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INTRODUCTION

There have been marked improvements in outcomes among patients diagnosed with cancer.
These improvements are related, in part, to the improved understanding of cancer biology
leading to the development of more effective therapies. However, as the number of cancer
survivors increases, there has been a renewed focus on the potential cardiotoxic effects of
cancer therapies. Additionally, the types of therapies available for cancer treatment have
expanded from traditional radiation and chemotherapy to targeted and immune therapies.
There are over 15 million cancer survivors in the US, and this number is projected to
increase(1). Both pre-existing risk factors for CV disease and possible cardiotoxic effects of
cancer therapy contribute to enlarge the likelihood of CV disease development and
exacerbation to these individuals (2, 3). Moreover, the number of older patients with
multiple risk factors for CV disease who receive a diagnosis of a malignancy has
considerably increased during the last three decades(4). The combination of the increased
complexities of these cancer therapies, the increased number of cancer survivors, and the
recognition of the increased risk of cardiovascular disease among cancer survivor’s has led
to the development of a specialty called cardio-oncology or onco-cardiology (5).

Cardiovascular complications may occur after many types of cancer therapies, including
traditional chemotherapy, radiotherapy, targeted and immune therapies regimens(6-8). The
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manifestations of cardiovascular disease among patients with cancer are broad and although
cardiac injury is more frequently observed in the myocardium as left ventricular (LV)
systolic dysfunction, it may also appear at other heart structures such as valves, coronary
arteries, pericardium, great arteries and electrical system(9).

Despite advances, the effective detection and quantification of cancer therapy related
cardiotoxicity is challenged by several factors. Firstly, in many cases cardiac dysfunction
occurs only after many years of chemotherapy and in the absence of clinical symptoms,
confounding its association with cancer therapy(10). Additionally, while the definition of
cardiotoxicity has proven its clinical utility (a decrease in LVEF of 5% to < 55% in the
presence of symptoms of HF or an asymptomatic decrease in LVEF by >10% to less than
55%) (11), this definition relies exclusively on longitudinal monitoring of LV systolic
function and ejection fraction (EF), commonly performed by standard transthoracic
echocardiogram which has several limitations such as poor reproducibility, lack to provide
tissue characterization and to identify LV remodeling beyond systolic dysfunction. Finally,
reductions in LV EF frequently take place within the normal range indicating that subtle
myocardial injury may occur before LV dysfunction(12, 13).

Consistent data have established that cardiac magnetic resonance (CMR) is one of the most
accurate imaging modalities for the assessment of cardiac toxicity and adverse LV
remodeling. Its ability to assess cardiac morphology and function is highly accurate and
reproducible(14). CMR also integrates different types of imaging sequences (e.g., cine
imaging for morphology, T2-weighted imaging for myocardial edema, perfusion for
ischemia assessment, late gadolinium enhancement (LGE) for scar and tagging for
myocardial strain imaging), providing a very comprehensive evaluation of the LV
remodeling associated with cancer therapy. More recently, different groups(15-17) have
applied more novel sequences to charactize the effects of cancer therapy, such as the use of
T1 and T2 mapping techniques; providing not only data regarding the early abnormalities in
myocardial tissue composition, but also improving the current mechanistic understanding of
cancer-related cardiotoxicity.

Mechanisms of the most common chemotherapy-induced cardiotoxicity -Anthracyclines

Anthracyclines are commonly implicated as a cause of CV toxicity among patients with
cancer. The risk of HF with anthracyclines is related to cumulative dose, with the risk
increasing with higher cumulative doses. The cardiotoxicity of anthracyclines is far higher
than the rates of clinical heart failure. Specifically, rates of subclinical cardiotoxicity are
higher, occurring even with lower cumulative doses, particularly when over 350 mg/m? (18,
19). In a retrospective analysis Swain et al. identified an increased risk of cardiotoxicity even
with doses previously considered safe (<300 mg/m?)(20). Once HF is established, Mortality
from HF secondary to anthracycline therapy ranges from 30 to 70%(21). There may be a
long latency period between anthracycline and clinical heart failure especially among young
patients; however, among adults toxicity generally appears early with 90% of cases
occurring within the first year. (10). The cardiotoxicity of anthracyclines is likely a
multifactorial process, related to oxidative stress, mitochondriopathy, changes in iron and
calcium homeostasis and in respiratory chain components(22, 23). Zhang et al. proposed a
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unifying mechanism of cardiotoxicity, implicating topoisomerase-I1p as an essential driver
in this mechanism, because in its presence, doxorubicin activates the DNA response and
apoptosis pathways and affects oxidative phosphorylation and mitochondrial biogenesis in
cardiomyocytes(24).

Trastuzumab

Trastuzumab is a monoclonal antibody and inhibits the human epidermal growth factor by
the receptor tyrosine-protein kinase erbB-2 pathway. ErbB-2 is also present in
cardiomyocytes and downstream pathways that regulates apoptosis, mitosis, cell
hypertrophy and elongation, cellular adhesion, angiogenesis and sensitivity to adrenergic
signaling(25), being potentially deleterious to myocardial tissue. Trastuzumab has been
associated with an increased incidence of cardiac dysfunction of 3% to 7%(11). The risk
rises with concomitant use of paclitaxel(13%) and even more when concomitantly
administered with anthracyclines and/or cyclophosphamide (27%). Trastuzumab-induced
cardiotoxicity is not dose-dependent (as when determined by anthracyclines) but is often
reversible, although it is difficult to predict which patients are at risk to develop toxicity(26).

Mitoxantrone

Mitoxantrone, an anthracenedione agent, is a DNA-topoisomerase Il inhibitor with
antineoplastic activity and potent anti-inflammatory and immunomodulating properties. It
acts intercalating into DNA, reducing DNA repair and interfering with RNA synthesis(27).
Mitoxantrone is associated with cumulative dose-related cardiotoxicity, and myocytes
exposed to it experience similar alterations at electron microscopy to those seen with
anthracycline(28). Mitoxantrone-induced cardiotoxicity manifests as systolic and diastolic
dysfunction(29). It is recognized that around 2% of cancer patients treated with drug will
develop cardiotoxicity. While this condition is asymptomatic in most cases it may transition
to congestive HF related symptoms may transition to congestive cardiac failure increasing
the risk of death (30).

Cyclophosphamide

Cyclophosphamide is a nitrogen mustard-alkylating agent with potent antineoplastic,
immunosuppressive and immunomodulatory properties. Although the precise mechanism of
cyclophosphamide-induced cardiac toxicity has not been entirely established, their
metabolites can cause oxidative stress and endothelial damage. Cyclophosphamide cardiac
toxicity is associated with cumulative doses and typically manifests as a fulminant
myocarditis.

TKI's
Sunitinib targets the vascular endothelial growth factor molecular pathway through tyrosine
kinase inhibition. A recent review indicated that sunitinib was the preferred initial
therapeutic option for metastatic renal cell carcinoma(31). However, sunitinib affects the
AMP-activated protein kinase and platelet derived growth factor receptor, which are critical
for cardiomyocyte function and survival(32, 33), leading to hypertension, left ventricular
dysfunction and heart failure(34-36).
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Radiation therapy: Heart failure, valve disease

Immune therapies: Myocarditis

Initial Management

Cardiac complication after cancer therapy may manifest in different ways, including cardiac
systolic dysfunction, cardiac ischemia, arrhythmias, pericarditis and electrical repolarization
abnormalities. A close interaction and cooperation between oncology and cardiology are
required to improve care of many cancer patients at risk to develop cancer related cardiac
complications. Patients considered for antineoplastic therapy should undergo initial CV
evaluation to diagnose pre-existing cardiac diseases, including physical examination,
electrocardiogram and analysis of ventricular function, identifying those with conditions that
can be readily treated or might require more surveillance. Serial imaging assessment of
cardiac function is suggested, even in asymptomatic patients, as discontinuation of
cardiotoxic chemotherapy might allow reversible improvement in cardiac function when left
ventricular systolic dysfunction is identified in this group(37).

Cardiac Magnetic Resonance Imaging

Morphological and Functional Parameters—CMR is the method of choice for
assessing changes in cardiac morphology and function caused by cancer treatment and
cardiotoxicity (38-40). Its high contrast to noise ratio, superior accuracy and excellent
reproducibility, allows detection of slight changes that may benefit from preventive
therapies. Both LV and right ventricle (RV) volumes and mass can be precisely obtained
using standard cine CMR images, independently of any assumption of ventricles shape and
the degree of remodeling(41). Commonly used steady state free precession (SSFP) pulse
sequences, which delivers high signal-to-noise and tissue-to-blood contrast (Figure-1 A and
B), provides precise data on both global and regional wall motion, capturing even subtle
functional changes(42). Drafts and coworkers demonstrated that CMR cine images were
able to detect early and significant abnormalities in cardiac structure and function secondary
to cardiotoxicity therapy, even after moderate to low doses of anthracycline chemotherapy.
Performing a series of CMR examinations, before and up to 6 months after anthracycline
therapy, the authors showed that reduction in LV EF occurred early as 1-month after
chemotherapy initiation, identifying individuals at high risk to maintain significant later
decline in LV function. Interestingly they also demonstrated that the decrease in LV function
was associated with LV enlargement, highlighting the potential negative effect of
anthracycline-based chemotherapy on systolic function. Using LGE imaging, new areas with
infarcts or scar were not seen, suggesting that anthracycline induced cardiotoxicity appeared
not to be caused by myocardial ischemia or myocardial infarction. A study comparing
different imaging approaches for screening adult survivors of childhood cancer treated with
anthracycline chemotherapy and/or radiation therapy(43), has shown that 2D
echocardiogram, using the biplane method, may not achieve a clinically reasonable accuracy
for detecting LV EF under 50% measured by CMR, demonstrating in this scenario limited
sensitivity (25%) with high rates of false-positives (75%). While 3D echocardiogram may
improve sensitivity (53%), this approach also fails to accomplish results comparable to CMR
imaging(43). LV mass can also change during cancer therapy and especially after
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anthracycline-based chemotherapy(15). Nearby 50% of childhood cancer survivors have
been shown to have LV mass > or = 2 standard deviations below the mean normative
values(43). Neilan and colleagues, examining 91 individuals with decreased LV EF after
anthracycline-based chemotherapy at a median follow up 88 months, found that indexed LV
mass measured by CMR had a negative correlation with the cumulative given dose of
anthracycline (Figure 2A). In the same study, LV mass was shown to be a strong predictor of
major CV events(44) and patients with indexed LV mass < 57 g/m? had significantly higher
rates of CV deaths, appropriate implantable cardioverterdefibrillator therapies and
admissions for decompensated heart failure compared to the ones with indexed LV mass >/=
to 57 g/m? (Figure 2B). A recent study, using novel CMR markers of myocardial tissue
remodeling, indicates that left ventricular atrophy could be accounted not only for the
expansion of the extra-cellular space, but also by a reduction in cardiomyocyte size(17). In
addition, Jordan et al(45) suggested not only that the decrease in LV mass occurs early after
anthracycline initiation, but may also take place regardless of factors that increase
myocardial wall tension and stress. They also showed that a reduction in LV mass was
associated with worsening HF symptoms.

Although few observations have specifically focused on the effects of cancer therapy on RV,
recent reports have demonstrated significant decline in RV systolic function after
anthracycline alone or in combination with trastuzumab (46-48). RV failure has been
associated with significant morbidity and mortality in HF patients with both reduced and
preserved ejection fraction(49). Because RV is a thin and complex structure compare to LV,
non-invasive imaging may be challenging. CMR has been show to be very accurate(50) and
reproducible(51) to assess RV volumes and function(52, 53), having several advantages over
2D echocardiography, including outstanding spatial resolution, volumetric quantification and
definition of complex structures and anatomy.

Tissue characterization

Myocardial Edema—CMR has the advantage to offer information on myocardial tissue
remodeling complementary to traditional morphological and functional measurements.
Compelling evidence indicates that myocardial edema, inflammation, abnormal strain and
expansion of interstitial fibrosis occur before cardiac dysfunction develops. Indeed,
experimental(54) and clinical observation(15, 17, 55) have shown that a multiple parametric
CMR protocol, incorporating recently developed T1 and T2 mapping techniques, may detect
very early signs of myocardial tissue remodeling, improving the current understanding of
chemotherapy-induced cardiotoxicity, facilitating future development and implementation of
potential preventive treatments. Detection of myocardial edema and inflation, which are
mostly based on increased ratio of T2-weighted signal intensity of myocardium normalized
to skeletal muscle, has been successfully applied to ischemic(56) and non-ischemic
cardiomyopathy(57-59). In a well-designed animal study, comprising baseline and post
doxorubicin multiple-parametric CMR examination, Farhad et al. demonstrated that both
myocardial edema and expansion of interstitial fibrosis occurred prematurely, having also a
significant association with animal mortality rates. Using widely available black-blood T2-
weighted sequences Ferreira de Souza and colleagues(17) observed a significant rise in
myocardial T2-weighted signal intensity ratio to skeletal early after a moderate cumulative
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dose of doxorubicin (total dose of 240 mg/m2) (Figure 3 and 4). Also, data suggests that
myocardial edema, assessed by myocardial T2-weighted signal intensity normalized to
skeletal muscle, has been shown to be significantly associated with decreased RV systolic
function, 12 months after anthracycline and/or trastuzumab treatment(47). Various groups
are current investigating the role of novel T2 mapping sequences to serially detect
myocardial edema after cancer therapy, but up to now T2-weighted imaging has not been
broadly studied to establish the usefulness of edema quantification to monitor patients after
cancer therapy.

Myocardial Fibrosis

While LGE imaging has been show to precisely recognize both myocardial scar and
replacement fibrosis(60, 61), this technique may only accomplish partial assessment of the
myocardial fibrosis burden(62). Because LGE imaging relies on relative signal intensity
differences after gadolinium-based contrast administration, it can fail to identify interstitial
myocardial fibrosis. In numerous reports, including retrospective and prospective studies,
LGE was not uniformly detected after anthracycline-based chemotherapy(15, 63, 64).
Actually a negative LGE imaging study, frequently seem in anthracycline-induce
cardiomyopathy (Figure 5), may not represent true absence of fibrosis, highlighting the
limitation of LGE imaging in this setting. Although Fallah-Rad et al. showed evidence of
subepicardial LGE in all patients who developed trastuzumab-induced cardiac
dysfunction(65), several subsequent studies reveled conflicting results(66), with a report
from Lawley et al. showing LGE in only 8% of the 25 women treated with trastuzumab(67).
In addiction, Neilan and colleagues also observed that LGE is an infrequent finding in
patients treated with anthracyclinecardiomyopathy, occurring only in 6% of cases(44).

Myocardial T1 mapping

Recently developed CMR techniques, based on T1 measurements done before and after
administration of usual dose of gadolinium-based contrast agents, allow accurate
quantification of the extra cellular volume fraction (ECV), a marker of myocardial
interstitial fibrosis. Even before the advent of T1 mapping approaches, Wassmuth et al. (63)
using T1-weighted sequences, were able to demonstrate abnormal myocardial accumulation
of gadolinium within the myocardium of cancer survivors. Although this approach has
several important limitations, this study confirmed that T1 measurements after gadolinium
administration might detect subclinical cardiotoxic effects of chemotherapy. Most proposed
T1 mapping techniques measure the longitudinal relaxation(68) before and after gadolinium
administration, which induces more prominent changes in the areas of the myocardium with
increased interstitial fibrosis. Using pre and post contrast T1 measurements, signal intensity
versus time curves for the myocardium and the blood pool were used to determine partition
coefficient for gadolinium. ECV can then be obtained correcting blood pool measurements
for patient’s hematocrit. Both animal(69-71) and clinical (72—76) studies, using slight
different approaches and pulse sequences to measure T1 in myocardium and blood pool,
have shown excellent agreement between the ECV derived from CMR with fibrosis
quantification measured by histology. Numerous studies have examined the usefulness of
CMR T1 mapping to investigate myocardial tissue remodeling after cancer therapy. In a
pediatric cohort of cancer survivals treated with anthracycline, Tham el al. (77) showed a
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positive association of ECV measured by CMR with the chemotherapy dose. Interestingly,
while the entire cohort has preserved LV EF, the CMR measurements of interstitial fibrosis
were also associated with impaired physical capacity measured by cardiopulmonary exercise
testing. These unique findings indicate that ECV is directly related to the total anthracycline
dose, being also an early marker of cardiotoxicity, which also predict physical
impairment(63). Data from another cohort study(16), revealed that patients previously
exposed to anthracyclines had significantly higher ECV compared to age-matched controls,
which also correlated with LV volume and diastolic function. In an interesting study, Jordan
and colleagues(78) investigated a relatively large cohort of cancer patients, including
patients not yet treated (n=37) and treated with anthracycline (n=27) or nonanthracycline
(n=17) chemotherapy. Native T1 was significantly higher in pre-(1058+7 ms) and post-
treatment (1040+£7 ms) cancer patients compared to cancer free individuals (9653 ms;
P<0.0001). Authors also demonstrated that ECV was elevated in anthracycline-treated
cancer patients (30.4+0.7%) compared to pre-treatment cancer (27.8+0.7%; P<0.01) or
controls (26.9£0.2%; P<0.0001). In the same study, using multivariable models, they could
confirm that both native T1 and ECV remained elevated in cancer survivors after adjusting
to previous risk factors for CV disease. Finally changes in ECV occurred in parallel to
reduction in LV systolic function.

Our group has shown that quantification of the intra-cellular lifetime of water (zjc) in the
myocardium provides an innovative approach to detect changes in cardiomyocyte size,
thereby expanding the capability for myocardial tissue profiling by CMR.(79) Both intra-
cellular lifetime of water (zjc) and extra-cellular volume (ECV) can be simultaneously
measured by CMR T1 mapping over a range of contrast concentrations. Ferreira de Souza et
al. (17), using this novel CMR approach, revealed that anthracycline therapy was associated
with cardiomyocyte atrophy and early signs of heart disease. In this study, 27 breast cancer
patients were studied before and serially after anthracycline (240 mg/m?), including CMR
imaging and biomarkers. At [351 to 700] days after anthracycline LV EF decline by 12% to
58+6% (p < 0.001) and LV mass index by 19 g/m? to 36+6 g/m? (p < 0.001) and ECV
increased by 0.037 to 0.36 +0.04, p < 0.004), while intra-cellular lifetime of water (tjc)
decreased by 62 ms to 119+ 54 ms (p< 0.004) (Figure 6). One of the main findings of this
study is that anthracycline-induced remodeling is associated with a decline in cardiomyocyte
size, suggesting that not only interstitial fibrosis and/or myocardial interstitial edema (19)
can increase ECV. These findings support further investigations of the role for this novel
CMR-based tissue characterization in patients treated with anthracycline-based
chemotherapy.

Left ventricular strain

Strain and strain rate are sensitive and reproducible measurements of systolic changes, with
proved prognostic significance. CMR strain methods perform better then echocardiography
for applications focused on segmental function(80) with the advantage to also demonstrate
tissue abnormalities, such as myocardial fibrosis or edema. Jolly et al. (81) used an
automated method in 72 patients undergoing chemotherapy to measure 3-month serial
changes in left ventricle mean mid-wall circumferential strain through the analysis of cine
white blood images. The results indicated that circumferential strain worsened from
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-18.8+2.89 at baseline to —17.6+3.08 at 3-month visit, had strong correlation with
subclinical declines in LV EF, and do not require extra image acquisition. CMR strain
techniques are not widely clinically available, and future studies are needed to assess the
prognostic value of CMR strain in cardio-oncology patients. More recently developed CMR
strain methods using feature tracking assessing global longitudinal, radial and
circumferential strain have been proposed and its feasibility has also been proved in small
studies. Additional well-conducted long-term follow-up trials are necessary to further
investigate the role of CMR strain imaging in cancer survivals. Since this method can detect
early signs of myocardial dysfunction, occurring before LV dysfunction, it may be suitable
to identify those at higher risk to develop cardiotoxicity, allowing earlier intervention that
can potentially improve clinical outcomes.

Vascular remodeling

Cancer therapy may also impact vasculature and contribute to CV events. Anthracycline can
be deleterious to CV system, with direct cardiotoxic effect by suppression of endothelin-1
production, leading to apoptosis(82). While the nature of vascular remodeling remains not
entirely understood, some reports have shown that the pulse wave velocity in the aortic arch
determined by CMR, which is a measure of aortic stiffness, increased four months after
anthracycline therapy(83). In the same study, patients with elevated pulse wave velocity had
three times more chance to experience a CV event.

Recommendation in Cardiovascular Imaging

Cardiotoxicity screening and detection includes cardiac imaging and biomarkers, and the
choice of modality should consider reproducibility, likelihood to provide additional clinical
information, availability throughout the treatment pathway, and a high-quality radiation-free
imaging(39). A comparison between the most common used imaging modalities is shown in
Figure 7. The ideal imaging modality should identify those at high-risk for future CV events,
guide the initiation of protective therapies, and be economic viable. To assist referring
physicians make the most appropriate imaging decision and enhance quality of care, a joint
report of the American College of Radiology and the American College of Cardiology wrote
an evidence-based document determining the appropriate use of CV imaging in patients with
heart failure(84), where echocardiography, radionuclide ventriculography and CMR are
appropriate in evaluation of patients with malignancy on current or planned cardiotoxic
therapy and no prior imaging evaluation.

A statement from the American Heart Association(85) suggested that echocardiography is
likely to be the mainstay of monitoring given its widespread availability, however CMR
offers several advantages over it. Evaluation of ventricular mass and function are highly
reproducible, even in challenging cases for other modalities, when low image quality and
assumptions of cardiac geometry are important limitations. The use of CMR tissue
characterization capability can identify edema, inflammation, scarring, perfusion
abnormalities, and even diffuse fibrosis, quantification of extracellular volume fraction and
cardiomyocyte size, as previously discussed. It also evaluates pericardium, great vessels and
characterizes cardiac masses.
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Conclusion

Several strengths of CMR imaging, including its ability to accurately assess cardiac
morphology, function, scar as well as myocardial tissue remodeling, have been supporting
its use to investigate myocardial injury in cancer survivals. Because CMR incorporates
several different types of imaging strategies it provides a very comprehensive evaluation of
the CV system, which is very helpful in cancer patients. Novel CMR techniques,
incorporating T1 and T2 mapping, have the potential not only to improve the current
knowledge of cardiotoxicity, but also has the promising capability to detect early markers of
LV remodeling which may facilitate developing of prevention and therapeutic interventions.
Future clinical studies, investigating both widely availed and novel CMR methods in a broad
cancer population are required to further explore its clinical role.
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Key Points

Several strengths of CMR imaging, including its ability to accurately assess
cardiac morphology, function, scar as well as myocardial tissue remodeling,
have been supporting its use to investigate myocardial injury in cancer
survivals.

Because CMR incorporates several different types of imaging strategies it
provides a very comprehensive evaluation of the CV system, which is very
helpful in cancer patients.

Novel CMR techniques, incorporating T1 and T2 mapping, have the potential
not only to improve the current knowledge of cardiotoxicity, but also has the
promising capability to detect early markers of LV remodeling which may
facilitate developing of prevention and therapeutic interventions.
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SYNOPSIS

Chemotherapy is associated with cardiovascular injury, including the development of a
cardiomyopathy and vascular remodeling. Each agent has a mechanistic pathway to
cardiovascular injury yielding different strategies to recognize, prevent or minimize
cardiotoxicity. Cardiovascular injury may manifest as systolic dysfunction, cardiac
ischemia, vascular dysfunction, arrhythmias, pericarditis and electrical repolarization
abnormalities. Cardiac magnetic resonance (CMR) is sensitive to detect not only
established morphological and functional abnormalities but also early, potentially
reversible, signs of myocardial injury. It robustly detects and quantifies myocardial
edema, inflammation and focal fibrosis, as well as, interstitial fibrosis, and vascular
remodeling. These capabilities support the role of CMR as an excellent tool for
evaluating cardiotoxicity. Beyond improving knowledge of mechanisms of cardiotoxicity,
novel CMR markers may even enhance patient management by facilitating the early
detection of reversible myocardial tissue remodeling before classical morphological and
functional changes appear.
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Four chamber steady-state free precession showing the high resolution and excellent soft
tissue contrast of cardiac magnetic resonance imaging in end diastole (A) and end systole
(B). RV: right ventricle, LV: left ventricle, RA: right atrium, LA: left atrium.
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Figure 2:
A) Association of LV mass derived by CMR with anthracycline dose. B) Kaplan-Meier

curves showing event-free probability according to LVM mass index by CMR (>/= 57 or <
57 g/m2). (From Neilan TG, Coelho-Filho OR, Pena-Herrera D, et al. Left ventricular mass
in patients with a cardiomyopathy after treatment with anthracyclines. Am J Cardiol.
2012;110(11):1679-86; with permission).
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Pre-DOX (79,146] (146,231] (231,350] (350,700]
Time from Anthracycline Initiation

The T2-weighted signal intensity ratio (myocardium/skeletal muscle) significantly increased
early after anthracycline therapy, maintaining significantly higher until the third follow-up
quartile compared with baseline (all p < 0.05) (From Ferreira de Souza T, Quinaglia A C
Silva T, Osorio Costa F, et al. Anthracycline Therapy Is Associated With Cardiomyocyte
Atrophy and Preclinical Manifestations of Heart Disease. JACC Cardiovasc Imaging. 2018
Aug;11(8):1045-1055; with permission).
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Figure 4:
Short-axis T2-weighted imaging exhibiting myocardial edema in anterior wall (white arrow)

in patient breast cancer patient treated with anthracycline-based chemotherapy.
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Figure 5:
46-year-old women with breast cancer with anthracycline-induce cardiomyopathy. 4 and 3

chamber views steady-state free precession in diastole (A, C) and systole (B and D) showing
severe LV dysfunction and an absence of scar on LGE images (E, F). RV: right ventricle, LV:
left ventricle, RA: right atrium, LA: left atrium, *: breast prosthesis.
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Figure 6:
Extracellular volume (ECV) increased (A) and the intracellular lifetime of water (tic)

declined (B) after anthracycline. The p values in A and B are for the fixed effect of follow-
up time (in quartiles) versus baseline in linear mixed-effects models for ECV and ;¢
respectively. (From Ferreira de Souza T, Quinaglia A C Silva T, Osorio Costa F, et al.
Anthracycline Therapy Is Associated With Cardiomyocyte Atrophy and Preclinical
Manifestations of Heart Disease. JACC Cardiovasc Imaging. 2018 Aug;11(8):1045-1055;
with permission).
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Figure 7:
Comparison between imaging modalities with advantages in upper gray boxes and

disadvantages in bottom white boxes.
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