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Abstract

Cardiovascular side effects secondary to cancer therapeutics are the leading causes of morbidity
and mortality in cancer survivors. Anthracyclines (AC) serve as the backbone of many anti-cancer
treatment strategies, but dose-dependent myocardial injury limits their use. Cumulative AC
exposure can disrupt the dynamic equilibrium of the myocardial microarchitecture while repeated
injury and repair leads to myocyte loss, interstitial myocardial fibrosis, and impaired contractility.
Although children are assumed to have greater myocardial plasticity, AC exposure at a younger
age portends worse prognosis. In older patients, there is lower overall survival once they develop
cardiovascular disease. Because aberrations in the myocardial architecture predispose the heart to
a decline in function, early detection with sensitive imaging tools is crucial and the implications
for resource utilization are substantial. As a comprehensive imaging modality, cardiac magnetic
resonance (CMR) imaging is able to go beyond quantification of ejection fraction and myocardial
deformation to characterize adaptive microstructural and microvascular changes that are important
to myocardial tissue health. Herein, we describe CMR as an established translational imaging tool
that can be used clinically to characterize AC-associated myocardial remodeling.
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Introduction

Chemotherapy enables cancer patients to survive longer. As a result, many patients face
unintended and off-target consequences of cancer treatment. While cardiotoxicity
encompasses a host of side effects related to cancer therapy, herein, cardiotoxicity refers to
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myocardial injury, which may lead to heart failure with preserved or reduced ejection
fraction (HFpEF, HFrEF). Both forms of heart failure are associated with increased
morbidity and mortality [1]. Of the various cancer therapies, anthracyclines (AC) represent
one of the most effective classes of anti-cancer agents often used in the treatment of
leukemias, sarcomas, and lymphomas. However, AC can disrupt normal cell function and
lead to adverse remodeling of the myocardial extracellular matrix (ECM) [2—4]. Cycles of
repeated injury and repair of the ECM can contribute to irreversible and clinically important
myocardial dysfunction [4, 5]. Based on published guidelines of the American College of
Cardiology/American Heart Association (ACC/AHA), asymptomatic cardiac morphologic
change heralds potential heart failure, which is a progressive disorder whereby the transition
period from asymptomatic structural abnormalities (Stage B) to the development of overt
symptoms (Stage C or D) may be variable [6]. In spite of cardiovascular (CV) side effects,
cancer therapy is often necessary and life changing. Therefore, collaborative care plans that
incorporate comprehensive imaging tools, such as cardiovascular magnetic resonance
[CMR] imaging, may potentially improve patient-centered care through earlier detection of
myocardial abnormalities.

The goal of this paper is to equip clinicians caring for cancer patients and survivors with
knowledge about the role of CMR-derived quantitative measures of myocardial health. The
myocardial ECM and its influence on remodeling will be summarized. Additionally, relevant
CMR pulse sequences (i.e. different ways of encoding diagnostic information in CMR
images) and clinical studies using CMR will be discussed.

The Natural History of Cardiotoxicity

The natural history of chemo-induced myocardial injury in humans remains incompletely
understood. However, available histologic data suggest that myocyte loss is accompanied by
ventricular chamber dilation, myocardial edema, and interstitial myocardial fibrosis in the
context of less robust regenerative capacity [7—10]. Based on clinical studies, AC-induced
cardiotoxicity can be separated into three chronological categories: 1) acute, 2) early-onset,
and 3) late-onset [5, 11-13]. Acute cardiotoxicity, the least common, occurs immediately
after AC infusions and can involve a decline in myocardial contractility [3, 5, 11-13]. Early
onset cardiotoxicity occurs within a few weeks to a year after exposure and leads to
compensatory thickening of the left ventricular (LV) wall termed “adaptive hypertrophy” [3,
5, 12]. Late onset cardiotoxicity occurs at least one year after exposure, but may not become
clinically evident until 10-20 years after initial chemotherapy infusion [5, 11]. Those at
highest risk of heart failure include exposure to AC dose =250 mg/m?, chest radiation dose
>35 Gy, or a combination of AC and chest radiation dose =100 mg/m2 (AC) and > 15 Gy
(radiation) [14].

The Cardiac ECM and Cardiotoxicity: Where Phenotypic Plasticity Relates

to Form and Function

The cardiac ECM is an intricate and dynamic network consisting of structural and
nonstructural proteins, which provide strength and support to neighboring myocytes. Fluid
equilibrium is vital to the overall plasticity of the ECM. Within the myocardial milieu also
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lies the microvasculature, which provides oxygenation and nutrients that are vital to the
overall function of the myocardium. Collagen makes up the bulk of the ECM composition
and provides structural integrity. Environmental stress to the myocardium modifies the
dynamic relationship between the ECM composition and myocytes, and it is the delicate
balance in the up- or down-regulation of fibroblast-mediated collagen turnover that leads to
structural remodeling. If collagen synthesis exceeds collagen degradation, the accumulation
of collagen in the interstitium results in fibrosis. Although fibrosis as a repair mechanism
serves to preserve structural integrity, the scar tissue that forms increases myocardial
stiffness and is manifested as diastolic abnormalities [15, 16]. On the other hand, excessive
collagen degradation can compromise the integrity of the collagen scaffold and decrease the
matrix tensile strength. Changes in ventricular geometry then ensue with wall thinning,
ventricular dilation, and eventually systolic dysfunction due to persistent remodeling of the
collagen network and further aberrations of the overall myocardial architecture [3, 16-18].

In the context of AC-induced ECM remodeling, it is important to note that mechanisms
associated with AC-induced cardiac injury (Topoisomerase 2B mediated) are different from
AC treatment effects (Topoisomerase 2A mediated) [2]. AC-induced ECM remodeling can
occur through several molecular mechanisms [19-21] (Figure 1). The end result is cellular
damage and apoptosis that is reflected by myofibrillar disarray and vacuolization. Because
the primary structural role of the ECM is to provide a scaffold for myofiber alignment,
recurrent cycles of injury and repair eventually exceed compensatory mechanisms and result
in diastolic and systolic abnormalities including both impaired contractile function and
filling.

CMR Techniques for Assessment of Myocardial Remodeling

Excellent papers summarizing the general principles of CMR have been published [22-24].
Briefly, CMR leverages the differences in tissue magnetic properties (T1, T2, T2* relaxation
time constants) to generate soft-tissue contrast (Figure 2) and to discriminate between
normal and pathologic states [25]. In-plane spatial resolution of 1-2mm (and sometimes sub
millimeter) and temporal resolution of 25-50 ms are typically achievable. By manipulating
pulse sequence parameters to generate different types of tissue contrast, CMR provides
insight into morphology (volumetry, mass), global and regional function (deformation /
strain, EF), tissue composition (edema, fibrosis, fat, hemorrhage), and perfusion—all of
which could aid in the understanding of AC-induced myocardial remodeling. Although not
all components are routinely performed in one single examination, these approaches can be
combined and tailored to characterize different aspects of heart health. In Stage B of heart
failure, any combination or all of these components can be abnormal. Table 1 provides a
summary of relevant CMR techniques while Table 2 summarizes clinical studies relating to
CMR and AC-associated CV remodeling.

Cardiac Cine and Myocardial Tagging for Morphology and Function

Segmented cine balanced steady state free precession (bSSFP) is widely used to acquire
dynamic “movies” of the beating heart termed “cardiac cine imaging”. The EF, volumetry,
and mass are then quantified without the need for geometric assumptions or incomplete
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sampling of cardiac chamber volumes [25-28] (Figure 2A). The LVEF is a widely used
index to monitor for cardiac dysfunction and can be measured using echocardiography,
CMR, and several other imaging modalities. While echo is widely available and cost-
effective [29], overestimation of EF using 2D echo (2DE) and 3D echo (3DE) has been
described in adult survivors of childhood cancer [30-31] (Table 2). The 2DE false-negative
rate is 75% while the 3DE false-negative rate is 47% for detection of EF less than 50% [30].
CMR is superior to 2DE for quantification of EF with high inter-study reproducibility
(coefficient of variability 2.4-7.3% [EF], 2.8-4.8% [mass], p<0.001) [32, 33]. It is also
instructive to note that lower right ventricular EF has been reported in a cross-sectional
cohort of childhood cancer survivors [34-35], while in adult cancer survivors, lower LVEF
and aortic stiffness persisted at 14 months post-AC exposure [36] (Table 2). In adult
survivors with HFrEF, CMR-derived LV mass index predicted major adverse cardiac events
(MACE) [37]. Importantly, preliminary findings suggest that in those already taking statins
during AC exposure, there is no significant decline in LVEF [38]. While the cohort was
small, the findings are informative in light of reports by Cardinal et al: in 207 AC-induced
cardiomyopathy patients with and without symptoms of heart failure, 42% did not recover
their LVEF with enalapril and carvedilol [39]. Because treatment implications still rely
predominantly on the LVVEF, accurate quantification and reproducibility is vital for the
longitudinal care of patients. In this regard, CMR remains the gold standard for accurate and
reproducible quantification of biventricular EF [40] and the majority of published work in
the area of CMR and cardio-oncology has focused on inter-modality comparisons of EF
(Table 2).

In recent years however, several organizations have supported the use of myocardial
deformation in the care of patients exposed to cancer therapy [1, 41]. Compared to the EF,
myocardial deformation is a more sensitive measure of the overall myocardial function
because it directly reflects the motion of the myofibers and can be described by both strain
and rotational mechanics.

Myocardial tagging allows tracking of myocardial tissue motion through the placement of
“tags” (Figure 2B). Tags are thin lines of reduced signal intensity that appear dark on
acquired images and are created using selective radiofrequency saturation pulses [42]. These
bands of dark tissue are created within a few milliseconds and can subsequently be observed
to deform with the underlying cardiac motion (Figure 2B). The most widely available
sequence for myocardial tagging is SPAMM (spatial modulation of magnetization) [43],
which allows tags to be placed in orthogonal directions to form a grid. The tag lines and the
intersections of the gridlines serve as “markers” for tissue tracking and deformation can be
analyzed using several commercially available software packages. Other techniques of
tagging include polar tags [44] and complementary radial tags [45] (Figure 2B, right panel).
Recently, Feature Tracking was developed [46—47]. This technique uses already acquired
cardiac cine images and tracks the endocardial and epicardial borders of the myocardium to
generate information on myocardial deformation. While convenient and values obtained
from Feature Tracking in small study cohorts have shown promise, further validation is
needed.
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Myocardial deformation in cancer patients and survivors has been assessed using CMR
(Table 2). Of note, Drafts et al [48] conducted a prospective cohort study in adult cancer
patients (age range 19-80 years, mean 50+2 years) who were exposed to low and moderate
doses of AC for the first time and without radiation therapy. CMR measures, biochemical,
and quality of life (QOL) markers were assessed in a double-blinded fashion. The study
demonstrated a decline in midwall myocardial circumferential strain (a surrogate for
myofiber strain) during early therapy and in the setting of low to moderate dose of AC.
Impaired strain was associated with a decline in LVEF that persisted at 6 months’ follow-up
time. Notably, there was a trend towards positive association between abnormal deformation
and QOL assessment based on the Minnesota Living with Heart Failure Questionnaire
(r=0.24, p=0.17). However, QOL deterioration was significantly associated with AC
exposure at low to moderate AC doses (p=0.008). These preliminary findings are instructive
and counter past observations that myocardial injury occurs at higher doses of AC (>500
mg/m2).

Edema and Fibrosis Imaging for Myocardial Composition

Overall cardiac function is a reflection of underlying myocardial tissue health. Because
aberrations in myocardial composition correlate well with changes in tissue magnetic
properties, the relaxation time constants (T1 or T2) can be “weighed” to characterize certain
aspects of myocardial tissue. Both T1 and T2 are sensitive to the presence of increased water
content and collagen [49]. However, T2 weighted (T2w) imaging has been preferentially
used for imaging myocardial edema in the setting of acute myocardial injury because prior
research supported a higher linear correlation between T2 and water content [50]. T2
imaging approaches include: dark-blood vs. bright-blood T2w imaging and quantitative T2

mapping.

Conventional T2 dark-blood imaging relies on pulse sequences that are designed to null the
signal of flowing blood while maintaining a high signal in the surrounding stationary tissue
[51]. Thus, the region of blood flow appears dark relative to the surrounding bright tissue,
which allows for anatomic assessment of the endocardial border and vascular structures.
However, this technique can be prone to image artifacts due to bulk motion and /or blood
stasis at the LV wall resulting in subendocardial bright rim artifacts [52]. Further, T2w
images are non-quantitative. Alternatives to T2w dark-blood imaging are variations of
bright-blood T2 techniques [52, 53-54]. Bright-blood T2-prepared, single-shot bSSFP
(T2prep bSSFP) imaging can overcome the limitations of T2 dark blood image artifacts [53],
and can be used for quantitative T2 mapping, which has lower inter-observer variability
because the maps are generated without subjective interpretation by the reading physician
[54-56]. Additionally, single shot T2prep bSSFP can be performed during free breathing,
which is ideal for patients with reduced respiratory function.

Variants of these T2 techniques have been used to discriminate between acute vs. chronic
myocardial injury in settings of myocardial infarction [53, 57-58] and acute myocarditis
[59, 55]. To date however, there are limited clinical investigations [37, 60-62] using T2 to
detect evidence of edema in subclinical cardiotoxicity (Table 2). Of these studies, Tham et al
[60] showed no evidence of myocardial edema using T2 mapping in a cross-sectional
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analysis of childhood cancer survivors. However, the T2 relaxation time was inversely
related to AC-dose and peak VO2max (r=—0.49, p=0.01). Another study [37] reported the
presence of myocardial edema using T2w imaging in one adult patient who was
approximately 7 (interquartile range 3-8.5) years out from AC therapy.

Although published CMR evidence myocardial edema in AC exposure has been limited,
myocardial fibrosis has been described on histology [7-10] and in several published CMR
investigations. In general, there are several types of myocardial fibrosis including focal (also
termed “regional”, “replacement”) and diffuse interstitial fibrosis [63]. The standard CMR
technique for detection of focal fibrosis such as that observed in myocardial infarction is
LGE imaging, while diffuse fibrosis imaging relies on T1 mapping.

The principle behind LGE imaging is that the “wash-in” and “wash-out” kinetics of GBCAS
in normal myocardium is rapid, but in cases of acute myocyte cell membrane disruption or
“scarred, fibrotic” tissue, the “wash out” phase requires more time to complete. The delayed
clearance of gadolinium from the extracellular space results in increased gadolinium
concentration, which is reflected as a bright signal relative to normal myocardium that is
nulled [64, 65]. Typically, images are acquired 10-20 minutes after a 0.1-0.2 mmol/kg
GBCA bolus injection with the inversion time selected to suppress the signal in the native
myocardium (i.e. “nulling” of the myocardium which reflects the return of proton spins to
the zero point, dark appearance) (Figure 2C). Of the various pulses sequences available for
LGE imaging, inversion recovery (IR) and phase sensitive inversion recovery (PSIR) with
ECG-gated segmented gradient echo readout are widely used and provide the best contrast-
to-noise ratio and contrast-enhancement-ratio [66, 67]. LGE can also be acquired using a
PSIR with single shot bSSFP readout for multi-slice coverage [68]. This latter technique is
useful in patients unable to perform multiple breath-holds or lay flat for a prolonged period
of time. LGE can quantify focal regions of myocardial fibrosis as small as 0.16g [64]. The
extent of scaring can provide prognostic information while the scar pattern, when visualized
early in the disease process, can provide insight into the underlying causes of the myopathy.

Findings of LGE in cases of AC exposure however, are few and have only been described in
limited studies [35, 37, 61, 69-70] (Table 2). The described patterns are atypical (including
mid-myocardial, RV insertion point, epicardial, subendocardial, basal distribution),
suggesting patchy myocarditis. A greater frequency of LGE has been reported in studies
with combined AC and trastuzumab exposure [71-73] than in studies with AC alone.
However, the true incidence and prevalence of focal versus diffuse interstitial fibrosis in AC-
induced myocardial remodeling remains unclear. The challenge of LGE imaging is in
detecting diffuse fibrosis [64-65, 74—75], which appears to be a more widely reported
phenomenon in AC exposure (Table 2) and potentially reversible with existing therapeutics.
The signal intensities in diffuse fibrosis may be completely nulled due its isointense signal
and appear similar to “normal” myocardial tissue. Alternatively, fibrosis detection can be
performed using T1 mapping, which is better at differentiating diffuse fibrosis from normal
tissue and correlate well with histologic findings of myocardial interstitial fibrosis [76].

In T1 mapping, multiple images are acquired with different T1 weightings. The signal
intensities on the images are “fitted” to an equation for T1 relaxation in order to determine
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the T1 relaxation time for a region of interest, myocardial segment, or per pixel basis to
generate a “map” whereby each pixel intensity represents a specific T1 relaxation time
(Figure 2, D). As an index, T1 mapping holds value because of its ability to detect interstitial
myocardial fibrosis, which has been shown to affect mechanical behavior of the
myocardium, precedes irreversible replacement fibrosis [77], and can potentially be
reversible with appropriate therapy [63, 78—79]. Further, T1-based measures have been
validated in many diffuse myocardial disease states and are shown to carry prognostic value
in non-ischemic cardiomyopathies [80]. There are many techniques for T1 mapping, which
can be grouped as “inversion recovery”, “saturation recovery”, or hybrid [80]. Inversion
recovery techniques are more precise while saturation techniques are more accurate with
each having their own limitations [80-82] and hence, the importance of discussing
institution-specific protocols and interpretation with local imagers specialized in CMR. Of
these techniques, MOLLI (modified Look-Locker inversion recovery) [83] is most widely
used and validated.

When gadolinium-based contrast agents (GBCASs) are used, the tissue relaxation properties
change and often times T1 maps are acquired pre- and post-contrast injection (Figure 2D).
The difference between pre and post-contrast T1 values corrected for by the patient’s
hematocrit, allows quantification of the extracellular volume fraction (ECV) [74-75] (Figure
2E). An increase in the ECV reflects expansion of the extracellular compartment. Because
the ECV circumvents some of the confounders associated with T1 weighted imaging and T1
maps, an age- and sex-adjusted normal reference range can be established to discriminate
between disease types and without the need for invasive endomyocardial biopsy [74-75, 84—
85]. The ECV values should be interpreted in the context of age and sex, especially when
measured cross-sectionally. Further, while accuracy and precision may vary with T1
mapping techniques and ECV values may differ between the sequences used, the
reproducibility however, is similar [81] (Figure 2E).

Several CMR based clinical investigations have leveraged T1 mapping to study myocardial
remodeling in cancer patients and survivors (Table 2). In one study of childhood cancer
survivors [60] whereby the relationship between ECV, overall cardiac function, and aerobic
exercise capacity (peak VO2max) was assessed, an increased ECV was directly correlated
with higher AC dose (r=0.40). The ECV was also associated with decreased mass/volume
ratio (r=—0.64, a reflection of wall thinning) and lower peak VO2max (r=—0.52) despite
having normal LVEF. In adult cancer survivors [61], the ECV had a positive association with
the left atrial volume index (r=0.65, p<0.001) and a negative association with diastolic
function (r=—0.64, p<0.001 using lateral E”). Furthermore, the ECV was increased in those
with a reduced ejection fraction compared to those with a preserved ejection fraction (ECV
0.38+0.03 vs 0.36+0.02, p<0.03). A separate study [86] found that post-gadolinium T1
values at 20 mins were significantly correlated with increased end-systolic fiber stress
(indicator of LV wall stress) and low LV mass index (r=0.52, p<0.001), which supports the
findings by Neilan et al [34] where LV mass index was found to be predictive of MACE.
The ECV however, was only weakly associated with fiber stress (r=0.369, p=0.049). Overall,
the challenge in these studies however, is the heterogeneity of the study cohorts (i.e. AC, AC
+ radiation) and many were cross-sectional in design.
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Myocardial Perfusion Imaging for Epicardial Coronary and Microvascular Disease

Stress perfusion imaging measures the myocardial perfusion reserve (MPR), which is an
indirect surrogate for coronary flow reserve (CFR) and is often assumed to only reflect the
coronary circulation. Many clinicians associate stress perfusion imaging with epicardial
coronary disease. However, the health of the microcirculation is also reflected by the MPR.
In fact, of the total ~45-mL of coronary blood volume [87], 90% resides in the
microcirculation (i.e. the myocardial blood volume) and constitutes ~8% of the LV mass
[88]. MPR reflects the coronary circulation’s capacity to increase blood flow when the
perfusion bed is maximally dilated. Measurement is required during rest and at maximal
vasodilation. In the healthy circulation, MPR and CFR are typically comparable. However,
when there is coronary disease, regional (i.e. vessel specific) impairment of the MPR can be
observed [89]. In cases of microvascular disease where there is lower capillary density (e.g.
myocardial infarction, hypertension, diabetes, HFpEF), decreased MPR can be present in the
absence of coronary stenosis, which may be the case with AC exposure. For those who have
received combined AC and chest radiation, the presence of both accelerated epicardial and
microvascular disease are plausible. Although nuclear stress perfusion with SPECT (single
photon emission computed tomography) is frequently performed at the expense of radiation,
recent findings from the CE-MARC (Clinical Evaluation of MAgnetic Resonance imaging
in Coronary heart disease) trial suggest that perfusion CMR is superior [90] and more
sensitive than SPECT in both women and men [91]. Further, stress CMR is cost effective for
the evaluation of coronary disease [92].

Stress CMR is performed pharmacologically with an intravenous vasodilator (regadenoson,
adenosine, or dipyridamole) [93] or inotropic agent (dobutamine) and at select institutions,
exercise stress CMR [94] can also be performed. Stress perfusion CMR typically uses a T1-
weighted, ECG-gated, single shot, 2D sequence [89]. These techniques measure the contrast
enhancement (0.03-0.1 mmol/kg bolus injection at 3-5 ml/sec) during the first pass of the
contrast through the cardiac chambers and myocardium at rest and with stress. The
myocardial perfusion results can then be qualitatively or quantitatively assessed. With 2D
CMR, dobutamine stress is more specific (86%, 95% CI 81-91%) while vasodilator
perfusion is more sensitive (91%, 95% CI 88-94%) for detection of epicardial coronary
disease [95]. 3D CMR improves both sensitivity and specificity (85%, 91% respectively)
compared to fractional flow reserve measurements (77%, 95% respectively) [96].

Although there is high potential benefit for using stress CMR to interrogate the myocardial
microcirculation of cancer survivors as demonstrated in other disease states [97-98], few
studies have used stress CMR. To date, only one study has used dobutamine stress CMR in
the setting of a 4-month exercise intervention [99] while another used rest first-pass
perfusion CMR [70] in a 2-year longitudinal study (CMR at baseline, 1y, 2y post-AC). The
study using dobutamine stress CMR in adult breast cancer survivors (age 53+7 years)
concluded that the LV volumetry increased while EF decreased post-exercise intervention
(p<0.05) despite exercise therapy during chemotherapy [99]. The dobutamine induced peak
LVEF decreased at 4 months (pre-intervention 79+4% vs 76+6% post), but was not
statistically significant (p=0.087). There was no significant change in post-intervention
dobutamine-induced peak heart rate or oxygen consumption from baseline. Regional wall
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motion abnormalities were not reported. On the other hand, the rest perfusion study [70] in
survivors of childhood cancer receiving both AC and chest radiation, concluded that there
were abnormal rest first-pass perfusion defects (predominantly transmural) in multiple
distributions (mostly septal and inferior wall) at baseline and longitudinally. At one year,
new rest defects were seen in 11 of 49 patients who had normal baseline scans (p<0.05)
while 12 of 14 had persistent defects. At two years, new rest defects were seen in 9 of 34
patients who had normal baseline scans (p<0.05) while 12 continued to have persistent
defects from baseline. Stress perfusion was not performed and the severity of the defect was
not reported. While there were patients who reportedly had new rest perfusion defects and
some had persistent defects over the course of a two-year period, one could not ascertain 1)
whether the rest defects are true defects in the absence of stress perfusion images or 2)
whether the severity of the defects increased over time. These studies should be interpreted
in light of the following limitations: 1) small sample size, 2) the presence of dark-rim
artifacts due to Gibbs ringing are frequent in the septum and interpretation is aided when
stress images are available, and 4) perfusion CMR with a stress agent is vital for assessment
of MPR—as with all perfusion scans, rest defects without the correlative stress images are
challenging to interpret. Because of these limitations, it is difficult to demonstrate the true
utility of stress CMR in this specific population. However, given the positive supporting data
for stress perfusion CMR in large studies of epicardial coronary disease, future well-
designed clinical studies leveraging this technology would enhance our understanding of
AC-associated myocardial remodeling and the microcirculation.

Conclusion

As a comprehensive CV imaging technique, CMR has added value in characterizing the
myocardial remodeling. However, it is important to note that CMR protocols and use of
pulse sequences vary among institutions and vendor platforms. Therefore, clinicians and
imagers need to work closely to establish standardized protocols and reference ranges.
Although early detection of morphologic, functional, and microvascular changes can
potentially be targeted for preventive therapy, additional investigations using standardized
CMR techniques are needed to validate published preliminary findings. As cancer therapy
improves, survivors will have a longer lifespan and many will face unanticipated
consequences of cancer treatment. Mitigation of short and long-term CV side effects may be
facilitated through the incorporation of CMR for comprehensive assessment of myocardial
health.
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Figurel.
Anthracycline-associated myocyte damage (A-D) and extracellular matrix remodeling (1-4).

Topoisomerase 2B is the primary mediator of AC-induced cardiotoxicity and causes direct
ds-DNA breakage, impaired mitochondrial biogenesis, and ROS production. AC passively
diffuses into the myocyte to trigger signaling pathways of myocardial injury and repair. (A)
Iron-anthracycline complexes cause ROS generation, which leads to lipid peroxidation and
membrane damage. (B) In the mitochondrion, DOX-induced ROS causes release of
cytochrome C leading to cell death. (C) AC binds to proteasomes with high affinity and
translocate into the nucleus to intercalate into DNA. As DNA damage increases, apoptosis
pathways are activated. (D) Increased cellular stress by ROS generation leads to increased
MMP expression. Compensatory ECM remodeling is reflected as (1) actin cytoskeleton
activity at the cell-ECM interface, (2) MMP-induced collagen breakdown and turnover
which can lead to fibrosis (scar) formation, 3) myofibroblast proliferation to increase matrix
protein (fibronectin) deposition secondary to SDC-1 shedding, and (4) cystatin C /cathepsin
mediated fibronectin turnover. AC, anthracycline; ds, double-stranded; ECM, extracellular
matrix; MMP, matrix metalloproteinase; ROS, reactive oxygen species; SDC-1, syndecan-1;
Top 28, topoisomerase 2 B. Adapted and reproduced with permission (Chest. 2014; 146(4):
1123-1130).
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Figure2.
Comprehensive CMR imaging (1.5 Tesla) of a 33-year old male with anthracycline exposure

at age 12. (A) Morphologic myocardial characterization using cardiac cine imaging (end-
diastole) demonstrates reduced left ventricular mass (myocyte loss), ventricular dilation,
increased ventricular trabeculation, but normal left ventricular and right ventricular ejection
fraction. (B) Myocardial tagging can be performed using conventional Cartesian grid tags
(left) or radial polar tags (right). (C) Late gadolinium enhancement imaging demonstrates no
regional fibrosis. (D) Pre-contrast T1 map (left, average T1 970 ms) and post-contrast (right,
average T1 471 ms) using MOLLI were performed. (E) ECV maps using MOLLI (left, ECV
0.22+0.02) and InSiL (right, ECV 0.22+0.03) demonstrate no diffuse fibrosis. InSiL [100] is
a modified T1 mapping algorithm that allows for improved estimation of T1 time with less
heart rate dependence. ECV reference range 0.23-0.32 (based on MOLLI). ECV,
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extracellular volume fraction; InSiL, instantaneous signal loss simulation; MOLLI,
modified Look-Locker inversion recovery; bSSFP, balanced steady state free precession.
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Summary of CMR techniquesa
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Clinical information Category of CMR technique

Commonly used pulsesequencesb

Morphology and function

Volumetry, mass, ejection fraction Cine imaging

Myocardial deformation Tagging
Myocardial composition
Water content or inflammation . .
Edema imaging

Diffuse fibrosis T1 mapping or extracellular volume
fraction (ECV)C

Focal fibrosis Late gadolinium enhancement
imaging
Myocardial perfusion reserve (epicardial Stress perfusion imaging

coronary and microvascular perfusion)

bSSFP (balanced steady state free precession) at 1.5
Tesla

Spoiled gradient echo sequences (alternative choice)
at 3.0 Tesla

Cartesian grid tags (SPAMM or C-SPAMM)

T2 weighted: black blood (T2w STIR) or bright
blood (T2 prepared SSFP; TSE-SSFP hybrid)
T2 mapping: T2 prepared SSFP

MOLLI

Inversion recovery GRE or SSFP
PSIR
Single-shot with SSFP readout

Saturation recovery imaging with GRE-EPI, GRE, or
SSFP readout

aThe reader is directed to Kramer et al. J Cardiovasc Magn Reson. 2013 Oct 8;15:91 for additional detail.

b . . . .
Pulse sequence refers to the way in which magnetic resonance data are encoded to produce images.

The area of CMR myocardial tissue characterization continues to evolve rapidly and different pulse sequences are available on different vendor
platforms. Protocols and normal values may vary based on institutional protocols and vendor. Discussion with local imagers is important.

bSSFP balanced steady state free precession; C-SPAMM complementary spatial modulation of magnetization; GRE gradient echo; EPI echo
planar imaging; MOLL I modified Look-Locker inversion recovery; PSIR phase sensitive inversion recovery; SPAMM spatial modulation of

magnetization; STIR short tau inversion recovery; TSE turbo spin echo
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Table 2.

Clinical studies using CMR to investigate anthracycline-associated myocardial remodeling
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STUDY

POPULATION
(N, age, Ca)

TREATMENT?
(mg/m2 or Gy)

TIME

INTERVAL®

CMR

FINDINGS

Armstrong, 2012 [30]

Toro-Salazar, 2016 [31]

Ylanen, 2013 [34]

Cheung, 2015 [35]

n=114
38.3+6.3y
Leukemia,
Lymphoma
Osteosarcoma

n=57

Median 21 (10-42) y
Leukemia Lymphoma
Solid tumor

n=62 (34F, 28M)
146+32y
Lymphoma
Leukemia

n=58
245+4.4y
Leukemia

AC type unknown
117 (0-803)

1-30 Gy (n=16),
>30 Gy (n=21)

328 (200-600)
AC unknown
Chest radiation,
unspecified dose

F: 224 (108-419)
M: 184 (80-416)
#DOX equivalent
3.6-12 Gy

DOX 204 +94
Chest radiation,
unspecified dose

27.8(18.4-38.3) y

9 (2.4-26.9)y

F:7.7 (4.9-13.6)y
M: 7.8 (5.0

18.0)y

16.645.8y
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« Function

« Function
 Deformation

« Function
« Fibrosis
(LGE)

« Function
« T2 iron
« Fibrosis
(LGE)

GOAL: Use CMR as
gold standard to assess
reliability of 2D TTE
derived EF in
childhood cancer
survivors.

* 14% (n=16) had
LVEF < 50% by CMR
« 2DE (biplane): 25%
sensitivity, 75% false-
negative rate for
detection of CMR-
derived EF < 50%

» 3DE: 53% sensitivity,
47% false-negative
rate for detection of
CMR-derived EF <
50%; no difference in
mean 3DE vs CMR-
derived LVEF (p=0.08)

GOAL: Use CMR to
assess reliability of
TTE to identify cardiac
dysfunction.

« 3DE has 68%
sensitivity; 2DE
(biplane) has 46%
sensitivity to detect
CMR-derived LVEF
<55%

* Lower CMR-derived
GCS and GLS
compared to controls
(p<0.001)

» Lower CMR-derived
GCS associated w/
chest radiation
(p<0.001)

* Weak correlation
between CMR-derived
GLS, AC dose (r=0.26,
0.05), and post-chemo
interval (r=0.28,
p<0.04)

GOAL: Cross-
sectional evaluation of
LV and RV function,
and focal fibrosis in
childhood cancer
survivors

* 18% (n=11) w/ LVEF
<45%; 61% (n=38) w/
LVEF 45-55%,
p<0.001

27% (n=17) w/ RVEF
<45%; 53% (n=33) w/
RVEF 45-55%,
p<0.001; no LGE in all
subjects

GOAL: Cross-
sectional assessment of
myocardial iron,
fibrosis, and LV and
RV function in young
adult cancer survivors
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STUDY

POPULATION
(N, age, Ca)

TREATMENT?

(mg/m2 or Gy)

TIME

INTERVAL®

CMR

FINDINGS

Grover, 2015 [36]1J

Neilan, 2012 [37]

Choteni-mitkhun, 2015 [38]

n=27
54+11y
Breast cancer

n=91
43+18y
Cancer type
undisclosed

n=51

48+2y

Breast Ca, Leukemia,
Lymphoma

Curr Oncol Rep. Author manuscript; available in PMC 2019 May 10.

EPI 300-600
DOX 150-300
Chest radiation,
unspecified dose

276 £ 82
Chest radiation,
unspecified dose

Statin: 193+27

No Statin: 193+15

1-14m

88
(IQR 37 to 138)m

6m

« Function

« Structure &
function

« Edema (T2w)
« Fibrosis
(LGE)

« Function
 Deformation

* LVEF: 45-55%
(n=5), 255% (n=53);
RVEF: <45% (n=7),
45-55% (n=20), =255%
(n=31)

« No association
between LV and RVEF
with AC dose (p>0.05)
* Negative for
myocardial iron
overload (n=27).

« Positive fibrosis: LV
(n=5); RV (n=22); RV
insertion site hyper-
enhancement

GOAL: Determine
aortic remodeling &
cardiac function at
baseline, 1, 4 and 14m
post-AC

« T PWV in Ao 4m
and 14m post-tx
(p<0.01)

* Greater VA0
distensibility in AC
only grp at 1, 4, and
14m post-tx (p<0.01)
« |LVEF at 4m and
persisted at 14m
(p=0.001); none had
LVEF <55%

* 4m post-tx: 27%
(n=7) had \LVEF
>10%

* 14m post-tx: 19%
(n=5) had persistent
LVEF

GOAL: Cross-
sectional analysis of
LV mass index (LVMi)

as predictor of MACE®
in adult survivors of
cancer with rEF AC-
CM

* LVMi and AC dose
were inversely related
(r=—0.67, p<0.001)

* LVMi (<57mg/m?)
had strongest adjusted
association with
MACE (100%
sensitivity and 85%
specificity for MACE
prediction, HR 0.87,
x?=23, p<0.0001,
AUC 0.90 [95% ClI
0.82-0.95])

* T2: n=1 with
qualitative and

quantitative edemad;
LGE positive (n=5)

GOAL: Assess
whether statins during
AC tx can mitigate
LVEF decline.

« Statin: LVEF
unchanged at 6 m after
adjustment for
confounders (p=0.03);
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STUDY

POPULATION
(N, age, Ca)

TREATMENT?
(mg/m? or Gy)

TIME
INTERVAL®

CMR

FINDINGS

Drafts, 2013 [48] ©

Tham, 2013 [60]

Neilan, 2013 [61]

n=53

502y

Breast, MDS
Leukemia, Lymphoma

n=30
152+27y
Lymphomas
Other tumors

n=42; n=14 (rEF)
55+17y
Lymphoma

Breast cancer
Leukemia, Bone Ca

Curr Oncol Rep. Author manuscript; available in PMC 2019 May 10.

50-375
#DOX equivalent

197.2484.3
Chest radiation,
unspecified dose

AC-pEF: 272459
AC-rEF: 301+72
Chest radiation,

unspecified dose

1,3,6m

7.624.5y

89+40m

« Function

» Deformation
« Fibrosis
(LGE)

* Function

» Edema (black
blood T2
mapping)

* Fibrosis (T1
Mapping
(SASHA))

* Fibrosis
(LGE)

* Function

» Edema (T2w)
« Fibrosis (T1
imaging (LL))
* Fibrosis
(LGE)

less decrease in GCS
(p>0.05)

« Non-statin: LVEF
decline by 6.5%+1.5%
(p=0.03)

GOAL: Longitudinal
assessment at baseline,
1, 3, and 6 m post low
to moderate dose AC
« |LVEF, I{GCS, 1
PWYV at 6 m from
baseline (p<0.001);
PWV not correlated
with cumulative AC
dose (p=0.6) or LVEF
(p=0.64)

 Use of trastuzumab
was not associated
with larger decrement
in LVEF or TPWV or
worse strain

GOAL: Cross-
sectional description of
diffuse fibrosis and
aerobic exercise
capacity in childhood
cancer survivors

» Normal mean LVEF
(57.6+4.9%, range 41—
74%)

« ECV positively
correlated with AC
dose(r=0.40, p=0.036);
inversely correlated to
peak VO2max (r=
-0.52, p=0.005), LV
wall thickness to
height ratio (r=-0.72,
p<0.001), LV mass to
volume ratio (r=-0.64)
(p<0.001)

* No edema by T2; T2
not correlated with T1
values or ECV, but
inversely correlated
with AC dose and peak
VO2max (r=-0.49,
p=0.01); no LGE in all
subjects

GOAL: Cross-
sectional assessment of
diffuse fibrosis in adult
cancer survivors

* LVEF: pEF grp had
EF 5848, rEF grp had
3848, all vs control,
p=0.004; pEF vs rEF,
p<0.001

* RVEF: lowest in rEF
grp (39+15%, p=0.04)
« ECV: highest in
patients with rEF vs
pEF, p<0.05

« T2: no qualitative or
quantitative evidence

of edemad; LGE seen
in 3 patients (rEF n=2,
pEF n=1)
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POPULATION TREATM ENTa TIME

STUDY
(N, age, Ca) (mgm?or Gy)  INTERVAL®

CMR FINDINGS

n=65; n=42 (chemo 240 + 85 3m « Function GOAL: Assess LV
naive) #DOX equivalent *Edema (T2w) function, Ain T1
51+12y 31+20 Gy « Fibrosis (Pre-  mapping, T2 weighted,
Breast Ca & post- and LGE-SI pre- and
Leukemia ,Lymphoma contrast T1) 3m post-chemo
* Fibrosis * Baseline: lower
(LGE-SI) LVEF in group with
prior chemo vs no
chemo (59+6% vs
55+6%, p=0.007). No
difference in T2w
relative enhancement
(p=0.44) or % edema
(p=0.95)
* 3m post-chemo:
LLVEF from 57+6% to
54+7% (p<0.001,
n=60) with 1 LGE-SI
from 14.1+5.1 to
15.946.8 (p<0.05); No
A T2w edema
(p=0.17), or %edema
(p=0.70). No A pre or
post-contrast T1

Jordan, 2014 [62] b

n=10 DOX 300 0,3m * Function GOAL: Longitudinally
59.6 +5.7y « Deformation ~ assess ALVEF,
Lymphomas (FT) deformation, fibrosis at
* Fibrosis baseline & after 3m of
(LGE) DOX
* Post-tx LVEF
decrease =10% in 5
patients (p=0.004)
« Pre-tx and post-tx
GRS were lower
compared to controls
(p<0.01)
* Post-tx GCS lower
than pre-tx (p=0.018);
both post-tx GCS and
GLS were lower
compared to controls
(p=0.046 and p=0.035,
respectively).
* Positive LGE: new
(n=1), progressive
(n=2) segment

Lunning, 2015 [69] b

Toro-Salazar, 2013 [86] n=46 328 (200-600) 9.6 « Function GOAL: Cross-
22 (12-42) y Chest radiation, (2.5-26.9)y « Deformation  sectional analysis of
Leukemia unspecified low * Fibrosis (T1 childhood cancer
Lymphoma dose map survivors
Other tumors (MLLSR)) » | LVEF compared to
* Fibrosis controls (p<0.01), but
(LGE) within normal
threshold =55%
« Deformation: n=45
with reduced GCS
(p<0.001) and GLS
(p<0.001)
 Lower 20-mins post-
contrast T1 values
(p=0.01) compared to
control subjects
* ECV: n=5 of 27 with
elevated ECV
(0.38+0.07); none with
LGE

d day, 2DE, 2D echocardiography, 3DE 3D echocardiography, Ao ascending aorta, AC anthracycline, CMR cardiac magnetic resonance, DOX
doxorubicin, ECV myocardial extracellular volume, EPI epirubicin, FT feature tracking, GCS Global circumferential strain, GL S global
longitudinal strain, GRS global radial strain,, m month, LA left atrial, LGE Late gadolinium enhancement, LL Look-Locker, LVEDV left
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ventricular end diastolic volume, LVEF left ventricular ejection fraction, LVMi left ventricular mass index, m month, MACE major adverse
cardiovascular event, ML L SR Modified Look-Locker Saturation Recovery, pEF preserved ejection fraction, PWV pulse wave velocity, S| signal
intensity, r EF reduced ejection fraction, RVEDV right ventricular end diastolic volume, RVEF right ventricular ejection fraction, Tx treatment, w
weighted, w/ with, w/o without, y year

Unless otherwise noted, age is reported as mean =+ standard deviation at time of visit. For studies with multiple types of AC, DOX equivalent
dosage is reported when available and noted (#).

a . - . . . . . .
AC dose reflects cumulative dosage. For those receiving chest radiation, dose is reported if available in article.
b A
Longitudinal study
c . A
Interval reflects time from initial chemotherapy

The qualitative presence of edema was defined as having abnormal patchy areas of high T2w signal intensity. The quantitative presence of edema
was defined as having a myocardium signal intensity normalized to skeletal muscle that was >2.

eMACE reflects composite of CV death, appropriate ICD therapy, admission for decompensated heart failure
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