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Chapter 2

Cardio-oncology: progress in diagnosis
and treatment of cardiac dysfunction

Tromp, J.1, Steggink, L. C.2, van Veldhuisen, D. J.1, Gietema, J. A.2, van der Meer, P.1

   101, 481–90. doi:10.1002/cpt.614 (Apr. 2017)
1Department of Cardiology, University Medical Centre Groningen, University of Groningen, Groningen, The Nether-
lands; 2Department of Medical Oncology, University Medical Centre Groningen, University of Groningen, Groningen, 
The Netherlands.

Treatment for cancer has improved in the last decades, resulting in a significantly 
reduced morbidity and mortality.1–3 Unfortunately, many systemic treatment op-
tions are associated with an increased risk of adverse cardiac effects.4 These adverse 
cardiac effects have given rise to the field of cardio-oncology. This review summar-
ises recent findings related to the pathophysiology and treatment of drug-induced 
cardiac dysfunction in cancer treatment and looks ahead at new developments in 
the field.

2.1 Incidence of cardiotoxic effects of systemic cancer therapy

Agents typically implicated in cardiotoxicity of cancer therapy a anthracyclines, 
trastuzumab (Herceptin), and several tyrosine kinase inhibitors.5 The cardiotoxic ef-
fect depends on the type, dosage of the drug, and cancer drug combinations. This 
is mediated by both patient-related factors such as age and comorbidities, as well as 
treatment-related factors including (concomitant) radiotherapy fields and dosages, 
and potentially beneficial effects of cardioprotective agents (figure 2.1).6,7 Overall, 
fulminant heart failure (HF) seems to occur in up to  of patients with a cumu-
lative doxorubicin dose of  mg m .8 In addition, asymptomatic decreases in left 
ventricular ejection fraction (LVEF) are common and occur in up to  of the treated 
patients.9 Known risk factors for cardiotoxicity are presence of previous cardiovascu-
lar disease, older age (   years) or young ( years) age, female sex, concur-
rent chest radiation, and presence of known cardiovascular risk factors.8,9 Notably, 
a recent meta-analysis found a pooled odds ratio of  for overweight and obese 
patients to develop cardiotoxicity due to anthracyclines with or without sequential 
trastuzumab.10 The most important risk factor for developing cardiac dysfunction

https://doi.org/10.1002/cpt.614
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Figure 2.1. The risk of cardiovascular toxicity of cancer treatment is influenced by both therapy-
related and patient-related factors.

during or after anthracycline treatment is the cumulative dosage.5,11 However, sus-
ceptibility to cardiotoxicity following different cancer treatments seems highly vari-
able. Indeed, in clinical practice some patients develop cardiotoxicity at relatively low
dosages of systemic therapy and could be considered highly susceptible, while other
patients can withstand far higher dosages and could be considered highly resilient;
however, how andwhy is unknown (figure 2.2).12 Both clinical as well as genetic risk
factors might influence the susceptibility of individual patients to develop cardiotox-
icity. The pathophysiological process underlying the cardiotoxic effects of anticancer
agents seems to be accelerated in these highly susceptible patients. In contrast, there
seems to be a protectivemechanism at play in the highly resilient patients. Identifying
why some patients can withstand these high dosages of systemic therapywithout de-
veloping adverse cardiac effects versus patients who develop adverse cardiac effects
at low dosage might prove key in elucidating the underlying disease mechanisms
as well as providing potential intervention targets, which are further explored in this
review.More studies are needed to examine the possible adverse cardiac effects of an-
ticancer drugs, possibly employingmore sensitive echocardiographic measurements
of cardiac function such as global longitudinal strain (GLS), which is considered a
more accurate measurement of myocardial contractility than traditional echocardio-
graphic parameters, as it is load-independent, thus not confounded by the presence
of hypertension.

Anthracyclines are a class of drugs including doxorubicin, epirubicin, and daun-
orubicin, which are widely used in the oncologic and haematologic field. Swain

evaluated three prospective studies and reported that up to of in total
patients treated with anthracyclines had evidence of congestive HF.8 A clear dose–
damage relationship is observed for treatment with anthracyclines, where patients
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highly susceptible

highly resilient

Figure 2.2. Schematic representation of dose–cardiac damage relationship in anthracycline-
related cardiotoxicity. Patients in the red circle are low-dose high responders, while patients
in the green circle are high-dose low responders.

can generally tolerate cumulative doxorubicin doses up to mgm with low rates
of HF.9 In contrast, a 2004 study reported that out of lymphoma patients with
cardiotoxicity following doxorubicin, patients had received cumulative doses be-
low mgm , suggesting that even at low dosages cardiotoxicity can develop in
patients who are susceptible to cardiotoxicity.13 The cardiotoxic effects of anthracyc-
lines can occur in the acute phase, during treatment, in the early-onset chronic phase,
and in the late-chronic phase.14 In a clinical setting, early cardiac effects of anthra-
cyclines were often found to be reversible. These include dysrhythmia, pericarditis,
and changes in the electrocardiogram. In contrast, late cardiac effects often involve
chronic HF or a subclinical reduction in LVEF.8 Interestingly, a recent study by Car-
dinale showed that most ( ) cardiotoxic effects of anthracyclines took place
within the first year post-treatment.15 This challenged the distinction between early
and late cardiotoxic effects and suggested that late-onset cardiotoxic effects are the
consequence of under detection in the early stages post-treatment.15 These findings
also point out that early detection is important and remains an unmet need. Different
imagingmodalities such as GLS, cardiacmagnetic resonance imaging (MRI) with T1
mapping, and biomarkers could play an important role in aiding early detectionwith
high sensitivity.16

Trastuzumab is a monoclonal antibody targeting the human epidermal growth
factor receptor 2 (HER2).17 Adjuvant treatment with trastuzumab has significantly
improved survival in HER2 positive breast cancer.17,18 Unfortunately, trastuzumab
is associated with cardiotoxicity and decreases in LVEF.19 Cardiotoxic effects of treat-
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ment with trastuzumab alone seem to occur primarily in the short term and are in
the majority of cases reversible. Incidence of cardiotoxicity ranges from to
with up to of patients developing fulminant HF (NYHA class III/IV).17,19 The
reported incidence rates of cardiotoxic effects following trastuzumab have a wide
range, as they depend on both the time period in which the study was performed,
the definition of cardiotoxicity, as well as the inclusion criteria of the different trials.
In the first trastuzumab trial (in the metastatic setting), concurrent treatment with
an anthracycline-containing regimen such as doxorubicin and trastuzumab resulted
in cardiac dysfunction in of patients, with developing fulminant HF.20 In
contrast, in the HERA trial, comparing one or two years of adjuvant trastuzumab
to observation in breast cancer patients (of whom had received anthracycline-
based chemotherapy at median weeks beforehand), the incidence of severe HF
aftermedian years of follow-upwas in both trastuzumab arms compared to
in the observation arm. Risk factors for trastuzumab-associated cardiotoxicity were
a lower range of normal LVEF at study entry and a body mass index (BMI) above

kgm .21 A recent meta-analysis reported comparable rates of cardiotoxicity fol-
lowing treatment with trastuzumab at .22

Tyrosine kinase inhibitors that target vascular endothelial growth factor (VEGF)
such as sunitinib and sorafenib are prescribed to patients with primary renal cell,
hepatocellular, as well as therapy-resistant thyroid carcinoma and gastrointestinal
stromal tumours (GIST). A recent review by Moslehi focused on the cardiovascular
toxicity profile of these agents.23

2.2 Pathophysiology

The cardiotoxic effect of cancer drugs is characterised as irreversible (type I) or re-
versible (type II).9 The early cardiac effects of anthracyclines are considered to be
reversible and mostly affect the functionality of the myofibril contractile apparatus
of the cardiomyocyte.9 However, the late effects, which include a decrease in LVEF as
well as HF, are often irreversible and are caused by loss of cardiomyocytes. As early
as 1978, evidence for necrosis and cell loss in cardiac biopsies of patients treated with
anthracyclines was observed.24 Additionally, troponin I levels are increased follow-
ing anthracycline treatment and predict early cardiac damage.25 In the case of dox-
orubicin, the primary driver of cardiotoxicity is direct uptake of doxorubicin by the
cardiomyocyte. The reduction of doxorubicin by nicotinamide adenine dinucleotide
(NADH) dehydrogenase results in production of superoxide radicals and reactive
oxygen species (ROS), resulting in oxidative stress, a process which is largely me-
diated by the mitochondria within the cardiomyocyte.26 Also, NAD(P)H oxidase,
found in leukocytes and the vascular wall, has been implicated to play a role in cardi-
otoxicity following doxorubicin treatment. An experimental study found NAD(P)H-
deficient mice to be relatively resistant to cardiotoxicity compared to wildtype mice.
Similar to NADH, NAD(P)H plays a role in ROS production and oxidative stress
and works in congruence with NADH dehydrogenase.27 Furthermore, doxorubicin
forms complexes with iron, which results in further generation of ROS. This process
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was attenuated by overexpression ofABCB8, amitochondrial protein involved in iron
transport. Additionally, hearts from patients with doxorubicin-induced cardiomy-
opathy had significantly higher mitochondrial iron levels compared to controls (con-
sisting of normal hearts and patients with other forms of cardiomyopathy).28 This
interplay between ROS and mitochondria in the cardiomyocyte is important in the
pathophysiology of cardiotoxicity. In normal physiological circumstances, ROS are
generated as a byproduct of aerobic metabolism within mitochondria. However, in
pathophysiological circumstances following treatment with anticancer agents, ROS
production is further increased. The relatively large number of mitochondria in car-
diomyocytes might in part explain the sensitivity of the heart to toxic effects of dox-
orubicin.9 In addition, mouse models suggest that anthracyclines may disable topoi-
somerase IIβ function, directly mediating cardiotoxicity.29

Pathophysiological mechanisms in doxorubicin toxicity were mostly studied as
short-term effects in mouse-based or mouse-cell-based models. However, a recent
study using human induced pluripotent stem cells (hIPSC) elegantly showed how
cardiomyocytes derived from cancer patients treated with anthracyclines who de-
veloped HF were more sensitive to doxorubicin and produced more ROS
posttreatment compared to patients who did not develop HF posttreatment
Following treatment with doxorubicin, cardiomyocytes showed more sar-
comeric disarray compared to cardiomyocytes. Additionally, calcium handling
was impaired in cardiomyocytes, following stimulation with doxorubicin,
leading to more arrhythmic beating compared to cardiomyocytes. Interestingly,

cardiomyocytes produced significantly larger amounts of ROS following dox-
orubicin stimulation than cardiomyocytes and had significantly less cell viability.
Of note, no differences were observed between cardiomyocytes and cardiomyo-
cytes from healthy controls who were not previously treated with doxorubicin.30
However, mitochondrial density in hIPSCs is lower than in normal cardiomyocytes,
suggesting that the important mitochondrial component should be further investig-
ated. Differences observed in this study could potentially be explained by pivotal
gene–environment interactions, where certain patients have a genetic disposition to
developing cardiotoxic effects at relatively limited cumulative dosage of chemother-
apy. More comprehensive genome-wide association studies (GWAS) and system
biology-based studies are needed to confirm the pathophysiological interactions as
well as clinical utility of results found in these cell-based models. In addition, lim-
ited data are available on the long-term pathophysiologic changes in posttreatment
patients, requiring further study.

The cardiotoxic effects of treatment with trastuzumab are considered to be re-
versible (type II).9 Fewer strides have been made in exploring the underlying patho-
physiological mechanisms of cardiotoxicity following trastuzumab compared to an-
thracycline cardiotoxicity. However, the primary driver of trastuzumab cardiotox-
icity is thought to be related to blocking of HER2 on cardiomyocytes.31 Blocking
of HER2 is associated with the accumulation of ROS and resulting cardiac dysfunc-
tion.32 It is readily known that the HER2–neuregulin axis plays a central role in both
the development of the heart and HF.33 In patients with HF, circulating HER2 was
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higher than in healthy controls.33 Additionally, inflammation may play a role in the
cardiotoxic effects of trastuzumab. Toll-like receptor 4, an inflammation marker, was
associated with trastuzumab cardiotoxicity.34 Circulating troponin I was found to be
associated with trastuzumab cardiotoxicity as well; however, the available data are
mixed and inconclusive.19,35

Radiotherapy plays an important role in the treatment of early breast cancer and
improves disease-free and overall survival. However, the benefits of radiotherapy
can be reduced by its side effects, including adverse cardiovascular events. Radiother-
apy can cause damage to endothelial cells, which triggers inflammation and results
in accelerated atherosclerosis. A large case–control study showed a linear relation-
ship between mean heart dose and risk of a coronary event for breast cancer patients
treated between 1958 and 2001. The risk of a major coronary event increased by
per Gray mean dose to the heart, for both women with and without pre-existing car-
diac risk factors.36 No dose threshold was observed. Interestingly, the radiotherapy-
induced risk of ischemic heart disease was already present within five years after
therapy and continued for at least 20 years. Most cancer patients receive multimodal
treatment in which radiotherapy poses an additional risk of cardiovascular damage,
although it is unclear whether radiotherapy and systemic treatment have a syner-
gistic effect in this respect.

The mechanism underlying the cardiotoxicity of multitargeted tyrosine kinase
inhibitors such as sunitinib or sorafenib are in part due to targeting of the VEGF re-
ceptor, resulting in hypertension and left ventricular dysfunction.14 The cause of hy-
pertension has been suggested to lay in endothelial dysfunction following decreased
nitric oxide signaling, an increase in endothelin-1 production, and a reduction in ca-
pillary density of the endothelium. Additionally, inhibition of the PDGF receptor by
sunitinib and sorafenib plays a significant role in cardioprotection and cell survival
in cases of pathological stress.37 Combined with the increase in afterload through
increases in systolic blood pressure, a reduced stress response of the myocardium
through inhibition of the PDGF receptor may lead to cardiac dysfunction. Further-
more, a role has been suggested for alterations in adenosine monophosphate (AMP)-
activated protein kinase, which is responsible for energy homeostasis.38 However, us-
ing hIPSC-derived cardiomyocytes, the role of AMP-activated protein kinases could
not be confirmed.39

2.3 Prediction and early detection

Early detection is key to adequately treat patients developing cardiac dysfunction fol-
lowing cancer treatment. Ideally, patients at risk should be identified before the start
of cancer treatment. Following, patients considered to be at higher risk can be mon-
itoredmore intensively for possible adverse cardiac effects during systemic treatment
as well as during follow-up. Furthermore, patients considered to be at exceptionally
high risk could benefit from prophylactic treatment with cardioprotective drugs.

In the oncologic field, there is increasing attention to the optimal balance between
risks and benefits of cancer treatment and the risk of cardiotoxicity can influence
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treatment decisions. For example, in the adjuvant setting of early HER2 positive
breast cancer, the BCIRG-006 trial investigated the value of trastuzumab in both an
anthracycline-containing schedule (doxorubicin plus cyclophosphamide followed by
docetaxel and trastuzumab, AC-TH) and an anthracycline-free schedule of doxetaxel,
carboplatin, and trastuzumab (TCH). At 10-year follow-up there was no significant
difference in terms of disease-free or overall survival between AC-TH and TCH; how-
ever, grade III/IV cardiotoxicity (HF) was fivefold lower in the anthracycline-free
TCH arm: ( ) patients in the AC-TH arm versus ( ) patients
in the TCH arm.40 In shared decision-making on adjuvant treatment options, the pa-
tient’s risk of adverse treatment-related events should be balanced against expected
benefit in reducing cancer recurrence risk and overall survival. Current prediction
tools used in the early breast cancer setting provide limited short-term (up to ten
years) information on expected outcome, and future decision aids should incorporate
the individual patients’ risk of cardiovascular toxicity to optimise patient outcome.

For early estimation of cardiotoxicity risk, genetic background, clinical risk factors,
as well as biomarkers play an important role. In the field of pharmacogenomics, a
number of single nucleotide polymorphisms have been associated with anthracyc-
line and trastuzumab cardiotoxicity, both in the acute setting as well as in the long
term (table 2.1). Most of these polymorphisms have been identified in childhood
cancer survivors, and it remains unclear whether these findings can be translated to
other forms of cancer and what their predictive power is in adults. More research
is needed to identify genetic components that make patients more susceptible to ad-
verse cardiac effects of cancer treatment, both to better understand the underlying
pathophysiology as well as to better identify high-risk patients to monitor them, to
adapt their treatments to decrease chance of toxicity, and to intervene in patients
at risk (figures 2.2 and 2.3). Here, more comprehensive GWAS studies are needed
in primarily adult subjects prior to treatment. Similarly, novel diagnostic modalities
such as exome sequencing or transcriptome analyses could play a significant role in
better identifying patients at risk.

In addition to having a genetic predisposition to developing cardiotoxicity fol-
lowing anticancer treatment, a genetic predisposition to developing cardiomyopathy
might be a risk factor for developing cardiotoxicity.41 Indeed, cases have been de-
scribed where previously an undiagnosed familial cardiomyopathy was found in pa-
tients who developed cardiotoxicity following anticancer treatment. The exact link
between genetic risk factors for cardiomyopathy and the development of cardiotox-
icity remains to be elucidated. Simultaneously, asymptomatic left ventricle dysfunc-
tion due to familial cardiomyopathy might confound results of studies and should
be excluded. This again emphasises the need for adequate prescreening of patients
undergoing anticancer treatment, paying special attention to possible familial risk
factors.

In a clinical context, age, female sex, anthracycline dosage, and presence of car-
diac risk factors has been shown to predispose to the development of cardiotoxicity.
Unfortunately, the power of clinical risk factors and risk scores to predict patients at
risk of cardiac events is limited, with AUCs of about . Several risk scores are avail-
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Table 2.1. Single nucleotide polymorphisms related to anthracycline and trastuzumab cardi-
otoxicity a

Gene Reference SNP cluster ID Patients
(reference)

Setting

Acute Follow-
up

ABCB1 rs2229109 NHL44 •
rs2235047 CCS45 • •

ABCB4 rs1149222, rs4148808 CCS45 • •
ABCC1 rs246221, rs3743527 CCS46 •

rs4148350 CCS45 • •
rs45511401 NHL27 •

ABCC2 rs8187710 HCT47 •
ADH7 rs729147 CCS45 • •
CAT rs10836235 CCS48 •
CBR3 rs1056892 CCS49 •
CYBA rs4673 NHL44 •
CYP3A5 rs776746 NHL44 •
CYP4F11 rs2108623 CCS45 • •
FCGR3A rs10127939 NHL44 •
FMO2 rs2020870 CCS45 • •
FMO3 rs1736557 CCS45 • •
GSTP1 rs1695 NHL44 •
HAS3 rs2232228b CCS50 • •
HFE rs1799945 HCT47 •
HNMT rs17583889, rs17645700 CCS45 • •
NCF4 rs1883112 NHL27,44 •
RAC2 rs13058338 NHL27,44,47 • •
SLC10A2 rs7319981, rs9514091 CCS45 • •
SLC22A2 rs316019 CCS45 • •
SLC28A1 rs2290271, rs2305364 CCS45 • •
SLC28A3 rs4877847, rs7853758c, rs885004c CCS45 • •
SPG7 rs2019604 CCS45 • •
SULT2B1 rs10426377 CCS45 • •
UGT1A6 rs17863783, rs4261716, rs6759892 CCS45,51 • •

ERBB2 rs1136201, rs1058808 BC52–56 • •
a Several genes have single nucleotide polymorphisms (SNP) associated with anthracycline and trastu-
zumab cardiotoxicity (ranging from echocardiographic cardiac dysfunction to heart failure) during or
after treatment. BC denotes breast cancer; CCS, childhood cancer survivors; HCT, haematopoietic cell
transplantation; HF, heart failure; NHL, non-Hodgkin lymphoma.

b For high anthracycline exposure group ( mgm ) only.
c High linkage disequilibrium between rs7853758 and rs885004.
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able to predict risk of adverse cardiac events.42,43 A risk score by Ezaz aimed to
predict the occurrence of cardiomyopathy andHFwithin three years following trastu-
zumab in women with breast cancer. The risk score incorporated age, chemotherapy
type, coronary artery disease, atrial fibrillation/flutter, diabetes mellitus, hyperten-
sion, and renal failure. While patients with a risk score of out of had a twofold
higher risk of exhibiting cardiomyopathy or HF in the first three years after trastuzu-
mab, the risk score was derived from an administrative dataset, and needs validation
in a clinical setting.42 A different risk score for predicting HF in childhood survivors
of cancer was based on sex, age at cancer diagnosis, as well as anthracycline and chest
radiotherapy dosages. Unfortunately, the C-statistic of the overall risk score was ,
limiting clinical applicability. Moreover, it is not clear whether this risk score can be
transposed to other forms of cancer,43 although a final common pathway in devel-
oping unintended cardiac damage as a result of multimodality cancer treatment is
suspected.

Following and during treatment with anticancer agents, early detection of cardiac
dysfunction is key to provide adequate treatment, which might potentially amelior-
ate or reverse cardiac dysfunction.15 For early detection, both imaging and biomark-
ers have proven useful.5,57 Echocardiography is the modality of first choice for early
diagnostic imaging.58 Especially in high-risk patients, defined as patients having pre-
existing cardiovascular risk factors or left ventricular dysfunction, baseline imaging
has been recommended.5 Depending on the specific drug used, GLS might be pre-
ferred over LVEF to assess cardiac function, since many chemotherapeutic agents in-
crease afterload. Additionally, GLS has been shown to predict decreases in LVEF at
an earlier stage.59 Therefore, a solid case can be made for the use of GLS in early de-
tection of cardiotoxic effects. Cardiac magnetic resonance imaging (CMR) has also
proven its worth in detecting and predicting cardiotoxicity. Neilan showed that
left ventricular mass assessed by CMR predicts cardiotoxicity within the first year.60
However, this was not compared to echocardiographic measurements. Although left
ventricularmassmeasured by echocardiography and byCMRhighly correlate, direct
comparisons between the two modalities are needed in cardiotoxicity research. In a
comparative study between CMR, 2D echocardiography and 3D echocardiography,
both 2D and 3D echo echocardiography were unable to detect LVEF values below
the threshold value of 50% estimated by CMR.61 Following, CMR is recommended
for patients in whom LVEF is close to a certain threshold and more sophisticated
techniques are needed to provide adequate detection.58 Additionally, the particular
value of CMR is found in evaluation of cardiac tissue and fibrosis using T1 and T4
mapping, which can have prognostic implications.5

Furthermore, several biomarkers have been found to detect both type I and type II
cardiac damage.9 So far, early increases in NT-proBNP, troponin I, and BNP have
been shown to predate a drop in LVEF after initiation of potential cardiotoxic cancer
treatment.25 Also, novel biomarkers, such as plasma myeloperoxidase (MPO) have
been shown to predict a decrease in cardiac function.62 Detecting patients who de-
velop cardiac dysfunction early in the course of chemotherapy is key.24 Novel risk
prediction methods are needed, because adequate a priori risk prediction can en-
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Figure 2.3. Schematic representation of the occurrence of cardiac damage and possible inter-
ventions during early/acute (t0–t1) and late (t2–t3) cardiotoxic effects. The aim is to find and
target patients at risk (solid line) and separate these from patients at low risk.

hance early detection by targeting patients at risk. Risk prediction may be enhanced
with findings fromnovel research in the -omics area, including genomics, proteomics,
and transcriptomics. Lastly, early detection can be enhanced by employing multiple
modalities in a high-risk population. A schematic representation between the occur-
rence of cardiotoxicity over time as well as possible screening possibilities as well
as diagnostic and treatment interventions that require further study are depicted in
figure 2.3.

2.4 Treatment

With recognising patients at risk prior to start of cancer treatment as well as early de-
tection of cardiotoxicity during and after treatment with chemotherapy, cancer treat-
ment adaptation as well as early intervention of cardiac dysfunction become possible
(table 2.2). In a risk-guided strategy, preventive treatment can be started in patients
with high a priori risk, while in patients with moderate to high risk, treatment can
be started during the early stages of signs of cardiac dysfunction, detected by GLS
or increases in cardiac damage markers such as troponin T and BNP. Several treat-
ment modalities employed in guideline-directed HF management have been proven
effective in both prophylactic prevention as well as direct management of a decrease
in cardiac function following anticancer treatment.15,63 There is no direct evidence
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that these encouraging results on the intermediate endpoint of cardiac dysfunction
translate into a lower incidence of cardiovascular disease or better survival after can-
cer treatment. Studied treatment modalities in the prevention and management of
cardiotoxicity include β blockers, angiotensin converting enzyme (ACE) inhibitors,
and angiotensin inhibitors as well as mineralocorticoid receptor antagonists (MRA).

The benefit of β blockers has proven mixed in preventing cardiac damage. To
study the results of β blockers on LVEF following treatment, metoprolol-succinate
was administered concomitantly with chemotherapy to breast cancer patients receiv-
ing anthracyclines and trastuzumab in patients.64 After adjuvant chemotherapy,
no effect was observed on LVEF compared to placebo. In contrast, an early study in-
vestigating nebivolol ( ) found a protective effect with no decrease of LVEF
or increase in NT-proBNP, in contrast to a significant increase in NT-proBNP and de-
crease of LVEF in the placebo group ( ).65 These results were confirmed in a lar-
ger, more comprehensive trial, of which the results were presented at the European
Society of Cardiology conference 2016. The investigators randomly assigned wo-
men with HER2 negative breast cancer to nebivolol and 30 women to placebo, and
all were subsequently treated with doxorubicin. After six months neither patients
in the nebivolol or placebo group had a decrease in LVEF, fractional shortening, or
left ventricular diameters. However, in the placebo group tissue Doppler showed
alteration in left ventricular diastolic functioning. Additionally, echocardiography-
based speckle-tracking showed a significant alteration of the LV systolic function and
GLS in the placebo group compared to the treatment group.66 These initial findings,
although limited in scope, also emphasise the importance of GLS and other more
comprehensive imaging modalities in cardiotoxicity treatment. Another small study
looked at the effects of carvedilol when administered to a mixed group of cancer pa-
tients before start of anthracycline treatment and found a significantly higher LVEF
after treatment compared to placebo.67 Overall, the experience with β blockers has
been promising, but dependent on the type of β blocker used. Additionally, timing of
β blocker initiation seems to be important,where concomitant treatmentwith β block-
age from the onset of chemotherapy holds the most potential. Identifying a popula-
tion at risk might help to better detect the potential impact from early β blockage
during chemotherapy in preventing adverse cardiac effects.

Administration of ACE inhibitors was studied in a mixed group of patients
with a troponin I increase after high-dose chemotherapy (out of evaluated pa-
tients), randomising patients between enalapril or placebo starting one month after
chemotherapy for the duration of one year. No patients treated with enalapril had
a decrease in LVEF below the normal limit of , compared to of pa-
tients receiving placebo.63 Interestingly, when administrating enalapril in combin-
ation with carvedilol at onset of a decrease of LVEF after anticancer treatment, in

of patients LVEF did not recover.68 These negative results can be explained by
the fact that a drop in LVEF takes place after a rise in troponin I. Starting protective
medication based on LVEF might prove to be too little, too late. In a smaller study in
which ACE inhibition together with carvedilol was started together with chemother-
apy instead of after a LVEF decrease, the results were more promising.69 In contrast,
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Table 2.2. Treatment modalities in cardiotoxicitya

Study drug
(reference)

Cancer Chemotherapy Timing of study
drug

Endpoint Outcome

Nebivolol versus
placebo65

BC Anthracyclines At onset of
treatment

LVEF; NT-proBNP No change in LVEF;
NTpro-BNP in treatment
group. Significant increase in
NT-proBNP and decrease in
LVEF in placebo group

Metoprolol
succinate versus
placebo64

BC Doxurubicin and
trastuzumab

At onset of
treatment

LVEF No effect

Cardevilol versus
placebo67

Any Anthracyclines Before onset of
treatment

LVEF Significantly higher LVEF after
treatment compared to placebo

Enalapril versus
placebo63

Mixed, high-dose
chemotherapy

According to
cancer type

At onset of
treatment

decrease in
LVEF

No patients reached primary
endpoint in enalapril group
versus in placebo group

Valsartan versus
placebo70

NHL CHOP At onset of
treatment

Acute
cardiotoxicity

Prevents QTc dispersion; no
effects on natriuretic peptides

Candersatan
versus placebo64

BC Anthracyclines At onset of
treatment

LVEF Significantly higher LVEF after
treatment compared to placebo

Candersatan
versus placebo52

BC Trastuzumab At onset of
treatment

LVEF; NT-proBNP No effect
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Study drug
(reference)

Cancer Chemotherapy Timing of study
drug

Endpoint Outcome

Enalapril and
carvedilol68

Any Anthracyclines After detection of
LVEF decrease

LVEF: responders,
partial responders,
non-responders

responders; partial
responders;
non-responders

Enalapril and
carvedilol versus
placebo69

Haematological According to
cancer type and
protocol

At onset of
treatment

LVEF No decrease in intervention
group, significant decrease in
placebo group

Spironolactone
versus placebo71

BC Anthracyclines At onset of
treatment

LVEF No significant decrease in
spironolactone group,
significant decrease in placebo
group

a ARBdenotes angiotensin receptor blocker; BC, breast cancer; CHOP, cyclophosphamide, hydroxydaunorubicin, oncovin and prednisone; LVEF, left ventricular
ejection fraction; MRA, mineralcorticoid receptor antagonists; NHL, non-Hodgkin lymphoma.
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a recent study started treatment according to the HF guideline following a detection
of a LVEF decrease. While many patients had a partial recovery, of patients did
not recover, emphasising the need for early detection and intervention in the case of
drug-induced damage.15

Treatment with angiotensin receptor blockers has given mixed results.52,64,70 A
small study showed no effect of valsartan on LVEF in non-Hodgkin lymphoma pa-
tients receiving cyclophosphamide, hydroxydaunorubicin, oncovin, and prednisone
(CHOP).70 While the recent PRADA study64 found a significant, albeit small effect of
candesartan on LVEF following treatment with anthracyclines, the results of a larger
more comprehensive trial investigating candesartan administration to HER2 positive
breast cancer patients receiving trastuzumab showed no protective effect on decrease
in LVEF.52,64 It has been suggested that the positive effects found of candesartan treat-
ment in the PRADA studymay be the consequence of a decrease in afterload and not
a direct effect of the study drug on the heart.16 Notwithstanding, in the larger but
negative study, candesartan was started not right from the start of anthracyclines but
only at initiation of trastuzumab. This may have obscured a protective effect of an-
giotensin receptor blockers. Of note, a small study showed a possible protective effect
of concomitant MRA administration: patients were given spironolactone concom-
itant with chemotherapy administration and compared to patients on placebo. Pa-
tients on spironolactone showed retained both systolic and diastolic function, while
patients on placebo showed significant decreases in both systolic and diastolic func-
tion. Nevertheless, the number of patients included was small and findings should
be repeated in a larger cohort.71

With regard to the treatment of HF, novel modalities have become available such
as LCZ696 (valsartan/sacubitril) and ivabradine.72 Ivabradine is a funny current in-
hibitor that reduces heart rate. In the SHIFT trial, ivabradine showed a reduction in
both HF-related mortality as well as HF-related hospital readmissions.73 In a mouse
model, ivabradine reduced oxidative stress.74 Ivabradine could prove a useful agent
in both preventing and treating cardiotoxic effects from anticancer treatments. How-
ever, no studies have been performed to date in patients with cardiotoxicity. Another
new kid on the block is LCZ696, which significantly reduced mortality and rehospit-
alizations in HF patients in a recent landmark trial.75 However, possible benefits for
patients with cardiotoxicity remain unknown.

2.5 Future trial directions and lessons learned

While great advances have been made in the risk assessment and early detection
of cardiotoxic effects following cancer treatment, no clear diagnostic and preventive
treatment algorithm has been formulated. Current treatment options for preventing
drug-induced cardiotoxicity have held promise. Nevertheless, this is dependent on
the timing of administration, type of drug, and the patient population. Primary pre-
ventive measures are not cost-effective due to the relatively high number needed to
treat. Therefore, there is a great need to identify patient groups at high risk for car-
diotoxicity to increase efficacy and cost-effectiveness of cardioprotective strategies.
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Further secondary preventive measures should be geared towards early detection of
structural changes using advanced imaging techniques. Additionally, a more com-
prehensive understanding of the underlying pathophysiology and novel treatment
targets remain an unmet need.

In a clinical setting, much is to be gained by more adequate a priori risk assess-
ment. While individual patient characteristics have been identified for determining
patients at high risk for cardiotoxicity, an adequate and validated risk score is still
lacking. Determining which patients are at high risk is key to devise effective dia-
gnostic and treatment algorithms. In this case, cancer patients with a high anticip-
ated risk of cardiotoxicity might be treated with different alternative less cardiotoxic
treatment modalities (e.g. carboplatin instead of doxorubicin in case of HER2 posit-
ive early breast cancer). Second, close monitoring of cardiac function before, during,
and after treatmentmight benefit survival andmorbidity. Third,while great improve-
ments have been made in the treatment of initial cardiotoxic effects and decreases in
LVEF with both ACE inhibition and β blockage, identifying patients at high risk for
cardiotoxicity could enhance efficacy of cardioprotective agents. Lastly, but probably
important, cardiovascular risk factors including BMI and physical activity should be
readily addressed in high-risk patients to reduce the risk for cardiotoxicity.

Early detection of cardiotoxicity is imperative. While echocardiography has
proven a valuable diagnostic modality, assessment of LVEF using biplane echocar-
diography might not be sensitive enough to detect early changes. Indeed, here GLS
seems to predate changes in LVEF and seems a better determinant of myocardial con-
tractility. Future trials should include GLS as an endpoint next to LVEF. Additionally,
CMR with T1 mapping has shown great promise and remains the gold standard in
detecting cardiac dysfunctionwhen left ventricular function is at or around threshold
levels. CMR could be considered in patients with low-normal LVEF to adequately as-
sess a priori risk of developing cardiotoxicity. Furthermore, timing of treatment initi-
ation to prevent cardiac dysfunction seems key. Trials administering ACE inhibition
at onset of cardiac dysfunction have shown less favourable effects than studies ad-
ministering treatment concomitantly with or before anticancer treatment. This again
emphasises the importance of early detection as well as adequate risk assessment
before cancer drug administration to identify patients highly susceptible to develop
cardiotoxicity.
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