxysmal AF, PVBs and VT) in 33 % of patients
[9, 10]. In 39 patients with breast cancer receiving HDC
with BMT, nine developed SVT, two VT [one ventricular
fibrillation (VF)] and four AVB [12].

Isolated reports of sinus tachycardia are reported with
carmustine (ESM Tables 2, 3). Cytarabine can produce
ECG changes (ST segment elevations consistent with
pericarditis, persisting at least for a week) and bradycardia,
sometimes requiring the discontinuation of drug infusion
and the administration of atropine, although in some
patients the ECG returns to baseline within 24 h after
cessation of the drug [15]. Melphalan administered before
BMT produces AF or flutter in 6.6—-11 % of patients, PVCs
and SVT, but AF is not observed in patients receiving BMT
alone [16—19]. Out of 52 patients treated with high doses of
ifosfamide and BMT, two patients developed myocardial
depression and malignant ventricular arrhythmias [20]. The
risk of malignant arrhythmias requiring antiarrhythmic
drugs or cardioversion increases at high doses and in
patients who developed cardiomyopathy or with chronic
kidney disease [3, 4, 20].

3.1.1 Mechanism of Action

Cardiac arrhythmias probably result from direct damage of
the cardiomyocytes and ischaemic damage caused by cor-
onary artery vasospasm and vascular coronary endothelial
injury followed by intracapillary microthrombi [10]. Heart
block may also result from damage of the conduction
system secondary to microangiopathy or transient coronary
spasms [11, 12]. Some patients develop complete AVB
with uncontrolled vomiting, suggesting that increased
vagal tone induced by emesis could contribute to the
development of AVB. An immune-mediated process or a
type of hypersensitivity reaction has also been proposed for
cytarabine [10, 21]. Histopathological studies demonstrated
an arrhythmogenic substrate characterised by cardiac
hypertrophy, fibrosis, interstitial oedema and haemorrhagic
myocardial necrosis.

3.1.2 Risk Factors

The risk of proarrhythmia increases with age (>70 years),
in females and in patients treated with single high doses
followed by BMT, with hypertension, coronary artery
disease (CAD), myocarditis, heart failure or chronic kidney
disease, and with previous mediastinic irradiation or
anthracycline exposure [3-5, 13, 14].

3.2 Cisplatin

Cisplatin produces ECG changes (ST-T changes, T wave
inversion) [3, 4], cardiac arrhythmias (bradycardia, left
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bundle branch block, SVT, AF) and chest pain with ele-
vated cardiac enzymes indicative of myocardial infarction
(ESM Tables 2, 3). Intrapericardial and intrapleural cis-
platin produces AF (12-32 %) and non-sustained VT
(NSVT; 8 %) [5, 22-25]. These events are not dose-
dependent and may occur at any time, from hours after the
first cisplatin infusion is completed to several months after
completion of a cycle. However, bradyarrhythmias are
rarely observed [26].

3.2.1 Mechanism of Action

Cardiac arrhythmias may result from coronary vasospasms,
direct pericardial irritation, electrolyte disturbances (hyp-
omagnesaemia due to injury of proximal tubular epithelial
cells that can potentiate arterial vasospasm), endothelial
damage, and vascular fibrosis and thrombosis [3-5].

3.2.2 Risk Factors

The risk factors with cisplatin are similar to those described
for other alkylating agents, increasing in patients with
hypertension, CAD, left ventricular (LV) dysfunction or
heart failure and renal impairment. Because cardiotoxiticy
can be worsened by cisplatin-induced electrolyte abnor-
malities, serum creatinine, blood urea nitrogen, creatinine
clearance and electrolytes (magnesium, sodium, potassium
and calcium plasma levels) should be monitored prior to
initiating therapy, and prior to each subsequent course.

3.3 Antimetabolites

Chest pain, ischaemic-like ECG changes (decrease in QRS
amplitude, ST elevation, Q waves, peaked T waves) and
elevation of creatinine kinase-MB levels suggestive of
myocardial ischaemia occur in up to 18 % of patients
treated with high doses of 5-fluorouracil (5-FU) [5, 27-33].
The risk of cardiac ischaemia appears in up to 68 % of
patients treated with high-dose infusions of 5-FU [34, 35].
Cardiac arrhythmias may manifest as sinus bradycardia/
tachycardia, AF and ventricular tachyarrhythmias [PVCs,
polymorphic VT (Torsades de pointes) and sudden cardiac
death (SCD)] have been reported [27-33, 36, 37]. The risk
of proarrhythmia is similar with 5-FU and capecitabine, an
oral prodrug of 5-FU [29]. QTc prolongation with Torsades
de pointes has been described with capecitabine plus 5-FU
or oxiplatin [38, 39]. Ischaemic-like ECG changes and
ventricular arrhythmias appear within 2-5 days and dis-
appear within a few hours to 5 days after drug discontin-
uation, but recurrences can be observed in 90 % of patients
with drug re-exposure, which confirms the proarrhythmic
effect of antimetabolites [28, 32, 40, 41]. However,
arrhythmias without ischaemic events are rare.
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A review of the literature (1969-2007) has identified 23
unspecified arrhythmias in 377 patients (6 %) [31]. Of 644
patients, three present conduction abnormalities and 11
develop tachyarrhythmias (12 sinus tachycardia, two pre-
mature atrial beats, one PSVT, five AF, four VPCs and
three VT) [37]. In a prospective study in 367 patients, 5-FU
induced cardiotoxic events in 28 (8 %), including seven
supraventricular arrhythmias and one SCD [27]. After drug
discontinuation, four patients experienced SCD. Five of
910 patients (0.55 %) treated with 5-FU presented ST
elevation and ventricular arrhythmias consistent with CAD
during the 5-day infusion [32]. Four patients developed an
acute myocardial infarction and two cardiac arrest. Another
study described 36 instances of bradycardia (12 %) and 11
of VT (3.7 %) in 301 patients treated with 5-FU [21]. In
another 72 patients, the combination of 5-FU and cisplatin
was associated with AF (4-6.5 %), VF (2.6 %) and SCD
[36]. Asymptomatic bradycardia persisting for more than
24 h has been observed in six (2.9 %) of 207 patients [42].
Bradycardia requiring pacemaker implantation has been
described with cytarabine (ESM Table 3).

3.3.1 Mechanism of Action

Antimetabolite-induced arrhythmias can been explained by
multiple mechanisms, including coronary vasospasm due
to a direct toxic effect on vascular endothelium involving
endothelial nitric oxide synthase and endothelium-inde-
pendent vasoconstriction via protein kinase C, arteritis and/
or thrombosis (due to alteration in the coagulation system
and decreased fibrinolytic activity) leading to myocardial
ischaemia [1, 3, 31, 37, 43, 44]. The temporal relationship
between chest pain and ECG changes and the recurrence of
pain with rechallenge supports the role of myocardial
ischaemia. Indeed, circulating levels of endothelin-1, a
potent vasoconstrictor, increase particularly in patients
treated with 5-FU experiencing cardiac events [45]. Other
mechanisms include direct cardiac injury, the release of
vasoactive compounds, an immune-mediated cardiac
damage, the production of fluoroacetate, a degradation
cardiotoxic product of 5-FU that depletes cardiac high-
energy phosphates and is a potent inhibitor of the tricar-
boxylic acid cycle, or cytotoxic metabolites of gemcitabine
[37, 44]. Cardiac histopathological findings include diffuse
interstitial oedema, intracytoplasmatic vacuolation and
necrosis of myocytes, fibrosis, pericardial haemorrhage and
inflammatory infiltrates compatible with a myocarditis or
cardiomyopathy as an arrhythmogenic substrate [3].

3.3.2 Risk Factors

The risk associated with antimetabolites increases among
the elderly, at high doses or continuous infusion schedules,

and with previous CAD, renal failure, concomitant cis-
platin treatment and prior mediastinal radiation which
produces small-vessel thrombosis [27, 29, 31, 37]. Thus,
ECG and electrolyte balance should be regularly monitored
during treatment, especially in patients with CAD or when
antimetabolites are associated with cisplatin, because
hypomagnesaemia increases the risk of arrhythmias [27]. If
proarrhythmia occurs, 5-FU should be immediately dis-
continued, since prophylaxis or treatment of CAD with
nitrates or calcium channel blockers can be ineffective [31,
36, 43].

3.4 Antimicrotubule Drugs
3.4.1 Taxanes

Chest pain indicative of myocardial ischaemia and serious
hypersensitivity reactions due to paclitaxel (and its vehicle
Cremophor® EL) were observed in phase I trials. Thus,
continuous cardiac monitoring was regularly performed
which allowed the determination of the incidence of a wide
spectrum of arrhythmias. In isolated coronary perfused
hearts taxol induces conduction arrhythmias (bradycardia,
AVB and asystole), reduces coronary flow and LV systolic
pressure, and blocks the vasodilator effect of bradykinin
[46, 47]. In dogs, ECG changes progresses through a
widening of the QRS to polymorphic PVCs and eventually
to VF and death.

The most common arrhythmias reported in patients
treated with paclitaxel are asymptomatic sinus bradycar-
dia (0.1-31 %) and first-degree AVB (25 %) [48, 49],
although other arrhythmias occur, including left bundle
branch block (3 %), AF, SVT, VPCs and NSVT [4, 48—
52] (ESM Table 2). In four phase I and II studies
involving 140 patients treated with paclitaxel, asymp-
tomatic bradycardia occurred in up to 29 % of patients,
and other cardiac disturbances, including a range of
AVB, left bundle branch block, VT and manifestations of
cardiac ischaemia, occurred in seven patients (5 %) [51].
In the National Cancer Institute database including more
than 4,000 patients without significant cardiac risk fac-
tors, sinus bradycardia appears in ~30 % of patients, and
the incidence of supraventricular and ventricular
arrhythmias and heart block is 0.24, 0.26 and 0.11 % of
patients, respectively [49]. Arrhythmias appear within the
first 24 h after initiation of paclitaxel infusion (range
2.5 h to 6 days) and resolve spontaneously over the next
48-72 h, although in some patients brief episodes of SVT
or PVCs can occur even 10 days after drug discontinu-
ation [49, 51]. The close time—effect relationship and the
fact that most patients had no cardiac risk factors sup-
ports that paclitaxel is the cause of these arrhythmias
[51].
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3.4.1.1 Mechanism of Action Paclitaxel (and Cremo-
phor® EL) can induce cardiac arrhythmias by different
mechanisms, including the following: (a) the release of
histamine. In animal models, stimulation of histamine H;
and H, receptors produces bradycardia, conduction delay
through the AV node and the Purkinje system and atrial
and ventricular arrhythmias [48, 51, 52]. H, receptor
stimulation also increases ventricular ectopic automaticity
and can induce faster rhythms via re-entry and/or after
depolarisations [53, 54]. Moreover, paclitaxel increases
myocardial oxygen demands and reduces coronary blood
flow, producing an ischaemic arrhythmogenic substrate.
(b) The induction of cardiac muscle damage via effects on
subcellular organelles [55]. (c) In rat ventricular cardio-
myocytes paclitaxel increases the levels of the neuronal
Ca>" sensor 1 (NCS-1) and the binding of NCS-1 to the
inositol 1,4,5-trisphosphate (InsP3) receptor, leading to an
increase in the frequency of spontaneous cytosolic Ca®™
oscillations that can manifest themselves as PVBs, VT and
VF [56].

3.4.1.2 Risk Factors The risk of bradyarrhythmias
increases in patients with a previous history of bradycardia,
AVB (Mobitz types I and II and complete heart block),
bundle branch block, myocardial infarction or congestive
heart failure, those treated with AV blocking drugs (B-
blockers, digoxin or calcium antagonists) or with electro-
lyte disturbances [3, 48, 50, 51]. The combination of
docetaxel with thalidomide in solid tumours produces
dose-limiting bradycardia and myocardial infarction [57].

Paclitaxel enhances doxorubicin-induced cardiotoxicity
by decreasing its metabolism and increasing the cardio-
myocyte formation of doxorubicinol, the major metabolite
of doxorubicin [58]. Thus, it is recommended that anthra-
cyclines be administered prior to paclitaxel, and that the
infusions be separated by 24 h and/or the cumulative
doxorubicin dose is limited to 380 mg/m”. This interaction
was not observed for epirubicin, so this drug should be
selected preferentially when combined with taxanes [49].
Additionally, Cremophor® EL lowers the renal and hepatic
clearance of anthracyclines, resulting in their increased
plasma concentrations [55, 59].

Cardiac monitoring is not generally recommended in
asymptomatic patients and in those without risk factors [49,
51]. However, in patients with symptomatic bradycardia or
progressive conduction disturbances, continuous ECG
monitoring is recommended, drug discontinuation should
be considered and some patients may require a pacemaker
implantation depending on the severity of symptoms,
haemodynamic consequences and the need to continue
paclitaxel therapy [4, 50]. Pretreatment with antihistamines
and corticosteroids prevents the release of histamine and
reduces the risk of bradycardia.
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3.4.2 Vinca Alkaloids

Vinca alkaloids produce chest pain and ECG changes (T
wave inversions, ST changes) associated with myocardial
ischaemia, PVCs and AF that rapidly reverses within
10 days [60]. In an uncontrolled open-label study, eribulin
mesylate prolongs the QTc using the Fridericia’s formula
(QTcF) [61], but no patients had a QTcF interval
>450 ms or a change in QTcF >30 ms over baseline
values [62].

3.4.2.1 Mechanism of Action The mechanism of cardio-
toxicity is unknown but may include changes in pre-
existing atherosclerotic coronary vessels or coronary artery
spasm [60, 63], an increase in cardiac sensitivity to hypoxia
and an inhibitory effect on the vagal chronotropic control
of the heart [64].

3.4.2.2 Risk Factors The risk of cardiac arrhythmias
increases in women, in patients with a previous history of
CAD or hypertension, or who have had previous medias-
tinal radiation therapy [1, 4, 65].

3.5 Anthracyclines

Anthracyclines are effective chemotherapeutic agents, but
their usefulness is limited by potentially fatal dose-
dependent cardiotoxicity [66, 67]. Anthracycline-induced
cardiotoxicity can be developed in an acute, subacute, or
chronic manner. Acute cardiotoxicity manifests itself as
arrhythmias, a pericarditis—-myocarditis syndrome or acute
heart failure occurring during or immediately after a
single dose or a course of anthracycline therapy. ECG
changes (e.g. non-specific ST/T and T wave changes,
decreased QRS voltage, T wave flattening and QTc pro-
longation) are present in 6-38.4 % of the patients, and
transient arrhythmias (supraventricular and ventricular
tachycardias, AVB) are seen in 0.5-3 % of the patients
[5, 55, 66-72] (ESM Tables 2, 3). PVCs are the most
common arrhythmias after the administration of doxoru-
bicin (they appear in 3 and 24 % of patients 1 and 24 h
post-infusion, respectively) but up to 6 % of the patients
can develop NSVT 24 h post-infusion [69, 71]. These
arrhythmias appear during and shortly after drug admin-
istration, are usually reversible, are not dose dependent
and do not preclude further anthracycline use [4, 55, 68,
72]. However, there are reports of QTc prolongation
followed by Torsades de pointes and SCD in patients with
hypokalaemia and life-threatening arrhythmias (VT/VF)
causing cardiac arrest been reported in the first 24 h after
drug administration [3, 4, 55, 70, 72-76]. Isolated cases
of asymptomatic bradycardia and advanced AVB leading
to syncopal episodes and ventricular asystole requiring
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pacemaker implantation have been described with doxo-
rubicin and epirubicin, while mitoxantrone can produce
sinus bradycardia (ESM Tables 2, 3). Nevertheless, AF
appears to be a rather common complication of anthra-
cyclines and in one study it was described in 10.3 % of
the patients during the first course of doxorubicin-based
chemotherapy [69].

Subacute cardiomyopathy clinically resembling a myo-
carditis generally occurs within a few weeks to months
after the last dose of anthracyclines and is accompanied by
diastolic dysfunction and severe dysrrhythmias (VT, VF
and SCD) [69, 77, 78]. Chronic anthracycline cardiotox-
icity associated with serious ventricular arrhythmias,
including VT, VF and SCD, can appear many years after
chemotherapy has been completed in symptomatic or
asymptomatic patients with late cardiomyopathy [69, 77—
79]. In one study, nine of 201 patients followed throughout
4-20 years presented late symptoms, including cardiac
failure and dysrhythmia, and three patients died suddenly
[79]. QT prolongation can be a delayed effect of anthra-
cyclines that may precede development of subacute cardiac
failure [80].

3.5.1 Mechanism of Action

Several mechanisms have been proposed to explain the
anthracycline-induced cardiac arrhythmias [1, 4, 72, 73,
81-84]. (a) Direct electrophysiological effects. In isolated
cardiomyocytes, doxorubicin produces proarrhythmic
effects that are prevented with B-blockers [85]. In ven-
tricular myocytes isolated from cardiomyopathic rats
treated long-term with the drug, doxorubicin increases the
amplitude of L-type Ca>" currents [86, 87] and in canine
Purkinje fibres it decreases the amplitude and prolongs the
duration of the cardiac action potential. This latter effect
was attributed to the direct inhibition of the transient and
the delayed outward currents and the inhibition of Na*—
Ca*t exchange [88, 89]. In rats, doxorubicin produces a
widening of the QRS complex and QT prolongation and in
mice it induces PVCs, VT and fatal arrhythmias [90].
(b) Generation and accumulation of reactive oxygen spe-
cies (ROS) (superoxide anions) via the formation of iron—
anthracycline complexes, the redox cycling of the quinone
and semiquinone moieties of doxorubicin or downstream
effects of topoisomerase IIf} inhibition. ROS can activate
MAPK (mitogen-activated protein kinase), SAPK (stress-
activated protein kinase) and caspase 9 activity that induce
myocyte apoptosis [81]. Moreover, anthracyclines increase
cardiomyocyte susceptibly to ROS by reducing cardiac
production of protective endogenous antioxidants (gluta-
thione peroxidase, superoxide dismutase and catalase) [73].
Furthermore, accumulation of ROS causes severe lipid
peroxidation and membrane damage. (c) Doxorubicin and

ROS increase the release of Ca>" from intracellular stores
and decrease the expression of sarcoplasmic reticulum
calcium—-ATPase, resulting in cytosolic Ca’* overload,
contractile dysfunction and myocardial necrosis [72].
(d) Decrease of adenosine monophosphate (AMP)-acti-
vated protein kinase (AMPK) expression, which results in
mitochondrial dysfunction, adenosine triphosphatase
(ATP) depletion, ROS formation, release of cytochrome c
from mitochondria into cytoplasm, activation of caspases
and myocyte apoptosis [81]. (¢) Impairment of prosurvival
signalling pathways via the inhibition of the neuroregulin/
ErbB signalling pathway. (f) Cardiac accumulation of
doxorubicinol, a toxic metabolite of doxorubicin, which
inhibits ion-dependent pumps (calcium and sodium ion
exchange pumps) in the mitochondria and the sarcolemma,
leading to ROS production [91, 92]. Other possible
mechanisms include the release of vasoactive mediators
[histamine and tumour necrosis factor (TNF)-o from
macrophages, interleukin-2 from monocytes], autonomic
imbalance secondary to adverse events (i.e. nausea, vom-
iting) and allergic reactions [31, 69].

Histopathological cardiac changes in endomyocardial
biopsies demonstrate sarcoplasmic reticulum dilation,
cytoplasmic vacuolisation, fibrosis, mitochondrial swelling
or disruption, acute inflammation of the pericardium,
myofibrolysis and necrosis [3, 65, 77].

3.5.2 Risk Factors

The risk factors relating to anthracyclines include extremes
of age (<15 and >65 years), female sex, total cumulative
doses (doxorubicin >400 mg/m?; epirubicin >450-600
mg/m?), pre-existing cardiovascular diseases (CAD,
hypertension, diabetes mellitus), hypokalaemia, liver/renal
impairment, concomitant use of CC (cyclophosphamide,
taxanes, trastuzumab, bleomycin, mytomicin, vincristine,
amsacrine, mitoxantrone) and prior mediastinal irradiation
[2, 77, 93].

In patients with non-Hodgkin’s lymphoma, genetic
factors possibly associated with anthracycline-induced
cardiotoxicity include variants in genes encoding doxoru-
bicin transport systems [multidrug resistance proteins
(MRP) 1 and 2, human concentrative nucleoside trans-
porter (hCNT3), adenosine triphosphate—binding cassette
transporters (ABCBI, ABCB4 and ABCCI), enterohepatic
reuptake (SLCI0A2)], three subunits (NCF4, p22phox and
RAC?2) of the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase involved in ROS formation and glu-
tathione-S-transferase P (GSTP1I), a phase II detoxification
enzyme [94-96].

Measures to reduce or prevent cardiac arrhythmias
include identification and treatment of cardiovascular risk
factors before anthracycline treatment, ECG monitoring
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before, during and a long time after completion of
anthracycline treatment, aggressive treatment of anthracy-
cline-induced cardiomyopathy, avoidance of the coadmin-
istration of doxorubicin with other cardiotoxic drugs (i.e.
introducing a drug-free interval between the two agents),
administration of cardioprotective drugs (dexrazoxane) or
administration of less cardiotoxic anthracyclines (epirubi-
cin, idarubicin, mitoxantrone) in high-risk patients, chan-
ges of dosage schedules and new doxorubicin formulations
[2, 59, 67, 69, 77,78, 97]. Dexrazoxane is an iron-chelating
agent that prevents the generation of anthracycline—iron
complexes and ROS, decreasing the risk of heart failure
without affecting overall survival; this benefit is not
observed with other cardioprotective agents [97]. Whether
dexrazoxane interferes with the anti-tumour effects of
anthracyclines and its potential for an increase in secondary
leukaemias remains controversial.

Because cardiotoxicity depends on peak plasma drug
concentrations, while antineoplastic activity depends on
total systemic exposure over time or tissue concentration
over time, doxorubicin is less cardiotoxic when adminis-
tered as a prolonged intravenous infusion over 48-96 h or
as lower weekly injections instead of a bolus injection
every 3 weeks [3, 4, 65-67, 72, 93, 97-99]. Liposome-
encapsulated or pegylated doxorubicin reduces cardiotox-
icity, while providing comparable anti-tumour efficacy
[100, 101]. Finally, since anthracycline-induced arrhyth-
mias can occur many years after the treatment, survivors of
malignancies treated with anthracyclines should undergo
ambulatory ECG monitoring as part of their follow-up to
detect potentially life-threatening arrhythmias even if
asymptomatic [78].

3.6 Arsenic Trioxide

In patients with refractory or relapsed acute promyelo-
cytic leukaemia arsenic trioxide (ATO) produces ECG
changes (QTc prolongation, QRS widening, ST/T chan-
ges, T wave inversion/flattening), bradyarrhythmias (sinus
bradycardia, AVB requiring pacemaker insertion) [102—
105] and life-threatening ventricular tachyarrythmias,
including Torsades de pointes and SCD within the first
24 h after drug administration (ESM Table 2). In two
trials, six out of 30 patients died suddenly during the first
cycle of treatment [106, 107]. ATO prolongs the QT
interval in 26-93 % of patients and life-threatening ven-
tricular tachyarrythmias are reported in up to 30 % of
patients, including accelerated idioventricular rthythm and
Torsades de pointes [4, 8, 102—-105, 108]. QT prolonga-
tion is observed 1-5 weeks after drug infusion, and return
towards baseline by the end of 8 weeks, i.e. before the
second course [104, 105].
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In 99 patients enrolled in phase I or II trials, ATO
prolonged the QTc interval by a mean of 47 ms in 36.6 %
of the treatment courses and by >60 ms from baseline in
35.4 % of the patients; 26 patients presented QTc intervals
>500 ms [104]. In another 40 patients, ATO produced
bradycardia in 24 (55 %), QTc prolongation in 16 (40 %)
and one patient presented a Torsades de pointes [105]. In
another study, in 13 of 14 patients ATO produced QTc
prolongation (13 ms) and arrhythmias (two paroxysmal
SVT, eight VPCs, four NSVT) [103]. During the second
course of therapy, nine patients developed PVCs or NSVT
and four required antiarrhythmic treatment. In six of 18
patients in a further study, ATO prolonged the QTc interval
and three of the patients developed VT [108].

3.6.1 Mechanism of Action

ATO increases cardiac Ca®" currents and inhibits several
potassium currents, including the rapid (/k,) and slow (Ik)
components of the delayed rectifier K™ current and the
ATP-sensitive current (Igatp) [5, 109]. Additionally, ATO
reduces surface expression of human ether-a-go-go-related
potassium channels (hERG, Kv11.1, KCNH2) by inhibiting
the formation of channel-chaperone (Hsp70/90) complexes
and channel trafficking from the endoplasmic reticulum
and Golgi complex to the cell surface [110]. As a conse-
quence, ATO prolongs ventricular action potential duration
[111] and the QT interval in the surface ECG [105, 110,
112].

3.6.2 Risk Factors

Possible risk factors for QT prolongation include female
sex, old age, bradycardia, electrolyte abnormalities (hyp-
okalaemia), pre-existing heart disease, congenital long QT
syndrome, concomitant use of QT-prolonging drugs, high
cumulative anthracycline dose, and a history of cardiac
ischaemia and myocardial infarction [3, 4].

Because ATO-induced ventricular arrhythmias are often
resistant to chemical and electrical cardioversion, the US FDA
safety guidelines for QT interval monitoring with ATO
administration recommend that all patients must have a
baseline QTc <500 ms, close ECG monitoring (1-2 times per
week in stable patients; more often if needed) for early rec-
ognition of the arrhythmia, and must maintain serum potas-
sium >4 mEq/L and magnesium >1.8 mg/dL during the
treatment. Patients with a QTc >500 ms or symptoms (pal-
pitations or syncope) should be immediately hospitalised,
electrolyte abnormalities corrected and the ECG closely
monitored. ATO may be temporarily discontinued until the
QT interval regresses to <460 ms, electrolyte abnormalities
are corrected and irregular heartbeats cease [103-105, 108].
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3.7 Cytokines
3.7.1 Interferons

Reversible arrhythmias, including AVB, atrial flutter, AF,
atrial premature beats (APBs), ventricular premature beats
(VPBs), NSVT and VF have been reported in up to 20 % of
patients treated with interferon-oo (ESM Table 2). In a
phase I trial that enrolled 15 patients, one died in VF while
experiencing chest pain after receiving 5 days of treatment
with recombinant interferon-o-2a [113]. In another study,
five patients (20 %) treated with recombinant interferon-o-
2a presented cardiac arrhythmias that required treatment
[114]. Among 18 patients with normal basal ECGs treated
with interferon-y, eight presented complex cardiac ectopy
and seven NSVT [115]. In a review of cardiotoxicity in
patients treated with all types of interferons, supraventric-
ular and ventricular arrhythmias were reported in 25
patients, most of them having underlying heart disease
[116]. Cardiac arrhythmias are usually reversible following
cessation of drug therapy.

3.7.1.1 Mechanism of Action Cardiotoxicity has been
related to coronary vasospasm, an autoimmune or inflam-
matory reaction and/or a decrease in the ATP levels [116].
Cases of cardiomyopathy have been observed on rare
occasions in patients treated with interferon-o.

3.7.1.2 Risk Factors In a review of cardiotoxicity
induced with all types of interferons, most cardiac
arrhythmias were reported in patients with underlying heart
disease [116].

3.7.2 Interleukin-2

Interleukin (IL)-2 induces supraventricular tachyarrhyth-
mias (9.7-17 %), AF (5-8 %) and life-threatening VTs
(<1 %) (ESM Table 2). Arrhythmias appear within 2—8 h
and reverse rapidly after drug discontinuation [4, 117]. In
three phase II trials enrolling patients treated with high-
dose IL-2 and lymphokine-activated killer cells, 20 patients
(21.5 %) developed SVT, AF, PVCs and one VT requiring
cardioversion [118]; additionally, four patients presented
transient cardiac ischaemia. In an analysis of 270 patients
with metastatic melanoma, SVT appeared in 17 % of
patients, but life-threatening VTs occurred in <1 % of
patients [119]. In 317 patients treated with 423 courses of
IL-2 therapy, 8 % of the courses were associated with AF,
1.7 % with a prolonged atrial arrhythmia and hypotension,
and 0.2 % with NSVT; in general, ventricular and supra-
ventricular arrhythmias occur in 14-21 % of the patients
[117]. Among 199 patients who received 310 courses of

treatment, arrhythmias occurred during 6 % of the courses,
including one VT [120].

3.7.2.1 Mechanism of Action A direct myocardial toxic-
ity possibly related to coronary vasospasm and myocarditis
has been proposed as the mechanism of action of IL-2 [3,
4]. IL-2 administration often causes a capillary leak syn-
drome characterised by enhanced capillary permeability,
hypovolaemia, peripheral vasodilation and hypotension,
leading to a reflex increase in heart rate [3, 4]. This syn-
drome is associated to supraventricular and ventricular
arrhythmias in up to 10 % of patients [117].

3.7.2.2 Risk Factors Patients with cardiac or pulmonary
disease may be at greater risk during IL-2 administration
and should not be selected to undergo this treatment.
Myocardial ischaemia can be aggravated by IL-2 [3, 4].

3.8 Histone Deacetylase Inhibitors

ECG changes (marked QTc prolongation, ST/T wave flat-
tening, T wave inversion), SVT, AF and ventricular tach-
yarrhythmias, including Torsades de pointes and
unexpected deaths, have been reported with romidepsin [8,
121-127]. Among 42 patients with T cell lymphoma,
romidepsin (depsipeptide) produced SVT in 14 (38 %), VT
in five (14 %), and APBs and VPBs were observed in 24
(65 %) and 14 (38 %) patients, respectively; QTc interval
values >450 ms were detected in 28 patients and QTc
intervals >500 ms in four patients [123]. In 37 patients
with refractory solid tumours, romidepsin produced three
asymptomatic arrhythmic events, one atrial bigeminy, one
3 s sinus pause and an asymptomatic five-beat run of VT
[122]. Both QTc prolongation and arrhythmias usually
disappeared before the subsequent cycle [122, 123].
However, in 15 patients with metastatic neuroendocrine
tumours mostly pretreated with QT-prolonging drugs
(octreotide and ondansetron), romidepsin was suspended
due to serious cardiac adverse events, including one SCD
possibly related to VF, two episodes of asymptomatic VT,
and three instances of QT prolongation (grade 2) [124].
Moreover, among more than 500 individuals treated with
romidepsin, six unexpected deaths were reported [121].
QTcF prolongation (>470 ms) was reported in 10 % of the
patients treated with dacinostat, 6.3-28 % treated with
panobinostat and 3.5-6 % treated with vorinostat [122]
(ESM Table 2). In clinical studies in patients with cuta-
neous T cell lymphoma (CTCL), three of 86 CTCL patients
exposed to 400 mg once daily exhibit grade 1
(>450-470 ms) or 2 (>470-500 ms or increase of >60 ms
above baseline) QTc prolongation. In a retrospective ana-
lysis of three phase I and two phase II studies recruiting
116 patients, four presented grade 2 and one grade 3 QTc
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prolongation [128] and three in 86 CTCL patients pre-
sented a QTc prolongation >450—4,500 ms (ESM Table 2).

3.8.1 Mechanism of Action

Histone deacetylase (HDAC) inhibitors with different
chemical structures block hERG channels, suggesting that
QT prolongation is a class effect related to their underlying
mechanism of action. In dogs and rats, depsipeptide pro-
longs the QT interval, increases cardiac enzymes, and
induces myocardial inflammatory changes and epicardial
and endocardial haemorrhages [129]. HDAC inhibitors
alter gene expression and modulate cell cycle arrest and
apoptosis. Histopathologic findings include chronic
inflammatory changes in the myocardium or epicardial and
endocardial haemorrhage of the right atrium or left ven-
tricle [125].

3.8.2 Risk Factors

QT prolongation increases with the dose, rate and duration
of drug infusion (a 4 h infusion is better tolerated than a
10 min bolus) in patients treated with QT-prolonging drugs
or with QT-related risk factors (see Sect. 4.4).

3.9 Monoclonal Antibodies

Rituximab produces AF, PVCs and VT reversible upon drug
discontinuation [130, 131]. In 197 patients, the CHOP-rit-
uximab group had a higher incidence of SVT and grade 1
events (24 vs. 13 %) than the CHOP group, although the
incidence of grade 3—4 cardiac toxicity was similar in both
groups [130]. Ten of 131 patients with mantle-cell lym-
phoma developed bradycardia, AF, PVCs and VT during or
immediately after the rituximab infusion [132]. Interest-
ingly, trastuzumab-related cardiotoxicity is not dose
dependent but is reversible upon drug discontinuation. Iso-
lated reports of proarrhythmia have been described with
alemtuzumab and trastuzumab [133] (ESM Table 3).

3.9.1 Mechanism of Action

The cardiotoxicity produced by trastuzumab in clinical
practice was an unexpected finding since in preclinical
safety studies there was no evidence of acute or multiple
dose-related cardiotoxicity [134]. Several mechanisms
have been proposed, including induction of immune-med-
iated destruction of cardiomyocytes, inhibition of NRG-1/
Erb signalling and a cytokine release syndrome. When the
heart is exposed to oxidative stress or anthracyclines, the
ErbB2 protein activates a protective intracellular signalling
pathway (NRG-1/ErbB2). Consistently, inhibition of NRG-
1/ErbB2 leads to cardiomyocyte apoptosis and mice
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deficient in the erbB2 gene develop dilated cardiomyopa-
thy and present an increased susceptibility to oxidative
stress and anthracycline toxicity [135, 136]. Thus, inhibi-
tion of the NRG-1/ErbB2 signalling seems to play a central
role in the mechanism of trastuzumab-induced cardiotox-
icity [133]. Alemtuzumab-induced arrhythmias in T cell
malignancies can be attributed to a cytokine release syn-
drome associated with an increase in the plasma levels of
TNF-o, interferon-y and IL-6, which can lead to coronary
vasospasm, myocarditis and myocardium “stunning” [132,
137].

3.9.2 Risk Factors

Advanced age (>60 years), prior hypertension, previous
chest radiation or LV dysfunction increase the risk of
trastuzumab-associated cardiotoxicity [138]. The concom-
itant use of trastuzumab with anthracyclines (doxorubicin)
markedly increases the risk of cardiotoxicity (from 4-10 %
in monotherapy to 27 % in combination); this increased
risk is substantially ameliorated by introducing a drug-free
interval between the two agents [32, 138].

3.10 Proteasome Inhibitors

Bortezomib is a proteasome inhibitor for the treatment of
patients with multiple myeloma. Four out of 69 patients
(5.8 %) with multiple myeloma treated with bortezomib
developed bradycardia, AF and AVB leading to pacemaker
implantation [139]. In other 63 patients, bortezomib pro-
duced one SVT and one complete AVB [140]. Isolated case
reports of bradycardia and complete AVB are summarised
in ESM Table 1. However, in a review of 25 clinical trials
involving 5,718 patients bortezomib did not increase the
risk of proarrhythmia compared with control patients [141].
Deaths due to cardiac arrest occurred within 1 day of
carfilzomib administration [142].

3.10.1 Mechanism of Action

Bortezomib increases the apoptosis of smooth muscle cells,
leading to atherosclerotic plaque instability and rupture by
a weakening of the fibrous cap and an enlargement of the
necrotic pore resulting in ischaemic complications. Fur-
thermore, it inhibits myocardial preconditioning leading to
ischaemic complications and it causes mitochondrial
abnormalities resulting in decreased ATP synthesis and
cardiac contractility [139, 141].

3.10.2 Risk Factors

Patients with risk factors for or existing heart disease
should be closely monitored when prescribing bortezomib.
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The overall incidence of all-grade and high-grade cardio-
toxicity with bortezomib among multiple myeloma patients
was higher than that of non-multiple myeloma patients.
Additionally, the incidence of all-grade and high-grade
cardiotoxicity was higher in bortezomib monotherapy than
with bortezomib combination therapy, which suggested
that concurrent drugs with bortezomib might not increase
the incidence of cardiotoxicity [141].

3.11 Thalidomide

In patients with multiple myeloma treated with thalido-
mide, alone or plus dexamethasone, mild sinus bradycardia
occurs in up to 55 % of the patients and severe sinus
bradycardia in only 1-3 % (ESM Table 1) [143-148].
However, in a post-marketing surveillance study carried
out among 10,450 patients with neoplastic/non-neoplastic
diseases, bradycardia appeared in 0.12 % of the patients
[149]. Bradycardia recovers by decreasing the dose or after
drug discontinuation, suggesting a reversible effect on
sinus node function, but it often requires a pacemaker
implantation.

Among 668 patients with multiple myeloma pretreated
with intensive melphalan-based chemotherapy and autolo-
gous haematopoietic stem-cell transplantation, 12 % of the
patients randomised to thalidomide developed symptom-
atic bradycardia and syncopal episodes, so that a cardiac
pacemaker needed to be implanted in nearly a third of them
[143]. In another study, 52 of 96 patients developed bra-
dycardia; eight patients presented a heart rate of 30 bpm
and five required pacemaker implantation [144]. However,
no changes in the PR interval, QRS duration, and QTc
intervals were observed over the 12 months of follow-up.

3.11.1 Mechanism of Action

The underlying mechanism of thalidomide-induced bra-
dycardia remains unclear. It has been hypothesised that
thalidomide inhibits TNF-a expression and activity, which
causes a rapid and complete inhibition of the dorsal motor
neurons of the nucleus of the vagus nerve, leading to an
over-reactivity of the parasympathetic nervous system
resulting in bradycardia and conduction disturbances [144].
Bradycardia has also been related to thalidomide-induced
hypothyroidism [4, 144, 146].

3.11.2 Risk Factors

The risk of bradycardia increases in the elderly and in
patients with co-morbidities or when thalidomide is coad-
ministered with bradycardic agents (B-blockers, calcium
channel blockers, digoxin, antiarrhythmic drugs), doxoru-
bicin or cyclophosphamide, or following radiotherapy for

breast cancer [146]. Therefore, patients should be moni-
tored closely for signs and symptoms (fatigue, limitations
in physically activity, syncope, lightheadedness or dizzi-
ness) of bradycardia during the administration of thalido-
mide and a thyroid-stimulating hormone level should be
obtained to rule out hypothyroidism.

3.12 Topoisomerase Inhibitors

Amsacrine prolongs the QTc interval and produces non-
specific ST/T wave changes without changes in RR, QRS
and PR intervals, bradycardia, atrial tachycardias, AF
(when combined with cisplatin), ventricular tachyarrhyth-
mias (VPCs, VF) and SCD [150-155]. ECG changes and
arrhythmias occur within minutes to hours after the first
dose or with the first course of treatment and disappear
within 24 h after drug discontinuation. Sixty-five arrhyth-
mias were described in 5,340 patients treated with amsa-
crine, including 34 VT/VF (14 of these patients died during
or within 4 h after drug infusion) [98]. Interestingly, 37 %
of patients with serious cardiac disturbances presented
hypokalaemia.

3.12.1 Mechanism of Action

The reports of QT interval prolongation, ventricular
arrhythmia and death associated with amsacrine suggest a
drug effect on cardiac repolarisation. Indeed, it blocks
cardiac hERG potassium channels predominantly in the
open and inactivated states [156].

3.12.2 Risk Factors

The risk of proarrhythmia increases in patients with elec-
trolyte abnormalities (hypokalaemia), CAD or pretreated
with anthracyclines [98, 151]. Thus, serum potassium
should be monitored during amsacrine infusion. Factors
that prolong the QT interval (hypokalaemia, ischaemia,
QT-prolonging drugs) should be avoided in patients treated
with amsacrine.

3.13 Tyrosine Kinase Inhibitors

The introduction of new drugs that inhibit the activity of
protein kinases that are mutated and/or overexpressed in
cancer has revolutionised the treatment of some cancers
and significantly improved survival rates in many others
[157, 158]. It was thought that these targeted therapies
might exert a high efficacy on cancer cells with minimal
adverse effects but tyrosine kinase inhibitors (TKIs) pro-
duce important cardiotoxicity, including acute coronary
syndromes, systemic hypertension, LV dysfunction,
chronic heart failure and cardiac arrhythmias. This can be
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explained because their effects are not specific to the
cancer cells, but can also exert off-target effects on heart
cells (myocytes, fibroblasts, endothelial and vascular
smooth cells) that share the same signalling pathways.
Thus, protein kinase inhibitor (PKI)-induced cardiotoxicity
is directly related to non-selective inhibition of tyrosine
kinases not intended to be inhibited by a drug [159].
Indeed, only a few PKIs (axitinig, erlotinib, gefitinib,
ruxolitinib, vemurafenib) are selective enough for one or
two protein kinases, whereas some PKIs present a lack of
selectivity (sorafenib and sunitinib can inhibit in vitro
between 15 and 90 kinases) [160].

Several PKIs (crizotinib, dasatinib, gefitinib, nilotinib,
sorafenib, sunitinib, vandetanib, vemurafenib) inhibit
hERG channels and prolong the ventricular action potential
duration and the QTc interval [134, 160]. However, some
discrepancies were observed with lapatinib and nilotinib, as
these drugs prolong the ventricular action potential, but
have no effect on the QTc interval in monkeys or dogs
[160]. Overall, the effect of the PKIs that prolong the QTc
interval is relatively mild (95 % upper bound around their
mean effects being ~ 15 ms), except for sunitinib, lapati-
nib, nilotinib and vandetanib (95 % upper bound around
their mean effects being 22.4, 23.4, 25.8 and 36.4 ms,
respectively) [4, 6, 8, 160, 161].

In the FDA database of >5,000 sunitinib-exposed
patients with baseline and on-treatment ECG monitoring, a
QTc prolongation >500 ms was observed in <2.3 % of
patients and Torsades de pointes in <0.1 % of patients;
similar results were observed with dasatinib, nilotinib and
sunitinib [4, 8]. In 911 patients, only 11 (2 %) presented
cardiac arrhythmias [162]. In four studies involving 445
patients with chronic myeloid leukaemia treated with da-
satinib, only three patients (0.7 %) presented a QTcF
>500 ms, but no Torsades de pointes was reported [163].
Among 519 patients with chronic-phase chronic myeloid
leukemia, six patients in the dasatinib group (2 %) and nine
in the imatinib group (3.5 %) presented QTc intervals
between 450 and 500 ms, but only one patient in each group
(0.4 %) presented a QTc interval >500 ms [164]. In a meta-
analysis of nine trials with 2,188 patients, the overall inci-
dence of all-grade and high-grade QTc interval prolongation
with vandetanib was 16.4 and 3.7 %, respectively, among
patients with non-thyroid cancer, and 18.0 and 12.0 %,
respectively, among patients with thyroid cancer [165].
Patients with thyroid cancer who have longer treatment
duration also have a higher incidence of high-grade events.

In patients with CML and imatinib resistance or intoler-
ance, nilotinib prolongs the QTCcF interval by 5-15 ms but
only 1-1.2 % presented a QTcF >500 ms and no Torsades
de pointes or SCD were reported [166—168]. In another
group of 119 patients with CML, nilotinib prolonged the
QTcF interval from baseline by >60 ms in five patients
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[169]. Thirteen of 81 patients (16 %) treated with lapatinib
presented either a QTc interval >480 ms or an increase in
QTec interval >60 ms from baseline [4], and in 449 patients
treated with ponatinib symptomatic bradyarrhythmias
requiring a pacemaker implantation occurred in three, SVT
in five and AF in 20 patients; in 13 of these patients the
arrhythmia led to the hospitalisation of the patient [170].
QTc prolongation (>500 ms) was identified in 2 % (11/558)
of patients and Torsades de pointes occurred in <1 % (2/
977) of patients treated with pazopanib (ESM Table 2).

Case reports of AF have been described with sorafenib
and sunitinib [171-174] and case reports of bradyarrhyth-
mias and AVB have been described with imatinib, po-
natinib, soratinib and sunitinib (ESM Table 3) [170, 173-
175]. Sorafenib can also induce acute coronary syndromes,
including myocardial infarction, in 2.9 % of patients [176].
Mild (grade 1: 50-54 bpm) and moderate (grade 2:
45-49 bpm) sinus bradycardia occurred in 5 % of the
patients treated with crizotinib [177], although in a retro-
spective analysis 69 % of treated patients experienced
sinus bradycardia with a mean decrease in heart rate of
26 bpm [178].

3.13.1 Mechanism of Action

Preclinical studies indicate that several TKIs (sunitinib and
its active metabolite SU012662) block HERG K channels
conducting the Ik, and prolong the ventricular action
potential and the QT interval [8, 160, 161]. However, in
contrast to other drugs that produce a direct blockade of
hERG channels, PKIs induce channel closure via the
inhibition of serine/tyrosine phosphorylation [179]. Inter-
estingly, the concentration of dasatinib that inhibits the
hERG current in vitro is 150 times higher than the human
peak plasma concentration of the drug, suggesting that the
mechanism underlying QT interval prolongation must be
independent of hERG inhibition. Indeed, recent evidence
suggests that TKIs can prolong the QTc interval through
the inhibition of the phosphoinositide 3-kinase (PI3K)
signalling pathway, which affects multiple cardiac ion
currents. In fact, PKIs decrease the Ik, and I, the L-type
Ca*" current and the peak Na™ current, while they increase
the late Nat current [180, 181]. These results indicate that
down-regulation of PI3K signalling directly or indirectly
via tyrosine kinase inhibition prolongs the QT interval by
affecting multiple ion channels.

Other possible molecular mechanisms of proarrhythmia
include the following [1, 8, 83, 134, 157, 160]: (1) Suni-
tinib, through the inhibition of ribosomal S6 kinase could
lead to the release of the proapoptotic factor bcl2 and of
cytochrome c into the cytosol, which can activate the
mitochondrial pathway for cell death or apoptosis. Suniti-
nib also inactivates AMPK, which is crucial in the response
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to hypoxia and cardiomyocyte survival, leading to mito-
chondrial dysfunction, ATP depletion, reduced myocardial
protection against stress-related injury and activation of the
proapoptotic factor Bcl2. Conversely, lapatinib activates
AMPK and ATP production. (2) Inhibition of the antiap-
optotic Ber-abl tyrosine kinase. (3) Inhibition of platelet-
derived growth factor (PDGF) receptor, which reduces
myocardial protection against stress-related injury. (4)
Inhibition of hypoxia-inducible factor 1o and vascular
endothelial growth factor expression leading to vasocon-
striction and microvascular rarefaction, LV hypertrophy
and dilatation, and contractile dysfunction. (5) Sunitinib-
inhibition of cardiac RAF1 and BRAF kinase activity may
disrupt the pro-survival ERK (or MAPK) cascade, which
plays an important role in cardiomyocyte survival under
stress conditions; in fact, conditional cardiac-specific
deletion of RAF-1 results in LV dilatation and decreases
cardiac contractility. (6) Imatinib increases the expression
of protein kinase CJ, which has cardiac proapoptotic
effects.

Histopathological examination from endomyocardial
biopsies from imatinib-, sorafenib- and sunitinib-treated
patients show myocardial hypertrophy and mitochondrial
abnormalities (swollen mitochondria, membrane whorls,
effaced cristae) [172].

3.13.2 Risk Factors

The risk of arrhythmias increases in women, patients with a
previous history of CAD, hypertension, LV dysfunction,
heart failure or diabetes, and in those pretreated with
anthracyclines. Crizotinib, dasatinib, lapatinib, nilotinib,
pazopanib, sorafenib, sunitinib, vandetanib and vemurafe-
nib should be administered with caution in patients with
pre-existing QT prolongation or QT-related risk factors
(see Sect. 4.4) [182].

4 Discussion

There is clinical evidence that an increasing number of
chemotherapy drugs can produce electrophysiological
changes (QTc prolongation) and a wide spectrum of
arrhythmias, including bradyarrhythmias, supraventricular
and ventricular arrhythmias that can lead to life-threatening
VTs and SCD (Table 1). The risk of proarrhythmia persists
even with the novel ‘targeted’ drugs acting as specific
signalling inhibitors (monoclonal antibodies, PKIs), which
confirm that they do no exert a specific effect on the cancer
cells but can also exert off-target effects on the heart. The
complex pharmacological profile of chemotherapy drugs
frequently associated with cardiac arrhythmias, the identi-
fication of patients who are at increased risk of

proarrhythmic events and the increasing number of co-
morbidities that, in many cases, represent an arrhythmo-
genic substrate in the elderly population demand a close
collaboration between cardiologists and oncologists to
allow continuously effective and integrated patient care.
The onco-cardio/cardio-oncologist team must perform a
judicious balance between risk of proarrhythmia and the
benefits of CC, as an excessive concern regarding potential
arrhythmias may compromise the administration of highly
beneficial anticancer therapies, while under-appreciation of
proarrhythmia may worsen the outcome of patients who
have been cured of their cancer.

4.1 Incidence of Cardiac Arrhythmias

The real incidence of CC-induced arrhythmias is uncertain
and can be underestimated in clinical trials for several
reasons. First, for many years oncology trials were
designed mainly by non-cardiologists, systematic cardiac
monitoring was not part of the protocol, some arrhythmias
may not be detected during routine monitoring (12-lead
ECGs and 1-min rhythm strips), patients at risk of car-
diotoxicicty were sometimes excluded in clinical trials, and
there were marked variations in methodology and in the
definition of cardiac arrhythmias [1, 2, 6, 7]. Moreover, the
criteria for reporting adverse cardiovascular events in
oncological trials are markedly different from methods
used in cardiovascular drug trials; these discrepancies
compromise detection of cardiotoxicity and limit the ability
to compare safety data between trials. Second, even after
exclusion of confounding factors, including the chemo-
therapy itself, some cancer patients present basal ECG
abnormalities and cardiac arrhythmias [2, 6-8, 104, 183—
188]. This is not a surprising as cancer is an age-related
disease (~60 % of patients are older than 65 years) and
this population sector presents other cardiovascular co-
morbidities that can create an arrhythmogenic substrate.
Moreover, cancer itself creates an arrhythmogenic sub-
strate (see Sect. 4.2). Unfortunately, in many clinical trials
baseline ECGs prior to beginning CC are missing, making
it difficult to ascertain whether ECG changes and
arrhythmias reflect the baseline state of the patient or
represent an adverse effect of CC [36, 50, 104, 124]. Third,
the heterogeneity of the enrolled population and the great
number of new agents used in the treatment are such that
studies on sufficiently large populations are frequently not
available, which makes comparisons between and among
groups difficult. Finally, many patients are treated simul-
taneously with complex poly-chemotherapy regimens, so it
is difficult to identify which drug causes the arrhythmia.
All of these discrepancies compromise detection of cardiac
arrhythmias during the clinical development programme
and limit the ability to compare safety data between trials.
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For all of these reasons, the real incidence of CC-induced
arrhythmias will only become apparent when the drug is
prescribed in patients with co-morbidities [1, 2, 6, 7]. In
general, asymptomatic self-limiting arrhythmias are
reported in studies performing a systematic monitoring of
heart rhythm, while symptomatic recurrent and life-
threatening arrhythmias are mainly described in single-
centre studies and case reports.

4.2 Mechanisms of Cardiac Arrhythmias

Multiple mechanisms have been proposed to explain CC-
induced cardiac arrhythmias, and they are summarised in
Table 2. In general, cardiac arrhythmias can arise from
direct electrophysiological effects or cardiac indirect
effects, as discussed below.

4.2.1 Direct Electrophysiological Effects

Direct electrophysiological effects are derived from their
effects on cardiac Na*, Ca®>* and KV ion channels and/or
pumps involved in the genesis of the cardiac action
potentials [3-5, 8, 25, 189]. Most drugs that prolong the
QTec interval, including chemotherapeutic drugs, produce a
blockade of hERG channels. However, there are important
risk variations among drugs of the same family group.
Indeed, dasatinib, imatinib and nilotinib differentially
inhibited the hERG currents in vitro with an ICsq (con-
centration of drug producing 50 % inhibition) of 14.3, 15.6
and 0.66 pumol/L, respectively, i.e. at concentrations
approximately 150-, 3- and 0.1-fold the expected human
peak plasma concentration for the three TKIs, respectively.
Thus, the mechanism underlying QT interval prolongation
for dasatinib may be independent of hERG inhibition
[184]. Whether these differences are related to differences
in the chemical structure (presence/absence of a hydroxa-
mate group in HDAC inhibitors and of a fluorophenyl or
fluoromethyl-phenyl ring in PKIs) is a matter of discussion
[160]. Thus, QTc interval prolongation can be produced by
many other mechanisms. Very recent evidence suggests
that down-regulation of PI3 K signalling directly or indi-
rectly via tyrosine kinase inhibition prolongs the QTc
interval by affecting multiple ion channels, including a
decrease in delayed rectifier outward Kt currents (Ix, and
Ixs), L-type Ca®" and the peak Na™ inwards currents and
an increase in the late Na™ current [180, 181].
Modulation of ions channels/pumps can also be medi-
ated via the release of vasoactive substances (histamine:
doxorubicin, paclitaxel; endothelin-1: 5-FU; cytokine-
release syndrome: alkylating agent, angiogenesis inhibi-
tors, antimetabolites, some PKIs), changes in cardiac
metabolism and ATP production (anthracycline, interfer-
ons, proteasome inhibitors, sunitinib) or cardiac autonomic
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nervous system modulation, including a reflex increase in
cardiac sympathetic tone in response to hypotension or
modulation of the vagal tone (thalidomide, vinca alka-
loids). Some immediate proarrhythmic effects can be
related to myocardial ischaemia due to coronary spasm,
endothelial dysfunction and/or vascular thrombosis or to a
direct irritative effect of CC. The direct irritation of the
pericardium can explain, in part, the episodes of AF
observed following the intrapericardial administration of
cisplatin in patients with lung adenocarcinoma and
malignant cardiac tamponade [5, 22-24]. Finally, some
drugs, such as anthracyclines, can modify intracellular
Ca”* handling as they decrease the expression of the sar-
coplasmic reticulum Ca*"-ATPase leading to an increase
in [Ca®"]; and possibly to the appearance of triggered focal
activity due to delayed after-depolarisations.

4.2.2 Cardiac Indirect Effects

Many cardiac arrhythmias are initiated/maintained by an
arrhythmogenic substrate created by the co-morbidities
present in cancer patients or generated by the cardiotoxicity
induced by CC (Table 2). Some chemotherapy agents can
produce arterial (or pulmonary) hypertension, myocardial
ischaemia, myocarditis/pericarditis, LV dysfunction or
heart failure. Additionally, many patients treated with CC
present cardiovascular co-morbidities (hypertension, CAD,
heart failure). As a result, there is a structural remodelling of
the heart characterised by myocardial hypertrophy, necro-
sis/apoptosis, fibrosis, ischaemia, chamber dilatation and
inflammation, which create a permanent arrhythmogenic
substrate. This arrhythmogenic substrate leads to a decrease
in intracardiac conduction and to a heterogeneous disper-
sion of repolarisation, two effects that facilitate the genesis
of cardiac arrhythmias in patients with CC-induced struc-
tural heart disease even years after CC has been completed
[6, 25, 77, 78, 190]. Additionally, the cardiac fibrosis
observed in elderly patients, that is produced by primary
cardiac tumours or that occurs following radiation therapy
can also affect the cardiac conduction system [186] and
facilitate the appearance of bradyarrhythmias [6]. Thus,
arterial hypertension produced by some chemotherapy
drugs increases pressure load, leading to myocardial
hypertrophy and eventually progressing to congestive heart
failure, while both arterial hypertension and heart failure
markedly increase the incidence of AF, one of the most
common cardiac arrhythmias among the elderly population.

4.3 Diagnosis
Because many CC can induce cardiac arrhythmias, the

challenge for the cardio-oncologist team is to identify and
treat those patients more susceptible to developing cardiac
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arrhythmias in an attempt to individualise the therapeutic
strategy, optimise clinical monitoring, and reduce mor-
bidity and mortality. A careful baseline cardiovascular
evaluation should be performed in all patients undergoing
chemotherapy, including cardiac family and personal his-
tory, physical examination and cardiovascular risk assess-
ment, pre-existing cardiovascular diseases (CAD,
hypertension, LV dysfunction or heart failure, cardiomy-
opathies, thromboembolic events), metabolic (hypo-/
hyperthyroidism, especially with neck radiation) and
electrolyte abnormalities, and previous treatments with CC
and radiation therapy [77]. Cardiac electrophysiological
evaluation should include a baseline ECG, chest radiog-
raphy, exercise testing, and an assessment of LV function
using echocardiography and/or magnetic resonance imag-
ing, if necessary. A 12-lead ECG and/or ECG Holter
monitoring are readily available, inexpensive and non-
invasive methods to detect brady-/tachyarrhythmias, con-
duction disturbances and repolarisation abnormalities (QTc
interval prolongation) as well as signs of myocardial
ischaemia, LV hypertrophy and cardiomyopathy before
and during the treatment. The final objective of cardiac
monitoring is to identify signs of cardiac disease early
enough to potentially prevent, reverse or slow down both
cardiac electrophysiological and structural damage during
cancer treatment. Unfortunately, uniform recommendations
regarding cardiac monitoring in patients undergoing CC
and guidelines for cancer treatment that take cardiovascular
co-morbidities into account are currently lacking and need
to be developed as a result of a collaboration between
cardiologists and oncologists [80].

Cancer patients with basal ECG abnormalities, impaired
exercise capacity or pre-existing cardiovascular diseases,
and those receiving treatment regimens known to be
associated with significant cardiotoxicity are more sus-
ceptible to CC-induced arrhythmias [7, 80, 187, 188].
Furthermore, older age, the dose of the anticancer drug
administered during each session, cumulative dose,
simultaneous use of other chemotherapeutic agents,
sequence of drug administration, and previous exposure to
CC or history of radiation therapy are important factors to
be considered to reduce the risk of cardiac arrhythmias [4,
14]. Special attention should be paid to patients’ co-mor-
bidities that represent possible arrhythmogenic substrates,
especially in patients receiving multitargeted agents as
these can have a dramatic effect on long-term survival after
cancer therapy [4-6, 187, 188]. Furthermore, co-morbidi-
ties can represent a contraindication for some chemother-
apeutic agents and sometimes do not allow the optimal
cancer therapeutic regimen to be reached in certain
patients. Therefore, co-morbidities representing a possible
arrhythmogenic substrate should be identified and treated
aggressively prior to and during chemotherapy. It has been

demonstrated that renin—angiotensin—aldosterone inhibi-
tors, B-blockers or statins (HMG-CoA reductase inhibitors)
might improve the arrhythmogenic substrate and exert
antiarrhythmic effects in patients with CAD, arterial
hypertension, LV dysfunction or heart failure [4, 80, 186].
Other strategies include the selection of drugs with lower
risk of cardiotoxicity (i.e. epirubicin and liposomal or
pegylated doxorubicin formulations instead of doxorubi-
cin) and the addition of cardioprotective drugs (i.e. dex-
arozoxane) [4, 80].

A better understanding of the proarrhythmic profile of
chemotherapy drugs, and the early identification and
aggressive treatment of those patients at higher risk of
developing cardiac arrhythmias to prevent and/or reverse
the structural cardiac remodelling (i.e. the arrhythmogenic
substrate) are the best strategies to improve outcomes in
patients with CC-induced arrhythmias. These successive
steps require a close collaboration between cardiologists
and oncologists.

4.4 QT Prolongation

The prolongation of the QTc interval above the upper limit
of normal (460 ms for women and 450 ms for men) or
>60 ms over baseline during CC raises concern about the
possible risk of potentially malignant cardiac arrhythmias,
such as Torsades de pointes, and SCD [8, 189, 190].
However, QTc intervals above the upper limit of normal
are present in 10-36 % of cancer patients [8, 124, 186,
191], which suggests that these patients may present
intrinsic repolarisation abnormalities or that standard QT
reference ranges may not apply to oncology patients. Other
explanations might be that cancer is an age-related disease,
and age has been associated with QT prolongation, and the
high prevalence of co-morbid diseases in cancer patients,
which is likely to contribute to distinct baseline ECG
characteristics [8, 188, 191].

Risk factors for Torsades de pointes include female sex,
old age, bradyarrhythmias, electrolyte abnormalities (hyp-
okalaemia and/or hypomagnesaemia), structural heart dis-
eases (CAD, heart failure, LV hypertrophy), congenital
long QT syndrome and coadministration of QT-prolonging
drugs (see http://www.qtdrugs.org) [4]. Cancer patients
present co-morbidities (bradyarrhythmias, cardiac hyper-
trophy or ischaemia, renal and hepatic dysfunction) that
represent independent risk factors for QT prolongation [8,
188, 189] and some chemotherapy drugs can inhibit hepatic
metabolism (via cytochrome P450 3A4: imatinib) or renal
clearance (cisplatin) of some QT-prolonging drugs. Fur-
thermore, cancer patients frequently receive QT-prolong-
ing drugs, including 5-hydroxytryptamine receptor 3
antagonists (for prevention and treatment of chemotherapy-
and radiation-induced emesis), octreotide, tamoxifen,
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antipsychotics, antidepressants, antifungals and quinolone
antibacterials and often experience diarrhoea- and vomit-
ing-induced electrolyte disturbances (hypokalaemia) that
may further prolong the QTc interval, increasing the risk of
ventricular arrhythmias [4, 8, 186, 187, 190].

In patients treated with QT-prolonging drugs, ECG (1-2
times per week in stable patients; more often if needed),
serum electrolyte and other risk factors should be closely
monitored and corrected [4, 5, 8, 189] and coadministration
of other QT-prolonging agents should be avoided before
and during the treatment. Additionally, patients should be
informed of the risk of arrhythmias and asked to report any
cardiac symptoms such as palpitations.

Anticancer drugs that induce QT prolongation in pre-
clinical studies should undergo intensive cardiac monitor-
ing in subsequent phase clinical trials using standardised
and corrected QT measurements. Baseline ECG charac-
teristics and a complete cardiac history, including the
concomitant medications and co-morbidities, should be
obtained in all trial patients, drugs that prolong the QT
interval should be avoided if possible, electrolytes should
be closely monitored and aggressively replaced during the
trial, and cardiac data, including post-marketing informa-
tion, should be centralised and made available to investi-
gators [8].

4.5 Treatment of Cardiac Arrhythmias

Asymptomatic cardiac tachyarrhythmias [grade 1 National
Cancer Institute (NCI)-Common Terminology Criteria for
Adverse Events (CTCAE)] detected during cardiac moni-
toring are self-terminating; thus, drug discontinuation is not
required without cardiac risk factors, although it may be
considered if ECG abnormalities persist. Symptomatic
tachyarrhythmias (grade 2) require dose reduction or per-
manent drug discontinuation and patients should be refer-
red to the cardiologist for evaluation and treatment.
Recurrent symptomatic life-threatening tachyarrhythmias
(grade 3-4) with haemodynamic consequences require
urgent intervention including defibrillation [4]. In patients
with symptomatic bradycardia (fatigue, lightheadedness,
dizziness, syncope) or progressive AV conduction distur-
bances, drug (paclitaxel, thalidomide) discontinuation may
be required and a permanent pacemaker implantation
should be considered, particularly when recovery of sinus
rhythm does not occur after drug discontinuation or an
alternative chemotherapy treatment cannot be administered
[4, 143, 146, 186]. Thus, in multiple myeloma patients
responsive to thalidomide therapy where no other thera-
peutic alternatives are available, patients have had pace-
makers implanted to be able to continue thalidomide [143,
144, 146]. In these patients, concomitant bradycardic
agents (B-blockers, calcium channel blockers, digoxin and
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antiarrhythmic drugs) should be avoided and a hypothy-
roidism should be ruled out.

Treatment of patients with QTc prolongation begins
with the recognition and immediate withdrawal of any
offending drug and correction of any known risk factors
[192, 193] (Table 3). Drug administration should be tem-
porarily withheld in patients who develop a QTc interval
>500 ms or which has increased >60 ms from pre-treat-
ment values; upon recovery to a QTc interval <460 ms
(grade 2), treatment should be restarted at a reduced dose.
If the QTc interval is >500 ms and signs and symptoms
(palpitations, heart failure, hypotension or syncope) or
Torsades de pointes occur, the patient should be hospita-
lised and drug administration should be permanently dis-
continued. Treatment for Torsades de pointes includes
immediate withdrawal of any potentially offending drug
(see http://www.torsades.org), correction of risk factors
(hypokalaemia, hypomagnesaemia and bradycardia) and
administration of magnesium sulphate (1-2 g intravenous
in 30-60 s, which then can be repeated in 5-15 min, or a
continuous intravenous infusion at a rate of 3—10 mg/min)
regardless of the serum magnesium level. Cardiac pacing
or isoproterenol titrated to >90 beats/min shorten the QTc
interval and are highly effective in terminating and pre-
venting recurrences when Torsades de pointes are precip-
itated by bradycardia or are pause dependent and when
refractory to magnesium [8]. If the patient is unresponsive
an electrical cardioversion can be attempted.

4.6 Preclinical and Clinical Detection of Cardiotoxicity

In recent years, the prolongation of the QTc interval by
non-cardiac drugs has become the most common cause of
delays in drug development, non-approvals and post-mar-
keting withdrawals. This has led to scrutiny of regulations
for preclinical and early phase examination of the impact
of novel therapeutics on cardiac repolarisation as reflected
by changes in the duration of the QTc interval (‘QT lia-
bility’) of the surface ECG [194, 195]. Therefore, much of
the preclinical screening and early phase clinical investi-
gation into the impact of novel chemotherapeutic drugs has
been focused on hERG-transfected expression systems and
action potential duration and in vivo studies (usually in
dogs) to identify drugs that prolong the QT interval [194].
However, it is clear that CC produce different types of
bradyarrhythmias and supraventricular arrhythmias that are
unrelated to a prolongation of the QT interval. Thus, the
risk of proarrhythmias goes far beyond QT prolongation.
Interestingly, we recently learnt that some serious clin-
ical cardiovascular complications produced by new tar-
geted therapies (trastuzumab, imatinib, lapatinib) were not
predicted in preclinical safety studies, but were reported at
the post-approval stage [134]. This finding has several
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Table 3 National Cancer Institute’s toxicity criteria for corrected QT
interval prolongation [192] and specific treatment according to the
American College of Cardiology/American Heart Association Task

Force and the European Society of Cardiology (ACC/AHA/ESC)
2006 guidelines [193]

QTc prolonging grade Definition Recommendations

I QTc >450 ms Removal of the offending agent is indicated (I, A)
11 QTc >470-500 ms or >60 ms above baseline

111 QTc >500 ms

v QTc >500 ms; life-threatening signs or Intravenous magnesium sulphate is reasonable

symptoms (i.e. arrhythmia, heart failure,

hypotension, syncope), TdP

\% Death

for patients who present with few episodes of
TdP in which the QT remains long (Ila, B)

Atrial or ventricular pacing or isoproterenol (Ila, B)
Potassium ion repletion to 4.5-5 mmol/L (IIb, C)

Data in parentheses are recommendation, class
QTc corrected QT interval, T7dP Torsades de pointes

explanations, including [134, 157, 158] (1) the lack of
translation of specific toxicological mechanisms from ani-
mal species to humans; (2) the preclinical cardiac dys-
function is subtle and/or asymptomatic with no overt
pathology; (3) the specific issue was not assessed precli-
nically or was not deemed biologically meaningful; (4)
some adverse events cannot be detected in preclinical
studies in young, healthy and drug-naive animals, but can
be observed in cancer patients, who are older and present
several cardiovascular co-morbidities; and (5) the models
are not predictive of cardiotoxicity, as cell cultures have
been questioned as a reliable predictor of organ toxicity
in vivo and studies have revealed that different cell lines
can exhibit dramatically different responses to a given drug
(i.e. to PKIs).

Thus, we have an unmet need to develop preclinical
models more predictive of cardiotoxicity. New models
have been proposed, including zebrafish [196], human
embryonic stem cell-derived cardiomyocytes [197, 198]
and engineered heart tissue, which allow us to monitor
effects on cardiac membrane potential, Ccat handling,
myofilament function, gene expression and cell survival
[118]. However, these models are also far from the elderly
patient with co-morbidities. It seems much more interesting
that safety studies were carried out in adult animal models
with “preexisting cardiovascular diseases” to more accu-
rately reproduce the impact of primary disease and co-
morbidities on the cardiac response to new developmental
drugs [134].

The detection of potentially cardiac arrhythmias needs
to be an integral part of the development programs of novel
anticancer agents. Oncology drugs can be cytotoxic or
genotoxic or not otherwise tolerated in healthy volunteers.
In this case, the primary approach is to carry out intense
and robust ECG monitoring and evaluation during early
phase clinical trials, together with characterisation of the

concentration—QTc interval relationship, and to follow this
up with an appropriate intensity of ECG monitoring in the
later phases of development [199]. A rigorous cardiac
monitoring, assessment and reporting of cardiac arrhyth-
mias is needed to develop registries/databases that may
allow for a better understanding of the incidence of cardiac
arrhythmias and their impact on the outcomes in cancer
population. Finally, after drug approval, when ‘real-world’
patients with co-morbidities are treated, it is especially
important to monitor the actual incidence and clinical
significance of proarrhythmia. This is the reason why the
post-marketing surveillance studies are so important for
potentially problematic agents in order to confirm that the
efficacy and safety of novel chemotherapy drugs is similar
to that previously reported in clinical trials [7].

In the last decade, several targeted therapies (mainly
PKIs) were granted accelerated approval despite the fact
that serious adverse cardiac events (LV dysfunction, heart
failure, acute coronary syndromes, thromboembolisms)
were reported during clinical trials because these agents
emerged as first-line therapy in cancers where treatment
options were very limited. The clinical benefits of PKIs are
considered sufficiently valuable as, apart from some of
them (bosutinib, gefitinib, lapatinib, nilotinib, sorafenib
and vantetanib), contraindications applied to these drugs
are modest and none is absolutely contraindicated in the
USA despite exerting clinical effects that would otherwise
have required certain contraindications [160]. Conversely,
in the EU, all TKIs are contraindicated in patients with
hypersensitivity to the drug and there are some specific
contraindications for several agents (e.g. vandetanib in
patients with QT-related risk factors). Thus, in oncology
drug development, the challenges of achieving anticancer
efficacy are so great that cardiotoxicity risk is considered
on balance and is not necessarily a regulatory barrier.
However, patients with risk factors for PKIs-induced
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cardiotoxicty were excluded from clinical trials which, in
general, recruited a small number of patients, and this may
aggravate the lack of adequate risk/benefit assessment in
routine clinical practice. Therefore, the post-marketing
efficacy and safety of PKIs requires ongoing reassessment
through diligent pharmacovigilance studies [160].

4.7 Gaps in Knowledge

CC-induced arrhythmias are an important but still poorly
understood adverse effect and, therefore, there are multiple
gaps in knowledge and areas for future research (Table 4).
We need a better understanding of the mechanisms
involved in the genesis/maintenance of CC-induced cardiac
arrhythmias. Few prospective studies have analysed the
incidence of proarrhythmia in the general population or

Table 4 Future goals and developments in chemotherapy-induced
proarrhythmia

Develop better preclinical models that more accurately predict
proarrhythmia (in particular QTc interval prolongation)

Perform mechanistically driven translational studies to understand
the electrophysiological and non-electrophysiological
mechanisms involved in the development of proarrhythmia

Perform more rigorous cardiac monitoring, assessment and
reporting of cardiac arrhythmias:

During the development programmes of new chemotherapeutic
agents

In patients previously exposed to cardiotoxic cancer
chemotherapy agents

Perform adequately powered multicentre trials to compare
different drugs, varying doses and combinations of
chemotherapy agents in patients at higher risk of developing
proarrhythmia

Develop new cardiac biomarkers for early detection of
proarrhythmia, risk stratification and guidance in the selection
and optimisation of therapy

Prospective long-term studies are needed to determine the role of
proarrhythmia on the overall outcome of cancer patients

Databases/registries should be established to obtain quantitative
information on the true dimensions of proarrhythmia in clinical
practice

Post-marketing information on proarrhythmia should be
centralised and available to researchers

Develop clinical guidelines for:
Cardiac monitoring of patients undergoing anticancer treatment

Cancer treatment taking into account the adverse effects of
cancer chemotherapy on the cardiovascular system

Obtain evidence-based data on the optimal treatment regimen to
reduce cardiotoxicity without compromising anticancer efficacy

A close collaboration between cardiologists and oncologists is
needed to:

Balance the risk of proarrhythmia against the expected benefit of
chemotherapy

Select the safer and most effective therapy for cancer patients
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whether there are differences in the spectrum of cardiac
arrhythmias according to the therapeutic indications of the
drugs. Furthermore, because the incidence of life-threat-
ening arrhythmias is small, further studies are needed to
reach definitive conclusions on the role of proarrhythmia
on the long-term outcomes in the general population. A
better understanding of these mechanisms could ultimately
provide biologic insights in order to exploit tissue-specific
differences between cancerous tissues and the healthy
myocardium and to develop safer and more effective tar-
geted chemotherapy drugs that spare the cardiovascular
system from damage while offering maximum anticancer
benefits. Furthermore, because many major chemothera-
peutic agents are associated with strong adverse effects on
the cardiovascular system, a key goal will be the identifi-
cation of new cardioprotective drugs. There is also a need
to improve early diagnosis, risk stratification, cardiac
monitoring, selection and optimisation of therapy, and
screening for pre-clinical disease. To date, no guidelines
have been developed specifically for the definition, detec-
tion, monitoring or therapy of patients undergoing anti-
cancer treatment taking into account cardiologic
conditions. Thus, it is imperative to develop joint guide-
lines between cardiologists and oncologists.

The identification of genetic polymorphisms associated
with genetic predisposition for chemotherapy-induced
cardiotoxicity [94-96] raised the possibility of identifying
valuable surrogate markers that might allow a more per-
sonalised oncologic therapy in the near future. Finally, the
clinical development of safer and more effective chemo-
therapy drugs should be the result of teamwork between
cardiologists and oncologists to allow a continuous effec-
tive and integrated patient care and to ensure that cardio-
toxicity does not inappropriately impede progress in
chemotherapy drug development [2].

5 Conclusions

Clinicians should be aware of the fact that a progressively
increasing number of chemotherapy agents can produce
proarrhythmic effects. A better understanding of the
arrhythmogenic mechanisms associated with CC is needed
as this would result in the development of optimal evi-
dence-based cardiac monitoring guidelines to assess the
long-term impact of CC, in the development of newer more
effective targeted drugs with a lower risk of proarrhythmia
and in the development of cardioprotective regimens [54].
Additionally, as clinicians continue learning about CC-
induced proarrhythmia (and cardiotoxicity in general), the
importance of primary prevention, early detection and
cardiac-specific treatment will become clearer. The pro-
gressive aging of cancer patients and the presence of co-
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morbidities that, in many cases, represent an arrhythmo-
genic substrate, demand a team approach between cardi-
ologists and oncologists to allow a continued effective and
integrated patient care. The challenge for this cardio-
oncologist (or onco-cardiologist) team is to balance the risk
of proarrhythmia against the expected benefit of CC and to
ensure that proarrhythmia does not inappropriately impede
progress in chemotherapy drug development.
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