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Introduction

Antonio Russo, Giuseppina Novo,
Patrizio Lancellotti, Fausto J. Pinto,
and Antonio Giordano

Thanks to more and more effective antineoplastic
treatments, among them target therapies and
immunotherapy, and the advances in early diag-
nosis of tumors, the life expectancy of patients
suffering from cancer has significantly increased
in the last 5 years [1, 2]. The increase in survival
has created a population of patients “long survi-
vors” with chronic cancer disease who are more
exposed to develop complications of antineoplas-
tic treatments [3].

Cardiovascular complications are among the
most serious ones and may lead not only to heart
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failure, that could be severe, but also to ischemic
heart disease, peripheral arterial disease and stroke,
cardiac arrhythmias, valves disease and pericardial
disease, venous thromboembolism, arterial hyper-
tension, and pulmonary hypertension [4].

Moreover tumor and cardiovascular diseases
often share the same risk factors. This increases
the probability for these conditions to coexist in
the same patient [5].

On these premises, a new branch of cardiol-
ogy, cardio-oncology, was born, aiming to pre-
vent and early diagnose and manage cardiac
damage caused by the use of old and new anti-
neoplastic drugs and to facilitate the cancer treat-
ment and to avoid its suspension. Cardio-oncology
is based on the cooperation between cardiologists
and oncologists and possibly other related spe-
cialists aimed to a collegial and more efficient
management of the oncological patient, to pro-
vide optimal care but also for the related socio-
economic implications. Given the awareness of
the cardiological complications related to anti-
cancer treatment, it iS now necessary to spread
the cardio-oncology knowledge.

With this aim it is born the idea of publishing
this book, addressed to cardiologists, oncolo-
gists, and other specialists who are facing onco-
logical patients. The authors of this book are
cardiologists and oncologists, involved in their
daily practice with oncological patients, most of
them are expert, known all over the world, for
their scientific publications in this field.

A. Russo et al. (eds.), Cardiovascular Complications in Cancer Therapy, Current Clinical Pathology,
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In this book we will review the pathophysio-
logical mechanisms leading to cardiovascular
toxicity related to the various antineoplastic
drugs, we will focus on the main cardiological
complications that may occur, and we will dis-
cuss the diagnostic modalities to detect earlier as
possible these and the actual preventive and ther-
apeutic strategies.

This book offers a practical landmark to
increase the awareness on cardio-oncology and
to help each clinician on his/her everyday prac-
tice. In fact nowadays it is more and more com-
mon to deal with oncological patients who
develop heart disease and who require a specific
management. On the other hand in our daily
practice we often have to evaluate the suitability
of a given patient to start a certain oncological
treatment, potentially cardiotoxic but possibly
lifesaving, and we cannot refrain ourselves from
knowing the possible risks for the heart and the
vessels and the strategies to be implemented to
minimize them.

In addition to the book, we are aware that it is
necessary to increase the culture of cardio-
oncology with specific training course and scien-
tific events and to develop new efficient and
sustainable diagnostic and therapeutic paths to
address these issues, involving a multidisci-
plinary team of experts and creating cardio-
oncology units that are already a virtuous reality
in some center.

Unfortunately we are aware that despite a
growing number of scientific papers have been
recently produced about cardio-oncology, the
level of evidence to develop guidelines is still
lacking, and the recommendations provided in
this book largely represent the opinions of
experts. For this reason large and prospective
studies to evaluate the burden of antineoplastic
treatment-related toxicity and to settle the man-
agement of such patients are needed, in order to
increase the levels of evidence and to develop
cardio-oncology guidelines.
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Mechanisms of Cardiovascular
Damage Induced by Traditional

Chemotherapy

Valentina Mercurio, Giulio Agnetti,
Pasquale Pagliaro, and Carlo G. Tocchetti

Introduction

Chemotherapeutic agents and more targeted
drugs, including antiangiogenic drugs targeting
vascular endothelial growth factor (VEGF) or its
receptors, not only can combat cancer growth but
may also cause cardiovascular toxicity and endo-
thelial dysfunction. Continued research efforts
aim at better understanding, preventing, and lim-
iting these cardiovascular toxicities. Conventional
chemotherapeutic drugs, among which anthracy-
clines, platinum compounds, and taxanes, and
newer targeted agents, such as trastuzumab, bev-
acizumab, and tyrosine kinase inhibitors, have a
well-known risk of cardiovascular toxicity, which
can burden their effectiveness by causing
increased morbidity and/or mortality. The preser-
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vation of cardiovascular function during or fol-
lowing therapies with antineoplastic drugs,
without impairing anticancer drug effectiveness,
is very important for limiting cardiovascular side
effects and preserving cardiovascular health in
long-term cancer survivors. Hence, early detec-
tion, and prevention and treatment of cardiovas-
cular toxicities are fundamental in order to let
oncologic patients complete their lifesaving anti-
cancer therapies.

Cellular Components
of the Cardiovascular System:
Cardiomyocytes and Beyond

The myocardium is composed of cardiomyocytes
and non-myocytes, fibroblasts and ECs, which are
all essential for the function of the healthy heart
[1]. In particular, cardiac myocytes produce con-
tractile force, while fibroblasts secrete components
of extracellular matrix and paracrine factors, and
endothelial cells (ECs) line the coronary vascula-
ture, allowing delivery, via the bloodstream, of
free fatty acids and oxygen required to meet the
high metabolic demands of contracting myocytes
[1, 2]. Additionally, cardiac ECs play a paracrine
role. In particular, they release a glycoprotein,
neuregulin 1, that binds to ErbB-4, a receptor tyro-
sine-protein kinase, which in turn heterodimerizes
with ErbB2, activating downstream intracellular
signaling, including the pathways extracellular

A. Russo et al. (eds.), Cardiovascular Complications in Cancer Therapy, Current Clinical Pathology,
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related kinasel/2 (ERK1/2) and phosphatidylino-
sitol 3-kinase (PI-3K) that regulate contractile
function and cardiomyocyte survival and prolifer-
ation [3].

In the vasculature, the endothelium has a
major role in the regulation of tissue homeosta-
sis, modulating local blood flow and other physi-
ological processes. It is important to preserve a
healthy endothelium for the correct homeostasis
of the whole cardiovascular system. Indeed,
endothelial dysfunction is a hallmark of various
pathophysiological conditions, including athero-
thrombosis, diabetes, sepsis, pulmonary hyper-
tension, microangiopathies associated with
neurodegenerative diseases, liver steatosis, and
cancer metastasis [4].

Mature ECs, endothelial progenitor cells, and
circulating ECs play a role in the physiological
maintenance of cardiovascular tissue homeosta-
sis, such as vessel tone, permeability and intima
thickness, vessel remodeling and angiogenesis,
coagulation, and fibrinolysis. Patients on chemo-
therapeutic drugs can present with systemic
endothelial dysfunction, which enhances cardio-
vascular disease (CVD) risk and leads to vascular
complications [5]. Subjects with cancer and con-
comitantly impaired systemic endothelial func-
tion may be particularly susceptible to the
dangerous effects of antineoplastic drugs.
Subjects administered with such treatments are
often the elderly and exhibit several risk factors
such as hypertension, obesity, dyslipidemia, and
metabolic syndrome, further deteriorating vascu-
lar reserve and leading to enhanced risk of car-
diovascular toxicity that can burden anticancer
treatments effects because of higher morbidity
and mortality [6].

Cardiovascular Toxicity by
Chemotherapeutic Drugs

Cardiac Toxicity Induced by
Anthracyclines

Cardiovascular and endothelial toxicities are
extensively studied; they are due to a combina-
tion of “on-target” and “off-target” effects of sev-

eral antineoplastic treatments. In particular,
several drugs are able to perturb a series of sig-
naling pathways that stimulate tumor cell prolif-
eration, but the same pathways are fundamental
in maintaining the healthy state of ECs and car-
diomyocytes, especially in response to stressful
conditions. Hence, a clinical need is the develop-
ment of novel molecules capable of inducing
robust antitumor responses along with minimal
systemic collateral effects. Above all chemother-
apeutic agents, anthracyclines are well known to
induce cardiac dysfunction and HF. Vascular tox-
icity induced by chemotherapy has historically
been less studied; nevertheless, it can lead to
enhanced morbidity and/or mortality, thus limit-
ing effectiveness of cancer therapies. Toxic
effects of antineoplastic drugs can be very rele-
vant in oncologic patients with endothelial dys-
function. This is particularly true in patients
treated with cardiotoxic drugs against cancer,
since they are often elderly and have multiple risk
factors such as hypertension, obesity, dyslipid-
emia, and metabolic syndrome, which all lead to
a worse vascular reserve, a predisposition to
endothelial dysfunction, and vascular damage [6,
7]. Indeed, endothelial dysfunction can be pro-
duced virtually by any antineoplastic drug
(Table 2.1) [8], with many of them involving
ROS production [9, 10]. Such mechanisms
dependent on reactive oxygen species (ROS)-
mediated pathways were among the first to be
linked to endothelial toxicity of chemotherapeu-

Table 2.1 Mechanisms of action and vascular toxicities
of the main anticancer drugs

Drugs Mechanism of vascular toxicity

Anthracyclines | Derangement of NO-dependent
function DNA damage, ROS
production, caspase 3 and 7
activation, apoptosis

Cisplatin Enhanced expression of ICAM-1,
tPA, PAI-1, CRP, ROS

Taxanes Cytoskeleton disruption; impairment

of proliferation, migration;
prothrombotic effect

Blockade of DNA synthesis;
disruption of endothelial layer
Derangement of endothelial NO
generation; alterations of the redox
status

5-fluorouracil

Trastuzumab
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Fig. 2.1 Damages induced by anticancer drugs on endo-
thelial cells. Angll angiotensin II, BK bradykinin, cGMP
cyclic guanosine monophosphate, ET endothelin, FGF2

tics (Fig. 2.1) [10]. In particular, cardiac and
endothelial toxicity of anthracyclines has been
ascribed to redox activation of these drugs to
semiquinone intermediates, which can then pro-
duce superoxide radicals upon reduction [11].
Both the superoxide anion and its dismutation
product—hydrogen peroxide—are characterized
by some level of toxicity [12]. Anthracyclines are
antineoplastic drugs originally derived from
Streptomyces. Anthracyclines are red, aromatic
polyketides and exist in different forms due to the
structural differences in the aglycone and the dif-
ferent sugar residues attached [13]. Among the
several pathways that are supposedly involved in
cytotoxicity of this class of anti-antineoplastic
compounds, accumulation in the nucleus of neo-
plastic and proliferating cells, DNA intercalation,
interaction with/inhibition of DNA-binding pro-
teins (such as topoisomerase II-Topll, RNA poly-
merase, histones), ROS production, and
antiangiogenic mechanisms [14] are considered
to be the most relevant.

Cardiovascular toxicity provoked by anthra-
cyclines is a complex phenomenon, influenced
by several mechanisms that include drug accu-
mulation in nuclei [15] and mitochondria [16]
and DNA repair [17], stress-induced signaling
pathways [18], sarcoplasmic reticulum stress

Oxidative

\ stress

i Insulted ECs .:

——
VSMCs

|

-

Insulted ECs result into:

¢ Enhance vessel tone and vasocontriction
¢ Inflammation

* Atherosclerosis and thrombosis

fibroblast growth factor, MAPK mitogen-activated prote-
ine kinase, NO nitric oxide, PGI2 prostacyclin, SP sub-
stance P, VEGF vascular endothelial growth factor,
VSMC:s vascular smooth muscle cells

[19], nitrosative stress [20], the activity on drug
transporters (including MDR1 and MRP1) [21],
drug metabolism [22], and Topl and II inhibition
[16, 23]. In particular, Topll is a cellular target of
anthracyclines [23]. In mammals, there are two
isoenzymes of Topll: Toplla and ToplIIb. Toplla
is expressed only in proliferating cells such as
tumor cells [24] and is thought to be the molecu-
lar basis for anthracyclines’ anticancer effects.
Topllb is a ubiquitous isoform highly expressed
in terminally differentiated cells, including adult
cardiomyocytes [25] and endothelial cells [26].
Thus, the interaction between anthracyclines and
Topllb may directly induce endothelial toxicity
and LV dysfunction [25].

Recent evidence showing that pixantrone, a
novel anthracycline used in refractory-relapsed
non-Hodgkin lymphoma, ineffective on Topllb,
does not cause endothelial toxicity and cardio-
myopathy, further supports the hypothesis that
inhibition of Topllb is a key player in the genera-
tion of anthracycline toxicity [27]. However, pix-
antrone has different functional properties
compared to anthracyclines, with specific toxici-
ties [28]. A deeper knowledge into these mecha-
nisms will help design a rational strategy to fight
endothelial toxicity of anthracyclines. A valid
alternative is the use of liposomal doxorubicin,
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which is associated with lower cardiac toxicity
[29]. This formulation seems also to be safer on
the endothelial side, with lower caspase-3 activa-
tion and concomitant preservation of anti-
apoptotic protein Mcl-1 expression in cultured
ECs, as compared with doxorubicin [30].

In addition, anthracyclines also seem to cause
negative arterial remodeling. Indeed, acute
changes in pulse wave velocity (PWV) and arte-
rial distensibility have been observed in breast
cancer patients treated with anthracyclines, and
such changes partially reversed after therapy dis-
continuation [31]. Higher arterial stiffness was
also shown in childhood cancer survivors who
had undergone chemotherapy [32].

Cardiac Toxicity Induced by Other
Chemotherapeutic Drugs

A widely used antimetabolite is the pyrimidine
analogue 5-fluorouracil (5-FU) that fights cancer
proliferation by several mechanisms, among
which are inhibition of thymidylate synthase by
5-fluoro-2'-deoxyuridine-5'-monophosphate,
incorporation of 5-fluorouridine-5’-triphosphate
into RNA, and incorporation of 5-fluoro-2'-
deoxyuridine-5'-triphosphate into DNA [33].
5-FU has a brief half-life; nevertheless, active
metabolites are retained in all tissues, including
heart and tumor cells, resulting in a prolonged
exposure of cells to the drug [9, 34-36]. 5-FU is
able to inhibit the angiogenic process by antago-
nizing the stimulatory effect of vascular endothe-
lial growth factor (VEGF) on DNA synthesis
during endothelial cells (EC) mitosis [37] and
generates ROS-induced endothelial damage [38].
Although a therapeutic approach to starve tumors
and decrease their progression can be achieved
through inhibition of EC proliferation during
tumor angiogenesis, inhibiting systemic VEGF
also leads to alterations of endothelial cell
homeostasis, increasing the risk of atherogenesis
and arterial thromboembolic events, often lead-
ing to coronary vasospasm and myocardial
infarction, cerebrovascular insults, and periph-
eral or mesenteric ischemia [39—41]. Hence, pro-
tecting endothelial cell function may be of some

importance during administration of
5-FU. Among other mechanisms that have been
hypothesized are impairment of generation of
nitric oxide (NO) that can lead to coronary
spasms and endothelium-independent vasocon-
striction [9, 42, 43]; enhanced intracellular levels
of ROS/RNS, leading to oxidative stress and
myocyte apoptosis [44]; and interference with
DNA and RNA growth by substituting for the
normal building blocks of RNA and DNA [9].

Capecitabine is a prodrug that is transformed
enzymatically to 5-FU by thymidine phosphory-
lase after oral intake [7]. This key enzyme is
highly expressed in both atherosclerotic plaques
and cancer tissues, explaining the higher preva-
lence of CTX from capecitabine in patients with
coronary artery disease (CAD). Capecitabine
may impair vascular biology profoundly; never-
theless, this toxicity is much milder than 5-FU,
resulting in uncommon cardiotoxic side effects.
Other possible mechanisms include endothelial
dysfunction with thrombosis, direct damage of
myocytes, and hypersensitivity reaction with
Kounis syndrome [7, 45]. The main pathophysi-
ologic explanation for the cardiotoxicity of
5-fluorouracil has been the adverse effects on
coronary circulation. This may also be consid-
ered the underlying mechanism of presentation
of apical ballooning syndrome described with
various chemotherapeutic agents.

A synergistic effect between capecitabine and
other antineoplastic agents has also been hypoth-
esized. Cardiotoxicity has been shown to be more
frequent in patients treated with capecitabine in
addition to either taxanes or lapatinib than in
patients treated with capecitabine alone [9,
46-49].

Interestingly, a single high dose of capecitabine
was able to cause hemorrhagic infarction of the
LV in rabbits, with proximal spasms of the coro-
nary arteries, and death within a few hours from
intravenous injection. In contrast, repeated lower
doses led to cardiac hypertrophy, concentric
fibrous thickening of the coronary intima, and
foci of necrotic cardiomyocytes [50].

Other anticancer drugs such as cisplatin, often
used in combination with bleomycin and vinca
alkaloids, can produce cardiovascular toxicity
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including acute coronary thrombosis and may be
linked to higher long-term cardiovascular risk
[51]. Cisplatin and most other platinum-based
drugs are simple inorganic molecules containing
a platinum ion. Tumor apoptosis and, unfortu-
nately, also myocardial ischemia can be caused
by these drugs via stimulation of signal transduc-
tion that finally activates mechanisms involving
death receptor as well as mitochondrial path-
ways. The characteristic nephrotoxicity, ototox-
icity, and most other cytotoxicities caused by
platinum compounds can be ascribed to apopto-
sis. In endothelial cells, cisplatin can provoke
cytotoxicity by means of enhanced production of
procoagulant endothelial microparticles [52] and
free radicals [53, 54]. Indeed, higher plasma lev-
els of the endothelial prothrombotic markers
vWF and PAI-1 were present in testicular cancer
patients administered with cisplatin, in compari-
son to subjects who underwent orchiectomy
alone [55]. In addition, a study from Vaughn and
coworkers [56] found that in long-term cancer
survivors who had been administered with
cisplatin-based regimens, there was a derange-
ment in NO-dependent vasodilation (flow-
mediated vasodilation) in the brachial artery,
compared to chemotherapy-naive subjects. On
such basis, subjects who underwent therapies
with alkylating agents such as cisplatin would
benefit from the administration of antiplatelet or
anticoagulant or antithrombotic drugs in order to
protect vascular function, thus preserving cardio-
vascular health [55, 56]. Interestingly, recent evi-
dence shows increased platelet activation in
cancer (e.g., colon cancer), with a lower inci-
dence and mortality for colon cancer in patients
on low doses of aspirin [57]. Ongoing primary
prevention and adjuvant trials (e.g., ADD-Aspirin
Trial) of low-dose aspirin will be of help to inves-
tigate the contribution of this strategy on
chemotherapy-associated vascular toxicity.
Taxanes are diterpenes produced by the plants
of the genus Zaxus. They inhibit cell division,
chromatid separation, and growth, thus leading to
cell death. These microtubule-binding drugs are
generally known as mitotic inhibitors or microtu-
bule inhibitors. As for several tumors, taxanes
harm endothelial cell functions, such as prolifera-

tion and invasion [58]. In addition, the taxane
paclitaxel also augments endothelial tissue factor
(TF) expression via its stabilizing effect on
microtubules and stimulation of c-jun kinase
(JNK), thus leading to downregulation of throm-
bomodulin and increased protein nitration [59]. It
has been demonstrated that another tubulin
blocker, vincristine, is able to adversely affect rat
cardiac microvascular ECs [7, 60].
Cardiovascular damage has also been reported
for other classical chemotherapeutics, such as
cyclophosphamide (a nitrogen mustard inducing
DNA alkylation) [61], bleomycin (antitumor anti-
biotic inducing DNA degradation), and vinca
alkaloids (depolarizing agents causing spiral-like
distortions of the cellular microtubules) [7, 62].

Vascular Toxicity Induced by
Chemotherapy

First, it has to be kept in mind that it usually takes
many years for atherosclerotic processes to
become symptomatic. This latency might contrib-
ute to the fact that the effects of anticancer drugs
on blood vessels are not clear yet. In addition,
smoking and dyslipidemia are main risk factors
for both cancer and atherosclerosis [63]. Also, the
co-prevalence of different cancers and clinical
manifestations of atherosclerosis complicate the
distinction between toxic side effects of chemo-
therapy and preexisting cardiovascular risk. Of
notice, anticancer drugs such as cisplatin, bleomy-
cin, and etoposide cause a higher long-term risk
for vascular and atherosclerotic complications [64,
65]. Such long-term effects have to be separated
from acute vascular events induced by arterial
thrombosis, which might provoke thrombotic
occlusion of coronary vessels even with no sign of
coronary artery disease [62]. Vascular spasm and
Raynaud phenomenon, angina pectoris, and even
myocardial infarction can be caused by 5-FU and
capecitabine or paclitaxel, gemcitabine, rituximab,
and sorafenib [66—68]. In addition, cisplatin, beva-
cizumab (angiogenesis inhibitor), tamoxifen
(selective estrogen receptor blocker), and sunitinib
and sorafenib (tyrosine kinase inhibitors) can
cause an enhanced incidence of VTE [69-72].
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5-fluorouracil (5-FU) can provoke chest pain
in 1-18% of subjects who are administered with
this drug, with its oral prodrug capecitabine at a
50% lower rate. The onset can be pretty quick (as
systemic peak levels are reached) and is linked to
deranged vascular reactivity [51, 73, 74]. Chest
pain can manifest as exertional angina and abnor-
mal noninvasive stress testing [75] but also as
resting or variant angina. This is due to the fact
that these drugs primarily alter molecular signal-
ing pathways modulating vascular smooth mus-
cle cell tone, thus causing vasoconstriction [51,
75].

Taxanes can also cause similar types of chest
pain. In particular, paclitaxel induces chest pain
with an incidence of 0.2-4% [51, 68, 76, 77]. As
for 5-FU, a major role is believed to be played by
vasoconstriction (spasm). Differently from 5FU,
though, taxanes can induce alterations of heart
rhythm with a higher incidence [76].

Cisplatin, especially when administered with
bleomycin and vinca alkaloids, can cause chest
pain at an incidence as high as 40% [78-83].
Endothelial dysfunction is the major mechanism
of deranged vasoreactivity [84].

Beside chest pain, oncologic patients treated
with 5-FU and capecitabine can even present
with acute coronary syndromes (ACS) and can
show the entire spectrum from unstable angina to
acute myocardial infarction (AMI) and also
arrhythmic complications such as ventricular
tachycardia and fibrillation leading to sudden
death, according to the intensity and duration of
vasoconstriction [85-87]. ACS presentations of
paclitaxel, gemcitabine, rituximab, and sorafenib
have also been ascribed to vasoconstrictive
pathophysiology [66-68, 77, 88, 89]. In onco-
logic patients with significantly lowered myocar-
dial reserve, ACS and AMI can be caused by
tachycardia, hypotension, hypoxia, and anemia
because of coronary artery disease or potentially
pathoanatomic variants such as myocardial
bridging or as the result of the well-established
types of plaque complications [51].

Oncologic patients treated with vasculotoxic
chemotherapeutics such as cisplatin (with and
without bleomycin and vinca alkaloids) may also
present with a greater propensity toward erosion

[51]. Indeed, angiography may reveal single or
multivessel coronary thrombosis even without
evidence of atherosclerosis [62, 90-95]. Erosion
as the leading mechanism is supported by experi-
mental evidence showing induction of endothe-
lial damage with activation of apoptosis and
stimulation of thromboxane generation, platelet
activation, and aggregation [90, 92, 96, 97].
Accordingly, these acute coronary events are
unpredictable. Interestingly, cisplatin levels can
be detected for years after therapy, and this is par-
alleled by a high risk for chest pain episodes and
acute ischemic events [51, 98].

Beside typical scenarios of ACS, oncologic
patients can also undergo apical ballooning syn-
drome, precipitated by several factors, among
which is the exposure to various and significant
stressors [99]. In particular, this syndrome has
been noted in patients treated with 5-FU,
capecitabine, cytarabine, axitinib, sunitinib, bev-
acizumab, rituximab, trastuzumab, and combret-
astatin [100—109]. In 38 subjects with cancer and
stress cardiomyopathy seen at the MD Anderson
Cancer Center, female sex (76%), advanced age
(65.9 £ 9 years), and advanced cancer were the
main patient characteristics [110]. Most of the
events occurred in close temporal proximity to
three kinds of tumor interventions: surgery, stem
cell  transplantation, and  chemotherapy.
Importantly, in this latter group, 64% were able
to resume different anticancer drugs on cardio-
protective therapies within 1 month with no
recurrence. Although the exact pathophysiology
of apical ballooning syndrome is still unclear,
one possible explanation is abnormal coronary
vasoreactivity caused by the aforementioned che-
motherapeutics. Interestingly, a subject who
exhibited apical ballooning with 5-FU, for
instance, showed abnormal coronary vaso-
response to acetylcholine, with paradoxical vaso-
constriction following 5-FU [75, 111]. Similarly,
the response to catecholamines might be also
altered, and coronary microcirculation might also
be involved in changes in vasoreactivity, thus
leading to abnormalities in perfusion and con-
traction [99, 112, 113].

Cancer patients can also present with limb
ischemia. The primary presentation of limb isch-
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emia in these patients has been Raynaud’s that
can also lead to ischemic fingertip necrosis. The
incidence can be as high as 30% and may be a
signal systemically abnormal vasoreactivity and
even myocardial infarction risk [82, 83]. This
complication has been reported for bleomycin,
vinca alkaloids, cisplatin, carboplatin, gem-
citabine, and interferon-o.29 [114-117]. For
bleomycin, Raynaud’s can be apparent as early as
after the first dose and is likely linked to a direct
effect on the endothelium [118]. For other drugs,
e.g., interferon-a, the mechanisms seem to be
more complex, including vasospasm, thrombus
formation, and immune-mediated vasculitis
[119]. Importantly, it also has to be acknowl-
edged that Raynaud’s can also occur as a para-
neoplastic phenomenon, even before the
diagnosis of a tumor or its recurrence [120].

Stroke and transient ischemic attack can appear
in oncologic patients with patterns and risk factors
similar to non-cancer patients. Cancer patients are
already at higher risk for thromboembolic events,
including those related to paradoxical emboliza-
tion and indwelling catheters [51, 121-123], with
a major role that can be played by hypercoagula-
bility in some subjects [124]. 5-FU and cisplatin
have been linked with a higher risk of stroke [125—
128]. In particular, endothelial cell death caused
by cisplatin may generate not only local but also
possibly even systemic vulnerability by the gen-
eration of procoagulant microparticles [129]. This
may explain why, in some cases, no cause of isch-
emic stroke can be identified, while, in other cases,
local cranial arterial thromboses can even cause
acute complete occlusions [51, 130].

Disclosures CGT received speaking fees from Alere.
Funding CGT is funded by a Federico II University/
Ricerca di Ateneo grant.

References

1. Brutsaert DL. Cardiac endothelial-myocardial
signaling: its role in cardiac growth, contrac-
tile performance, and rhythmicity. Physiol Rev.
2003;83:59-115.

2. Tirziu D, Giordano FJ, Simons M. Cell communica-
tions in the heart. Circulation. 2010;122:928-6.

3. Zhao Y, Sawyer DR, Baliga RR, Opel DJ, Han X,
Marchionni MA. Neuregulins promote survival
and growth of cardiac myocytes. J Biol Chem.
1998;273:10261-9.

4. Park K-A, Park WIJ. Endothelial dysfunction:
clinical complications in cardiovascular disease
and therapeutic approaches. J Korean Med Sci.
2015;30:1213-25.

5. Morganti M, Carpi A, Nicolini A, Gorini I, Glaviano
B, Fini M, et al. Atherosclerosis and cancer: com-
mon pathways on the vascular endothelium. Biomed
Pharmacother. 2002;56:317-24.

6. Cardinale D, Bacchiani G, Beggiato M, Colombo
A, Cipolla CM. Strategies to prevent and treat car-
diovascular risk in cancer patients. Semin Oncol.
2013;40:186-98.

7. DiLisi D, MadonnaR, Zito C, Bronte E, Badalamenti
G, Parrella P, et al. Anticancer therapy-induced vas-
cular toxicity: VEGF inhibition and beyond. Int J
Cardiol. 2017;227:11-7.

8. Soultati A, Mountzios G, Avgerinou C, Papaxoinis
G, Pectasides D, Dimopoulos M-A, et al. Endothelial
vascular toxicity from chemotherapeutic agents: pre-
clinical evidence and clinical implications. Cancer
Treat Rev. 2012;38:473-83.

9. Tocchetti CG, Cadeddu C, Di Lisi D, Femmino S,
Madonna R, Mele D, et al. From molecular mech-
anisms to clinical management of antineoplastic
drug-induced cardiovascular toxicity: a translational
overview. Antioxid Redox Signal. 2017; https://doi.
org/10.1089/ars.2016.6930. [Epub ahead of print]

10. Wolf MB, Baynes JW. The anti-cancer drug, doxoru-
bicin, causes oxidant stress induced endothelial dys-
function. Biochim Biophys Acta. 2006;1760:267-71.

11. Kalyanaraman B. Teaching the basics of redox biol-
ogy to medical and graduate students: oxidants,
antioxidants and disease mechanisms. Redox Biol.
2013;1:244-57.

12. Wojcik T, Buczek E, Majzner K, Kolodziejezyk A,
Miszczyk J, Kwiatek W, et al. Comparative endo-
thelial profiling of doxorubicin and daunorubi-
cin in cultured endothelial cells. Toxicol In Vitro.
2015;29(3):512-21.

13. Krohn K. Topics in current chemistry. In:
Anthracycline chemistry and biology: biological
occurrence and biosynthesis, synthesis and chemis-
try. New York: Springer; 2008.

14. Minotti G, Menna P, Salvatorelli E, Cairo G, Gianni
L. Anthracyclines: molecular advances and pharma-
cologic developments in antitumor activity and car-
diotoxicity. Pharmacol Rev. 2004;56(2):185-229.

15. Majzner K, Wo’jcik T, Szafraniec E, Lukawska M,
Oszczapowicz I, Chtopicki S, et al. Raman micro-
spectroscopic investigation on nuclear accumulation
of doxorubicin, daunorubicin and their epimers in
endothelium; relationship with cytotoxicity. Analyst.
2015;140:2302-10.

16. Volkova M, Russell R 3rd. Anthracycline cardiotox-
icity: prevalence, pathogenesis and treatment. Curr
Cardiol Rev. 2011;7(4):214-20.


https://doi.org/10.1089/ars.2016.6930
https://doi.org/10.1089/ars.2016.6930

V. Mercurio et al.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

217.

28.

29.

30.

Friedberg EC. Out of the shadows and into the light:
the emergence of DNA repair. Trends Biochem Sci.
1995;20:381.

Cortez D, Guntuku S, Qin J, Elledge SJ. ATR and
ATRIP: partners in checkpoint signaling. Science.
2001;294:1713-6.

Feng R, Zhai WL, Yang HY, Jin H, Zhang
QX. Induction of ER stress protects gastric cancer
cells against apoptosis induced by cisplatin and doxo-
rubicin through activation of p38 MAPK. Biochem
Biophys Res Commun. 2011;406:299-304.

Diers AR, Broniowska KA, Hogg N. Nitrosative
stress and redox-cycling agents synergize to cause
mitochondrial dysfunction and cell death in endothe-
lial cells. Redox Biol. 2013;1:1-7.

Faneyte IF, Kristel PMP, Van De Vijver MJ. Multidrug
resistance associated genes MRP1, MRP2 and
MRP3 in primary and anthracycline exposed breast
cancer. Anticancer Res. 2004;24:2931-40.

. Bains OS, Szeitz A, Lubieniecka JM, Cragg GE,

Grigliatti TA, Riggs KW, et al. A correlation between
cytotoxicity and reductase-mediated metabolism in
cell lines treated with doxorubicin and daunorubicin.
J Pharmacol Exp Ther. 2013;347:375-87.

Tewey K, Rowe T, Yang L, Halligan B, Liu
L. Adriamycin-induced DNA damage mediated
by mammalian DNA topoisomerase II. Science.
1984;226:466-8.

Wang JC. Cellular roles of DNA topoisomerases:
a molecular perspective. Nat Rev Mol Cell Biol.
2002;3:430-40.

Zhang S, Liu X, Bawa-Khalfe T, Lu L-S, Lyu YL,
Liu LF, et al. Identification of the molecular basis
of doxorubicin-induced cardiotoxicity. Nat Med.
2012;18:1639-42.

Capranico G, Tinelli S, Austin CA, Fisher ML,
Zunino F. Different patterns of gene expression of
topoisomerase II isoforms in differentiated tissues
during murine development. Biochim Biophys Acta.
1992;1132:43-8.

Salvatorelli E, Menna P, Paz OG, Chello M, Covino
E, Singer JW, et al. The novel anthracenedione,
pixantrone, lacks redox activity and inhibits doxo-
rubicinol formation in human myocardium: insight
to explain the cardiac safety of pixantrone in
doxorubicin-treated patients. J Pharmacol Exp Ther.
2013;344(2):467-78.

Herbrecht R, Cernohous P, Engert A, Le Gouill
S, Macdonald D, Machida C, et al. Comparison
of pixantrone-based regimen (CPOP-R) with
doxorubicin-based therapy (CHOP-R) for treat-
ment of diffuse large B-cell lymphoma. Ann Oncol.
2013;24(10):2618-23.

Toldo S, Goehe RW, Lotrionte M, Mezzaroma E,
Sumner ET, Biondi-Zoccai GGL, et al. Comparative
cardiac toxicity of anthracyclines in vitro and in vivo
in the mouse. PLoS One. 2013;8:4—11.

Kaushal V, Kaushal GP, Mehta P. Differential tox-
icity of anthracyclines on cultured endothelial cells.
Endothelium. 2004;11:253-8.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Grover S, Lou PW, Bradbrook C, Cheong K, Kotasek
D, Leong DP, et al. Early and late changes in mark-
ers of aortic stiffness with breast cancer therapy.
Intern Med J. 2015;45:140-7.

Krystal JI, Reppucci M, Mayr T, Fish JD, Sethna
C. Arterial stiffness in childhood cancer survivors.
Pediatr Blood Cancer. 2015;62:1832-7.

Noordhuis P, Holwerda U, Van der Wilt CL,
Van Groeningen CJ, Smid K, Meijer S, et al.
5-Fluorouracil incorporation into RNA and DNA in
relation to thymidylate synthase inhibition of human
colorectal cancers. Ann Oncol. 2004;15(7):1025-32.
Kosmas C, Kallistratos MS, Kopterides P, Syrios J,
Skopelitis H, Mylonakis N, et al. Cardiotoxicity of
fluoropyrimidines in different schedules of admin-
istration: a prospective study. J Cancer Res Clin
Oncol. 2008;134(1):75-82. Epub 2007 Jul 17
Lestuzzi C, Tartuferi L, Corona G. Capecitabine
(and 5 fluorouracil) cardiotoxicity. Metabolic con-
siderations. Breast J. 2011;17:564-5.

Miura K, Kinouchi M, Ishida K, Kinouchi M, Ishida
K, Fujibuchi W, et al. 5-FU metabolism in can-
cer and orally-administrable 5-FU drugs. Cancer
(Basel). 2010;2:1717-30.

Basaki Y, Chikahisa L, Aoyagi K, Miyadera
K, Yonekura K, Hashimoto A, et al. Gamma-
Hydroxybutyric acid and 5-fluorouracil, metabo-
lites of UFT, inhibit the angiogenesis induced by
vascular endothelial growth factor. Angiogenesis.
2001;4:163-73.

Kinhult S, Albertsson M, Eskilsson J, Cwikiel
M. Effects on probucol on endothelial damage by
5-fluorouracil. Acta Oncol. 2003;42:304-8.

Kuenen BC, Levi M, Meijers JC, Kakkar AK, van
Hinsbergh VW, Kostense PJ, et al. Analysis of coag-
ulation cascade and endothelial cell activation dur-
ing inhibition of vascular endothelial growth factor/
vascular endothelial growth factor receptor pathway
in cancer patients. Arterioscler Thromb Vasc Biol.
2002;22:1500-5.

Zhu X, Stergiopoulos K, Wu S. Risk of hypertension
and renal dysfunction with an angiogenesis inhibitor
sunitinib: systematic review and meta-analysis. Acta
Oncol. 2009;48:9-17.

Telli ML, Hunt SA, Carlson RW, Guardino
AE. Trastuzumab-related cardiotoxicity: calling into
question the concept of reversibility. J Clin Oncol.
2007;25:3525-33.

Cianci G, Morelli MF, Cannita K, Morese R,
Ricevuto E, Di Rocco ZC, et al. Prophylactic options
in patients with 5-fluorouracil associated cardiotox-
icity. Br J Cancer. 2003;88:1507-9.

Shoemaker LK, Arora U, Rocha Lima CM.
S-fluorouracil-induced coronary vasospasm. Cancer
Control. 2004;11:46-9.

Lamberti M, Porto S, Zappavigna S, Addeo E,
Marra M, Miraglia N, Sannolo N, Vanacore D,
Stiuso P, Caraglia M. A mechanistic study on the
cardiotoxicity of 5-fluorouracil in vitro and clini-



2 Mechanisms of Cardiovascular Damage Induced by Traditional Chemotherapy 1

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56

57.

cal and occupational perspectives. Toxicol Lett.
2014;227(3):151-6.

Mazarakis A, Goudevenos J, Kounis NG, et al.
Coronary vasospasm induced by cytostatic drugs:
Kounis syndrome seems to be the most likely culprit.
Hell J Cardiol. 2013;54:482-5.

Fontanella C, Aita M, Cinausero M, Aprile G,
Baldin MG, Dusi V, et al. Capecitabine induced car-
diotoxicity: more evidence or clinical approaches
to protect the patients’ heart? Onco Targets Ther.
2014;7:1783-91.

Jensen SA, Sgrensen JB. Risk factors and preven-
tion of cardiotoxicity induced by 5-fluorouracil
or capecitabine. Cancer Chemother Pharmacol.
2006;58:487-93.

Jensen SA, Sgrensen JB. 5-fluorouracil-based
therapy induces endovascular injury having poten-
tial significanceto development of clinically overt
cardiotoxicity. Cancer Chemother Pharmacol.
2012;69:57-64.

Ng M, Cunningham D, Norman AR. The fre-
quency and pattern of cardiotoxicity observed with
capecitabine used in conjunction with oxaliplatin
in patients treated for advanced colorectal cancer
(CRCQ). Eur J Cancer. 2005;41:1542-6.

Tsibiribi P, Bui-Xuan C, Bui-Xuan B, Lombard-
Bohas C, Duperret S, Belkhiria M, et al. Cardiac
lesions induced by 5-fluorouracil in the rabbit. Hum
Exp Toxicol. 2006;25:305-9.

Herrmann J, Yang EH, Iliescu CA, Cilingiroglu M,
Charitakis K, Hakeem A, et al. Vascular toxicities of
cancer therapies: the old and the new — an evolving
avenue. Circulation. 2016;133(13):1272-89.
Lechner D, Kollars M, Gleiss A, Kyrle PA,
Weltermann A. Chemotherapy induced thrombin
generation via procoagulant endothelial microparti-
cles is independent of tissue factor activity. J Thromb
Haemost. 2007;5:2445-52.

Ito H, Okafuji T, Suzuki T. Vitamin E prevents endo-
thelial injury associated with cisplatin injection into
the superior mesenteric artery of rats. Heart Vessel.
1995;10:178-84.

Ferroni P, Della-Morte D, Palmirotta R, McClendon
M, Testa G, Abete P, et al. Platinum-based com-
pounds and risk for cardiovascular toxicity in the
elderly: role of the antioxidants in chemoprevention.
Rejuvenation Res. 2011;14(3):293-308.

Nuver J, Smit AJ, Sleijfer DT, Van Gessel Al, Van
Roon AM, Van Der Meer J, et al. Microalbuminuria,
decreased fibrinolysis, and inflammation as early
signs of atherosclerosis in long-term survivors
of disseminated testicular cancer. Eur J Cancer.
2004;40:701-6.

. Vaughn DJ, Palmer SC, Carver JR, Jacobs LA,

Mohler ER. Cardiovascular risk in long-term survi-
vors of testicular cancer. Cancer. 2008;112:1949-53.
Rothwell PM, Wilson M, Price JF, Belch JF,
Meade TW, Mehta Z. Effect of daily aspirin on
risk of cancer metastasis: a study of incident can-

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

cers during randomised controlled trials. Lancet.
2012;379(9826):1591-601.

Hotchkiss KA, Ashton AW, Mahmood R, Russell
RG, Sparano JA, Schwartz EL. Inhibition of endo-
thelial cell function in vitro and angiogenesis in vivo
by docetaxel (Taxotere): association with impaired
repositioning of the microtubule organizing center.
Mol Cancer Ther. 2002;1:1191-200.

Wood SC, Tang X, Tesfamariam B. Paclitaxel poten-
tiates inflammatory cytokine induced prothrom-
botic molecules in endothelial cells. J Cardiovasc
Pharmacol. 2010;55:276-85.

Mikaelian I, Buness A, de Vera-Mudry MC,
Kanwal C, Coluccio D, Rasmussen E, et al. Primary
endothelial damage is the mechanism of cardio-
toxicity of tubulin-binding drugs. Toxicol Sci.
2010;117:144-51.

Kachel DL, Martin WJ. Cyclophosphamide-induced
lung toxicity: mechanism of endothelial cell injury. J
Pharmacol Exp Ther. 1994;268:42—6.

Samuels BL, Vogelzang NJ, Kennedy BJ. Severe vas-
cular toxicity associated with vinblastine, bleomy-
cin, and cisplatin chemotherapy. Cancer Chemother
Pharmacol. 1987;19:253-6.

Hansen ES. International Commission for Protection
Against Environmental Mutagens and Carcinogens.
ICPEMC Working Paper 7/1/2. Shared risk factors
for cancer and atherosclerosis —a review of the epide-
miological evidence. Mutat Res. 1990;239:163-79.

Haugnes HS, Wethal T, Aass N, Dahl O, Klepp O,
Langberg CW, et al. Cardiovascular risk factors
and morbidity in long-term survivors of testicular
cancer: a 20-year follow-up study. J Clin Oncol.
2010;28:4649-57.

Meinardi MT, Gietema JA, van der Graaf WT,
van Veldhuisen DJ, Runne MA, Sluiter WJ, et al.
Cardiovascular morbidity in long-term survi-
vors of metastatic testicular cancer. J Clin Oncol.
2000;18:1725-32.

Arima Y, Oshima S, Noda K, Fukushima H,
Taniguchi I, Nakamura S, et al. Sorafenib-induced
acute myocardial infarction due to coronary artery
spasm. J Cardiol. 2009;54:512-5. https://doi.
org/10.1016/j.jjcc.2009.03.009.

Gemici G, Cingin A, Degertekin M, Oktay
A. Paclitaxel-induced ST-segment elevations. Clin
Cardiol. 2009;32:E94-6. https://doi.org/10.1002/
cle.20291.

Shah K, Gupta S, Ghosh J, Bajpai J, Maheshwari
A. Acute non-ST elevation myocardial infarction
following paclitaxel administration for ovarian
carcinoma: a case report and review of literature. J
Cancer Res Ther. 2012;8:442-4.

Petrelli F, Cabiddu M, Borgonovo K, Barni S. Risk
of venous and arterial thromboembolic events associ-
ated with anti-EGFR agents: a meta-analysis of ran-
domized clinical trials. Ann Oncol. 2012;23:1672-9.
Choueiri TK, Schutz FA, Je Y, Rosenberg JE,
Bellmunt J. Risk of arterial thromboembolic events
with sunitinib and sorafenib: a systematic review


https://doi.org/10.1016/j.jjcc.2009.03.009
https://doi.org/10.1016/j.jjcc.2009.03.009
https://doi.org/10.1002/clc.20291
https://doi.org/10.1002/clc.20291

V. Mercurio et al.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

and meta-analysis of clinical trials. J Clin Oncol.
2010;28:2280-5.

Nalluri SR, Chu D, Keresztes R, Zhu X, Wu S. Risk
of venous thromboembolism with the angiogenesis
inhibitor bevacizumab in cancer patients: a meta-
analysis. JAMA. 2008;300:2277-85.

Moore RA, Adel N, Riedel E, Bhutani M, Feldman
DR, Tabbara NE, et al. High incidence of throm-
boembolic events in patients treated with cisplatin-
based chemotherapy: a large retrospective analysis.
J Clin Oncol. 2011;29:3466-73.

De Forni M, Bugat R, Sorbette F, Delay M, Bachaud
IM, Chevreau C. Cardiotoxicity of continuous intra-
venous infusion of 5-fluorouracil: clinical study, pre-
vention and physiopathology. Apropos of 13 cases.
Bull Cancer. 1990;77:429-38. [Article in French]
Siidhoff T, Enderle MD, Pahlke M, Petz C,
Teschendorf C, Graeven U, Schmiegel W.
5-fluorouracil induces arterial vasocontractions. Ann
Oncol. 2004;15:661-4.

Polk A, Vistisen K, Vaage-Nilsen M, Nielsen
DL. A systematic review of the pathophysiol-
ogy of 5-fluorouracil-induced cardiotoxicity.
BMC Pharmacol Toxicol. 2014;15:47. https://doi.
org/10.1186/2050-6511-15-47.

Rowinsky EK, McGuire WP, Guarnieri T, Fisherman
JS, Christian MC, Donehower RC. Cardiac distur-
bances during the administration of taxol. J Clin
Oncol. 1991;9:1704-12.

Schrader C, Keussen C, Bewig B, von Freier A, Lins
M. Symptoms and signs of an acute myocardial
ischemia caused by chemotherapy with Paclitaxel
(Taxol) in a patient with metastatic ovarian carci-
noma. Eur J Med Res. 2005;10:498-501.

Polk A, Vaage-Nilsen M, Vistisen K, Nielsen
DL. Cardiotoxicity in cancer patients treated with
S-fluorouracil or capecitabine: a systematic review
of incidence, manifestations and redisposing fac-
tors. Cancer Treat Rev. 2013;39:974-84. https://doi.
org/10.1016/j.ctrv.2013.03.005.

Dixon A, Nakamura JM, Oishi N, Wachi DH,
Fukuyama O. Angina pectoris and therapy with cis-
platin, vincristine, and bleomycin. Ann Intern Med.
1989;111:342-3.

Rodriguez J, Collazos J, Gallardo M, Hernando
G. Angina pectoris following cisplatin, etoposide,
and bleomycin in a patient with advanced testicular
cancer. Ann Pharmacother. 1995;29:138-9.

Fukuda M, Oka M, Itoh N, Sakamoto T, Mori H,
Hayakawa A, Kohno S. Vasospastic angina likely
related to cisplatin-containing chemotherapy and
thoracic irradiation for lung cancer. Intern Med.
1999;38:436-8.

Stefenelli T, Kuzmits R, Ulrich W, Glogar D. Acute
vascular toxicity after combination chemotherapy
with cisplatin, vinblastine, and bleomycin for tes-
ticular cancer. Eur Heart J. 1988;9:552-6.
Schwarzer S, Eber B, Greinix H, Lind P. Non-Q-
wave myocardial infarction associated with bleo-
mycin and etoposide chemotherapy. Eur Heart J.
1991;12:748-50.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Gallagher H, Carroll WM, Dowd M, Rochev
Y. The effects of vinblastine on endothelial
cells. Endothelium. 2008;15:9-15. https://doi.
org/10.1080/10623320802092161.

Lu JI, Carhart RL, Graziano SL, Gajra A. Acute
coronary syndrome secondary to fluorouracil infu-
sion. J Clin Oncol. 2006;24:2959-60. https://doi.
org/10.1200/JC0O.2005.04.0766.

Cardinale D, Colombo A, Colombo N. Acute coro-
nary syndrome induced by oral capecitabine. Can J
Cardiol. 2006;22:251-3.

Frickhofen N, Beck FJ, Jung B, Fuhr HG, Andrasch
H, Sigmund M. Capecitabine can induce acute coro-
nary syndrome similar to 5-fluorouracil. Ann Oncol.
2002;13:797-801.

Ozturk B, Tacoy G, Coskun U, Yaman E,
Sahin G, Buyukberber S, et al. Gemcitabine-
induced acute coronary syndrome: a case report.
Med Princ Pract. 2009;18:76-80. https://doi.
org/10.1159/000163051.

Armitage JD, Montero C, Benner A, Armitage JO,
Bociek G. Acute coronary syndromes complicat-
ing the first infusion of rituximab. Clin Lymphoma
Myeloma. 2008;8:253-5. https://doi.org/10.3816/
CLM.2008.n.035.

Ito D, Shiraishi J, Nakamura T, Maruyama
N, Iwamura Y, Hashimoto S, et al. Primary
percutaneous coronary intervention and intra-
vascular ultrasound imaging for coronary throm-
bosis after cisplatin-based chemotherapy. Heart
Vessel. 2012;27:634-8. https://doi.org/10.1007/
s00380-011-0222-5.

Berliner S, Rahima M, Sidi Y, Teplitsky Y, Zohar Y,
Nussbaum B, et al. Acute coronary events follow-
ing cisplatin-based chemotherapy. Cancer Investig.
1990;8(6):583-6.

Jafri M, Protheroe A. Cisplatin-associated thrombo-
sis. Anti-Cancer Drugs. 2008;19:927-9. https://doi.
org/10.1097/CAD.0b013e3283100e9c.

Karabay KO, Yildiz O, Aytekin V. Multiple coro-
nary thrombi with cisplatin. J Invasive Cardiol.
2014;26:E18-20.

Doll DC, List AF, Greco FA, Hainsworth JD, Hande
KR, Johnson DH. Acute vascular ischemic events
after cisplatin-based combination chemotherapy
for germ-cell tumors of the testis. Ann Intern Med.
1986;105:48-51.

Panella M, Ross JE, Garvin K, Martin A. Cardiac
sudden death as a result of acute coronary artery
thrombosis during chemotherapy for testicular car-
cinoma. J Forensic Sci. 2010;55:1384-8. https://doi.
org/10.1111/j.1556-4029.2010.01437 .x.

Togna GI, Togna AR, Franconi M, Caprino
L. Cisplatin triggers platelet activation. Thromb Res.
2000;99:503-9.

Dieckmann KP, Gerl A, Witt J, Hartmann JT. German
Testicular Cancer Study Group. Myocardial
infarction and other major vascular events during
chemotherapy for testicular cancer. Ann Oncol.
2010;21:1607-11.  https://doi.org/10.1093/annonc/
mdp597.


https://doi.org/10.1186/2050-6511-15-47
https://doi.org/10.1186/2050-6511-15-47
https://doi.org/10.1016/j.ctrv.2013.03.005
https://doi.org/10.1016/j.ctrv.2013.03.005
https://doi.org/10.1080/10623320802092161
https://doi.org/10.1080/10623320802092161
https://doi.org/10.1200/JCO.2005.04.0766
https://doi.org/10.1200/JCO.2005.04.0766
https://doi.org/10.1159/000163051
https://doi.org/10.1159/000163051
https://doi.org/10.3816/CLM.2008.n.035
https://doi.org/10.3816/CLM.2008.n.035
https://doi.org/10.1007/s00380-011-0222-5
https://doi.org/10.1007/s00380-011-0222-5
https://doi.org/10.1097/CAD.0b013e3283100e9c
https://doi.org/10.1097/CAD.0b013e3283100e9c
https://doi.org/10.1111/j.1556-4029.2010.01437.x
https://doi.org/10.1111/j.1556-4029.2010.01437.x
https://doi.org/10.1093/annonc/mdp597
https://doi.org/10.1093/annonc/mdp597

2 Mechanisms of Cardiovascular Damage Induced by Traditional Chemotherapy 13

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Gietema JA, Meinardi MT, Messerschmidt J,
Gelevert T, Alt F, Uges DR, Sleijfer DT. Circulating
plasma platinum more than 10 years after cis-
platin treatment for testicular cancer. Lancet.
2000;355:1075-6.

Smith SA, Auseon AJ. Chemotherapy-induced takot-
subo cardiomyopathy. Heart Fail Clin. 2013;9:233—
42., x. https://doi.org/10.1016/j.hfc.2012.12.009.
Dechant C, Baur M, Bock R, Czejka M, Podczeck-
Schweighofer A, Dittrich C, et al. Acute reversible
heart failure caused by coronary vasoconstriction
due to continuous 5-fluorouracil combination che-
motherapy. Case Rep Oncol. 2012;5:296-301.
https://doi.org/10.1159/000339573.

Qasem A, Bin Abdulhak AA, Aly A, Moormeier
J. Capecitabine-induced Takotsubo cardiomyopa-
thy: a case report and literature review. Am J Ther.
2016;23(5):e1188-92.

Gianni M, Dentali F, Lonn E. 5 fluorouracil-induced
apical ballooning syndrome: a case report. Blood
Coagul Fibrinolysis. 2009;20:306-8. https://doi.
org/10.1097/MBC.0b013e328329¢e431.

Numico G, Sicuro M, Silvestris N, Mozzicafreddo A,
Trogu A, Malossi A, et al. Takotsubo syndrome in a
patient treated with sunitinib for renal cancer. J Clin
Oncol. 2012;30:e218-20. https://doi.org/10.1200/
JCO.2012.42.4911.

Baumann S, Huseynov A, Goranova D, Faust M,
Behnes M, Nolte F, et al. Takotsubo cardiomyopa-
thy after systemic consolidation therapy with high-
dose intravenous cytarabine in a patient with acute
myeloid leukemia. Oncol Res Treat. 2014;37:487—
90. https://doi.org/10.1159/000365536.

Ovadia D, Esquenazi Y, Bucay M, Bachier
CR. Association between takotsubo cardiomyopathy
and axitinib: case report and review of the literature.
J Clin Oncol. 2015;33:e1-3. https://doi.org/10.1200/
JCO.2013.48.7280.

Franco TH, Khan A, Joshi V, Thomas B. Takotsubo
cardiomyopathy in two men receiving bevaci-
zumab for metastatic cancer. Ther Clin Risk Manag.
2008;4:1367-70.

Ng KH, Dearden C, Gruber P. Rituximab-induced
Takotsubo syndrome: more cardiotoxic than it
appears? BMJ Case Rep. 2015;2015 https://doi.
org/10.1136/bcr-2014-208203.

Khanji M, Nolan S, Gwynne S, Pudney D, Ionescu
A. Tako-Tsubo syndrome after trastuzumab — an
unusual complication of chemotherapy for breast
cancer. Clin Oncol (R Coll Radiol). 2013;25:329.
https://doi.org/10.1016/j.clon.2012.12.007.

Bhakta S, Flick SM, Cooney MM, Greskovich JF,
Gilkeson RC, Remick SC, et al. Myocardial stun-
ning following combined modality combretastatin-
based chemotherapy: two case reports and review of
the literature. Clin Cardiol. 2009;32:E80—4. https://
doi.org/10.1002/clc.20685.

Vejpongsa P, Banchs J, Reyes M, Iliescu G, Akinyemi
M, Yusuf S, et al. Takotsubo cardiomyopathy in can-

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

cer patients: triggers, recovery, and resumption of
therapy. J Am Coll Cardiol. 2015;65:A927.
Kobayashi N, Hata N, Yokoyama S, Shinada T,
Shirakabe A, Mizuno K. A case of Takotsubo
cardiomyopathy during 5-fluorouracil treatment
for rectal adenocarcinoma. J Nippon Med Sch.
2009;76:27-33.

Stewart T, Pavlakis N, Ward M. Cardiotoxicity with
5-fluorouracil and capecitabine: more than just vaso-
spastic angina. Intern Med J. 2010;40:303-7. https://
doi.org/10.1111/j.1445-5994.2009.02144 x.
Grunwald MR, Howie L, Diaz LA Jr. Takotsubo
cardiomyopathy and fluorouracil: case report and
review of the literature. J Clin Oncol. 2012;30:e11-
4. https://doi.org/10.1200/JC0O.2011.38.5278.

Staff S, Lagerstedt E, Seppénen J, Midenpdi J. Acute
digital ischemia complicating gemcitabine and car-
boplatin combination chemotherapy for ovarian can-
cer. Acta Obstet Gynecol Scand. 2011;90:1296-7.
https://doi.org/10.1111/j.1600-0412.2011.01259.x.
Vogelzang NJ, Bosl GJ, Johnson K, Kennedy
BJ. Raynaud’s phenomenon: a common toxicity
after combination chemotherapy for testicular can-
cer. Ann Intern Med. 1981;95:288-92.

Kuhar CG, Mesti T, Zakotnik B. Digital ischemic
events related to gemcitabine: report of two cases and
a systematic review. Radiol Oncol. 2010;44:257-61.
https://doi.org/10.2478/v10019-010-0020-1.
Zeidman A, Dicker D, Mittelman M. Interferon-
induced vasospasm in chronic myeloid leukaemia.
Acta Haematol. 1998;100:94—-6.

McGrath SE, Webb A, Walker-Bone K. Bleomycin-
induced Raynaud’s phenomenon after single-dose
exposure: risk factors and treatment with intrave-
nous iloprost infusion. J Clin Oncol. 2013;31:e51-2.
https://doi.org/10.1200/JC0O.2012.43.2872.

Raanani P, Ben-Bassat I. Immune-mediated com-
plications during interferon therapy in hematologi-
cal patients. Acta Haematol. 2002;107:133-44. doi:
57631.

Madabhavi I, Revannasiddaiah S, Rastogi M, Gupta
MK. Paraneoplastic Raynaud’s phenomenon mani-
festing before the diagnosis of lung cancer. BMJ
Case Rep. 2012;2012 https://doi.org/10.1136/
ber.03.2012.5985.

Stefan O, Vera N, Otto B, Heinz L, Wolfgang
G. Stroke in cancer patients: a risk factor analysis.
J  Neuro-Oncol.  2009;94:221-6.  https://doi.
org/10.1007/s11060-009-9818-3.

Sanon S, Lenihan DJ, Mouhayar E. Peripheral arte-
rial ischemic events in cancer patients. Vasc Med.
2011;16:119-30. https://doi.org/10.1177/13588
63X10388346.

Ahn D, Brickner ME, Dowell J. Embolic stroke sec-
ondary to an indwelling catheter in a patient with a
patent foramen ovale: a case report and review of the
literature. Clin Adv Hematol Oncol. 2012;10:335-7.
Chaturvedi S, Ansell J, Recht L. Should cerebral
ischemic events in cancer patients be considered


https://doi.org/10.1016/j.hfc.2012.12.009
https://doi.org/10.1159/000339573
https://doi.org/10.1097/MBC.0b013e328329e431
https://doi.org/10.1097/MBC.0b013e328329e431
https://doi.org/10.1200/JCO.2012.42.4911
https://doi.org/10.1200/JCO.2012.42.4911
https://doi.org/10.1159/000365536
https://doi.org/10.1200/JCO.2013.48.7280
https://doi.org/10.1200/JCO.2013.48.7280
https://doi.org/10.1136/bcr-2014-208203
https://doi.org/10.1136/bcr-2014-208203
https://doi.org/10.1016/j.clon.2012.12.007.
https://doi.org/10.1002/clc.20685
https://doi.org/10.1002/clc.20685
https://doi.org/10.1111/j.1445-5994.2009.02144.x
https://doi.org/10.1111/j.1445-5994.2009.02144.x
https://doi.org/10.1200/JCO.2011.38.5278
https://doi.org/10.1111/j.1600-0412.2011.01259.x
https://doi.org/10.2478/v10019-010-0020-1
https://doi.org/10.1200/JCO.2012.43.2872
https://doi.org/10.1136/bcr.03.2012.5985
https://doi.org/10.1136/bcr.03.2012.5985
https://doi.org/10.1007/s11060-009-9818-3
https://doi.org/10.1007/s11060-009-9818-3
https://doi.org/10.1177/1358863X10388346
https://doi.org/10.1177/1358863X10388346

V. Mercurio et al.

125.

126.

127.

128.

a manifestation of hypercoagulability? Stroke.
1994;25:1215-8.

Rogers LR. Cerebrovascular complications in
patients with cancer. Semin Neurol. 2010;30:311-9.
https://doi.org/10.1055/5-0030-1255224.

El Amrani M, Heinzlef O, Debroucker T, Roullet E,
Bousser MG, Amarenco P. Brain infarction follow-
ing 5-fluorouracil and cisplatin therapy. Neurology.
1998;51:899-901.

Serrano-Castro PJ, Guardado-Santervas P, Olivares-
Romero J. Ischemic stroke following cisplatin
and 5-fluorouracil therapy: a transcranial Doppler
study. Eur Neurol. 2000;44:63—4. https://doi.
org/10.1159/000008197.

Meattini I, Scotti V, Pescini F, Livi L, Sulprizio S,
Palumbo V, et al. Ischemic stroke during cisplatin-

129.

130.

based chemotherapy for testicular germ cell
tumor: case report and review of the literature. J
Chemother. 2010;22:134-6. https://doi.org/10.1179/
j0c.2010.22.2.134.

Periard D, Boulanger CM, Eyer S, Amabile N, Pugin
P, Gerschheimer C, et al. Are circulating endothelial-
derived and platelet-derived microparticles a
pathogenic factor in the cisplatin-induced stroke?
Stroke. 2007;38:1636-8. https://doi.org/10.1161/
STROKEAHA.106.479733.

Martin GG, Ferndandez SP, Castro VS, Cueto OH,
Acebal MR. Vertebral artery occlusion after che-
motherapy. Stroke. 2008;39:e38.; author reply e39.
https://doi.org/10.1161/STROKEAHA.107.503987.


https://doi.org/10.1055/s-0030-1255224
https://doi.org/10.1159/000008197
https://doi.org/10.1159/000008197
https://doi.org/10.1179/joc.2010.22.2.134
https://doi.org/10.1179/joc.2010.22.2.134
https://doi.org/10.1161/STROKEAHA.106.479733
https://doi.org/10.1161/STROKEAHA.106.479733
https://doi.org/10.1161/STROKEAHA.107.503987

®

Check for
updates

Molecular Mechanisms
of Cardiovascular Damage Induced
by Anti-HER-2 Therapies

Valentina Mercurio, Giulio Agnetti,
Pasquale Pagliaro, and Carlo G. Tocchetti

Introduction

In order to overcome the increased risk of cardio-
vascular toxicity associated with classic chemo-
therapeutics, since the last two decades, newer
biological drugs have been designed to “target”
specific proteins involved in cancer proliferation.
Unfortunately, these proteins are also important
for the maintenance of cardiovascular homeosta-
sis. Endothelial damage is a common feature not
only of anti-VEGF agents (bevacizumab, suni-
tinib, sorafenib) but also of anti-Her-2 drugs [1,
2]. The humanized anti-ErbB2 antibody trastu-
zumab is the prototypical biological drug first
introduced in antineoplastic protocols for the
treatment of ErbB2+ breast cancer. ErbB2 is a
transmembrane glycoprotein receptor overex-
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pressed in several breast cancers, which also
plays a major role in the heart in cell growth,
including myocyte growth, and inhibition of
apoptosis [3—7]. When administered alone, the
risk of significant cardiotoxicity by anti-Her-2
drugs appears to be low, but in clinical trials, 25%
of patients treated with trastuzumab developed
systolic dysfunction, especially when adminis-
tered with or shortly after doxorubicin [2, 8-10].

Cardiac Toxicity of Anti-ErbB2
Inhibitors

Inhibition of the axis neuregulin 1/ErbB2 signal-
ing has been considered the key cardiotoxic
effect of anti-ErbB2 drugs [11, 12]. Briefly, adult
cardiac microvascular endothelial cells can
release neuregulin 1 (NRGI, especially the
NRG1b isoform) [13] following to various stim-
uli, including mechanical strain. NRG1 acts on
cardiac myocytes in a paracrine manner, trigger-
ing ErbB4/ErbB4 homodimerization and ErbB4/
ErbB2 heterodimerization to induce protective
pathways in response to stress [11, 12].
Importantly, the ErbB2 pathway regulates cell
survival and function and can even impact mam-
malian heart regeneration [14] and can be stimu-
lated when the heart faces adverse hemodynamics
or other stress, such as ANT therapies (Fig. 3.1)
[11, 15]. It has been hypothesized that anti-ErbB2
drugs can induce myocyte damage and,
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Fig. 3.1 Cardiomyocyte damage induced by trastu-
zumab. Cardiac stressors, such as pressure or volume
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eventually, HF by deranging the NRG1/ErbB4/
ErbB2 pathway in the myocardium. This event is
more likely to occur upon cardiomyocyte expo-
sure to other stressors, such as hypertension or
doxorubicin [11, 16, 17]. Such concept seems to
be corroborated by seminal papers that showed
LV dilation in ErbB2 cardiac KO mice, with
enhanced susceptibility to cardiomyocyte dam-
age from anthracyclines [18, 19]. On the oppo-
site, ErbB2-overexpressor hearts exhibited
reduced levels of ROS in mitochondria, with
lower ROS levels and less cell death in neonatal
myocytes isolated from ErbB2(tg) hearts after
administration of anthracyclines. This was due to
higher levels of glutathione peroxidase 1 (GPx1)
protein and activity, coupled to an increase of two
known GPx activators, c-Abl and Arg, suggesting
novel mechanisms by which ErbB2 blockers can
damage heart structure and function [20].
Additional studies on NRGI1/ErbB4/ErbB2
have moved from cancer and HF to heart disease
from any cause, paving the way to novel thera-

-
> H“& Cardiomyocyte

Trastuzumab

Cardiomyocyte
dysfunction

overload but also anthracyclines, are able to upregulate
Her-2 on cardiomyocyte, rendering these cells more sus-
ceptible to following exposure to trastuzumab

peutic implications. For instance, in mice sub-
jected to pressure overload, both mRNA and
protein levels of ErbB4 and ErbB2 were signifi-
cantly diminished with the progression of the dis-
ease from hypertrophy to decompensated HF [7,
11, 21]. Consistently, human failing myocardia
exhibited lower ErbB2 and ErbB4 receptor
expression and activation/phosphorylation, when
compared to organ donors [22]. Interestingly,
levels of ErbB4 and ErbB2 could be restored
back to normal by implanting LV assist device
and unloading the heart [22, 23]. In an apparent
contrast with these results, there was enhanced
phosphorylation of ErbB4 and ErbB2 in dogs
with  HF induced by tachypacing [24].
Dysregulation of the intracellular downstream
effectors of ErbB4 and ErbB2, ERK1/2, and Akt
was also observed, suggesting deranged NRG1/
ErbB4/ErbB2 pathway. Importantly, most studies
show enhanced expression of NRG1 in HF com-
pared to control conditions [11, 22, 24]. This evi-
dence points out that in the pathophysiology of
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HF, a major player is deregulation of the NRG1/
ErbB4/ErbB2 signaling. In particular, anti-
ERbB2 drugs can bring to cardiac dysfunction;
and, in spite of normal or enhanced levels of
NRGI1, ErbB4/ErbB2 is downregulated and/or
uncoupled from intracellular signaling, possibly
exacerbating LV decompensation [11]. In addi-
tion, recent studies show that catecholamines,
which usually increase in the setting of heart dys-
function and with administration of doxorubicin
[11, 25, 26], can enhance ErbB2 expression in
cardiomyocytes, thus making these cells more
vulnerable to the effects of trastuzumab, bringing
to cardiotoxicity [27].

Vascular Toxicity of Anti-ErbB2
Inhibitors

ErbB2 inhibition was also demonstrated to cause
damage to vascular function through a reduction
in NO bioavailability and an increase in ROS
production [28, 29]. Indeed, cardiac endothelium
produces the growth factor NRG1, which acti-
vates the Her-2/Her-4 complex, thus activating
cascades of ERK-MAPK and PI3K-Akt signal-
ing pathways, promoting cell survival [13].
Importantly, NRG1 modulates angiogenesis and
NOS-dependent desensitization of adrenergic
stimulation [30]. Trastuzumab treatment acts on
Her-2, inhibiting survival signals and bringing to
mitochondrial dysfunction and depletion of
energy supplies. In addition, stress factors, such
as hypertension or previous anthracycline admin-
istration, increase the production of reactive oxy-
gen species (ROS) [31].

Under normal conditions, cells restrict this
event by overexpressing Her-2, thus leading to
the activation of the cell survival pathways. Her-2
blockade does not allow the activation of these
pathways, thus creating a state of enhanced oxi-
dative stress leading to apoptosis [3-6, 8, 30,
32-35].

Importantly, an inverse correlation between
circulating levels of neuregulin 1 and level of
coronary artery disease has been observed [36].
In addition, low NRG1 synthesis impairs cardiac
recovery after an ischemic insult, and impairment

in NRGI/HER axis was found in experimental
diabetic cardiomyopathy [37, 38]. Intriguingly,
patients with coronary artery disease and those
with diabetes mellitus also have a higher risk of
doxorubicin-induced cardiomyopathy, and neu-
regulin administration ameliorates heart function
after anthracycline-induced myocardial injury
[39]. Hence, there may be elements of neuregulin-
related endothelial-myocardial coupling even in
mechanisms of toxicity from classic cardiotoxic
drugs such as anthracyclines. Accordingly, it can
be postulated that patients with higher activity/
stimulation of the NRG1/HER signaling pathway
are more susceptible to trastuzumab cardiotoxic-
ity. This would explain the increased incidence of
cardiotoxicity in patients treated with trastu-
zumab in close temporal proximity to anthracy-
clines. The fact that subjects with concomitant
cardiovascular risk factors or disease have an
increased higher risk suggests that this pathway
is particularly important and any further reduc-
tion from baseline can be detrimental.
Experimental work has shown that lack of ErbB2
induces the development of dilated cardiomyopa-
thy and impaired adaptation response to after
load increase [18]. Further studies will need to
demonstrate correlations between ErbB2 regula-
tion of cardiac function and microvascular den-
sity [40].
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Cardiovascular Damage Induced
by Radiotherapy

Antonio Galvano, Giuseppina Novo, Mario Roselli,
Antonio Giordano, and Antonio Russo

Introduction

Improvements in the management of cancer
patients have allowed an increase in the number
of patients defined as long survivors [1]. A longer
survival, however, is responsible for a higher per-
centage of long-term cardiovascular side effects,
including those related to radiotherapy.
Radiotherapy in the oncological field has been
experimented since the early 1900s, leading in
patients with Hodgkin’s lymphomas to a strong
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improvement in the 5-year survival rate of about
15% [2]. Together with survival, authors also
reported an increase in the incidence of
radiotherapy-related heart disease that has become
one of the leading causes of death [3]. This phe-
nomenon is mainly related to the amount of radia-
tion given to the heart. Cardiovascular risk factors,
such as hypertension, dyslipidaemia, diabetes
mellitus and sedentary lifestyle and concomitant
cardiac disease, may favour cardiotoxicity. The
reason why radiotherapy may induce cardiac
damage is not completely understood; it may pos-
sibly be due to a persistent inflammatory response
or to a genetic predisposition [4, 5]. Few years
ago some experience have studied the association
between cardiovascular damage and radiotherapy
treatments administered to patients with
Hodgkin’s lymphoma and breast cancer. In the
first case, the study showed that the use of conven-
tional mediastinal radiotherapy, not including the
modern techniques available today, was responsi-
ble for an increased risk of myocardial infarction
ranging from 1.5 to 3 times compared to those
who did not undergo mediastinal radiotherapy. In
particular, one of these studies showed that a
greater than 30 Gy radiation dose was subject to
an increased risk of cardiovascular damage [6, 7].

Concerning breast cancer, a meta-analysis of
eight randomized studies has shown that radio-
therapy in this patient setting was responsible for
an increase of more than 60% in cardiovascular
mortality. Other studies underlined that more than
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half of these asymptomatic patients developed car-
diogenic damage within the first 6 months after the
end of radiotherapy [8, 9]. Today the use of mod-
ern conformational 3D radiotherapy and intensity-
modulated radiotherapy (IMRT) has contributed to
reduce the risk of cardiovascular damage from
radiotherapy. A recent population-based case-con-
trol study that analysed radiotherapy vascular
damage in patients with breast cancer treated from
around 1960 and at the beginning of the 2000s
showed a small increase in the incidence of car-
diac ischemic disease, balanced by a significant
increase in long-lived patients [10]. Despite these
technological advances, radiotherapy-induced
heart damage (RIHD) remains a matter of enor-
mous clinical relevance, since it produces symp-
tomatic cardiovascular disease in about 10% of
those who undergo radiotherapy [11].

Radiotherapy can induce vascular damage
leading to accelerated atherosclerosis but also
myocardial damage that can involve all the
heart’s layers leading to valvular damage, cardio-
myopathy and pericarditis.

Mechanisms of Radiotherapy-
induced Cardiac Damage

First data regarding radiation-related damage
have been recorded studying long survivors after
Hiroshima and Nagasaki disasters. Scientists
have computed an average dose of radiation rang-
ing from 0 to 3 Gy for 50 years resulting in a 10%
of cardiovascular mortality [12]. Since cardio-
myocytes are very resistant to RIHD due to their
postmitotic state, injuries are mainly attributable
to the involvement of endothelial cells. Chronic
inflammations can be considered the fundamen-
tal moment of RIHD. This leads to endothelial
dysfunction and accumulation of many inflam-
matory cells such as macrophages, able to release
many pro-inflammatory cytokines including TNF
and some interleukins (IL-1, IL-6, IL-8). These
processes favour the penetration of lipids into the
vascular wall and lead to the formation of athero-
sclerotic plaques [13-16].

Moreover, irradiated endothelial cells trigger
some molecules such as intracellular adhesion

molecule (ICAM)-1 and platelet endothelial cell
adhesion molecule (PECAM)-1 that are respon-
sible for the leukocyte aggregation. The appear-
ance of fibrosis will also be facilitated by the
production of other cytokines such as plasmino-
gen activators inhibitor thrombomodulin, which
make endothelial cells prothrombotic and athero-
genic [17-19].

Regarding valve injury, radiation would seem
to activate some fibrogenic growth factors among
which there are the tissue growth factor beta-1
and myofibroblasts and could also stimulate col-
lagen synthesis at systemic level. Aortic valvular
irradiation on interstitial cells would induce the
expression of some critical bone proteins such as
alkaline phosphatase, osteopontin, bone morpho-
genic protein 2 and Runx2 that could somehow
explain the occurrence of radiotherapy-related
valve calcification [20, 21]. Today radiotherapy
represents a cornerstone in the treatment of neo-
plasms due to its ability to cause direct DNA
damage. Oncology trials have led to better under-
stand the relationship between radiotherapy and
vascular damage, and numerous experiences
have shown that patients affected by thoracic
neoplasms such as Hodgkin’s lymphoma, breast
cancer, oesophagus cancer or lung cancer are
more exposed to cardiovascular system failure
even after 10 or 30 years from exposure to radio-
therapy [22]. In addition to the site of cancer to
be irradiated (higher risk for tumour close to
heart tissue), there are other clinical risk factors
associated with RIHD as anterior or left radio-
therapy, radiotherapy doses higher than 30 Gy,
age less than 50 years, daily radiation >2 Gy,
inadequate or absent shielding, concomitant use
of chemotherapy (e.g. anthracyclines), pre-
existing cardiovascular disease, and the above-
mentioned cardiovascular risk factors [23].

Pericardium  affection  pathophysiologic
mechanism foresees that radiotherapy causes a
microvascular damage that increases capillary
permeability by producing an exudate rich in pro-
teins and promote an inflammatory status.

RIHD could be related to microvascular
insults that lead to ischemia and are responsible
for replacing myocytes with interstizial fibro-
sis. [24]. In addition, irradiation results in
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Fig. 4.1 Molecular mechanisms of ionizing radiation damage at tissue level. (From Taunk et al. [79])

increased production of collagen types I and III
that may cause impairment of ventricular relax-
ation during the diastolic phase, as reported in
an autopsy study [25].

The main aspects of the cardiac changes
caused by radiotherapy in cancer patients receiv-
ing chemotherapy will be discussed below
(Figs. 4.1 and 4.2).

Coronary Artery Disease (CAD)

Coronary artery disease (CAD) can usually
develop within 20 years from the end of radio-
therapy and generally tends to be asymptomatic.
This process is accelerated by the development
of atherosclerotic plaques in coronary vessels
above all in proximal vessels and ostium [10,
26-29]. Atherosclerotic lesions caused by radio-
therapy are morphologically identical to those
not caused by radiotherapy and are characterized

by accumulation of macrophages, plaque forma-
tion, and intimal proliferation [27]. In this spe-
cial population, CAD can clinically appear with
acute coronary syndrome, stable angina or even
sudden cardiac death [28, 30].

Previous animal studies have shown in rabbits
how a diet containing cholesterol can signifi-
cantly increase the incidence of CAD due to
radiotherapy, suggesting the possible role of car-
diovascular risk factors in the genesis of damage
[31]. A monocentric retrospective analysis evalu-
ated patients affected by Hodgkin’s lymphoma
treated with radiotherapy showing that CAD
occurred (approximately 10% after 20 years) in
those patients who had at least one cardiovascu-
lar risk factor [32]. The modern imaging tech-
niques have contributed to a better awareness of
RI CAD showing, for example, that more than
40% of 114 asymptomatic breast cancer patients
who underwent radiotherapy had an ischemia
24 months after the end of radiotherapy [33].
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In particular, a recent meta-analysis involving
more than 20,000 breast cancer patients who
received radiotherapy showed a significant
annual CAD risk increase of about 27% com-
pared to those who did not undergo radiotherapy
[34]. This result goes in the same direction of
other studies that pointed out that these asymp-
tomatic perfusion defects could affect up to 20%
of asymptomatic patients even more than 20 years
after the end of treatment, suggesting a potential
role of radiotherapy in giving a progressive dam-
age that could be maintained over time [27].

Treatment of this condition is similar to that
used in the general population and involves per-
cutaneous interventions with stent placement or
coronary artery bypass grafting, although the risk
of restenosis and post-operative complications is
still higher compared to patients not treated with
radiotherapy [35, 36].

The percutaneous intervention, where possi-
ble, represents the most commonly practised

option since the mediastinal fibrosis can make the
surgical approach more complex and the irradia-
tion often make the internal mammary artery not
available for the graft [37]. Therefore, for patients
undergoing bypass, a preliminary angiographic
evaluation of the state of the internal mammary
artery is advisable to ensure a successful outcome
of the intervention [38].

Medical therapy is sometimes the only option,
especially in patients with pulmonary fibrosis as
a result of radiotherapy, which increases the risk
of perioperative complications [39].

Pericardium

Pericardium involvement is a common RIHD
damage. Some autoptic studies reported pericar-
dial damage in approximately 70% of patients
who underwent radiotherapy [24]. Pericardial
RIHD include pericardial effusions (generally
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asymptomatic, most common) and constrictive
pericarditis that usually occur within a year [40].
Thanks to the improvement of radiation tech-
niques today, the rate of clinically relevant peri-
cardial manifestations is rather low, about 2.5%
[41]. The occurrence can be clinically suggested
by chest pain and fever; objectively pericardial
rub can be listened. In more than 50% of cases,
no medical treatment is required, although this
condition is very sensitive to the use of steroids,
diuretics, and rest [42]. Approximately 20% of
patients who experience pericardial damage will
manifest a chronic pericarditis in a period rang-
ing from a few months to 2 to 5 years. Diagnosis
of pericarditis is clinical and benefits from the
use of the ECG, 2D echo and a chest X-ray.
Contrast-enhanced CT or cardiac MR is useful to
diagnose constrictive pericarditis.

Treatment of radio-induced pericarditis
depends on the type and severity of the clinical
condition that develops. Acute pericarditis, for
example, is a non-frequent situation with early
onset and a benign evolution which generally
does not require a suspension of radiant treat-
ment but which requires supportive treatment
consisting of non-steroidal anti-inflammatories
(more rarely steroids) and sometimes colchicine.
With regard to late-onset forms, the most repre-
sented is the pericardial effusion that is generally
asymptomatic. Sometimes pericardial effusion is
clinically relevant giving dyspnoea or cardiac
tamponade [43—45]. Tamponade is an emergency
and must be relieved by needle pericardiocente-
sis. Pericardial effusion usually does need not to
be drained unless there is tamponade. When peri-
cardial effusion becomes chronic or recurrent, it
may require pericardial window [44, 45].

Constrictive pericarditis is the more severe
kind of pericarditis and usually may appear as a
late complication of radiotherapy. Constrictive
pericarditis is clinically associated with symp-
toms of congestive heart failure. Sometimes
RIHD can also involve the myocardium, the
valves, endocardium, and the coronary arteries,
generating the state of pancarditis. Some studies
have shown the unfavourable outcomes of patients
who developed constrictive pericarditis and who
were undergoing radiotherapy over those who did

not undergo radiotherapy [46]. Constrictive peri-
carditis is managed as the first option with loop
diuretics, although surgical pericardiectomy can
be necessary, with more unfavourable results if
compared to those patients who did not undergo
radiotherapy treatment [47, 48].

Valves Disease

Radiotherapy doubles the risk of valve damage,
although its incidence is not known (some studies
reported a valve alteration in more than 80% of
the cases analysed) [49, 50]. Generally, cusps and
valves are affected by fibrotic phenomena and
calcifications in the left side of the heart, proba-
bly due to the higher blood pressure and the con-
sequent hemodynamic stress [21, 24, 51]. It is
important to remember that the valvular RIHD is
more frequent in the cardiac left side due to
higher blood pressure exposure [52].

Typically, valve damage occurs after a long
period, even 20 years, after the end of radiother-
apy; it is more likely in patients who underwent a
dose of radiotherapy greater than 30 Gy [52].

Clinically, about 70% of patients who undergo
minor injury are asymptomatic. Valvular regurgi-
tation is more frequent; sometimes it can be asso-
ciated with stenosis [24, 52]. The thickness of the
aortomitral curtain can be considered as a prog-
nostic independent long-term mortality factor in
these patients. Valvular RIHD is responsible for
early (valvulitis) or chronic damage that is diffi-
cult to repair due to the high perioperative mor-
tality rate compared to not radio-treated patients
[53]. Mortality increases are directly proportional
to the number of valves involved (1 valve 45% vs
13%; 2 or + valves 61% vs 17%). If a patient
complains of symptoms suggestive of valve dis-
ease, 2D echo is advisable to identify early signs
of thickening of the valvular flaps and of sub-
valve structures, regurgitation or stenosis.
Cardiac MRI may refine diagnosis especially in a
clinical research context.

Treatment is either valve repair or replace-
ment, although the latter is the most used option
(especially in severe aortic stenosis) being more
feasible than repair due to the consequences of
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radiotherapy [53, 54]. Valid and recent options for
those who cannot undergo surgery, mainly due to
severe mediastinal fibrosis, are the percutaneous
mitral valve clips and the transcatheter aortic
valve replacement; however today the available
data are on small cohorts of patients [55].

Conduction System

Systemic cardiac anomalies manifest themselves
after several years of radiotherapy, making it dif-
ficult to estimate the real incidence of this com-
plication. Due to the nearness of the proximal
portion of the beam with the endocardium, the
right branch block represents one of the most
common abnormalities due to mediastinal irradi-
ation. The damage can be the direct result of irra-
diation or an indirect consequence of fibrosis and
ischemia of adjacent tissues. Other less frequent
abnormalities can be fascicular block or bifas-
cicular block or atrioventricular block, this repre-
senting the most serious complication observed
in patients undergoing mediastinal radiotherapy.
Another frequent abnormalities is QT prolonga-
tion (QTc) reported in patients undergoing medi-
astinal radiotherapy during exercise, representing
a negative prognostic factor.

The suspicion of conduction system injury is
raised if a total dose of radiotherapy (>40 Gy) is
used, the disturbance occurs after more than
10 years since treatment, and there is previous
pericardial involvement or presence of other car-
diac injuries or mediastinal involvement.

Dizziness, more rarely syncope and some-
times palpitations, shortness of breath, and chest
discomfort are symptoms reported in this type of
condition. The diagnosis is supported by some
instrumental exams such as ECG and Holter
monitoring. In patients suffering from complete
or advanced atrioventricular block, pacemaker
implantation is needed [56, 57].

Cardiomyopathy

Myocardial tissue can also be affected by medias-
tinal radiotherapy-induced damage, which gener-
ally appears 5 years after the end of the treatment.

Both the systolic and the diastolic phases can
be impaired by mediastinal irradiation that may
lead to dilatative or restrictive cardiomyopathy
with an odds ratio of 1.9 in comparison to those
patients who did not undergo procedure [22]. It
should be noted that only 5% of patients reported
a reduction in LVEF %, especially when radio-
therapy was used in addition to protocols involv-
ing the use of chemotherapy associated with a
high risk of cardiotoxicity (e.g. anthracycline)
[58, 59]. Most patients affected by this condition
do not have resting disorders but may experience
symptoms during exercise. However, sometimes
the condition can assume a remarkable clinical
relevance, giving symptoms such as dyspnoea,
fatigue and weakness, lower limbs oedema and
sometimes even pulmonary oedema, especially
when high doses of radiotherapy are delivered.
The clinical suspicion requires an instrumental
integration with the use of ECG, 2D echo and
measurement of biomarkers.

The treatment of heart failure induced by
radiotherapy does not differ from that used in the
general population. It consists in the use of ACE
inhibitors or angiotensin receptor blockers, beta-
blockers and aldosterone antagonists. The lack of
studies in this specific setting does not allow clear
results about long-term mortality. Indeed, preclin-
ical data on ACE inhibitors suggest that they are
not able to protect from the late functional effects
of radiotherapy. Heart transplantation may be an
option to be considered in selected cases of end-
stage heart failure, although radiotherapy is a
negative prognostic factor for transplantation
(5-year survival rate 58% vs 73%) [60, 61].

Carotid Artery Disease

Carotid arteries also may be affected by
RIHD. Generally, carotid artery injury is asymp-
tomatic, but, as described in some experiences,
when the stenosis of the internal and common
carotid artery is more than 70%, it could manifest
symptomatically [62]. Specific risk factors for its
pathogenesis have not yet been established. Some
reports seem to associate cigarette smoking but
sometimes with contradictory results [63].
Vascular involvement differs from the traditional
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one because radiotherapy produces more exten-
sive vascular damage involving less common
areas and longer arterial segments [62].

Radiotherapy or chemo-radiotherapy combi-
nation regimens are valid options for the manage-
ment of head and neck tumors, and therefore
these patients are susceptible of vascular damage
induced by radiotherapy. The risk is particularly
high in the elderly [64, 65].

The diagnosis of carotid artery atherosclerosis
is generally possible by ultrasound scan.

Patients must not be treated differently since
population is not subjected to radiotherapy and
may need surgery or percutaneous interventions
especially in patients at high risk [62, 66].

Biomarkers

Humoral biomarkers (troponin or NT-pro BNP)
are a potentially useful tool for early identification
of chemotherapy-related cardiac damage.
However there are still limits in the use of bio-
markers due to the heterogeneity of the assays
used, the uncertainty regarding the correct timing
of measurement and cut-off. In fact actual studies
reported results sometimes contradictory or not
sufficiently robust to hesitate in recommendations
to be transferred into clinical practice. According
to some studies in patients exposed to high doses
of anthracyclines, monitoring troponin I levels
before and after each cycle of chemotherapy
seems to be able to early predict myocardial dam-
age. In particular, it seems that not only its
increase has a prognostic value but also its nega-
tivity: in fact persistently not elevated troponin
levels identified patients at low risk of experienc-
ing adverse events at follow-up [67, 68]. Troponin
I also demonstrated a potential role when used in
patients undergoing combined radio-chemother-
apy treatments as demonstrated in a series of 24
cancer patients (most with Hodgkin’s lymphoma
or breast cancer) in whom elevation of troponin I
was able to predict subclinical myocardial dam-
age undetectable with standard diagnostic tech-
nique. In another series of women with breast
cancer treated with radiotherapy in addition to
chemotherapy, however, troponin I was not a reli-
able biomarker of myocardial damage. Instead,

the authors reported a significant increase in
NT-pro BNP, a biomarker that increases in heart
failure and that is expressed during cardiac over-
load [69, 70]. Despite these results, actually the
use of biomarkers, in patients treated with radio-
therapy, cannot be recommended in clinical prac-
tice and remains a field of scientific research.

Prevention and Future Perspectives

It is clear that mediastinal radiotherapy increases
the risk of heart disease. Prevention of RIHD is a
crucial moment in the management of cancer
patients undergoing radiotherapy. This is possi-
ble thanks to advances in radiotherapy and pre-
ventive intervention on the patients.

The use of better conformal radiation-
computerized techniques (involved-node and
involved-site radiation) helps both to decrease
the doses of radiation administered (excess
related risk for Gy 7.4%, 95% confidence interval
3.3-14.8%) [71] and to decrease the field and the
volume of tissue to be irradiated [72]. In cases of
breast cancer, for example, today it is possible to
significantly limit the field of radiation exposure
by avoiding internal mammary irradiation or by
practicing partial breast irradiation (PBI) in
patients considered to be at good prognosis [73].

Moreover, the introduction of new-generation
methods such as proton beam therapy (PT) and
intensity-modulated radiotherapy (IMRT) has
improved the results of radiotherapy compared to
conventional three-dimensional techniques [74,
75]. It is advisable, especially in thoracic neo-
plasms, to keep the mean dose of RT <26Gy and
V30 < 46% because this significantly reduce the
risk of pericarditis, although it is necessary to meet
the dose-volume constraints before the treatment
plan is constructed. In particular, IMRT and proton
therapies reduced the mean dose of radiation to
both valves and ventricles. Furthermore, it has
been shown that different breathing approaches
(deep inspiration breath-hold versus free breath-
ing) are related to a lower heart dose [76, 77].

Since this type of approach is not always fea-
sible, it is suggested to also take into account the
patient’s comorbidities and life expectancy to
establish the right treatment plan [78].
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Baseline pre-radiation
comprehensive |
Echocardiography

Chest radiation exposure

Yearly targeted clinical history and physical examination

New murmur Echocardiography

Search for sign and symptoms suggrstive of:
* Pericardial effusion/constriction
e Valvular heart disease
¢ LV dysfunction/heart failure
« Coronary artery disease
* Carotid artery disease
» Conduction system disease

Correct risk GyBloIatic
fact .

Screening Echocardiography
5 years after exposure in high risk patients
10 years after exposure in the others

Screen for
modifiable risk
factors

CMR if suspicion
of pericardial
constriction

Signs/symptoms of
heart failure

Neurological Carotid US

signs/symptoms

Function non-invasive
stress test for CAD detection
(5 to 10 years after exposure
in high risk patients)

Re-assess every 5 years

Fig. 4.3 Algorithm for patient management after chest radiotherapy. (From Lancellotti and Nkomo [80]. Reproduced
with permission of Oxford University Press on behalf of the European Society of Cardiology)

Beside modulating radiotherapy, another aspect to
be considered to reduce the risk of RIHD is to iden-
tify and treat cardiovascular risk factors in each
patient. Particularly, it is important to correct modifi-
able risk factors and to optimize the treatment of con-
comitant cardiac disease. It is fundamental to early
identify cardiac damage, possibly before symptoms
occur, and to start precociously cardioprotective
drugs. For this reason, before starting, during, and for
long time after treatment, patients should undergo
cardiovascular surveillance (Fig. 4.3).

In conclusion, the prevention of RIHD repre-
sents today a primary objective for all patients
undergoing radiotherapy. However, more studies
are needed on larger cohort of neoplastic patients
to better define the real burden of this problem
and define preventive and therapeutic strategies.
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by Anti-VEGF Therapy
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Introduction

Vascular endothelial growth factor and its recep-
tor (VEGF and VEGFR) play an important role
in maintaining the regular homeostasis of vas-
cular walls. Endothelium is not a simple cellular
monolayer that separates the blood from the
vascular walls, but it plays a key role in the reg-
ulation of vascular function, by producing vaso-
constrictor and vasodilator substances, such as
endothelin-1 (ET-1), angiotensin II (Ang II),
thromboxane A2, reactive oxygen species,
nitrogen monoxide (NO), and prostacyclin [1].
Mature endothelial cells (ECs), endothelial pro-
genitor cells, and circulating ECs participate in
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the physiological maintenance of cardiovascular
tissue homeostasis, including vascular tone,
permeability and intima thickness, vessel
remodeling and angiogenesis, coagulation, and
fibrinolysis. In contrast, endothelial dysfunction
is involved in the pathophysiology of several
diseases, including atherothrombosis, diabetes,
sepsis, pulmonary hypertension, microangiopa-
thy associated with neurodegenerative diseases,
hepatic steatosis, and cancer metastasis [2, 3].
VEGF and VEGFR transduce signaling that
promote survival and function of endothelial
cells. Thus inhibition of VEGF and VEGFR can
cause cardiovascular toxic effects [4].
Bevacizumab is a monoclonal antibody that
inhibits VEGF; it causes predominantly arterial
hypertension and thromboembolic events.
Tyrosine kinase inhibitors (sorafenib, sunitinib,
pazopanib, regorafenib, axitinib, ponatinib)
cause vascular toxicity directly through inhibi-
tion of VEGFR or indirectly by interfering with
other tyrosine kinases. Heart failure caused by
inhibition of VEGF and VEGFR has been rarely
documented. Arterial hypertension and throm-
boembolic events are more frequent cardiovas-
cular side effects. In this chapter we will
illustrate the mechanism of action of anti-
VEGF/anti-VEGFR drugs, their toxic effects,
and the strategy to prevent, to diagnose, and to
treat these cardiovascular complications.
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VEGF and VEGFR

Vascular endothelial growth factor (VEGF) is the
main member of a family of structurally and
functionally related cytokines, which plays a crit-
ical role in angiogenesis and promotes cell sur-
vival and growth and proliferation of endothelial
cells by binding to specific receptors (VEGFR-1,
VEGFR-2, neuropilin) [5, 6]. VEGF includes a
family of seven members such as VEGF-A,
VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F,
and PIGF. They all have a common homologous
domain. VEGF-A is the most representative com-
pound. VEGF-A mRNA is expressed in several
tissues, including the lung, kidney, heart, and
adrenal glands. VEGF-A is a glycoprotein that
exists in at least seven isoforms, from 34 to
42 kDa of molecular weight, which are derived
by alternative splicing of the eight exons of the
VEGF human gene. To date, researchers have
identified three different receptors that bind
VEGF, such as VEGFR-1 (Flt-1), VEGFR-2
(KDR or Flk-1), and VEGFR-3. The binding of
VEGEF to its receptors activates signaling path-
ways that promote the growth of vascular endo-
thelial cells derived from arteries, veins, and
lymphatic vessels. Each receptor has seven
immunoglobulin-like domains in the extracellu-
lar portion, a single transmembrane portion, and
an intracellular tyrosine kinase domain. The dif-
ferent receptors differ in activity and affinity for
ligand:

A. VEGFR-1 (Flt-1): it is the first VEGF recep-
tor discovered, although its function is not yet
clear. The binding of VEGF-A with this
receptor seems to modulate the division of
endothelial cells during the early stages of
vascular development, although with a weak
activity [7].

B. VEGFR-2 (KDR or Flk-1) appears to be the
most important receptor in the regulation of
mitogenesis and permeability by VEGF. The
effects of VEGF binding to VEGFR-2 during
angiogenesis include the production of
platelet-activating factor by endothelial cells,
stimulation of mitosis, and migration of these
cells, as well as an increase in vascular per-

meability. It has been shown that Flk-1 null
mice are characterized by the absence of vas-
culogenesis. This evidence highlights the
importance of VEGF binding to VEGFR-2.
VEGF binding to this receptor leads to activa-
tion of the inositol 3 phosphate kinase path-
way, which results in an increase in
intracellular inositol triphosphate. This event
leads to activation of protein kinase B (Akt/
PKB) and endothelial nitric oxide synthase.
The first enzyme inhibits caspase-9, promot-
ing cell survival, while the second enzyme
leads to NO formation which, in turn, pro-
motes vasodilation and increases permeabil-
ity and cell migration [8].

C. VEGFR-3 differs from the other two recep-
tors because it moves toward proteolytic
cleavage of the extracellular portion. Only
VEGF-C and VEGEF-D bind to this receptor,
and its presence is limited to the endothelial
cells of lymphatic vessels [9].

Anti-VEGF and Anti-VEGFR Drugs

The inhibition of VEGF and its receptors repre-
sents the main (but not sole) mechanism by which
antiangiogenic drugs can cause vascular toxicity
(Table 5.1) [10].

Bevacizumab is a monoclonal antibody that
targets VEGF-A, thus preventing its interaction
with VEGFR and leading to inhibition of tumor
angiogenesis. It can cause high blood pressure,
left ventricular dysfunction (LV), heart failure
(HF), myocardial ischemia, and atherothrom-
botic events (ATEs). The incidence of severe
ATEs in patients treated with bevacizumab was
reported to be around 1.8%, with an incidence of
AMI equal to 0.6% [11-13]. Left ventricular dys-
function was reported in 1.7-3% of cases [14].

Sunitinib is a multi-target tyrosine kinase inhib-
itor (TKI). It targets the VEGF receptor (VEGFR)
1-3, PDGFR, c-Kit, FMS-like tyrosine kinase-3
(FLT3), colony-stimulating factor-1 receptor
(CSF-1R), and the product of the RET human gene
(RET, mutated in medullary thyroid carcinomas/
multiple endocrine neoplasia). It can cause high
blood pressure and HF in 4-11% [14, 15].
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Table 5.1 Antiangiogenetic drugs, their targets, and their possible cardiovascular toxic effects

Drugs Targets Cardiovascular toxic effects
Bevacizumab VEGF-A Arterial hypertension+++, thromboembolism +++, heart failure
(HF)++, myocardial ischemia++
Sunitinib VEGFR-1-3, PDGFR, c-kit, Arterial hypertension+++, HF+++, myocardial ischemia++,
FLT3, CSF-1R, RET thromboembolism ++, long QT, and arrhythmias +
Sorafenib VEGFR, PDGFR, Raf-1, Arterial hypertension+++, myocardial ischemia++, ATEs++,
B-Raf, c-kit, and FLT3 HF++
Pazopanib PDGFR, VEGFR, and c-KIT Arterial hypertension+++, ATEs++, myocardial ischemia++, HF
+
Regorafenib VEGFR-2-3, RET, KIT, Arterial hypertension+++, myocardial ischemia +
PDGFR, and RAF
Axitinib VEGFR-1-3 Arterial hypertension+++, myocardial infarction+, arrhythmias+,
HF+
Cabozantinib VEGF, MET, RET, KIT, FlIt-3, | Venous thrombosis+, arterial thrombosis+
AXL, and Tie-2

Sorafenib is a multi-target TKI that, at clini-
cally relevant concentrations in vitro Kkinase
assay, inhibits at least 15 kinases, including
VEGFR, PDGFR, Raf-1, B-Raf, c-Kit, and FLT3
[16]. It can cause high blood pressure, myocar-
dial ischemia, and, rarely, heart failure [17].

Pazopanib is a small molecule, multi-target
inhibitor of PDGFR, VEGFR, and c-KIT. It can
cause high blood pressure and congestive heart
failure [18, 19].

Axitinib is a potent second-generation inhibitor
of VEGFR. It can cause high blood pressure but
also myocardial infarction and arrhythmias [20].

Regorafenib is a multi-target TKI. It targets
VEGFR-2-3, RET, KIT, PDGFR, and RAF. It
can cause high blood pressure and myocardial
ischemia [21].

Cabozantinib is a potent inhibitor of receptor
tyrosine kinases, including VEGF, MET, RET,
KIT, Fit-3, AXL, and Tie-2. It can cause venous
and, more rarely, arterial thrombosis (myocardial
infarction and stroke) [22].

Mechanisms of Cardiovascular
Toxicity

VEGF cascade induces proliferation of endothe-
lial cells and promotes vascular integrity. Hence,
inhibition of VEGF/VEGFR signaling pathway
seems to be the main cause of vascular injury,
endothelial dysfunction, and atherothrombotic

events [23]. In fact, VEGF/VEGFR inhibition
can lead to endothelial dysfunction and exposure
of subendothelial collagen. This can facilitate the
activation of the coagulation cascade by tissue
factor binding and occurrence of thrombotic
events. VEGF binding with the VEGFR-2 acti-
vates several intracellular signaling pathways,
including the phosphatidylinositol-3-kinase
(PI3K) and the mitogen-activated protein kinase
(MAPK) pathways. When VEGF interacts with
its receptors VEGFR-1, VEGFR-2, and
VEGFR-3, PI3K and phospholipase C (PLC) are
triggered. On the one hand, PI3K induces the
conversion of PIP2 into PIP3, which stimulates
Akt supported by the action of PD1K. Akt deter-
mines the stimulation of eNOS (endothelial nitric
oxide synthase), thus causing the production of
NO. In addition, Akt inhibits caspase-9, promot-
ing cell survival. On the other hand, PLC deter-
mines the cleavage of PIP2 to inositol
trisphosphate (IP3) and diacylglycerol (DAG).
The second messenger IP3 facilitates the entry of
Ca2+ ions in the cell. This can lead to eNOS
induction and increase of NO production [24].
NO can increase cGMP production through
induction of guanylyl cyclase activity. This pro-
duces vasodilation with a reduction of platelet
aggregation and smooth muscle cell growth.
Thus, anti-VEGF therapies promote an unbal-
ance between vasodilation and vasoconstriction
through the reduction of NO and prostacyclin,
leading to arterial hypertension and to an increase



36

G. Novo et al.

VEGF-A

@ VEGFR2

* Endothelial dysfunction
¢ VVasoconstriction —

Nucleus

VEGF-B

Endothelial cell

VEGF-C VEGF-D

VEGFR1 VEGFR3

ERK 1/2

Fig. 5.1 Consequences of VEGF pathway inhibition. Reproduced from: Bronte G et al. Conquests and perspectives of
cardio-oncology in the field of tumor angiogenesis-targeting tyrosine kinase inhibitor-based therapy. Expert Opin Drug

Saf. 2015 Feb;14(2):253-67

of blood viscosity through the overproduction of
erythropoietin [25]. Vasoconstriction is accompa-
nied by endothelial dysfunction. Hence, increased
blood viscosity related to cancer, inhibition of the
VEGF/VEGFR, and endothelial dysfunction can
contribute to increase the risk of arterial throm-
bosis (stroke and myocardial infarction) in can-
cer patients (Fig. 5.1) [23].

Arterial Hypertension

Several mechanisms of arterial hypertension have
been postulated. These mechanisms include both
functional (inactivation of eNOS and production of
vasoconstrictors such as endothelin-1) and struc-
tural (capillary rarefaction) modifications [26].
VEGF inhibition decreases the production of
NO leading to vasoconstriction, elevated peripheral

vascular resistance, and hypertension. NO defi-
ciency also leads to increased proliferation of vas-
cular medial cells, creating a more resistant
hypertensive state [27]. Additionally, impaired NO
production affects renal sodium homeostasis, lead-
ing to sodium retention and further elevations in
blood pressure [28]. Capillary rarefaction is another
postulated mechanism through which VEGF inhi-
bition can lead to hypertension. This process
involves a decrease in capillary density at the
peripheral level leading to increased vascular resis-
tance. Rarefaction can be functional (vasoconstric-
tion of arterioles) or structural (true capillary loss),
although both processes are often interrelated [29].
In a study evaluating 20 patients treated with the
VEGF inhibitor bevacizumab, microvascular rar-
efaction and hypertension were observed in all sub-
jects [30]. This phenomenon is thought to be
reversible after discontinuation of the VEGF inhib-
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itor [31]. Whether rarefaction is the cause of
hypertension or a consequence of elevated pres-
sures remains uncertain [32]. The loss of pericytes
due to inhibition of PDGFR, along with inhibition
of angiogenesis, due to the VEGFR inhibition, is
supposed to be the main mechanisms for capillary
rarefaction [33].

VEGEF inhibition may also lead to increased
production of other vasoactive substances which
can contribute to the development of hypertension.
For example, VEGF inhibition causes endothelial
dysfunction and increased endogenous sFlt-1 and
endothelin-1 (ET-1) production, which leads to a
phenotype resembling preeclampsia with signifi-
cant hypertension and proteinuria [34, 35]. Finally,
hypertension due to anti-VEGF may be exacer-
bated by their effects on other organ systems. Renal
dysfunction due to angiogenesis inhibition may
also play a role in the development and mainte-
nance of hypertension. Thrombotic microangiopa-
thy has been observed and can lead to hypertension,
proteinuria, and hemolysis. These agents can also
lead to the deprivation of functional VEGF in the
glomeruli resulting in deterioration of kidney func-
tion, reduced glomerular filtration rate (GFR), vol-
ume retention, and ultimately the hypertensive
response [36, 37]. VEGF-mediated suppression of
nephrin, which is important for the maintenance of
glomerular function, can contribute to the develop-
ment of arterial hypertension [38]. In addition, vas-

Arterial
hypertension

cular injury can be “direct,” i.e., caused directly by
the target therapies such as VEGF/VEGFR, or
“indirect,” i.e., caused by arterial hypertension sec-
ondary to target treatment (Fig. 5.2).

Arterial hypertension was reported in patients
treated with bevacizumab, axitinib, sorafenib,
sunitinib, axitinib, pazopanib, and regorafenib. It
is the most common cardiovascular adverse
effect. In a meta-analysis including 13 clinical
trials and a total of 4999 patients, the incidence of
all-grade hypertension was 21.6%. The incidence
of hypertension warranting the addition or adjust-
ment to dosing of more than one medication
(grade 3 or grade 4) was 6.8%. The RR of grade
3 or grade 4 hypertensions using sunitinib com-
pared to placebo was 23 [39, 40].

Qi et al. in a meta-analysis showed that the
average incidence of all-grade hypertension
among patients receiving pazopanib was 35.9%.
High-grade (grade 3 or grade 4) hypertension
was associated with significant morbidity and
subsequent dose reduction or discontinuation of
pazopanib treatment. The trials reported an aver-
age incidence of high-grade hypertension among
patients receiving pazopanib of 6.5% [41].

Arterial hypertension is also the most frequent
cardiovascular adverse event associated with
axitinib. Indeed, all-grade hypertension showed a
frequency of 40%, while grade 3 or higher had a
frequency of 13% [42].
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Cardiac Dysfunction

Mechanisms of cardiac dysfunction induced by
anti-VEGF drugs are not completely understood
and some hypothesis has been formulated. For
example, sunitinib may cause systolic dysfunc-
tion by inhibiting the mitogen-activated protein
kinase (MAPK), a regulator of myocyte stress
response. This inhibition leads to the reduction
of energy production and mitochondrial and con-
sequently ventricular dysfunction [43]. In ani-
mal models treated with sunitinib, an increase in
the expression of genes involved in the response
to hypoxia was observed, including the prolyl
hydroxylase domain-containing protein, which
is important in the regulation of the hypoxia-
inducible factor 1o (HIF-1a). Hypotheses have
suggested that a chronic unregulated activation
of genes involved in the response to hypoxia,
especially HIF-1a, may result in cardiac dys-
function. Further confirmations are required
[44]. Also PDGFR inhibition induced by
sorafenib and sunitinib could contribute to car-
diac dysfunction. PDGFR plays an important
role in promoting cell survival and cardiopro-
tection in conditions of pathological stress [45].
Inhibition of stem cell growth factor (c-Kit or
CD 117) that is expressed by hematopoietic
stem cell precursors and endothelial progenitor
cells may also contribute to cardiac dysfunc-
tion [46]. VEGF inhibition, in mice subjected to
pressure overload, resulted in reduced capillary
density, reduced compensatory hypertrophy, left
ventricular dilatation, and contractile dysfunc-
tion [47]. In animal models of nonischemic car-
diomyopathy, overexpression of VEGF resulted
in a reduction of apoptosis and proapoptotic sig-
nals and delayed progression versus heart fail-
ure after tachy-pacing [48]. Data suggest that
inhibition of VEGF may worsen myocardial
function, especially in the course of pathologi-
cal stresses such as increased post-loading and
arterial hypertension [46]. Moreover inhibition
of the ERK factor favoring cell survival through
inhibition of the BRAF proto-oncogene and
other molecules was hypothesized [49, 50].

Thrombotic Events

Arterial thrombotic events (ATEs) have been
reported with bevacizumab through VEGF inhi-
bition [51]. Increased blood viscosity related to
cancer and the presence of cardiovascular risk
factors, in association to VEGF inhibition (endo-
thelial dysfunction, production of vasoactive sub-
stances, increased inflammation, and plaque
instability), further increase the risk of arterial
thrombosis in oncological patients [25].

Bevacizumab through VEGF inhibition may
increase inflammation and plaque instability caus-
ing thrombus formation; it increases the release of
inflammatory cytokines which activate the coagu-
lation system [52, 53]. The incidence of thrombotic
events is greater in patients treated with bevaci-
zumab plus chemotherapy compared to patients
treated with chemotherapy alone [54]. Particularly
Economopoulou et al. reported ATEs in 5.5% of
patients treated with bevacizumab plus chemother-
apy compared to 3.1% of patients treated with che-
motherapy alone. The incidence of myocardial
infarction was 1.5% in patients treated with bevaci-
zumab compared to 1% in the control group. Older
age (>65 years) and a previous thrombotic episode
can increase thrombotic risk [55].

In a recent meta-analysis of 12,617 patients,
treatment with bevacizumab was associated with
a significant increase of ATEs and particularly of
myocardial ischemia but not stroke [56]. The
incidence of ATEs (stroke and IMA) was 3.8% in
patients with metastatic colonic carcinoma, non-
small cell lung cancer, and breast cancer [57].

ATEs can also be caused by sorafenib, suni-
tinib, pazopanib, and axitinib. In a meta-analysis
that included over 10,000 patients, the incidence
of arterial thromboembolic events was analyzed.
The relative risk (RR) of ATEs for TKI in com-
parison with controls was of 3.03. RR for
sorafenib was 3.1, and it was 2.39 for sunitinib
[58, 59].

In a trial by Sternberg et al., the authors
showed that arterial thrombotic events occurred
in 3% of pazopanib-treated patients, among these
Ml/ischemia 2%, cerebrovascular accident <1%,
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and transient ischemic attack <1% compared
with the placebo arm, in which there were
none [60].

Bevacizumab should be discontinued in
patients who develop severe ATE during therapy;
there are no guidelines regulating restart of the
drug in these patients. Treatment of ATEs during
anti-VEGF and anti-VEGFR treatment is the
same as that used in the absence of treatment
with anticancer drugs.

Pharmacological prophylaxis for thrombotic
events using cardioaspirin could be considered in
oncological patients at high cardiovascular risk,
before starting treatment with anti-VEGF-
VEGFR if there are no contraindications.
Cardioaspirin has improved survival in patients
with cancer and myocardial ischemia, regardless
of thrombocytopenia [61].

Venous thromboembolic events can also occur
in patients treated with bevacizumab although the
incidence of this event is conflicting in the differ-
ent studies. From a meta-analysis, the risk of
venous thromboembolic events was high in
patients treated with bevacizumab; from a second
one, no significant increase in the venous events
was found [62].

Venous thromboembolic events are reported
also in the course of treatment with TKI espe-
cially if used in combination with chemothera-
phy [63]. Venous thrombotic events are currently
managed using low-molecular-weight heparin;
however recent evidences suggest that direct oral
anticoagulant is safe and effective (see chapter on
venous thromboembolism) [64].

Early Diagnosis of Cardiovascular
Toxicity

In order to prevent the occurrence of cardiovas-
cular events in patients treated with anti-VEGF-
VEGEFR drugs and avoid the need of treatment
discontinuation, it is important that patients
undergo a comprehensive cardiovascular evalua-
tion before starting the treatment and during its
course. Particularly it is mandatory to identify

and manage cardiovascular risk factors and to
optimize treatment of current cardiac disease [63,
66]. Cardiovascular evaluation should include
objective examination including peripheral
pulses evaluation, blood pressure measurement,
ECG, and echocardiography. Antihypertensive
treatment should be started if high blood pressure
is found or therapy implemented if at control it is
found to be nonoptimal. During anticancer ther-
apy, according to the National Cancer Institute,
blood pressure should be measured every week
during the first cycle, subsequently every 2 to
3 weeks [67]. Antihypertensive treatment should
be individualized on the basis of the risk profile
of the patient; only in same cases of resistant
arterial hypertension, temporary suspension of
anti-VEGF-VEGFR drugs should be considered.

Echocardiography beyond measurement of
ejection fraction with biplane Simpson method
should possibly include 3D evaluation and left
ventricle global longitudinal strain analysis to
identify early signs of left ventricular
dysfunction.

Carotid ultrasound should be performed in
patients with risk factors to refine risk stratifica-
tion. Recent studies reported the usefulness of
carotid-femoral pulse wave velocity (cf-PWV)
and augmentation index to early detect vascular
damage in patients treated with anti-VEGFR
drugs. Specifically, blood pressure (BP) and cf-
PWYV and systolic (global longitudinal strain)
and diastolic function have been shown to change
in patients after the initiation of the anti-VEGFR
treatment [68]. Interestingly, changes in BP and
stiffness seemed to be reversible upon discontin-
uation of treatment, while LV systolic and dia-
stolic functions were persistently abnormal [69].

Treatment of Cardiovascular
Toxicity

There are no specific guidelines or expert con-
sensus regarding the optimal treatment of anti-
VEGF-induced arterial hypertension and other
cardiovascular complications in oncological
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patients. Treatment of cardiovascular complica-
tion induced by anti-VEGF-VEGFR follows
the current recommendations about heart fail-
ure, myocardial infarction, and arterial hyper-
tension [70, 71]. Standard recommendations on
arterial hypertension can also be applied in this
patient population (restriction of sodium intake,
exercise, diet, lifestyle changes). ACEI/sartans,
calcium dihydropyridine antagonists and beta-
blockers are the preferred drugs in this setting
[65]. Some studies showed that ACEIs and sar-
tans have antitumor properties; they can reduce
angiogenesis and microvascular rarefaction,
although recent studies have suggested that
these drugs can develop a pro-tumor microenvi-
ronment [72, 73].

Diltiazem and verapamil that inhibit the cyto-
chrome P450 should be avoided for their possible
interference with anti-VEGF inhibitors, and
diuretics are not drugs of choice for possible
induction of electrolyte disturbances that may
favor QT interval prolongation.

Considering mechanism of action of VEGF-
VEGFR, drugs that increase the release of
nitric oxide should be considered in resistant
arterial hypertension [74]. In fact, some cases
reported the efficacy of long-release nitrates in

patients with antiangiogenic drugs induced
hypertension despite optimized medical ther-
apy [75].

Also sildenafil (phosphodiesterase inhibitor)
and nebivolol can potentiate the vasodilatory
properties of NO, and they can be effective in
such patients [76]. Nebivolol, B1 adrenergic
antagonist, may enhance the nitric oxide signal; it
may induce vasodilatation increasing the bio-
availability of NO. The exact mechanism is not
known, but it may be secondary to nitric oxide
synthase activation through the stimulation of
p3-adrenergic receptors expressed in embryonic
cells and the reduction of dimethyl arginine and
free oxygen radicals [77]. Also antagonists of
endothelin receptors may play a role in resistant
hypertension even if their use has been validated
in the treatment of pulmonary hypertension
(Fig. 5.3).

In cases of resistant arterial hypertension,
despite optimal medical therapy, dose reduction
or temporary suspension of anti-VEGF treatment
should be considered [78].

In patients at high cardiovascular risk, treat-
ment with aspirin could be warranted before
starting anti-VEGF treatment [61]. In case of
documented myocardial ischemia during angio-

Arterial hypertension induced by anti VEGF-VEGFR

If blood preaasure is not
goal

If blood preaasure is not
goal

Fig. 5.3 Treatment of
arterial hypertension
induced by anti-VEGF
treatments

ACEI or ARBs, dihydropyridine CCB

Patients at risk of HF or CAD — BB

Consider therapy with
long lasting nitric oxide donors
or nebivolol

Consider dose reduction
or cessation of anti VEGF-
VEGFR
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genic inhibitor therapy, treatment should be sus-
pended and eventually therapy resumed, after
healing if benefits outweigh the risks. In case of
myocardial infarction, the permanent discontinu-
ation of the drug should be considered.

If asymptomatic LV dysfunction occurs,
angiogenic inhibitors should be continued in
cases of mild (ejection fraction reduction >15%,
with ejection fraction >50%) or moderate
decrease (ejection fraction 50-40%). Only in
case of severe LV dysfunction (ejection fraction
<40%) and in symptomatic patients, it is recom-
mended to stop anticancer therapy [74].

LV dysfunction should be treated according to
current recommendation. Resumption of the drug
can be considered upon ejection fraction improve-
ment and the normalization of symptoms, but the
evidences on this regard are still unclear [79].

Conclusions

Anti-VEGF-VEGFR drugs cause cardiac and
vascular toxicity, especially arterial hyperten-
sion and arterial thrombotic events. Given the
high incidence of arterial hypertension
induced by VEGF/VEGFR inhibitors, it is
very important to control blood pressure
before starting any treatment and accurately
monitor its variations during the course of
therapy. It is also mandatory for the control of
cardiovascular risk factors such as diabetes
mellitus and dyslipidemia, which can make
patients more prone to vascular injury.
Moreover, optimization of treatment of con-
comitant cardiovascular disease is advisable.
Echocardiographic monitoring of cardiac
function is also reasonable. There are no stan-
dardized guidelines regarding the timing of
monitoring patients undergoing this treat-
ment; however baseline evaluation and routine
periodical surveillance during treatment (i.e.,
every 3 to 6 months in the absence of symp-
toms) is reasonable.

More and wider prospective studies are
needed to clarify pathophysiological mecha-
nism of cardiovascular damage induced by
anti-VEGF inhibitors and to better delineate
how to manage patients.
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Cardiovascular Damage Induced
by Anti-BCR-ABL TKis

Giuseppina Novo, Daniela Di Lisi, Manuela Fiuza,

and Fausto J. Pinto

Introduction

In recent years important advances have been
made in the field of oncology leading to improved
survival of cancer patients, but the impact of car-
diovascular complications in terms of morbidity
and mortality is also increasing.

Target therapy was recently introduced to
allow a more selective antineoplastic effect thus
reducing the impact of side effects, including the
cardiovascular ones. However, also these drugs
are burdened by a certain cardiovascular toxicity,
even if lower. In this chapter, we will illustrate
the mechanisms of action of anti-BCR-ABL
TKIs, their adverse effects and the mechanisms
responsible of cardiovascular toxicity.

Anti-BCR-ABL TKIs are drugs especially
used in the treatment of hematological cancer
and gastrointestinal stromal tumors (GISTs).
They inhibit the BCR-ABL tyrosine kinase,
encoded by the chimeric gene BCR-ABL,
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obtained by the reciprocal translocation between
chromosomes 9 and 22. This gene plays a central
role in the pathogenesis of Philadelphia (Ph)
chromosome-positive leukemia, notably chronic
myeloid leukaemia (CML) [1]. Three fusion pro-
teins can be formed as a result of breakpoint in
BCR, all of which exhibit deregulated protein
tyrosine kinase activity. Basic mechanisms that
have been attributed to BCR-ABL-positive cells,
particularly in CML, are increased proliferation,
increased resistance to apoptosis, and an altera-
tion of their adhesion properties [2].

Anti-BCR-ABL TKIs includes old- and new-
generation drugs. First-generation drug is ima-
tinib. Second-generation drugs are dasatinib,
nilotinib, and bosutinib; third-generation drug is
ponatinib [3]. Especially second- and third-
generation drugs can cause cardiovascular com-
plications such as arterial thrombosis, myocardial
ischemia, QTc prolongation, and, less frequently
than conventional chemotherapy, myocardial
dysfunction.

A considerable number of patients may
acquire resistance to imatinib because of the
development of a point mutation in the BCR-
ABLI fusion gene. Second-generation TKIs—
dasatinib, nilotinib, and bosutinib—have been
shown to be effective in imatinib-resistant
patients, and more rapid in achieving a deep
molecular response. Ponatinib, a third-generation
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TKI specifically designed to overcome resistance
caused by a T315I mutation in BCR-ABLI
kinase, has exhibited high clinical efficacy in
patients with multi-TKI-resistant CML [4, 5].

Thus the inhibition of BCR-ABL kinase by
small molecules has profoundly improved the
prognosis of patients with several forms of
chronic leukemia and some forms of gastrointes-
tinal stromal tumors [6]. However, these drugs
can cause cardiovascular complications. Initial
reports suggested a risk for imatinib-induced car-
diotoxicity, but analysis of large cohorts did not
confirm these data [7].

Severe atherosclerotic and non-atherosclerotic
peripheral artery disease (PAD) can occur (in up
to 30%) in patients treated with nilotinib and
ponatinib, even in the absence of cardiovascu-
lar risk factors, although the latter increases the
likelihood [8]. PAD can occur as early as in the
first months of therapy or as a late effect several
years after treatment [9].

Other complications potentially associated
with anti-BCR-ABL TKIs are myocardial infarc-
tion and stroke. In addition, QT prolongation,
pleural effusions, and both systemic and pulmo-
nary hypertension have also been observed [10].
It is essential for both cardiologists and oncolo-
gists to possess knowledge of these issues in order
to develop appropriate monitoring and risk miti-
gation strategies to prevent these toxicities and
avoid premature cessation of the drug. Incidence
and mechanisms of these adverse events will be
better described subsequently. Tables 6.1 shows
mechanism of action of anti-BCR-ABL TKISs.

Table 6.1 Anti-BCR-ABL TKIs, mechanism of action

Drugs Mechanism of action

Imatinib | ABL, ¢-KIT, PDGFRs (« and f)
inhibition

Dasatinib | BCR-ABL, SRC family (SRC, LCK,
YES, FYN), c-KIT, EPHA2, and
PDGFRp inhibition

Nilotinib | BCR-ABL, PDGF, cKIT, PDGFR,
CSF-1R, DDRI1 inhibition

Ponatinib | BCR-ABL1t315I, VEGFR2, FGFRI1;
TIE2, Flt3, Src, PDGFR«x, RTK inhibition

Bosutinib | BCR-ABLI1t3151, Src inhibition

Anti-BCR-ABL TKI (Mechanism
of Action and Cardiovascular
Adverse Effects)

Imatinib inhibits ABL, c-KIT, and platelet-
derived growth factor receptor (PDGFRs o and
). It has been approved by the FDA as an oral
drug for the treatment of CML, gastrointestinal
stromal tumors (GISTs), and hypereosinophilic
syndrome [11]. Despite initial reports suggested
a discrete risk for imatinib-induced cardiotoxic-
ity, analysis of large cohorts showed that it is an
uncommon event [7], reporting an incidence
ranging from 0.5% to 1.7% [7, 12].

Several mechanisms were hypothesized to
explain cardiac dysfunction in patients treated
with imatinib. In some reports it has been impli-
cated the inhibition of cAbl; however, in other
experimental studies, mice with cAbl mutation
didn’t develop cardiotoxicity [13]. The inhibi-
tion of GATA 4, a factor that promotes cell sur-
vival and adaptative response to stress in adults,
was also hypothesized to be responsible of car-
diac dysfunction. Mice without GATA 4 were
more likely to develop cardiotoxicity [14].
Furthermore, imatinib cardiotoxicity could be
related to mitochondrial dysfunction, with sec-
ondary apoptosis promoted by oxidative stress,
increased by age [15].

According to other studies, imatinib is not car-
diotoxic in clinical doses, its cardiotoxicity
increases with high doses; it is favored in old
patients with comorbidity such as heart failure
and renal failure [16]. Moreover imatinib seems
to be effective in the reduction of glycemic values
and in the treatment of pulmonary hypertension,
through inhibition of PDGFR that is overex-
pressed in pulmonary artery cells and the inhibi-
tion of c-KIT [17-19]. In experimental models,
imatinib seems to have also anti-atherosclerotic
activity [20]. Other studies found that imatinib
can attenuate myocardial remodeling and improve
left ventricular diastolic dysfunction in spontane-
ously hypertensive rats by affecting the PDGFR
pathway without the blood pressure-lowering
effect [21].
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The incidence of edema and dyspnea was
reported to be as high as 66% and 16%, respec-
tively [22]. This is probably due to imatinib’s
inhibition of PDGFR [23]. Paradoxically, ima-
tinib treatment can also protect against brain and
lung edema during stroke and lung injury, respec-
tively [24].

Table 6.2 reports the main cardiovascular
adverse events mediated by anti-BCR-ABL TKIs
and the possible positive effects.

Dasatinib inhibits BCR-ABL, SRC family
(SRC, LCK, YES, FYN), c-KIT, EPHA2, and
PDGFR@. It is used as second-line treatment for
chronic myeloid leukemia. It can induce pleural

Table 6.2 Anti-BCR-ABL TKI cardiovascular adverse
events and positive effects

Cardiovascular adverse

Drugs events Positive effects

Reduction of
pulmonary
hypertension
Reduction of
glycemic values
Safe
cardiovascular
risk profile

Imatinib Rare (Myocardial
dysfunction in few

cases)

Dasatinib | Pulmonary
hypertension
Pleural effusion
QT interval

prolongation

Nilotinib Peripheral arterial
disease (PAD)
Cerebrovascular events
Coronary artery
disease

QT interval
prolongation
Hyperglycemia,
Hyperlipidemia

Ponatinib | Peripheral arterial
disease (PAD)
Myocardial infarction
Cerebrovascular events
Arterial hypertension
QT interval
prolongation

Venous
thromboembolism

Bosutinib | Rare

effusion, fluid retention, and severe precapillary
pulmonary hypertension [25].

For several years, the cardiovascular safety
profile of dasatinib was wrongly considered simi-
lar to that of imatinib, with the exception of pleu-
ral effusion, which has been observed since the
first use of the drug [26].

Subsequently, pulmonary hypertension (PAH)
as complication of dasatinib therapy was
detected. A transient significant increase of pul-
monary arterial pressure detected by echocar-
diography was observed for the first time in 2007
among patients with pleural effusion [27].
Subsequently, other reports of PAH not associ-
ated with pleural effusion emerged [28, 29]. A
recent assessment of all causes of dasatinib-
related PAH confirmed by catheterization (41
patients) showed that compared with other etiol-
ogies, dasatinib-induced PAH is associated with
partial to complete reversibility after drug dis-
continuation [30, 31]. This data was not con-
firmed by the French PH registry in which most
of the patients did not experience complete
recovery after dasatinib withdrawal, and two died
[28]. Analysis of the FDA database designed to
support postmarketing surveillance found that
PAH was associated with dasatinib and not with
other TKIs and that it often occurred in patients
with cardiovascular risk factors or a medical his-
tory of cardiopulmonary events [32].

In the French registry, incidence of pulmonary
hypertension caused by dasatinib was found in
0.45% of patients [28]. This condition usually
appears 8—40 months after exposure to dasatinib,
with suggestive clinical and hemodynamic pre-
sentation. The exact mechanism by which dasat-
inib causes pulmonary hypertension is not known.
Preclinical studies suggested that an imbalance in
the expression of PDGFR contributes to the
excessive proliferation of smooth muscle cells in
newly born sheep with pulmonary hypertension
[33]. But considering that dasatinib and imatinib
both inhibit the PDGFR and imatinib is effective
in treating pulmonary hypertension through the
blockade of PDGFR, another mechanism inde-
pendent of PDGFR should be responsible [34].
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Fig. 6.1 Mechanisms
possibly implicated in
the development of -
pulmonary hypertension
induced by dasatinib
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Considering that the main differences between
imatinib and dasatinib are related to the inhibition
of Src-type kinases, Src kinases may be responsi-
ble for PAH by dasatinib [35]. Preclinical studies
suggest that Src kinases induce vasoconstriction
and hypoxia in the pulmonary arteries of rats.
cSrc is in fact abundantly expressed in vascular
cells, and its activation intervenes in smooth mus-
cle cell proliferation and vascular tone regulation
through various signal transduction pathways.
Inhibition of cSrc causes Ca2+ channel activation
by K+— and voltage-dependent channel activation
(Kv 1.5) and vasoconstriction (Fig. 6.1) [23].

Pleural effusion was found in 7-35% of
patients treated with dasatinib, less in patients
treated with imatinib, and <1% in patients treated
with nilotinib. Fluid retention grade 3-4 was
found in 8% of patients, including pleural and
pericardial effusion, respectively, in 7% and 1%
of patients [36]. Inhibition of PDGFRf and other
kinases is also responsible of fluid retention [37,
38]. Pleural effusion requiring drug discontinua-
tion occurs in <10% cases [29]. The cause of
pleural effusion can also be immunity-mediated,
considering the high frequency of lymphocytes in
pleural fluid and tissue and the association with
skin rash or history of autoimmunity [39]. In
addiction, it has been suggested that an immune-
mediated mechanism underlying the occurrence
of pleural effusion could help to promote tumor
regression. Patients who develop lymphocytosis
and increased levels of specific lymphocyte
subsets in association with pleural effusion have
a major molecular response rate and better
progression-free and overall survival than
patients who do not [40, 41].

Recent clinical trials have evaluated the inci-
dence of coronary, cerebral and peripheral

> Inhibition
N

PDGFRB

Pulmonary hypertension

Vasoconstriction

thrombotic events in dasatinib-treated patients. A
recent meta-analysis showed that the use of
dasatinib is associated with a significant increase
in the risk of CV events. In a population-based
cohort study, the incidence of myocardial infarc-
tion was 2.4 times higher in patients treated with
dasatinib than in those treated with imatinib [42].

Nilotinib inhibits BCR-ABL, PDGF, cKIT,
PDGFR, CSF-1R, and DDRI. It is a second-
generation drug used as a second line in the treat-
ment of chronic myeloid leukemia. It can cause
myocardial ischemia, QT prolongation, and arte-
rial thrombosis. Nilotinib and ponatinib, the lat-
ter third-generation TKI, are associated with a
high risk of vascular events. According to a recent
meta-analysis involving 29 studies and 15,706
patients with chronic myeloid leukemia, the inci-
dence of major arterial vascular events was 0.8%
in patients not treated with TKI, 1.1% in patients
treated with dasatinib, 0.1% in patients treated
with imatinib, 0.4% for bosutinib, 2.8% for nilo-
tinib, and 10.6% for ponatinib. The relative risk
(RR) for nilotinib compared with imatinib sug-
gested a significantly increased risk of the com-
posite of major arterial events with nilotinib
treatment (RR 5.3; 95% CI 3.0-9.3, p < 0.001).
This study demonstrated that patients who
received nilotinib or ponatinib had a greater num-
ber of major arterial events when compared to
non-TKI-, imatinib-, dasatinib-, and bosutinib-
treated patients [43].

Major arterial events induced by nilotonib
include obstructive peripheral arterial disease
(PAD), myocardial infarction, and cerebrovas-
cular diseases [44, 45]. Cardiovascular risk fac-
tors can increase the risk of vascular events
although there were cases of patients treated
with nilotinib with vascular events and without
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cardiovascular risk factors. Certainly, patient’s
comorbidities increase the risk of developing
arterial vascular events [46]. A retrospective
cohort study of CML patients treated with
nilotinib found that patients with a pre-existing
high/very high risk for cardiovascular disease
were significantly more likely to develop an
arterial occlusive event [47]. In addiction, nilo-
tinib seems to cause accelerated atherosclerosis
[48]. The pathophysiology of TKI-related arte-
rial events remains unclear, and it is thought to
be multifactorial [49]. Different mechanisms
were hypothesized [50-52]. Diabetes mellitus
cases after nilotinib have been documented, and
in some cases of PAD there was a predominant
involvement of peripheral and small vessels as
in diabetes. Thus probably nilotinib-induced
diabetes mellitus could contribute to the devel-
opment of peripheral arteriopathy. Moreover,
lipid profile disturbance (high total cholesterol,
high LDL cholesterol, or low HDL cholesterol)
was also detected among 18-57% of patients
receiving nilotinib [53, 54]. These metabolic
perturbations may increase a patient’s risk of
cardiovascular events. Another proposed mech-
anism of TKI-induced arterial vascular diseases
is a change in vessel wall homeostasis. Nilotinib
in vitro was demonstrated to inhibit prolifera-
tion of endothelial cells and angiogenesis [55].
Abnormalities of the vascular endothelium
related to the use of TKIs are potentially the
result of TKI binding to non-BCR/ABL fusion
proteins which include discoid domain receptor
1 (DDR1), platelet-derived growth factor recep-
tor (PDGFR), or KIT [56]. DDR1 was recently
implicated in the formation of atherosclerotic
plaque [57]. Mice without this receptor had an
increase in plaque formation. In other studies,
this datum was not confirmed [58].

The inhibition of KIT and PDGFR, which
regulate vascular and perivascular cells, also con-
tributes to the development of vascular adverse
events. KIT regulates survival, growth, and
hypertrophy of mast cells that contain important
repair molecules such as histamine, epinephrine,
and tissue activator of plasminogen, whose

production and release are dependent on KIT
[59]. Therefore, a deactivation of mast cells con-
tributes to a reduced vascular repair and predis-
poses to thromboembolic and atherothrombotic
events. On the other hand, KIT is also inhibited
by the imatinib and it does not cause PAD; there-
fore, certainly other factors and other kinases
which are not yet known intervene in nilotinib-
related PAD [44].

It remain uclear if pretreatment with imat-
inb has a role in the development of arterial
disease induced by nilotinib or a protective one
because it reduces blood glucose lev-
els. Besides pre-existing cardiovascular risk
factors, also genetic factors may contribute to
the development of PAD in patients treated
with this drug [13]. Moreover nilotinib can
increase pancreatic enzymes (lipase and amy-
lase), hyperbilirubinemia and hyperglycemia
[60, 61].

QT prolongation is another adverse effect of
nilotinib and serial ECGs are recommended to
follow up patients treated with this drug.
Moreover it is important to prevent and eventu-
ally correct electrolyte abnormalities and to avoid
concomitant drugs potentially responsible for QT
interval prolongation [62, 63]. However, subse-
quent trials found no alarming signals of
QT-related ventricular arrhythmias in patients
treated with nilotinb [64, 65]. Clinical studies did
not report ventricular dysfunction induced by
nilotinib. This finding concurs with experimental
data showing that nilotinib and imatinib produce
little or no damage to cardiomyocytes, in com-
parison with dasatinib, bosutinib, and ponatinib
[66]. Figure 6.2 shows mechanisms possibly
implicated in nilotinib-mediated  vascular
toxicity.

Ponatinib inhibits unmutated and all mutated
forms of BCR-ABL, including T315I, the highly
drug therapy-resistant missense mutation of
BCR-ABL. It also inhibits other tyrosine kinases
including those associated with vascular endo-
thelial growth factor receptors (VEGFR2) and
fibroblast growth factor receptors (FGFR1), tyro-
sine kinase receptor TIE2 and FMS-related
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Fig. 6.2 Mechanism
possible implicated in
nilotinib-mediated
vascular toxicity
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tyrosine kinase receptor-3 (FlIt3), Src, PDGFRa,
and RTK (these inhibitions result in the inhibi-
tion of cellular proliferation and angiogenesis
and may induce cell death) [67].

In a Phase II trial, ponatinib was associated
with an incidence of 17.1% of arterial thrombotic
events [5, 68]. A pharmacovigilance statement
has attributed to the ponatinib an increased risk
of arterial disease and thrombosis [69]. For this
reason, ponatinib was stopped for a period in the
market, and it was reintroduced by the FDA in
January 2014, after a reassessment of the benefit/
risk ratio of ponatinib with a recommendation to
take appropriate measures to mitigate adverse
effects in patients [70]. The mechanisms of pona-
tinib cardiovascular toxicity are still poorly
understood. It is unknown if ponatinib alone is
able to induce atherothrombotic events, if pre-
treatment with nilotinib is the favoring agent, or
if there is a synergistic action between nilotinib
and ponatinib considering that the majority of
such events occurred in patients pre-treated with
nilotinib [71]. The presence of cardiovascular
risk factors facilitate the occurrence of ponatinb
induced cardiovascular toxicity.

Correction of cardiovascular risk factors,
blood glucose control and glycated hemoglobin
is crucial before starting the treatment. However,
atherothrombotic events with nilotinib were also
observed in patients without cardiovascular risk

factors. In addition, an ankle-arm index and a
carotid echo-Doppler should be obtained to bet-
ter stratify cardiovascular risk. In the case of PAD
occurring during ponatinib therapy, it is manda-
tory to suspend the drug and evaluate other treat-
ment options. Ponatinib can cause arterial
hypertension through inhibition of BCR-
ABLI1t315I mutation and VEGFR2 [72].

Probably, inhibition of VEGFR2 is the main
responsible of arterial hypertension (through
reduction of nitric oxide production, capillary
rarefaction, production of vasoactive substances
such as endothelin I) [49, 73].

Probably ponatinib could cause cardiac dam-
age through mitochondrial dysfunction and apop-
tosis [74]. There were few reported cases of
pulmonary arterial hypertension in patients
treated with ponatinib.

Considering the high incidence of vascular
events with ponatinib, diagnostic and pharmaco-
logical measures should be used to reduce the CV
risk and to improve the therapeutic safety of
ponatinib in the clinical setting.

Bosutinib is a second-generation, dual Src/
ADbl TKI lacking significant PDGFR or c-KIT
binding properties. Bosutinib is currently
approved only for patients with Phl chronic-
phase CML who were resistant to or intolerant
of previous TKI therapy. It had the ability of
inhibiting mutation of T3151. Studies that
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evaluated bosutinib documented a low incidence
of cardiac and vascular events [75]. Similar to
other TKIs, the incidence of adverse events was
higher in second- or later-line treatment com-
pared with first-line treatment. Heart failure and
coronary or PAD-related events were rare, sug-
gesting that the cardiotoxic profile of bosutinib
differs from that of other second- or third-gener-
ation TKIs. Most events occurred within the
first year of therapy, and very few patients dis-
continued treatment because of these events,
which were mostly managed with concomitant
medications [76]. Thus vascular and cardiac
event incidences in leukemia patients receiving
bosutinib are generally low, even after long-
term treatment, and not significantly different
from those observed in imatinib-treated patients.
Pericardial disorders occurred more often in
bosutinib-treated patients than in those treated
with imatinib [77]. Likewise, dose adjustments
and discontinuations due to these events were
rare; therefore, bosutinib could be considered
among the treatment options for patients with
cardiac or vascular comorbidities.

Management of Patients Treated
with Anti-BCR-ABL TKIs

Given the toxic cardiovascular effects of anti-
BCR-ABL TKIs, especially nilotinib and pona-
tinib, optimization of the cardiovascular risk
profile should be considered before starting this
treatment.

In all patients, during a baseline visit, stratifi-
cation of cardiovascular risk should be per-
formed, in agreement with ESC guidelines on
cardiovascular prevention [78]. Physical exami-
nation (including blood pressure, heart rate,
peripheral pulses), exhaustive blood test panel
(blood count, glucose, urea, creatinine, LDL and
HDL cholesterol, triglycerides, fibrinogen, VES,
sodium, potassium, calcium, magnesium, TSH,
uric acid, homocysteine, HbA'®), electrocardiog-
raphy with QT and QTc evaluation, and echocar-
diography should be performed in all patients.

Echocardiography data should consider not only
left ventricular function with ejection fraction but
also diastolic function, presence of valvular dis-
ease, arterial pulmonary pressure, and possibly
myocardial deformation indices to identify early
signs of cardiac dysfunction. In patients with pre-
vious myocardial infarction, without a recent
stress test, a provocative cardiac stress test could
be performed before the beginning of nilotinib
therapy, according to general clinic conditions
and cardiologist suggestion [79].

As for PAD risk, a vascular evaluation is
recommended: the Edinburgh Claudication
Questionnaire has a good sensitivity for identifi-
cation of symptomatic PAD patients [80]. In
asymptomatic patients with risk factors or
absence of a peripheral pulse, ankle-brachial
index (ABI) should be measured. Measurement
of carotid intima-media thickness and/or screen-
ing for atherosclerotic disease by carotid artery
ultrasound should be considered in asymptomatic
adults at moderate risk. Arterial stiffness using
either aortic pulse wave velocity (PWV) or arte-
rial augmentation index could be used to improve
risk classification [81].

The decision to initiate an antiplatelet agent as
anti-thrombotic prophylaxis in onco-
hematological patients does not have a confirma-
tion in literature or guidelines; however, it can be
administered according to clinical opinion, based
on the personal evaluation of the clinician about
disease or therapy-related thrombotic risk and
patient’s features [82].

When antiplatelet drugs are prescribed, plate-
let count should be checked periodically, and
prophylaxis should be discontinued when platelet
count decreases to below 50,000 pL. Moreover,
patients should be carefully monitored for an
increased risk of bleeding due to possible inter-
ferences of ponatinib with platelet function [83].

The optimal management of patients at risk of
PAD remains controversial. Certainly, prevention
and correction of cardiovascular risk factors
remain the most powerful tool to prevent severe
cardiovascular complication during oncological
treatment.
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Conclusions

Second- and third-generation anti-BCR-ABL
TKIs (especially nilotinib and ponatinib)
cause vascular toxicity, such as arterial throm-
bosis (myocardial infarction, peripheral arte-
rial occlusive disease, cerebrovascular events)
with  several mechanisms [84, 85].
Cardiovascular risk factors seem to increase
the risk to develop vascular events. Therefore,
it is very important that before starting treat-
ment with these drugs, patients undergo a
careful cardiovascular examination with the
aim of stratifying the cardiovascular risk,
aggressively correct cardiovascular risk fac-
tors (diabetes, hypertension, smoking, and
dyslipidemia). Moreover it is advisable to
investigate the presence of preclinical signs of
atherosclerosis through objective examina-
tion, ABI measurement, or carotid arteries
ultrasound scan and to optimize the treatment
of concomitant cardiac disease. The risk/ben-
efit ratio before starting these TKIs should be
balanced by the oncological team and less car-
diotoxic drugs should be preferred, in patients
at a high risk of cardiovascular disease or with
previous cardiovascular events. In patients
undergoing treatment with dasatinib a redoubt-
able event is the development of PAH, and
therefore echocardiographic follow-up is
advisable. Imatinib and bosutinib seem to be
the drugs with the most safe cardiovascular
profile. More studies are needed to better
investigate the burden of vascular toxicity of
these drugs, to understand the exact mecha-
nisms of cardiotoxicity, and to delineate the
optimal management.
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Definition and Epidemiology

Heart failure (HF) is a clinical syndrome
characterized by typical symptoms (breathless-
ness, ankle swelling, and fatigue) that may be
accompanied by signs (elevated jugular venous
pressure, pulmonary crackles, and peripheral
oedema) caused by a structural and/or func-
tional cardiac abnormality, resulting in a
reduced cardiac output and/or elevated
intracardiac pressures at rest or during stress.
The current definition of HF restricts itself to
stages at which clinical symptoms are apparent.
Before clinical symptoms become overt,
patients can present with asymptomatic struc-
tural or functional cardiac abnormalities
(systolic or diastolic left ventricular [LV]
dysfunction), which are precursors of HF [1].
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HF and LV dysfunction are the most concern-
ing and serious cardiovascular complications of
cancer therapies and cause an increase in morbid-
ity and mortality. Cardiovascular (CV) complica-
tions of cancer therapy, particularly congestive
heart failure (CHF) and cardiomyopathy, have
been recognized since the 1970s [2].

Although cancer and CV disease remain the
two most common causes of mortality in the
United States, survival for both conditions has
improved dramatically (Fig. 7.1). The death rate
for all cancers declined by 22% between 1991 and
2011, driven by both improved diagnostic and
therapeutic modalities [3]. Despite these advances,
there is increasing recognition that many cancer
patients experience CV complications as a result
of their therapies. This includes the development
of newly diagnosed CV problems or the exacerba-
tion of previously identified CV disease.

Rates of cardiotoxicity (CTX) from cancer-
related therapeutics have been reported to be in
excess of 30%, with some events occurring several
decades after the completion of treatment [4—6]. In
addition, cardiac toxicity is the second most com-
mon cause of morbidity and mortality in cancer
survivors [7]. Rates of CV disease have been
reported between 3% and 24% among childhood
cancer survivors who have reached the fourth
decade of life (ages 30-39) [8, 9]. Complications
of many cancer therapeutics, including anthracy-
clines and radiation, may not become apparent for
more than 10 years post-treatment, and therefore
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Fig. 7.1 A 5-year relative survival (2006-2012) by cancer type. (Data sources: Surveillance, Epidemiology, and End
Results (SEER) 18 registries, National Cancer Institute. 2016)

these patients require long-term cardiovascular
monitoring by cardio-oncologists.

Cancer Therapies and Left
Ventricular Dysfunction

Antineoplastic treatments can induce left ven-
tricular dysfunction that appears early after expo-
sure and, therefore, may adversely affect
oncological therapy or late toxicity generating
cardiac injuries resulting in clinical problems
only years later [10]. Table 7.1 provides an over-
view of the incidence of LV dysfunction with dif-
ferent chemotherapeutic drugs.

Anthracyclines and Other
Conventional Chemotherapies

Anthracyclines are highly effective treatment of
solid tumours and haematological malignancies;
however, their use may cause irreversible cardiac
damage characterized by continuous progressive
decline in left ventricle ejection fraction (LVEF).
The most accredited interpretation of anthracy-
clines CTX implies the increase, through the for-
mation of iron complexes, of reactive oxygen

species, which results in mitochondrial dysfunc-
tion, changes in calcium homeostasis and con-
tractile function, and loss of cardiomyocytes by
apoptosis (Fig. 7.2) [11-14].

However, there is considerable variability among
patients in their susceptibility to develop anthracy-
cline-mediated damage. Factors associated with
risk of cardiotoxicity during treatment with anthra-
cyclines are cumulative dose, female sex, elderly
and paediatric population (>65 and <18 years),
renal failure, concomitant or previous radiation
therapy involving the heart, concomitant chemo-
therapy (alkylating or antimicrotubule agents,
immunotherapy and targeted therapies), and pre-
existing conditions such as cardiac diseases, arterial
hypertension, and genetic factors [10].

Depending on when cardiac abnormalities
appear, the cardiotoxicity of anthracyclines may be
acute or chronic with early or late occurrence. Acute
toxicity, represented mainly by supraventricular
arrhythmia, transient LV dysfunction, and electro-
cardiographic (ECG) changes, develops in 1% of
patients immediately after infusion and is usually
reversible. However, acute cardiac dysfunction may
also reflect myocyte injury that eventually can
evolve into early or late cardiotoxicity [10].

Chronic early toxicity occurs within the first
year of treatment, while late effects manifest



7 Heart Failure and Left Ventricular Dysfunction

59

Table 7.1 Incidence of left ventricular dysfunction asso-
ciated with chemotherapy drugs

Incidence
Chemotherapy agents (%)
Anthracyclines (dose dependent)
Doxorubicin (Adriamycin)
400 mg/m? 3-5
550 mg/m? 7-26
700 mg/m? 18-48
Idarubicin (>90 mg/m?) 5-18
Epirubicin (>900 mg/m?) 09-11.4
Mitoxantrone >120 mg/m?> 2.6
Liposomal anthracyclines 2
(>900 mg/m?)
Alkylating agents
Cyclophosphamide 7-28
Ifosfamide
<10 g/m* 0.5
12.5-16 g/m? 17
Antimetabolites
Clofarabine 27
Antimicrotubule agents
Docetaxel 2.3-13
Paclitaxel <1
Monoclonal antibodies
Trastuzumab 1.7-20
Bevacizumab 1.6-4
Pertuzumab 0.7-1.2
Small molecule tyrosine kinase
inhibitors
Sunitinib 2.7-19
Pazopanib 7-11
Sorafenib 4-8
Dasatinib 2-4
Imatinib mesylate 0.2-2.7
Lapatinib 0.2-1.5
Nilotinib 1
Proteasome inhibitors
Carfilzomib 11-25
Bortezomib 2-5
Miscellaneous
Everolimus <1
Temsirolimus <1

Adapted from Zamorano et al. [10]. By permission of
Oxford University Press

themselves after several years (median of 7 years
after treatment) [15, 16]. In patients treated with
commonly used anthracycline doses and
>65 years of age, the rate of anthracycline-
associated HF can be as high as 10% [17].
Although anthracycline-induced cardiomy-
opathy may develop even after decades after

anthracyclines therapy, usually, CHF is clini-
cally established at a median time of 3 months
after the last dose of the drug. Tachycardia and
fatigue are followed by shortness of breath, pul-
monary oedema, and malignant arrhythmias.
Autopsy reveals fibrosis and residual myocyte
hypertrophy.

Because of their cardiotoxicity (CTX),
anthracyclines are currently used less frequently
than in the past. Nevertheless, they are still the
backbone of the treatment of many solid and
haematological tumours, including breast and
gastric cancer, sarcoma, leukaemia, and lym-
phoma [18].

Other conventional chemotherapies that can
induce myocardial dysfunction and HF are cyclo-
phosphamide, cisplatin, ifosfamide, and taxanes
(paclitaxel and docetaxel).

Alkylating agents, in particular cyclophospha-
mide, at high dose rarely determine left ventricu-
lar dysfunction after 10 days from the last dose of
the drug with tachycardia, pulmonary oedema,
and ventricular dilatation. Other alkylating agents
similar to cyclophosphamide, such as cisplatin
and ifosfamide, infrequently cause HF due to
several pathological effects, including myocar-
dial ischaemia.

Docetaxel, a drug frequently used in breast
cancer, in combination with or after anthracy-
clines, cyclophosphamide, or trastuzumab, also
appears to increase the incidence of HF [10, 19].

Immunotherapies and Targeted
Therapies

In recent years, immunotherapies and targeted
therapies have led to substantial improvement in
the prognosis of cancer patients.

Target therapy blocks the growth of cancer
cells by interfering with specific targeted mole-
cules needed for cell proliferation and tumour
growth [20]. Target therapy may affect by “on-
target” or “off-target” toxicities. On-target refers
to excessive and adverse pharmacologic effects at
the target of interest, shared by all agents that
reliably inhibit a specific target. Off-target refers
to adverse effects as a result of modulation of
other targets [21].
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Fig. 7.2 Cardiotoxic
effects of anthracyclines
at the cellular level.
(Modified from
Tocchetti et al. [84])
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Intermediate effects

Primary mechanisms

CTX from target therapy refers mostly to four
groups of drugs: (1) epidermal growth factor
receptor 2 (HER2/ErbB2) inhibitors, (2) angio-
genic inhibitors, (3) directed Abelson murine leu-
kaemia viral oncogene homolog (ABL)
inhibitors, and (4) proteasome inhibitors [22].

The main antihuman ErbB2 agent is
Trastuzumab (T), a humanized monoclonal anti-
body against the extracellular domain of ErbB2.
Trastuzumab treatment is an integral part of stan-
dard treatments for breast cancer with HER2
overexpression. T-CTX is represented mainly by
LV systolic dysfunction and heart failure and, in
contrast to anthracyclines, typically manifests
during treatment and is usually reversible with
trastuzumab interruption and/or treatment with
HF therapies [23]. Otherwise treatment interrup-
tion has dramatic consequences, being associated
with an increase in cancer recurrence [24].

Based on several large-scale trials of adjuvant
therapy in breast cancer, the rate of trastuzumab-
related cardiac dysfunction ranged from 7% to
34%, with HF (New York Heart Association
[NYHA] classes III or IV) rates between 0% and
4% [25].

The concomitant or previous use of conven-
tional chemotherapies, mainly anthracyclines but
also antimetabolites and alkylating agents, sub-
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stantially increases the cardiotoxicity of trastu-
zumab. Particularly, trastuzumab blocks the
ErbB2 pathway mediated by neuregulin that plays
an important role in mediating cell survival and
functionality, and thus anthracycline-mediated
damage may proceed uncontrolled [26].

Angiogenic inhibitors are used in patients
with different solid cancers, but some of the
VEGF inhibitors can cause reversible or irrevers-
ible cardiac side effects, particularly when used
with or after conventional chemotherapies.
Bevacizumab, pazopanib, axitinib, and particu-
larly sunitinib can induce cardiac dysfunction in
3—-15% of patients and symptomatic HF in 1-10%
of patients [27-30].

ABL inhibitors have profoundly improved the
prognosis of patients with several forms of
chronic leukaemia and some forms of gastroin-
testinal stromal tumours [10]. Imatinib, a multi-
target tyrosine kinase inhibitor binding ABL, but
also c-Kit, and platelet-derived growth factor
receptor, and the non-receptor tyrosine kinase
sarcoma (SRC), is used in the treatment of
Philadelphia chromosome-positive CML
(Ph + CML) and GISTs. Despite initial concern
about safety of imatinib [31], it is now demon-
strated that it is a quite safe drug and heart fail-
ure/left ventricular dysfunction is not frequent
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(0.2-2.7%) [10]. Dasatinib and nilotinib are two
second-generation multitargeted TKIs that are
used for the treatment of Ph + CML. Both dasat-
inib and nilotinib have rarely been associated
with LV dysfunction and HF [20].

Bortezomib and carfilzomib are proteasome
inhibitors of the first and second generation,
respectively. They are used for the treatment of
multiple myeloma and they can potentially cause
cardiac dysfunction. In particular, carfilzomib is
a more potent and irreversible proteosomal inhib-
itor, and preliminary data suggest a substantially
higher risk of HF (up to 25%) [32, 33].

Radiotherapy

The estimated aggregate incidence of radiotherapy-
induced cardiac dysfunction is 10-30% by
5-10 years post-treatment [34, 35]. However, due
to the long delay between exposure and clinical
manifestation of heart disease, and because
patients usually receive concomitant cardiotoxic
chemotherapy, the real incidence of radiation-
induced cardiotoxicity is difficult to evaluate.

Systolic dysfunction is generally observed
when radiotherapy is combined with anthracy-
clines. HF may also be aggravated by concomitant
radiation-induced valvular heart disease (VHD)
and coronary artery disease. Radiotherapy can
induce marked interstitial myocardial fibrosis with
lesions of variable volumes and distribution [34].

It is well established that there is a dose-
dependent association between mediastinal RT
and cardiovascular diseases such as coronary
artery disease, valvular disease, and cardiomy-
opathy. Cumulative dose of radiation dose
>30 Gy, high dose of radiation fractions (>2 Gy/
day), and anterior or left chest irradiation are risk
factors of radiotherapy-induced cardiac dysfunc-
tion [35]. Uncertain is the role of low-dose
(<30 Gy) mediastinal RT [36-38].

Van Nimwegen et al. [39] showed that patients
treated with 1-29 Gy of mediastinal RT had a
non-significant increased risk of cardiomyopathy
or HF as a first event. Similarly, studies [40, 41]
of survivors of haematopoietic cell transplanta-
tion treated with total body irradiation found no

association between lower-dose fractionated RT
(12-13 Gy) and risk of HF as a first event.

Therefore, for patients who require mediasti-
nal radiotherapy, lower radiation doses should be
chosen and the use of more precise or tailored
radiation fields with exclusion of as much of the
heart as possible. These goals can be accom-
plished through the use of advanced techniques,
including deep inspiration breath holding and
intensity-modulated radiotherapy [42].

Beside dose, other risk factors of radiation-
induced heart disease are young age (<50 years),
concomitant chemotherapy (especially anthracy-
clines), presence of cardiovascular risk factors
(i.e., diabetes mellitus, smoking, overweight, >
moderate hypertension, hypercholesterolemia),
and pre-existing cardiovascular disease. High-
risk patients are defined as those receiving ante-
rior or left-side chest irradiation with >1 risk
factors for RIHD [35].

Risk Factors for Cardiotoxicity

The risk of CTX is related both to the use of some
anticancer agents (Tables 7.2 and 7.3) and to the
presence of nontreatment-related modifier risk

Table 7.2 Factors associated with risk of cardiotoxicity
following treatment with anthracyclines

Risk factors
Cumulative dose

Female sex

Age

>65 years old

Paediatric population (<18 years)
Renal failure

Concomitant or previous radiation therapy involving
the heart

Concomitant chemotherapy

Alkylating or antimicrotubule agents
Immunotherapy and targeted therapies
Pre-existing conditions

Cardiac diseases associating increased wall stress

Arterial hypertension

Genetic factors

Adapted by Zamorano et al. [10]. By permission of
Oxford University Press



62

G. Novo et al.

Table 7.3 Factors associated with risk of cardiotoxicity
following anti-HER2 compounds and VEGF inhibitors

Agent Risk factors
Anti-HER2
compounds
1. Antibodies Previous or concomitant
Trastuzumab anthracycline treatment (short
Pertuzumab time between anthracycline and
T-DM1 anti-HER?2 treatment)
2. Tyrosine kinase | Age (>65 years)
inhibitor High BMI >30 kg/mg2
Lapatinib Previous LV dysfunction
Arterial hypertension
Previous radiation therapy
VEGEF inhibitors
1. Antibodies Pre-existing HF, significant
Bevacizumab CAD, or left side VHD (e.g.,
Ramucirumab mitral regurgitation), chronic

ischaemic cardiomyopathy
Previous anthracycline

2. Tyrosine kinase
inhibitors

Sunitinib
Pazopanib
Axitinib
Neratinib
Afatinib
Sorafenib
Dasatinib

Arterial hypertension
Pre-existing cardiac

Adapted by Zamorano et al. [10]. By permission of
Oxford University Press

factors such as age, comorbidities, and compro-
mised cardiac function [42].

Older Age

Cut-offs used to define older age at treatment
have varied across studies, with most associa-
tions for increased risk seen in individuals who
were >60 years of age at treatment. Several stud-
ies [43, 44] reported a significant and indepen-
dent increased risk of cardiac dysfunction in
older patients with cancer, treated with anthracy-
clines and/or trastuzumab when compared with
younger patients with cancer.

Comorbidities

Modifiable risk factors such as smoking, hyper-
tension, diabetes, dyslipidaemia, high alcohol

intake, obesity, and sedentary habit were signifi-
cantly associated with increased risk of cardiac
dysfunction in patients with cancer treated with
anthracyclines and/or trastuzumab [10, 40, 41,
43-51]. The presence of multiple modifiable risk
factors (> two factors) was associated with the
highest risk of HF [41]. Family history of prema-
ture CV disease (<50 years) also increases the
risk of CTX [10].

Compromised Cardiac Function

Borderline low LVEF (50-54%), history of myo-
cardial infarction, history of cardiac dysfunction,
and presence of other cardiac comorbidities such
as moderate valvular disease before starting
anthracycline or trastuzumab therapy have been
associated with an increased risk (3.6- to 11.8-
fold) of cardiac dysfunction in three studies [43,
44, 49].

Individuals treated with potentially cardio-
toxic therapies (e.g., anthracyclines, trastuzumab,
or mediastinal RT) who have additional risk fac-
tors such as compromised cardiac function before
treatment initiation, who have multiple cardio-
vascular risk factors (> two factors), or who are
older (>60 years) at the time of treatment should
be considered as being at increased risk for devel-
oping cardiac dysfunction.

A limited number of studies have generated
risk scores for different oncology patient cohorts
[52, 53]. However, none of these risk scores has
been validated prospectively, and clinical judge-
ment is required when evaluating the risk at an
individual level [10].

Risk assessment should include clinical his-
tory and examination and baseline measurement
of cardiac function. Cardiac biomarkers
(natriuretic peptides or troponins) may be consid-
ered in addition, using the same assay that will be
used during follow-up measurements, to increase
comparability. Finally, baseline risk assessment
is often performed by the oncology team, but
referral for cardiology evaluation is highly rec-
ommended in high-risk patients. High risk can be
determined by both the number of risk factors
and their severity. Patients at high risk for devel-
oping cardiotoxicity should be examined by a
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Fig. 7.3 Stratification of cardiotoxicity risk

cardiologist with expertise in this field or, if nec-
essary, by a cardio-oncology specialist team
(Fig. 7.3) [10].

Diagnosis of HF Induced by Cancer
Therapies

Cardiac dysfunction developing during or after
completion of cancer therapy is a growing health
concern that should be addressed in a multidisci-
plinary setting, taking into consideration the
costs as well as risks and benefits of early screen-
ing and prevention [10, 42].

Diagnostic tools to detect myocardial toxicity
are electrocardiography (ECG), cardiac imaging
(echocardiography, nuclear imaging, cardiac
magnetic resonance [CMR]), and biomarkers
(troponin, natriuretic peptides).

ECG is recommended in all patients before
and during treatment [10]. Although ECG abnor-
malities are not specific, it is useful to detect any
ECG signs of cardiac toxicity such as resting
tachycardia, ST-T wave changes, conduction dis-

turbances, interval
arrhythmias.
Echocardiography is the method of choice for
the detection of myocardial dysfunction before,
during, and after cancer therapy [35, 54-63].
Evaluation of left ventricular systolic function
can be performed by the measure of ejection frac-
tion with 2D and, if available, with 3D echocar-
diography. To improve delineation of the LV
endocardial borders, in patients with suboptimal
acoustic window, the use of contrast echocar-
diography is encouraged. Cancer therapeutics-
related cardiac dysfunction (CTRCD) is defined
as a decrease in the LVEF of >10 percentage
points, to a value below the lower limit of normal
in repeated studies [10, 35, 49, 54-64]. However
the definition of the lower limit of normal is con-
troversial, being considered in many studies and
by the recent ESC recommendation 50% [10]
and by EACVI/ASE document 53% [54].
Ejection fraction is a not sensitive tool to
detect subtle cardiac damage, and therefore to
improve the accuracy in early diagnosis of car-
diac dysfunction secondary to cancer therapy, the

QT

prolongation, or
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use of deformation imaging is strongly recom-
mended [10, 54]. Speckle-tracking echocardiog-
raphy (STE) and peak systolic global longitudinal
strain (GLS) appear to be the best measure [59].

Global systolic longitudinal myocardial strain
(GLS) has been reported to precede and accu-
rately predict a subsequent decrease in LVEF [65,
66]. A relative percentage reduction of GLS of
>15% from baseline is considered abnormal and a
marker of early LV subclinical dysfunction [54].

Besides echocardiography LVEF’s evaluation
can also be assessed by radionuclide angiography
that is more reproducible but exposes the patient
to ionizing radiation.

Finally, CMR is a helpful tool for the evalua-
tion of cardiac structure and function with high
accuracy. In addition, CMR is the unique tech-
nique that provides information on tissue char-
acterization. In fact, chemotherapeutic agents
can cause oedema and hyperaemia and even cel-
lular necrosis and subsequent fibrosis [67].
Unfortunately this technique is not widely
available.

In recent years, conventional and emerging
biomarkers have been tested to detect anticancer
drug-related cardiotoxicity (CTX). Encouraging
results were obtained from studies on markers of
myocardial damage, such as troponin and mark-
ers of myocardial wall stress, including circulat-
ing natriuretic peptides [68].

cTns are potentially the best characterized
biomarkers for the evaluation of chemotherapy-
induced CTX, because cTnl and cTnT are spe-
cific and reliable biomarkers for the recognition
and quantification of myocardial injury [69, 70].
The c¢Tns have been incorporated in the National
Cancer Institute classification of CTX during
cancer therapy, and their role has become par-
ticularly important, with evidence that their
elevation may precede the perceptible changes
observed in myocardial function. It has been
shown that the increase in cTn allows discrimi-
nation between patients with a low risk of devel-
oping chemotherapy-induced CTX and those at
high risk, which required more rigorous cardiac
monitoring [71].

New elevation of serum troponin I detected
with high-sensitivity assays in patients receiving

anthracyclines and/or trastuzumab predicts sub-
sequent LV dysfunction [58]. In patients with
breast cancer, a small study demonstrated that the
combination of high-sensitivity troponin with
GLS might provide the greatest sensitivity (93%)
and negative predictive value (91%) to predict
future cardiotoxicity [65].

Based on these recent data, the EACVI/ASE
expert consensus for multimodality imaging
evaluation of adult patients during and after can-
cer proposed an integrated approach using cTn
measurement and echocardiography, comprehen-
sive of GLS for early detection of CTX [54].

The use of natriuretic peptides to detect HF is
widely established, and increased levels can iden-
tify high-risk patients and guide therapy [72]. In
the context of chemotherapy, B-type natriuretic
peptide (BNP) and NT-proBNP may be useful,
but their role in routine surveillance to define the
high-risk patient is not established [73].

There is currently no clear evidence to with-
hold or interrupt chemotherapy or targeted thera-
pies based on a new abnormal cardiac biomarker
result, particularly with the application of
increasingly sensitive assays or a reduction of
GLS. However, an abnormal result identifies
high-risk patients who should undergo a strict
cardiological follow-up [10].

In fact, early detection and prompt therapy of
cardiotoxicity appear crucial for substantial
recovery of cardiac function [74].

Therapy and Cardioprotective
Strategies

The goals of treatment in patients with HF, of
whatever aetiology, are to improve their clinical
status, functional capacity, and quality of life, pre-
vent hospital admission, and reduce mortality.

Cancer patients presenting with clinical HF
during or following cancer treatment should be
treated according to current ESC guidelines for
HF [1].

Neurohormonal antagonists (ACEIs, MRAs,
and beta-blockers) have shown to improve sur-
vival in patients with HF and are recommended
for the treatment of every patient with HF with
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reduced EF (HFrEF) unless contraindicated or
not tolerated.

When CTRCD occurs, ACE inhibitors (or
ARBs) in combination with beta-blockers are
recommended to prevent further LV dysfunction
or the development of symptomatic HF, unless
contraindicated [10]. Cardinale et al. [75] dem-
onstrated that also in patients with very early
damage, defined by an increased troponin I (Tnl)
value (>0.07 ng/mL) during treatment, early ini-
tiation of enalapril decrease the risk of cardiac
dysfunction.

To reduce the risk of developing CTRCD,
clinicians should screen for and actively correct
modifiable cardiovascular risk factors (e.g.,
smoking, hypertension, diabetes, dyslipidae-
mia, obesity) in all patients receiving poten-
tially cardiotoxic treatments and optimize
treatment of concomitant cardiac disease,
before starting treatment [10, 42]. Positive
health-promoting behaviour, including lifestyle
factors (healthy diet, smoking cessation, regu-
lar exercise, weight control), should be strongly
advised. In particular, aerobic exercise is con-
sidered a promising non-pharmacological
strategy to prevent and/or treat chemotherapy-
induced cardiotoxicity [10].

In patients at risk to develop CTRCD, the ben-
efit/risk ratio should be evaluated case by case by
the cardio-oncology team, and if available, effec-
tive non-cardiotoxic drugs should be preferred.

Other potential options to reduce the risk of
CTRCD include the use of preparations with a
potentially less cardiotoxic profile (e.g., liposo-
mal doxorubicin, continuous infusion,), reduc-
tion of the cumulative dose, and use of
dexrazoxane, an intracellular iron-chelating
agent that prevents anthracycline-mediated dam-
age, indicated in Europe only for adults with
advanced or metastatic breast cancer who have
received high cumulative doses of anthracycline
and would benefit from continued anthracycline-
based therapy [10].

Prophylactic use of ACE inhibitors, beta-
blockers, or ARBs for prevention of anthracycline-
induced cardiotoxicity is an ongoing area of
active investigation, and evidences are not

univocal. With regard to beta-blockers, in one
observational study [76] and in two randomized
clinical trials [77, 78] using carvedilol and biso-
prolol, the prophylactic use of beta-blockers
decreased the risk of HF (however, in the
MANTICORE study the primary endpoint of
prevention of LV remodelling based on LV end-
diastolic volume index with bisoprolol was not
met). The Prevention of Cardiac Dysfunction
During Adjuvant Breast Cancer Therapy
(PRADA) study demonstrated that the candesar-
tan arm had a significant yet modest attenuation
in the decline in LVEF when compared with
metoprolol or placebo [79]. However, another
placebo-controlled study failed to demonstrate a
cardioprotective effect of candesartan in patients
with breast cancer treated with trastuzumab [80].
Recently a prophilactic therapy to every patients
did not show advantages compared to a troponin
increased guided preventive strategy [81].

The Preventing Anthracycline Cardiovascular
Toxicity With Statins (PREVENT) trial is an
ongoing trial evaluating the efficacy of prophy-
lactic atorvastatin (statin) to reduce the risk for
cardiac dysfunction or HF.

Routine surveillance imaging may be offered
during treatment in asymptomatic patients con-
sidered to be at increased risk of developing
cardiac dysfunction. In these individuals, echo-
cardiography is the surveillance imaging
modality of choice that should be offered. GLS
is a more sensitive tool to detect early cardio-
toxicity than measurement of LVEF; however,
currently cancer treatment should not be
stopped, interrupted, or reduced in dose based
on GLS reduction. Moreover despite supportive
small studies exist, there is not yet evidence to
guide cardioprotection through the detection of
early signs of subclinical myocardial dysfunc-
tion by GLS surveillance [54, 59, 82]. We are
waiting for the results of larger trial to confirm,
if a GLS reduction guided therapy, that seems
to be very rationale, is really superior to an EF
guided one [83]. Genetic profiling of clinical
risk factors and imaging, and clinical data may
further improve patients who are at a high risk
of developing.
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Introduction

Heart disease and cancer represent the two most
common causes of death [1] in populations often
exposed to the same risk factors; so, it is not sur-
prising that many patients with heart disease have
concomitant cancer, and many cancer patients are
often affected by heart diseases.

Advancements in the treatment of cancer have
improved the prognosis of patients with a wide
range of malignancies [2], and in parallel, there
has been increasing focus on cardiovascular
effects of chemotherapeutic agents. In this con-
text, the acute negative vascular effect of chemo-
therapeutic agents has become more relevant
because of the latent effects of direct and indirect
cardiovascular toxicity.
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The expanding recognition and evidence base
have produced strategies to mitigate the risk of
heart failure and heart muscle toxicity induced by
chemotherapy, particularly anthracyclines and
HER2 receptor antagonists. In contrast, there is
limited evidence base and mechanistic insight
into the vascular complications, especially those
pertaining to coronary arteries, associated with
cancer chemotherapeutics.

Vascular complications of chemotherapy
might occur as a result of an “off-target” drug
effect or, importantly, as a result of a significant
overlap between signaling pathways required for
normal vascular function and those required for
tumor growth. Vascular toxicity of chemotherapy
often reflects endothelial dysfunction, with loss
of vasorelaxant effects and suppressed anti-
inflammatory and vascular reparative functions
(Fig. 8.1). The propensity to develop cardiovas-
cular complications in response to cancer therapy
reflects the complex interplay between a patient’s
baseline cardiovascular risk and preexisting vas-
cular disease such as coronary artery disease. In
this regard, chest radiotherapy, which is com-
monly used to treat malignancies such as breast
cancer and Hodgkin’s disease, has been shown to
accelerate the atherosclerosis process, resulting
in early-onset coronary artery disease.

For these reasons, it might be appropriate to
review the oncological therapeutic strategies in
patients at high risk of vascular complications,
whereas in others, the potential for vascular
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Fig. 8.1 The main mechanism of chemotherapy-induced vascular toxicity. (Adapted from Soultati et al. [13])

toxicity might be safely managed without reduc-
ing the net benefit from chemotherapy and radio-
therapy [3].

A better understanding of the risk and its strat-
ification is necessary for efficient treatment of
patients at high risk of developing coronary artery
disease or already affected by coronary artery
conditions.

Coronary Damage Induced by
Chemotherapy and Radiotherapy

Pathophysiology of coronary damage may vary
depending on the specific chemotherapy used.
Many chemotherapies proved to exert vascular
toxicity.

For most agents, vascular toxicity often
reflects endothelial dysfunction, with loss of
vasorelaxant effects and suppressed anti-
inflammatory and vascular reparative functions.
These effects might initiate and further perpetu-
ate the development of hypertension, thrombosis,
and atherogenesis. Moreover, in addition to the

procoagulant effect of cancer per se, most agents
further enhance platelet activity by decreasing
endothelial nitric oxide (NO) bioavailability
(Fig. 8.1) [3].

Alkylating agents were among the first drugs
shown to induce these cardiac complications.
Platinum-based compounds like cisplatin were
shown to be associated with acute and late car-
diovascular side effects, including hypertension,
myocardial ischemia and infarction, thromboem-
bolism, and cerebrovascular disease [3]. Over a
median follow-up of 14 years, cisplatin-based
chemotherapy for metastatic testicular cancer
had been associated with a sevenfold increased
risk of a major cardiac event (6% of patients) [4].
Potential mechanisms that might contribute to
thrombus formation include endothelial cell
damage and dysfunction provoking a hypercoag-
ulable state with platelet activation, adhesion,
and aggregation, increased von Willebrand factor
level, and reduced NO bioavailability [3].
Treatment with cisplatin has been related to long-
lasting cardiotoxicity with an increased risk of
myocardial infarction afterward. In these patients,
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the plasma levels of cisplatin remain measurable
for up to 20 years after the completion of therapy
and cause cumulative dysfunction of endothelial
cells [5]. Therefore, in this case, long-lasting
pharmacological presence of circulating cisplatin
correlates with molecular mechanisms of damage
such as endothelial dysfunction and clinical
events like acute coronary syndromes.

Cardiac toxicity of fluoropyrimidines is the
second most common cause of chemotherapy-
induced cardiotoxicity [6]. Although most fre-
quently 5-fluorouracil causes angina-like chest
pain, in rare cases myocardial infarction, arrhyth-
mias, ventricular tachycardia, heart failure and
cardiogenic shock, and QT prolongation with tor-
sades de pointes have been reported [7, 8].

Extreme variations in the incidence of car-
diac toxicity associated with 5-fluorouracil
(5-FU) have been reported [9]. The pathogenic
mechanism of cardiotoxicity associated with
5-FU and capecitabine has been linked to coro-
nary thrombosis, with arteritis and vasospasm
proposed as possible mechanisms. Certain
metabolites of 5-FU have been shown to be
associated with cardiotoxicity. Thymidine phos-
phorylase is an enzyme involved in the conver-
sion of capecitabine into 5-fluorouracil and of
5-FU into its active metabolites; this enzyme is
an angiogenic factor [10, 11] whose expression
is upregulated in atherosclerotic plaque and dur-
ing acute coronary syndromes [12]. The detri-
mental effect of the drugs could also be mediated
by endothelial impairment, with increased lev-
els of endothelin-1 leading to vasospasm and
ischemia (Fig. 8.1).

5-FU can also directly damage vascular endo-
thelium, reducing endothelial NO synthase activ-
ity and endothelium-independent vasoconstriction
via protein kinase C. Coronary endothelium is
particularly susceptible to these effects, leading
to a Prinzmetal-type angina phenomenon [13].

Although 5-FU exerts acute effects on the cor-
onary arteries in terms of vasospasm and possibly
thrombus formation, it has not been associated
with the development of accelerated coronary
atherosclerosis. However, experimental studies
have also implicated endothelial and myocardial
cell apoptosis [13], although 5-FU causes a dose-

dependent increase in red blood cell viscosity
and reduced blood flow velocity, which predis-
pose to thrombus formation. Preexisting coro-
nary artery disease remains a risk factor for
5-FU-related vasospastic angina, which most
likely explains the observation that vasospasm
tends to occur at sites of thrombus and plaque
formation [14]. Repeated challenge with 5-FU or
capecitabine tends to result in recurrent symp-
toms, and alternative agents should be used when
toxicity has occurred.

Taxanes and vinca alkaloids exert their anti-
neoplastic effect by altering the cellular microtu-
bule mass, which represents one of the most
successful targets for chemotherapy agents.
Taxanes have significant anti-angiogenic proper-
ties and cause disruption of the cytoskeleton and
endothelial cell function [13]. At low doses, they
block critical signaling pathways and prevent cell
motility and cell-cell interactions [13, 15]. At
higher doses, they cause microtubule deficiency,
with endothelial cell detachment and apoptosis.
Paclitaxel attenuates vascular smooth muscle cell
migration and halts endothelial cell proliferation
[13]. It might also have pro-thrombotic effects
through enhanced endothelial tissue factor
expression via selective activation of c-jun kinase
[13, 16].

The vascular side effects of taxanes are ampli-
fied when these drugs are used in combination
with angiogenesis inhibitors. The combination of
bevacizumab with paclitaxel in patients with
advanced breast cancer increases the rate of severe
thrombotic events from 1.5% to 2.1% [17].

The vinca alkaloids vincristine and vinblastine
are tubulin binders that induce cell death and are
primarily used in the treatment of leukemia and
lymphoma. Their main cardiovascular side effects
are myocardial ischemia and infarction, which
tend to occur during or shortly after therapy and
might therefore be related to coronary artery
vasospasm as a result of cellular hypoxia [14].

In the recent years, vascular endothelial
growth factor inhibitors (VEGF-Is) have become
the cornerstone of therapy for a wide variety of
solid tumors and hematological malignancies.
Hypertension is the most common cardiovascular
complication associated with VEGF-Is [18].
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However, the interruption of VEGF signaling is
associated with the development of vascular tox-
icity and clinical sequelae such as acute coronary
syndromes, stroke, venous thrombosis, and
thromboembolism [13], [14]. The risk of arterial
thrombosis appears to be greater than that of
venous thrombosis [19]. Bevacizumab is associ-
ated with a 2.1-fold increased risk of high-grade
cardiac ischemia [20], sorafenib is associated
with a 3% incidence of myocardial ischemia or
infarction [21], and a study of sunitinib in patients
with advanced clear-cell renal carcinoma showed
a 1% incidence of myocardial infarction [19].
Although the absolute increase in risk is rela-
tively small (0.8% and 1.8% for myocardial
infarction and arterial thrombosis, respectively),
it is clinically important, particularly for those
with preexisting risk factors or vascular disease.
Patients with previous coronary artery disease are
at a particularly high risk of developing vascular
complications [22], and it might be reasonable to
consider screening patients for preexisting coro-
nary artery disease before commencing anti-
angiogenic treatment.

Additionally, tyrosine kinase inhibitors devel-
oped for use in the treatment of hematologic
malignancy, including ponatinib, nilotinib, and
dasatinib, are associated with a particularly high
incidence of acute arterial thrombosis. This is
especially evident for ponatinib [22], which was
associated with a nearly 12% incidence of arte-
rial thrombotic events at 2 years, with most such
events occurring as an acute thrombotic process
[22]. Mechanisms underlying the high incidence
of acute arterial events associated with ponatinib
and nilotinib remain unclear.

Finally, chest radiotherapy, which is com-
monly used to treat malignancies such as breast
cancer and Hodgkin’s disease, is, like many types
of chemotherapy, associated with cardiovascular
complications, including coronary artery disease.
Mediastinal radiation therapy was shown to
accelerate the atherosclerosis process, resulting
in early-onset coronary artery disease [23].

Endothelial inflammation accelerated by radi-
ation exposure potentiates intimal damage and
promotes the development of atherosclerotic
plaques in coronary vessels [24]. Several small

animal models suggest that the development of
cardiovascular disease induced by radiation is
multifactorial and depends on the type of radia-
tion particle, location of radiation exposure, and
amount of tissue exposed [25].

Coronary artery disease may develop
5-20 years after radiation exposure and initially
tends to be asymptomatic [23].

Coronary Artery Disease as a Risk
Factor Before Cancer Therapy

Coronary artery disease and malignoma are asso-
ciated in several cancers, e.g., lung and breast
cancer and lymphoma [3, 26]. Cardiovascular
risk factors like obesity, hyperglycemia, hyper-
tension, and hyperlipidemia mediate inflamma-
tion processes in the circulation system, resulting
in arteriosclerosis mainly caused by lipid storage
[27]. Additional sources of inflammation like
viral infections, allergen exposure, radiation,
toxic chemicals, alcohol consumption, ongoing
tobacco use, and chronic and autoimmune dis-
eases facilitate the progression of endothelial
dysfunction and vessel damage in the arterial cir-
culation, inducing plaque formation, plaque rup-
ture, and intra-arterial thrombosis. It is known
that statins can prevent ischemic cardiac events in
coronary artery disease and improve prognosis
by lowering the cholesterol level and producing
anti-inflammatory effects. Actual positive results
of the Canakinumab  Anti-inflammatory
Thrombosis Outcomes Study (CANTOS) will
support the existence of interactions between
coronary artery disease and cancer [28].
Canakinumab, an inhibitor of a pro-inflammatory
cytokine interleukin-1f, seems to alleviate the
progression of atherosclerosis and reduce the
incidence of cancer.

It is obvious that the presence of coronary
artery disease prior to the diagnosis of can-
cer is a potential life-threatening factor for the
patients. The activation of cytokines and che-
mokines such as growth factors and heparanase
in several cancers induces thrombus formation
known as paraneoplastic syndrome, which can
cause acute myocardial infarction via hemo-
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static activation [29]. Thus, cancer patients with
undetected coronary artery disease, especially
in the presence of thrombocytosis and hyperfi-
brinogenemia, are predisposed to major cardiac
events during chemotherapy [30].

A history of myocardial infarction demon-
strates the presence of coronary artery disease in
patients with cancer. Depending on the extent of
infarction, left ventricular dysfunction may be
observed. The severity of left ventricular dys-
function is crucial for an individual patient with
cancer because left ventricular ejection fraction
remains the most important parameter for the
decision whether to perform a cardiotoxic che-
motherapy. It is well-known that cancers of dif-
ferent internal organs tend to occur soon after
percutaneous coronary interventions, interfering
with potential surgical interventions in the pres-
ence of dual antiplatelet therapy, which indicates
that myocardial infarction could be a primary
symptom of neoplasms caused by hemostatic
activation.

Because of the paraneoplastic syndrome, this
cohort of patients is at high risk of myocardial
reinfarction. For a cancer patient with severe cor-
onary artery disease, the pivotal decision of
whether to initiate chemotherapy, which could
represent the only curative treatment, is depen-
dent upon the results of risk stratification by the
oncologist. Typically, there is no optimized inter-
disciplinary approach to monitor the residual
myocardial function in short-term echocardio-
graphic investigations with modern modalities,
which would allow detecting potential cardiotox-
icity at an early stage, enabling proper treatment,
and guiding chemotherapy by monitoring signs
of cardiotoxicity.

Chronic heart failure due to end-stage coro-
nary artery disease at the time of cancer diagnosis
can also be a substantial limitation for chemo-
therapy. Worsening of heart failure is often com-
pounded by the necessity of induced hypervolemia
to increase the renal clearance of destroyed tissue
products due to the biological degradation of
tumor cells. On the other hand, cardiological
treatment of chronic heart failure with volume
restriction and diuretics administration often

induces renal failure, which further limits

chemotherapy.

Management of Chest Pain

and Coronary Syndromes Induced
by Chemotherapy

and Radiotherapy

Chest pain in patients with cancer could have
various etiologies, including pulmonary embo-
lism, pericardial irritation, and myocardial isch-
emia. The latter could be triggered by a number
of chemotherapeutic agents, of which, as previ-
ously described, the most typical is 5-FU, which
causes chest pain in up to 18% of patients. Chest
pain may have a prompt onset and be related to
an alteration in vascular reactivity [31, 32]. The
types of presentation can include effort angina
and positivity to a noninvasive stress test [33]
but also resting and variant angina. As previ-
ously described, this is related to the fact that
these drugs primarily alter molecular signaling
pathways that control vascular smooth muscle
cell tone and induce vasoconstriction [34].
Taxanes can also induce chest pain, with inci-
dence of up to 4% [35]. Similar to 5-FU, vaso-
constriction has been considered to be a key
mechanism.

Cisplatin, alone or in combination with bleo-
mycin and vinca alkaloids, can provoke chest
pain with incidence as high as 40% [36].
Endothelial dysfunction and altered vasoreactiv-
ity are the key mechanisms for these drugs [37].

VEGF-Is are another class of drugs that could
induce vasoreactivity impairment with angina in
up to 15% of patients. Accelerated atherosclero-
sis of coronary arteries has been observed in
patients receiving sorafenib, progressing from a
normal coronary angiogram to critical coronary
sub-occlusion over the course of only 4 years
[38].

Patients with cancer can also develop signs
and symptoms of myocardial ischemia as a con-
sequence of coronary artery compression by vari-
ous cardiac and noncardiac tumors [39].
Malignant tumors, like mediastinal tumors such
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as lymphoma, can cause coronary compression
that may lead to myocardial infarction [40].

Moreover, the toxic effects of chemotherapy
on fast-dividing cells such as blood, gonadal, and
endothelial cells induce anemia unrelated to
immunosuppression, infertility, and gastrointesti-
nal conditions.

Anemia can provoke typical angina because
of a mismatch of energy demand and energy sup-
ply. Myocardial ischemia can be induced by con-
comitant anemia in combination  with
physiological sinus tachycardia. Typical angina
predominantly occurs in patients with epicardial
narrowing of the coronaries, where the anemia is
more severe owing to pronounced hypoperfusion
in post-stenotic areas. Blood transfusion as well
as volume overload can be a challenge in patients
with left ventricular dysfunction due to previous
myocardial infarction, severe coronary artery dis-
ease, and heart valve diseases.

The management of these clinical syndromes
is not outlined in guideline-based recommenda-
tions. Assessment of the baseline cardiovascular
history and risk is the key first step, and any
potentially modifiable risk factor and disease
state should be optimized before proceeding with
any potentially cardiotoxic therapy.

Given the property of several agents to cause
coronary vasoconstriction, high-risk patients
should be tested for peripheral vasoreactivity
and, in some cases, undergo cardiac stress tests or
coronary angiography.

If chest pain occurs, administration of nitro-
glycerin and calcium channel blockers is the best
initial diagnostic and therapeutic step. A more
comprehensive and definitive assessment is usu-
ally advisable for patients at risk of developing
progressive atherosclerosis. The goal is to facili-
tate the continuation of chemotherapy while
managing and mitigating cardiovascular disease
risk and side effects.

The general management of chemotherapy-
induced syndromes, which could induce myocar-
dial ischemia, also includes the treatment of
anemia by blood transfusion and normalization
of pulse frequency to extend diastole, thereby
improving coronary perfusion. This approach is
equivalent to the conservative treatment of stable

angina using beta-blockers, nitrates, molsido-
mine, calcium channel blockers, ivabradine, or
ranolazine. The additional interventional treat-
ment of significant coronary artery stenosis in
patients with cancer is crucial because of possible
hemostatic activation in paraneoplastic syn-
drome. Thus, conservative treatment of coronary
artery disease seems to be preferable in patients
receiving chemotherapy to prevent intracoronary
thrombosis after percutaneous angioplasty with
or without stent implantation.

Hypo- and hypertension due to paraneoplastic
activation and various treatment regimens must
be treated individually according to the underly-
ing causes. Coronary microvascular dysfunction
can be often observed during chemotherapy.
Myocardial edema, vascular inflammation, and
multiple drug-induced interactions can explain
the deterioration of microvessel function.

A special scenario is the obstruction of coro-
nary arteries—mainly in the ostial regions—
after chest radiation, e.g., in mediastinal, breast,
and lung tumors in late stages after successful
cancer treatment. These stenoses are often less
elastic owing to a diffuse scarring process. Thus,
interventional treatment must be performed with
high-pressure balloons and stenting because of
severe retractile forces of these coronary
segments.

Acute coronary syndromes, from unstable
angina to myocardial infarction and even sudden
cardiac death, can also develop in patients who
have cancer. Several agents can modify coronary
vasoreactivity, leading to resting or unstable
angina. The intensity and duration of vasocon-
striction can even provoke myocardial infarction
and arrhythmia.

Acute coronary syndromes could also be
related to consequences of well-established types
of plaque complications. Some chemotherapeutic
agents are known to exert endothelial cell dam-
age, with patients with cancer being more sus-
ceptible to plaque erosion. This mechanism is
supported by experimental studies that have
shown the induction of endothelial damage to the
point of apoptosis and stimulation of thrombox-
ane production, platelet activation, and platelet
aggregation [41, 42].
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Coronary thrombosis has been demonstrated
by angiography without any underlying
atherosclerosis [41, 43]. This risk seems to be par-
ticularly high in patients >65 years of age or with
a previous arterial thromboembolic event [44].

Patients with cancer are also at risk of coro-
nary artery occlusion due to thromboembolism,
which may occur because of their predisposition
to a procoagulant state [45, 46]. Another atypical
mechanism of acute coronary syndrome is spon-
taneous coronary artery dissection [47, 48].

Extrinsic compression by a tumor mass is usu-
ally a gradual phenomenon, but sudden growth
may lead to unstable and acute presentations.

Nitroglycerin to relieve any possible coronary
vasoconstriction should be the first treatment in
cancer patients who develop signs and symptoms
of myocardial ischemia. Coronary angiography
should be performed to exclude any other con-
comitant complications that could account for the
acute coronary syndrome presentation (espe-
cially in the presence of high-risk clinical condi-
tions like refractory angina or malignant
arrhythmias) and to guide treatment decisions.

In most patients with cancer, this approach
can be employed safely despite other complica-
tions like anemia, thrombocytopenia, and coagu-
lation abnormalities.

Alternative management strategies could
employ noninvasive stress testing or advanced
vascular imaging techniques like intravascular
ultrasound and optical coherence tomography.

Antithrombotic agents may be useful during
treatment with VEGF-Is. In patients treated with
bevacizumab, administration of aspirin reduced
the risk of ischemic events, especially in older
individuals (>65 years) and those with history of
an arterial thrombotic event (12.5% versus
22.9%), although it was associated with an
increased risk of bleeding [44].

Management of Coronary Disease
in Patients with Cancer

Cancer patients with coronary disease present par-
ticular challenges that directly impact the manage-
ment of the coronary disease, both stable and acute.

The frequent need for surgery in these patients
necessitates avoiding coronary artery stenting or
any percutaneous coronary intervention for the
management of chronic stable angina because this
would delay surgery or create a risk of stent throm-
bosis during surgery. Moreover, the possibility of
thrombocytopenia at some point in the disease
course and the increased susceptibility to thrombo-
sis represent a great challenge in these patients.

A problem specific to patients with cancer is
that the surgery usually cannot be postponed for
more than a month, and, additionally, chemother-
apy creates a risk of thrombocytopenia in the near
future. These considerations have a great impact
on the decision whether to perform revasculariza-
tion. Perioperative evaluation and management
depend on the urgency of the surgery, stability of
the coronary disease, risk associated with the sur-
gery, and functional capacity of the patient. For the
cancer surgeon, breast, endocrine, reconstructive,
gynecologic, and minor urologic operations are
considered low risk, whereas abdominal and uro-
logic operations, as well as most transplantations,
are considered intermediate risk [49]. With careful
management, patients with stable coronary disease
should be able to tolerate cancer surgery without
extensive evaluation of exercise tolerance.
Revascularization should be an exception rather
than the rule.

Another major problem in patients with can-
cer and coronary artery disease is the noted inter-
action between drugs used to treat coronary
disease and cancer.

Statins are essential in the treatment of both
acute and chronic coronary artery disease. A
potential interference between paclitaxel and
CPY2CS8 pathway, a key pathway in the metabo-
lism of simvastatin, has been documented [50].
Lately, there has been considerable interest in the
possibly useful interaction between statins and
cancer. Of interest are the noted anti-inflammatory
effects of statins and their possible effects on
angiogenesis [51, 52]. It has also been suggested
that statins may magnify the effect of cancer ther-
apeutics as well as possibly reduce multidrug
resistance [53]. Moreover, a possible decrease in
thromboembolism in patients with cancer receiv-
ing statins has been suggested [54]. Finally,
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animal studies and a human trial suggested that
antithrombotic therapy with prasugrel, a new thi-
enopyridine introduced for the treatment of acute
coronary syndrome, may enhance cancer metas-
tasis [55].

In general, evidence of interaction between
drugs used to treat coronary disease and cancer is
still scarce, necessitating further research.

Management of Chemotherapy
in Patients with Chronic Coronary
Disease

The clinical diagnosis of coronary artery disease is
normally based on symptoms like cardiac dys-
pnea, angina, or palpitations during rest or stress-
induced ischemia. The ischemic cascade after
initiation of hypoperfusion is characterized by
pathophysiological and clinical features. Thus, the
first cardiac alteration is dysfunction of relaxation,
followed by reduction of regional contraction and
wall motion abnormalities, which are the first sign
of stress-induced ischemia in conventional stress
echocardiography. Electrocardiographic changes
and angina are observed later with increasing
myocardial ischemia. According to the current
guidelines and recommendations, patients with
acute myocardial infarction and unstable angina
should immediately undergo coronary angiogra-
phy and interventional treatment [56].

Symptoms like acute chest pain can be caused
by acute myocardial infarction, which is defined
as myocardial injury and necrosis indicated by a
significant increase of troponin level. Myocardial
infarction is clinically defined as ongoing chest
pain and angina after acute treatment and can
present as ST- or non-ST-segment elevation
infarction. Patients with acute myocardial infarc-
tion need to undergo interventional therapy when
possible [57]. The imaging criteria of acute myo-
cardial infarction are evidence of new loss of
viable myocardium tissue and/or new regional
wall motion abnormalities [58]. In a new patient,
detected wall motion abnormalities must be clas-
sified as acute. However, in the absence of non-
ischemic causes, loss of viable myocardium, with
thinned tissue that fails to contract, can indicate a

prior myocardial infarction. Myocardial infarc-
tion is normally caused by acute intracoronary
thrombosis after plaque rupture, which can be
detected by angiography of the epicardial coro-
nary arteries. However, myocardial infarction can
also occur in the absence of obstructive coronary
artery disease.

Angina prior to infarction is classified as
unstable or stable. The first occurrence of typical
angina and angina combined with a new left bun-
dle branch block belong to unstable angina,
which is also characterized by increasing severity
during consecutive episodes [56]. Cardiac imag-
ing normally documents regional wall motion
abnormalities in unstable angina, which corre-
sponds pathophysiologically to hibernating myo-
cardium. Owing to the risk of aggravation and
plaque instability, invasive coronary angiography
is indicated. However, in the presence of
malignoma, the risks of bleeding and stent throm-
bosis need to be balanced when devising subse-
quent interventional treatment.

Stable angina includes stress-induced angina
and wall motion abnormalities in patients with
known and previously treated coronary artery dis-
ease or with known cardiovascular risk factors.
Interventional therapy is only feasible in the pres-
ence of main stem stenosis, severe proximal steno-
sis of the left anterior descending artery, and severe
stenosis in multiple coronary vessel disease with
concomitant vessel occlusion [59]. It was shown
that interventional therapy is not better than opti-
mal medical treatment in coronary single-vessel
disease of the right coronary artery or circumflex
branch and in distal coronary multivessel disease
[60]. Thus, the efficiency of interventional therapy
has to be carefully balanced against the risk of
post-interventional thrombotic complications due
to potential hemostatic activation, especially in
patients with cancer. Stable angina can also be
caused by nonobstructive coronary artery disease
such as takotsubo cardiomyopathy, repetitive cor-
onary microembolism, coronary spasm, and coro-
nary microvascular disease.

The modalities for diagnosis of coronary artery
disease and  myocardial = damage  are
echocardiography, cardiac magnetic resonance
tomography, myocardial scintigraphy, and nuclear
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imaging modalities [61, 62]. Especially for repeti-
tive follow-up investigations, transthoracic echo-
cardiography, including tissue velocity imaging
and speckle tracking, is the most often used imag-
ing modality in the clinical setting [61].

Early alterations due to chemotherapy-
induced myocardial damage can be reflected by
impairment of diastolic left ventricular function
[63]. The echocardiographic assessment of dia-
stolic dysfunction includes the determination of
left atrial size and emptying function as well as
A-wave velocity and A-wave duration of the ret-
rograde flow in the pulmonary vein. An increase
of the retrograde A-wave velocity of more than
35 cm/s and a larger duration of the retrograde
flow during A-wave in the pulmonary vein than
of the orthograde trans-mitral flow are indica-
tions of impairment of diastolic filling capacity
of the left ventricle.

Cardiotoxicity affecting left ventricular myo-
cardium is still detected based on reduction of
left ventricular ejection fraction, which is a very
unreliable parameter owing to the high interob-
server variability in conventional bidimensional
echocardiography. To increase accuracy, dobuta-
mine stress echocardiography combined with tis-
sue Doppler velocity imaging during diastole as
well as cardiac magnetic resonance tomography
were proposed as an alternative approach. 3D
transthoracic echocardiography was also shown
to yield more reproducible values of left ventric-
ular volumes and ejection fraction. However,
actual echocardiographic techniques like defor-
mation imaging with tissue Doppler and speckle
tracking provide better insights into myocardial
alterations due to cardiotoxicity, especially dur-
ing subclinical stages of the disease [64].

Global longitudinal peak systolic strain seems
to be a more robust parameter than left ventricu-
lar ejection fraction, which makes it more suit-
able for detecting myocardial cardiotoxicity in
follow-up investigations. Other indicators of left
ventricular deformation such as radial and cir-
cumferential strain are promising options.
Analysis of the dynamics of cardiac rotation was
shown to be able to detect cardiotoxicity earlier
than analysis of left ventricular ejection fraction
and global longitudinal peak systolic strain [65].

The monitoring of coronary damage and
detection of microcirculatory dysfunction can be
performed via the assessment of coronary flow
reserve during vasodilator stress [66, 67]. The
endothelium-dependent vasomotion can be ana-
lyzed during adenosine or dipyridamole stress.
Whereas the flow pattern of the epicardial coro-
nary arteries, maximum velocities >4 m/s, and
reduced coronary flow reserve (<2) are markers
of severe epicardial stenosis, reduced coronary
flow reserve in the presence of normal flow pat-
terns can be interpreted as coronary microcircu-
latory dysfunction [68, 69]. In patients undergoing
chemotherapy, non-specific signs of myocardial
alterations can often be identified based on the
phenomenon of global or regional postsystolic
radial shortening. This contraction pattern can be
induced by edema or inflammation, which also
induces microvascular dysfunction. Monitoring
of the microvascular properties during the treat-
ment with diuretics and anti-inflammatory agents
can be performed by measuring coronary flow
reserve during vasodilator stress to document
therapeutic effects. In addition, myocardial con-
trast echocardiography may be able to measure
myocardial perfusion, but this approach is not yet
established in routine clinical practice [61].

Strategies to prevent myocardial damage
induced by chemotherapy imply accurate risk
stratification and early detection of cardiotoxicity
[70]. It is obvious that all available diagnostic
tools, including electrocardiography, echocar-
diography, nuclear imaging, cardiac magnetic
resonance tomography, and analysis of biomark-
ers, should be used. Cancer treatment in patients
with coronary artery disease can induce myocar-
dial ischemia, myocardial infarction, and
ischemia-induced arrhythmias via several differ-
ent mechanisms. Cancer treatment can provoke
syndromes due to coronary artery disease, e.g.,
via anemia. Cardioprotection in patients under-
going chemotherapy and measures to prevent
cancer therapy-induced myocardial damage
include interrupting the chemotherapy or reduc-
ing the dosage to allow recovery of myocardial
function and administration of agents such as
beta-blockers, especially carvedilol, angiotensin-
converting enzyme inhibitors, and angiotensin
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receptor blockers, which are typically used in the
therapy of chronic heart failure. Antioxidants can
potentially have an additional cardioprotective
effect, which is supported by the recent data of
the CANTOS trial [29].

Conclusions

Coronary artery disease is a major risk factor
and obstacle in the treatment of cancer. The
undesired property of cancer therapy to induce
cardiovascular impairment reflects the com-
plex interplay between a patient’s baseline
cardiovascular risk and preexisting cardiovas-
cular disease. Baseline cardiovascular assess-
ment is vital for the selection of appropriate
chemotherapy, and preexisting cardiac disease
must be treated aggressively.

Several chemotherapeutic agents are known
to trigger ischemic heart disease, and as it has
happened for myocardial cardiotoxicity, more
attention should be directed to early recognition
and prevention of cardiac vascular toxicity.

An interdisciplinary approach based on the
principles of oncology and cardiology should
extend chemotherapeutic options for patients
with coronary artery disease and reduced left
ventricular function provided that comprehen-
sive, accurate, and frequent follow-up, mainly
by echocardiography, is performed.
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Peripheral Artery Disease
Incidence and Pathophysiology

Peripheral artery disease (PAD) can occur as
complication secondary to anticancer treatment,
with an incidence of up to 30% [1]. BCR-ABL
tyrosine-kinase inhibitors (TKIs), used for the
treatment of chronic myeloid leukemia (CML),
are the main antineoplastic drugs involved in the
development of PAD being responsible of the
development of vascular adverse events. Due to
the emerging resistance against imatinib, consid-
ered a “gold standard” of treatment for patients
with newly diagnosed CML, more effective
TKIs, including nilotinib, dasatinib, bosutinib,
and ponatinib, have been developed and are suc-
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cessfully used in daily practice [2—5]. Their supe-
rior efficacy with a major antileukemic activity
is, however, accompanied by the development of
adverse effects, due to the expression of several
targets also in non-hematopoietic cells.

Vascular damage is an emerging type of clini-
cally relevant complications in patients receiving
second- or third-generation BCR-ABL1 TKIs
and includes coronary artery disease, cerebral
ischemic disease (stroke), and PAD [6-9]. The
exact incidence of vascular complications is still
debated, but according to most studies, emerging
data are the following: (1) the frequency of vas-
cular adverse events increases over time; (2) it is
higher in patients treated with higher doses of
nilotinib (800 vs 600 mg daily) or ponatinib
(45 mg vs 30 or 15 mg daily); and (3) there is a
certain correlation between preexisting cardio-
vascular risk factors (CVRF) and vascular com-
plications [10-13]. The various TKIs have
distinct vascular safety profiles, most likely due
to each compound’s different kinase inhibition
profiles and non-kinase targets. Even if nilotinib
and ponatinib are the BCR-ABL TKIs more
involved in the development of vascular damage,
recent data suggest that vascular disease can also
occur in CML patients treated with dasatinib or
bosutinib, but with a lower incidence (<5% of
patients) [14, 15]. On the contrary, the incidence
of vascular complications in patients treated with
imatinib appears to be low, interesting less than
1% of patients [13]. Imatinib was found to
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improve the fasting blood glucose level; thus, it
can explain a possible protective effect of ima-
tinib on the formation of atherosclerotic plaque
and the related cardiovascular diseases [16].
When evaluating the risk of PAD development
in such patients treated with BRC-ABL TKIs,
different factors have to be considered (Table 9.1).
First of all, the presence of pre-existing CVRE,
such as hypertension, diabetes mellitus, dyslipid-
emia, smoke, and pre-existing vascular disease
has to be investigated. Another relevant factor
affecting the development of vascular complica-
tion is the dose of TKIs, with increased risk at
higher doses. Therefore, lowering the dose of
drug administered can reduce the incidence of

Table 9.1 Clinical risk factors contributing/predisposing
to the occurrence of VAE in CML patients treated with
nilotinib or ponatinib

Risk factors

Predisposing genetic factors:

Genetic variations predisposing to the occurrence of
hypercholesterolemia or the development of
diabetes mellitus

Age and sex:
Advanced age

Males > females

Acquired somatic mutations:
Clonal age-related hematopoiesis
Clonal hematopoiesis of indeterminate potential
(may predispose for development of CML as well
as development of VAE)

Lifestyle-related risk factors:
Nicotine consumption
Overweight/obesity

Refused/irregular drug intake

Preexisting overt comorbidities:
Arterial hypertension
Hypercholesterolemia

Diabetes mellitus

Thrombosis, stroke, other arteriopathies
Dose of TKI and TKI sequence:
Higher doses of nilotinib (800 mg/day) or ponatinib
(45 mg/day)
Sequential exposure to nilotinib and ponatinib
Time of TKI therapy:
Longer exposure to nilotinib or ponatinib
Adapted from Valent et al. [10]
VAE vascular adverse event, 7K/ tyrosine-kinase inhibi-
tor, CML chronic myeloid leukemia

vascular adverse effects. Moreover, shorting the
time of exposure to these TKIs can lower the risk
of PAD and stroke. In addition, also the sequen-
tial use of certain TKIs, such as nilotinib and
sorafenib, increases the risk of vascular compli-
cations; thus, it has suggested to avoid it if pos-
sible [10, 17].

Finally, genetic risk factors may predispose
for vascular occlusive disease in patients treated
with nilotinib or ponatinib; however, only little is
known about these factors [18]. Due to the rela-
tive rapid onset of vascular complications in
patients under TKI treatment (within 12 months
after starting therapy), it has been hypothesized a
direct effect of drugs on vascular cells [6]. Some
studies have postulated that TKIs can induce a
vasospasm or rapid stenosis formations in arter-
ies; however, now, there is a strong evidence
about pro-atherogenic effects on endothelial cells
[9, 19]. It was demonstrated that nilotinib and
ponatinib may promote the expression of pro-
atherogenic surface adhesion receptors on human
umbilical vein-derived endothelial cells in vitro
[10, 20]. Moreover, neo-angiogenesis plays a piv-
otal role in vascular repair processes which are
fundamental in favoring survival and recanaliza-
tion of affected arteries.

Both nilotinib and ponatinib have an anti-
angiogenic activity and inhibit proliferation and
survival of human endothelial cells in vitro [20].
In addition, nilotinib treatment resulted in an
unbalanced pro—/anti-inflammatory network in a
clinical cohort of patients who received either
imatinib or nilotinib, which could lead to a pro-
atherothrombotic predisposition, another possi-
ble driver of vascular complications [20]. It was
also reported that nilotinib might induce meta-
bolic disorders, in particular increased fasting
glucose and cholesterol levels, associated with
the increased risk of developing vascular occlu-
sive events [21-23].

Nilotinib treatment is also associated with
hypothyroidism, which can affect lipid and glu-
cose metabolism. Even if the exact cellular interac-
tions and mechanism underlying nilotinib-induced
hyperglycemia and hypercholesterolemia remain
unknown, these metabolic changes can favor the
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development of atherosclerosis in patients with
CML.

Finally, all this spectrum of actions exerted by
BRC-ABL TKIs can explain the elevated risk of
PAD developments in patients treated with these
drugs, especially if the previous mentioned risk
factors are also present.

Diagnostic and Therapeutic
Management

BCL-ABL kinase inhibitors have transformed
the prognosis of CML; thus, many patients taking
TKIs for CML will be on therapy for 10 years or
longer. Therefore, it is essential for physicians to
prevent and manage acute and chronic vascular
complications associated with these agents. The
first step in prevention and diagnosis of PAD sec-
ondary to anticancer treatment is represented by
accurate cardiovascular risk stratification, search-
ing for preexisting CVRF and cardiovascular dis-
ease [24]. So assessment of CVRF implemented
by clinical visit and ankle-brachial index mea-
surement is strongly recommended [1]. This
strategy allows identifying patients at higher risk
of developing vascular complication and which
can thus benefit of some precautions, such as
selection of the optimal second- or third-line TKI
and doses. Due to the high risk of development of
PAD, it should be avoided to administrate nilo-
tinib and ponatinib as first-line therapy in patients
with multiple CVRF if other agents are available
[12]. Different strategies have been proposed
(Table 9.2). One is to start with imatinib in most
patients and to switch to second-line TKI only
when a suboptimal or no response is seen or the
patient is at high risk to transform to accelerated
phase (AP)/blast phase (BP). Another possibility
in high-risk patients (for both AP/BP risk and
vascular complications risk) is to start with bosu-
tinib or to administer bosutinib after 3 to 6 months
of imatinib therapy. The possibility of inducing a
stable, deep molecular response (MR) with nilo-
tinib, dasatinib, or ponatinib may be considered
as alternative and then continuing therapy with
imatinib or bosutinib for another 2 years.

Table 9.2 Proposed strategies to minimize the risk of
VAE evolution in patients with CML

Pretreatment:

Selection of patients and selection of TKI based on
comorbidities, cardiovascular risk factors, and the
biology of CML

Exclude patients with cardiovascular comorbidities
from therapy with nilotinib and ponatinib

Exclude patients with cardiovascular risk factors (high
ESC score, molecular risk factors) from therapy with
nilotinib and ponatinib

During treatment (treatment algorithms, schedules,
and dosing):

Frontline use of imatinib in patients with CP CML
Keep nilotinib and ponatinib exposure times to a
minimum

Reduce the dose of nilotinib or ponatinib if possible

Avoid sequential application of nilotinib and ponatinib
Switch to other TKI with lower risk concerning VAE
development once a deep MR has been reached
(prophylaxis)

Switch to other TKI with lower risk concerning VAE
development once a VAE has developed

Alternative treatment concepts and co-medication:
Discontinue TKI therapy after 2 years in deep MR
(MR4 or deeper)

Stem cell transplantation = SCT (young and fit
patients)?

Antibody-based CML stem cell eradication followed
by TKI discontinuation

Discontinue TKI therapy and introduce
immunotherapy or other experimental therapies as
maintenance

Prophylactic co-medication with aspirin, gliptins, and
statins

TKI rotation therapy: Combining more toxic TKI with
less toxic TKI

Adapted from Valent et al. [10]

CP chronic phase, CML chronic myeloid leukemia, VAE
vascular adverse event, 7K/ tyrosine-kinase inhibitor, MR
molecular response, ESC European Society for Cardiology
1In young and fit patients who are potential candidates for
SCT, it is of considerable importance to avoid any occur-
rence of a VAE before SCT. Therefore, in these patients, it
is as important to select optimal and safe therapy as in
older patients with comorbidities

However, this strategy does not prevent at all the
possibility of PAD development, because usually
several months are necessary before reaching a
deep MR. An interesting alternative can be the
rotational therapy, consisting in a combination of
a potent but high-risk TKI (nilotinib or ponatinib)
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with a safer agent (imatinib or bosutinib) in 1- to
3-month intervals [25, 26]. All these strategies,
however, need to be tested in large clinical ran-
domized trials.

Once PAD has occurred, management relies
first on the grade of vascular disease. In case of
Fontaine stages I or II, patients require risk factor
control and periodic clinical, metabolic, and
hemodynamic follow-up [27]. In these cases, it is
possible to maintain therapy with nilotinib or
ponatinib, usually at low doses. It could be sug-
gested to start therapy with aspirin, and antidia-
betic drugs or cholesterol-lowering agents, or
antihypertensive drugs, could be added if meta-
bolic disorders or hypertension develop.
However, the development of high-grade PAD is
a more challenging question, due to the problems
related to interruption of potent BCR-ABL TKIs
therapy. In some cases, it is possible to switch to
TKIs with safer vascular profile (imatinib or
bosutinib). In selected patients with deep and
long-lasting MR (MR4 or deeper), discontinua-
tion of TKI treatment may be an option. Moreover,
revascularization should be individualized and
discussed in a multidisciplinary meeting with
experts in hematology, vascular surgery, and
cardio-oncology [1, 28].

Stroke
Incidence and Pathophysiology

Cerebrovascular disease, such as transient isch-
emic attack and ischemic stroke, can complicate
anticancer treatment, in particular head and neck
radiotherapy (Table 9.3). The risk of stroke is, in
fact, increased, at least doubled, after mediastinal,
cervical, or cranial radiotherapy, with the excep-
tion of adjuvant neck radiotherapy for breast can-
cer where carotid exposure is minimal [29, 30].
The risk of developing cerebrovascular disease is
higher when radiotherapy exposure occurs in
childhood than in adulthood. Radiation vasculop-
athy is the precursor to ischemic stroke in patients
who have been treated with head and neck radio-
therapy for cancer [31, 32]. Chronic radiation vas-
culopathy affecting medium and large intra- and

Table 9.3 Radiation-induced vasculopathy

Vasculopathy

Cause Radiotherapy (mediastinal,

cranial, cervical)

Physiopathology | Endothelial damage, fibrosis,
medial necrosis, accelerated

atherosclerosis

Small vessels and medium or
large vessels

Location

Clinical visit, ankle-brachial
index, carotid duplex ultrasound
Five years after radiation
exposure, then every 5 years or
earlier if atherosclerosis detected

Evaluation

Screening

Treatment Antiplatelet treatment; severe
stenosis may require stenting or

surgery

extracranial arteries is characterized by increasing
rates of hemodynamically significant stenosis.
The pathogenesis of radiation-induced cerebro-
vascular complication, however, is not totally
known, and there are two main hypotheses. In
particular, while some authors consider radiation
occlusive vasculopathy as a form of accelerated
atherosclerosis, others considered it as a distinct
disease secondary to the initial radiation insult to
the vasa vasorum [33-37]. Fonkalsrud et al. ana-
lyzed the evolution of radiation vasculopathy in
canine femoral arteries after a net dose of 40 gray
[38]. By 48 h, there was extensive endothelial
damage with nuclear disruption, platelet aggrega-
tion, and fibrin deposition; the intima and media
remained intact, but the adventitia already showed
minor fibrosis and hemorrhage. By 1 week, no
normal endothelial cells were seen, and by
3 weeks, there was destruction of the internal
elastic lamina and marked thickening of the endo-
thelium. By 6 weeks, the media was hypocellular.
By 4 months, there was focal necrosis and fibrosis
of the media, accompanied by chronic inflamma-
tion and minimal thrombosis of the adventitia.
The medial and adventitial fibrosis narrowed the
vessel lumen.

It is also known that irradiation induces an
increase in oxidative stress involved in the forma-
tion of vascular damage. Some pro-inflammatory
molecules (cytokines and growth factors) can
stimulate radio-induced endothelial proliferation,
fibroblast proliferation, collagen deposition, and
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hence the fibrosis leading to the development of
atheromas. Endothelial damage secondary to irra-
diation induces the secretion of thrombomodulins,
which, together with other pro-inflammatory mol-
ecules, increase the attraction of leukocytes on the
endothelium (chemotaxis), resulting in subendo-
thelial inflammatory infiltrate. The pathophysiol-
ogy of radiation-induced vasculopathy can be
thus summarized in the following mechanisms
occurring in medium and large vessels—vasa
vasorum occlusions with medial necrosis and
fibrosis, adventitial fibrosis, and accelerated ath-
erosclerosis—leading to increased carotid stiff-
ness and intima-media thickness and advanced
atherosclerosis (occurring >10 years after radio-
therapy) [39, 40]. However, while it is clear that
no doses of radiotherapy can be considered safe,
there are not exhaustive information if and which
dose can be safer.

Even if radiotherapy is the main “iatrogenic”
cause of cerebrovascular accident (CVA) in
patients affected by cancer, it is not the only.
There are, in fact, evidences of the role of tradi-
tional chemotherapy and new target therapy in
higher incidence of stroke in neoplastic patients.
Cisplatin and 5-fluorouracil (5-FU) are the main
drugs involved. More than 30 years ago,
Goldhirsch et al. [41] reported an acute CVA in a
patient receiving a cisplatin-based treatment.
Other case reports followed [42—45].

The pathophysiology is probably multifacto-
rial. Cisplatin is responsible for a hypercoagula-
bility state secondary to a cisplatin-induced
reduction of C-reactive protein and increased von
Willebrand factor and tissue factor level.
Moreover, cisplatin induces endothelial dysfunc-
tion responsible for increased intima-media thick-
ness and reduced production of nitric oxide [46]
and may cause nephrotoxicity with renal magne-
sium wasting that lead to a vasoconstriction [45].

5-FU is an antineoplastic agent which has also
been connected with increased incidence of isch-
emic strokes, and cases are also reported follow-
ing combined treatment with both 5-FU and
cisplatin [44, 47]. It was demonstrated that 5-FU
causes direct endothelium-independent vasocon-
striction of vascular smooth muscle in vitro [44].
However, ischemic stroke has to be differentiated

from leukoencephalopathy with stroke-like pre-
sentation which is a rare complication of chemo-
therapeutic agents, among which is 5-FU, and is
characterized by specific finding on cerebral
magnetic resonance [48-50].

Finally, even if cases of CVA after treatment
with bevacizumab were reported [51], the meta-
analysis conducted by Ranpura et al. concluded
for a no significant risk of stroke in patients
treated with bevacizumab respect to controls
[52]. However, probably a higher risk of cerebral
ischemic events has to be expected due to endo-
thelial injury secondary to inhibition of VEGF
signaling and subsequent risk of arterial throm-
bosis, typical of this group of drugs [53, 54].
Anthracyclines, more commonly associated with
cardiac toxicity, may also increase the risk of
stroke through several pathophysiological mech-
anisms involving carotid arteries such as oxida-
tive stress, vascular inflammation, and apoptosis.
Indeed, anthracyclines can induce both an acute
and chronic carotid damage, the first related to
endothelial dysfunction and increase of smooth
muscle tone and the second to accelerated athero-
sclerosis and increased collagen synthesis.

More than 15 years ago, experimental models
demonstrated that the exposure of animal arteries
to doxorubicin for 1 to 10 weeks is able to lead
apoptosis of smooth muscle cells and increased
medial and adventitial thickness, and these data
were confirmed later [55]. These reparative pro-
cesses secondary to the chemical stress lead to
structural changes within the vessel wall and
extracellular matrix with increased collagen
deposition and vessel wall calcification, ulti-
mately resulting in reduced arterial compliance
and increased stiffness. More recently, it has been
detected through magnetic resonance imaging
(MRI), in individuals receiving anthracyclines
for breast cancer, an early (=3 months) and
abrupt increase of arterial stiffness, and, interest-
ingly, this effect was dose-, age-, and CVRF-
independent. Moreover, the increase of arterial
stiffness can be persistent at 12 months after
therapy [56-58]. Also, patients survived for
>5 years after diagnosis of leukemia, lympho-
mas, and central nervous system tumors, and sar-
comas treated with standard chemotherapy show
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lower carotid distensibility and compliance,
indicating increased arterial stiffness, when com-
pared to controls [59].

All these results demonstrate thus that early in
life, cancer survivors previously treated with anthra-
cyclines have arterial changes indicating increased
risk for premature atherosclerosis and stroke.

Diagnostic and Therapeutic
Management

Patients treated with head and/or neck radiother-
apy should undergo cerebrovascular ultrasound,
especially beyond 5 years after irradiation, and
then follow-up should be performed at least every
5 years or earlier if atherosclerosis is detected [1].
Of note, carotid lesions secondary to radiotherapy
are often more extensive and commonly involve
longer segments of the carotid arteries (Fig. 9.1).
CT angiography is also routinely used to evaluate
carotid, subclavian, and aortic diseases related to
radiation therapy [60]. To date, no randomized
trial has assessed the medical treatment option for
primary or secondary stroke prevention in this
patients’ group. A strict control of traditional

C.Zitoetal.

CVREF should be strongly recommended, and anti-
platelet treatment may be considered. Significant
carotid stenosis may be treated by surgery or stent-
ing [28, 61-64]. Even if neither approach appears
to be clearly superior, different studies showed a
higher incidence of restenosis after carotid angio-
plasty and stenting of radiation-induced vascular
stenosis, compared to surgical results [65-67].
The relationship linking increased arterial
stiffness with atherosclerosis and risk of stroke is

] +
Rt %sten(Area) 31.05 %

2 Rt A2 0.23 cm2"
Rt A1

0.33 cm?2

Fig. 9.1 Carotid ultrasound image showing atheroscle-
rotic plaque in a patient without CVRF underwent neck
radiotherapy

A. Baseline

Beta index 3.9
PWV 4.5 m/sec
BP 120/80 mmHg
HR 70

B. 3 months after antracyclines

Beta index 6.3
PWV 5.3 m/sec
BP 120/70 mmHg
HR 75

Fig. 9.2 Measurement of beta-index and PWYV through echotracking at baseline and 3 months after starting chemo-
therapy with anthracyclines, showing early increased arterial stiffness
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Table 9.4 Unsolved problem for including arterial stiff-
ness assessment within the stroke risk management in
cancer patients

Small studies, small patients
Age, race, and gender effects
Reversibility

Cancer-related effect on vessels

No drug-specific studies (often combined therapy)
Radiotherapy additional effects
Comorbidities

Unknown relationship with outcome

Short follow-up studies

well recognized. Accordingly, it is reasonable to
advocate that efforts should be directed at moni-
toring increased arterial stiffness and managing
CVRF in cancer patients treated with drugs
which may potentially impair vascular elasticity
(i.e., anthracyclines and  anti-VEGFR).
Applanation tonometry and/or echotracking are
two main available modalities in clinical practice
for this purpose (Fig. 9.2) [68]. Moreover, being
PWYV an independent predictor of cardiovascular
morbidity and stroke, we can better stratify
patients’ prognosis. Nonetheless, larger prospec-
tive studies are needed to determine the predic-
tive value of PWV in this population and its
utility as a screening modality. Unsolved prob-
lems on this issue are detailed in the Table 9.4.
In patients at risk of ischemic stroke, undergo-
ing treatment with platinum compounds is impor-
tant to stabilize CVRF in order to prevent vascular
ischemia. Carboplatin, second-generation plati-
num, shows an improved toxicity profile.
Additional agents, e.g., vitamins, selenium, res-
veratrol, and melatonin, reduce endothelial cell
oxidative stress and inhibit inflammation, thus
exerting beneficial effects by suppressing
cisplatin-related oxidative injury [45].
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Etiology

Valvular heart diseases (VHD) may be observed
in patients with cancer for several reasons,
including preexisting valve lesions, radiotherapy,
infective endocarditis, and secondary to left ven-
tricle (LV) dysfunction. Over the years, the inci-
dence of cardiovascular events has increased in
these patients, especially in younger survivors
who do not have traditional risk factors and are
treated with thoracic radiotherapy for certain
malignancies, such as Hodgkin’s lymphoma and
breast cancer. It has been known since the 1960s
that valve dysfunction can be caused by cancer
therapy, both with radiation and more recently
chemotherapy. Due to the latency of the valve
dysfunction presentation, the diagnosis is late
and more often incidental, and most of the stud-
ies exploring the effects of radiation and chemo-
therapy on heart valves have been retrospective
and observational.

Radiotherapy, as adjuvant to chemotherapy or
as monotherapy, has contributed to decrease the
mortality rate from certain cancers over the past
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60 years. In patients with Hodgkin’s lymphoma,
radiation has been used since 1940 and when
combined with chemotherapy improved survival
by nearly 60% [1].

In patients with breast cancer, recurrence rates
have decreased by nearly half and resulting in a
60% 15-year survival [2]. Radiotherapy is also
beneficial for other cancers adjacent to the heart,
such as metastatic testicular, lung, or esophageal.
Therefore, the involved field of radiation often
covers portions of the heart and likely to induce
cardiac damage.

Radiation-induced VHD is an increasingly
recognizable entity occurring late after mediasti-
nal radiotherapy, affecting 10% of treated
patients, with a median time to diagnosis of
22 years, while a minority of patients have a
complete normal function of aortic valves at the
20-year follow-up [3, 4].

In patients with Hodgkin’s lymphoma, the
dose of the heart valve radiation can increase the
risk of clinically significant VHD as the first car-
diovascular event after treatment. This has
recently been shown in a cohort of 1852 survi-
vors of lymphoma in the Netherlands. Thirty-
year cumulative risk of valvular heart disease
stratified by radiation received was 3%, 6%, 9%,
and 12% for total radiation <30Gy, 31-35Gy,
36-40Gy, and >40Gy, respectively. The risk
increases by dose in a greater than linear pattern
between 30 and 40Gy. While for patients with
mediastinal involvement currently treated with
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20 or 30Gy, the absolute difference in 30-year
VHD risk in irradiated vs non-irradiated patients
was estimated to be 1.4% [5].

The natural history of VHD varies with radia-
tion dose, by extension, and the decade in which
the patient was treated. A study of survivors irra-
diated with obsolete protocols between 1965 and
1995 revealed 13- and 30-year cumulative inci-
dences of 10% and 20%, respectively. Prior his-
tory of radiation increased the risk of VHD for
these patients sevenfold [6].

The mechanism of radiation-induced damage
to heart valves is not clear. Cardiac damage
includes diffuse fibro-calcific thickening of the
valve without derangement to the underlying
structure and signs of chronic inflammation such
as neovascularization or thrombus formation.
The earliest change appears to be the formation
of valvular retractions and accompanying regur-
gitation preferentially involving the mitral and
aortic valves, occurring within the first 10 years.
The process causes fibrosis and calcification of
the aortic root, aortic valve cusps, mitral valve
annulus, and the base and mid-portions of the
mitral valve leaflets, sparing the mitral valve tips
and commissures, thickening the mitral-aortic
curtain (fibrous tissue between the aortic and
mitral valves) [7-11].

Nadlonek demonstrated that irradiation of
aortic interstitial cells induces an osteogenic phe-
notype [12]. This resulted in increased formation
of osteogenic factors, including bone morphoge-
netic protein 2, osteopontin, alkaline phospha-
tase, and the transcription factor Runx2, all
critical factors for bone formation and calcifica-
tion of valves exposed to radiation.

The progression to fibrotic thickening and cal-
cification of the valves occurs much later, with
stenosis often appearing 20 years after radiation.
Observational studies demonstrated a long latent
interval between radiation exposure and develop-
ment of valve dysfunction. Although not linear,
there is a progressive increase in development of
valve dysfunction over time. VHD also manifests
after decades following exposure to radiation
with a preponderance to involve left-sided valves
and a major prevalence of subclinical valve thick-
ening before valve dysfunction [13-18]. Despite

being anterior, pulmonary valve is rarely affected.
It appears that high pressure on the left side
makes valves more vulnerable to adverse conse-
quences of radiation.

Radiation dose, interval from irradiation, and
the use of sequential chemotherapy are linked to
development of radiation-induced valve disease.
The combined risk of radiation and chemother-
apy for the development of valvular heart disease
is greater and increases for the older patients,
regardless of follow-up duration. The valvular
dysfunction in the anthracycline-treated patients
is more often due to aortic valve degeneration
than mitral valve; probably anthracyclines could
have a direct toxic effect on valves, not simply
functional regurgitation related to cardiomyopa-
thy and ventricular dilation [19].

The synergistic role of chemotherapy and
radiation has been described in LV functional
impairment from anthracyclines, such as doxoru-
bicin. It can produce systolic and diastolic dys-
function via toxic effects on the myocardium.
Boekel showed a slightly increased risk associ-
ated with left- vs. right-sided radiation (HR 1.19;
95% CI 1.04-1.36) [20].

Several studies in patients with Hodgkin’s lym-
phoma showed that if >63% of the left atrium
received 25Gy or if >25% of the left ventricle
received 30Gy, this predicted development of aor-
tic or mitral valve disease, and the risk of valve
defects increases as the percentage volume of
heart chambers receiving 30Gy [20]. The overall
incidence of valvular dysfunction is lower for pop-
ulation with breast cancer (0.5% with left-sided
breast cancer and 0.35% on the right) compared to
Hodgkin’s lymphoma [21]. In patients with breast
cancer, the dose of radiation to the heart may be
two times or more with left side radiation as com-
pared to the right side (Table 10.1) [22].

Diagnosis

Radiation-induced VHD is commonly diagnosed
after a long latent period, in the context of clini-
cal symptoms of heart failure that valve
insufficiency is either contributing, or suspected
VHD on the basis of a new murmur.
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Table 10.1 Risk factors for radiotherapy-induced VHD

The risk of developing VHD
increases as radiation dose
increased with a linear pattern
between 30 and 40Gy

Progressive increase in

Increase dosage of
radiation

Interval from

irradiation development of VHD over time
Left-sided breast Radiation of the heart area
cancer

Combination with
anthracycline-based
chemotherapy

Anthracycline-containing
chemotherapy increases the
risk of VHD in patients
receiving mediastinal
radiotherapy

Effects of obsolete protocols
used between 1965 and 1995

Decade in which the
patient was treated

The evaluation includes identification of
anatomical valve abnormalities and valve dysfunc-
tion and assessment of the functional conse-
quences of valve dysfunction on the ventricles.
Echocardiography is the optimal imaging tech-
nique for diagnostic and therapeutic management.

Baseline and repeated transthoracic echocar-
diography after radiotherapy involving the heart
are recommended in patients with cancer for the
diagnosis and follow-up of  VHD.
Transesophageal echocardiography adds impor-
tant information, especially when significant cal-
cification or fibrosis is present and limits
transthoracic image quality. In addition, 3D
echocardiography may be helpful in the evalua-
tion of mitral valve morphology. CMR may also
be useful in those with suboptimal echocardiog-
raphy, or results are incomplete or discrepant
and can provide assessment of myocardial fibro-
sis. CMR and CT may be used to assess the
severity of VHD, but cardiac CT is mainly useful
for detecting extensive calcifications of the
ascending aorta, which may lead to a higher
operative risk and sometimes prohibit conven-
tional cardiovascular surgery [23].

The criteria for diagnosis do not differ from
that used for traditional degenerative valvular
pathology, and early echocardiographic findings
are characteristic but nonspecific. Diffuse thick-
ening of valve leaflets and subvalvular apparatus
may occur without functional abnormality, but
there are several unique characteristics of
radiation-induced damage (Table 10.2).

95

Table 10.2 Echocardiographic
radiation-induced VHD

characteristics  of

Uniform valvular thickening from fibrosis

Left-sided valves > right-sided valves; particularly
aortic valve

Mitral-aortic curtain thickening
Regurgitation prior to stenosis
Preservation of mitral commissural fissures

Fig. 10.1 Calcifications of mitral-aortic curtain (arrow).
Four chambers view: RV right ventricle, LV left ventricle,
RA right atrium, LA left atrium

Left-sided valves are affected preferentially
over right-sided valves, particularly aortic valve.
Moderate or severe aortic, mitral, tricuspid, and
pulmonary regurgitation are shown in 15%, 4.1%,
4.1%, and 0% of patients, respectively, and aortic
stenosis in 16% of patients who were irradiated
>20 years previously compared with <0.5% of
age-matched and sex-matched controls [24].

Typically, the valves become thickened and
restricted as collagen is deposited and ultimately
calcified. The restriction leads first to regurgita-
tion and then can progress to stenosis if severe.
Focal calcification of the valve leaflet/cusps
involves the mitral-aortic curtain Brand—ante-
rior leaflet of the mitral valve extending to the
aortic root (Figs. 10.1 and 10.2)—classically
affected with gradual thickening extending all the
way from the mitral valve to the aortic root and
can be seen easily on parasternal windows [25].

Radiation-induced VHD can often present
with diffuse thickening similar to rheumatic
mitral disease, but unlike rheumatic valve disease,
there is a lack of commissural fusion. The two
can be distinguished on 3D echocardiography by



Fig. 10.2 Calcifications of mitral-aortic curtain (arrow).
Long axis view: RV right ventricle, LV left ventricle, AV
aortic valve, MV mitral valve

the loss of the commissural fissure that is charac-
teristic of rheumatic disease but not seen with
radiation VHD [26].

Most valvular dysfunction is mild-moderate
and only requires surveillance, but it is a progres-
sive disease and can occasionally become severe
requiring interventional evaluation.

Management

The European Association of Cardiovascular
Imaging (EACVI) and the American Society of
Echocardiography (ASE) recommend a focused
yearly history and physical examination with
echocardiography in symptomatic patients. For
asymptomatic patients, the EACVI/ASE consen-
sus document recommends a screening transtho-
racic echocardiogram at 10 years postradiation
and serial exams every 5 years thereafter in
patients with normal valves [23].

An algorithm proposed for follow-up of
patients exposed to mediastinal radiotherapy sug-
gests follow-up 2—3 years in patients with struc-
turally abnormal valves, such as calcification or
thickening, but minimal valve dysfunction.
Patients with moderate valve disease require
yearly follow-up. Patients with severe valve dys-
function should be assessed for valve surgery
taking into consideration high-risk features and
sequelae of radiotherapy, such as pericardial con-
striction, left ventricular impairment, and pulmo-
nary fibrosis (Fig. 10.3) [24].
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There are no specific guidelines for the timing
of surgery in patients with radiation-induced
valve disease, and therefore, this should be per-
formed according to current international guide-
lines for VHD.

Aortic valve replacement is the most common
procedure in these patients, though mitral and tri-
cuspid valve disease may also require interven-
tion. Cardiac surgery is also frequently
challenging in such patients because of mediasti-
nal fibrosis, impaired wound healing, and associ-
ated coronary artery, myocardial, and pericardial
disease. Therefore, patients should be referred to
a center with more experience in operating on
these patients.

Crestanello reported that 32% of previously
irradiated patients who underwent mitral and/or
tricuspid valve repair experienced severe valve
deterioration, likely because of progression of
radiation-induced tissue injury. In light of these
findings and the known dangers of reoperation in
this cohort, the authors concluded that mitral and
tricuspid valve replacement may be superior to
repair in these patients [27].

Over the past several years, transcatheter aor-
tic valve implantation (TAVI) has proven equal or
superior to surgical valve replacement in high-
risk patients. In the PARTNER Registry, approxi-
mately 5% of patients enrolled had a history of
prior chest wall radiation, with initial favorable
results [28].

Recently guidelines on VHD management
suggest that in patients who are at increased sur-
gical risk (STS or EuroSCORE II >4% or logistic
EuroSCORE I >10% or other risk factors such as
frailty, porcelain aorta, or sequelae of chest radia-
tion), the decision between surgical aortic valve
replacement and TAVI should be made by the
heart team according to the individual patient
characteristics [29].

Radiotherapy techniques have evolved over
the past few decades. Techniques to reduce radia-
tion dose to normal tissues and/or the radiother-
apy field size have emerged. New techniques,
including intensity-modulated radiotherapy and
proton therapy, are better able to spare normal
tissue by improving conformity to target struc-
tures. The optimal field size and technique and
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Fig. 10.3 Algorithm for follow-up of patients exposed to mediastinal radiotherapy

respiratory gating depend on the individual
patient characteristics, including tumor size,
location, and nodal involvement, and the use of
individualized therapy could minimize normal
tissue toxicity and long-term complications [30].
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Introduction

Approximately one out of three persons in the
world is affected by hypertension. Representing
the most common reversible risk factor for car-
diovascular and cerebrovascular diseases, it con-
tributes dramatically to mortality and morbidity
worldwide.

The prevalence of hypertension in cancer
patients is similar to that of general population,
so that it is the most common comorbidity even
in this setting.

The issue of hypertension in patients being
treated for cancer is paramount because of two
main findings: firstly, the concern that a preexist-
ing hypertensive status may increase the risk for
the development of cardiac adverse effects, includ-
ing left ventricular dysfunction, after specific anti-
neoplastic  treatments, ie., anthracyclines.
Secondly, new-onset hypertension has emerged as
an adverse event for several cancer therapies, in
particular for the newer anti-vascular endothelial
growth factor agents. These considerations stress
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the importance of a cardiological evaluation prior,
during, and after cancer treatments.

After briefly reviewing the general concepts
about arterial hypertension, this chapter will focus
on the main implications of hypertension in the
oncologic patient, especially if treated with cardio-
toxic agents, on hypertension due to antineoplastic
treatments, and, finally, on the comprehensive
management of this condition in the cancer patient.

General Concepts on Hypertension

There is a linear relationship between blood pres-
sure (BP) values and cardiovascular (CV) events.
Affecting one billion people worldwide, hyperten-
sion is the leading risk factor for stroke and heart
failure. Overall, it is the predominantly modifiable
risk factor for CV deaths, with more than half of
deaths from coronary artery disease or stroke occur-
ring in individuals with hypertension. Hypertension
and diabetes mellitus (DM) represent, furthermore,
the main causes of end-stage renal disease [1].
When approaching hypertension, it should be
kept in mind to consider not the disease alone but
the whole spectrum of CV risk. This consider-
ation has emerged over years from the finding that
concurring risk factors in the same individual may
potentiate each other. Current European Society
of Cardiology (ESC) guidelines propose a stratifi-
cation of risk in very high, high, moderate, and
low, basing on age, gender, smoking status, BP,
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and total cholesterol values through a validated
system named SCORE, which predicts 10-year
risk of a first fatal atherosclerotic event. Individuals
with known previous CV disease(s) or DM with
organ damage or severe chronic kidney disease
automatically belong to the very-high-risk cate-
gory [1, 2]. A similar tool (atherosclerotic CV dis-
ease risk estimator) was developed by the
American Heart Association (AHA), with high
risk defined as >10% risk of events at 10 years or
as having concurrent diabetes mellitus or chronic
kidney disease [3]. Management strategies should
be calibrated depending on CV risk category,
meaning that a more aggressive approach on
every single risk factor should be considered for
those at higher risk.

Hypertension, according to ESC guidelines, is
defined as either systolic BP (SBP) values
>140 mmHg and/or diastolic BP (DBP)
>90 mmHg, whereas optimal BP values are con-
sidered <120/80 mmHg. Recently published
AHA guidelines define instead hypertension if
BP values are >130/80 mmHg. The degree of
hypertension may be divided in different grades,
as shown in Table 11.1. These cutoff values refer
to the so-called office BP, which means BP mea-
sured in a medical setting. BP measurements
obtained other else represent the out-of-office
BP. This distinction may have important implica-
tions. The rationale and importance of out-of-
office BP are that it provides a more true
assessment of actual BP, avoiding, for example,

Table 11.1 Blood pressure degrees according to differ-
ent contemporary guidelines

| SBP (mmHg) | DBP (mmHg)
European Society of Cardiology guidelines

Normal 120-129 80-84
High normal 130-139 85-89
Grade 1 hypertension | 140-159 90-99
Grade 2 hypertension | 160-179 100-109
Grade 3 hypertension >180 >110
American Heart Association guidelines

Normal <120 <80
Elevated 120-129 <80
Stage 1 hypertension 130-139 80-89
Stage 2 hypertension >140 >90

DBP diastolic blood pressure, SBP
pressure

systolic blood

Table 11.2 Cutoff values for hypertension by office and
out-of-office measurements, according to ESC guidelines

SBP (mmHg) DBP (mmHg)
Office BP >140 >90
Ambulatory BP, daytime | >135 >85
Ambulatory BP, >120 >70
nighttime
Ambulatory BP, 24 h >130 >80
Home BP >135 >85

BP blood pressure, DBP diastolic blood pressure, SBP
systolic blood pressure

the phenomenon of white-coat hypertension
(hypertension induced in the medical environ-
ment) and offering a representation of BP aver-
age values at different times of the day. The cutoff
values for out-of-office hypertension are there-
fore different from those used for office BP mea-
surement, and are shown in Table 11.2, according
to the ESC guidelines. Out-of-office BP is addi-
tionally subdivided in ambulatory BP monitoring
(Holter BP monitoring) and home BP monitor-
ing. While elevated office BP values and normal
out-of-office values are defined as white-coat
hypertension, the opposite situation (normal
office BP values with elevated out-of-office val-
ues) is defined as masked hypertension. Out-of-
office monitoring is particularly indicated when
suspecting one of these two conditions.

Hypertension is divided in secondary hyper-
tension and essential or primary. Overall, essen-
tial hypertension represents the vast majority of
all hypertensive patients. Suspicion for a second-
ary form of hypertension should be considered
based on patient’s history and examination, in
particular in case of severely high BP values
especially in the younger patients, worsening
hypertension, presence of organ damage dispro-
portionate to the duration of hypertension, and
poor or absent response to therapy. When sus-
pected, secondary hypertension must always be
investigated, being a potentially reversible
condition.

All these considerations conflict with the great
difficulty in managing hypertension. Surely, the
asymptomatic condition of the disease causes a
significant delay in diagnosis. Latest estimates
show that while around two-thirds of hyperten-
sive patients are aware of their condition and
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undergo a specific treatment, BP is controlled
only in a percentage that varies between 30% and
50%. Moreover, it is to consider that even in
those whose BP values are under control, just
one-third is protected from subsequent CV
events, because of many interactions, for exam-
ple, a long-standing disease prior to initiation of
medical treatment.

As for the definition of hypertension, there is
no consensus between guidelines for target val-
ues of BP. The 2013 ESC guidelines outline how
there is no clear evidence of a benefit from lower-
ing SBP less than 140 mmHg, even in high-risk
patients. As well, DBP goal is <90 mmHg, except
for diabetic patients, whose target value is
80-85 mmHg. In elderly patients a goal of
SBP < 150 mmHg is currently accepted. However,
some clinical trials highlighted that lower BP val-
ues may result in lesser CV events: the SPRINT
trial, published in 2015, showed that an intensive
SBP lowering of <120 mmHg in high-risk
patients resulted in lower rates of major CV
events and death from any cause. Notably, dia-
betic patients were not included in the trial.
According to the 2017 AHA guidelines, patients
at high CV risk should be treated when BP values
are >130/80 mmHg, and the goal should be of
keeping BP under this cutoff. Otherwise, antihy-
pertensive treatment should be started when BP
values are >140/90 mmHg.

Lifestyle changes, undoubtedly substantial
part of both prevention and treatment of hyper-
tension, are paramount because they contribute to
reduce CV risk at a greater extent.

Many pharmacologic agents exist for the
treatment of hypertension. The general consensus
is that there is no superiority of one class of
agents over any of the others: the choice of the
treatment may rather depend on concurring con-
ditions. The major classes of antihypertensive
drugs are diuretics, beta-blockers, calcium chan-
nel blockers (CCB), angiotensin-converting
enzyme inhibitors (ACEi), and angiotensin
receptor blockers (ARBs)—all are suitable as
agents for the initiation of treatment. Starting
with a combination therapy is generally pre-
ferred, if not in all patients, at least in those with
higher BP values or with high or very high CV

risk. Given this, drugs to be preferred are of
course those more prone to association therapy
(notably, the only association not recommended
is that between ACEi and ARBs). Trials and
meta-analysis have indeed shown that combining
two drugs (from any classes) results in a greater
reduction in BP values than increasing the dose
of a single agent. The timing of a first interven-
tion, with drugs rather than with lifestyle changes
alone, depends on the CV risk, degree of hyper-
tension, and the presence of target organ damage.
It is generally recommended, irrespectively of
the type of starting approach, to close monitor
patient’s response to decide whether to imple-
ment therapy. For example, AHA guidelines sug-
gest a follow-up evaluation after 3—6 months in
patients at low CV risk, for whom a lifestyle
approach is decided, and a follow-up after
1 month in those at higher risk starting straight
with medications.

Hypertension as a Risk Factor
for Cancer

Hypertension as a preexisting condition has been
widely investigated in neoplastic patients. The
association between hypertension and develop-
ment of cancer was object of many studies. The
very first analysis suggesting hypertension to
cause an increased risk of cancer dates back to
1975 [4]. Since then, several others were con-
ducted, but results have been conflicting.

In a large Finnish cohort of more than 20,000
patients followed for a mean of 16 years, there
was no difference in the incidence of any cancer
between hypertensive and normotensive subjects,
though a relation for some type of cancer was
observed [5]. Similar results were reported by a
Swedish study on 6614 elderly patients (mean
age 76 years old, mean follow-up 5 years). This
latter study also confirmed findings about the
absence of a speculated relation between antihy-
pertensive drugs and the development of cancer
[6]. Another subsequent meta-analysis compris-
ing more than 300,000 patients from 70 trials
ruled out a possible link, not recording any asso-
ciation between cancer incidence nor mortality
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with any class of antihypertensive drugs [7]. In
contrast to these data, the largest analysis to date
(577,799  participants, average follow-up
12 years) reported a modest but significant asso-
ciation between hypertension and cancer inci-
dence in men and between hypertension and
cancer mortality in men and women [8]. Other
studies also found an increased rate of cancer
mortality in hypertensive patients [9].

To note, it cannot be excluded that these find-
ings are in some part biased due to a greater atten-
tion given to hypertensive patients (the more
frequent medical evaluations, the higher probabil-
ity of being diagnosed from other diseases), but
also to a lower CV mortality thanks to medication,
which allows developing of cancer with aging.

As previously reported, while evidence of an
association between hypertension and any type
of cancer is still not defined, it does exist a cor-
relation with specific cancer subgroups.

The most frequently addressed is kidney can-
cer, and hypertension was found to significantly
increase its risk in several analyses, though
degree and characteristics of this association are
not uniform in all studies. A large US data sup-
port the association for both men and women
independently from obesity and smoking [10]. In
a Taiwanese cohort, hypertension significantly
increased the risk of kidney cancer only in women
and was also related with endometrial cancer in
women <50 years old [11]. Higher incidence of
endometrial cancer in hypertensive women was
found in the Finnish analysis as well [5]. In other
cancer types, as for prostate cancer and those
from the gastrointestinal tract, hypertension con-
tributes to the risk of cancer as part of the meta-
bolic syndrome [8, 12]. An increased risk of
breast cancer was reported in postmenopausal
hypertensive women [13].

Hypertension as a Predisposing
Factor for Cardiotoxicity
Due to Anticancer Drugs

Another concern with hypertensive patients
comes from findings that not only higher cancer
mortality was reported but also more frequent

adverse events related to specific antineoplastic
treatments. It is the case of anthracyclines.
Cardiotoxicity induced by this class of drugs is
well known and is dose-dependent, and its pecu-
liarity is that it may occur even years after the
anthracycline-based treatment has ended. A con-
vincing reason for this characteristic timing is
proposed in the “multiple-stress” or “multiple-
hit” hypothesis. Briefly, anthracyclines’ damage
on cardiomyocytes and cardiac stem cells, driven
by production of reactive oxygen species, repre-
sents the substrate for subsequent insults on the
heart, which results weakened and unable to
adapt or self-heal. Basically, these latter insults
may be merely represented by aging. In this con-
text, a previous CV disease, and specifically
hypertension, makes the heart more susceptible
to develop the well-known anthracyclines-
induced left ventricular dysfunction [14, 15]. Ina
cohort of women aged 66-70 years old, hyper-
tension, along with diabetes and coronary artery
disease, was found to be a strong predictor of
heart failure due to anthracycline adjuvant treat-
ment [16]. Among patients with diffuse large
B-cell lymphoma older than 65 years, hyperten-
sion was the strongest predictor of heart failure
due to doxorubicin [17]. In another analysis of
patients affected by non-Hodgkin’s lymphoma
treated with R-CHOP (rituximab, cyclophospha-
mide, doxorubicin, vincristine, and prednisone),
those with preexisting hypertension were signifi-
cantly more likely to develop subsequent heart
failure than those normotensives [18]. Moreover,
the study showed how hypertensive patients were
more prone to undergo a discontinuation of the
antineoplastic therapy or a delay in treatment or a
reduction in anthracycline doses, implying that
hypertension may also render less effective
chemotherapy.

Practical approaches to avoid or at least better
manage anthracyclines toxicity have been
proposed [14, 19]. High-risk patients must be
identified prior to the beginning of anthracycline
treatment. For these subjects cardioprotective
strategies are advised and should be taken into
consideration. These mainly consist of using
dexrazoxane, choosing a liposomal anthracy-
cline, and/or starting cardioactive drugs in pri-
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mary prevention (even if there are no definite and
unequivocal data in regard of this latter option).

Given that hypertension increases the risk of
anthracycline cardiotoxicity, the goal is to have
on-target BP values, meaning it may be needed to
implement therapy in those already taking drugs
but not on target or start a new therapy for those
not undergoing a specific treatment. In the onco-
logic patients taking anthracyclines, those drugs
with an effect both on hypertension and on pre-
venting heart failure are recommended, namely,
second-generation beta-blockers and ACEi or
ARBs. In those patients already on treatment, it
may be reasonable even to switch from other
antihypertensive medicaments to these classes of
drugs. Moreover, there is evidence for some of
these specific molecules to directly protect
against effects of anthracyclines. Carvedilol has
shown to reduce mitochondrial dysfunction [20]
and the production of reactive oxygen species
and of proapoptotic mRNA expression [21]. It is
therefore recommended as beta-blocker of choice
in  anthracycline-induced  heart  failure.
Furthermore, in a small cohort of 25 patients
planned to be treated with adryamicin or epirubi-
cin, the preventive administration of carvedilol
resulted in less systolic and diastolic cardiac dys-
function, compared to matched controls, at
6 months follow-up [19]. Similar results were
reported for nebivolol [22], telmisartan [23], and
valsartan [24]. In those patients already in ther-
apy with a beta-blocker and/or an ACEi or an
ARB, it may be considered to switch their medi-
cation to one of these molecules. Data from retro-
spective analysis also enhance a possible
advantage from statin therapy [25].

Often used in combination with anthracy-
clines, trastuzumab is an inhibitor of the human
epidermal growth factor receptor 2 (HER2). Its
cardiotoxicity is low when administered without
anthracyclines and has substantial differences.
Left ventricular dysfunction induced by trastu-
zumab is dose-independent, manifests during
chemotherapy, and is usually reversible. At the
basis of its mechanism, it is not, indeed, cell
death but transient mitochondrial and myocardial
contractile protein dysfunction. Rate of heart fail-
ure occurrence due to trastuzumab therapy alone

is reported to be lower than 4%. Patients at higher
risk of trastuzumab-induced heart failure are
those already previously exposed to anthracy-
clines and those with a preexisting CV condition,
in particular left ventricular systolic dysfunction
and hypertension [26, 27].

Hypertension Caused by
Antineoplastic Treatments

More than one-third of cancer patients develops
hypertension in the natural course of their
disease.

Elevation of BP is related to age, cancer type,
and cancer therapy. However, it may be seen in
all cancer patients. A retrospective analysis of
more than 25,000 cancer patients found an inci-
dence rate of new-onset hypertension of more
than 32 cases per 100 person/year. Hypertension
presented across all cancer types, though its
severity varied consistently for each sort of neo-
plasm. Moderate hypertension was seen more
frequently in renal and lung cancers, and severe
hypertension in gastric, ovarian, prostate, and
lung cancers, while hypertensive crisis was more
common in gastric, ovarian, lung, and colorectal
cancers. Overall, the incidence of hypertension
was higher during chemotherapy, even if this
result may be biased by the fact that BP measure-
ments occurred more frequently during therapy.
An interesting finding, anyway, was that this rela-
tion was reported for all chemotherapy types and
lines [28]. Indeed, even if specific antineoplastic
treatments are more frequently associated with
new-onset hypertension, it may represent a side
effect of many chemotherapeutic regimens.

Moreover, hypertension may be caused also
by adjuvant cancer treatments, for example, cor-
ticosteroids and erythropoietin (EPO) [29].
Corticosteroids are  frequently used in
antineoplastic regimens, in particular in hemato-
logic cancers. Corticosteroid-induced hyperten-
sion mostly depends on their mineralocorticoid
effects and is often easy to manage just by dietary
means (i.e., intake of fluids and salt). Recombinant
forms of EPO are instead used as replacement
therapy in advanced kidney disease and in kidney
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cancer as well. Up to 35% of patients treated with
EPO develops hypertension. The pathophysio-
logic mechanisms proposed to cause hyperten-
sion are a direct vasopressor effect of EPO and an
increase in peripheral vascular resistance due to
remodeling of the vascular wall. Augmented
blood viscosity may also play a role. EPO-
induced hypertension treatment relies on usual
drugs, though CCB may represent a good choice
considering the underlying renal disease that may
contraindicate ACEi and ARBs.

Data about alkylating agents come primarily
from registries of testicular cancer survivors.
Cisplatinum represents the basis of chemothera-
peutic regimens for this cancer type. It has been
observed that testicular cancer survivors are more
prone to develop hypertension and metabolic
syndrome. Individuals who were treated with
chemotherapy (alone or in combination with
radiotherapy) more frequently presented this
adverse effect. The higher the cumulative dose of
cisplatinum, the higher the probability for hyper-
tension to be developed. Two Norwegian studies
reported a cutoff value of 850 mg of cisplatinum,
over which the association with hypertension and
metabolic syndrome was more pronounced. The
peculiarity for this side effect of cisplatinum is
that it presents many years after the end of cancer
treatments; indeed in the Norwegian cohorts,
mean follow-up was of 11 years [30, 31]. Thus,
hypertension due to cisplatinum is not an imme-
diate adverse effect, and its timing strengthens
the importance of a continuous follow-up of
these patients, finalized to CV prevention.

Among the antineoplastic treatments, anti-
vascular endothelial growth factor (VEGF)
agents are those most commonly associated with
new-onset hypertension or worsening of a preex-
isting hypertension, leading to reported incidence
of hypertension-related adverse effects in up to
60% of treated patients (Table 11.3) [32]. There
actually exist two groups of these drugs, human-
ized monoclonal antibodies that directly bind to
VEGEF, such as bevacizumab, and the so-called
small molecules, tyrosine kinase inhibitors, such
as sorafenib and sunitinib. These latter agents act
on the intracellular domain of VEGF receptor
(VEGFR)-2 but are not totally specific and may

Table 11.3 Anti-VEGF agents and related incidence of
arterial hypertension

Incidence of
arterial
Anti-VEGF hypertension
agent Therapeutic target (%)
Bevacizumab | VEGF ligand 22-24
Sunitinib VEGFR, PDGFR, 15-34
KIT, FLT3, CSR,
RET
Sorafenib VEGEFR, PDGFR, 17-29
KIT, FLT3, RET
Axitinib VEGFR 40
Pazopanib VEGFR, PDGFR, 36-46
FGFR, KIT, Itk,
Lck, c-FMS
Dasatinib SRC, BCR-ABL <10
Ponatinib VEGEFR, PDGFR, 67
FGFR, EPH,
BCR-ABL, KIT,
FLT3, RET, Src,
TIE2
Regorafenib | VEGFR, PDGFR, 28-48
FGFR, KIT, RET,
BRAF
Cabozantinib | VEGFR, KIT, 32-37
FLT3, RET, MET,
TRKB, AXL, TIE2
Vandetanib VEGEFR, EGFR, 24
RET

Adapted from Brinda et al. [32]

bind also other tyrosine kinase receptors. This
molecular difference led to an initial belief that
the development of hypertension was more fre-
quent with tyrosine kinase inhibitors. On the con-
trary, a large meta-analysis of 77 studies
highlighted a similar incidence of hypertension
for both groups of drugs [33]. Overall, through-
out the two groups, hypertension was the most
common side effect, with a number needed to
harm of six.

VEGF exerts its functions through three
receptors, VEGFR-2 being considered the most
important. This receptor promotes promitotic
pathways (angiogenesis) and vascular permeabil-
ity; also, it activates the endothelial nitric oxide
(NO) synthase enzyme, which leads to produc-
tion of NO and thus vasodilation.

Reduction in NO production due to inhibition
of VEGFR-2 determines vasoconstriction and
augmented peripheral resistances, hence hyper-
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tension. NO is also involved in renal sodium
homeostasis, and an impaired production of NO
may also cause sodium retention. Anyway, con-
tradictory results regarding the NO role in anti-
VEGF agent-induced hypertension have been
reported. Indeed, while on one hand decreased
serum levels of NO metabolites were found with
VEGF inhibition, in vitro NO bioavailability was
preserved. Unconclusive data emerged also from
animal models. These considerations suggested
that other mechanisms beyond reduction in NO
are likely involved [15, 34-37].

Firstly, VEGFR are also expressed in the kid-
ney, specifically in podocytes. Inhibition of
VEGEFR results in glomerular lesion at electron
microscopy and in proteinuria in up to 60% of
patients affected by renal carcinoma and treated
with bevacizumab. Though proteinuria is largely
asymptomatic, and not clinically relevant, it has
been observed that patients who develop protein-
uria more frequently develop hypertension too
and that proteinuria was associated with more
severe grade of new-onset hypertension. Notably,
despite proteinuria and new-onset hypertension,
treatment with anti-VEGF agents does not cause
an impairment in renal function, expressed as
glomerular filtration rate [38]. Secondly, anti-
VEGF agents increase levels of endothelin 1, a
molecule with vasoconstrictive effect. It is not
clear how anti-VEGF agents directly induced this
augmented secretion, but endothelial dysfunction
by itself, secondary to NO reduction, may be the
cause. Moreover, the inhibition of VEGF induces
endothelial cell apoptosis, resulting in a phenom-
enon called microcapillary rarefactions. This
causes loss of small vessels and augmented
peripheral resistance. Rarefaction may also be
functional, only caused by severe capillary vaso-
constriction, and therefore reversible. The func-
tional mechanism is thought to be predominant
over the anatomical rarefaction when caused by
anti-VEGF agents. Finally, VEGF inhibition may
induce renal thrombotic microangiopathy;
indeed, among the adverse effects of anti-VEGF
agents, there is also thromboembolism.

Tyrosine kinase inhibitors sunitinib and
sorafenib do also inhibit platelet-derived growth
factor (PDGF) receptor (PDGFR), which is

involved in angiogenesis as well as VEGFR-2. It
is moreover thought that PDGF exerts also a car-
diac and vascular protective role. Thus, even if
the mechanisms are still unknown, also PDGFR
inhibition may contribute to anti-VEGF agent-
induced hypertension [15].

Patients at higher risk of developing anti-
VEGF agent-induced elevation in BP are usually
older, female, with a greater BMI, and with a pre-
existing hypertension [37, 39]. The hypertensive
adverse effect, at least for bevacizumab, seems to
be dose-dependent [35]. Furthermore, it emerged
that even certain genetic polymorphisms may
play a predisposing role [40, 41]. In particular,
genetic variants of VEGF, FIP200, WNKI,
KLKBI1, and GRK4 may be related with
bevacizumab-induced hypertension.

Elevation of BP caused by anti-VEGF agents
is rapid [37, 38]. Bevacizumab-induced hyper-
tension usually appears within the first cycle of
therapy [35]. An analysis conducted on gyneco-
logic cancer patients found a median onset time
of 67 days [42]. In a population of metastatic
renal cell carcinoma patients, more than 30% of
individuals developed hypertension within
30 days from the beginning of therapy with tyro-
sine kinase inhibitors [38]. As well as for the
onset, this condition is reported to sharply reverse
along with the end of the treatment. Timing of
onset/offset of anti-VEGF hypertension high-
lights the importance of a good therapeutic man-
agement of this condition. Notably, indeed,
anti-VEGF agents are so far used in late-stage
cancer diseases, with an expectation of prolonged
survival of less than 24 months (mostly less than
12 months). May this be enough time to develop
CV complications due to hypertension, i.e., left
ventricular diastolic and/or systolic dysfunction,
is questionable. Rate of occurrence of heart fail-
ure during anti-VEGF therapy is low and more
frequent in those with a previous history of
hypertension, coronary artery disease, or heart
failure [43]. Renal complications (i.e., a severe
reduction in glomerular filtration rate) are as well
rare [38]. These data suggest that though being a
substantial issue in patients on therapy with anti-
VEGF agents, hypertension is a manageable
adverse effect and, if well treated, rarely causes
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complication. Therefore, the primary goal of
antihypertensive medicaments should be of
reaching acceptable values of BP to allow the
patients keep being on chemotherapy.

Another fact must be taken into account when
addressing anti-VEGF-induced hypertension. It
represents an on-target effect of these drugs;
therefore, lot has been speculated regarding the
meaning and prognostic value of the develop-
ment of hypertension. Various studies on meta-
static colorectal cancer and metastatic lung
cancer patients treated with bevacizumab showed
better prolonged free survival, with discordant
results regarding overall survival, in those who
developed hypertension [34, 44, 45]. In a recent
analysis, patients with metastatic colorectal can-
cer who developed hypertension being treated
with bevacizumab had higher overall survival,
but this result lost its significativity when patients
with preexisting hypertension were excluded
from the analysis [46]. In a retrospective analy-
sis, hypertension induced by pazopanib was not
related with outcome in patients treated for soft
tissue sarcoma [47], while the incidence of
hypertension and neutropenia secondary to suni-
tinib therapy in metastatic renal cell carcinoma
was related with a better outcome [34, 48]. This
finding was confirmed even by a retrospective
review of 50 patients, with both better prolonged
free survival and overall survival [49].

This prognostic role on new-onset hypertension
due to the anti-VEGF agents’ treatment has to be
considered when addressing its management. First
of all, this concept stresses again what the objective
of antihypertensive therapy should be, that is, reach-
ing acceptable BP values to let the patient continue
the chemotherapeutic treatment. ACEi and ARBs
are the drugs of choice, in particular if proteinuria
appears, due to their renoprotective effect. It has
been proposed, furthermore, that both these classes
of molecules exert also an antineoplastic role, act-
ing on angiotensin 2, which is involved in angiogen-
esis [50]. Various analyses have showed a better
outcome in renal cell carcinoma patients treated
with anti-VEGF agents and simultaneously with
ACEi or ARBs [51-53]. Dihydropyridine CCB
have shown good efficacy, while non-dihydropyri-
dine drugs should be avoided because of their

hepatic metabolism involving the cytochrome
CYP3A4. In addition, after it was found that levels
of endothelin 1 were augmented by anti-VEGF
agents, also anti-endothelin drugs were proposed.
Moreover, drugs increasing NO have been proposed
in this specific context, such as nitrates and the beta-
blocker agent nebivolol. However, it should not be
excluded that, being hypertension an on-target
effect, the way BP values are reduced may influence
the anticancer effect of anti-VEGF agents. In fact, it
has been shown that NO and its pathway are
involved in angiogenesis. There are no clear data
nor demonstration that addressing NO may not
compromise the anti-angiogenetic, anticancer effect
of anti-VEGF agents [34]. In our opinion, antihy-
pertensive medicaments targeting NO should be
used cautiously.

Finally, lowering the dose or even interrupting
chemotherapy should be considered only if BP
values keep being uncontrolled regardless of an
optimal antihypertensive treatment.

The Cardiovascular Evaluation
Before Starting Antineoplastic
Therapies

Cardiotoxicity is a compelling issue. Due to its
variety and complexity, definite recommenda-
tions for a CV evaluation before starting any anti-
neoplastic treatment are still lacking. At the same
time, there is a growing evidence that most
patients would need a pre-treatment evaluation
and benefit from it. Though specific information
to be investigated may depend on clinical circum-
stances (type of cancer, type of therapy, line of
therapy, prognosis), there generally are some
common questions to be addressed. The purpose
of a CV evaluation is indeed not only to avoid
cardiotoxicity but to make possible for the patient
to undergo cancer treatment with the lower pos-
sible risk of cardiotoxicity and, if a cardiac
adverse effect presents, to prevent it to cause an
early discontinuation of therapy. In other words,
the issue of a CV evaluation before starting an
antineoplastic therapy should shift from “Is there
any contraindication to anticancer therapy?” to
“Which is the patient’s risk of CV complications
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over the entire antineoplastic treatment period,
and what would be the best way to manage this
eventuality?” [14, 54].

CV risk should be systematically evaluated in
all patients with a simple and effective approach,
investigating previous CV history, thoracic
examination, CV risk factors (glycemic and lipid
profile, BP values, renal function), and ECG [27].
The finding of hypertension during this baseline
evaluation is of crucial importance.

In particular, specific attention must be paid to
two specific categories of hypertensive patients:

1. Those subjects in whom the pre-evaluation
has revealed other strong CV risk factors

2. Those going to be treated with anthracyclines
or with inhibitors of HER2 or with anti-VEGF
agents

These patients would need further investiga-
tion, specifically including an echocardiogram,
and may benefit from a specialistic cardiologic
consultation. Such an approach is paramount,
because, as previously reported, an untreated
hypertension may seriously compromise the
proper course of the antineoplastic therapy.

Hypertensive patients with different profiles
may be encountered: those with a previous diag-
nosis and those newly diagnosed. In the first case,
a deeper evaluation is needed to ascertain BP val-
ues are on target and to properly consider thera-
peutic modifications, even for subjects with
well-controlled BP on their current therapy. It
may be in fact considered for patients undergoing
specific regimens (i.e., anthracyclines) to switch
from other antihypertensive drugs to those classes
known to have a definite cardioprotective effect,
such as ACEi or ARBs and second-generation
beta-blockers (carvedilol, nebivolol, bisoprolol).

In the case of a newly diagnosed hypertension,
the pre-treatment evaluation becomes of significa-
tive importance. It must be in fact kept in mind that
BP elevation may be a white-coat hypertension or
a reactive anxiety disorder, an understandable eve-
nience in patients with a recent diagnosis of can-
cer. The physician is called to meticously
investigate the patient’s previous history: did the
patient ever measured BP in the past? How fre-

quently? Did BP values were within the normal
range? If the patient appears to always have been
normotensive, a “reactive” hypertension is pro-
bale. In this context, anxiolytic drugs rather than
antihypertensive treatments may be more benefi-
cial. Otherwise, the hypothesis of an undiagnosed
hypertension should be strongly considered and
may be guided by the results from ECG (e.g., signs
of left ventricular hypertrophy or strain) and echo-
cardiography. Other actions, such as a Holter BP
monitoring or more simply the indication to accu-
rately take a BP daily diary may be reasonably
taken into account before starting any treatment.

Patients scheduled to receive treatment with
anti-VEGF agents represent a particular popula-
tion, as reported in the dedicated paragraph.
Though for these subjects the aforementioned gen-
eral approach is basically valid, it is true that it has
to be undertaken methodically, since hypertension
represents a significantly frequent and severe, but
manageable, adverse effect. In this very case, the
CV evaluation would benefit from proteinuria
screening, a finding that may predict the develop-
ment of hypertension secondary to anti-VEGF
treatment [38].

A fundamental part of this anti-VEGF treat-
ment pre-evaluation is the education of the
patient. He/she must be informed that after initia-
tion of therapy, a significative increase in BP val-
ues may occur, with a rapid onset (even few
days). Practical instruction on how to behave if
BP rises must be provided to the patient, in par-
ticular advices about the following:

1. How to monitor BP (best condition on how to
take the measurement, how frequently to
assess BP, which items to use)

2. When to start an antihypertensive drug and
when to reinforce the antihypertensive ther-
apy (and how)

3. Which are the values of BP that represent an
emergency (usually 180/100 mmHg) and
what symptoms must require an immediate
medical contact (chest pain, dyspnea, dizzi-
ness, headache)

As already said, no definite therapeutic
approach for management of hypertension sec-
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ondary to anti-VEGF treatment exists. We empir- 4. If BP keeps being elevated or if maximum
ically suggest a step-by-step strategy that may be doses of ACEi/ARBs or CCB are already

summarized as follows: used, add a beta-blocker or a diuretic.
5. If BP keeps being elevated, consider to stop
1. If after initiation of anti-VEGF therapy BP anti-VEGF treatment.

values systematically rises over 140/90 mmHg,

start immediately with an ACEi/ARBs or Notably, we believe that if after the first two

CCB therapy. steps BP values do not reach target values, a car-
2. If BP keeps being elevated, add the other drug.  diologic consultation (if not already performed)
3. If BP keeps being elevated, titrate both drugs. is critically needed. Figure 11.1 outlines a sche-

| BP at baseline |

Normal BP High-normal BP Newly diagnosed HTN Known HTN
values (130-140/85-90 mmHg) (>140/90 mmHg) on treatment
| Other CV risk factors? | Well controlled
/ \ BP?
Start therapy preferring /\
NO YES CCB and ACEi/ARBs @ @
May be reasonable start Reinforce therapy, CCB and
cardio-protective therapy ACEI/ARB:s if not yet used
(Bb, ACEIi/ARBSs) (even for normal-high BP)

Start anti VEGF therapy |

Hypertensive
crisis?

HYPERTENSION

l

1. Start therapy with ACEi/ARBs or
CCB (if not already used)

l BP still
elevated

[ 2. Add the other drug

l BP still
elevated

[ 4. Add a second generation-beta

blocker or a diuretic ] BP still
l elevated

3. Titrate drugs to maximum doses

Consider to hold
anti VEGF therapy
for several weeks
until adequate BP
control is achieved

BP still
elevated

Fig. 11.1 Algorithm for evaluation of blood pressure and  inhibitors; ARBs, angiotensin receptor blockers; Bb, beta-
management of hypertension before and during anti- blockers; BP, blood pressure; CCB, calcium channel
VEGF treatment. ACEi, angiotensin-converting enzyme  blockers; HTN, hypertension
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matized algorithm for the management of hyper-
tension before and during anti-VEGF therapy.

Moreover, patients receiving an anti-VEGF
therapy may also benefit from statin treatment.
Beyond a concurrent effect on CV risk factors
control and on inflammation, it has been reported
that statins may also reduce VEGF levels [55].

A final mention is to be given to hypotension.
Even cardiac drugs have their side effects and cause
changes in sympathetic tone, volemia, heart rate.
Cancer itself and antineoplastic treatments are asso-
ciated with fatigue and hemodynamic alterations.
Cardioactive therapies may concur to debilitate the
patient on this basis, exacerbating symptoms. While
hypertension caused by antineoplastic treatments is
widely addressed, secondary hypotension is too
often forgotten. We believe that a comprehensive
CV evaluation must deal with this issue and be able
to modulate cardioactive treatments; it is in fact not
unfrequent the needing of suspending or reducing a
previous therapy for hypertension in a cancer
patient. A similar strategy to that proposed above
may be considered—patients should be educated to
know how to deal with antihypertension therapy
when BP is low. For example, if more than one anti-
hypertensive drug is used, patients may be taught to
discontinue one of them when a cutoff value for low
BP is registered (i.e., SBP < 100 mmHg).
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Introduction

Advances in cancer therapy have led to a signifi-
cant improvement of survival in most types of
malignancies over the past few decades. As a
result, there is a growing population of cancer
survivors, expected to reach 18 million people in
2030 in the USA and a similar number in Europe
[1]. Interestingly, cancer survivor studies have
shown that although about half of these patients
eventually die of cancer, one-third of them actu-
ally die of cardiovascular disease [2]. Women
diagnosed with breast cancer, one malignancy
with particularly high survival rates, have cur-
rently a higher risk to die of heart disease than of
breast cancer or other malignancies [3]. In addi-
tion, adults having survived from childhood can-
cer have an eightfold higher cardiovascular
mortality compared to adults not having experi-
enced cancer during their childhood [4].
Cardiovascular complications in patients with
cancer result from the interaction of three main
factors: cancer therapy that may confer cardiac or
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vascular toxicity, cancer itself that may affect the
heart directly and mainly indirectly, and the
underlying cardiovascular status of patients in
terms of coexistent heart disease or cardiovascu-
lar risk factors. The cardiovascular spectrum of
cancer patients is quite wide, comprising practi-
cally every form of cardiac or vascular disease
[5]. Arrhythmias represent a significant part of
this spectrum, and atrial fibrillation (AF) is one
of the main arrhythmias occurring in cancer
patients.

Epidemiology

Several studies have documented the relationship
between cancer and AF (Tables 12.1 and 12.2). In
terms of epidemiology, AF in cancer could be
divided into two forms according to whether it
occurs during the perioperative period of cancer
surgery (perioperative AF) or not. This distinc-
tion is important as perioperative AF is character-
ized by relatively high incidence rates, particularly
in patients undergoing pulmonary resection for
lung cancer [28].

A recently published study on 833,500 patient
records from 26 major healthcare systems in the
USA showed that the age-adjusted risk of inci-
dent AF in cases with newly diagnosed cancer
was 4.4 times higher within the first year of can-
cer diagnosis and 22-30% higher after the first
year [13]. In an earlier large study on 24,000
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Table 12.1 Studies on atrial fibrillation (AF) in patients with cancer

Study N Type of cancer AF prevalence or incidence

Guzzetti et al. 456 Colorectal 5.2%

[6]

Guzzetti et al. 1317 Colorectal or breast 3.6%

[7]

Wilkinson et al. | 20,571 Various 18.0% in bisphosphonate group vs 12.7% in controls

[8]

Erichsen et al. 11,887 Various 3.2% in bisphosphonate group vs 2.4% in controls

[9]

Huetal. [10] 24,125 Various 2.4% at cancer diagnosis plus 1.8% after cancer diagnosis
(new-onset)

Abonowara 136 Thyroid cancer on TSH | 10.3%

etal. [11] suppression

O’Neal et al. 15,428 Various 18-23% higher adjusted risk

[12]

Kimetal. [13] |833,520 | Various 4.4-fold higher risk in year 1 of cancer diagnosis; 22-30%
higher risk beyond 1 year of cancer diagnosis

Table 12.2 Studies on perioperative atrial fibrillation in patients with cancer

Study N Type of surgery AF incidence (%)
Cardinale et al. [14] 233 Pulmonary resection for lung cancer 12

Walsh et al. [15] 174 Colectomy for colorectal cancer 5.4 (pre- and postoperative)
Siu et al. [16] 563 Colectomy for colorectal cancer 4.4

Roselli et al. [17] 604 Pulmonary resection for lung cancer 19

Cardinale et al. [18] 400 Pulmonary resection for lung cancer 18

Salvatici et al. [19] 400 Pulmonary resection for lung cancer 18

Onaitis et al. [20] 13,906 Pulmonary resection for lung cancer 12.6

Nojiri et al. [21] 126 Pulmonary resection for lung cancer 23

Nojiri et al. [22] 80 Pulmonary resection for lung cancer 28

Nojiri et al. [23] 553 Pulmonary resection for lung cancer 5.6

Imperatori et al. [24] 454 Pulmonary resection for lung cancer 9.9

Ciszewski et al. [25] 117 Pulmonary resection for lung cancer 16

Ojima et al. [26] 207 Esophagectomy for esophageal cancer 9.2

Chin et al. [27] 583 Esophagectomy for esophageal cancer 11

patients suffering from various malignancy types,
the absolute prevalence of AF at the time of can-
cer diagnosis was 2.4%, while the incidence of
AF after cancer diagnosis was 1.8% [10]. In
another large study on 20,500 patients, the
reported absolute prevalence of AF ranged
between 13% and 18%, depending on whether
patients were receiving bisphosphonates or not
[8]. Evidence from the “REasons for Geographic
And Racial Differences in Stroke” (REGARDS)
cohort on nearly 15,500 patients showed a 20%
higher adjusted risk for AF (18%, 19%, or 23%
higher risk, depending on the adjustment model)
in patients with cancer compared to those with-

out cancer [12]. It should be stressed that in the
latter analysis, cases with either life-threatening
cancer or having received cancer treatment within
the previous 2 years had been excluded, and
therefore the risk for AF might have been under-
estimated by this cohort.

A number of studies have addressed the inverse
question, that is, the risk of cancer in patients with
AF (Table 12.3). In a cohort study of nearly 270,000
Danish patients with new-onset AF, the standard-
ized incidence ratio of cancer (observed divided by
expected incidence) was considerably high during
the first months after AF diagnosis, reaching 5.1 in
the first trimester and dropping to 1.4 during the
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Table 12.3 Studies on cancer prevalence or incidence in
patients with atrial fibrillation (AF)

Table 12.4 Risk factors for perioperative atrial fibrilla-
tion in patients with cancer

Cancer prevalence
Condition| or incidence

AF vs
no AF

Study N
28,333
with AF
and
283,260
without
AF
388,270

Colorectal
cancer: 0.59% in
AF vs 0.05% in
non-AF

Erichsen
et al. [29]

Kim et al.
[13]

New- 2.6-fold higher
onset risk in year 1 of
AF AF diagnosis;
66% higher risk
beyond 1 year of
AF diagnosis
New- SIR® after AF
onset diagnosis:

AF 5.11 in months
0-3

1.38 in months
4-6

1.15 in months
7-12

1.14 in months
13-24

1.11 in months
>24

New- 48% higher
onset overall risk;

AF 3.5-fold higher in
months 0-3 of
AF diagnosis;
42% higher
beyond year 1 of
AF diagnosis

Ostenfeld
et al. [30]

269,742

Conen
etal. [31]

34,601

women

aStandardized incidence ratios: observed vs expected can-
cer incidence

second trimester and to 1.2 during the second
semester [30]. In another study on more than
56,500 patients, the incidence of colorectal cancer
was 0.6% in patients with AF and only 0.05% in
those without AF [29]. Accordingly, an analysis of
the Women’s Health Study on nearly 35,000 ini-
tially healthy women showed that new-onset AF
conferred a 48% adjusted risk of cancer beyond
1 year of AF diagnosis [31].

The incidence of AF during the perioperative
period ranges between 4.4% and 28% (Table
8.2), depending on the type of surgery and addi-
tional risk factors, as described in detail in
Table 12.4 [28]. In the largest of studies on
cancer-related perioperative AF on nearly 14,000

Patient-related
factors

Advanced age, male gender, history
of arterial hypertension, history of
paroxysmal AF

Cancer-related
factors
Surgery-
related factors

Advanced cancer stage, physical
status, postoperative tachycardia

Increased duration, complications,
need for blood transfusion, extended
lung resection in lung cancer, use of
colon conduit in esophagectomy

Cardiac Elevated plasma levels of natriuretic
indexes or peptides, ectopic beats on ECG, low
biomarkers mean heart rate, low heart rate

variability, mitral E/e’ ratio >8

patients undergoing pulmonary resection, the AF
incidence rate was 12.6% [20]. The reported inci-
dence of perioperative AF is generally higher in
patients undergoing lung resection (6-28%)
compared to those undergoing colectomy (4—5%)
or esophagectomy (9—11%; Table 12.2). The vast
majority of AF cases seem to occur during the
first 3 days after the operation, with one-third of
them occurring during the second day, while the
incidence rate declines significantly after the
third day [18].

Prognosis

In the general population, AF is followed by a
twofold increase in the risk of death, a threefold
increase in the risk of heart failure, and a fivefold
increase in the risk of stroke [32]. It is expected
that this would also be the case in patients with
cancer. Indeed, in a previously mentioned large
study on more than 24,000 patients with newly
diagnosed cancer, AF was associated with an
almost twofold higher adjusted risk for thrombo-
embolic complications and a sixfold adjusted risk
for heart failure [10]. In contrast, in a large data-
base of 10,358 patients with AF, half of whom
were receiving anticoagulation with vitamin K
antagonists (VKA), cancer was not followed by
higher stroke incidence, regardless of VKA ther-
apy [33]. On the other hand, the presence of
active cancer was associated with a tenfold higher
adjusted 30-day mortality in patients with newly
diagnosed AF [34].
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In what concerns the prognostic impact of
perioperative AF, it was identified as an indepen-
dent predictor of 5-year mortality in 454 patients
who underwent pulmonary lobectomy for lung
cancer [24]. In addition, perioperative AF was
associated with 2.5-fold higher 1-year mortality
and 50% higher long-term mortality in 583
patients undergoing esophagectomy for esopha-
geal cancer [27].

Pathophysiology

According to epidemiological evidence, there
seems to be a bidirectional relationship between
AF and cancer, as the one increases the risk for the
other (Fig. 12.1). This is partly explained by the
common pathogenetic mechanisms and risk factors
that the two conditions share, such as aging, sys-
temic inflammation, smoking, or obesity [28, 35].
At the same time, cancer may lead to complications
that are risk factors for AF, as explained in more
details below, and vice versa: AF may cause condi-
tions that may in turn predispose to cancer [35].

Cancer-related complications may predispose
to AF. Such complications include paraneoplastic
manifestations like hyperparathyroidism or auto-
immunity, autonomic nervous system imbalance
caused by pain, vomiting or other forms of physi-
cal or emotional stress, as well as electrolyte or
other metabolic disorders [28].

Cancer may further cause atrial fibrillation
among other cardiac manifestations directly by
invading the heart in the form of primary or, more

Cancer

Fig. 12.1
Pathophysiology of
atrial fibrillation (AF) in
patients with cancer

frequently, metastatic tumors or tumors expand-
ing from adjacent structures, although the cases
of cardiac tumors causing heart disease are rather
rare.

On the other hand, cancer therapies may cause
arrhythmias, including atrial fibrillation either
indirectly through other forms of cardiotoxicity,
such as cardiomyopathy or myocardial ischemia,
or electrolyte and metabolic disorders or directly
by causing a pro-arrhythmic effect. A wide spec-
trum of anticancer medical therapies has been
associated with AF. These drugs include alkylating
agents, such as cisplatin or cyclophosphamide;
anthracyclines; antimetabolites, such as 5-fluoro-
uracil or gemcitabine; taxanes; topoisomerase II
inhibitors, such as etoposide and vinca alkaloids;
targeted therapies, such as rituximab or small mol-
ecule tyrosine kinase inhibitors (sorafenib, suni-
tinib, etc.); biological agents, such as interferon or
interleukin-2; and supporting therapies, such as
bisphosphonates [5]. In addition, surgical resec-
tion of tumors, particularly pulmonary resection
for lung cancer, is frequently followed by AF, as
described previously in detail [28].

Treatment

There are no cancer patient-specific strategies for
the management of AF, and all modalities used in
noncancer patients are applicable [28]. As in non-
cancer patients, the medical history and coexis-
tent conditions along with patient preferences
should always be taken under consideration. In

Cancer invasion of cardiac
structures
(primary, metastatic)

Ageing, inflammation,
common risk factors
(smoking, obesity etc)
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addition, cancer status and prognosis should also
be considered in treatment decisions, with symp-
tomatic interventions being more suitable for
end-stage metastatic cancers and more sustain-
able or disease-modifying interventions being
favored in patients with good prognosis and rea-
sonable life expectancy.

A rhythm control strategy seems to be appro-
priate for patients with recurrent paroxysmal AF
and/or other cardiovascular comorbidities and a
good cancer prognosis, while a rate control
approach is more suitable for patients with end-
stage metastatic disease on palliative care [28].
As in noncancer AF patients, cardioversion to
sinus thythm may be accomplished either phar-
macologically or electrically. In terms of pharma-
cological cardioversion, results from a small
retrospective study favor the use of ibutilide in
cancer patients [36]. However, the QT prolonga-
tion effect of ibutilide and several other antiar-
rhythmic agents should be taken under
consideration, particularly in patients receiving
concomitant therapies that also prolong the QT
interval including anticancer agents such as arse-
nic trioxide and tyrosine kinase inhibitors (espe-
cially vandetanib and vemurafenib) or supportive
therapies such as antiemetics, antibiotics, or psy-
chotropes, as well as in patients with concomitant
electrolyte disturbances that may be common in
cancer [5]. Radiofrequency ablation and the more
recently introduced cryoablation are suitable for
patients with symptomatic paroxysmal AF
despite antiarrhythmic therapy and a reasonable
cancer-dependent life expectancy. Left atrial
appendix closure may be an option for patients
with high thromboembolic and bleeding risk and
also a reasonably good prognosis [28].

Perioperative AF

Concerning the management of perioperative AF
in cancer, two small clinical studies have reported
positive results with the use of landiolol, a short-
acting beta-1 adrenergic receptor blocker, but, in
general, rate control and cardioversion to sinus
rhythm follow the rules that apply in noncancer
patients [23, 26]. On the other hand, the effective

prevention of perioperative AF would be of inter-
est, since it seems to confer a worse prognosis in
cancer survivors, as previously discussed [24, 27].
Amiodarone, administered at 300 mg IV immedi-
ately after surgery followed by 600 mg orally
twice daily for the first 5 postoperative days, con-
ferred a 23% reduction in AF incidence in patients
undergoing pulmonary resection for lung cancer
[37]. A more individually tailored approach has
been suggested by another group of investigators:
they used preoperative NT-proBNP to identify
patients at increased risk of developing postopera-
tive AF and randomized those patients either to
metoprolol or losartan; both drugs were associ-
ated with a reduction in the perioperative risk of
70-80% (risk ratio, 0.19 [0.09-0.37] for metopro-
Iol and 0.29 [0.16-0.52] for losartan) [38].

Anticoagulation

Anticoagulation represents the most challenging
issue concerning the management of AF in
patients with cancer because of the following rea-
sons [28]:

e Cancer itself may be associated with an
increased risk of thromboembolic complica-
tions. This increased risk is related to both
specific types of malignancies, such as gastro-
intestinal tract adenocarcinomas, pancreatic,
ovarian, lung or hepatocellular cancer, and to
certain cancer therapies such as platinum
compounds, pyrimidine analogues, anti-
angiogenetic factors or to supportive therapies
such as erythropoietin or granulocyte colony
stimulating factors. As a result, anticoagula-
tion may be needed even in patients with a
typically low AF-related thromboembolic risk
in the presence of additional thromboembolic
risk factors related to certain types of malig-
nancies or cancer therapies.

e Cancer may also be associated with an
increased risk of bleeding, as in cases with
intracranial primary or metastatic disease,
hematologic malignancies with coagulation
defects, extensive metastatic hepatic disease,
or in the case of thrombocytopenia induced by
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cancer therapies. Therefore, antithrombotic
therapy may be contraindicated in the pres-
ence of the aforementioned bleeding risk fac-
tors even in patients with typically high
AF-related thromboembolic risk.

e Thromboembolic and hemorrhagic risk
assessment tools, such as the widely used
CHA,DS,VASc and HASBLED, respectively,
have not been validated for cancer patients.
Therefore, anticoagulation cannot be solely
based on the use of these and other risk
calculators.

The recently published position paper of the
European Society of Cardiology on cancer treat-

ments and cardiovascular toxicity suggests that
cancer patients with AF can be started on antico-
agulation if the CHA,DS,VASc score is 2 or
higher and the platelet count is higher than
50,000/mm?, stressing at the same time the need
for an individually tailored approach [5]. A previ-
ously published algorithm suggested the use of
CHA,DS,VASc and HASBLED scores in combi-
nation with cancer-related bleeding risk factors to
guide the decision to anticoagulate or not
(Fig. 12.2) [28].

There is no strong evidence favoring the use of
certain anticoagulating factors over the others.
Low-molecular-weight heparins (LMWH), vita-
min K antagonists (VKA), and new oral antico-

Cancer-related atrial fibrillation

Assess bleeding risk: cancer-related high bleeding-risk features*, HAS-BLED scoref
Assess thromboembolic risk: CHA,DS,-VASc scoret

\]

Y

[ No high bleeding-risk features ][ High bleeding-risk features }

l

.

( + N [ 1
CHA,DS,-VASc 21 and CHA,DS,-VASc =0 or

HAS-BLED <3 HAS-BLED >3

. J
{ ‘

@ D N

Antithrombotic Optional antithrombotic No antithrombotic

therapy therapy$ therapy

< NS )

*Intracranial tumor, hematologic malignancies with coagulation defects, cancer therapy-induced thrombocytopenia,

severe metastatic hepatic disease etc.

THAS-BLED = Hypertension, Abnormal renal/liver function, Stroke, Bleeding history or predisposition, Labile INR,

Elderly, Drugs/alcohol concomitantly

FCHA,DS,-VASc = Congestive heart failure or left ventricular dysfunction Hypertension, Age > 75 (doubled),
Diabetes, Stroke (doubled)-Vascular disease, Age 65-74, Sex (female)

§Antithrombotic therapy may be considered in high thromboembolic risk associated with certain cancers (e.g.,
pancreatic, ovarian, lung, primary hepatic) or cancer therapies (e.g., cisplatin, gemcitabine, 5-fluorouracil,

erythropoietin, granulocyte colony stimulating factors).

Fig. 12.2 Proposed algorithm for the guidance of antithrombotic therapy in patients with cancer and atrial fibrillation.
(Reprinted from Farmakis et al. [28]. With permission from Elsevier)
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agulants (NOAC) are all viable options. LMWH
constitute the treatment of choice for deep vein
thrombosis in cancer patients. Heparins have
been deemed to possess some poorly understood
antineoplastic properties [39], while LMWH
have been shown to prolong survival in cancer
patients with or without venous thromboembo-
lism [40, 41]; however, their use for thromboem-
bolic prevention in AF is limited in the general
population. VKA seems to be the preferred treat-
ment in cancer patients with AF, according to a
cohort in study, in which the presence of cancer
favored the use of VKA [42], and they can further
be easily monitored using INR. However, VKA
bear two important drawbacks, the need for con-
tinuous monitoring and the multiple interactions
with several drugs including a lot of anticancer
agents that may either increase or decrease VKA’s
activity [43].

New oral anticoagulants, on the other hand,
have not been sufficiently studied in AF patients
with cancer, as those patients had largely been
excluded from the corresponding clinical trials.
Limited evidence from secondary analyses of
NOAC trials and some additional clinical studies
show that the use of NOAC in cancer patients is
as safe and effective as in noncancer patients
[44-47]. More specifically, in the seminal study
of apixaban for AF, the ARISTOTLE trial, a total
of 1236 of patients (7%) had cancer, including
157 with either active cancer or cancer treated
within a year; apixaban had similar efficacy and
safety as warfarin in patients with and without
cancer. This drug seemed to confer an even
greater benefit in patients with active or recently
treated cancer [45]. Similarly, in a secondary
analysis of the ENGAGE AF-TIMI 48 trial, the
seminal study of edoxaban in AF, which included
1,153 patients with cancer, edoxaban had a simi-
lar efficacy in preventing stroke and systemic
embolic events in patients with and without can-
cer and had a similar risk of major bleeding [46].
Finally, in a small study of 163 patients with
active cancer and AF, rivaroxaban had similar
efficacy and safety as that documented by its
seminal study in AF, the ROCKET-AF [44].

Drug-to-drug interactions may also be of concern
for NOAC, which should be used with caution in
cancer patients receiving therapies that affect
either P-glycoprotein in the case of all four
NOAC or cytochrome CYP3A4 in the case of
rivaroxaban, apixaban, and edoxaban. Agents
that inhibit P-glycoprotein or CYP3A4 and there-
fore increase plasma levels of NOAC include
cyclosporine, tacrolimus, and TKI such as lapa-
tinib, sunitinib, or imatinib [47]. In contrast,
agents that induce P-glycoprotein or CYP3A4
activity and therefore decrease the plasma levels
of NOAC include dexamethasone, doxorubicin,
and vinblastine [47]. Impaired renal function
may also be of concern for the use of NOAC in
patients with cancer, as these agents are contrain-
dicated in severe renal dysfunction.
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Prolongation of Corrected Qt (Qtc)
and Cardiac Arrhythmias

The QT interval, i.e. the time between the start of
the Q wave and the end of the T wave, represents the
electrical depolarization and repolarization of the
ventricles (Fig. 13.1). Cardiac repolarization abnor-
malities can cause prolongation of the QT interval,
which can also be triggered by drugs that affect sub-
units of voltage-gated channels. QT prolongation,
aka “long QT syndrome” (LQRS), can be associ-
ated to a specific ECG polymorphic form of ven-
tricular tachycardia designated torsades de pointes
(TdP), which is characterized by QRS complexes
that oscillate around the isoelectric and differ in
morphology and continuous voltage. As shown in
Fig. 13.2, correction formulae have been devised to
improve the accuracy of QT measurement (QTc)
[1-6]. For example, correction according to
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Fridericia’s formula improves the accuracy of QT
measurement in cases of heart rates higher than 100
beats per minute (bpm) or lower than 60 bpm. The
National Cancer Institute (NCI) has classified the
QT prolongation associated with anticancer drugs
into four grades: grade 1, QTc 450480 ms; grade
2, QTc 481-500 ms; grade 3 QTc > 501 ms on at
least two separate electrocardiograms; and grade 4
QTc > 501 ms or a change of >60 ms from baseline
and TdP, polymorphic ventricular tachycardia, or
signs or symptoms of severe arrhythmia [7].
Several factors can cause QT prolongation in
patients with cancer [8, 9], namely, anticancer
drugs (arsenic trioxide [ATO], ceritinib, crizotinib,
dasatinib, nilotinib, lapatinib, panobinostat, pazo-
panib, romidepsin, sorafenib, sunitinib, vande-
tanib, vemurafenib, and vorinostat), coexisting
risk factors (hypothyroidism, congenital long QT
syndrome, left ventricular dysfunction, myocar-
dial ischemia), concomitant treatments (antide-
pressants, antiemetics, antibiotics, antipsychotics,
antifungal agents, antihistamines, and methadone),
and side effects associated with cancer therapy
(nausea, vomiting, dehydration followed by elec-
trolyte imbalances such as hypokalaemia, hypo-
magnesaemia, hypocalcaemia, kidney failure,
liver dysfunction, and poorly controlled diabetes).
The classes of anticancer drugs associated with
QTc prolongation are as follows: ATO, anthracy-
clines, angiogenesis inhibitors, epidermal growth
factor receptor 2 (HER2/ErbB2) inhibitors,
Abelson murine leukaemia viral oncogene homo-
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ar Vandetanib
QTe= Balzett
~/ RR Besides being associated with QT prolongation,
vandetanib has been associated also with TdP
QTc=  RR™ Fridericia and sudden death [14—16]. Moreover, a meta-
Eraminah analysis of nine phase II or III clinical studies,
QTc= QT+0.154(1-RR) ramingham - ¢or a total of 2,188 cancer patients (thyroid,
breast, and lung cancer), showed that vandetanib
QTc= QT+1.75(FC-60) Hodges

Fig. 13.2 Correction formulas to improve QT measure-
ment. (Reprinted from Coppola et al. [10]. With permis-
sion from Elsevier)

log 1 (ABLI1) inhibitors, histone deacetylase
(HDAC) inhibitors, and other various agents.

In the clinical setting, data should be collected
using the “tangent” method to measure the QT
interval, the Bazett and Fridericia formulae should
be used for heart rate correction (Fig. 13.2), and
the risk factors of electrolyte abnormalities (potas-
sium and magnesium in particular) should be iden-
tified and corrected. Concomitant drug treatment
that prolongs the QT interval (e.g. antiarrhythmic
agents, diuretics, antianginal, antifungals, antibiot-
ics, antiemetics, psychotropic drugs, etc.) should
be evaluated [8—12]. Figure 13.3 shows the algo-
rithm for the management of QT prolongation dur-
ing antineoplastic therapy used in our centre [12].

Angiogenic Inhibitors

Angiogenesis inhibitors, which block vascular
endothelial growth factor (VEGF) and its recep-
tors, are multi-target agents and consequently
exert cardiotoxic effects [13, 14]. In particular,
vandetanib and sunitinib have often been associ-
ated with QT prolongation [14].

treatment resulted in a significant increase in the
overall incidence and risk of QTc prolongation
[16]. Importantly, hypocalcaemia and hypomag-
nesaemia should be corrected before administer-
ing vandetanib. Moreover, an ECG should be
performed 2, 4, 8, and 12 weeks after initiation
of treatment and every 3 months thereafter.
Electrolyte and calcium levels should be moni-
tored during treatment. Vandetanib is not advis-
able in patients with a QTc > 480 ms. Patients in
whom QTc interval prolongation exceeds 500 ms
during treatment should stop the medication
until the QTc interval returns to values less than
450 ms, after which the drug can be re-
administered at a reduced dose [17].

Pazopanib

Pazopanib is a multi-targeted tyrosine kinase
inhibitor (TKI) against VEGFRs, PDGFRs, and
c-kit receptors [18] that is approved for the treat-
ment of advanced renal cell carcinoma and for
subtypes of sarcoma [19, 20]. It causes QT prolon-
gation (>500 ms) in 2% of cases and is associated
with a <1% incidence of TdP [21]. Consequently,
it should be used with caution in patients affected
by heart disease and also in patients taking antiar-
rhythmics or other drugs known to prolong the QT
interval.
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ECG, QTc measurement (Fridericia or Balzett formula)

/

Patients at increased risk for QT prolongation

Yes

No
Baseline QTc > 500 ms, > o :
History of QT prolongation or congenital long QT 2y selltstiaion

:

l Yes

Cardiologist consultation

If QTc > 500 ms or

QT prolongation > 60 ms from baseline
discontinue therapy

Sunitinib and Sorafenib

The multi-target TKIs sunitinib and sorafenib
and sorafenib are potent inhibitors of VEGFRs,
PDGFRs, and c-kit and are used in the second-
line treatment of renal cancer and hepatocellular
carcinoma [22] that has been associated with
fatal adverse cardiovascular effects [23-26].
While sunitinib has a dose-dependent effect on
the QTc interval, the effect of sorafenib on QTc
appears modest and is unlikely to be of clinical
relevance [1, 14, 27-29]. An ECG should be per-
formed at baseline and during treatment in
patients on sunitinib or on other potential QTc-
prolonging drugs [27, 28].

ErbB2 Inhibitors
Lapatinib
Lapatinib, a TKI administered in patients with

HER2-positive metastatic breast cancer, is the
only ErbB2 inhibitor associated with QTc pro-

Monitor ECG at 1 week and
after any dose modification

If QTc > 450-480 ms,
adjust electrolyte levels if needed,
discontinue any other QTc prolonging

— —>

'

>

Therapy Continue
discontinuation Therapy

Fig. 13.3 Assessment and management scheme during chemotherapy with potential QTc effect. (Reprinted from
Coppola et al. [10]. With permission from Elsevier)

longation [30]. Caution should be exercised in
administering lapatinib in patients affected by
conditions that may favour QT prolongation, i.e.
electrolyte disorders (hypokalaemia and hypo-
magnesaemia) and congenital (LQT) and con-
comitant administration of QT prolonging drugs
[31]. In line with the Italian Drug Agency, we
recommend that hypokalaemia and hypomagne-
saemia be corrected and ECG performed with
QT measurement in candidates for lapatinib
treatment (Fig. 13.4) [30].

ABL Inhibitors
Dasatinib and Nilotinib

Dasatinib and nilotinib are the two BCR-ABL
inhibitors that have been approved by the US
Food and Drug Administration for the treat-
ment of patients affected by chronic myeloid
leukaemia. These second-generation multi-
target TKIs are associated with QT prolonga-
tion [2].
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& Perform baseline ECG to assess QT interval

& Check serum electrolytes (K+,Mg2*,Ca2*)
@ Check concomitant QTc prolonging drugs

lYes
I

—>

Concomitant QTc Monitoring ECG during
prolonging drugs

Yes
QTc and electrolytes
within normal range? Start therapy
lNo

Correct electrolyte levels
Persistance of QTc
prolongation

s

Start therapy

Consider alternative
chemotherapy

Fig. 13.4 QT monitoring during treatment with lapatinib. (Reprinted from Coppola et al. [10]. With permission from

Elsevier)

Recommendations for the Use of
Nilotinib and Dasatinib [32, 33]

e If QTc > 480 ms and serum electrolytes are
not within normal limits, correct electrolyte
abnormalities if present, and check the possi-
ble use of QT prolonging drugs.

e If QTc > 480 ms and serum electrolytes are
within normal limits, repeat the ECG and re-
evaluate serum electrolyte levels 7 days later.

After this time:

e If QTc > 480 ms, discontinue treatment, cor-
rect the dystonia, and check for the concomi-
tant use of QT prolonging drugs.

e If QTc returns <450 ms, resume the drug at
the previous dosage.

e [f QTc returns to 450—480 ms, reduce the dose
to 400 mg once daily.

e If QTc interval is >480 ms even after a dose
reduction to 400 mg once a day, treatment
must be interrupted.

Histone Deacetylase Inhibitors

In vivo and in vitro studies have demonstrated that
histone deacetylase inhibitors (HDAC!), a family

of nuclear proteins, affect DNA by blocking the
activity of histone deacetylase and exert multiple
effects in all cell types, namely, growth arrest, cell
differentiation interference, and induction of apop-
tosis of malignant cells [34]. Vorinostat and
romidepsin, two HDACi approved in the USA for
the treatment of cutaneous T-cell lymphoma, can
lead to ECG changes and QTc prolongation [34—
36]. Consequently, routine ECG monitoring is rec-
ommended for both drugs. Importantly, they must
be used with caution in patients affected by cardio-
vascular disease or congenital long QT syndrome,
and in patients taking drugs that prolong the QTc
or that inhibit cytochrome P450 (CYP450). In the
latter case, potassium and magnesium levels
should be closely monitored [37, 38].
Panobinostat is used to treat refractory multiple
myeloma and can exert a cardiotoxic effect, includ-
ing QTc prolongation [39]. Also in the case of treat-
ment with panobinostat, the patient’s ECG features
and potassium and magnesium levels should be
monitored. Panobinostat is contraindicated in
patients with a recent history of myocardial infarc-
tion or unstable angina and in patients with a QTc
interval > 480 ms or significant ST- or T-wave
abnormalities [38, 40]. Figure 13.5 shows the algo-
rithm used in our centre for the management of
panobinostat-induced prolongation of the QTc.
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ECG, QTc evaluation (Fridericia formula)

Check serum electrolytes (K+,Mg2+,Ca2+,P)

PN

If QTcF < 480 ms

Start Treatment

If QTcF > 480 ms
Theral
ab
" iscontinuation
Electrolyte abnormalities

: Therapy
ECG monitoring after each cycle [ If QTc > 500 ms —>

l

If Q TcF > 480 ms
or there is an increase >
60 ms from baseline

If the QTc interval does not normalized in 7

If the QTc interval is normalized in 7 days
Restart treatment

days

Discontinue treatment

* Treatment must not be started until QTcF < 480 ms and/or electrolyte levels have been corrected

Fig. 13.5 Algorithm for the management of QT prolongation induced by panobinostat. (Reprinted from Coppola et al.

[10]. With permission from Elsevier)

Other Agents Associated
with LQRS

Arsenic Trioxide

Arsenic trioxide is an effective agent in the
treatment of patients with acute promyelocytic
leukaemia. It has been associated with QT pro-
longation and can lead to TDP, which is a
potentially fatal ventricular arrhythmia [41-
44]. The risk of TdP is associated with the fol-
lowing conditions: co-administration of drugs
known to prolong the QT interval, a history of
TdP, pre-existing QT interval prolongation,
and other conditions that lead to hypokalaemia
or hypomagnesaemia [45, 46]. However, it can
be safely administered in patients with acute
promyelocytic leukaemia provided patients
undergo ECG monitoring and evaluation of
electrolyte levels.

Vemurafenib

Vemurafenib is an oral inhibitor of the mutant
BRAF protein (V-raf murine sarcoma viral
oncogene homolog B1) that has been approved
for the treatment of metastatic melanoma due to
the BRAF V600E mutation [47]. It is associated
with QTc prolongation. Consequently, ECG and
electrolyte monitoring are recommended before
vemurafenib treatment and after any dose modi-
fication. In patients undergoing vemurafenib
treatment, ECG should be carried out at base-
line, after 15 days of treatment, monthly during
the first 3 months of treatment and every
3 months thereafter, and more frequently if clin-
ically indicated. Treatment must be interrupted
if the QTc interval exceeds 500 ms, and any
electrolyte abnormality should be corrected
[31]. A dose of 720 mg vemurafenib can be
taken twice a day (or 480 mg twice daily if the
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dose had been lowered). In case of a third mani-
festation of QT > 500 ms, treatment suspension
is recommended.

Ceritinib and Crizotinib

Ceritinib and crizotinib, which are oral inhibitors
of anaplastic lymphoma kinase, are approved for
the treatment of advanced cancer and metastatic
non-small cell lung cancer [48, 49]. In a study of
304 patients treated with ceritinib, the QTc interval
exceeded 500 ms in only one patient (<1%). In a
later study, an increase of the QTc interval of 60 ms
from baseline was observed in only 3% of 255
patients treated with ceritinib [50, 51]. Suspension
of treatment and dose reduction are recommended
only if QTc prolongation exceeds 500 ms. Also
crizotinib is associated with QTc prolongation and
with a feasible risk of a ventricular tachyarrhyth-
mia event. Figure 13.6 shows the algorithm for the
management of crizotinib used in our centre.

Immunotherapy

QT prolongation can result from the block of the
rapidly activating delayed rectifier potassium
channel [52, 53]. Nivolumab, a fully human IgG4
(S228P) monoclonal antibody that binds and
blocks the programmed cell death 1 (PD-1) recep-
tor, is used to treat patients affected by melanoma,
non-small cell lung cancer, renal cell carcinoma,
relapsed or refractory Hodgkin lymphoma, and
other neoplasias [53]. It was recently reported that
nivolumab did not have any clinically meaningful
effect on QTc interval when administered at doses
up to 10.0 mg/kg [53].

PARP Inhibitors

Polymers (ADP-ribose) polymerases 1 and 2
(PARP-1 and PARP-2) are essential components
of the base excision repair pathway that is
involved in the repair of DNA-induced radiation

QTc < 450-480 and serum K+,Mg+,Ca?*,
creatinine with normal limits

Yes

Start therapy with Crizotinib
250mg x 2/die
Repeat ECG and electrolyte
evaluation

Occurrence of diarrhea,
vomiting, dehydration,
reduced kidney function

No Yes
: Correct electrolyte
Continue :
—— levels and continue
treatment

polymorphic ventricular tachycardia or
l signs/symptoms of serious arrhythmia

QTc >501 ms

No

Correct abnormalities

QTc > 501 ms or increased by 60 ms
from baseline, torsade de pointes or

Yes

Therapy

discontinuation

Yes Discontinuation until QTc < 481-500
_—

ms, correct electrolytes, restart
therapy at 200 mg twice*

*In case of further appearance of toxicity CTCAE (Common Terminology Criteria for Adverse events) grade > 3, permanently

discontinue treatment

Fig. 13.6 QT monitoring during treatment with crizotinib. (Reprinted from Coppola et al. [10]. With permission from

Elsevier)
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damage and damage caused by methylating
agents. PARP inhibition is an effective strategy
with which to treat cancer associated with homol-
ogous recombination deficiency (e.g. BRCA
mutations) [54].

Rucaparib

Rucaparib, the first PARP inhibitor to be
approved, is used in the treatment of patients with
a deleterious BRCA mutation associated with
advanced ovarian cancer who have been treated
with two or more chemotherapy regimens (Study
42, ClinicalTrials.gov NCT01078662) [55, 56].
At a dose of 600 mg orally twice daily as mono-
therapy, rucaparib had no clinically relevant
effect on QTc prolongation [57].

Niraparib

The PARP inhibitor niraparib is indicated in the
maintenance treatment of adult patients with
recurrent epithelial ovarian, fallopian tube, or
primary peritoneal cancer [58]. This compound is
not associated with any clinically relevant effect
on QTc prolongation [59].

Veliparib

Veliparib (ABT-888) is an orally bioavailable
potent PARP inhibitor that does not exert any
clinically relevant effect on QTcF prolongation

[60].

CEP-9722

CEP-9722 is a prodrug of CEP-8983, which is a
potent PARP-1/PARP-2 inhibitor. It has been
demonstrated that CEP-9722 at a dose of 750 mg/
day was the highest dose that was adequately tol-
erated in combination with temozolomide at a

dose of 150 mg/m?. Dose-limiting toxicities were
nonhematological in nature. Pharmacokinetic
and pharmacodynamic results indicate that fur-
ther formulation development and a twice-daily
dosing schedule should be considered [61].

Olaparib

Olaparib is an FDA-approved drug for the main-
tenance treatment of adult patients with recurrent
epithelial ovarian, fallopian tube, or primary peri-
toneal cancer. When used at a low dose (100 mg
twice daily) and at a maximum tolerated dose
(400 mg twice daily), olaparib did not produce
any significant ECG changes versus baseline
[62].

CDK4/CDK®6 Inhibitors

Cyclin-dependent kinases (CDKs) 4/6 are mem-
bers of the protein kinase family that regulates
the cell cycle during G1/S transition. The latter
event is impaired in many cancer cells due to the
deregulated expression of D-type cyclins. CDK
inhibitors prevent the formation of an active
kinase complex thereby inhibiting their activity.

Ribociclib

Ribociclib is a cyclin-dependent kinase 4 and 6
(CDK4/CDKO®6) inhibitor used to treat postmeno-
pausal women hormone receptor-positive, human
epidermal receptor 2-negative advanced breast
cancer [63]. The QT prolongation experienced by
patients was found to be reversible and managed
by dose interruptions and reductions, without any
clinical consequences [64]. It is recommended
that patients undergo ECG examination at base-
line, on day 14 of cycle 1 and at the onset of cycle
2, as well as monitoring of serum electrolytes
(i.e. potassium, magnesium, calcium, and phos-
phorous) before treatment and at the start of the
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first six cycles, in order to correct any existing
electrolyte abnormalities [65]. Depending on the
severity of QT prolongation, it may be necessary
to interrupt the treatment, reduce the dose and/or
discontinue the treatment [65].

Palbociclib

Palbociclib is a reversible, highly selective,
CDK4/CDKG6 inhibitor that has been approved by
the FDA to be used in combination with letrozole
for the treatment of oestrogen receptor-positive
advanced breast cancer [66, 67]. QTc interval
prolongation was not observed in patients treated
with this drug at the recommended dosing regi-
men [68, 69].

Abemaciclib

Abemaciclib is a CDK4/CDKG6 inhibitor used to
treat advanced and metastatic breast cancers [70].
The Monarch study evaluated the safety and effi-
cacy of this drug, used both as monotherapy and
with fulvestrant, in metastatic breast cancer in
132 women [71, 72].

Conclusions

A large body of evidence shows that anthracy-
clines used in combination with other drugs,
namely, trastuzumab and ErbB2 inhibitors,
exert cardiotoxic effects albeit with a low inci-
dence of QT prolongation. Clinical trials are
now underway to evaluate how TKIs and other
new drugs can affect the QT interval.

To achieve optimal management of QT
prolongation, it is necessary to maximize pre-
vention, optimize QT interval measurements,
and modify and/or discontinue the therapy in
relation to the degree of QT lengthening. In
addition, a specific algorithm for each drug or
class of drug would assist the physician in the
treatment and management of oncologic
patients. Ideally, such algorithms should con-
tain information about the management of
patients based on the presence of correctable
factors, for example, electrolyte imbalance,

hypothyroidism, and concurrent use of
QT-prolonging drugs. Finally, cardiologists or
intensivists who are experts in the metabolism
of cancer drugs and their half-life should be
involved in the management of major arrhyth-
mias and TdP.
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Introduction

Among the manifestations of anticancer drug-
induced cardiotoxicity involving the pulmonary
circulation, the development of pulmonary
hypertension (PH) is a rare but well-recognized
possible complication of childhood chemother-
apy and bone marrow transplantation (BMT) for
leukemia [1], while other chemotherapeutic
agents such as alkylating drugs (mitomycin C,
cyclophosphamide) can determine progressive
obstruction of small pulmonary veins rather than
the distal pulmonary arterioles, thus leading to
pulmonary veno-occlusive disease (PVOD) [2].
The tyrosine-kinase inhibitor (TKI) dasatinib,
used as second-line treatment for chronic
myelogenous leukemia, represents the most
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interesting example of a chemotherapeutic drug
that can induce PH [3]. When the increase in
pulmonary pressure meets the hemodynamics
criteria for precapillary PH (defined as mean
pulmonary artery pressure of >25 mmHg at
rest, with pulmonary artery wedge pres-
sure < 15 mmHg and pulmonary vascular resis-
tance >3 wood units in the absence of other
causes of precapillary PH such as lung diseases,
chronic thromboembolic PH, or other rare dis-
eases), this condition is diagnosed as drug-
induced pulmonary arterial hypertension (PAH),
and it is categorized in the group 1 of the clinical
classification for PH [4] (Table 14.1).

PAH, regardless of the etiology, is a rare con-
dition that is often difficult to diagnose because
of the nonspecific symptoms in the early stage of
the disease but has a serious and progressive
course, leading to the development of right heart
failure and ultimately death [4, 5]. The latest
guidelines for diagnosis and treatment of PH
classified as likely the risk level of dasatinib to
induce PAH, while possible the risk associated
with some chemotherapeutic agents such as
alkylating agents (mitomycin C, cyclophospha-
mide) [4]. Theoretically, PH with unclear or mul-
tiple causes may develop in patients with chronic
myeloid leukemia per se, independently from
chemotherapeutic drugs [6, 7]. However, data
from the French PH Registry clearly showed that
all incident cases of PH reported in chronic
myeloid leukemia occurred only in patients
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Table 14.1 Summary of the main antineoplastic treatments that can induce pulmonary vascular toxicity

Antineoplastic

treatment Clinical feature Mechanism

Bone marrow PAH, PVOD Endothelial dysfunction

transplantation

Mitomycin C PVOD Endothelial dysfunction/VEGF receptor inhibition

Bleomycin PH secondary to Oxidative damage, relative deficiency of the deactivating enzyme

pulmonary fibrosis | bleomycin hydrolase, genetic susceptibility, and production of

inflammatory cytokines

Cyclophosphamide PVOD, rarely PAH | Endothelial dysfunction

Dasatinib PAH Inhibition of tyrosine kinases implicated in cellular proliferation/
pulmonary vascular balance

Abbreviations: PAH Pulmonary Arterial Hypertension, PVOD Pulmonary Veno-Occlusive Disease, PH Pulmonary

Hypertension, VEGF Vascular Endothelial Growth Factor

treated with dasatinib. Furthermore, a direct link
between dasatinib and PH was demonstrated by
the clinical and hemodynamic improvement
observed after switching dasatinib with another
TKI, like nilotinib [3].

As mentioned, cyclophosphamide and other
alkylating agents pulmonary vascular toxicity
involves predominantly small venules, in the
form of PVOD. This condition represents the
most severe form of pulmonary hypertension and
unfortunately lacks effective pharmacological
treatment so far. PVOD is a rare form of PH typi-
cally characterized by progressive obstruction of
small pulmonary veins, due to a widespread
fibrous intimal proliferation of veins and venules,
often associated with pulmonary capillary dilata-
tion and proliferation [8]. Its diagnosis is quite a
challenge, and it is often misclassified as idio-
pathic PAH. Chemotherapy-induced PVOD has a
fatal course in most of the cases, even if few case
reports suggest that specific treatment with the
pulmonary vasodilator endothelin receptor antag-
onist may induce a favorable response [9, 10].
The pathophysiological mechanisms of PVOD
are poorly understood. Limited case reports or
case series of PVOD induced by polychemother-
apeutic treatment have been reported in the litera-
ture [10, 11]. Even if a clear relationship between
a specific drug and PVOD is difficult to establish
because of the use of several combinations of
drugs in chemotherapeutic regimens, basing on
observations from the literature, it has been dem-
onstrated that a key role in the development of
this adverse toxicity is played by alkylating

agents and in particular by mitomycin C and
cyclophosphamide but also bleomycin and car-
mustine [2, 12—-14]. Moreover, also BMT is con-
sidered a risk factor for PAH and PVOD [15, 16].

Mechanisms of Pulmonary Vascular
Damage Induced by Bone Marrow
Transplantation

Concerning the effects of BMT on pulmonary cir-
culation, it has been known since 1984 a link
between BMT and the development of PVOD,
thus providing the earliest evidence that bone mar-
row compartment could adversely affect the pul-
monary vasculature [17]. The incidence of PAH in
post-childhood cancer therapy and BMT is esti-
mated to be 1.6% based on single-center experi-
ence [1]. From a pathophysiological standpoint, it
has been shown that bone marrow-derived cells
contribute to the pathogenesis of pulmonary arte-
rial hypertension inducing remodeling and inflam-
mation [18]. Endothelial cell injury has been
shown after allogenic BMT and has been directly
linked to the development of several implications
including graft-versus-host disease, PVOD, and
endothelial leakage syndrome. Endothelial altera-
tions could occur also in the pulmonary circula-
tion, determining an imbalance in pulmonary
vascular mediators, thus causing pulmonary vaso-
constriction and remodeling of the vascular struc-
ture [1]. Currently, deeper knowledge of the actual
mechanisms that underlie the development of
BMT-related PH is not available.
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Mechanisms of Pulmonary Vascular
Damage Induced by Mitomycin C
and Bleomycin

Mitomycin C can induce PVOD. This condition
is an uncommon form of PH typically character-
ized by the obstruction of small pulmonary veins
and a poor prognosis. Patients with PVOD typi-
cally present with precapillary PH, peculiar tho-
racic high-resolution CT alterations, a low
diffusing capacity of the lung for carbon monox-
ide, and severe hypoxemia. The estimated inci-
dence of PVOD in patients treated with
mitomycin is 3.9 per 1000 per year, which is rel-
evantly higher in comparison to its incidence in
the general population (0.5/million per year)
[11]. Furthermore, females seemed to be more
susceptible to mitomycin toxicity.

Several mechanisms have been described to
concur in the development of mitomycin-induced
PVOD. This drug is an alkylating agent com-
monly used in several regimens for the treatment
of different cancers [19]. The main mechanism of
action of this drug implies its covalent binding to
DNA determining DNA synthesis inhibition [20].
It results in decrease in cell viability and induces
apoptosis in corneal endothelial cells [21]. Recent
studies further demonstrated that mitomycin
inhibits vascular endothelial growth factor
(VEGF) expression [22], causing apoptosis resis-
tance and unlimited endothelial cell proliferation,
similar to what happens in the sugen/hypoxic rat
model [22]. In rats, intraperitoneal administration
of mitomycin caused major remodeling of small
pulmonary veins associated with foci of intense
microvascular endothelial cell proliferation con-
sistent with PVOD [11]. These alterations were
prevented by the administration of amifostine, a
cytoprotective adjuvant used in chemotherapeu-
tic and radiotherapeutic regimens involving
DNA-binding chemotherapeutic agents [11].

Bleomycin, another chemotherapeutic drug
belonging to the class of the antibiotics and com-
monly used for the treatment of lymphomas, is
also associated with the occurrence of PH [23].
The overall risk of pulmonary toxicity is about
10%. Pulmonary hypertension due to bleomycin
is secondary to the development of pulmonary

fibrosis. The underlying mechanism is mainly
related to oxidative damage, relative deficiency
of the deactivating enzyme bleomycin hydrolase,
genetic susceptibility, and production of inflam-
matory cytokines [24].

Mechanisms of Pulmonary Vascular
Damage Induced by Alkylating
Agents

Alkylating agents may be responsible of the devel-
opment of PVOD rather than PAH, and this form
of toxicity has been known for several years [12].

Cyclophosphamide, an alkylating agent, is
used as immunosuppressant in several autoim-
mune diseases and as a common component of
multidrug regimens for treatment of hematologi-
cal and solid cancers. In different animal models,
cyclophosphamide demonstrated to be able to
induce PH. From a histopathological standpoint,
all these models revealed significant alterations
of the pulmonary venules and veins, highly sug-
gestive of PVOD [2]. Specifically, cyclophospha-
mide induced pulmonary vein wall thickening
due to adventitial and transmural inflammatory
infiltration and fibrosis, muscularization of distal
microvessels with foci of pulmonary congestion,
consistent with PVOD [2]. It has been demon-
strated that endothelial cells are more susceptible
to the effector of cyclophosphamide than other
cell types [25, 26].

Mechanisms of Pulmonary Vascular
Damage Induced by Dasatinib

The actual incidence of PAH during treatment
with dasatinib is still a matter of debate, ranging
from 0.6% up to 11% [3].

From a clinical standpoint, median delay for
dasatinib-induced PAH diagnosis is usually
34 months (ranging from 8 to 40 months after
exposure to the drug). Unlike other forms of
PAH, dasatinib-induced PAH is often reversible
after drug discontinuation or replacement with
another TKI, such as nilotinib [3, 27-30]. In
some cases, because of the persistence of
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symptoms and of the increase in pulmonary arte-
rial pressures, specific treatment with pulmonary
vasodilator agents has been prescribed, with ben-
eficial results [3, 27-30].

Dasatinib, as already mentioned above, is an
oral second-generation TKI recently approved as
a first- or second-line treatment for chronic
Philadelphia chromosome-positive (which corre-
sponds to the reciprocal translocation between
chromosome 9 and 22, thus causing the Abelson
TK gene, ABL, to fuse with the breakpoint cluster
region of the BRC gene) myelogenous leukemia
[31, 32] and currently approved also for second-
line treatment of Philadelphia chromosome-
positive acute lymphoblastic leukemia [33]. The
BCR/ABL oncogene is responsible for a patho-
genic tyrosine kinase signal transduction protein
that triggers intracellular signaling, activating
multiple transduction cascades. This pathway
promotes growth, proliferation, and survival of
hematopoietic cells [34] and plays a role in defec-
tive DNA repair, alteration of cellular adhesion,
and inhibition of apoptosis [35]. Deregulated
BCR/ABL tyrosine kinase activity is the molecu-
lar marker for chronic myelogenous leukemia.
Drugs like imatinib, nilotinib, and dasatinib that
target BCR/ABL tyrosine kinase and block its
activity lead to the induction of apoptosis and
inhibits malignant cells’ proliferation [36].
Dasatinib, characterized by a 300-fold higher
affinity for BRC/ABL kinase in comparison with
imatinib, is more effective in patients who failed
treatment with imatinib [37]. However, dasatinib
is also able to inhibit several other kinases,
including the Src, a family of receptors that play
a crucial role in smooth muscle cell proliferation
and vasoconstriction. Therefore, is has been
hypothesized that this drug could alter the prolif-
eration/antiproliferation balance in endothelial
and pulmonary arterial smooth muscle cells, thus
determining adverse remodeling of pulmonary
arterioles and then PAH [38, 39].

Several receptor tyrosine kinases, such as
platelet-derived growth factor (PDGF) receptor
beta and VEGF receptor 2, are implicated in the
pathophysiology of PAH. In particular, PDGF
signaling pathway mediates endothelial cell dys-
function and proliferation and migration of vas-

cular smooth muscular cells [40—42]. It has been
demonstrated that, beside perturbation of the bal-
ance between vasoconstriction and vasodilation,
PDGF ligands and receptors are increased in
idiopathic PAH. In addition, PDGF was shown to
primarily contribute in vascular smooth muscle
cell proliferation and hyperplasia in PAH [43,
44]. Interestingly, another TKI inhibitor, imatinib,
has been shown to have anti-vasoproliferative
properties and to be effective in improving hemo-
dynamics in both animal models and in a ran-
domized controlled clinical trial [44, 45].
Nevertheless, the use of imatinib for treatment of
PAH has been discouraged because of severe
adverse events, relevant side effects, and high
discontinuation rate during the open-label exten-
sion phase study [46].

Mechanistically, imatinib reversed the overex-
pression and increased phosphorylation of PDGF
receptor beta that is present also in pulmonary
arteries from animal models of PH, inhibited
PDGF receptor-related ERK1/2 activation in
lungs of these animals thereby suppressing pul-
monary artery smooth muscle cell proliferation
and inducing cellular apoptosis [44]. While sig-
nificantly lower concentrations of dasatinib are
needed to obtain BCR/ABL inhibition in com-
parison to imatinib, the effect of dasatinib on
c-kit and PDGF receptor are rather similar. In
addition, and differently from imatinib, dasatinib
also inhibits the SRC family of kinases [47]. The
large spectrum of inhibition of dasatinib led to
hypothesize that by inhibiting Src, a family of
receptors that play a crucial role in smooth mus-
cle cell proliferation and vasoconstriction, this
drug could alter the proliferation/antiprolifera-
tion balance in endothelial and pulmonary arte-
rial smooth muscle cells besides its inhibition of
PDGF receptor (that instead determines an
improvement of pulmonary vascular disease)
[38]. Whether this aspect of the compound is
causally related to PAH development is still
poorly understood.

The extreme differences in terms of effects on
pulmonary circulation between imatinib and
dasatinib suggest that dasatinib-induced pulmo-
nary vascular toxicity is molecule-related rather
than class-related. On the other side, in vivo and
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in vitro studies aimed at evaluating the effects of
dasatinib and imatinib on pulmonary vasculature
demonstrated that both TKI increased levels of
nitric oxide, a potent vasodilator, without induc-
ing PAH-related adverse remodeling, thus sug-
gesting that both the drugs could promote
beneficial effects for PAH [48]. These results are
in contrast with the clinical evidence of dasatinib-
induced PAH. In conclusion, there is still poor
knowledge about the actual mechanisms underly-
ing the damage of pulmonary vessels induced by
dasatinib.

Screening and Clinical Management
of Anticancer Drug-Induced
Pulmonary Hypertension

Before initiation of antineoplastic drugs that have
a known possible risk of causing PAH, baseline
evaluation for signs and symptoms of underlying
cardiopulmonary  disease is  mandatory.
Echocardiographic assessment, including the
search for signs of right ventricular overload,
should be considered [49]. Transthoracic echo-
cardiography is used to explore the effects of
increase in pulmonary pressure on the heart,
especially on the right ventricle, and to estimate
pulmonary arterial systolic pressure from con-
tinuous wave Doppler measurements of the tri-
cuspid regurgitation [50]. This evaluation before
chemotherapy initiation may help in interpreta-
tion of follow-up echocardiographic examina-
tions in patients reporting symptoms potentially
correlated with the development of PAH, like
exercise limitation or exertional dyspnea during
treatment. Noninvasive cardiovascular surveil-
lance should be considered in all patients during
treatment with cancer drugs known to cause PAH
or pulmonary vascular damage, particularly in
case of the appearance of new symptoms like
exertional dyspnea, fatigue, or angina.

The recently published position paper of the
Task Force for cancer treatments and cardiovas-
cular toxicity of the European Society of
Cardiology suggests to consider echocardio-
graphic evaluation every 3 to 6 months in asymp-
tomatic patients. It is unclear whether patients

with baseline signs of right ventricular overload
due to comorbidities commonly associated with
elevated pulmonary arterial pressure (e.g.,
chronic obstructive pulmonary disease, left heart
dysfunction) are at higher risk of chemotherapy-
induced PAH and require more frequent surveil-
lance with echocardiography. When drug-induced
PAH is suspected, referral to a specialized pul-
monary hypertension team is recommended to
assess indications for right heart catheterization
[4]. Multidisciplinary team discussions should be
held among Cardiologists, Oncologists and
Hematologists regarding the risk—benefit ratio of
continuing cancer treatment with PAH drug ther-
apy vs. stopping or replacing the culprit drug [4].
Chemotherapy-induced PAH is often reversible
with drug cessation (e.g., in the case of dasat-
inib), although usually without restoration of
normal right heart hemodynamics [3]. Targeted
therapy for PAH may be useful temporarily or
permanently.

Remarks and Conclusion

PH remains a rare complication of antineoplastic
drugs, suggesting possible individual susceptibil-
ity, and further studies are needed to better under-
stand the underlying mechanisms, to identify
patients at risk of developing pulmonary vascular
toxicity and how to manage and treat this
condition.
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Background

Venous thromboembolism (VTE) is particularly
common in cancer patients. Among all patients
with VTE, 20% have underlying active malignancy
[1]. VTE may be the presenting sign of an occult
malignancy, and 10% of patients with idiopathic
VTE develop cancer within 2 years [2]. Among
hospitalized cancer patients, the cumulative inci-
dence of deep venous thrombosis (DVT) has been
reported at 4.6% [3]. On the other hand, up to 50%
of cancer patients were found to have evidence of
DVT at autopsy [4]. Compared to controls, patients
with cancer have a higher risk of first and recurrent
VTE, as well as bleeding on anticoagulants.

The heterogeneity of the studies makes it dif-
ficult to accurately compare rates of venous
thrombosis between these studies, and the large
variations in the reported incidence and absolute
risk are likely related to variation in patient popu-
lation, duration of follow-up, and the patient’s
characteristics. Cancer patients’ risks for develop-
ing DVT vary among cancer patients and depend
on multiple clinical variables including tumor
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type, the stage or extent of the cancer, age, immo-
bilization, other medical comorbidities, and treat-
ment with surgery or certain chemotherapeutic
agents. The pathophysiology of the prothrombotic
state in cancer patients is in fact complex and
multifactorial, including the acquired hypercoag-
ulable state related to tumor-activated tissue fac-
tors, cancer procoagulants, carcinoma mucins,
and inflammatory cytokines, combined with
venous stasis and vascular dysfunction related to
endothelial injury provoked by toxicity of chemo-
therapy and biologic drugs, radiation, and central
venous catheters (Fig. 15.1) [5].

Cancer-associated thromboembolism is a
source of significant morbidity and mortality.
These events often require long-term anticoagu-
lation with associated increase in bleeding and
recurrence rates. Thromboembolism has also
been shown to be a leading cause of death in can-
cer patients undergoing active chemotherapy [6].
These patients have a worse prognosis than
patients with cancer who did not have venous
thromboembolism, and survival is particularly
poor when the diagnosis of cancer is concurrent
with the thromboembolic event [7].

Mechanism
Patients with underlying malignancy or hemato-

logic disorders have added risk for in situ throm-
bosis related to the inherent thrombophilia
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Fig. 15.1 Mechanisms
of cancer-associated
VTE
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associated with their malignancy and its therapy.
Multifactorial and complex mechanistic etiologies
have been implicated in the pathogenesis of throm-
bosis in the setting of underlying cancer; this
includes local and systemic activation of the coag-
ulation cascade, thrombocytosis, factor C and S
depletion, increased fibrinogen levels, and inhibi-
tion of fibrinolysis. On the other hand, endothelial
damage triggered by cancer cell-mediated vessel
injury or an iatrogenic mechanism (vessel cathe-
terization, surgery, and chemotherapeutic agents)
has also been suggested as a potential cause lead-
ing to excessive thrombosis [8, 9].

A key step leading to excessive thrombosis is
the ability of tumor cells to produce and release
several procoagulant substances such as tissue
factor and cancer procoagulant, which activates
platelets, factor X, and the clotting cascade. In
addition, anticancer therapy (i.e., surgery/chemo-
therapy/hormone therapy) may significantly
increase the risk of thromboembolic events by
similar mechanisms including procoagulant
release, endothelial damage, or stimulation of tis-
sue factor production by host cells [10, 11].

Chemotherapeutic agents are now identified
as an independent risk factor for thrombosis in
cancer patients. In general, mechanisms for these
events have included chemotherapy-induced

expression of macrophage-monocyte tissue fac-
tor, endogenous procoagulant-anticoagulant mis-
match, accentuated tumor and endothelial cell
death, cytokine release resulting in increased
expression of tissue factor, and enhanced endo-
thelial cell reactivity to platelets [12, 13].

Regarding cancer drugs, each new cancer drug
will have its own typical way of acting with an
unpredictable risk of toxicity, and the risk of
venous thromboembolic events is higher in the
first 30-day period of chemotherapy [14-16].

Table 15.1 shows the family of cancer drugs
most often associated with VTE. For example,
angiogenesis inhibitors are associated with a con-
siderable risk of VTE [17, 18].

Management

Cancer patients often face the challenge of having
multiple comorbidities which can impact the
choice and the dosing of pharmacologic antico-
agulants. This includes, for example, the com-
plexity related to an inherent hypercoagulable
state, the higher than usual bleeding risk during
thrombocytopenia, and the complexity of drug-
drug interactions between anticoagulants and sev-
eral chemotherapies. Indications for VTE
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Table 15.1 Cancer therapy associated with venous Table 15.2 Khorana score
thromboembolism Risk

Chemotherapy agents

Patient characteristics score

Small molecule tyrosine kinase inhibitors

Trametinib

Sunitinib

Dabrafenib

Erlotinib

Cabozantinib

Pazopanib

Axitinib

Monoclonal antibody-based tyrosine kinase inhibitor
Bevacizumab

Angiogenesis inhibitors
Lenalidomide
Thalidomide
Pomalidomide

Histone deacetylase inhibitor
Vorinostat

Alkylating agent
Cisplatin

prophylaxis and treatment of acute VTE events in
these patients are aimed at decreasing DVT occur-
rence, preventing extension into pulmonary
embolism, and minimizing VTE recurrence. The
patient clinical and location setting, the duration
of therapy, and the choice of the pharmacologic
approach for such therapy sometimes differ from
those of patients without underlying cancer.

DVT Prophylaxis

The use of anticoagulation for prophylaxis
against VTE in patients with cancer is different
between the ambulatory and the inpatient set-
tings. While the vast majority of hospitalized
cancer patients receive a certain form of antico-
agulation for DVT prophylaxis, studies have
shown the limited benefit of such approach in the
ambulatory setting except in those receiving
high-risk medications and specifically multiple
myeloma patients being treated with a combina-
tion of immunomodulatory therapy and steroids.
In fact, patients receiving lenalidomide or thalid-
omide in combination with dexamethasone are at
a significantly higher risk for VTE and are usu-
ally treated with prophylactic dose of aspirin or
warfarin or low-molecular-weight heparin based
on their risk profile [19].

Site of cancer

Very high risk (stomach, pancreas)

High risk (lung, lymphoma, gynecologic, 1
bladder, testicular)
Prechemotherapy platelet count >350,000 / 1
mm?

Hemoglobin level less than 10 g/dL or use of 1
red cell growth factors

Prechemotherapy leukocyte count >11,000 / 1
mm?
Body mass index >35 kg/m? or more 1

Modified from Khorana et al. [21]
High-risk score >3
Intermediate-risk score 1-2
Low-risk score 0

The role of the newest direct oral anticoagu-
lants (DOACS) in the prevention of VTE in high-
risk ambulatory cancer patients is currently under
investigation. These high-risk ambulatory
patients can be identified using a risk stratifica-
tion model for VTE according to Khorana [20,
21] (Table 15.2).

There are several ongoing studies with DOACs
in this field. Apixaban for the Prevention of
Venous Thromboembolism in  High-Risk
Ambulatory Cancer Patients: A Randomized
Placebo-Controlled, Double-Blind Clinical Trial
(NCT02048865) and A Phase 2 Pilot Study of
Apixaban for the Prevention of Thromboembolic
Events in Patients with Advanced (Metastatic)
Cancer (NCT00320255) are ongoing studies that
aim to understand whether apixaban therapy is
well-tolerated in cancer patients and acceptable
as anticoagulant therapy when administered to
patients with advanced or metastatic cancer and
at increased risk for venous thromboembolic
events.

Other studies oriented on a particular kind of
cancer are oral apixaban versus enoxaparin for
thromboprophylaxis in women with suspected
pelvic malignancy (NCT02366871) and evalua-
tion of the use of apixaban in prevention of
thromboembolism disease in patients with
myeloma (NCT02958969).

Other authors are testing rivaroxaban in this
field: “Efficacy and safety of rivaroxaban pro-
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phylaxis compared with placebo in ambulatory can-
cer patients initiating systemic cancer therapy and
at high risk for venous thromboembolism”
(NCT02555878) is designed to demonstrate that
rivaroxaban is superior to placebo in reducing the
risk of DVT and pulmonary embolism [22].

Treatment Options for VTE
in Cancer Patients

The armamentarium of anticoagulation therapy
for DVT in the general population includes war-
farin, low-molecular-weight heparin (LMWH),
fondaparinux, and DOACs. In patients with
malignancy, LMWH is the long-term anticoagu-
lant of choice for the management of VTE based
on its safety and efficacy and also its superiority
in reducing VTE recurrence rate compared to
other agents. Warfarin and fondaparinux are both
associated with similar bleeding risks as LMWH,
but both are associated with a higher recurrence
rate [23, 24]. Other advantages of LMWH com-
pared to warfarin include the more predictable
response and standardized dosing with less drug-
drug interaction.

Instead, for the newer oral anticoagulation
agents, some expert panels, such as the National
Comprehensive Cancer Network (NCCN) guide-
lines, recommend against the use of these drugs in
patients with cancer based on the limited data
regarding their safety in patients with active
malignancy [25]. Even though, as we have already
said, in patients with VTE and cancer, the latest
guidelines (Chest 2016) continue to recommend
the use of LMWH over VKAs or DOAC:s, but for
patients not treated with LMWH they suggest the
indiscriminate use of DOACs or VKAs [18].

Limited clinical data suggest a similar efficacy
between DOACs and warfarin in cancer patients
with VTE. The scarce safety and effectiveness out-
come data in cancer patients were derived mainly
from limited observational studies and from sev-
eral small subgroup analysis studies obtained from

large clinical trials that mainly included noncancer
patients [26-28] and typically excluded patients
undergoing active chemotherapy. These studies
have the usual inherent limitations of meta-analy-
ses related to the difference and the heterogeneity
of trial protocols like baseline patients’ clinical
characteristics and the predefined outcomes and
complications. Moreover, there are several clinical
and metabolic features in cancer patients that can
alter the DOAC pharmacodynamics with a sec-
ondary unpredictable clinical response to these
drugs. These features include altered renal and
hepatic functions, cancer cachexia and malnutri-
tion, coagulopathy, and thrombocytopenia and,
more importantly, the unpredicted response caused
by drug-drug interaction with cancer therapies. In
fact, data about the combined use of chemothera-
peutic agents and DOACs are rare. DOACs may
interact with CYP3A4 and P-glycoprotein, mak-
ing them theoretically susceptible to plasma con-
centrations’ fluctuations when taken with
inhibitors or inducers of these enzymes. Several
categories of chemotherapeutic agents, including
antimitotic microtubule inhibitors, tyrosine kinase
inhibitors, and immune-modulating agents, are
known substrates to either or both of CYP3A4 and
P-glycoprotein [29, 30]. Theoretically, these types
of pharmacodynamic drug-drug interactions can
lead to attenuation of the DOAC effects, increas-
ing the risk of thrombosis, or exacerbation of their
anticoagulation effects leading to an increase in
bleeding risks.

The current NCCN guidelines recommend
against the use of DOACsS in patients with active
cancer [25]. These recommendations are based
mainly on the many reasons listed above and will
likely hold until more safety data are available.
There are currently multiple randomized and also
observational ongoing trials investigating the
safety and efficacy of these drugs in cancer
patients that will hopefully further clarify the role
of these drugs in managing cancer patients [31].
The following is an overview of the available lit-
erature in this regard.
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The CLOT study in 2003 demonstrated that
in patients with cancer and acute VTE, daltepa-
rin was more effective than warfarin in reduc-
ing the risk of recurrent thromboembolism
without increasing the risk of bleeding [23].
This study evaluated the efficacy of LMWH
dalteparin versus warfarin in the secondary pre-
vention of thrombosis in cancer patients. After
a first VTE event, patients were randomized to
receive standard treatment with LMWH (dalte-
parin for 5-7 days plus the oral anticoagulant for
6 months) or dalteparin for 1 month, followed by
a dose equivalent to 70-80% of the initial for the
following 5 months. Treatment with LMWH for
6 months has reduced recurrence of thromboem-
bolic events from 17% to 9% (p = 0.0017), com-
pared to treatment with dicumarols, without
increasing major bleeding [23].

The efficacy and safety of LMWH were again
demonstrated by another study conducted by Lee
et al. [32]. These authors (CATCH investigators)
evaluated patients with acute VTE who were ran-
domized to receive 3 months of warfarin at INR
between two and three for enoxaparin. The study
evaluated a combined outcome of major bleeding
and thrombotic recurrence. In the warfarin group,
the outcome was 21% versus 10.5% of the enoxa-
parin group. This difference was particularly due
to the difference in the major bleeding events.

According to the data provided by these stud-
ies, LMWH has been considered the standard
therapy in the secondary prophylaxis of cancer-
related VTE. The therapy with warfarin, in fact,
is particularly complicated in cancer patients for
several reasons: it is often very difficult to main-
tain the INR within the correct range as patients
with cancer often suffer from vomiting and loss
of appetite or may have forced diet or alteration
of intestinal absorption and/or liver function [33].
Moreover, pharmacological interactions of con-
comitant therapies may widely interfere with the
vitamin K-dependent drugs. Finally, another lim-
iting factor is due to the discontinuation of anti-
coagulant therapy for the need of microinvasive
procedures (thoracentesis, biopsies, or others) or
elapsing thrombocytopenia [33].

Different were the conclusions of CATCH
investigators [32]. Among patients with active
cancer and acute symptomatic VTE, the use of
full-dose tinzaparin (175 TU/Kg) daily compared
with warfarin for 6 months did not significantly
reduce recurrence of VTE and was not associated
with reductions in overall mortality or major
bleeding but was associated with a lower rate of
clinically relevant non-major bleeding. This dif-
ference could be due to the chemotherapeutic
agents/regimens that have become much more
advanced over the past decade and to the fact that
the CATCH patients were less sick, with less
metastatic disease, than the CLOT cohort [23].

After these studies on LMWH, important tri-
als about DOACs and VTE were published.
These papers were followed by several subgroup
analyses on cancer patients. In the “Oral rivar-
oxaban versus standard therapy for the treatment
of symptomatic venous thromboembolism: a
pooled analysis of the EINSTEIN-DVT and
EINSTEIN-PE randomized studies,” the authors
concluded that in patients with active cancer and
VTE, rivaroxaban has similar efficacy to prevent
recurrence of VTE and reduces the number of
major bleeding events compared with treatment
with enoxaparin and VKA, although there was
no difference between groups for clinically rele-
vant bleeding [34]. In the “Treatment with dabi-
gatran or warfarin in patients with venous
thromboembolism and cancer” study, data from
two randomized trials (RECOVER AND
RECOVER 1I) were pooled to evaluate the effi-
cacy and safety of dabigatran compared to war-
farin. The study concluded that in cancer
patients, dabigatran provided similar clinical
benefit as warfarin [35]. In the AMPLIFY study,
5,395 patients with acute VTE were enrolled to
compare apixaban with enoxaparin followed by
warfarin, concluding that apixaban was not infe-
rior to warfarin, also in the treatment of patients
with VTE and cancer [36].

Three meta-analyses, recently published,
have reported a similar efficacy and safety of
DOAC:Ss in cancer patients with respect to the
general population. The meta-analysis published
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by Van Der Hulle et al., which includes five stud-
ies for a total of 19,060 patients, indicates that the
efficacy and safety of DOACS are at least compa-
rable to those of AVK [37]. The meta-analysis
published by Vedovati et al., which considers six
studies including 1,132 patients, indicates that
DOACS give similar incidences of recurrent VTE
and major bleeding compared to conventional
therapy (heparin plus warfarin) [26].

The network meta-analysis published by
Posch et al., which includes 10 randomized con-
trolled trials for a total of 3,242 cancer patients
suffering from acute VTE, indicates that LMWH
and DOACS can be comparable with respect to
prevention of recurrent VTE and risk of major
bleeding [38].

Following these studies and meta-analyses,
the latest guidelines, published in Chest 2016,
have significantly modified the approach to
anticoagulation in VTE, so in patients with
VTE and cancer, the use of LMWH compared
with VKAs or DOACSs is still recommended;
but for those who are not treated with LMWH,
there are no more preferences between DOACs
and VKAs [18]. This is a significant change from
the previous guidelines published in Chest 2012,
in which, in patients with VTE or pulmonary
embolism (PE) and cancer that were not treated
with LMWH, the use of VK As was recommended
compared to dabigatran and rivaroxaban (the
only available DOACs at the time).

After the guidelines published in Chest
2016, an important work on the same topic was

published by Raskob et al. [39]. A subgroup
analysis was performed on 771 patients with
any history of cancer enrolled in the Hokusai-
VTE trial; 378 of the 771 patients were
assigned to heparin-edoxaban and 393 to hepa-
rin-warfarin treatment. Among the 378 cancer
patients in the edoxaban group, the incidence
of VTE recurrence was 4% (14 patients), while
the incidence of clinically relevant bleeding
(major or non-major) was 12% (47 patients)
[40]. Among the 393 cancer patients in the
warfarin group, the incidence of VTE recur-
rence was 7% (28 patients), while the inci-
dence of clinically relevant bleeding (major or
non-major) was 19% (74 patients). The results
of this study suggest that in cancer patients,
edoxaban is as effective as warfarin for pre-
venting recurrent VTE and major bleeding.
Moreover, a significant reduction in clinically
relevant non-major bleeding has been found in
the edoxaban group. Anyway, further studies
were required to compare DOACs directly with
LMWH that is the recommended anticoagulant
of choice in cancer patients.

To this end, the results of Hokusai-VTE
Cancer trial have been recently published
(Fig. 15.2). This study has demonstrated that
oral edoxaban was non-inferior to subcutaneous
dalteparin with respect to the composite out-
come of recurrent venous thromboembolism or
major bleeding. The rate of recurrent venous
thromboembolism was numerically, but not sig-
nificantly, lower, and the rate of major bleeding
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Fig. 15.2 Hokusai-VTE Cancer study
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was significantly higher with edoxaban than
with dalteparin, but the frequency of severe
major bleeding (category 3 or 4) was similar. In
a next subgroup analysis, if we exclude gastroin-
testinal cancer, and precisely upper gastrointesti-
nal, there was no more difference in major
bleeding between edoxaban and dalteparin [41].

In the “Anticoagulation Therapy in Selected
Cancer Patients at Risk of Recurrence of Venous
Thromboembolism: Results of the Select-D Pilot
Trial” presented at the American Society of
Hematology Meeting 2017, the treatment with
rivaroxaban resulted in a very low VTE recur-
rence rate at 6 months with a similar number of
major bleedings reported across trial arms, but
more clinically relevant non-major bleeds were
seen with rivaroxaban.

Also the CARAVAGGIO study “Apixaban for
the Treatment of Venous Thromboembolism in
Patients With Cancer”, starting in these months,

Table 15.3 Cancer drug interactions with P-glycoprotein

is designed to evaluate whether apixaban is not
inferior to dalteparin, in terms of efficacy and
safety, in the treatment of VTE in cancer patients
[NCT03045406].

Treatment

In any event, until a better understanding of bleed-
ing risks related to DOACs’ pharmacodynamic
interaction with chemotherapy and better evi-
dence of clinical safety are both available, vigi-
lance and caution are recommended when using
DOACs in cancer patients, in particular when
combined with drugs that strongly interact with
CYP3A4 or P-glycoprotein (Tables 15.3 and
15.4). Table 15.5 shows a suggested reasonable
approach at selecting cancer patients for DOACs
when they are receiving concomitant cancer ther-
apies [42-45].

Substrate Inducer Inhibitor

Vinblastine, vincristine, docetaxel, paclitaxel, Vinblastine, Imatinib, nilotinib, lapatinib,
methotrexate, irinotecan, etoposide, doxorubicin, doxorubicin, sunitinib, crizotinib, vandetanib,
daunorubicin, idarubicin, bendamustine, mitomycin C, dexamethasone tamoxifen, enzalutamide,

imatinib, nilotinib, lapatinib, crizotinib, vemurafenib,
cyclosporine, sirolimus, everolimus, temsirolimus,
tacrolimus, dexamethasone, lenalidomide, ondansetron

abiraterone, cyclosporine,
dexamethasone, tacrolimus

Table 15.4 Cancer drug interactions with cytochrome P450 3A4

Substrate Inducer Inhibitor

Vinblastine, vincristine, vinorelbine, Paclitaxel, Vinblastine, vincristine, vinorelbine,
docetaxel, paclitaxel, irinotecano, vemurafenib, docetaxel, etoposide, doxorubicin, idarubicin,
etoposide, doxorubicin, enzalutamide, cyclophosphamide, ifosfamide, lomustine,
cyclophosphamide, ifosfamide, busulfan, | dexamethasone, imatinib, dasatinib, nilotinib, lapatinib,
imatinib, dasatinib, nilotinib, erlotinib, prednisone, crizotinib, tamoxifen, anastrozole,

gefitinib, lapatinib, sunitinib, sorafenib,
crizotinib, vemurafenib, vandetanib,
brentuximab, tamoxifen, letrozole,
fulvestrant, flutamide, enzalutamide,
abiraterone, cyclosporine, sirolimus,
everolimus, temsirolimus, tacrolimus,
dexamethasone, prednisone, bortezomib,
bexarotene, ondansetron, palonosetron,
aprepitant, fosaprepitant, oxycodone,
fentanyl, methadone, acetaminophen,
clonazepam

fosaprepitant

bexarotene, aprepitant,

bicalutamide, abiraterone, cyclosporine,
sirolimus, temsirolimus, tacrolimus,
bortezomib, aprepitant, fosaprepitant,
fentanyl, methadone, acetaminophen
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Table 15.5 Criteria for DOAC use in cancer patients
requiring anticoagulation

Patient assessment

Risk factors for bleeding
No major bleeding events in the past 2 months
Absence of intracranial or visceral tumor at high
risk for major bleeding

Platelets
Platelet count >50,000 per mL
No anticipated decrease due to disease or
chemotherapy

Coagulation studies
Normal PT, PTT, and fibrinogen

Liver function tests
No significant hepatic impairment (e.g., Child-Pugh
B or C, cirrhosis)

Renal function
CrCl >30 mL/min
No anticipated fluctuations due to nephrotoxic
chemotherapy

Medications
No concomitant use of drugs with strong effect on
CYP3A4 and/or P-glycoprotein (antifungals,
immunosuppressive, antiepileptic, etc.)
Consider the lists of chemotherapeutic, biological,
hormonal, or support drugs that modulate the
cytochrome P450 3A4 and/or P-glycoprotein
Good medication compliance

Modified from Short and Connors [42]

Conclusions

LMWHs are at the moment regarded as the
basis of VTE treatment and prevention in
cancer patients as per the American Society
of Clinical Oncology latest guideline update.
There are currently several trials assessing the
role of DOAC:s in preventing and treating VTE
in patients with underlying malignancy, one
already published: the Hokusai-VTE cancer
trial. Until a better understanding of bleeding
risks related to DOACs’ pharmacodynamics
interaction with chemotherapy and better evi-
dence of clinical safety are both available, we
recommend vigilance and caution when using
DOACs in cancer patients. This is particu-
larly the case when a pathological pericardial
process is suspected or if DOACs were to be
combined with drugs that strongly interact with
CYP3A4 or P-glycoprotein. We also recom-
mend caution against their use with chemother-
apy drugs that are known to be associated with
platelet dysfunction or increased bleeding risks.

This is especially important since well-estab-
lished alternative therapies, specifically low-
molecular-weight heparin, have been proven to
be effective and safe.
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Introduction

Advances in the early diagnosis, staging, and
therapy have significantly reduced the mortality
and increased longevity in cancer patients. An
estimated 14.5 million people are currently liv-
ing with a history of cancer in the USA. This
number is projected to rise to 19 million over the
next 10 years [1]. A significant proportion of
cancer survivors are living with long-term
adverse effects of cancer therapy, involving mul-
tiple organ systems. Cardiovascular toxicity of
cancer therapy is a major concern in this regard.

Cancer therapies, especially anthracyclines
and monoclonal antibodies, have been linked
with increased rates of cardiotoxicity (CTX).
The clinical manifestations of cardiotoxicity
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are broad and can include heart failure,
cardiomyopathies, arrhythmias, ischaemia,
valves heart disease, pericardial disease, hyper-
tension, or thrombosis. Cancer therapeutics-
related cardiac dysfunction (CTRCD) is
reported in 2-3% in randomized trials on breast
cancer women treated with anthracyclines and
trastuzumab but can reach up to 26% in obser-
vational studies [2].

It is clear that symptom-based monitoring is
ineffective because when they occur, damage is
already advanced, and therefore it is recom-
mended after a baseline evaluation to monitor
cardiac function to promptly detect any varia-
tion. Early detection and quantification of car-
diac damage is required to readily intervene
with cardioprotective therapy and to allow the
prosecution of antineoplastic treatment and
avoid the need of its discontinuation. Therefore,
cardio-oncology is a newly emerging subspe-
cialty of cardiology with the aim of monitoring,
early diagnosis, prevention, and treatment of
cardiotoxicity related to cancer therapies and
careful planning of chemotherapy in patients
with pre-existing cardiovascular disease to
avoid overt cardiotoxicity and heart failure.

Many strategies are available to monitor car-
diac function during or after chemotherapy
including cardiac imaging (echocardiography,
nuclear imaging, cardiac magnetic resonance)
and biomarkers (troponin, natriuretic peptides).
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Table 16.1 Diagnostic tools for the detection of cardiotoxicity

Technique Diagnostic criteria

Advantages Major limitations

e LVEF: >10 percentage points
decrease to a value below the
LLN suggests CTX

Echocardiography:
—3D-based LVEF
— 2D Simpson’s

* Wide availability * Inter-observer variability
* Lack of radiation * Image quality
* Assessment of * GLS: inter-vendor

LVEF * GLS: >15% relative percentage haemodynamics and variability, technical
- GLS reduction from baseline may other cardiac requirements
suggest risk of CTX structures
Nuclear cardiac e >10 percentage points decrease | * Reproducibility e Cumulative radiation
imaging in patients with CTX exposure
* Limited structural/
functional information on
other cardiac structures
Cardiac magnetic  Typically used if other e Accuracy, * Limited availability
resonance techniques are non-diagnostic or reproducibility * Patient’s adaptation

to confirm the presence of LV
dysfunction if LVEF is

Detection of diffuse
myocardial fibrosis

(claustrophobia, breath
hold, long acquisition

borderline using T1/T2 mapping times)
Cardiac biomarkers: |+ A rise identifies patients * Accuracy, * Insufficient evidence to
—Tnl receiving anthracyclines who reproducibility establish the significance
—hsTnl may benefit from ACE-Is * Wide availability of subtle rises
— BNP * Routine role of BNP and » High sensitivity * Variations with different
— NT-proBNP NT-proBNP in surveillance of assays

high-risk patient needs further
investigation

* Role for routine
surveillance not clearly
established

Adapted from Zamorano et al. [3]

BNP B-type natriuretic peptide, CTX cardiotoxicity, GLS global longitudinal strain, hs7nl high-sensitivity troponin I,
LLN lower limit of normality, LVEF left ventricular ejection fraction, NT-proBNP N-terminal fragment B-type natri-

uretic peptide, 7n/ troponin I

Sensitivity/specificity

Fig. 16.1
Echocardiography vs.
other modalities for Biopsy
detection of cancer
therapeutics-related CMR
cardiac dysfunction.
SPECT
(Adapted from
Zito et al. [4]) ECHO
Biomarkers
ECG
Clinical

The choice of different modalities depends upon
local expertise and availability [3]. Table 16.1
summarizes the main techniques available and
current diagnostic criteria.

Echocardiography

Monitoring with 2D echocardiography is the most
frequently used technique in clinical practice

Feasibility, simplicity, cost

because of its safety, wide availability, repeatabil-
ity, and low cost (Fig. 16.1). Echocardiographic
technology has been continuously evolving, with
two major developments being real-time three-
dimensional echocardiography (3DE) and myo-
cardial deformation imaging.

For conventional analysis, left ventricular
volumes and left ventricular ejection fraction
(LVEF) are the most widely used parameters to
detect CTX [5, 6]. The method for 2D echocar-
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Fig. 16.2 Left panel: Simpson’s biplane method. Right panel: speckle-tracking echocardiography (STE)

diographic volume calculations recommended
by the European Association of Cardiovascular
Imaging (EACVI) and American Society of
Echocardiography (ASE) is the biplane method
of disc summation (modified Simpson’s rule).
Volume measurements are based on tracings of
the blood tissue interface in the apical four- and
two-chamber views. At the mitral valve level,
the contour is closed by connecting the two
opposite sections of the mitral ring with a
straight line. Left ventricle (LV) length is
defined as the distance between the middle of
this line and the most distant point of the LV
contour (Fig. 16.2, left panel). The LVEF is then
calculated using the following formula:
LVEF = (LVEDV - LVESV)/LVEDV; (LVED
LV end-diastolic volume, LVESV LV end-sys-
tolic volume). Normal LVEF using biplane
method of discs is 63% + 5%, and LVEF in the
range of 53-73% is classified as normal [7].

CRTCD is defined as a 10% decrease of left
ventricle ejection fraction to a value below the
normal limit of normal confirmed in repeated
studies (at 2—-3 weeks).

Newer echocardiography techniques, using
contrast echocardiography or 3D technology,
have resulted in significant improvement in the
accuracy of LVEF assessment. Contrast agents
should be used to improve endocardial delinea-
tion when two or more contiguous left ventricle

endocardial segments are poorly visualized in
apical views [7, 8]. Contrast-enhanced images
may provide larger volumes than unenhanced
images that are closer to those obtained with car-
diac magnetic resonance (CMR) [9].

In patients with good image quality, 3D echo-
cardiographic measurements are accurate and
reproducible and should therefore be used if avail-
able [7]. One of the advantages of 3D echocardio-
graphic volume measurements is that they do not
rely on geometric assumptions.

A small study of 50 patients with breast can-
cer undergoing serial LVEF assessments demon-
strated that 3D echocardiography was feasible
and reproducible for assessing changes in LV
volumes and LVEF compared with the gold stan-
dard cardiac MRI [10]. Thavendiranathan et al.
showed that non-contrast 3D echocardiography
was the most reproducible technique for LVEF
assessment, capable of detecting smaller changes
in LVEF (~5%) [11].

Unfortunately, impairment of LVEF is detect-
able only after that a considerable cell loss has
taken place [12, 13] and thus too late to allow
effective prevention. For this reason, new mark-
ers of systolic dysfunction have been investigated
to earlier detect damage and predict cardiotoxic-
ity. Deformation analysis seems to be a promis-
ing tool to detect myocardial dysfunction at an
earlier stage [14].
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Besides monitoring systolic function, it is rec-
ommend in cancer patients to perform a compre-
hensive echocardiographic evaluation measuring
diastolic function and evaluating cardiac valves
and pericardium [15].

Diastolic function is frequently impaired in
cancer studies [4, 16]. Several studies demon-
strated an early reduction in the e’ velocity of
the mitral annulus using tissue Doppler imag-
ing (TDI), which remained reduced during and
for several years after treatment [17, 18].
However, the use of the E/e’ ratio remains ques-
tionable in the oncological setting because E
and e’ velocity fluctuations in these patients
may be the consequence of changes in loading
conditions associated with chemotherapy (e.g.
nausea, vomiting, and diarrhoea) more than the
result of a real change in left ventricle diastolic
performance [4].

Chemotherapeutic agents do not directly
affect cardiac valves, but valve heart disease may
manifest in oncological patients for different rea-
sons such as:

(a) Pre-existing valve disease

(b) Concomitant radiation therapy that causes
calcification and fibrosis of the aortic root,
aortic cusps, mitral valve annulus, tips, and
commissures [19]

(c) Infective endocarditis favoured pancytopenia
associated with chemotherapy

(d) Mitral regurgitation secondary to annular
dilatation or apical tethering due to CRDT
and tricuspid regurgitation as consequence of
right ventricle dysfunction and pulmonary
hypertension [3, 15].

Echocardiography is the assessment method
of choice, and 3D echocardiography may be use-
ful, particularly for the evaluation of mitral valve
commissures. CMR and computed tomography
(CT) may be used to assess the severity of the
valve disease but usually are not required in rou-
tine clinical practice [15].

According to the current EACVI/ASE recom-
mendations [15], patients with baseline or changing
valve findings should undergo careful evaluation of

valve structure and function during and after cancer
treatment.

Pericardial disease is also common in onco-
logic patients, as consequence of cancer therapies
or metastasis, and usually occurs as pericarditis
and pericardial effusion and sometimes as con-
strictive pericarditis especially after radiotherapy
or high-dose chemotherapy. Acute pericarditis
may occur predominantly with the use of anthra-
cyclines, cyclophosphamide, cytarabine, and
bleomycin. Transthoracic echocardiography is
the method of choice for the evaluation of patients
with suspected pericardial disease due to chemo-
therapy, but CT can be helpful to identify calcifi-
cation, and CMR should be considered in the
evaluation of primary tumours of the heart.
Pericardial effusion should be quantified and
graded according to standard methods [20], and it
is important to evaluate the presence of echocar-
diographic and Doppler signs of cardiac tampon-
ade in this setting of patients.

Myocardial Deformation Imaging

LVEF reflects the volumetric variation of the
ventricle during the cardiac cycle, which depends
on the size and shape of the left ventricle, the
contraction of the global myocardium, the integ-
rity of the mitral and aortic valve, and the preload
and post-load. In contrast, myocardial deforma-
tion analysis reflects the length variation of the
myocardial fibres, and thus it is a measure of
intrinsic contractility (Fig. 16.2, right panel) [14].

By the analysis of the motion of speckles in
the two-dimensional ultrasonic image, this tech-
nique allows a non-Doppler angle-independent
objective analysis of myocardial deformation,
with the possibility to quantify longitudinal, cir-
cumferential, radial function and torsion. The
best validated strain measure is global longitudi-
nal strain (GLS). Speckle-tracking echocardiog-
raphy (STE) has recently demonstrated to be an
accurate, feasible, and reproducible measure of
cardiac function [21].

The maximum extent of systolic myocardial
deformation (i.e. peak systolic strain) and its
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peak rate (i.e. peak systolic strain rate) were used
regionally and globally [4]. One of the first stud-
ies using 2D-STE strain was performed in 2008
and demonstrated that this technique recognized
early damage caused by anthracyclines [22].

Many authors subsequently focused their
efforts on this topic to identify CTX in patients
previously treated with oncologic therapies to
predict CTX development.

2D-STE was more sensitive than LVEF reduc-
tion for the early recognition of asymptomatic
left ventricle systolic dysfunction caused by che-
motherapy in children and adults [4, 23-25].

Other studies [26, 27] provided information
on serial evaluations of cardiac function before
and after chemotherapy by comparing GLS with
LVEF. They found that GLS was the most sensi-
tive and specific measurement for the detection
of subclinical myocardial injury early after
anthracycline exposure (from 1 day to 3 months
after the treatment in the different studies)
because GLS decreased significantly without any
reduction in LVEF.

A prospective study of 81 patients with breast
cancer evaluated the use of longitudinal strain
assessed at baseline, after completion of
anthracycline-based therapy, and every 3 months
during trastuzumab. A longitudinal strain value
lower than —19% (less negative or a lower nega-
tive number) after the completion of anthracy-
clines was predictive of CTX [28]. The accuracy
of the prediction increased when cardiac troponin
was also measured [28]. Measuring the percent-
age variation of GLS between follow-up and
baseline seems to be a specific approach to early
detect CTX. Negishi K et al. demonstrated that
an 11% reduction of GLS (95% confidence inter-
val, 8.3-14.6%) was the optimal cut-off, with
sensitivity of 65% and specificity of 94% for
detecting CTX [29].

The European Society of Cardiology (ESC)
recently provided a document [3] containing a
practical approach for monitoring patients under-
going cancer therapy with GLS. Measurements
of GLS during chemotherapy should ideally be
compared with baseline value, and a relative per-
centage reduction of GLS of less than 15% from
baseline is very likely to predict future CRTD

(Table 12.1). The same vendor-specific ultra-
sound machine should be used when monitoring
STE for longitudinal follow-up of patients with
cancer.

A small study demonstrated that early thera-
peutic intervention with beta-blocker based on
strain reduction alone allowed a normalization of
strain values during follow-up; however evi-
dences demonstrating a clinical impact of this
approach are still lacking [30]. The multicentre,
randomized SUCCOUR (Strain Surveillance
During Chemotherapy for Improving
Cardiovascular Outcomes) trial is designed to
determine if a strain-based strategy for initiation
of cardioprotective therapy is superior to one
based on LVEF.

Three-dimensional speckle-tracking echocar-
diography (3D-STE) is a promising techniques in
the evaluation of myocardial function. The pos-
sibility of evaluating the deformation on a full-
volume model avoids the errors derived from the
use of two-dimensional images [31].

Recent studies demonstrated that childhood
cancer survivors evaluated by 3D-STE had sig-
nificantly reduced GLS and torsion and greater
systolic dyssynchrony index in comparison to
healthy controls [32]. Mornos et al. found that
GLS evaluated by 3D-STE was superior to bio-
markers and to LVEF in predicting future devel-
opment of cardiotoxicity [33].

Although 3D-STE is a promising method,
there are few studies on small populations that
compared this technique to the other standard
methods. Moreover, 3D-STE is not widely avail-
able in the echo-labs; thus its use has still to be
considered reserved to research purpose.

Nuclear Imaging and Cardiac
Magnetic Resonance

Radionuclide angiography (MUGA) was referred
as the gold standard to evaluate left ventricle sys-
tolic function in patients undergoing chemother-
apy for many years [34]. MUGA makes use of
99mTC-erythrocyte labelling enabling the visu-
alization of the cardiac blood pool by y-camera
with electrocardiogram-triggered acquisitions.
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The final result provides a highly reproducible
and precise quantification of LV volumes and
dyssynchrony independently of geometrical
assumption [35]. The main disadvantage of
MUGA is radiation exposure, which reduces its
use given the increasing availability of other
radiation-free imaging techniques (Table 12.1).

MUGA also provides limited structural and
functional information on other cardiac struc-
tures (right ventricle, left and right atrium, valves,
and pericardium). Therefore, it is frequently used
as an adjunct and complementary technique to
echocardiography.

The need of a reliable and accurate detection
method for early CTX has encouraged the intro-
duction of second-line advanced imaging modal-
ity into the evaluation of chemotherapy-treated
patients, such as cardiac magnetic resonance
(CMR) (Table 16.1). CMR is an ionizing
radiation-free imaging method recently accepted
as the gold standard for quantifying biventricular
volumes, function, and mass [36, 37].

The standard CMR approach for quantify-
ing biventricular function parameters uses con-
tiguous short-axis slices covering the entire
ventricles acquired from a cine steady-state
free precession (SSFP) sequence (Fig. 16.3)
[36]. In the evaluation of CTX, the incremental
value of CMR is represented by its capability

G. Novo et al.

for providing information on tissue character-
ization, such as oedema, hyperaemia, fibrosis,
and iron overload. It also serves to evaluate the
pericardium, especially in patients with chest
irradiation.

Neilan et al. [38] showed that myocardial scar
by late gadolinium enhancement CMR is infre-
quent in patients with anthracycline cardiomy-
opathy despite a reduced ejection fraction, and
indexed LV mass by CMR imaging is a predictor
of adverse cardiovascular events.

A new CMR parameter was recently pro-
posed, the LV global function index, that com-
bines left ventricular stroke volume, end-systolic
and end-diastolic volumes, and mass, and a value
less than 37% has been shown to be associated
with the occurrence of cardiovascular events
[39]. However, no data are available on this
promising index in monitoring CTX [36].

Myocardial deformation can be evaluated by
tagging techniques and, more recently, by using
phase-contrast imaging. In the technique most
frequently used, the myocardium is tagged with a
grid of magnetic saturation lines at end diastole,
allowing the analysis of deformation by tracking
the distortion of the grid during systole.

In a recent study [40], measures of left ven-
tricular systolic performance (LVEF and mean
mid-wall circumferential strain) deteriorated

Fig. 16.3 Quantification of biventricular function by CMR. (a) End-systolic phases; (b) end-diastolic phases
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early and remained abnormal 6 months after ini-
tiation of low to moderate doses of anthracycline-
based chemotherapy. Authors did not appreciate
new infarcts or fibrosis by late gadolinium
enhancement.

Few studies evaluated the presence of
oedema and fibrosis in patients treated with
chemotherapy. Regarding the detection of myo-
cardial oedema as early marker of cardiac dam-
age, in this setting of patients, results are
contrasting, and no prognostic data are avail-
able [41, 42].

The prevalence of non-ischaemic areas of
LGE was reported between 6% and 100% [43,
44]. However, the role of the LGE in the prognos-
tic stratification of these patients is not yet well
defined [38, 44, 45].

LGE is able to detect only macroscopic fibro-
sis. However, oncologic patients can develop dif-
fuse myocardial fibrosis that can be detected by
T1 mapping with the evaluation of the extracel-
lular volume (ECV). Small studies showed
encouraging results on the use of T1 mapping in
the detection of myocardial damage during and
after chemotherapy [46—48].

Based on these evidences, T1 mapping seems
to be a very useful technique in oncologic patients
in order to detect changes in the molecular fea-
tures of the myocardium prior to the occurrence
of functional alterations. However, its prognostic
role is still under investigation.

Cardiac damage induced by anthracyclines
appears to be partially dependent on the altera-
tion of intracellular iron  metabolism.
Unfortunately, evaluations of myocardial iron
overload in patients treated with anticancer drugs
have not yet been performed [36].

Actually, CMR is recommended for the
quantification of LVEF when the quality of
echocardiogram is suboptimal. In follow-up
assessments, CMR is recommended for the
quantification of LVEF in cases of possible dis-
continuation of chemotherapeutic regimens as a
result of CTX or when LVEF estimation by
echocardiography is controversial or unreliable
due to technical constrains. Diastolic function
by CMR is not usually recommended in current
practice [15].

Biomarkers

The use of cardiac biomarkers during cardiotoxic
chemotherapy may be considered in order to
detect early cardiac injury. Currently, the most
studied biomarkers for the early detection of car-
diac damage induced by anticancer drugs are car-
diac troponins (cTns) and natriuretic peptides
(Table 16.1).

Cardiac troponins are sensitive and specific
markers of myocardial injury and are widely used
in cardiovascular medicine. Troponin I is a serum
marker that detects damage of myofibrils and car-
diomyocytes. It identifies acute injury due to
ischaemia but also to other causes such as drugs.

Among troponins, Tnl is the most widely stud-
ied serum biomarker of cardiotoxicity, its eleva-
tion can predict the future decline of myocardial
function, and the amount of its elevation is corre-
lated with patients’ prognosis [49]. Particularly, it
has been shown that in patients with cancer,
treated with high doses of anthracyclines, the
increase in c¢Tn allows discrimination between
patients with a low risk of developing chemother-
apy-induced CTX and who do not need strict fol-
low-up and those at high risk, which require a
more rigorous cardiac monitoring [50].

In particular, patients with a persistent (early
and late) increase in ¢cTn show a greater reduction
in LVEF at follow-up [51]. In patients treated
with trastuzumab, the elevation of ¢Tnl identified
patients who developed CTX and who did not
recover after interruption of treatment [52]. Less
established is the role of troponin in predicting
cardiotoxicity in patients treated with conven-
tional doses of anthracyclines; in this setting
high-sensitivity troponin (hsTn) is probably more
useful (Table 16.2).

In patients with breast cancer, a recent study
demonstrated that the combination of high-
sensitivity troponin with GLS might provide the
greatest sensitivity (93% when both are altered)
and sensitivity (87%, when one of two parameters
is altered) to predict future cardiotoxicity [28].

Main advantages of cTn use include wide
availability, accuracy, reproducibility, and
lower cost than imaging. Nevertheless, there
are some uncertainties that still remain unre-
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Table 16.2 Main studies evaluating the conventional and emerging biomarkers in the detection of cardiotoxicity

(CTX)

Authors

Population

Results

Sawaya et al. [28]

82 patients with breast cancer treated with
anthracyclines, taxanes, and trastuzumab
who were evaluated every 3 months with
echocardiography (strain) and blood
sample (hsTnl, NT-proBNP, and ST2)

Myocardial strain and hsTnl, measured at the
completion of anthracycline therapy, are useful
in the prediction of subsequent cardiotoxicity

Ky et al. [53]

78 patients with breast cancer treated with
doxorubicin and trastuzumab who were
evaluated every 3 months for different
biomarkers

Early increases in Tnl and MPO levels offer
additive information about the risk of
cardiotoxicity in patients undergoing
doxorubicin and trastuzumab therapy

Cardinale et al. [50]

251 patients with breast cancer treated
with TZT with or without other
chemotherapy (197 had prior exposure to
anthracyclines)

Tnl identifies patients at risk for developing
cardiotoxicity and who are unlikely to recover
following the completion of therapy

Cardinale et al. [51]

703 patients with various malignancies
treated with high-dose chemotherapy. Tnl
measurement before chemotherapy at 1,
3, 6, and 12 months after the end of the
treatment and every 6 months thereafter

Elevated Tnl (cut-off >0.08 ng/mL) identified
patients at greater risk of cardiac events
(particularly the group with persistently
elevated Tnl)

Feola et al. [54]

52 patients with early breast cancer
treated with anthracyclines

In patients who developed left ventricular
systolic dysfunction, BNP but not Tnl increase
was observed

Suzuky et al. [55]

27 patients receiving anthracyclines are
investigated by serial measurements of
BNP, A-type natriuretic peptide, renin,
aldosterone, angiotensin II,
norepinephrine, epinephrine, and
echocardiography

BNP levels are elevated after anthracycline
administration. Patients with persistent
elevations showed a poor prognosis

Sandri et al. [56]

NT-proBNP was measured after
chemotherapy treatments in 52 patients
affected by aggressive malignancies

Persistently increased NT-proBNP early after
administration of HDC is strongly associated
with development of cardiac dysfunction

Romano et al. [57]

71 patients who did not undergo
high-dose chemotherapy with
anthracyclines. NT-proBNP and cTnl
level measurement before and 24 h after
each cycle

NT-proBNP, but not troponin, showed
abnormal values. LV impairment was
significantly worse in patients with persistently
elevated NT-proBNP levels

Lagoa et al. [58]

Measurements of the temporal evolution
of selected biochemical markers after
treatment of rats with doxorubicin

(20 mg/kg body weight)

Quinone oxidoreductase-1 activity and
increase of hydrogen peroxide production by
NADPH oxidases are early biomarkers in
doxorubicin cardiotoxicity

El Ghandour
et al. [59]

In 40 NHL patients who received
doxorubicin, human heart-type fatty
acid-binding protein (H-FABP) was
assessed 24 h after the first cycle of
chemotherapy

H-FABP may serve as a reliable early marker
for prediction of cardiomyopathy induced by
doxorubicin

Horacek et al. [60]

53 patients undergoing HCT for various
haematological malignancies

Increased release of GPBB could be
considered a sign of acute subclinical CTX

Horie et al. [61]

Evaluate the role of miRNAs in acute
Dox-induced cardiotoxicity in mice

When miR-146a “decoy” genes were
introduced into cardiomyocytes, ErbB4
expression was up-regulated, and Dox-induced
cell death was reduced

GPBB glycogen phosphorylase isoenzyme BB, HCT haematopoietic cell transplantation, HDC high-dose chemother-
apy, hsTnl high-sensitivity troponin I, LV left ventricle, MPO myeloperoxidase, NHL non-Hodgkin lymphoma,
NT-proBNP N-terminal fragment B-type natriuretic peptide, Tn/ troponin I, 7ZT trastuzumab
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solved, including the optimal timing of assess-
ing, frequency of cTn evaluations, optimal
cut-off point for positivity with the highest
level of specificity, and comparison of different
assays of troponin [49]. Table 12.2 reports main
studies which demonstrated usefulness of Tnl
for predicting CTX.

Natriuretic peptides are hormones released
during haemodynamic stress when ventricles
dilate, undergo hypertrophy, or is subject to
increased wall tension. Use of BNP and
NT-proBNP to detect subclinical cardiac dys-
function is under investigation, and results of
published studies are controversial [54, 62, 63].

BNP levels were increased during chemother-
apy treatment and correlated with diastolic dys-
function [55] and progressive development of
cardiac dysfunction [56, 64].

In some studies, BNP anomalies were
observed in the absence of changes in cTn [57,
65, 66], which suggested that in patients receiv-
ing anticancer drugs at low or medium doses and
with a predictable reduced myocardial suffering,
BNP monitoring could be more useful than cTn
[49]. In other studies, BNP was not predictive of
EF change [28].

Other circulating biomarkers tested include
C-reactive protein, cytokines, and parameters of
oxidative stress.

Due to the mechanisms of anthracycline-
mediated toxicity, measurement of inflammatory
markers and parameters of oxidative stress are
also reasonable [49, 58]. C-reactive protein is a
nonspecific marker of inflammation, and the util-
ity of its evaluation in the setting of anticancer
drug-related CTX is controversial.

Recently, galectin-3 (gal-3) has been consid-
ered as a potential biomarker for predicting early
or late onset of CTX. However, increases of gal-3
were found to be insignificant and not predictive
of CTX as defined by echo-derived LVEF reduc-
tion [53].

Finally, potential CTX markers under investi-
gation in oncology are heart-type fatty acid-
binding protein (H-FABP), glycogen
phosphorylase BB (GPBB), and circulating
microRNAs, but they are not yet validated
[59-61].

Multimodality Approach

As demonstrated by recent studies, a combined
multimodality approach in selected individuals
may provide incremental value in predicting car-
diotoxicity and prove to be useful in clinical
practice [28, 53, 67-69]. However, only a few
studies have explored the utility of a multimarker
approach in monitoring patients undergoing anti-
neoplastic drugs at high baseline risk.

Fallah-Rad et al. [43] conducted the first mul-
timodality surveillance strategy, combining bio-
markers (troponin T, CRP, and BNP) with imaging
(echocardiography and CMR) in breast cancer
patients treated in the adjuvant setting by anthra-
cyclines and trastuzumab. Biomarkers were not
associated with any prognostic value, along with
LVEF assessment, but Doppler measurement of
s’, GLS, and radial strain parameters were able to
identify, at 3 months’ follow-up, the patients who
developed CTRCD at 6 months. In this study,
CMR, performed at baseline and at 12 months,
documented an increase in LV volumes, a decrease
in LVEF, and a late gadolinium enhancement in
the LV lateral wall in the CTRCD group.

Similarly, Sawaya et al. [18] observed that
NT-proBNP was not associated with any predic-
tive value, while high-sensitive Tnl at 3 months
appeared as an independent predictor of cardio-
toxicity at 6 months. Furthermore, a combination
of GLS and hsTnl allowed with a better accuracy
the early identification of myocardial damage
and was predictive of subsequent CRTCD during
the surveillance in patients receiving trastuzumab
after anthracyclines.

The troponin levels added prognostic value to
GLS: if both were abnormal, the specificity for
the prediction of CTRCD increased from 73% to
93%. If both were normal, the negative predictive
value increases to 91% [28].

Given these scientific evidences, the recent
EACVI/ASE consensus document [15] encour-
ages an integrated approach to early detect car-
diotoxicity. Particularly a strategy that includes,
in addition to LVEF assessment, the calculation
of GLS and the measurement of troponin at base-
line and during follow-up in order to compare
changes during time is proposed. (Fig. 16.4).
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Fig. 16.4

Multimodality approach
to monitor patients
undergoing
antineoplastic treatment.
2DE, 2D
echocardiography; 3DE,
3D echocardiography;
GLS, global longitudinal
strain; LLN, lower limit
of normal; LVEE, left
ventricular ejection
fraction. (Reprinted from
Plana et al. [15]. With
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permission from GLS < LLN GLS > LLN
Elsevier) Tnl + Tnl -
Cardiologic counselin F/U at the end of
9 9 therapy and 6 months later
Conclusions cancer patients who may benefit from early

Systematic and repeated monitoring of LVEF
remains the most used technique to diagnose
cardiotoxicity in clinical practice. 2DE is the
most used method; however, 3DE has proved
to be more accurate and reproducible, and this
is preferable if available. Regarding CMR, it
is very accurate, but its low availability and
the high cost limit its use to particular subsets
of patients.

Decrease of LVEF is detectable when dam-
age is considerable and possibility of recovery
reduced; therefore it is not suitable as an early
indicator of cardiotoxicity.

Among the new techniques that evaluate
cardiac function, GLS derived by 2D-STE is
the best validated technique with a consider-
able amount of evidences supporting its role
in the detection of cardiotoxicity. Baseline
evaluation of GLS and periodical monitoring
during treatment is recommended. Promising
techniques such as 3D-STE and tissue charac-
terization performed by CMR are under inves-
tigation and could provide new insights into
the future for the evaluation of chemotherapy-
treated patients.

Monitoring troponin levels also appears to
be effective in the prediction of cardiotoxicity,
and its elevations identify high-risk cohort of

cardioprotective medication. According to
some evidences, the persistence of NT-proBNP
elevation seems to identify patients at higher
risk of LVEF decline.

A multimodality approach using troponin
and GLS seems to increase the accuracy in the
detection of cardiotoxicity especially in
patients at high baseline risk; however further
studies are needed for wider validation in the
clinical setting.

Cardiotoxicity is likely to be a continuous
phenomenon characterized by progressive left
ventricular ejection fraction decline that, if
disregarded and not treated, may progres-
sively lead to overt heart failure. On the other
side, if we catch this process in the early
phases, overt damage can be prevented and the
dysfunction avoided. For this reason, it is
extremely important to monitor patients
undergoing antineoplastic drugs and to apply
sensitive technique to early detect damage.
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Introduction

Chemotherapy treatments are a recognized cause
of direct adverse effects on cardiovascular system
[1], leading to a progressive cardiac dysfunction
and symptomatic heart failure [2].

Cardiovascular toxicity of anticancer drugs
can result as an early (acute) effect, within the
first year of treatment, or as a late effect, develop-
ing through years after therapy [3, 4]. The inci-
dence of overt heart failure in patients undergoing
anticancer treatment is 2-5%. Conversely, the
rate of patients developing asymptomatic left
ventricular (LV) damage is 15-18% [5, 6]. In this
scenario, great attention is constantly growing on
the detection of early sign of LV dysfunction,
both during therapy and follow-up of oncologic
patients.

Anthracycline detrimental effect is a well-
known cumulative, dose-related cause of pro-
gressive cardiac dysfunction [7, 8]. Additionally,
though new targeted agents (such as monoclonal
antibodies and tyrosine kinase inhibitors target-
ing HER-2, VEGF and VEGEF receptors) have
effectively improved chemotherapy efficacy, they
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could bring to different degree of cardiac dam-
age. Of note, cardiac damage provoked by the
target therapy may be additive when associated
with anthracycline [9, 10]. The utility of electro-
cardiography, standard and advanced echocar-
diography (speckle tracking analysis and
three-dimensional echo) and nuclear imaging
techniques at rest as well as of cardiac biomark-
ers for early diagnosis of heart involvement has
been broadly proven in this clinical setting [11-
16]. In this context, stress echocardiography rep-
resents an additional, effective test, able to reveal
occult LV dysfunction and coronary artery dis-
ease (CAD), particularly in patients at intermedi-
ate or high pretest probability [17, 18].
Considering the late effect of cancer treatment on
the heart, cardiac stress testing can unmask sub-
clinical coronary stenosis and subtle myocardial
dysfunction as well.

Utility of Cardiac Stress Test

A definite and commonly shared screening fol-
low-up in order to detect cardiac effects of cancer
treatment, even when asymptomatic, is of para-
mount relevance. Stress echocardiography
appears to be most beneficial in anticancer-
treated populations, particularly in detecting
anthracycline-induced subclinical LV dysfunc-
tion [19, 20]. Notably, it can drive rapid cardiac
intervention in terms of both chemotherapy
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dosage reduction and cardio protective strategies.
Exercise or pharmacological stress echocardiog-
raphy is frequently used for its diagnostic and
prognostic values [21, 22]. It has been used for
long-term screening in childhood cancer survi-
vors. Khouri et al. [20] showed that LV contrac-
tile reserve, expressed by change of LV global
longitudinal strain (GLS) from rest to peak exer-
cise, was significantly lower in patients undergo-
ing anthracycline-based treatment for breast
cancer when compared to healthy controls.
Civelli et al. [19] demonstrated the capability of
dobutamine stress echocardiography in detecting
subclinical LV dysfunction during high-dosage
anthracycline chemotherapy in adult women
affected by breast cancer. Reduction of LV con-
tractile reserve as the difference of LV systolic
function between stress and rest was observed in
patients undergoing chemotherapy treatment
even before the third cycle of high-dosage anthra-
cycline therapy. A low LV contractile reserve
(>10% drop from baseline of LVEF below the
cut-off value of 50%) was identified as a prog-
nostic indicator below the traditional parameters
of cardiotoxicity.

Nowadays radiotherapy is frequently used
associated to chemotherapy to reduce cancer
extent and minimize the risk of recurrences.
Indeed mediastinal irradiation is mainly involved
after conservative or radical breast surgery in the
context of adjuvant therapy, adjuvant or exclusive
radiotherapy of lung and oesophageal cancer, and
as a complement to systemic treatment in lym-
phoma. Nevertheless, high-dose radiation expo-
sure on the thorax can boost the chemotherapy
damage on cardiovascular system resulting in
microvascular and macrovascular injury and
accelerated atherosclerosis of coronary arteries,
valvular abnormalities and myocardial fibrosis,
pericardial inflammation or effusion [23-26]. Of
note, there is an increment of 1.27 risk of heart
disease in patients treated with radiation for
breast cancer compared to those who were not
[27]. In this context, stress echocardiography can
detect significant CAD in asymptomatic patients
after mediastinal irradiation [28]. Patients at
increased risk of coronary events after 5-10 years
following radiotherapy (Table 17.1) could be

Table 17.1 Risk factor of cardiovascular disease in
patient treated with radiotherapy

High cumulative dose of radiation (>30 Gray)
Younger patients (<50 years)

High dose of radiation fractions (>2 Gray/day)

Presence and extent of tumour in or next to the heart
Lack of shielding
Concomitant chemotherapy

Cardiovascular risk factors:
Diabetes mellitus
Smoking
Overweight
Moderate/severe hypertension
Hypercholesterolaemia

Pre-existing cardiovascular disease

High-risk patients are defined as patients with chest irra-
diation with >1 risk factor mentioned above

addressed towards a functional stress test to
exclude obstructive CAD. Accordingly, stress
echocardiography should be planned every
5 years if a given patient does not show abnor-
malities at the first stress echocardiography or
remains asymptomatic [29].

Types of Stressors

Indications for stress echocardiography may be
generally summarized as follows: (i) suspect of
coronary artery disease (CAD) (presence of chest
pain or unexplained dyspnoea), (ii) evaluation of
newly diagnosed LV dysfunction and (iii) assess-
ment of new-onset valvular heart disease (follow-
ing radiotherapy). The stressors mainly used to
detect alteration of LV function induced by che-
motherapy are exercise, dobutamine and dipyri-
damole [30]. Table 17.2 shows sensitivity and
specificity of different stressors test in detecting
CAD in the general population [31]. Of interest,
electron beam computed tomography (EBCT)
and single-photon emission computed tomogra-
phy (SPECT) appear to have a higher sensitivity
but a relatively lower specificity when compared
with stress echocardiography. Consequently, in
patients at intermediate or high pretest probabil-
ity, in which guidelines suggest to perform func-
tional stress test [17, 18], stress echo could be
preferred in relation with higher specificity. It has
also to be taken into account that EBCT and
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SPECT should be used cautiously for follow-up
studies considering the cumulative radiation
exposure in patients who have already undergone
radiation therapy [32].

Exercise echocardiography can be done by two
different modalities: treadmill or cycle ergometer.
The latter allows to perform a continued echocar-
diographic monitoring, thus avoiding false nega-
tive that may occur using treadmill. By both the
modalities, exercise echo provides prognostic and
diagnostic information, also allowing an evalua-
tion of oxygen consumption, heart rate and blood
pressure response. Of interest, exercise test is the
safest stressor, with occurrence of major life-

Table 17.2 Sensitivity and specificity of different func-
tional stress test in detecting cardiovascular disease in the
overall population

Sensitivity % Specificity %

Stressor (95% CI) (95% CI)
Exercise 83 (80-85) 84 (80-88)
Dobutamine 81 (79-83) 84 (82-86)
Dipyridamole 72 (69-75) 95 (93-96)
Exercise SPECT 88 (85-90) 69 (63-75)
Dipyridamole 90 (87-93) 75 (66-85)
SPECT

EBCT 93 (91-96) 54 (45-64)

Adapted from Heijenbrok-Kal et al. [31]
EBCT electron beam computed tomography, SPECT
single-photon emission computed tomography

27 cmls

Fig. 17.1 Dipyridamole stress echo performed in a
patient affected by colon-rectal cancer treated with anti-
VEGEF (bevacizumab). The purpose of this study was to
assess the endothelial response after treatment in patient
referring atypical angina. On the left panel coronary flow
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threatening effects (myocardial infarction, ven-
tricular fibrillation) fivefold less than dipyridamole
and tenfold less than dobutamine [33-36].
Dobutamine acts directly on both beta-1 and
beta-2 adrenoceptors, increasing heart rate, blood
pressure and inotropic activity, that is, the oxygen
consumption. Low-dose dobutamine (5-10 pg/
kg/min) stress echo is one of the preferred stress
tests to assess myocardial viability [37]. A viable
myocardium may reflect the presence of signifi-
cant CAD in patients with LV dysfunction who
could need coronary reperfusion. Stress echo
evaluating coronary flow reserve (by high-dose
dipyridamole) allows to quantify the response of
flow in the distal tract of the left anterior descend-
ing artery to a maximal vasodilation (Fig. 17.1)
and identify possible contemporary regional wall
motion abnormalities [38—40]. Dipyridamole acts
as vasodilator that, by stimulating the A2a ade-
nosine endothelial receptors, reduces myocardial
oxygen supply through the “steal” phenomena of
the coronary collateral circulation.

Stress echo by cold pressure test evaluates
mainly endothelial-derived coronary flow reserve
function, avoiding additional cost and relevant
pharmacological side effects. However, the true
clinical usefulness of cold pressure test is still
debated and is actually mainly used for research

purpose.

51 cm/s

at rest; end-diastolic peak: 27 cm/s. On the right panel
coronary flow after dipyridamole infusion end-diastolic
peak: 51 cm/s. As a result coronary flow reserve was
reduced (CFR = 1.89; normal value >2.0) revealing an
alternated endothelial response
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Fig. 17.2 This figure shows a contrast-enhanced eco
stress in a survival patient with history of Hodgkin’s lym-
phoma treated with chemo-/radiotherapy that refers new-
onset exertional dyspnoea. Contrast-enhanced stress echo
allows to better detect endocardial border and, conse-
quently, wall motion abnormalities. Left panel: after con-
trast injection apical four chamber view at rest. Central

Since sensitivity and specificity of different
stressors are almost comparable, in cancer
patients, the choice of the stressor can be
selected according to several factors. Firstly,
cancer patients, who currently undergo chemo-
therapy, are usually affected by malaise, muscle
pain and fatigue (generally as a consequence of
the antineoplastic regimen). Exercise echo,
despite easy to perform, cheap and very safe
[41], cannot be performed in all cancer patients
who often present fatigue frequent and different
kinds of physical limitations. Secondly, effects
of certain cancer treatments, which can induce
ventricular fibrillation (cyclophosphamide, cis-
platin, anthracycline) and atrial fibrillation
(bortezomib, vinca alkaloids) or also prolong
the QT interval (e.g., tyrosine kinase inhibi-
tors), should be carefully taken into account to
avoid dobutamine [42]. Conversely, the assess-
ment of coronary endothelial function (through
dipyridamole or cold pressure test) could be
preferred in patients undergoing anticancer
treatments which produce direct endothelial
damage (5-fluorouracil) or endothelial dysfunc-
tion through nitrite oxide inhibition (VEGF
inhibitors).

Peak stress

Recovery

panel: contrast-enhanced peak stress (dobutamine 40 pg/
kg/min); it is evident a left ventricular dilation at end-
systole and hypokinesia of mid-apical segment of the sep-
tum. The patients at this stage referred chest pain. Right
panel: contrast-enhanced recovery acquisition; at this
stage the wall motion alterations receded as well as the
symptoms

Worthy of note, pharmacological stress echo-
cardiography almost doubles the cost of standard
echocardiography at rest but can be considered
able to provide a good overall cost-effectiveness
for diagnosis and management in cardiovascular
disease [43].

Frequently cancer patients may present sub-
optimal echo window due to chest radiotherapy,
thorax surgery or mediastinal masses [16].
Accordingly, contrast-enhanced stress echocar-
diography can be preferred (either pharmacologi-
cal or exercise-stress-induced test) to improve
endocardial border delineation under these cir-
cumstances (Fig. 17.2) [18, 44].

What and How to Measure

Although the absence of changes during time of
the most common clinical parameter of LV func-
tion, resting LVEF, is commonly considered syn-
onym of normal LV function and absence of
cardiotoxicity, the myocyte damage can be present
before changes of LVEF become overt [45].
Significant change in LVEF at rest may be rather
sign of irreversible damage of heart function.
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Baseline

Fig. 17.3 Woman affected by left side breast cancer,
smoker, history of left side radiotherapy. During last cycle
of antineoplastic treatment based on anthracycline (doxo-
rubicin), she refers effort chest pain. Dobutamine stress
echo was performed. On the left panel speckle tracking
analysis at rest. Global longitudinal strain results —20%.
On the right panel speckle tracking analysis computed

Accordingly, exercise stress for evaluating
changes of LVEF dramatically increases the sen-
sitivity for detection of anthracycline-induced LV
dysfunction [46]. However, myocardial strain can
better represent the effective myocardial function
and results to be more sensitive to identify possi-
ble changes of both regional and global LV func-
tion. Strain imaging has been recently applied to
stress echocardiography (Fig. 17.3) [47, 48].
Strain and strain rate have recognized diagnostic
and prognostic value in the evaluation of anthra-
cycline-induced LV dysfunction at rest, enough to
be included in recent ASE/EACVI recommenda-
tions on early detection of cardiotoxicity [17, 18].
Several parameters such as GLS or also some sur-
rogates of LV longitudinal function such as pulsed
tissue Doppler-derived systolic and diastolic
velocities of the mitral annulus can be utilized
during stress [19, 20]. These parameters are all
associated with negative outcomes. Cardiac stress
test raises the sensitivity of both LVEF and GLS
at rest (Table 17.3) [19, 20, 49]. Moreover, the
absence of LV contractile reserve, i.e., no change
or a decrease in LVEF during stress echo, is con-
comitant to decrease of myocardial coronary flow
and oxygen consumption that represents a predic-
tor of heart failure in survival patients [50]. Of
interest, Yildirim et al. demonstrated that in
asymptomatic long-term cancer survivors treated
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during the first minute of recovery. The patients accused
chest pain irradiated to the jaw. Speckle tracking analysis
after dobutamine infusion showed hypo-/akinesia of the
apex and the anterior and lateral wall. The patients were
sent to the cath-lab that revealed an ostial lesion of the left
anterior descending artery

Table 17.3 Echo parameters that show predictive value
during echocardiography functional stress test

Measurement Cut-off value
Peak LVEF (%) <50%
LVCR (based on EF) <50
LVCR (based on GLS) <3¢

CR contractile reserve, EF ejection fraction, GLS global
longitudinal strain, LV left ventricle
*Absolute value

by anthracycline, dobutamine stress echo
unmasked significant alteration of systolic and
diastolic function calculated with tissue Doppler-
derived velocities of both mitral and tricuspid
valves [51]. This finding suggests that the analysis
of myocardial longitudinal function may be
applied to stress echo even in echo-lab without
experience in more advanced technique such as
STE.

New Technologies and Future
Prospective

New data has been recently gathered on the
application of three-dimensional echocardiogra-
phy in the functional stress test [52]. Ideally, the
introduction of real-time (RT) three-dimen-
sional stress echocardiography (3DSE) over-
comes several limitations of two-dimensional
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Table 17.4 Main advantages and limitations of RT
3DSE versus 2D stress echocardiography

Advantages Limitations

Shorter acquisition Lower spatial and temporal
time (volume/frame rate)

Less resolution especially in peak

stress

Influenced by respiration,
patient motion and variation
in heart rate causing
artefacts

Suboptimal anterior and
lateral wall visualization
Longer offline data analysis
time

operator-dependent
More reproducible
Precise alignment/
anatomically correct
tomography section
Full volume
acquisition of entire
true left ventricle

stress echocardiography (Table 17.4). In fact, it
allows the evaluation of the entire ventricle at
the same time avoiding temporal assumptions
during the assessment of the results.
Furthermore, RT-3DSE is less operator-depen-
dent, thus potentially increasing the efficiency
of the echo laboratory [53]. Both exercise and
pharmacologic-induced 3DSE appear to be
highly reproducible, resulting in better interob-
server agreement when compared to 2D exam
[54-56]. However, this technique shows several
limitations, mainly due to its relatively lower
spatial and temporal resolution. The multi-beat
acquisition, which can be done at rest to improve
the imaging resolution (frame/second), found
laborious application during exercise test
because it implies the need of a patient’s apnoea
to avoid artefact of acquisition (“stitching”).
Other limitations of RT-3DSE include the poor
anterior and lateral wall visualization due to
large footprint of the matrix transducer that
causes rib shadowing, particularly in large heart
cavities (e.g. cardiomegaly). Finally, long
offline data analysis may be time consuming
and adversely affects the workflow for a rapid
evaluation of stress echo.

Conclusions

In the oncologic patients, stress echocardiog-
raphy presents two main applications. Firstly,
it can be successfully used to identify sub-
clinical, early LV dysfunctions in patients at
risk for overt heart failure. For this aim, phys-
ical stress exercise should be preferred, using

traditional parameters or, better, advanced
techniques mainly represented by
GLS. Moreover, stress echocardiography can
be very useful for diagnosing CAD in patients
undergoing cancer drugs potentially promot-
ing myocardial ischaemia and, even several
years after completion, in patients experienc-
ing radiotherapy. For this aim, the combina-
tion of visual assessment of regional wall
motion could be improved substantially by
the use of quantitative evaluation of regional
longitudinal strain. Application of 3D echo-
cardiography to the functional stress echo
could be promising, allowing the evaluation
of the overall LV wall motion simultaneously
with higher reproducibility. Further studies
will be needed to promote the clinical use of
those advanced techniques during the perfor-
mance of stress echocardiography in onco-
logic patients.
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Introduction

Vascular damage is one of the various adverse
effects related to the oncologic therapy.
Anticancer drugs that interfere with the vascular
growth factor pathway have direct detrimental
vascular effect, e.g., arterial hypertension, and
can induce arterial event such as thromboembo-
lism. This effect can be accelerated in the pres-
ence of traditional cardiovascular risk factors,
underlying a possible vascular component to the
etiology. Several mechanisms have been evo-
cated to explain vascular toxicity, including dys-
function of damage of endothelial cells, increased
platelet aggregation, and alteration of nitric oxide
(NO) levels resulting in vasospasm. Table 18.1
lists the main anticancer drugs inducing adverse
vascular effects. Vascular toxicity can be divided
in two classes: type I (sustained injury) and type
II (transient dysfunction) [1]. Table 18.2 lists the
main anticancer drugs associated with type I and
II vascular toxicity. Type II vascular dysfunction,
which reflects coronary and peripheral vaso-
spasm and finds relief in vasodilator therapies,
requires careful attention in the acute phase.
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Conversely, type I vascular toxicity needs a well-
planned, long-term follow-up. These different
types of vascular damage can determine a broad
spectrum of pathological conditions (arterial and
venous thrombosis) which may become clini-
cally overt in short-term periods or even appear
progressively  (peripheral vascular disease,
stroke, coronary artery disease). Accordingly,
vascular imaging tools shall be promoted for
detecting early these manifestations and driving
patient’s management.

Arterial and Venous Thrombosis

The incidence of arterial thrombotic events is
about 1% in cancer patients. The concomitant
presence of solid tumors such as metastatic pan-
creatic, breast, colorectal, and lung cancers
treated by anthracyclines, taxane, and platinum
represents well-defined risk factors for arterial
thrombotic event [2]. Cancer is an intrinsic pro-
thrombotic condition which can also predispose
to atrial fibrillation, a disease which can itself
induce embolic dissemination. Moreover, some
target anticancer drugs, such as VEGF inhibitors
and anti-BCR-ABL TKI, appear to facilitate
thromboembolic complications [3]. Even some
hormonal deprivation therapies (aromatase inhib-
itors), which have demonstrated to reduce sub-
stantially cancer recurrence and improve survival
in women with breast cancer or men with prostate
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Table 18.2 Type I and type II vascular toxicity of anti- Table 18.3 Predictive model for chemotherapy-
cancer drugs associated VTE
Type I Type II Risk
Characteristic | Sustained Transient vascular Patient characteristic score
vascular toxicity Site of cancer
toxicity Very high risk (stomach, pancreas) 2
Mechanisms | Endothelial Endothelial High risk (lung, lymphoma, gynecologic, 1
injury and dysfunction bladder, testicular)
apoptosis Vascular smooth Pre-chemotherapy platelet count 350 x 10°/L | 1
muscle cell or more
dysfunction Hemoglobin level less than 100 g/L or use of | 1
Drugs Cisplatin 5-Fluorouracil red cell growth factors
B }eon}ly‘cm Capeqtabme Pre-chemotherapy leukocyte count more than | 1
Vincristine Everolimus 11 % 109L
Nilotinib Bevacizumab 5
Ponatinib Rituximab BMI 35 kg/m? or more !

cancer, appear to increase the incidence of arte-
rial thrombotic events [4]. Radiotherapy may
also affect big vessels (e.g., aorta) and other
peripheral arteries that are involved in the radia-
tion field, thus resulting in ischemic limb mani-
festations. Notably, this process can give
clinically overt manifestations even after 10 years
after the beginning of radiotherapy.

Venous thrombosis and venous thromboem-
bolism (VTE) are very frequent in cancer patients.
Cancer therapy can play an important role in
facilitating VTE. Concomitant administration of
chemotherapeutic agents and VEGF inhibitors
increases sixfold the risk of VTE and twofold the
risk of recurrent VTE [5]. Also the hormonal
therapy with tamoxifen increases VTE rate when
compared with aromatase inhibitors [6]. The use
of indwelling catheters, largely used for the
administration of different kinds of anticancer
drugs, and in particular the individual patient’s
risk of venous thrombosis at baseline, i.e., before
the beginning of anticancer therapy, represent
other important determinants of VTE etiology.

There is no evidence that a screening strategy
may prevent thrombotic event. Worthy of note,
Khorana et al. [7] suggested a risk model to strat-
ify patients at risk for thrombosis that include
cancer type (location) and baseline platelet and
leukocyte count, hemoglobin level, and body
mass index. This score stratifies into low- (score
0), intermediate- (score 1-2), and high-risk
patients (score >3) in order to guide eventual
thrombophylaxis therapy (Table 18.3). In the sus-

Modified from Khorana et al. [7]

picion of venous thrombosis, the diagnostic test
of choice for deep venous thrombosis (DVT) is
echo-Doppler examination with compression
ultrasonography (CUS). Peripheral arterial and
venous evaluation with Doppler ultrasound is a
low-cost, noninvasive technique that can be per-
formed quickly and easily at bedside. This imag-
ing technique can be also applied to control the
patency of indwelling cannula and the presence
of superimposed thrombosis or infection. Silent
pulmonary embolism may be uncovered during
imaging exams for cancer staging.

Peripheral Vascular Disease

Peripheral artery disease (PAD) can have different
clinical presentations and etiologies. The early
presentation can be Raynaud’s with a broad
degree of vasospasm and even ischemic fingertip
necrosis [8]. It is usually associated with cancer
drugs such as bleomycin, vinca alkaloids, cispla-
tin, carboplatin, gemcitabine, and IFN-alpha
treatments [9—12]. PAD of the lower extremities
has a prevalence of about 30% in cancer patients
undergoing treatment with nilotinib, ponatinib, or
BCR-ABL tyrosine kinase inhibitors (mainly
used in myeloid leukemia) even in patients with
no concomitant cardiovascular risk factors [13].
PAD evolution is characterized by rapidly pro-
gressive atherosclerosis, vessel occlusions, and
formation of collateral circulation. PAD can occur
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in the first month of chemotherapy treatment
(rapid onset) or several years after its completion
(late onset). Among other antineoplastic treat-
ments, peripheral vascular disease can be associ-
ated with assumption of L-aparaginase,
methotrexate, 5-fluorouracile, and paclitaxel [14].
Renal and visceral arteries can be involved result-
ing in acute ischemic events in different organs
[15-20]. Of interest, in several cases, PAD pro-
gression keeps its course despite chemotherapy
discontinuation and optimal medical management
[21-23], demonstrating that the mechanism of
progression of this disease is still unclear.
Chemotherapy-induced PAD can affect also big
vessels because of increased arterial stiffness.
Anthracyclines can increase aortic wall stiffness
3 months after treatment, as demonstrated by
using cardiac magnetic resonance (CMR). The
increment in aortic stiffness seems to occur soon
after the chemotherapy infusion and is dose inde-
pendent. Abnormal increment of aortic stiffness
showed to be associated with left ventricular (LV)
hypertrophy and exercise intolerance and predicts
future cardiovascular events [24, 25].

The main strategy of prevention corresponds to
an appropriate risk identification of developing
PAD before the beginning of anticancer therapy.
The risk assessment for PAD involves mainly the
identification of traditional cardiovascular risk fac-
tors (diabetes mellitus, arterial hypertension, smoke
habits, dyslipidemia, obesity, and family history of
premature coronary artery disease, sedentary life-
style) and of the presence of clinical symptoms
suggestive of claudication (i.e., Edinburgh ques-
tionnaire) and complete physical examination
including check of peripheral pulses and the ankle-
brachial index (ABI) measurement [26].

Modifiable risk factor control should be cor-
rected before starting the treatment with drugs
at vasotoxic risk, and periodic controls of blood
pressure, lipids, and blood glucose are recom-
mended [27]. In the suspicion of PAD, further
investigation such as peripheral arteries ultra-
sound should be performed. In case of clinical
severe PAD manifestations, the therapeutic
strategy should be discussed among multiple
clinicians, including oncologists/hematolo-
gists, cardiologists, and vascular surgeons, to

identify individual risks and forecast the benefit
of eventual percutaneous or chirurgical revas-
cularization [28].

Stroke

Cancer patients are at higher risk of cerebral
thromboembolic event including those related to
paradoxical embolization of indwelling catheters
[29-31]. Although hypercoagulability may play a
relevant role, some anticancer agents may upraise
the risk of stroke (5-fluorouracil, cisplatin) [31—
36]. Treatment with tyrosine kinase inhibitors
(particularly BCR-ABL TKI such as nilotinib
and ponatinib) has been found to be related with
a high risk of stroke caused by a rapid progres-
sion of carotid artery occlusion (50-60% to sub-
total occlusion in 1 year) [37]. The incidence of
stroke is at least doubled in patients after medias-
tinal, cervical, or cranial radiotherapy [38]. The
main physiopathology mechanism that could
cause ischemic event in small vessels is repre-
sented by direct endothelial damage and throm-
bus formation. In larger vessels, the production
of ischemic events is based on three main mecha-
nisms: (i) vasa vasorum occlusion and concomi-
tant necrosis of the medial layer, (ii) adventitial
fibrosis causing increased carotid stiffness and
intima thickness, and (iii) accelerated and
advanced atherosclerosis [39].

Also in this setting, the correction of cardio-
vascular risk factors is necessary to reduce the
risk of atherosclerotic progression. In patients
undergoing mediastinal, cervical, or -cranial
radiotherapy cerebrovascular ultrasound screen-
ing is recommended. Ultrasound screening is
suggested after the first 5 years of irradiation and
every 5 years. If significant lesions or symptoms
are detected during the follow-up, early and more
frequent control are mandatory. Carotid arteries
ultrasound should be considered also in patients
undergoing drugs at high vasotoxic risk. A
12-lead ECG is also recommended to identify
atrial fibrillation, a recognized determinant of
stroke. A complete echocardiographic exam is
also indicated to rule out other possible sources
of embolism such as foramen ovale, heart valve
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diseases, regional wall motion abnormalities con-
sistent with CAD, and LV aneurysms [40].
Cerebrovascular imaging should be performed at
onset of suspected neurological manifestation as
recommended by published guidelines [41].

Coronary Artery Disease

Myocardial ischemia may occur as a conse-
quence of several anticancer therapies through
different mechanisms. It can be in fact the result
of direct endothelial injury (cisplatin [42]),
S5-fluorouracil, [43] vasospastic effect (VEGF
inhibitors [44]), acute arterial thrombosis (tyro-
sine kinase inhibitors [31]), or long-term acceler-
ated atherosclerotic process. Radiotherapy is
associated with an elevated incidence of CAD,
whose mechanism includes premature athero-
sclerotic processes and coronary vasospasm [45—
50]. Radiotherapy-induced coronary lesions are
usually ostial (left anterior descending artery is
mainly affected during breast cancer irradiation
of the left hemithorax) and potentially may
induce life-threatening complication.

CAD can present atypical clinical manifesta-
tions or develop asymptomatically (silent myo-
cardial ischemia), with a prevalence which
appears to be higher in comparison with the gen-
eral population, [51, 52] likely because of con-
comitant neurotoxicity due to radio- and
chemotherapy. Obviously, a pre-existing CAD
significantly increases the risk of anticancer
therapy-related CAD [53]. Consequently, identi-
fication of CAD before initiating cancer treat-
ments is crucial, and echocardiography plays a
pivotal role in the diagnostic work-up in this sub-
set of patients, through the identification of
regional wall motion abnormalities. Coronary
arteries may be affected by accelerated athero-
sclerosis especially in patients undergoing
anthracycline chemotherapy [54-56]. A high cal-
cium score has been found after mediastinal radi-
ation (>20 Gray) [57, 58]. Nevertheless, in
absence of symptomatic CAD, there is no evi-
dence about the advantage of performing a rou-
tine CT angiography or calcium scoring after
high-dose radiation therapy [59]. It is also worthy

of note that baseline (before the beginning of
anticancer therapy) calcium score does not pre-
dict cardiovascular events in cancer patients
undergoing subsequent anticancer therapy,
including classic chemotherapy as well as tyro-
sine kinase inhibitors or radiotherapy.

Measurement of Preclinical
Vascular Damage

In patients undergoing vasotoxic antineoplastic
drugs, it is particularly important to early detect
preclinical atherosclerosis, for a more accurate
cardiovascular risk stratification and thus for
early starting protective therapies such as aspirin
and statins. According to some authors, the risk
to develop thrombotic complications, in patients
undergoing some vasotoxic drugs such as pona-
tinib, is so high that treatment with aspirin may
be considered in primary prevention even in low-
risk patients [60].

Carotid ultrasound can be used to refine car-
diovascular risk stratification, focusing on the
measurement of the intima-media thickness
(IMT) and the presence and characteristics of
plaques (Fig. 18.1).

An increased IMT (>0.9 mm) and more con-
sistently the presence of plaque (focal wall thick-
ening >1.5 mm) are associated with increased
risk of stroke and cardiac events [61, 62].
Particularly echolucent plaque, with respect to
calcified one, seems to confer a higher risk of
cerebrovascular events [62]. However, a recent
meta-analysis failed to demonstrate a higher pre-
dictive value of IMT compared to the Framingham
risk score in predicting future cardiovascular
events, even in the group of patients at intermedi-
ate risk; for this reason, the recent guidelines of
the European Society of Cardiology on cardio-
vascular prevention suggest only carotid artery
plaque assessment as a modifier in CV risk pre-
diction, in patients at intermediate risk [63].

Another early marker of vascular damage is
measurement of arterial stiffness. It measures
vascular elasticity, and thus it is a functional
marker of damage and for this reason more pre-
cocious than even IMT. The most commonly
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Fig. 18.1 Carotid plaque detected by carotid ultrasound

measured parameter is pulse wave velocity
(PWV) or arterial augmentation index. An
increased arterial stiffness predicts future CVD
and improves risk classification [64]. Therefore,
it may be used in patients close to the threshold to
improve risk stratification [63].

The assessment of the endothelial function
may be useful to detect very precocious alteration
of vasculature. Brachial artery flow-mediated
dilation (FMD) is the most diffuse technique
capable of assessing endothelial function. FMD
is a noninvasive test based on the ultrasound eval-
uation of peripheral arterial response to an
increased share stress. It correlates with invasive
testing of coronary endothelial function, as well
as with severity and extent of coronary athero-
sclerosis [65].

Another easy and not invasive method to early
detect the presence of peripheral atherosclerosis
in asymptomatic individuals is ABI. This index
indicates the presence of significant peripheral
arteries atherosclerosis (>50%) when <0.9 [66,
67] and inversely correlate with cardiovascular
risk.

Some patients may undergo provocation test-
ing with cold stress, particularly when anticancer
treatment such anti-VEGF antibody is indicated,
due to its effect on lower endothelial NO level.

Coronary artery calcium (CAC) is also a non-
invasive imaging technique that may be consid-
ered as a risk modifier in CV risk assessment; it is
measured through electron beam or multislice
CT [63]. The most used parameter to quantify the

extension of calcifications is Agatston score. It
has been showed that the extent of coronary cal-
cifications correlates with the extent of total coro-
nary plaque burden, but it does not correlate with
plaque instability [68]. This test has a particularly
high negative predictive value.

In the suspicion of coronary artery disease,
another test to be performed is stress echo, and
this will be treated into a dedicated chapter
(Chap. 17).

Imaging Study for Follow-Up
Evaluation

There is no commonly established timing for the
surveillance of cardiovascular manifestations,
because of discrepancies in expert opinions and
absence of clear suggestions from official guide-
lines [69]. Figure 18.2 is an algorithm proposed
to summarize the main expert opinions of oncol-
ogist and cardiologic recommendations. Based
on these assumptions, some suggestions could be
recommended:

(i) Annual follow-up and physical examination,
including both serial ECG and test to study
cardiac function, for patients with history of
high-dose mediastinal radiation exposure
(=20 Gray) and cardiotoxic chemotherapy
(i.e., cumulative dose of anthracyclines
>300 mg/m?) or for those who underwent
combined chemo- and radiotherapy.
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Fig. 18.2 Suggested algorithm for cardiovascular screen-
ing of cancer patients who undergo chemo- and/or radio-
therapy. *Bold drug with persistent risk even after

(i) For lower-risk patients, cardiology evalua-
tion with serial ECG every 2-5 years [70].
Functional stress echocardiography every
5-10 years in patients following radiation
exposure to the heart, along with risk factor
modifications [53].

Screening for carotid artery disease by carotid
ultrasound, beginning the first exam 5 years
after supraclavicular radiation treatment and
repeating it every 5 years. Shorter follow-up
(every 2 years) should be performed in older
(>60 years old) or in symptomatic patients, in
those with well-established carotid artery dis-
ease, and in those whose ongoing treatment is
considered at high vascular toxic risk; screen-
ing carotid artery ultrasound should be con-
sidered also in patients undergoing strongly
vasotoxic drugs, such as ponatinib and
nilotinib.

(iii)

(iv)

(v) Subclavian arterial ultrasound in patients
who received radiation of the head and
neck.

therapy. ABI, ankle-brachial index; CCTA, cardiac com-
puted tomography angiography; US, ultrasound

(vi) Renal artery echo-Doppler exam in symp-
tomatic patients who received abdominal
and pelvic radiation.

(vii) Lower extremity ultrasound exam and
ankle-brachial index (ABI) evaluation in
symptomatic patients or in those who
received potential radiotherapy with lower
extremity exposure.

Conclusions

Vascular adverse effects such as ischemia,
thromboembolism, and arterial hypertension
are commonly associated with several anti-
cancer therapies. Mechanisms of vascular tox-
icity of such agents are thought to involve
either direct damage of endothelial tissue or
induction of endothelial dysfunction due to
inhibition of vascular relaxation. Accordingly,
promptly detection of these possible adverse
effects by vascular imaging should be strongly
promoted to introduce efficient prophylactic
therapies when indicated. It is fundamental to
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diagnose vascular complications and treat
them aggressively in order to reduce deleteri-
ous adverse effects of anticancer therapy.
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Introduction

Improvements in early cancer diagnosis and
advances in therapeutic approaches have led to a
significant decrease in cancer mortality in the
past two decades [1]. To achieve these results,
however, a considerable price has been paid in
terms of cardiovascular adverse side effects in
patients treated with traditional agents (i.e.,
anthracyclines and cyclophosphamide), as well
as new agents (monoclonal antibodies and tyro-
sine kinase inhibitors) [2, 3]. The phenomenon
is expected to rise, because of the increasing
number of patients undergoing anticancer ther-
apy and their improved life expectancy enough
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to allow these effects to manifest and become
the prime concern [4]. As a result, there has
been a surge of interest to prevent and mitigate
adverse sequelae of cancer therapy. The spec-
trum of cardiovascular complications of cancer
therapy, induced both by old and new agents,
includes left ventricular (LV) dysfunction
(LVD) and heart failure (HF) [5], treatment-
induced hypertension, vasospastic and thrombo-
embolic ischemia, acute coronary syndromes,
and arrhythmias [6, 7]. More in detail the term
of cardiovascular damage generally includes
two types of damage closely related to each
other: the cardiac toxicity and vascular toxicity
induced by antineoplastic drugs.

The most common form of antineoplastic
drug-induced cardiotoxicity is left the LVD
which may be subclinical (or asymptomatic), but
may also progress until congestive HF, and ulti-
mately to death. The development of LVD
induced by antineoplastic drugs, in particular by
traditional agents (anthracyclines, cyclophospha-
mide, 5-fluorouracil, docetaxel, and paclitaxel)
but also, unexpectedly, new agents, such as
monoclonal antibodies (trastuzumab) and tyro-
sine kinase inhibitors (TKI) (imatinib, dasatinib,
nilotinib, sunitinib, sorafenib, and bevacizumab),
has been extensively studied [8]. In contrast, vas-
cular toxicity induced by anticancer drugs is
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poorly analyzed, yet it can be responsible for
increased morbidity and/or mortality, thus limit-
ing effectiveness of cancer therapies.

To date it is known that vascular endothelium
plays a fundamental role in the maintenance of
tissue homeostasis. It is also known that a healthy
endothelium is essential for the homeostasis of
the whole cardiovascular system. In maintaining
vascular homeostasis, vascular endothelial
growth factor (VEGF) plays a key role by the
production of the vasodilator nitric oxide (NO)
and decreased vascular resistance through the
generation of new blood vessels [9]. The recent
use of tyrosine kinase inhibitor (i.e., sunitinib)
mainly for the treatment of renal cell carcinoma
has determined an increased incidence of heart
failure through mitochondrial injury and cardio-
myocyte apoptosis [10, 11], as well as vascular
toxicity. The vascular toxicity of chemotherapy
often reflects endothelial dysfunction, with loss
of vasorelaxant effects and suppressed anti-
inflammatory and vascular reparative functions.
Therefore, it is not surprising that antiangiogenic
drugs targeting VEGF (e.g., by bevacizumab,
aflibercept, sorafenib, sunitinib, pazopanib, van-
detanib, axitinib, regorafenib, or cabozantinib)
not only efficiently act against tumor growth but
may also induce endothelial dysfunction with
increased risk of arterial thromboembolic and,
especially, hypertension [12]. It follows that
maintaining endothelial function during or fol-
lowing treatments with antineoplastic drugs,
without affecting antitumor drug effectiveness, is
essential for preserving or recovering cardiovas-
cular homeostasis.

These observations suggest that the best
treatment for chemotherapy-induced cardiovas-
cular toxicity is its prevention in patients with
high risk of developing cardiovascular toxicity.
Currently, several preventive measures are being
used, including a correct assessment of the car-
diovascular risk factor prior and during treat-
ment with anticancer drugs; close monitoring of
cardiovascular cardiac function; limiting cumu-
lative chemotherapy dose; promoting, in high-
risk patients selected by means of biomarkers, a
positive health behavior (healthy diet, smoking
cessation, regular exercise, weight control); and

planning cardiovascular protectants to the anti-
neoplastic regimen and pharmacologic therapies
including ACEi, beta-blockers, statins, nitric
oxide donors, and/or antioxidant strategies that
might prevent and/or therapeutically control car-
diotoxic effects in cancer patients improving the
cardiac and endothelial function.

Optimal strategies for the diagnosis, surveil-
lance, and management of cardiovascular com-
plications in patients who receive chemotherapy
agents remain incompletely defined and can be
challenging.

In general terms, all patients receiving cardio-
vascular toxic chemotherapy should undergo a
cardiovascular assessment, including cardiovas-
cular biomarkers (i.e., troponins and natriuretic
peptides) and LV function evaluation, during
follow-up and after treatment completion
[13-15].

In the last years, the identification of new
genes and signaling pathways by the “omics”
approaches in clinical practice could allow us to
arrange preventive interventions and personalize
cancer therapy in the era of individualized patient
care.

In this chapter, we provide an overview of car-
dioprotection and vasculoprotection in the setting
of cardiovascular damage, outlining the state of
the art in the clinical management of cardiovas-
cular damage. We discuss the potential clinical
utility of “omics” approaches for the early detec-
tion and prediction of cardiovascular damage and
individual responses to antineoplastic drugs.

Treatment of Chemotherapy-
Induced Cardiovascular Damage:
Recent Clinical Trials

The development of cardiovascular damage dur-
ing or after anticancer therapy administration
represents a growing problem. At present, no
clear guidelines for the treatment of anticancer-
induced cardiovascular damage are available yet.

Regarding the cardiotoxicity, existing recom-
mendations focus mainly on continuation/with-
drawal/resumption of anticancer therapy, according
to LV ejection fraction (EF) values [3, 8, 13].
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In this context, recent studies have evaluated the
role of standard HF therapies [16—19].

In patients treated with anticancer drugs, car-
dioprotective effects have been shown for dexra-
zoxane, beta-blockers (carvedilol, nebivolol),
angiotensin-converting enzyme inhibitors (enala-
pril), angiotensin receptor blockers (valsartan,
telmisartan), spironolactone, and statins (atorvas-
tatin), which act at various molecular and cellular
levels [20-22].

Regarding the vascular toxicity induced by
anticancer treatment, different classes of drugs
especially with antioxidant properties have been
shown to improve endothelial function and in
some instances to reduce the risk of cardiovascu-
lar diseases associated with treatment with che-
motherapeutic agents.

Among them, angiotensin-converting enzyme
inhibitors (ACEi), antioxidants, and statins have
direct effects on cardiac endothelial cells, while
angiotensin receptor blockers (ARBs), renin
inhibitors, beta-blockers, and estrogens indirectly
affect endothelial cell function. All these drugs
have in common the ability to upregulate the
eNOS pathway leading to an increase in plasma
NO availability and a general improvement of
endothelial function.

ACE Inhibition and Angiotensin Il
Receptor Antagonists

ACE-Is and ARBs have a key role in modulating
chemotherapy-induced cardiotoxicity exerting
positive effects in reducing the progression of LV
dysfunction and in preventing HF in asymptom-
atic high-risk patients [18]. The rationale for
using  renin-angiotensin-aldosterone  system
(RAAS) blockade drugs is not simply related to
hemodynamic effects due to reduced AnglI pro-
duction, like reductions in post-load and persis-
tent mitigation of sympathetic tone [23], but also
to direct anti-remodeling and antioxidant proper-
ties including a reduction in interstitial fibrosis
[24], attenuation of oxidative stress [25],
improved intracellular calcium handling [26],
and alterations in gene expression that affect car-
diomyocyte metabolism and mitochondrial func-

tion [27] which rate this class of drugs as a
first-line HF therapy [28, 29].

ACEi, like enalapril or captopril, have a piv-
otal role in the specific treatment of anthracycline-
induced cardiac injury even if they are
administered after anthracyclines, cardiomyocyte
necrosis, and increase of circulating troponin
[28]. In a study of 115 patients treated with
ANTs, enalapril was shown to significantly
reduce the incidence of LV dysfunction in com-
parison with a placebo [30]. The temporal indica-
tion is that ACEi treatment should be started as
soon as possible after completing chemotherapy
[30]. Indeed, no response was observed in
patients in whom therapy was initiated >6 months
after completion of chemotherapy [16].

The OVERCOME trial has evaluated the effi-
cacy of enalapril in association with carvedilol in
preventing the reduction of FE in patients with
hematologic diseases treated with anthracyclines.
After 6 months, LVEF did not change in the
treated group but significantly decreased in
untreted group. The treated patients also exhib-
ited lower incidence of cardiac events, death, and
decompensation [31].

The ACEi due to their multiple potential
action mechanisms could be used to cardiac
repair with any type of anticancer drugs. However
the treatment of trastuzumab-related cardiotoxic-
ity (TIC) is a more controversial issue; in fact this
is an area of current active investigation.

No evidence-based recommendations for the
treatment of patients developing cardiac dysfunc-
tion after trastuzumab therapy have been pro-
posed. The evidence that supports the use of
ACEi in this setting is limited to case series.
Despite evidence, the potential efficacy of ACEi
in improving LVEF in patients receiving trastu-
zumab remains uncertain. In trastuzumab-treated
patients, the ACEi cardioprotective effect may be
due to the fact that angiotensin is a potent down-
regulator of the NRG-1/ErbB system, so the inhi-
bition of the ACE system could have a positive
effect.

Regarding the vascular toxicity, multiple
investigative and clinical observations have dem-
onstrated that hypertension is the most common
chemotherapy-induced vascular damage resulting



186

R.Madonna et al.

from treatment with VEGF inhibitors. The rates
of hypertension appear to depend on the antian-
giogenic agent used, the tumor type, and patient-
related factors including age and comorbidity.
Angiogenesis inhibitor-related hypertension is
typically manageable with early initiation of
pharmacologic therapy to reach accepted blood
pressure (BP) targets [8]. Preferred antihyperten-
sive agents for angiogenesis inhibitor-associated
hypertension include ACEi and dihydropyridine
calcium channel blockers; although there are
minimal data to suggest superiority of a single
class of agents, the ACEi have showed vasculo-
protective properties related to multiple mecha-
nisms as activation of eNOS (dependent on its
turn from bradykinin improved half-life), stimu-
lation of protective intracellular signaling and
metabolic pathway, and antioxidant and ROS
scavenger properties.

In particular among the ACEi, zofenopril
seems to have an important role in the treatment
of vascular toxicity. Zofenopril through its sulf-
hydryl group (—SH) exhibits both potent antioxi-
dant and scavenger effects and anti-inflammatory
action [32] promoting endothelial cell survival
[33]. In microvascular endothelium, zofenopril
upregulates eNOS, FGF-2, and telomerase
(TERT) mRNA, inducing cell survival, rescuing
damaged endothelial cells (EC), and promoting
physiological angiogenesis without synergistic
effects with known angiogenic factors produced
by tumors as VEGF [33, 34].

Moreover the ACEi zofenopril preserves coro-
nary EC survival and function damaged by doxo-
rubicin and appears to exert its protective effects
owing to its SH group, besides the ACE inhibi-
tory function [35, 36].

There are few studies on cardioprotective vas-
culoprotective action of ACEi in patients treated
with tyrosine kinase inhibitor and target drugs.

It is known that at the base of cardiotoxicity
from sunitinib, there is an energy imbalance, so
agents that improve myocardial energy intake
and the activity of adenosine monophosphate-
activated protein kinase (AMPK) may be
beneficial.

ACETIs such as the beta-blockers may improve
myocardial energy intake, and this may explain

their cardioprotective effect in association with
these target drugs [37].

Candesartan has been shown to treat experi-
mental cardiotoxicity already induced by anthra-
cycline [38], whereas pre- and posttreatment with
telmisartan protected against acute doxorubicin-
induced cardiotoxicity in rats [39]. Telmisartan
is the only ARB-modulating peroxisome
proliferator-activated receptor-c (PPAR-c), there-
fore affecting the bioavailability of NO and inhib-
iting inflammatory molecules such as interleukin
6 (IL-6) and tumor necrosis factor (TNF) [40].

The cardioprotective role of telmisartan was
evaluated in patients treated with epirubicin. In
this small prospective study, the patients who
started telmisartan a week before of chemotherapy
did not show a significant reduction in myocardial
deformation indices and a significant increase in
ROS or interleukin respect the patients of the pla-
cebo arm that had a significant IL-6 and ROS
increase [41]. These results suggest that telmisar-
tan might protect against epirubicin-induced ROS
production and inhibit the generation of inflamma-
tion, thus preventing the development of early
myocardial impairment [41].

PRADA (Prevention of Cardiac Dysfunction
During Adjuvant Breast Cancer Therapy) [42]
evaluated the role of candesartan and metoprolol
in preventing the development of heart failure in
patients treated with epirubicin with or without
trastuzumab. In this study the candesartan but not
metoprolol protected the heart against early FE
decline evaluated by cardiac magnetic resonance.
In another study, Nakame et al. who designed to
characterize acute CHOP (cyclophosphamide,
doxorubicin, vincristine, and prednisolone)-
induced cardiotoxicity in patients with non-
Hodgkin’s lymphoma demonstrated that the
valsartan showed a cardioprotective effect on
acute cardiotoxicity in patients treated with high
doses of ANTs [43]. In this study the patients
treated with valsartan did not present more fre-
quently preserved LVEF, but it significantly
inhibited ventricular dilatation, elevation of natri-
uretic peptides, and prolongation of the QTc
interval.

Many other ongoing clinical trials are evaluating
the role of ACE-Is and ARBs as cardiopreventive
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agents that may act by decreasing angiotensin-
induced blockade of the neuregulin 1/ErbB
pathway.

Finally, meta-analysis and retrospective stud-
ies on cancer patients treated with anthracyclines,
trastuzumab, and tyrosine kinase inhibitors who
had developed a drop in LVEF showed that car-
dioprotective interventions with ACEi and ARBs
lead to recovery of myocardial function and
reduction of cardiac events, thus allowing patients
to complete cancer therapy [44, 45].

To date, however, cardioprotective treatment
with ACE-Is or ARBs still requires convincing
evidence from large randomized and prospective
trials.

p-Blockers

Although the exact mechanisms of cardioprotec-
tion and vasculoprotection with [-blockers
remain to be delineated, the p-adrenergic inhibi-
tors are able to diminish mortality in patients
with systolic heart failure, and there is currently
an increased use of these agents to decrease the
range of cardiotoxic effects induced by chemo-
therapy [46]. Certain f-blockers (carvedilol,
nebivolol, alprenolol) inhibit p-adrenergic
receptor-mediated G protein-coupled receptor
signaling while preserving p-adrenergic receptor
recruitment of P-arrestin and transactivation of
ErbB1 (or epidermal growth factor receptor) [47,
48]. Beta-arrestin is cardioprotective under long-
term catecholamine stimulation, and activation of
pro-survival signaling via the ErbB receptor
pathway and related downstream mediators has
been associated with an attenuation of
anthracycline-induced cardiotoxicity.

Carvedilol, specifically, a nonselective  and
al adrenergic antagonist with antioxidant prop-
erties, has also been shown to reduce
anthracycline-induced cardiovascular toxicity.
Carvedilol protects cells against doxorubicin tox-
icity by reducing oxidative stress and apoptosis
[49, 50].

Studies in animal models have shown that
carvedilol mitigates oxidative stress in a variety
of pathologic states including ischemia-

reperfusion injury [51] and dilated cardiomyopa-
thy [52]. This antioxidant activity of carvedilol,
rather than its f-blocking action, seems to be
responsible for its cardioprotective effects.

A study comparing carvedilol to atenolol, a
B1-selective antagonist without antioxidant prop-
erties, showed that carvedilol, but not atenolol,
prevented mitochondrial damage and reduced the
histopathologic changes associated with doxoru-
bicin cardiotoxicity [53].

As known the anthracycline therapy may lead
to impaired diastolic relaxation via titin proteoly-
sis and impaired intracellular calcium sequestra-
tion [54]. p-Blockade prevents myocardial
calcium overload and results in enhanced lus-
itropy [55], providing further potential mechanis-
tic rationale toward the favorable effects of this
therapy. In a small, randomized placebo-
controlled study, patients treated with carvedilol
at anthracycline initiation showed attenuation of
the decline in LVEF observed in the placebo
group at 6 months [56] and attenuated alterations
in diastolic function.

Recent data from the OVERCOME (preven-
tiOn of left Ventricular dysfunction with Enalapril
and caRvediolol in patients submitted to inten-
sive  ChemOtherapy for the treatment of
Malignant hEmopathies) trial have also shown
that p-blocker therapy, in combination with
angiotensin-converting enzyme (ACE) inhibitor
therapy, may be beneficial in preventing
anthracycline-induced  cardiotoxicity, = with
treated patients demonstrating less significant
changes in LVEF and a lower incidence of death
or HF compared with placebo [31]. Other recent
data from the PRADA (PRevention of Cardiac
Dysfunction during Adjuvant Breast Cancer
Therapy) study have shown that the beta-blockade
may attenuate early myocardial injury in patients
with early breast cancer undergoing anthracy-
cline, but whether this attenuation translates into
reduced risk of developing ventricular dysfunc-
tion in the long-term remains unclear [57].

In the last years, a cardioprotective and vascu-
loprotective role against antineoplastic drugs
cardiotoxicity has been showed by nebivolol.
This third-generation beta-blocker is a highly
selective B1-blocking agent which has additional
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cardioprotective and vasculoprotective properties
via peripheral vasodilation mediated by the nitric
oxide pathway [58]. It also provides antioxidant
characteristics [59, 60]. De Nigris et al. demon-
strated a reduction in cardiac toxicity in rat hearts
that were exposed to anthracycline [61]. A human
study demonstrated prophylactic use of nebivolol
against anthracycline-induced cardiotoxicity in
patients with breast cancer receiving anthracy-
cline (patients treated with nebivolol did not
show any change in FE or increased BNP after
6 months) [62].

Beta-blockers that increase ERK activation
through beta-arrester (nebivolol and carvedilol)
may play a role in treating dysfunction from
sorafenib [48]. Few studies evaluated the cardio-
protective and vasculoprotective action of beta-
blockers in patients treated with trastuzumab
therapy and tyrosine kinase inhibitor.

Impaired myocardial energetics may contrib-
ute to sunitinib-induced cardiac dysfunction, gen-
erating the hypothesis that agents that promote
favorable myocardial energetics could be benefi-
cial. The introduction of a constitutively active
AMPK into cardiomyocytes resulted in partial
resistance of these cells to sunitinib-induced
apoptosis [63] suggesting that agents that aug-
ment AMPK activity may attenuate sunitinib-
induced cardiotoxicity. Conventional therapies
for HF—ACE inhibitors and p-blockers— have
been shown to improve myocardial energetics as
part of their cardioprotective effects [37, 64].

Nonrandomized data suggest that the combi-
nation of ACE inhibitors and carvedilol is benefi-
cial for the recovery of LVEF in patients treated
with trastuzumab after initially experiencing car-
diotoxicity with this agent [65]. In a retrospective
study of patients treated with trastuzumab, dual
therapy with ACE inhibitors and p-blockers was
associated with LVEF recovery at 12 months
[66]. However, large, placebo-controlled ran-
domized clinical trials are warranted to determine
the timing of initiation of these medications and
the patients most likely to benefit from their use.

There are a number of ongoing studies investi-
gating the opportunity of using p-blockers in the
prevention of cardiovascular toxicity induced by
trastuzumab including multidisciplinary

approach to new therapies in Cardiology
Oncology Research Trial [67] and NCT0100818
(http://www.clinicaltrials.gov).

Mineralocorticoid Receptor
Antagonists

Aldosterone antagonism has been evaluated in a
very recent trial that included 83 patients with
breast cancer who were randomized to
spironolactone or placebo and a concomitant
anthracycline-containing chemotherapy control
groups [68]. In this study Akpek et al. showed
that during at least 24 weeks of treatment, includ-
ing 3 weeks after completing anthracycline-
containing chemotherapy, spironolactone
protects both myocardial systolic and diastolic
functions [68]. Therefore spironolactone could
be used to protect against anthracycline-induced
cardiotoxicity.

Mineralocorticoid receptor antagonists are
increasingly being used to treat resistant hyper-
tension [69] and might therefore have a vasculo-
protective role in the management of VEGF
inhibitor-associated hypertension.

Dihydropyridine Calcium Channel
Antagonists and Thiazide Diuretics

As discussed previously, hypertension is the most
common chemotherapy-induced vascular damage
resulting from treatment with VEGF inhibitors.
Dihydropyridine calcium channel antagonists
and thiazide diuretics as well as mineralocorti-
coid receptor antagonists and f-blockers may be
used if additional antihypertensive agents are
required [69, 70].

Nondihydropyridine calcium channel antago-
nists, such as verapamil or diltiazem, should be
avoided because these agents inhibit cytochrome
P450 3A4, through which VEGFIs, such as
sorafenib and sunitinib, are metabolized.
Therefore the co-prescription of nondihydropyri-
dine calcium channel blockers can provoke
increased plasma antiangiogenic drug concentra-
tions [71].


http://www.clinicaltrials.gov

19 Prevention and Clinical Management of Cardiovascular Damage Induced by Anticancer Drugs

189

Statins

Oxidative stress is a key component in linking
environmental toxicity to the multistage carcino-
genic process.

Statins are known to have pleiotropic effects
including antioxidant and anti-inflammatory
properties. Statins, in fact, decrease oxidative
damage by stabilizing mitochondria and decreas-
ing vascular inflammation [72, 73].

In an animal model, it was demonstrated that
pretreatment with fluvastatin blunted
anthracycline-induced toxicity, reducing oxidative
stress, enhancing the expression of antioxidative
enzyme mitochondrial superoxide-dismutase-2,
and limiting cardiac inflammation [74].

Only small clinical studies have evaluated the
effects of statins in patients treated with anthra-
cycline, [75, 76] reporting only minor positive
results.

In a retrospective cohort study of 628 breast
cancer patients treated with trastuzumab, uninter-
rupted statin therapy had a cardioprotective effect
against heart failure [75]. In a randomized con-
trol trial of 40 patients treated with doxorubicin,
prophylactic atorvastatin was effective in main-
taining LVEF compared to placebo [77]. Larger
studies are necessary to confirm the efficacy of
statins in counting the cardiovascular toxicity
related to anticancer drugs [44, 75, 77, T8].

Nonpharmacologic Strategies:
The Role of Dietary and Aerobic
Exercise

The cardiovascular toxic mechanisms involving
oxidative stress provide the rationale for using
nutritional supplementation and exercise training
that may have important antioxidant properties.
Dietary supplementation of antioxidants proved
to be able to alleviate doxorubicin cardiovascular
toxicity in animal models [79], but clinical data
are necessary to confirm its efficacy in counting
cancer therapy-related vascular toxicity and car-
diotoxicity [80].

To date the aerobic exercise is considered as a
promising nonpharmacological strategy to prevent

and/or treat chemotherapy [81]-induced cardio-
vascular toxicity [82]. In fact aerobic exercise is
associated with numerous beneficial effects on the
endothelium and on cardiovascular risk factors,
and may potentially modulate some of the mecha-
nisms of vascular damage associated with antineo-
plastic  therapies, thereby reducing their
cardiovascular toxicity [83]. It has been speculated
that aerobic exercise can decrease ROS genera-
tion, inhibiting proapoptotic signaling, restoring
proper calcium cycling, and stimulating the AMPK
pathway, thus improving myocardial energetics
[84]. In addition, exercise can have a positive
impact on CV risk factors, such as hypertension,
high cholesterol and lipids, overweight and obe-
sity, and high blood glucose or diabetes [85].

In cancer survivors, a short period of mixed
aerobic and resistance exercise builds tolerance
and flexibility in physical activity [86]. Although
several studies have shown a role of aerobic exer-
cise as promising strategy to prevent anthracy-
cline- [87] and trastuzumab-related [88]
cardiovascular toxicity, further mechanistic,
translational, and clinical research are needed to
investigate the potential protective role of exercise
on the vascular toxicity of cancer treatments [89].

Prevention of Chemotherapy-
Induced Cardiovascular Damage

The best treatment of cancer drug-induced car-
diovascular toxicity is its prevention. The preven-
tion may be extended to all patients before
chemotherapy administration (primary preven-
tion) or may be addressed in selected high-risk
patients, showing preclinical or initial signs of
cardiotoxicity (secondary prevention), in order to
promptly start a treatment against progression to
overt HF [90].

In context of the prevention, a close collabora-
tion between oncologists and cardiologists is
needed. In this emerging interdisciplinary alliance,
in particular the cardiologists should pay attention
to several aspects to reduce both the burden of
potential cardiovascular complications and the
number of patients disqualified from specific can-
cer treatment because of emergent CVD [91, 92].
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These aspects include a careful initial evaluation
before starting potentially cardiotoxic chemother-
apy, an optimal control of preexisting cardiovascu-
lar risk factors, and a careful monitoring during the
treatment to individuate the early signs of cardio-
vascular toxicity and readily implement preventive
or therapeutic measures [93, 94].

For the primary prevention, the first step is the
identification and correction of preexistent car-
diovascular risk factors and the therapy-related
risk factors for chemotherapy-induced cardio-
toxic events in all patients proposed for antican-
cer treatment.

Itis known that the incidence of chemotherapy-
induced cardiovascular toxicity is variable, and
the patient-related risk factors so far described
are age, female gender, history of or preexisting
cardiovascular disorders, electrolyte imbalances
such as hypokalemia and hypomagnesemia, con-
current administration of cardiotoxic agents, and
prior anthracycline chemotherapy or prior medi-
astinal radiation therapy [95], and the therapy-
related risk factors for chemotherapy-induced
cardiotoxic events include drug type, total dose
administered during a day or a cycle, cumulative
dose, administration schedule, route of adminis-
tration, association with other cardiotoxic drugs,
or concomitant radiotherapy [95].

Although, at present, recommendations for
screening and monitoring of these patients are
lacking, there is some evidence showing that a
good control of common cardiovascular risk fac-
tors at initiation of chemotherapy mitigates the
cardiovascular consequences of cancer treatment
in patients with a history of hypertension, diabe-
tes, and HF [96, 97].

In the primary prevention, therefore, a control
of preexisting risk factors such as blood pressure,
glucose, and cholesterol levels is essential, and
positive health-promoting behavior, including
lifestyle factors (healthy diet, smoking cessation,
regular exercise, weight control), should be
strongly advised. In particular, aerobic exercise is
considered as a promising nonpharmacological
strategy to prevent and/or treat chemotherapy-
induced cardiovascular toxicity [81].

As emerged by the previous paragraph, adding
cardioprotective agents to anticancer drugs is

another strategy of primary prevention. In the set-
ting of the cardioprotective dexrazoxane has an
important role. Dexrazoxane is the only drug
approved by the US Food and Drug Administration
for the prevention of cardiotoxicity induced by
anthracycline treatment in adults. This drug acts
by chelation of iron redox-active molecules, thus
preventing the formation of anthracycline-iron
complex and subsequent development of reactive
oxygen species [98]. Since the use of dexrazox-
ane implies additional costs and some uncertain-
ties, therefore the American Society of Clinical
Oncology (ASCO) guidelines say it can be con-
sidered for patients with metastatic neoplasm,
already treated with a cumulative doses of doxo-
rubicin >300 mg/m2, and that may benefit from
further anthracycline administration [99].

The use of cardiovascular drugs as cardiopro-
tective and vasculoprotective agents as a primary
prevention strategy has been evaluated, but its
utility in clinical practice. In this context, as men-
tioned in the previous paragraph, beta-blockers
[62, 100], angiotensin antagonists [41, 43], aldo-
sterone antagonists [68], and statins [75-77] have
been demonstrated to exert a cardioprotective
and vasculoprotective. Among ongoing trials, the
SAFE trial (Cardiotoxicity Prevention in Breast
Cancer Patients Treated with AC and/or trastu-
zumab) is evaluating whether the use of ramipril
or bisoprolol or their combination can prevent
heart failure development in women receiving
neo-adjuvant or adjuvant anthracycline-
containing chemotherapy, with or without trastu-
zumab  (NCT02236806). Other proposed
cardioprotective agents include coenzyme Q10,
carnitine, n-acetylcysteine, the antioxidant
vitamins E and C, the erythropoietin, the endo-
thelin-1 receptor antagonist bosentan, and the
lipid-lowering agent probucol, as demonstrated
by preliminary experimental observations.
However, their efficacy in preventing cardiovas-
cular toxicity prevention is unknown and needs
further investigation [90].

Finally, as part of the primary prevention, a
multinational, multicenter, randomized controlled
clinical trial is ongoing to determine whether
using changes in global longitudinal strain (GLS)
to guide the initiation of cardioprotective therapy
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in patients receiving cardiotoxic chemotherapy
improves clinical outcomes [101].

While the existing evidence supporting the
primary prevention in cardio-oncology is only
suggestive and requires further validation [2, 43,
75, 102], the secondary prevention has already
entered clinical practice guidelines despite per-
sistent unresolved questions [103].

For the secondary prevention strategy, an
identification of preclinical signs of cardiovascu-
lar toxicity is fundamental, in order to timely
start an adequate treatment management and
introduce cardioprotective and vasculoprotective
strategies to prevent the development of asymp-
tomatic or symptomatic vascular or cardiac dys-
function. Since cancer therapies can cause
vascular and cardiac damage through various
mechanisms in order to promptly establish a cor-
rect treatment, a careful assessment of vascular
and cardiac function in cancer patients is crucial.
Regrettably there is an urgent need for prospec-
tively validated criteria of early cardiotoxicity to
optimally manage and support patients at risk of
cardiovascular complications [13].

Traditional Outcome Measures

to Early Detection and Prediction
of Chemotherapy-Induced Vascular
Damage

To date the most common clinical diagnostic tools
for the screening, risk stratification, and detection
of cardiovascular toxicity are biomarkers and car-
diovascular imaging, including three-dimensional
echocardiography, speckle-tracking echocardiog-
raphy, cardiac magnetic resonance, noninvasive
assessment of flow-mediated dilation (FMD = flow
hyperemic mediated dilation), carotid ultrasound
scan to assess the increased intima-media thick-
ness, arterial stiffness (AS) in order to identifica-
tion of vascular changes in subclinical stages
[104], multiple-gated acquisition (MUGA) scan,
and cardiac magnetic resonance (CMR).

Patients who develop asymptomatic LV dys-
function or HF during cancer therapy are likely to
profit from ACE inhibitors or angiotensin II
receptor blockers (ARBs) and beta-blocker treat-

ment similar to the general HF population. More
specifically, patients with anthracycline-induced
cardiotoxicity have a better cardiac outcome
when treated with ACE inhibitors and/or beta-
blockers early after detection of cardiac dysfunc-
tion, and combination therapy may be more
effective than either treatment alone [16, 105].

LVEF is the most frequently used parameter to
diagnose cardiotoxicity in clinical practice, and
echocardiography and MUGA scans are largely
employed in clinical practice for this purpose [6,
8, 13, 106-110]. An LVEF decrease (>10%) to a
value <50% identifies patients with cardiotoxic-
ity in both imaging modalities [13, 109].
Compared with echocardiography, MUGA pro-
vides the advantage of a high reproducibility, but
it is hampered by significant disadvantages, such
as cumulative radiation exposure [13, 108].
Confirming LVEF decrease by repeated cardiac
imaging (preferably by echocardiography) 2 to
3 weeks after the baseline initial decrease in
LVEF is strongly recommended, as well as cate-
gorizing LVEF reduction as asymptomatic or
symptomatic and repeating echocardiography
measurements during follow-up [13]. Although
left ventricular ejection fraction (LVEF) is widely
utilized in monitoring the cardiac function in
clinical practice, it has not demonstrated high
sensitivity in detecting subclinical myocardial
dysfunction [111]; in fact the decrease of LVEF
occurs only in end-stage not allowing for early
preventive strategies. New parameters and new
imaging techniques have been developed in order
to overcome the limitations related to isolate
evaluation of LVEF. Among the new techniques,
speckle-tracking echocardiography has shown
the highest sensitivity in detecting early altera-
tions in LV function associated with future devel-
opment of cardiomyopathy [13, 109, 112-114].
In particular, a global longitudinal strain (GLS)
>15% relative percentage reduction from base-
line can identify patients who are at risk for car-
diotoxicity [13, 109, 115, 116].

Among the other imaging modalities, a good
incremental value is provided by CMR, for the
possibility of the method to perform a tissue
characterization, identifying fibrosis and edema
as well as by gold standard technique for LVEF
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estimation [13, 117, 118] and by real-time three-
dimensional echocardiography that can obtain a
full-volume scan of the left ventricle, providing a
quantification of volumes independently of geo-
metrical assumption, although their availability is
still limited.

At present, therefore, the left ventricular ejec-
tion fraction assessment represents the main stan-
dard practice for cardiac monitoring during
cancer therapy, but it detects myocardial damage
only when a functional impairment has already
occurred, not allowing for early preventive
strategies.

In the cardio-oncological setting for early
diagnosis and detection of high-risk patients
other than the imaging techniques, in the last
decade, a newer approach based on the measure-
ment of cardio-specific biomarkers has been
widely demonstrated. The challenge with the
available published data is the timing of the labo-
ratory assessment relating to chemotherapy, the
definition of the upper limit of normal for a spe-
cific test, the use of different laboratory assays,
and the strategy to begin in case of an abnormal
result [119, 120].

Studies have in fact demonstrated that tropo-
nins and natriuretic peptides can be correlated
with findings from cardiac imaging for the early
detection of cardiotoxicity [121, 122]. Not only
the increase but also the pattern of the elevation,
particularly a persistent increase after 1 month
since treatment, added prognostic information.
Conversely, persistently negative Tnl identified
low-risk patients who did not need a strict cardiac
follow-up [123]. Patients with troponin increase
may benefit from early cardioprotective treat-
ment with ACE-Is [30]. In patients treated with
trastuzumab, especially after previous exposure
to anthracyclines, troponin I elevation can iden-
tify those who will develop LV dysfunction and
who will not recover in spite of treatments for HF
[124]. Few data indicated an increase of troponin
in subjects administered sunitinib and sorafenib
for metastatic renal cell carcinoma, who devel-
oped ventricular function impairment [125].
Measurements of Tnl and BNP demonstrated a
predictive capacity to mark the cardiotoxicity in
case of high, cumulative anthracycline doses,

whereas they are not as valuable for the detection
of cardiac abnormalities in early stages or for
revealing cardiotoxicity induced by nonclassical
therapeutic agents [121]. In the last years, studies
have shown that high-sensitivity C-reactive pro-
tein correlates with subsequent cardiac damage
[126]. The usefulness of cardiotoxicity monitor-
ing using markers of inflammation and oxidative
stress was demonstrated in a cardioprotective set-
ting as well as in vasculoprotective setting,using
an ATII receptor blocker, during epirubicin treat-
ment, a reduction of IL-6 and ROS occurred in
correlation with an improvement in the parame-
ters of myocardial function [127, 128]. Other
potential cardiotoxicity markers under investiga-
tion in oncology are high-sensitivity C-reactive
protein, heart-type fatty acid-binding protein
(H-FABP), glycogen phosphorylase BB (GPBB),
and circulating micro-RNAs galectin-3, soluble
ST-2, myeloperoxidase, and fibrocytes [121,
129-132].

In spite of what was stated earlier, namely,
that an abnormal biomarker result is indicative of
an increased risk of cardiovascular toxicity, there
is currently no clear evidence to withdraw or
interrupt the anticancer therapy on the basis of a
new abnormal cardiac biomarker result, and con-
clusive data are needed to establish whether bio-
markers reliably predict clinically relevant late
consequences of cancer treatment.

Regarding the vascular damage as previously
reported, structural endothelial damage, endothe-
lial dysfunction, acceleration of atherosclerosis,
prothrombotic actions, and vascular inflamma-
tion are some of the underlying mechanisms of
cancer therapy-related changes in vessel func-
tion. To date, a common standard approach that is
useful in clinical practice for early detection of
vascular complications such as atherosclerosis is
missing. For an early detection of vascular com-
plications, the first step is simply monitoring CV
risk factors [13], assessing patient functional sta-
tus, measuring blood pressure before cancer
treatment, and optimizing antihypertensive ther-
apy during treatment with a goal of
<140/90 mmHg (particularly in patients treated
with VEGEF inhibitors). Moreover, the identifica-
tion of patients with preexisting CAD in those



19 Prevention and Clinical Management of Cardiovascular Damage Induced by Anticancer Drugs

193

undergoing 5-FU is of paramount importance
since this drug substantially increases the risk of
developing myocardial ischemia with a
vasospasm-recognized mechanism. In addition, it
should be considered that clinical factors (can-
cer-, treatment-, and patient-related) could be
related to an enhanced risk of venous TE in sub-
jects administered tyrosine kinase inhibitors.
Increased levels of markers of endothelial
dysfunction, such as endogenous inhibitors of
nitric oxide and dimethylarginines, have been
detected many years after antineoplastic treat-
ment in long-term cancer survivors [120].
Therefore, monitoring of these markers or of bra-
chial artery flow-mediated dilation, an estab-
lished technique to identify endothelial injury,
might help in the prediction of cardiovascular
events after cancer therapy [133]. Other vascular
parameters, such as carotid intima-media thick-
ness, might also be used to characterize potential
endothelial damage [134]. More recently, great
emphasis has been placed on the role of arterial
stiffness (AS) that could be used for early detec-
tion of vascular damage induced by conventional
and new antineoplastic drugs, accurately to strat-
ify CV risk in cancer patients and to improve
therapeutic strategies during anticancer treatment
[104, 135-138]. One of the earliest demonstra-
tions of subclinical atherosclerosis with associ-
ated impaired ventricular arterial coupling in
cancer survivals was made by Drafts et al. who
found, by magnetic resonance imaging of the
aorta, an early and abrupt increase of pulse wave
velocity, a marker of arterial stiffness, in patients
treated with low to moderate doses of
anthracycline-based chemotherapy; furthermore,
this increase was accompanied by a subclinical
reduction in LVEF and strain [139]. More
recently, a marked stiffening of large elastic
arteries was demonstrated by applanation tonom-
etry also in patients undergoing VEGF inhibitors
[140]. Accordingly, ACEIs should be preferred
because of their anti-stiffening properties in the
aorta in hypertensive patients treated with anthra-
cyclines and VEGF inhibitors. However, further
studies are needed to determine the true predic-
tive value and usefulness as a screening tool of
these markers to detect endothelial dysfunction.

Early Detection and Prediction

of Chemotherapy-Induced
Cardiovascular Damage by OMICS
Approach

Recently, there is growing interest on the “omics”
technologies. The “omics” refers to innovative
technology platforms such as genetics, genomics,
proteomics, and metabolomics; it may offer
novel and promising tools to detect cardioprotec-
tive and vasculoprotective gene modulators and
targeting receptors, allowing us a more robust
and predictable approach in cardiovascular pro-
tection and the early detection of cardiovascular
toxicity and individual responses to antineoplas-
tic drugs. In fact, transcriptomics, proteomics
(including phosphoproteomics and redoxpro-
teomics), metabolomics, and more nascent
immune-omics can provide an inventory of data
relating to changes in cellular levels of mRNA,
proteins, protein modifications, metabolites, and
immune activation during acute exposure.

To date the omics data available are limited to
cardiovascular toxicity induced by antineoplastic
agents. In the light of the importance of oxidative
stress in the cardiovascular toxic mechanisms of
several antiblastic agents, including anthracy-
clines, tyrosine kinase inhibitors, and antimetabo-
lites, the identification of early biomarkers with
redox significance—known as biomarkers of oxi-
dative/nitrosative cardiovascular toxicity—can be
detected by the “-omics” approach [141-143],
allowing us the development of innovative
cardioprotective agents therapies that can alter the
redox system at key points, without disturbing the
physiological role of oxidative stress [143].

A decrease in nicotinamide adenine dinucleo-
tide phosphate (NAD(P)H):quinone oxidoreduc-
tase 1 activity and an increase in ROS production
by NAD(P)H oxidases have been considered
early biomarkers of anthracycline-induced car-
diovascular toxicity [121]. The bulk of these
studies to date are conducted in animal models
exposed to anthracyclines, particularly because
human tissue specimens (cardiomyocytes) are
difficult to obtain. The large interindividual vari-
ability in developing anthracycline cardiotoxicity
suggests that there may be a genetic predisposition.



194

R.Madonna et al.

In line with this view, many studies identified
gene polymorphisms associated with increased
risk of anthracycline-induced cardiovascular tox-
icity [144]. The careful analysis of genetic vari-
ants, therefore, can allow identification of the
individual variability of the response to antineo-
plastic drugs, which may be essential for person-
alized medicine and to decrease the adverse
effects of chemotherapy [145, 146].

To date significant single nucleotide polymor-
phisms (SNPs) associated with a higher risk of
developing anthracycline-induced cardiotoxicity
have been identified [147-150].

Another interesting and new field of study is
the application of metabolomics in the early detec-
tion of cardiovascular toxicity. The metabolomics
enable detection of low-molecular-weight metab-
olites (acetate, succinate, pyruvate, etc.) by a com-
bination of mass spectrometry and/or nuclear
magnetic resonance spectroscopy [151-155].

Fewer data are available on the epigenetics of
antineoplastic drug-induced cardiotoxicity [156—
161]. Particularly investigations of miRNA
in vitro and in vivo in mice models have shown
promise and have triggered interest for patients
with ACIC [157, 161, 162]. Taken together, the
biomarkers identified by the “-omics” approach
are considered new marker, in the early detection
of anticancer cardiovascular toxicity and for
more careful patient selection, risk stratification,
and prognosis. However, we have only begun to
scratch the tip of the proverbial, since, in fact, the
data available to date remain insufficient and
medical breakthroughs continue to identify novel
biomarkers. On these promising clinical decision
tools, further studies are needed to find more
robust approach in the treatment of the cardiovas-
cular toxicity.

Surveillance of Chemotherapy-
Induced Cardiovascular Damage

There are currently no evidence-based guidelines
for monitoring of cardiovascular toxicity during
and after cancer therapies in adults; guidelines in
pediatric oncology are a matter of debate. Several
recommendations are available; however, none

specify how often, by what means, or how long
cardiac function should be monitored [2, 163].
According to the recent ESC position paper, the
exact timing of cardiovascular toxicity surveil-
lance and frequency of imaging and/or biomarker
sampling needs to be personalized to the patient
in the context of the specific antineoplastic, ther-
apy, total cumulative dose, treatment protocol
and duration, and baseline CV risk [13].

In general terms, all patients receiving cardio-
toxic chemotherapy should undergo a cardiac
assessment, including LV function, at baseline,
during treatment and after treatment completion.
The choice of modalities depends upon local
expertise and availability, and several important
core principles should be considered. It is impor-
tant that the same imaging modality and/or bio-
marker assay should be used for continued
screening throughout the treatment pathway.

The use of biomarkers—troponins and natri-
uretic peptides—is encouraged by the European
Society for Medical Oncology (ESMO) Clinical
Practice Guidelines on cardiovascular toxicity
induced by chemotherapy; is included in the
Mayo Clinic Proceedings for risk assessment,
monitoring, and management model for patients
undergoing chemotherapy; and is included
among the American Society of Clinical
Oncology Clinical Practice Guideline recom-
mendations for Prevention and Monitoring of
Cardiac Dysfunction in Survivors of Adult
Cancers. However at present, this approach is not
used routinely [8, 14, 164].

In conclusion, to date the evidence is lacking
regarding the optimal surveillance strategy to
positively impact clinical outcomes. Below the
cardiovascular management of the patients
treated with the anticancer drugs most frequently
used will be explained.

Cardiovascular Management
of Patients Treated
with Anthracyclines

Early detection of cardiotoxicity rather than the
cardiotoxicity is important in patients treated
with adjuvant anthracyclines; in these patients a
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baseline cardiac function and further assessment
at the end of the treatment should be assessed,
particularly in the presence of a high risk for car-
diotoxicity. For higher-dose anthracyclines con-
taining regimens, and in subjects with a high
baseline risk, earlier evaluation of heart function
after a cumulative total doxorubicin (or equiva-
lent) of 240 mg/m2 should be considered [13].
Measurement of at least one cardiac biomarker—
high-sensitivity troponin or a natriuretic pep-
tide—may be considered at baseline, and
determination of high-sensitivity troponin I has
been suggested with each cycle of anthracycline-
containing chemotherapy [8, 120].

Cardiovascular Management
of Patients Treated
with Anti-HErbB22

Since patients receiving anti-ErbB2 therapeutics
frequently also receive anthracyclines, a baseline
evaluation is always recommended. Typically,
cardiac assessment is performed every 3 months
during and once after completion of anti-ErbB2
therapies. An improvement in the early detection
of cardiac dysfunction with troponins and GLS
measurements every 3 months during adjuvant
trastuzumab treatment has been demonstrated.
Troponin dosage with every cycle may be consid-
ered in patients with a high baseline risk [13].
Given the variability in timing of trastuzumab-
induced LV dysfunction, measurement of tropo-
nin with every cycle may be considered in
patients with high baseline risk [124, 165, 166].

Cardiovascular Management
of Patients Treated with VEGF
Inhibitors

There is high variability in the time of cardiovas-
cular side effects in the patients treated with
VEGF inhibitors occurrence (early after treat-
ment and delayed for several months). There are
no standardized guidelines regarding the moni-
toring of these vascular complications, and the
treatments are frequently based on expert con-

sensus rather than trial data. Typically, cardiac
assessment is performed every 6 months initially
until stability in values of LVEF is achieved. With
a high baseline risk, it is better to perform early
clinical assessment in the first 2 to 4 weeks after
starting targeted therapies. Hypertension or
destabilizing previously controlled hypertension
is a relatively common side effect of several anti-
angiogenic drugs like bevacizumab, sunitinib,
and sorafenib [13, 167, 168].

It is very important, therefore, to control BP
before starting any treatment and accurately
monitor its variations during the course of ther-
apy. ACE inhibitors, ARBs, 3-blockers, and non-
dihydropyridine calcium channel blockers
(amlodipine, felodipine) are proposed as first-
line therapies [6, 167, 169].

Because decreased nitric oxide signaling plays
a key role in the pathogenesis of hypertension
[170], drugs that increase nitric oxide signaling,
such as the nebivolol, may be considered as well
as other beta-blockers with vasodilatory effects,
such as carvedilol. Diltiazem and verapamil due
to inhibition of cytochrome P450 3A4, and
because many VEGEF inhibitors are a substrate of
this isoenzyme, should be avoided. To ensure
efficacy and tolerance of antihypertensive drugs,
follow-up is mandatory. Patients with resistant
hypertension should be referred to cardio-
oncology or hypertension specialist assessment
to minimize interruption of VEGF inhibitors.

To prevent and treat vascular complications,
such as PAD, antiplatelet therapy is recom-
mended [13]. Significant stenosis (e.g., those of
carotid arteries) may need stenting or surgery.
Targeted therapy for PAH can be used temporar-
ily or permanently.

Cardiovascular Management
of Patients Treated
with Fluoropyrimidines and Cisplatin

The myocardial ischemia is often a side effect of
several cancer therapie, particularly fluoropyrim-
idines and cispaltin could cause, in the long term,
vasospastic effect, endothelial injury and acute
arterial thrombosis in the long term [171, 172].
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The identification of patients with preexisting
coronary artery disease and other cardiovascular
disease is very important before initiating cancer
treatment. Patients treated with pyrimidine ana-
logues and cisplatin should be closely monitored
for myocardial ischemia using regular electrocar-
diogram, and chemotherapy should be withheld
if myocardial ischemia occurs [13].

Personalized Treatment

of Chemotherapy-Induced
Cardiovascular Damage by Omics
Approach

The era of personalized medicine is well upon
us; in this scenario, a critical step toward defin-
ing a correct personalized anticancer therapy is
the identification of the genes and pathways
altered in the tumor of the patient and the eluci-
dation of their particular oncogenic role.

Cardiovascular monitoring personalized
to the patient in the context of the
specific antineoplastic treatment:

¢ Imaging tecnique

* Biomarker (i.e troponin, BNP, novel

Cardiotoxicity or
Vascular toxicity

Ushered in by the remarkable omics approach,
personalized medicine promises a more precise
determination predisposition, diagnosis, and
prognosis of cardiovascular toxicity, earlier pre-
ventive and therapeutic interventions, a more
efficient drug development process, and more
responsive approach to preventive measure-
ments. As stated above, in fact, the identification
of genetic and epigenetic contributions to the
variability of the response to drugs may be
essential for realizing personalized medicine.
The multiomics technology can be leveraged to
better develop a cardioprotective approach iden-
tifying cardioprotective gene modulators and
potentially useful therapeutic targets of the anti-
neoplastic drugs-induced cardiovascular toxic-
ity. This approach could change the current
definition of cardiovascular toxicity, shifting
from a clinical to a subclinical definition, based
on earlier, more sensitive, and specific biomark-
ers [143] (Fig. 19.1) (Table 19.1)

* Treatement

* Assess if continue or
stop the anticancer
treatment

l Cardiovascular

ﬁ monitoring

marker)
Gancer Begin l No cardiovascular ——) Continue Falllemay]
diagnosis | | chemotherapy | ) damage chemotherapy —) P
Asymptomatic |
cardiac dysfunction
Primary prevention Asymptomatic

vascular dysfunction

OMINCS (genetics, genomics, proteomics, and metabolomics)

Evaluation patient-related cardiovascularrisk factors
Evaluation of therapy-related risk factors for chemotherapy
Control of preexisting risk factors and positive healthpromoting
behavior, (healthy diet, smoking cessation, regular

exercise, weight control aerobic exercise )

* Use of cardioprotective and vasculoprotective strategies (?)
* Preclinical cardiovascular toxicity global longitudinal strain

» Evaluation of cardiac function (left ventricular ejection
fraction ) and vascular function (brachial artery flowmediated
dilation, carotid intima-media thicknes, arterial

stiffness )

| Secondary prevention |

Fig. 19.1 Management of chemotherapy-induced cardiovascular toxicity
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Introduction

During the last years, the improvement of survival
and therefore the prognosis of cancer patients
determined an outburst in the plan development
for new molecules by pharmaceutical companies.
Many drugs have been developed in recent years
in oncology and hematology: molecular target
therapies, including tyrosine kinase inhibitors,
monoclonal antibodies, and immunotherapies.
The purpose of the Food and Drug Administration
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(FDA) is to support public health by taking the
necessary actions to protect it and regulating not
only the development phase but also the post-mar-
keting phase of the drug. Besides, the FDA safe-
guards that the drug needing approval is not only
effective but also safe. Each drug determines its
own set of adverse events often dose-related.
Among these, of specific importance is cardiovas-
cular toxicity which can emerge both during the
experimentation of the molecule and during the
post-marketing phase of the drug. Sometimes, a
drug approved for clinical use can show a different
cardiovascular toxicity profile, revealing toxicity
percentages slightly higher than those highlighted
during the study. This is linked to the fact that real-
life data are different, because patients have often
one or more comorbidity. So, they take one or vari-
ous pills in addition to antineoplastic therapy. The
instruments by which the post-marketing safety
pharmacological data are reported are MedWatch,
a FDA-sponsored adverse event alerting and
recording program, data published in literature by
several working groups around the world, and data
entered in Expanded Access Programs, which
include extensive clinical records often including
thousands of patients [1-3].

Therefore, it is inevitable that the use of new
drugs implicates different cardiovascular toxicity
which should be described precisely to prevent
them. Unfortunately, today there is not a stan-
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dardized method to assess cardiovascular risk,
which defines how and when to stratify it during
clinical trials [1].

Cardiovascular Screening
in Oncologic Patients

The first findings of cardiotoxicity, which emerged
from studies, were those related to anthracyclines.
In fact, between 1980s and 1990s, the incidence of
congestive heart failure (CHF) increased as the
doxorubicin dose per square meter administered
increased. The cardiac damage related to anthracy-
clines is related to the production of oxygen free
radicals, which causes oxidative stress and deter-
mines alterations of the cardiomyocytes. These
structural changes have been demonstrated at
biopsy. So, this last evidence led researchers to
conclude that an assessment of left ventricular sys-
tolic function was necessary at baseline and during
treatment. This paved the way for a new approach
to cardiovascular monitoring in oncology [4-6].
Moreover, basic research has shown that a
perfectly functioning vascular network is crucial
for the development, growth, and survival of
solid tumors. In fact, if the necessary nutrients
are not supplied by a proper blood flow to tumor
cells, they are not able to grow and go to dor-
mancy. Tumor vasculature is different from the
one of a normal tissue. It is chaotic, disorganized,
and lacking of a precise shape. Blood vessels of
tumor vasculature have an altered endothelial cell
physiology. For these reasons it is an alluring tar-
get for anticancer therapies. These drugs can be
divided in two groups: vascular disrupting agents
(VDAs) and vascular targeting agents (VTAS).
VDAs cause vessels failure, so blood carrying
nutrients and oxygen cannot reach the tumor.
VTAs prevent the formation of new blood vessels
and do not disrupt the already existing ones [7].
Chemotherapy was the first approach to cancer
treatment. In the 1980s, the use of combination
chemotherapy containing drugs such as etoposide,
cisplatin, and bleomycin has brought to light
Raynaud’s phenomenon. Since that time various
data were collected about acute and long-term vas-
cular toxicity due to cisplatin-based chemother-
apy. Hypertension was developed during and after

a cisplatin-based chemotherapy in 15% to 54% of
patients affected by germ cell tumors. Patients
treated with chemotherapy had a three-fold more
frequent hypertension than those not receiving
chemotherapy. There was also an increase in cho-
lesterol levels after treatment. It was evident that
cancer survivors have an increased risk of dying
for a disease linked to the circulatory system [8].

Radiation therapy is another important weapon
in cancer treatment; in fact about 50% of cancer
patients undergo a radiation therapy. Its mecha-
nism of action is based on DNA damage of cancer
cells. This event determines cell apoptosis and/or
necrosis. Oxygen is a radiosensitizer. It interacts
with radicals produced by radiation, so this event
provokes DNA damage. This is confirmed by the
fact that hypoxia has an important role in radia-
tion resistance. Cells irradiated in air are much
more sensitive to radiation therapy than those irra-
diated under a condition of severe hypoxia. The
damage is sustained by radiation-induced endo-
thelial cells apoptosis in tissue microvasculature.
Normal endothelium is in a stable state; it has a
low expression of VEGFR2. Irradiated tumor
cells produce some cytokines that inhibit endothe-
lial cells apoptosis. Among them there is hypoxia-
inducible factor (HIF)-1. This last one is a
transcriptional factor. It acts by regulating several
processes, such as ATP metabolism, proliferation,
and p53 activation. Under hypoxic conditions
HIF-1 dimerizes. The resulting complex goes into
the nucleus binding to VEGF promoter, so it
determines an increased VEGF transcription. The
agents targeting the angiogenic process can be
divided in two types, which are monoclonal anti-
bodies and tyrosine kinase inhibitors. These mol-
ecules influence the formation of new blood
vessels. Some example of vascular damaging (or
disrupting) agents are the cytokine tumor necrosis
factor and the microtubule-destabilizing agents.
Mixed inhibitors, such as EGFR inhibitors or neu-
tralizing agents and cytotoxic anticancer agents,
damage both tumor endothelial cells and malig-
nant cells [9].

So, besides cardiovascular disorders high-
lighted using drugs targeting HER-2, new drugs
have been developed over the last years such as
monoclonal antibodies targeting VEGF, tyrosine
kinase inhibitors targeting VEGFR, and mole-



20 Cardiovascular Damage in Clinical Trials

207

cules inhibiting BRAF that have led to a wide
spectrum of cardiovascular adverse events such
as arterial hypertension, myocardial ischemia/
infarction, thromboembolic events, and QT pro-
longation [10-16].

Another therapeutic option recently developed
for cancer treatment is represented by immunother-
apeutic drugs, also called immune system check-
point inhibitors. These molecules were initially
used for the treatment of metastatic melanoma, but
lately their use has been expanded to many other
types of cancer. These agents interact with specific
molecules expressed on the surface of cells of the
immune system, such as PD-1, PD-L1, and CTLA-
4. So, the possible cardiovascular adverse events
linked to these therapies have an autoimmune basis.
It is the case of myocarditis, for example [17].

The assessment of toxicity during clinical tri-
als is based on the document Common
Terminology Criteria for Adverse Events
(CTCAE): this establishes the criteria to define
an adverse event and its degree. However, it has
to be considered that the estimation can be vari-
able, in particular, as regards the degree, from
one observer to another, and thus some event
could be underestimated [1].

Moreover, it has to be underlined that the
classification of some pathological conditions
has changed during the time. For example, it is
clear that patients can have heart failure also if
their ejection fraction is nearly normal, because
of abnormalities of the diastolic phase and subtle
abnormalities in the contraction of longitudinal
fibers, not detectable by measuring ejection frac-
tion. Accordingly, recently heart failure has been
classified into (a) heart failure with preserved
ejection fraction (HFpEF), in which ejection
fraction is >50%, (b) heart failure with reduced
ejection fraction (HFrEF) characterized by ejec-
tion fraction values <40%, and (c) heart failure
with mildly reduced EF (HFmrEF) in which
ejection fraction ranges between 41 and 49. The
two conditions HFpEF and HFrEF have a 50-50
distribution. This aspect is noteworthy, since
often ejection fraction values are considered as
inclusion/exclusion criterion in clinical studies,
while a patient can suffer of heart failure also if
ejection fraction is not significantly reduced
[18-20].

Current Approach to Cardiovascular
Screening and Follow-Up

in Patients Enrolled in Cancer
Clinical Trials

The means for estimating adverse events for a
certain clinical trial drug, including cardiovascu-
lar events, are established relating to pharmaco-
dynamics and pharmacokinetics, hence in
connection with the peculiar characteristics of
the molecule. According to the current guide-
lines, basal cardiological evaluation in clinical
trial includes determination of risk factors, mea-
surement of blood pressure values and vital
parameters, acquisition of the electrocardiogram,
and ejection fraction (EF) measurement. These
evaluations are then repeated at defined intervals
to monitor cardiac performance over time.

Ejection fraction can be measured through
radionuclide angiography (MUGA scan), echo-
cardiography (echo), and magnetic resonance
(CMR). As regards left ventricular dysfunction, it
is defined as the reduction of LVEF of more than
10 percentage points or in any case until a value
lower to the reference normal limit (50%, 53%,
or 55% according to different recommendations)
or the presence of symptoms of heart failure (HF)
in association with a reduction of LVEF [3, 21,
22].

Echocardiography is the most used method,
today, among the three mentioned procedures,
for its wide availability and low cost. But it has
some limitations, particularly the operator depen-
dence. In fact, there could be an inter-operator
difference in the ejection fraction value estima-
tion of about 6% with the 3D technique and 13%
with the 2D technique. This highlights how the
3D technique is more accurate than the 2D
technique.

CMR is usually reserved to those patients
whose echocardiographic evaluation is subopti-
mal because of poor image quality and controver-
sial measurement of LVEF or in those in which it
is necessary to suspend the antineoplastic treat-
ment due to CTRCD. CMR could also be useful
for the identification of subclinical damage. CMR
is particularly useful in case of extra-cardiac
masses that determine a functional impairment
for extrinsic compression. Furthermore, CMR
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permits to identify edema and fibrosis, and there-
fore it represents the best not invasive technique
in the evaluation and diagnosis of myocarditis.
Unfortunately, even this method has limits
because it is not widely available, quite expen-
sive, and cannot be performed on claustrophobic
patients [1, 3, 21, 23-25].

MUGA scan has been used since the 1970s as
one of the first-line imaging modalities for base-
line and serial assessment of LVEF for cardiotox-
icity. A problem in the use of this technique is the
exposure to ionizing radiation of the patient.
Furthermore, it does not permit evaluation of right
ventricular function and atria and to study valves
and pericardium. Compared to CMR, MUGA is
less accurate in the estimation of LVEF. A study
compared the accuracy of LVEFs obtained by
contemporary clinical MUGA in cancer patients
with reference LVEFs from cardiovascular mag-
netic resonance (CMR). Authors highlighted that
MUGA LVEF values are only modestly accurate
when compared with the values obtained from
CMR. Using the thresholds of 50% and 55% of
LVEEF, there was a misclassification of 35% and
20% of cancer patients, respectively, to either nor-
mal or abnormal categories [26].

Hypertension is another important issue, par-
ticularly in patients treated with anti-angiogenic
drugs, such as bevacizumab, ramucirumab,
aflibercept, and tyrosine kinase inhibitors target-
ing VEGFR, such as sunitinib, sorafenib, and
pazopanib. The etiopathogenetic mechanism is
based on endothelial dysfunction. This event is
associated with the reduction of nitric oxide bio-
availability, the increased production of renal and
vascular endothelin, the increased vascular tone,
the decrease in microvascular density, and the
renal thrombotic microangiopathy. Hypertension
may occur alone, or it could be associated with
other adverse events and, in particular, with ejec-
tion fraction reduction. For this reason, it is nec-
essary to measure blood pressure at baseline and
revalue it at each visit [27-29].

In clinical trial blood pressure measurement is
performed by a nurse or a physician. They carry
out at least two measurements with an interval of
1 minute at each visit, with a repeated measure-
ment if there is uncertainty or distraction. Besides,

if there is >5 mm Hg difference between the first
and second measurement, additional (one or two)
readings should be obtained and then the average
of these readings is used. Patients should be
encouraged to relax and keep silent for a few min-
utes before measurements. The evaluations have
to be performed with the individual sitting with
back support and legs uncrossed, keeping the
upper arm at the midpoint of the sternum, through
a support. In some patients, it is necessary that
blood pressure is measured with the patient stand-
ing or lying. Furthermore blood pressure should
be measured in both arms. If there is a significant
difference between the two arms, the blood pres-
sure value measured in the arm with the higher
pressure should be used. Clothes that cover the
arm should be removed. These evaluations are
repeated at each visit, before treatment, during
treatment, and after treatment suspension [30].

During the development of a new molecule,
among the several possible cardiovascular adverse
events, the delay of cardiac repolarization does
not have a marginal role. The mechanism by
which drugs can interfere with cardiac repolariza-
tion is the block of the repolarizing current of
potassium, known as IK,, and a delay in the inac-
tivation of the sodium channels. It results in an
elongation of the duration of the action potential,
and consequently to the duration of the QT inter-
val, which puts the patient at risk for a potentially
fatal form of ventricular tachycardia, known as
torsades de pointes (TdP). Its most severe form
rapidly degenerates into ventricular fibrillation
and therefore into sudden death. TdP usually
starts with a prolonged QT interval over 500 mil-
liseconds. It is frequently preceded by a sequence,
called short-long-short. This sequence includes a
pause that extends further the QT interval and
facilitates the achievement of a threshold through
an electrical activation, which is known as “early
after depolarization” (EAD). This can initiate
ventricular tachycardia through the mechanism
called “triggered activity” [31-34].

The elongated QTc syndrome is commonly
associated with specific genetic mutations. In
oncological patients, it is mostly related to the
drugs interferences or to electrolyte disturbances
related to vomiting or diarrhea.
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To identify eventual QT prolongation induced
by the studied drug, clinical trial contemplates
the registration of ECG with calculation of QT
corrected for the heart rate (QTc). This can be
obtained using the Bazett’s formula. If a relation-
ship between the study drug and the prolongation
of QT interval is detected, it is necessary to estab-
lish what is the cut-off beyond which this mole-
cule determines a pharmacological effect. QTc
>500 ms or QTc prolongation >60 ms from the
baseline value should be considered an alert
value and worth drug discontinuation [31, 35].

Over the years, researchers increasingly studied
various biomarkers, for early assessment of cardio-
toxicity, but it has been not established a precise
timing for measuring them in clinical practice.
Biomarkers are currently not studied in oncological
clinical trials. For clinical trials, concerning fields
not related to the topic of cardiovascular diseases,
there are not guidelines for cardiovascular disease
management. Moreover in these kinds of studies,
the evaluation of cardiovascular adverse events and
endpoints is carried out by physicians other than
cardiologists. Thus, to avoid incorrect estimation of
cardiotoxicity, a new document has been produced
from the collaboration between FDA and the
Cardiac Safety Research Consortium (CSRC). In
this paper, the authors defined some key points to
make cardiovascular adverse events evaluation
homogeneous for clinical trials developing new
drugs. Among these, there are: (1) to prefer a pro-
spective evaluation of an adverse event rather than
a retrospective one; (2) each researcher should
review the cardiovascular adverse event indepen-
dently, without conditioning by other research-
ers—besides he/she should have the possibility of
referring to a reviser who has extensive experience
in the study field of the adverse event—(3) to carry
out the evaluation of an adverse event with the sup-
port of a case report form (CRF), which can guide
the researcher through specific questions in the
detailed description of the event; (4) to define car-
diovascular events that were not previously high-
lighted during clinical trial, especially if there is a
strong biological rationale that justifies it or if char-
acteristics suggest heterogeneity; and (5) to con-
sider interregional variability, especially in
international studies [36].

How to Optimize Cardiovascular
Damage Management of Cancer
Patients Enrolled in Clinical Trials

In the field of oncology, clinical trials usually
evaluate blood pressure according to CTCAE cri-
teria. These criteria only estimate the degree of
severity of the event. Instead the Joint National
Committee (JNC) criteria, used in cardiology,
include hypertension management parameters.
CTCAE criteria are unsatisfactory in clinical tri-
als studying new molecules not only for hyper-
tension identification but also in defining an
adverse event. Besides, hypertension is not
related to time duration or also to the evolution in
time. In some studies, researchers defined and
classified hypertension accurately; in this way,
hypertension had a predictive effect of therapeu-
tic response. For this reason, it is advisable, when
a clinical trial starts, to establish a more compre-
hensive assessment of hypertension, including
management parameters. Recently, data about
apatinib were published. It is a new VEGF inhibi-
tor studied in advanced breast cancer. It has
shown that the presence of hypertension affects
the outcome of the patient. Studies did not use
common criteria for the evaluation of hyperten-
sion [37-40].

As regards the ventricular function, today,
some clinical studies in the field of oncology do
not include LVEF measurement. This is due to
the fact that, during the preclinical and the initial
clinical phases, this type of toxicity has not been
highlighted or the pharmacodynamic characteris-
tics of the molecule did not raise the suspicion of
cardiac toxicity. However, it would be better to
always perform echocardiographic monitoring in
consideration of what has been enunciated so far.
Moreover, if there is not a reduction of LVEF
value, this does not imply that there is not any
cardiac damage.

In fact it is well known that ejection fraction is
not a sensitive marker for identifying subtle varia-
tion of myocardial contractility and that it changes
when damage related to antineoplastic drugs is
already occurred. It is possible to evaluate subclin-
ical cardiac damage with the support of echocar-
diographic myocardial deformation indexes, such
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as strain, strain rate, and twist, whose reduction
has been shown to precede the reduction of LVEF
values. Some studies have recorded a reduction in
global longitudinal strain (GLS), which is usually
measured through speckle-tracking echocardiog-
raphy (STE), in patients undergoing treatments
with anthracyclines or trastuzumab. GLS is today
considered the best imaging parameter for the
early detection of subclinical damage. A reduction
in the value of GLS of more than 15% from base-
line value is considered clinically significant,
while a reduction of less than 8% is not clinically
significant [21, 24, 25, 41]. Therefore, in clinical
trials, baseline evaluation should advisably include
measurement of myocardial strain.

For a better assessment of QTc, it is important
to record and describe any adverse event that
could be responsible for its prolongation.
Researchers should carry out a careful medical
history, evaluating and recording those conditions
that increase the risk of arrhythmia, such as old
age; female sex; pro-arrhythmic drug assumption;
electrolyte alterations, including hypokalemia,
hypocalcemia, and hypomagnesemia; or the pres-
ence of comorbidity, such as congestive heart fail-
ure, bradycardia, or hypertrophy of the left
ventricle. Besides, it is very important to evaluate
all the possible risk factors that contributed to that
event, such as, for example, a genetic susceptibil-
ity (long QT syndrome). As emerged from some
studies, the evaluation of the QTc must consider
the “ER analysis™ that is the exposure-response
analysis. It evaluates the real effect that the drug
has on the QTc. Another important aspect is the
post-marketing phase considering that adverse
events such as TdP, cardiac arrest, sudden cardiac
death, or ventricular arrhythmias can become evi-
dent only on larger patient populations [3, 35, 42].

Patients at increased risk of arrhythmias should
perform an electrocardiogram monitoring, during
anticancer drug infusion. Besides, some adverse
events can occur late since drug administration;
for this reason, in particular cases, it could be use-
ful the implantation of a loop recorder, for home
monitoring. This device is able, through the sup-
port of a communicator to monitor the rhythm
even during sleep and to report any alert to the
monitoring cardiac center [43, 44].

For the study and identification of vascular dam-
age, there are various methods that could be used in
cancer patients enrolled in clinical trials. Ultrasound
scan of carotid arteries with intima-media thickness
(IMT) measurement, vascular reactivity, and baro-
reflex sensitivity are some of them.

A study evaluated carotid intima-media thick-
ness measurement as instrument to ameliorate
cardiovascular risk stratification in head and neck
cancer patients. Besides the authors compared it
to the standard cardiovascular risk calculators rec-
ommended in the Adult Treatment Panel III
guidelines and in the American College of
Cardiology/American Heart Association (ACC/
AHA) guidelines on the assessment of cardiovas-
cular risk. They highlighted that both Framingham
risk score (FRS) and pooled cohort atheroscle-
rotic cardiovascular disease (ASCVD) risk calcu-
lators underestimated the level of risk of
cardiovascular events compared to carotid intima-
media thickness measurement. They showed that
about 74% of head and neck cancer patients who
underwent radiotherapy were at high risk for car-
diovascular events using the intima-media thick-
ness technique. Besides, half of these patients had
a change in clinical management. On the other
hand, FRS and pooled cohort ASCVD risk equa-
tion did not recognize about 40% of the cases that
were treated as at high risk of developing cardio-
vascular events. This demonstrates that risk calcu-
lators, although are useful tools, do not perfectly
correlate with subclinical atherosclerosis and true
cardiac risk, while carotid intima-media thickness
is more precise [45].

A role in clinical studies could also have the
evaluation of the coronary artery calcium (CAC)
score. This one quantifies the calcification levels
of coronary arteries. The CAC score could be used
to better stratify the risk in patients considered to
be at intermediate risk by the conventional score. It
could give indications for a better diagnostic and
therapeutic management of the patient [3, 46].

The evaluation of endothelial function also
assumes a specific importance because it is the
first step of atherogenesis, even though it has to
be noticed that nowadays it is little used in clini-
cal trials in oncology. Instrumental technique,
that would be useful to study it, is the evaluation
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of the flow-mediated dilation of the brachial
artery. The hypothesis is that it reflects the flow-
mediated dilation of the coronary arteries, thereby
predicting long-term cardiovascular events.
These methods assume value and relevance con-
sidering that they are not invasive, low cost, and
repeatable [3, 47, 48].

The use of concomitant medications can alter
the action of VDAs inhibiting or potentiating
their effects. This effect would be evident in clin-
ical but not in preclinical investigations. The
pharmacokinetics of drugs is pivotal. Besides,
molecular biomarker data could explain why
some subpopulations of patients are more prone
to toxicity. For this reason, it has become increas-
ingly evident that such evaluations are necessary
for a proper identification of these subsets of
patients [7].

To study the vasculature, there are various
radiologic methods, but they mostly have the
limitation to show a static snapshot of microvas-
cular function. Studying the functional dynamics
of microvasculature would be much more useful.
The possibility to temporally monitor how blood
vessels respond to metabolic changes and physi-
cal demands is very fascinating. Today, there are
two types of procedures to study this aspect:
focal and whole organ assessment. The focal pro-
cedures regard the study of the skin and include
laser Doppler flowmetry of blood flow, transcuta-
neous oxygen tension, and iontophoresis. The
whole organ study procedures include electron-
beam computed tomography (CT), magnetic res-
onance imaging (MRI), and intravascular
Doppler ultrasound. They are used to evaluate
blood volume changes in response to vasoactive
agents such as acetylcholine. Unfortunately, each
procedure has its limitations; besides it has not
been yet validated a not-invasive 3D technique
for the assessment of microvascular functional
dynamics. A novel 3D MRI-based technique is in
development for this type of assessment to study
near real-time blood volume changes in whole
organs in vivo.

The authors developed an optimized gas chal-
lenge protocol that permits an accurate assess-
ment of microvascular tone control. This is
carried out through the induction firstly of vaso-

constriction, using air with altered levels of car-
bon dioxide (CO,) and oxygen (O,). The
inhalation of elevated CO, levels (moderate
hypercapnia) and lowered O, levels (hypoxia)
stimulates changes in blood volume in normal
physiology, so the measurement of such changes
can assess vascular tone modulatory capacity in
response to stress. This is an active process. In a
later time, there is the second phase of vasodila-
tion, which is a relaxation process [49].

Much still needs to be done to find biomarkers
that could support researchers in the study of can-
cer patients included in clinical trials.

Inflammation and thrombotic pathways acti-
vation play an important role in the pathogenesis
of atherosclerosis, atherothrombosis, prolifera-
tive vasculopathy, and vasospastic vasculopathy.
The key players that determine the occurrence of
a clinical event are endothelial cells, smooth
muscle cells, platelets, monocytes, and proteins
for the formation of clots. Inflammatory bio-
markers include high sensitivity reactive protein
C (hsCRP) and IL-6. These biomarkers have
shown to be correlated to the generation of car-
diovascular events. Other biomarkers that could
have a role in predicting the risk of developing a
cardiovascular event are soluble ICAM-1, solu-
ble P-selectin, and MRP-14 [3, 50, 51].

The most studied biomarkers today in oncol-
ogy field are troponin I (Tnl) and natriuretic pep-
tides. Tnl is considered the gold standard in
diagnosing myocardial damage. It has been
shown in some studies that Tnl increase exposes
patients to a greater risk of developing a cardio-
vascular event. Besides, an increase in Tnl levels
is directly related to the severity of events due to
the oncological therapy. Elevated levels of tropo-
nin were reported to predict the reduction of left
ventricular ejection fraction. The brain natriuretic
peptide (BNP) and its amine terminal portion
(NT-proBNP) have been studied in patients
treated with chemotherapy. The increase in the
levels of these molecules is closely related with
an increase in filling pressures. In addition, it has
been shown in some studies that an increase in its
levels is marker of increased risk to develop car-
diac adverse events related to treatment.
Biomarkers are reproducible and low cost, with a
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high negative predictive power. They are not
operator-dependent (differently from left ventric-
ular ejection fraction measurement). However,
there is no consensus among experts concerning
their use because the results of the studies evalu-
ating these biomarkers are often ambiguous, and
the study populations are small and not homoge-
nous. Particularly there are insufficient evidences
to understand pathophysiological importance of
mild increases in troponin, uncertainty about the
timing of measurement and not uniform refer-
ence values according to the different dosing
methods used [21, 22, 52, 53].

Recently circulating microRNAs (miRNAs)
have become increasingly important in cardio-
vascular diseases. For example, miR-181 inhibits
the atherosclerotic process and regulates the
inflammatory process of endothelial cells, limit-
ing the activation of NF-xB, the expression of
inflammation genes, and leucocyte accumulation
[3, 54]. Evaluation of microRNA could provide
important prognostic information.

The integration in clinical trial protocols of
the measurement of one or more biomarkers
could permit a better management of toxicity in
the subsequent phase in which the drug is
approved and entered into the market for clinical
use. In geographic areas where hospitals have
many patients but sometimes lack of the neces-
sary equipment or dedicated staff, technology
support could help. In fact, technological prog-
ress has led during the last years to the develop-
ment of electronic equipment able to carry out

remote diagnostic tests with robotic supports. A
study also evaluated the feasibility of a cardio-
logic consultation using a remote robotic-assisted
echocardiography on a small group of patients. It
highlighted that if on the one hand the quality of
the consultation was not compromised, on the
other hand there was a good level of satisfaction
by patients [55].

In Table 20.1 we propose a scheme to evaluate
cardiovascular risk and monitor the occurrence of
cardiovascular toxicity in patients enrolled in
clinical trials.

Expert Opinion

Based on these premises, there are potential
biases in the evaluation of cardiotoxicity during a
clinical trial for the development of a new onco-
logical drug (Fig. 20.1). The clinical cardiovascu-
lar toxicity of a drug is not always predictable
from in vitro or animal studies, which can lead to
a not adequate characterization of the clinical
toxicity before the drug is approved for clinical
use and goes to the market. It follows that
researchers often do not adequately study the
treatment strategies needed to avoid cardiovascu-
lar adverse events. The consequential effect of
this would be that potential cardiovascular prob-
lems remain misdiagnosed during the study of a
drug and in those of subsequent generations. The
FDA defined, during the recent workshop dedi-
cated to this topic, the not-clinical steps to be fol-

Table 20.1 Scheme of cardiovascular evaluation proposed during a clinical trial

Screening First month | Third month | Sixth month | Ninth month | First year
visit visit visit visit visit visit
General visit and medical |/ v v v v v
history
Physical examination v v v v v v
Vital signs (e.g., blood v/ v v v v v
pressure)
ECG (QTc, PR, QRS) v v v v v 4
Echo (LVEF, GLS) v v v 4 v
Echo of the supra-aortic v v v
trunks
CMR To be performed in specific cases

Note: Make additional measurements of one or more of these parameters, if necessary
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Echo of the supra-aortic trunks

Cardiological visit, vital signs, ECG (with QTc evaluation), Echo (including GLS),

Start oncological treatment

- GLS: Global Longitudinal Strain

Repeat
measurements

Solved YES

alteration

Optimize cardiological
evaluation -
Stop treatment if
necessary

Continue cancer

- ECG: Electrocardiogram
- QTc: corrected QT
- Echo: Echocardiogram

treatment

Fig.20.1 Flow chart of the proposed cardiological evaluation in patients enrolled in a clinical trial

lowed in clinical trials for the development of
new drugs in oncology in order to define the car-
diovascular safety profile.

In vivo and in vitro not clinical studies ((ICH
S9) International Conference of Harmonization)
should firstly define (a) the level of a potential
risk and comprehend the mechanism underlying
it and (b) identify those cases in which cardio-
vascular safety studies are necessary and the
related timing. These studies must be used (1) as
preparatory studies for the development of drugs
that are used for life-threatening oncological
pathologies and (2) to give recommendations on
the type and timing of not-clinical studies spe-
cific to the development of a certain anticancer
drug, (3) as they are preparatory to studies that
develop small molecules and synthesized drugs
according to biotechnology processes and (4)
they are a guarantee in facilitating and acceler-
ating the development of anticancer drugs and

protecting patients from predictable adverse
events.

If this model highlights cardiovascular prob-
lems, which could give additional risks during
clinical trials, appropriate pharmacological stud-
ies should be considered and carried out (ICH-
S7A and/or S7B). The principles, on which not
clinical studies are based, are essentially linked
to the Safety Pharm endpoints In Toxicology
Trials (SPiT). This is an acronym to indicate
pharmacological safety endpoints in toxicology
studies. This model consists of a mixture of phar-
macological safety meaning an acute effect and
toxicity meaning chronic exposure. This is also
defined through in vivo and in vitro models with
the support of composite parameters that tend to
identify a limit level of cardiovascular safety and
a more defined risk assessment. The advantage of
this model is that it has multiple endpoints over
long-term periods. The weaknesses are the risk of
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false signals, unpredictable time interval for the
appearance of an event, and not verified transfer
to human being.

If on the one hand the only CTCAE criteria
seem scarce to be up against the complexity of a
possible cardiovascular problem and the variety
of oncological clinical trials currently underway,
on the other hand, the improvement of the models
for cardiovascular safety assessment is not with-
out problems. A study evaluated the adherence of
oncology randomized clinical trials to the latest
version of CTCAE (v3.0) through the evaluation
of the quality of reporting of adverse events in
publications. It shows the evidence of poor
reporting of toxicity in clinical trials. It high-
lighted that the subjective adverse events, such as
fatigue, might be variable when they were
assessed by different health practitioners, while
the objective adverse events are generally more
consistent and accurate when they are supported
by laboratory or imaging data.

A newly developed instrument in the optimi-
zation of the quality of the adverse event reported
is PRO (patient-reported outcome)-CTCAE,
which is designed to systematically capture
symptomatic adverse events from patients and
complement clinician-rated CTCAE.

An important dowel in the mosaic of cardio-
oncology could be represented by genetic analy-
sis and the study of polymorphisms, which could
permit to explain toxicity and their mechanisms,
because often these are not fully understood.

The formation process of a cardiovascular
injury is a multistep process, as already known.
Its steps could have different intervals depending
on present risk factors and the possible appropri-
ate corrective therapies implemented at each step
[3, 18, 56-59].

Radiogenomics is the discipline that studies
genetic differences as response to radiation ther-
apy. It evaluates patient variability in relation to
radiation. It investigates if there is a possible
genetic background for different responses to
radiation through the study of single-nucleotide
polymorphisms (SNPs) in selected candidate
genes and the screening of multiple genes using
gene expression arrays. The rationale of this type
of study is based on the fact that SNPs generate a

not-conservative amino acid change in the final
gene product or they are part of regulatory regions
that possibly affect gene expression or protein
secretion rate. Studies evaluated the combined
effect of a couple of SNPs; it emerged that carry-
ing more than one SNP was significantly associ-
ated with early side effects in normal-weight
patients exposed to radiation. Even though, it
must be considered that this is a data-generated
hypothesis. So, it requires validation in an inde-
pendent study. Furthermore, SNPs importance
has been studied in patients affected by glioblas-
toma and treated with an anti-angiogenic drug,
bevacizumab. A genome-wide analysis of genetic
variation associated with the vascular toxicities
was carried out in 367 patients. Hypertension
was strongly associated with bevacizumab, and
the risk assessment was increased by the pres-
ence of polymorphisms [60, 61].

By transferring this solid algorithm about the
formation of an injury to an oncological treat-
ment, it would be beneficial for a trial to insert
among the inclusion criteria for cardiovascular
problems the sum of a step process, a sort of
index for the patient, that considers as first ele-
ment the risk stratification through a sure defini-
tion of the existing risk factors, imaging (such as
LVEF), and biomarkers. The second step would
be the necessary specific therapeutic interven-
tion based on the baseline risk. This last one is
defined by the type and duration of the planned
oncological treatment. The last step would be to
define cardiovascular outcomes for a certain
patient or surrogate outcomes that should be pur-
sued and maintained during the oncological
treatment.

Conclusions

Measuring and monitoring cardiovascular
function in oncology is essential, because
oncological patients treated in everyday prac-
tice have an average medium to high cardio-
vascular risk. This is also important since
cardiovascular diseases represent the first
cause of death in the world. The increase of
survival in oncology, especially in certain
types of cancer, exposes patients to a greater
cardiological risk than the only oncological
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one. So, diseases, such as heart failure, valves
diseases, vascular diseases, or cardiomyopa-
thy, could have a significant long-term prog-
nostic impact.

The correct baseline evaluation and subse-
quent checks of patients included in clinical
study protocols are not easy to define. The
involvement of a cardiologist in the clinical
study could certainly improve the identifica-
tion of cardiovascular toxicity of anticancer
drugs in clinical trials. This should be prefer-
ably performed in a dedicated ambulatory for
oncological patients in profit clinical trials,
that is, the cardio-oncology ambulatory for
clinical trials.
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