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With the increasing number of individuals living with a current or prior diagnosis of cancer, it
is important for the cardiovascular specialist to recognize the various complications of cancer
and its therapy on the cardiovascular system. This is true not only for established cancer
therapies, such as anthracyclines, that have well established cardiovascular toxicities, but also
for the new targeted therapies that can have ‘‘off target’’ effects in the heart and vessels. The
purpose of this informational statement is to provide cardiologists, cardiac imaging specialists,
cardio-oncologists, and oncologists an understanding of how multimodality imaging may be
used in the diagnosis and management of the cardiovascular complications of cancer therapy.
In addition, this document is meant to provide useful general information concerning the
cardiovascular complications of cancer and cancer therapy as well as established recommen-
dations for the monitoring of specific cardiotoxic therapies.
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Abbreviations

CHF Congestive heart failure

ERNA Equilibrium radionuclide
angiocardiography

ESVI End-systolic volume index

FDG F-18 Fluorodeoxyglucose

GBPS Gated blood pool SPECT

LVEF Left ventricular ejection fraction
mIBG Metaiodobenzylguanidine
MUGA Multi-gated acquisition scan
PET Positron emission tomography
TKIs Tyrosine kinase inhibitors

INTRODUCTION

The National Cancer Institute has estimated 14.5
million people were living with a cancer history in the
United States in 2014, and it is anticipated this number
will increase to 19 million people in the next 10 years.'
Many factors contribute to the increased survival of
patients with cancer, including the earlier detection of
cancer at stages when there is a greater chance of
successful treatment, improved staging of many malig-
nancies with F-18 fluorodeoxyglucose (FDG) molecular
imaging, and the use of immunotherapy and novel,
molecularly targeted agents. However, these newer
agents, as well as the well-established chemotherapeutic
agents, such as anthracyclines, trastuzumab, cyclophos-
phamide, and 5-fluorouracil, can increase the risk of
cardiovascular morbidity and mortality. Heart failure is
known to have a prognosis worse than many cancers, and
anthracycline-induced cardiomyopathy is associated with
a much poorer prognosis than ischemic or idiopathic
cardiomyopathy.” Importantly, cardiac monitoring tech-
niques employing cardiac biomarkers, endomyocardial
biopsy, and radionuclide angiocardiography improve the
natural history of anthracycline-induced heart failure
substantially. Despite the known association between the
use of these agents and the development of cardiotoxicity,
aminority of patients with cancer manifesting evidence of
cardiotoxicity are referred to a cardiologist or placed on
appropriate cardiac therapy.® The care of cancer patients
is further challenged by a high degree of variability in the
monitoring and management of the potential cardiac
complications of anti-cancer therapies by physicians,”
and a lack of implementation of standardized guidelines in
general practice that further undermines efforts to prevent
and limit heart failure complicating cancer chemotherapy.

Thus, a need exists for oncologists and cardiologists
to understand the unique cardiovascular complications
associated with cancer radiotherapy and chemotherapy.
The field of cardio-oncology has emerged to support
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patient-centered cardiovascular health of individuals
with cancer,” many of whom have pre-existing cardiac
conditions. A patient-centered approach that balances
the needs for cancer therapy with a structured, evidence-
based approach for reducing cardiac complications is the
goal of cardio-oncology. This multi-disciplinary,
patient-centered team approach requires coordination
of care by oncologists, cardiologists, and cardiovascular
imaging specialists. Many cancer survivors face dual
risks of recurrent and secondary malignancies as well as
cardiovascular diseases.®” The median age at the time of
cancer diagnosis has increased over the past 30 years so
that older patients—already at greater risk of having
cardiovascular disease—will also undergo potentially
cardiotoxic treatment for their cancer.'” Childhood
survivors of cancer have a prolonged cancer-free sur-
vival but are at risk for late cardiovascular disease due to
their prior cancer treatment.''

This informational statement was therefore devel-
oped to achieve several goals. First, this statement
provides general cardiologists, nuclear cardiologists,
cardio-oncologists, heart failure cardiologists, and
oncologists an understanding of the cardiovascular
complications of cancer and cancer therapy. Second, it
reviews published information concerning the proven
clinical effectiveness of nuclear cardiology techniques
that have been the evidence-based gold standard for
reducing the incidence and severity of heart failure
associated with radiation and chemotherapy, while
improving its treatability over the past three decades.
This statement also addresses the ongoing challenges of
the field of cardio-oncology to move beyond descriptive
diagnostics of newer cardiac monitoring techniques to
establish an evidence base of patient-centered effective-
ness in their implementation.

CARDIAC COMPLICATIONS OF CANCER
THERAPY

Several cancer therapy agents have adverse cardio-
vascular effects and can result in treatment-related
cardiotoxicity. This risk of cardiotoxicity is substantially
higher in patients with a prior history of cardiac disease.
Serious and potentially life-threatening cardiopulmonary
complications of chemotherapy include coronary vasos-
pasm, angina, myocardial infarction, dysrhythmias,
hypertension, left ventricular (LV) dysfunction and
congestive heart failure (CHF), pericardial effusion,
and pulmonary fibrosis.'*'?> Close monitoring of left
ventricular ejection fraction (LVEF) and modification or
discontinuation of therapy and initiation of appropriate
medical interventions for LV dysfunction at the appear-
ance of subclinical LV dysfunction has ameliorated
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substantially the natural history of cardiotoxicity of
several cancer therapy agents.m'21

Although anthracycline agents and trastuzumab are
most widely known for cardiotoxicity, an increasing
number of cancer therapy agents have the potential for
causing cardiotoxicity. With increasing rates of long-
term remission and cure, and longer survival of cancer
patients, adverse cardiovascular effects and late onset
CHF have become significant concerns in the manage-
ment of cancer survivors.'® An exhaustive review of the
various cancer therapies with associated cardiac toxic-
ities is beyond the scope of this informational statement.
Appendix Table 1 summarizes the cardiovascular
effects of various cancer therapies, and a more complete
discussion of those therapies in which cardiovascular
imaging may be beneficial is presented in the informa-
tional statement. Readers are referred to a general
overview of cardiovascular toxicities in the review by
Yeh and Bickford.*?

ANTHRACYCLINES

Anthracyclines are highly effective, broad-spectrum
anti-neoplastic agents, but cardiotoxicity is a major
limitation of their administration. Anthracyclines inhibit
tumor DNA and RNA synthesis by intercalating
between base pairs and inhibiting the activity of topoi-
somerase Ilo, which prevents DNA repair. While cardiac
myocytes do not express this isoform of topoisomerase,
they do express topoisomerase 1IB, which is believed to
play a role in the development of cardiotoxicity.”’
Oxidative injury due to free radical formation and
peroxidation of membrane lipids, altered calcium han-
dling by sarcoplasmic reticulum, and impaired protein
synthesis are among some of the mechanisms proposed
for anthracycline cardiotoxicity.>* Anthracyclines cause
progressive myocyte loss due to apoptosis and necrosis
and adverse LV remodeling. Acute cardiotoxicity can
occur during or soon after initiation of therapy and is
associated with non-specific repolarization changes on
the electrocardiogram, dysrhythmias, a myopericarditis-
like picture with troponin elevation, and LV dysfunc-
tion.”> These changes are generally transient and
generally resolve spontaneously but can be progressive
and life-threatening.”®

Chronic cardiotoxicity is more common than acute
cardiotoxicity and presents as LV systolic dysfunction,
which is insidious in onset and asymptomatic in the
early stages but can progress to cause a dilated
cardiomyopathy and overt CHF. Chronic cardiotoxicity
is further classified as type 1 or early onset and type 2 or
late onset. Type 1 cardiotoxicity occurs within the first
year of completion of chemotherapy, while type 2
cardiotoxicity occurs after the first year and can be
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observed as late as 10 or 20 years after completion of
therapy.'” A recent study in adults treated with anthra-
cyclines suggests that the majority of patients develop
cardiotoxicity within the first year after receiving the
agent.”” The total lifetime cumulative dose of anthracy-
cline is the most important determinant of anthracycline
cardiotoxicity.”®*” Because the use of greater anthracy-
cline dose intensity protocols is now possible with
protection of marrow reserves by colony stimulating
factors and bone marrow transplantation, the risk of
cardiotoxicity is increased. There are other clinical
factors that have been shown to increase the risk of
developing left ventricular dysfunction (Appendix
Table 2). In addition to those clinical factors, iron
overload due to transfusions, nutrition, and mutations of
genes involved in iron handling may also warrant earlier
and more frequent evaluations of LVEF based on data of
enhanced doxorubicin cardiotoxicity in iron-loaded
rodents.?%°

Asymptomatic LV dysfunction characteristically
precedes symptomatic CHF.'*'®1%-2% prompt discontin-
uvation of further anthracycline therapy based on
technique-specific, baseline LVEF-specific guidelines
for serial changes in LVEF can prevent progression of
LV dysfunction to overt CHF. This approach is pivotal
to the current strategies for the prevention of CHF in
patients undergoing anthracycline therapy. Increases in
end-systolic volume index may offer additional discrim-
ination value in patients at risk for CHF before the onset
of predetermined LVEF criteria of cardiotoxicity.
Chronic anthracycline cardiotoxicity can also present
as a restrictive cardiomyopathy with diastolic dysfunc-
tion and heart failure particularly in patients undergoing
mediastinal irradiation. Prior to a widespread use of
serial LV function monitoring, the incidence of CHF
with doxorubicin was 4% to 7% in patients receiving
400 to 550 mg-m_z, 18% in those receiving 551 to
700 mg-m~2, and 30% or higher at doses over
701 mg-m~>.'*"" Because the various anthracycline
agents have different cardiotoxicities, it is important to
convert the cumulative dose of other anthracyclines to
the equivalent doxorubicin dose to aid in determining
the frequency of monitoring (Appendix Table 3).

There is a large inter-individual variation in sus-
ceptibility to doxorubicin cardiotoxicity and CHF, with
some patients developing CHF at relatively low doses,
whereas others may tolerate relatively higher doses with
no apparent change in LV function.'®?° These variations
in susceptibility are likely related, in part, to polymor-
phisms in genes related to the metabolism of
anthracyclines;31 however, the exact cellular, biochem-
ical, molecular, and genetic mechanisms of
cardiotoxicity associated with anthracycline are not
fully understood. Use of radiation therapy, high-dose
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cyclophosphamide, trastuzumab, and other tyrosine
kinase inhibitors (TKIs) and taxanes also potentiate the
cardiotoxicity and risk of heart failure of
anthracyclines.?*>

Histological changes of anthracycline cardiotoxicity
can be observed using endomyocardial biopsy. Billing-
ham et al showed a linear progression of
histopathological myocardial changes with increasing
cumulative dosages of anthracycline therapy."
Although endomyocardial biopsy was used initially for
monitoring anthracycline cardiotoxicity, its invasive
nature limits its use in routine clinical practice. Signif-
icant inter-individual variation in the susceptibility to
anthracycline cardiotoxicity makes it impractical to
choose an arbitrary dose ceiling, which would prevent
any CHF, whereas such a dose ceiling would deny the
benefit of therapy to those who can safely tolerate higher
doses without developing cardiotoxicity. Therefore, an
approach of serial radionuclide LVEF monitoring during
the course of anthracycline therapy and discontinuing
further therapy at the appearance of subclinical LV
dysfunction remains the most effective means for
preventing overt clinical congestive heart failure. As
discussed below, several traditional and novel candidate
methods to detect anthracycline-induced cardiotoxicity
and prevent HF at an earlier stage are being investigated.

TRASTUZUMAB

Trastuzumab (Herceptin) is another cancer thera-
peutic agent with a well-defined and predictable risk of
cardiotoxicity. This agent is used in patients with HER2/
neu overexpressing breast cancers. The cardiotoxicity of
trastuzumab is quite different from anthracyclines, in
that LV dysfunction is often reversible upon discontin-
uation of therapy. Furthermore, the cardiac dysfunction
caused by trastuzumab is non-dose cumulative and is not
associated with cardiomyocyte ultrastructural changes.™
In addition, there are fewer defined clinical risk factors
that can be used to identify those patients at increased
risk for developing trastuzumab-associated LV dysfunc-
tion (Appendix Table 2). Preclinical studies have
demonstrated an important cardioprotective and proan-
giogenic role for the HER2/neu receptor in the
myocardium, which may explain, in part, the cardiotoxic
effects of trastuzumab,y"35 which blocks HER2/neu
receptor activation.

Ewer et al reported in 38 patients with HER2/neu-
positive breast cancer referred for trastuzumab-induced
cardiotoxicity a decline in the mean LVEF from 61% to
43%, which improved to 56% upon discontinuation of
trastuzumab. Interestingly, re-introduction of trastuzu-
mab after the recovery of LVEF does not necessarily
result in recurrence of LV dysfunction.” The effect of
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trastuzumab on patients with prior cardiac disease
remains unclear, and it is recommended that such
patients be very closely monitored.*** Algorithms for
monitoring of LVEF during adjuvant trastuzumab ther-
apy have been published by Panjrath and Jain,*® the
Canadian Trastuzumab Working Group (Appendix
Table 5),>> and the European Society of Medical
Oncologists.”’

RADIATION THERAPY

Multiple studies have documented a significant
increase in the incidence of cardiovascular disease in
long-term cancer survivors, including increased need for
CABG and coronary interventions.”®*? Stress-induced
myocardial perfusion defects have been reported after
radiation treatment of left-sided breast cancer.*”*' In a
prospective study of more than 130 patients treated with
radiotherapy at Duke University for breast cancer, 50%
demonstrated new myocardial perfusion abnormalities,
and the incidence depended on the volume of the heart
being irradiated. In addition, Correa et al demonstrated a
higher incidence of stress-perfusion defects in patients
receiving left-sided versus right-sided radiation for
breast cancer.*” Also, anthracycline use, older age, and
prior CAD are all risk factors for radiation-induced
cardiovascular toxicity. Similar asymptomatic perfusion
defects have been reported in patients with esophageal
and lung cancer who underwent radiation treatment, and
the majority of defects were noted in the inferior wall.*?
However, the long-term consequence of these asymp-
tomatic perfusion abnormalities is not clear. Murine
studies have shown evidence of coronary microvascular
damage 20 weeks after chest radiation. This damage,
however, did not translate into any functional change in
LV systolic function.***> The clinical presentation of
coronary artery disease following radiotherapy is typi-
cally 10 years after completion of treatment.***® The
role of cardiac imaging in the diagnosis and manage-
ment of radiation therapy-induced cardiotoxicity has
been reviewed by an expert panel.*’

5-FLUOROURACIL

Cardiotoxicity has been reported in up to 2.3% of
patients receiving the antimetabolite 5-fluorouracil (5-
FU).>® Coronary vasospasm caused by 5-FU is associ-
ated with ischemia, chest pain, ECG repolarization
changes, myocardial infarction, and death.’'® A
prospective study of 100 consecutive patients without
a history of cardiac disease or abnormal ECG prior to
receiving 5-FU showed that eight patients developed
chest pain, ECG changes, and one patient developed
cardiogenic shock within 18 to 30 hours of the initiation
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of the high-dose 5-FU infusion.”* It is more likely to
occur in those patients with coronary artery disease,
prior radiation therapy, or concomitant use of cisplatin,
which by itself can predispose to ischemia.” These
adverse effects were not associated with biomarker
release, and the symptoms resolved with discontinuation
of the 5-fluorouracil.”* Capecitabine, which is a prodrug
that is metabolized to 5-FU, has similar cardiotoxic
effects.”®

TYROSINE KINASE INHIBITORS

Other agents that can potentially cause effects on
myocardial perfusion include the newer TKIs, such as
bevacizumab, sunitinib, and sorafenib. These agents
inhibit the vascular endothelial growth factor (VEGF)
signaling pathway thereby inhibiting angiogenesis.””*®
The most common cardiovascular complication associ-
ated with these drugs is hypertension, which is believed
to be mediated by decreased nitric oxide signaling and
increased endothelin-1 production and capillary rarefac-
tion.”” In addition, coronary microvascular dysfunction
caused by loss of vascular pericytes has been reported in
in vivo studies of sunitinib60; however, clinical coronary
events or myocardial ischemia have not been reported.

In addition to hypertension, TKIs may also cause
LV dysfunction. Eleven percent of patients receiving
sunitinib had clinical manifestations of CHF or a
decrease in their LVEF of at least 20% to an LVEF
<50%.%® While the development of LV dysfunction has
not been reported with other TKIs, the potential for
cardiotoxicity exists for many in this class of agents
because the pathways that are targeted by these com-
pounds are important not only in malignant cells but also
in cardiac myocytes and endothelial cells.®'

Another tyrosine kinase target, particularly for
chronic myelogenous leukemia, is BCR-Abl kinase.
Several TKIs have been developed against this target,
including imatinib, dasatinib, erlotinib, and nilotinib.
Each of these agents has specific cardiovascular effects,
including pulmonary hypertension and thromboem-
bolism. A unique aspect of this group of TKIs is the
fact that unlike most other chemotherapies, these agents
are given chronically to suppress chronic myelogenous
leukemia rather than given for a finite period of time.

TAXANES

Taxanes, used to treat breast, lung, and ovarian
cancer, can produce ischemia, arrhythmias and CHF. Up
to 5% of patients receiving docetaxel have been reported
to experience myocardial ischemia.®” Taxanes can
impair normal microtubular transport systems in car-
diomyocytes, which has been shown to impair the
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storage of free fatty acids (FFA) in the cytosolic lipid
pool and reducing mitochondrial FFA uptake for beta
oxidation.®?

INTERLEUKIN-2 THERAPY

High-dose interleukin-2 therapy is an effective
treatment for renal cell carcinoma and malignant
melanoma; however, its use can be limited because of
the morbidity associated with the capillary leak syn-
drome caused by the agent.”* The hemodynamic
manifestations associated with the use of this agent
include hypotension and tachycardia (both supraventric-
ular and ventricular), resulting in myocardial ischemia
because of supply/demand mismatch. Early studies of
this agent demonstrated an incidence of myocardial
infarction of 2% to 4%, although subsequent studies
have indicated much lower rates of myocardial infarc-
tion. It is important to note that this decrease in the
incidence of myocardial infarction is due, in part, to
screening of candidates for myocardial ischemia with
stress testing.®®

IMMUNE THERAPY

An important role of the cardio-oncologist is to
provide cardiac risk assessment prior to the initiation of
therapy and is highlighted by case reports for the novel
monoclonal antibody, ipilimumab, which is used to treat
metastatic melanoma. The antibody is directed against
the cytotoxic T-lymphocyte-associated antigen 4
(CTLA4) receptor, which allows proliferation of effec-
tor T-lymphocytes thereby promoting immune-mediated
tumor destruction. Unfortunately, this immune modula-
tory action also causes a variety of immune-mediated
diseases, including thyroiditis.%” In the setting of the
thyroid storm that may occur, patients can develop atrial
fibrillation with rapid ventricular rates.®® It is therefore
important to consider the potential for the development
of demand ischemia from rapid atrial fibrillation and the
need for further cardiovascular risk assessment.

Current Use of Cardiac Radionuclide
Imaging Before, During, and After Cancer
Therapy

ASSESSMENT OF LV FUNCTION

Cardiologists and oncologists are challenged to
optimize the cardiovascular safety of chemotherapy and
radiation therapy while maintaining a high degree of
efficacy. The quest for therapeutic cancer cure is
challenged by the risk of cardiotoxicity and clinical



Russell et al
Multimodality cardiac imaging in cardio-oncology

Journal of Nuclear Cardiology®

with guidelines

I---.'

E \

0.7 o S |
(&)
< \
2
< 06 9
s
K
=
c 0.5 9
S
v
—
o

0.4 1 —D e

£ Patient management concordant
-g with guidelines
2
e 031 == wepatient management discordant
a

b ————

T -

0.2 1

0.1 9

¢ —r————

0 500 1000 1500 2000 2500 3000
Time (days)

Figure 1. Effect of adherence to anthracycline treatment recommendations based on changes in
LVEF. Utilizing recommendations published by Schwartz et al,> there was a significant decrease in
the development of clinical congestive heart failure in patients treated with anthracyclines.

heart failure. Based on the use of quantitative radionu-
clide LVEF obtained prior to or before 100 mg-m~2
doxorubicin, strategies for management of anthracycline
therapy that differ for normal and abnormal baseline
LVEF were created and evaluated for effectiveness.
High-risk patients managed concordant with guidelines
experienced a 2.86% incidence of subsequent clinical
congestive HF, whereas patients who were managed
with serial quantitative ERNA who were not managed
concordant with guidelines experienced a 20.8% inci-
dence of HF (Figure 1).13’20

EQUILIBRIUM RADIONUCLIDE
ANGIOCARDIOGRAPHY

Alexander and colleagues pioneered the concept of
predicting doxorubicin-induced CHF by monitoring
change in resting LVEF using equilibrium radionuclide
angiocardiography (ERNA).'>!*1¢1920 patients who

progressed to overt CHF had a decline in LVEF below
the lower limit of normal, prior to the onset of
CHEF.'*'%!° From a compiled registry of 1487 patients
undergoing anthracycline therapy over seven years,
approximately 20% of the patients were deemed to be
at high risk for the development of CHF* based upon
either high total cumulative dose of doxorubicin
(>450 mg-m_z), decline in LVEF by at least 10 EF
units to <LVEF 50%, or an abnormal baseline LVEF
(<50%). Fifteen percent of these high-risk patients did
develop CHF within one year of completion of treat-
ment. The total cumulative doxorubicin doses that
precipitated CHF (75 to 1095 mg-m~2) and the doses
that did not cause CHF (30 to 880 mg~m_2) varied
widely. CHF was noted mostly in patients with normal
baseline LVEF that declined by at least 10% to a value
of <50%, which was the largest subgroup studied.
Recommendations for monitoring patients receiving
doxorubicin therapy and avoiding CHF were developed
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Figure 2. Original recommendations for altering anthracycline treatment based on serial
assessment of LVEF with equilibrium radionuclide angiography.?® *Risk factors included known
heart disease, radiation exposure, treatment with cyclophosphamide, and electrocardiographic

abnormalities.

based on the analysis of these data®® in the context of a
robust literature demonstrating accuracy, reproducibility
of the methodology, and higher inter-study variability of
LVEF in patients with normal compared to those with
abnormal baseline LVEF.® These guidelines employing
a strategy of precise radionuclide monitoring and rec-
ommendations for discontinuing chemotherapy based on
initial pre-treatment LVEF are summarized in Figure 2
and continue to guide anthracycline therapy in the
current era. The guidelines recommend a baseline
ERNA measurement of LVEF prior to or before
100 mg-m~2 doxorubicin or equivalent anthracycline.
For patients with a normal baseline LVEF, the next two
measurements are performed at cumulative doses of
250-300 and 400-450 mg-m~ 2. Discontinuation of dox-
orubicin with normal pre-chemotherapy baseline LVEF
is recommended if LVEF decreases >10% (absolute EF
units) from baseline and reaches an LVEF <50%. For
patients with abnormal baseline LVEF <50%, serial
studies are recommended after each dose of doxoru-
bicin. Discontinuation of doxorubicin in patients with
abnormal  pre-chemotherapy baseline LVEF is

recommended if LVEF decreases >10% (absolute EF
units) from baseline or reaches LVEF 530%.'3’20
Management concordant with these guidelines
resulted in a greater than seven-fold reduction in the
incidence of overt CHF*® (Figure 1). Serial monitoring
of LVEF is associated with a low incidence and
relatively benign course of CHF. Similar results were
observed by Mitani et al.'® Thus, serial ERNA per-
formed by specific guidelines during doxorubicin
therapy and using established, standardized protocols
for ERNA acquisition recommended by the American
Society of Nuclear Cardiology’® reliably monitors car-
diotoxicity and identifies patients who safely tolerate
high cumulative doses of doxorubicin. ERNA has the
advantage of lower inter-observer variability (<5%),”"
high accuracy, and reproducibility than other modali-
ties.”>’> This strategy of LVEF monitoring and
recommended treatment endpoints reflects fundamental
understanding of the differences in day to day repro-
ducibility of patients with normal vs. abnormal baseline
LVEF, as delineated by Wackers et al who first
demonstrated higher intrinsic day to day variability of



Russell et al
Multimodality cardiac imaging in cardio-oncology

LVEF in the normal range of EF, analogous to the
greater heart rate variability seen in healthy patients
compared to patients with reduced EF who have a less
variable EF and heart rate, probably reflecting a higher
level of activation of the sympathetic nervous system.®’
Specifically, the mean variability of absolute ejection
fraction for repeat studies in normal patients was
significantly greater than in abnormal patients
B54+44 vs 2.1 £2.0%, P < .01). This differential
variability should be considered in interpreting sequen-
tial changes in LVEF.

Only very limited data are available for the use of
exercise ERNA in patients undergoing anthracycline
therapy.’® From a logistical standpoint, a substantial
proportion of patients undergoing cancer therapy are not
able to perform adequate exercise due to anemia,
deconditioning, and uncontrolled variations in exercise
tolerance. For these reasons, the use of exercise ERNA
remains limited for evaluation of cancer patients.

Most of the studies for radionuclide monitoring
cardiotoxicity of cancer chemotherapy have been car-
ried out using planar ERNA. However, ECG-gated
SPECT ERNA offers advantages over the conventional
planar ERNA in monitoring cardiotoxicity and risk of
CHF during the course of cancer therapy.”® The
accuracy of gated blood pool SPECT (GBPS) for the
calculation of LVEF has been well validated,sow’80
although standardized methods of measurement must
be utilized to maintain minimal variability and high
precision.”’ SPECT ERNA allows wall motion and
phase analyses in addition to right and left ventricular
EF, and left and right ventricular end-systolic and end-
diastolic volumes to be obtained.”® LVEF by SPECT
ERNA appears to be approximately 5% higher than
planar ERNA due to the ability to exclude the atrial
blood pool.'*”” These additional parameters, particu-
larly end-systolic volume index (ESVI) may provide
additional parameters to quantify the risk of CHF in
patients receiving cancer chemotherapy.'> SPECT
ERNA using high-sensitivity cadmium zinc telluride
(CZT) cameras offers low-dose (10 mCi, 2.5 mSv),
rapid imaging (10 min) with similar accuracy and
improved reproducibility (Figure 3).%

ERNA quantification of the diastolic filling param-
eters, peak filling rate (PFR) and time to peak filling
rate (TPFR), have been considered in patients receiving
anthracyclines, but not investigated thoroughly as
measures to enhance prediction of heart failure ®**
The incremental value, however, of these additional
parameters over and above conventional LVEF mon-
itoring in predicting and preventing CHF in cancer
populations remains unknown and requires prospective
evaluation.®
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Proven Clinical Effectiveness of
Radionuclide Angiocardiography vs
Radiation Risk

The theoretical cancer risk of diagnostic radiation has
frequently been cited as a reason to use alternative
methods to assess LV performance. In the best interest of
patient care, this rationale should be evaluated critically
given the value of proven clinical effectiveness of ERNA
to avoid clinical CHF and the absence of data of low-dose
(<100 mSv) to very low-dose (<10 mSv) exposure on
human health. No credible report of cancer resulting from
low-dose radiation exposure of nuclear cardiology studies
exists. Radiation exposure of an ERNA study with high-
efficiency CZT SPECT technology (10 mCi) is equiva-
lent to natural background radiation of 3 to 6 months, and
traditional planar ERNA studies (20 mCi) provide an
exposure of an estimated 6 to 12 months of natural
background radiation. The incidence of naturally occur-
ring cancers far exceed theoretical radiation-induced
cancer rates, which are lower than background radiation
risks associated with frequent hypothetical exposure to
annual diagnostic radionuclide procedures (Figure 4).%
Thus, proven clinical benefits of appropriate testing far
outweigh the theoretical risk of cancer of clinically
employed low-dose radiation, or potential alterations in
DNA reported for cardiac studies.®” Because SPECT MPI
has recently been reported to result in a variable activation
of the DNA damage response pathways, continued care
should be taken to reduce radiation exposure to both the
patients and operators.88

ECHOCARDIOGRAPHY

Echocardiography is often used to monitor LVEF
and regional function in clinical cardiology. Advantages
of echocardiography include its wide availability, lack
of radiation exposure, and lower imaging cost. Disad-
vantages include increased variability of quantitative
LVEF measurements, common use of visual estimations
of EF and regional function, and acoustic artifact
limiting window size. The variability of measured
LVEF with two-dimensional echocardiography is
between 5% to 10%,72’89 which can cause failure to
detect serial alterations of LVEF less than the 10%
threshold required for prediction of HF using the
published ERNA guidelines.”® Echocardiography is
perhaps more suited for use in pediatric patient popu-
lation,'” where smaller patient size permits effective use
of higher frequency transducers, with better image
quality and less acoustic artifact than in adults. The
use of contrast echocardiography represents an impor-
tant opportunity for further investigation,” although its
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Figure 3. Representative example of high-efficiency CZT (Cadmium Zinc Telluride) ECG-gated
SPECT equilibrium radionuclide angiocardiography (ERNA) from a 37-year-old woman with
estrogen receptor/progesterone receptor/HER2/neu-positive pT1cNOMX infiltrating ductal carci-
noma of the right breast status post-bilateral mastectomy undergoing treatment with trastuzumab
and tamoxifen. Limited echocardiographic imaging due to acoustic artifact suggesting a decline in
LVEF by serial echocardiography led to referral for ERNA. The study demonstrates normal LV
volume indices and slightly reduced calculated EF (49%). The right ventricular size is normal and
the calculated RVEF (40%) is slightly reduced with mild diffuse dysfunction. The LVEF returned
to normal (65%) following completion of a full course of trastuzumab.
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Figure 4. Estimated cumulative cancer incidence (expressed
as cases per 100,000 women) based on background exposure,
an annual exposure to 40 mCi of Tc-99 m sestamibi and the
natural cancer incidence based on Surveillance, Epidemiology,
and End Results (SEER) excess absolute risk model®.

use was reported to not improve accuracy or repro-
ducibility of LVEF measurements by six different
echocardiographic techniques reported by the Cleveland
Clinic investigators.”> Of the six echocardiographic
methods of LVEF measurement studied, the Cleveland
Clinic investigators found only 3D echocardiography

had sufficiently reproducible measurements (+ 4.9%) to
permit detection on serial studies of a change of LVEF
of 10%.

It has been reported that echocardiographic evi-
dence of LV diastolic dysfunction precedes resting
systolic dysfunction.””*'"*®> These parameters include
prolonged isovolumic relaxation period, reduction in
peak flow velocity, and the ratio of early peak flow
velocity/atrial peak flow velocity, as well as reduction in
the deceleration rate of the early peak flow velocity.
Stoddard et al reported prolongation of isovolumic
relaxation time (IVRT) by Doppler echocardiography to
predict doxorubicin-induced systolic dysfunction in a
study of 26 patients.”® Doxorubicin-induced decline of
EF by greater than 10% to <55% was noted in 9 of 26
patients. IVRT was prolonged from 66 + 18 to
84 + 24 ms after a cumulative doxorubicin dose of
100 to 120 mg-m 2 A greater than 37% increase in
IVRT was 78% sensitive and 88% specific for predicting
the ultimate development of doxorubicin-induced sys-
tolic dysfunction.” In a study of 20 patients receiving a
mean cumulative dose of doxorubicin  of
211 = 82 mg-m ™2, pulsed tissue Doppler imaging was
reported to show mitral annulus IVRT <80 ms in four
patients who had LVEF <50% appeared to outperform
both standard Doppler IVRT and basal segment
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measurements, and a finding the authors reported could
be of interest to predict later impairment of LV
function.”” However, it is generally believed that
echocardiographic diastolic measures are more complex
than systolic measures to obtain and interpret. Further-
more, reproducibility of echocardiographic measures of
diastolic function has been problematic, and multiple
diastolic measurements have had varying levels of
success in identifying early cardiac toxicity.”"** The
value of echocardiographic LVEF measurements for
prediction of CHF in cancer patients receiving radiation,
and chemotherapy may benefit from the development of
echocardiography specific LVEF guidelines within the
context of accuracy and reproducibility of the technique
in both normal and abnormal LVEF ranges, as well as
assessment of endpoints of therapy based on echocar-
diographic LVEF.® Recently, an Expert Consensus
Statement from the American Society of Echocardiog-
raphy and the European Association of Cardiovascular
Imaging stated that the method of choice for quantifi-
cation of LV volumes and calculation of LVEEF is the
modified biplane Simpson’s technique (method of disks)
by two-dimension echocardiography.®”

MYOCARDIAL STRAIN IMAGING FOR
DETECTION OF CARDIOTOXICITY

Thavendiranathan et al have reviewed the use of
myocardial strain imaging by echocardiography for the
early detection of cardiotoxicity in patients during and
after cancer chemotherapy.”® The review reports on a
meta-analysis of echocardiographic myocardial defor-
mation parameters in 1,504 patients during or after
cancer chemotherapy in 3 studies. All studies of early
myocardial changes with chemotherapy demonstrate
alterations of myocardial deformation precede signifi-
cant changes in echocardiographic LVEF. Using tissue
Doppler-based strain imaging, peak systolic longitudinal
strain rate has most consistently detected early myocar-
dial changes during therapy, whereas with speckle
tracking echocardiography (STE), peak systolic global
longitudinal strain (GLS) appears to be the best measure
of early change. A 10% to 15% early reduction in GLS
by STE during therapy appears to be the most useful
parameter for the prediction of cardiotoxicity, defined as
a drop in echocardiographic LVEF or heart failure.”” In
subsequent studies, a decrease in GLS to <19% was
associated with later development of LV systolic dys-
function.”® In late survivors of cancer, measures of
global radial and circumferential strain are consistently
abnormal, even in the context of normal echocardio-
graphic LVEF, but their clinical value in predicting
subsequent ventricular dysfunction or heart failure has
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not been explored. The specificity of longitudinal strain
assessment in patients receiving chemotherapy may be
reduced by obesity, valvular heart disease, infiltrative
disease, LV hypertrophy, myocardial infarction, age,
and gender. Whether strain-based approaches could be
reliably implemented in multiple centers in a standard-
ized fashion to obtain consistent values and to help
predict cardiotoxicity and outcomes requires study.
Furthermore, the use of vendor-neutral methods to
measure strain and their ability to predict cardiotoxicity
also need to be explored for this technique to be more
widely and consistently applied. Finally, the prognostic
significance of strain abnormalities in survivors of
cancer and for those receiving radiation therapy has to
be understood along with whether intervention would

change the natural course of the cardiac disease.’””
BIOMARKERS
High-sensitivity troponin elevation following

anthracycline chemotherapy is predictive of larger and
more sustained declines in LVEF compared to those
without troponin elevation.” Other studies have not
shown consistent correlation between troponin elevation
and administration of anthracycline or trastuzu-
mab.'%'°" While the emergence of ultrasensitive
assays of picomolar concentrations of troponin may
add important diagnostic and potential incremental
prognostic value to the assessment of cancer treat-
ment-induced cardiotoxicity and risk of CHF, the high-
sensitivity cardiac troponin assays are only beginning to
be used in the United States. An increase in pro-BNP
(brain-type natriuretic peptide) has been reported early
after anthracycline administration; however, elevated
pro-BNP does not appear to be predictive of future LV
dysfunction. The role of biomarkers is being currently
evaluated in the multicenter NIH funded PREDICT
study (ClinicalTrials.gov identifier NCT01032278).
Measurements of biomarkers, alone or in combination
with echocardiographic strain and strain rate imaging
analyses, have been reported to identify pre-symp-
tomatic anthracycline cardiotoxicity in a small series of
patients.”®'*> The investigators suggested Doppler-
based myocardial strain imaging should be used for
cardiac function monitoring during chemotherapy,
although this pilot study did not address issues of CHF
prediction directly.

CARDIAC MAGNETIC RESONANCE IMAGING

Cardiac magnetic resonance (CMR) imaging is
recognized by the ACC/AHA as a method to screen for
chemotherapy-related cardiotoxicity.'”> Key advantages
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Figure 5. Recommendations from the European Society of Medical Oncologists for altering
anthracycline chemotherapy (CTH) based on serial assessment of LVEF using either echocardio-
graphy or equilibrium radionuclide angiography in conjunction with assessment of high-sensitivity
troponin I (hs-Tnl) (37). LVD: left ventricular dysfunction defined by the National Cancer Institute
as (1) a decrease in LVEF that was either global or more severe in the septum; (2) symptoms of
congestive heart failure; (3) associated signs of CHF, including an S3 gallop, tachycardia, or both;
and (4) decline in LVEF of at least 5% to less than 55% (by echocardiography) with accompanying
signs or symptoms of CHF, or a decline in LVEF of at least 10% to below 55% (by
echocardiography) without accompanying signs or symptoms.

include accuracy and reproducibility of LV and RV
volumes and EF, the ability to visualize preclinical
myocardial changes prior to the onset of LV dysfunc-
tion, increased T2-weighted images associated with
tissue edema resulting from acute myocardial inflam-
mation, and injury as seen in myocarditis.'™* A
characteristic pattern of mid myocardial hyper-enhance-
ment has been reported in breast cancer patients
receiving trastuzumab who experienced LV dysfunc-
tion.'” An experimental rodent study of early detection
of doxorubicin cardiotoxicity correlated signal intensity
of gadolinium-enhancement with the dose-related
degree of myocardial vacuolization and decline in
LVEF."% A new superparamagnetic iron oxide probe
conjugated to recombinant human annexin has demon-
strated diffuse myocardial signal loss in rats treated with

doxorubicin, suggestive of apoptosis by CMR. CMR
detection of anthracycline cardiotoxicity appears to hold
promise for further clinical investigation. Effects of the
intense magnetic fields with clinical CMR on DNA
structure in human blood cells have been reported very
recently, and assessment of the safety of CMR, partic-
ularly serial studies within 30 days, have been
questioned.®’

CONSIDERATIONS IN CHILDREN

Children appear to be more susceptible than adults
to the cardiotoxic effects of anthracycline therapy,
although there is considerable variation in the individual
susceptibility to these side effects,'3!:17:18:21.102.104
Children with Hodgkin’s disease have been reported to
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Figure 6. Recommendations from Panjrath and Jain for the management of trastuzumab therapy
based on serial assessment of LVEF.>® *Risk factors include age >65 years, hypertension, and

history of heart disease.

manifest cardiotoxicity early after treatment and at low
cumulative doses of doxorubicin. The potentially long
latency and high cumulative incidence of chronic
cardiac dysfunction associated with cancer treatment
indicates the need for long-term monitoring of asymp-
tomatic children. Because of this concern for the late
cardiac  manifestations  of  anthracycline-based
chemotherapy, specific recommendations for serial
assessment of LV function have been published by the
Children’s Oncology Group that take into account the
age at which the patient received chemotherapy, with or
without radiation therapy, and the cumulative dose of
anthracycline (Appendix Table 4). ERNA was reported
to be more sensitive than echocardiography in detecting
early impairment of LV function and was recommended
for baseline and serial assessment of LV function in
children with Hodgkin’s disease treated with doxoru-
bicin.'”” This recent report supports the observation of
the complementary nature of ERNA and echocardiog-
raphy and the recommendations of the Children’s
Cancer Study Group for monitoring with both
techniques.”'

Current Protocols for the Assessment of
LVEF

As noted above, several protocols have been
proposed for monitoring patients receiving cardiotoxic
agents, starting with the guidelines published by
Schwartz et al in 1987."°2° These protocols, summa-
rized in Appendix Table 5 and Figures 2, 5, 6, and 7,
have been developed by different groups for specific
therapies utilizing anthracyclines and/or trastuzumab.
While there are differences in the frequency of
assessment of LVEF between the various protocols,
they share the key feature that the frequency of serial
assessments is based on the baseline LVEF and
whether there is a decrease in LVEF following therapy.
It is important to note that the protocol developed by
Schwartz et al is based on outcome data utilizing
radionuclide angiography measurements of LVEF.'*°
Only one protocol, proposed by the European Society
of Medical Oncologists, incorporates the wuse of
biomarkers in the monitoring of chemotherapy-induced
cardiotoxicity.?’
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Figure 7. Recommendations from the European Societgy of Medical Oncologists for altering
trastuzumab therapy based on serial assessment of LVEF”’.

RECOMMENDATIONS FOR CLINICAL AND
COST EFFECTIVENESS OF MULTIMODALITY LVEF
MONITORING IN TREATED CANCER PATIENTS

(SEE APPENDIX TABLE 6)

As discussed above, utilizing a multimodality strat-
egy of monitoring LVEF using methods that are highly
reproducible (planar ERNA, gated SPECT ERNA,
cardiac MR, or noncontrast 3D echo), to guide therapy
results in a significant improvement in outcome with a
lower development of clinical heart failure. This strategy
requires initial assessment of LVEF prior to a patient
receiving anthracycline chemotherapy in order to estab-
lish accurate information to direct a rational patient-
centered monitoring follow-up strategy. Without this
baseline LVEF assessment, it is impossible to differen-
tiate whether a subsequent abnormal LVEF is due to
cancer therapy versus pre-existing LV dysfunction. For
patients with normal baseline LVEF, follow-up planar
ERNA, SPECT ERNA, CMR, or echocardiography at
250 to 300 mg-m_2 are recommended. Repeat study at
400 mg-m~2 doxorubicin total cumulative dose is
advised. Repeat measurement of LVEF prior to addition
of radiation, cyclophosphamide, or trastuzumab should
be performed. Any perceived decline of LVEF by >10

EF units should warrant consideration of the risk benefit
of additional anthracycline therapy. Any technically
limited study should be confirmed by a complimentary
high-accuracy LVEF assessment.

Treatment strategies rely on appropriate and aggres-
sive heart failure therapy with ACE inhibitor and beta-
blocker therapy utilizing carvedilol, which can help
stabilize, or even improve, LV systolic function.'*® The
importance of early detection of anthracycline car-
diotoxicity is essential as it has been shown that
postponing the initiation of CHF therapy more than
6 months decreases the response rate to CHF therapy
from 64% to 0%.'% Given the high cost associated with
the treatment of heart failure, estimated to be more than
$20,000 per patient per year in direct costs,''® monitor-
ing and treatment strategies based on serial noninvasive
measurements of LVEF can be cost effective in
preventing heart failure and instituting heart failure
therapy early when there are greater chances for
improving function.

In summary, serial monitoring of LVEF by
accurate and precise radionuclide imaging employing
specific end points for recommendation to consider
stopping therapy remains the most reliable technique
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for the prevention of CHF related to anthracycline
therapy. Treatment and monitoring strategies are
needed to minimize or eliminate the late onset LV
dysfunction and CHF. Gated SPECT ERNA appears
very promising for its high degree of accuracy and
reproducibility, quantitative tracking of RV, and LVEF
and LV volume indices. Newer high-speed solid-state
digital gamma cameras whose use in clinical practice
continues to grow provide an opportunity to perform
SPECT ERNA studies using lower dose of radiotracer,
which is particularly appealing in pediatric patient
population. Echocardiography is widely available and
used but can be limited by inadequate acoustic
windows and geometric assumptions and variance of
LVEF of >5% in the calculation of LVEF. Therefore,
use of noncontrast 3D echocardiography for measure-
ment of the LVEF has sufficient accuracy to warrant a
role in assisting the monitoring of patients with
normal or abnormal baseline LVEF follow-up studies
receiving anthracycline-based chemotherapy (Ap-
pendix Table 6). CMR may offer an alternative to
the assessment of cardiac dysfunction associated with
chemotherapy; however, this may be offset by its
limited availability, high costs, limited patient toler-
ance, and acceptance.

EVALUATION OF MYOCARDIAL PERFUSION
IMAGING IN PATIENTS UNDERGOING
CHEMOTHERAPY OR RADIATION TREATMENT
FOR CANCER

Several chemotherapeutic agents are associated
with impairment of myocardial perfusion in preclinical
and human studies. In addition, many patients with
cancer have traditional cardiac risk factors or known
coronary artery disease that may put them at greater
risk for cardiac complications of their cancer therapy.
Use of stress MPI should be supported by appropriate
use criteria based on underlying cardiovascular risk and
symptoms, although special consideration of myocar-
dial perfusion imaging may be beneficial in identifying
provocable ischemia and subsequent ischemic risk in
those patients who are being considered for chemother-
apy that may induce significant hemodynamic stress
(interleukin-2 therapy), may cause vasospasm (5-FU or
capecitabine), or may have antiangiogenic properties
(trastuzumab, sunitinib, or bevacizumab). Unfortu-
nately, the data regarding use of myocardial perfusion
imaging (MPI) using SPECT or positron emission
tomography (PET) in the evaluation of patients prior to
or after treatment for cancer are scant. Although
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positive exercise stress tests have documented effort-
induced ischemia during 5-FU infusion, there are
currently no studies using exercise stress testing or
MPI prospectively, to screen patients prior to admin-
istration of 5-FU."'"" Based on case reports, however,
the 5-FU-induced cardiac symptoms are typically not
associated with perfusion abnormalities consistent with
the pathophysiology of coronary vasospasm.''?

The majority of studies using MPI in patients
being treated for malignancies pertain to evaluation
after radiation treatment for thoracic or breast cancers.
Although no guidelines currently exist to mandate
screening for heart disease after radiation treatment,
the  National Cancer Collaborative  Network
recommends screening with a stress test between five
to ten years after completion of treatment.''® There is
a firmer recommendation by the Children’s Oncology
Group to monitor LVEF five years after completion of
treatment and to consider further ischemic evaluation
if there is deterioration of LV function.""* With the
increasing availability of cardiac PET imaging,
measurement of coronary flow reserve may be useful
in early detection of radiation-induced coronary
damage, although there are no reported data in this
area. It is also important to note that significant
improvements in delivery of radiation to the chest,
such as image-guided therapy, three-dimensional treat-
ment planning, reduced dose, respiratory gating, and
fraction size, have also potentially reduced the cardiac
rigk 115:116

As discussed earlier in this informational statement,
small molecular weight TKIs, such as bevacizumab and
sunitinib, which inhibit angiogenesis can have cardio-
vascular side effects. Such side effects could alter
coronary flow reserve, or potentially the resting blood
flow to the myocardium.ﬁo’61 Therefore, future evalua-
tion of patients receiving antiangiogenic therapies may
benefit from quantitative analysis of myocardial blood
flow and coronary flow reserve to determine if there is a
component of microvascular dropout responsible for LV
dysfunction.'"”

In summary, abnormalities in myocardial perfusion
can occur after chemotherapy and/or radiotherapy.
Presently, there are few studies to support screening
for CAD in this group of patients. However, recognizing
chemo-radiotherapy as a risk factor for CAD is key
while performing MPI in this patient population.
Prospective studies to discern the role of MPI especially
with coronary flow reserve assessment are warranted for
early identification of myocardial vascular effects of
chemotherapy and radiation treatment.
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CARDIAC COMPLICATIONS OF MALIGNANCIES

Malignancies can affect the heart in a variety of
ways, either through infiltration of the heart by primary
tumors or secondary metastatic infiltration of the
myocardium and other cardiac structures. More com-
monly, the cardiac manifestation of a malignancy is the
development of a pericardial effusion. Below is a
summary of cardiac malignancies and their associated
complications that may be evaluated using nuclear
cardiology techniques.

CARDIAC NEOPLASMS

Primary cardiac neoplasms are rare and are often
difficult to diagnose, with an overall cumulative preva-
lence of up to 0.3%.""®''"” Despite such a low
prevalence, cardiac neoplasms have generated signifi-
cant interest due to the varied clinical presentations.
Advances over the last decade in echocardiography,
computed tomography (CT), CMR, and PET'*° have
greatly facilitated earlier diagnosis and therapy.'*!
Cardiac neoplasms can be classified into primary and
secondary neoplasms. Primary cardiac neoplasms can be
further divided into benign and malignant neoplasms.
Greater than 75% of diagnosed primary cardiac neo-
plasms are benign, of which myxomas are the most
common. Of the primary malignant cardiac neoplasms,
angiosarcomas are the most common.'** Secondary
cardiac neoplasms are overall much more prevalent
(approximately 30 to 40 times more common) and are
usually a result of metastatic disease or direct invasion
from chest tumors. The clinical presentation of cardiac
neoplasms is often dictated by their anatomic location
and therefore can have varied symptoms based on
systemic, cardiac, embolic, or local mass-effect factors.

Primary Benign Cardiac Neoplasms

Myxoma is the most common type of primary
neoplasm and accounts for almost 50% of all primary
cardiac neoplasms.''®''” Myxomas are usually diag-
nosed in young to middle-aged adults, with a greater
female preponderance. A meta-analysis showed that
83% of cardiac myxomas arise in the left atrium, 12.7%
occur in the right atrium, and 1.3% of cardiac myxomas
are bilateral. In some cases, there can be ventricular
involvement. Recurrence can occur despite resection
and, therefore, patients should be monitored after
surgical resection. The detection of myxomas in extrac-
ardiac locations should strongly raise the suspicion of a
distinct familial disease, known as ‘‘Carney complex.’’
The presence of multiple intracardiac tumors should also
raise the possibility of Carney syndrome.
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Lipoma is the second most common primary
cardiac neoplasm and is usually found incidentally on
imaging of the chest or heart. They are usually seen as
masses protruding into any of the cardiac chambers.
Lipomas usually occur as single, well-encapsulated
masses, though multiple lesions can occur. Most cardiac
lipomas are asymptomatic but can produce a variety of
symptoms depending on the size and location. Large
lipomas may cause compression of the heart and result
in pericardial effusion.

Papillary fibroelastoma is a benign tumor affecting
the cardiac valves and is distinct from Lambl excres-
cence and accounts for the majority of cardiac valvular
neoplasms. Most patients are asymptomatic, although
varying presenting symptoms have been reported and
include transient ischemic attacks, stroke, endocarditis,
cerebral embolism, and myocardial infarction. The
aortic valve is the most common site of origin, although
it can originate on any valve.

Rhabdomyomas are the most common cardiac
neoplasms during infancy and childhood. A majority
of the cases of cardiac rhabdomyomas occur in patients
younger than one year of age. These neoplasms typically
occur in the ventricles, although up to a third of cases
can involve either atrium. Most cardiac rhabdomyomas
spontaneously regress by age 5, and conservative clin-
ical management is the mainstay in the majority of
cases. Cardiac fibroma is the second most common
primary cardiac neoplasm seen in infants and children.

Hemangiomas and lymphangiomas are primary
benign vascular tumors of the heart. Hemangiomas are
more common than lymphangiomas and can occur at
any age. Cardiac hemangioma can occasionally be
associated with hemangioma in other sites, such as the
gastrointestinal tract or the skin. Hemangiomas can
further be distinguished based on the size of their
vascular channels into capillary, cavernous, or venous
hemangiomas.

Malignant cardiac neoplasms

Sarcomas account for the majority of primary
malignant cardiac neoplasms followed by primary car-
diac lymphomas. Secondary malignant cardiac
neoplasms usually result from primary lung or breast
neoplasms, or Hodgkin’s lymphoma. The most common
primary sarcomas of the heart include angiosarcomas,
leiomyosarcomas, rhabdomyosarcomas, and undifferen-
tiated sarcomas. Cardiac angiosarcomas typically occur
in middle-aged adults. Patients typically present with
advanced metastatic disease, and symptoms include
shortness of breath, chest pain, and constitutional
symptoms. Patients can also exhibit signs of superior
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vena cava syndrome, cardiac tamponade, or evidence of
CHF. Cardiac angiosarcomas metastasize to most organ
systems and are typically associated with a poor
prognosis of less than 1 year.'*

Primary cardiac lymphomas are rare but can occur
in both immunocompetent and immunocompromised
individuals. Due to the association with HIV infection
and an increasing population of living solid-organ
transplant recipients, there is an increasing incidence
of cardiac lymphomas. Often extracardiac involvement
is present. Clinical presentation varies from isolated
cardiac symptoms to constitutional symptoms, and
pericardial effusion is present in a significant percentage
of patients. Primary cardiac lymphomas are similar to
other lymphomas and are sensitive to chemotherapy.
Despite this, overall prognosis is still poor and more
than 50% of the patients die within 2 to 3 months of
initial diagnosis.'*?

CARDIAC AMYLOIDOSIS

In amyloidosis, there is extracellular deposition of
proteins that have a unique structure (fibrils in a B-pleated
sheet configuration). Fibrils are composed of low molec-
ular weight subunits of a variety of normal serum proteins.
While there are various types of amyloidosis, for the
purpose of this review, we will focus on immunoglobulin
light chain AL amyloidosis. AL is a systemic disorder that
can affect any organ, including the heart. Amyloid protein
deposition into the myocardial interstitium is a well-
recognized cause of a progressive restrictive or infiltrative
cardiomyopathy and carries a grave prognosis. The
median age at diagnosis is 60-65 years with a male
predominance. Most patients with AL cardiac amyloid
often develop significant heart failure with poor survival
beyond 2 years of symptom onset unless treated with
heart transplantation and concomitant bone marrow
transplantation.'** AL amyloidosis can also occur in
patients with other plasma cell disorders such as multiple
myeloma, plasma cell malignancies, or Waldenstrom’s
macroglobulinemia.

Clinical manifestations in a given patient are
determined by the extent of amyloid involvement of a
particular organ system, but patients often experience
multi-system symptoms due to the deposition of amyloid
fibrils in more than one system. AL amyloidosis is
usually suspected in a patient presenting with any one of
the following: unexplained generalized edema, protein-
uria in a non-diabetic, CHF with no obvious etiology,
increased cardiac biomarkers in the absence of primary
heart  disease, carpal tunnel syndrome, or
macroglossia.'*>1%¢
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PERICARDIAL EFFUSION

Patients with cancer may develop pericardial effu-
sions because of the presence of metastatic disease in the
pericardium, radiation therapy, chemotherapeutic agents
(cyclophosphamide), or immunotherapy. In patients
undergoing ERNA for LVEF assessment, pericardial
effusions are suspected when a photopenic ‘‘halo’’
appearance is seen around the heart.

USE OF NUCLEAR CARDIOLOGY TECHNIQUES
IN THE DETECTION OF BENIGN AND
MALIGNANT CARDIAC TUMORS

SPECT Imaging

The first report of tumor detection by radioisotope
techniques was using planar thallium- and technetium-
based imaging.'?’"'*® While Tc-99m tetrofosmin and
sestamibi have been used to detect lung, breast, and
other tumors, there have not been reports of using these
isotopes to detect cardiac tumors because of the back-
ground myocardial uptake of perfusion tracers, although
perfusion defects have been reported at the sites of
intracardiac tumors.'%!3! Not uncommonly, extracar-
diac radiotracer uptake is noted in planar projections of
myocardial perfusion SPECT scans performed with
thallium or technetium-based isotopes.'*> Often this
uptake is noted in breast and lung tumors, mediastinal,
neck, or axillary lymph nodes, where these could
represent a malignancy. In a retrospective study by
Williams et al,'** noncardiac findings were identified by
surveying 12,526 reports of dual-isotope myocardial
perfusion imaging studies.'*’ Of these, 48% were
suggestive of malignancy, and foci in the breast or lung
were more likely to be confirmed as representing cancer.
Benign tumors such as thymoma may also be identified
through mediastinal uptake on cardiac SPECT MPIL
Hence, examination of the rotating planar images may
be very useful in the detection of extracardiac tumors.

PET Imaging

Whole-body PET using FDG is considered the gold
standard for the detection of malignancies associated
with high rates of anaerobic glycolytic metabolism,
especially for the evaluation of metastases.'”> PET
imaging with FDG is clearly able to differentiate
hypermetabolic lesions that are likely malignant from
areas of low FDG uptake that may represent normal
tissue or benign tumors.'**'*> In the case of cardiac
tumors, the data on the use of the FDG-PET imaging are
primarily in the form of case reports; the majority of
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which are in patients with angiosarcomas or secondary
metastases to the heart.'*"°

Metastases to the heart and pericardium are inci-
dentally discovered on autopsies in 10 to 12% of all
malignancies.'**'*" Primary tumors most likely to have
cardiac metastasis found at autopsy include pleural
mesotheliomas (48.4%), melanomas (27.8%), lung ade-
nocarcinomas (21%), and undifferentiated carcinomas
(19.5%). On the other hand, primary cardiac tumors are
rare with an overall incidence of 0.001% to 0.028% in
autopsy studies, of which 20% to 25% are malignant.''®
The most common primary cardiac malignancy is
angiosarcoma, and there are multiple case reports of
the use of FDG-PET imaging in the diagnosis and
staging of these tumors.

Unlike echocardiography, CT and MRI, which can
define tumors structurally and anatomically, the greatest
utility of FDG-PET imaging comes from its ability to
differentiate benign from malignant tumors, as well as to
identify areas of distant metastases or local extension
that can change management strategies.'**'*’ Rahbar
et al studied the differences in FDG uptake between
benign and malignant primary and secondary cardiac
tumors and found that a standardized uptake value
(SUV) of greater than 3.5 is suggestive of the presence
of a malignant tumor."** In this retrospective study,
FDG-PET imaging had a sensitivity and specificity of
100% and 86%, respectively, in identifying the cardiac
malignancy. Furthermore, FDG-PET was more sensitive
than CT/MRI in detecting distant metastases that can
change treatment options in patients with cardiac
malignancy from surgical removal to palliative therapy.
Hence, the authors propose that when MRI/CT findings
are inconclusive with respect to the malignant nature of
an intracardiac tumor—and in those with confirmed
intracardiac malignancies—FDG-PET can be helpful in
diagnostic and prognostic assessment. It is important to
remember for cancer FDG imaging, it is essential to
suppress myocardial glucose uptake maximally in order
to identify accurately areas of increased FDG uptake as
being related to the malignancy. Correlating the areas of
increased FDG uptake with the CT or MRI images also
helps improve identification of malignant cardiac
tumors.

Potential Future Uses of Nuclear Cardiology
in the Care of Patients with Cancer

Although the focus of this informational statement
has been on the proven clinical effectiveness of a
patient-centered approach to cardiac imaging to identify
cardiotoxicity and manage risk of CHF, nuclear cardiac
imaging holds the prospect for unique methods of
diagnosis not provided by other modalities. This
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strength comes from the ability to identify molecular
targets using radiolabeled tracers. The identification of
such targets requires an understanding of the basic
cellular and molecular mechanisms of cancer pathogen-
esis that can affect the heart and of the agents used to
treat malignancies. As summarized below, there already
exist several areas of active investigation for the
application of radiotracer-based techniques to evaluate
the cardiac complications in patients with cancer.

Early detection of anthracycline-induced
cardiotoxicity

Because of the relatively irreversible nature of
systolic dysfunction in patients with anthracycline-
induced cardiotoxicity, it is essential that methods are
established to identify those individuals at risk for
anthracycline-induced cardiotoxicity and to identify the
development of cardiotoxicity prior to a decrease in the
LVEF. As discussed above, echocardiographic strain
analysis and biomarker monitoring offer some promise
in detecting preclinical decreases in function;”® how-
ever, several novel SPECT techniques have also been
evaluated.”* These novel techniques include sympathetic
neuronal imaging with 'ZL-mIBG,'*'** '[p-an-
timyosin, a specific marker of myocyte injury and
necrosis, &% and *°™Tc-annexin V, a marker for
apoptosis and programmed cell death.'>%'"!

Apoptosis imaging

The mechanism responsible for chronic LV dysfunc-
tion caused by anthracyclines involves activation of
apoptotic pathways through the production of reactive
oxygen species.” This increase in myocyte apoptosis can
be detected in early stages of cardiotoxicity by annexin V
imaging. Animal models of anthracycline cardiotoxicity
have demonstrated the ability to detect increased rates of
apoptosis using Tc-99m-labeled annexin V'*° and iden-
tify evidence of myocyte loss prior to the development of
LV dysfunction as determined echocardiographically.'>>
Because imaging with radiolabled annexin V is a direct
reflection of the underlying process responsible for
anthracycline-induced cardiotoxicity, namely apoptosis,
this technique could potentially represent a method to not
only identify cardiotoxicity prior to the development of
overt systolic dysfunction but also provide a method to
monitor therapies directed at reducing the apoptotic
process.'>*!>* While annexin V imaging has been per-
formed in heart transplant recipients to detect
apoptosis,'>* it remains unclear whether annexin V will
play an important clinical role in monitoring anthracy-
cline-induced CHF.'**-'>!
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Caspase 3, an enzyme involved in the terminal step
of the apoptotic pathway, has recently been studied as a
potential target for the detection of anthracycline-
induced cardiotoxicity. Using 18F_CPI1 8, an F-18-labeled
synthetic substrate for caspase 3, Su et al evaluated
caspase 3 activity, apoptosis, and changes in LV
function in a mouse model of anthracycline-induced
cardiotoxicity. This study demonstrated a linear rela-
tionship between 'SF-CP18 uptake and quantitative
assessments of myocyte apoptosis based on TUNEL
staining and was associated with decreased LV func-
tion."> Further studies are required to determine if
increased '®F-CP18 uptake precedes the decline in
LVEF and whether the agent is effective in humans.

Antimyosin Imaging

Prior to the onset of apoptosis in chronic anthracy-
cline cardiotoxicity, and in the setting of acute
anthracycline cardiotoxicity, direct myocyte damage
can occur with associated release of troponin T and
brain natriuretic peptide.'”®'5® Because sarcolemmal
disruption and cardiac myocyte damage in the setting of
myocardial infarction can be evaluated based on binding
of radiolabeled antimyosin antibodies to intracellular
myosin, researchers have also evaluated the use of this
radiotracer for detecting anthracycline-induced car-
diotoxicity. In initial studies, the intensity of
antimyosin antibody uptake is directly proportional to
the cumulative dose of anthracycline'*” and the severity
of myocyte damage.'®

Studies using '''In-antimyosin antibodies demon-
strated intense uptake of the radiotracer in breast
cancer patients who had received high cumulative
doses (500 mg-m_z) of doxorubicin and had a decrease
in their LVEF,'®" although the researchers did not
determine the degree of antimyosin antibody uptake
prior to anthracycline administration. In subsequent
studies, antimyosin scintigraphy was shown to detect
evidence of myocyte damage at doses of doxorubicin
between 240 and 300 mg-m > when there was no
evidence of LV dysfunction.'*® At doses in the range
of 420 to 600 mg-m 2, there was even greater uptake
of "'In-antimyosin antibody that was associated with
decreases in LVEF. Importantly, patients with intense
uptake of antimyosin antibodies at the intermediate
doses of doxorubicin were more likely to develop LV
dysfunction at subsequent higher doses of the
chemotherapeutic drug.'*® However, the lack of speci-
ficity for predicting subsequent CHF and lack of
ongoing availability of '''In-antimyosin antibody in the
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United States suggest an unlikely role for it in the
foreseeable future.

Sympathetic Imaging

The progression of anthracycline cardiotoxicity lead-
ing to CHF is associated with global myocardial
adrenergic derangement.'*> Research has focused on the
ability of neuronal imaging using the norepinephrine
analog, '*’I-metaiodobenzylguanidine (mIBG), to detect
anthracycline-induced cardiotoxicity. Changes in the
uptake and retention of mIBG have been shown to provide
important prognostic information in patients with heart
failure that is incremental to LVEF.'®* Not unexpectedly,
in patients who have demonstrated anthracycline-induced
cardiomyopathy, there is a higher mIBG washout rate
associated with lower LVEF.'®® Furthermore, the pres-
ence of a preserved mIBG washout rate in patients with
evidence of cardiotoxicity, as demonstrated by a signif-
icant decrease in LVEF, may identify patients that can
tolerate further anthracycline-based chemotherapy.'®
Such findings in a limited number of patients must be
evaluated in larger cohorts of patients receiving anthra-
cycline chemotherapy.

While risk stratification of patients with established
anthracycline-induced LV dysfunction is important,
what is of even greater value is the identification of
subclinical cardiotoxicity prior to the development of
LV systolic dysfunction. Based on the hypothesis that
anthracyclines can cause either direct sympathetic neu-
ronal damage or changes in neuronal function,'®* several
preclinical studies have evaluated changes in cardiac
sympathetic neuronal function caused by this class of
chemotherapeutic agents. In a rat model of cardiotox-
icity in which animals received weekly injections of
2 mg-kg~' of doxorubicin (the equivalent of approxi-
mately 75 mg-m~2), abnormalities in cardiac mIBG
accumulation were observed one week prior to a decline
in LVEFE.'"® This change in mIBG uptake preceding
changes in LV function was confirmed in subsequent
studies that also demonstrated a greater impact on
subendocardial sympathetic innervation compared to
subepicardial innervation.'® It must be kept in mind
that in this study, as in the majority of animal studies,
the doses and scheduling of anthracycline treatment are
higher and more frequent, respectively, than what are
used in clinical practice. Therefore, future animal
studies of anthracycline-induced cardiotoxicity should
attempt to simulate the clinical scenario more closely.

In patients receiving anthracycline-based chemother-
apy, a similar decrease in mIBG retention, as indicated by
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adecrease in the heart/mediastinal ratio, has been reported
prior to a decrease in LVEF or fractional shortening. 4%
These changes in mIBG retention, however, may only
occur at higher doses (420-600 mg-m~2) of anthracy-
clines.'*® Interestingly, it has also been reported in a small
study of patients for whom these abnormalities in neu-
ronal function may persist up to ten years, despite
normalization of LV function.'®’

These studies suggest that cardiac sympathetic
neuronal imaging using mIBG may identify subclinical
anthracycline-induced cardiotoxicity prior to the devel-
opment of overt LV systolic dysfunction and aid in
determining prognosis in those individuals who have
declines in LVEF following treatment with anthracy-
cline-based chemotherapy. In addition to SPECT-based
mIBG, PET-based radiopharmaceuticals, such as 18
6-fluorodopamine, ''C-hydroxyephedrine, and ''C-epi-
neiphrine may also hold promise for the evaluation of
anthracycline-induced cardiotoxicity. Larger trials will
be required to establish the value of cardiac sympa-
thetic imaging in patients receiving anthracyclines.

Use of Radiolabeled Trastuzumab in the
Assessment of Cardiotoxicity

As noted above, radiolabeled antibodies have been
used to identify cardiac myocyte damage caused by
anthracycline-based chemotherapy, but radiolabeled
antibodies may be used to detect a variety of epitopes
that may be important in assessing the impact of
chemotherapy on the cardiovascular system. One such
example is the use of '''In-trastuzumab imaging. Tras-
tuzumab is the humanized monoclonal antibody used to
treat HER2/neu receptor-positive breast cancer. If this
therapeutic antibody is labeled with '''In and injected in
tracer quantities, it will bind to HER2/neu receptors on
the cell surface. These receptors are present not only on
breast cancer cells, but also on normal endothelial cells
and cardiac myocytes.

In a study of 20 patients with breast cancer who
were injected with '''In-trastuzumab prior to receiving
adjuvant or neoadjuvant trastuzumab therapy, 7 had
uptake of the radiotracer and 6 of these individuals
subsequently developed trastuzumab-associated heart
failure.'®® In contrast, another study was unable to
demonstrate any relationship between cardiac uptake
of radiolabeled trastuzumab and subsequent develop-
ment of LV dysfunction, although that study did not
perform the trastuzumab-based imaging prior to the
start of trastuzumab therapy.'® A subsequent study
performed to determine if heart failure, either caused
by anthracycline therapy or from a non-chemotherapy-
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related cause, was associated with increased uptake of
radiolabeled trastuzumab did not reveal any relation-
ship between the development of heart failure,
regardless of etiology, and cardiac '''In-trastuzumab
uptake.'”® The discrepant results of the trastuzumab
studies may be ascribed to a variety of factors,
including small numbers of patients in each study,
differences in the relationship between when patients
underwent imaging and when they received trastuzu-
mab  therapy, and a continued incomplete
understanding of the mechanisms responsible for
trastuzumab-induced cardiotoxicity. Therefore, further
studies are needed to determine if radiolabeled
trastuzumab may be wused in the evaluation of
cardiotoxicity.

Assessment of cardiac metabolic
alterations

As discussed above, FDG can be used to identify
hypermetabolic primary and secondary cardiac tumors;
however, it may be possible to evaluate fundamental
changes in myocardial metabolism in response to
chemotherapy. Specifically, taxanes, which inhibit
microtubule synthesis, have been shown to alter fatty
acid metabolism, and '*’-BMIPP and '*’I-IPPA
scintigraphy have been reported to monitor this bio-
chemical perturbation in mitochondrial free fatty acid
oxidation without impairing myocardial perfusion.®®
Taxanes in combination with carboplatin are reported
to exert a more profound depression on myocardial free
fatty acid metabolism and myocardial contractile dys-
function than doxorubicin alone. The incremental value
of reduced 'I-BMIPP or '**I-IPPA metabolism on
prediction of chemotherapy-induced CHF remains
undefined and further research is required to determine
if assessment of myocardial fatty acid metabolism
using these agents might be wused to detect
cardiotoxicity.

Evaluating Cardiac Amyloid

Although once an underdiagnosed condition, there
has been an increasing awareness of the contribution of
cardiac amyloid to cardiac morbidity and mortality.
While senile and mutational transthyretin amyloidosis
(ATTR amyloidosis) are the most common causes of
cardiac amyloidosis, the deposition of misfolded light
chain proteins in the myocardium in patients with
multiple myeloma can cause AL amyloid. Previously,
the identification of cardiac involvement with AL



Russell et al
Multimodality cardiac imaging in cardio-oncology

. . . 12
amyloid was associated with a very poor prognosis,'*

but the development of aggressive but effective
chemotherapeutic regimens has improved survival and
underscores the need to identify cardiac involvement at
an early stage. While imaging with *°™Tc-labeled
pyrophosphate (PYP) has been shown to identify cardiac
involvement with ATTR amyloid,171 PYP does not bind
to AL amyloid with the same affinity and therefore
cannot be used to detect cardiac light chain depositions.
However, advances in the development of PET-based
radiotracers for the detection of neurofibrillatory plaques
in patients with Alzheimer disease may provide a basis
for the detection of cardiac AL amyloid in patients at an
early stage prior to the development of clinical signs of
cardiac involvement.'”

‘Pittsburgh compound B (PiB) is a ''C-labeled
PET tracer that binds to amyloid fibrils, increasing the
retention of the compound in the brains of patients
with Alzheimer’s disease. Enhanced retention of PiB
has been demonstrated in patients with both AL and
ATTR amyloid compared to healthy individuals.'”® A
second PET-based radiotracer that binds to neurofib-
rillatory plaques, '®F-florbetapir, has also shown
promise in detecting cardiac amyloid.'”* In both of
these studies, patients had verified cardiac amyloid and
thickened left ventricles. It remains to be determined if
these compounds may be used to detect cardiac
involvement with AL amyloid at an early, subclinical
stage. In addition, although there is some preliminary
evidence that there is even greater retention of 'SF-
florbetapir in the setting of AL amyloid compared to
ATTR amyloid,'”* further studies are required to
determine if this agent can differentiate the two forms
of cardiac amyloid. FDA approval of '®F-florbetapir for
neurologic application provides opportunity for inves-
tigation of its value in the identification of cardiac AL
amyloid associated with plasma cell dyscrasias such as
lymphoma, multiple myeloma, and Waldenstrom
macroglobulinemia.\]

CONCLUSIONS

The current era offers great promise for the
development of safer and more potent chemotherapeu-
tic agents and numerous methods to optimize detection
of cardiotoxicity and LV dysfunction that predict risk
of CHF with continued therapy. In our quest to prevent
cardiotoxicity, the challenge for the field of cardio-
oncology is two-fold: to develop therapeutic approa-
ches with less cardiotoxicity and to develop optimally
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predictive methods that minimize cardiotoxicity until
safer agents are available. This challenge will require
us to understand better the cellular, biochemical, and
genomic mechanism of cardiotoxicity in order to
prevent heart failure while optimizing chemotherapeu-
tic benefit. To advance the field of cardio-oncology, a
number of novel diagnostic approaches have been
recommended that will require thoughtful prospective
evaluation with assessment of the clinical value on HF
reduction of technique-specific endpoints of therapy.
The role of myocardial strain imaging appears promis-
ing and requires rigorous evidence-based proof of
effectiveness and value for detecting cardiotoxicity and
preventing clinical HF compared to highly accurate
modalities of LV volume and EF monitoring with
planar and SPECT ERNA and CMR.

Additional radiotracers will likely emerge based on
an understanding of the mechanisms of action of novel,
molecularly targeted agents. Further studies will be
necessary to establish the performance characteristics
of these newer techniques based on specific toxicity
endpoints and to determine the added value that they
bring to patient care. Techniques that provide direct
imaging of amyloid imaging with **™Tc-PYP and '°F-
florbetapir show great promise for the early detection
of this important cause of heart failure in cancer
patients.

In summary, cardio-oncology is a multi-disci-
plinary field that requires very specialized knowledge
from oncology and cardiology, including an under-
standing of the role of noninvasive imaging in the
evaluation and management of the cardiovascular
complications from cancer and its therapy. This review
of ongoing evidence of the accuracy, reproducibility,
and proven clinical effectiveness of patient-centered
monitoring of cardiotoxicity, and HF risk in cancer
patients has led to the current recommendations for a
rational approach to multimodality imaging, as
summarized in Appendix Table 6. In the best interests
of patient care and advancing the field of cardio-
oncology, it is critical that technique-specific, evi-
dence-based guidelines be established to help improve
and standardize the use of all noninvasive cardiac
testing and the ensuing treatment decisions to optimize
the cardiovascular health and care of patients with
cancer.

APPENDIX
See Tables 1, 2, 3,4, 5, and 6
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Table 2. Risk factors for developing left ventricular dysfunction with anthracycline or trastuzumab
treatment

Anthracyclines Trastuzumab

Age >65 or <5 years

Hypertension

Female gender

Mediastinal radiation

Pre-existing cardiac disease

Treatment with other cardiotoxic agents
Cumulative doxorubicin dose >450 mg-m~?2
Larger individual anthracycline doses

Age >60 years
Prior anthracycline treatment

Table 3. Isotoxic dose conversions for anthracycline agents

Multiplication factor to derive equivalent

Agent doxorubicin dose
Daunorubicin 1.00
Epirubicin 0.67
Idarubicin 5.00
Mitoxantrone 4.00

Based on data from Children’s Oncology Group. “Long-term Follow-up Guidelines for Survivors of Childhood, Adolescent, and
Young Adult Cancer.” October 2013; version 4. Available at http://www.survivorshipguidelines.org

Table 4. Recommendations for monitoring of LVEF in survivors of childhood cancer

Recommended
Age at Chest Total anthracycline frequency of LVEF
treatment radiation dose assessment
<1 year Yes Any Every year
No <200 mg-m~2 Every 2 years
>200 mg~m_2 Every year
1 to 4 years Yes Any Every year
No <100 mg~m’Z Every 5 years
>100 to <300 mg-m > Every 2 years
>300 mg-m™? Every year
>5 years Yes <300 mg-m_2 Every 2 years
>300 mg-m_2 Every year
No <200 mg~m’Z Every 5 years

>200 to <300 mg-m >

>300 mg-m~?

Every 2 years
Every year

Based on data from Children’s Oncology Group “Long-term Follow-up Guidelines for Survivors of Childhood, Adolescent, and
Young Adult Cancer.” October 2013; version 4. Available at http://www.survivorshipguidelines.org
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