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A steadying increase of cancer survivors has been observed as a consequence
of more effective therapies. However, chemotherapy regimens are often associated
with significant toxicity, and cardiac damage emerges as a prominent clinical issue.
Many mechanisms sustain chemotherapy-induced cardiac toxicity: direct myocyte
damage, arrhythmia induction, coronary vasospasm, and accelerated atherosclerosis.
Anthracyclines are the most studied cardiotoxic drugs and represent a clinical model
for cardiac damage induced by chemotherapy. In patients suffering from advanced heart
failure (HF) because of chemotherapy-related cardiomyopathy, when refractory to optimal
medical therapy, mechanical circulatory support or heart transplantation represents an
effective treatment. Here, the main mechanisms of cardiac toxicity induced by cancer
therapies are analyzed, with a focus on patients requiring intensive care unit (ICU)
admission during the course of the disease because of acute cardiac toxicity, takotsubo
syndrome, and acute-on-chronic HF in patients suffering from chemotherapy-induced
cardiomyopathy. In a subset of patients, cardiac toxicity can be acute and life-threatening,
leading to overt cardiogenic shock. The management of critically ill cancer patients poses
a unique challenge and requires a multidisciplinary approach. Moreover, no etiologic
therapy is available, and only supportive measures can be implemented.

Keywords: anthracycline, mechanical circulatory support, heart failure, heart transplant, cancer, chemotherapy,
chemotherapy toxicity

INTRODUCTION

In the last decade, we observed a continuous increase of cancer incidence, accompanied a by stable
decrease of cancer-related mortality. Early diagnosis and effective treatments mainly account for
this epidemiological and clinical shift, which led to an increase of cancer survivors (1).

The efficacy of chemotherapy regimens and new biological and immunological treatments is
often associated with a significant cardiovascular toxicity.

The patients at high risk for severe toxicity development are those with preexistent
cardiovascular diseases or with multiple risk factors, associated with high dose of cardiotoxic drugs,
mainly anthracyclines (2).
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| SEVERE CARDIAC TOXICITY BY ANTI-CANCER THERAPY |

Many anti-cancer agents are associated with
severe cardiac toxicity
Anthracyclines and trastuzumab are frequently
involved

After anthracyclines,
risk of cardiac toxicity is 7-65%
depending on dose

Mechanisms

Binding to topoisomerase 2-8 and cell death
Accelerated atherothrombosis
Coronary vasospasm
Arrhythmias induction

Severe clinical scenarios

Cardiogenic shock
Takotsubo cardiomyopathy
Acute heart failure
Advanced chronic heart failure

Diagnosis

Transthoracic echocardiography
- LVEF and strain
Cardiac Magnetic Resonance
Biomarkers
- Troponin
- Pro-BNP

Cardioprotection
ACE-l, ARBs, B-blockers, spironolactone

Advanced HF
3% of all advanced HF
Heart transplant and LVAD have same survival
than in the other settings

GRAPHICAL ABSTRACT |

Moreover, the development of cardiotoxicity often causes the
interruption of an effective treatment, preventing the completion
of the therapy and influencing the oncologic prognosis.

Cardiac damage requiring intensive care unit (ICU) admission
and advanced heart failure (HF) therapies for chemotherapy-
induced cardiomyopathy (CCMP) will be also investigated.

CANCER THERAPY-INDUCED CARDIAC
DAMAGE

Pathogenic Mechanisms

Cancer therapy may induce myocardial damage by various
mechanisms, as each anticancer agent has unique cardiac effects
such as direct myocyte toxicity leading to HF or inhibition of
ion channels or tyrosine kinase signaling pathways leading to
arrhythmias with or without QT prolongation.

Besides, anticancer therapy may trigger coronary
atherothrombosis, pulmonary thromboembolisms, and arterial
hypertension (HTN), determinants of myocardial damage and
cardiac remodeling.

The association of cardiovascular risk factors with the
use of chemotherapy represents a major issue in terms of
increased risk of myocardial damage, with or without a specific
histological pattern.

Anthracyclines

Anthracyclines are the best studied among the anticancer drugs
with established cardiotoxicity. Discovered in the 1960s, they
remain as some of the most effective anticancer drugs mostly used
to treat solid and hematologic cancers (3), such as lymphoma,
leukemia, breast cancer, and sarcoma. Anthracyclines may induce
cardiac toxicity acutely or at distance from single or complete

treatments. In particular, doxorubicin and epirubicin are used
in breast cancer, before or following surgery, and in patients
with metastatic diffusion. While oxidative stress, DNA damage
and impairment of DNA repair through inhibition of the
topoisomerase II, activation of senescence, and cell death are
all commonly reported mechanisms of anthracycline-induced
toxicity (4), the reasons for a specific myocardial, cumulative-
dose depending damage remains largely unclear. The binding to
topoisomerase type 2 beta, largely expressed in cardiac myocytes,
is thought as one of the main mechanisms for the specific cardiac
toxicity of anthracyclines resulting in cell death (5).

Longitudinal studies of childhood cancer survivors showed
that even children who received <250 mg/m? had an increased
risk of congestive HF on long-term follow-up, suggesting
that there is no safe threshold for anthracycline-induced
cardiotoxicity. With the use of multi-agent combination therapy
for definitive cancer cure, cardiotoxic effects have been observed
without a specific threshold of cumulative dose, especially if
treatment is combined with radiotherapy, cyclophosphamide
(6), paclitaxel, and trastuzumab (7) and if cardiovascular
risk factors such as HTN and diabetes are present (8).
There is active investigation in identifying pharmacogenomic
predictors of anthracycline-induced cardiotoxicity, as individual
susceptibility is variable. Clinical evidence of anthracycline-
induced cardiotoxicity most often occurs within the first year of
treatment, although it can also appear years later with signs and
symptoms of HF. Acute cardiotoxicity is rare. Cardiac phenotype
associated with anthracycline-induced cardiomyopathy includes
dilated left ventricle (LV) with myocardial dysfunction, dilated
atria, mitral and tricuspid insufficiency secondary to ventricular
enlargement and dysfunction, increased filling pressure, and
reduced cardiac output.
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Fluoropyrimidine

The main mechanism of action of fluoropyrimidine drugs
including 5-fluorouracil (5-FU) and capecitabine is inhibition of
pyrimidine nucleotide biosynthesis and interference with DNA
synthesis and mRNA translation. The toxicity associated with
fluoropyrimidine chemotherapy affects almost 30% of patients
(9, 10). The most known cause of fluoropyrimidine toxicity is the
deficiency of dihydropyrimidine dehydrogenase (DPD), a crucial
enzyme in fluorouracil metabolism, which is encoded by DPYD
gene (11). The most common symptom of fluoropyrimidine
cardiotoxicity is chest pain, which can be associated with other
symptoms such as palpitations, dyspnea, HTN, or hypotension.
Less common manifestations include myocardial infarction,
reversible cardiomyopathy, myopericarditis, congestive HE,
tachyarrhythmias, coronary dissection, and cardiogenic shock
(CS) (12). Recently, cardiotoxicity associated with 5-FU has
been reviewed in detail (13). From a clinical point of view, the
5-FU may be associated with atypical chest pain, effort chest
pain (14), or suspected acute coronary syndrome (15) with or
without ST segment elevation. In addition, chest pain and atrial
fibrillation may be associated with 5-FU treatment and release of
cardiac specific enzymes, in the absence of ST segment deviation,
suggesting myocarditis and pericarditis (16) up to and rapidly
progressive LV dysfunction and HF (17). Nevertheless, relatively
sudden and rapidly progressive events resolving in death occur in
<1% (18). In vitro studies using rabbit aorta rings (19) or studies
in brachial artery (20) or coronary arteries with ECG evaluation
following 5-FU administration (21, 22) suggested vasospastic
reaction of relatively small muscle arteries. Nevertheless, the
mechanism is not specific and consistent and is mostly related to
underlying atherosclerosis (23). In a study, evidence of global LV
wall motion abnormalities has been reported during chest pain
and ECG changes suggestive of myocardial ischemia following
5-FU administration (15), which is unlikely to be dependent on
coronary vasospasm, also because it may occur hours or days
after the infusion. Mechanisms involving endothelial-dependent
and endothelial-independent dysfunction related to 5-FU
administration may affect coronary microvasculature and may be
described in the absence of epicardial vessels abnormalities (24).
It should be taken into account that endothelial function and
microvasculature autoregulation influence, and is also influenced
by, platelet aggregation and pro-thrombotic factors, which may
be altered with 5-FU administration (25). Endothelial cells
accelerated turnover described with 5-FU administration has
been demonstrated using von Willebrand factor dosing as a
potential result of toxic free radicals released (26).

Alkylating Agents

Anticancer agents such as cyclophosphamide, ifosfamide, and
melphalan are defined as alkylating agents. Those agents
ultimately impact DNA transcription and protein synthesis (27)
and may induce cardiac damage early after administration,
with a relatively strong predicting factor represented by the
cumulative dose (cyclophosphamide, 150 mg/kg, 1.5 g/m? per
day; ifosfamide, >12.5 g/mz). Of note, the prevalence of
subjects presenting with symptomatic or pauci-symptomatic
ventricular systolic dysfunction secondary to use of alkylating

agents is comprised between one and three per 10 patients
treated, approximately.

Microtubular Polymerization Inhibitors

The so-called taxanes are anticancer chemotherapeutic agents
including paclitaxel and docetaxel, able to block cell division
through a mechanism of binding and inhibition of disassembly
of microtubules (28). Cardiac dysfunction, either asymptomatic
or symptomatic, is unlikely with those agents. However,
taxanes impact metabolism and excretion rate of anthracyclines
and therefore may increase the risk of anthracycline-related
development of HF (29, 30), which may be attenuated by
specific modifications of treatment protocols. Novel epigenetic
mechanisms and epidrugs are now involved in the natural history
of HF and its treatment (31).

Anti-HER2 Therapy

Cancer Chemotherapy by Monoclonal Antibodies Against the
Human Epidermal Growth Factor Receptor 2 HER2/ERbB2
Trastuzumab is a humanized monoclonal antibody against the
extracellular domain of an oncoprotein identified as human
epidermal growth factor receptor 2 (HER2/ERbB2), which is
highly relevant in prognosis in breast cancer (32-35).

Moreover, the use of trastuzumab increased the incidence of
cardiac toxicity due to use of anthracyclines. The reason for such
a negative interaction may lay in the fact that HER2/ERbB2 exerts
a protective role against myocardial damage (36), with prevalent
ventricular dysfunction in post-chemotherapy as high as three in
10 patients treated (37).

The introduction of new agents, such as lapatinib and
pertuzumab, new monoclonal antibodies against different targets
of HER2, has reduced the likelihood of developing permanent
cardiac damage secondary to toxicity, as they are frequently
used in combination with trastuzumab and docetaxel with
new protocols of treatment (38, 39). There are now available
combinations of HER2-targeted antibody with a cytotoxic agent
such as anthracyclines, arising new questions on incident
cardiotoxicity in treated patients (40).

Vascular Endothelial Growth Factor Inhibitors

(Monoclonal Antibodies and Small Molecules)

By a variety of mechanisms (41), vascular endothelial growth
factor (VEGF) inhibitors inhibit angiogenesis. There are small
molecules (sunitinib and sorafenib) able to determine non-
selective inhibition of VEGF receptors through inhibiting
different tyrosine kinases. The non-selective inhibition of VEGF
may be the reason for development of HTN as well as
atherosclerosis and atherothrombosis in patients being treated
(42-44). HTN is the most common side effect (45). The
exact mechanism of angiogenesis inhibitor-induced HTN is not
completely understood; several hypotheses have been proposed.
Nitric oxide (NO) has been shown to affect vascular smooth
muscle relaxation; there is evidence that VEGF signaling can
affect NO production and homeostasis. VEGF binding with the
VEGFR2 activates several intracellular signaling pathways that
upregulate the expression of endothelial NO synthase that leads
to vasodilation. VEGF inhibition decreases the production of
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NO leading to vasoconstriction, peripheral vascular resistance,
and HTN (46). Additionally, impaired NO production affects
renal sodium homeostasis, leading to further elevations in blood
pressure (47). Rarefaction is another postulated mechanism
through which VEGF inhibition can lead to HTN. This process
involves a decrease in capillary density at the peripheral level
with increased vascular resistance. This phenomenon is thought
to be reversible after discontinuation of the VEGF inhibitor
(48). VEGF inhibition may also lead to increased production of
other vasoactive substances, for example, sFlt-1 and endothelin-1
(ET1), which contribute to the development of HTN (49).

The anti-VEGF antibody bevacizumab has been tested in
innumerous trials in which HTN, bleeding, and thrombosis
emerged as the main cardiovascular adverse effects (50).

Post-marketing surveillance suggests that more than one
patient in 10 treated with those agents may have experienced
symptomatic reduction of the LV chamber function (42), with a
risk particularly elevated in those treated with bevacizumab (51).

Clinical, Imaging, and Laboratory

Characteristics

Cardiovascular Imaging and Allied Diagnostic
Technology

Cardiac ultrasound is the most commonly used method for
assessing cardiac structure and function in the ambulatory setting
as well as bedside and in urgency/emergency setting.

In the setting of emergency medicine, ultrasounds are
employed to assess lung structure, pleural effusion, and
abdominal and vascular areas contributing to differential
diagnosis, risk stratification, and response to treatments (52).

In subjects exposed to anticancer chemotherapy,
echocardiography is the recommended modality (53) for
assessment of ventricular chamber dimensions and shortening,
diastolic performance, valvular function, and right ventricular
(RV) load by assessing the inferior vena cava diameter and peak
velocity of the tricuspid insufficiency to derive peak systolic
pulmonary pressure, atrial dimensions, and pericardium and
pulmonary characteristics, which can be also extrapolated by
ultrasound imaging. LV ejection fraction (LVEF) is a parameter
of LV systolic function influenced by load and geometry (54, 55).

As global LVEF may be informative, segmental systolic
abnormalities in the context of substantially normal LVEF may
be relevant in patients with cancer, impacting treatment dose
adjustment or even decision to suspend treatments (56). New
ultrasound technology allows assessment of LVEF by a real-
time three-dimensional imaging modality, useful in persons
exposed to anticancer chemotherapy with improved accuracy as
compared with standard imaging modality (57). However, real-
time three-dimensional echocardiography is not used in routine
practice, yet.

In the last decade or two, new methods of quantification of the
myocardial systolic deformation have been developed and tested
also in patients with exposure to anticancer chemotherapy (58).
The so-called 2D speckle-tracking modality allows assessment
of ventricular and atrial wall systolic and diastolic deformations
and deformation rate, defined as strain and strain rate. Those

parameters are thought to be less load and operator dependent. It
has been reported that peak systolic global longitudinal strain of
the LV may be impaired, while LVEF may be normal in patients
who may develop HF later in follow-up (59). In addition, peak
systolic longitudinal global strain may be impaired despite that
LVEF may be found at least partially recovered in patients who
received high-dose anthracyclines (60).

Peak systolic longitudinal global strain was able to
discriminate among patients who received trastuzumab
alone or with anthracyclines and found that those who showed
a difference between follow-ups of >11% had the highest
likelihood to show cardiotoxicity (61). Assessment of the peak
systolic global longitudinal strain is recommended for LV systolic
function follow-up in subjects exposed to anthracyclines (62).
However, such a modality for quantification of chamber function
remains most as a research tool in the real-life world.

Ultrasound imaging can be used to explore also the
diastolic phase of the cardiac mechanic in patients exposed
to anticancer chemotherapy (63), with inconsistent albeit
encouraging data (64).

Still, routine assessment of diastolic parameters to predict
subsequent cancer-related cardiotoxicity remains more a
research-oriented resource (65).

Anticancer chemotherapy has been associated with right
myocardial damage detected by biopsy (66).

RV chamber size, tricuspid annular plane systolic excursion,
estimation of pulmonary artery systolic pressure, and RV
diastolic parameters are useful parameters in the follow-up of
subjects who underwent anticancer chemotherapy (67), along
with additional laboratory parameters related to cardiovascular
overload and HF such as N-terminal pro-brain natriuretic
peptide (NP) (NT-proBNP) levels (68).

In patients with symptoms and signs suspected of HF
and/or myocardial ischemia, global LVEF may be relatively
preserved despite increased LV filling pressure (69). The
pulmonary systolic pressure (67) and the ratio of peak
velocity of the early LV filling wave to the peak velocity
of the early diastolic displacement of the mitral annulus
>13 may contribute to identifying patients with acute HF
(70) independent of LVEF. Along with echocardiographic
examinations and lung, vascular, and abdominal ultrasound
evaluations (71) for assessing pulmonary interstitial syndromes
(B-lines), pleural effusion and lung consolidation vs. lung
atelectasis, central venous dimensions and reactivity to
maneuvers, liver congestion, and ascites are very useful for
triaging patients, for diagnosis, and to monitor response
to treatments.

In more stable patients, either ambulatory or hospitalized,
cardiac structure and functions may be explored by cardiac
magnetic resonance imaging (cMRI). In particular, cMRI may
be useful to detect cardiac damage and its temporal relationship
of myocardial damage induced by anticancer chemotherapy (71,
72). In fact, myocardial edema, inflammatory injury, and fibrosis
may be detected by cMRI (73, 74), as it is largely employed in
models of myocardial injury based on inflammation. Assessment
of myocardial edema and vascular damage may be prognostically
relevant well beyond the extent of late gadolinium-related
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myocardial enhancement in patients exposed to anticancer
chemotherapy (75, 76).

Allied imaging modality includes cardiac computed
tomography (CT) to assess coronary artery calcium burden
scanning and CT coronary angiography. In particular, non-
contrast-enhanced CT to evaluate coronary artery calcium
burden (77) reflects coronary atherosclerotic burden with
important prognostic value for future adverse cardiac events
in asymptomatic individuals (78), which may turn relevant in
candidates for or treated with anticancer chemotherapy.

Positron emission tomography (PET), which is widely used
to evaluated cancer diffusion and response to treatments, may
be useful in evaluating inflammatory-induced myocardial injury
(79). Cardiac PET has been shown to be useful in the model of
non-Hodgkin lymphoma receiving chimeric antigen receptor T-
cell transfer therapy correlated with the degree of cytokine release
syndrome, in myocarditis, pericardial effusions, and response to
treatment in a patient affected by large B-cell lymphoma with
cardiac involvement (80).

Laboratory Characteristics

Traditionally, subclinical cardiac toxicity has been detected
by evaluating the reduction of LVEF with the use of
echocardiography or other imaging. Although useful, this
strategy is limited by two factors: there is significant myocardial
damage when the decline in LVEF is still not evident, and imaging
takes time and is impractical when used as a screening modality.

Biomarkers may help to identify subjects who may develop or
have developed chemotherapy-related cardiotoxicity; therefore,
for an early diagnosis of myocardial toxicity, the dosing of cardiac
biomarkers becomes an alternative strategy (81). The time of
cardiac biomarker measurement in cancer patients scientifically
has not been established. The timing and frequency of biomarker
measurement should be tailored to each biomarker-therapy
combination. This could be translated into earlier detection
and implementation of cardioprotective treatment strategies in
cancer patients (82).

Cardiac troponin (cTn) and both troponin I (Tnl) and
troponin T (TnT) are the gold standard biomarkers for the
detection of cardiomyocyte necrosis and cardiac injury and the
most extensively used biomarker to detect cardiac toxicity (83).
Both increase 4-6h after the onset of symptoms, peak after
14-36h, and return to normal levels after 7-8 days (cTnl)
or after 12 days (cTnT) in acute coronary syndromes and
myocardial infarction. They have high specificity for cardiac
injury; moreover, with the advent of high-sensitivity (hs) assays, it
is possible to detect small amounts of myocyte damage to provide
treatments to minimize cardiotoxicity before the development of
irreversible LV dysfunction (84). The importance of monitoring
troponin to detect cardiotoxicity has been demonstrated from
studies of cancer patients receiving chemotherapy, mainly
anthracyclines (85). A persistent elevation of troponin I was
associated with a higher incidence of cardiac events and a greater
degree of LV dysfunction as compared with transient elevations
(84, 86). The optimal timing in monitoring cardiotoxicity for
c¢Tn measurement has not yet been determined; an improved
understanding of the kinetics of ¢Tn release and optimal timing

for blood sampling during anthracycline chemotherapy would be
useful for anthracycline cardiotoxicity surveillance (87).

Clinical studies in both children and adults have shown
that elevated troponin levels during chemotherapy are an early
marker of increased risk of LV dysfunction (88-90).

The largest study to date involved 703 oncologic patients
where troponin I was measured before chemotherapy, within 3
days of chemotherapy start and after 1 month (84).

Troponin I was in the normal range in 70%, increased at
3 days in 21% of patients, and increased in both early and
late stages in 9% of patients. The elevation of troponin I was
associated with a higher incidence of adverse cardiovascular
events; troponin I levels that still increased after 1 month were
associated with greater LV impairment and a higher incidence
of cardiovascular events as compared with an isolated elevation
at 3 days (84). Another study involving 204 patients with
cancer requiring anthracyclines involved measuring troponin
for every cycle of high-dose chemotherapy (91); in 32% of
patients, elevated troponin is observed. Both studies, hence,
validate the importance of using troponin for surveillance post-
chemotherapy.

The dosage, therefore, of the Tnl can allow the initiation of
cardioprotective therapy and more specific treatments to prevent
clinically significant toxicities (92).

Other increasing data emerging from patients with childhood
cancers show that cTnl and hs-Tnl were not consistently elevated
in patients who developed LV dysfunction on imaging (93,
94). From these data, it emerges that although troponin is a
sensitive marker during and early after chemotherapy, it could
not be a sensitive marker for ongoing surveillance of subclinical
cardiotoxicity post-chemotherapy, when compared with other
biomarkers such as NPs.

Few studies prospectively investigated the changes in Tnl
or TnT levels during 5-FU chemotherapy. In three studies,
no significant increase in Tnl was noted after 5-FU infusion,
although a group of patients developed cardiac symptoms or
ECG abnormalities (95-97). In a study by Salepci et al., TnT
levels were assessed in five samples during the 5-FU bolus
cycle; no changes were observed before and immediately after
chemotherapy; however, three patients developed chest pain, five
patients had ECG changes suggestive of ischemia, and one patient
died (98).

In another study, Holubec et al. measured both Tnl and BNP
before and after infusion of 5-FU, highlighting a rise in TnI levels
above the normality range in 57% of patients (99).

The European Society for Medical Oncology (ESMO), in
their clinical practice guidelines regarding fluoropyrimidine
cardiotoxicity, recommends monitoring of Tnl and BNP in
patients with symptoms or signs of cardiac ischemia as a grade
C III/IV level of evidence (100).

Changes in troponin levels as a strategy to monitor
patients receiving anti-VEGF monoclonal antibodies, anti-
VEGEFR tyrosine kinase inhibitors, and a kinase inhibitor have
been used with some promising results, although more useful to
research context than clinical setting (101).

In patients suffering from immune checkpoint inhibitor
(ICI)-related myocarditis, an increase of TnT > 1.5ng/ml was
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associated with four-fold increased risk of major adverse cardiac
events (MACEs), defined as the composite of cardiovascular
death, CS, cardiac arrest, and hemodynamically significant
complete heart block (76).

Another study reports two melanoma patients who developed
fatal myocarditis following treatment with ipilimumab and
nivolumab. ECG and weekly troponin levels during weeks 1-3
for patients on combination immunotherapy were evaluated.
Both patients experienced strikingly elevated troponin levels
and refractory conduction system abnormalities with preserved
cardiac function (102).

Moreover, in a study, 65% of advanced renal cell
carcinoma patients treated with sunitinib developed a form
of cardiovascular toxicity. The cardiac troponins were not found
much useful to describe this cardiotoxicity, due to the low
incidence of troponin elevation in patients uncovered by this
analysis. This could mean that sunitinib-induced cardiotoxicity
is different from that induced by other chemotherapeutic drugs
and requires different markers for its detection (51).

Two NPs, i.e., BNP and NT-proBNP (103), are stimulated to
be secreted by cardiomyocytes from increased transmural tension
and neurohormonal stimulation. BNP is derived from cleavage
of pre-proBNP leading to BNP and the biologically inactive N-
terminal-containing fragment (NT-proBNP). NT-proBNP has
also been used as a biomarker for the detection of HF (104).

Hence, NPs are an important biomarker of pressure overload,
and their ability to detect hemodynamic stress makes them an
important maker of cardiotoxicity and for long-term surveillance
in the management of HF. NPs may also be used to detect
acute cardiotoxicity as levels increase within 24 h of exposure
to anthracycline chemotherapy (105). Also, BNPs can be
considered as a marker of cardiotoxicity. A single-center study
of 109 cancer patients undergoing treatment with anthracyclines
showed that 10.1% experienced a cardiac event, and all of these
patients had a BNP > 100 ng/L before the event (105). This
supports the regular BNP measurements as well as imaging
to detect cardiotoxicity. In the HERA breast cancer trial of
trastuzumab, the cardiac biomarker substudy reported that
increases in NT-proBNP during trastuzumab treatment were
most predictive of a subsequent reduction in LV function on
echocardiographic surveillance (106). In another study that
involved 43 patients with breast cancer after radiotherapy,
serial BNP measurements up to 12 months’ post-therapy have
been performed; it was observed that small BNP elevations
were predictive for the development of radiotherapy-related
cardiovascular events, but none of the patients developed LV
dysfunction (107).

Two prospective studies evaluated changes in BNP levels
by performing serial measurement in patients treated with
infusional 5-FU. This study showed an increase in BNP above
the normal values in patients treated with infusional 5-FU;
this increase was significantly higher in patients who were
symptomatic for cardiotoxicity than in asymptomatic patients,
but these data were not able to indicate a cutoff to distinguish
patients with cardiotoxicity, and the role of BNP as a predictor
of fluoropyrimidine-induced cardiotoxicity (FIC) remains to be
clarified (108).

Troponin is a biomarker that defines cardiomyocyte injury,
whereas BNP is a marker of increased myocardial strain. NPs
are excellent markers of long-term cardiovascular dysfunction in
asymptomatic patients. Other biomarkers provide information
on the acute injury but may not remain elevated in the long
term (92).

C-reactive protein (CRP) is an acute-phase reactant produced
by hepatocytes due to stimulation by interleukin-6 produced
by macrophages and T cells. Elevated hs-CRP is associated
with decreased LVEF in patients with varying cardiovascular
diseases (109).

A study involving 54 women treated with trastuzumab showed
that peak levels of hs-CRP were detected after a median of 78 days
before cardiotoxicity became evident as quantified by a decrease
in LVEF. However, other studies failed to show a conclusive link
between elevated CRP and cardiotoxicity (110, 111).

The limitation of hs-CRP is that is has a low specificity when
elevated to 45.7%; hence, due to the risks of achieving false-
positive values, a high level does not confirm the development
of LV dysfunction (112).

The modifications during chemotherapy with 5-FU of the
cardiac enzymes creatine kinase (CK) and CK-MB have been
analyzed in three different studies, but no significant differences
before and after 5-FU infusion were detected (113).

Myeloperoxidase (MPO) (produced and secreted by
leukocytes) is an enzyme produced by polymorphonuclear
leukocytes and has atherogenic and pro-oxidant effects on
cardiac tissue leading to its association with increased risk of
coronary artery disease and acute HF (114).

MPO has been shown to work synergistically with troponin to
predict adverse cardiovascular outcomes.

The first description of the link between an increase in
MPO levels and the development of cardiotoxicity was described
following treatment with doxorubicin and trastuzumab (90),
in which the clinical significance of MPO elevation has
been highlighted.

In conclusion, the integrated use of imaging and biomarkers
can help determine the basic risk of cardiotoxicity and
identify patients who may benefit from cardiac monitoring or
cardioprotective pharmacological strategies.

Clinical and Therapeutic Perspectives in
Intensive Care Unit

In the past, due to the disappointing results of therapies in
solid tumors, ICU admission for cancer patients was frequently
denied. In the last decades, however, the progress of cancer
therapy, which allowed for a significant improvement in patients’
prognosis, opened the doors of ICU to cancer patients. Patients
suffering from hematologic malignancies and solid tumors need
ICU admission not only because of the complications of the
disease or the surgery but, significantly, because of the toxic
effects of cancer therapies. Cardiac toxicity is of paramount
importance, as it can virtually accompany patients who received
cardiotoxic cancer therapy throughout their lives, starting from
the risk of acute toxicity at the time of first administrations up to
the late effects of advanced HF.
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Moreover, the number of discovered drugs that have
been proved cardiotoxic is increasing, including newer
immunotherapeutic agents.

Intensive Care Unit and the Cancer Patient

Many cancer patients are admitted to ICU during the course
of their disease. Admission rate for a non-selected population
of cancer patients in France ranged from 0.7 to 12%, with
patients suffering from hematologic malignancies showing an
ICU resource utilization of up to 30% (115).

ICU and hospital survival of critically ill cancer patients
also improved, with a mortality rate below 30 and 40%,
respectively (90). Usual triage criteria for ICU admission are often
unreliable, and new models of ICU admission policies have been
developed (116).

The most frequent causes of ICU admission are infections,
tumor lysis syndrome, acute kidney injury, acute respiratory
failure, regular postsurgical care, cytokine release syndrome,
neurological ~complications and adverse drug effects,
chemotherapy-induced severe neutropenia, and cardiac toxicity
(117, 118).

Cardiac Toxicity Requiring Intensive Care Unit
Admission

General criteria for ICU admission do not differ from
usual indications: the development of CS, hemodynamic
instability, need for invasive mechanical ventilation or organ
function replacement therapy, extracorporeal therapies, and
“prophylactic” ICU admission in patients deemed at high risk to
develop such complications in a short timeframe.

CS is the most dreadful condition, associated with a high
mortality rate. To the best of our knowledge, there are no
studies directly focused on CS in patients with severe cancer-
related diseases. A large European registry (119) reported a
4.3% prevalence of cancer in patients with CS, without further
information on causes. CS can be the consequence of acute
cancer therapy toxicity, takotsubo cardiomyopathy (TCM), or
acute-on-chronic HF in patients suffering from CCMP.

The therapy of CS in this subset of patients lacks a specific
therapy, and only supportive measures are available. These
include mechanical ventilation, inotropes and mechanical
circulatory support (MCS), intra-aortic balloon pump,
percutaneous ventricular assist devices, and veno-arterial
extracorporeal membrane oxygenation (VA ECMO) (120).

A directed therapy is only available for CS caused by acute
toxicity after 5-FU/capecitabine administration or overdose,
burdened by a very high mortality rate if left untreated.

The antidote uridine triacetate protects against the toxic effect
of fluoropyrimidines and can be safely administered. Ma et al.
(121) reported a 94% survival in 173 patients (26 had early onset
of toxicity, whereas 147 suffered from overdose) treated with
uridine triacetate. In patients with early toxicity, a more favorable
outcome was associated with a therapy initiation before 96 h from
the onset.

Cancer patients requiring ICU admission for cardiac toxicity
can be classified into three main categories: acute cardiac toxicity
caused by anthracyclines or 5-FU administration; takotsubo

syndrome; and acute-on-chronic HF in patients suffering
from CCMP.

Acute and Early Cardiac Toxicity
Anthracyclines and 5-FU are the most frequently involved drugs.

According to an old classification, dating back to 1980,
acute toxicity is defined as the onset of LV dysfunction or
arrhythmias during or within 14 days from the end of treatments
(122). Clinical characteristics include transient arrhythmias
as supraventricular tachycardia, non-specific ST segment or
T wave abnormality, pericardial myocarditis syndrome, or
acute LV failure. Ventricular arrhythmias have been seldom
described (123).

In childhood cancer patients, it occurs in <1% of patients;
cardiac dysfunction is usually transient, and cancer therapy
can be resumed. In patients with a high cumulative dose of
anthracyclines, the acute damage can be permanent (124).

Acute toxicity has never been the object of large clinical
studies, and the description of clinical characteristics mostly
relies on case reports. However, the first dose of anthracycline,
whether or not associated with clinical expression of cardiac
damage, is accompanied by a release of troponin in nearly
all treated patients, reinforcing the concept of a continuum
of toxicity, evolving toward overt HF through years or
decades (125).

5-FU and capecitabine are fluoropyrimidines employed in a
variety of solid tumor therapy, frequently involved in episodes
of acute toxicity. In the majority of cases, cardiac toxicity is
self-limiting and manifests as chest pain with or without ST
segment depression.

5-FU- and capecitabine-related early toxicity usually
manifests during or within the 96h after the administration
of 5-FU or during a standard 14-day course of capecitabine
(days 3-9).

A systematic review (126) on cardiotoxicity in cancer patients
treated with 5-FU or capecitabine showed an incidence of 0-
18.6%. Serious cardiac events as myocardial infarction, CS, and
cardiac arrest occurred in 0-2%. These events have usually a high
fatality rate.

A study reported a 4.3% incidence of cardiac toxicity in 668
patients treated with 5-FU or capecitabine for gastrointestinal
cancers (127). Severe cardiac toxicity is rare and reported in case
reports only: coronary dissection, ventricular tachyarrhythmia,
CS (requiring intra-aortic balloon pump and VA ECMO), and
sudden cardiac death.

Interestingly, after a first episode of cardiac toxicity,
readministration of 5-FU can induce a more severe form of
cardiac damage, with a mortality rate up to 13% (126, 127).

Treatments that specifically target the HER2 receptor, as
trastuzumab and pertuzumab, can be responsible for acute
cardiac toxicity, usually reversible (128). Few cases needing
intensive care treatment have been described (129).

Myocarditis
Myocarditis is an uncommon, but potentially fatal, toxicity
of ICIs.
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In a study (76), 35 patients with ICI-associated myocarditis
were compared with a random sample of 105 ICI-treated
patients without myocarditis. The occurrence of MACEs,
defined as the composite of cardiovascular death, CS, cardiac
arrest, and hemodynamically significant complete heart block,
was evaluated in this multicenter cohort. The prevalence of
myocarditis was 1.14%, with a median time onset of 34 days
from the first infusion. Combination ICI therapy and diabetes
were more common in some cases; 46% of all myocarditis
cases experienced a MACE. Myocarditis often showed a
fulminant and malignant course. Causes of death included
two sudden deaths, two documented ventricular arrhythmias,
and two CSs.

High-dose intravenous steroids were the most commonly
administered therapy.

Escudier et al. (130) reported 30 cases of ICI-related cardiac
toxicity, with an onset 2-454 days after the first dose (median
65 days). LV systolic dysfunction, takotsubo-like syndrome, atrial
fibrillation, ventricular arrhythmias, and conduction disorders
were observed in 79, 14, 30, 27, and 17% of patients,
respectively. Cardiovascular mortality rate was 27%, due to
refractory ventricular arrhythmias, HE, pulmonary embolism,
and sudden death.

Interestingly, complete reversibility of LV systolic dysfunction
was significantly associated with corticosteroid therapy.

The fulminant course of the ICI-related myocarditis has been
confirmed by Moslehi et al., who reported a 46% mortality rate in
101 cases. In this cohort, median onset from the first dose was 27
days (131).

As regard treatment, no prospective studies have been
conducted. The treatment with ICI must be promptly suspended.
On the basis of the available case series, Gunatra et al. suggested
high dose of corticosteroids (i.e., methylprednisolone 1,000 mg
per day for 3 days followed by prednisone 1 mg/kg) as the first
line of therapy in the acute phase. If patient is unstable, anti-
thymocyte globulin, intravenous immunoglobulin, and plasma
exchange should be considered (132).

Potential alternatives to steroids in the American Society of
Clinical Oncology (ASCO) guidelines include methotrexate,
mycophenolate  mofetil, azathioprine, and rituximab.
Infliximab is contraindicated due to its potential to induce
HF (133).

A better understanding of the mechanism of this drug-
induced toxicity may provide valuable insight into idiopathic
myocarditis in the non-cancer population, as well as the
general interaction between the immune system with the
myocardium (102).

Takotsubo Cardiomyopathy

TCM is a clinical syndrome characterized by LV dilatation and
acute systolic HE usually following an emotion or physical
stressor, predominantly affecting women in the sixth decade of
life. Catecholamine-mediated toxicity seems to play a key role in
the pathogenesis. Echocardiography shows ballooning of the LV
apex or mid-ventricle. ECG abnormalities include ST-segment
elevation and T wave inversion and are accompanied by cardiac

marker elevation. The therapy is supportive, and the functional
recovery usually occurs within 21 days (134).

A recent study (146) reported 38 case reports of TCM, with
10 and five involving, respectively, 5-FU and capecitabine. Less
frequently, TCM has been caused by antimetabolites, alkylating
agents, monoclonal antibodies, and tyrosine kinase inhibitors.

TCM associated with cancer therapy affects men and women
in a similar measure and occurs during the first cycle.

In hemodynamically unstable patients, the discriminating
factor is the presence of LV outflow tract obstruction, as it
contraindicates the use of inotropes in favor of fluids and beta-
blockers. Goal-directed therapy for HE, with ACE inhibitors and
beta-blocker, represents the therapeutic choice for stable patients
until they recover.

Acute-on-Chronic Heart Failure and Advanced Heart
Failure Therapies for Chemotherapy-Induced
Cardiomyopathy Patients

The majority of late cardiac toxicity causing cardiomyopathy is
secondary to anthracycline therapy. Anthracycline-induced
cardiotoxicity can be considered, according to recent
classifications (122), as a continuum phenomenon, starting
at a time of first anthracycline administration, characterized by
troponin release (acute), progressing to LVEF reduction (early)
and then HF (late).

Therapy- and patient-specific factors determine the incidence
of late cardiac toxicity: 3-5% with 400 mg/m? and 18-48%
at 700 mg/m?, with the highest risk for patients <5 or >65
years old, with preexistent cardiac diseases or cardiovascular risk
factors (147).

The analysis of United Network for Organ Sharing (UNOS)
or Interagency Registry for Mechanically Assisted Circulatory
Support (INTERMACS) shows that 2-3% of patients receiving
advanced HF therapy suffer from CCMP (84). However, there is a
significant risk that this percentage could be underestimated due
to misclassification of non-ischemic dilated cardiomyopathy.

Araujo-Gutierrez et al. (145) analyzed all the referrals for
advanced HF of a tertiary-care center, showing that 3.4% of
patients were CCMP, but the percentage was high as 7.8% in the
subset of idiopathic, non-ischemic cardiomyopathy. Though not
reaching statistical significance, there was a higher percentage
of patients receiving LV assist device (LVAD) as bridge to
transplant (BTT). In the CCMP group, compared with other
Cardiomyopathy (CMP), more patients received LVAD as BTT
(10.5 vs. 4.4 vs. 5.8%, ns). The percentage of total transplanted
patients (including BTT) was higher in the CCMP group
[CCMP 26.3% vs. non-ischemic cardiomyopathy (NICMP) 20%
vs. ischemic cardiomyopathy (ICMP) 13.9%, ns]. Survival was
higher in the CCMP group than other CMP, irrespective of type
of therapy (orthotopic heart transplantation (OHT) or LVAD)
(93.3 vs. 84.8 vs. 73.8%, respectively, p = 0.0021 for 1 year, 93.3
vs. 76.2 vs. 58.3%, respectively, p < 0.0001 for 3 years).

Oliveira et al. (148) interrogated the INTERMACS database
from 2006 to 2011, identifying 75 CCMP patients over 3,812
patients implanted. Seventy-two percent were female, and there
were no differences in terms of preoperative New York Heart
Association (NYHA) functional class, inotropes, intra-aortic
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TABLE 1 | Characteristics of the studies on advanced therapies for HF in CCMP.

References Year Therapy Patients Follow-up (months) Characteristics and outcomes

Armitage et al. (135) 1990 OHT 11 18 Survival 100%

Goldstein et al. (136) 1995 OHT 11 43 1-year survival, 100%
2-year survival, 81.8%

Levitt et al. (137) 1996 OHT 14 4-165 5-year survival, 74%

Koerner et al. (138) 1997 OHT 20 2-72 Survival 60%, mean survival 35 months

Taylor et al. (139) 2000 OHT 34 120 The 1-, 3-, 5-, 7-, and 10-year actuarial survival
estimates for the entire group are 77, 64, 64, 64,
and 50%, respectively

Fernandez-Vivancos et al. 2010 OHT 12 171 1-year survival, 75%

(140) 3-year survival, 75%
5-year survival, 56%

Oliveira et al. (141) 2012 OHT 232 60 Survival (95% confidence interval) at 1 year, 86%
(0.81-0.91); 3 years, 79% (0.76-0.87); and 5 years,
71% (0.73-0.85)

DePasquale et al. (142) 2012 OHT 35 120 1-year survival, 71%
5-year survival, 47%
10-year survival, 32%

Lenneman et al. (143) 2013 OHT 453 120 10-year survival versus other cardiomyopathies [HR
1.28, (95% Cl: 1.03-1.59), p = 0.026]
Intravenous inotropes, 48%
Admitted to ICU, 17%
Need for RVAD, 5.6%

Oliveira et al. (144) 2014 LVAD 75 36 Death, 25%; OHT, 29%; recovery, 1%; alive, 44%
Need for RVAD, 19%
INTERMACS 1, 20%

Araujo-Gutierrez (145) 2018 5 LVAD/5 OHT 10 36 1-year survival, 93.3%

2-year survival, 93.3%

OHT, open heart transplantation; HF, heart failure; CCMR, chemotherapy-induced cardiomyopathy; orthotopic heart transplantation; LVAD, left ventricular assist device; RVAD, right
ventricular assist device; INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support.

balloon pump, or ventilatory support. Less than 1% received
ECMO as a BTT strategy (120).

Opverall, survival of patients with CCMP was similar to that
of ischemic and other NICMP patients with 1-, 2-, and 3-year
survival of 73, 63, and 47%, respectively. Interestingly, CCMP
patients more frequently had positive markers of RV dysfunction,
and the need for RV assist device (RVAD) implantation was
increased, compared with ICMP and NICMP patients (19 vs.
9.3%, p < 0.0001), with a net negative effect on prognosis (147).

Araujo-Gutierrez et al. (145) observed an increased incidence
of RV dysfunction after LVAD implantation in their cohort of
553 patients (40 vs. 18.2% from the NICMP group and 21.5%
of the ICMP group). However, no RVADs were implanted in
CCMP patients.

OHT is increasingly performed in CCMP patients, because of
a re-evaluation of safety issues due to concerns of malignancy
recurrence after immunosuppression.

Oliveira et al. (148) analyzed the outcomes of 232 patients
between 2000 and 2008. No differences in outcomes between
CCMP and NICMP were noted, with similar 1-, 2-, and 3-year
survival [with similar 1-, 2-, and 5-year survival (86 vs. 87%, 79
vs. 81%, and 71 vs. 74%), respectively; p = 0.19].

Lennemann et al. (144) showed that CCMP patients due to
anthracycline toxicity had a 10-year survival curve higher than
all other etiologies (HR 1.28, p = 0.026).

In Table 1, the studies that focused on advanced HF therapies
for CCMP are summarized.

Perspective of Cardiac Intensive Care

Treatment

Patients suffering from acute or acute-on-chronic severe cardiac
toxicity from cancer therapy must receive the same general
supportive therapy of CS.

No predefined criteria of ICU triage for admission should
be used, favoring an evaluation of the single case. According
to Azoulay, the critically ill cancer patient can be admitted
to ICU with a full code status (Doing everything that can
be done, including cancer chemotherapy), receiving ventilatory
support, vasoactive agents, renal replacement therapy, and MCS
in selected cases. Clinical situation can be re-evaluated 3-5 days
after admission (ICU trial strategy) (117).

A full code status should be warranted in the case of
newly diagnosed malignancies, acute cardiac toxicity after
complete cancer remission, and clinical response undetermined
or still unpredictable.

Short-term MCS for refractory CS is effective to allow time
for cardiac recovery or for a full clinical evaluation for further
therapies (bridge-to-decision strategy) (143).

The most advanced therapies, including long-term
mechanical support or heart transplantation, are not be
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CARDIOTOXIC CANCER THERAPY
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FIGURE 1 | Algorithm for diagnosis and prevention of cardiac toxicity in cancer patients receiving cardiotoxic drugs.

precluded to cancer patients. Indeed, MCS guidelines
state that long-term ventricular assist devices can be
considered (Class of recommendation IIb, Level of Evidence
B) to allow time for transplant contraindication to be
reversed as recent cancer in potential transplant candidates
(149, 150).

The 2016 International Society for Heart and Lung
Transplantation listing criteria for heart transplantation
(151) state that in patients with preexisting neoplasms, the risk
of tumor recurrence should be stratified with a cardio-oncology
collaboration. Cardiac transplantation should be considered
when tumor recurrence is low based on tumor type, response to
therapy, and negative metastatic workup. The specific amount of
time to wait to transplant after neoplasm remission will depend
on the aforementioned factors, and no arbitrary time period for
observation should be used (Class of Recommendation I, Level
of Evidence: C).

CONCLUSIONS

Cardiac toxicity secondary to cancer therapies is a growing
clinical issue, as the number of cancer survivors is increasing,
and the number of patients developing cardiac damage
will also increase. Cardiac toxicity is not limited to a
single class of drugs, and it is associated even with newer

biological and immunological anticancer drugs. The early
recognition of toxicity should prompt therapeutic prevention and
interventions, as immediate withdrawing and cardio-protective
therapy (Figure 1).

For patients needing intensive care treatment, therapeutic
tools are limited and not disease-modifying. Although cardio-
oncology is a growing field, there are no ongoing prospective
studies focusing on this subset of critically ill patients.
Preventive drugs limiting cardiac damage should be tested.
Besides, the increasing number of MCS implantation and OHT
represents now a concrete therapy for CCMP patients with
advanced HF.
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