1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Nucl Cardiol. Author manuscript; available in PMC 2019 December 01.

-, HHS Public Access
«

Published in final edited form as:
J Nucl Cardiol. 2018 December ; 25(6): 2148-2158. d0i:10.1007/s12350-018-1293-9.

Cardiac MRI for the Evaluation of Oncologic Cardiotoxicity

Adrian |. Loffler, MD® and Michael Salerno, MD, PhD, MS1.2.3

1Department of Medicine, Cardiovascular Medicine Division, University of Virginia Health System,
Charlottesville, Virginia, USA

2Department of Biomedical Engineering, University of Virginia Health System, Charlottesville,
Virginia, USA

3Department of Radiology and Medical Imaging, University of Virginia Health System,
Charlottesville, Virginia, USA

Abstract

Cancer therapeutics-related cardiac dysfunction (CTRCD) is a well-established adverse effect
resulting from a number of cancer therapeutics. Newer immunotherapy has been associated with
cardiomyopathy and myocarditis making comprehensive imaging useful for early recognition.
Cardiac MRI (CMR) offers a comprehensive evaluation to detect CTRCD. Established guidelines
for monitoring left ventricular ejection fraction for potential cardiotoxicity have recently
incorporated CMR. We will review the utility of CMR in contemporary evaluation for potential
oncologic cardiotoxicity.

Introduction

Cardiac toxicity is a well-established adverse effect resulting from a number of cancer
therapeutic agents. Cancer therapeutics-related cardiac dysfunction (CTRCD) was first
recognized over 50 years ago following the introduction of anthracyclines.! The risk of
cardiomyopathy was found to increase with higher cumulative doses of anthracyclines. The
recognition of this dose-dependent risk led to the development of protocols to perform
baseline and serial assessments of left ventricular ejection fraction (LVEF), initially based on
quantitative radionuclide angiocardiography.? In the 1980s Schwartz et al. developed a
protocol for screening and monitoring of cardiac toxicity based on the detection of an
absolute decrease in LVEF of greater than 10% to an LVEF <50% in patients with a normal
baseline LVEF.3 Since that time, various other cancer treatment agents have been identified
to cause CTRCD. Notably Herceptin (Trastuzumab), which is used for adjuvant therapy in
HER-2 positive breast cancer, has been associated with cardiac dysfunction and a higher risk
of cardiomyopathy when given in combination with anthracyclines* More recently, it has
been recognized that certain immunotherapeutic agents can be associated with cardiac
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toxicity including immune-mediated myocarditis.>~” Along with CTRCD, immune therapy
related myocarditis, and radiation-induced cardiac disease have prompted the development
of the rising field of “Cardio-Oncology”. Multi-modality imaging has taken a crucial role in
diagnosing and monitoring these patients and cardiac magnetic resonance (CMR) has
become an important modality incorporated into the 2014 Expert Consensus for
Multimodality Imaging Evaluation of Adult Patients during and after Cancer Therapy.8 As a
comprehensive imaging modality, CMR offers gold standard assessment for LV function and
volume assessment, is highly reproducible, and features myocardial strain assessment,
characterization of early microstructural and microvascular changes, and assessment of
pericardial disease.

CMR imaging protocol

CMR has evolved into a versatile non-invasive modality with excellent spatial and temporal
resolution that offers a comprehensive assessment of myocardial function and myocardial
tissue characterization, including assessment of strain, edema, diffuse fibrosis, and focal
fibrosis in a single study (Figure 1).%:10 Figure 2 illustrates the core of a contrast-enhanced
CMR protocol which in most-cases can be acquired over a 30—45-minute examination. A
shorter focused non-contrast protocol to assess LV function can be completed in <15
minutes. The basic contrast-enhanced imaging protocol includes scouts, cross-sectional
anatomical images of the chest, cine imaging of myocardial function, T1 and T2 mapping to
assess edema and diffuse fibrosis, resting first pass contrast-enhanced perfusion imaging,
post-contrast T1 maps for assessment of the extracellular volume fraction (ECV), and late
gadolinium enhanced (LGE) imaging for scar assessment. CMR has a humber of advantages
as compared to other non-invasive imaging modalities including being the gold standard for
assessment of left ventricular volumes and function, the ability to visualize cardiac and
pericardial structures, and the ability to detect myocardial edema and fibrosis.11 Below we
will illustrate how CMR can be used for cardiotoxicity assessment.

CMR Tools for evaluation of CTRCD

A. Assessment of Left ventricular systolic function

The accuracy and reproducibility of left ventricular function assessment is crucial for
identifying potential cardiotoxicity during administration of certain chemotherapeutics.
Given that the definition of a significant change in LVEF suggesting cardiac toxicity is a
reduction of >10% to an LVEF <53%,8 the technique would need to have a test-retest
confidence interval considerably less than 10%.12 Echocardiography is widely utilized for
baseline and follow-up LV function evaluation due to its wide availability, versatility, lack of
radiation exposure, or contraindications for use. Importantly, 2DE is dependent on quality of
the acoustic windows obtained for good endocardial border definition and on geometric
assumptions that may not apply to patients with dilated or remodeled ventricles. Two
decades ago, Otterstad et al. reported that two-dimensional echocardiography (2DE) is
capable of recognizing differences in sequential measurements of LVEF of 8.9%.13 A more
contemporary study in breast cancer patients undergoing chemotherapy followed the ASE
recommendation for biplane calculation of LVEF, using two-chamber and apical four
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chamber views, found the upper limit of the 95% confidence interval for longitudinal
variability was 9.8% (range 9.0-10.8%).14 Given that this reproducibility is on the order of
the magnitude of change that it required to diagnose CTRCD, the sensitivity of 2DE has
been questioned.8 This same study used three-dimensional echocardiography (3DE) and
showed a lower but still significant temporal variability in EF of 6%.14 An additional caveat
is that 3DE can only be quantified in patients with adequate echocardiographic windows. In
a prospective study using 2DE and 3DE in an experienced echo lab to assess LV volumes
compared to CMR, 6% of patients were excluded due to insufficient image quality for 3DE
and 22% of the included patients had poor image quality.1> The poor image quality group
had poor correlation with CMR volumes when using semi-automated (online) 3D analysis
(R=0.62).

CMR is considered the gold standard for LV chamber size quantification and systolic
function measurement, providing quantification of chamber size and LVEF which is free
from geometric assumptions and independent of acoustic windows.16 LV chamber
quantification is measured by evaluation of short axis images throughout the entire LV with
computer-aided analysis packages as shown in Figure 3.17 In a study screening adult
survivors of childhood cancer for cardiomyopathy, compared with CMR for detection of EF
<50%, 2DE (biplane method) had a sensitivity and a false-negative rate of 25% and 75%
respectively, 3DE 53% and 47%, respectively.18 11% had an EF <50% by CMR but were
misclassified by =50% (range 50 % to 68%) by 2DE. Furthermore, CMR has been shown to
have superior reproducibility with the interstudy reproducibility coefficient of variability LV
EF 2.4% to 7.3% vs 8.6% to 19.4% in echo (p <0.001) in normal, dilated, and hypertrophic
hearts.19

B. Myocardial Strain for Early Detection of LV Dysfunction

Cardiac dysfunction and injury from chemotherapy has recently been defined by >10%
reduction in LV EF or >15% deterioration in myocardial strain as evidenced by speckle
tracking strain analysis.8 A significant reduction in global longitudinal and radial strain rate
at 3 months has been demonstrated after trastuzumab treatment.20 Similarly, decreases in LV
longitudinal peak systolic strain (LPSS) preceded decreases in EF in patients receiving
anthracycline therapy.2! Neghishi et al. recently studied the optimal myocardial deformation
index to predict CTRCD at 12 months in breast cancer patients receiving trastuzumab with
or without anthracyclines. They found that global longitudinal strain (GLS) at 6 months was
the strongest predictor of CTRCD with an 11% (95% CI: 8.3% — 14.6%) reduction yielding
a 65% sensitivity and 94% specificity.?2 GLS appears to decrease on average between 10%
to 20% depending on the duration of treatment, population, and chemotherapeutic agent
studied and has been determined to be the optimal echocardiographic strain parameter for
early detection of subclinical LV dysfunction.®

CMR myocardial tagging is a well-established technique for measuring myocardial strain,
and was first described by Zerhouni et al. in 1988.23 Myocardial tagging has been
extensively validated and has served as the gold-standard technique for validating other
strain techniques including myocardial speckle tracking echocardiography. Drafts et al.
studied CMR parameters on cancer patients receiving anthracyclines before and 1, 3, and 6
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months after therapy. After 6 months, LV EF decreased 58 + 1% to 53 + 1% (p =0.0002) and
mid-wall circumferential strain from -=17.7 + 0.4 to —15.1 + 0.4 (p= 0.0003) without
evidence of focal fibrosis as defined by late gadolinium enhancement.24 Jordan et al.
demonstrated a deterioration in midwall eulerian circumferential strain (ECC) from -17.99
to —17.23 (p = 0.0052) in cancer patients after receiving three months of chemotherapy (71%
anthracyclines).2> GLS assessed from 2- and 4-chamber cine views trended towards a
decline —15.44 to -14.79 (p = 0.069). They observed an association between ECC and GLS
strain deteriorations in patients with decrease in left ventricular end-diastolic volume
(LVEDV) but no change in left ventricular end-systolic volume (LVESV). Their data
suggested that LVEDV mediated relative strain changes of 9% may occur after
chemotherapy causing a reduced preload. This illustrates the importance of reviewing LV
volume changes with interpreting LV strain deteriorations after receipt of cardiotoxic
chemotherapy, as decreases in LVEDV from poor oral intake, emesis, etc. are common.
Recently feature tracking techniques for CMR have evolved and demonstrate the potential to
be able to derive strain parameters from standard cine SSFP images.26:27 This may broaden
the applicability of measuring strain by CMR without the need for additional myocardial
tagging. Recently developed multi-modality consensus statements have begun to include
CMR in the diagnostic algorithm.8 Figure 4 is a proposed guideline of how to incorporate
CMR during chemotherapy monitoring adapted from Plana et al.8 If the baseline LV EF on
echocardiogram is borderline low (EF <53%) or limited echo quality, then CMR can be used
for a more reliable EF assessment. Furthermore, the consensus document suggests that CMR
should be considered for a more accurate assessment of LVEF if there is consideration of
discontinuing chemotherapy. A previous study in breast cancer patients on trastuzumab
suggested that avoiding cardiotoxicity may have a greater impact on survival than needing to
complete a full course of trastuzumab.28

C. Scar imaging with late gadolinium enhancement (LGE)

CMR imaging with LGE is the reference standard for the noninvasive detection of focal
myocardial fibrosis.2? However, this is an uncommon finding in patients treated with
anthracyclines. CMR assessment with delayed enhancement imaging of 62 long-term
survivors of childhood cancer with anthracycline exposure did not show LGE despite the
majority (79%) of patients having abnormal (EF < 45%) or subnormal (45% < EF <55%) LV
function. Another previously described study of anthracycline treated cancer patients had
only an incidence of 7% LGE in a basal distribution but increase in ECV and native T1
mapping supporting diffuse fibrosis.3? Histologic findings have confirmed the diffuse nature
of interstitial fibrosis3! and likely explains the low sensitivity of LGE, a marker of focal
fibrosis, in identifying anthracycline-induced cardiomyopathies. LGE in a myocarditis-like
pattern (focal subepicardial lateral wall) has been observed in 10 breast cancer patients
diagnosed with CTRCD treated with trastuzumab and anthracycline.32

D. Tissue characterization with T1-Mapping, T2-Mapping, and ECV mapping

One major advantage of CMR for evaluation of potential cardiotoxicity is the use of non-
contrast parametric mapping techniques such as native T1 and T2 mapping, which rely on
the intrinsic magnetic relaxation properties of the myocardium to assess tissue

characterization.33 In native T1 mapping, a quantitative map of T1 relaxation times of the
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myocardium and blood pool is acquired before the administration of gadolinium contrast
agents (Figure 5).34 Native T1 values reflect signals from the intracellular and extracellular
compartments as well as intrinsic variances in tissue properties. Increased native T1 is useful
for detecting acute myocardial pathologies that can occur in cardiotoxicity, such as edema,
infarction, or myocarditis and subacute processes such as diffuse fibrosis.3* T2-weighted
imaging can identify presence of acute myocardial inflammation and injury as seen in
myocarditis,3> myocardial infarction,3® or stress-induced cardiomyopathy3” but its utility in
cardiotoxicity has not been thoroughly studied.

Diffuse myocardial fibrosis seen in infarcts and non-ischemic cardiomyopathies results in
increased collagen content which should change the myocardial extracellular volume
fraction (ECV).38:39 CMR imaging with gadolinium can quantify the ECV, derived from
pre-and-post-contrast T1 measurements, which correlates with histologic evidence of
fibrosis.4% Anthracycline-treated patients had elevated myocardial ECV, a marker of diffuse
fibrosis, which is associated with diastolic dysfunction and increased left atrial volumes.3°
Jordan et al. further compared myocardial native T1 mapping and ECV pre- and mean
duration 3 years post- anthracycline treatment. Myocardial ECV significantly increased
(27.8 £ 0.7% to 30.4 + 0.7%, p<0.01) in cancer patients 3 years after anthracycline therapy
independent of underlying cancer or cardiovascular comorbidities. Native T1 was elevated in
both pre- and post- anthracycline groups compared to controls as shown in Figure 6.41 In a
cohort of 166 low-risk anthracycline treated breast cancer survivors, CMR with ECV
imaging at a mean follow-up of 6.0 + 1.2 years showed no difference in mean ECV
compared with health volunteers (0.28 + 0.028 vs 0.28 = 0.029, p = 0.803). This
corresponded with the finding that none of these patients met criteria for CTRCD and all had
LV EF > 55%. This supports that ECV is useful for risk stratification in anthracycline
therapy and that the majority of toxicity occurs early in the first year of therapy.*2 However,
given the uncertainty in current methods to measure ECV, whether this metric can be used to
guide patient therapy requires further study.

CMR imaging for Immunotherapy Related Myocarditis

Immune therapies can result in acute cardiotoxicities. Interleukin-2 (IL-2) is a primary
cytokine released by CD4+ cells which through various mechanisms, including upregulation
of proinflammatory cytokines, makes it suitable for treatment cancers such as melanoma and
renal cell carcinoma. Cardiovascular toxicities such as myocarditis and/or myocardial
infarction have been reported in 7% of cases in clinical trials.5 Immune checkpoint inhibitors
have recently transformed the treatment of several cancers by upregulating antitumor
immunity. Ipilimumab, an anti-cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)
antibody, and Nivolumab, an anti-programmed death-1 (PD-1) antibody, individually have
improved survival in melanoma.® The combination of Ipilimumab/Nivolumab was recently
approved by the FDA for treatment of metastatic melanoma resulting in significantly longer
progression-free survival compared to nivolumab alone. However, cases of fulminant
myocarditis shortly after initiation of therapy are being recognized.5.” We recently have seen
two cases of fulminant myocarditis shortly after initiation of Ipilimumab/Nivolumab and
confirmed the diagnosis in one of them. An elderly male with newly diagnosed metastatic
melanoma and no known prior cardiac history presented to our emergency department with
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tachycardia, palpitations, and pre-syncope. He had just completed his first cycle of
Ipilimumab/Nivolumab 11 days prior to presentation. Initial troponin | was 3.65 ng/ml.
Transthoracic echocardiogram showed subtle inferior wall abnormality. Urgent CMR was
obtained with findings consistent with acute myocarditis as demonstrated in Figure 7.
Symptoms progressed to complete heart block, cardiogenic shock, with troponin I level
elevation to 90 ng/ml, as well as new neurologic and respiratory symptoms consistent with
myasthenia gravis. Despite aggressive immunosuppressive therapy the patient developed
refractory pulseless ventricular tachycardia and expired.

CMR in Radiation-Induced Cardiac Disease

Radiation therapy (RT) is an integral part of cancer therapy occurring in more than half of
cancer patients. RT is commonly used in intrathoracic malignancies such as breast, lung,
esophageal, and thyroid cancers as well as Hodgkin lymphoma.#3 RT-induced heart disease
is typically a late complication commonly affecting heart valves and pericardium in
approximately 11% and 5% of cases respectively with higher incidences in those exposed
during childhood.** Pericardial manifestations can result in acute pericarditis or constrictive
pericarditis many years after therapy. CMR allows for various sequences such as tagged cine
gradient, LGE, and free-breathing cine to help assess for fibrotic adhesion of pericardial
layers, pericardial inflammation, and ventricular interdependence respectively.*° Figure 8
demonstrates CMR findings in a case of radiation-induced pericardial constriction.
Mediastinal radiation can also result in restrictive cardiomyopathy which can be further
evaluated with CMR. Currently, coronary angiography by MRI does not have the suitable
spatial resolution to detect premature coronary atherosclerosis secondary to radiation
exposure.

Conclusion

Cardio-oncology continues to evolve as newer chemotherapeutic agents enter the market
with potential cardiotoxicities. Multi-modality imaging is at the core of management in high
risk oncologic patients as detailed in recent consensus statements. Cardiac MRI can provide
unique information in the assessment of patients undergoing potentially cardiotoxic
chemotherapy including a detailed evaluation of left ventricular function and chamber sizes,
myocardial strain, focal and diffuse fibrosis, inflammation, and edema.

CMR is a useful comprehensive supplemental modality to echocardiography when a more
reliable EF measurement is needed as well as better tissue characterization. With advanced
CMR techniques a comprehensive non-contrast assessment of cardiac toxicity can be
acquired in less than 15 minutes. Furthermore, CMR allows for the diagnosis of other
complications of cancer treatment such as radiation induced pericardial constriction and
restrictive cardiomyopathy. Future studies are needed to better incorporate multi-modality
cardiovascular imaging findings to decide when to discontinue potentially cardiotoxic
chemotherapeutic agents.
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Comprehensive Cardiac Evaluation

Anatomy Function Focal Fibrosis

Fig. 1.
Demonstration of the comprehensive myocardial evaluation offered by CMR.
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Fig. 2.
Basic CMR imaging protocol.
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Fig. 3.

For LV chamber quantification, endocardial (red) contours are delineated at end-diastole
(left) and end-systole (right) in a stack of short axis slices that cover the entire left ventricle.
Computer-aided analysis packages are used to calculate LV parameters as shown. This
patient has a decrease in EF and increase in end-systolic volume which can be seen in

CTRCD.

J Nucl Cardiol. Author manuscript; available in PMC 2019 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Loffler and Salerno

Page 13

Guideline For Monitoring LVEF

Baseline Assessment of EF before therapy
3D Echo (preferred), 2D Echo Biplane
GLS assessment, Troponin | level

[

\\
Baseline LVEF<53% (or uncertain) Baseline LVEF = 53%
GLS<LLN* GLS>LLN
+ Troponins -Troponin

/\

Consider **CMR to
Confirm EF
Cardiology Consultation

*Consider CMR when echo
quality limited or EF
assessment uncertain

*LLN = Lower limit of normal.

Fig. 4.

*Class | Agent (Anthracyclines)
1. Re-assess after 240mg/m?
* And prior to each
additional 50 mg/m?
2. Re-assessif <240 mg/m?:
* Atend of therapy
* And 6 months later

*Class Il Agent (Trastuzumab)

1. Assessevery 3 months
during therapy

2. Assess 6 months after
therapy if prior Class |

3. Druglabel: every 6 months
to 2 years after therapy

CTRCD: EF drop >10% to an EF<53%

Subclinical dysfunction: Relative GLS drop>15%

Check Troponin with Each Cycle

Consider CMR if considering discontinuation of Therapy

Guideline for monitoring LVEF for Class | and Class Il agents adapted from Plana JC et. al.
J Am Soc Echocardiogr 2014;27:911-39.
** CMR should be considered in high risk patients for cardiotoxicity when echo quality is
limited or EF is uncertain. A non-contrast abbreviated protocol for EF assessment can be
used at baseline and follow-up at intervals directed above. CMR with gadolinium can be
used when there are concerns for myocarditis or scar imaging is necessary.
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T1 Recovery Curves

Magnetization

T1-Weighted Source Images

Fig. 5.

Tr?e graph on the left shows 2 inversion recovery curves for a septal region of interest (blue)
and the blood pool, generated from images, shown in the bottom row, taken at different
times after an inversion pulse at time t = 0. Similar inversion recovery curves can be
generated for each pixel location if the images are all acquired during a breath-hold and for
the same cardiac phase. The T1 for each pixel location can be used to generate a T1 map, as
shown in the top-right image. T1 maps represent arguably the most succinct and
informative summary of the spatial and temporal changes during an inversion recovery.
Borrowed with permission from Taylor et al. JACC: Cardiovascular Imaging. 2016. 34
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Fig. 6.

Page 15

Cancer
Post-Treatment

63 year old woman with
hypertension

1=1070ms __

T1 and ECV map images. Representative left ventricular (LV) short-axis native T1 (top row)
and extracellular volume (ECV, bottom row) maps are shown in similarly-aged participants.
The LV and right ventricular (RV) blood pool cavities are noted. On each image, the color of
pixels in the images (color scales on left) identifies the native T1 (milliseconds) and ECV
(%). Insets on the ECV maps demonstrate the change in color intensity within the
anterolateral wall of each ventricle. As shown, ECV is elevated in the cancer survivor
previously treated with anthracycline-based chemotherapy. Borrowed with permission from

Jordan et al. Circulation Imaging. 2016. 41
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Fig. 7.

ngonstrates CMR findings in a case of acute fulminant myocarditis in a patient with
metastatic melanoma shortly after receiving his first cycle of Ipilimumab/Nivolumab. (A-B)
Native T1-mapping and T2 mapping respectively demonstrating elevated signals along the
inferior wall consistent with myocardial edema. LGE imaging (C-D) demonstrate LGE
present in the subepicardial mid inferior wall consistent with acute myocarditis.
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Exhalation Inspiration

Fig. 8.

CI?/IR findings in a case of a 54 year old female with history of Hodgkin’s Lymphoma
treated with radiation at ages 20, 24, 27 and now with recurrent pericardial effusion and
dyspnea. (A-B) Real-time cine imaging demonstrates flattening of the septum during
inspiration consistent with ventricular interdependence as well as a small pericardial
effusion. (C) Tagged cine gradient imaging used to detect fibrotic adhesion of pericardial
layers. (D-E) LGE imaging demonstrates pericardial LGE consistent with pericardial
inflammation. The consolidation of these findings is consistent with the diagnosis of
pericardial constriction.
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