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Abstract

In the field of cardio-oncology, it is well recognised that despite the benefits of chemotherapy in treating and possibly curing
cancer, it can cause catastrophic damage to bystander tissues resulting in a range of potentially of life-threatening cardiovascular
toxicities, and leading to a number of damaging side effects including heart failure and myocardial infarction. Cardiotoxicity is
responsible for significant morbidity and mortality in the long-term in oncology patients, specifically due to left ventricular
dysfunction. There is increasing emphasis on the early use of biomarkers in order to detect the cardiotoxicity at a stage before it
becomes irreversible. The most important markers of cardiac injury are cardiac troponin and natriuretic peptides, whilst markers
of inflammation such as interleukin-6, C-reactive protein, myeloperoxidase, Galectin-3, growth differentiation factor-15 are
under investigation for their use in detecting cardiotoxicity early. In addition, microRNAs, genome-wide association studies
and proteomics are being studied as novel markers of cardiovascular injury or inflammation. The aim of this literature review is to

discuss the evidence base behind the use of these biomarkers for the detection of cardiotoxicity.
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Introduction

There is an increasing interest in the use of cardiac biomarkers
to guide the management of oncology patients receiving
cardiotoxic cancer therapies. Biomarkers offer value to detect
early cardiac injury or strain, often preclinical, confirm LV
injury and/or dysfunction when imaging provides borderline
or inconclusive information, guide treatment strategies includ-
ing initiation of cardioprotection during ongoing cancer treat-
ment to allow completion of cancer treatment safely and at
follow-up to identify patients prior to the development of
symptomatic heart failure (HF).

Cardiac biomarkers are generally circulating proteins or
molecules which can be detected from blood samples and
are markers of cardiotoxicity [1]. In cardio-oncology, cardiac
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biomarkers provide a way to detect toxicity early, ideally prior
to the development of irreversible organ damage, and if ele-
vated, lead to a pathway of care which allows cancer patients
to continue their treatment safely. Cardiac biomarkers may be
applied at various stages of cancer management, i.e. calcula-
tion of baseline risk prior to starting cancer treatment to guide
primary prevention treatment, during treatment in monitoring
for early toxicity and screening for late side effects in survi-
vors. In the future, there is the potential for using biomarker
expression profiles to guide specific choices regarding cardio-
vascular preventative therapy. The aim of this review is to
describe the current role of cardiac biomarkers in oncology
patients, in respect of diagnosis, screening and surveillance for
the development of cardiotoxicity, both during and after can-
cer treatment.

What Is Cardiovascular Toxicity?

The European Society of Cardiology (ESC) [2] in its consen-
sus statement defines cardiovascular (CV) toxicity as ‘any
heart injury (functional or structural) related to cancer treat-
ment, taking into consideration chemotherapy, radiotherapy
and cancer itself’. CV toxicity can be acute, subacute or de-
layed presenting many years after chemotherapy or radiother-
apy, involving a range of cardiac structures leading to HF,
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coronary artery disease, valvular heart disease, arrhythmias
including cardiac conduction disease and pericardial disease.

Left ventricular injury, dysfunction and/ or HF are the
most common cardiotoxicities stemming from cancer ther-
apies. Definition in trials and routine clinical practice
vary, which can lead to confusion in management, and
currently the role of cardiac biomarkers needs clarifica-
tion. The ESC Guidelines for the diagnosis and manage-
ment of HF published in 2016 require an elevated natri-
uretic peptide level in the diagnosis of HF, but then, de-
fined HF based upon left ventricular ejection fraction
(LVEF) into preserved ejection fraction (EF) >50%,
mid-range EF (40-49%) and reduced EF (<40%) [3].
Therefore, the presence of HF does not depend upon a
specific LVEF threshold or value, as LVEF guides treat-
ment options but not the diagnosis. In contrast, clinical
oncology trials use the definition of HF as defined by
the Common Terminology Criteria for Adverse Events
(CTCAE) [4] and the ESMO Practice Guidelines [5], both
of which require a change in LVEF, i.e. a decrease of EF
by 5% or more to less than 55% in the presence of symp-
toms of HF or an asymptomatic decrease in EF by 10% or
more to less than 55%.

LV dysfunction or HF is a well-recognised complication of
anthracyclines and several targeted chemotherapies (Table 1).
There is a growing rationale to detect LV dysfunction early, to
treat and prevent the development of HF, as well as monitor its
progression. Biomarkers are one technology to detect
cardiotoxicity early before changes in LVEF, or clinical signs
and symptoms of HF have developed. It is important to high-
light that biomarkers should not be used in isolation, but rather
placed in a comprehensive assessment including determina-
tion of cardiac function using imaging, risk factors, clinical
symptoms and the context of the cancer (specifically whether
it is localised versus metastatic disease and cancer prognosis).

Cardiotoxicity surveillance involving the detection of car-
diac biomarkers combined with serial imaging may provide
the most sensitive strategy to detect early toxicity and guide
cardioprotective interventions [8]. Using this combined ap-
proach in a cardio-oncology service, cardiologists could

Table 1 A comparison amongst the different anthracyclines in terms of
relative cardiotoxicity as defined by a decline in left ventricular function
and bioequivalent doses [2, 6, 7]

Drug Relative cardiotoxicity
Doxorubicin rapid infusion 1

Epirubicin 0.8

Daunorubicin 0.6

Idarubicin 0.53

Liposomal anthracyclines 0.5 (for doxorubicin)
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support ongoing oncology treatment to completion in 88%
of patients referred with cardiotoxicity from their current can-
cer treatment [9]. For example in a study by Pareck et al. [9],
which explored the running of a cardio-oncology service over
5 years, it effectively demonstrated the importance of collab-
oration between cardiologists and oncologists in order to im-
prove patient outcomes. Another challenge is the role in long-
term surveillance for the development of late cardiotoxicity,
which is more relevant at present with the increasing cancer
survivorship seen. Critical questions include which cancer
survivor patient cohorts should be screened, when should
screening start, how long patients should be screened for and
what biomarkers should be used to detect toxicity from spe-
cific oncology treatment regimens.

Mechanisms of Toxicity

Understanding the pathophysiology of cardiotoxicity is
important to guide the selection of appropriate bio-
markers for diagnosis and surveillance. Treatments first
recognised to cause cardiovascular toxicity were
anthracyclines and radiation therapy [10, 11].
Specifically, left ventricular dysfunction is primarily
due to anthracycline toxicity, whereas valvular dysfunc-
tion and coronary artery disease is due to radiation tox-
icity [11]. Several targeted cancer therapies cause LV
dysfunction and HF including HER2 inhibitors
(trastuzumab) [12], RAF-MEK inhibitors [13] and the
EGFR inhibitor osimertinib [14]. Other targeted cancer
therapies such as vascular endothelial growth factor
(VEGF) signalling inhibitors and multi-targeted tyrosine
kinase inhibitors have showed a broader spectrum range
of CV toxic effects including LV dysfunction but also
vascular toxicity, QT prolongation and arrhythmia risk,
and in some cases pulmonary hypertension [10, 15].
Therefore, biomarkers for this wider range of CV side
effects should be developed for a more comprehensive
approach.

Anthracycline chemotherapy is a cytotoxic form of
chemotherapy, which acts by binding to topoisomerase II
and generates reactive oxygen species leading to cell death,
which is a common cause of cardiotoxicity [15, 16].
Anthracyclines includes doxorubicin, epirubicin, idarubicin
and daunorubicin, and they are used to treat a wide range of
cancers including breast cancer, lymphoma, acute leukaemia,
sarcomas and a range of paediatric cancers. Approximately
10% of patients experience cardiotoxic side effects stemming
from anthracyclines, with some detectable during treatment,
others within the first 12 months following treatment and then
late presenting cases up to 30 years later [17]. Anthracyclines
can cause myocardial toxicity via oxidative stress, mitochon-
drial dysfunction, which may initially be reversible, before
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progressing to myocardial injury with apoptosis, necroptosis
and cardiomyocyte cell death leading to a troponin leak [6].
Table 1 demonstrates the relative differences in cardiotoxicity
amongst the different anthracycline class members.

Trastuzumab, the humanised monoclonal antibody
generated against the HER2/neu receptor, also known
as Herceptin®, is known to cause left ventricular dys-
function, which in severe cases can lead to HF.
However this HF syndrome is usually, but not always,
reversible on cessation of trastuzumab treatment and
initiation of HF medications [15, 18]. The mechanisms
of cardiotoxicity are complex, and one part is via inhi-
bition of the beneficial and cardioprotective effects of
neuregulin-1 signalling via the HER2 receptor in the
heart (Fig. 1). Cardiac HER2 signalling is a protective
pathway which is upregulated in the hearts under in-
creased stress from pre-existent heart disease or recent
trastuzumab treatment [19]. Neuregulin-1 normally acts
on the heart via either ErbB4/ErbB4 receptor
homodimers or ErbB4/ErbB2 heterodimers to promote
protective pathways in the presence of cell stressors
[20, 21]. Trastuzumab causes functional abnormalities
rather than myocyte necrosis or apoptosis, unless con-
comitantly delivered with other chemotherapeutic agents
[22, 23]. Hence, this suggests that it directly causes
stress rather than myocyte injury, but in patients with
actived anthracycline-initiated apoptosis, it may exacer-
bate the injury and myocyte cell death by inhibiting the
antiapoptotic pathways. Other chemotherapeutic agents
responsible for reversible cardiotoxicity include VEGF
inhibitors [22].

VEGEF inhibitors (VEGF1, e.g. pazopanib, sorafenib, suni-
tinib) [24] and BCR-ABL tyrosine kinase inhibitors [15] are
examples of anti-cancer therapies which can cause both direct
LV systolic dysfunction and indirect LV dysfunction via cor-
onary artery disease including acute myocardial infarction and
hypertension [25]. Other CV adverse effects include throm-
botic events, QTc interval prolongation and HF [26-29].

Schutz et al. calculated that the relative risk of mortality
was 2.23 (95% CI, 1.12-4.44) in a meta-analysis of 4679
patients treated with sunitinib, sorafenib or pazopanib [30].
VEGF inhibitor—related CV toxicity is usually reversible
when the VEGFi is stopped and with appropriate CV treat-
ment [22]. The clinical challenge in these cases is that VEGFis
are a key component of treatment of a range of metastatic
cancers, and therefore efforts must be made to control the
CV toxicity in order to continue treatment safely.

VEGF-related hypertension occurs via various mech-
anisms, including impaired endothelial function second-
ary to decreased nitric oxide availability, increased vas-
cular tone and decreased microvascular density [31].
Renal dysfunction due to thrombotic microangiopathy
is an important factor leading to hypertension especially

with bevacizumab [32]. The development of hyperten-
sion with VEGFis is associated with improved survival
in patients with metastatic renal cancer. Rini et al. [33]
showed an improved survival of 30.9 months (95%
CI=27.9-33.7 months) in patients who developed hy-
pertension with bevacizumab compared with 7.2 months
(95% CI=5.6-10.7 months) in patients who did not.
Therefore, although the development of hypertension is
a complication, it is also a marker of efficacy.

Proposed mechanisms for the development of thrombotic
events include disruption of endothelial cell integrity [27],
platelet aggregation and degranulation [34], which are all con-
sidered reversible. However, thrombotic events and myocar-
dial infarction lead to increased mortality which has been con-
firmed in various meta-analysis [35]. Despite all these poten-
tially serious CV toxicities from VEGF inhibitors, it is impor-
tant to remember that there is improved survival from cancer
and overall survival on patients on VEGF inhibitors. The role
of cardiac biomarkers in VEGF inhibitor—related CV toxicities
is limited, and the only biomarkers currently available with
growing evidence are natriuretic peptides (NPs).
Nevertheless, it has been shown that asymptomatic
cardiotoxicity is increasingly more common, but was only
detected in 43 patients (27%) by either an increase in NPs or
a decline in LVEF [36]. Morever, there is no specific link
between an elevation in specific biomarkers and the biological
mechanisms behind causing cardiotoxicity. Biomarkers which
could detect early LV dysfunction more specifically than NPs,
identify VEGFi-related hypertension early on, or predict arte-
rial thrombosis could lead to more specific treatments to pre-
vent clinically significant CV toxicities and keep patients on
their effective VEGFi for longer [33, 35, 37].

The immune checkpoint inhibitors (ICIs) are a new
class of cancer therapies, which activate the immune
system to target and destroy cancer cells. ICI target
receptors and signalling pathways involved in immune
escape of cancer cells include cytotoxic T lymphocyte—
associated protein 4 receptor (CTLA4), programmed cell
death protein-1 (PD-1) and programmed cell death pro-
tein ligand-1 (PD-L1) [38]. Despite being shown to en-
hance clinical outcomes in cancer patients, ICIs can also
cause a range of cardiovascular toxicities [39]. Most of
the CV toxicities from ICI treatments are immune-me-
diated, and the most common and most serious is auto-
immune T-lymphocytic myocarditis. In addition, ICIs
can cause complete heart block, acute coronary syn-
dromes secondary to both atherosclerotic plaque rupture
and autoimmune vasculitis, pericarditis and a new
emerging syndrome of non-inflammatory left ventricular
dysfunction [38]. More studies are required to pheno-
type the spectrum of ICI-mediated CV toxicities and
the role of biomarkers in diagnosis, surveillance and
monitoring response to treatment agents [40].
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Chimeric antigen receptor therapy (CAR-T therapy) is
a novel form of immune therapy where T cells are ge-
netically engineered to target tumour cells. CAR-T cell
therapy is used in the treatment of various haematolog-
ical and solid cancers; the main side effect is a cytokine
release storm (CRS) leading to a systemic inflammatory
response syndrome with multiorgan failure including
cardiotoxicity. There is also an increased risk of ar-
rhythmias, namely SVT and atrial fibrillation [41]. A
study assessing cardiovascular complications in 93 chil-
dren treated with CAR-T therapy for leukaemia reported
that there were 21 cases of hypotension requiring ino-
tropic support with onset at a mean of 4.6 days [42]. In
this group, 41% had systolic dysfunction on echocardio-
gram, whilst 7% had new cardiac dysfunction main-
tained until discharge, this was persistent at 6 months
in 1 patient only [42]. In a recent report of 137 adult
cancer patients receiving CAR-T, the evidence of new
CV events occurred in 31% of the patients with grade
> 2 CRS including decompensated HF, arrhythmias and
CV death [43].

Current Methodology for Diagnosis
of Cardiotoxicity

The American Society of Echocardiography and the European
Association of Cardiovascular Imaging have defined one fea-
ture of cardiotoxicity as the reduction in LVEF >10%
resulting in a value <53% (normal limit if 2-Dimensional
echocardiography is used) [44]. The European Society of
Cardiology 2016 have stated that echocardiography (3-
Dimensional if endocardial border is clear or 2-Dimensional
with biplane Simpson method) is the most optimal choice for
detecting cardiotoxicity leading to left ventricular dysfunction
at all stages of chemotherapy, with cardiotoxicity defined as a
decrease in LVEF > 10% to reach a value below the normal
limit for ejection fraction [2]. The frequency of assessment
needed to detect cardiotoxicity is determined by the underly-
ing cancer treated, the cardiotoxic cancer therapy and planned
duration, type, total dose and baseline cardiovascular risk in
all haematology and oncology patients. It is increasingly
recognised that diagnosing cardiotoxicity based on symptoms
alone or waiting for a decline in ejection fraction which causes
symptoms is too late, and it means that the degree of myocyte
damage is no longer reversible. Also, this method does not
detect cardiotoxicity manifesting structurally such as
myocarditis.

A prospective study [17] involving a large cohort of patient
showed that regular echocardiography allowed identification
of cardiotoxicity in 98% of patients in the first year of treat-
ment, such that with treatment using ACE inhibitors and beta
blockers, 82% of patients were able to recover on follow-up
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and achieve a normal EF. However, in 71% patients, the EF
achieved with this medical treatment was below their value
prior to chemotherapy. This emphasises the importance of
earlier detection of cardiotoxicity before a decline in EF,
which paves the importance of biomarkers as a tool for early
detection of cardiotoxicity in current cardio-oncology
practice.

Cardiac Troponin

Cardiac troponins (cTn) (both troponin I and troponin T) are
the gold standard biomarkers for the detection of cardiac in-
jury and cardiomyocyte necrosis, and the most extensively
used biomarker to detect cardiac toxicity [45, 46]. They have
high specificity for cardiac injury, but also with the advent of
high sensitive assays means that it is possible to detect small
amounts of myocyte damage and help provide treatments to
minimise cardiotoxicity prior to the development of irrevers-
ible LV dysfunction [47]. The importance of monitoring tro-
ponin to detect cardiotoxicity has been demonstrated mainly
from studies of cancer patients receiving chemotherapy, main-
ly anthracycline [48]. A persistent elevation of troponin I is
associated with a greater degree of LV dysfunction and a
higher incidence of cardiac events compared with transient
elevations in the troponin levels [47]. Troponin T is generally
considered less useful as a marker as studies have shown that
it is not associated with myocardial infarction or coronary
heart disease, but instead is more closely linked to the risk of
death which is not directly attributed to cardovascular disease
[49].

Anthracyclines

The importance of troponin as a marker of
anthracycline-induced cardiotoxicity was first demon-
strated in animal models. Clinical studies in both chil-
dren and adults have shown that elevated troponin
levels during chemotherapy is an early marker of in-
creased risk of left ventricular dysfunction [46—48,
50-67]. The largest study to date involved 703 patients
with cancer where troponin I was measured using a
conventional assay (defined as an assay cut-off of above
80 ng/L representing a significance elevation in troponin
I) before chemotherapy, within 3 days of commencing
chemotherapy and after 1 month [47]. Troponin I was
in the normal range in 70% (495 patients), and in the
remaining 208 patients increased at 3 days only in 145
patients and increased in both early and late stages in
63 patients. Patients without troponin I elevations had
no significant reduction in LV function and had a good
prognosis with an incidence of 1% of cardiac events at
3-year follow-up. On the other hand, elevation of
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troponin I was associated with a higher incidence of
adverse cardiovascular events. Specifically, the mainte-
nance of troponin I elevation after 1 month was associ-
ated with greater LV impairment and higher incidence
of cardiovascular events compared with an isolated ele-
vation of troponin I at only 3 days (84% vs 37%;p <
0.001) [47]. Similarly, the incidence of adverse events
was greater in the group who had a persistent rise in
the troponin levels during anthracycline chemotherapy.

Another study involving 204 patients with malignancies
requiring anthracyclines involved measuring troponin for ev-
ery cycle of high-dose chemotherapy [46]. In total 65 patients
32% had elevated troponin (> 50 ng/L). This was linked to a
greater reduction in LVEF on long-term follow-up such that
when LVEF <30%, 100% of patients had troponin >50ng/L
and the higher the troponin the greater the reduction in LVEF.
Both studies, hence, validate the importance of using conven-
tional troponin for surveillance post-chemotherapy as both a
sensitive and reproducible marker of myocardial dysfunction,
prior to development of HF. There is also increasing data
emerging from survivors of childhood cancers which shows
that cTnl and hs-Tnl were not consistently elevated in patients
who developed LV dysfunction on imaging [68—70]. Hence,
these studies demonstrate that although troponin is a sensitive
marker during and early after chemotherapy, it is not a sensi-
tive marker for ongoing surveillance of subclinical
cardiotoxicity post-chemotherapy, when compared to other
biomarkers such as NPs.

Trastuzumab

Troponin I has a negative predictive value of 99% which
helps reliably identify patients who do not need regular
follow-up [47]. The role of troponin as a marker of
cardiotoxicity with other cancer therapy regimens apart
from the anthracyclines is still under research [48, 50,
52, 56, 57, 59]. In breast cancer patients treated with
trastuzumab, 16 patients who developed LV dysfunction
did not demonstrate an increase in troponin [48]. LV dys-
function quickly recovered on cessation of treatment,
hence this could represent myocardial sensence induced
by trastuzumab instead of myocaridal toxicity. This same
study involving 251 trastuzumab-treated patients showed
than an increase in troponin in 36 patients (14%) predict-
ed LV dysfunction and poor prognosis, and hence dem-
onstrates its specificity for use in clinical practice [48].
The largest study of cardiac troponin is the HERA trial
cardiac biomarker substudy of 533 women receiving
trastuzumab for HER2+ breast cancer [71]. They reported an
elevated cardiac troponin post-anthracycline treatment but be-
fore trastuzumab (baseline pre trastuzumab) and that this base-
line troponin predicted which women developed future
trastuzumab-induced cardiotoxicity as signified by a decline

in LVEF (hazard ratio 3.57-4.52 vs no troponin rise), whereas
troponin surveillance during trastuzumab was not sensitive. In
line with the HERA trial substudy, several other studies also
reported that surveillance with cardiac troponin during
trastuzumab treatment did not predict LV dysfunction
[72—74]. This could be related to the different preceding che-
motherapy regimens (anthracyclines vs non-anthracyclines),
the variation in the sampling time, the different troponin as-
says used and the length of follow-up [51]. For example, it has
been shown that exposure to doxorubicin in childhood can
lead to increased risk of morbidity and mortality [75, 76] of
up to 3.1-fold in 30-year-old survivors [77].

Immunotherapy

Cancer treatment has greatly advanced with the widespread
use of immune checkpoint inhibitors [78]. Nevertheless, their
increasing use is not without problems, specifically immune
checkpoint inhibitor (ICI)-mediated myocarditis [79-82].
ICI-mediated myocarditis can be detected through an increase
in serum troponin, which is one of the main diagnostic criteria
for diagnosis in general cardiology. However, in one of the
larger published cohorts of ICI myocarditis, only 94% of pa-
tients had an elevated troponin at presentation [79]. Therefore,
6% of the cases in this cohort had ICI-mediated myocarditis
diagnosed clinically with normal cardiac troponin levels. This,
therefore, demonstrates that biopsy-proven, troponin-negative
ICI-mediated myocarditis can occur. The paper from
Mahmood et al. [79] also highlighted the increased mortality
if patients are discharged from hospital with myocarditis still
active and not fully suppressed. In this cohort, the patients
with cardiac troponin at discharge that was greater than
1.5 ng/mL had a fourfold higher risk major adverse cardiac
events (MACE) at follow-up. Therefore in addition to diagno-
sis, serial troponin measurements are required to monitor re-
sponse to immunosuppressant treatment and timing of when
patients with ICI myocarditis are safe to discharge home on
oral steroid therapy. A recent paper defined the criteria for ICI-
related myocarditis [80]. The role of troponin surveillance has
been proposed and requires prospective research studies for
validation, at least for patients considered at higher risk of
myocarditis and CV complications [80, 81]. If applied, it is
recommended that troponin measurements at baseline and
weekly during cycles 1-3 can detect this myocarditis-related
toxicity early [82].

CAR-T Cell Therapies

The study of 137 adult cancer patients receiving CAR-T re-
ported that cardiac troponin was a sensitive biomarker for the
detection of CV toxicities [43]. Cardiac troponin was found to
be elevated in 29 of 53 tested patients (54%) and was elevated
in 95% of patients who subsequently developed clinical CV
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toxicity. Therefore, it appears that an inflammatory CAR-T-
mediated myocarditis may occur in some patients as part of
their cytokine release storm [83], and occurs early (with a
median of 5 days after treatment) [43]. Hence, a short period
of cardiac troponin surveillance may be warranted and should
be studied prospectively in larger cohorts.

Natriuretic Peptides

Two NPs, i.e. brain natriuretic peptide (BNP) and N-termi-
nal pro-B type natriuretic peptide (NT-proBNP) [8, 52,
84-86] are simulated to be secreted by cardiomyocytes from
increased transmural tension and neurohormonal stimulation
(notably by noradrenaline and angiotensin II). BNP is de-
rived from cleavage of pre-proBNP leading to BNP and the
biologically inactive N-terminal containing fragment (NT-
proBNP). NT-proBNP has also been used in it own right
as a biomarker for detection of HF [87, 88]. Hence, NPs are
important biomarker of pressure overload and myocardial
stretch [89, 90] and, their ability to detect haemodynamic
stress makes them an important maker of cardiotoxicity, as
well as for long-term surveillance in the management of
heart failure. NPs may also be used to detect acute
cardiotoxicity as levels increase within 24 h of exposure to
anthracycline chemotherapy [91, 92]. NPs are also an im-
portant screening tool for HF in patients presenting with
dyspnoea on cancer therapy, but it has been shown that a
cut-off value of 100 ng/L for NT-proBNP has a high sensi-
tivity (0.92), but low specificity (0.5) for cardiotoxicity as
there are other causes of increased NPs including, for exam-
ple atrial fibrillation and valvular heart disease [93].

Several studies have analysed the role of NPs in various
oncology populations. One study measured NP in an unselect-
ed cohort of 600 successive newly diagnosed cancer patients
to their large oncology service. An elevated baseline NT-
proBNP pre-oncology treatment was a signifcant predictor
of mortality risk: hazard ratio 1.54 (95% CI 1.24 to 1.90,
p<0.001) with a Kaplan—Meier survival rate of 67% versus
49% (in patients with normal NT-proBNP, p<0.001) at a me-
dian of 25 months follow-up [94].

Most studies of NPs have been in patients receiving
anthracyclines or anthracyclines and trastuzumab; treat-
ments which both cause LV dysfunction and HF. One
study evaluating NT-proBNP in 52 patients treated with
high-dose anthracyclines with normal NT-proBNP at
baseline, three different patterns of elevation of pro-
BNP have been identified [95]: 17 patients had elevated
NT-proBNP immediately after starting treatment which
remained elevated at 72 hours [160 (95) ng/L at base-
line; 1163 (936) ng/L after 72 h; P <0.00038], in 19
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patients NT-proBNP only increased after 12-36 hours
after treatment and decreased back to baseline after 72
hours [120 (107) ng/L at baseline; 185 (101) ng/L after
72 h; P = 0.002], and in the final group NT-proBNP
decreased from baseline after 72 hours [90 (95) ng/L at
baseline; 39 (19) ng/L after 72 h; P = 0.04]. In patients
with high NT-proBNP at 1-year follow-up, there was a
significant reduction in LVEF, and there was a strong
correlation between the level of NT-proBNP at 72 h and
the degree of reduction of EF at 12-month follow-up as
well as other markers of systolic and diastolic dysfunc-
tion including: change in ratio of peak early to peak late
flow velocities ( E/A) from >1 to <1, E-wave decelera-
tion time and isolvolumetric relaxation time. Therefore,
measurement of NPs not only helps identify patients
who will develop cardiotoxicity, but may also help de-
termine the degree of cardiac dysfunction.

Similar evidence also exists for BNPs as a marker of
cardiotoxicty. A single-centre study of 109 cancer pa-
tients undergoing treatment with anthracyclines showed
that 10.1% of patients experienced a cardiac event
(namely LV dysfunction, symptomatic HF, arrhythmia,
sudden cardiac death or ACS), and all of these patients
had a BNP >100 ng/L prior to the event [92]. This
supports the strategy of regular BNP measurements as
well as imaging to detect cardiotoxicity. However this
study highlighted that not all these patients ended up
developing LV dysfunction. On the other hand another
study involving children treated with doxorubicin, BNP
elevation was predictive of development of cardiomyop-
athy as signified by LV dysfunction (p<0.01) when
compared to healthy patients as the control [96].
Similarly, in the HERA breast cancer trial of
trastuzumab, the cardiac biomarker substudy reported
that new rises in NT-proBNP during trastuzumab treat-
ment were most predictive of a subsequent reduction in
LV function on echocardiographic surveillance, although
it was a trend which did not reach statistical signifi-
cance [71]. However there remains disparity with the
results, for example another study involving 43 patients
with left-sided breast cancer after radiotherapy, serial
BNP measurements up to 12 months post-therapy
showed that small BNP elevations were predictive for
the development of radiotherapy-related cardiovascular
events, although none of the patients developed evi-
dence of LV dysfunction [97].

In patients receiving ICIs, the main application of
NPs was in the diagnosis of new LV dysfunction.
This can be in the context of ICI-mediated myocarditis
[79], although NPs are raised in only two-thirds of
cases with myocarditis. The main role of NPs in our
clinical practice is to diagnose non-inflammatory LV,
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dysfunction as this new and emerging clinical entity can
be partly differentiated by the rise of NPs with a normal
serial cardiac troponin levels, ideally measured with a
high sensitive assay. The diagnosis also requires clinical
and imaging evidence of new LV dysfunction and ab-
sence of myocardial inflammation on cardiac imaging
and/ or endomyocardial biopsy.

Proteasome inhibitors (PIs) are an effective treatment
of multiple myeloma (MM), and 3 are currently licensed
(bortezomib, carfilzomib and ixazomib). PIs have vari-
ous cardiovascular toxicities, and in particular, the most
potent PI carfilzomib can cause HF, acute coronary syn-
dromes, arrhythmias and sudden death. Cornell and col-
leagues [98] reported the CV complications in 95 adult
MM patients treated with carfilzomib (n=65) or
bortezomib (n=30). Clinical CV complications, called
CV adverse events (CVAEs), was 50% in carfilzomib-
treated and 17% in bortezomib-treated MM patients, in-
cluding HF, ACS, arrhythmia, pulmonary arterial hyper-
tension, hypertension and venous thromboembolism.
Elevated baseline NPs before treatment was associated
with a 10.8-fold increased risk of a CVAE compared
with MM patients with a normal baseline NPs. A new
rise in NPs in the carfilzomib-treated patients during
treatment occurred predominantly in the first 6 months
of treatment, but specifically it has been shown that the
early rise taking within the first 3 weeks of carfilzomib
treatment was associated with a 36-fold increased risk
of CVAEs (95% CI, 4.4 to 296; p<0.001 vs no rise).
CVAEs were associated with interruption of PI and
worse overall survival (median 18.1 months for patients
with CVAE vs not reached in the MM patients without
a CVAE), with 88% of deaths due to MM disease pro-
gression. Therefore, measurement of NPs at baseline
and early during treatment may help identify higher risk
patients for closer surveillance and implementation of
cardioprotective treatments and intense control of CV
risk factors.

Limitations in all the studies assessing the role of
NPs in cancer patients are small study sizes, retrospec-
tive design and lack of reference ranges, cohorts are
small and unmatched cohorts between different studies,
different cancer types with different chemotherapy regi-
mens, limited follow-up, variable defined endpoints,
variable cut-off values for BNP and timepoints when
the BNP was measured. It is also recognised that in
elderly patients and females, high levels of NPs can
be normal [99, 100]. Similarly, renal dysfunction can
also increase levels of NPs [101], whereas obesity is
associated with lower levels of NPs. Finally, inflamma-
tion secondary to cancer has also been shown in some
studies to cause elevation of NPs [102].

Do Troponin and Natriuretic Peptides Convey
Different Information?

Troponin as a biomarker defines cardiomyocyte injury [65,
103, 104] (Table 2), whereas BNP is a marker of increased
myocardial strain (Table 3) [65, 90]. NPs are excellent
markers of long-term cardiovascular dysfunction in asymp-
tomatic patients [138]. Other biomarkers provide information
on acute injury but may not remain elevated in the long-term.

Role of Biomarkers to Detect Shared Risk
Factors for Heart Failure or Cancer

Evidence is emerging about a common underlying path-
ophysiology between cardiovascular disease and cancer
[107]. Inflammation is a common mediator of both pro-
cesses, and hyperglycaemia, hyperinsulinaemia and IGF-
1 are also important [108]. In this way, markers of
inflammation are increasingly recognised as important
in detection of cardiotoxicity.

Inflammatory Mediators

Interleukin-6 has been shown to be associated with in-
creased risk of cardiovascular events (MACE, MI and
cardiovascular death) as well as all-cause mortality and
increased risk of cancer [109]. IL-6 is considered an
important inflammatory marker important in the process
of atherosclerosis. Its effects are mediated by down-
stream inflammatory proteins, namely C-reactive protein
(CRP) [110].

CRP is an acute phase reactant produced by hepato-
cytes due to simulation by interleukin-6 produced by
macrophages and T cells [110]. Elevated hsCRP is as-
sociated with decreased LVEF in patients with varying
cardiovascular disease ranging from myocardial infarc-
tion and HF [110]. A study involving 54 women treated
with trastuzumab showed that hsCRP >3 mg/L was
92.9% sensitive and 45.7% specific for LVEF reduction
which is clinically significant [111]. Peak levels of
hsCRP were detected after a median of 78 days before
cardiotoxicity became evident as quantified by a de-
crease in LVEF. However, other studies failed to show
a conclusive link between elevated CRP and
cardiotoxicity [8, 139]. A specific use of CRP may lie
with T cell therapies, namely Chimeric Antigen
Receptor (CAR) T cells where daily measurements of
CRP is essential to detect cytokine release storm, which
may present as severe hypotension, LV dysfunction, ar-
rhythmia and cardiac arrest [56, 112]. Nevertheless, the
limitation of hsCRP is that is has a low specificity
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when elevated of 45.7% and a positive predictive value
for the detection of a decline in LVEF of 40.6%. Hence
due to the risks of achieving false positive values, a
high level does not confirm developement of LV dys-
function [111].

There is increased recognition of the overlap between
innate immune and inflammatory pathways which are
key in cardiac remodelling [113, 114]. The central me-
diators are expressed in both cardiomyocytes and fibro-
blasts. When the adaptive immune system is activated,
the activation of antigen presenting cells by T cells is
key to healing after a myocardial infarction and cardiac
remodelling pathways [115, 116]. This immunological,
pro-inflammatory response which in turn is important in
the pathophysiology of HF also has an impact on the
physiology of distant organs including tumours [117].

Novel Cardio-Oncology Biomarkers
Under Investigation

Myeloperoxidase

Myeloperoxidase (MPO) (produced and secreted by leu-
kocytes) has atherogenic and pro-oxidant effects on car-
diac tissue leading to its association with increased risk
of coronary artery disease and acute HF [118, 119].
MPO is an enzyme produced by polymorphonuclear
leukocytes [120], which is pro-atherogenic and pro-oxi-
dant, being responsible for lipid peroxidation, NO scav-
enging and NO synthase inhibition [121]. In patients in
ACS, elevated MPO levels despite normal troponin T
levels is important in predicting adverse outcomes
[118]. MPO may also be predictive of worse prognosis
in acute HF patients [119]and MPO-mediated
cardiotoxicityis most likely linked to oxidative stress
[122]. MPO has been shown to work synergistically
with troponin to predict adverse cardiovascular out-
comes. The first description of the link between increase
in MPO levels and the development of cardiotoxicity
was described following treatment with doxorubicin
and trastuzumab [56]. MPO elevation was clinically sig-
nificant even at baseline (a characteristic unique to this
biomarker (p=0.052)) and also clinically significant in
terms of the absolute difference in its levels between the
second cycle compared to at baseline (HR 1.34; 95%CI,
1-1.8; p=0.048) [56].

Markers of Extracellular Matrix Turnover and Fibrosis

Galectin-3 could be an important biomarker which plays
an important role in remodelling and development of
cardiac fibrosis [56, 123]. Galectin-3 is a 26-kDa

@ Springer

protein produced by macrophages and stimulates pro-fi-
brotic pathways leading to fibroblast proliferation and
hence collagen deposition. In patients with either acute
or chronic decompensated HF, studies have shown
Galectin-3 levels are important in predicting mortality
rates [124, 125]. ST-2 is a receptor from the
Interleukin-33 family and consists of 2 gene forms, i.e.
soluble ST2 (sST2) and transmembrane ST2. Blood
levels of ST-2 can be considered as less significant pre-
dictive factors of mortality and HF [52]. Growth differ-
entiation factor-15 (GDF-15) has anti-apoptosis effects
and elevated levels are important in determining prog-
nosis in HF patients [56]. GDF-15 is one of the mem-
bers of the transforming growth factor beta cytokine
family and is released in response to oxidative stress,
inflammation and injury [140]. Although GDF-15 levels
are elevated in patients with malignancies, it can also be
increased in response to oxidative stress, cellular injury
and inflammatory stimuli. No association has been made
however between elevated levels of GDF-15 or
Galectin-3 and development of cardiotoxicity, hence
these markers could just be elevated due to malignancy
[56].

MicroRNAs

Non-coding RNAs (microRNAs) mediate cardiac hyper-
trophy (microRNA-22, microRNA-495 and several
more) [126—128] and fibrosis (microRNA-433) [129],
and as such may represent important biomarkers of
HF. Also, they can be used to differentiate between
reduced and preserved ejection HF, as well as determine
prognosis. However, both the variability in measurement
as well as an incomplete understanding of their patho-
logical role or specificity means that their use is not
currently clinically validated [130, 131]. microRNA-
146a is important in cardiotoxicity related to doxorubi-
cin and is related to activation of apoptotic pathways by
downregulation of ErbB4 [132]. It is considered both a
predictive and prognostic indicator, not only in cancer
but also in a range of pro-inflammatory conditions rang-
ing from Sjogren’s syndrome to sepsis [133, 134]. This
suggests that microRNAs are an important biomarker of
cardiotoxicity presenting with inflammation, but more
studies are required.

Insights on Potential New Biomarkers from Genetic
Studies

Genome-wide association studies (GWAS) have been
instrumental in identifying single nucleotide polymor-
phisms to identify patients at increased risk of
cardiotoxicity due to anthracycline treatment. The
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largest GWAS involved 1191 patients with HER2-posi-
tive breast cancer enrolled in the NCCTG N9831 trial
who were treated with anthracyclines and then paclitaxel
+ trastuzumab [135]. It has been shown that the maxi-
mum reduction of LV function has been associated with
the following SNPs in those patients treated with
trastuzumab: LDB2 (limb domain binding 2), BRINPI
(BMP/retinoic acid inducible neural-specific protein 1, a
suppressor of cell cycle progression), RAB22A (a mem-
ber of the RAS oncogene family which is key in
endocytic trafficking), TRPC6 (transient receptor poten-
tial cation channel subfamily C member 6, involved in
cardiac remodelling and hypertrophic cardiomyopathy),
LINCO01060 (a long intergenic noncoding RNA) and
chromosome 6 intergenic region. Another GWAS in-
volved a cohort of 385 patients identified targets which
have been confirmed to be present in 181 patients
[141]. This includes a SNP near PR domain containing
2, with ZNF domain (PRDM2), which is involved in
DNA double-strand break and repair of oxidative stress.
In this meta-analysis, this was associated with a decline
in LVEF (p=6.5x10-7). Other GWAS have identified
RARG (retinoic acid receptor gamma) which is impor-
tant in cardiotoxicity and can bind to Top23 (involved
in anthracycline-related cardiotoxicity) [142]. In this
way, GWAS have been shown to be useful in identify-
ing new SNP loci involved in cardiotoxicity, hence pav-
ing the way for the identification of new biomarkers.
However, causality cannot be inferred from these stud-
ies alone, and no validation studies have been carried
out to confirm the findings.

A recent study measured the prevalence of cardiomy-
opathy causing genes in 3 separate oncology cohorts
receiving anthracycline or trastuzumab [143]. In the pa-
tients who developed cardiotoxicity with significant new
LV dysfunction during or after anthracycline or
trastuzumab, there was a significantly higher level of
background pathogenic cardiomyopathy causing genetic
mutations compared with both matched treated unaffect-
ed controls and healthy population (12% vs 2% all-
cause mutations) [143]. Truncating mutations of the
Titin gene were enriched in the patients with
anthracycline or trastuzumab cardiomyopathy compared
with a background population (7.5% vs 1.1% cancer
controls and 0.7% healthy population). Baseline genetic
testing may help identify a subpopulation of cancer pa-
tients at higher risk who may be eligible for closer
surveillance with cardiac biomarkers during and after
treatment with anthracycline or trastuzumab, and also
may lead to novel biomarkers for risk stratification
and surveillance based upon the specific mutation, e.g.
myofilament versus mitochondrial versus apoptotic
pathways.

Proteomics and Metabolomics

In a similar way, proteomic or metabolomic technolo-
gies hold great potential in the discovery of new bio-
markers linked to cardiotoxicity. Low levels of IgE have
been linked to the development of cardiotoxicity [144].
Also instead of mass spectroscopy, newer high through-
put screening platforms using aptamers (short single-
stranded DNA sequences specific to a particular protein)
have been developed, which has helped greatly in the
development of this technology as biomarkers [145,
146].

Biomarker-Guided Cardioprotective
Treatment Strategies

In clinical practice, it has been shown that angiotensin-
converting inhibitors (ACEI) can halt the progression of
ventricular dysfunction as a result of anthracycline treat-
ment [147, 148]. Studies have suggested that the renin-
angiotensin-aldosterone system is not directly involved
in cardiotoxicity, but may be involved in the remodel-
ling process which takes place afterwards. For example,
the International CardioOncology Society-One (ICOS-1)
trial investigated whether enalapril started in patients
receiving anthracyclines either as primary prevention be-
fore and during anthracyclines or as a biomarker-guided
cardioprotective strategy where enalapril was started af-
ter a detection of a troponin rise [149]. The study con-
cluded that low dose enalapril (mean 5 mg/day) did not
reduce anthracycline-related rises in troponin, but it did
prevent the related adverse LV remodelling in both
study arms.

This was also supported by the PRADA trial where
primary prevention with candesartan did not prevent tro-
ponin rises in breast cancer cohort receiving
anthracycline, but it did reduce adverse remodelling
[150]. In contrast, data from both the CECCY [151]
and PRADA [150] trials showed that beta blockers pre-
scribed before and during anthracycline treatment could
reduce the troponin rise observed in the control arm.
However, the beta blocker did not prevent adverse re-
modelling. Therefore, a combination strategy with beta
blockers as primary prevention to prevent myocyte inju-
ry and RAAS blocker for patients who develop myocyte
injury with troponin elevation is a potential strategy
from the results so far.

Similarly, the ongoing Cardiac CARE study
(ISRCTN24439460) is designed primarily to assess whether
biomarker-guided cardioprotection using treatment with high-
dose ACE inhibitors and beta blockers in breast cancer and
lymphoma patients where a high-sensitivity troponin assay is
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used for surveillance [152]. Several studies have shown that a
multimodality method involving imaging, as well as bio-
markers, is needed. Furthermore, there is evidence to show
that the findings are variable depending on whether bio-
markers are used pre-, during or post-chemotherapy [46, 74,
95].

Conclusion

There is evidence to substantiate the use of troponins as a
marker of cardiovascular toxicities, such that elevated tro-
ponins during anthracyclines are associated with more ad-
verse outcomes and are a significant marker of cardiac
dysfunction [46, 74, 149, 153, 154]. Nevertheless, other
studies including ICOS-1 [149] have demonstrated that
troponin may not always be the most suitable biomarker
by demonstrating that it is possible for it to rise indepen-
dently of cardiotoxicity. On the other hand, other bio-
markers including NPs, microRNA, myeloperoxidase
and markers of extracellular matrix turnover, are more
specific for detecting both acute and chronic effects of
anthracyclines and other chemotherapy regimens. In other
targeted cancer therapies including trastuzumab, VEGFi

Appendix

and Pl treatment surveillance using NPs has more evi-
dence for detecting subclinical LV dysfunction, predating
the development of symptoms and signs consistent with
HF. Immune-based cancer therapies may cause myocardi-
tis, and troponin is the marker of choice, but emerging
new toxicities including late LV dysfunction mean that
NPs may also have a role. This field is open for much
research into both novel biomarker discovery and to clar-
ify the exact role of the current cardiac biomarkers (tro-
ponin and NPs) in diagnosis, surveillance and biomarker-
guided cardioprotective treatment. In this way, the use of
combinations of biomarkers will be pivotal towards future
strategies of defining the extent of the use of
cardioprotective measures.

Compliance with Ethical Standards

Conflict of Interest ARL has received speaker, advisory board or con-
sultancy fees and/or research grants from Pfizer, Novartis, Servier,
Amgen,Clinigen Group, Takeda, Roche, Eli Lily, Eisal, Bristol Myers
Squibb, Ferring Pharmaceuticals and Boehringer Ingelheim. KA has no
conflicts of interest.

Ethical Approval This article does not contain any studies with human
participants or animals performed by any of the authors.

@@M@@Mumab
Neuregulin
) Trastuzumab
Anthracyclines ‘ Eer4’Eer2
Inhibits VEGFa, %
Fibrosis inhibiting
remodelling

o

Myofilament proteins

TKIS
Leads to ubiquitylation of
these receptors
QSERCAZa

VEGF HER2/Neu

receptor

G1 arrest ugon binding of
trastuzumal to domain IV
of the HER2fneu receptor

/

Nuclear transcription
factors

Fig. 1 Demonstrates the main mechanism of cardiotoxicity for most
cytotoxic chemotherapy. Firstly, anthracycylines have direct
mechanisms of damaging DNA resulting in cell cycle arrest leading to
either: apopotosis, cell necrosis or cell autophagy. They also generate
toxic reactive oxygen species (ROS). ROS trigger off a cascade of
events which alters mitochondrial permeability and hence function
which moderates calcium signalling and hence myocyte contraction.
The mechansim of this invovles the SERCA2a protein which is at the
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centre of calcium homeostasis. Secondly the receptor tyrosine kinase
inhibitors, namely bevacluzumab, trastuzumab, etc. function by
inhibiting the activity of their receptor proteins: Vascular Endothelial
Growth Factor Receptor (VEGFR), ErBb4/ErBb2 and Her2/Neu
receptor resulting in cell cycle arrest in the Growth 1 (G1) phase of the
cycle leading eventually to apoptosis, necrosis or cell autophagy. This
transition is mediated by p53 (a nuclear DNA-binding phosphoprotein).
[22, 155, 156]
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