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INTRODUCTION

Cardio-oncology is an emerging field that addresses

cardiovascular diseases in cancer patients.1 A central

aspect of cardio-oncology practice is the management of

cancer therapy-related cardiovascular toxicity. Cancer

treatment-related cardiotoxicity can include coronary

vasospasm, endothelial dysfunction, myocardial infarc-

tion, left ventricular (LV) dysfunction and congestive

heart failure (CHF).2 When such complications occur, a

joint approach is often sought involving cardiology and

oncology to navigate a therapeutic course that maintains

cancer care and addresses the cardiac concerns. A

common source for discussion at cardio-oncology

forums is the cardiotoxicity of anthracyclines.

ANTHRACYCLINE CARDIOTOXICITY

Following their discovery in the 1950s and 1960s,

anthracyclines such as doxorubicin became quickly

recognized as highly effective, broad-spectrum anti-

neoplastic agents. Reports of cardiotoxicity also

surfaced soon after clinical use began. Anthracyclines

inhibit tumor DNA and RNA synthesis by intercalating

between base pairs and inhibiting the activity of

topoisomerase IIa, thus preventing DNA repair.3

Anthracycline metabolism within cells may also give

rise to free radical production. Free radicals lead to

further DNA damage, mitochondrial injury and gener-

ation of additional free radicals which disrupts cellular

calcium homeostasis and causes cell apoptosis.4 Asso-

ciated acute clinical manifestations may comprise of

non-specific repolarization changes on the electrocar-

diogram, arrhythmias, a myo-pericarditis like picture

with troponin elevation, and LV dysfunction.5 These

changes may be transient and resolve spontaneously

following withdrawal of the chemotherapy. In some

cases, however, they can also be progressive and life-

threatening (Figure 1).6

Anthracycline toxicity may also occur acutely,

immediately after the infusion in \1% of patients.

Alternatively, cardiotoxicity may be seen in 1.6–2.1% of

individuals early during the chemotherapy course or

shortly upon completion, or it may occur as a latent

effect in cancer survivors (seen in 1.6–5.1%).7,8

ASSESSMENT OF CANCER THERAPY-RELATED
CARDIAC DYSFUNCTION

LV ejection fraction (LVEF) is the most widely

used measure to detect anthracycline-induced cardiac

dysfunction. Current guidelines recommend close mon-

itoring of this parameter and modification or

discontinuation of therapy with initiation of appropriate

medical interventions at the appearance of LV dysfunc-

tion.9 Several noninvasive imaging modalities can

measure LV performance, including radionuclide

angiography (RNA), echocardiography (echo), cardiac
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computed tomography (CT), and cardiac magnetic

resonance imaging (CMR).10-13 2D Echo is the most

widely used but limited by low sensitivity and repro-

ducibility. 3D echocardiography and speckle tracking-

2D strain echo have been proposed as alternatives, but

uptake may vary depending on local availability and

expertise. Similarly, cardiac MRI may provide more

reproducible measurements of LVEF but its utility is

compromised by limited access. RNA studies have the

advantage of widespread availability, lower inter-ob-

server variability, high accuracy and reproducibility

compared with conventional two-dimensional echocar-

diography.10,14-16 RNA, however, has not been shown to

be useful at detecting sub-clinical reductions in LV

function which is an important determinant of future

clinical cardiotoxicity that can impact ongoing therapy

decisions.

CARDIAC PET AND CARDIAC-ONCOLOGY

Cardiac positron emission tomography (PET) has

been investigated as a potentially useful modality to

detect cardiac dysfunction or injury following

chemotherapy. Prior investigations have considered

metabolic, inflammatory and perfusion PET tracers.17,18

In this edition of the Journal of Nuclear Cardiology,

Laursen et al. suggest that quantitative myocardial blood

flow reserve could be a novel method to detect those at

risk of anthracycline cardiotoxicity.19

MYOCARDIAL FLOW RESERVE

Myocardial flow reserve (MFR) is the ratio of stress

flow to rest flow and represents the capacity of a given

coronary bed to maximize flow. It is accurately quan-

tified using PET imaging of rest and pharmacological

stress myocardial perfusion tracer kinetics. MFR is

incremental to relative perfusion imaging for the inves-

tigation of coronary artery disease.20-22 MFR may also

be abnormal in the absence of epicardial coronary

stenosis. This has been described in patients with

diabetes and in patients with hypertrophic cardiomy-

opathy where endothelial dysfunction is disrupted by

intimal metabolic changes or abnormal trans-myocardial

perfusion gradients, respectively. MFR is also reduced

acutely in Takotsubo’s cardiomyopathy in association

with an inflammatory cell myocardial infiltrate. In

Takotsubo’s cardiomyopathy the MFR decline usually
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Figure 1. Schematic graph of the severity of cardiotoxicity in terms of clinical biomarkers.
Increasing cardiotoxicity is associated with different biomarker findings. Troponin and echocar-
diography derived global longitudinal strain being markers of preclinical cardiotoxicity. RNA and
Echo derived LVEF estimates may be reversible or irreversible. The findings by Laursen have not
yet been linked to LVEF decline and are likely subclinical. Whether they are more sensitive than
Troponin I, global longitudinal strain or preclinical reductions in LVEF is yet to be determined.19

Echo, Echocardiography; RNA, radionuclide angiography; LVEF, left ventricular ejection fraction.
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normalizes within 3 months.23 MFR represents a sensi-

tive marker of vascular function that may be useful as a

marker of early myocardial injury.24

MYOCARDIAL BLOOD FLOW
AND ANTHRACYCLINES

Laursen et al. prospectively assessed the role of

quantitative perfusion with 82Rb-PET in 54 adult

patients diagnosed with lymphoma before and soon

after (median time = 3 days) receiving doxorubicin

(presumed dose of 50 mg/m2). They identified patients

(n = 13 out of 54, 24%) with a decrease in MFR (more

than 20% between baseline and post-exposure PET—

previously defined by KItkivingan test–retest repeata-

bility studies as a meaningful difference.) and classified

them as having a low cardiotoxicity threshold (LCT).

The MFR changes were independent of the summed

stress score (SSS), summed rest score (SRS), summed

difference score (SDS) and the coronary artery calcium

score. The remainder of the population were categorized

as having a high cardiotoxic threshold (HCT). Rest

myocardial blood flow tended to increase in patients

classified as LCT but did not differ statistically between

those with or without LCT. It was the reduction in stress

flow in those with LCT that appeared to have important

impact on the reduction in MFR. Corrections in rest flow

for the rate pressure product did not alter whether

patients were identified as LCT or not. In summary, the

investigators identified a group of patients who had an

acute reduction in stress flow and myocardial flow

reserve in response to adenosine following anthracycline

administration. This group was older (median 67 years

vs 57 years, p=0.04). Age is known to be a risk factor for

anthracycline cardiotoxicity. Whether the flow response

is independent of age as a predictor was not assessed.

Defining this group as truly having a low threshold for

anthracycline-related cardiotoxicity is also premature at

this stage. Nonetheless, there does appear to be a group

of patients who have an early abnormal coronary

vascular response to anthracycline. This warrants further

study.

ANTHRACYCLINE CARDIOTOXICITY AND PET
MYOCARDIAL BLOOD FLOW

Previously, PET-assessed cardiac perfusion has

been proposed as a method to predict anthracycline

cardiotoxicity. Nony et al investigated whether resting

blood flow was affected by anthracyclines by evaluating

C11-acetate uptake using PET.18 In six patients, blood

flow was measured at baseline, 24 hours post doxoru-

bicin (at 50 mg/m2 to a cumulative dose of 300 mg/m2)

and at 3 weeks after the final dose. Five patients also

received cyclophosphamide and 5-fluoro-uracil (both at

doses of 500 mg/m2). Following the first dose of

anthracyclines they observed no difference in resting

myocardial blood flow (MBF) following correction for

rate pressure product. Similarly, no changes in resting

MBF was seen at the end of the therapy.

The influence of doxorubicin on MFR has been

previously considered in a preclinical model of anthra-

cycline cardiotoxicity.25 C11 acetate PET rest and stress

perfusion was examined in rats exposed to cardiotoxic

anthracycline doses versus control. In comparison to

control animals (naı̈ve to anthracycline exposure), dox-

orubicin-treated animals had lower myocardial blood

flow reserve and a lower reserve of myocardial oxygen

consumption (calculated as the ratio of stress versus rest

myocardial oxygen consumption). LVEF was also sig-

nificantly reduced in the doxorubicin-treated rats (38%)

in comparison to controls (58%). Although these find-

ings may seem to correlate with those of Laursen et al.,

the doses of doxorubicin were different to those used

clinically. Typical animal models of anthracycline

toxicity induce heart failure in all recipients through

supra-therapeutic dosing. Such uniformly cardiotoxic

doses are not used clinically and so direct extrapolation

of these study findings into a clinical setting may not be

inappropriate.

CLINICAL UTILITY OF R82 PET FLOW RESERVE
IN ANTHRACYCLINE RECIPIENTS

Application of the findings from Laursen et al. into

clinical practice requires further studies. In particular,

there are three areas where more data are required. First,

more justification is required for defining patients with

reduced flow reserve as having a low cardiotoxicity

threshold. Other biomarker correlations of subclinical

cardiotoxicity were not measured in the study. Agree-

ment is, therefore, required with tests such as highly

sensitive troponin or echo strain imaging to confirm that

PET flow reserve reduction is a herald of potential

cardiotoxicity.

Secondly, in those patients identified as having a

high cardiotoxicity threshold what is the incidence of

subsequent subclinical or clinical cardiotoxicity? If the

preservation of flow reserve is a good prognostic marker

for the absence of cardiotoxicity this might be useful to

define in patients at high risk from anthracycline

cardiotoxicity such as the elderly, those with prior

anthracycline exposure or those with prior cardiomy-

opathy. Follow-up data would be useful.

Finally, in the absence of end point findings such as

LVEF, LV global longitudinal strain or troponin results
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or adverse outcomes, it is difficult to determine where

the changes in MBF occur in the spectrum of cardiotox-

icity. If cancer therapy-related cardiac dysfunction exists

as a continuum similar to the ischemia cascade

(Figure 1), highly sensitive Troponin might be an early

indicator of subclinical cardiotoxicity. Reduced LV

global longitudinal strain would likely be close to Tn I

as a subclinical marker of myocardial chemotherapy

injury. Progressing to more advanced cardiotoxicity

would be identified as reversible LV ejection fraction

impairment through to LV dilation and permanent LV

dysfunction. Whether early MBF reduction is a subclin-

ical herald of pending cardiotoxicity or indicative of

more permanent damage needs to be elucidated in

longer-term prospective studies, to better understand the

potential clinical utility of these findings.

OTHER PET BIOMARKERS OF ANTHRACYCLINE
CARDIOTOXICITY HAVE BEEN PROPOSED

Bauckneht et al and others have considered the

observation that in contrast to those patients without

cardiac dysfunction, 18F-FDG myocardial uptake is

increased in patients that develop anthracycline car-

diotoxicity.26 The impression from these observations is

that whether via an inflammatory response or by

induction of myocardial metabolism, anthracyclines

induce FDG uptake to a greater degree in those patients

who demonstrate cardiotoxicity.

The PET tracer C11-acetate may be used to detect

changes in mitochondrial function that could be relevant

in anthracycline cardiotoxicity. During cellular respira-

tion in the mitochondria, C-11 acetate is incorporated

into the tricarboxylic acid (TCA) cycle that generates

electron donors for oxidative phosphorylation. Modeling

of C-11 acetate myocardial retention has demonstrated

that the first rapid phase of clearance correlates closely

with oxygen consumption.27,28 Nony et al. evaluated

TCA cycle activity and modelled myocardial oxygen

consumption in six patients using C11 acetate clear-

ance.18 Doxorubicin (50 mg/m2) did not acutely alter

TCA activity (within 24 hours), nor did it following

completion of the chemotherapy course, despite the fact

that there was a mean 10% reduction in LVEF measured

by RNA. The absence of an apparent effect on the TCA

cycle does not mean that mitochondrial respiration is

unaffected by doxorubicin. Importantly, oxidative phos-

phorylation was not assessed by this technique and

disruption of the electron transport chain in mitochon-

dria could still lead to the generation of reactive oxygen

species and subsequent cellular toxicity.

FUTURE PERSPECTIVES: HYBRID IMAGING
WITH PET-MR

There is an increasing role of cardiac MR in the

evaluation of oncologic patients. MR provides high

temporal and spatial resolution and the ability to

measure LVEF with high accuracy and reproducibility.

Measurement of myocardial inflammation and infiltra-

tive processes with T2 and T1 and T2 mapping (e.g.,

myocarditis, amyloid, or iron deposition) serve as

examples for which serial cardiac MR, LVEF and tissue

characterization measures may be beneficial.29,30 In

addition, CMR can perform both quantitative and

semiquantitative assessments of myocardial perfusion

reserve through contrasted stress examinations with

agents such as adenosine.31 To date, however, cardiac

MR measurements have not been readily adopted into

position or guideline statements related to the manage-

ment of patients receiving potentially cardiotoxic or

renovascular-toxic cancer treatments.32

A combined technique with cardiac MR and PET to

assess structural and functional responses to chemother-

apy is inherently attractive and is increasing available

with the advent of hybrid PET MR scanners. The

promise of hybrid camera technology is that in future it

will be possible to make correlations between changes in

tracer kinetics and earlier structural changes detected at

cardiac MR during the same sitting.

CONCLUSIONS

Susceptibility to cardiotoxicity from chemotherapy

is currently difficult to determine. Identification of

vulnerability is important to be able to monitor toxicity

and adjust management accordingly. Adjustments must

be timely since there is a relatively short time window

for the recovery of cardiac function following car-

diotoxicity. Laursen et al. have identified a potential

earlier marker of the deleterious effects of anthracycli-

nes on microvascular function through the use of 82-Rb

perfusion PET. They have shown there is a subset of

patients with an abnormal response. The follow-up study

from their cohort is awaited to determine the signif-

icance of their observations; for it remains uncertain

where these observations lie on the proposed cardiotox-

icity cascade (Figure 1). Whether reduced MBF is a

subclinical marker of cardiotoxicity or a readily rever-

sible sign of microvascular dysfunction will hopefully

become clear with further investigation. If supported by

such future studies, this technique could prove useful to

assist decisions regarding the commencement or
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continuation of anthracycline therapy or the intensity of

cardiac surveillance during or post chemotherapy. It is

with optimistic but cautious anticipation, we await these

data to support whether PET flow quantification can be

considered useful in this clinical setting.
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