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With progressive advancements in cancer detection and treatment, cancer-specific
survival has improved dramatically over the past decades. Consequently, long-term
health outcomes are increasingly defined by comorbidities such as cardiovascular
disease. Importantly, a number of well-established and emerging cancer treatments
have been associated with varying degrees of cardiovascular injury that may not
emerge until years following the completion of cancer treatment. Of particular concern
is the development of cancer treatment related cardiac dysfunction (CTRCD) which is
associated with an increased risk of heart failure and high risk of morbidity and mortality.
Early detection of CTRCD appears critical for preventing long-term cardiovascular
morbidity in cancer survivors. However, current clinical standards for the identification
of CTRCD rely on assessments of cardiac function in the resting state. This provides
incomplete information about the heart’s reserve capacity and may reduce the sensitivity
for detecting sub-clinical myocardial injury. Advances in non-invasive imaging techniques
have enabled cardiac function to be quantified during exercise thereby providing a
novel means of identifying early cardiac dysfunction that has proved useful in several
cardiovascular pathologies. The purpose of this narrative review is (1) to discuss the
different non-invasive imaging techniques that can be used for quantifying different
aspects of cardiac reserve; (2) discuss the findings from studies of cancer patients
that have measured cardiac reserve as a marker of CTRCD; and (3) highlight the
future directions important knowledge gaps that need to be addressed for cardiac
reserve to be effectively integrated into routine monitoring for cancer patients exposed
to cardiotoxic therapies.

Keywords: cardiotoxicity, cardio-oncology, cardiac imaging, cardiac reserve, exercise echocardiography, exercise
ventriculography, exercise CMR
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INTRODUCTION

Cancer-related survival has improved substantially over the past
few decades due to advances in early detection and improved
treatment regimens (1). This is resulting in a rapidly expanding
population of cancer survivors, with more than 15.5 million
cancer survivors in the United States alone (2). However,
improvements in survival have unmasked an increased risk
of morbidity and mortality from other chronic diseases (3—
5). Of particular concern is an increased risk of cardiovascular
disease, most notably amongst breast and hematologic cancer
survivors (6, 7). This occurs due to a direct cardiovascular
injury induced by a number of cancer treatments, alongside
the indirect insults from common cardiovascular risk factors
which can be exacerbated following a cancer diagnosis (8,
9). These cardiotoxic effects can present as hypertension,
heart rhythm disorders, thromboembolic events, ischemic heart
disease, cardiac dysfunction, and heart failure (8, 10). The
development of cardiac dysfunction (and subsequent heart
failure) following cancer treatment is of particular concern, due
to its relatively high long-term incidence (cardiac dysfunction: 8-
27%; heart failure: 2-10%) (3-5, 11) and poor prognosis (12).
Therefore, the focus of this review is cancer treatment related
cardiac dysfunction (CTRCD) with a specific attention toward
comparing exercise measures of cardiac function with current
standard-of-care measures performed in the resting state.
Cancer treatment related cardiac dysfunction can be broadly
considered as abnormalities that develop in systolic or diastolic
function as a result of exposure to cardiotoxic cancer treatments
(8, 13). It is particularly common among patients exposed to
anthracycline chemotherapy and incidental cardiac radiation,
both of which have been associated with irreversible and
dose-dependent cardiac dysfunction (8, 13, 14). There is also
growing awareness that “targeted therapies” such as anti- human
epidermal growth factor receptor 2 agents can also result in
CTRCD (13, 15). These associations may explain why the rates
of CTRCD are highest in breast cancer and hematological cancer
survivors in whom combinations of cardiotoxic treatments are
often prescribed (8, 13). However, many other cancer treatments
can contribute to a patient’s long-term risk of heart failure via
their impact on key cardiovascular risk factors (9, 13). As such,
an absence of measurable cardiotoxicity at the completion of
treatment should not be taken as reassurance that a patient’s
risk of subsequent heart failure is low. Indeed, large prospective
studies have shown that the risk of cardiac dysfunction and heart
failure rises linearly, if not exponentially during survivorship
(4,7, 11, 16, 17). The disparity between acute cardiotoxicity and

Abbreviations: CTRCD, Cancer treatment related cardiac dysfunction; LV, Left
ventricular; LVEF, left ventricular ejection fraction; 2D, two-dimensional; RNA,
radionuclide angiocardiography; 3D, three-dimensional; HFpEFE, heart failure
with preserved ejection fraction; HFrEF, heart failure with reduced ejection
fraction; exCMR, exercise cardiac magnetic resonance imaging; VTI, velocity
time integral; SV, stroke volume; HR, heart rate; CO, cardiac output; LVOT, left-
ventricular outflow tract; €, mitral annular velocity during early diastole; sPAP,
systolic pulmonary artery pressure; mPAP, mean pulmonary artery pressure; TVI,
tissue velocity imaging; RV, right ventricular; FPRNA, first pass radionuclide
angiocardiography; ERNA, equilibrium radionuclide angiocardiography; CMR,
cardiac magnetic resonance imaging.

long-term risk of heart failure suggests that the current approach
for detecting cardiotoxicity lacks the necessary sensitivity for
identifying those who will go on to develop CTRCD. Importantly,
whilst limited to evidence from two small single-center studies,
prognosis for those who progress to symptomatic heart failure
that is not detected until a number of years after cancer treatment
is significantly worse than other forms of heart failure (12,
18). There is limited evidence demonstrating early initiation
of therapy can improve heart failure outcomes, however, early
detection of CTRCD with prompt initiation of heart failure
therapies following cancer treatment has been associated with
increased likelihood of recovery of cardiac function (19, 20).
In contrast, patients among whom CTRCD was detected late
showed limited recovery with heart failure therapy (19, 20). As
such, there is growing interest in the development of strategies
that can identify early stages of CTRCD when it may be more
likely to respond to therapy. However, it is also important to note
that there is limited evidence demonstrating that the prevention
of early CTRCD translates into reduced risk heart failure in
the long term. This highlights the need for long-term studies
the trajectory of CTRCD to heart failure events, but also the
need to provide a comprehensive assessment of cardiac function
and heart failure risk that can account for transient changes in
cardiac function that could result from acute side effects of cancer
treatment such as anemia and hypotension.

CURRENT APPROACH FOR DETECTING
CTRCD

Currently, the cornerstone for detecting CTRCD is the
quantification of left-ventricular (LV) systolic function using
non-invasive cardiac imaging (10, 21, 22). The measurement
of left-ventricular ejection fraction (LVEF) via two-dimensional
(2D) echocardiography or radionuclide angiocardiography
(RNA) is the current standard of care for detecting CTRCD in
cancer patients (10, 21, 22). There is still no clear consensus for
defining CTRCD, however the most-commonly used definitions
describe an asymptomatic drop in LVEF by >10-15% points
below a threshold ranging from 50 to 55%, or a drop of >5%
points in the presence of heart failure symptoms (10, 21, 22).
Although LVEF has been in use for decades, it has a number
of limitations that have led some to question its ability to
reliably detect the early stages of CTRCD (23). Firstly, the re-test
variability in 2D echocardiography measures of LVEF is 10-13%
(24-26), which, based on the definition of cardiotoxicity outlined
above, severely limits its ability to detect what could be clinically
important reductions in cardiac function. This limitation can be
reduced using 3D echocardiography (variability of 5-6%) (25,
26), or perhaps also with RNA (variability reported to be as low as
1.5-5%) although, relative to echocardiography, there is a paucity
of contemporary data interrogating the accuracy of RNA derived
LVEF (27, 28). Furthermore, comparison to gold-standard CMR-
derived measurements shows RNA may misclassify LVEF in
cancer patients as either normal/abnormal in up to 20-35% of
cases (29). Moreover, the significant radiation dose associated
with RNA limits its use for serial examinations. In addition to
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issues with re-test reproducibility, there is growing awareness
that measurement of LVEF is only sensitive to certain forms of
cardiac dysfunction. Indeed, more than half of all heart failure
cases now present as heart failure with preserved- (HFpEF),
rather than reduced ejection fraction (HFrEF) (30), highlighting
that relying on LVEF alone can result in a significant proportion
of heart failure cases being missed. Finally, a reduction in
resting LVEF is considered a relatively late outcome, as initial
reductions in LV contractility can be compensated for by the
remaining myocardium to maintain resting hemodynamics (31).
Thus, there is growing interest in alternative tools for early
detection of CTRCD such as myocardial deformation imaging
and blood-based biomarkers of myocardial stress and injury
(namely, troponin and b-type natriuretic peptide) (10, 23). There
is particular emphasis on the use of LV global longitudinal
strain (GLS) measurements as a more sensitive marker of LV
dysfunction as it provides superior reproducibility to LVEF (32),
and changes in GLS tend to precede reductions in LVEF following
cancer treatment (32). Importantly, GLS has a superior ability
than LVEF to predict cardiovascular outcomes in individuals
with heart failure (33), and is able to predict the development
of heart failure in individuals with heart failure risk factors
(34, 35), and even in the general population (36). However, it
is also important to acknowledge that whilst GLS has superior
technical performance to LVEF assessment, and may be a
superior predictor of subsequent declines in resting LVEF, neither
of these parameters have been associated with the development,
nor prognosis, of cancer treatment-induced heart failure (32).
It should also be emphasized that the interpretation of changes
in GLS in the short-term following cancer treatment may be
confounded by changes in loading conditions (37-39) that can
be highly variable during cancer treatment. Consequently, there
are still a number of questions that need to be addressed before
these measures can be widely incorporated into clinical care.
This article will not provide a comprehensive overview of these
techniques, as a number of excellent reviews already exist on this
topic (23, 40). Rather, the aim of this review is to introduce an
alternative paradigm for identifying sub-clinical CTRCD, which
looks to assess cardiac reserve by measuring cardiac function
during exercise, rather than at rest.

CARDIAC RESERVE AS A MARKER OF
CARDIAC DYSFUNCTION IN HEART
FAILURE

One of the key limitations of the existing approaches for
detecting CTRCD is that they assess cardiac function in a
resting state, whereas symptoms of heart failure typically present
on exertion. This introduces the concept of cardiac reserve
(defined as the increase in cardiac function from rest to peak
exercise), which implies that the hearts functional capacity
may be more completely determined by assessing its output
under the hemodynamic and metabolic demands of exercise.
Cardiac reserve assessment does not specifically relate to one
parameter of cardiac function (stroke volume, LVEE, GLS), but
the premise that measuring the response of these parameters

to increased demand overcomes the limitations of the standard
approach of measuring cardiac ejection and filling at rest, and
trying to extrapolate what this performance will be like under
increased demand when patients typically develop symptoms.
Indeed, individuals with heart failure demonstrate a reduced
augmentation of cardiac function during exercise, even in those
who show relatively normal measures of resting cardiac function
(41-47). As heart failure worsens, the ability to augment cardiac
function during exercise becomes progressively impaired, and
this coincides with increases in symptom severity and worsening
exercise capacity [measured objectively by the peak oxygen
consumption measured from a maximal cardiopulmonary
exercise test [VOypeak]] (41, 46, 48). Importantly, evidence
from a number of large prospective studies using indirect
assessments of cardiac reserve such as VO;peak or peak
metabolic equivalents (METs) measured in middle-aged and
older adults without cardiovascular disease show strong, linear
associations with risk of incident heart failure (well before resting
measures of cardiac function are impaired) (49, 50), and are
strong predictors of cardiovascular morbidity and mortality in
individuals with established heart failure (51-53). Whilst there
is a paucity of data among otherwise healthy individuals, there
are also smaller cohort studies of individuals with cardiovascular
pathologies such as heart failure, pulmonary hypertension, and
heart transplantation, demonstrating specific measures of cardiac
reserve during either exercise or pharmacologic stress provide
a superior prediction over resting measures for subsequent
cardiovascular morbidity and mortality (46, 54-59). As such,
if these associations are also true for cancer survivors, the
assessment of cardiac reserve may provide superior information
on sub-clinical dysfunction and prognosis of the cardiac injury
induced by cancer treatment (Figure 1). Intriguingly, despite
often having preserved resting cardiac function (measured by
LVEF), a reduction in exercise capacity is also a common finding
in breast and hematological cancer survivors—many of whom
were previously exposed to cardiotoxic cancer treatments—
with VO,peak values reported as being 62-78% of normative
values (60-65). Furthermore, there is growing evidence that
impairments in VO,peak predict increased risk of all-cause
and cancer-specific mortality in selected cancer populations
(62, 65-67), but no studies have investigated whether this
also predicts CTRCD or subsequent heart failure. However,
whist reductions in VO;peak could be indicative of sub-
clinical CTRCD, impairments in VOjpeak could also result
from peripheral impairments such as vascular and skeletal
muscle dysfunction (68). This highlights the need for tools that
can specifically assess cardiac function during exercise, with
the most promising of these being exercise echocardiography,
exercise RNA, and exercise cardiac magnetic resonance imaging
(exCMR). In non-cancer populations, these techniques have
been used to unmask cardiac dysfunction in individuals with
exertional symptoms and normal or borderline resting cardiac
function (such as HFpEF) (43, 44, 46, 47, 69). In this review we
aim to (1) to provide a critical overview of the different non-
invasive imaging techniques available for the quantification of
cardiac reserve; (2) examine the findings from studies that have
investigated the clinical utility of cardiac reserve as a marker
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FIGURE 1 | Graphical representation of the hypothesized trajectory of cardiac reserve and resting cardiac function following cancer treatment whereby reductions in
cardiac reserve often precede measurable reductions in resting function.

TABLE 1 | Comparison of the strengths and limitations of the direct cardiac imaging techniques used during exercise.

Technique Spatial Temporal Simultaneous Repro-ducibility Low costand Comments
resolution resolution biventricular availability
assessment

M-mode echocardiography ++ +++ + +++ Optimal temporal resolution; significant geometric
assumptions

Doppler echocardiography NA ++ - +++ Beat-to-beat assessment of cardiac output; no insight in
regional myocardial motion; can provide assessment of
diastolic parameters and pulmonary artery pressures

2D echocardiography ++ ++ + +++ Beat-to-beat assessment of global and regional cardiac
motion; cardiac motion through imaging plane

Myocardial deformation NA ++ + +++ Quantitative assessment of global and regional cardiac

imaging: Tissue Doppler deformation in multiple planes; technically difficult during

and 2D speckle tracking exercise

3D echocardiography + + + ++ Difficult acquisitions in many subjects; minimal
experience with exercise

Radionuclide - - ++ +++ ++ Separation of cardiac chambers (RV/LV and

angiocardiography atria/ventricles) difficult; long acquisition times; radiation
exposure

Cardiac magnetic ++ + +++ +++ + No geometric assumptions; time consuming analysis;

resonance imaging

experience limited to few expert centers

-, minimal; + + +, maximal, NA, not applicable.

of early CTRCD; and (3) highlight important knowledge gaps
that need to be addressed for cardiac reserve to be effectively
integrated into routine monitoring for cancer patients exposed
to cardiotoxic therapies.

TECHNIQUES FOR THE ASSESSMENT OF
CARDIAC RESERVE DURING EXERCISE

At present there are a number of approaches for the assessment
of cardiac reserve. The challenge has been to develop tools
with sufficient accuracy to measure cardiac function when
challenged by the greater respiratory drive and rapid heart

rates encountered during exercise. The first descriptions of
cardiac reserve were performed using invasive catheterization
and direct ventriculography (70, 71). However, there has been
a subsequent shift toward non-invasive techniques that can
quantify cardiac reserve, resulting in a number of major advances
in our understanding of the contribution of cardiac reserve to
common cardiovascular pathologies (44, 69, 72-78).

Consequently, exercise-based cardiac imaging techniques may
be useful for characterizing CTRCD. However, these techniques
come with a number of advantages and disadvantages that need
to be considered when determining their utility for detecting
CTRCD (summarized in Table 1), These will be discussed in
further detail in the following sections.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

March 2020 | Volume 7 | Article 32


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Foulkes et al

Cardiac Reserve for Cancer Cardiotoxicity

Echocardiography

Echocardiography is recognized as the primary non-invasive tool
for the evaluation of cardiac reserve because of its low cost, lack
of ionizing radiation, and ability to assess global and regional
cardiac motion without the need for a physiological steady-
state (79). Most often, exercise echocardiography is performed
immediately after peak exercise on a treadmill or cycle ergometer,
where the patient is transferred into a supine position for imaging
(45, 79). Less commonly, images are acquired during exercise
on an upright or semi-recumbent cycle ergometer (45, 79). A
number of echocardiographic techniques can be used to assess
different indices of systolic and diastolic function. These include
M-mode echocardiography, Doppler echocardiography, 2D and
3D echocardiography, and myocardial deformation imaging. An
overview of each of these techniques will be provided below.

M-Mode Echocardiography

One dimensional wall motion analysis, or M-Mode
echocardiography, offers excellent temporal resolution, and
LV function can be measured as fractional shortening, which
represents a simple measure of the percent change in LV
diameter from end-systole to end-diastole. However, the
accuracy of fractional shortening depends upon alignment of

the ultrasound beam through the maximal diameter of the
LV and then relies on extrapolation from one-dimension to a
three-dimensional structure using the Teichholz formula (80).
Consequently, it is no longer the echocardiographic technique
of choice.

Doppler Echocardiography
In pulse wave Doppler echocardiography, ultrasound pulses are
transmitted in a single line. The returning Doppler signal is
displayed as a spectral curve of flow velocities against time with
the area under the curve, i.e., the velocity time integral (VTI),
representing the amount of flow passing through a given area
which can be used to calculate stroke volume (SV; Figure 2),
which can be multiplied by heart rate (HR) to calculate cardiac
output (CO). Most commonly, the area of the LV outflow
tract (LVOT) is derived from measures of LVOT diameter and
combined with VTT estimates taken at the same level. Another
key feature of Doppler echocardiography is its ability to provide
an insight into key aspects of diastolic function using pulse-wave
and tissue Doppler imaging.

Pulse-wave Doppler imaging can also be used to assess
diastolic function at rest and during exercise. The pattern of
trans-mitral inflow velocities during early and late diastole can be

(a) :23:38
LVOT d 26 mm

LVESV 44 ml

FIGURE 2 | Example of stroke volume assessment with Doppler and 2D echocardiography. Using Doppler echocardiography, SV is calculated as the product of the
cross-sectional area (CSA) of the LV outflow tract (a) and the velocity time integral (VTI) of flow through that area (b). (c,d) lllustrate endocardial border delineation in a
single plane four chamber view with 2DE. SV and EF are calculated with the summation of disks method, using geometrical assumptions.

SV =CSA * VTI
=104 ml

LVEF 62 %

LVSV 71 ml
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combined with tissue Doppler imaging of septal and lateral mitral
annulus velocities during early diastole (€’) to provide an estimate
of LV filling pressures (81, 82). A handful of small to moderately
sized studies (n = 10, 12, and 75) of patients with HFpEF
and/or exertional dyspnoea have shown that compared to resting
Doppler assessment, the inclusion of E/e’ >13-15 during exercise
had a sensitivity of 67-90% for detecting an abnormal increase
in LV filling pressures or pulmonary capillary wedge pressures
(82-84). Whilst showing promise, there are concerns about the
ability of E/€ to reliably track changes in LV filling pressures at
the individual level. For example, whilst Talreja et al. (84) found
a significant correlation between changes in E/€’ and pulmonary
artery pressure at the group level, there was substantial variability
in this relationship at the individual level. Furthermore, Maeder
et al. (85) also demonstrated no change in E/e’ during exercise
despite a significant increase in pulmonary artery pressure. This
highlights the need for further validation of exercise E/e’ as a
marker of diastolic reserve and LV filling pressure.

The assessment of tricuspid regurgitant velocities using
Doppler imaging can be used to estimate changes in systolic
(sPAP) and mean pulmonary artery pressures (mPAP), and
thereby identify impairment in pulmonary vascular and diastolic
reserve. Evaluating the slope of the increase in sPAP relative to
CO during exercise is considered a reasonably accurate marker of
impaired pulmonary vascular reserve (86). A review of invasive
and imaging-based studies has shown that slope values above
3 mmHg/L/min are consistently associated with pulmonary
vascular pathology (86). Although this has traditionally been
assessed with invasive pressure measurements, our group has
shown that this can be accurately assessed using Doppler
echocardiography measurements of sSPAP and CO during semi-
supine cycling (75). Whilst there have been some questions
as to the feasibility of Doppler-derived assessment of tricuspid
regurgitant velocities and sPAP during exercise (83), this can be
dramatically improved with the use of colloid-agitated contrast
enhancement (69, 87, 88). Furthermore, an advantage of the
sPAP/CO slope measurement is that it does not require a
peak exercise value, as it can be calculated from multiple
measures obtained during sub-maximal exercise (which are less
technically demanding).

2D Echocardiography

2D echocardiography provides cross-sectional images of the
heart. Integration of image slices from different viewing
orientations enables measurement of ventricular dimensions and
appreciation of global as well as regional myocardial function.
Using 2D echocardiography, ventricular volumes and ejection
fraction can be determined using the biplane method of disks,
applied on the apical 4- and 2-chamber view (modified Simpson’s
rule). To facilitate data acquisition during exercise, ventricular
volumes can also be determined from a single plane 4-chamber
view (Figure 2), with similar accuracy to those calculated by
the biplane method (at least in normal subjects with relatively
symmetrical ventricular geometry) (89). Another method to
calculate LV volumes during exercise is the area-length method,
which involves measurement of the mid-LV cross-sectional area
from the parasternal short-axis view and the ventricular long-axis

length from annulus to apex in the apical 4-chamber view (90).
However it should be noted that 2D echocardiography provides a
number of challenges for accurate image acquisition due to issues
with motion artifact and image foreshortening. For individuals
with poor endocardial delineation, the administration of contrast
agents can significantly improve the accuracy of endocardial
border detection (91, 92) and calculation of LV volumes at rest
(93, 94) and during exercise (92, 95).

3D Echocardiography

3D echocardiography has some important theoretical advantages
over 1D and 2D approaches for chamber visualization and
quantification. The rapid acquisition of pyramidal datasets
eliminates the need for geometrical assumptions and errors
caused by foreshortened views. However, given that a full
volumetric data acquisition is typically performed over at least
4-7 cardiac cycles, so-called “stitching artifacts” may appear
between sub-volumes as a result of cardiac translation due
to respiration. The recent development of single-beat 3D
echocardiography should avoid these stitching artifacts, but,
at present, image quality is limited. Whilst showing improved
accuracy and repeatability over 2D echocardiography at rest (96,
97), currently, there is a lack of studies validating the use of 3D
echocardiography for the assessment of cardiac volumes during
exercise (either in healthy or clinical populations), which is likely
related to the challenges in obtaining images with adequate
temporal resolution at high heart rates.

Myocardial Deformation Imaging

One of the major constraints of using cardiac volume measures,
such as LVEF, to assess myocardial performance is that
these measures are strongly influenced by loading conditions.
Measures of myocardial velocity and deformation (strain and
strain rate) have gained increasing acceptance as accurate and
reproducible measures of myocardial function. Assessments of
GLS and strain rate during exercise has shown the ability to
discriminate between athletic and sedentary individuals (98),
identify cardiac impairment due to aortic stenosis (99) or
cardiac allograft vasculopathy following heart transplantation
(100), and can predict individuals at increased risk of cardiac
events following heart transplantation (55). The high temporal
resolution of tissue velocity imaging (T'VI) enables measurement
of brief events such as the isovolumic acceleration, which
is suggested to be a relatively load independent measure of
contractility that can be measured during exercise (101, 102).
Strain rate has been assessed in several studies as a surrogate
measure of LV and right-ventricular (RV) contractility during
exercise (102, 103). 2D speckle tracking echocardiography
(STE) is a non-Doppler technique which relies on tracking of
ultrasound speckles within the image (104). Given its angle-
independency, STE also allows for appreciation of LV and RV
GLS (104). The assessment of LV and RV peak strain and
GLS during exercise may provide an insight into contractile
reserve (thereby overcoming the theoretical limitations of resting
measurements—Figure 3). Whilst posing additional technical
challenges, exercise strain assessment using TVI and 2D
speckle-tracking echocardiography has adequate feasibility and
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| Healthy Response to exercise

" Diminished contractile reserve |

REST

EXERCISE

FIGURE 3 | Deformation imaging with exercise can provide insights into subtle cardiac dysfunction. In this example, resting longitudinal strain assessed by 2D speckle
tracking echocardiography is reduced in both patients. However, in the healthy heart strain increases from —14 to —23% but in the heart with abnormal contractility
the strain does not augment with exercise. Furthermore, note that in the abnormal heart, the peak strain becomes progressively more delayed.

reproducibility compared to other echocardiographic techniques
(98, 103). 2D STE has superior reproducibility than TVT (102,
105), however this comes at the cost of an increased reliance on
image quality (104), which can be problematic during exercise.
Consequently, feasibility and accuracy of 2D STE measurements
is markedly reduced above moderate exercise intensities (102,
105), primarily due to inadequate frame rate at high heart
rates. The higher temporal resolution of TVI makes it the
preferred candidate for assessing changes in strain rate during
high intensity exercise, however the higher variability of TVI may
limit its use at the individual patient level.

Comparison of Echocardiographic Techniques

The most obvious question to arise after discussing the
different echocardiographic techniques is: which is now the
best echocardiographic method to assess cardiac volumes
and function during exercise? The most commonly used
echocardiographic techniques to assess SV and CO are Doppler
echocardiography and 2D echocardiography. Christie et al.
(89) compared the accuracy of Doppler echocardiography and
2D echocardiography for assessing CO during exercise against
Fick oximetry and thermodilution. Correlations with invasive
measures were reasonable with the Doppler method (SV:
r = 0.66-0.67; CO: r = 0.78-0.81) and could be obtained
in all participants. Better correlations were obtained by 2D
echocardiography (SV: r = 0.72-0.81; CO: r = 0.88-0.90), but
measures could only be obtained in 3 of 10 participants at peak
exercise and underestimated invasive values by approximately

60% (89). Compared with 2D echocardiography, pulse wave
Doppler echocardiography is limited by the fact that it only
measures SV rather than changes in biventricular volumes
during diastole and systole. In contrast, 2D echocardiography is
limited by the need for geometric assumptions and difficulties
standardizing the imaging plane due to through-plane cardiac
translation resulting from increased respiration. These problems
are even more pronounced for assessment of RV volumes
during exercise due to the complex geometry of this chamber,
difficulty in accurately delineating the endocardium due to
its pronounced trabeculation, and its retrosternal position,
which limits echocardiographic imaging windows. Finally,
myocardial deformation imaging can provide a unique insight
into the myocardial systolic and diastolic response (and their
interactions), however this can be very technically demanding
(particularly during high intensity exercise), and there is
limited data on the accuracy of different vendor platforms for
assessment during exercise. It is also important to note that
cancer-specific considerations such as chest-targeted radiation,
breast surgery may result in poor acoustic windows for
echocardiographic assessment.

Radionuclide Angiocardiography

Radionuclide angiocardiography is a nuclear imaging technique
that can evaluate ventricular performance during exercise. Most
often, imaging is performed during supine or upright exercise
on a bicycle ergometer. Radionuclide angiocardiography can be
differentiated into two key techniques: (1) first-pass radionuclide
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angiocardiography (FPRNA) and (2) equilibrium radionuclide
angiocardiography (ERNA).

FPRNA comprises a rapid bolus injection of radiotracer,
preferably Technetium99m diethylamine triamine pentaacetic
acid because of its renal excretion, hence minimizing radiation
exposure (106). After bolus injection, radioactivity is measured
during the first passage of the tracer through the heart.
Generation of time-activity curves allows determination of LV
end-diastolic and end-systolic counts, from which SV, EF, and
CO can be inferred. ECG gating is required (especially for
single-crystal gamma cameras) to allow reconstruction of 25—
50ms frames to calculate an EF. Ventricular volumes can
be measured by a geometric or count-proportional technique.
Similar to the dye-dilution methods, CO can also be assessed
more directly by measuring the area under the time-activity
curve. FPRNA provides temporal separation of the cardiac
chambers with high target-to-background ratio, as radioactive
counts are accumulated only during the initial passage of the
isotope as it traverses the central circulation. Therefore, the
radioactive bolus will have been ejected from the RV before
entering the LV. This technique can be applied whilst exercising,
but only in one projection, usually the anterior for LV function
studies. For assessment of RV function, preferably a shallow
right anterior-oblique view is recommended (106). Typically,
data acquisition requires 20-50 s. Because of these relatively short
acquisition times, FPRNA can be performed at high exercise
levels (107).

In ERNA, the radioactive tracer is attached to patients’ red
blood cells or human serum albumin and allowed to reach
equilibrium in the vascular system before imaging is performed
(108). Image acquisition is triggered by the R-wave on the
electrocardiogram such that the duration of each cardiac cycle
can be identified as the interval between two successive R-waves.
Each of the 200-600 cardiac cycles are summed and divided into
16-32 frames. Corresponding frames of multiple cardiac cycles
are summed together during an acquisition period of at least
3 min. Therefore, in contrast to resting ERNA studies, acquisition
time is often the limiting factor during exercise. However,
previous research has demonstrated the feasibility of ERNA
during peak exercise using short acquisition times (109). A time-
activity curve is generated within a region of interest, involving
the LV, to display the change in radioactive counts throughout
the cardiac cycle (Figure 4). The peak and nadir of the time-
activity curve represent the end-diastolic and end-systolic counts,
respectively. Measurement of ventricular volumes using ERNA is
susceptible to a number of problems. First, accurate assessment of
ventricular volumes using ERNA requires adequate separation of
cardiac chambers. Because of the considerable overlap between
the RA and the RV, ERNA is not appropriate for evaluation of
RV volumes or function. Furthermore, successful gating relies
on regular heart rates, such that ERNA cannot be performed in
patients with marked arrhythmias.

An important advantage of RNA techniques is that
measurements of ventricular EF are not dependent on
geometrical assumptions, but are based on the assumption that
LV volumes are proportional to LV counts throughout the cardiac
cycle. Ventricular volumes can be derived by a counts-based

or geometrically based method, but these measurements are
not routinely performed in a clinical setting. RNA techniques
provide very reproducible measurements of EF both at rest and
during incremental exercise (110, 111). Importantly, EF can
be obtained in virtually all patients, regardless of body habitus,
during maximal exercise (109, 111). However, one of the main
limitations of RNA compared to cardiac magnetic resonance
imaging (CMR) and echocardiography is its radiation exposure.
This may be particularly important in populations who require
ongoing cardiac monitoring such as childhood and adolescent
cancer survivors. Furthermore, due to its intrinsic low spatial
resolution, RNA contributes little to the characterization of
anatomical structures or pressure gradients—both of which may
also be important markers of CTRCD.

Cardiac Magnetic Resonance Imaging
CMR is generally considered the gold standard technique for
measurement of biventricular volumes and cardiac function
at rest (22). Rather than depending on single image slices
and multiple geometrical assumptions, the entire heart can be
sampled without limitations in acoustic windows. Typically,
CMR requires electrocardiographic gating and multiple breath
holds. For each frame in the cardiac cycle, an image is acquired
over several heartbeats. All acquired image frames can be
displayed as a cine loop, with optimal spatial and temporal
resolution. To measure RV and LV volumes, a stack of short-axis
slices covering the ventricles from base to apex is acquired. Each
slice contains a cine loop of image frames throughout the cardiac
cycle. Endocardial borders from end-diastolic and end-systolic
frames can be contoured in a manual or automated manner
and volumes for both ventricles can be calculated using the slice
summation method (Figure 5). The acquisition of a complete
set of cine CMR images can be performed in 5-10 breath-hold
periods of 10s. However, the need to perform multiple breath
holds and the relatively long acquisition times, limit the use of
cine CMR imaging in exercise testing. Furthermore, the ECG
signal is distorted by the magnetic field of the CMR system
because of the magnetohydrodynamic effect which makes it
extremely challenging to acquire reliable cardiac gating during
the increased movement and blood flow associated with exercise.
To overcome these problems, real-time exCMR imaging has
been developed (112, 113). In this mode, each image frame of
the cardiac cycle is acquired independently and sequentially.
Using techniques such as parallel imaging to improve temporal
resolution, a complete image frame can be obtained within 35 ms,
with only a slight compromise in spatial resolution. Because
of such rapid data acquisition, the effects of cardiorespiratory
motion are less pronounced and it becomes possible to visualize
the beating heart during free breathing and without cardiac
gating (112). As a result, real-time exCMR can be used to assess
biventricular volume changes throughout exercise, without the
need for geometrical assumptions or radiation exposure (112).
A comparison with direct measurement (via catheterization)
of cardiac function among athletes, arrhythmia patients and
individuals with heart failure suggests exCMR 1is capable of
measuring cardiac function with a high degree of accuracy
(R = 0.96 for CO), precision (inter-observer CV for stroke
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FIGURE 4 | Example of LV function assessment with equilibrium-gated radionuclide angiocardiography. After drawing a region of interest (ROI) at end-diastole (blue
contour) and end-systole (yellow contour), a complete LV volume curve or time-activity curve can be generated. The measured LV counts within these LV ROIs are
corrected for background activity (BkCorr), which is measured using a ROl adjacent to the end-systolic border (green contour). LVEF is then calculated using the
equation: [(BkCorr end-diastolic counts — BkCorr end-systolic counts)/BkCorr end-diastolic counts] x 100. Phase and amplitude analysis provide quantitative
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volume: 1.9-5.0%) and reproducibility (Intra-class correlation
coeflicients: 0.86-0.94) (113). Simultaneous assessment of both
ventricles also enables the study of ventricular interaction during
exercise. This may be important as there is limited data regarding
the RV response to exercise, and evolving evidence that it may
be of importance to overall cardiac performance in health and
disease (78, 114). Furthermore, the RV can also be impacted
by cancer treatment such as anthracyclines (115, 116), however
current research is primarily focused on the LV. Tools such as
exCMR, which can provide a detailed quantification of combined
LV and RV function may better elucidate the influence of
cardiotoxic cancer treatments on RV function (and its interaction
with LV function).

Another CMR method for determination of SV is CMR
phase-contrast flow quantification (117). This technique uses
application of bipolar magnetic field gradients to encode
the velocity of moving blood. First, a region of interest is
delineated around the vessel lumen to determine the cross-
sectional area of the vessel. The spatial mean velocity for
all pixels in this area is measured and plotted against time.

The instantaneous flow volume across the vessel lumen can
be calculated by multiplying the spatial mean velocity by the
cross-sectional area. Finally, integrating the instantaneous flow
volumes for all frames throughout the cardiac cycle yields
the total flow volume per heartbeat. Systemic and pulmonary
blood flows can be measured from measurements in the
proximal ascending aorta and pulmonary trunk, respectively.
However, similar to pulse wave Doppler echocardiography,
CMR phase-contrast flow quantification is susceptible to aliasing
if the flow velocities are too high. An advantage of CMR
phase-contrast vs. Doppler echocardiography is the fact that
it is not limited by acoustic windows. However, phase-
contrast quantification is very dependent upon maintaining
a stationary imaging plane and the respiratory translation
and whole body movement during exercise can result in
considerable error. Nevertheless, some groups have shown that
this technique is feasible (118-121), and have demonstrated high
correlations for exercise SV (R = 0.988) measured using real-
time phase-contrast quantification and real-time assessment LV
volumes (122).
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end-systole (not shown here).

FIGURE 5 | Example of biventricular volume analysis with exercise CMR. The images presented in this figure are end-diastolic image slices in the short axis that cover
the heart from apex (upper left image) to base (lower right image). At all slice levels, LV and RV endocardial borders are delineated in red and pink, respectively. The LV
and RV volume within each slice is derived as the area within the red and pink contours, respectively, times slice thickness. For each ventricle, the total end-diastolic
volume is calculated as the sum of the volumes of all slices from apex to base. Similarly, LV and RV end-systolic volume is the sum of the slice volumes obtained at

Despite several important advantages over other imaging
techniques, CMR also has its limitations. The key disadvantages
of exCMR are its high cost and limited availability. Furthermore,
exercise imaging with CMR is confined to exercise in the supine
body position. Usually, this is performed on a supine cycle
ergometer attached to the CMR table, which allows for in-magnet
exercise testing. Some groups have used treadmill exercise outside
the scanner to achieve maximal cardiovascular stress, followed by
post-exercise breath-hold cine imaging (123). However, the rapid

changes in physiology during recovery may render this a poor
surrogate of real-time exercise values. Open-bore CMR systems
might enable cardiac volume assessment during upright exercise
in the future. Cheng et al. (124) demonstrated the feasibility of
CMR phase-contrast flow quantification during upright exercise
in an open CMR magnet. However, compared with conventional
CMR scanners, open CMR scanners typically have a lower
magnetic field strength, which compromises image quality and
prolongs acquisition times. Currently, volumetric assessment of
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the heart using real-time CMR has not been performed during
upright exercise.

Pharmacological Stress

Pharmacologic stress can be an alternative means of assessing
cardiac reserve among patients who may be unable to exercise.
This has primarily been used for the assessment of inducible
ischemia and myocardial viability, either through inotropes such
as dobutamine, or vasodilators such as adenosine. Dobutamine
induces B;-mediated increases in heart rate and contractility,
and P,-mediated peripheral vasodilatation, thereby simulating
some of the physiologic changes seen during exercise. An
advantage of pharmacologic stress over exercise imaging is
the improved image quality due to lack of movement. The
utility of pharmacologic assessment of cardiac reserve in the
heart failure setting has primarily been investigated by stress
echocardiography, with studies investigating the utility of
pharmacologic stress CMR primarily limited to the diagnosis and
prognosis of coronary artery disease (125, 126). Cardiac reserve,
assessed by changes in contractility (either as EF or wall motion
score index) measured during dobutamine echocardiography
in patients with established heart failure has been associated
with heart failure prognosis (127, 128) and response to medical
therapy (129, 130). However, it is unclear whether pharmacologic
assessments of cardiac reserve can identify at risk individuals who
will go on to develop heart failure. Furthermore, it is important to
note that whilst dobutamine induces physiological changes that
are similar to exercise, these techniques should not be considered
interchangeable. Compared to exercise, dobutamine infusion has
been associated with a blunted increase in stroke volume, cardiac
output and LV wall stress (131)—likely due to disparate effects on
preload and afterload between the two techniques. Consequently,
where possible, exercise should be the preferred modality given
it is more likely to induce the physiology where heart failure
symptoms such as fatigue and exertional breathlessness occur.
This decision making should also consider the potential risks
from pharmacologic stress such as arrhythmias, nausea, dizziness
and vomiting.

Additional Considerations

There are also general considerations related to the assessment of
cardiac reserve that warrant discussion. The type and timing of
exercise are important as they can also influence the sensitivity
for detecting cardiac dysfunction. These may be dictated by
equipment availability, patient familiarity and the imaging
modality being used (79). The pattern and type of muscle
recruitment during treadmill exercise is often more familiar to
patients than bicycle exercise, which improves the ability of
the patient to achieve legitimate cardiovascular endpoints (as
patients may be limited by peripheral muscle fatigue during
cycling). Furthermore, a number of childhood cancer patients
may be too small to effectively use a stationary bicycle, and so
a treadmill may be the only method available for conducting
exercise testing. However, acquiring images during walking or
jogging using echocardiography is very technically demanding,
and is not possible using existing CMR or nuclear imaging
techniques. Therefore, it is really only feasible to perform

imaging immediately following the exercise bout if treadmill
is the preferred mode of assessment. This is an important
consideration as cardiac loading can quickly return to normal
following exercise (132), and so subtle dysfunction may be
missed during the post-exercise image acquisition period. An
advantage of supine or semi-supine bicycle ergometer is the
ability to assess cardiac function during progressive exercise, and
so cardiac function can be directly compared to the development
of a patient’s exertional symptoms (79). However, cycling in the
supine position is uncomfortable and there are physiological
differences to upright exercise that mean the maximal workloads
and heart rates achieved with supine exercise are usually lower
than in the upright position (133, 134). It is important to
acknowledge that cardiac reserve assessment requires additional
time, equipment, and expertise beyond standard resting cardiac
function assessments. However, whilst being more demanding
than resting assessment, there is potential for improved patient
outcomes and subsequent cost savings if cardiac reserve proved
to have additional predictive value over resting measures. Given
the aim of continually improving patient care and the increasing
importance of cardiovascular health in cancer survivors, there is
a strong rationale for pursuing further research into the potential
cost-effectiveness of measures of cardiac reserve. The timing
of cardiac reserve assessment in relation to cancer treatment
is another important consideration. There are no studies to
guide the optimal timing of cardiac reserve assessment in the
oncology setting, however following the standard guidelines
for other assessments would be a reasonable starting point
(10). Timing of assessment should consider the type, length,
frequency, and dose of treatment, in addition to each patient’s
baseline cardiovascular risk profile and self-reported symptoms
(10). It would be reasonable to conduct assessment of cardiac
reserve prior to treatment, which may aid in identifying patients
with pre-existing dysfunction, whilst also providing a baseline
measurement from which to compare subsequent results. An
assessment at the completion of standard doses of anthracycline-
containing chemotherapy would also be logical, whilst further
assessment may be needed for patients with increased risk of
heart failure such as those scheduled to receive high doses
of chemotherapy or other subsequent cardiotoxic treatments,
or those for whom cardiac function is borderline. Testing too
frequently may be problematic, and whilst treatment such as
anthracycline chemotherapy is associated with dose-dependent
cardiac injury it is unclear how long an interval is required for
this to manifest into measurable dysfunction. This highlights the
need for further work focusing on this question.

THE UTILITY OF CARDIAC RESERVE IN
CANCER PATIENTS EXPOSED TO
CARDIOTOXIC THERAPIES

Pediatric Cancer Survivors

There are a number of studies (primarily cross-sectional)
comparing cardiac reserve in pediatric cancer survivors treated
with cardiotoxic therapies, largely anthracycline chemotherapy,
to matched healthy controls (135-145). Compared to control
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subjects, blunted increases in LVEF or fractional shortening
(135-137, 140, 146), attenuated increases in stroke volume
and cardiac index (138, 141, 142, 144) or a blunted increase
in LV longitudinal and circumferential strain (147) have all
been reported. Another important question regarding the use
of cardiac reserve in cancer patients is its ability to detect
sub-clinical dysfunction. Unfortunately, the degree to which
reductions in cardiac reserve precede impairments in resting
function remain unclear, with some studies reporting resting
function to be preserved (136, 137, 140, 142, 146, 147), whilst
others report simultaneous reductions in resting function (138,
141, 144). This discrepancy between studies could be explained
by the cross-sectional designs, differences in inclusion and
exclusion criteria between studies, and the long duration since
the completion of cancer treatment.

There are two studies that prospectively evaluated changes
in exercise cardiac reserve among pediatric cancer survivors
previously treated with anthracyclines (143, 145), however
these studies have conflicting findings. Guimaraes-Filho et al.
(145) found that whilst cancer survivors who were ~3 years
from treatment completion had reduced exercise LVEF and
increased end-systolic wall stress compared to control subjects,
there was no change in cardiac function over the following 5
years (145). This makes it difficult to determine the benefit of
longitudinal evaluation of cardiac reserve in this population.
Sieswerda et al. (143) performed exercise echocardiography in
92 asymptomatic childhood cancer survivors 8.2 years post-
chemotherapy, and whilst fractional shortening and LV end-
diastolic dimension declined over the following 10 years of
follow-up, the addition of baseline exercise fractional shortening
measures did not provide additive benefit for predicting declines
in fractional shortening beyond age, anthracycline dose and
resting fractional shortening at baseline (143). Whilst these
findings suggest cardiac reserve does not provide incremental
value beyond resting measures in predicting future cardiac
dysfunction, these findings should be interpreted with caution
as exercise echocardiography was performed a number of
years following treatment completion and only the most basic
echocardiographic measures were employed.

The potential role of dobutamine stress has been
investigated in several studies of anthracycline-treated pediatric
cancer survivors. Cross-sectional studies of asymptomatic
pediatric cancer survivors assessed with dobutamine stress
echocardiography a number of years following anthracycline
treatment (median 5.3-7 years) have shown cancer survivors
have reduced posterior LV wall thickening, LVEF, and LV
fractional shortening, decreased ratio of early to late peak
mitral velocity (E/A), and increased LV wall stress during
exercise compared to matched control subjects—demonstrating
impairments in both systolic and diastolic reserve (148, 149).
Furthermore, the degree of impairment in cardiac reserve
appears to relate to the dose of chemotherapy received (150).
In contrast, Lanzarini et al. found no differences in cardiac
reserve in long-term (mean 7 years post-treatment) pediatric
cancer survivors and matched sibling controls during low
dose dobutamine stress echocardiography. One reason for
this discrepancy could relate to differences in population

characteristics, dobutamine infusion protocol and also the use
of m-mode measurements, which as discussed previously, are
limited by high variability. Furthermore, as these impairments
are measured years following cancer treatment, a number of
impairments in resting cardiac function were also present in a
significant proportion of the cancer survivors assessed. Further
prospective studies, using more contemporaneous measures of
cardiac function are needed to better understand the trajectory
and clinical significance of these differences.

Overall, it appears that there is sufficient evidence to
suggest cardiac reserve is reduced in pediatric cancer
survivors previously treated with cardiotoxic treatments
(primarily anthracyclines), however more evidence is needed
to prospectively evaluate changes in cardiac reserve following
treatment and whether this can predict future CTRCD.

Adult Cancer Survivors

Compared to pediatric cancer survivors, there are few reports
investigating changes in cardiac reserve among adult cancer
patients and survivors. Kirkham et al. (151) performed a
systematic review (which included 14 studies) investigating the
role of stress testing for the early detection of cardiovascular
disease in breast cancer survivors. However, the majority of
studies focused on the role of stress imaging (such as myocardial
perfusion imaging) or stress electrocardiography for the early
detection of coronary artery disease, rather than the prediction
of CTRCD. Two cross-sectional studies (n = 30-57) included
in this systematic review compared cardiac reserve measured via
2D echocardiography among early stage breast cancer survivors
previously treated with anthracyclines to age- and gender-
matched controls (152, 153). Whilst none of the breast cancer
survivors met the criteria for cardiotoxicity determined by resting
LVEF or global longitudinal strain, both studies found that
breast cancer survivors had reduced cardiac reserve. Specifically,
this included a lower LVEF at peak exercise (153), or a lower
cardiac index and SV index at peak exercise (152). Recent work
from our laboratory has shed some light on the evolution of
cardiac reserve impairment in breast cancer patients undergoing
anthracycline chemotherapy using exCMR (154, 155). In this
series of studies, we found that exercise stroke volume tended
to be lower shortly following anthracycline chemotherapy (P =
0.06) (155), however over the following 12-months this evolved
into a blunted augmentation of LVEF and SV during exercise,
resulting in a reduction in peak exercise CO (154). One of the
more intriguing findings comes from a small (n = 48) prospective
analysis of mixed adult and pediatric patients with advanced
cancer undergoing high-dose anthracycline chemotherapy (156).
This study assessed cardiac reserve using resting and exercise
RNA LVEF prior to-, after completion of low-dose and high-
dose anthracycline chemotherapy. Both resting and peak LVEF
declined progressively during chemotherapy, with a significantly
blunted increase in LVEF from rest to peak exercise at
completion of low- and high-dose chemotherapy. Notably,
four patients developed congestive heart failure 1-6 months
following treatment, all of whom had normal pre-treatment
resting LVEE but an abnormal increase in LVEF during exercise
(<4% increase), suggesting pre-treatment cardiac reserve may
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be a predictor of chemotherapy-induced heart failure. However,
given the small numbers and high dose of treatment, this requires
further validation in larger cohorts, and with chemotherapy does
that would be more applicable to the broader population of adult
cancer survivors.

There have also been a handful of studies investigating the
role of pharmacologic stress to assess cardiac reserve in adult
cancer survivors. Civelli et al. (157) investigated the prospective
changes in resting and dobutamine stress LVEF throughout
and shortly following anthracycline chemotherapy, and ability
for resting and peak LVEF to predict late CTRCD 18-months
following chemotherapy in 49 women with advanced breast
cancer undergoing high-dose chemotherapy. When subjects
were differentiated into those with normal (>50%) or impaired
(<50%) resting LVEF at 18-months, it was found that whilst
resting LVEF was similar at all previous time points, peak
stress LVEF was significantly lower from the third cycle of
anthracycline chemotherapy onwards. Importantly, a >5 point
reduction in LVEF reserve was a significant predictor of
impaired resting LVEF at 18-months. Cottin et al. (158) assessed
changes in cardiac reserve using low-dose dobutamine stress
echocardiography in a mixed population of adult cancer patients
undergoing standard doses of anthracycline chemotherapy.
These authors found that peak LVEF did not change from
baseline to the end of chemotherapy, however at the end of
chemotherapy there was a blunted increase in peak mitral
flow velocity (E wave) and a decrease in the ratio between
peak early and late mitral flow velocities (E/A) which may
be indicative of poor diastolic reserve. The lack of change
in peak LVEF may reflect the lower chemotherapy doses and
shorter follow-up used in this study (158) compared to that of
Civelli et al. (157). It would be interesting understand whether
the subtle diastolic impairment demonstrated by Cottin et al.
(158) evolves into more significant dysfunction over the months
following therapy. In contrast, Bountioukos et al. (159) found no
additional value of contractile reserve assessed by dobutamine
stress echocardiography for predicting RNA-assessed reductions
in LVEF among adult patients with hematological cancers.
However, it should be noted that contractile reserve in this study
was quantified using the change in wall motion score index,
which is a relatively blunt method for quantifying cardiac reserve,
and may lack the necessary sensitivity for assessing subtle changes
in peak cardiac function in this setting.

Overall these results suggest cardiac reserve is impaired in
adult cancer survivors treated with anthracyclines, and may be
a more sensitive marker of subclinical dysfunction given resting
function was often relatively preserved. However, due to the

REFERENCES

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global
cancer statistics, 2012. CA Cancer J Clin. (2015) 65:87-108. doi: 10.3322/caac.
21262

2. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, et al.
Cancer treatment and survivorship statistics, 2016. CA Cancer J Clin. (2016)
66:271-89. doi: 10.3322/caac.21349

relatively small sample sizes, these findings require validation in
larger cohorts, which also investigate their potential relationship
with other important cardiovascular and health outcomes.
Furthermore, the utility of cardiac reserve to detect cardiac
dysfunction induced by other cardiotoxic cancer therapies
requires further evaluation.

CONCLUSIONS

Cardiovascular conditions are emerging as a major cause of
morbidity and mortality among cancer survivors. Consequently
improved detection and treatment of CTRCD can have a
profound impact on health outcomes following cancer treatment,
however the current approach for identifying CTRCD is largely
insensitive to early cardiac dysfunction. The use of non-invasive
imaging techniques to assess cardiac function during exercise
enables a more wholistic characterization of cardiac function,
and may therefore provide a novel means of early identification
of CTRCD. Whilst there is emerging data demonstrating
patients previously exposed to cardiotoxic chemotherapy and/or
radiotherapy have impairments in cardiac reserve (despite
relatively preserved resting cardiac dysfunction), there are still a
number of gaps that should be addressed before this approach
can be incorporated into the clinical setting. There is a need
for longitudinal studies to better understand the evolution of
impairment in cardiac reserve, and its relationships with other
cardiovascular endpoints. Furthermore, given the variety of
imaging methods and measures available for quantifying cardiac
reserve, there is a particular need to identify the optimal imaging
method, measure, and associated cut-points for predicting
these outcomes. Ultimately, we are hopeful that existing and
new imaging modalities focused on assessing cardiac function
during exercise will help to unravel many unresolved questions,
ultimately improving morbidity and mortality outcomes for the
growing cancer survivor population.

AUTHOR CONTRIBUTIONS

All authors contributed to the conception, development, and
critical appraisal of this manuscript.

FUNDING

AL was supported by a Future Leaders Fellowship from the
National Heart Foundation (NHF 100409) of Australia. SF was
supported by an Australian Government Research Training
Program Scholarship (RTP 4635089552).

3. Armstrong GT, Kawashima T, Leisenring W, Stratton K, Stovall M, Hudson
MM, et al. Aging and risk of severe, disabling, life-threatening, and fatal
events in the Childhood Cancer Survivor Study. J Clin Oncol. (2014)
32:1218-27. doi: 10.1200/JC0O.2013.51.1055

4. Goldberg JM, Scully RE, Sallan SE, Lipshultz SE. Cardiac failure
30 years after treatment containing anthracycline for childhood acute
lymphoblastic leukemia. ] Pediatr Hematol Oncol. (2012) 34:395-7.
doi: 10.1097/MPH.0b013e3182532078

Frontiers in Cardiovascular Medicine | www.frontiersin.org

13

March 2020 | Volume 7 | Article 32


https://doi.org/10.3322/caac.21262
https://doi.org/10.3322/caac.21349
https://doi.org/10.1200/JCO.2013.51.1055
https://doi.org/10.1097/MPH.0b013e3182532078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Foulkes et al.

Cardiac Reserve for Cancer Cardiotoxicity

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Du XL, Xia R, Liu CC, Cormier JN, Xing Y, Hardy D, et al. Cardiac toxicity

associated with anthracycline-containing chemotherapy in older women
with breast cancer. Cancer. (2009) 115:5296-308. doi: 10.1002/cncr.24621

. Bradshaw PT, Stevens J, Khankari N, Teitelbaum SL, Neugut AI, Gammon

MD. Cardiovascular disease mortality among breast cancer survivors.
Epidemiology. (2016) 27:6-13. doi: 10.1097/EDE.0000000000000394

. Mulrooney DA, Yeazel MW, Kawashima T, Mertens AC, Mitby P, Stovall

M, et al. Cardiac outcomes in a cohort of adult survivors of childhood and
adolescent cancer: retrospective analysis of the Childhood Cancer Survivor
Study cohort. BMJ. (2009) 339:b4606. doi: 10.1136/bm;j.b4606

. Yeh ET, Bickford CL. Cardiovascular complications of cancer therapy:

incidence, pathogenesis, diagnosis, and management. ] Am Coll Cardiol.
(2009) 53:2231-47. doi: 10.1016/j.jacc.2009.02.050

. Jones LW, Haykowsky M]J, Swartz JJ, Douglas PS, Mackey JR. Early breast

cancer therapy and cardiovascular injury. ] Am Coll Cardiol. (2007) 50:1435-
41. doi: 10.1016/j.jacc.2007.06.037

Zamorano JL, Lancellotti P, Mufioz DR, Aboyans V, Asteggiano R, Galderisi
M, et al. 2016 ESC Position Paper on cancer treatments and cardiovascular
toxicity developed under the auspices of the ESC Committee for Practice
Guidelines. Eur Heart J. (2016) 37:2768-801. doi: 10.1093/eurheartj/ehw211
Lipshultz SE, Lipsitz SR, Sallan SE, Dalton VM, Mone SM, Gelber RD, et al.
Chronic progressive cardiac dysfunction years after doxorubicin therapy for
childhood acute lymphoblastic leukemia. J Clin Oncol. (2005) 23:2629-36.
doi: 10.1200/JC0O.2005.12.121

Felker GM, Thompson RE, Hare JM, Hruban RH, Clemetson DE, Howard
DL, et al. Underlying causes and long-term survival in patients with
initially unexplained cardiomyopathy. N Engl ] Med. (2000) 342:1077-84.
doi: 10.1056/NEJM200004133421502

Bloom MW, Hamo CE, Cardinale D, Ky B, Nohria A, Baer L, et al. Cancer
therapy-related cardiac dysfunction and heart failure. Part 1: definitions,
pathophysiology, risk factors, and imaging. Circ Heart Fail. (2016) 9:¢002661.
doi: 10.1161/CIRCHEARTFAILURE.115.002661

Mercurio V, Cuomo A, Della Pepa R, Ciervo D, Cella L, Pirozzi E
et al. What is the cardiac impact of chemotherapy and subsequent
radiotherapy in lymphoma patients? Antioxid Redox Signal. (2019) 31:1166—
74. doi: 10.1089/ars.2019.7842

Criscitiello C, Metzger-Filho O, Saini KS, de Castro G Jr, Diaz M, La Gerche
A, et al. Targeted therapies in breast cancer: are heart and vessels also being
targeted? Breast Cancer Res. (2012) 14:209. doi: 10.1186/bcr3142

van Dalen EC, van der Pal HJ, Kok WE, Caron HN, Kremer LC. Clinical
heart failure in a cohort of children treated with anthracyclines:
a long-term follow-up study. Eur ] Cancer. (2006) 42:3191-8.
doi: 10.1016/j.€jca.2006.08.005

Lotrionte M, Biondi-Zoccai G, Abbate A, Lanzetta G, D’Ascenzo E
Malavasi V, et al. Review and meta-analysis of incidence and clinical
predictors of anthracycline cardiotoxicity. Am J Cardiol. (2013) 112:1980-4.
doi: 10.1016/j.amjcard.2013.08.026

Nadruz W, West E, Sengelov M, Grove GL, Santos M, Groarke
JD, et al. Cardiovascular phenotype and prognosis of patients with
heart failure induced by cancer therapy. Heart. (2019) 105:34-41.
doi: 10.1136/heartjnl-2018-313234

Cardinale D, Colombo A, Lamantia G, Colombo N, Civelli M, De Giacomi
G, et al. Anthracycline-induced cardiomyopathy: clinical relevance and
response to pharmacologic therapy. ] Am Coll Cardiol. (2010) 55:213-20.
doi: 10.1016/j.jacc.2009.03.095

Cardinale D, Colombo A, Bacchiani G, Tedeschi I, Meroni CA,
Veglia E et al. Early detection of anthracycline cardiotoxicity and
improvement with heart failure therapy. Circulation. (2015) 131:1981-8.
doi: 10.1161/CIRCULATIONAHA.114.013777

Armenian SH, Lacchetti C, Barac A, Carver ], Constine LS, Denduluri
N, et al. Prevention and monitoring of cardiac dysfunction in survivors
of adult cancers: American Society of Clinical Oncology Clinical Practice
Guideline. J Clin Oncol. (2016) 35:893-911. doi: 10.1200/JCO.2016.
70.5400

Plana JC, Galderisi M, Barac A, Ewer MS, Ky B, Scherrer-Crosbie
M, et al. Expert consensus for multimodality imaging evaluation of
adult patients during and after cancer therapy: a report from the
American Society of Echocardiography and the European Association of

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cardiovascular Imaging. Eur Heart ] Cardiovasc Imaging. (2014) 15:1063-93.
doi: 10.1093/ehjci/jeul92

Kongbundansuk S, Hundley WG. Noninvasive imaging of cardiovascular
injury related to the treatment of cancer. JACC Cardiovasc Imaging. (2014)
7:824-38. doi: 10.1016/j.jcmg.2014.06.007

Otterstad J, Froeland G, Sutton MS], Holme I. Accuracy and reproducibility
of biplane two-dimensional echocardiographic measurements of left
ventricular dimensions and function. Eur Heart J. (1997) 18:507-13.
doi: 10.1093/oxfordjournals.eurheartj.a015273

Thavendiranathan P, Grant AD, Negishi T, Plana JC, Popovi¢ ZB,
Marwick TH. Reproducibility of echocardiographic techniques for sequential
assessment of left ventricular ejection fraction and volumes. ] Am Coll
Cardiol. (2013) 61:77-84. doi: 10.1016/j.jacc.2012.09.035

Walker J, Bhullar N, Fallah-Rad N, Lytwyn M, Golian M, Fang T, et al.
Role of three-dimensional echocardiography in breast cancer: comparison
with two-dimensional echocardiography, multiple-gated acquisition scans,
and cardiac magnetic resonance imaging. J Clin Oncol. (2010) 28:3429-36.
doi: 10.1200/JC0O.2009.26.7294

Wackers FJT, Berger HJ, Johnstone DE, Goldman L, Reduto LA, Langou
RA, et al. Multiple gated cardiac blood pool imaging for left ventricular
ejection fraction: validation of the technique and assessment of variability.
Am ] Cardiol. (1979) 43:1159-66. doi: 10.1016/0002-9149(79)90148-6

Van Royen N, Jaffe C, Krumholz H, Johnson K, Lynch P, Natale D,
et al. Comparison and reproducibility of visual echocardiographic and
quantitative radionuclide left ventricular ejection fractions. Am J Cardiol.
(1997) 77:843-50. doi: 10.1016/S0002-9149(97)89179-5

Huang H, Nijjar PS, Misialek JR, Blaes A, Derrico NP, Kazmirczak F, et al.
Accuracy of left ventricular ejection fraction by contemporary multiple
gated acquisition scanning in patients with cancer: comparison with
cardiovascular magnetic resonance. | Cardiovasc Magn Reson. (2017) 19:34.
doi: 10.1186/512968-017-0348-4

Lam CS, Donal E, Kraigher-Krainer E, Vasan RS. Epidemiology and clinical
course of heart failure with preserved ejection fraction. Eur J Heart Fail.
(2011) 13:18-28. doi: 10.1093/eurjhf/hfq121

Stokke TM, Hasselberg NE, Smedsrud MK, Sarvari SI, Haugaa
KH, Smiseth OA, et al. Geometry as a confounder when assessing
ventricular systolic function. J Am Coll Cardiol. (2017) 70:942-54.
doi: 10.1016/j.jacc.2017.06.046

Thavendiranathan P, Poulin E Lim KD, Plana JC, Woo A, Marwick TH. Use
of myocardial strain imaging by echocardiography for the early detection of
cardiotoxicity in patients during and after cancer chemotherapy: a systematic
review. ] Am Coll Cardiol. (2014) 63:2751-68. doi: 10.1016/j.jacc.2014.01.073
Stanton T, Leano R, Marwick TH. Prediction of all-cause mortality
from global longitudinal speckle strain: comparison with ejection fraction
and wall motion scoring. Circ Cardiovasc Imaging. (2009) 2:356-64.
doi: 10.1161/CIRCIMAGING.109.862334

Wang Y, Yang H, Huynh Q, Nolan M, Negishi K, Marwick TH. Diagnosis
of nonischemic stage B heart failure in type 2 diabetes mellitus: optimal
parameters for prediction of heart failure. JACC Cardiovasc Imaging. (2018)
11:1390-400. doi: 10.1016/j.jcmg.2018.03.015

Przewlocka-Kosmala M, Marwick TH, Yang H, Wright L, Negishi K,
Kosmala W. Association of reduced apical untwisting with incident HF
in asymptomatic patients with HF risk factors. JACC Cardiovasc Imaging.
(2020) 13:187-94. doi: 10.1016/j.jcmg.2019.01.035

Biering-Sorensen T, Biering-Serensen SR, Olsen FJ, Sengelov M, Jorgensen
PG, Mogelvang R, et al. Global longitudinal strain by echocardiography
predicts long-term risk of cardiovascular morbidity and mortality in a low-
risk general population: the Copenhagen City Heart Study. Circ Cardiovasc
Imaging. (2017) 10:¢005521. doi: 10.1161/CIRCIMAGING.116.005521
Carasso S, Cohen O, Mutlak D, Adler Z, Lessick J, Reisner SA, et al.
Differential effects of afterload on left ventricular long- and short-axis
function: insights from a clinical model of patients with aortic valve
stenosis undergoing aortic valve replacement. Am Heart J. (2009) 158:540-5.
doi: 10.1016/j.ahj.2009.07.008

Rosner A, Bijnens B, Hansen M, How O], Aarsether E, Miiller
S, et al. Left ventricular size determines tissue Doppler-derived
longitudinal strain and strain rate. Eur ]| Echocardiogr. (2008) 10:271-7.
doi: 10.1093/ejechocard/jen230

Frontiers in Cardiovascular Medicine | www.frontiersin.org

14

March 2020 | Volume 7 | Article 32


https://doi.org/10.1002/cncr.24621
https://doi.org/10.1097/EDE.0000000000000394
https://doi.org/10.1136/bmj.b4606
https://doi.org/10.1016/j.jacc.2009.02.050
https://doi.org/10.1016/j.jacc.2007.06.037
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1200/JCO.2005.12.121
https://doi.org/10.1056/NEJM200004133421502
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002661
https://doi.org/10.1089/ars.2019.7842
https://doi.org/10.1186/bcr3142
https://doi.org/10.1016/j.ejca.2006.08.005
https://doi.org/10.1016/j.amjcard.2013.08.026
https://doi.org/10.1136/heartjnl-2018-313234
https://doi.org/10.1016/j.jacc.2009.03.095
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1200/JCO.2016.70.5400
https://doi.org/10.1093/ehjci/jeu192
https://doi.org/10.1016/j.jcmg.2014.06.007
https://doi.org/10.1093/oxfordjournals.eurheartj.a015273
https://doi.org/10.1016/j.jacc.2012.09.035
https://doi.org/10.1200/JCO.2009.26.7294
https://doi.org/10.1016/0002-9149(79)90148-6
https://doi.org/10.1016/S0002-9149(97)89179-5
https://doi.org/10.1186/s12968-017-0348-4
https://doi.org/10.1093/eurjhf/hfq121
https://doi.org/10.1016/j.jacc.2017.06.046
https://doi.org/10.1016/j.jacc.2014.01.073
https://doi.org/10.1161/CIRCIMAGING.109.862334
https://doi.org/10.1016/j.jcmg.2018.03.015
https://doi.org/10.1016/j.jcmg.2019.01.035
https://doi.org/10.1161/CIRCIMAGING.116.005521
https://doi.org/10.1016/j.ahj.2009.07.008
https://doi.org/10.1093/ejechocard/jen230
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Foulkes et al.

Cardiac Reserve for Cancer Cardiotoxicity

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ferferieva V, Van den Bergh A, Claus P, Jasaityte R, Veulemans P, Pellens
M, et al. The relative value of strain and strain rate for defining intrinsic
myocardial function. Am ] Physiol Heart Circ Physiol. (2011) 302:H188-95.
doi: 10.1152/ajpheart.00429.2011

Khouri MG, Klein MR, Velazquez EJ, Jones LW. Current and emerging
modalities for detection of cardiotoxicity in cardio-oncology. Future Cardiol.
(2015) 11:471-84. doi: 10.2217/fca.15.16

Weber KT, Janicki JS. Cardiopulmonary exercise testing for evaluation
of chronic cardiac failure. Am ] Cardiol. (1985) 55:A22-31.
doi: 10.1016/0002-9149(85)90792-1

Nagaoka H, Isobe N, Kubota S, lizuka T, Imai S, Suzuki T, et al. Myocardial
contractile reserve as prognostic determinant in patients with idiopathic
dilated cardiomyopathy without overt heart failure. Chest. (1997) 111:344-
50. doi: 10.1378/chest.111.2.344

Borlaug BA, Olson TP, Lam CSP, Flood KS, Lerman A, Johnson
BD, et al. Global cardiovascular reserve dysfunction in heart failure
with preserved ejection fraction. ] Am Coll Cardiol. (2010) 56:845-54.
doi: 10.1016/j.jacc.2010.03.077

Abudiab MM, Redfield MM, Melenovsky V, Olson TP, Kass DA, Johnson BD,
et al. Cardiac output response to exercise in relation to metabolic demand
in heart failure with preserved ejection fraction. Eur | Heart Fail. (2013)
15:776-85. doi: 10.1093/eurjhf/hft026

Erdei T, Smiseth OA, Marino P, Fraser AG. A systematic review of diastolic
stress tests in heart failure with preserved ejection fraction, with proposals
from the EU-FP7 MEDIA study group. Eur ] Heart Fail. (2014) 16:1345-61.
doi: 10.1002/ejhf.184

Donal E, Lund LH, Oger E, Reynaud A, Schnell E, Persson H, et al. Value of
exercise echocardiography in heart failure with preserved ejection fraction:
a substudy from the KaRen study. Eur Heart ] Cardiovasc Imaging. (2015)
17:106-13. doi: 10.1093/ehjci/jev144

Shimiaie J, Sherez ], Aviram G, Megidish R, Viskin S, Halkin A, et al.
Determinants of effort intolerance in patients with heart failure: combined
echocardiography and cardiopulmonary stress protocol. JACC Heart Fail.
(2015) 3:803-14. doi: 10.1016/j.jchf.2015.05.010

Erdei T, Aakhus S, Marino P, Paulus WJ, Smiseth OA, Fraser AG.
Pathophysiological rationale and diagnostic targets for diastolic stress
testing. Heart. (2015) 101:1355-60. doi: 10.1136/heartjnl-2014-307040
Kupsky DE Ahmed AM, Sakr S, Qureshi WT, Brawner CA, Blaha M]J,
et al. Cardiorespiratory fitness and incident heart failure: The Henry
Ford Exerclse Testing (FIT) Project. Am Heart ]. (2017) 185:35-42.
doi: 10.1016/j.ahj.2016.12.006

Myers ], Kokkinos P, Chan K, Dandekar E, Yilmaz B, Nagare
A, et al. Cardiorespiratory fitness and reclassification of risk for
incidence of heart failure. Circ Heart Fail. (2017) 10:e003780.
doi: 10.1161/CIRCHEARTFAILURE.116.003780

Osada N, Chaitman BR, Miller LW, Yip D, Cishek MB, Wolford TL,
et al. Cardiopulmonary exercise testing identifies low risk patients
with heart failure and severely impaired exercise capacity considered
for heart transplantation. | Am Coll Cardiol. (1998) 31:577-82.
doi: 10.1016/S0735-1097(97)00533-0

Piepoli ME, Corra U, Veglia E Bonomi A, Salvioni E, Cattadori G, et al.
Exercise tolerance can explain the obesity paradox in patients with systolic
heart failure: data from the MECKI Score Research Group. Eur ] Heart Fail.
(2016) 18:545-53. doi: 10.1002/ejhf.534

Corrd U, Giordano A, Mezzani A, Gnemmi M, Pistono M, Caruso
R, et al. Cardiopulmonary exercise testing and prognosis in heart
failure due to systolic left ventricular dysfunction: a validation study of
the European Society of Cardiology Guidelines and Recommendations
(2008) and further developments. Eur ] Prev Cardiol. (2012) 19:32-40.
doi: 10.1177/1741826710393994

Goda A, Lang CC, Williams P, Jones M, Farr MJ, Mancini DM. Usefulness of
non-invasive measurement of cardiac output during sub-maximal exercise to
predict outcome in patients with chronic heart failure. Am J Cardiol. (2009)
104:1556-60. doi: 10.1016/j.amjcard.2009.07.025

Clemmensen TS, Eiskjer H, Logstrup BB, Valen KPB, Mellemkjer S,
Poulsen SH. Prognostic value of exercise myocardial deformation and
haemodynamics in long-term heart-transplanted patients. ESC Heart Fail.
(2019) 6:629-39. doi: 10.1002/ehf2.12438

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

Blumberg FC, Arzt M, Lange T, Schroll S, Pfeifer M, Wensel R.
Impact of right ventricular reserve on exercise capacity and survival in
patients with pulmonary hypertension. Eur J Heart Fail. (2013) 15:771-5.
doi: 10.1093/eurjhf/hft044

Tan L. Cardiac pumping capability and prognosis in heart failure. Lancet.
(1986) 328:1360-3. doi: 10.1016/50140-6736(86)92006-4

Roul G, Moulichon M, Bareiss P, Gries P, Koegler A, Sacrez J, et al.
Prognostic factors of chronic heart failure in NYHA class II or III: value
of invasive exercise haemodynamic data. Eur Heart J. (1995) 16:1387-98.
doi: 10.1093/oxfordjournals.eurheartj.a060747

Williams S, Cooke G, Wright D, Parsons W, Riley R, Marshall P, et al.
Peak exercise cardiac power output; a direct indicator of cardiac function
strongly predictive of prognosis in chronic heart failure. Eur Heart J. (2001)
22:1496-503. doi: 10.1053/euh;j.2000.2547

Hogarty AN, Silber JH, Paridon SM. Cardiopulmonary exercise testing in
evaluation of the functional capacity of survivors of childhood cancer. Prog
Pediatr Cardiol. (1998) 8:109-19. doi: 10.1016/S1058-9813(98)00007-1
Jones LW, Haykowsky M, Peddle CJ, Joy AA, Pituskin EN, Tkachuk
LM, et al. Cardiovascular risk profile of patients with HER2/neu-positive
breast cancer treated with anthracycline-taxane—containing adjuvant
chemotherapy and/or trastuzumab. Cancer Epidemiol Biomarkers Prev.
(2007) 16:1026-31. doi: 10.1158/1055-9965.EPI-06-0870

Jones LW, Courneya KS, Mackey JR, Muss HB, Pituskin EN, Scott
JM, et al. Cardiopulmonary function and age-related decline across the
breast cancer survivorship continuum. J Clin Oncol. (2012) 30:2530-7.
doi: 10.1200/JC0O.2011.39.9014

Burnett D, Kluding P, Porter C, Fabian C, Klemp J. Cardiorespiratory
fitness in breast cancer SpringerPlus.  (2013)  2:68.
doi: 10.1186/2193-1801-2-68

Lakoski SG, Barlow CE, Koelwyn GJ, Hornsby WE, Hernandez J, DeFina
LE et al. The influence of adjuvant therapy on cardiorespiratory fitness
in early-stage breast cancer seven years after diagnosis: the Cooper
Center Longitudinal Study. Breast Cancer Res Treat. (2013) 138:909-16.
doi: 10.1007/s10549-013-2478-1

Ness KK, Plana JC, Joshi VM, Luepker RV, Durand JB, Green DM,
et al. Exercise intolerance, mortality, and organ system impairment in
adult survivors of childhood cancer. J Clin Oncol. (2020) 38:29-42.
doi: 10.1200/JC0O.19.01661

Kelsey CR, Scott JM, Lane A, Schwitzer E, West MJ, Thomas §,
et al. Cardiopulmonary exercise testing prior to myeloablative allo-
SCT: a feasibility study. Bone Marrow Transplant. (2014) 49:1330-6.
doi: 10.1038/bmt.2014.159

Wood W, Deal A, Reeve B, Abernethy A, Basch E, Mitchell S, et al.
Cardiopulmonary fitness in patients undergoing hematopoietic SCT: a pilot
study. Bone Marrow Transplant. (2013) 48:1342. doi: 10.1038/bmt.2013.58
Haykowsky MJ, Beaudry R, Brothers RM, Nelson MD, Sarma S, La Gerche
A. Pathophysiology of exercise intolerance in breast cancer survivors with
preserved left ventricular ejection fraction. Clin Sci. (2016) 130:2239-44.
doi: 10.1042/CS20160479

Claessen G, Schnell F, Bogaert J, Claeys M, Pattyn N, De Buck E et al.
Exercise cardiac magnetic resonance to differentiate athlete’s heart from
structural heart disease. Eur Heart ] Cardiovasc Imaging. (2018) 19:1062-70.
doi: 10.1093/ehjci/jey050

Bader RA, Bader ME, Rose DF, Braunwald E. Hemodynamics at rest and
during exercise in normal pregnancy as studies by cardiac catheterization. J
Clin Invest. (1955) 34:1524-36. doi: 10.1172/JCI103205

Survivors.

. Braunwald E, Kelly ER. The effects of exercise on central blood volume in

man. J Clin Invest. (1960) 39:413-9. doi: 10.1172/JCI104052

Park S, Seo HS, Shim CY, Choi EY, Ko YG, Choi D, et al. Effect of
geometric remodeling on left ventricular longitudinal contractile reserve
in patients with hypertension. ] Am Soc Echocardiogr. (2008) 21:246-50.
doi: 10.1016/j.echo.2007.06.005

Claessen G, La Gerche A, Dymarkowski S, Claus P, Delcroix M, Heidbuchel
H. Pulmonary vascular and right ventricular reserve in patients with
normalized resting hemodynamics after pulmonary endarterectomy. J Am
Heart Assoc. (2015) 4:¢001602. doi: 10.1161/JAHA.114.001602

La Gerche A, Claessen G, Dymarkowski S, Voigt JU, De Buck F, Vanhees
L, et al. Exercise-induced right ventricular dysfunction is associated with

Frontiers in Cardiovascular Medicine | www.frontiersin.org

15

March 2020 | Volume 7 | Article 32


https://doi.org/10.1152/ajpheart.00429.2011
https://doi.org/10.2217/fca.15.16
https://doi.org/10.1016/0002-9149(85)90792-1
https://doi.org/10.1378/chest.111.2.344
https://doi.org/10.1016/j.jacc.2010.03.077
https://doi.org/10.1093/eurjhf/hft026
https://doi.org/10.1002/ejhf.184
https://doi.org/10.1093/ehjci/jev144
https://doi.org/10.1016/j.jchf.2015.05.010
https://doi.org/10.1136/heartjnl-2014-307040
https://doi.org/10.1016/j.ahj.2016.12.006
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003780
https://doi.org/10.1016/S0735-1097(97)00533-0
https://doi.org/10.1002/ejhf.534
https://doi.org/10.1177/1741826710393994
https://doi.org/10.1016/j.amjcard.2009.07.025
https://doi.org/10.1002/ehf2.12438
https://doi.org/10.1093/eurjhf/hft044
https://doi.org/10.1016/S0140-6736(86)92006-4
https://doi.org/10.1093/oxfordjournals.eurheartj.a060747
https://doi.org/10.1053/euhj.2000.2547
https://doi.org/10.1016/S1058-9813(98)00007-1
https://doi.org/10.1158/1055-9965.EPI-06-0870
https://doi.org/10.1200/JCO.2011.39.9014
https://doi.org/10.1186/2193-1801-2-68
https://doi.org/10.1007/s10549-013-2478-1
https://doi.org/10.1200/JCO.19.01661
https://doi.org/10.1038/bmt.2014.159
https://doi.org/10.1038/bmt.2013.58
https://doi.org/10.1042/CS20160479
https://doi.org/10.1093/ehjci/jey050
https://doi.org/10.1172/JCI103205
https://doi.org/10.1172/JCI104052
https://doi.org/10.1016/j.echo.2007.06.005
https://doi.org/10.1161/JAHA.114.001602
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Foulkes et al.

Cardiac Reserve for Cancer Cardiotoxicity

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

ventricular arrhythmias in endurance athletes. Eur Heart J. (2015) 36:1998-
2010. doi: 10.1093/eurheartj/ehv202

Claessen G, La Gerche A, Voigt JU, Dymarkowski S, Schnell F, Petit T,
et al. Accuracy of echocardiography to evaluate pulmonary vascular and
RV function during exercise. JACC Cardiovasc Imaging. (2016) 9:532-43.
doi: 10.1016/j.,jcmg.2015.06.018

Tan YT, Wenzelburger F, Lee E, Heatlie G, Leyva F Patel K, et al. The
pathophysiology of heart failure with normal ejection fraction: exercise
echocardiography reveals complex abnormalities of both systolic and
diastolic ventricular function involving torsion, untwist, and longitudinal
motion. ] Am Coll Cardiol. (2009) 54:36-46. doi: 10.1016/j.jacc.2009.03.037
Holverda S, Gan CT, Marcus JT, Postmus PE, Boonstra A, Vonk-
Noordegraaf A. Impaired stroke volume response to exercise in
pulmonary arterial hypertension. ] Am Coll Cardiol. (2006) 47:1732-3.
doi: 10.1016/j.jacc.2006.01.048

Holverda S, Rietema H, Westerhof N, Marcus JT, Gan CT, Postmus PE, et al.
Stroke volume increase to exercise in chronic obstructive pulmonary disease
is limited by increased pulmonary artery pressure. Heart. (2009) 95:137-41.
doi: 10.1136/hrt.2007.138172

Lancellotti P, Pellikka PA, Budts W, Chaudhry FA, Donal E, Dulgheru R,
et al. The clinical use of stress echocardiography in non-ischaemic heart
disease: recommendations from the European Association of Cardiovascular
Imaging and the American Society of Echocardiography. Eur Heart |
Cardiovasc Imaging. (2016) 17:1191-229. doi: 10.1093/ehjci/jew190

Kronik G, Slany ], Mosslacher H. Comparative value of eight M-
mode echocardiographic formulas for determining left ventricular
stroke volume. A correlative study with thermodilution and left
ventricular single-plane cineangiography. Circulation. (1979) 60:1308-16.
doi: 10.1161/01.CIR.60.6.1308

Nagueh SE Smiseth OA, Appleton CP, Byrd BE Dokainish H, Edvardsen
T, et al. Recommendations for the evaluation of left ventricular diastolic
function by echocardiography: an update from the American Society of
Echocardiography and the European Association of Cardiovascular Imaging.
Eur J Echocardiogr. (2016) 17:1321-60. doi: 10.1093/ehjci/jew082

Burgess MI, Jenkins C, Sharman JE, Marwick TH. Diastolic stress
echocardiography: hemodynamic validation and clinical significance of
estimation of ventricular filling pressure with exercise. ] Am Coll Cardiol.
(2006) 47:1891-900. doi: 10.1016/j.jacc.2006.02.042

Obokata M, Kane GC, Reddy YN, Olson TP, Melenovsky V, Borlaug
BA. Role of diastolic stress testing in the evaluation for heart failure
with preserved ejection fraction clinical perspective: a simultaneous
invasive-echocardiographic ~ study.  Circulation.  (2017) 135:825-38.
doi: 10.1161/CIRCULATIONAHA.116.024822

Talreja DR, Nishimura RA, Oh JK. Estimation of left ventricular
filling pressure with exercise by Doppler echocardiography in patients
with normal systolic function: a simultaneous echocardiographic—
cardiac catheterization study. ] Am Soc Echocardiogr. (2007) 20:477-9.
doi: 10.1016/j.ech0.2006.10.005

Maeder MT, Thompson BR, Brunner-La Rocca HP, Kaye DM.
Hemodynamic basis of exercise limitation in patients with heart failure
and normal ejection fraction. ] Am Coll Cardiol. (2010) 56:855-63.
doi: 10.1016/j.jacc.2010.04.040

Lewis GD, Bossone E, Naeije R, Griinig E, Saggar R, Lancellotti
P, et al. Pulmonary vascular hemodynamic response to exercise
in  cardiopulmonary  diseases.  Circulation. ~ (2013)  128:1470-9.
doi: 10.1161/CIRCULATIONAHA.112.000667

Tan HC, Fung KC, Kritharides L. Agitated colloid is superior to saline and
equivalent to levovist in enhancing tricuspid regurgitation Doppler envelope
and in the opacification of right heart chambers: a quantitative, qualitative,
and cost-effectiveness study. ] Am Soc Echocardiogr. (2002) 15:309-15.
doi: 10.1067/mje.2002.116717

La Gerche A, MaclIsaac Al, Burns AT, Mooney DJ, Inder WJ, Voigt JU,
et al. Pulmonary transit of agitated contrast is associated with enhanced
pulmonary vascular reserve and right ventricular function during exercise.
J Appl Physiol. (2010) 109:1307-17. doi: 10.1152/japplphysiol.00457.2010
Christie ], Sheldahl LM, Tristani FE, Sagar KB, Ptacin MJ, Wann S.
Determination of stroke volume and cardiac output during exercise:

comparison of two-dimensional and Doppler echocardiography,

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Fick oximetry, and thermodilution. Circulation. (1987) 76:539-47.
doi: 10.1161/01.CIR.76.3.539

Zwehl W, Gueret P, Meerbaum S, Holt D, Corday E. Quantitative two
dimensional echocardiography during bicycle exercise in normal subjects.
Am ] Cardiol. (1981) 47:866-73. doi: 10.1016/0002-9149(81)90187-9
Schnaack SD, Siegmund P, Spes CH, Tammen AR, Theisen K, Angermann
CE. Transpulmonary contrast echocardiography: effects on delineation of
endocardial border, assessment of wall motion and interobserver variability
in stress echocardiograms of limited image quality. Coron Artery Dis. (2000)
11:549-54. doi: 10.1097/00019501-200010000-00006

Vlassak I, Rubin DN, Odabashian JA, Garcia MJ, King LM, Lin SS, et al.
Contrast and harmonic imaging improves accuracy and efficiency of novice
readers for dobutamine stress echocardiography. Echocardiography. (2002)
19:483-8. doi: 10.1046/j.1540-8175.2002.00483.x

Nahar T, Croft L, Shapiro R, Fruchtman S, Diamond ], Henzlova M,
et al. Comparison of four echocardiographic techniques for measuring
left ventricular ejection fraction. Am ] Cardiol. (2000) 86:1358-62.
doi: 10.1016/S0002-9149(00)01243-1

Malm S, Frigstad S, Sagberg E, Larsson H, Skjaerpe T. Accurate and
reproducible measurement of left ventricular volume and ejection fraction by
contrast echocardiography: a comparison with magnetic resonance imaging.
J Am Coll Cardiol. (2004) 44:1030-5. doi: 10.1016/j.jacc.2004.05.068
Leischik R, Kuhlmann C, Bruch C, Jeremias A, Buck T, Erbel R.
Reproducibility of stress echocardiography using intravenous injection of
ultrasound contrast agent (by 963). Int ] Card Imaging. (1997) 13:387-94.
doi: 10.1023/A:1005822920962

Jenkins C, Bricknell K, Hanekom L, Marwick TH. Reproducibility and
accuracy of echocardiographic measurements of left ventricular parameters
using real-time three-dimensional echocardiography. ] Am Coll Cardiol.
(2004) 44:878-86. doi: 10.1016/j.jacc.2004.05.050

Jenkins C, Chan J, Bricknell K, Strudwick M, Marwick TH. Reproducibility
of right ventricular volumes and ejection fraction using real-time three-
dimensional echocardiography: comparison with cardiac MRI. Chest. (2007)
131:1844-51. doi: 10.1378/chest.06-2143

Donal E, Rozoy T, Kervio G, Schnell E Mabo P, Carré F. Comparison
of the heart function adaptation in trained and sedentary men after
50 and before 35 years of age. Am ] Cardiol. (2011) 108:1029-37.
doi: 10.1016/j.amjcard.2011.05.043

Schnell F, Donal E, Bernard-Brunet A, Reynaud A, Wilson MG, Thebault
C, et al. Strain analysis during exercise in patients with left ventricular
hypertrophy: impact of etiology. ] Am Soc Echocardiogr. (2013) 26:1163-9.
doi: 10.1016/j.echo.2013.06.002

Clemmensen TS, Eiskjer H, Legstrup BB, Tolbod LP, Harms H]J,
Bouchelouche K, et al. Noninvasive detection of cardiac allograft
vasculopathy by stress exercise echocardiographic assessment of
myocardial deformation. | Am Soc Echocardiogr. (2016) 29:480-90.
doi: 10.1016/j.ech0.2016.01.012

Davidavicius G, Kowalski M, Williams RI, D’hooge J, Di Salvo G, Pierre-
Justin G, et al. Can regional strain and strain rate measurement be performed
during both dobutamine and exercise echocardiography, and do regional
deformation responses differ with different forms of stress testing? J Am Soc
Echocardiogr. (2003) 16:299-308. doi: 10.1016/S0894-7317(02)74428-3

La Gerche A, Burns AT, D'Hooge ], Macisaac AI, Heidbuchel H,
Prior DL. Exercise strain rate imaging demonstrates normal right
ventricular contractile reserve and clarifies ambiguous resting measures
in endurance athletes. J Am Soc Echocardiogr. (2012) 25:253-62el.
doi: 10.1016/j.ech0.2011.11.023

Larsen AH, Clemmensen TS, Wiggers H, Poulsen SH. Left ventricular
myocardial contractile reserve during exercise stress in healthy adults:
a two-dimensional speckle-tracking echocardiographic study. ] Am Soc
Echocardiogr. (2018) 31:1116-26e1. doi: 10.1016/j.ech0.2018.06.010

Perk G, Tunick PA, Kronzon I. Non-Doppler two-dimensional
strain imaging by echocardiography-from technical considerations
to clinical applications. ] Am Soc Echocardiogr. (2007) 20:234-43.
doi: 10.1016/j.ech0.2006.08.023

Lord RN, George K, Jones H, Somauroo ], Oxborough D. Reproducibility
and feasibility of right ventricular strain and strain rate (SR) as determined
by myocardial speckle tracking during high-intensity upright exercise: a

Frontiers in Cardiovascular Medicine | www.frontiersin.org

16

March 2020 | Volume 7 | Article 32


https://doi.org/10.1093/eurheartj/ehv202
https://doi.org/10.1016/j.jcmg.2015.06.018
https://doi.org/10.1016/j.jacc.2009.03.037
https://doi.org/10.1016/j.jacc.2006.01.048
https://doi.org/10.1136/hrt.2007.138172
https://doi.org/10.1093/ehjci/jew190
https://doi.org/10.1161/01.CIR.60.6.1308
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1016/j.jacc.2006.02.042
https://doi.org/10.1161/CIRCULATIONAHA.116.024822
https://doi.org/10.1016/j.echo.2006.10.005
https://doi.org/10.1016/j.jacc.2010.04.040
https://doi.org/10.1161/CIRCULATIONAHA.112.000667
https://doi.org/10.1067/mje.2002.116717
https://doi.org/10.1152/japplphysiol.00457.2010
https://doi.org/10.1161/01.CIR.76.3.539
https://doi.org/10.1016/0002-9149(81)90187-9
https://doi.org/10.1097/00019501-200010000-00006
https://doi.org/10.1046/j.1540-8175.2002.00483.x
https://doi.org/10.1016/S0002-9149(00)01243-1
https://doi.org/10.1016/j.jacc.2004.05.068
https://doi.org/10.1023/A:1005822920962
https://doi.org/10.1016/j.jacc.2004.05.050
https://doi.org/10.1378/chest.06-2143
https://doi.org/10.1016/j.amjcard.2011.05.043
https://doi.org/10.1016/j.echo.2013.06.002
https://doi.org/10.1016/j.echo.2016.01.012
https://doi.org/10.1016/S0894-7317(02)74428-3
https://doi.org/10.1016/j.echo.2011.11.023
https://doi.org/10.1016/j.echo.2018.06.010
https://doi.org/10.1016/j.echo.2006.08.023
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Foulkes et al.

Cardiac Reserve for Cancer Cardiotoxicity

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

comparison with tissue Doppler-derived strain and SR in healthy human
hearts. Echo Res Pract. (2014) 1:31-41. doi: 10.1530/ERP-14-0011

Friedman JD, Berman DS, Borges-Neto S, Hayes SW, Johnson LL, Nichols KJ,
et al. First-pass radionuclide angiography. ] Nucl Cardiol. (2006) 13:e42-55.
doi: 10.1016/j.nuclcard.2006.08.006

Maroni JM, Oelberg DA, Pappagianopoulos P, Boucher CA, Systrom
DM. Maximum cardiac output during incremental exercise by
first-pass radionuclide ventriculography. Chest. (1998) 114:457-61.
doi: 10.1378/chest.114.2.457

Corbett JR, Akinboboye OO, Bacharach SL, Borer JS, Botvinick EH, DePuey
EG, et al. Equilibrium radionuclide angiocardiography. J Nucl Cardiol.
(2006) 13:e56-79. doi: 10.1016/j.nuclcard.2006.08.007

Pfisterer ME, Ricci DR, Schuler G, Swanson SS, Gordon DG, Peterson KE,
et al. Validity of left-ventricular ejection fractions measured at rest and peak
exercise by equilibrium radionuclide angiography using short acquisition
times. | Nucl Med. (1979) 20:484-90.

Pfisterer M, Battler A, Zaret B. Range of normal values for left
and right ventricular ejection fraction at rest and during exercise
assessed by radionuclide angiocardiography. Eur Heart J. (1985) 6:647-55.
doi: 10.1093/oxfordjournals.eurheartj.a061916

Parrish MD, Graham TP, Born ML, Jones J. Radionuclide evaluation of right
and left ventricular function in children: validation of methodology. Am |
Cardiol. (1982) 49:1241-7. doi: 10.1016/0002-9149(82)90050-9

Lurz P, Muthurangu V, Schievano S, Nordmeyer J, Bonhoeffer P, Taylor AM,
et al. Feasibility and reproducibility of biventricular volumetric assessment
of cardiac function during exercise using real-time radial k-t SENSE
magnetic resonance imaging. ] Magn Reson Imaging. (2009) 29:1062-70.
doi: 10.1002/jmri.21762

La Gerche A, Claessen G, Van de Bruaene A, Pattyn N, Van Cleemput J,
Gewillig M, et al. Cardiac MRI: a new gold standard for ventricular volume
quantification during high-intensity exercise. Circ Cardiovasc Imaging.
(2013) 6:329-38. doi: 10.1161/CIRCIMAGING.112.980037

La Gerche A, Heidbuchel H, Burns AT, Mooney DJ, Taylor AJ,
Pfluger HB, et al. Disproportionate exercise load and remodeling of
the athlete’s right ventricle. Med Sci Sports Exerc. (2011) 43:974-81.
doi: 10.1249/MSS.0b013e31820607a3

Grover S, Leong DP, Chakrabarty A, Joerg L, Kotasek D, Cheong
K, et al. Left and right ventricular effects of anthracycline and
trastuzumab chemotherapy: a prospective study using novel cardiac
imaging and biochemical markers. Int J Cardiol. (2013) 168:5465-7.
doi: 10.1016/j.ijcard.2013.07.246

Tanindi A, Demirci U, Tacoy G, Buyukberber S, Alsancak Y, Coskun U, et al.
Assessment of right ventricular functions during cancer chemotherapy.
Eur ] Echocardiogr. (2011) 12:834-40. doi: 10.1093/ejechocard/
jer142

Bogaert J, Dymarkowski S, Taylor AM. Clinical cardiac MRI. In: Bogaert
J, Dymarkowski S, Taylor AM, editors. With Interactive CD-ROM. Berlin:
Springer-Verlag (2005). p. 549.

Barber NJ, Ako EO, Kowalik GT, Cheang MH, Pandya B, Steeden
JA, et al. Magnetic resonance—augmented cardiopulmonary exercise
testing: comprehensively assessing exercise intolerance in children
with cardiovascular disease. Circ Cardiovasc Imaging. (2016) 9:€005282.
doi: 10.1161/CIRCIMAGING.116.005282

Barber NJ, Ako EO, Kowalik GT, Steeden JA, Pandya B, Muthurangu
V. MR augmented cardiopulmonary exercise testing—a novel approach
to assessing cardiovascular function. Physiol Meas. (2015) 36:N85.
doi: 10.1088/0967-3334/36/5/N85

Weber TE, von Tengg-Kobligk H, Kopp-Schneider A, Ley-Zaporozhan
J, Kauczor HU, Ley S. High-resolution phase-contrast MRI of aortic
and pulmonary blood flow during rest and physical exercise using
a MRI compatible bicycle ergometer. Eur J Radiol. (2011) 80:103-8.
doi: 10.1016/j.ejrad.2010.06.045

Heiberg ], Asschenfeldt B, Maagaard M, Ringgaard S. Dynamic
bicycle exercise to assess cardiac output at multiple exercise levels
during magnetic resonance imaging. Clin Imaging. (2017) 46:102-7.
doi: 10.1016/j.clinimag.2017.07.010

Steeden JA, Atkinson D, Taylor AM, Muthurangu V. Assessing vascular
response to exercise using a combination of real-time spiral phase contrast

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

MR and noninvasive blood pressure measurements. /] Magn Reson Imaging.
(2010) 31:997-1003. doi: 10.1002/jmri.22105

Rerkpattanapipat P, Gandhi SK, Darty SN, Williams RT, Davis AD, Mazur
W, et al. Feasibility to detect severe coronary artery stenoses with upright
treadmill exercise magnetic resonance imaging. Am J Cardiol. (2003) 92:603-
6. doi: 10.1016/S0002-9149(03)00734-3

Cheng CP, Schwandt DE, Topp EL, Anderson JH, Herfkens RJ, Taylor
CA. Dynamic exercise imaging with an MR-compatible stationary cycle
within the general electric open magnet. Magn Reson Med. (2003) 49:581-5.
doi: 10.1002/mrm.10364

Lipinski MJ, McVey CM, Berger JS, Kramer CM, Salerno M. Prognostic value
of stress cardiac magnetic resonance imaging in patients with known or
suspected coronary artery disease: a systematic review and meta-analysis. ]
Am Coll Cardiol. (2013) 62:826-38. doi: 10.1016/j.jacc.2013.03.080

Sharma T, Lau EM, Choudhary P, Torzillo PJ, Munoz PA, Simmons
LR, et al. Dobutamine stress for evaluation of right ventricular reserve
in pulmonary arterial hypertension. Eur Respir J. (2015) 45:700-8.
doi: 10.1183/09031936.00089914

Pratali L, Picano E, Otasevic P, Vigna C, Palinkas A, Cortigiani L,
et al. Prognostic significance of the dobutamine echocardiography test
in idiopathic dilated cardiomyopathy. Am ] Cardiol. (2001) 88:1374-8.
doi: 10.1016/S0002-9149(01)02116-6

Pratali L, Otasevic P, Neskovic A, Molinaro S, Picano E. Prognostic
value of pharmacologic stress echocardiography in atients with idiopathic
dilated cardiomyopathy: a prospective, head-to-head comparison between
dipyridamole and dobutamine test. J Card Fail. (2007) 13:836-42.
doi: 10.1016/j.cardfail.2007.07.011

Eichhorn EJ, Grayburn PA, Mayer SA, St John Sutton M, Appleton C, Plehn J,
et al. Myocardial contractile reserve by dobutamine stress echocardiography
predicts improvement in ejection fraction with p-blockade in patients with
heart failure: the B-Blocker Evaluation of Survival Trial (BEST). Circulation.
(2003) 108:2336-41. doi: 10.1161/01.CIR.0000097111.00170.7B

Seghatol FE Shah DJ, Diluzio S, Bello D, Johnson MR, Cotts WG, et al.
Relation between contractile reserve and improvement in left ventricular
function with beta-blocker therapy in patients with heart failure secondary
to ischemic or idiopathic dilated cardiomyopathy. Am ] Cardiol. (2004)
93:854-9. doi: 10.1016/j.amjcard.2003.12.023

Mehrotra P, Labib SB, Schick EC. Differential effects of dobutamine versus
treadmill exercise on left ventricular volume and wall stress. ] Am Soc
Echocardiogr. (2012) 25:911-8. doi: 10.1016/j.ech0.2012.05.002

Flamm SD, Taki J, Moore R, Lewis SE, Keech F, Maltais E, et al. Redistribution
of regional and organ blood volume and effect on cardiac function in relation
to upright exercise intensity in healthy human subjects. Circulation. (1990)
81:1550-9. doi: 10.1161/01.CIR.81.5.1550

Poliner LR, Dehmer GJ, Lewis SE, Parkey RW, Blomqvist CG, Willerson
JT. Left ventricular performance in normal subjects: a comparison of the
responses to exercise in the upright and supine positions. Circulation. (1980)
62:528-34. doi: 10.1161/01.CIR.62.3.528

Badruddin SM, Ahmad A, Mickelson J, Abukhalil J, Winters WL, Nagueh
SE et al. Supine bicycle versus post-treadmill exercise echocardiography in
the detection of myocardial ischemia: a randomized single-blind crossover
trial. ] Am Coll Cardiol. (1999) 33:1485-90. doi: 10.1016/S0735-1097(99)0
0043-1

McKillop JH, Bristow MR, Goris ML, Billingham ME, Bockemuehl
K. Sensitivity and specificity of radionuclide ejection fractions

in doxorubicin cardiotoxicity. Am Heart J. (1983) 106:1048-56.
doi: 10.1016/0002-8703(83)90651-8

Weesner KM, Bledsoe M, Chauvenet A, Wofford M.
Exercise  echocardiography in the detection of anthracycline
cardiotoxicity.  Cancer. (1991)  68:435-8.  doi: 10.1002/1097-

0142(19910715)68:2<435::aidcncr2820680237>3.0.c0;2-#

Yeung S, Yoong C, Smith P, Spink J, Galbraith A, Galbraith A. Functional
myocardial impairment in children treated with anthracyclines for cancer.
Lancet. (1991) 337:816-8. doi: 10.1016/0140-6736(91)92516-5

Sung RYT, Huang GY, Shing MK, Oppenheimer SJ, Li CK, Lau J, et al.
Echocardiographic evaluation of cardiac function in paediatric oncology
patients treated with or without anthracycline. Int J Cardiol. (1997) 60:239-
48. doi: 10.1016/S0167-5273(97)00114-9

Frontiers in Cardiovascular Medicine | www.frontiersin.org

March 2020 | Volume 7 | Article 32


https://doi.org/10.1530/ERP-14-0011
https://doi.org/10.1016/j.nuclcard.2006.08.006
https://doi.org/10.1378/chest.114.2.457
https://doi.org/10.1016/j.nuclcard.2006.08.007
https://doi.org/10.1093/oxfordjournals.eurheartj.a061916
https://doi.org/10.1016/0002-9149(82)90050-9
https://doi.org/10.1002/jmri.21762
https://doi.org/10.1161/CIRCIMAGING.112.980037
https://doi.org/10.1249/MSS.0b013e31820607a3
https://doi.org/10.1016/j.ijcard.2013.07.246
https://doi.org/10.1093/ejechocard/jer142
https://doi.org/10.1161/CIRCIMAGING.116.005282
https://doi.org/10.1088/0967-3334/36/5/N85
https://doi.org/10.1016/j.ejrad.2010.06.045
https://doi.org/10.1016/j.clinimag.2017.07.010
https://doi.org/10.1002/jmri.22105
https://doi.org/10.1016/S0002-9149(03)00734-3
https://doi.org/10.1002/mrm.10364
https://doi.org/10.1016/j.jacc.2013.03.080
https://doi.org/10.1183/09031936.00089914
https://doi.org/10.1016/S0002-9149(01)02116-6
https://doi.org/10.1016/j.cardfail.2007.07.011
https://doi.org/10.1161/01.CIR.0000097111.00170.7B
https://doi.org/10.1016/j.amjcard.2003.12.023
https://doi.org/10.1016/j.echo.2012.05.002
https://doi.org/10.1161/01.CIR.81.5.1550
https://doi.org/10.1161/01.CIR.62.3.528
https://doi.org/10.1016/S0735-1097(99)00043-1
https://doi.org/10.1016/0002-8703(83)90651-8
https://doi.org/10.1016/0140-6736(91)92516-5
https://doi.org/10.1016/S0167-5273(97)00114-9
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://doi.org/10.1002/1097-0142(19910715)68:2<435::aidcncr2820680237>3.0.co;2-#
https://doi.org/10.1002/1097-0142(19910715)68:2<435::aidcncr2820680237>3.0.co;2-#

Foulkes et al.

Cardiac Reserve for Cancer Cardiotoxicity

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Lanzarini L, Bossi G, Laudisa ML, Klersy C, Arico M. Lack of clinically
significant cardiac dysfunction during intermediate dobutamine doses in
long-term childhood cancer survivors exposed to anthracyclines. Am Heart
J. (2000) 140:315-23. doi: 10.1067/mh;j.2000.108237

Smibert E, Carlin JB, Vidmar S, Wilkinson LC, Newton M, Weintraub
RG. Exercise echocardiography reflects cumulative anthracycline
exposure during childhood. Pediatr Blood Cancer. (2004) 42:556-62.
doi: 10.1002/pbc.20016

De Souza AM, Potts JE, Potts MT, De Souza ES, Rowland TW, Pritchard SL,
et al. A stress echocardiography study of cardiac function during progressive
exercise in pediatric oncology patients treated with anthracyclines. Pediatr
Blood Cancer. (2007) 49:56-64. doi: 10.1002/pbc.21122

Guimaraes-Filho F, Tan D, Braga ], Rodrigues A, Waib P, Matsubara B.
Ventricular systolic reserve in asymptomatic children previously treated
with low doses of anthracyclines. Am ] Cardiol. (2007) 100:1303-6.
doi: 10.1016/j.amjcard.2007.05.054

Sieswerda E, Kremer LCM, Vidmar S, De Bruin ML, Smibert E, Sjoberg G,
et al. Exercise echocardiography in asymptomatic survivors of childhood
cancer treated with anthracyclines: a prospective follow-up study. Pediatr
Blood Cancer. (2010) 54:579-84. doi: 10.1002/pbc.22371

De Caro E, Smeraldi A, Trocchio G, Calevo M, Hanau G, Pongiglione
G. Subclinical dysfunction and exercise performance in
childhood cancer survivors. Pediatr Blood Cancer. (2011) 56:122-6.
doi: 10.1002/pbc.22606

Guimaraes-Filho FV, Tan DM, Braga JC, Rodrigues A, Waib PH, Matsubara
BB. Ventricular systolic reserve in asymptomatic children previously
treated with low doses of anthracyclines: a longitudinal, prospective
exercise echocardiography study. Pediatr Blood Cancer. (2012) 59:548-52.
doi: 10.1002/pbc.24000

Jarfelt M, Kujacic V, Holmgren D, Bjarnason R, Lannering B. Exercise
echocardiography reveals subclinical cardiac dysfunction in young adult
survivors of childhood acute lymphoblastic leukemia. Pediatr Blood Cancer.
(2007) 49:835-40. doi: 10.1002/pbc.21289

Kearney MC, Gallop-Evans E, Cockcroft JR, Stohr EJ, Lee E, Backx K, et al.
Cardiac dysfunction in cancer survivors unmasked during exercise. Eur |
Clin Invest. (2017) 47:213-20. doi: 10.1111/eci.12720

Klewer SE, Goldberg SJ, Donnerstein RL, Berg RA, Hutter JJ.
Dobutamine stress echocardiography: a sensitive indicator of diminished
myocardial function in asymptomatic doxorubicin-treated long-term
survivors of childhood cancer. ] Am Coll Cardiol. (1992) 19:394-401.
doi: 10.1016/0735-1097(92)90497-B

De Wolf D, Suys B, Maurus R, Benoit Y, Verhaaren H, Matthijs D, et al.
Dobutamine stress echocardiography in the evaluation of late anthracycline
cardiotoxicity in childhood cancer survivors. Pediatr Res. (1996) 39:504-12.
doi: 10.1203/00006450-199603000-00020

Hamada H, Ohkubo T, Maeda M, Ogawa S. Evaluation of cardiac
reserved function by high-dose dobutamine-stress echocardiography in
asymptomatic anthracycline-treated survivors of childhood cancer. Pediatr
Int. (2006) 48:313-20. doi: 10.1111/j.1442-200X.2006.02210.x

cardiac

151.

152.

153.

154.

155.

156.

157.

158.

159.

Kirkham AA, Virani SA, Campbell KL. The utility of cardiac stress testing for
detection of cardiovascular disease in breast cancer survivors: a systematic
review. Int ] Womens Health. (2015) 7:127-40. doi: 10.2147/IJWH.
568745

Khouri MG, Hornsby WE, Risum N, Velazquez EJ, Thomas S, Lane
A, et al. Utility of 3-dimensional echocardiography, global longitudinal
strain, and exercise stress echocardiography to detect cardiac dysfunction
in breast cancer patients treated with doxorubicin-containing adjuvant
therapy. Breast Cancer Res Treat. (2014) 143:531-9. doi: 10.1007/s10549-013-
2818-1

Koelwyn GJ, Lewis NC, Ellard SL, Jones LW, Gelinas JC, Rolf JD, et al.
Ventricular-arterial coupling in breast cancer patients after treatment
with anthracycline-containing adjuvant chemotherapy. Oncologist. (2016)
21:141-9. doi: 10.1634/theoncologist.2015-0352

Foulkes S, Howden EJ, Bigaran A, Janssens K, Antill Y, Loi S, et al
Persistent impairment in cardiopulmonary fitness following breast
cancer chemotherapy. Med Sci Sports Exerc. (2019) 51:1573-81.
doi: 10.1249/MSS.0000000000001970

Howden EJ, Bigaran A, Beaudry R, Fraser S, Selig S, Foulkes S, et al. Exercise
as a diagnostic and therapeutic tool for the prevention of cardiovascular
dysfunction in breast cancer patients. Eur ] Prev Cardiol. (2018) 26:305-15.
doi: 10.1177/2047487318811181

Palmeri ST, Bonow RO, Myers CE, Seipp C, Jenkins J, Green MV,
et al. Prospective evaluation of doxorubicin cardiotoxicity by rest and
exercise radionuclide angiography. Am ] Cardiol. (1986) 58:607-13.
doi: 10.1016/0002-9149(86)90284-5

Civelli M, Cardinale D, Martinoni A, Lamantia G, Colombo N, Colombo
A, et al. Early reduction in left ventricular contractile reserve detected by
dobutamine stress echo predicts high-dose chemotherapy-induced cardiac
toxicity. Int J Cardiol. (2006) 111:120-6. doi: 10.1016/j.ijcard.2005.07.029
Cottin Y, Lhuillier I, Casasnovas O, Geoffroy C, Caillot D, Zeller M, et al.
Dobutamine stress echocardiography identifies anthracycline cardiotoxicity.
Eur ] Echocardiogr. (2000) 1:180-3. doi: 10.1053/euje.2000.0037
Bountioukos M, Doorduijn J, Roelandt J, Vourvouri E, Bax J, Schinkel
A, et al. Repetitive dobutamine stress echocardiography for the prediction
of anthracycline cardiotoxicity. Eur ] Echocardiogr. (2003) 4:300-5.
doi: 10.1016/S1525-2167(03)00017-9

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Foulkes, Claessen, Howden, Daly, Fraser and La Gerche. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

18

March 2020 | Volume 7 | Article 32


https://doi.org/10.1067/mhj.2000.108237
https://doi.org/10.1002/pbc.20016
https://doi.org/10.1002/pbc.21122
https://doi.org/10.1016/j.amjcard.2007.05.054
https://doi.org/10.1002/pbc.22371
https://doi.org/10.1002/pbc.22606
https://doi.org/10.1002/pbc.24000
https://doi.org/10.1002/pbc.21289
https://doi.org/10.1111/eci.12720
https://doi.org/10.1016/0735-1097(92)90497-B
https://doi.org/10.1203/00006450-199603000-00020
https://doi.org/10.1111/j.1442-200X.2006.02210.x
https://doi.org/10.2147/IJWH.S68745
https://doi.org/10.1007/s10549-013-2818-1
https://doi.org/10.1634/theoncologist.2015-0352
https://doi.org/10.1249/MSS.0000000000001970
https://doi.org/10.1177/2047487318811181
https://doi.org/10.1016/0002-9149(86)90284-5
https://doi.org/10.1016/j.ijcard.2005.07.029
https://doi.org/10.1053/euje.2000.0037
https://doi.org/10.1016/S1525-2167(03)00017-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	The Utility of Cardiac Reserve for the Early Detection of Cancer Treatment-Related Cardiac Dysfunction: A Comprehensive Overview
	Introduction
	Current Approach for Detecting CTRCD
	Cardiac Reserve as a Marker of Cardiac Dysfunction in Heart Failure
	Techniques for the Assessment of Cardiac Reserve During Exercise
	Echocardiography
	M-Mode Echocardiography
	Doppler Echocardiography
	2D Echocardiography
	3D Echocardiography
	Myocardial Deformation Imaging
	Comparison of Echocardiographic Techniques

	Radionuclide Angiocardiography
	Cardiac Magnetic Resonance Imaging
	Pharmacological Stress
	Additional Considerations

	The Utility of Cardiac Reserve in Cancer Patients Exposed to Cardiotoxic Therapies
	Pediatric Cancer Survivors
	Adult Cancer Survivors

	Conclusions
	Author Contributions
	Funding
	References


