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Modern oncologic therapies and care have resulted in a growing

population of cancer survivors with comorbid, chronic health con-

ditions. As an example, many survivors have an increased risk of

cardiovascular complications secondary to cardiotoxic systemic
and radiation therapies. In response, the field of cardio-oncology

has emerged as an integral component of oncologic patient care,

committed to the early diagnosis and treatment of adverse cardiac
events. However, as current clinical management of cancer therapy–

related cardiovascular disease remains limited by a lack of pheno-

typic data, implementation of precision medicine approaches has

become a focal point for deep phenotyping strategies. In particular,
-omics approaches (a field of study in biology ending in -omic, such

as genomics, proteomics, or metabolomics) have shown enormous

potential in identifying sensitive biomarkers of cardiovascular dis-

ease, applying sophisticated, pattern-revealing technologies to grow-
ing databases of biologic molecules. Moreover, the use of -omics to

inform radiologic strategies may add a dimension to future clinical

practices. In this review, we present a paradigm for a precision med-
icine approach to the care of cardiotoxin-exposed cancer patients.

We discuss the role of current imaging techniques; demonstrate how

-omics can advance our understanding of disease phenotypes; and

describe how molecular imaging can be integrated to personalize
surveillance and therapeutics, ultimately reducing cardiovascular mor-

bidity and mortality in cancer patients and survivors.
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The last decade has witnessed a revolution in cancer therapeu-
tics, producing a population of cancer survivors now exceeding
15.5 million in the United States alone (1). Although encouraging,
this gain in cancer survivorship has also produced a growing cohort
of patients with increased cardiovascular complications. Cardiovas-
cular disease (CVD) currently accounts for approximately 32% of
deaths globally, with a significant percentage in those with previous
cancer treatment (2). To address this growing public health bur-
den, a new discipline—cardio-oncology—dedicated to the car-
diovascular care of cancer patients has emerged. However, despite

substantial progress made in elucidating mechanisms of therapy-
related cardiotoxicity, personalized diagnostic and therapeutic
strategies remain limited, with few distinctions made between un-
derlying mechanisms of CVD.
One strategy that has gained momentum in cardiology and

oncology is the advancement of precision medicine, which relies
on computational integration of clinical data with advanced genetic,
biomolecular, and demographic profiling to better risk-stratify patients.
This process, known as deep phenotyping, directly undermines the
reductionist assumption that similar phenotypes arise from similar
underlying pathophysiology. In the case of cancer therapy–related
CVD, this reductionist assumption remains the current therapeutic
standard, largely because of a lack of phenotyping data in risk
stratification and disease development. As the link between cancer
therapeutics and CVD continues to heterogeneously manifest in
the clinic, our understanding of the potential applications of pre-
cision medicine in cardio-oncology is central to actualizing success-
ful preventative, diagnostic, and therapeutic interventions.
In this review, we present a paradigm for how to advance our

understanding of the disease phenotype in cancer patients exposed
to potential cardiotoxins. We start with a background on the state of
cardio-oncology and follow with a discussion of -omics (a field of
study in biology ending in -omic, such as genomics, proteomics, or
metabolomics) approaches to enhance disease characterization and
elucidate novel biomarkers. We then illustrate how a variety of
current and emerging imaging techniques are differentially suited
for phenomapping disease. We conclude by using RT-induced
microvascular injury as a case study for how -omics identifica-
tion of molecular imaging targets could shape the future of person-
alized cardio-oncology.

BACKGROUND

Clinical manifestations of cancer therapy cardiotoxicity are
heterogeneous. The most recent European Society of Cardiology
guidelines broadly divide cardiovascular complications of cancer
therapy into 9 categories, including myocardial dysfunction, coronary
artery disease, valvular heart disease, arrhythmias, and pericardial
diseases (3). The heterogeneity in cardiovascular complications of
cancer therapies can, in part, be attributed to the increasing number
of cancer therapeutics used in clinical practice, each with unique
pathogeneses. These include traditional chemotherapeutics such as
anthracyclines, targeted therapies with trastuzumab or antiangio-
genic tyrosine kinase inhibitors, and immunotherapies. The impor-
tance of early detection of cardiotoxicity has become increasingly
apparent; left ventricular ejection fraction (LVEF) recovery and
cardiac event reduction have been shown to occur more frequently
with early diagnosis and treatment of cardiotoxicity in patients with
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cancer therapy–induced cardiomyopathy (4). Accordingly, recom-

mendations for managing potential cardiac dysfunction in patients

receiving cardiotoxic therapies include LVEF monitoring with serial

echocardiograms, population stratification by treatments received and

preexisting cardiovascular risk factors (e.g., age, hypertension), and
surveillance with serum cardiac biomarkers (troponin) (3). Addition-
ally, a staging system (stages A–D) for heart failure exists, spanning
from any cardiotoxin-exposed patient (stage A) to those with ob-
served, asymptomatic left ventricular dysfunction (stage B) and
symptomatic heart failure (stages C and D) (5).
Although such guidelines represent a step forward, recommenda-

tions are generally vague, and a deficiency in evidence-based data for
clinical decision making remains. Interestingly, the limitations of
current approaches highlight the multiple features that make the field
of cardio-oncology uniquely suited for precision medicine. For
example, current risk stratification schemes include only basic clinical
characteristics and do not incorporate the wealth of information
potentially offered by deep phenotyping. Even with the potential
distinct categorizations that may emerge from current risk stratifica-
tion models, differences in clinical management remain largely
limited to adjustments in surveillance frequency and medication
dosing. Moreover, more precise characterization of disease with
refined imaging measures and sensitive biomarkers represents rela-
tively untapped tools with which to tailor treatments to underlying
pathophysiologic differences in otherwise similar clinical presenta-
tions. Going forward, a multidisciplinary commitment to precision
medicine approaches is needed, with molecular imaging and -omics
sciences at the forefront of promising archetypes.

PANOMICS: BIOMARKER IDENTIFICATION

The value of deep phenotyping has been demonstrated in
studies of common CVDs (6). A natural extension of such studies
has been to embrace principles of more precise clinical phenotyp-
ing in cardio-oncology. Consequently, recent research has focused
on identifying circulating biomarkers of disease as a complemen-
tary approach to the pursuit of sensitive imaging metrics.
To date, most investigations have focused on troponin and brain

natriuretic peptide, two well-established biomarkers of cardiac
injury and stress whose elevated levels have been associated with
cardiotoxicity (7,8). However, it still remains to be determined if
systematic evaluation of these biomarkers improves outcomes, and
there are currently no guidelines for cutoffs, timing of assess-
ments, or therapy-specific considerations. These limitations com-
pounded by a lack of biomarker specificity have motivated a
search for more evidence-based biomarkers. For example, myelo-
peroxidase, growth differentiation factor-15, and asymmetric
dimethylarginine have all been postulated as potentially useful
biomarkers, as all play critical roles in oxidative stress or nitric oxide

metabolism—potential mechanisms of anthracycline-induced cardio-
toxicity (9,10). Additionally, a multimarker approach aimed at
increasing sensitivity and specificity through the simultaneous
evaluation of multiple contributory pathways has also been pro-
posed, with elevations in troponin and myeloperoxidase demon-
strating significant additive predictive value (9).
More recently, advancements in -omics technologies have ampli-

fied the clinical relevance of phenotyping in both magnitude and
spectrum. -Omics sciences seek to computationally identify patterns
from sizeable networks of data to elucidate causative pathophysiol-
ogy. In the case of therapy-induced cardiotoxicity, these sciences can
elucidate novel disease metrics that can inform the personalization of
medicine in cardio-oncology (Fig. 1). However, it is important to
note the inherent limitation of a systems-based analysis that is not
specific to the heart, for predicting cardiac effects. Although -omic
technologies applied in broad discovery studies may reveal measur-
able changes in select candidate markers, the lack of specificity of
these markers for cardiac tissue must be considered; abnormalities
in variables may be due to processes unrelated to the cardiovas-
cular system. Thus, recognition of potential confounding var-
iables has an important function in interpreting results of
panomics for biomarker identification.

FIGURE 1. (A) Current approaches to cardio-oncology patients involve

phenotyping with demographics, exposure history, and clinical evalua-

tion (including basic lab tests and imaging). This method identifies dis-

ease phenotypes such as decreased LVEF to broadly guide therapeutic

management. (B) Individuals with same phenotype (e.g., LVEF , 50%)

can be further stratified through precision phenotyping and applying

-omics to elucidate defining biologic data (e.g., genomic biomarker,

molecular imaging, metabolome profile), resulting in more targeted man-

agement and better outcomes.

NOTEWORTHY

n The recent gains in cancer survivorship have produced a
growing cohort of patients with increased cardiovascular
complications and led to the field of cardio-oncology.

n Within cardio-oncology, current risk stratification schemes
primarily include only basic clinical characteristics.

n Refined imaging measures and sensitive biomarkers of disease
represent tools with the potential to tailor treatments to under-
lying pathophysiologic differences in patients with other-
wise similar clinical presentations.
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Genomics

Much of our understanding of the genetics of anthracycline-
induced cardiotoxicity has come from genomewide association
studies of childhood survivors, which have implicated single-
nucleotide polymorphisms in carbonyl reductase and hyaluronan

synthase 3 as independent modifiers of anthracycline-related cardio-

myopathy risk (11). CBRs catalyze the reduction of anthracyclines to

cardiotoxic alcohol metabolites, whereas the hyaluronan synthase 3
gene encodes for hyaluronan, a ubiquitous component of the extra-

cellular matrix that plays a role in tissue response to injury. Additional

studies on childhood cancer survivors have identified polymorphisms
in genes that regulate intracellular transport (SLC28A3, SLC28A1)

of anthracyclines as independent predictors of cardiomyopathy

risk (12,13). A study of adult hematopoietic cell transplantation
patients treated with anthracyclines identified an association

between a polymorphism in the doxorubicin efflux transporter

and cardiotoxicity (14). Another genomewide association study
of anthracycline cardiotoxicity suggested a susceptibility locus

at chromosome 1p36.21 near PRDM2 (P 5 6.5 · 1027) (15).

Additionally, genetic polymorphisms in the HER2 gene (Ile 655
Val and Pro 1170 Ala) have also been identified as conferring in-

creased risk for trastuzumab cardiotoxicity (16).
Circulating micro-RNA, a direct product of genomic profiles, also

has significant potential for identifying subclinical cardiac damage in
patients receiving certain therapies. This large class of noncoding

small RNAs that circulate in the bloodstream, enter distant recipient

cells, and regulate gene expression has already demonstrated potential

as a biomarker of CVD. In a case-control study of 12 children, 84
micro-RNAs were profiled 24–48 h and approximately 1 y after

initiation of anthracycline chemotherapy and showed an association

between decreased LVEF and 3 specific micro-RNAs (17). In an-
other study of 33 children receiving anthracycline chemotherapy

and noncardiotoxic chemotherapy, profiling of 24 micro-RNAs

at pre- and postcycle time points revealed greater chemotherapy-
induced dysregulation in patients receiving anthracyclines than

in those receiving noncardiotoxic chemotherapy (24-h multivariate

ANOVA, P 5 0.024) (18).

Proteomics

A similar and parallel approach has been implemented in bio-
marker identification using proteomics. In experiments on heart

tissue samples from control rats and rats exposed to docetaxel and
doxorubicin, 9 proteins involved in energy production were found

to be differentially expressed in control versus treatment groups, with

higher levels of glyceraldehyde-3-phosphate-dehydrogenase associ-
ated with lower mortality (19). The importance of energy metabolism

was also confirmed in daunorubicin-induced cardiotoxicity, with al-

terations in mitochondrial proteins involved in oxidative phosphory-

lation and energy channeling along with increased proteins involved
in autophagy, membrane repair, and apoptosis (20). Small human

studies have also suggested the importance of the immune system

in the pathophysiology of cardiotoxicity (21). Nevertheless, findings
from proteomic studies are still largely preliminary.

Metabolomics

Variation in metabolite profiles uniquely reflects a spectrum of
molecular influences, intricately linking changes in DNA sequences,
cellular physiology, and environmental factors. Despite a lack of
studies investigating metabolic changes specific to cancer therapy–
related CVD, metabolomics has emerged as a potential tool for
cardio-oncologists to use in characterizing chemical intermediates in

a variety of biosamples, especially as abnormal cardiac metabolism
has been increasingly linked to CVD. For cardio-oncology patients,
metabolic studies of general CVD offer 2 main insights: an under-
standing of the pathophysiologic, metabolomic alterations that occur
in specific disease states (i.e., heart failure and myocardial ische-
mia), and a potential approach to CVD risk prediction with novel
biomarkers. For example, the sequential use of progressively mac-
roscopic -omics, that is, from genomics to clinical phenotyping, as
an approach to modeling and tracking the course of a disease may be
promising. This approach directly contrasts current paradigms in
which changing clinical phenotypes are what motivate investigation
into progressively microscopic pathophysiology, that is, from clinical
chemistry and imaging to genomics.
With respect to risk prediction, the ability to one day perform real-

time monitoring of blood or urine metabolites could allow clinicians
to detect novel molecular biomarkers associated with differential
clinical trajectories. Similarly, changes in metabolite profiles over
time, such as after administration of a drug, could be used to define an
individual’s response to therapy and guide subsequent management.

PHENOMAPPING WITH IMAGING

The varying clinical manifestations and unpredictable timing of
treatment-related CVD have made surveillance and diagnosis
challenging. One attractive approach has been to use sensitive
imaging measures for phenomapping the risk of developing
subclinical and overt disease. Current strategies rely almost exclusively
on measurements of LVEF; however, a lack of consensus criteria for
meaningful cutoffs, inherent variability in LVEF values and assessment,
and an inability to detect subclinical myocardial damage limit LVEF as
a gold standard. The ensuing discussion focuses on prominent
imaging indices used clinically and evaluates how emerging strategies
may offer more comprehensive phenotypic data.

LVEF

LVEF is the most commonly used measure of cardiac function
in cancer patients. Two-dimensional (2D) echocardiography is typically
the modality of choice in measuring LVEF, as it is inexpensive, is
easily available, and avoids radiation exposure. However, concern
over its reproducibility and inability to detect small decreases in
LVEF have motivated many to explore advanced techniques includ-
ing strain analyses, ultrasound-based contrast agents (recommended
with suboptimal 2D echocardiography views), and 3-dimensional
(3D) echocardiography. A recent prospective study comparing 2D
echocardiography and 3D echocardiography in breast cancer
patients found that temporal variability in LVEF decreased from
10%–13% with 2D echocardiography to 5%–6% with 3D echo-
cardiography (22). Variability in LVEF measurement with 3D
echocardiography is therefore more comparable to that with cardiac
MRI (CMR) (2%) and was proposed as the preferred modality by
several organizations (23). Still, because of its operator dependence,
decreased availability, and increased cost, routine clinical use of 3D
echocardiography has been challenging.
Multigated acquisition has also been used for LVEF assessment.

In one of the largest studies using serial multigated acquisition,
decreases in LVEF to less than 50%, or by 10% from baseline,
predicted heart failure in 19% of patients (24). Additionally, in a
clinical trial involving 944 breast cancer patients treated with
chemotherapy, a decreased LVEF by multigated acquisition inde-
pendently predicted cardiac events over a 7-y follow-up period
(25). However, the lack of information beyond LVEF and radiation
exposure have limited the use of multigated acquisition.
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Myocardial Deformation and Mechanics

Myocardial deformation, as measured by echocardiographic
tissue Doppler imaging or speckle-tracking echocardiography (STE),
which uses a computerized algorithm to track natural echocardio-
graphic signals, has recently emerged as a novel imaging measure.
Deformation can be characterized by strain or strain rate (a measure
of longitudinal, radial, and circumferential dimensions in peak
systole), twist, or torsion. A major appeal of this approach comes
from evidence that changes in strain can be observed before changes
in LVEF and can predict cardiotoxicity (26).
Most recently, 3D STE has been proposed as a new modality to

track linear myocardial deformation in multiple dimensions simul-
taneously, torsion, and mechanical desynchrony. Initial results have
demonstrated advantages over 2D STE, including faster image
acquisition, improved accuracy, and more complete analysis (27).
Additionally, myocardial mechanics, including ventricular-arterial
coupling and vascular stiffness, have been shown to predict declines
in LVEF (28). Pending determination of optimal test timing and
cutoffs, along with further validation in large cohort studies,
myocardial deformation and mechanics parameters may become
key components of phenotyping in cancer-associated CVD.

CMR Imaging Metrics

CMR is an effective method for identifying CVD in cancer
patients. The high spatial and temporal resolution and repro-
ducibility of CMR enable the identification of inflammatory or
infiltrative processes, abnormal myocardial masses, and pericar-
dial or valvular abnormalities, elucidating potential etiologies for
reduced LVEF. One approach to characterizing cardiac tissue is to
use CMR T1-weighted images and T1 mapping to detect myo-
cardial inflammation, extent and topography of fibrosis, and pericar-
dial tumor invasion with late gadolinium enhancement (29). Studies
have demonstrated abnormal T1 signal in patients who received car-
diotoxic chemotherapy, postulated to be due to either an increase in
extracellular distribution volume or enhanced water exchange elicited
by myocardial injury (30,31). Increases in extracellular volume frac-
tion and total extracellular volume have also been observed in small
studies of patients receiving anthracycline chemotherapy, potentially
suggestive of edema and fibrosis. However, the mechanistic basis for
this increase in extracellular volume fraction was recently challenged
in a study of patients who received anthracycline chemotherapy, with
results suggesting that increases in myocardial extracellular volume
fraction may not necessarily be due to expansion of interstitial
space but may actually be related to decreases in myocellular
volume and mass (32). T2 mapping has similarly demonstrated
utility in detecting subclinical cardiotoxicity, as it enables qual-
itative and quantitative assessment of water content, which may
increase after myocellular or microvascular injury.
CMR also has a role in assessing cardiac function and blood

flow. For example, cine white-blood steady-state free precession
imaging allows for evaluation of wall motion abnormalities and
calculation of volumes, LVEF, and mass (29). CMR can also be
used to quantify myocardial strain by either spatial modulation of
magnetization or displacement encoding with stimulated echoes
techniques. In a prospective study of 53 cancer patients, CMR-
measured global left ventricular circumferential strain declined in
parallel with declines in LVEF after treatment with anthracyclines
(33). Further studies corroborating prognostic and diagnostic
value along with considerations of cost and availability are war-
ranted and will likely be necessary before widespread implemen-
tation in clinical practice can occur.

Myocardial Perfusion Imaging

A common cardiovascular complication of cancer therapies is
impairment of the coronary circulation either through direct vascular
damage or accelerated atherosclerosis. As such, noninvasive methods
for evaluating myocardial perfusion with such parameters as
myocardial blood flow and coronary flow reserve (CFR) quantifi-
cation are desirable in cardio-oncology care. For years, SPECT
imaging has been one of the principal methods for evaluation of
flow-limiting coronary stenosis in cardio-oncology patients,
with the most commonly used radiotracers being 99mTc-labeled
sestamibi and tetrofosmin. Several SPECT-based studies have
observed a high incidence of new resting myocardial perfusion
deficits (#60% in some series) as early as 6 mo after radiation
therapy (RT) in patients receiving left breast/chest wall RT
compared with pre-RT SPECT scans (34,35). Importantly, these
changes in perfusion are typically limited to the anterior wall and
apex or follow the typical distribution of the left anterior descending
coronary artery (Fig. 2) (35), correlate with the volume of heart irra-
diated (36), remain relatively unchanged at 12- and 18-mo of
follow-up compared with 6 mo after RT (35), and correlate with
cardiovascular symptoms in those with new perfusion defects (37).
More recently, cardiac PET has witnessed more widespread

clinical implementation and is the current gold standard to assess
myocardial perfusion because of its higher spatiotemporal resolu-
tion, count sensitivity, and accuracy when compared with SPECT.
Additionally, PET tracers including 13NH3 and 82Rb have superior
pharmacokinetic properties due to a greater myocardial net uptake
rate at higher coronary flows than is the case with their SPECT
counterpart (38) and, combined with dynamic imaging, allow for
noninvasive quantification of myocardial blood flow at baseline
and during pharmacologic hyperemia. Stress myocardial blood
flow is typically impaired in the presence of flow-limiting coro-
nary stenosis; however, in its absence, impaired stress myocardial
blood flow, and thereby CFR, is considered a robust marker of
coronary microvascular dysfunction. Yet, limited clinical studies
have applied cardiac PET to monitor for cancer therapy–related

FIGURE 2. Myocardial perfusion SPECT images before and 6 mo after

RT for left-sided breast cancer demonstrate development of new per-

fusion deficit in anterior wall and apex consistent with radiation-induced

myocardial damage. SA 5 short axis; VLA 5 vertical long axis.
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cardiotoxicity. In one of the few human studies applying PET in
cardio-oncology, a cross-sectional analysis of 35 patients who under-
went 82Rb PET/CT at a median interval of 3.6 y after RT found
significant inverse correlations between CFR and specific RT dose–
volume metrics, including a significant inverse correlation be-
tween global left ventricular CFR and increasing mean heart RT
dose (R 5 20.4, P 5 0.03), and regionally between CFR of and
radiation dose to the left anterior descending artery (R520.5, P5
0.002) (39).
Despite these advancements, several challenges have limited the

use of these PET imaging techniques in cardio-oncology patients.
For one, limited data are available with regard to optimal thresholds
used to distinguish pathologic from normal hyperemic myocardial
blood flow and CFR. Additionally, optimal thresholds may vary
depending on radiotracer and software. Lastly, human clinical trials are
needed to assess the diagnostic and prognostic value of myocar-
dial perfusion imaging parameters before clinical implementation
can occur.

Cardiovascular Molecular Imaging Techniques

Molecular imaging exploits radiolabeled imaging probes to
elucidate the biomolecular events that underlie clinical phenotypes. In
the field of cardiology, molecular imaging has demonstrated years of
clinical utility and value, with both SPECT and PET at the center of
many diagnostic approaches. Recently, such imaging techniques have
demonstrated the potential to play a similar role in the field of
cardio-oncology. The radiotracers, mechanisms of uptake, and
targets for imaging cancer-related cardiotoxicity can be found in
Table 1.
Metabolic imaging with 18F-FDG PET/CT remains the back-

bone of molecular imaging. 18F-FDG is a sensitive molecular probe
for the investigation of cancer-related cardiotoxicity because tissue
injury (40), inflammation (41), and hypoxia/ischemia (42) are potent

stimuli for glucose transporter expression. In a canine model of
radiation-induced cardiotoxicity, focal myocardial 18F-FDG up-
take (typically in the anterior wall) corresponding to the irradiated
field was observed 3 mo after RT (Fig. 3) (40). On histopathology,
all dogs displayed areas of myocardial damage in the irradiated field
consisting of perivascular fibrosis and mild myocyte degeneration
and mitochondria injury, but interestingly, no inflammatory cell in-
filtration was detected, implying that 18F-FDG accumulation within
the irradiated field was mediated through mechanisms other than
inflammation, including tissue hypoxia/ischemia due to microvas-
cular damage or changes in metabolism caused by mitochondrial
injury (40). Similar observations have been made in a retrospective
study of 39 lung cancer patients treated with RT (Fig. 4), in
which 47% of patients receiving 20 Gy to at least 5 cm3 of the
heart developed increased 18F-FDG uptake versus 0% of the
patients who received 20 Gy to less than 5 cm3 (P 5 0.02), again
supporting the role of 18F-FDG as a marker of RT-induced myo-
cardial injury (43).
On the other hand, with the development of several new molec-

ular imaging agents, many of which target early markers of cardio-
toxicity (sympathetic nerve terminals, angiogenesis, reactive oxygen
species, and apoptosis), the potential impact of molecular imaging on
patient outcomes in cardio-oncology has become even greater. In one
study of rats treated with anthracycline, PET imaging with 18F-
DHMT, a marker of reactive oxygen species, revealed an elevation
in cardiac superoxide production at 4 wk after treatment, compared
with a decrease in LVEF on echocardiography detectable only at
6 wk after treatment (44). In one human study of 20 breast cancer
patients treated with either anthracycline and trastuzumab or anthra-
cycline alone, the ratio of 123I-metaiodobenzylguanidine uptake be-
tween the heart and mediastinum on scintigraphic images decreased
in 25% of patients, and the washout rate increased in 82% of patients
compared with matched controls, demonstrating the potential utility

TABLE 1
Radiotracers, Mechanisms of Uptake, and Targets for Imaging Cancer-Related Cardiotoxicity

Radiotracer Molecular target/mechanism of uptake Cardiovascular application

82Rb* Na/K-ATPase Perfusion/flow quantification

13NH3* Glutamine synthetase activity Perfusion/flow quantification

99mTc-sestamibi* Mitochondrial function Perfusion

18F-FDG* Glucose transporters Glucose metabolism

123I-MIBG* Norepinephrine transporter Sympathetic nerve integrity

11C-hydroxyephedrine Norepinephrine transporter Sympathetic nerve integrity

11C-acetate Krebs cycle flux Oxidative metabolism

123I-BMIPP α-oxidation and β-oxidation Fatty acid metabolism

111In-trastuzumab HER2 Apoptosis

111In-antimyosin Exposed myosin Cellular necrosis

99mTc-RP805† Activated MMPs Remodeling

18F-DHMT† Reactive oxygen species Cytotoxicity

99mTc-annexin V† Exposed phosphatidylserine Apoptosis

18F-CP18† Caspase 3 activity Apoptosis

*FDA-approved for clinical use.
†Preclinical phase. No published human data on cardiotoxicity.
MIBG 5 metaiodobenzylguanidine; BMIPP 5 β-methyl-p-iodophenylpentadecanoic acid; HER2 5 human epidermal growth factor

receptor 2; MMP 5 matrix metalloproteinases
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of 123I-metaiodobenzylguanidine as a marker of cardiac sympathetic
activity and cardiotoxicity (45). However, in a more recent study of
89 asymptomatic patients previously treated with anthracyclines,
neither the heart-to-mediastinum ratio nor the washout rate was able
to discriminate anthracycline-exposed patients from controls (46).
Because molecular imaging techniques with newer probes are still

under study, the role for these approaches remains to be defined. Still,
molecular imaging innovations occurring concurrently with those in
-omics technologies have the potential to reveal radiologically targetable,
novel molecular biomarkers. Thus, a next step in cardio-oncology care
could involve the coupling of biomarker discovery with radiographic
technologies to capture real-time molecular events, ultimately creating a
key role for nuclear medicine in the future of cardio-oncology.

RADIATION-INDUCED CARDIOTOXICITY

Radiation-induced CVD represents a nuanced clinical challenge.
A recent retrospective study reported that compared with non-
irradiated patients, chest RT patients have a 2% and 23% higher
absolute risk of cardiac morbidity and death at 5 and 20 y after
treatment, respectively (47). In contrast to chemotherapy-induced
toxicity, which is largely dependent on metabolic rates or genetic
differences in drug metabolism, RT toxicity can be directly linked
to received dose to the heart or nearby organs. However, in line
with novel precision medicine strategies for drug-induced CVD,
radiation oncologists have proposed therapeutic approaches such
as the use of gene-expression assays to identify potential single-
nucleotide polymorphisms that may predict adverse reactions to
RT and guide radiation dosing guidelines—a concept known as
the genomic-adjusted radiation dose (48). Furthermore, because
cardiovascular radiation damage is postulated to be caused in part
by monocyte activation and the formation of inflammatory plaque
and intimal fatty streaks—major components of atherosclerosis—
leading to vessel occlusion, perfusion defects, and myocardial
necrosis and fibrosis, RT patients are uniquely suited for surveil-
lance and risk stratification with radionuclide imaging techniques.

Radiation-Induced Atherosclerosis

A potential approach to early diagnosis and surveillance of
radiation-induced atherosclerosis is to use molecular imaging to
predict likely outcomes based on molecular evaluation of plaque
rupture propensity. For example, PET imaging of plaque macro-
phages with 18F-FDG could enable the differentiation of stable

and rupture-prone plaques by quantifying macrophage density
and 18F-FDG uptake, an approach that capitalizes on the role of acti-
vated macrophages in digesting atheroma fibrous caps and triggering
plaque rupture (49). An alternative approach could make use of
ultra-small superparamagnetic iron oxide, which tends to selectively
accumulate in rupture-prone plaques; in a prospective human study,
ultra-small superparamagnetic iron oxide MRI was used to serially
monitor the effect of atorvastatin on plaque inflammation (50).
Apoptosis of smooth muscle cells or macrophages within a

plaque, causally linked to plaque rupture, is another promising

FIGURE 3. Radiation-induced myocardial injury in dogs. (A) Dose dis-

tribution contrast-enhanced cardiac CT. (B) 18F-FDG PET/CT showing

no myocardial uptake before RT. (C) Focally intense 18F-FDG uptake

along left ventricular apex matching irradiated field 3 mo after RT.

(Adapted with permission of (40).)

FIGURE 4. Radiation-induced pneumonitis, pericarditis, and myocar-

ditis in patient with cancer of left upper lung near left ventricular lateral

wall. (A and B) Before surgical resection and RT, cancer (arrows) is seen

on PET and CT. (C and D) About 6 mo after treatment, medium-sized

pericardial effusion (C, arrows) and pneumonitis changes (D, arrows)

can be seen, along with possible focal 18F-FDG uptake along left ven-

tricular lateral wall on PET/CT. (E) Fibrotic changes can be seen on CMR;

patchy late gadolinium enhancement and focally increased uptake can be

seen along anterolateral and inferolateral wall segments on CMR and PET/

CT, respectively; and pericardial effusion can also be seen on CMR and

PET/CT. SA 5 short axis; HLA 5 horizontal long axis.
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imaging target. Specifically, the translocation of phosphatidylser-
ine to the external surface of the cell membrane is a targetable,
early event occurring in apoptotic cells. For this reason, 99mTc-
labeled annexin V, a plasma protein with high affinity for phos-
phatidylserine, has been tested in a pilot study to detect cellular
apoptosis associated with unstable human carotid plaques (51).
Applying this technology to doxorubicin-treated patients, imaging
with 99mTc-HYNIC-annexin V demonstrated the ability to detect
dose-dependent cell death before echocardiography (52). Future
prospective studies on larger cohorts will help determine its true
sensitivity and specificity.
Although these imaging procedures could potentially revolu-

tionize cardiovascular risk stratification algorithms for cardio-
oncology patients, they have not yet been studied specifically in
RT populations; translation of their findings therefore remains to be
determined. Nevertheless, as our understanding of the key molecular
determinants of RT-induced CVD grows, the use of molecular
imaging specifically tailored to the biomolecular targets identified
by -omics approaches could ultimately create a platform for
personalized, multidisciplinary cardio-oncologic care.

CONCLUSION

Cardiotoxic cancer therapies continue to contribute to the global
burden of CVD. Further resources should be invested in the
pursuit of a more personalized approach to clinical management,
centered on deep phenotyping with -omics. Molecular imaging
represents a unique component of this potential strategy for diagnostics
and surveillance, enabling precise exploitation of underlying
pathophysiology. Trends toward individualized medicine will
be a critical feature of future paradigms of evidence-based, risk-
specific precision medicine in cardio-oncology, ultimately reducing
cardiovascular morbidity and mortality in a growing population of
cancer patients and survivors.
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