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Abstract

Background

Cardiac magnetic resonance (CMR) global longitudinal strain and circumferential strain
abnormalities have been associated with left ventricular ejection fraction (LVEF) reduction
and cardiotoxicity from oncologic therapy. However, few studies have evaluated the associ-
ations of strain and cardiovascular outcomes.

Objectives

To assess CMR circumferential and global longitudinal strain (GLS) correlations with cardio-
vascular outcomes including myocardial infarction, systolic dysfunction, diastolic dysfunc-
tion, arrhythmias and valvular disease in breast cancer patients treated with and without
anthracyclines and/or trastuzumab therapy.

Methods

Breast cancer patients with a CMR from 2013—2017 at Yale New Haven Hospital were
included. Patient co-morbidities, medications, and cardiovascular outcomes were obtained
from chart review. Biostatistical analyses, including Pearson correlations, competing risk
regression model, and competing risk survival curves comparing the two groups were
analyzed.
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Abbreviations: ATC, anthracycline; AT,
Anthracycline/trastuzumab; ASCVD,
Atherosclerotic Cardiovascular Disease; BB, Beta
Blocker; BSA, Body Surface Area; CAD, Coronary
Artery Disease; CKD, Chronic Kidney Disease;
CMR, Cardiac Magnetic Resonance Imaging; CO,
Cardiac Output; DVT, Deep Vein Thrombosis; ECV,
Extracellular Volume; ESRD, End Stage Renal
Disease; GCS, Global Circumferential Strain; GLS,
Global Longitudinal Strain; GRS, Global Radial
Strain; ATG/ Her2i, Anthracycline/ Trastuzumab +/-
Pertuzumab; Her2i, Her2 inhibitor; HLD,
Hyperlipidemia; HTN, Hypertension; IHD, Ischemic
Heart Disease; LAVAI, Left atrial volume area index;
LGE, Late Gadolinium Enhancement; LVEDD, Left
ventricular end diastolic diameter; LVEDVI, Left
ventricular end diastolic volume index; LVEDV, Left
ventricular end diastolic Volume; LVEF, Left
Ventricle Ejection Fraction; LVESD, Left Ventricle;
LVSV, Left Ventricular Stroke Volume; LVESVI, Left
Ventricular Stroke Volume Index; MI, Myocardial
Infarction; MRI, Magnetic Resonance Imaging;
NAT, Non Anthracycline/trastuzumab; NSTEMI,
Non-ST segment elevated myocardial infarction;
PAD, Peripheral Artery Disease; PE, Pulmonary
Embolism; pHTN, Pulmonary Hypertension;
RVEDV, Right Ventricular End Diastolic Volume;
RVEF, Right Ventricular Ejection Fraction; RVSV,
Right Ventricular Stroke Volume; RVSVI, Right
Ventricular Stroke Volume Index; SSFP, Steady
state free precession; ss-GRE, Stress-only
perfusion; ss-MPIR, Steady state magnetization
preparation inversion recovery; TTE, Transthoracic
Echocardiogram.

Results

116 breast cancer with CMRs were included in our analysis to assess differences between
Anthracycline/Trastuzumab (AT) (62) treated versus non anthracycline/trastuzumab (NAT)
(54) treated patients in terms of imaging characteristics and outcomes. More AT patients 17
(27.4%) developed systolic heart failure compared to the NAT group 6 (10.9%), p = 0.025.
Statin use was associated with a significant reduction in future arrhythmias (HR 0.416; 95%
Cl10.229-0.755, p = 0.004). In a sub-group of 13 patients that underwent stress CMR, we
did not find evidence of microvascular dysfunction by sub-endocardial/sub-epicardial myo-
cardial perfusion index ratio after adjusting for ischemic heart disease.

Conclusions

In our study, CMR detected signs of subclinical cardiotoxicity such as strain abnormalities
despite normal LV function and abnormal circumferential strain was associated with adverse
cardiovascular outcomes such as valvular disease and systolic heart failure. Thus, CMR is
an important tool during and after cancer treatment to identity and prognosticate cancer
treatment-related cardiotoxicity.

Introduction

In the United States, breast cancer is the most common cancer diagnosed among women [1]
and, after lung cancer, it is the second leading cause of cancer death among women [1]. How-
ever, due to cancer therapies such as radiation, chemotherapy, human epidermal growth factor
receptor-2 (HER-2) inhibitors and more recently, immunotherapy, more patients have been
surviving breast cancer [2, 3].However, cardiovascular disease remains a leading cause of
death in breast cancer patients [4, 5]. This could be in part due to underlying cardiovascular
risk factors that are concurrent with cancer risk factors, such as smoking and obesity, but
could also be due to cancer therapies themselves [6-8].

Cancer treatment-related cardiac dysfunction (CTRCD) has been well documented in the
literature [9]. In a recent study, breast cancer patients treated with trastuzumab had a three-
fold higher risk of left ventricular dysfunction as compared to those who did not receive trastu-
zumab [10]. Similarly, anthracyclines have also been documented to cause irreversible cumula-
tive dose dependent cardiotoxicity in the form of left ventricular dysfunction in breast cancer
patients [11, 12].

Monitoring for adverse cardiovascular outcomes associated with oncologic therapies is cru-
cial in improving long term outcomes of breast cancer patients. Cardiac imaging plays a criti-
cal role during and after cancer treatment in identifying CTRCD. Recent European Society of
Cardiology (ESC) guidelines recommend baseline echo using 3D analysis of left ventricular
ejection fraction (LVEF) for those undergoing anthracycline therapy, regardless of cardiovas-
cular risk, and use of CMR imaging as second line if echo is of suboptimal quality [13-15].
Ischemia, microvascular dysfunction and chemotherapy induced cardiotoxicity are potential
diagnoses when a breast cancer patient presents with cardiac symptoms or cardiomyopathy
after receiving chemotherapy [16]. Although there is equivocal evidence to support the use of
stress testing in cancer patients prior to chemotherapy [17, 18], monitoring for cardiovascular
toxicities can help decide whether a patient needs cardioprotective medications and/or adjust-
ment or cessation of cancer treatment [13]. Breast cancer patients, particularly those on HER2
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inhibitors, are recommended to receive cardiac monitoring at baseline, subsequently at 3
month intervals, and post therapy [19, 20], yet adherence is highly variable [10]. While studies
like these have documented the incidence and prevalence of CTRCD in breast cancer patients,
as well as cardiac monitoring adherence, these studies may lack comprehensive information
on patient comorbidities, patient demographics, and other clinical characteristics, which may
help explain the risk of cardiovascular disease in these patients. However, it is well established
that age, hypertension, baseline low ejection fraction, and prior anthracycline use are risk fac-
tors for cardiotoxicity [21]. Studies have shown the importance of cardiac monitoring in this
population and have provided some reference imaging parameters for detection of CTRCD
[22-26] such as strain imaging in addition to left ventricular ejection fraction [27-29]. Recent
randomized controlled trials suggest incorporation of strain image guided monitoring
approach for initiation of cardioprotective therapies may help reduce reduction in LVEF drop
compared to LVEF image guided approach, and this is reflected in the 2022 ESC guidelines,
which recommend global longitudinal strain (GLS) for baseline and serial monitoring for
those undergoing cardiotoxic chemotherapy [15, 30]. For cancer patients, CMR has shown
value in the context of cardiomyopathy evaluation by impacting clinical diagnosis and man-
agement [31]. CMR has also been used to evaluate for LVEF and strain, using feature tracking
strain and strain encoded (SENC) techniques , amongst others, for detection of subclinical car-
diotoxicity [32]. CMR also holds value for tissue characterization, including assessment of
T2-weighted images and T1-weighted imaging, including delayed gadolinium enhancement,
to evaluate for edema and fibrosis [33-35]. Abnormal strain by echocardiography was associ-
ated with increased risk of major adverse cardiovascular outcomes in patients on immunother-
apy [36]. More recently, echo strain and CMR strain have been compared in a prospective
cohort of 47 patients undergoing cardiotoxic chemotherapy and, although there was a weak
correlation between the two modalities, strain was predictive of future decline in LVEF [37].
However, in a retrospective study of 50 patients who had both CMR and echo done within a
mean of 8.5 + 9.8 days, there was a good correlation in strain between echo (speckle tracking)
and CMR (both feature tracking and SENC) r = 0.7 [38]. Both longitudinal and circumferential
strain by CMR are recommended by the 2022 ESC guidelines for evaluation of cardiotoxicity
[15]. CMR is a useful tool to provide additional information about tissue characterization
using late gadolinium imaging and parametric mapping techniques. There have been various
studies demonstrating the use of parametric quantification techniques like extracellular vol-
ume (ECV) to determine anthracycline-induced cardiotoxicity [39], and there are ongoing tri-
als planning to evaluate these parameters of CMR in anthracycline cardiotoxicity [40].
However, less is known about the relationship of CMR strain, function, and volumetrics with
longer term cardiovascular outcomes.

The objective of our study is to assess CMR parameters and cardiovascular risk factors for
prediction of cardiovascular outcomes in breast cancer patients, comparing those treated with
anthracyclines and/or trastuzumab (AT) vs those who were not treated with anthracyclines
nor trastuzumab (NAT).

Methods
Patient sample and data extraction

Patients in the sample included all breast cancer patients who underwent a CMR at Yale New
Haven Hospital from 2013 to 2017, and chart review was conducted as far back as 1990 to
assess for patient co-morbidities. The sample consisted of 116 patients with a history of breast
cancer. Of these 116 patients, 62 were in the AT group, while 54 were in the NAT group.
Patients were excluded if they had poor quality/nondiagnostic CMRs (n = 3). Fig 1 depicts
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Methods: PATIENT SAMPLE AND DATA EXTRACTION

119 Breast Cancer patients with CMR 2013-2017

3 with poor quality < l

116

/ \ Chemotherapies
AT NAT

Pearson correlation and clustering of similar variables, chi square analyses

Competing risk logistic regression and survival analyses

AT: Anthracycline/trastuzumab
NAT: Non Anthracycline/trastuzumab

Fig 1. Data extraction and patient algorithm.

https://doi.org/10.1371/journal.pone.0286364.9001

how the sample of patients was selected. A small subset (n = 13) had stress CMR performed
during chemotherapy treatment. Information on patient comorbidities, demographics, cancer
treatments, cardiac medications, and cardiovascular outcomes were obtained by chart review
from the electronic health record system at Yale New Haven Hospital. The institutional review
board of Yale University School of Medicine reviewed and approved this research.

CMR protocol and post processing

CMR imaging was performed on 1.5 and 3T scanners (Siemens, Erlangen, Germany) with
standard image acquisitions. Steady state free precession (SSFP) cine imaging [repetition time
(TR) = 3 ms, echo time (TE) = 1.5 ms, flip angle (FA) = 60°, 30 cardiac phases, 1.4x 1.4x 8
mm3 resolution) with retrospective ECG gating was acquired in the two-chamber, three-
chamber, and four-chamber views, and in contiguous short axis slices of the left ventricle.

Short axis T2W black-blood fast spin echo images were used [field of view (FOV) =
360mmx270mm, TE = 65 ms, slice thickness = 8 mm, FA = 90°, bandwidth = 781 Hz/pixel,
0.8 mm resolution]. T2W mapping used T2W-prepared balanced steady-state free precession
(bSSFP) single shot images acquired in 9 heart beats (TEs = 0 ms, 25 ms, 45 ms) with
FOV =360 mm x 270 mm, slice thickness = 8 mm, FA = 30°, parallel imaging = generalized
autocalibrating partially parallel acquisition (GRAPPA 2), bandwidth = 1395Hz/pixel). The
T2W maps were generated using an exponential fit (image resolution 1.5mmx1.5mm x 8mm).
Late gadolinium enhancement (LGE) evaluation was performed 8-10 min after administration
of 0.2 mmol/kg gadolinium contrast agent. After performing an inversion scout sequence,
LGE imaging was obtained using inversion recovery gradient echo (TR/TE/0 = 6 ms/3.16ms/
25°,1.64 x 1.64 x 8 mm).

Quantitative analysis for volumes, function, and feature tracking strain for 3D LV global
longitudinal strain (GLS), global circumferential strain (GCS), and global radial strain (GRS)
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was performed using SSFP cine in short axis, 2-chamber, 3-chamber, and 4-chamber views
with CMR42 (CVI42, v5.6 -v 5.10, Calgary, Canada). This tissue tracking module recognizes
patterns of features in the image that can be tracked in successive images (Fig 2). Normal MRI
reference ranges are featured in S1 Table in S1 File [41].

Stress CMR protocol included first-pass vasodilatory stress-only perfusion (ssGRE) with
regadenoson 0.4 mg and injection of 0.05 mmol/kg contrast agent, injected 90 seconds and 8
minutes after stress agent. The perfusion scan protocol was: field of view (FOV) =
360mmx270mm, TR/TE = 6/2 ms, slice thickness = 8 mm, FA = 20°, bandwidth = 781 Hz/
pixel, spatial resolution 3x3mm, 3 slices per heart-beat. Quantitative parameters were pro-
cessed (CVI42, v5.6.4, Calgary, Canada) for LV volume and function, feature tracking GLS
(Fig 3). Endocardium and epicardium contours were manually outlined for sub-endocardial/
sub-epicardial myocardial perfusion index ratio analysis. To normalize to the arterial input
function, a region of interest was drawn inside the LV blood pool (Fig 3A). Myocardial signal
intensity over the time curve of the six myocardial segments and the LV blood pool are repre-
sented by the color palette to the bottom right. Myocardial perfusion index is the ratio between
the maximum slope of one segment and the maximum slope of the blood pool (orange curve).
All six segments were averaged to obtain a global sub-endocardial/sub-epicardial myocardial
perfusion index ratio (Fig 3B).

Statistical methods

Chi-square or Wilcoxon test was used to compare demographic and clinical features between
AT and NAT groups. Mean and standard deviation were calculated for echo and CMR vari-
ables. A two-sample #-test was used to compare means for the imaging parameters, which were
normally distributed.

Pearson correlations were used to examine relationships between demographic and clinical
variables and CMR imaging parameters. All statistical analyses were performed using SAS 9.4,
Graphpad or R.

Data was obtained from electronic medical records via chart review to determine diagnoses
and pre-existing co-morbidities. The index date was the time of initiating chemotherapy, and
outcomes were assessed at 3 years or more from initiation of chemotherapy. As the data
includes patient follow up for a substantial period of time, a competing risk regression model
was used to evaluate the risk of subsequent systolic heart failure (HF), diastolic HF, coronary
artery disease, myocardial infarction, peripheral arterial disease, thromboembolism, arrhyth-
mia, and valvular disease (greater than mild mitral regurgitation, aortic regurgitation, aortic
stenosis, mitral stenosis, tricuspid regurgitation, ie moderate or severe) starting from time of
oncologic therapy initiation. Systolic dysfunction was defined as LVEF <50%, and diastolic
dysfunction included grades 1-3 of diastolic dysfunction by echo. Myocardial infarction (MI)
was defined by having non-ST elevation MI or ST elevation MI. Peripheral arterial disease is
defined as having clinically significant peripheral artery disease where the patient had symp-
toms. Arrhythmia included bradycardia that was symptomatic or required intervention, heart
block, atrial fibrillation, atrial flutter, supraventricular tachycardia, and ventricular arrhyth-
mias). Valvular disease included greater than mild mitral regurgitation, aortic regurgitation,
aortic stenosis, mitral stenosis, or tricuspid regurgitation. Thromboembolism is defined as
having imaging confirmed deep venous thrombosis or pulmonary embolism. All diagnoses
were clinically determined and documented in clinical notes. Results are expressed in hazard
ratios (HRs) for each predictor, its 95% confidence interval (CI), and corresponding p-value.

The cardiotoxicity analysis first involved a univariate analysis on nineteen different predic-
tors and across six different outcomes. The predictors include age, diabetes (DM), peripheral
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Fig 2. Example of feature tracking using CVI42, endocardium (red) and epicardium (green) contours manually
traced on the SSFP cine short axis stack, long axis in cine 4 chamber, 2 chamber and LVOT series during end
diastole and systole. The yellow dots between the red and green contours correspond to the myocardium which is
tracked during systole for feature tracking GLS.

https://doi.org/10.1371/journal.pone.0286364.g002

artery disease (PAD), hyperlipidemia (HLD), hypertension (HTN), pulmonary embolus/deep
vein thrombosis (PE/DVT), preexisting arrhythmia, pulmonary hypertension (pHTN),

Fig 3. a. First-pass vasodilatory stress with regadenoson. b-endocardial layer to be analyzed as shown. Endocardium (red) and
epicardium (green) contours were manually outlined for sub-endocardial/sub-epicardial myocardial perfusion index ratio
analysis. To normalize to the arterial input function, a region of interest was drawn inside the LV blood pool (orange). The white
contour circumscribes the subendocardial layer to be analyzed as shown. b. Myocardial signal intensity over time curve of the six
myocardial segments and the LV blood pool, represented by the color palette to the bottom right. Myocardial perfusion index is
the ratio between the maximum slope of one segment and the maximum slope of the blood pool (orange curve). All six segments
were averaged to obtain a global sub-endocardial/sub-epicardial myocardial perfusion index ratio.

https://doi.org/10.1371/journal.pone.0286364.9003
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obesity, smoking, preexisting valvular disease, preexisting systolic HF, preexisting diastolic
HF, beta-blocker use, ACE-inhibitor/ARB use, statin use, hydralazine/nitrate use, LGE and
CMR circumferential and longitudinal strain. The six outcomes include MI, systolic HF, valvu-
lar disease, arrhythmia, and diastolic HF. With univariate regression analysis, each predictor is
examined. Predictors were selected based on a p-value of less than 0.05. The selected predictors
then were used to build the multivariate competing risk regression model. In survival analyses,
an outcome of interest may prevent the observation of or affect the chance of another outcome
of interest from occurring. Such an outcome is known as a competing risk and must be prop-
erly addressed to avoid incorrect conclusions. To avoid the bias in the Kaplan Meier method
when there are multiple events or failures, a competing risk regression model was used [42].

Ethical approval

Our study was approved by the Yale IRB committee. The IRB waived the requirement for
informed consent as this was a retrospective review and no identifiers are used in reporting
results.

Results

Of the 116 female breast cancer patients who had received CMR for evaluation of either car-
diomyopathy or cardiac symptoms included in this study, the median age was 66 years old.
Majority of the patients were Caucasian (83%). In our sample, 62 were in the AT group and 54
were in the NAT group.

Patient demographic and clinical characteristics at the time of CMR are listed in Table 1.
The AT group had a mean age of 62 years old, and the NAT group was older with a mean age
of 68 years old (p = 0.001). The incidence of diastolic dysfunction by echo was higher in the
NAT group compared to AT group (37 vs 16%) (p = 0.019).

Patients’ cardiac and cancer medications are included in Table 2. Cancer stage, estrogen,
progesterone receptor, Her2 positivity are featured in S2 Table in S1 File. A greater number of
AT patients had CMR performed for an indication of cardiomyopathy as compared with the
NAT group (53.2% vs 16.7%, respectively, p = 0.002) S3 Table in S1 File. Among patients in
the AT group, 43.5% had been treated with trastuzumab and/or pertuzumab, 83.9% had been
treated with anthracyclines, and 31% had received both therapies. The majority of all patients
received radiation therapy, with no difference between the groups (82.3% of AT vs 74.1% of
NAT (p = 0.399). The majority of patients also received anti estrogens (52% of AT and 57% of
NAT, p = 0.663). Immune checkpoint inhibitors and tyrosine kinase inhibitors were not com-
monly used treatments in this patient cohort.

CMR function and volumes

CMR imaging was performed during cancer treatment in 30 patients (48%) in the AT group
and in 20 patients (37%) in the NAT group, with no significant difference between the two
groups (p = 0.218). The remainder of the studies were completed after chemotherapy. There
was no significant difference in LVEF (AT 57% +/- 10.1 vs NAT 60% +/- 11.2, p = 0.077) nor
LV mass index (AT 56 +/- 18 vs NAT 61 +/- 18, p = 0.207) between the two groups. The AT
group had higher left ventricular end systolic volume indexed (LVESVI) compared to the
NAT group (42 +/- 24 vs 29 +/- 18, p = 0.004). Right ventricular ejection fraction (RVEF) was
lower in the AT group compared to the NAT group (54% +/- 9 vs 58% +/- 8, p = 0.04). Fur-
thermore, reduced RVEF was found significantly more in the AT cohort compared to the
NAT cohort (37.8% vs 13.5%, p = 0.014). The right ventricular end diastolic volume indexed
(RVEDVI) was also higher in the AT group (85.2 = /-37) compared to the NAT group (69.8
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Table 1. Patient characteristics according to Her2/ATC treatment status.

AT NAT Total P Value
N =62 (%) N = 54(%) N=116(%)
Age Mean (stdev) 61.6£11.3 68.2+10.4 64.6+11.3 0.001*
Group
<35 0(0.0) 0(0.0) 0(0.0) <0.001*
36-49 7(11.3) 3(5.5) 10(8.6)
50-64 27(43.5) 15(27.8) 42(36.2)
65+ 28(45.2) 36(66.7) 64(55.2)
BMI >30; Obesity 0.680
<30 39(62.9) 31(57.4) 70(60.3)
>30 23(37.1) 23(42.6) 46(39.7)
Ethnicity 1.000
White 51(82.3) 46(85.2) 97(83.6)
Black 8(12.9) 6(11.1) 14(12.1)
Hispanic 2(3.2) 2(3.7) 4(3.4)
Asian 1(1.6) 0(0.0) 1(0.9)
Other 0(0.0) 0(0.0) 0(0.0)
Comorbidities
HTN 27(43.5) 33(61.1) 60(51.3) 0.089
DM2 14(22.6) 10(18.5) 24(20.7) 0.752
Stroke/PE/DVT 9(14.5) 9(16.7) 18(15.5) 1.000
CAD 11(17.7) 17 (31.5) 28(24.1) 0.132
PAD 2(3.2) 3(5.6) 5(4.3) 0.888
Arrhythmia: a fib, a flutter 8(12.9) 14(25.9) 22(19.0) 0.122
Bradycardia 1(1.6) 6(11.1) 7(6.0) 0.080
Heart block/BBB 3(3.2) 5(9.3) 8(6.9) 0.572
Ventricular Arrhythmia 9(14.5) 4(7.4) 13(11.2) 0.359
Combination arrhythmias 2(3.2) 6(11.1) 8(6.9) 0.192
Family History of heart disease 20(32.3) 24(44.4) 44(37.9) 0.247
HE: Systolic 8(12.9) 4(7.4) 12(10.3) 0.507
HEF: Diastolic 10(16.1) 20(37.0) 30(25.9) 0.019*
HF: both 10(16.1) 8(14.8) 18(15.5) 1.000
Valvular Disease 10(16.1) 15(27.8) 25(21.6) 0.195
pHTN 4(6.5) 4(7.4) 8(6.9) 0.863
HLD 26(41.9) 27(50.0) 53(45.7) 0.493
CKD/ESRD 2(3.2) 4(7.4) 6(5.2) 0.554
Smoking 0.210
Never Smoker 40(64.5) 25(46.3) 65(56.0)
Current Smoker 13(22.4) 17(31.5) 30(25.9)
Former Smoker 9(13.8) 12(22.2) 21(18.1)

https://doi.org/10.1371/journal.pone.0286364.t001

+/-26.2), p = 0.004. The CMR LA volume was smaller in the AT vs the NAT group (45 mL +/-

20 vs 58 mL +/- 25, p = 0.003) Table 3.

MRI GLS and GCS

Average GLS was reduced for both the AT and NAT cohorts, without a significant difference
between the two groups (-12.6 vs -12.9, respectively, p = 0.789). Values for average GCS were

borderline normal and not significantly different between the two groups (-17.2 vs-17.0,

PLOS ONE | https://doi.org/10.1371/journal.pone.0286364 May 30, 2023

8/20


https://doi.org/10.1371/journal.pone.0286364.t001
https://doi.org/10.1371/journal.pone.0286364

PLOS ONE

Cardiovascular Outcomes and Advanced Cardiac Imaging in Breast Cancer Patients

Table 2. Patient cardiac and cancer medications according to Her2/ATC treatment status.

AT NAT Total P value

N =62 (%) N =54 (%) N =116 (%)
Cardiac Medications
Beta blocker 32(51.6) 36(66.7) 68(58.6) 0.146
ACEi/ARB 27(43.5) 20(37.0) 47(40.5) 0.603
Statins 27(43.5) 26(48.1) 53(45.7) 0.752
Nitrates 3(4.8) 2(3.7) 5(4.3) 0.888
Cancer therapy
Herceptin/Perjeta 27(43.5) 0(0.0) 27(23.3) <.0001*
ICI 1(1.6) 0(0.0) 1(0.9) 1.000
Anthracycline 52(83.9) 0(0.0) 52(44.8) <.0001*
TKI 6(9.7) 1(1.9) 7(6.0) 0.169
Radiation Therapy 51(82.3) 40(74.1) 91(78.4) 0.399
Other Cancer Therapies
PARP inhibitors 0(0.0) 0(0.0) 0(0.0) 1.000
Anti-Metabolites 9(14.5) 1(1.9) 10(8.6) 0.036*
SERMs/Anti-estrogens 32(51.6) 31(57.4) 63(54.3) 0.663
Platinum Agents 5(8.1) 0(0.0) 5(4.3) 0.094
Topoisomerase Inhibitors 0(0.0) 0(0.0) 0(0.0) 1.000
Proteasome Inhibitors 0(0.0) 3(5.6) 3(2.6) 0.196
Alkylating agents 30(48.4) 0(0.0) 30(25.9) <.0001*
Taxanes 45(72.6) 0(0.0) 45(38.8) <.0001*
https://doi.org/10.1371/journal.pone.0286364.t002
Table 3. Cardiac magnetic resonance imaging parameters according to AT treatment status.
Parameters AT NAT Total P value
CMR LVEEF (%) 5710 60+11.2 59.3 £11.0 0.077
CMR LVEDVI 70.5£18.7 66.8£21.0 68.8£19.6 0.313
CMR LVESVI 41.6+24.3 29.7+17.8 36.2+22.4 0.004*
CMR LVSV (mL) 73.0£18.0 72.9+22.7 73.2£20.3 0.870
CMR LVSVI 38.219.7 39.8+11.5 38.9£10.6 0.419
CMR LV Mass Index 56.3+18.8 60.6+17.7 58.2+18.0 0.208
CMR CO (L/min) 5.3t1.3 4.8t1.3 5.0t£1.3 0.106
CMR CI (L/min/m2) 2.8+0.7 2.6£0.6 2.7£0.6 0.052
CMR RVEDVI 85.2+37.0 69.8+ 26.2 77.9+£30.0 0.005*
CMR RVSV (mL) 71.7+1801 70.1+22.0 70.9+ 19.9.7 0.6850
CMR RVSVI 38.3£7.9 37.7+10.2 38.0+9.7 0.711
CMR RVEF (%) 53.9+8.8 57.1+£8.0 55.4+ 9.0 0.047*
CMR LVEDD (mm) 50.6+6.4 49.247.0 499 +6.8 0.240
CMR LVESD (mm) 36.3+6.6 32.9+7.4 34.7+7.4 0.015*
CMR LA Size (cm2) 21.3£6.0 20.0£6.5 20.7£ 6.3 0.216
CMR RA Size (cm2) 18.3+4.6 18.4+4.6 18.3+ 4.6 0.856
CMR LA Biplane Volume (cm3) 45.2+20.3 57.7+24.9 51.0£23.3 0.003*
CMR Findings BSA 1.9+0.2 1.81£0.2 1.8+ 0.2 0.752*
CMR LAVAI Biplane 24.9+11.3 30.9£11.9 27.7£11.9 0.007
CMR GLS (%) -12.61816 -12.945.6 -12.945.6 0.789
CMS CS (%) -17.247.3 -17.0£8.1 -17.247.6 0.899

https://doi.org/10.1371/journal.pone.0286364.t003
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Table 4. Significant Pearson Correlations for MRI GLS, GCS, chi square analyses for AT vs NAT (a) and chi square analyses for LGE (b).

(a)

All Patients
MRI GLS (continuous) & MRI GCS (continuous) 0.49 0.000
MRI GCS (continuous) & MRI LVEF (continuous) -0.32 0.001
MRI GCS (continuous) & MRI LVESVI (continuous) 0.22 0.021
MRI GCS (continuous) & MRI LVEDVI (continuous) 0.18 0.06
AT Patients
MRI GLS (continuous) & MRI GCS (continuous) 0.493 0.001
MRI GCS (continuous) & MRI LVEF (continuous) -0.37 0.003

AT (N (%) NAT N (%) Total N (%) P value
Abnormal GLS 36 (67.9%) 28 (84.8%) 64 (74.4%) 0.080
Abnormal GCS 21 (33.9%)) 13 (24.1%)) 34 (28.5%) 0.247
Abnormal LVEDVI 16 (34.8%) 14 (37.8%) 301 (36.1%) 0.773
Abnormal LV mass index 8 (17.4%) 6(16.2%) 14 (16.9%) 0.887
LGE positivity 8 (13.3%) 14 (29.2%) 22 (20.4%) 0.042
Reduced RVEF by CMR 17 (37.8%) 5 (13.5%) 22 (26.8%) 0.014
AT group Anthracycline(N No anthracycline N | Total N (%) P value

(%) (%)
Abnormal GLS 32 (74.4%%) 4 (40%) 36 (67.9%) 0.036
AT group Her2i (N (%) No Her2i N (%) Total N (%) P value
Abnormal GLS 14 (58.3%) 22 (75.9%) 36 (67.9%) 0.174
(®)

LGE positive LGE negative Total P
All patients
Abnormal GLS 16 (94.1%) 48 (69.6%) 64 (74.4%) 0.038
Abnormal GCS 11 (61.1%) 23(29.1%) 34 (35.1%) 0.010
Increased LV mass index 6 (37.5%) 2(3%) 8(9.6%) 0.0001
Increased LVEDVi 5(31.3%) 23 (34.3%) 28 (33.7%) 0.534
Reduced RVEF 3(18.8%) 19 (28.8%) 22 (26.8%) 0416
CAD 10 (45.5%) 14 (16.3%) 24 (22.2%) 0.003
Valvular disease 8 (36.4%) 12 (14%) 20 (18.5%) 0.016
PE/DVT 6(27.3%) 10 (11.6%) 16 (14.8%) 0.065
Heart failure 8(36.4%) 17 (20%) 25 (23.4%) 0.106
AT patients
Increased LV mass index 2 (33.3%) 2 (5%) 4 (8.7%) 0.045
Increased LVEDVi 1(2.5%) 1(16.7%) 2 (4.3%) 0.088
CAD 450%) 5 (9.6%) 9(15%) 0.013
Valvular disease 4 (50%) 5 (9.6%) 9 (15%) 0.013
PE/DVT 3(37.5%) 5(9.6%) 8 (13.3%) 0.065

https://doi.org/10.1371/journal.pone.0286364.t004

respectively, p = 0.899) (Table 3). In a sub-analysis of the AT group, GLS was similar in those
who received anthracycline alone compared to those who received HER-2 inhibitors alone
(GLS -13.0 vs -15.0, respectively, p = 0.095). However, GLS in those who received anthracy-
cline alone was more abnormal compared to those who received both anthracycline and a
HER?2j agent (-13.1 vs -15.6 p = 0.02). However, GLS was not statistically significant between
those who received both anthracycline and HER-2 inhibitors versus HER-2i alone (p = 0.803).
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Circumferential strain was similar amongst the groups in this sub-analysis of the AT cohort,
with no statistical significance seen (S1 Fig in S1 File). Anthracycline use was associated with
significantly more abnormal GLS (GLS >-18) (74.4%) compared to no anthracycline use
(40%) (p = 0.036) (Table 4).

Among all patients, when compared with other CMR parameters, GLS significantly corre-
lated with GCS (r = 0.493; p = 0.0001)). Additionally, GCS significantly correlated with LVEF
(r=-0.32; p=0.001) and LVESVI (r = 0.22; p = 0.021). In an AT group sub-analysis, GLS
remained significantly correlated with GCS (r = 0.43; p = 0.001), and GCS was negatively cor-
related with LVEF (r = -0.37, p = 0.003) (Table 4A)

Late gadolinium enhancement

In the overall cohort, 22 had LGE and there was significantly more LGE positivity in the NAT
group compared to AT group (29% vs 13%, p = 0.042). In the AT cohort, 8 patients demon-
strated LGE (13%), all in a nonischemic pattern, and one had no contrast given. In the NAT
cohort, 14 (29%) had LGE, of which 11 (20%) were nonischemic, 3 (5%) were ischemic, and 2
(4%) had nondiagnostic LGE images. LGE positivity was significantly associated with abnor-
mal GLS, GCS, increased LV mass index, and reduced RVEF. Other imaging parameters were
not statistically significant and are listed in Table 4 (bottom). Presence of LGE was also signif-
icantly correlated with clinical co-morbidities of CAD and valvular disease. In a subgroup
analysis of the AT cohort, presence of LGE was associated with increased LV mass index, the
presence of CAD, and valvular disease (Table 4B).

Stress CMR

In this sub-analysis, 13 patients had stress CMR performed for cardiomyopathy evaluation
while on chemotherapy (5 with anthracycline alone, 2 on herceptin alone and 4 received both).
In this cohort, the average LVEF was 59.7% and average GLS was -15.12%. Three patients
(23%) had perfusion defects and/or LGE consistent with ischemic heart disease (IHD), and 1
patient had a non-ischemic pattern of LGE, whom had prior anthracycline exposure. The aver-
age sub-endocardial/sub-epicardial myocardial perfusion index ratio (SS-MPIR) at stress was
0.98 for all patients, which was normal based on published references [43]. When all ischemic
segments were excluded, it was 1.00, and when all patients with IHD were excluded, the
SS-MPIR was 1.02. CMR LVEEF correlated with SS-MPIR when all segments were analyzed
(r=0.899, p < 0.01), when ischemic segments were excluded (r = 0.643, p = 0.024), and when
patients with IHD were excluded (r = 0.807, p = 0.009). No significant correlation was found
between different breast cancer therapies and CMR SS-MPIR or GLS.

Cardiovascular outcomes comparing AT vs NAT

Cardiovascular outcomes between the AT and NAT cohorts were evaluated. The AT cohort
had an increase in systolic heart failure outcome compared with the NAT cohort (27.4% vs
10.9%, p = 0.025) (Table 5). There is a significant difference in regards to systolic heart failure,
with the AT group having a higher incidence of systolic heart failure over time, p = 0.006, Fig
5C. No significant differences in outcomes were seen between the two groups for CAD/myo-
cardial infarction (p = 0.530) (Fig 4), valvular disease (p = 0.630) (Fig 6), arrhythmia (p = 0.42)
(Fig 7) or diastolic heart failure (p = 0.16) (S2 Fig in S1 File).

Amongst the entire cohort of 116 breast cancer patients, the relationship between cardio-
vascular risk factors and cardiovascular outcomes was evaluated. Hypertension and preexisting
systolic heart failure (Fig 4A) were univariately associated with an increased risk of CAD/
myocardial infarction (HR: 10.73, CI: 1.41-81.873, p = 0.022 and HR:8.56, CI: 1.04-70.30,
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p = 0.046, respectively) (Fig 4). Competing risk regression showed that HTN was significantly
associated with a 9.8-fold increase in developing CAD/myocardial infarction (Fig 4B). Cumu-
lative incidence over time is featured in Fig 4C.

In univariate analysis, use of anthracycline and/or Her2i (HR: 2.63, CI 1.089-6.369,
p=0.032), PE/DVT (HR:2.53, CI: 1.07-5.96, p = 0.034), pre-existing valvular disease (HR:2.75,
CI: 1.26-6.01, p = 0.011) and abnormal CMR GCS (HR:4.00, CI: 1.66-9.64, p = 0.002) were sig-
nificantly associated with increased risk of developing systolic heart failure. However, HLD
(HR:0.29, CI: 0.12-0.73, p = 0.008) and HTN (HR:0.41, CI: 0.18-0.95, p = 0.037) were associ-
ated with reduced incidence of systolic heart failure Fig 5A. Competing risk regression found
that use of anthracycline and/or Her2i, PE/DVT and pre-existing valvular disease were inde-
pendently associated with the systolic heart failure outcome, whereas HLD was negatively
associated Fig 5B.

In the univariate analysis for the valvular disease outcome, obesity (HR: 3.46, CI: 1.27-9.45,
p =0.015), preexisting systolic HF (HR:9.47, CI: 1.32-68.05, p = 0.026) and CMR GCS
(HR:4.98, CI: 1.40-17.74, p = 0.013) were significantly associated with increased risk Fig 6A.
However, in the competing risk model, only obesity remained significantly correlated (HR:
3.2, CI1 1.047-9.82, p = 0.041) Fig 6B. Cumulative incidence of valvular disease over time is fea-
tured in Fig 6C.

Statin use was significantly associated with reduced risk in the univariate model (HR: 0.416,
CI: 0.229-0.755, p = 0.004) Fig 7A and in the competing risk regression model for arrhythmia
(HR: 0.401, CI 0.218-0.736, p = 0.003) Fig 7B. Cumulative incidence of arrhythmia over time
is featured in Fig 7C.

None of the predictors were significant for the diastolic heart failure outcome (S2 Fig in S1
File), as shown in the univariate analysis SIA Fig in S1 File. Cumulative incidence of diastolic
dysfunction is shown in S1B Fig in S1 File.

Of note, abnormal GLS and LGE were not independently associated with any of the above
cardiovascular outcomes. A summary of our key findings is featured in Fig 8.

Discussion

Leveraging comprehensive information on patient clinical and demographic characteristics,
cardiovascular outcomes, and cardiac imaging parameters, we evaluated breast cancer patient
outcomes comparing those on AT vs NAT. Our results provide information that may be used
to help predict adverse cardiovascular outcomes in breast cancer patients who are treated with
anthracyclines and trastuzumab. Furthermore, the information we obtained on the baseline
characteristics can be useful in risk assessment of patients prior to initiating cardiotoxic che-
motherapy and for monitoring of high-risk patients.

Table 5. Cardiovascular outcomes between AT and NAT groups.

Outcomes AT N (%) NAT N (%) Total N (%) P Value
MACE (HF/CAD/MI/arrhythmia, death)

HE: Systolic 17 (27.4) 6(10.9) 23 (19.7) 0.025*
HF: Diastolic 14 (22.6) 16 (29) 30 (25.6) 0.421
CAD/MI 7 (11.3) 9 (16.3) 15 (12.8) 0.425
Arrhythmia 21 (33.8) 23 (41.8) 44(37.6) 0.376
Valvular disease 6(9.7) 7 (13.4) 13 (11.1) 0.527
Death 3(4.8) 4(7.7) 7 (6.0) 0.579

https://doi.org/10.1371/journal.pone.0286364.t005
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CAD/myocardial infarction as outcome

4A MI outcome
HR 95% Cl [ N Events 4C M
Her2/ATC (AT) 0.531 0.185 1.525 0.240 115, 14| 100 4 — Non Her2/ATC NAT
DM 1175]  0.340) 4.064 0800 115 14] _ = He2lATC AT
PAD 1.326]  0.136] 12.948 0.810 115| 14 X
HLD 0.772|  0.263 2.261 0.640 115 14 e
- : : : 3 p=0.530
HTN 10.733 1.407| 81.873 0022 115 14 c
PE/DVT 2.345|  0.656] 8.386 0190 115 14 8 60
Obesity 1.119]  0.213] 5.891 0.890. 114 14 ]
Smoking 2.134]  0.767| 5.933 0.150. 115! 14 D
Preexisting Valvular 1.556 0.517| 4677 0.430 115 14 = 40
Disease E
Preexisting Diastolic HF [ 1.054|  0.140) 7.961 0.960. 115 14 3
E 504
=
Preexisting Systolic HF | 8.562 1.043 70303 0.046[ 115 14 ©
BB 1658 0537, 5.115. 0.380 115! 14
ACEI/ARB 1.168]  0.439 3.113 0.760. 115! 14 U : — T , r
Statins 2.169| 0742 6.343 0.160. 115! 14 0 5 10 15 20 25 30
Nitrates 3.464|  0.780) 15.392 0.100 115 14 Follow-up (year)
LGE 2.306]  0.667 7.965 0.19| 107 12 No. of events
CMR CS 0.355[  0.047 2.682 0.320 100 8 8 g g g a ?1 g
CMR GLS 1.033|  0.892 1.197 0.669. 64 7
Age 1.034]  0.990) 1.079 0.130. 115! 14
Competing risk regression including predictors with p<0.05
HR 2.5l 97.5Cl P
HTN 9.797 1.167 82.261 0.036
Preexisting Systolic HF 4.949 0.360 68.113 0.230
Her2/ATC (AT) 0.710 0.241 2,091 0.530

Fig 4. Competing risk regression model evaluating factors associated with CAD/Myocardial Infarction.

https://doi.org/10.1371/journal.pone.0286364.g004

Systolic Heart Failure as outcome

Systolic HF_outcome 5C
HR 95% CI P N Events Systolic HF
100 1 — Non HerZATC NAT
Her2/ATC (AT) 2.633 1.089 6.369 0.032 105 23 — Her2/ATC AT
DM 0.586 0.209 1.645 0.310 105 23 3
PAD 1.765) 0453 6.879 0.410 105 23 < 80 p=0.006
HLD 0204 o118] o731 0.008| 105 23 o] ’
HTN 0.409 0.177 0.949 0.037 105 23 S
PE/DVT 2.533 1.074| 5.975 0.034 105 23 g 60
Obesity 0.943 0.283 3.144 0.920 104 22 =
smoking 0.971 0.400 2357 0.950 105 23 o
Preexisting Valvular Disease 2.747 1.255 6.011 0.011 105 23 2 407
©
Preexisting Diastolic HF 2.223 0677 7.298 0.190 105 23 g
20
Preexisting Systolic HF 4.287 0562  32.710) 0.160 105 23 8
BB 1.421] 0.636 3.175 0.390 105 23 0
ACEI/ARB 1.167) 0534 2553 0.700 105 23 —_—
statins 1.037] 0471 2.286 0.930 105 23 0 5 10 15 20 25 30
Nitrates 0.850 0.196 3.684 0.830 105 23 Follow-up (year)
LGE 17471 0755|4042 0190 97 21 %04 of events 5
CMR Cs 4.001 1.661 9.637 0.002 92 20 0 8 11 13 15 15 17
CMR GLS 1.038 0.985 1.093 1.038 64/ 19
Age 0.972 0.936 1.010) 0.140 105 23
Competing risk regression including predictors with p<0.05
HR 2.5C1 97.5C1 P
Her2/ATC (AT) 2.997 1371 6.553 0.006
HLD 0.374 0.151 0.921 0.032
HTN 0.413 0.167 1.019 0.055
PE/DVT 2.966 1.372 6.409 0.006
Preexisting Valvular Disease 3.341 1.410 7.918 0.006

Fig 5. Competing risk regression model evaluating factors associated with systolic heart failure.

https://doi.org/10.1371/journal.pone.0286364.g005
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Valvular Disease as outcome

Valvular Disease Outcome 6C
HR 95% CI P Events
Valvular disease

Treatment 0.799 0.279 2.288 0.680 115 13
oM 08s58] 0273 2694] o0790] 115 13 100 1 — Non Her2/ATC NAT
PAD 2797  o0s690| 11.327]  0.150 115 13 o = Her2ATG AT
HLD 0.897 0.321 2.507 0.840 115 13 g

~ 80 -
HTN 0.890 0.306 2.588 0.830 115 13 Q

5] p=0.630
PE_DVT 3.077 0.925| 10.235 0.067 115 13 %
Obesity 3.460 1.267| 9.448 0.015 114 13| o 60
smoking 0.369 0.083 1.650 0.190 115 13 g
Preexisting Diastolic HF 3.197 0.678| 15.082 0.140 115 13 7‘;

= 40 A
Preexisting Systolic HF 9.467 1.317| 68.047 0.026 115 13 "a
BB 3.585 0.800| 16.074 0.095 125] 13| g
ACEI/ARB 1.288 0.452 3.670 0.640 115 13 =1 20 A
Statins 1.332 0.448 3.965 0.610 115 13 ©
Nitrates 1.778 0.520 6.071 0.360 115 13 B~

T T T T T T T
LGE 3.219 1.000| 10.367 0.050 107| 10 0 5 10 15 20 25 30
CMR CS 4.983 1.400 17.736)  0.013 100 1 Follow-up (year)
No. of events
CMR GLS 1.043 0.964 1.128 0.293 64, 5 8 % g g g g g
age 0.997 0.958 1.037 0.870 115 13|
Competing risk regression including predictors with p<0.05
HR 2.5C1 97.5C1 P

Obesity 3.207 1.047 9.820 0.041
Preexisting systolic HF 5.227 0.471 58.030 0.180
Her2/atc (AT) 0.769 0.264 2.235 0.630

Fig 6. Competing risk regression model evaluating factors associated with valvular disease.

https://doi.org/10.1371/journal.pone.0286364.9006

Arrhythmia as outcome

arrhythmia_outcome =
= i Arrhythmia
HR 95%Cl P N | Events Sythmis
100 4 —  Non Her2/ATC NAT 100 1 — Non Statin
— HerZATC AT — Statin
Her2/ATC (AT) 0878 0493 1.564] 0.660 115 aul =~ 3
& 04 € g | p=0.003
DM 0712 0335 1.516| 0.380 115 44 = p=0.420 5 :
PAD 0342 0063 1.849] 0.210 115 44 e 2
HLD 0636 0352 1.151 0.130 115 4| 8 60 ﬁ 60
HTN 1005 0.560| 1.805| 0.990 115 44 2 2
PE/DVT 1.104| 0460 2.651| 0.830 115 42 4] 2 404
Obesity 0321 0069] 1.488] 0.150 114 ul G ©
Smoking 0879 0.469|  1.649| 0.690 115 44 E E 55
Preexisting Valvular 1.137 0.587 2.204] 0.700 115 44 8 201 8
Disease
Diastolic HF 1.828| 0761  4.395| 0.180 115 44 0 0
N e e R SR

BB 1335] o0724] 2.462| 0350 1s| a4 T TIEIT Y & 4G 18 P00 95 50
ACEI/ARB 0.735| 0409  1.320| 0.300 115 44 Follow-up (year) Follow-up (year)
Statins 0.416| 0229 0.755| 0.004] 115 44 No. of events No. of events.
Nitrat 1387] 0.3 2.953| 0.610 115 a4 0 12 18 21 23 23 23 0 20 24 29 29 29 30
el J = 0 13 14 79 19 18 21 05 8B
LGE 0658 0253 1.714| 0.390 107 41
CMR CS 0912 0468 1.778| 0.790| 100 38
CMRGLS 1.004| 0939 1.073| 0915 64 22
Age 0977  0.952|  1.002| 0.067 115 44
Competing risk regression including predictors with p<0.05

HR 2.5CI 97.5CI P
Statin 0.401 0.218 0.736 0.003
Her2/atc (AT) 0.777 0.423 1.429 0.420

Fig 7. Competing risk regression model evaluating factors associated with arrhythmia.

https://doi.org/10.1371/journal.pone.0286364.9007
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Our study has several implications for patients treated with breast cancer. First, our findings
suggest the importance of a comprehensive evaluation prior to starting cancer therapy. Physi-
cians and patients should consider family history, smoking, obesity and other cardiovascular
comorbidities at baseline, as these may affect the risk of adverse cardiac outcomes during or
after cancer therapy. It is important for oncologists to be aware of such cardiac risk factors and
consider cardiology evaluation and monitoring when present. A recent study found that only
46.2% of breast cancer patients received the recommended cardiac monitoring while on cancer
therapy [10].

In terms of cardiac function and volumes, the AT group had higher LV volumes, lower
RVEF, and larger RVEDVi compared to the NAT group, but no significant difference in
LVEF. These findings warrant further investigation to understand why AT may promote more
adverse remodeling in the RV. Although cardioprotective medications, like beta blockers and
ACE inhibitors, may affect recovery of cardiac function, there was no significant difference in
the cardiac medication use between the two groups.

We found that strain was more abnormal in those who received anthracycline alone as
compared to those who received both anthracycline and HER2i. Also, strain trended towards
being more abnormal in those who received anthracycline alone versus her2i alone. Although
there was no significant difference in age between these AT and Her2i groups, the AT group
had more diastolic dysfunction at baseline. Another possible contributing factor to the differ-
ence between the groups is that patients who received both AT and HER2i may have been
more closely monitored [44]. Further, there were more patients with LGE (both ischemic and
nonischemic) in the NAT group, which could be due to the patients being older. For the most
part, even though there weren’t any significant differences in cardiac co-morbidities between
the AT and NAT cohorts, there was increased diastolic dysfunction in the NAT group. The
small sample size and varying times from start of oncologic therapy to imaging limits greater
generalizability, and a prospective study with serial evaluations would be needed to confirm
whether these findings hold true. In the stress CMR sub-analysis, GLS was abnormal in the
entire cohort, even though LVEF was normal at the time of imaging, which could represent
subclinical LV dysfunction [45]. Additionally, stress CMR was helpful in distinguishing ische-
mic versus nonischemic causes of cardiomyopathy in patients actively undergoing cancer
treatment. Although stress CMR has been shown to assess for flow reserve and microvascular
dysfunction based on the flow gradient between the endocardial and epicardial layer as evi-
denced by a decreased global (SS-MPIR) [46], we did not find evidence of microvascular dys-
function in this cohort after adjusting for ischemic heart disease. One possible reason for this
is that stress CMR imaging was typically performed after identification of cardiomyopathy and
initiation of cardioprotective meds and LV function had normalized by the time of the exam.
Additionally, the small sample size with stress CMR limits evaluation for statistical significance
of these findings.

In our univariate and competing risk models, we found that abnormal CMR GCS was sig-
nificantly associated with the outcomes of systolic heart failure and valvular disease. Thus, fur-
ther research using CMR strain to predict those who may develop heart failure or valvular
disease should be studied in a larger prospective cohort.

AT has been associated with increased risk of systolic heart failure in prior studies, by several
fold [11-13], which our study confirms; and, a competing risk regression analysis shows that
other risk factors can independently increase risk, including preexisting valvular disease and
PE/DVT. Venous thromboembolism could be a surrogate for a more severe cancer burden and
its incidence has been shown to be increased by heart failure itself [47]. It is unclear why a his-
tory of HLD was negatively associated with systolic heart failure as an outcome. One possibility
is that patients were on cardiac medications that could have lent a cardioprotective effect.
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Statins have been previously shown to have anti-arrhythmic effects in those with heart dis-
ease or post operatively for cardiac procedures in preventing atrial fibrillation and atrial flutter
[48, 49]. Our study found that there is an association between statin use and decreased arrhyth-
mia (including atrial fibrillation and atrial flutter) in this breast cancer cohort, and a prospective
study is warranted to confirm this finding. More recently, although in lymphoma patients, the
randomized controlled trial STOP CA showed that statins used for primary prevention reduced
cardiomyopathy compared with placebo [50]. Thus, for breast cancer patients who have high
cholesterol or elevated ASCVD score, there should be a low threshold for starting a statin.

Our findings are generally consistent with the previous literature on cardiovascular disease in
breast cancer patients and we also elucidate some novel findings that may impact management
of breast cancer patients, such as evaluating CMR GCS, consistent with the 2022 ESC guideline
recommendation of monitoring for cardiotoxicity with GCS by CMR [15]. Although echo is
first line based on the guidelines due to ease of access, CMR can be complementary when echo
quality is suboptimal, for evaluation or verification of an accurate ejection fraction, and when
tissue characterization for assessment of inflammation or fibrosis is warranted [51]. Further, AT
may be associated with longer term adverse remodeling as evidenced by larger left and right ven-
tricle sizes. The significance of this is unclear and further longitudinal follow up is needed. Of
note, the cardiovascular risk factor of hypertension significantly increased risk of future CAD/
ML, and thus aggressive risk factor management in this population is of critical importance.

Study limitations

Limitations of this study include being a single center study and having a relatively small sam-
ple size. Thus, the ability to assess differences in outcomes of those on certain cancer therapies
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was limited, and future studies with larger cohorts may help elucidate this further. Addition-
ally, most of our patients were Caucasian, which reduces generalizability to other ethnicities.
The study was retrospective in nature, so there may exist factors not accounted for in the anal-
ysis, and there may be missing information with respect to cardiac risk factors. Given that we
went back to the 1990s for patients’ first exposure to chemotherapy, this can introduce a lead
time bias and confounders from differences in treatment approaches, including dosages that
have evolved over time. Thus, prospective studies would be valuable to further explore the
findings of this study. Furthermore, there may be selection bias for those who received anthra-
cycline and/or her2 inhibitor compared to those who did not, such as age, comorbidities, and
stage of breast cancer. Additionally, CMR imaging did not include T1 mapping for assessment
of diffuse fibrosis or extracellular volume fraction in this cohort of patients, limiting the CMR
assessment of tissue characterization that can be demonstrated with this more contemporary
quantitative technique.

Conclusions

CMR and CMR strain evaluation are important imaging tools to assess breast cancer patients
for chemotherapy induced cardiotoxicity. Although patients may have preserved LVEF, many
have abnormal strain, suggesting subclinical cardiotoxicity. Statin use may be associated with a
reduction in future arrhythmias in this patient cohort.

Clinical perspectives

Competencies in medical knowledge. In patients treated with cancer therapies, clinicians
should be cognizant of cardiac diseases as a major side effect. Clinicians should be cautious
when treating cancer patients who have cardiovascular risk factors, such as hypertension, and
obesity,

Competency in patient care. A breast cancer patient, prior to starting and while on che-
motherapy, should receive a comprehensive cardiac evaluation, including cardiac imaging
with echocardiography, as well as cardiac magnetic resonance imaging when indicated. Breast
cancer patients should be aware of the cardiovascular risks associated with cancer therapy and
the need for thorough cardiac risk assessment and management. Cardiac monitoring should
be an integral component of quality cancer care.

Supporting information

S1 File.
(PPTX)

S1 Data.
(XLSX)

Author Contributions

Conceptualization: Jennifer M. Kwan, Amit Arbune, Juan Lopez-Mattei, Avirup Guha,
Anna S. Bader, Hamid Mojibian, Maryam Lustberg.

Data curation: Jennifer M. Kwan, Amit Arbune, Mariana L. Henry, Vinh Nguyen,
Seohyuk Lee.

Formal analysis: Jennifer M. Kwan, Mariana L. Henry, Vinh Nguyen.

Investigation: Jennifer M. Kwan, Seohyuk Lee, Judith Meadows, Lauren A. Baldassarre.

PLOS ONE | https://doi.org/10.1371/journal.pone.0286364 May 30, 2023 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0286364.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0286364.s002
https://doi.org/10.1371/journal.pone.0286364

PLOS ONE

Cardiovascular Outcomes and Advanced Cardiac Imaging in Breast Cancer Patients

Methodology: Amit Arbune, Mariana L. Henry, Rose Hu, Wei Wei, Vinh Nguyen,

Steffen Huber, Anna S. Bader, Hamid Mojibian, Lauren A. Baldassarre.

Supervision: Jennifer M. Kwan, Wei Wei, Lauren A. Baldassarre.

Writing - original draft: Jennifer M. Kwan, Amit Arbune, Mariana L. Henry, Seohyuk Lee,

Lauren A. Baldassarre.

Writing - review & editing: Jennifer M. Kwan, Amit Arbune, Mariana L. Henry, Rose Hu,

Wei Wei, Seohyuk Lee, Juan Lopez-Mattei, Avirup Guha, Steffen Huber, Anna S. Bader,
Judith Meadows, Hamid Mojibian, Dana Peters, Maryam Lustberg, Sarah Hull,
Lauren A. Baldassarre.

References

1.

10.

1.

12

13.

14.

15.

DeSantis CE, Ma J, Gaudet MM et al. Breast cancer statistics, 2019. CA: a cancer journal for clinicians
2019; 69:438—451. https://doi.org/10.3322/caac.21583 PMID: 31577379

Guo F, Kuo YF, Shih YCT, Giordano SH, Berenson AB. Trends in breast cancer mortality by stage at
diagnosis among young women in the United States. Cancer 2018; 124:3500-3509. https://doi.org/10.
1002/cncr.31638 PMID: 30189117

Gernaat SAM, Boer JMA, van den Bongard DHJ et al. The risk of cardiovascular disease following
breast cancer by Framingham risk score. Breast cancer research and treatment 2018; 170:119-127.
https://doi.org/10.1007/s10549-018-4723-0 PMID: 29492735

Bradshaw PT, Stevens J, Khankari N, Teitelbaum SL, Neugut Al, Gammon MD. Cardiovascular Dis-
ease Mortality Among Breast Cancer Survivors. Epidemiology (Cambridge, Mass) 2016; 27:6—13.
https://doi.org/10.1097/EDE.0000000000000394 PMID: 26414938

Afifi AM, Saad AM, Al-Husseini MJ, Elmehrath AO, Northfelt DW, Sonbol MB. Causes of death after
breast cancer diagnosis: A US population-based analysis. Cancer 2020; 126:1559—-1567. https://doi.
org/10.1002/cncr.32648 PMID: 31840240

Daher IN, Daigle TR, Bhatia N, Durand JB. The prevention of cardiovascular disease in cancer survi-
vors. Texas Heart Institute journal 2012; 39:190-8. PMID: 22740730

Mehta LS, Watson KE, Barac A et al. Cardiovascular Disease and Breast Cancer: Where These Entities
Intersect: A Scientific Statement From the American Heart Association. Circulation 2018; 137:€30—e66.
https://doi.org/10.1161/CIR.0000000000000556 PMID: 29437116

Bravo-Jaimes K, Marcellon R, Varanitskaya L et al. Opportunities for improved cardiovascular disease
prevention in oncology patients. Curr Opin Cardiol 2020; 35:531-537. https://doi.org/10.1097/HCO.
0000000000000767 PMID: 32649353

Plana JC, Galderisi M, Barac A et al. Expert consensus for multimodality imaging evaluation of adult
patients during and after cancer therapy: a report from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. European heart journal Cardiovascular Imaging
2014; 15:1063-93. https://doi.org/10.1093/ehjci/jeu192 PMID: 25239940

Henry ML, Niu J, Zhang N, Giordano SH, Chavez-MacGregor M. Cardiotoxicity and Cardiac Monitoring
Among Chemotherapy-Treated Breast Cancer Patients. JACC Cardiovascular imaging 2018; 11:1084—
1093. https:/doi.org/10.1016/j.jcmg.2018.06.005 PMID: 30092967

Volkova M, Russell R, 3rd. Anthracycline cardiotoxicity: prevalence, pathogenesis and treatment. Curr
Cardiol Rev 2011; 7:214-220. https://doi.org/10.2174/157340311799960645 PMID: 22758622

Hershman DL, Shao T. Anthracycline cardiotoxicity after breast cancer treatment. Oncology (Williston
Park, NY) 2009; 23:227-34. PMID: 19418823

Jerusalem G, Lancellotti P, Kim S-B. HER2+ breast cancer treatment and cardiotoxicity: monitoring and
management. Breast cancer research and treatment 2019; 177:237-250. https://doi.org/10.1007/
$10549-019-05303-y PMID: 31165940

Mahabadi AA, Rischpler C. Cardiovascular imaging in cardio-oncology. J Thorac Dis 2018; 10:S4351—
$4366. https://doi.org/10.21037/jtd.2018.10.92 PMID: 30701103

Lyon AR, Lépez-Fernandez T, Couch LS et al. 2022 ESC Guidelines on cardio-oncology developed in
collaboration with the European Hematology Association (EHA), the European Society for Therapeutic
Radiology and Oncology (ESTRO) and the International Cardio-Oncology Society (IC-OS): Developed
by the task force on cardio-oncology of the European Society of Cardiology (ESC). European Heart
Journal 2022; 43:4229-4361. https://doi.org/10.1093/eurheartj/ehac244 PMID: 36017568

PLOS ONE | https://doi.org/10.1371/journal.pone.0286364 May 30, 2023 18/20


https://doi.org/10.3322/caac.21583
http://www.ncbi.nlm.nih.gov/pubmed/31577379
https://doi.org/10.1002/cncr.31638
https://doi.org/10.1002/cncr.31638
http://www.ncbi.nlm.nih.gov/pubmed/30189117
https://doi.org/10.1007/s10549-018-4723-0
http://www.ncbi.nlm.nih.gov/pubmed/29492735
https://doi.org/10.1097/EDE.0000000000000394
http://www.ncbi.nlm.nih.gov/pubmed/26414938
https://doi.org/10.1002/cncr.32648
https://doi.org/10.1002/cncr.32648
http://www.ncbi.nlm.nih.gov/pubmed/31840240
http://www.ncbi.nlm.nih.gov/pubmed/22740730
https://doi.org/10.1161/CIR.0000000000000556
http://www.ncbi.nlm.nih.gov/pubmed/29437116
https://doi.org/10.1097/HCO.0000000000000767
https://doi.org/10.1097/HCO.0000000000000767
http://www.ncbi.nlm.nih.gov/pubmed/32649353
https://doi.org/10.1093/ehjci/jeu192
http://www.ncbi.nlm.nih.gov/pubmed/25239940
https://doi.org/10.1016/j.jcmg.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30092967
https://doi.org/10.2174/157340311799960645
http://www.ncbi.nlm.nih.gov/pubmed/22758622
http://www.ncbi.nlm.nih.gov/pubmed/19418823
https://doi.org/10.1007/s10549-019-05303-y
https://doi.org/10.1007/s10549-019-05303-y
http://www.ncbi.nlm.nih.gov/pubmed/31165940
https://doi.org/10.21037/jtd.2018.10.92
http://www.ncbi.nlm.nih.gov/pubmed/30701103
https://doi.org/10.1093/eurheartj/ehac244
http://www.ncbi.nlm.nih.gov/pubmed/36017568
https://doi.org/10.1371/journal.pone.0286364

PLOS ONE

Cardiovascular Outcomes and Advanced Cardiac Imaging in Breast Cancer Patients

16.

17.

18.

19.
20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Perez IE, Taveras Alam S, Hernandez GA, Sancassani R. Cancer Therapy-Related Cardiac Dysfunc-
tion: An Overview for the Clinician. Clin Med Insights Cardiol 2019; 13:1179546819866445—
1179546819866445. https://doi.org/10.1177/1179546819866445 PMID: 31384135

Haykowsky MJ, Mackey JR, Thompson RB, Jones LW, Paterson DI. Adjuvant trastuzumab induces
ventricular remodeling despite aerobic exercise training. Clinical cancer research: an official journal of
the American Association for Cancer Research 2009; 15:4963-7. https://doi.org/10.1158/1078-0432.
CCR-09-0628 PMID: 19622583

Kirkham AA, Virani SA, Campbell KL. The utility of cardiac stress testing for detection of cardiovascular
disease in breast cancer survivors: a systematic review. Int J Womens Health 2015; 7:127-140. https://
doi.org/10.2147/IJWH.S68745 PMID: 25657599

Network NCC. NCCN clinical practice guidelines in oncology. 2008.

Koutsoukis A, Ntalianis A, Repasos E, Kastritis E, Dimopoulos M-A, Paraskevaidis I. Cardio-oncology:
A Focus on Cardiotoxicity. Eur Cardiol 2018; 13:64—69. https://doi.org/10.15420/ecr.2017:17:2 PMID:
30310475

Jawa Z, Perez RM, Garlie L et al. Risk factors of trastuzumab-induced cardiotoxicity in breast cancer: A
meta-analysis. Medicine (Baltimore) 2016; 95:e5195-e5195. https://doi.org/10.1097/MD.
0000000000005195 PMID: 27858859

Jordan JH, Todd RM, Vasu S, Hundley WG. Cardiovascular Magnetic Resonance in the Oncology
Patient. JACC Cardiovascular imaging 2018; 11:1150-1172. https://doi.org/10.1016/j.jcmg.2018.06.
004 PMID: 30092971

Drafts BC, Twomley KM, D’Agostino R, Jr., et al. Low to moderate dose anthracycline-based chemo-
therapy is associated with early noninvasive imaging evidence of subclinical cardiovascular disease.
JACC Cardiovascular imaging 2013; 6:877-85. https://doi.org/10.1016/j.jcmg.2012.11.017 PMID:
23643285

Stoodley PW, Richards DA, Hui R et al. Two-dimensional myocardial strain imaging detects changes in
left ventricular systolic function immediately after anthracycline chemotherapy. European journal of
echocardiography: the journal of the Working Group on Echocardiography of the European Society of
Cardiology 2011; 12:945-52. https://doi.org/10.10983/ejechocard/jer187 PMID: 21965152

Wassmuth R, Lentzsch S, Erdbruegger U et al. Subclinical cardiotoxic effects of anthracyclines as
assessed by magnetic resonance imaging-a pilot study. American heart journal 2001; 141:1007-13.
https://doi.org/10.1067/mhj.2001.115436 PMID: 11376317

Subar M, Lin W, Chen W, Pittman DG. Lack of uniformity in cardiac assessment during trastuzumab
therapy. The breast journal 2011; 17:383-90. https://doi.org/10.1111/j.1524-4741.2011.01101.x PMID:
21615821

Thavendiranathan P, Poulin F, Lim KD, Plana JC, Woo A, Marwick TH. Use of myocardial strain imag-
ing by echocardiography for the early detection of cardiotoxicity in patients during and after cancer che-
motherapy: a systematic review. Journal of the American College of Cardiology 2014; 63:2751-68.
https://doi.org/10.1016/j.jacc.2014.01.073 PMID: 24703918

Negishi K, Negishi T, Haluska BA, Hare JL, Plana JC, Marwick TH. Use of speckle strain to assess left
ventricular responses to cardiotoxic chemotherapy and cardioprotection. European heart journal Car-
diovascular Imaging 2014; 15:324—31. https://doi.org/10.1093/ehjci/jet159 PMID: 24057661

Keramida K, Farmakis D. Right ventricular involvement in cancer therapy-related cardiotoxicity: the
emerging role of strain echocardiography. Heart failure reviews 2021; 26:1189—-1193. https://doi.org/10.
1007/s10741-020-09938-8 PMID: 32128669

Thavendiranathan P, Negishi T, Somerset E et al. Strain-Guided Management of Potentially Cardiotoxic
Cancer Therapy. J Am Coll Cardiol 2021; 77:392—401. https://doi.org/10.1016/j.jacc.2020.11.020
PMID: 33220426

Heidari-Bateni G, Durand J-B, lliescu C et al. Clinical Impact of Cardiovascular Magnetic Resonance in
Cancer Patients With Suspected Cardiomyopathy. Frontiers in Cardiovascular Medicine 2021; 8.
https://doi.org/10.3389/fcvm.2021.734820 PMID: 34765654

Giusca S, Korosoglou G, Montenbruck M et al. Multiparametric Early Detection and Prediction of Cardi-
otoxicity Using Myocardial Strain, T1 and T2 Mapping, and Biochemical Markers: A Longitudinal Car-
diac Resonance Imaging Study During 2 Years of Follow-Up. Circulation: Cardiovascular Imaging
2021; 14:e012459. https://doi.org/10.1161/CIRCIMAGING.121.012459 PMID: 34126756

Thavendiranathan P, Wintersperger BJ, Flamm SD, Marwick TH. Cardiac MRI in the assessment of
cardiac injury and toxicity from cancer chemotherapy: a systematic review. Circulation Cardiovascular
imaging 2013; 6:1080-91. https://doi.org/10.1161/CIRCIMAGING.113.000899 PMID: 24254478

Lustberg MB, Reinbolt R, Addison D et al. Early Detection of Anthracycline-Induced Cardiotoxicity in
Breast Cancer Survivors With T2 Cardiac Magnetic Resonance. Circulation Cardiovascular imaging
2019; 12:e008777. https://doi.org/10.1161/CIRCIMAGING.118.008777 PMID: 31060375

PLOS ONE | https://doi.org/10.1371/journal.pone.0286364 May 30, 2023 19/20


https://doi.org/10.1177/1179546819866445
http://www.ncbi.nlm.nih.gov/pubmed/31384135
https://doi.org/10.1158/1078-0432.CCR-09-0628
https://doi.org/10.1158/1078-0432.CCR-09-0628
http://www.ncbi.nlm.nih.gov/pubmed/19622583
https://doi.org/10.2147/IJWH.S68745
https://doi.org/10.2147/IJWH.S68745
http://www.ncbi.nlm.nih.gov/pubmed/25657599
https://doi.org/10.15420/ecr.2017:17:2
http://www.ncbi.nlm.nih.gov/pubmed/30310475
https://doi.org/10.1097/MD.0000000000005195
https://doi.org/10.1097/MD.0000000000005195
http://www.ncbi.nlm.nih.gov/pubmed/27858859
https://doi.org/10.1016/j.jcmg.2018.06.004
https://doi.org/10.1016/j.jcmg.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/30092971
https://doi.org/10.1016/j.jcmg.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23643285
https://doi.org/10.1093/ejechocard/jer187
http://www.ncbi.nlm.nih.gov/pubmed/21965152
https://doi.org/10.1067/mhj.2001.115436
http://www.ncbi.nlm.nih.gov/pubmed/11376317
https://doi.org/10.1111/j.1524-4741.2011.01101.x
http://www.ncbi.nlm.nih.gov/pubmed/21615821
https://doi.org/10.1016/j.jacc.2014.01.073
http://www.ncbi.nlm.nih.gov/pubmed/24703918
https://doi.org/10.1093/ehjci/jet159
http://www.ncbi.nlm.nih.gov/pubmed/24057661
https://doi.org/10.1007/s10741-020-09938-8
https://doi.org/10.1007/s10741-020-09938-8
http://www.ncbi.nlm.nih.gov/pubmed/32128669
https://doi.org/10.1016/j.jacc.2020.11.020
http://www.ncbi.nlm.nih.gov/pubmed/33220426
https://doi.org/10.3389/fcvm.2021.734820
http://www.ncbi.nlm.nih.gov/pubmed/34765654
https://doi.org/10.1161/CIRCIMAGING.121.012459
http://www.ncbi.nlm.nih.gov/pubmed/34126756
https://doi.org/10.1161/CIRCIMAGING.113.000899
http://www.ncbi.nlm.nih.gov/pubmed/24254478
https://doi.org/10.1161/CIRCIMAGING.118.008777
http://www.ncbi.nlm.nih.gov/pubmed/31060375
https://doi.org/10.1371/journal.pone.0286364

PLOS ONE

Cardiovascular Outcomes and Advanced Cardiac Imaging in Breast Cancer Patients

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Muehlberg F, Funk S, Zange L et al. Native myocardial T1 time can predict development of subsequent
anthracycline-induced cardiomyopathy. ESC heart failure 2018; 5:620-629. https://doi.org/10.1002/
ehf2.12277 PMID: 29673122

Awadalla M, Mahmood SS, Groarke JD et al. Global Longitudinal Strain and Cardiac Events in Patients
With Immune Checkpoint Inhibitor-Related Myocarditis. J Am Coll Cardiol 2020; 75:467—478. https://
doi.org/10.1016/j.jacc.2019.11.049 PMID: 32029128

Bouwer NI, Liesting C, Kofflard MJM et al. 2D-echocardiography vs cardiac MRl strain: a prospective
cohort study in patients with HER2-positive breast cancer undergoing trastuzumab. Cardiovascular
ultrasound 2021; 19:35. https://doi.org/10.1186/s12947-021-00266-x PMID: 34753503

Erley J, Genovese D, Tapaskar N et al. Echocardiography and cardiovascular magnetic resonance
based evaluation of myocardial strain and relationship with late gadolinium enhancement. J Cardiovasc
Magn Reson 2019; 21:46—46. https://doi.org/10.1186/s12968-019-0559-y PMID: 31391036

Neilan TG, Coelho-Filho OR, Shah RV et al. Myocardial extracellular volume by cardiac magnetic reso-
nance imaging in patients treated with anthracycline-based chemotherapy. The American journal of car-
diology 2013; 111:717-22. https://doi.org/10.1016/j.amjcard.2012.11.022 PMID: 23228924

Hong YJ, Kim GM, Han K et al. Cardiotoxicity evaluation using magnetic resonance imaging in breast
Cancer patients (CareBest): study protocol for a prospective trial. BMC cardiovascular disorders 2020;
20:264. https://doi.org/10.1186/s12872-020-01497-y PMID: 32493217

Vo HQ, Marwick TH, Negishi K. MRI-Derived Myocardial Strain Measures in Normal Subjects. JACC:
Cardiovascular Imaging 2018; 11:196-205. https://doi.org/10.1016/j.jcmg.2016.12.025 PMID:
28528164

Kim HT. Cumulative incidence in competing risks data and competing risks regression analysis. Clinical
cancer research: an official journal of the American Association for Cancer Research 2007; 13:559-65.
https://doi.org/10.1158/1078-0432.CCR-06-1210 PMID: 17255278

Larghat A, Biglands J, Maredia N et al. Endocardial and epicardial myocardial perfusion determined by
semi-quantitative and quantitative myocardial perfusion magnetic resonance. Int J Cardiovasc Imaging
2012; 28:1499-511. https://doi.org/10.1007/s10554-011-9982-3 PMID: 22124683

Yu AF, Moskowitz CS, Chuy KL et al. Cardiotoxicity Surveillance and Risk of Heart Failure During
HER2 Targeted Therapy. JACC CardioOncol 2020; 2:166—175. https://doi.org/10.1016/j.jaccac.2020.
03.002 PMID: 33103123

Kaufmann D, Szwoch M, Kwiatkowska J, Raczak G, Danitowicz-Szymanowicz L. Global longitudinal
strain can predict heart failure exacerbation in stable outpatients with ischemic left ventricular systolic
dysfunction. PloS one 2019; 14:e0225829. https://doi.org/10.1371/journal.pone.0225829 PMID:
31790492

Liu A, Wijesurendra RS, Liu JM et al. Diagnosis of Microvascular Angina Using Cardiac Magnetic Reso-
nance. Journal of the American College of Cardiology 2018; 71:969-979. https://doi.org/10.1016/j.jacc.
2017.12.046 PMID: 29495996

Beemath A, Stein PD, Skaf E, Al Sibae MR, Alesh I. Risk of venous thromboembolism in patients hospi-
talized with heart failure. The American journal of cardiology 2006; 98:793-5. https://doi.org/10.1016/j.
amjcard.2006.03.064 PMID: 16950187

Abuissa H, O’Keefe JH, Bybee KA. Statins as antiarrhythmics: a systematic review part |: effects on risk
of atrial fibrillation. Clinical cardiology 2009; 32:544-8. https://doi.org/10.1002/clc.20669 PMID:
19911349

Fauchier L, Pierre B, de Labriolle A, Grimard C, Zannad N, Babuty D. Antiarrhythmic effect of statin ther-
apy and atrial fibrillation a meta-analysis of randomized controlled trials. Journal of the American Col-
lege of Cardiology 2008; 51:828-35. https://doi.org/10.1016/j.jacc.2007.09.063 PMID: 18294568

ACC. STOP-CA Trial: Statin Therapy Associated With Reduced Heart Dysfunction From Anthracy-
clines. 2023.

Baldassarre Lauren A, Ganatra S, Lopez-Mattei J et al. Advances in Multimodality Imaging in Cardio-
Oncology. Journal of the American College of Cardiology 2022; 80:1560—1578. https://doi.org/10.1016/
j.jacc.2022.08.743 PMID: 36229093

PLOS ONE | https://doi.org/10.1371/journal.pone.0286364 May 30, 2023 20/20


https://doi.org/10.1002/ehf2.12277
https://doi.org/10.1002/ehf2.12277
http://www.ncbi.nlm.nih.gov/pubmed/29673122
https://doi.org/10.1016/j.jacc.2019.11.049
https://doi.org/10.1016/j.jacc.2019.11.049
http://www.ncbi.nlm.nih.gov/pubmed/32029128
https://doi.org/10.1186/s12947-021-00266-x
http://www.ncbi.nlm.nih.gov/pubmed/34753503
https://doi.org/10.1186/s12968-019-0559-y
http://www.ncbi.nlm.nih.gov/pubmed/31391036
https://doi.org/10.1016/j.amjcard.2012.11.022
http://www.ncbi.nlm.nih.gov/pubmed/23228924
https://doi.org/10.1186/s12872-020-01497-y
http://www.ncbi.nlm.nih.gov/pubmed/32493217
https://doi.org/10.1016/j.jcmg.2016.12.025
http://www.ncbi.nlm.nih.gov/pubmed/28528164
https://doi.org/10.1158/1078-0432.CCR-06-1210
http://www.ncbi.nlm.nih.gov/pubmed/17255278
https://doi.org/10.1007/s10554-011-9982-3
http://www.ncbi.nlm.nih.gov/pubmed/22124683
https://doi.org/10.1016/j.jaccao.2020.03.002
https://doi.org/10.1016/j.jaccao.2020.03.002
http://www.ncbi.nlm.nih.gov/pubmed/33103123
https://doi.org/10.1371/journal.pone.0225829
http://www.ncbi.nlm.nih.gov/pubmed/31790492
https://doi.org/10.1016/j.jacc.2017.12.046
https://doi.org/10.1016/j.jacc.2017.12.046
http://www.ncbi.nlm.nih.gov/pubmed/29495996
https://doi.org/10.1016/j.amjcard.2006.03.064
https://doi.org/10.1016/j.amjcard.2006.03.064
http://www.ncbi.nlm.nih.gov/pubmed/16950187
https://doi.org/10.1002/clc.20669
http://www.ncbi.nlm.nih.gov/pubmed/19911349
https://doi.org/10.1016/j.jacc.2007.09.063
http://www.ncbi.nlm.nih.gov/pubmed/18294568
https://doi.org/10.1016/j.jacc.2022.08.743
https://doi.org/10.1016/j.jacc.2022.08.743
http://www.ncbi.nlm.nih.gov/pubmed/36229093
https://doi.org/10.1371/journal.pone.0286364

