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Editorial on the Research Topic
Cardiovascular sequelae of chemotherapy and radiotherapy in cancer
survivors: current evidence and perspectives

Cardiovascular diseases and cancer are the two leading causes of morbidity and premature
death worldwide (1, 2). In the past decade, the survival of cancer patients has impressively
increased, mainly through screening modalities improvement and development of novel
anticancer drugs (1, 2). This inevitably brought to a growing population of cancer
survivors, burdened by long-term sequelae due to chemotherapy and radiotherapy (1-3).
Indeed, chest malignancies, including lung, esophageal and breast cancers, as well as
lymphomas, usually require radiotherapy as part of their treatment regimen. Even though
advanced radiation techniques have provided better protective effects for the heart, the
risk of delayed heart disease still represents a considerable concern.

Therefore, we should take into account the potential synergic effect of anticancer agents
and radiotherapy (4-6). Moon-Sing Lee et al. in their population-based study, identified
158,798 breast cancer patients and using a propensity score match of 1:1, included 21,123
patients in each left and right breast radiation cohort. Previous heart disease and
anticancer agents, including epirubicin, doxorubicin and trastuzumab, were taken into
account for the analysis. Patients who received left radiation demonstrated an increased
risk of ischemic heart disease compared with patients who received right breast radiation.
Furthermore, in those undergoing left breast radiation dose >6,040 Gray, subsequent
epirubicin might show a tendency to increase the risk of heart failure, whereas
doxorubicin and trastuzumab did not. Further studies appear to be needed to confirm
these hypothesis-generating results.
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In the involved in

cardiotoxicity, the inflammatory cascade seems to be a common

arena of emerging mechanisms
denominator in the pathogenesis of cardiovascular events during
treatment of various types of tumors. In particular, Torrente
et al. conducted a single-institution retrospective study in order
to assess the incidence and identify risk factors for cardiac events
in patients treated with Immune checkpoint inhibitors (ICIs) for
hematological and solid tumors. These agents produce a wide
spectrum of inflammatory and immune-related adverse events
(7), mainly due to aberrant autoreactive T-cell activation,
eventually affecting any organ or tissue. Among the various
forms of ICI toxicities, myocarditis brings high risk of morbidity
and mortality. In this study, 378 patients were analyzed and it
was found that the incidence of cardiac events (CEs) was 16.7%,
during a median follow-up of 50.5 months. The multivariable
analysis showed that age, history of arrhythmia or ischemic heart
disease, as well as prior immune-related adverse events, were
predictors of CEs. Moreover, it appeared that CEs during ICI
treatment, in particular atrial fibrillation, were more common
than currently appreciated. Thus, a thorough cardiovascular
evaluation is strongly recommended before ICI treatment and, in
high-risk patients, a closer follow-up and prompt referral to
cardio-oncology specialists, as soon as cardiotoxicity is suspected.
Risk stratification using a scoring system may improve the
cardiovascular outcomes of patients treated with ICIs, by
identifying those at higher risk for cardiovascular complications.

In the field of innovative immunological treatment, another
topic of current interest is represented by chimeric antigen
receptor-T (CAR-T) cells infusion for patients affected by
advanced and refractory onco-hematological malignancies. CAR-
T cell-related cardiovascular toxicities are now emerging as
significantly affecting patients’ prognosis. Mechanisms involved
are still under investigation, although the aberrant inflammatory
activation observed in cytokine release syndrome (CRS) seems to
play a pivotal role. The most frequently reported cardiac events,
observed both in adults and in the pediatric population, are
represented by hypotension, arrhythmias and left ventricular
systolic dysfunction, sometimes associated with overt heart
failure. Therefore, there is an increasing need to understand the
pathophysiological basis of these events and risk factors related
to their development, in order to identify most vulnerable
patients requiring a close cardiological monitoring and long-term
follow-up. A multidisciplinary approach focused on the
management of this selected population is now needed to
optimize outcomes Camilli et al.

The inflammatory hypothesis may be also applied to the
therapeutic field. Aspirin, through its anti-inflammatory effect,
can inhibit tumor cell growth and prevent the development of
cardiovascular diseases (8). By suppressing cyclooxygenase 1/2,
some preclinical studies have found possible antitumor
mechanisms in subjects affected by prostate cancer. Wei-Ting
Chang et al. starting from a reported increased risk of incident
coronary heart disease and myocardial infarction in association
with Gonadotropin Releasing Hormone (GnRH) antagonists
treatment, aimed at studying whether regular aspirin use was
associated with a risk reduction of major adverse cardiovascular
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and cerebrovascular events (MACCEs) by using a nationwide
database. In their study, they observed that, despite a higher risk
of MACCEs among irregular aspirin users, after adjusting for
age, cancer stage and comorbidities, there was a trend to
MACCE:s reduction among those who received aspirin regularly.

Among the numerous pathological changes that occur to the
myocardium during cardiotoxic therapy, oedema is considered an
early manifestation of myocardial damage and a precursor of
cardiac dysfunction and fibrosis (9, 10). Cardiac magnetic
resonance (CMR) T2 mapping technique can characterize
myocardial oedema in vivo and potentially provide additional
insights beyond functional evaluation (9, 10). In the field of
gynecological malignancies, Meng-Xi Young et al. enrolled 73
cancer patients and 41 healthy volunteers. All participants
underwent CMR imaging. CMR sequences included cardiac cine,
T2 mapping, and late gadolinium enhancement. In patients with
gynecological malignancies, myocardial oedema developed with
increasing chemotherapy cycles and was associated with
decreased left ventricular mass. This report represents one of the
few examples of T2 mapping application in cardio-oncology and
above all in the gynecological population.

At the same time, in order to confirm the ability of native T1
and T2 values in detecting and monitoring early myocardial injury
of chest radiotherapy, Yaotian Tian et al. in their prospective
observational study, enrolled fifteen participants who received
non-anthracycline chemotherapy and chest radiotherapy, and 30
age/gender-matched controls. Cardiac magnetic resonance scans
were performed within 2 days, 3 months, and 6 months after
chest radiotherapy. They demonstrated that native T1 and T2
values increased at 3 months after radiotherapy, whereas LVEF
showed no significant changes during the 6-month follow-up.

Rapid development of microarray and sequencing technologies
has revolutionized the complexity of collecting and examining
molecular data in current biomedical research. Hongyan Qian
et al. aimed at understanding the differences in the molecular
mechanisms involved in doxorubicin-induced acute and chronic
cardiotoxicity, through mouse models and Ribonucleic acid
(RNA)-sequencing data. Mice were injected intraperitoneally with
doxorubicin [(20 mg/kg, once) or (5 mg/kg/week, three times)] to
simulate acute and chronic cardiotoxicity. Left ventricular
myocardium samples were analyzed by RNA-sequencing to
identify differentially-expressed genes. Alasl, Atp5¢l, and Ptgds
revealed to be ideal biomarkers in acute cardiotoxicity, while
Hsphl and Vegfa were identified as potential biomarkers of
chronic toxicity. This report first provided bioinformatics and
clinical evidence for differences in mechanisms of doxorubicin-
induced acute and chronic cardiotoxicity.

The increasing need to understand the pathophysiological basis
of cardiotoxicity and its early detection serves to identify most
vulnerable patients requiring a close cardiological monitoring
and, above all, a long-term follow-up (2). With improved cancer
survival, non-cancer events, especially heart diseases, have
become a leading cause of death in neoplastic patients and
require long-term follow-up. Bei Chen et al. in the first large
population-based study on the risk of fatal cardiac events in
sarcoma patients, suggested that the risk of death is higher than
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that observed in the general population, and progressively increased
with longer follow-up times. However, in patients with bone and soft
tissue sarcoma, the risk of cardiac death varied mainly in patients
with different histological subtypes of sarcoma and disease stages.
Subgroup analyses indicated that chemotherapy increased the risk
of events in patients with localized osteosarcoma, but not in those
with subtypes
characteristics. Thus, to mitigate the risk of death in sarcoma

other histological sarcoma and clinical
patients, enhanced multidisciplinary cooperation is warranted.
Similarly, Xuezhen Wang et al. explored the impact of
chemotherapy on the risk of cardiac-related death in astrocytoma
patients, by retrospectively evaluating astrocytoma patients
diagnosed between 1975 and 2016 in the Surveillance,
Epidemiology, and End Results (SEER) database. They found
that age at diagnosis plays a crucial role in determining the risk
death than

highlighting that cardio-oncologists must provide comprehensive

of subsequent cardiac rather chemotherapy,

care and long-term monitoring for cancer patients, especially
those at an increased cardiovascular risk.

This special issue again sheds light on the emerging role of cardio-
oncology teams, always more necessary to reduce the burden of

cardiovascular diseases in cancer patients through surveillance
strategies implementation and cardiotoxicity management protocols.
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associated with a lower
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Gonadotropin-releasing hormone (GnRH) therapy has been known to increase
risks of major adverse cardiovascular and cerebrovascular events (MACCEs).
Herein, we aim to estimate whether regular use of aspirin attenuates risks of
MACCEs in prostate cancer patients receiving GnRHs. Using Taiwanese
National Health Insurance Research Database (NHIRD), we identified 7719
patients diagnosed with prostate cancer who were either aspirin-naive,
received irregular or regular aspirin from 2008 to 2015. Through a
multivariable logistic regression model, we investigated the impact of aspirin
on MACCEs. Compared with nonusers and irregular users, most patients
receiving regular aspirin were older and had more comorbidities. The crude
incidence of one-year MACCEs was lowest in aspirin nonusers but highest in
irregular users of aspirin compared with regular users of aspirin (2.65% vs. 4.41%
vs. 2.85%, p=0.0099). After adjusting for age, cancer stage and comorbidities,
irregular aspirin users had a higher risk of one-year MACCEs (adjusted OR: 1.33;
95% ClI: 0.93-1.90, p=0.1139) than aspirin nonusers, but conversely, there was a
trend of reducing the risk of MACCEs among those who received regular
aspirin (adjusted OR: 0.79; 95% Cl: 0.44-1.42, p=0.4256). In the subgroup
analysis, there were age- and cancer stage-independent higher risks of
MACCEs in patients who took aspirin irregularly compared to those in
patients who did not take aspirin. The risks were attenuated in patients
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receiving regular aspirin. Collectively, regular use of aspirin presented a trend of
reducing risks of MACCEs in prostate cancer patients receiving GnRHs.
However, irregular use of aspirin diminished the benefits.

KEYWORDS

prostate cancer, GnRH therapy, aspirin, cardiotoxicity, MACCEs

Introduction

With a high prevalence, prostate cancer affects
approximately one man in eight during his lifetime (1,
2). Notably, at the average age of 66 at diagnosis, most
prostate cancer patients were at old ages and had
comorbidities (2). Medical castration, including gonadotropin-
releasing hormone (GnRH) therapy, has significantly improved
cancer-free survival (3, 4). Nevertheless, since the first
observational study in a Surveillance, Epidemiology, and End
Results-Medicare database, numerous studies, including
randomized controlled trials, have identified an increased risk
of incident coronary heart disease and myocardial infarction in
association with GnRH therapy (5-7). To date, the cornerstone
of management of GnRH therapy-associated cardiovascular
complications relies on prevention (6, 7). Before initiating
GnRH therapy, a multidisciplinary discussion with the patient,
especially those with multiple cardiovascular risk factors, about
the risks and benefits of GnRH therapy should be carried out (6).
Additionally, increasing the awareness of patients of the signs of
cardiovascular disease and screening for undiagnosed risk
factors are essential (6, 8). Notably, evidence suggests that, in
patients diagnosed with high-risk prostate cancer, aspirin may
be associated with lower prostate cancer-specific mortality (9,
10). Although this has yet to be validated in other populations, it
is possible that select patients may benefit from aspirin for
primary and secondary prevention of cardiovascular diseases
and possibly for reduced cancer-related mortality.

Aspirin, through its anti-inflammatory effect, can inhibit
tumor cell growth and the development of cardiovascular
diseases (9, 10). By suppressing cyclooxygenase 1/2, some
preclinical studies have found some possible antitumor
mechanisms of aspirin in prostate cancer (11, 12). Downer
et al. suggested that regular aspirin lowers the risk of lethal
prostate cancer (13). Additionally, evidence suggests that, in
patients diagnosed with high-risk prostate cancer, aspirin may
be associated with lower prostate cancer-specific mortality (9,
10). Nevertheless, it remains uncertain whether prostate cancer
patients may benefit from aspirin for primary and secondary
prevention of cardiovascular diseases. Hereby, using a
nationwide database, we aimed to study whether regular
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aspirin use is associated with a risk reduction of major adverse
cardiovascular and cerebrovascular events (MACCEs) in
prostate cancer patients receiving GnRH therapy.

Method
Data source

This study was a real-world database study using Taiwan’s
National Health Insurance Research Database (NHIRD) and the
Taiwan Cancer Registry (TCR), which are released by the Health
and Welfare Data Science Center (HWDC). The NHIRD
includes age, sex, medications, procedures and all medical
diagnoses from Taiwan’s single-payer National Health
Insurance program. The diagnosis of diseases and procedures
in the NHIRD was based on the International Classification of
Diseases (ICD) codes, so high reliability could be confirmed (14).
In addition, the TCR is a high-quality registry database that
includes almost 97% of cancer patients and has been established
by Taiwan’s Ministry of Health and Welfare since 1979 (15, 16).
Information on age at cancer diagnosis, sex, cancer stages, cancer
sites, tumor histology, and treatment types are all present in the
TCR. The institutional review committee of Chi Mei Medical
Center approved this study (IRB: 11005-E03). Encrypted
personal identification was used to prevent the possibility of
an ethical violation according to the regulations of the Bureau of
National Health Insurance (BNHI) in Taiwan, so informed
consent was not required.

Definitions of studied subjects

Patients newly diagnosed with prostate cancer and receiving
GnRH therapies from 2008 to 2015 were identified from the
TCR-long form, and the detailed information is listed in
Figure 1. To correspond to the aim of the completed dataset,
the initial exclusion criteria for this study were patients with a
history of MACCEs before cancer, incomplete medical records
of cancer stage, and patients aged less than 18 years. Moreover,
we defined patients who only received medical castration,
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3-years Adjusted OR

MACCrate  (85% Cl) P-value

118(10.83)  Ref.

40(1439)  1.19(0.79-1.78) 4059

22(1272)  1.06(064-1.75) 8260

71(722) Ref.

37 (12.05) 1.64(1.06-2.66) .0272

17(1043)  1.46(0.82:262) 2010

240(9.43)  Ref

91(13.00) 1.32(1.01-1.72)  .0393

41(1168)  1.13(078-162) 5243

Chang et al.
Comorbidities  Aspirin used
DM Non-used
Non-regular used ——
Regular used ——
Hyperiipidemia  Non-used
Non-regular used —_—
Reguler used —-—
HTN Non-used
Non-regular used ——o
Regular used —
T T
0 1 2
FIGURE 1

The flowchart of study design and patient selection.

including GnRH agonists/antagonists, within 2 years after the
date of diagnosis of cancer as the target patients. Thus, the index
date of this study was the date of prostate cancer patients
receiving GnRH therapy. Patients given surgical castration or
receiving both GnRH and surgical therapy, patients who
received treatment before cancer diagnosis, patients receiving
GnRH therapy two years after a cancer diagnosis, and MACCEs
before medical castration were all excluded. Finally, patients
with a history of aspirin use were assessed within one year before
the diagnosis of cancer. All patients were divided into three
groups: (1) patients with aspirin prescription for more than 10
months in one year were regular aspirin users, (2) otherwise
patients were defined as irregular users of aspirin. Also, (3)
patients without aspirin use at least one year before the diagnosis
of cancer were aspirin-naive. The dosage of aspirin was 100mg
per day.

Information regarding age, clinical stage of cancer,
comorbidities, and concomitant medication history within the
previous 12 months among the study subjects was also
considered a potential confounding factor. Age was classified
into the following groups: <60, 60-69, and 270 years old. The
clinical stage of cancer included early stages (I/II) and advanced
stages (III/VI). The diagnosis codes of comorbidities and the
Anatomical Therapeutic Chemical (ATC) codes of drugs are
shown in Supplementary Table 1.

Study endpoint

The primary outcome was a composite endpoint of
MACCEs, including new-onset acute myocardial infarction
(AMI), heart failure (HF), and ischemic stroke (including
transient ischemic attack [TIA]), after the index date during
the study period. All patients were followed-up from the index
date to death, were lost to follow-up, or were followed the whole
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three years. The sensitivity analysis approach was also used to
verify MACCE risk. Both one-year and three-year risks of
MACCEs were estimated to validate the association between
MACCE:s and three groups of aspirin use. Because ICD-9-CM
was replaced by ICD-10-CM in 2016, both ICD-9-CM and ICD-
10-CM codes were used to identify endpoints in the primary
outcome during the follow-up period (Supplementary Table 1).

Statistical analysis

The baseline information of patients is presented as numbers
with percentages, and the differences in proportions were
evaluated using Pearson’s chi-square test or Fisher’s exact test.
A multivariable logistic regression model was used to evaluate
the risk of MACCEs among the three aspirin use groups. Patient
age, clinical stage of cancer, comorbidities, and the use of drugs
were included as covariates in the model to estimate the
adjusted odds ratio (OR) with the 95% confidence interval
(95% CI). Subgroup analyses of different age groups and
cancer stages were also performed. A forest plot was used to
present the risk of MACCEs between the three aspirin use
groups among patients with diabetes, hyperlipidemia or
hypertension. Statistical significance was considered a p-value
less than 0.05. SAS 9.4 for Windows (SAS Institute Inc., Cary,
NC, USA) was used for all data analyses.

Results

Demographic information of prostate
cancer patients

From 2008 to 2015, we identified 7719 patients diagnosed
with prostate cancer with information on aspirin use. Among
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them, 6346 patients were aspirin-naive, 952 patients were
irregular aspirin users and 421 patients were regular aspirin
users (Table 1). Compared with aspirin nonusers and irregular
aspirin users, most patients who received regular aspirin were
older and were diagnosed at an earlier cancer stage. There were
more cardiovascular comorbidities, including diabetes,
hypertension, hyperlipidemia, peripheral artery disease,
valvular heart diseases, atrial fibrillation, and chronic kidney
disease, among patients with regular aspirin use compared to
that among aspirin nonusers or irregular aspirin users.
Additionally, more regular aspirin users were prescribed
ACEIs/ARBs and statins. Although the crude incidence of all-
cause mortality was not significantly different among groups,
interestingly, the one-year crude incidence of MACCEs was
lowest in aspirin nonusers but highest in irregular aspirin
users compared with those in regular aspirin users (2.65% vs.
4.41% vs. 2.85%, p=0.0099). The crude incidence was

10.3389/fonc.2022.952370

persistently lower in aspirin nonusers compared to those in
the other two groups at the three-year follow-up.

The incidence of mortality and MACCEs
between aspirin users and nonusers

After adjusting for age, comorbidities, cardiovascular
medications and androgen receptor antagonists, in terms of
one-year MACCEs, compared with aspirin nonusers, irregular
aspirin users had a relatively higher risk of MACCEs (adjusted
OR: 1.33; 95% CI: 0.93-1.90, p=0.1139), while notably, there was
a trend of reducing the risk of MACCEs among those who
received aspirin regularly (adjusted OR: 0.79; 95% CI: 0.44-1.42,
p=0.4256) (Table 2). Additionally, other risk factors, including
old age (=70 years old) (adjusted OR: 3.31; 95% CI: 1.51-7.25,
p<0.0028); advanced cancer stage (III/VI) (adjusted OR: 1.44;

TABLE 1 Demographic information of prostate cancer patient in groups of non-Aspirin use, non-regular Aspirin use and regular Aspirin use.

Non-Aspirin use Non-regularAspirin use Regular Aspirin use P-value

N = 6,346 N =952 N =421
Age groups
<60 645 (10.16) 38 (3.99) 14 (3.33) <.0001
60-69 1849 (29.14) 238 (25.00) 92 (21.85)
270 3852 (60.70) 676 (71.01) 315 (74.82)
Clinical stage
L 1T 1764 (27.80) 296 (31.09) 136 (32.30) 0.0216
1L, IV 4582 (72.20) 656 (68.91) 285 (67.70)
Mortality 2328 (36.68) 371 (38.97) 151 (35.87) 0.3552
MACCEs
1-years 168 (2.65) 42 (4.41) 12 (2.85) 0.0099
3-years 483 (7.61) 105 (11.03) 47 (11.16) 0.0001
Comorbidities
PAD 54 (0.85) 19 (2.00) 10 (2.38) 0.0002
DM 1090 (17.18) 278 (29.20) 173 (41.09) <.0001
Hyperlipidemia 983 (15.49) 307 (32.25) 163 (38.72) <.0001
Valvular heart disease 72 (1.13) 32 (3.36) 15 (3.56) <.0001
Asthma 200 (3.15) 33 (3.47) 14 (3.33) 0.8661
Atrial fibrillation 51 (0.80) 36 (3.78) 24 (5.70) <.0001
CKD 465 (7.33) 101 (10.61) 40 (9.50) 0.0009
HTN 2546 (40.12) 700 (73.53) 351 (83.37) <.0001
COPD 352 (5.55) 76 (7.98) 34 (8.08) 0.0023
Drug used
ACEI 345 (5.44) 119 (12.50) 73 (17.34) <.0001
Anti-coagulants: Warfarin 54 (0.85) 15 (1.58) 3(0.71) 0.0846
ARB 1157 (18.23) 362 (38.03) 221 (52.49) <.0001
Statin 607 (9.57) 215 (22.58) 133 (31.59) <0001
Cyproterone, bicalutamide and diethylstilbestrol 189 (2.98) 27 (2.84) 13 (3.09) 0.9604

P-value was from Pearson’s chi-square test.

MACCEs, major adverse cardiovascular and cerebrovascular events; PAD, peripheral arterial disease; DM, diabetes mellitus; HTN, hypertension; CKD,chronic kidney disease; COPD,
chronic obstructive pulmonary disease; ACEI, Angiotensin Converting Enzyme Inhibitors; ARB, Angiotensin II receptor blockers.
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TABLE 2 Risks of 1-year and 3-years major adverse cardiovascular and cerebrovascular events (MACCEs) in prostate cancer patients having

different treatment or comorbidities.

1- year MACCEs

3-years MACCEs

Adjusted OR P-value Adjusted OR* P-value Adjusted OR P-value Adjusted OR*(95% C.1.) P-value

(95% C.1.) (95% C.1.)

Non-used Ref. Ref.
Non-regular aspirin used  1.33 (0.93-1.90) 0.1139 1.30 (0.91-1.85)
Regular aspirin used 0.79 (0.44-1.42) 0.4256 0.77 (0.43-1.39)
Age groups

<60 Ref. Ref.

60-69 1.79 (0.78-4.09) 0.1692 1.79 (0.78-4.08)

>70 331 (1.51-7.25)  0.0028 3.35 (1.53-7.34)
Clinical stage

L 1II Ref. Ref.

L IV 1.44 (1.05-1.97) 0.0256 1.46 (1.07-2.01)
Comorbidities
PAD 1.38 (0.52-3.65) 0.5158 1.36 (0.51-3.59)
DM 1.65 (1.21-226)  0.0015 1.62 (1.18-2.20)
Hyperlipidemia 0.72 (0.48-1.08) 0.1089 0.71 (0.48-1.07)
Valve 127 (0.54-3.02)  0.5871 1.24 (0.52-2.95)
Asthma 1.27 (0.65-2.45) 0.4857 1.25 (0.65-2.42)
AF 0.91 (0.34-2.44) 0.8469 0.90 (0.33-2.42)
CKD 1.57 (1.07-2.32) 0.0223 1.60 (1.09-2.35)
HTN 1.44 (1.04-2.00) 0.0279 1.48 (1.07-2.05)
COPD 1.36 (0.85-2.16) 0.1989 1.41 (0.89-2.22)

*MACCE is the leading cause of death.
Abbreviations as listed in Table 1.

95% CI: 1.05-1.97, p<0.0256); and comorbidities, including DM
(adjusted OR: 1.65; 95% CI: 1.21-2.25, p=0.0015), HTN
(adjusted OR: 1.44; 95% CI: 1.04-2.00, p=0.0279) and CKD
(adjusted OR: 1.57; 95% CI: 1.07-2.23, p=0.0223), were
associated with the risk of MACCE:s at the one-year follow-up.
Given the instantaneous risk of mortality among patients with
prostate cancer, we adjusted the ORs with mortality as a
competing event. As MACCEs are a leading cause of death,
the results also indicated a relatively higher risk of one-year
MACCE: (adjusted OR: 1.30; 95% CI: 0.91-1.85, p=0.1487) in
irregular users of aspirin compared to that in aspirin nonusers,
while the risk was slightly reduced among those who received
regular aspirin (adjusted OR: 0.77; 95% CI: 0.43-1.39, p=0.3813).

Subgroup analysis focusing on age and
cancer stage among aspirin nonusers
and regular and irregular users

Given that prostate cancer patients who were aspirin nonusers
had fewer cardiovascular risk factors, to prevent bias, we thereafter
defined the risks of aspirin nonusers as the reference and focused
on the comparison between those with regular or irregular aspirin

Frontiers in Oncology

(95% C.1.)

Ref. Ref.
0.1487 1.18 (0.94-1.49) 0.1608 1.14 (0.90-1.43) 0.2824
0.3813 1.08 (0.78-1.51) 0.6321 1.04 (0.75-1.45) 0.7988

Ref. Ref.
0.1694 1.29 (0.83-2.01) 0.2532 1.29 (0.83-2.01) 0.2521
0.0025  2.54 (1.69-3.83)  <.0001 2.61 (1.74-3.94) <.0001

Ref. Ref.
0.0186 1.20 (0.99-1.44) 0.0627 1.18 (0.98-1.42) 0.0785
0.5393 1.69 (0.92-3.10) 0.0917 1.63 (0.89-2.99) 0.1163
0.0024 1.51 (1.24-1.85) <.0001 1.51 (1.24-1.84) <.0001
0.0995 0.82 (0.64-1.05) 0.1176 0.82 (0.64-1.05) 0.1185
0.6275 2.05 (1.27-3.31) 0.0034 2.10 (1.31-3.37) 0.0021
0.5058 1.19 (0.78-1.81) 0.4296 1.27 (0.84-1.91) 0.2612
0.8313 1.21 (0.68-2.17) 0.5155 1.15 (0.64-2.06) 0.6385
0.0161 1.34 (1.03-1.74) 0.0284 1.35 (1.04-1.74) 0.0248
0.0169 1.27 (1.04-1.55) 0.0207 1.29 (1.06-1.58) 0.0124
0.1432 1.24 (0.91-1.67) 0.1708 1.29 (0.96-1.73) 0.0949

12

use (Table 3). As categorized by age, among patients at relatively
younger ages from 60 to 69 years old, the risk of one-year MACCEs
was higher in patients who took aspirin irregularly compared to
patients who were aspirin nonusers (adjusted OR: 2.65; CI: 1.23-
5.71, p=0.0127). Notably, among patients who received aspirin
regularly, the risks decreased and became insignificant (adjusted
OR: 2.28; CI: 0,68-7.64, p=0.1837). In contrast, for patients aged
above 70 years, the risks of one-year MACCEs were persistently
higher in both irregular aspirin users (OR: 1.41; 95% CI: 0.96-2.09,
p=0.0820) and irregular aspirin users (OR: 0.81; 95% CI: 0.41-1.61,
p= 0.5459) compared to that in aspirin nonusers. To avoid
competing risks of death, we adjusted the OR with mortality and
found a persistently higher risk of one-year MACCEs among
patients who took aspirin irregularly (adjusted OR: 2.62; 95% CI:
1.15-5.96, p=0.0221 for the 60- to 69-year-old age group)
compared to those free from aspirin use, while the risk was
insignificant among those who received aspirin regularly
(adjusted OR: 1.99; 95% CI: 0.56-7.13, p=0.2905).

In terms of cancer stages, the use of aspirin did not show a
significant impact on the risks of MACCEs in patients at a
relatively earlier cancer stage (stage I/II). In contrast, among
patients at an advanced cancer stage (stage III/VI), irregular
aspirin use presented higher risks of MACCEs than those of

frontiersin.org


https://doi.org/10.3389/fonc.2022.952370
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Chang et al.

10.3389/fonc.2022.952370

TABLE 3 Risks of 1-year and 3-years mortality and major adverse cardiovascular and cerebrovascular events (MACCEs) of Aspirin use in prostate
cancer patient with different ages or cancer stages.

1- year 3-years
MACC MACC
Mortality Crude OR  P-  Adjusted OR®  P- Mortality Crude OR  P-  Adjusted OR®  P-
(%) (95% C.I.) value (95% C.I.)  value (%) (95% C.I.) value (95% C.I.)  value

Age groups
60-69

No used 60(3.24) Ref. Ref. 308(16.66) Ref. Ref.

Non-regular 10(4.20) 2,65 (1.23-5.71)  0.0127 2.62 (1.15-5.96) 0.0221 35(14.71) 1.93 (1.16-3.20)  0.0113 1.78(1.03-3.05) 0.0383
aspirin used

Regular aspirin 5(5.43) 2.28 (0.68-7.64) 0.1837 1.99(0.56-7.13) 0.2905 8(8.70) 1.47 (0.62-3.45) 0.3812 1.30(0.53-3.20) 0.5656
used
702

No used 306(7.94) Ref. Ref. 1013(26.30) Ref. Ref.

Non-regular 56(8.28) 1.41 (0.96-2.09)  0.0820 1.20(0.80-1.80) 0.3847 194(28.70)  1.32 (1.02-1.69)  0.0329 1.11(0.86-1.45) 0.4220
aspirin used

Regular aspirin 21(6.67) 0.81 (0.41-1.61)  0.5459 0.63(0.31-1.27) 0.1943 82(26.03) 1.39 (0.98-1.96)  0.0626 1.07(0.74-1.54) 0.7176
used
Clinical stage
L 1T

No used 35(1.98) Ref. Ref. 155(8.79) Ref. Ref.

Non-regular 4(1.35) 0.89 (0.38-2.12)  0.7956 0.73(0.30-1.77) 0.4822 24(8.11) 1.32 (0.85-2.06)  0.2203 1.14(0.72-1.82) 0.5834
aspirin used

Regular aspirin <3 0.97 (0.30-3.18) 09628  0.69(0.20-2.37)  0.5594 12(8.82) 157 (0.88-2.82) 0.1284  1.12(0.60-2.09)  0.7151
used
I IV

No used 351(7.66) Ref. Ref. 1293(28.22) Ref. Ref.

Non-regular 62(9.45) 202 (1.38-2.95) 00003  153(1.03-2.29)  0.0365 212(32.32) 159 (1.23-2.06) 0.0004  1.19(0.91-1.57)  0.2026
aspirin used

Regular aspirin ~ 25(8.77) 114 (0.57-2.26) 07184  0.78(0.39-1.60)  0.5024 79(27.72) 152 (1.04-2.22) 00296  1.06(0.71-1.57)  0.7910

used

®Adjusted for risk factor described in Table 1.

aspirin nonusers at the one-year follow-up (OR: 2.02, 95% CI: 1.38-
2.95, p=0.0003), while the risk was slightly reduced among patients
with regular aspirin use (OR: 1.14, 95% CI: 0.57-2.26, p= 0.7184).
Likewise, after adjusting for competing risks of mortality, the risk
of one-year MACCEs remained higher in patients with irregular
aspirin use (adjusted OR: 1.53; 95% CI: 1.03-2.29, p=0.03865) than
in those free from aspirin use, while the risk was insignificant
among those who received aspirin regularly (adjusted OR: 0.78;
95% CI: 0.39-1.60, p=0.5024).

Subgroup analysis focusing on
cardiovascular risk factors among aspirin
nonusers and regular and irregular users

Given that comorbidities, including diabetes, hypertension
and hyperlipidemia, also contribute to MACCEs, we further

Frontiers in Oncology

analyzed the impact of aspirin use on prostate cancer patients
with different cardiovascular risk factors. Despite no significant
difference in MACCEs in the one-year follow-up (Figure 2),
when focusing on prostate cancer patients with underlying
hypertension, we found that irregular users of aspirin had a
higher risk of three-year MACCEs (OR: 1.32, 95% CI: 1.01-1.72,
p=0.0393) than those who did not use aspirin. Interestingly, the
increasing risk was insignificant in patients receiving aspirin
regularly (OR: 1.13, 95% CI: 0.78-1.62, p= 0.5243). Likewise,
among patients with coexisting hyperlipidemia, patients
receiving aspirin irregularly also showed a higher risk of three-
year MACCEs (OR: 1.64, 95% CI: 1.06-2.55, p= 0.0272) than
those who did not use aspirin, while the risk was diminished in
those with regular aspirin use (OR: 1.46, 95% CI: 0.82-2.62,
p=0.2010) (Figure 3). In contrast, among patients with diabetes,
the risk of MACCEs was not significantly different among
the groups.
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Discussion

In this nationwide cohort focusing on prostate cancer
patients, we observed that, despite a higher risk of MACCEs
among irregular aspirin users compared with those free from
aspirin use, after adjusting for age, cancer stage and comorbidities,
there was a trend of reducing the risk of MACCEs among those
who received aspirin regularly. Notably, the benefit of regular
aspirin use on cardiovascular risk reduction seems to be age- and
cancer stage-independent. Special attention should be given to
patients with underlying cardiovascular risk factors, including
concomitant hypertension or hyperlipidemia, while aspirin use
may be more promising in reducing the risks of MACCEs.
Although Bhatia et al. raised the concept of ABCDE steps for
heart and vascular wellness following a prostate cancer diagnosis,
there is a missing piece in regard to evidence supporting the use of
aspirin for the prevention of cardiovascular diseases in prostate
cancer patients, especially those receiving GnRH therapy (8). Our
findings, for the first time, indicated that regular use of aspirin
may mitigate the risks of MACCEs in prostate cancer patients
who underwent GnRH therapy.

Systemic review and meta-analysis studies indicated that,
through achieving castration, GnRH therapy is efficient in
prostate cancer control (3, 5, 17). However, as testosterone
declines, adverse effects, including metabolic disorders and

MACCEs, develop (4, 7). A meta-analysis study showed that

Prostate cancer patient in Taiwan
cancer registry-long form during
2008 to 2015.
N=35,246

Exclusion criteria:
1. Patients without
clinical stage.

2. Age less than 18

Prostate cancer patient.
N= 25,784

Exclusion criteria:
with history of MACC
before cancer.

Prostate cancer patient without
history of MACC,
N=17,887

Exclusion criteria:

1. Patient given
surgical castration
or with both
therapy.

2. Received treatment
before cancer
diagnosed or 2
years after.

3. MACCE:s before
given medical
castration

Prostate cancer patient receiving
androgen deprivation therapy and
history of aspirin used one year
before cancer.

N=7,719

Aspirin naive Irregular Aspirin user Regular Aspirin user
N=6,346 N=952 N=421

FIGURE 2
Risks of one-year MACCEs in sub-group analysis of different
comorbidities. (DM, diabetes mellitus; HTN, hypertension).
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t-year Adjusted OR

Comorbidities  Aspirin used MACCrate  (85% CI) Pvalue

oM Non-used 50 (4.59) Ref.
Non-regular used —_— 15(540)  109(059202) 7929
Regular used —— 4231) 0.46(0.16-1.34) 1542
Hyperlipidemia  Non-used 25(264)  Ref.
Non-regular used —_—— 10(326)  123(056264) 5918
Regular used - 7(420)  180(0.74-436) 1934
HTN Non-used 91(357) Ref.
Non-regular used —— 36614 140(093-200) 1041
Regular used —_— 10(285)  073(0.37-143) 3607
T T T T T
0 1 2 3 4 5
FIGURE 3

Risks of three-year MACCEs in sub-group analysis of different
comorbidities. (DM, diabetes mellitus; HTN, hypertension)

low endogenous testosterone levels are associated with
cardiovascular mortality (18). The Surveillance, Epidemiology
and End Results (SEER)-Medicare database reported that
prostate cancer itself, prostate cancer treatments, and selection
mechanisms all contribute to an increased risk of thromboembolic
disease (19). In terms of pathophysiology, in a murine model of
orchiectomized LDLR™~ mice, mice fed high-fat diets developed
larger atherosclerotic plaques compared to those in sham mice
(20). In contrast, testosterone supplementation in the orchiectomy
model significantly reduced atherosclerotic lesion size (20).
Additionally, in macrophages, testosterone augmented
cholesterol efflux in a dose-dependent manner, suggesting a
possible mechanism by which testosterone can reduce
atherosclerotic lesions (21).

Chronic inflammation is a major contributor to human
cancers and exacerbates metabolic and cardiovascular disorders
(22). Also, in a review article Camilli et al. highlighted the
importance of the crosstalk between cancer and platelet which
promotes cancer-associated inflammation, proliferation and
immune (23). Aspirin is a commonly used medication with
anti-platelet activity ad anti-inflammatory (9, 12, 13). Beyond its
widely used application in reducing the risks of ischemic vascular
diseases, there is also evidence from epidemiological and
interventional studies to suggest that regular aspirin use may
reduce the risk of prostate cancer development and progression (9,
12, 13). A systematic review and meta-analyses of 118
observational studies of aspirin indicated that an around 20%
reduction in mortality in cancer patients receiving aspirin (24). By
suppressing cyclooxygenase-2 enzyme-mediated inflammation,
aspirin can modify prostate cancer biology and disease
characteristics (12). Nevertheless, the evidence regarding the
impact of aspirin on the risks of cancers remains controversial
(9, 10, 12, 13). In a recent analysis of a large clinical database,
postdiagnosis aspirin use was associated with 57% lower prostate
cancer-specific mortality (25). Through large cohort studies, Cao
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et al. also found that long-term aspirin use was associated with a
modest but significantly reduced risk of overall cancer (26).
Likewise, using the Cancer Prevention Study-II Nutrition
Cohort, Jacobs et al. reported that compared with no aspirin use
and neither prediagnosis nor postdiagnosis, daily aspirin use was
significantly associated with the survival of prostate cancer
patients (27). In a systematic review and meta-analysis, Liu
et al. also demonstrated that there was no significant association
between aspirin use and the risk of prostate cancer-associated
mortality (28). Given the increasing risks of MACCEs in prostate
cancer patients receiving GnRH therapy, the use of aspirin may
further benefit cardiovascular outcomes beyond its effect on
cancer survival (12, 26, 28). Therefore, there has been a precent
of aspirin already used in patients with prostate cancer in order to
reduce the risks associated with treating the disease (9, 25, 27, 29).
However, although Li et al. showed that aspirin was associated
with lower venous thrombosis and overall in-hospital mortality in
older patients with cancer, there is a lack of evidence supporting
the effect of aspirin use on cardiovascular risks in patients
receiving GnRH therapy (29). Our findings, at least in part,
provide missing evidence for the use of aspirin in reducing the
risks of MACCEs in prostate cancer patients.

In a recently published cross-sectional analysis among 90,494
US veterans with prostate cancer, 54.1% had uncontrolled risk
factors, but among them, 29.6% were not receiving risk-reducing
medication (30). This study emphasized gaps in care and the need
for interventions in this population but lacked investigations
focusing on interventions for cardiovascular drugs, such as
aspirin (30). To provide missing evidence, our findings highlight
the importance of regular use of aspirin in reducing cardiovascular
risks in prostate cancer patients receiving GnRH therapy. Notably,
compared with aspirin-naive patients, we found that those with
irregular aspirin use had a higher risk of MACCEs. However, it is
arbitrary jumping to the conclusion that aspirin fails to reduce
cardiovascular risks given that patients who were prescribed
aspirin may have increasing cardiovascular risks at baseline. In
contrast, regular use of aspirin attenuated the risks of MACCEs
compared with its irregular use. This underlines the issue of
underassessed and undertreated cardiovascular risk factors in
patients with prostate cancer, which seriously requires more
attention. Especially in patients with old age, advanced cancer
stage or comorbidities (such as hypertension and hyperlipidemia),
the importance of regular use of aspirin is even more promising in
improving cardiovascular outcomes. Although it may be
premature to recommend aspirin for all patients receiving
GnRH therapy, cautioning patients that irregular use may be
detrimental is worth considering. Most importantly, given the
ADD-aspirin trial underway, further randomized trials will benefit
in illustrating the necessity of aspirin use among men diagnosed
with prostate cancer.

There are some limitations to this study. First, given the
retrospective study design, patients were not randomized to
aspirin. Even though the study was designed under a matching
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method to reduce the difference between groups, there is still bias
due to background cardiovascular risk factors of patients,
especially those prescribed aspirin. Second, owing to database-
type studies, we could not obtain full detailed information,
including the integrated lifestyle-related factors of patients and
the severity of MACCESs. Third, in the subgroup analysis, among
patients with DM, which is also known as coronary artery disease
risk equivalent, aspirin use failed to represent a beneficial effect of
risk reductions. Notably, there was a significantly higher ratio of
regular aspirin use than aspirin-naive and irregular aspirin use in
patients with DM. As speculated, in this population with high
adherence to aspirin, the difference between irregular and regular
aspirin use may be insignificant, but the importance of regular
aspirin use in high-risk populations is not ignorable.

This study indicated that regular use of aspirin was with a trend
of reducing risks of MACCEs in prostate cancer patients who
receive GnRH therapy. However, irregular aspirin use diminished
the benefits. To date, even though regular aspirin use is not yet
recommended in practice guidelines, the high burden of
cardiovascular diseases among prostate cancer patients requires
special attention. Therefore, the major value of this study is by
setting out the immediate clinical implications of aspirin use in
patients with prostate cancer. Also, it is necessary for a randomized
trial to illustrate the necessity of aspirin use among patients with
prostate cancer. In summary, seems a valuable contribution to the
literature and perhaps highlights the importance of the cardio-
oncologist as cancer patients may also have elevated risks of adverse
cardiovascular outcomes.
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Objective: Myocardial edema is an early manifestation of chemotherapy-
related myocardial injury. In this study, we used cardiac magnetic resonance
(CMR) T2 mapping to assess myocardial edema and its changes during
chemotherapy for gynecologic malignancies.

Methods: We enrolled 73 patients receiving chemotherapy for gynecologic
malignancies, whose the latest cycle was within one month before the
beginning of this study, and 41 healthy volunteers. All participants underwent
CMR imaging. Of the 73 patients, 35 completed CMR follow-up after a median
interval of 6 (3.3 to 9.6) months. The CMR sequences included cardiac cine, T2
mapping, and late gadolinium enhancement.

Results: Myocardial T2 was elevated in patients who were treated with
chemotherapy compared with healthy volunteers [41ms (40ms to 43ms) vs.
41ms (39ms to 41ms), P = 0.030]. During follow-up, myocardial T2 rose further
[40ms (39ms to 42ms) vs. 42.70 + 2.92ms, P < 0.001]. Multivariate analysis
showed that the number of chemotherapy cycles was associated with
myocardial T2 elevation (B = 0.204, P = 0.029). After adjustment for other
confounders, myocardial T2 elevation was independently associated with a
decrease in left ventricular mass (3 = —0.186; P = 0.024).
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Conclusion: In patients with gynecologic malignancies, myocardial edema
developed with chemotherapy cycles increase, and was associated with left
ventricular mass decrease. T2 mapping allows the assessment of myocardial
edema and monitoring of its change during chemotherapy.

KEYWORDS

gynecologic malignancies, chemotherapy, cardiac magnetic resonance (CMR),
myocardial edema, T2 mapping MRI

Introduction

As survival of cancer improves, cardiovascular toxicity has
become a major cancer treatment-related complication (1-5).
Among several pathological changes that occur in the
myocardium during chemotherapy, edema is considered an
early manifestation of myocardial injury and forerunner to
cardiac dysfunction and myocardial fibrosis (6-9). Cardiac
magnetic resonance (CMR) T2-mapping techniques can
characterize myocardial edema in vivo and potentially provide
additional insights beyond functional assessment (3, 10, 11).
Animal studies have shown that anthracycline chemotherapy
causes the prolongation of the myocardial T2 derived from T2
mapping, and histological analysis has further revealed good
correlation between myocardial T2 and myocardial water
content (7, 8). Clinical studies in humans have also reported
increase in myocardial T2 as a sensitive biomarker for
myocardial involvement during chemotherapy (9).

Gynecologic malignancies remain a major cause of mortality
and morbidity in women (12), and the chemotherapy regimens
for those patients consist of a variety of drugs which leading to
myocardial injury (13-17). Moreover, to control tumor
progression, patients in advanced stages typically require long-
term chemotherapy regimens, rendering them at higher risk of
cardiovascular diseases. However, systematic studies focusing on
cardiovascular toxicity related to chemotherapy for gynecologic
malignancies are lacking. We therefore enrolled patients with
gynecologic malignancies and sought to investigate changes in
myocardial edema during chemotherapy using T2
mapping techniques.

Abbreviations: CMR, cardiac magnetic resonance; LGE, late gadolinium
enhancement; LVEF, left ventricular eject fraction; LVEDV, left ventricular
end-diastolic volume; LVESV, left ventricular end-diastolic volume; CI,

coefficient interval.
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Methods
Study participants

The clinical protocol adopted in this study was approved by
the institutional ethics review board of our hospital and of the
Chinese Clinical Trial Registry (ChiCTR-DDD-17013450). All
participants provided written informed consent forms before
enrollment. Patients from the Department of Tumor Radiation
and Chemotherapy who were diagnosed with gynecologic
malignancies were recruited. Inclusion criteria were (1) current
or recent (within the preceding month) receipt of chemotherapy
and (2) age between 18 and 75 years (18, 19). Exclusion criteria
were (1) concomitant diagnosis of cardiovascular diseases
(coronary artery disease, primary cardiomyopathy, valvular
heart disease, congenital heart disease, and pericardial disease),
(2) prior receipt of treatment for other diseases carrying the
potential for myocardial toxicity, and (3) contraindications to
CMR. Age-matched healthy female volunteers were
simultaneously recruited as the control group that underwent
the same imaging procedures.

Laboratory examination

We obtained venous blood samples from patients 1 hour
before CMR imaging to examine serologic markers of
myocardial injury, including troponin I and creatine kinase.

Image acquisition

The CMR examinations were performed using a 3.0T
magnetic resonance imaging machine scanner (Magnetom Skyra,
Siemens Healthcare, Inc., Erlangen, Germany). The CMR protocol
consisted of cardiac cine, T2 mapping, and late gadolinium
enhancement (LGE) imaging. Cine imaging used a balanced
steady-state free-precession pulse sequence: echo time (TE) =
1.22 ms, temporal resolution (TR) = 39.34 ms, flip angle = 40°,
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slice thickness = 8 mm, matrix = 208 x 208 pixels, and field of view
(FOV) = 340 x 284 mm”. T2 mapping images were acquired using
the steady-state free-precession technique, and three single-shot
images were acquired at different T2 preparation times (0 ms, 25
ms, and 55 ms). The detailed parameters were as follows: TE = 1.23
ms, TR = 38.34 ms, flip angle = 60°, slice thickness = 8 mm, matrix
=208 x 208 pixels, and FOV = 250 x 300 mm? (20, 21). For LGE
imaging, intravenous gadolinium contrast (0.2 mL/kg) was first
administered, a segmented phase-sensitive inversion recovery
sequence with turbo FLASH readout at 17-19 minutes post
contrast was then performed (22, 23): TR = 1.44 ms, TE = 300
ms, flip angle = 40°, slice thickness = 4 mm, matrix = 84 x 176
pixels, FOV =153 x 106 mm. T2 mapping images were obtained in
the basal, middle, apical short-axis, and four-chamber planes; cine
and LGE images were obtained in the two-chamber, three-
chamber and four-chamber planes, and a continuous stack of
short-axis planes with full left ventricular (LV) coverage.

Image analysis

Two experienced radiologists separately conducted the
image analysis using imaging postprocessing software (CVI42,
Circle Cardiovascular Imaging, Calgary, Canada). The analysis
of LV functional parameters was presented in previous studies
(9). Myocardial T2 was measured on the basal, middle, and
apical color T2 maps and then averaged as the global LV
myocardial T2 (24). Local myocardial fibrosis was defined
based on the acquired LGE images: After elimination of
artifacts, any obvious patch of the myocardium observed on
any image was accepted as local myocardial fibrosis (25). If
disagreements arose, a consensus was reached by discussion
between the two radiologists.

Reproducibility

To assess intraobserver variability, one radiologist randomly
measured myocardial T2 in 39 subjects twice within 1 week. The
other radiologist, who was blinded to the first radiologist’s
results, then reperformed the measurements.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
(version 20.0; IBM Corp., Armonk, NY, USA) and GraphPad
Prism (version 7.00, San Diego, CA) software applications.
Categorical or enumeration parameters were presented as
numbers (percentages), whereas continuous variables were
expressed as the mean * standard deviation or as medians
(interquartile range), as appropriate. The chi-square test was
used to compare categorical or enumeration parameters. The
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independent t-test or the rank-sum test was used to compare
continuous variables between patients and healthy volunteers, as
appropriate. Parameters from the two CMR examinations,
performed in 35 patients who completed CMR follow-up, were
compared using the paired f-test or rank-sum test, as
appropriate. Bivariate correlation analysis was performed using
the Pearson’s or Spearman’s method, as appropriate. To identify
the factors that were independently associated with myocardial
T2 and LV mass, a multivariate linear regression model was
constructed. Intraobserver and interobserver variabilities of
myocardial T2 measurements were assessed using intraclass
correlation coefficient. All tests were two tailed; P values < 0.05
were accepted as statistically significant.

Results
Baseline characteristics

From September 2018 to December 2020, this study enrolled
73 patients treated with chemotherapy for gynecologic
malignancies and 41 healthy volunteers (Figure 1). Table 1
shows the baseline characteristics of patients and volunteers,
and no statistically significant differences in baseline variables
were found between the two groups (all P > 0.05). Moreover, no
cardiovascular diseases or cardiovascular risk factors were
detected in any of the enrolled volunteers.

Among the 73 patients treated with chemotherapy, 6 (6/73,
8.22%) were complicated with hypertension and 3 (3/73, 4.11%)
had diabetes. In addition, 6 patients (6/73, 8.22%) had a history
of taking cardiac medication (Table 1). With regard to
chemotherapy regimens, 64 patients (64/73, 87.67%) received a
regimen consisting of paclitaxel plus platinum. The median
interval between the first cycle of chemotherapy and CMR
scan was 5 (2 to 12) months.

Of the 73 patients, 35 patients (35/73, 47.95%) completed the
CMR follow-up. The interval between the two scans was 6 (3.3 to
9.6) months, and these patients completed 3 (2 to 5) cycles of
chemotherapy during the interval.

Alteration in LV morphology during
chemotherapy

For LV functional parameters (Table S1), no significant
difference was observed between the two groups in LV ejection
fraction (LVEF) or LV end-systolic volume (all P > 0.05).
However, the LV mass (43.80 + 8.61 g/m* vs. 46.90 + 7.74 g/
m?, P = 0.047) and LV end-diastolic volume (64.44 + 12.94 ml/
m’ vs. 69.58 + 7.97 ml/m? P = 0.038) were slightly lower in
patients compared to healthy volunteers. Among 73 patients, 17
(17/73, 23.29%) were recorded as positive for LGE, as opposed to
healthy volunteers who were all negative. At CMR follow-up
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Study flowchart. CMR, cardiac magnetic resonance

in 35 patients (Table S2), a decrease in the LV mass was observed
(47.17 £ 7.73 g/m> vs. 44.33 + 8.36 g/m’, P < 0.001), and three
patients were newly recorded as positive for LGE (8/35, 22.86%
initially vs. 11/35, 31.43% at follow-up; P = 0.250).

Changes in myocardial T2 during
chemotherapy

The global LV myocardial T2 was higher in patients than in
healthy volunteers [41ms (40ms to 43ms) vs. 4lms (39ms to
41ms), P = 0.030; Figure 2A]. With regards to alterations in
different slices, myocardial T2 in the apical slice was higher in
patients than in healthy volunteers [42ms (40ms to 44.5ms) vs.
41ms (39.5ms to 43ms), P = 0.013], whereas myocardial T2
showed no difference in the middle and basal slices between the
two groups (both P > 0.05).

As the number of chemotherapy cycles increased, an
elevation in global LV myocardial T2 was noted at follow-up
[40ms (39ms to 42ms) vs. 42.70 + 2.92ms, P < 0.001, Figure 2B].
Moreover, an increase in myocardial T2 in the apical, middle,
and basal slices was observed (all P < 0.05). Figure 3 presents the
representative CMR images from healthy volunteers
and patients.

Association of myocardial T2 with
myocardial injury biomarkers

In the 35 patients who completed CMR follow-up, the
myocardial injury biomarkers tended to increase from baseline
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to follow-up imaging: creatine kinase [39u/L (15u/L to 41u/L) vs.
78.00u/L (58.25u/L to 95.00u/L), P < 0.001] and troponin I
[0.006ug/L (0.006ug/L to 0.006ug/L) vs. 0.006 (0.006ug/L to
0.008ug/L), P < 0.001].However, no correlation was observed
between myocardial T2 and creatine kinase (r = 0.152, P = 0.127)
or troponin I (r = —0.046, P = 0.647).

Influence of chemotherapy on
myocardial T2 variation

Univariate analysis indicated that both the receipt of
0.280, P = 0.001) and chemotherapy
cycles received (r = 0.311, P < 0.001) positively correlated

chemotherapy (r =

with myocardial T2 in all subjects. In model 1, after adjustment
for chemotherapy drug types and time interval from first
chemotherapy to CMR imaging, the number of
chemotherapy cycles was associated with myocardial T2 (B =
0.462, P = 0.003). When Model 2 added age and clinical risk
factors to the analysis, the number of chemotherapy cycles was
also associated with an increase in myocardial T2 ( = 0.204,
P = 0.029; Table 2).

Association between myocardial T2 and
LV mass

A negative association between myocardial T2 and LV mass
was observed (r = —0.165, P = 0.045). In the multivariate
analysis, after adjustment for CMR parameters and clinical
risk factors (including age, hypertension and diabetes
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TABLE 1 Baseline characteristics of patients and normal controls.

10.3389/fonc.2022.961841

Normal controls (n = 41) Patients (n = 73) P value

Age, year 45 (35 to 59.5) 50 (45 to 56) 0.192
Female, % 41 (100%) 73 (100%) 0.999
Hypertension, % 0 (0%) 6 (8.22%) 0.059
Diabetes, % 0 (0%) 3 (4.11%) 0.188
Hyperlipidemia, % 0 (0%) 0 (0%) 0.999
Smoker, % 0 (0%) 0 (0%) 0.999
Height, cm 157.4 + 6.02 157.5 £ 5.46 0.938
Weight, kg 59.0 (51.5 to 60.5) 58.18 £ 9.61 0.394
Body-mass index, mm2 1.53 + 0.15 1.55 + 0.14 0.509
Receipt of cardiac medication

Beta-blockers _ 4 (5.48%) _

ARB _ 2 (2.74%) —

ACEI _ 1 (1.37%) _

Calcium antagonist _ 5 (6.85%) _

Diuretics _ 1 (1.37%) _

Heparin sodium _ 5 (6.85%) _

Cancer type

Ovarian cancer

Carcinoma tubae

Cervical cancer

Endometrial cancer

Cancer status and treatment

Cancer stage

Cancer recurrence

Operation (n, %)

Pelvic radiation (n, %)

Interval between first chemo and CMR scan, mon

Chemotherapy number

Chemotherapy regimen

Drug type number
Chemotherapy drug type (n, %)

Paclitaxel + Platinum

Anthracycline

Cyclophosphamide/ifosfamide

Bevacizumab

Others

45 (61.64%)
9 (12.33%)
16 (21.92%)
3 (4.11%)

3(2t03)
24 (32.88%)
72 (98.63%)
5 (6.85%)
5(2to 12)
6 (3 to 12)
1(1to2)
2(2t03)

64 (87.67%)
12 (16.44%)
17 (23.29%)
12 (16.44%)
6 (8.22%)

BMI, body index; ARB, angiotensin receptor blockers; ACEI, angiotensin converting enzyme inhibitor. *P < 0.05 vs. normal control.

mellitus), myocardial T2 remained independently associated
with a reduction in LV mass ( = —0.186, P = 0.024; Table 3).

Reproducibility
With respect to the reproducibility of myocardial T2, the
intraobserver and interobserver variability were measured at

0.955 (95% confidence interval [CI]: 0.914-0.976) and 0.904
(95% CI: 0.818-0.950), respectively.
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Discussion

This study enrolled patients treated with chemotherapy for
gynecologic malignancies and used CMR T2 mapping to assess
myocardial edema. The main findings were the following (1):
Myocardial T2 was higher in patients than in healthy
volunteers and increased as the chemotherapy cycles received
increase during follow-up. (2) After adjustment for
chemotherapy drug types and clinical characteristics, the
number of chemotherapy cycles was associated with
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increased myocardial T2. (3) In the multivariate analysis
including CMR and clinical risk factors, increased
myocardial T2 was independently associated with lower LV
mass. To the best of our knowledge, the present systematic
study is the first to focus on myocardial edema associated with
chemotherapy for gynecologic malignancies. Most patients

Cardiac cine

Al

&
Normal control ‘.‘

1st CMR patient

2nd CMR patient

LVEF: 59%

FIGURE 3

included in this study underwent chemotherapy with
paclitaxel plus platinum, a combination that is infrequently
reported in literature. Our results showed that myocardial
edema could be aggravated as chemotherapy continues and
that myocardial edema is associated with a reduction in LV
mass. Thus, the cardiac side effects of paclitaxel and platinum

T2 mapping LGE

wz

Representative CMR images of normal controls and patients. (A) A 58-year-old female healthy volunteer. LVEF was 63% (A1), global LV
myocardial T2 was 40 ms (A2), and there was no enhancement on LGE (A3). (B, C) A 44-year-old patient with ovarian cancer. The patient had
undergone 12 cycles of paclitaxel plus platinum chemotherapy at the first CMR scan. LVEF was 58% (B1), global LV T2 value was 43 ms (B2), and
had inferior enhancement (yellow arrow) on LGE (B3). At 11-month follow-up, the patient had completed 15 cycles of paclitaxel plus platinum
chemotherapy. LVEF was 59% (C1), global LV myocardial T2 value was 47 ms (C2), and had inferior enhancement (yellow arrow) (C3). LVEF, left

ventricular eject fraction; LGE, late gadolinium enhancement
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TABLE 2 The association between chemotherapy and myocardial T2 variation.

Univariate analysis

Chemotherapy
Numbers of chemotherapy

Multivariate analysis

R P value
0.280 0.001*
0311 <0.001*

B P value

Model 1: adjusting for time interval between first chemotherapy and CMR, and chemotherapy drugs (time interval, anthracycline, bevacizumab, and cyclophosphamide/

ifosfamide)
Chemotherapy
Numbers of chemotherapy

Model 2: adjusting for clinical risk factors (age, hypertension, and diabetes)
Chemotherapy

Numbers of chemotherapy

CMR, cardiac magnetic resonance. *P < 0.05.

0.013 0.939
0.462 0.003*
0.186 0.048*
0.204 0.029*

TABLE 3 The risk factors of indexed LV mass by univariable and multivariable analysis.

Univariable Analysis

Multivariable Analysis

R P value B P value
Age -0.159 0.053 -0.206 0.014*
Hypertension -0.065 0.430 -0.033 0.697
Diabetes mellitus 0.156 0.058 0.253 0.002*
LVEF -0.045 0.586 -0.027 0.734
Myocardial T2 -0.165 0.045* -0.186 0.024*
LGE present -0.083 0.317 0.005 0.953

LVEF, left ventricular eject fraction; LGE, late gadolinium enhancement. *P < 0.05.

chemotherapy require clinical attention. Using CMR T2
mapping, clinicians can assess myocardial injury and track
changes of myocardial edema during chemotherapy.
Chemotherapy-related cardiotoxicity develops because of a
variety of physiological changes, and myocardial edema is an early
manifestation (6-9). Quantitative assessment of myocardial
edema through T2 mapping allows for the early detection of
myocardial injury. In a rat model of anthracycline-induced
myocardial edema, the prolongation of myocardial T2 was
associated with an increase in myocardial water content, which
appeared earlier than hemodynamic deterioration, LVEF
decrease, and fibrous collagen deposition (7). In addition,
Galan-Arriola observed the same change in large-animal models
(8). In patients received with anthracyclines, Lustberg et al.
demonstrated that myocardial T2 increased after the first cycle
of chemotherapy, but LVEF and circumferential strain declined
several months later (9). Similar to previous studies, our study
found that myocardial T2 was higher in patients treated with
chemotherapy for gynecological malignancies than in healthy
volunteers, although no difference in LVEF was observed
between the two groups. Moreover, in this study, the troponin I
values of patients were within normal range and showed no
correlation with myocardial T2, suggesting that the myocardial
injury was in early stage, and troponin I was not significantly
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elevated. These results supported the advantage of T2 mapping for
the early detection of myocardial injury during chemotherapy.

Additionally, our study revealed that the increase in
myocardial T2 of patients was more pronounced in the apical
slice than in the middle and basal slices. Although similar data
haven’t been reported about the regional distribution of
myocardial T2, published literatures have demonstrated the
greatest motion impairments at heart apex in patients treated
with chemotherapy (26, 27). Taken together, we speculated that
apical myocardium is more vulnerable to chemotherapy. The
potential causes might be the increased exposure of terminal
circulation regions to chemotherapy drugs or the differential
local activation of signal transduction (26), but the exact
mechanism needs further exploration.

As reported in the previous studies, myocardial T2 varies with
the individual, and is potentially influenced by factors such as age
and sex (28-30). Longitudinal assessment of myocardial T2 during
chemotherapy is helpful for recognizing change in myocardial
edema, obviating the effects of other factors. In our patients, who
completed the CMR follow-up, myocardial T2 tended to increase
with the continuation of chemotherapy. Multivariate analysis
demonstrated that the number of chemotherapy cycles was
independently associated with an increase in myocardial T2.
These results suggest that myocardial edema could be aggravated
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with an increase in chemotherapy cycles. Thus, patients treated
with long-term chemotherapy are at an increased cardiac risk and
require more attention. A study by Lustberg et al. supports our
hypothesis, because those authors also observed a continuous
increase in myocardial T2 during chemotherapy (9). On the
other hand, myocardial edema subsides as chemotherapy ends or
myocardial fibrosis develops. One study found a reduction in
myocardial T2 at 12 months after the last chemotherapy cycle
(25), and no difference was observed in myocardial T2 between
cancer survivors after long-term chemotherapy and healthy
individuals (31). The physiologic process of myocardial edema in
patients undergoing chemotherapy for gynecologic malignancies
requires further investigation with a longer follow-up period.

To date, clinical studies have focused mostly on the
cardiotoxicity caused by anthracyclines and/or trastuzumab (7-9,
32-34); few studies have focused on cardiotoxicity caused by other
chemotherapy drugs. Our study provides relevant data for other
chemotherapy drugs used in gynecologic malignancies. Our
patients received with various chemotherapy drugs, with the
largest proportion receiving paclitaxel plus platinum regimens.
Previous studies has reported that the cardiac implications of
paclitaxel mostly manifest as myocardial ischemia or arrhythmia
(35, 36), whereas platinum can lead to cardiac motion dysfunction
(37). Our results suggest that paclitaxel plus platinum could
potentially cause myocardial edema. Although the myocardial
edema observed during chemotherapy was mild, myocardial
injury could be aggravated as chemotherapy cycles increase.
Paclitaxel and platinum are first-line drugs in a variety of tumors
(38), more attention and further exploration of their cardiotoxicity
is needed.

During chemotherapy for cancer, the left ventricle can
undergo a series of morphological changes, and those changes
have prognostic significance (3-5). Several studies reported that
the receipt of chemotherapy was associated with a reduction in LV
mass (39-42), which predicts for adverse cardiovascular events
(41, 42). After adjustment for CMR and clinical risk factors, we
found that myocardial T2 was independently associated with a
reduction in LV mass, suggesting that myocardial edema
potentially contributed to LV remodeling during chemotherapy.

This study has several limitations. (1) This single-center
study had a relatively small sample size. Nevertheless, the
findings demonstrated that T2 mapping can be used to assess
myocardial injury in patients undergoing chemotherapy for
gynecologic malignancies. Future studies with larger
populations are needed to strengthen our findings. (2) Most
enrolled patients were at critical condition, meaning that they
had to start chemotherapy as soon as possible. Consequently, a
baseline CMR examination before chemotherapy was not
performed. Given that situation, we recruited healthy
volunteers to act as a control group. (3) Because the
experiment was conducted during the COVID-19 outbreak,
some patients contracted the virus, and thus, the rate of

Frontiers in Oncology

25

10.3389/fonc.2022.961841

follow-up in the study was low. Future studies with larger
cohorts are required to investigate whether myocardial T2 can
predict a reduction in LVEF. (4) Our patient cohort received
several different chemotherapy regimens. Although the effect of
chemotherapy on myocardial edema was adjusted for drug
types, the individual effects of the various drugs require
further elucidation. (5) This study didn’t measure N-terminal
pro-B type natriuretic peptide in patients, the association
between N-terminal pro-B type natriuretic peptide and
myocardial T2 needs further study with longer follow-up.

Conclusion

In patients receiving chemotherapy for gynecologic
malignancies, myocardial edema develops with the increase of
chemotherapy cycles received. The myocardial edema is
associated with a reduction in LV mass. T2 mapping allows
the assessment of myocardial injury and the monitoring of
myocardial edema during chemotherapy.
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Background/purpose: With improved cancer survivorship, non-cancer
events, especially heart disease (HD), have become the underlying cause of
death in cancer patients, but the risk of HD mortality in sarcoma patients
remains poorly characterized. Therefore, our purpose was to: (1) identify
sarcoma patients at the highest risk of fatal HD compared with the general
population, (2) identify patients and sarcoma characteristics associated with a
higher risk of HD death, and (3) determine if chemotherapy increased the risk
of HD death in sarcoma patients.

Methods: From 1975 to 2016, we identified patients diagnosed with bone
and soft tissue sarcoma from the Surveillance, Epidemiology, and End Results
(SEER) database in the US. Standardized mortality ratios (SMRs) were evaluated
using mortality data from the general population collected by the National
Center for Health Statistics. This was the largest retrospective cohort study of
fatal HD in individuals with sarcoma.

Results: In 80,905 sarcoma patients observed for 530,290 person-years,
3,350 deaths from HD were identified with a mortality of 631.7/100,000
person-years. The SMR of death from HD was 1.38 (95% Cl: 1.33-1.42). The
highest risks of death from HD were observed in patients with Ewing sarcoma
(SMR =5.44; 95% Cl: 3.38-8.75) and osteosarcoma (SMR = 1.92; 95% ClI: 1.55—
2.38). Patients diagnosed at < 19 years old had the highest SMR in all age
subgroups, and a higher risk of fatal HD relative to the general population
was observed in sarcoma survivors diagnosed at < 85 years old. In patients
diagnosed at < 19 years old, HD plurality occurred in those with Ewing
sarcoma (29.4%) and osteosarcoma (32.4%) and at > 35 years old, HD plurality
occurred in those diagnosed with liposarcoma (19.0%) and malignant fibro
histiocytoma (MFH) (23.6%). For sarcoma survivors, HD mortality risks were
highest within the first year after diagnosis (SMR = 1.31; 95% ClI: 1.21-1.41), and
this risk remained elevated throughout follow-up compared with the general
population. Subgroup analyses indicated that chemotherapy significantly
increased the risk of fatal HD in patients with localized osteosarcoma (Hazard
ratio (HR) = 3.18; 95% Cl: 1.24-8.13; P = 0.016), but not in patients with other
histological sarcoma subtypes and clinical stages.
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Conclusion: The risk of death from HD mainly varied in patients with different
histological sarcoma subtypes and clinical stages. Chemotherapy increased
the risk of fatal HD in patients with localized osteosarcoma. To lower the risk
of fatal HD in patients with sarcoma, we call for enhanced multidisciplinary
cooperation, including cardiologists and orthopedic surgeons.

sarcoma, chemotherapy, osteosarcoma, heart diseases, standardized mortality ratio

Introduction

Over several decades, heart diseases (HD) have become
the first leading cause of death globally, and in 2019, killed
approximately nine million individuals, accounting for 9% of all
deaths (1). Cancer and HD may occur separately in patients, or
cancer may cause HD via non-bacterial thrombotic endocarditis
and chemoradiation therapy (2-4). As survival rate of cancer
patients improve, medical officers have gradually realized that
the risk of death from other non-cancer diseases in cancer
patients was higher when compared with the general population
(5-7), furthermore, HD as the first leading cause of non-cancer
death among cancer patients have attracted more and more
attention from clinicians (7-9).

Bone and soft tissue sarcoma comprise several rare
malignant tumors which arise from mesenchymal tissue
(10), they are responsible for more deaths than testicular
cancer, Hodgkin’s disease, and thyroid cancer combined due
to their more recurrent and metastatic nature (11). The
standard therapy for patients with sarcoma is neoadjuvant
chemotherapy, surgical resection, and adjuvant chemotherapy
(12). Anthracyclines are commonly used chemotherapy drugs,
but may cause HD, reduce the quality of life in patients,
and increase mortality in sarcoma patients (3). Previous
studies reporting the risk of HD in sarcoma patients were
limited by small sample sizes and data collected primarily
at single institutions (13-16). Currently, limited guidelines
are available on fatal HD prevention, identification, or
management, specifically in sarcoma patients. One strategy
aimed at preventing fatal HD in this group is to identify and
target subgroups at greatest HD risk, therefore, retrospective
cohort studies such as ours could be used by clinicians
to generate survivorship programs and mitigate HD risks
in these patients.

In our study, we had the following objectives: (1) to identify
sarcoma patients at highest risk of fatal HD compared with
the general population, (2) to identify patients and sarcoma
characteristics associated with a higher risk of HD death, and (3)
to determine if chemotherapy increased the risk of HD death in
sarcoma patients.
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Materials and methods

In this retrospective cohort study, we used the Surveillance,
Epidemiology, and End Results (SEER) database at the National
Cancer Institute, which comprised 18 registries and covered
approximately 28% of the US general population (17). Given
that anthracyclines or cisplatin were discovered in the 1980s,
we included patients diagnosed with sarcoma between 1975
and 2016 (18). As a comparison, general population mortality
data, spanning 1969-2016 from the National Center for Health
Statistics, were used (5, 17, 19). Using exclusion criteria
(Figure 1), we identified the final study cohort. Patients whose
information was obtained solely from death certificates or
autopsies were excluded due to no survival time data (<1.5% of
patients). Patients diagnosed with bone and soft tissue sarcoma
without a definite socioeconomic status were also excluded (11).
Sarcomas were classified into ten histological subtypes according
to the International Classification of Disease for Oncology
third revision (ICD-O-3), and included chondrosarcoma,
osteosarcoma, Ewing sarcoma, liposarcoma, malignant fibro
histiocytoma (MFH), leiomyosarcoma, fibrosarcoma, synovial
sarcoma, Malignant Peripheral Nerve Sheath Tumor (MPNST),
and others (ICD-O-3 codes are shown in Table 1) (11).

We extracted demographic data, including age at diagnosis,
sex (female, male), race (white, black, and others), calendar year
of diagnosis (1975-2016), marital status at diagnosis (married,
unmarried, and unknown), insurance status (insured, Medicaid,
uninsured, unknown), and socioeconomic indicators (income
and educational status). Income (median family income) and
educational level (percentage of individuals > 25 years of age
with at least a high school degree) from county-level data
were calculated by referring to 2000 US census data and
categorizing data into tertiles (high, median, low). Tumor-
related characteristics included histological subtype, grade
(I-IV), clinical sarcoma stage (localized, regional, distant,
and unknown), and treatment information (chemotherapy,
radiotherapy, and surgery status). Time of follow-up and
cause of death were also available and collected. Patients were
considered to have committed HD death if the cause of death
variable was coded as “Diseases of Heart (50060).”
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FIGURE 1

Flowchart describing initial dataset and exclusions leading to final study cohorts.

For objective 1, we calculated standardized mortality ratios
(SMRs), which provided the relative risk of HD death for
sarcoma patients when compared with all US residents, stratified
by histological subgroup. SMRs and 95% confidence intervals
(CIs) were calculated as previously described (19, 20). Briefly,
SMRs were estimated as the ratio of observed to expected
numbers of deaths. The observed number of HD deaths
represented the total number of deaths from heart events in
sarcoma patients during the follow-up period; the expected
number of deaths represented the number of deaths from
heart events in the general population with a similar age at
diagnosis, sex, race, and calendar year distribution. Five-year
age categories and three-year calendar categories were used for
standardization (21). Mortality from fatal HD was calculated
as the number of deaths from HD divided by person-years at
risk (20).

For objective 2, considering other competitive risk events,
we plotted cumulative incidence curves and compared them
using the Gray test. Furthermore, we constructed logistic
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regression and multivariate Cox proportional hazards models to
identify risk factors associated with a higher risk of HD death in
sarcoma patients.

For objective 3, we conducted subgroup analysis by
histological subtype and clinical stage to determine if
chemotherapy increased the risk of fatal HD in sarcoma
patients. The survival time was from sarcoma diagnosis until
fatal HD; values recorded as 0 months in the SEER database
were converted to one-half of a month according to accepted
epidemiological practices (19). Statistical significance was
accepted at P < 0.05 (two-sided). Analyses were performed
using SEER*Stat software version 8.3.6 and R version 3.51
statistical software.

Results

In total, 3,350 HD deaths were identified in 80,905
patients with bone and soft tissue sarcoma over 530,291
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TABLE 1 Death from HD among patients with bone and soft tissue sarcomas by demographic and tumor characteristics.

10.3389/fcvm.2022.951940

Characteristic Patients with HD death Person-years Mortality’ SMR? 95% CI
cancer in SEER accrued
No. % No. %
Sex
Female 36283 45 1353 40 247636 546.4 1.45 1.37-1.53
Male 44622 55 1997 60 282655 706.5 1.33 1.28-1.39
Race?
White 65618 81 2876 84 433078 664.1 1.35 1.30-1.40
Black 8530 11 303 9 54297 558.0 1.48 1.32-1.66
Other 6757 8 171 5 42915 398.5 1.70 1.47-1.98
American Indian/Alaska 553 1 12 1 3762 3189 2.13 1.21-3.75
Native
Asian or Pacific Islander 5430 7 149 4 33934 439.1 1.70 1.45-2.00
Unknown 774 1 10 1 5218 191.6 1.42 0.77-2.64
Year of diagnosis
1975-1977 1667 2 194 6 22941 845.6 1.75 1.52-2.02
1978-1980 1797 2 183 5 25057 730.3 1.86 1.61-2.15
1981-1983 1879 2 184 5 25039 734.8 2.00 1.73-2.31
1984-1986 1986 2 180 5 25146 715.8 1.73 1.50-2.00
1987-1989 2055 3 180 5 26061 690.7 1.61 1.39-1.86
1990-1992 2683 3 206 6 31502 653.9 1.65 1.44-1.89
1993-1995 3593 4 237 7 38861 609.9 1.43 1.26-1.62
1996-1998 3984 5 251 7 40156 625.1 1.37 1.21-1.55
1999-2001 7253 9 376 11 63231 594.6 1.37 1.24-1.52
2002-2004 9463 12 372 11 71767 518.3 1.09 0.98-1.20
2005-2007 9997 12 347 10 60811 570.6 1.14 1.03-1.27
2008-2011 14594 18 387 12 64184 603.0 1.19 1.08-1.32
2012-2016 19954 25 253 8 35529 712.1 1.29 1.14-1.46
Marital status
Married 38650 48 1690 50 257737 655.7 1.24 1.18-1.30
Unknown 4312 5 233 7 26155 890.8 1.57 1.38-1.78
Unmarried 37943 47 1427 43 246397 579.1 1.54 1.47-1.63
Education*
High 26221 32 888 27 137715 644.8 1.39 1.30-1.49
Median 27786 34 1227 37 190351 644.6 1.38 1.30-1.45
Low 26898 33 1235 37 202224 610.7 1.37 1.29-1.44
Income*
High 26657 33 1159 35 191456 605.4 1.32 1.24-1.39
Median 23844 29 910 27 156387 581.9 1.28 1.20-1.37
Low 30404 38 1281 38 182447 702.1 1.52 1.44-1.61
Insurance
Uninsured 1259 2 13 1 3741 347.5 2.25 1.31-3.88
Any Medicaid 5668 7 73 2 15481 471.5 2.13 1.69-2.68
Insured 29498 36 621 19 95223 652.1 1.13 1.04-1.22
Unknown 44480 55 2643 78 415844 635.6 1.44 1.38-1.49
Histology®
Ewing sarcoma 3055 4 17 1 21430 79.3 5.44 3.38-8.75
Osteosarcoma 6504 8 83 2 46552 178.3 1.92 1.55-2.38
Synovial sarcoma 3171 4 42 1 23181 181.2 1.55 1.14-2.10
(Continued)
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TABLE 1 (Continued)

Characteristic Patients with HD death Person-years Mortality! SMR? 95% CI
cancer in SEER accrued
No. % No. %
MPNST 2116 3 64 2 11374 562.7 1.57 1.23-2.00
Chondrosarcoma 5941 7 232 7 50229 461.9 1.37 1.20-1.55
MFH 8492 10 775 23 66089 1172.7 1.34 1.25-1.44
Fibrosarcoma 4102 5 185 6 29838 620.0 1.27 1.10-1.47
Liposarcoma 10819 13 623 19 81894 760.7 1.26 1.16-1.36
Leiomyosarcoma 7532 9 338 10 41938 805.9 1.18 1.06-1.31
Chordoma 1605 2 55 2 10147 542.0 1.05 0.81-1.37
Others 27568 34 936 28 147614 634.1 1.59 1.49-1.69

Grade at presentation®

GradeI 9595 12 485 14 84323 575.2 1.22 1.11-1.33
Grade IT 10074 12 438 13 80079 547.0 1.23 1.12-1.35
Grade IIT 11701 14 429 13 58801 729.6 1.39 1.27-1.53
Grade IV 17159 21 559 17 76839 727.5 1.34 1.24-1.46
Unknown 32376 40 1439 43 230247 625.0 1.51 1.43-1.59

Stage at presentation

Localized 42042 52 2152 64 332076 648.0 1.33 1.27-1.38
Regional 19671 24 706 21 126953 556.1 1.32 1.23-1.42
Distant 12414 15 199 6 30812 645.8 2.11 1.84-2.42
Unknown 6778 8 293 9 40448 724.4 1.60 1.42-1.79
Chemotherapy

No/Unknown 57208 71 3059 91 395330 773.8 1.35 1.31-1.40
Yes 23697 29 291 9 134960 215.6 1.69 1.51-1.90
Radiotherapy

No/Unknown 52386 65 2314 69 355007 651.8 1.49 1.43-1.56
Yes 28519 35 1036 31 175283 591.0 1.17 1.10-1.25
Surgery

None 14481 18 427 13 40693 1049.3 2.16 1.96-2.37
Yes 64412 80 2826 84 476861 592.6 1.29 1.24-1.34
Unknown 2012 2 97 3 12736 761.6 2.04 1.67-2.49
All sarcoma patients 80905 100 3350 100 530290 631.7 1.38 1.33-1.42

HD, heart diseases; SEER, Surveillance, Epidemiology, and End Results; SMR, standardized mortality ratio, MFH, malignant fibrohistiocytoma; MPNST, Malignant Peripheral Nerve
Sheath Tumor; NOS, not of specific.

!Per 100,000 person-years.

2SMRs were estimated as the ratios of observed to expected number of deaths. Observed number of HD death represent the total number of deaths from HD among patients with sarcoma
recorded during the study period. Expected death represent the number of individuals who died of HD in the general population with a similar distribution of age at diagnosis (5-year
intervals), sex, race (white, black, and other), and calendar year of diagnosis (3-year intervals). The calculation for SMRs were adjusted to the age, sex, race/ethnicity, and calendar year
distributions between sarcoma patients and the general population.

30thers included American Indian/AK Native, Asian/Pacific Islander and unknown race.

“*Education status and income level were categorized into tertiles.

5ICD-0-3: Chondrosarcoma, 9220-9243; Osteosarcoma, 9180-9200; Ewing sarcoma, 9260; Liposarcoma, 8850-8858; MFH, 8830; Leiomyosarcoma, 8890-8891 and 8896; Synovial
sarcoma, 9040-9044; MPNST, 9540 and 9561; Chordoma, 9370-9372.

Grade I: Well differentiated; Grade II: Moderately differentiated; Grade III: Poorly differentiated; Grade IV: Undifferentiated; anaplastic.

person-years, and provided an age-, sex-, race-, and year- Sarcoma patient risk of fatal heart

adjusted HD mortality of 631.7/100,000 person-years. The disease versus the genera[ population
corresponding HD mortality in the general US population was

16.7/100,000 person-years. This generated an SMR = 1.38 (95% The characteristics of sarcoma patients and those who
CL: 1.33-1.42). The survival time range was 0-39.25 years, died of HD vs. all cancer patients are shown (Table 1).
with a mean survival time of 7.34 years for sarcoma Higher SMRs for fatal HD in patients with sarcoma were
patients dying from HD. associated with the female sex (546.4/100,000 person-years;
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TABLE 2 Risk of fatal HD among patients with sarcoma by age at diagnosis.

10.3389/fcvm.2022.951940

Age at Mortality in Mortality in Person-years
diagnosis general patients with accrued No. of SMR? 95% CI
(years) population’ sarcoma’ deaths
00-19 2.6 32.7 103,970 34 9.46 6.76-13.24
20-29 4.5 42.7 56,215 24 7.24 4.86-10.81
30-34 7.7 76.9 31,216 24 5.59 3.75-8.34
35-39 14.5 113.7 35,173 40 4.11 3.01-5.60
40-44 29.2 170.1 37,626 64 3.09 2.42-3.95
45-49 58.8 217.6 40,893 89 2.17 1.77-2.68
50-54 109.5 330.0 41,213 136 1.96 1.65-2.32
55-59 188.7 481.2 39,694 191 1.71 1.49-1.97
60-64 310.4 709.5 36,925 262 1.60 1.41-1.80
65-69 508.0 1,050.7 33,121 348 1.55 1.40-1.72
70-74 804.0 1,501.6 27,903 419 1.37 1.24-1.51
75-79 1308.2 2,303.0 22,535 519 1.31 1.20-1.43
80-84 2133.1 3,636.1 14,658 533 1.22 1.12-1.33
85+ 3586.2 7,295.3 9,142 667 1.04 0.96-1.12
HD, heart diseases; SMR, standardized mortality ratio.
!Per 100,000 person-years. Reference population: general US population, 1969-2016.
2 Among persons with sarcoma in the populations served by the SEER program.
3 Adjusted to the race and sex distributions between patients and the general population.
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Fatal HD among sarcoma patients as a function of age group. (A) The y-axis depicts the absolute number of HD deaths and the x-axis depicts
the age group at time of diagnosis. The colors depict the histological subtypes of sarcoma. (B) The y-axis depicts the relative number of HD
deaths and the x-axis depicts the age group at time of diagnosis. The colors depict the histological subtypes of sarcoma.
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SMR = 1.45; 95% CI: 1.37-1.53), the American Indian/Alaskan
Native race (318.9/100,000 person-years; SMR = 2.13; 95% CI:
1.21-3.75), and an unmarried status (579.1/100,000 person-
years; SMR = 1.54; 95% CI: 1.47-1.63). For patients as a whole,
the risk of fatal HD was higher when compared with the general
population over the 40 years covered in the SEER data, except
for those diagnosed between 2002 and 2004 (518.3/100,000
person-years; SMR = 1.09; 95% CI: 0.98-1.20). Patients with
high and low educational levels were equal likely to die from
HD: 32% vs. 33%. Patients with low income levels (SMR = 1.52;
95% CI: 1.44-1.61) and an uninsured status (SMR = 2.25;
95% CI: 1.31-3.88) had a higher SMR for fatal HD when
compared with those with a high income level (SMR = 1.32;
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95% CI: 1.24-1.39) and an insured status (SMR = 1.13; 95% CI:
1.04-1.22). Patients diagnosed at a younger age had a higher
SMR for HD, and SMRs gradually declined as patients were
diagnosed at later ages (Table 2); patients < 19 years old had
an SMR = 9.46 (95% CI: 6.76-13.24, 32.7/100,000 person-years)
vs. >85 years old who had an SMR = 1.04 (95% CI: 0.96-1.12,
7,295.3/100,000 person-years). Fatal HD in sarcoma patients
as a function of age group is shown (Figure 2). In patients
diagnosed at <19 years old, HD plurality occurred in those
with Ewing sarcoma (29.4%) and osteosarcoma (32.4%). In
contrast, in patients diagnosed at >35 years old, HD plurality
occurred in those diagnosed with liposarcoma (19.0%) and
MFH (23.6%).
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TABLE 4 Fatal HD among patients with sarcoma by histological subtypes and years since diagnosis.

10.3389/fcvm.2022.951940

Histology Time since diagnosis

0-1 Year 1-5 Years 5-10 Years >10 Years
All
No. of deaths 675 1016 720 939
Person-years 69,322 181,220 130,829 154,069
SMR! 1.31 0.94 1.32 2.85
95%CI 1.21-141 0.89-1.00 1.22-1.42 2.68-3.04
Chondrosarcoma
No. of deaths 27 73 38 94
Person-years 5,388 16,056 12,997 16,202
SMR 0.9 1.05 0.92 2.98
95%CI 0.62-1.31 0.84-1.33 0.67-1.27 2.44-3.65
Chordoma
No. of deaths 9 16 17 13
Person-years 1,458 4,184 2,643 1,973
SMR 0.84 0.61 1.48 2.77
95%CI 0.44-1.62 0.37-0.99 0.92-2.38 1.61-4.78
Ewing sarcoma
No. of deaths 1 4 3 9
Person-years 2,804 7,044 4,947 6,844
SMR 1.28 3.42 4.81 15.16
95%CI 0.18-9.09 1.28-9.11 1.55-14.91 7.89-29.13
Fibrosarcoma
No. of deaths 33 62 38 52
Person-years 3,685 10,331 7,218 8,885
SMR 1.1 0.91 1.17 3.12
95%CI 0.78-1.54 0.71-1.17 0.85-1.61 2.38-4.1
Leiomyosarcoma
No. of deaths 72 115 77 74
Person-years 6,450 16,327 10,387 9,252
SMR 1.13 0.86 1.25 233
95%CI 0.89-1.42 0.72-1.03 1.00-1.57 1.86-2.93
Liposarcoma
No. of deaths 72 153 162 236
Person-years 9,812 28,926 21,418 22,498
SMR 0.88 0.73 1.28 2.89
95%CI 0.70-1.11 0.62-0.85 1.10-1.49 2.54-3.28
MFH
No. of deaths 120 250 184 221
Person-years 7,472 20,681 16,734 21,766
SMR 1.06 0.99 1.35 2.60
95%CI 0.89-1.27 0.87-1.12 1.17-1.56 2.28-2.97
MPNST
No. of deaths 14 19 12 19
Person-years 1,805 4,148 2,872 2,677
SMR 1.62 1.02 1.32 3.8
95%CI 0.96-2.74 0.65-1.60 0.75-2.32 2.43-5.96
Osteosarcoma
No. of deaths 20 15 12 36
Person-years 5,743 14,378 10,884 15,972

(Continued)
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TABLE 4 (Continued)

10.3389/fcvm.2022.951940

Histology Time since diagnosis

0-1 Year 1-5 Years 5-10 Years >10 Years
SMR 1.73 0.96 1.33 4.75
95%CI 1.12-2.69 0.58-1.59 0.76-2.35 3.43-6.59
Synovial sarcoma
No. of deaths 8 10 7 17
Person-years 2,872 7,842 5,681 7,005
SMR 1.46 0.93 1.12 3.35
95%CI 0.73-2.91 0.50-1.74 0.53-2.35 2.08-5.39
Others
No. of deaths 299 299 170 168
Person-years 21,827 51,298 35,044 40,989
SMR 1.87 1.12 1.51 2.82
95%CI 1.67-2.09 1.00-1.25 1.30-1.76 2.43-3.28

SMR, standardized mortality ratio; MFH, Malignant fibrohistiocytoma; MPNST, Malignant Peripheral Nerve Sheath Tumor; NOS, not of specific.
IReference population: general US population, 1969 to 2016. Adjusted to the age, sex and race distributions between patients and the general population.

P < 0.001), unmarried status (OR = 1.22; 95% CI: 1.13-1.33;
P < 0.001), and a low income (OR = 1.16; 95% CI: 1.05-
1.29; P = 0.004) were associated with significantly greater odds
of dying from HD. Neither educational level nor insurance
status were associated with a risk of dying from HD in the
multivariable model. Moreover, sarcoma patients with distant
metastases of sarcoma had a lower OR of fatal HD than patients
with localized sarcoma (OR = 0.36; 95% CI: 0.3-0.43; P < 0.001).
Receiving chemotherapy was associated with marginally lower
odds of fatal HD (vs. without chemotherapy; OR = 0.77; 95% CI:
0.67-0.88; P < 0.001). As shown (Table 5 - Cox proportional
hazards model in the right panel), the HRs of patients who died
of HD are stratified by subgroup. In the Cox regression model,
receiving radiotherapy (vs. without radiotherapy; HR = 0.80;
95% CI: 0.74-0.87; P < 0.001) and surgery (vs. without surgery;
HR = 0.56; 95% CI: 0.50-0.63; P < 0.001) was still associated
with a lower odds of fatal HD.

Subgroup analysis of the risk of fatal
heart disease

We conducted subgroup analysis of the study cohort based
on histological sarcoma subtypes. Cumulative incidence curves
are shown (Figure 3). Survival analysis indicated that all patients
with sarcoma benefited from chemotherapy except those with
chordoma (P = 0.280) and Ewing sarcoma (P = 0.555). To
further determine if chemotherapy increased the risk of fatal
HD in patients with sarcoma, we conducted subgroup analysis
by clinical stage. In the subgroup analysis, chemotherapy could
protect patients with regional Ewing sarcoma from dying from
HD (Table 6). Moreover, we found that chemotherapy could
increase significantly the risk of fatal HD among patients
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with localized osteosarcoma (HR = 3.18; 95% CI: 1.24-8.13;
P =0.016), but not those with regional (HR = 0.63; 95% CI: 0.28-
1.40; P = 0.259) or advanced osteosarcoma (HR = 0.25; 95%
CI: 0.06-1.03; P = 0.055). For other subgroups with sarcoma at
different clinical stages, chemotherapy did not have any effect on
the risk of fatal HD.

Discussion

With  the
including advances in imaging techniques and neoadjuvant
has
significantly (22). In addition to prolonging survival rates,

development of multimodality therapy,

chemotherapy, sarcoma patient survival improved
clinicians are now increasingly concerned about complications
caused by sarcoma therapy (20, 23). Several small sample or
single-center clinical cohort studies reported that antineoplastic
agents such as anthracyclines increased the risk of dying from
HD in sarcoma patients (14, 15). However, due to low sarcoma
incidence rates and limitations with small sample or single
center studies, no robust data are available to inform clinical
practice. To address this, and to our knowledge, ours is the
largest retrospective cohort study on the risk of fatal HD in
patients with bone and soft tissue sarcoma.

We performed a contemporary analysis of the risk of fatal
HD in >80,000 sarcoma patients and showed that HD risk
varied as a function of age, histological subtype, clinical stage,
and time after diagnosis. Earlier studies reported that cancers
were associated with a high risk of death from HD (4, 6,
7). We first reported that sarcoma patients had a higher risk
of fatal HD when compared with the general US population,
which was potentially attributed to antineoplastic agents such
as anthracycline (24). Anthracyclines are antibiotics discovered
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TABLE 5 Odds ratios and hazard ratios of fatal HD among sarcoma patients.

Logistic regression model

10.3389/fcvm.2022.951940

Cox proportional hazards model

Odds ratio 95% CI P-value Hazard ratio 95% CI P-value
Age at diagnosisl 1.06 1.05-1.07 <0.001 1.10 1.09-1.12 <0.001
Sex
Female Reference Reference
Male 1.44 1.33-1.56 <0.001 1.63 1.51-1.75 <0.001
Race
White Reference Reference
Black 1.27 1.11-1.45 <0.001 1.33 1.18-1.50 <0.001
Other 0.83 0.70-0.97 0.025 0.79 0.68-0.93 0.003
Year of diagnosisl 0.94 0.92-0.95 <0.001 0.97 0.96-0.98 <0.001
Marital status
Married Reference Reference
Unmarried 1.22 1.13-1.33 <0.001 1.48 1.37-1.60 <0.001
Unknown 1.33 1.14-1.55 <0.001 1.27 1.11-1.47 0.001
Income
High Reference Reference
Medium 1.00 0.91-1.09 0.922 1.02 0.94-1.12 0.592
Low 1.16 1.05-1.29 0.004 1.22 1.11-1.34 <0.001
Education
High Reference Reference
Medium 0.96 0.86-1.07 0.428 0.97 0.88-1.07 0.542
Low 0.99 0.88-1.11 0.829 0.99 0.89-1.11 0.894
Insurance
Uninsured Reference Reference
Any Medicaid 1.03 0.58-1.96 0.923 0.94 0.70-2.14 0.831
Insured 0.85 0.51-1.56 0.566 0.59 0.34-1.02 0.060
Unknown 1.27 0.76-2.34 0.399 0.59 0.34-1.03 0.062
Grade at presentation
Grade I Reference Reference
Grade II 0.90 0.78-1.03 0.127 1.07 0.94-1.22 0.312
Grade 11T 0.83 0.72-0.96 0.010 1.41 1.23-1.61 <0.001
Grade IV 0.78 0.68-0.89 <0.001 1.35 1.19-1.54 <0.001
Other 0.84 0.75-0.94 0.003 1.21 1.09-1.35 <0.001
Stage at presentation
Localized Reference Reference
Regional 0.76 0.69-0.84 <0.001 1.02 0.94-1.12 0.589
Distant 0.36 0.31-0.43 <0.001 1.31 1.12-1.53 <0.001
Unknown 0.70 0.61-0.81 <0.001 091 0.80-1.04 0.156
Radiotherapy
No/Unknown Reference Reference
Yes 0.84 0.77-0.91 <0.001 0.80 0.74-0.87 <0.001
Chemotherapy
No/Unknown Reference Reference
Yes 0.77 0.67-0.88 <0.001 0.97 0.85-1.11 0.659
Surgery
None Reference Reference
Yes 1.18 1.04-1.33 0.009 0.56 0.50-0.63 <0.001
Unknown 0.53 0.41-0.67 <0.001 0.86 0.63-1.00 0.050

HD, heart diseases; NOS, not of specific.

ncrease 1 year.
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Subgroup analysis: the graph showed cumulative incidence curves of death resulting from heart events. MFH, malignant fibro histiocytoma;

MPNST, malignant peripheral nerve sheath tumors.

approximately 50 years ago, are used as antineoplastic agents,
and are the most successful anticancer therapies ever developed
for sarcoma (3). However, a worrisome adverse side effect
is ventricular dysfunction and heart failure (25). Due to
low sarcoma incidence rates, previous cardio-toxicity studies
in sarcoma patients receiving chemotherapy were conducted
in small sample or at single centers (13-15). In a recent
comparative study of 95 patients with sarcoma, approximately
17% developed cardio-toxicity after receiving doxorubicin (26).

Indeed, the death rate due to HD in patients receiving
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chemotherapy was seriously underreported due to inaccurate
statistics about cause of death.

The systematic and standardized data collection procedures
are used to ensure that the causes of death recoded in SEER are
accurate (27); therefore, we believe our study presents a reliable
picture of death rates from HD in patients with sarcoma in the
US. Using the SEER database, we showed that the incidence rate
of fatal HD in sarcoma patients was 631.7/100,000 person-years.
In subgroup analyses, chemotherapy for sarcoma only increased
the risk of fatal HD in patients with localized osteosarcoma,
but not for other subtypes. These subgroups results may be
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TABLE 6 Subgroup analysis of fatal HD among patients with sarcoma
by histology and clinical stage.

Histology Clinical stage ~ HR! 95% CI  P-value
Ewing sarcoma
All 0.97 0.85-1.11 0.659
Localized Inf 0.00 - Inf 0.999
Regional 0.04 0.01-0.29 0.001
Distant 0.00 0.00 - Inf 1.000
Osteosarcoma
All 0.97 0.85-1.11 0.659
Localized 3.18 1.24-8.13 0.016
Regional 0.63 0.28-1.40 0.259
Distant 0.25 0.06-1.03 0.055
Synovial sarcoma
All 0.97 0.85-1.11 0.659
Localized 0.40 0.06-2.86 0.363
Regional 3.06 0.85-11.11 0.088
Distant Inf 0.00-Inf 1.000
MPNST
All 0.97 0.85-1.11 0.659
Localized 4.59 0.85-24.67 0.076
Regional 0.71 0.05-10.57 0.804
Distant 0.87 0.18-4.24 0.867
Chondrosarcoma
All 0.97 0.85-1.11 0.659
Localized 0.44 0.10-1.87 0.268
Regional 1.05 0.30-3.60 0.949
Distant 0.52 0.10-2.81 0.449
MFH
All 0.97 0.85-1.11 0.659
Localized 1.17 0.83-1.65 0.375
Regional 0.89 0.51-1.53 0.667
Distant 0.28 0.07-1.16 0.079
Fibrosarcoma
All 0.97 0.85-1.11 0.659
Localized 0.94 0.36-2.47 0.902
Regional 1.76 0.38-8.23 0.474
Distant 1.06 0.06-18.89 0.968
Liposarcoma
All 0.97 0.85-1.11 0.659
Localized 0.84 0.48-1.45 0.523
Regional 1.33 0.54-3.23 0.534
Distant 0.49 0.06-3.94 0.504
Leiomyosarcoma
All 0.97 0.85-1.11 0.659
Localized 0.83 0.39-1.77 0.635
Regional 1.31 0.57-2.97 0.524
Distant 0.44 0.14-1.39 0.162
Chordoma
All 0.97 0.85-1.11 0.659
Localized 1.66 0.16-17.36 0.673
(Continued)
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TABLE 6 (Continued)

Histology Clinical stage HR! 95% CI P-value
Regional 0.00 0.00 - Inf 0.998
Distant 0.00 0.00 - Inf 1.000
Others
All 0.97 0.85-1.11 0.659
Localized 0.97 0.70-1.34 0.848
Regional 0.76 0.46-1.24 0.273
Distant 0.47 0.29-0.77 0.003

HD, heart diseases; HR, hazard ratio; MFH, malignant fibrohistiocytoma; MPNST,
Malignant Peripheral Nerve Sheath Tumor.

!We performed a survival analysis using a Cox proportional hazards model to calculate
hazard ratios (HRs), adjusting for demographics: age, sex, race, year of diagnosis,
socioeconomic status, insurance status and tumor characteristics: clinical stage, grade
at presentation, radiotherapy and surgery status.

attributed to the low incidence rates of Ewing sarcoma in
the SEER database.

Apart from chemotherapy, surgery is the main treatment
method for sarcoma as it aims to remove all sarcoma traces
from patients (22). In 2005, an estimated 18,000 patients
underwent amputation due to bone and soft tissue sarcoma,
which was the third leading cause of amputation in the US
(28). We showed that 79% of patients underwent sarcoma
surgery in the study cohort. These patients typically lost a
certain degree of physical activity, which is a known risk factor
for cardiovascular events (24, 29). Moreover, earlier reports
indicated that sarcoma patients presented a certain degree
of anxiety and depression which were related to functional
and appearance changes (30, 31). Physical inactivity and
demoralization are risk factors for HD (32). In our study,
the higher relative risk of fatal HD in sarcoma patients to
general population in the first year was possibly attributed to
chemotherapy, and the relative risk of fatal HD was highest
during follow-up after 10 years, which was possibly attributed
to combined physical inactivity and demoralization effects.
Therefore, clinicians should orchestrate specific rehabilitation
care strategies to help long-term sarcoma survivors improve
their exercise regimens. Also, evidence now suggests that
exercise may inhibit both early and late doxorubicin-induced
cardiotoxicity (33). Likewise, psychological assessments such
as the Hamilton Depression and Hamilton Anxiety Scales
are necessary for long-term sarcoma survivors (20), and can
help orthopedic surgeons identify psychological disorders in
patients and allow psychologists commence interventions as
early as possible.

Cardiovascular events have typically been regarded as age-
related disorders, but in our study, younger patients with
sarcoma had a higher relative risk of fatal HD when compared
with older patients. In the general population aged < 19 years
old, HD mortality was very low, at only 2.6/100,000 person-
years. But in similar-aged sarcoma patients, this mortality was
32.7/100,000 person-years due to sarcoma and chemotherapy.
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Given the high risk of fatal HD among younger patients with
sarcoma, clinicians should closely monitor cardiac functions in
these younger patients.

Our study had several limitations, most of which
were related to the SEER database. Firstly, the database
program was limited in terms of detailed information
on chemoradiotherapy such as doses and cycles. In a
phase III ANNOUNCE trial evaluating cardiotoxicity in
patients with soft-tissue sarcoma given doxorubicin, cardiac
dysfunction occurred in 2% of patients receiving doses
of <450 mg/m?, 3% at 450 - <600 mg/m?, and 1.1%
at >600 mg/m? (14). Considering the dose-dependent
cardiotoxicity of doxorubicin (34, 35), direct associations
must be assessed between chemotherapy dose or cycles
and the risk of HD death in sarcoma patients. Future
analyses can be augmented by the SEER-Medicare data set,
which may elucidate direct relationships with chemotherapy
doses and cycles. Secondly, in subgroup analyses, we
observed no chemotherapy effects on the risk of fatal
HD in other subgroups, such as patients with Ewing
sarcoma, inconsistent with previous studies (14, 33, 36).
A possible explanation could be the relatively low number
of deaths
may have reduced the statistical power of our subgroup
this further
Despite these limitations, ours is the first large sample and

due to cardiovascular events which in turn

analyses, therefore, requires investigation.
population-based study with the longest follow-up times,
to explore the risk of HD death in sarcoma patients. Our
results are reliable and robust and may be used to guide

clinical practice.

Conclusion

This is the first large population-based study on the
risk of fatal HD in sarcoma patients, which up to now
were rarely reported. Our results suggest that the risk of
fatal HD in sarcoma patients is higher than that of the
general population, and increases with longer follow-up
times. The relative risk of HD to the general population
with  different
subtypes and clinical stage. Subgroup analyses indicated

varied in patients histological sarcoma

that chemotherapy increased the risk of fatal HD in
patients with localized osteosarcoma. To mitigate the risk
of fatal HD in sarcoma patients, enhanced multidisciplinary
cooperation is warranted, and

including cardiologists

orthopedic surgeons.
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Background: Immune checkpoint inhibitors (ICls) have revolutionized
cancer treatment. However, despite their excellent therapeutic effect, these
medications typically result in a broad spectrum of toxicity reactions.
Immune-related cardiotoxicity is uncommon but can be potentially fatal, and
its true incidence is underestimated in clinical trials. The aim of this study is to
assess the incidence and identify risk factors for developing a cardiac event in
patients treated with ICls.

Methods: We conducted a single-institution retrospective study, including
patients treated with ICls in our center. The main outcomes were cardiac
events (CE) and cardiovascular death.

Results: A total of 378 patients were analyzed. The incidence of CE was 16.7%,
during a median follow-up of 50.5 months. The multivariable analysis showed
that age, a history of arrhythmia or ischemic heart disease, and prior immune-
related adverse events were significantly associated with CE.

Conclusion: CE during ICI treatment are more common than currently
appreciated. A complete initial cardiovascular evaluation is recommended,
especially in high-risk patients, being necessary a multidisciplinary approach
of a specialized cardio-oncology team.

cardiovascular event, immune checkpoint inhibitors, myocarditis, cardiotoxicity, risk
factors

frontiersin.org
42


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.1062858
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.1062858&domain=pdf&date_stamp=2022-12-01
https://doi.org/10.3389/fcvm.2022.1062858
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2022.1062858/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Torrente et al.

Introduction

The hallmark of many cancers is their ability to avoid
the host immune response, allowing cell proliferation and
metastasis (1). Cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) and programmed cell death protein (PD-1) are co-
inhibitory T-cell surface molecules, which downregulate the
immune response by attenuating T-cell activation, proliferation,
and cytokine production (2, 3). The immune system employs
these inhibitory pathways to maintain T-cell tolerance and
prevent autoimmunity (4). Numerous cancer cells overexpress
the programmed cell death ligand 1 (PD-L1) on their surface,
which contributes to their immune evasion by enhancing
their immune escape ability, resulting in a poor prognosis for
the patient (5). Based on these inhibitory molecules, several
monoclonal antibodies targeting these immune checkpoint
pathways have been developed in the last decade.

Immune checkpoint inhibitors (ICIs) have revolutionized
the therapeutic landscape of many hematological and solid
tumors. Since the introduction of the first ICI, ipilimumab
(human IgGl k anti-CTLA-4 monoclonal antibody) in 2011,
six additional ICIs have been approved for cancer therapy by
regulatory agencies (6), becoming a mainstay in the treatment
of several neoplasms, including non-small cell lung cancer
(NSCLC) and malignant melanoma. ICIs have shown high
and durable response rates, either alone or in combination
with other therapies, improving the survival of patients with
advanced-stage malignancies, historically endowed with a poor
prognosis (7, 8).

However, these agents also produce a wide spectrum of
immune-related adverse events (irAEs), mainly due to aberrant
autoreactive T-cell activation (9). These immune-mediated
toxicities may affect any organ or tissue, with the most
frequently reported being the skin, gastrointestinal system,
and endocrine system (10). The incidence of irAEs varies
between CTLA-4 inhibitors and PD-1 inhibitors, being high-
grade adverse events more common with the combination ICI
therapy (11).

Immune-related cardiotoxicity is a potentially fatal irAE.
Since the first specific case of ICI-associated cardiotoxicity
was reported in 2014 (12), cardiotoxicity during ICI treatment
has been increasingly reported (13-15). The current evidence
available arises from pharmacovigilance databases, case reports,
and retrospective series (16), but no randomized controlled
trials have assessed the potential cardiotoxic role of ICIs.
Among the various forms of ICI cardiotoxicities, myocarditis
is the most frequently reported due to its high morbidity
and mortality. Retrospective evaluation literature has estimated
that the incidence of ICI-related myocarditis ranges from 0.09
to 1.14% (17, 18). Nevertheless, the true incidence of other
cardiovascular effects of immunotherapy is uncertain. Immune-
related cardiotoxicity involves almost all parts of the heart,
being the myocardium the most sensitive to ICIs toxicity. The
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potential mechanism of ICI-mediated cardiac toxicity is not
fully understood, but histological analysis has revealed that
the infiltration of CD4+/CD8+ T-cells and macrophages in the
heart tissue may play a key role in the pathogenesis (19). ICI-
related cardiotoxicity can be inflammatory, including conditions
such as pericarditis, myocarditis, and perimyocarditis, or non-
inflammatory, including left ventricular dysfunction without
myocarditis, Takotsubo-like syndrome, coronary vasospasm,
arrhythmias, and myocardial infarction (20). Various reports
have revealed that immune-related cardiotoxicity may occur
early after exposure to an ICI, suggesting a potential
predisposition to cardiotoxicity that is possibly associated with
pre-existing cardiovascular risk factors (CVRF) (21). Likewise,
as reported with other irAEs, a combined ICI therapy with
anti-CTLA4 and anti-PD-1/PD-LI, significantly increases the
risk of developing an immune-related CE (22), as well as
previous administration of other cardiotoxic cancer therapies,
such as anthracyclines, trastuzumab, thoracic radiotherapy, or
antiangiogenic therapy.

In order to gain a more robust understanding of immune-
related cardiotoxicity, we reviewed the incidence of CE
developed during ICI treatment in our institution. In addition,
we tried to assess the role of CVRF and other cancer therapies in
the development of cardiac toxicity.

Materials and methods

Study population

We conducted a single-institution retrospective study at the
Puerta de Hierro-Majadahonda University Hospital in Madrid,
Spain. Oncologic patients treated in our center with immune
checkpoint inhibitors, either in monotherapy or in combination
with chemotherapy or other therapies, were included from
March 2014 to November 2020.

Clinical history from electronic health records was retrieved,
and specific data were collected regarding demographics,
previous CVRE and oncological features such as specific tumor,
histology, AJCC/UICC stage, treatments received (including
type of chemotherapy and targeted therapies, with an emphasis
on those with cardiotoxic effects), treatment-related toxicity,
and outcomes (overall survival).

Cardiac events identified during or after immune
checkpoint inhibition were electrocardiographic alterations
(such as long QT syndrome, any grade bundle branch or
atrioventricular blockades or atrial fibrillation), congestive
heart failure, pulmonary embolism, acute coronary syndrome,
pericarditis, and myocarditis. Treatment interruptions,
hospitalizations due to cardiologic issues, and cardiac-related
deaths were also identified.

The aim of the study was to determine the incidence

of cardiac events in patients exposed to immune checkpoint
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inhibitors and to identify clinical factors for predicting the onset
of these events.

Statistical analysis

Qualitative variables are expressed as an absolute value
and percentage. Quantitative variables are expressed as the
median and interquartile range (IQR). To test for clinical data
categorical associations with cardiac event development, we
performed a Chi-square test in variables such as sex, known
CVRE (hypertension, diabetes, valve disease, chronic kidney
disease, ischemic heart disease, previous history of arrhythmia,
smoking habit, tumor location, previous potentially cardiotoxic
drug exposure, previous chest radiotherapy, and tumor objective
response). T-student test was used for age. To identify risk
factors increasing the probability of CE, Cox models were
constructed. Risk factors with a P-value lower than 0.05 in
the univariable analysis were developed into multivariable
models. Odds ratios (ORs) and 95% confidence intervals
(CIs) were provided for the multivariable model. In line with
recommendations, the cumulative incidence was designed up to
the 95 percentile of follow-up duration.

Based on the results obtained in the multivariable analysis,
as well as clinically important variables, we developed a
predictive score for the risk of developing a cardiac event after
immunotherapy exposure. The score calibration was assessed
using the Hosmer-Lemeshow goodness-of-fit test as well as the
discrimination through the area under the receiver operating
characteristic curve.

All statistical analyses were performed using Stata
version 23 software.

Ethics

Ethical approval was granted by the Puerta de Hierro-
Majadahonda University Hospital Clinical Research Ethics
Committee. The study was carried out in accordance with
the requirements expressed in the Declaration of Helsinki, as
well as with the current legislation in Spain on conducting
observational studies (Ministerial Order SAS/3470/2009).

Results

Baseline characteristics of the full
cohort

Between March 2014 and November 2020, a total of
378 patients receiving ICIs treatment in our institution were
analyzed. Of those, 134 were females (35.5%) and 244 were males
(64.6%). The median age was 61 years old (p25-p75: 55-68).
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Table 1 lists the main baseline characteristics of our cohort
of patients. The most frequent comorbidities were hypertension
(40.7%), dyslipidemia (30.4%), and type 2 diabetes (13.2%);
29.9% of patients were current smokers at the time of the
analysis, and 51.3% were former smokers. Regarding other
more specific CVRE, the most prevalent was peripheral vascular
disease (17.2%), followed by history of coronary heart disease
(5.0%), heart valve disease (5.0%), chronic renal failure (4.5%),
and congestive HF (0.5%); 24 patients (6.4%) had history of
arrhythmia being the most frequent atrial fibrillation (83.4%).
In addition, 10.9% of the patients were receiving anticoagulants
and 11.9% antiplatelet treatment. Only 41 (10.8%) patients had
a family history of cardiovascular disease. In the cardiologic
evaluation prior to the start of ICI treatment, 20 patients (5.3%)
presented with alterations in cardiac contractility, and 25 (6.6%)
had left ventricular hypertrophy in the echocardiographic
assessment. Only 2 patients had evaluable cardiomegaly in chest
X-ray.

Regarding tumor characteristics, most of the patients
receiving ICI treatment were lung cancer patients (62.3%),
followed by melanoma (12.7%), renal cell carcinoma (5.0%),
urothelial carcinoma (4.8%), and head-and-neck tumors (4.2%).
The predominant histology was adenocarcinoma (42.9%)
followed by squamous cell carcinoma (20.6%) and melanoma
(12.7%). Most of the patients were at stage IV of the disease
(82.2%). 34.4% of patients received ICI in the first-line setting,
in monotherapy, or in combination with other therapies.
Regarding the type of ICI treatment administered, most of the
patients received anti-PD1 drugs (64.8%), followed by anti-
PDL1 drugs (9%) and anti-CTLA4 drugs (1.6% in monotherapy
and 9.5% in combination with anti-PD1), with a median of 6
cycles per patient. Details on ICI treatment are listed in Table 2.
When we evaluated the best response to ICIs by radiologic
assessment, 32.3% of patients had a partial response, 13% stable
disease, and 9.2% complete response. Nevertheless, most of the
patients had progressive disease at first evaluation (43.1%). At
the time of the analysis, 335 patients (88.6%) had interrupted the
ICI therapy, most of them due to disease progression (51.6%)
or death (10.6%), end of treatment after 2 years completion
(14.2%) and only 37 (9.8%) due to immune-related toxicity. The
most frequent irAE was gastrointestinal (18.9%), followed by
skin disorders (16.5%) and pneumonitis (16.5%). 45 patients
experienced grade 3 adverse events (11.9%). Of note, only one
patient interrupted ICI treatment due to SARS-CoV-2 infection.

As abovementioned, most patients presented advance stage
of the disease upon ICIs initiation, and had progressed to
several lines of treatment, including potentially cardiotoxic
drugs. Specifically, 3.4% of patients had previously received
anthracyclines, 23.0% cisplatin, 29.1% antimicrotubule agents,
13% antiangiogenic therapy, and only 0.5% (2 patients) anti-
HER?2 therapy. Regarding radiotherapy, 95 patients (25.1%) had
received thoracic radiotherapy (including lung/mediastinum in
80%), most of them with radical/curative intention (median
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TABLE 1 Baseline characteristics of patients at the time of initial

administration of immune checkpoint inhibitors.

Variable N =378 patients (%)

Sex Male: 244 (64.6%)
Female: 134 (35.5%)

Age (median) 61.0 (p25-p75: 55-68)

Hypertension 154 (40.7%)

Diabetes 50 (13.2%)

Hypercholesterolemia

Current or prior smoking

115 (30.4%)
307 (81.2%)

Coronary syndrome 19 (5.0%)

Heart failure 2(0.5%)

Chronic renal failure 17 (4.5%)

Valvular disease 19 (5.0%)

Arrhythmia 24 (6.4%)

Peripheral arterial 65 (17.2%)

disease

Type of tumor Lung cancer: 236 (62.3%)

Melanoma: 48 (12.7%)

Renal cell carcinoma: 19 (5.0%)
Bladder cancer: 18 (4.8%)

Head and neck tumors: 16 (4.2%)
Hepatocellular carcinoma: 9 (2.4%)
Lymphoma: 8 (2.1%)

Colorectal cancer: 5 (1.3%)
Gastric cancer: 5 (1.3%)
Gynecological tumors: 3 (0.8%)
Breast cancer: 3 (0.8%)
Thymoma: 2 (0.5%)
Cholangiocarcinoma: 1 (0.3%)
Esophagus tumors: 1 (0.3%)

I: 4 (1.0%)

1L: 8 (2.1%)

III: 52 (14.0%)

IV: 313 (82.8%)

Anthracyclines: 13 (3.4%)
Cisplatin: 87 (23.0%)
Antimicrotubule: 110 (29.1%)
Antiangiogenic therapy: 49 (13.0%)
HER?2 targeted therapy: 2 (0.5%)
Thoracic radiotherapy: 95 (25.1%)

Tumor stage when ICI
was started

Previous cardiotoxic
treatments

ICI, immune checkpoint inhibitors.

dose of 60 Gy). Only 54 patients received concomitant
chemotherapy (55% platinum-based chemotherapy).

Incidence of cardiac events in the full
cohort

Focusing on the CE, 63 patients (16.7%) presented a
CE during ICI treatment in our study (with some patients
presenting more than one CE). The median time to CE onset
from the initiation of ICI therapy was 4.3 months (p25: 1.5-
p75: 11.1). Table 3 summarizes the incidence of each CE.
Considering non-cardiac death as a competing event, the
cumulative incidence rates for a CE were 10.2% at 6 months,
13.8% at 12 months, 16% at 18 months, 17.7% at 24 months,
18.8% at 6 months, and 19.8% at 48 months (Figure 1). The
most prevalent event was an electrocardiographic alteration
(69.8% of all CE), being atrial fibrillation the most frequently
reported. Among the 44 patients who developed some type of
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TABLE 2 Type of ICI treatment received.

ICI-treatment

Anti-PD1: 245 (64.8%)
Anti-PDLI: 34 (9.0%)
Anti-CTLA4: 6 (1.6%)

Anti-CTLA4 + anti-PD1: 36
(9.5%)

ICI + chemotherapy: 49 (13.0%)
ICI + VEGF inhibitors: 7 (1.8%)
ICI + tyrosine kinase inhibitors: 1
(0.3%)

o ICI-monotherapy

o ICI-combinations

ICI, immune checkpoint inhibitors; VEGE, vascular endothelial growth factor.

arrhythmia during immunotherapy, 42 were newly onset and
only 4 had history of atrial fibrillation. Congestive HF accounted
for 19.0% of all CE; of important note, we found that all of these
patients had previous CVRE which could have predisposed to
the subsequent HF event during ICIs. However, none of these
patients had a history of HF or echocardiographic abnormalities
prior to ICI therapy. Pulmonary embolism represented 10.8%
of all CE, having all of them predisposing factors such as recent
surgery, immobilization, or disease progression. None required
fibrinolysis or ICU admission, and 3 patients (4.6% of all CE)
developed an ACS, of whom, two had a previous history of
coronary heart disease and were under cardiologic follow-up.

Regarding the “inflammatory” cardiotoxicity, two patients
were diagnosed with pericarditis and two with myocarditis.
These patients required hospital admission and close cardiologic
monitoring, as well as high-dose corticosteroids, and, in
the case of myocarditis, immunosuppressive treatment. Three
of these four patients diagnosed with peri- or myocarditis
presented other concomitant irAE, such as myasthenia gravis,
polyarthritis, or Guillain-Barre syndrome. As previously stated,
37 patients (9.8%) had to interrupt treatment because of an
irAE, but only 2 patients (0.5%) due to specific cardiac toxicity.
During a median follow-up of 50.5 months (95% CI 45.5-57.7),
202 patients (53.4%) died, of whom 3 (0.8%) the cause of death
was due to a CE: 2 fatal events associated to myocarditis and 1
to congestive HF.

The cumulative incidence function (CIF) represents the
incidence rates of cardiac events in our cohort of patients,
considering non-cardiac deaths as a competing event. Probably,
the incidence of CE might be underestimated due to the high
mortality rates observed in cancer patients.

Risk factors for cardiac events

Univariable and multivariable Cox regression analyses are
presented in Table 4. Older patients and those with history
of heart valve disease, ischemic heart disease, or arrhythmia
were prone to develop a CE in the univariable analysis.
However, only age (OR 1.03; 95% CI 0.99-1.06; p = 0.05),

frontiersin.org


https://doi.org/10.3389/fcvm.2022.1062858
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Torrente et al.

TABLE 3 Global incidence of cardiovascular events
during ICI treatment.

Cardiac event Incidence
Electrocardiographic 12.2%
alterations
Pulmonary embolism 1.9%
Mace
o Heart failure 3.4%
e Acute coronary 0.8%
syndrome
Myocarditis 0.5%
Pericardial disease 0.5%
Mortality
o Global mortality 53.4%
e Cardiovascular mortality 0.8%

MACE, major adverse cardiovascular events.

a history of ischemic heart disease (OR 3.25; 95% CI 1.16-
9.14; p = 0.025), or arrhythmia (OR 4.11; 95% CI 1.66-
10.22; p = 0.002), remained significantly associated with CE
in the multivariable analysis. Likewise, those patients who had
developed another irAE (31.7%) were also at increased risk
(OR 2.08; 95% CI 1.11-3.94; p = 0.023). By contrast, other
known CVRF such as hypertension, diabetes, dyslipidemia,
chronic kidney failure, or smoking habit, did not increase the
risk for cardiac toxicity in our study, nor did the type of
tumor, stage, or response to treatment. Regarding ICI therapy,
there were no differences between combination regimens
(with other ICI, antiangiogenic therapy, or chemotherapy)
and monotherapy (p = 0.87). Similarly, patients who had
received other cardiotoxic therapies (anthracyclines, cisplatin,
antimicrotubule agents, antiangiogenic therapy, anti-HER2
therapy, or thoracic radiotherapy), were not at increased risk for
cardiac toxicity.

Discussion

This study provides real-world observational data on the
risk of CE associated with ICI treatment, which can extend
beyond myocarditis. Their detection is currently challenging
due to the lack of consistency of its clinical manifestation, and,
consequently, their incidence is probably underestimated in
clinical trials. Thus, prospective or retrospective studies with
larger cohorts are essential for capturing the true incidence of
CE in daily practice. A pharmacovigilance study using VigiBase,
the WHO’s global database of individual case safety reports,
reported significantly higher, but still very low incidences of
myocarditis and pericarditis, with an incidence of 0.39 and
0.30%, respectively (23). A Danish nationwide study evaluated
the risk of CE in ICI-treated patients, reporting an absolute risk
at 1 year of 9.7% in 743 patients with lung cancer and 6.6% in 145
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patients with melanoma. They concluded that the hazard rates of
CE were higher in patients with vs. without ICI treatment (24).

The most prevalent CE reported in our study were
arrhythmias, of which, atrial fibrillation was the most prevalent
one. ICI-mediated arrhythmias and conduction diseases, in the
absence of generalized myocarditis, are emerging as a more
frequent and potentially serious cause of ICI-mediated sudden
death (21). The mechanisms underlying the arrhythmias are
unknown, but might include inflammation of the His-Purkinje
conduction system, increased systemic inflammatory state,
myocarditis with inflammation and fibrosis, and other causes of
arrhythmias in cancer patients (QT-interval prolonging drugs,
electrolyte imbalances, myocardial metastases) (20). Other
relevant CE reported in our study were HF and ACS, which
can be considered MACE. Although other well-known CVRE
such as hypertension, diabetes, or dyslipidemia, are major risk
factors for developing a MACE, and immunotherapy seems
to play an important role in the pathogenesis of these events.
Preclinical models have shown that cardiomyocyte PD-L1
expression is upregulated in cardiac stress, including ischemia
reperfusion and left ventricular hypertrophy, and might have
cardioprotective actions by suppressing excessive myocardial
inflammation (25). Likewise, it is known that atherosclerosis
is characterized by low-grade chronic inflammation, and
that acute or chronic inflammatory conditions can accelerate
plaque rupture (26). Thus, ICIs could induce acceleration or
decompensation of pre-existing HF and ACS in susceptible
individuals. In line with this, in a matched cohort study
of 5,684 patients, a threefold higher risk of atherosclerotic
CE (myocardial infarction, coronary revascularization, and
ischemic stroke) was observed after starting ICI therapy (27).
Additionally, HF is not a marginal issue in this study and
requires a better understanding of the systemic perturbation
induced by immune checkpoints and its impact on cardiac
function. Patients with dilated cardiomyopathy can have
heterogeneous etiology such as genetic, viral, immunological,
and environmental factors. Despite several animal studies that
indicate that PD-1 may be an important factor contributing
to the prevention of autoimmune diseases (28, 29), the
involvement of an immune mechanism in patients with dilated
cardiomyopathy is still controversial.

Regarding pulmonary embolisms, the evidence is scarce.
Some reports suggest that these events may be associated with
ICI therapy (30); however, this should be viewed as speculative
and requires further investigation. In our cohort, the incidence
of myocarditis and pericardial diseases was 0.5. Our rate is
similar to that previously reported in other studies, although
there has been a substantial increase in reporting incidence over
time (31), probably due to an increased use of ICIs, along with
heightened recognition of this new clinical entity. With a fatality
rate of 27-46%, ICI- related myocarditis is the most lethal form
of irAE (32), requiring high-dose corticosteroids and, in most
cases, immunosuppressive treatment. The pathophysiology
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of ICIl-induced myocarditis is incompletely understood.
Post-mortem evaluations have observed inflammatory T-cell
(CD4+ and CD8+) and macrophage infiltrate, as well as loss of
cardiomyocytes, which, as mentioned before, might also employ
the PD-1/PD-L1 pathway to prevent T-cell hyperactivation
in the heart in physiological conditions (17). These findings
are consistent with the mechanism of ICI action and can be
considered an on-target toxicity.

The presence of pre-existent CVRF was common in
our study population (46.6%), similar to that reported in
the literature (33). Little is known about predisposing risk
factors for ICI-related cardiotoxicity. Mahmood et al. reported
that diabetes mellitus may predispose to immune-related
myocarditis, but no such association has yet been found for
other CVRF (18). In a recent retrospective match-cohort study
of 672 patients treated with ICIs, only age, history of HE
and heart valve disease were independently associated with
MACE (34). In our study, the multivariable analysis showed that
older patients, those with history of ischemic heart disease or
arrhythmias, and those who developed an irAE are at increased
risk of developing a CE during ICI treatment. Other non-
cardiac irAEs are frequent, occurring in approximately half of
the patients with ICI-mediated myocarditis (18). Myositis is one
of the most prevalent (23-25%) (21, 31), and this association
might reflect a shared antigen profile and immune phenotype
between cardiac and skeletal muscle.

A combination of ICI therapy seems to be a clear risk
factor for developing a CE according to the literature. Johnson
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et al. reported a higher incidence (0.27 vs. 0.06%) and
severity (60 vs. 10%) of myocarditis in patients receiving
a combination of nivolumab and ipilimumab compared to
nivolumab alone (17). Similarly, combined immunotherapy
and other cardiotoxic cancer therapy (such as anti-VEGF-
tyrosine kinase inhibitors, platinum-based chemotherapy, or
radiotherapy) seem to increase the vulnerability for developing
a CE (35). However, our study was unable to demonstrate
those associations; possibly, a larger study sample might
have exposed a statistical difference. On the other hand,
many patients with metastatic disease have received multiple
treatments before initiating ICIs treatment, some of which
might have been cardiotoxic. By inducing myocardium damage,
these treatments can lead to the exposure of cardiac antigens
developing immune responses that can be amplified upon
the initiation of ICIs (36). In our cohort, previous treatment
with cardiotoxic therapy was common (58.9%), but no
association was observed with the development of CE in the
multivariable analysis.

Our real-world data support a baseline and protocoled
cardio-oncology follow-up of high-risk patients, such as
elderly patients and those with pre-existing cardiovascular
comorbidities, especially history of ischemic heart disease and
arrhythmias. In addition, patients who develop another irAE
should be included in this high-risk group. Based on these
results, we have designed a predictive risk-score, which could
potentially assess the probability of developing a CE based
on the presence or absence of these specific risk factors
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TABLE 4 Univariable and multivariable Cox regression analysis.

10.3389/fcvm.2022.1062858

No cardiac Cardiac event Univariable analysis, Multivariable analysis OR (95%
event (n =313) (n=65) P-value CI), P-value
Sex
o Male 204 (65.2%) 40 (61.5%) 0.557
o Female 109 (34.8%) 25 (38.5%)
Clinical factors:
o Age 59.68 (58.4-61.0) 64.82 (62.5-67.1) 0.001* OR 1.03, 95% CI 0.99-1.06
p=0.05*
e Hypertension 125 (39.9%) 29 (44.6%) 0.485
e Dyslipidemia 89 (28.4%) 26 (40.0%) 0.065
o Diabetes mellitus 40 (12.8%) 10 (15.4%) 0.074
e Valve heart disease 11 (3.5%) 8(12.3%) 0.003* OR 1.51, 95% CI 0.48-4.76
p=0.480
e Chronic kidney disease 13 (4.2%) 4 (6.2%) 0.479
o Ischemic heart disease 12 (3.8%) 7 (10.8%) 0.020* OR 3.25,95% CI 1.16-9.14
p=0.025¢
o Arrhythmia 13 (4.2%) 11 (16.9%) 0.000* OR 4.11, 95% CI 1.66-10.22
p=0.002*
Type of tumor 0.060
Stage 0.394
Previous therapies
e Anthracycline 10 (3.2%) 3 (4.6%) 0.567
o Cisplatin 74 (23.6%) 13 (20.0%) 0.526
e Antimicrotubule 92 (29.4%) 18 (27.7%) 0.784
e Antiangiogenic 43 (13.7%) 6(9.2%) 0.325
e AntiHer2 1(0.3%) 1(1.5%) 0.218
e Thoracic radiotherapy 74 (24.0%) 20 (30.8%) 0.250
Best response 0.345
Other irAE 58 (18.5%) 20 (30.8%) 0.027* OR 1.08,95% CI 1.11-3.94

p=0.023*

ORs and 95% CIs were derived from adjusted Cox proportional hazards model. irAEs, immune-related adverse events; OR, odds ratio; CI, confidence interval. *Statistically significant

(p < 0.05). Bold values represent the statistically significant results (p < 0.05).

(Figure 2). This predictive risk score is based on four different
variables associated with the development of a CE in our study.
Depending on the presence or absence of each variable, the
patient gets a score which might predict the probability of
developing a cardiac event.

No evidence-based algorithm yet exists for the management
of these patients, mainly due to the absence of prospective
trials. Two risk scores in the setting of breast cancer, specifically
in early-stage HER2-positive breast cancer patients treated
with trastuzumab have been reported. In 2012, Romond
et al. used 7-year follow-up data from the National Surgical
Adjuvant Breast and Bowel Project B-31 adjuvant trastuzumab
study to derive a prediction tool for cardiotoxicity (37).
A second prediction tool was derived by Ezaz et al, who
used data from the U.S. Surveillance, Epidemiology, and End
Results database in 1,664 women with previous exposure to
trastuzumab (38). Moreover, the CHEMO—RADIAT study
validated a predictive model for risk of major cardiovascular
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events after the diagnosis of breast cancer based on both
conventional cardiovascular risk factors and breast cancer
treatment—related cardiovascular risk factors, showing a
good performance but only valid for breast cancer and
again, based only on CVRF. The main limitation of these
cardiotoxicity scores is that they focus on CVRF but do
not incorporate damage cardiac biomarkers such as BNP or
troponins, nor novel echocardiography parameters such as
global longitudinal strain (GLS), used in clinical practice for
early detection of changes in myocardial contractile function
(39, 40).

In this sense, our score has two advantages: one, it is valid for
any type of cancer, and two, that it includes cardiac biomarkers
determination and echocardiography exams. Nevertheless, it
needs to be validated in the different pathologies in a larger
sample. Thus, a thorough cardiovascular evaluation is essential
before starting ICI treatment, necessary for the multidisciplinary
assessment of a cardio-oncology team.
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FIGURE 2
Predictive risk score for developing a cardiac event during ICI treatment.

The American Society of Clinical Oncology (ASCO)
recommends a baseline cardiac workup before initiating
potential cardiotoxic therapy, and, in case of symptoms, an
extended cardiology workup including echocardiography, chest
x-ray, and cardiac biomarkers, such as cardiac troponin and
brain natriuretic peptide (BNP) (41). On the other hand, other
studies have also suggested a surveillance strategy for high-risk
patients who are receiving ICI treatment (20). The baseline
cardiac assessment pre-ICI should include a complete clinical
history and risk factor assessment, electrocardiogram (ECG),
cardiac troponin, BNP, and echocardiogram. In high-risk
patients, a closer monitoring is recommended, with ECG
and cardiac biomarkers determination before ICI initiation
and dose-adjustment. These specific tests are proposed
because ICI-related CE has been characterized consistently
by BNP elevation or conduction disease. Measurement of
cardiac troponin should also be considered because it is more
specific for myocarditis, the most important ICI-triggered
cardiotoxic effect. Given the heterogeneity in the risk of
cardiotoxic effects, a personalized strategy based on the
patient’s baseline risk assessment may be relevant. Upon
cardiotoxicity suspicion, it is recommended to immediately
interrupt ICI therapy, repeat all cardiovascular exams, and
refer the patient to a cardio-oncology specialist (20). In
case of major cardiovascular complications, management

should be in accordance with the current European Society
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of Cardiology (ESC) and American Heart Association
(AHA) guidelines.

The main limitation of this study is its retrospective,
descriptive nature, based on the activity conducted in a
single center, Puerta de Hierro-Majadahonda University
Hospital. Consequently, the incidence of CE might have
been underestimated due to the lack of information in the
medical records.

Conclusion

The real incidence of immune-related cardiotoxicity in real-
world practice is higher than that reported in clinical trials.
Cardiovascular history, older age, and prior irAEs are potential
risk-factors, making patients more susceptible to these events.
A thorough cardiovascular evaluation is strongly recommended
before ICI treatment and, in high-risk patients, a closer follow-
up and prompt referral to a cardio-oncology specialist as soon
as cardiotoxicity is suspected. Risk stratification using a risk
scoring system may improve the cardiovascular outcomes of
patients treated with ICIs by identifying the patients at risk
for cardiovascular events. Incorporation of clinical biomarkers
and imaging parameters should be incorporated into these
scores in order to improve the accuracy of prediction. Future
studies with larger samples are needed in order to validate
risk scores and develop standardized follow-up strategies
for these patients.
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Background: The mechanisms of doxorubicin (DOX) cardiotoxicity were
complex and controversial, with various contradictions between experimental
and clinical data. Understanding the differences in the molecular mechanism
between DOX-induced acute and chronic cardiotoxicity may be an ideal entry
point to solve this dilemma.

Methods: Mice were injected intraperitoneally with DOX [(20 mg/kg, once)
or (5 mg/kg/week, three times)] to construct acute and chronic cardiotoxicity
models, respectively. Survival record and ultrasound monitored the cardiac
function. The corresponding left ventricular (LV) myocardium tissues were
analyzed by RNA-seq to identify differentially expressed genes (DEGs). Gene
Ontology (GO), Kyoto Encyclopedia of Gene and Genome (KEGG), and Gene
Set Enrichment Analysis (GSEA) found the key biological processes and
signaling pathways. DOX cardiotoxicity datasets from the Gene expression
omnibus (GEO) database were combined with RNA-seq to identify the
common genes. Cytoscape analyzed the hub genes, which were validated
by quantitative real-time PCR. ImmuCo and ImmGen databases analyzed the
correlations between hub genes and immunity-relative markers in immune
cells. Cibersort analyzed the immune infiltration and correlations between
the hub genes and the immune cells. Logistic regression, receiver operator
characteristic curve, and artificial neural network analysis evaluated the
diagnosis ability of hub genes for clinical data in the GEO dataset.

Results: The survival curves and ultrasound monitoring demonstrated that
cardiotoxicity models were constructed successfully. In the acute model,
788 DEGs were enriched in the activated metabolism and the suppressed
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immunity-associated signaling pathways. Three hub genes (Alasl, Atp5gl, and
Ptgds) were upregulated and were negatively correlated with a colony of
immune-activating cells. However, in the chronic model, 281 DEGs showed
that G protein-coupled receptor (GPCR)-related signaling pathways were the
critical events. Three hub genes (Hsphl, Abcbla, and Vegfa) were increased in
the chronic model. Furthermore, Hsphl combined with Vegfa was positively
correlated with dilated cardiomyopathy (DCM)-induced heart failure (HF)
and had high accuracy in the diagnosis of DCM-induced HF (AUC = 0.898,
P =0.000).

Conclusion: Alasl, Atp5gl, and Ptgds were ideal biomarkers in DOX acute
cardiotoxicity. However, Hsphl and Vegfa were potential biomarkers in the
myocardium in the chronic model. Our research, first, provided bioinformatics
and clinical evidence for the discovery of the differences in mechanism and
potential biomarkers of DOX-induced acute and chronic cardiotoxicity to find

a therapeutic strategy precisely.

doxorubicin, cardiotoxicity, RNA-seq, biomarkers, mice

Introduction

Cardiovascular disease and cancer rank as the two leading
premature causes of death worldwide (1). In the last decade,
the survival of patients with cancer has greatly improved due
to the improvement of comprehensive treatment, especially the
tremendous development and application of anticancer drugs
(2). However, the following problem is that due to prolonged
survival, complications caused by various cancer therapies
appear, especially the toxicity of anticancer drugs to the heart
(3). In fact, there are very few interventions available to address
the problem. Therefore, it is particularly important to discover
the mechanisms involved in the cardiotoxicity induced by these
anticancer drugs and to find potential biomarkers.

Doxorubicin (DOX), as the first-line chemotherapy drug for
various cancers, has limited availability since its cardiotoxicity
was first reported in 1979 (4). Its cardiotoxicity is divided
into three categories based on the time of onset. The first
is acute cardiotoxicity, which occurs within 2 weeks after
a single chemotherapy regimen. The second is early-onset
chronic cardiotoxicity, which occurs within 1 year after
stopping the treatment, usually manifesting as heart failure
(HF) caused by dilated cardiomyopathy (DCM). The third
is late-stage chronic cardiotoxicity, which develops years
or even decades after the end of chemotherapy (5). The
incidence rate of acute cardiotoxicity and chronic one is 11-
21 and 1.7%, respectively (6, 7). Their pathophysiological
changes are complex, with both similarities and differences.
Though the underlying mechanisms such as oxidative stress,
lipid peroxidation, topoisomerase II inhibition, DNA binding
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and alkylation, dysregulation of the cardiomyocyte-specific
genes, inflammatory cytokines, necroptosis, autophagy, direct
membrane damage, dysfunction of adrenergic receptors, and
misregulation of calcium handling have been found for DOX-
induced cardiotoxicity (8-10), the prevailing paradigm holds
that oxidative stress is the key mechanism that is associated
with mitochondrial dysfunction and cardiomyocyte death in
both models (11). Acute cardiotoxicity includes myocardial
rupture, cardiomyocyte atrophy, and vacuolar pro-apoptotic
cells. The chronic model can lead to left ventricular (LV)
dysfunction and typical DCM, which can affect the ventricles
and atria, dilate the heart muscles and chamber, and eventually
lead to HF (7, 12, 13). In fact, the potential differences
are far more than these, and there is a lack of biomarkers
for their respective classifications. Therefore, comprehensively
understanding these differences and finding the appropriate
biomarkers will have a profound impact on clinical management
and prognosis.

The rapid development of microarray and sequencing
technologies has revolutionized the depth of research and the
complexity of collecting and examining molecular data in
current biomedical research (14). Gene expression omnibus
(GEO) database provides flexible mining tools that enable users
to easily query and download data in the context of their specific
interests (15, 16). For example, by using the GEO database via
GEO2R, Qin et al. (17) have revealed the potential roles of
HMOXI1 in DOX-induced cardiotoxicity. However, the study
has only focused on acute cardiotoxicity.

Herein, we established the acute and chronic mouse
models, respectively, and used RNA-seq data as the training

frontiersin.org
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group to identify differentially expressed genes (DEGs) for
further analysis. The molecular mechanisms were addressed
by the Gene Ontology (GO) function, Kyoto Encyclopedia of
Gene and Genome (KEGG) pathways, Gene Set Enrichment
Analysis (GSEA), protein-protein interaction (PPI) network,
and Cytoscape analysis. RNA expression datasets for DOX-
induced cardiotoxicity were downloaded from the GEO
databases as the testing group to acquire common DEGs
with our RNA-seq. We further identified the hub genes
and validated the experiments. Finally, we analyzed the
correlations between hub genes and immune cells. The
clinical database from the GEO database as the validation
group verified the predictive effect of the hub genes. Our
findings provided further insights into the mechanisms
underlying the progression of DOX-induced acute and chronic
cardiotoxicity and suggested that hub genes are potential
diagnostic biomarkers in the myocardium.

Materials and methods

Mouse models of DOX-induced acute
and chronic cardiotoxicity

Animal studies were approved by the Institutional
Animal Care and Use Committee of Nantong University.
6-8-week-old male C57BL/6 mice
were injected intraperitoneally with 20 mg/kg of DOX
10), based on a
previous study (18). Mice were euthanized on day 4 after

In the acute model,

once (n = 23) or saline solution (n =
the first injection, and the LV tissues were stored in liquid
nitrogen. In the chronic model, mice (n = 15) were injected
intraperitoneally with 5 mg/kg of DOX weekly for 3 continuous
weeks, with reference to a previous report (19). Then,
the mice were euthanized and the LV tissues were stored
in liquid nitrogen for 6 weeks after the first injection.
The same protocols for each model were reproductive for
survival analysis.

Cardiac function evaluation by
echocardiography

The LV function was evaluated with transthoracic
echocardiography  before the mice were euthanized.
Blind tests were performed on the treatment and

control groups using echocardiography. With a high-
resolution ultrasound frequency-imaging platform (Vevo
2100 System), echocardiography was performed 10 min
after initiation of sedation to limit anesthesia-induced
impairment of cardiac function. The percentages of LV

ejection fraction (EF) and fractional shortening (FS) were
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calculated from the echocardiography data, as previously
described (20).

RNA sequencing data

Nine LV tissues of each group (NC group, acute DOX group,
and chronic DOX group) were divided into triplicates randomly.
Total RNA was extracted by Trizol reagent (Invitrogen,
USA), and the purity was evaluated with an Agilent 2100
Bioanalyzer. Subsequently, the library constructions were made
using 1 pg of total RNA with RIN > 6.5. Next-generation
sequencing library preparations were constructed according
to the manufacturer’s protocol. The prepared libraries were
then subsequently multiplexed and loaded on an Illumina
HiSeq instrument. Sequencing was carried out using a paired-
end configuration. Image analysis and base calling were
conducted by the HiSeq instrument. To remove the technical
element, Cutadpt (V1.9.1) was used to process pass-filter
data in FASTQ format, converting it into high-quality, clean
data. Differential expression analysis employed the DESeq2
Bioconductor package, and regularized logarithm was used
as the standardized method. The | fold change| (| FC|) > 2
and Benjamini-Hochberg-adjusted p-value of genes were set
at < 0.05 to detect DEGs.

GEO data download

The “DOX
cardiotoxicity, or “cardiotoxicity” were used to search for
the GEO Datasets. The “GEO query” package in R software
was used to download expression profiling by microarray
datasets of DOX-induced cardiotoxicity (GSE59672, GSE23598,
GSE2965, and GSE120895) from the GEO database. The
microarray datasets GSE59672! and GSE235982 presented
the acute model, whose DEGs were screened by | FC| > 1.5
and P < 0.05. In GSE59672 (3 model samples vs. 3 control
samples), the whole hearts of mice were selected for RNA

keywords “anthracycline cardiotoxicity,”

extraction and hybridization on Affymetrix microarrays at day
5 after a single intraperitoneal injection of 15 mg/kg DOX (or
saline solution). In GSE23598 (2 model samples vs. 2 control
samples), the model construction method was the same as
GSE59672, except that the heart tissues were collected on day
4. The GSE2965% showed chronic models (2 model samples
vs. 2 control samples), where mice were injected with 3 mg/kg
DOX weekly for 12 weeks and their hearts were harvested
at 12 and 18 weeks after the first injection. The DEGs of

1 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59672
2 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23598
3 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE2965
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GSE2965 were screened by | FC| > 1.5. The GSE120895*
showed human endomyocardial biopsies (47 DCM patients
showing HF symptoms vs. eight individuals with normal LVEF),
which was profiled to identify possible biomarkers sensitive to
HEF.

Establishment of DOX-treated primary
cardiomyocytes of the adult rat model

Rat cardiomyocytes were isolated as previously described
(21). Adult rat cardiomyocytes were isolated by Langendorff
perfusion and Type II collagenase digestion and cultured in
the serum-free Medium199 for 4 h before DOX treatment.
After culturing these cardiomyocytes in Medium199
with 2 WM DOX for 24 h, the cells were harvested for
further analysis.

Quantitative real-time PCR (qPCR)

RNA was isolated from heart tissues or cardiomyocytes
by using Trizol. Reverse transcription and quantitative
PCR were carried out by using a two-step PrimeScriptTM
RT reagent kit (TAKARA), and a QuantStudio3 Real-
Time PCR System (Applied Biosystems, Thermo Fisher
Scientific, United States) was used for qPCR. Primers for
the genes were synthesized and obtained from Thermo
Fisher Scientific. The primer sequences are presented in
Supplementary Table 1.

Bioinformatics analysis

The Limma software package in R> was employed to
screen DEGs of GEO data. The GO and KEGG analyses
were performed using the cluster profiler package in R (22).
A P-value of < 0.05 was set as the cut-off criterion for
significance. The GSEA was used to associate genes with
possible pathways. A false discovery rate (FDR) of < 0.5
and P < 0.05 were used as the criteria for judging statistical
significance. Interactive relationships and PPI networks
of the DEGs were evaluated using the STRING database.
The Cytoscape software 3.2.2 was used to construct and
visualize a biological network of key DEGs. The Clustering
Coeflicient and DMNT method in the CytoHubba were used
to find the hub genes. Tabula Muris database® analyzed the
location of hub genes in the normal mouse heart based

4 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120895
5 https://bioconductor.org/packages/release/bioc/html/limma.html

6 https://tabula-muris.ds.czbiohub.org/
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on single-cell transcriptome data. ImmuCo database’
and ImmGen database® analyzed the gene co-expression
and correlation in immune cells. Cibersort analyzed
immune infiltration.

A receiver operating characteristic
curve analysis

The receiver operating characteristic curve was used to
analyze diagnostic values of hub genes, including the area
under the curve (AUC) and significance obtained from the
GSE120895 dataset.

Artificial neural network analysis

Artificial neural networks are complex computational
models that can implement machine learning and pattern
recognition. The key pretreatment variables identified as having
diagnostic significance by ROC and logistic regression were
chosen as input variables for our ANN. These variables were
VEGFA, HSPHI1, and VEGFA combined with HSPHI. The
multilayer perceptron analysis (MLP) used the normalized and
log2 transformed gene expression data. The complete procedure
for MLP analysis was performed with reference to a previous
report (23). All models were trained with a randomly selected
subset of 70% of the patients, while the other 30% was used
to test each model. A minimum number of one up to a
maximum of 50 iterations was established for each network.
There was only one hidden layer with two units using hyperbolic
tangent activation functions. The output layer used softmax
activation functions. This analysis was performed in IBM SPSS
Statistics Version 17.

Statistical analysis

Limma package, ClusterProfiler package, and Cytoscape
V3.8.2 software were used to analyze RNA-seq or GEO data.
SPSS V17 and GraphPad V8.0.2 software were used for the
statistical analysis of experimental or clinical data. Unpaired
Student’s t-test or one-way ANOVA test was used to compare
the difference between two or three groups. Correlations
were determined by Pearson analysis. The logistic regression
analyzed the relationship between the hub genes and DCM. The
difference was considered statistically significant if *P < 0.05,
**P < 0.01, and ***P < 0.001.

7 http://immuco.bjmu.edu.cn/

8 http://rstats.immgen.org/DataPage/
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Results

Assessment of DOX-induced
cardiotoxicity models

The workflow of this research was shown in Figure 1. To
explore the different mechanisms of DOX-induced acute and
chronic cardiotoxicity, mouse models were constructed and
assessed. The Kaplan-Meier survival analysis showed that mice
began to die 3 days after injection, and four mice (4/23) barely
survived on day 7 in the acute model (vs. normal control,
P < 0.0001), whereas only one mouse (1/15) died after 35 days
post the first injection in the chronic model (Figures 2A,B).
However, echocardiographic data displayed that the EF and FS
of the living mice before sacrifice in the acute model sharply
declined by about 20% (42.36 vs. 62.14% in the normal control)
and by about 15% (20.18 vs. 35.91% in the normal control),
respectively. While EF and FS of the mice before sacrifice in
the chronic model decreased by about 15% (46.35 vs. 62.14% in
the normal control) and 13% (22.85 vs. 35.91% in the normal
control), respectively (Figures 2C-E). These results illustrated
that cardiotoxicity was presented in both models, evidenced by
EF < 50% or a 10% decrease from baseline. However, the acute
model mice appeared to have much more severe cardiotoxicity
in a shorter time and higher mortality than the chronic one.

Identification of the key biological
processes and signaling pathways in
DOX-induced cardiotoxicity

RNA-seq was carried out to understand the distinct
mechanisms behind the two models. In comparison with
normal control, 788 DEGs (212 down, 576 up) in the acute
group and 281 DEGs (113 down, 168 up) in the chronic
group were found. A total of 713 DEGs (220 down, 493
up) were displayed by comparing the acute group with the
chronic group (Figures 3A,C,E). Then, principal component
analysis (PCA) demonstrated that samples from the three
groups were significantly separated from each other and
clustered well (Figures 3B,D,F). Furthermore, GO analysis for
BP in the acute model showed TOP10 terms (297 DEGs)
that focused on the generation of precursor metabolites and
energy, carboxylic acid metabolic process, adaptive immune
response, leukocyte differentiation, innate immune response,
etc. Noticeably, metabolism-associated DEGs were about 50%
(146/297) and immune-regulation-associated DEGs were about
30% (87/297) (Figure 4A and Supplementary Table 2). The
GO analysis for the chronic model showed that the TOP10
terms (135 DEGs) focused on the cell-cycle process and negative
regulation of signal transduction, which was about 40% (48/135)
and 13% (18/135), respectively (Figure 4B and Supplementary
Table 2). Furthermore, metabolic processes, such as the oxoacid

Frontiers in Cardiovascular Medicine

56

10.3389/fcvm.2022.996809

metabolic process, carboxylic acid metabolic process, and
oxidation-reduction process, were more highlighted in the
acute model than in the chronic model (Figure 4C).

In fact, KEGG further validated our findings. KEGG
analysis exhibited that metabolism and immunity-associated
signaling pathways were the most relevant pathways in the
acute model (Figure 5A and Table 1). However, G protein-
coupled receptor (GPCR) related signals, such as cAMP
and cGMP-PKG signaling pathways, platelet activation, and
vascular smooth muscle contraction were the hub signaling
pathways in the chronic model (Figure 6A and Table 1).
Further analysis revealed that metabolic pathways, such as
2-oxocarboxylic acid metabolism and carbon metabolism,
were activated, while immunity-associated signaling pathways,
such as the B-cell receptor signaling pathway and T-cell
receptor signaling pathway, were suppressed in the acute model
(Figure 5B). However, GPCR-related signaling pathways and
vascular smooth muscle contraction were suppressed in the
chronic model (Figure 6B). In addition to these, GSEA also
validated metabolic pathways (NES = 2.1918, P = 0.0019)
and oxidative phosphorylation (NES = 1.7981, P = 0.0115)
that were upregulated, while T cell receptor signaling pathway
(NES = —2.1862, P = 0.0021) was inhibited in the acute model
(Figures 5C-E). These results collectively reminded us that
activated metabolism and suppressed immunity regulation were
the key signaling pathways in acute cardiotoxicity, while GPCR-
related signaling pathways were the critical events in the chronic
model.

Mining the hub genes in DOX-induced
acute and chronic cardiotoxicity

As the signaling pathways referred to lots of DEGs, we
got the DEGs from the TOP10 signaling pathways of KEGG
(Table 1) and systematically analyzed the relationships between
them by STRING database and visualized the data using
Cytoscape (Figures 6C, 7A). To identify the hub genes,
two methods—clustering coefficient and density of maximum
neighborhood component (DMNC), of the CytoHubba package
in Cytoscape were used to get TOP20 hub genes in the
acute model and TOP10 hub genes in the chronic model
(Figures 6D,E, 7B,C).

To certify our findings, GEO data were analyzed to further
validate the above results. As shown in Figures 8A,G, 39 DEGs
were identified as common to GSE23589, GSE59672, and RNA-
seq data in the acute model, which contained some proven
genes, such as KIfl5 and Neatl. Meanwhile, 25 DEGs were
identified as common to GSE2965 and RNA-seq data in the
chronic model, where Ckm had been reported (Figures 8B,H).
Furthermore, we analyzed the intersection of the common
DEGs and above TOP20 or TOP10 hub genes in our RNA-seq
data. Ultimately, we found 3 hub genes (Alasl, Atp5gl, and
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Flow chart of the study.

Ptgds) in the acute model and three hub genes (Hsphl, Abcbla,
and Vegfa) in the chronic model (Figures 8B,H). Furthermore,
based on the gene expression matrix, gene correlation coefficient
analysis showed that the hub genes had a high correlation in
each model (Figures 8C,I).

Identifying candidate biomarkers in
DOX-induced acute cardiotoxicity

To further verify the accuracy of these hub genes, qQPCR
detected that Alasl, Atp5gl, and Ptgds displayed upregulated
tendency in the LV tissues of the acute model, which were
consistent with the RNA-seq (Figures 3A, 8D-F). Furthermore,
single-cell transcriptome data of the heart from the normal
mouse on the Tabula Muris database reminds us that except
Abcbla, the rest of the hub genes is mainly located in
cardiac muscle cells (Supplementary Figures 1A-F). Hence, we
established the DOX-treated adult rat cardiomyocytes model to
examine the findings. qPCR showed that Atp5gl, Alasl, and
Ptgds had the same tendency in the cardiomyocytes as one
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in the tissues (Supplementary Figures 1G-I). In addition to
these, we found that Atp5gl, Alasl, and Ptgds also appeared
in immune cells, such as leukocyte cells. Now that both
GO and KEGG showed that metabolism and immunity were
core mechanisms in the acute model, we guessed whether
the 3 hub genes were involved in core mechanisms. KEGG
database showed that Alasl is a 5-aminolevulinate synthase
located in the mitochondrion and it participated in glycine,
serine, and threonine metabolism. Atp5gl was focused on
oxidative phosphorylation, metabolic pathways, ROS, and
diabetic cardiomyopathy. Ptgds took part in arachidonic acid
metabolism and lipid transport (Supplementary Figures 2-4).

We took out the classic immune cell markers involved in
our RNA-seq data (Cd3d, Rasgrpl, Lck, Cd19, and Gata3) and
analyzed the relationship between the hub genes and these
markers. ImmuCo database showed that in normal mouse, the
expression of Alasl was negative with Cd3d in CD8 + T cell
(R = —0.22, P = 0.001), with Cd19 in B cell (R = —0.39,
P = 0.000), and with Gata3 in splenocyte cell (R = —0.47,
P = 0.000). Atp5gl was negative with Lck in CD8 + T cell
(R=—-0.17, P = 0.007), Cd19 in B cell (R = —0.44, P = 0.000),
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***p < 0.001, as calculated by one-way ANOVA.

and Gata3 in splenocyte cell (R = —0.40, P = 0.000). Ptgds was
negative with Gata3 in the splenocyte cell (R = —0.03, P = 0.720)
and Rasgrpl in DC cell (R = —0.04, P = 0.421) (Supplementary
Figure 5). To confirm this finding, the ImmGen database
further declared that three hub genes were downregulated
while these immune markers had a contrary tendency in the
CDS8 + T cell, CD4 + T cell, B cell, and DC cell of a normal
mouse, reminding us that the three hub genes may negatively
regulate immune activation (Figure 9A). Importantly, in the
RNA-seq data of the acute model, the three hub genes were
upregulated while the five immune markers were downregulated
(Figure 9B). Expression matrix correlation analysis also showed
that Alasl was negatively correlated with Gata3, Lck, Cdl19,
and Cd3d significantly (correlation coefficient = —1, —logl0
(P-value) = 16), while Atp5gl and Ptgds were negatively
correlated with Rasgrpl (correlation coefficient = —1, —log10
(P-value) = 16) (Figures 9C,D). These results demonstrated that
the elevated expression of the three hub genes inhibited the
activation of some immunocytes in the acute model.

Moreover, Cibersort analysis for 22 mouse immune cells
illustrated that the proportion of monocyte, Thl cell, and
activated NK cell were slightly improved from 8.1 to 12%,
0 to 0.9%, and 2.9 to 3.9%, respectively. This suggested that
inflammation appeared to be involved in acute cardiotoxicity,
which was generally consistent with the previous report (24,
25). Notably, MO macrophages were slightly improved from
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12.7 to 14.6% but the M1 macrophage remained unchanged.
However, M2 macrophage obviously increased about 2 times—
from 3.6 to 9.6%—and the plasma cell sharply decreased
from 10.2% to about 0. In addition, the B cells naive,
Treg cells, and CD4 memory T Cells were all decreased
more or less, revealing immunosuppression appeared in
the acute model (Figures 10A,B). These results declared
that the immunosuppressive feature was more obvious than
inflammation in the acute model. In addition to these, the
correlation between the three hub genes with immunity cells
showed that Alasl was negatively correlated with activated
NK cell, Gamma delta T cell, CD4 memory T cell, and MO
macrophage. Both Ptgds and Atp5gl were negative with M1
macrophage, B cells naive, plasma cell, and CD8 memory T
cell (Figure 10C). All of the results strongly demonstrated that
Alas1, Atp5gl, and Ptgds were candidate biomarkers for DOX-
induced acute cardiotoxicity as they dominated metabolism and
immunity simultaneously.

Testing potential biomarkers for
DOX-induced chronic cardiotoxicity

Analogously, qPCR showed the hub genes Hsphl, Vegfa,
and Abcbla were increased in the LV tissues of the chronic
model, whose trends were consistent with RNA-seq data
(Figures 3C, 8J-L). While qPCR detected that only Hsphl
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was elevated significantly in the DOX-treated cardiomyocytes
(Supplementary Figures 1J-L), we considered that though
Vegfa mainly came from the cardiac muscle cell, it was a
secreted protein that led to the detection of no significant
changes in the cell. In addition, Abcbla mainly came from
endothelial cells, so it was understandable that no significant
changes were detected in cardiomyocytes with DOX treatment.
To explore whether these hub genes were the potential
biomarkers in the chronic model, we took patients with DCM-
induced HF data (GSE120895) as the validation group. The
GSE120895 dataset was chosen for two reasons (1) DCM
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was a typical pathological alteration in DOX-induced chronic
cardiotoxicity (5, 7, 12, 13). Liang et al. (2) There was so
little clinical data or limited sample capacity of DOX-induced
chronic cardiotoxicity in the GEO database that we had to
employ DCM GEO data for validation. Logistic regression
analysis reminded us that HSPH1 combined with VEGFA
(HR 4.904, P 0.004) was positively associated with
chronic DCM-induced HF (Figure 11A). Based on logistic
regression analysis, ROC analysis demonstrated that HSPH1
(AUC = 0.814, P = 0.005) and VEGFA (AUC = 0.814, P = 0.005)
had high accuracy in diagnosing chronic DCM-induced HE
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especially HSPH1 combined with VEGFA (AUC = 0.898,
P = 0.000) (Figures 11B-D). Furthermore, ANN analysis
confirmed that HSPH1 combined with VEGFA took a
significant proportion in monitoring chronic DCM-induced
HF (Figures 11E,F). In fact, we did not find the expression
of ABCBla in this database. It was speculated that ABCBla
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is a membrane-associated protein, whose level was too low
to be detected.

In addition, we analyzed 713 DEGs by comparing the
acute model with the chronic one. KEGG further proved that
metabolism was dramatically activated in the acute model. Venn
analysis showed overlapping between the TOP20 hub genes
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from the acute vs. the chronic model and TOP20 hub genes
from the acute model. All of the 13 common genes were located
in metabolism, including Alasl and Atp5gl (Supplementary
Figure 6). All these results strongly declared that activation of
metabolism was the distinctive feature in DOX-induced acute
cardiotoxicity. Furthermore, we tested these five biomarkers in
the blood (leukocyte) from 11 patients with cancer by qPCR,
who were undergoing anthracyclines treatment and had no
underlying cardiovascular disease before this therapy. Among
these samples, five patients appeared to have abnormal ECG
or myocardial enzymes (positive group), while six patients did
not show these clinical manifestations (negative group). Exciting
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results showed ALAS1 and PTGDS were greatly elevated in the
positive group (Figures 8M,N), which was highly consistent
with our acute model. Indeed, more cases need to be analyzed
for further verification.

Discussion

Both DOX-induced acute and chronic cardiotoxicity can
lead to decreased cardiac function and diverse pathologic
changes, while the wunderlying difference in molecular
still Exploring the molecular

mechanism s unclear.
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mechanism difference may be an ideal entry point to find pathways and immunity regulation were the core events.
In line with our results, Tan et al. (26) and Ni et al. (27)

highlighted several metabolites as potential biomarkers

their respective biomarkers.

for DOX-induced acute cardiotoxicity. In fact, metabolic
disturbances, (28),
metabolism  (29), phosphorylation were
closely linked to oxidative stress and ROS, which acted

Activated metabolism and suppressed
immunity regulation were the core
events in DOX-induced acute

such as heme metabolism carbon

and oxidative

cardiotoxicity

The GO and KEGG analysis for the acute model
powerfully indicated that the abnormality of metabolic
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as key factors of HF (30). This was also confirmed by
our GSEA analysis. Furthermore, the difference between
DOX acute and chronic cardiotoxicity was still focused
on metabolism. This reminded us again that in addition
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TABLE1 TOP10 KEGG terms of the DEGs in the acute and chronic model, respectively.

10.3389/fcvm.2022.996809

ID Description Enrichment score NES P-value Group
mmu01100 | Metabolic pathways 0.284 2.1918 0.0019 Acute
mmu04660 | T cell receptor signaling pathway —0.925 —2.1862 0.0021 Acute
mmu05235 | PD-L1 expression and PD-1 checkpoint pathway in cancer —0.9578 —1.9732 0.0021 Acute
mmu05340 | Primary immunodeficiency —0.9578 —1.9732 0.0021 Acute
mmu05321 | Inflammatory bowel disease —0.8978 —1.8497 0.0042 Acute
mmu04080 | Neuroactive ligand-receptor interaction —0.5771 —2.0047 0.0064 Acute
mmu01200 | Carbon metabolism 0.398 2.0649 0.0074 Acute
mmu04658 | Thl and Th2 cell differentiation —0.779 —1.8412 0.0083 Acute
mmu04520 | Adherens junction —0.9483 —1.6527 0.0101 Acute
mmu05210 | Colorectal cancer —0.9483 —1.6527 0.0101 Acute
mmu04022 | cGMP-PKG signaling pathway —0.8626 —1.5821 0.0118 Chronic
mmu04810 | Regulation of actin cytoskeleton —0.7195 —1.558 0.0289 Chronic
mmu00603 | Glycosphingolipid biosynthesis—globo and isoglobo series 0.9811 1.327 0.0292 Chronic
mmu04141 | Protein processing in endoplasmic reticulum 0.6189 1.7133 0.0304 Chronic
mmu04270 | Vascular smooth muscle contraction —0.7594 —1.5185 0.0358 Chronic
mmu04611 | Platelet activation —0.751 —1.5015 0.042 Chronic
mmu00350 | Tyrosine metabolism —0.7901 —1.4491 0.0438 Chronic
mmu04024  cAMP signaling pathway —0.7447 —1.4889 0.0482 Chronic
mmu03040 | Spliceosome 0.8555 1.4909 0.0498 Chronic
mmu04144 | Endocytosis 0.8555 1.4909 0.0498 Chronic

to addressing oxidative stress and ROS, the importance of
metabolism should not be neglected, especially in DOX
acute cardiotoxicity.

The DOX-induced immune abnormalities had significant
effects on the progression of cardiovascular damage, particularly
in the acute phase (31, 32). In the acute model, a seemingly
contradictory result showed the coexistence of inflammation
and immunosuppression. In fact, the relationship between them
is complex, especially in a severe trauma or stressful situations
(33, 34). On the one hand, when the inflammatory response
persists, it releases both pro- and anti-inflammatory factors
to restore the balance. However, the inappropriate expression
of these immunosuppressive molecules can aggravate immune
suppression (35). On the other hand, patients with severe
trauma have a decline in immune function, which makes it
difficult to clear the infectious pathogen. This induces the
continuous release of pathogen-related molecular patterns or
antigens, which in turn act on immune cell pattern recognition
receptors or induce adaptive immune activation, leading to
persistent inflammatory responses. Thus, the coexistence of
inflammation and immunosuppression was not contradictory
but a character of serious illness (36). Indeed, in the acute
model, we did find that immunosuppressive relative cells
were raised substantially, such as M2 macrophage, and a
proportion of immune-activating associated cells were sharply

Frontiers in Cardiovascular Medicine

decreased, such as Plasma cells and B cells naive. However,
Thl cells, activated NK, and immature DC were increased
slightly, which kept the inflammation activation in one of
the levels. All these collectively suggested that suppressed
immunity regulation is the principal character in DOX
acute cardiotoxicity.

Alasl, Atp5gl, and Ptgds were potential
biomarkers in DOX-induced acute
cardiotoxicity

Investigating  progression-associated gene expression
profiles could enrich our understanding of the mechanisms.
qPCR verified that three hub genes (Alasl, Atp5gl, and
Ptgds), as metabolism-related enzymes, were upregulated in LV
tissues of the acute model and DOX-treated cardiomyocytes.
Alasl, as a rate-limiting enzyme for heme biosynthesis in the
mitochondrial matrix, was associated with coronary artery
disease (37). It has been highlighted that elevated heme causes
oxidant damage and ROS, which thicks filament proteins to
cardiomyocytes contractile dysfunction, breaks DNA strands,
and mediates DNA mutations (38, 39). Alasl was increased
when the H9c2 cardiomyocyte was exposed to DOX (40).
Hence, we speculated that DOX-induced elevation of Alasl
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FIGURE 7

Protein—protein interaction network and hub clustering modules. (A) STRING database analysis of the DEGs in acute model. (B,C) TOP20 hub
genes were screened from the PPl network using the Clustering Coefficient and DMNC methods of the CytoHubba.

promoted heme biosynthesis to induce oxidative stress, which
destroyed mitochondria and led to mitochondrial DNA
damage (39, 41, 42). Atp5gl, as the ATP synthase membrane
subunit ¢ locus 1, regulated the mitochondrial permeability
transition pore complex (PTPC) (43), and its mutation
aggravated PTPC-mediated hypoxia/reoxygenation damages in
cardiomyocytes (44). In addition, Atp5gl is co-localized with
the mitochondrial marker HSP60, which is associated with ROS,
increased fibrosis, mitochondrial damage, and autophagosomes
during HF (45, 46). DOX stimulated calcium release from
the mitochondrial matrix through induction of the PTPC,
which led to oxidative stress, contributing to mitochondrial
bioenergetic failure and cell death (47). Based on our results
and from the literature, we guessed elevated Atp5gl promoted
PTPC-induced oxidative

stress mediating mitochondrial

Frontiers in Cardiovascular Medicine

64

damage and cell death. Prostaglandin-D2-synthase (Ptgds)
was expressed in the atherosclerotic intima and accumulated
in the atherosclerotic plaque of coronary arteries with severe
stenosis (48).

Intricate relationships between metabolism and immunity
were immanent, especially in the mitochondria (49). The
abnormal metabolism of immune cells can mediate immune
and inflammatory response disorders, where insufficient ATP
production aggravates immunosuppression (50, 51). The
immune disorder can in turn induce metabolic disorders
(52). In line with these reports, we found three hub genes
were negatively correlated with Gata3 (53, 54), Lck (55,
56), Cd19 (57), Cd3d (58, 59), and Rasgrpl (60, 61),
which were known markers of immune cells activation
in the heart and were decreased DEGs in our RNA-seq.
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FIGURE 8

Validation of hub genes in acute and chronic model. An intersection analysis of RNA-seq and GEO databases of acute model (A) and chronic
model (G). 39 common DEGs of acute model (B) and 25 common DEGs of chronic model (H) were listed in the table. The genes marked in bold
were the hub genes. Gene correlation coefficient diagram showed the relationship between hub genes and DEGs in the acute (C) and chronic (1)
models. gPCR detected the expression of the hub genes in LV tissues of the acute model (D—F) and chronic model (3J-L). (M,N) gPCR detected
the expression of the hub genes in the blood (leukocyte) of patients who were undergoing anthracyclines treatment. NC, normal control;
positive, anthracyclines -induced cardiac injury patients; negative: normal cardiac function patients; *P < 0.05; **P < 0.01; **P < 0.001; n = 3

Furthermore, Alasl was negatively correlated with activated
NK, Gamma delta T cell, etc., and both Ptgds and Atp5gl
were negatively correlated with M1 macrophage, B cells
naive, plasma cell, etc., suggesting that the three hub genes
suppressed the immune cell activation. Remarkably, these
results collectively suggested that Alasl, Atp5gl, and Ptgds
might be desirable markers as they broadly influenced
metabolism and immunity simultaneously in DOX-induced
acute cardiotoxicity.
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GPCRs pathway, platelet activation,
and vascular smooth muscle
contraction were involved as the core
events in DOX-induced chronic
cardiotoxicity

In the chronic model, cAMP and cGMP-PKG signaling
pathways, platelet activation, and vascular smooth muscle
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contraction were the hub signaling pathways that were
suppressed. We and others have demonstrated that cAMP
or ¢cGMP, as the important elements of GPCRs, were
widely involved in the regulation of cardiac function: both
B1AR- and PyAR-mediated augmentation in cAMP led to
the activation of PKA, resulting in positive inotropic and
relaxant effects (62, 63). In line with our results, Can
Ciric Zdravkovic et al. (29) found that DOX inhibited the
cAMP/PKA/SIRT1 pathway, which could be attenuated by
a Meteorin-like protein. In fact, we have discovered that
Gs biased B,AR agonist can reduce DOX-induced chronic
cardiotoxicity (data not shown here). The cGMP-PKG signaling
protects various myocardial properties, including cell growth
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and survival, endothelial permeability, cardiac contractility,
and cardiovascular remodeling (64). Additionally, platelet
activation and the coagulation cascade raise thrombosis, which
is the most feared complication of cardiovascular diseases.
However, DOX did not induce platelet activation but resulted
in apoptosis, which might contribute to thrombocytopenia
(65), and vascular smooth muscle sensitivity decreases and
uncouples in HF. Patients with HF have augmented vascular
tone, which increases cardiac workload, impairs ventricular
output, and promotes further myocardial dysfunction. These
results suggested that DOX stimulation persistently resulted in
abnormal GPCRs signal, coagulation disorders, and impairing
ventricular output, which led to cardiac remodeling. Once
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FIGURE 10
Cibersort analysis for the associations between hub genes and immune cells. (A) 22 immune cells infiltration in normal control. (B) 22 immune
cells infiltration in the acute model. (C) The relationship between 3 hub genes with immune cells in the acute model.

cardiac remodeling occurs, even drug withdrawal cannot stop of the chronic model. Consistent with our results, Vegfa
this irreversible damage. was upregulated in myocardial injury-associated ventricular
remodeling (66), and it was reported that VEGFA is a biomarker
in risk factors that mediated coronary heart disease (67).

Vegfa and HSphl were pOtential However, an inconsistent report showed that miR-526b-3p
biomarkers in dlag nosing DOX chronic mediates DOX-induced cardiotoxicity by targeting STAT3 to
Ca rdiotoxicity inactivate VEGFA (68). For the inconsistent result, we carefully
traced the original literature and found that the inconsistency

Vegfa and Hsphl were dug out by hub gene analysis, was generated mainly for two reasons: the mice were treated
and qPCR proved that they were increased in LV tissues as DOX-induced acute model and they studied the mechanism
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FIGURE 11
Testing the hub genes of the chronic models by GSE120895. (A) Logist regression analysis of factors associated with DCM-induced HF. (B=D)
ROC curve analysis showed HSPH1 and VEGFA as biomarkers that predicted DCM-induced HF. (E,F) ANN analysis of the important role of
HSPH1 and VEGFA in predicting DCM-induced HF.

based on the endothelial cells, which focused on angiogenesis. In
fact, besides its role in angiogenesis, VEGFA is also involved in
many other aspects: in a mouse DCM model, Vegfa mRNA and
protein levels were strikingly upregulated, whereas there was no
increase in capillary density (69). Also, Vegfa overexpression in

the context of cardiac injury enabled ectopic cardio-myogenesis
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but inhibited regeneration at the site of the injury in zebrafish
(70). Since DOX-induced chronic cardiotoxicity involved DCM
(12) and ventricular remodeling (71), we speculated that DOX
elevated Vegfa, which promoted DCM-induced HF. Heat shock
protein family H member 1 (HSPH1), as a molecular chaperone,

was associated with lipid droplets and was upregulated in
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atherosclerosis (72). Analogously, we found both VEGFA and
HSPHI1 were increased in patients with DCM, which was
an important pathologic change in DOX-induced chronic
cardiotoxicity, and VEGFA combined with HSPH1 showed high
accuracy in diagnosing DCM-induced HF.

This study has some limitations. At present, DOX-induced
chronic cardiotoxicity gene expression data in the publicly
available datasets are relatively deficient. Hence, we took DCM
GEO data to replace DOX chronic cardiotoxicity data, though
DCM was the typical pathological characteristic. In the future,
more DOX-induced chronic cardiotoxicity gene expression data
will be needed for further analysis. We used the human database
to validate the finding from the mouse model, so there may
be species differences here. We validated the hub genes at the
transcription level, and the potential mechanism should be
further explored.

Conclusion

In the present study, it is concluded that (1) activated
metabolism and suppressed immunity regulation were the core
events in DOX acute cardiotoxicity; (2) Alasl, Atp5gl, and
Ptgds were potential biomarkers for DOX acute cardiotoxicity,
as they contributed to metabolism and immunity-regulation
simultaneously; (3) the inhibition of GPCR signaling pathway,
platelet activation, and vascular smooth muscle contraction
was the key mechanisms in DOX chronic cardiotoxicity; and
(4) Vegfa and Hsphl were potential biomarkers for DOX
chronic cardiotoxicity. The study provided bioinformatics and
clinical evidence for the discovery of the mechanism difference
and potential biomarkers of DOX-induced acute and chronic
cardiotoxicity in the myocardium so as to find a more precise
therapeutic strategy.

Data availability statement

Publicly available datasets were analyzed in this study.
This data can be found here: GSE23598 (https://www.ncbi.
GSE59672
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE596

nlm.nih.gov/geo/query/acc.cgi?acc=GSE23598),
72), GSE2965 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgitacc=GSE2965), and GSE120895 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE120895).

Ethics statement

The
reviewed and approved by the Research Ethics Board of

studies involving human participants were
the Tumor Hospital Affiliated to Nantong University. The

patients/participants provided their written informed consent

Frontiers in Cardiovascular Medicine

69

10.3389/fcvm.2022.996809

to participate in this study. The animal study was reviewed
and approved by Animal Care and Use Committee of the
Nantong University.

Author contributions

WZhu: conception and design, financial support, and final
approval of the manuscript. HQ, YQ, YLi, JC, and YW:
manuscript writing. HQ, JC, YQ, AY, and WZha: experiment
research. HQ, YLu, and HL: statistical analysis. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (Grant nos. 81770400 and 81370345), the
Foundation of Nantong Science and Technology Bureau (Grant
no. JC2020025), the Health Committee of Nantong (Grant no.
MB2020021), and the Clinical Medicine Special Program from
Nantong University (Grant no. 2019]Y017).

Acknowledgments

We gratefully acknowledge the data provided by patients
and researchers participating in GEO. We thank Henry Xie at
Nantong University, Nantong Institute of Bioinformatics for the
critical reading of the manuscript.

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fcvm.2022.996809/full#supplementary- material

frontiersin.org


https://doi.org/10.3389/fcvm.2022.996809
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23598
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23598
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59672
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59672
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE2965
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE2965
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120895
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120895
https://www.frontiersin.org/articles/10.3389/fcvm.2022.996809/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.996809/full#supplementary-material
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Qian et al.

References

1. Bray E, Laversanne M, Cao B, Varghese C, Mikkelsen B, Weiderpass E, et al.
Comparing cancer and cardiovascular disease trends in 20 middle- or high-income
countries 2000-19: a pointer to national trajectories towards achieving sustainable
development goal target 3.4. Cancer Treat Rev. (2021) 100:102290.

2. Liang Z, He Y, Hu X. Cardio-oncology: mechanisms, drug combinations,
and reverse cardio-oncology. Int ] Mol Sci. (2022) 23:10617. doi: 10.3390/
ijms231810617

3. Wang Y, Wang Y, Han X, Sun J, Li C, Adhikari B, et al. Cardio-oncology:
a myriad of relationships between cardiovascular disease and cancer. Front
Cardiovasc Med. (2022) 9:727487. doi: 10.3389/fcvm.2022.727487

4. Curigliano G, Cardinale D, Dent S, Criscitiello C, Aseyev O, Lenihan
D, et al. Cardiotoxicity of anticancer treatments: epidemiology, detection, and
management. CA Cancer ] Clin. (2016) 66:309-25.

5. Wenningmann N, Knapp M, Ande A, Vaidya T, Ait-Oudhia S. Insights into
doxorubicin-induced cardiotoxicity: molecular mechanisms, preventive strategies,
and early monitoring. Mol Pharmacol. (2019) 96:219-32. doi: 10.1124/mol.119.
115725

6. Willis M, Parry T, Brown D, Mota R, Huang W, Beak J, et al. Doxorubicin
exposure causes subacute cardiac atrophy dependent on the striated muscle-
specific ubiquitin ligase MuRF1. Circ Heart Fail. (2019) 12:€005234. doi: 10.1161/
CIRCHEARTFAILURE.118.005234

7.Ma Z, Kong C, Wu H, Song P, Zhang X, Yuan Y, et al. Toll-like
receptor 5 deficiency diminishes doxorubicin-induced acute cardiotoxicity in mice.
Theranostics. (2020) 10:11013-25. doi: 10.7150/thno.47516

8. Rahbardar M, Eisvand F, Rameshrad M, Razavi B, Hosseinzadeh H. In vivo
and in vitro protective effects of rosmarinic acid against doxorubicin-induced
cardiotoxicity. Nutr Cancer. (2022) 74:747-60. doi: 10.1080/01635581.2021.
1931362

9. Eisvand F, Imenshahidi M, Ghasemzadeh Rahbardar M, Tabatabaei Yazdi S,
Rameshrad M, Razavi B, et al. Cardioprotective effects of alpha-mangostin on
doxorubicin-induced cardiotoxicity in rats. Phytother Res. (2022) 36:506-24. doi:
10.1002/ptr.7356

10. Sangweni N, Gabuza K, Huisamen B, Mabasa L, van Vuuren D,
Johnson R. Molecular insights into the pathophysiology of doxorubicin-induced
cardiotoxicity: a graphical representation. Arch Toxicol. (2022) 96:1541-50. doi:
10.1007/s00204-022-03262-w

11. Octavia Y, Tocchetti C, Gabrielson K, Janssens S, Crijns H, Moens A.
Doxorubicin-induced cardiomyopathy: from molecular mechanisms to therapeutic
strategies. ] Mol Cell Cardiol. (2012) 52:1213-25.

12. Kankeu C, Clarke K, Passante E, Huber H. Doxorubicin-induced chronic
dilated cardiomyopathy-the apoptosis hypothesis revisited. ] Mol Med (Berl).
(2017) 95:239-48. doi: 10.1007/s00109-016-1494-0

13. Wang P, Lan R, Guo Z, Cai S, Wang J, Wang Q, et al. Histone demethylase
JMJD3 mediated doxorubicin-induced cardiomyopathy by suppressing SESN2
expression. Front Cell Dev Biol. (2020) 8:548605. doi: 10.3389/fcell.2020.548605

14. Oshi M, Angarita F, Tokumaru Y, Yan L, Matsuyama R, Endo [, et al. High
expression of NRF2 is associated with increased tumor-infiltrating lymphocytes
and cancer immunity in ER-positive/HER2-negative breast cancer. Cancers (Basel).
(2020) 12:3856. doi: 10.3390/cancers12123856

15. Hunt G, Grassi L, Henkin R, Smeraldi F Spargo T, Kabiljo R, et al.
GEOexplorer: a webserver for gene expression analysis and visualisation. Nucleic
Acids Res. (2022) 50:W367-74. doi: 10.1093/nar/gkac364

16. Barrett T, Troup D, Wilhite S, Ledoux P, Rudnev D, Evangelista C, et al. NCBI
GEO: mining tens of millions of expression profiles—database and tools update.
Nucleic Acids Res. (2007) 35:D760-5. doi: 10.1093/nar/gkl887

17.Qin D, Yue R, Deng P, Wang X, Zheng Z, Lv M, et al. 8-
Formylophiopogonanone B antagonizes doxorubicin-induced cardiotoxicity by
suppressing heme oxygenase-1-dependent myocardial inflammation and fibrosis.
Biomed Pharmacother. (2021) 140:111779. doi: 10.1016/j.biopha.2021.111779

18. Zhang W, Zheng Y, Wu Y. Protective effects of oroxylin A against
doxorubicin-induced cardiotoxicity via the activation of Sirtl in mice. Oxid Med
Cell Longev. (2021) 2021:6610543. doi: 10.1155/2021/6610543

19. Ye S, SuL, Shan P, Ye B, Wu S, Liang G, et al. LCZ696 attenuated doxorubicin-
induced chronic cardiomyopathy through the TLR2-MyD88 complex formation.
Front Cell Dev Biol. (2021) 9:654051. doi: 10.3389/fcell.2021.654051

20. An L, Hu X, Zhang S, Hu X, Song Z, Naz A, et al. UVRAG deficiency
exacerbates doxorubicin-induced cardiotoxicity. Sci Rep. (2017) 7:43251. doi: 10.
1038/srep43251

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2022.996809

21. Nippert, E, Schreckenberg R, Schluter K. Isolation and cultivation of adult rat
cardiomyocytes. ] Vis Exp. (2017) 128:56634.

22.LiN, Li L, Wu M, Li Y, Yang J, Wu Y, et al. Integrated bioinformatics
and validation reveal potential biomarkers associated with progression of primary
Sjogren’s syndrome. Front Immunol. (2021) 12:697157. doi: 10.3389/fimmu.2021.
697157

23. Carreras J, Hiraiwa S, Kikuti Y, Miyaoka M, Tomita S, Ikoma H, et al.
Artificial neural networks predicted the overall survival and molecular subtypes of
diffuse large B-cell lymphoma using a pancancer immune-oncology panel. Cancers
(Basel). (2021) 13:6384. doi: 10.3390/cancers13246384

24. Zhang W, Lai X, Guo X. Activation of Nrf2 by miR-152 inhibits doxorubicin-
induced cardiotoxicity via attenuation of oxidative stress, inflammation, and
apoptosis. Oxid Med Cell Longev. (2021) 2021:8860883. doi: 10.1155/2021/8860883

25. Qi J, Yang Y, Jiang C, Zhao Y, Wu Y, Han X, et al. Exploring the mechanism
of danshensu in the treatment of doxorubicin-induced cardiotoxicity based on
network pharmacology and experimental evaluation. Front Cardiovasc Med. (2022)
9:827975. doi: 10.3389/fcvm.2022.827975

26. Tan G, Lou Z, Liao W, Zhu Z, Dong X, Zhang W, et al. Potential biomarkers
in mouse myocardium of doxorubicin-induced cardiomyopathy: a metabonomic
method and its application. PLoS One. (2011) 6:¢27683. doi: 10.1371/journal.pone.
0027683

27.Ni C, Ma P, Wang R, Lou X, Liu X, Qin Y, et al. Doxorubicin-
induced cardiotoxicity involves IFNgamma-mediated metabolic reprogramming in
cardiomyocytes. ] Pathol. (2019) 247:320-32. doi: 10.1002/path.5192

28. Bostick B, Aroor A, Habibi J, Durante W, Ma L, DeMarco V, et al. Daily
exercise prevents diastolic dysfunction and oxidative stress in a female mouse
model of western diet induced obesity by maintaining cardiac heme oxygenase-1
levels. Metabolism. (2017) 66:14-22. doi: 10.1016/j.metabol.2016.09.005

29. Ciric Zdravkovic S, Kostic T, Marcetic Z, Sulovic L, Nedeljkovic B, Preljevic
A, et al. Melatonin modulates acute cardiac muscle damage induced by carbon
tetrachloride - involvement of oxidative damage, glutathione, and arginine and
nitric oxide metabolism. Can J Physiol Pharmacol. (2021) 99:360-7. doi: 10.1139/
cjpp-2020-0201

30. Paulus W. Unfolding discoveries in heart failure. N Engl ] Med. (2020)
382:679-82.

31. Syukri A, Budu, Hatta M, Amir M, Rohman M, Mappangara I, et al.
Doxorubicin induced immune abnormalities and inflammatory responses via
HMGBI, HIF1-alpha and VEGF pathway in progressive of cardiovascular damage.
Ann Med Surg (Lond). (2022) 76:103501. doi: 10.1016/j.amsu.2022.103501

32. YuL, Cao Z, Makhoul I, Daniels ], Klimberg S, Wei ], et al. Immune response
proteins as predictive biomarkers of doxorubicin-induced cardiotoxicity in breast
cancer patients. Exp Biol Med (Maywood). (2018) 243:248-55.

33. Horiguchi H, Loftus T, Hawkins R, Raymond S, Stortz J, Hollen M,
et al. Innate immunity in the persistent inflammation, immunosuppression, and
catabolism syndrome and its implications for therapy. Front Immunol. (2018)
9:595. doi: 10.3389/fimmu.2018.00595

34. Hawkins R, Raymond S, Stortz J, Horiguchi H, Brakenridge S, Gardner A,
et al. Chronic critical illness and the persistent inflammation, immunosuppression,
and catabolism syndrome. Front Immunol. (2018) 9:1511. doi: 10.3389/fimmu.
2018.01511

35. Fattahi F, Ward P. Understanding immunosuppression after sepsis.
Immunity. (2017) 47:3-5.

36. Torgersen C, Moser P, Luckner G, Mayr V, Jochberger S, Hasibeder W, et al.
Macroscopic postmortem findings in 235 surgical intensive care patients with
sepsis. Anesth Analg. (2009) 108:1841-7. doi: 10.1213/ane.0b013e318195e11d

37. Steidle-Kloc E, Schonfelder M, Muller E, Sixt S, Schuler G, Patsch W, et al.
Does exercise training impact clock genes in patients with coronary artery disease
and type 2 diabetes mellitus? Eur J Prev Cardiol. (2016) 23:1375-82. doi: 10.1177/
2047487316639682

38. Ucar B, Ucar G, Saha S, Buttari B, Profumo E, Saso L. Pharmacological
protection against ischemia-reperfusion injury by regulating the Nrf2-Keap1-ARE
signaling pathway. Antioxidants (Basel). (2021) 10:823.

39. Liang E, Godley B. Oxidative stress-induced mitochondrial DNA damage in
human retinal pigment epithelial cells: a possible mechanism for RPE aging and
age-related macular degeneration. Exp Eye Res. (2003) 76:397-403. doi: 10.1016/
$0014-4835(03)00023-x

40. Wang Z, Gao ], Teng H, Peng J. Effects of doxorubicin on heme biosynthesis
and metabolism in cardiomyocyte. Arg Bras Cardiol. (2021) 116:315-22.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.996809
https://doi.org/10.3390/ijms231810617
https://doi.org/10.3390/ijms231810617
https://doi.org/10.3389/fcvm.2022.727487
https://doi.org/10.1124/mol.119.115725
https://doi.org/10.1124/mol.119.115725
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005234
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005234
https://doi.org/10.7150/thno.47516
https://doi.org/10.1080/01635581.2021.1931362
https://doi.org/10.1080/01635581.2021.1931362
https://doi.org/10.1002/ptr.7356
https://doi.org/10.1002/ptr.7356
https://doi.org/10.1007/s00204-022-03262-w
https://doi.org/10.1007/s00204-022-03262-w
https://doi.org/10.1007/s00109-016-1494-0
https://doi.org/10.3389/fcell.2020.548605
https://doi.org/10.3390/cancers12123856
https://doi.org/10.1093/nar/gkac364
https://doi.org/10.1093/nar/gkl887
https://doi.org/10.1016/j.biopha.2021.111779
https://doi.org/10.1155/2021/6610543
https://doi.org/10.3389/fcell.2021.654051
https://doi.org/10.1038/srep43251
https://doi.org/10.1038/srep43251
https://doi.org/10.3389/fimmu.2021.697157
https://doi.org/10.3389/fimmu.2021.697157
https://doi.org/10.3390/cancers13246384
https://doi.org/10.1155/2021/8860883
https://doi.org/10.3389/fcvm.2022.827975
https://doi.org/10.1371/journal.pone.0027683
https://doi.org/10.1371/journal.pone.0027683
https://doi.org/10.1002/path.5192
https://doi.org/10.1016/j.metabol.2016.09.005
https://doi.org/10.1139/cjpp-2020-0201
https://doi.org/10.1139/cjpp-2020-0201
https://doi.org/10.1016/j.amsu.2022.103501
https://doi.org/10.3389/fimmu.2018.00595
https://doi.org/10.3389/fimmu.2018.01511
https://doi.org/10.3389/fimmu.2018.01511
https://doi.org/10.1213/ane.0b013e318195e11d
https://doi.org/10.1177/2047487316639682
https://doi.org/10.1177/2047487316639682
https://doi.org/10.1016/s0014-4835(03)00023-x
https://doi.org/10.1016/s0014-4835(03)00023-x
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Qian et al.

41. Brito V, Nascimento L, Nunes R, Moura D, Lago P, Saffi J. Exercise during
pregnancy decreases doxorubicin-induced cardiotoxic effects on neonatal hearts.
Toxicology. (2016) 368-369:46-57. doi: 10.1016/j.tox.2016.08.017

42. Ishikawa K, Takenaga K, Akimoto M, Koshikawa N, Yamaguchi A, Imanishi
H, et al. ROS-generating mitochondrial DNA mutations can regulate tumor cell
metastasis. Science. (2008) 320:661-4.

43. Bonora M, Bononi A, De Marchi E, Giorgi C, Lebiedzinska M, Marchi S,
et al. Role of the ¢ subunit of the FO ATP synthase in mitochondrial permeability
transition. Cell Cycle. (2013) 12:674-83. doi: 10.4161/cc.23599

44. Morciano G, Pedriali G, Bonora M, Pavasini R, Mikus E, Calvi S, et al.
A naturally occurring mutation in ATP synthase subunit ¢ is associated with
increased damage following hypoxia/reoxygenation in STEMI patients. Cell Rep.
(2021) 35:108983. doi: 10.1016/j.celrep.2021.108983

45. Enomoto H, Mittal N, Inomata T, Arimura T, Izumi T, Kimura A,
et al. Dilated cardiomyopathy-linked heat shock protein family D member 1
mutations cause up-regulation of reactive oxygen species and autophagy through
mitochondrial dysfunction. Cardiovasc Res. (2021) 117:1118-31. doi: 10.1093/cvr/
cvaal58

46. Krishnan-Sivadoss I, Mijares-Rojas I, Villarreal-Leal R, Torre-Amione G,
Knowlton A, Guerrero-Beltran C. Heat shock protein 60 and cardiovascular
diseases: an intricate love-hate story. Med Res Rev. (2021) 41:29-71. doi: 10.1002/
med.21723

47. Ascensao A, Lumini-Oliveira J, Machado N, Ferreira R, Goncalves I, Moreira
A, et al. Acute exercise protects against calcium-induced cardiac mitochondrial
permeability transition pore opening in doxorubicin-treated rats. Clin Sci (Lond).
(2011) 120:37-49. doi: 10.1042/CS20100254

48. Hirawa N, Uehara Y, Yamakado M, Toya Y, Gomi T, Ikeda T, et al. Lipocalin-
type prostaglandin d synthase in essential hypertension. Hypertension. (2002) 39(2
Pt 2):449-54. doi: 10.1161/hy0202.102835

49. Zhu L, Luo X, Fu N, Chen L. Mitochondrial unfolded protein response: a
novel pathway in metabolism and immunity. Pharmacol Res. (2021) 168:105603.

50. Cheng S, Scicluna B, Arts R, Gresnigt M, Lachmandas E, Giamarellos-
Bourboulis E, et al. Broad defects in the energy metabolism of leukocytes underlie
immunoparalysis in sepsis. Nat Immunol. (2016) 17:406-13. doi: 10.1038/ni.3398

51. Kau A, Ahern P, Griffin N, Goodman A, Gordon J. Human nutrition, the gut
microbiome and the immune system. Nature. (2011) 474:327-36.

52. Bieghs V, Trautwein C. The innate immune response during liver
inflammation and metabolic disease. Trends Immunol. (2013) 34:446-52.

53. Yu K, Chen Z, Khatri I, Gorczynski R. CCR4 dependent migration of Foxp3+
Treg cells to skin grafts and draining lymph nodes is implicated in enhanced graft
survival in CD200tg recipients. Immunol Lett. (2011) 141:116-22. doi: 10.1016/j.
imlet.2011.09.002

54. Raid R, Krinka D, Bakhoff L, Abdelwahid E, Jokinen E, Karner M, et al.
Lack of Gata3 results in conotruncal heart anomalies in mouse. Mech Dev. (2009)
126:80-9. doi: 10.1016/j.m0d.2008.10.001

55. Katayama M, Vieira R, Andrade V, Roela R, Lima L, Kerr L, et al. Stromal
cell signature associated with response to neoadjuvant chemotherapy in locally
advanced breast cancer. Cells. (2019) 8:1566. doi: 10.3390/cells8121566

56. Kolur V, Vastrad B, Vastrad C, Kotturshetti S, Tengli A. Identification of
candidate biomarkers and therapeutic agents for heart failure by bioinformatics
analysis. BMC Cardiovasc Disord. (2021) 21:329. doi: 10.1186/s12872-021-02146-8

57. Goldman A, Maor E, Bomze D, Liu ], Herrmann J, Fein ], et al. Adverse
cardiovascular and pulmonary events associated with chimeric antigen receptor
T-cell therapy. ] Am Coll Cardiol. (2021) 78:1800-13. doi: 10.1016/j.jacc.2021.08.
044

Frontiers in Cardiovascular Medicine

71

10.3389/fcvm.2022.996809

58. Gao Y, Sun B, Hu J, Ren H, Zhou H, Chen L, et al. Identification of gene
modules associated with survival of diffuse large B-cell lymphoma treated with
CHOP-based chemotherapy. Pharmacogenomics J. (2020) 20:705-16. doi: 10.1038/
s41397-020-0161-6

59. Noutsias M, Rohde M, Goldner K, Block A, Blunert K, Hemaidan L, et al.
Expression of functional T-cell markers and T-cell receptor Vbeta repertoire in
endomyocardial biopsies from patients presenting with acute myocarditis and
dilated cardiomyopathy. Eur ] Heart Fail. (2011) 13:611-8. doi: 10.1093/eurjhf/
hfr014

60.Li L, Fan D, Wang C, Wang J, Cui X, Wu D, et al. Angiotensin II
increases periostin expression via Ras/p38 MAPK/CREB and ERK1/2/TGF-betal
pathways in cardiac fibroblasts. Cardiovasc Res. (2011) 91:80-9. doi: 10.1093/cvr/c
vr067

61. Tian X, Cai J, Ma S, Fang Y, Huang H, Lin T, et al. BRD2 induces drug
resistance through activation of the RasGRP1/Ras/ERK signaling pathway in adult
T-cell lymphoblastic lymphoma. Cancer Commun (Lond). (2020) 40:245-59. doi:
10.1002/cac2.12039

62. Zheng M, Zhu W, Han Q, Xiao R. Emerging concepts and therapeutic
implications of beta-adrenergic receptor subtype signaling. Pharmacol Ther. (2005)
108:257-68. doi: 10.1016/j.pharmthera.2005.04.006

63. Woo A, Song Y, Xiao R, Zhu W. Biased beta2-adrenoceptor signalling in heart
failure: pathophysiology and drug discovery. Br ] Pharmacol. (2015) 172:5444-56.
doi: 10.1111/bph.12965

64. Huang Y, Zhang K, Liu M, Su J, Qin X, Wang X, et al. An herbal
preparation ameliorates heart failure with preserved ejection fraction by
alleviating microvascular endothelial inflammation and activating NO-cGMP-
PKG pathway. Phytomedicine. (2021) 91:153633. doi: 10.1016/j.phymed.2021.15
3633

65. Wang Z, Wang J, Xie R, Liu R, Lu Y. Mitochondria-derived reactive oxygen
species play an important role in doxorubicin-induced platelet apoptosis. Int ] Mol
Sci. (2015) 16:11087-100. doi: 10.3390/ijms160511087

66. Zhu ], Zhou H, Li C, He Y, Pan Y, Shou Q, et al. Guanxinshutong
capsule ameliorates cardiac function and architecture following myocardial injury
by modulating ventricular remodeling in rats. Biomed Pharmacother. (2020)
130:110527. doi: 10.1016/j.biopha.2020.110527

67.V A, Nayar P, Murugesan R, S S, Krishnan J, Ahmed S. A systems biology
and proteomics-based approach identifies SRC and VEGFA as biomarkers in risk
factor mediated coronary heart disease. Mol Biosyst. (2016) 12:2594-604. doi: 10.
1039/c6mb00264a

68. Zhang L, Liu L, Li X. MiR-526b-3p mediates doxorubicin-induced
cardiotoxicity by targeting STAT3 to inactivate VEGFA. Biomed Pharmacother.
(2020) 123:109751. doi: 10.1016/j.biopha.2019.109751

69. Tham E, Wang J, Piehl E Weber G. Upregulation of VEGF-a without
angiogenesis in a mouse model of dilated cardiomyopathy caused by
mitochondrial ~dysfunction. ] Histochem Cytochem. (2002) 50:935-44.
doi: 10.1177/002215540205000707

70. Karra R, Foglia M, Choi W, Belliveau C, DeBenedittis P, Poss K. Vegfaa
instructs cardiac muscle hyperplasia in adult zebrafish. Proc Natl Acad Sci USA.
(2018) 115:8805-10. doi: 10.1073/pnas.1722594115

71. Milano G, Raucci A, Scopece A, Daniele R, Guerrini U, Sironi L, et al.
Doxorubicin and trastuzumab regimen induces biventricular failure in mice. ] Am
Soc Echocardiogr. (2014) 27:568-79. doi: 10.1016/j.echo.2014.01.014

72. Robichaud S, Fairman G, Vijithakumar V, Mak E, Cook D, Pelletier A, et al.
Identification of novel lipid droplet factors that regulate lipophagy and cholesterol
efflux in macrophage foam cells. Autophagy. (2021) 17:3671-89. doi: 10.1080/
15548627.2021.1886839

frontiersin.org


https://doi.org/10.3389/fcvm.2022.996809
https://doi.org/10.1016/j.tox.2016.08.017
https://doi.org/10.4161/cc.23599
https://doi.org/10.1016/j.celrep.2021.108983
https://doi.org/10.1093/cvr/cvaa158
https://doi.org/10.1093/cvr/cvaa158
https://doi.org/10.1002/med.21723
https://doi.org/10.1002/med.21723
https://doi.org/10.1042/CS20100254
https://doi.org/10.1161/hy0202.102835
https://doi.org/10.1038/ni.3398
https://doi.org/10.1016/j.imlet.2011.09.002
https://doi.org/10.1016/j.imlet.2011.09.002
https://doi.org/10.1016/j.mod.2008.10.001
https://doi.org/10.3390/cells8121566
https://doi.org/10.1186/s12872-021-02146-8
https://doi.org/10.1016/j.jacc.2021.08.044
https://doi.org/10.1016/j.jacc.2021.08.044
https://doi.org/10.1038/s41397-020-0161-6
https://doi.org/10.1038/s41397-020-0161-6
https://doi.org/10.1093/eurjhf/hfr014
https://doi.org/10.1093/eurjhf/hfr014
https://doi.org/10.1093/cvr/cvr067
https://doi.org/10.1093/cvr/cvr067
https://doi.org/10.1002/cac2.12039
https://doi.org/10.1002/cac2.12039
https://doi.org/10.1016/j.pharmthera.2005.04.006
https://doi.org/10.1111/bph.12965
https://doi.org/10.1016/j.phymed.2021.153633
https://doi.org/10.1016/j.phymed.2021.153633
https://doi.org/10.3390/ijms160511087
https://doi.org/10.1016/j.biopha.2020.110527
https://doi.org/10.1039/c6mb00264a
https://doi.org/10.1039/c6mb00264a
https://doi.org/10.1016/j.biopha.2019.109751
https://doi.org/10.1177/002215540205000707
https://doi.org/10.1073/pnas.1722594115
https://doi.org/10.1016/j.echo.2014.01.014
https://doi.org/10.1080/15548627.2021.1886839
https://doi.org/10.1080/15548627.2021.1886839
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

& frontiers | Frontiers in Cardiovascular Medicine

‘ @ Check for updates

OPEN ACCESS

June-Wha Rhee,
City of Hope Medical Center, United States

Caitlin Bell,
Stanford University, United States

Massimiliano Camilli
massimiliano.camilli9l@gmail.com

This article was submitted to
Cardio-Oncology,

a section of the journal

Frontiers in Cardiovascular Medicine

04 November 2022
06 February 2023
21 February 2023

Camilli M, Maggio L, Tinti L, Lamendola P,
Lanza GA, Crea F and Lombardo A (2023)
Chimeric antigen receptor-T cell
therapy-related cardiotoxicity in adults
and children cancer patients: A clinical
appraisal.

Front. Cardiovasc. Med. 10:1090103.

doi: 10.3389/fcvm.2023.1090103

© 2023 Camilli, Maggio, Tinti, Lamendola,
Lanza, Crea and Lombardo. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Cardiovascular Medicine

Mini Review
21 February 2023
10.3389/fcvm.2023.1090103

Chimeric antigen receptor-T cell
therapy-related cardiotoxicity in
adults and children cancer
patients: A clinical appraisal

Massimiliano Camillit?*, Luca Maggio?, Lorenzo Tinti?,
Priscilla Lamendola?, Gaetano Antonio Lanzat?, Filippo Crea'?
and Antonella Lombardo??

!Department of Cardiovascular and Pulmonary Sciences, Catholic University of the Sacred Heart, Rome,
Italy, 2Department of Cardiovascular Medicine, Fondazione Policlinico Universitario A. Gemelli IRCCS,
Rome, Italy

Chimeric antigen receptor-T (CAR-T) cells therapies represent an innovative
immunological treatment for patients suffering from advanced and refractory
onco-hematological malignancies. The infusion of engineered T-cells, exposing
chimeric receptors on the cell surface, leads to an immune response against
the tumor cells. However, data from clinical trials and observational studies
showed the occurrence of a constellation of adverse events related to CAR-
T cells infusion, ranging from mild effects to life-threatening organ-specific
complications. In particular, CAR-T cell-related cardiovascular toxicities represent
an emerging group of adverse events observed in these patients, correlated
with increased morbidity and mortality. Mechanisms involved are still under
investigation, although the aberrant inflammatory activation observed in cytokine
release syndrome (CRS) seems to play a pivotal role. The most frequently reported
cardiac events, observed both in adults and in the pediatric population, are
represented by hypotension, arrhythmias and left ventricular systolic dysfunction,
sometimes associated with overt heart failure. Therefore, there is an increasing
need to understand the pathophysiological basis of cardiotoxicity and risk factors
related to its development, in order to identify most vulnerable patients requiring
a close cardiological monitoring and long-term follow-up. This review aims
at highlighting CAR-T cell-related cardiovascular complications and clarifying
the pathogenetic mechanisms coming at play. Moreover, we will shed light on
surveillance strategies and cardiotoxicity management protocols, as well as on
future research perspectives in this expanding field.

chimeric antigen receptor T-cell therapy, cardiotoxicity, heart failure, cardio-oncology,
cardio-immunology
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1. Introduction

In the immune-related have

revolutionized the field of onco-hematology, gaining a primary

recent years, therapies
role in the treatment of solid and liquid cancers associated with
poor prognosis (1).

Chimeric antigen receptor T (CAR-T) cells administration
represents a novel paradigm of cancer management, consisting
in the infusion of “engineered” immune cells able to elicit a
response against the tumor (2). The biological foundations of
this treatment are layed on the development of in vitro mature
T-cell receptor (TCR)-lymphocytes, created to recognize tumor
cells antigens (3). These chimeric receptors are composed by
four domains: the extracellular antigen-binding portion, tailored
to recognize the specific tumor target, an hinge point, the
transmembrane domain and the signaling domain, responsible
for signal transduction into the cell and linked with different
other co-stimulatory molecules (4). The antigen-binding domain,
constituted by an antibody-specific fragment obtained from
monoclonal antibodies, leads to the recognition of the target
tumor antigen, subsequently resulting in a major histocompatibility
complex (MHC)-independent activation of the engineered T
cells antitumor function (5, 6). In order to enhance the
efficacy of CAR-T cells, a chemotherapeutic scheme containing
fludarabine/cyclophosphamide is generally co-administrated. This
conditioning regimen determines different biological -effects,
such as lymphodepletion, eradication of immunosuppressive
cells (regulatory T cells and myeloid-derived suppressor cells),
modulation of tumor microenvironment and increased expansion
and persistence of CAR-T cells (7-10).

Over the years, numerous studies have been carried out with
the aim of improving T cells clonal expansion and cytokine
secretion. The first CAR-T cell therapy to be approved in 2017 was
Axicabtagene Ciloleucel, developed to treat adults with relapsed
or refractory (R-R) large B-cell lymphoma expressing membrane
antigen cluster domain (CD)19 (11). Approvement came after the
ZUMA-1 trial, a multicenter phase 2 study, that reported in the
101 patients finally treated, an objective response rate of 82 and
54% of complete remission rate (12). Tisagenlecleucel was instead,
distributed after the results of the ELIANA trial, which reported
an overall remission in 81% of the 75 patients enrolled within
3 months (13, 14). The non-CD19 cell therapy firstly approved was
Idecabtagene Vicleucel, created against B-cell maturation antigen
(BCMA): this demonstrated an encouraging response rate of 73%
in a phase II study in patients with R-R multiple myeloma (15).

Thanks to the success obtained in B-cell malignancies,
new trials have been launched with the aim of replicating
the same results in other tumors, such as non-Hodgkin
lymphoma (NCT02315612) and chronic lymphocytic leukemia
(NCT02194374), or otherwise solid neoplasms like hepatocellular
carcinoma (NCT02541370), breast cancer (NCT00673829) or
pancreatic cancer (NCT02706782) (5).

Similarly to other oncological targeted therapies, CAR-T cells
demonstrated in clinical trials to be associated with several
adverse events, sometimes fatal. In particular, available evidences,
including prospective and retrospective reports, highlighted a
correlation between CAR-T cell therapy and cardiovascular (CV)
adverse complications, both in children and adults, significantly
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affecting morbidity and mortality (12, 13, 15-24). Given the
increasing number of patients who will benefit from this therapy
in the near future, it is expected that CAR-T cell therapy-related
cardiotoxicity will become a clinical problem not uncommon to
cardiologists. Therefore, the aim of this review is to provide a
general picture of CAR-T cell therapy CV effects, briefly describing
their pathophysiological mechanisms and clinical implications. We
will make a distinction between adult and pediatric population,
provide practical management/surveillance advises and shed light
on future research perspectives in this field.

2. Pathogenesis of CAR-T cell
therapy CV toxicity

The spread of CAR-T cell therapy in the hemato-oncological
population has led to the identification of novel forms of
toxicity, both systemic and organ-specific (25). The most common
manifestation of CAR-T cell-related toxicity is the cytokine
release syndrome (CRS), characterized by a proinflammatory
cytokine “storm,” subsequent to the infusion of cells and their
interaction with the tumor microenvironment (26). In the 2018
American Society for Transplantation and Cellular Therapy
(ASTCT) consensus, CRS is defined as a supraphysiologic response
following any immune therapy that results in the activation or
engagement of endogenous or infused T cells and/or other immune
effector cells. In CRS clinical presentation, symptoms can be
progressive and may include fever (mostly present at onset),
hypotension, hypoxia, capillary leak syndrome and life-threatening
organ dysfunctions (27).

In Lee et al. (28) proposed a revised grading system of CRS:
in grade 1 symptoms are not life threatening (fever, nausea,
fatigue, headache, myalgias) and require symptomatic treatment
only; in grade 2 symptoms require and respond to moderate
intervention, such as hypotension responsive to fluids or low
dose of one vasopressor or Grade 2 organ toxicity, with oxygen
requirement < 40% FiO2. Grade 3 symptoms require an aggressive
intervention, such as hypotension requiring high dose or multiple
vasopressors, Grade 3 organ toxicity or grade 4 transaminitis, with
oxygen requirement > 40% FiO2. In Grade 4, symptoms are life-
threatening, with requirement for ventilator support or Grade
4 organ toxicity (excluding transaminitis); lastly, grade 5 relates
instead to death (28, 29).

The basis of these manifestations is complex: Morris et al.
(30) proposed a five phases process of CRS pathophysiology.
The first relates to the interaction between CAR-T cells and
tumor site, with the recognition of antigen-expressing target cells;
gradually the proliferation of CAR-T cells and in situ cytokine
production by both CAR-T cells and cellular components of
the tumor microenvironment occur. The proliferation of CAR-
T cells, together with increased cytokine levels, leads to a
systemic inflammatory response, associated with endothelial injury
and tissue capillary leakage. Progressively, the transmigration of
cytokines, CAR-T cells and immune system cellular effectors into
the central nervous system, causes a breakdown of the blood-brain
barrier. At last, the eradication of the tumor and the inactivation
of the immune response, results in decreased cytokine levels
and systemic inflammatory response. Therefore, the interaction
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between CAR-T cells and tumor microenvironment, and the
associated up-regulation of proinflammatory cytokine secretion
into the bloodstream, represent a crucial phase in the genesis
of CRS (31).

Different studies on murine models highlighted the main role
of in situ monocyte/macrophage cells in the secretion of pro-
inflammatory cytokines, such as interleukin (IL)-6 and IL-1, and
the correlation between their blood levels and CRS mortality (32,
33). In these reports, the blockade of IL-6 and IL-1 signaling
pathways in humanized murine models caused downregulation of
proinflammatory cytokine secretion and resolution of most CRS
clinical manifestations. As a result, various consecutive clinical
studies demonstrated the role of anti-IL-6 monoclonal antibody
tocilizumab as first-line therapy in CRS management; ongoing
clinical trials on IL-1 antagonist Anakinra aim to prove its role as
an emergent therapeutic option (NCT04148430) (32, 34, 35).

Other pro-inflammatory soluble effectors revealed to play
a pivotal role in the CRS pathogenesis, such as Granulocyte-
Macrophage Colony Stimulating Factor (GM CSF) and Tumor
Necrosis Factor (TNF)-alpha The blockade of their signaling
pathways on murine models has also been shown to be associated
with reduced IL-6 levels and CRS manifestations, without
interfering with the antitumor effects of CAR-T cells (36, 37).

That said, although mechanisms involved in the pathogenesis
of CV toxicity may be numerous and are still under investigation,
the abnormal proinflammatory cytokine release related to the
occurrence of CRS is one of the most recognized mediators so far.

The resemblance of CAR-T cell related cardiac dysfunction
with cardiomyopathies observed during sepsis, has suggested
the recognition of the elevated levels of IL-6 as a common
substrate of myocardial depression (38). Actually, in sepsis-related
cardiomyopathy, the elevated levels of proinflammatory cytokines
leads to microvascular dysfunction with capillary permeability,
mitochondrial dysfunction and altered intracellular calcium
metabolism, that are responsible for myocardial inflammation
and impaired perfusion (39). As exposed afterward, alterations in
myocardial performance, observed in patients undergoing CAR-T
cell infusion, are most commonly related to higher grades of CRS,
highlighting the close relationship between cardiomyocyte damage
and inflammatory response.

Another peculiar mechanism of CV toxicity was observed
by Linette et al. (40), that firstly described two cases of fatal
myocarditis and cardiogenic shock occurred as a result of cross-
reactivity of engineered T cells expressing an affinity-enhanced
receptor against MAGE-A3 (melanoma-associated antigen-3),
which cross-reacted with titin, a myocardial protein. Of note,
these manifestations were observed with an old generation of
engineered T-cells therapy, and to date, there are no reports of
cardiac toxicity through cross-reactivity with the new approved
CAR-T cells, although research in this field is needed.

In these should be
acknowledged that patients undergoing CAR-T cell administration

pathogenetic ~ considerations, it
have been already exposed to numerous potentially cardiotoxic
chemotherapy lines, influencing the susceptibility to myocardial
dysfunction (41).

Table 1 summarizes available studies in the adult and pediatric
population.
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3. CAR-T cell therapy cardiotoxicity
in adult patients

Although patients with recent or previous cardiovascular
events were excluded from main clinical trials leading to the
approval of CAR-T cell therapies, in real-world observational data
a high percentage of subjects undergoing this therapy experienced
CV side effects, that have been associated with significant morbidity
and mortality (41). Increasing pharmacovigilance data about
patients treated with CAR-T cell therapies are now available.

A wide variety of cardiac adverse events has been reported
in adults, including hypotension (in some cases life-threatening
requiring vasopressor support), arrhythmias, left ventricular
systolic dysfunction, myocardial injury, ST-segment changes on
the electrocardiogram (ECG) and rarely cardiac death (42). Most
of cardiac manifestations reported, in particular hypotension and
reflex tachycardia, can arise as cardiovascular issues or mostly as
consequences of CRS (43), so it may result difficult to regard them
as pure cardiotoxic events.

Goldman et al. (19) reported data on 2,657 patients exposed to
CAR-T cell therapy (65% treated with Axicabtagene and 35% with
Tisagenlecleucel). The treatment was associated with hypotension
(10.8%), tachyarrhythmias (2.8%, among which atrial fibrillation
was the most frequent), cardiomyopathy (2.6%), cardiogenic shock
(1.8%) and pericardial disease (0.4%).

When comparing CAR-T products, Axicabtagene was
associated with higher reporting of CRS (59% vs 47%),
tachyarrhythmias (3.4% vs 1.7%), and VTE (1.6% vs 0.7%).
Any grade CRS was reported in 55% of studied population and
the authors further focused on the overlap between CRS and
cardiovascular events. Concurrent CRS was reported in 78% of
hypotension cases, 79% of tachyarrhythmia, 65% of cardiogenic
shocks, 51% of cardiomyopathy cases and with 64% of pericardial
manifestations (19).

Analogously, Salem et al. (20) described the treatment effects
on 1,921 subjects, among which 13.3% documented similar cardiac
events, all of which occurred in association with grade > 2 CRS.
Among patients suffering from cardiac events, 57% were treated
with Axicabtagene and 43% were treated with Tisagenlecleucel (20).

As far as clinical trials on CAR-T cell therapies are concerned,
in ZUMA-1, JULIET, ZUMA-2 and NCT03361748, hypotension of
any grade was described in 16-59% of the analyzed population,
with up to 22% of these requiring vasopressor support. Another
cardiac adverse event frequently reported was tachycardia (11-
39%). As well, in ZUMA-1 trial, a case of cardiac arrest occurred
in a patient with grade 5 CRS (12, 15, 22, 44). Nevertheless, the
2-year follow-up data of the same trial showed development of
hypertension in 16% of patients (45).

In depth, Neelapu et al. (12) and Wang et al. (22) reported
data about the correlation between CRS and cardiovascular events:
in ZUMA-1 trial, 54% of tachycardia cases, 68% of any grade
hypotension and 64% of >3 grade hypotension were associated
with CRS, while in ZUMA-2 all cases of hypotension and 76% of
tachycardia occurred in the context of CRS.

Smaller phase I clinical trials reported grade > 3 hypotension in
20-37% and left ventricular dysfunction in 10% of treated patients
(46-49).
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TABLE1 Summary of cardiovascular adverse events reported in studies enrolling adult and pediatric patients.

3UIDIPay JBINDSBAOIPIRY) Ul SISIUOIS

640" UISIS1UOY

Disease and patient Grade > 3 CRS Hypotension requiring Reduced EF | Tachycardia | Cardiac |Other cardiac adverse
population in Safety vasopressor support or arrest |events
analysis shock
Adult population
Neelapu et al. (12) (ZUMA-1) phase II clinical trial LBCL (n = 101) 13 (12.9%) (Lee criteria) (28) 14 (13.9%) - 39 (39.4%) 1(<1%) | Cardiac death: 1 (<1%)
Schuster et al. (44) (JULIET) phase II clinical trial |[LBCL (n = 111) 24 (21.6%) (Penn criteria) (60) 10 (9%) - 12 (10.8%) - -
Wang et al. (22) (ZUMA-2) phase II clinical trial |MCL (1 = 68) 10 (14.7%) (Lee criteria) (28) 15 (22.1%) - 21 (30.9%) - -
Alvi et al. (21) retrospective NHL, MM (n = 137) 6 (4.4%) (Lee criteria) (28) - 8/29 (27.6%)*, ¥ - 3(2.2%) |Cardiac death: 6 (4.4%)
HF: 6 (4.4%)
arrhythmia: 5 (3.6%)
elevated troponin: 29/53 (54.7%)°
Ganatra et al. (50) retrospective NHL, B-ALL, PML (n = 187) 10 (5.3%) (Lee criteria) (28) 14 (7.5%) 12/116 (10.3%)", ¥ - - Cardiac death: 3 (1.6%)
Lefebvre et al. (17) retrospective NHL, B-ALL, CLL (n = 145) - 33 (22.7%) - - 1(0.7%) |Cardiac death: 2 (1.4%)
HF: 21 (14.5%)
Arrhythmia: 13 (8.9%)
ACS: 2 (1.3%)
Munshi et al. (15) (NCT03361748) phase II clinical MM (n = 128) 7 (5.5%) (Lee criteria) (28) 1(<1%) - - - -
trial
Goldman et al. (19) retrospective Various (1 = 2657) - - 69 (2.6%)°° - - Arrhythmia: 74 (2.8%)
pericardial disease: 11 (0.4%)
VTE: 28 (1.6%)
cardiogenic shock: 49 (1.8%)
Pediatric and young adult population
Maude et al. (52) phase I-Ila clinical trial B-ALL (n=30)"" 8 (27%) 8(27%) - - - Severe coagulopathy: 3 (10%)
Lee et al. (51) phase I clinical trial B-ALL (n =25) 6 (32%) (Lee criteria) (51) 4(22%) 1(5%)— - 1(5%) |QT prolongation: 1 (5%)
Fitzgerald et al. (18) retrospective B-ALL (n=39) 18 (46%) (Porter criteria) (61) 13 (33%) 1 (2%)o0 - - -
Maude et al. (13) (ELIANA) phase II clinical trial |B-ALL (n =75) 25 (46%) (Penn criteria) (60) 13 (17%) 3 (4%)** 3 (4%) 3(4%) HF:2(2.7%)
Burstein et al. (54) retrospective B-ALL, NHL, T-ALL, APL 24 (24%) (Penn criteria) (60) 24 (24%) 10 (10%)+ - 0 ST segment changes: 6 (6%)
(n=98)
Shalabi et al. (23) retrospective B-ALL, NHL (n = 52) 9 (17%) (Lee criteria) (27, 28) 9 (24.3%) 6 (11.5%) L 36 (69.2%) 1(2.7%)

APL, acute promyelocytic leukemia; B-ALL, B-cell acute lymphoblastic leukemia; ACS, acute coronary syndrome; CLL, chronic lymphocytic leukemia; CRS, cytokine release syndrome; EF, ejection fraction; HE hearth failure; LBCL, large B-cell lymphoma; MCL, mantle

cell lymphoma; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; PML, primary mediastinal large B-cell lymphoma; T-ALL, T cell-acute lymphoblastic leukemia; VTE, venous thromboembolic events.

*Considered only patients with echocardiographic data pre- and post-CAR-T.

°Considered only patients with post-CAR-T troponin level assessment.

" Considered only patients with serial echocardiogram.
" Considered a sample size of 25 children and 5 adults.

¥Reduced EF: reduction in LVEF > 10% from baseline to <50%.

°°Left ventricular systolic dysfunction according to MedDRA version 22.1 (62).
+Reduced EF: decrease of >10% in ejection fraction or >5% in shortening fraction compared with baseline or ejection fraction < 55% or shortening fraction < 28% in those with previously normal systolic function (54).
1 Reduced EF: decrease of >10% absolute decrease in LVEF compared with baseline or new-onset LVEF < 50% (23).
=LV systolic dysfunction according to Common Terminology Criteria for Adverse Events v4.02 (63).

0oLV systolic dysfunction according to Goldstein et al. (64).
**LV systolic dysfunction according to Common Terminology Criteria for Adverse Events v4.03 (63).
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As mentioned, all reported clinical trials excluded subjects with
significant pre-existing cardiovascular disease (e.g., heart failure)
(12, 15, 22, 44) and they did not focus on the correlation between
cardiovascular risk factors and safety endpoints.

Besides clinical trials, real-world, observational studies
included, even if marginally, patients with baseline significant
cardiac disease (17, 21), and made an attempt to evaluate the
role of pre-existing CV risk factors and cardiac biomarkers
to predict the occurrence of cardiotoxicity. In a retrospective
study of 137 patients treated with CAR-T therapy, Alvi et al.
(21) described 17 cases of cardiovascular complications (12%),
including 6 cases of cardiovascular death, 6 cases of HF and 5
cases of supraventricular arrhythmia. Of interest, all these events
occurred in patients developing high-grade CRS (>2), and among
this population, 69% were treated with Axicabtagene and 31% with
other investigational CAR-T.

Furthermore, in this study, the authors evaluated the potential
role of troponin in predicting cardiotoxicity. Post-CAR-T cell
infusion troponin levels were measured, witnessing that CV event
rate for patients with elevated troponin was 55%, compared to 4%
in patients without elevation.

As for cardiovascular events, also troponin elevation was closely
related to CRS grading (reported in 77% of patients with >2 CRS
grade vs 22% of patients with lower grade CRS). Among subjects
with troponin release, 45% were treated with Axicabtagene and 55%
with investigational CAR-T.

When pre- and post-CAR-T cell therapy left ventricular
ejection fraction (LVEF) assessment was available, a significant
reduction in LVEF was observed in 28% of cases. As mentioned,
all these patients had also elevated troponin levels at blood
samples (21).

Another retrospective study conducted by Lefebvre et al. (17)
evaluated the correlation between major adverse cardiac events
(MACE) and population baseline characteristics. In 145 patients,
it was reported a total of 41 MACEs. Some pre-CAR-T cell therapy
features, as the use of statins, insulin and aspirin, as well as higher
baseline creatinine levels, were each associated with MACE, likely
reflecting patients with high cardiovascular risk profile and pre-
existing comorbidities. The grade of CRS (27) was also defined as an
independent predictor of MACE. Baseline LVEF was not associated
with MACE in this population, unlike some diastolic parameters,
such as elevated E/e’ ratio and left atrial volume could represent
valuable predictors (17).

Ganatra et al. (50) otherwise focused on development of
cardiomyopathy following CAR-T cell therapy in a sample
size of 116 patients who underwent serial echocardiograms.
Their results demonstrated that 12 patients (about 10% of the
population) developed new-onset or worsening cardiomyopathy,
nearly always (11/12) in association with grade > 2 CRS. Again,
baseline features such as hyperlipidemia or older age, history
of coronary artery disease and use of beta blockers and renin-
angiotensin inhibitors therapy, appeared to increase the risk of
developing cardiomyopathy. Among those patients (n = 12) with
cardiomyopathy, 6 had a complete recovery of LVEF, 3 had a partial
recovery and 3 died (50). In this report, Axicabtagene was the main
treatment investigated (used in 94% of the patients) and it was
associated with the majority of cases of new-onset or worsening
cardiomyopathy (92% vs 8% associated with Tisagenlecleucel).
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Overall, in retrospective studies, the timing from CAR-T
infusion to reported cardiac events ranged from a median
of 5-21 days (42). This suggests that in adult patients,
cardiotoxicity could be closely related to high grade CRS onset and
subsequent resolution.

Data regarding the CV effects of CAR-T cell therapy in adults
are illustrated in Table 1.

4. CAR-T cell therapy cardiotoxicity
in the pediatric and young adults
population

Thanks to the available data, we are now more aware of the
prevalence and impact on morbidity and mortality of CAR-T
cell-related CV toxicity in the pediatric and young adult population.

In depth, Lee et al. (51) led a phase I trial enrolling children
and young adults with R-R acute lymphoblastic leukemia or non-
Hodgkin lymphoma; in a cohort of 21 subjects, 4 (22%) developed
severe hypotension requiring vasopressor support, 1 had QT
prolongation and 1 hypertension. Furthermore, one patient was
successfully resuscitated after cardiac arrest during a severe CRS,
associated with a drop in his cardiac ejection fraction from a
baseline of 65% to less than 25% (51). In a comparable limited
cohort of 30 children and adults with relapsed acute lymphoblastic
leukemia (ALL), 27% required vasopressor support for hypotension
and 3 subjects presented bleeding due to severe coagulopathy (52).

The ELIANA and ENSIGN phase-2 clinical trials enrolled
CD19 + relapsed or refractory B-cell ALL patients, exposed
to Tisagenlecleucel, an anti-CD19 CAR T-cell therapy (13, 53).
In the face of impressive clinical benefits and hematological
disease response, they demonstrated that CV complications were
predominantly seen in the first 8 weeks post-infusion, especially
during CRS, and were mostly reversible. A pooled analysis from
these trials (ELIANA: n = 79; ENSIGN: n = 58) reported that
in a total analyzed population of 137 patients, 31% presented
cardiac complications, 7% of grade 3 or 4. The most common
events were arrhythmias (29%); five patients (4%) developed left
ventricular cardiac dysfunction during CRS, which regressed in all
but 2 patients, who died due to disease progression. Hypotension
occurred in 24% of the patients, 19% of grade 3 or 4 requiring
intervention or vasopressor support; interestingly, hypotension was
always related with CRS (53). In the ELIANA cohort, 3 (4%)
subjects developed LV dysfunction, 2 patients presenting with
symptomatic heart failure, and all had cardiac arrest (13).

As regards to retrospective studies, data
homogeneous. Fitzgerald et al. (18) reported, in 39 patients
receiving CAR-T cells infusion for R-R ALL, that 36% showed CV
complications, 13 with fluid refractory shock requiring the infusion
of a-agonist, 10 necessitating more than one vasopressor due to

seem more

catecholamine resistance and 1 supported with milrinone because
of the development of diminished left ventricular systolic function
(18). CV complications generally occurred within the 5 days after
cell infusion, hypotension was always preceded by fever and 96%
of the patients with CV complications also had CRS, with 18% CRS
grade 3 and 28% CRS grade 4 (18).

Shalabi et al. (23) retrospectively revised the cases of 52
pediatric patients affected by hematological malignancies; nine of
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FIGURE 1

Proposed diagnostic work-up and management strategy in patients undergoing chimeric antigen receptor (CAR)-T cell treatment and with
suspected cardiovascular toxicity. ASTCT, American Society for Transplantation and Cellular Therapy; CRS, cytokine release syndrome; CV,
cardiovascular; ECG, electrocardiogram; TTE, transthoracic echocardiography

them (17%) developed hypotension requiring vasopressor support.
Of the 37 patients with CRS, 6 (16%) presented a post-infusion
echocardiogram showing cardiac dysfunction, among whom 4 had
grade 3-4 CRS. Of importance, all cases with cardiac dysfunction
and HF recovered within 3 months. Moreover, it was noted a
higher likelihood of reduced cardiac performance in patients with
early and severe CRS, as well as in those receiving tocilizumab.
As acknowledged, none of the cases without CRS experienced CV
toxicity (23).

In another report including 98 subjects and aimed at identifying
predictors of CV toxicity (in particular of hypotension requiring
vasopressor support), 24 experienced shock and 10 (41%) of them
concomitantly developed cardiac dysfunction. Five subjects with
cardiac dysfunction required inotropic support with milrinone and
6 of these needed pharmacological escalation. In accordance with
data from other published retrospective studies, all patients affected
by CV toxicity had grade 3-4 CRS and those with impaired systolic
function recovered by 6 months of follow-up; nevertheless, none of
the cardiac events contributed to mortality (54).

In summary, from all the studies available, it seems that cardiac
toxicity associated with CAR-T in the pediatric and young adult
population is closely associated with CRS and is largely self-
limited, with most patients recovering cardiac function back to
pre-treatment baseline values within few weeks from exposition
(23, 54).

Nevertheless, the majority of data on determinants of
cardiotoxicity come from retrospective studies. In pediatric and
young adult patients, the risk of developing severe hypotension
requiring vasopressor support appears to be associated with high
disease burden (>25% of blast on bone marrow biopsy), pre-
treatment cardiac dysfunction (lower baseline ejection fraction,

Frontiers in Cardiovascular Medicine

lower GLS or diastolic dysfunction), high-grade CRS (3-4), and
delays in the administration of tocilizumab for CRS. Pre-existing
cardiomyopathy and higher anthracycline dose did not appear
to be associated with hypotension-requiring inotropic support in
previous reports (42, 54).

There is still little knowledge regarding the predictive role of
cardiac biomarkers, such as ultra-sensitive troponins and Brain
Natriuretic Peptides (BNP) or N-terminal pro-BNP (NTpro-BNP).
In the Shalabi et al. (23) cohort, 13 patients underwent troponin
levels dosage during CRS: 4 cases resulted with abnormal troponin
values, all of them associated with cardiac dysfunction quantified by
decreased LVEF; NTpro-BNP was assessed only in 7 patients and
proved to be elevated during CRS, with the highest values observed
in two patients with cardiac impairment developed during CRS
(23). Because of the scarceness of investigations, it is not possible
to establish a precise role for cardiac biomarkers in patients
undergoing CAR-T cell therapy, including their usefulness for
patients’ surveillance.

5. Monitoring and management of
CV complications in patients
undergoing CAR-T cell therapy

Considering the burden of CV complications occurring during
CAR-T cells infusions, the latest 2022 ESC cardio-oncology
guidelines recommend to perform a baseline cardiological
evaluation, including electrocardiogram, natriuretic peptides,
troponins and transthoracic echocardiogram, in particular in
subjects with pre-existing CV conditions (41). However, it should
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be acknowledged, due to the patient heterogeneity and small sample
sizes of available studies, that these recommendations only rely on
expert consensus and not on high-quality evidences.

During infusion, frequent vital signs assessment and
arrhythmias monitoring through telemetry should be performed.
Volume resuscitation with intravenous fluid represents the first-
line therapy for hypotension and shock related to CRS (42).
For resistant cases, vasopressors (e.g., adrenaline, noradrenaline,
vasopressin) should be considered (26, 55, 56). However, other
causes of hypotension and shock, such as severe infections, cardiac
tamponade, pulmonary embolism or acute cardiac dysfunction,
should be ruled out.

The occurrence of signs of high-grade CRS should be
promptly followed by complete cardiac evaluation, including
electrocardiogram, biomarkers and echocardiogram (57).

Tocilizumab is an anti-IL-6-receptor antagonist that is
approved to manage severe CRS and may also mitigate CV
toxicity of CAR T-cells (58, 59). Tocilizumab should hence be
used in subjects with CRS grade 2 or higher and with high
suspicion of CV complications: troponin elevation may help
identifying candidates experiencing CRS for early tocilizumab
administration (21). Nevertheless, prospective investigations are
needed to define the optimal management strategy for CAR T-cell
related cardiotoxicity.

Figure 1 shows a proposed diagnostic work-up and
management strategy of CV complications in patients exposed

to CAR-T cell therapy.

6. Future perspectives

Mechanisms underlying CV events in patients undergoing
CAR-T cell infusion are poorly understood; basic mechanistic
studies are therefore needed in order to investigate possible
myocardial damage pathways, which may occur regardless of
cytokine release and CRS. For example, measurement of soluble
cardio-depressant factors, commonly found in patients with septic
cardiomyopathy, could help identifying novel mechanisms of
cardiac failure. On the other hand, prospective imaging studies,
using non-invasive advanced metrics of myocardial function (e.g.,
strain imaging with speckle tracking) are also necessary. At last,
a multidisciplinary approach to the management of patients on
CAR-T cells is needed to optimize outcomes and to ensure a
comprehensive care of these patients.
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Early detection and serial
monitoring during chemotherapy-
radiation therapy: Using T1 and T2
mapping cardiac magnetic
resonance imaging

Yaotian Tian", Teng Wang", Liwen Tian’, Yucheng Yang’,
Chen Xue®, Wei Sheng* and Cuiyan Wang™*

Department of Radiology, Shandong Provincial Hospital, Shandong University, Jinan, China, 2Department
of Radiology, Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan, China,
*Department of Radiology, Shandong Provincial Hospital, Binzhou Medical University, Jinan, China,
“Department of Oncology, Shandong Provincial Hospital Affiliated to Shandong First Medical University,
Jinan, China

Purpose: To confirm the ability of native T1 and T2 values in detecting and
monitoring early myocardial injuries of chest radiotherapy in neoplasm patients.

Materials and methods: Fifteen participants received non-anthracycline
chemotherapy and chest radiotherapy, and 30 age/gender-matched controls
were enrolled in this prospective study. Cardiac magnetic resonance scans were
performed within 2 days, 3 months, and 6 months after chest radiotherapy.
Myocardial native T1 and T2 values were measured in irradiated and
nonirradiated areas. Meanwhile, the parameters of left ventricular function and
left ventricular myocardial strain were obtained.

Results: There were no significant differences in left ventricular function, native T1,
T2, and strain between patients and controls before chest radiotherapy. In 15
participants who were followed up for 6 months, there was a significant change
only in left ventricular ejection fraction (LVEF) among baseline and the first
follow-up (P=0.021), while the adjusted P-value was higher than 0.05 after
Bonferroni correction, as well as other parameters. Native T1 values were
elevated at 3 and 6 months in irradiated areas compared with baseline
(1,288.72 + 66.59 ms vs. 1,212.51+ 4541 ms; 1,348.01+54.16 ms vs. 1,212.51 +
4541 ms; P<0.001 for both). However, T2 values only changed at 3 months in
irradiated areas compared with baseline (44.21+ 3.35ms vs. 39.14 + 1.44 ms;
P =0.006). Neither the native T1 nor T2 values changed in nonirradiated areas
during the follow-up period (all P> 0.05). There were no significant differences
in strain changes during the follow-up period (all P> 0.05).

Conclusion: Native T1 and T2 values elevated at 3 months after chest radiotherapy,
whereas LVEF showed no significant change during the 6-month follow-up.

KEYWORDS

chemotherapy-radiation therapy, magnetic resonance, cardiac toxicity, mapping

techniques, heart

Abbreviations

CMR, cardiac magnetic resonance; LVEF, left ventricular ejection fraction; IMRT, intensity-modulated
radiation therapy; IA, irradiated areas; NIA, nonirradiated areas; GLS, global longitudinal strain; GCS,
global circumferential strain; GRS, global radial strain; ROI, regions of interest; NA, not applicable; BMI,
body mass index; HR, heart rate; FU, follow-up; PTV, planning target volume; ECV, extracellular volume;
LGE, late gadolinium enhancement.
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Introduction

The incidence of cancer is increasing and the age of onset is
getting younger, but due to advances in medical care, patients
are surviving significantly longer (1, 2). Chest malignancies,
including lung, esophageal, and breast cancers, as well as
lymphomas, usually include radiation therapy as part of their
treatment regimen (3-5). The scope of radiation therapy for
chest malignancies usually includes the heart. However, radiation
can increase cancer survivors’ long-term risk of cardiac death
(6-10). Although radiation was previously thought to not affect
the heart, recent studies have found that the relative risk of heart
disease and major cardiac events may be 4%-16% per Gray (Gy)
of the average cardiac radiation dose without a defined safe dose
(11-13). Therefore, it is significant to early detect and carefully
monitor cardiac changes in patients treated with radiation for
chest malignancies.

T1 and T2 mapping is an emerging quantitative MRI
that
myocardial tissue components by measuring T1 and T2 values,

technique allows dynamic analysis of changes in
directly reflecting their pathophysiological statuses such as
edema, fibrosis, and iron deposition without the use of contrast
agents (14), and providing a more accurate diagnosis and
assessment of disease outcome, bringing cardiology to a new
frontier. Unlike existing semiquantitative techniques [TIWI,
T2WI, (LGE), etc.], these

quantitative methods do not require normal myocardial tissue

late gadolinium enhancement

as a control and therefore can assess not only focal myocardial
and diffuse
myocardial lesions, which are already widely used in many

lesions but also early microscopic lesions
diseases of the heart, such as various types of myocardial
involvement disease, heart failure, and unexplained troponin
elevation in patients (15-22). Although left ventricular ejection
fraction (LVEF) is the most commonly used parameter in
clinical practice and represents a global systolic function,
irreversible myocardial damage has occurred when LVEF is
reduced (23). There is growing evidence that myocardial strain
can be detected as impaired systolic function in normal LVEF,
thus allowing early detection of functional impairment due to
radiotherapy and early intervention (24, 25). Several animal
studies have shown that changes in myocardial edema, fibrosis,
and endothelial injury precede changes in cardiac function
(26-28). Therefore, myocardial native T1 and T2 values may
precede the changes in global left ventricular (LV) function
after radiotherapy.

Previous studies (29-32) have exploited the benefits of T1 and
T2 mapping techniques to explore cancer radiotherapy-associated
cardiotoxicity, but the time points of follow-up have varied and
the results have been controversial. Some studies (29, 30) have
indicated that changes in native T1 and T2 values predate LVEF,
but others (31) have not found significant changes in them
during follow-ups. Also, most studies were limited to a single
disease. Therefore, the purpose of our study was to explore the
value of native T1 and T2 mapping in the early detection of
radiotherapy-associated cardiotoxicity in cancer under real-world
conditions.
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Materials and methods
Study design and participants

All patients who received chest radiotherapy at our institution
from March 2019 to September 2020 were included in this
prospective study. Exclusion criteria included younger than 18
years old and older than 75 years, inappropriate irradiation field
(whole heart exposed to radiation field or not exposed to
radiation field),
having known cardiac symptoms or diseases (organic heart

receiving anthracycline chemotherapy, and

disease, hypertension, coronary artery disease, etc.). Finally, our
prospective observational study included 15 consecutive patients
chest
radiotherapy and 30 healthy controls with matched age and

who received non-anthracycline chemotherapy and
gender. To evaluate the changes in myocardial tissue, four
cardiac MRI examinations were performed in patient groups
before radiotherapy (baseline), as well as within 2 days, 3
months, and 6 months after chest radiotherapy. The healthy
controls underwent cardiac MRI only once. Figure 1 shows the
flowchart of patient selection.

This study was approved by the Ethical Committee of
Shandong Provincial Hospital Affiliated to Shandong First
Medical University, and all patients signed informed consent to
participate in this study.

Chemotherapy-radiation therapy

All patients were receiving standard treatment according to
Chinese guidelines at the time of inclusion, and they were treated
with intensity-modulated radiation therapy (IMRT), in which
multiple beams of uneven intensity are aimed at the tumor,
which also improves the consistency of treatment and reduces
the dose to normal tissue. Meanwhile, the hearts of all patients
in this study were partly exposed to the radiation field. Thus, the
heart could be divided into two parts, the irradiated areas (IA)
and nonirradiated areas (NIA), see Figure 1. Then calculate their
radiation doses separately.

MRI acquisition protocol

All MRI examinations were performed using a 3.0 T Siemens
Skyra scanner (Siemens Medical Systems, Erlangen, Germany)
with a 32-channel matrix coil. The cardiac magnetic resonance
(CMR) imaging protocols included cine MRI, Native T1 map,
and T2 map in four-chamber, three-chamber, two-chamber, and
short-axis views. Steady-state free precession (SSFP) cine images
were obtained with the following imaging parameters: TR/TE =
39.2/1.4 ms; FA =80°, FOV =300 x 225 mm?, acquisition matrix
=192 x 140, and voxel size =1.6 x 1.6 x 6.0 mm°. Native T1 map
was acquired with a 3 s(3 s)5s modified Look-Locker inversion
recovery (MOLLI) sequence with the following parameters: TR/

TE=2.4/1.1ms, FA=35°, FOV=300x225mm? acquisition
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FIGURE 1
Zone map of IA and NIA. IA, irradiated areas; NIA, nonirradiated areas

ROI (NIA)

%

matrix = 256 x 192, and voxel size =1.2x 1.2 x 8.0 mm°>. The T2
map was obtained using the SSFP sequence with three different
T2 preparation times. Parameters were as follows: TE =0 ms,

25ms, 55ms; TR=3xRR; FA=50% FOV =300 x 225 mm?%
acquisition matrix =256 x 192, and voxel size=12x1.2x
8.0 mm?>.

Image analysis

All analyses were using commercial software (CVI*?, circle
cardiovascular imaging, Inc., Calgary, Canada). The contour of
the myocardial endocardium and epicardium were drawn by the
I** to obtain global T1
values, global T2 values, and parameters about LV function and

semiautomatic method provided by CV

strain. To avoid blood pool and epicardial fat contamination, a
10% automated contour adjustment was applied to move both
contours toward each other to eliminate potential in-plane partial
volume effects. The global longitudinal strain (GLS) was
measured as an average of peak diastolic longitudinal strain from
all three long-axis views using a tissue tracking method. The
global T1 values, global T2 values, global circumferential strain
(GCS), and global radial strain (GRS) were calculated based on
all short axis from bottom to apex.

blinded to the

characteristics of and each other’s data, delineated the regions of

Two experienced radiologists, clinical
interest (ROI) of irradiated and nonirradiated areas in the native
Tl map and T2 map independently to assess intra- and
interrater reliability and to get regional T1 and T2 values. ROI
was greater than 1.0 cm” and placed on the mid-myocardial

layers to minimize partial volume effects from adjacent blood
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pool or extra-myocardial tissues. The irradiated areas were
defined as the myocardial areas with maximum radiation dose,
and the nonirradiated areas were defined as the myocardial areas
with minimum radiation dose at the same slice. To make sure
the ROIs were same in all T1 and T2 mapping images, the copy-
and-paste function was used, see Figure 1. If the ROI was
questioned, it would be re-delineated until achieving mutual
agreements.

Statistical analysis

All statistical analyses were performed by using SPSS (version
21.0; IBM, Armonk, NY, United States). Two-sided P < 0.05 was
considered statistically significant. All discrete variables were
reported as numbers of participants with percentages in
parentheses. All continuous variables with a normal distribution
(Shapiro-Wilk test, P>0.05) were reported as mean = SD, and
those without were reported as median with an interquartile
range in parentheses. Intraclass correlation coefficient (ICC) and
Bland-Altman analyses were used for evaluating the agreement
of ROI measurements. Differences in count variables of
demographic data were tested by using the x* test. The
differences between baseline and controls were compared with
the Student’s t-test or Mann-Whitney U test to eliminate the
interference of chemotherapy partly. The differences in variables
between IA and NIA were compared with paired sample f-test.
Data were compared among baseline and follow-ups by using the
Friedman rank test with post-hoc test with Bonferroni correction.
Since adjusted P-values of the Friedman rank test were not
reported when there were no significances in SPSS, it would be
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reported as not applicable (NA). For correlations between regional
radiation dose and percent change of T1 and T2 values in the IA,
Pearson correlation coefficients were computed.

Results
Patient characteristics

Of all 362 patients who would receive chest radiotherapy
between March 2019 and September 2020 in our institution, 296
were excluded because of the reasons listed in Figure 2. Thirty-
eight patients consented and 15 of them (9 men and 6 women)
completed all three follow-ups. The reasons for drop-out were as
follows: four were due to contraindications of CMR examination,
six were due to unqualified data, four denied to conduct, two
needed additional therapy, two were due to noncardiac adverse
reactions, and five were due to other reasons. None of the
patients had adverse cardiac events during the follow-ups. In
addition, 30 healthy controls (15 men and 15 women) with
matched age and gender were enrolled in this study. The
characteristics of all participants are summarized and compared
in Table 1. The heart rate (HR) in patients was significantly
higher than that in healthy controls at baseline (P<0.01);
however, there was no significant difference between the follow-
up groups (see Supplementary material Table 1). The body
mass index (BMI) had significantly lower values in patients
compared with healthy controls (24.7, range 20.2-25.26, vs. 27.1,
range 22.7-27.7, P=0.037). There were no statistical differences
between the two groups in terms of other variables.

Chemotherapy-radiation therapy

In terms of the oncological diagnosis of patients enrolled, six were
squamous cell lung carcinoma, three were lung adenocarcinoma, two
were small-cell lung carcinoma, and four were esophageal cancer, see
Table 2. All patients in this study accepted sequential chemotherapy-
radiation therapy. The details of the chemotherapy approach are
shown in Table 2. The mean duration of the three follow-up
periods was within approximately 2 days, 117.7 days, and 206.1
days after the end of radiotherapy, respectively. The follow-up
intervals were slightly longer than expected due to the patient’s
physical condition, treatment plan, and holidays. The planning
target volume (PTV) of tumors received 62.22 +4.46 Gy (mean
SD). However, the mean radiation dose in IA was 35.98 + 6.29 Gy,
which was significantly higher than that in NIA (3.08 +1.83 Gy, P
<0.001), shown in Table 2.

Global native T1, T2 values, LV function, and
strain

The average values of mentioned parameters among controls,

baseline, and follow-ups are shown in Table 3. No statistical
differences were found between controls and patients at baseline
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for all parameters demonstrated in Table 3, and they all had
normal LV functions. It indicated that there was a significant
change only in LVEF among baseline and the first follow-up
(P=0.021), but the adjusted P-value was higher than 0.05 after the
Bonferroni correction. There were no statistically significant
changes in other LV function parameters, global native T1 and T2
values, GRS, GCS, and GLS at all follow-ups compared with baseline.

Native T1 and T2 values in different
radiation areas after IMRT

Native T1, T2 values, and their temporal percent changes are
summarized in Table 4. The ICC and Bland-Altman analyses
demonstrated good intra- and interobserver reproducibility of the
native T1 and T2 values in different radiation areas (see
Supplementary material Table 4). At baseline, there were no
significant differences in native T1 and T2 values between NIA
and TA (native TI: 1,212.51 £45.41 vs. 1,200.99 +£35.32, P=
0.144; T2: 39.14+1.44 vs. 38.61+1.62, P=0.248) and between
those of NIA at each time point. Native T1 values in IA were
significantly elevated compared with that in NIA at all follow-ups
(1,226.52 +53.09 vs. 1,201.60 +40.37, P=0.02; 1,288.72 +66.59
vs. 1,211.13 +43.27, P<0.001; 1,348.01 +£54.16 vs. 1,210.12 +
27.73, P<0.001, respectively). Although T2 values of IA at all
time points were higher than that in NIA, only the second
follow-up demonstrated a statistically significant difference
(44.21 £3.35 vs. 39.70 £ 2.42, P=0.004).

The native T1 values gradually increased since the first follow-
up in IA but only showed significant differences since the second
(P=0.006, P<0.001,
separately). As for T2 values in IA, they increased slightly at the

follow-up compared with baseline
first follow-up, elevated sharply and peaked at the second follow-
up, and then decreased at the last follow-up, but only showed
statistical difference at the second follow-up compared with
baseline (P=0.006). As for NIA, no significant changes were
found in native T1 and T2 values at all follow-ups compared
with baseline. The longitudinal trend of native T1 and T2 values
in different radiation fields is shown in Figure 3.

To eliminate the interference of regional measurements, a
percentage change was calculated. The percentage change of native
T1 and T2 values in IA at the first follow-up was not significantly
changed compared to NIA. At the second follow-up, the percentage
change in native T1 and T2 values was significantly higher in IA
than in NIA (P=0.001, P=0.004, respectively), but at the third
follow-up, only the change in native T1 values was statistically
significant (11.24 +4.36 vs. 0.79 £ 1.99, P <0.001). Furthermore, the
correlation of the percent change of native T1 and T2 values with
radiation dose in IA was evaluated and no statistical significance
was found (see Supplementary material Table 2).

Discussion

Our study prospectively assessed changes in myocardial tissue
characteristics, global left ventricular function, and strain in the
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362 cancer patients would receive
chest radiotherapy between March
2019 and September 2020 in our
institution

diseases

296 were excluded because of:
- Their age older than 75 years
- Inappropriate irradiation field
- Receiving anthracycline chemotherapy
- Having known cardiac symptoms or

v

66 met eligibility criteria

| e—

28 were excluded because of no consent

y

baseline CMR examination

38 consented to join and underwent

- 4 were excluded because of
contraindications of CMR examination
- 6 were drop-out due to unqualified data

v

48h after radiotherapy

28 underwent the CMR examination

je—

5 were drop-out to 3-months follow-up

v

23 participated in 3-months follow-up

E—

8 were drop-out to 6-months follow-up

A4

15 participated in 6-months follow-up

FIGURE 2
STROBE flow diagram.

early post-radiotherapy period. Our main findings were as follows:
native T1 in the IA region was consistently elevated during all
follow-ups and was significantly elevated both at 3 and 6
months; T2 values in the IA region were elevated significantly at
3 months and then decreased close to baseline at 6 months after
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radiotherapy, and no significant changes in tissue characteristics
were observed in the NIA region at all follow-ups. Finally, the
ejection fraction and global myocardial strain of the left ventricle
at all follow-ups were not significantly different from those at
baseline. These findings suggest that natural T1 and T2 values
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TABLE 1 Clinical characteristics of participants at baseline and healthy
controls.

Variables Controls Patients P-values
(n=30) (n=15)

Age” (years) 59.8+5.8 60.2+8.2 0.89
Men 15 (50) 9 (60) 0.53
Heart rate® (beats/min) 62.5 (62-73) 83.5 (66-86) <0.01
BMI® (kg/mz) 27.1 (22.7-27.7) 24.7 (20.2-25.26) 0.04
Risk factors

Current or ex-smoker 13 (43) 9 (60) 0.35
Hypertension 7 (23) 5 (33) 0.50
Diabetes 0 (0) 0 (0) NA
Hyperlipidemia 0 (0) 1(7) NA

BMI, body mass index; NA, not applicable.

Unless otherwise specified, data are numbers of participants, with percentages in
parentheses. Data were compared by using Student’s t-tests or Mann—Whitney U
test.

?Data are mean + SD.

®Data are medians, and data in parentheses are the interquartile range.

TABLE 2 Tumor entity and characteristics of cancer therapy within the
study sample.

‘ Tumor entity, chemotherapy, and radiotherapy Values

Squamous cell lung carcinoma

Nedaplatin + paclitaxel 6 (40)
Lung adenocarcinoma

Nedaplatin + pemetrexed 3 (20)
Small-cell lung carcinoma

Nedaplatin + etoposide 2 (13)
Esophageal cancer

Nedaplatin + paclitaxel 4 (27)

Mean interval of FU1 (days) <2

Mean interval of FU2® (days) 117.7 £15.4
Mean interval of FU3® (days) 206.1 +24.0
PTV of tumor® (Gy) 62.22 +4.46
Mean dose of IA® (Gy) 3598 +6.29
Mean dose of NIA® (Gy) 3.08+1.83

FU, follow-up; PTV, planning target volume; IA, irradiated areas; NIA, nonirradiated
areas; FU1, 2 days post radiotherapy; FU2, 3 months post radiotherapy; FU3, 6
months post radiotherapy.

Unless otherwise specified, data are numbers of participants, with percentages in
parentheses.

@Data are mean + SD.

altered earlier than LVEF after radiotherapy, and it can be detected
as early as 3 months after radiotherapy. Although the same
situation occurs in strain, the global strain value may mask the
regional myocardial changes, so further studies are needed to
explore the application value of the global strain parameter in
regional myocardial injury.

To observe the heart injury by radiotherapy, we compared the
MRI findings both of IA and NIA before and after radiotherapy.
However, some studies (33) have indicated that abnormal T1
values are associated with the cancer process before radiotherapy
and we found that nearly all patients received chemotherapy
before radiotherapy. So, we compared the MRI findings of
healthy volunteers and patients at baseline to assess the effect of
cancer and chemotherapy on the heart before radiotherapy.
While anthracyclines have been shown to cause early myocardial
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injury and a decrease in global strain (31, 34-36), patients who
used anthracyclines were excluded from this study. Our study
showed that there was no significant difference between all the
MR parameters of patients at baseline and those of volunteers,
which implied that it can be ignored about the damage result
from cancer and chemotherapy expected for anthracyclines. We
found there was a difference in heart rate between the control
and radiotherapy groups at baseline, and there were no
significant differences among the various follow-up time points
(see Supplementary material Table 1). There might have been
selection bias due to the better habits and fitness of the healthy
controls, and the pre-chemotherapy of the patients might also
cause the heart rate a little higher than the healthy controls, but
no significant difference was found in the T1 values between the
healthy controls and the patients at baseline in our study. As a
result, we supposed that the effect of the heart rate on T1 values
could be ignored in our groups, although some scholars declared
that the heart rate could affect the T1 values (37, 38).

Past studies have suggested that the acute phase of the radiation
response may manifest as time-dependent inflammatory changes,
decreased microvascular density, and activation of fibrotic
pathways with preserved LV function and subsequent reduction
in ejection fraction (39-42). Both cellular edema induced by
early inflammation and secondary myocardial fibrosis could lead
to an increase in natural T1 values (43, 44), which could explain
the increase in natural T1 values in the IA region. Cellular
edema can also lead to an increase in T2 values in the IA region
(31, 32, 45), while the decrease in T2 values may be associated
with the resolution of edema as well as secondary myocardial
fibrosis. Then, in our study, within 3 months after radiotherapy,
both T1 and T2 values’ increase implied that cellular edema may
be the main process during this period; and then T2 values
decreased since T1 values increased continually, which showed us
that myocardial fibrosis may be dominant instead after 3
months. However, as edema is reversible and fibrosis is
irreversible, our study provides a reference point for the period
in which cardioprotective drugs should be applied.

It was the first time to find myocardium T1 and T2 values
changes at 3 months after radiotherapy. Takagi et al. (29)
reported that native T1 could detect early changes in myocardial
tissue; however, they started follow-up just from 6 months and
much later than us. In the study by Kvernby et al. (30) on
radiotherapy for breast cancer, it was found that at the 6-month
follow-up, T1 increased and T2 decreased significantly compared
to the earlier follow-ups. The T1 values changed similarly to this
study, but the T2 values were different, perhaps due to the
different tumor types they used (breast cancer), the different
chemotherapy (anthracyclines), and the small amount of data. In
another study (31) in patients treated with radiotherapy for
breast cancer, no significant changes in myocardium native T1
and T2 values were found within 1-year follow-up, probably
because their follow-up time point was different from ours. So,
the long-term changes in these parameters may need more
investigation in the future. Recently, an animal study (46) found
significant changes in T2 values at 8 weeks, which just was
similar to our findings.
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TABLE 3 CMR measurements compared among controls, baseline, and follow-ups.

10.3389/fcvm.2023.1085737

Parameters Controls FUO FU1 FU2 FU3
LVEF (%)* 61.95 +525 62.25 + 4.55 57.30 +3.20 60.97 +3.44 62.70 +4.78
LVEDV (mL) 129.71 +20.79 134.49 + 24.90 127.27 +21.15 125.80 + 21.63 120.45 + 19.85
LVESV (mL) 49.44 +10.83 51.22 +11.09 5537 +10.77 50.98 +11.73 48.43 +8.91
LVEDVI (mL/m?) 7328 +11.19 77.69 +10.27 74.13 +8.98 73.11+11.07 71.09 +7.81
LVESVI (mL/m?) 27.99 +6.21 29.62 + 5.40 3239+595 2929 +6.17 27.69 +3.67
LV mass (g) 82.13 +15.63 79.71 +18.77 78.56 + 16.19 76.91 + 14.45 75.98 + 13.34
GLS (%) —1529+2.22 —15.53 4 1.68 —14.13+ 1.58 —14.83 + 1.40 —15.05+1.57
GRS (%) 34.10 +6.23 34.18 + 4.84 30.71+5.19 32.52 +3.64 33.49 £5.96
GCS (%) —19.40 +2.20 —19.49 + 1.69 —18.23+1.88 —18.73 +1.30 —19.18 +1.87
Global T1 value 1,201.51 + 37.92 1,212.86 + 26.59 1,224.61 +39.13 1,243.47 + 40.43 1,241.37 +26.02
Global T2 value 40.65 +£2.38 39.85 + 1.95 39.64 +1.98 41.13 £2.64 39.54 +1.70

CMR, cardiac magnetic resonance; LV, left ventricular; LVEF, left ventricle ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic
volume; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic volume index; GLS, global longitudinal strain; GCS, global circumferential
strain; GRS, global radial strain; FUO, baseline; FU1, 2 days post radiotherapy; FU2, 3 months post radiotherapy; FU3, 6 months post radiotherapy.

Unless otherwise specified, data are mean + SD. Data were compared among baseline and follow-ups by using the Friedman rank test with post-hoc test with Bonferroni
correction. Data were compared between controls and baseline by using Student’s t-tests or Mann—Whitney U test.

After using a post-hoc test with Bonferroni correction, none of those parameters had a significant difference among baseline and follow-ups.

°P < 0.05 using Friedman rank test compared with baseline.

TABLE 4 Native T1 values, T2 values, and their temporal percent changes at baseline and follow-ups.

Variables Native T1 values T2 values

P-values

1A P-values 1A

FUO 1,200.99 + 35.32 1,212.51 + 45.41 0.144 38.61+ 1.62 39.14+ 1.4 0.248
FU1 1,201.60 + 40.37 1,226.52 + 53.09 0.02 3825+ 1.54 39.66 + 0.88 0.057
FU2 1,211.13 £ 43.27 1,288.72 + 66.59 <0.001 39.70+2.42 44214335 0.004
FU3 1,210.12 +27.73 1,348.01 +54.16 <0.001 38.68+1.25 40.51+3.34 0.131
Adjusted P-values® NA >0.99 NA >0.99

Adjusted P-values® NA 0.006 NA 0.006

Adjusted P-values” NA <0.001 NA >0.99

Percent change (%)

FU1-FUO 0.05 +1.47 115+ 1.87 0.085 —0.84 +4.73 1.45+3.94 0.132
FU2-FU0 0.87 +3.11 6.29 +3.86 0.001 2.89+6.32 13.19 + 10.63 0.004
FU3-FU0 0.79 +1.99 11.24 + 436 <0.001 0.26 +3.94 3.57+8.48 0.295

NIA, nonirradiated areas; IA, irradiated areas; NA, not applicable; FUO, baseline; FU1, 2 days post radiotherapy; FU2, 3 months post radiotherapy; FU3, 6 months post
radiotherapy.

Unless otherwise specified, data are mean + SD. Data were compared among baseline and follow-ups by using the Friedman rank test with post-hoc test with Bonferroni
correction. Data were compared between NIA and |A by using Paired Sample t-Test.

?P>0.05 using Friedman rank test among baseline and follow-ups.

bAdjusted P-values by post-hoc test with Bonferroni correction between FU1 and FUQ, FU2 and FUO, and FU3 and FUO.

In our study, no significant changes in global myocardial strain
were found, which may be because the IMRT of our patients
affected only the focal myocardium and so had little effect on
the global strain. Since that segmental myocardial strain did not
have good reproducibility reported (47) and not all of the
irradiated field myocardium was distributed according to
American Heart Association (AHA) segments, we did not
measure segmental myocardial strain. As for the early change in
strain in the animal study (46), it may also be because they used
whole-heart irradiation, while only the focal myocardium was
irradiated in our study. Our study also implied that changes in
LVEF and other function parameters were later than changes in
native T1 and T2 values, which revealed that CMR has the
potential to detect subclinical damage derived from radiotherapy.

Frontiers in Cardiovascular Medicine

There was no significant correlation between irradiation dose
and MR parameters (T1 and T2 values) found on IA in our
study, and another study (48) was consistent with our results.
First, both studies have a small sample size and, second, the
difference in the irradiation dose on IA of the heart was small
among each patient in our study. So, the correlation between
irradiation dose and heart injury degree may have not been
ultimately shown in both studies. There was still a study (49)
with 6 years of follow-ups that found that areas of high cardiac
dose exhibited high T1 values, and no significant changes in NIA
in our study also implied that there was a correlation to some
degree. However, the detailed information, such as the threshold
dose to process heart injury, remains unanswered, which is
crucial to the clinic. Then, further investigation is needed.
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FIGURE 3

Temporal evolution of CMR measurements. Data are represented as mean + SD. The parallel gray solid lines represent the mean values of age/gender-matched
controls and the interval of two parallel gray dotted lines represents their 95% ClI. *Statistically significant differences compared with FUO: P < 0.01. tStatistically
significant differences compared with the values measured in the nonirradiation field: P<0.05. CMR, cardiac magnetic resonance; FUO, baseline.

Our study has several limitations. First, the sample size of this
study was small and the follow-up period was short, thus late
changes in parameters such as native T1, T2, LV function, and
strain were unclear; and no participant had a cardiac event during
the follow-up period, so the correlation between MRI performance
and cardiac events after chemotherapy-radiotherapy remains
unclear. Second, we did not perform enhancement scans, so
additional cardiac MR data such as extracellular volume (ECV) and
LGE could not be obtained for several reasons: on the one hand,
the scans would have been longer and there was concern that the
patients would not tolerate them; on the another hand, some of the
chemotherapeutic agents may be nephrotoxic to reduce the patient’s
renal burden as well as to avoid contrast allergy or adverse
reactions. Third, all of our participants received radiotherapy and
chemotherapy, some of them with paclitaxel, which has been found
to cause cardiac rhythm disturbances possibly through mechanisms
such as organelle damage and histamine-induced release (50), so it
may affect the outcome. However, to exclude interference from
chemotherapy, we compared baseline MR data from radiotherapy
patients and healthy volunteers and no significant differences were
found, so we concluded that chemotherapy did not affect the hearts
in our cohort. Finally, all participants did not undergo a myocardial
biopsy, so there were no pathological findings to confirm our results.

In conclusion, native T1 and T2 mapping can detect early changes
in the myocardium at 3 months after chest radiotherapy, which is
earlier than LVEF. This may provide clinical evidence of the time
point to early prevent cardiac injury during chest radiotherapy.
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Purpose: To explore the impact of chemotherapy on the risk of cardiac-related
death in astrocytoma patients.

Methods: We retrospectively evaluated astrocytoma patients diagnosed between
1,975 and 2016 in the Surveillance, Epidemiology, and End Results (SEER)
database. Using Cox proportional hazards models, we compared the risks of
cardiac-related death between a chemotherapy group and non-chemotherapy
group. Competing-risks regression analyses were used to evaluate the
difference in cardiac-related death. Also, propensity score matching (PSM) was
employed to reduce confounding bias. The robustness of these findings was
evaluated by sensitivity analysis, and E values were calculated.

Results: A total of 14,834 patients diagnosed with astrocytoma were included.
Chemotherapy (HR = 0.625, 95%Cl: 0.444-0.881) was associated with cardiac-
related death in univariate Cox regression analysis. Chemotherapy was an
independent prognostic factor for a lower risk of cardiac-related death before
(HR =0.579, 95%Cl: 0.409-0.82, P=0.002) and after PSM (HR = 0.550, 95%Cl:
0.367-0.823 P =0.004). Sensitivity analysis determined that the E-value of
chemotherapy was 2.848 and 3.038 before and after PSM.

Conclusions: Chemotherapy did not increase the risk of cardiac-related death in
astrocytoma patients. This study highlights that cardio—oncology teams should
provide comprehensive care and long-term monitoring for cancer patients,
especially those with an increased risk of cardiovascular disease.

KEYWORDS

glioma, chemotherapy, cardiac-related death, competing risk analysis, PSM

1. Introduction

Gliomas are the most common primary tumors of the brain. They account for more than
half of all primary tumors of the central nervous system (CNS). The World Health
Organization classification of tumors of the central nervous system (CNS) (5th Edition)
(1) was published in 2021, but the choice of treatment was based on the previous criteria
of tumor diagnosis.

The standard treatment for glioma is resection with or without radiotherapy and/or
chemotherapy (2, 3). Chemotherapy can prolong the progression-free survival and overall
survival (OS) of glioma patients (3). In cases where glioma recurs after standard
treatment, there is currently no standard chemotherapy regimen available, and instead an
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individualized approach is typically employed. Therefore, careful
consideration of the benefits and drawbacks of chemotherapy is
crucial (4).

Antineoplastic therapy, such as chemotherapy, is known to
prolong the survival of cancer patients. However, it can also
induce cardiotoxicity, including cardiomyopathy, arrhythmias
and other types of cardiovascular disease (CVD) (5, 6). CVD has
become the second leading cause of death in patients with CNS
tumors (7-9). A study on the Wales-based Secure Anonymous
Information Linkage (SAIL) and US Surveillance, Epidemiology,
and End Results (SEER) databases showed that the standardized
mortality ratio (SMR) for CVD in patients with gliomas was 2.24
and 1.98, respectively (8).

However, evidence that clinical, imaging or laboratory
parameters could identify astrocytoma patients at a higher
cardiac risk is lacking. Studies on the risk of CVD or mortality
for people with a glioma have reported overall findings without
revealing histologic subtypes. This scenario may mask tumor
heterogeneity, which could lead to different impacts on CVD
mortality (8). Additionally, previous studies have focused on the
effect of chemotherapy on all-cause mortality, with little
attention given to the effect of chemotherapy on cardiac-related
death in patients with astrocytoma. A better understanding of
the risk factors associated with cardiac-related death and risk
stratification in astrocytoma could help facilitate targeted
interventions to lengthen survival.

Our study aimed to explore whether chemotherapy increases
the risk of cardiac-related death in patients with astrocytoma
based on a cohort from the SEER database. We used competing-
risks regression analysis and sensitivity analysis. Our findings
could aid clinicians in making informed treatment decisions by
providing a better understanding of the risks associated with
chemotherapy, as well as enabling more precise predictions of
outcome in patients with astrocytoma.

2. Materials and methods
2.1. Study population

This retrospective study was undertaken with data from the
SEER database using SEER*Stat 8.3.8. Our selected data source
was the “Incidence—SEER 18 Regs Research Data + Hurricane
Katrina Impacted Louisiana Cases, Nov 2018 Sub (1975-2016
varying)” database.

The inclusion criteria were: (1) the primary site of the tumor
was the brain; (2) the histologic type was based on the
International Classification of Diseases, 3rd edition (ICD-O-3),
including 9400/3 [astrocytoma, not otherwise specified (NOS)],
9410/3 (protoplasmic astrocytoma), 9410/3 (protoplasmic
astrocytoma) or 9420/3 (fibrillary astrocytoma); (3) the year of
the diagnosis was between 1975 and 2016.

The exclusion criteria were: (1) unknown survival time; (2)
missing important clinical data (e.g., age, sex, race, primary site
of tumor and cause of death).
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2.2. Selection of variables

The study variables provided by the SEER database were:
demographic variable (“age at diagnosis”, “sex”, “race”, “marital
status at diagnosis”, “year of the diagnosis”), clinicopathologic
variables (“primary site”, “histologic type ICD-O-3”, “tumor
size”, “sequence number”), treatment status (“radiation recode”,
“chemotherapy recode”, “surgery record”, “surgical method”) and
survival status (“survival months”, “SEER cause-specific death

SEER other cause of death classification”).

» o«

classification”,

2.3. Endpoint definition

Cardiac-related death was the primary endpoint. Deaths
resulting from accidents or diseases other than cardiac-related
death was considered to be the competing risks. The data of
and non-cardiac-related death were
“SEER death
classification” and “SEER other cause of death classification” in

cardiac-related death
extracted from the variables cause-specific

the SEER database (https://seer.cancer.gov/causespecific/).

2.4. PSM

Propensity-score matching (PSM) was done using the nearest-
neighbor-matching method with a caliper of 0.1 on the propensity
scale with logistic regression. PSM was undertaken to match
different
chemotherapy vs. patients who did not undergo chemotherapy.

variables  between  patients ~who  underwent
The variables were age, sex, race, marital status, year of diagnosis,
primary site of tumor, histologic type of tumor, radiotherapy and

surgery, and we used a 1:1 ratio for patients.

2.5. Statistical analyses

R 4.0.1 (R Foundation for Statistical Computing, Vienna,
Austria; www.r-project.org/) was used for statistical analyses.
Statistical analyses of categorical data were done using the chi-
square test. “Cardiac-related death” was defined as any death
caused by a heart disease. To gain a first insight into the
relationship between chemotherapy and cardiac-related disease-
specific survival, Kaplan-Meier survival curves were estimated
and compared by the log-rank test. The association between
chemotherapy and the risk of cardiac-related death was assessed
by univariable and multivariable Cox proportional hazards
regression models. The competing risks model was employed
with a cumulative incidence function (CIF) to estimate the
cumulative probability of cardiac-related death and non-cardiac-
related death. The CIF was compared among subgroups by the
Gray test. The Fine-Gray proportional hazards model was
employed to analyze competing risks using “cmprsk” within R.
Adopt E-value (10) was used to evaluate the extent of
unmeasured confounding factors that could have influenced the
results. P <0.05 (two-sided) was considered significant.
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3. Results
3.1. Patient characteristics before PSM

A total of 14,834 patients diagnosed with astrocytoma
before 2016 were identified. Patients were divided into a
chemotherapy group (n=3832) and non-chemotherapy group
(n=11,002). The median duration of survival among the
whole group was 25 [interquartile range (IQR): 7-96] months.
The median duration of survival in the chemotherapy group
was 18 (IQR: 8-52) months, and that in non-chemotherapy
group was 30 (IQR: 7-114.75) months. The demographic
and clinicopathological data of the two groups are shown in
Table 1.

3.2. Patient characteristics after PSM

PSM was conducted to minimize possible confounding effects.
We discovered that 3,349 pairs of patients who underwent
chemotherapy vs. those who did not receive chemotherapy were
matched by a 1:1 ratio, respectively. The standard mean
of all <0.1
(Supplementary Figure S1). No significant differences in

difference parameters after matching was
characteristics at baseline were observed in the two cohorts

except for sex, grade and surgery method (Table 1).

3.3. Survival analyses

Patients who underwent chemotherapy had a higher prevalence
of cardiac-related disease-specific survival compared to those who
did not receive chemotherapy (Figure 1A). A univariate Cox
regression model was established to identify potential prognostic
factors. Our findings showed that chemotherapy (hazard ratio
[HR] =0.625, 95% confidence interval [CI]: 0.444-0.881), age
(31-50 vs. <30 years: HR = 6.564, 95%CI: 3.743-11.51; 51-70 vs.
<30 years: HR =41.38, 95%Cl: 23.775-72.021; >71 vs. < 30 years:
HR =161.748, 95%CI: 90.175-290.13), race (others vs. black: HR
=0.266, 95%CI: 0.111-0.638; white vs. black: HR = 0.627, 95%CI:
0.432-0.912), marital status (single/unmarried vs. divorced/
separated: HR =0.147, 95%CI: 0.088-0.245; widowed/others vs.
divorced/separated: HR =2.482, 95%CI: 1.575-3.91), primary site
(HR=1.985, 95%CIL: 1.305-3.02), surgery (HR=0.388, 95%CI:
0.25-0.601) and sequence number (HR=1.961, 95%CIL: 1.263-
3.043) were associated with cardiac-related death (Table 2).
However, wupon multivariable Cox

regression  analysis,

chemotherapy was not an independent factor for patients with

astrocytoma.
After PSM, the cardiac-related disease-specific survival
outcome between the chemotherapy group and non-

chemotherapy group was the same, with a P-value of 0.038
(Figure 2).
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3.4. Competing-risks regression analysis
before PSM

We aimed to address the issue of competing risk bias, so we
utilized the
independent prognostic variables with non-cardiac-related death

Fine-Gray model to evaluate the risks of
as a competing risk. Among the 10,602 deaths events, 277 were
attributed to cardiac-related death. The cumulative incidence of
cardiac-related death and non-cardiac-related death is
demonstrated in Figure 3. The univariate analysis results are
displayed in Figure 4A. It is found that chemotherapy was
associated with a lower risk of cardiac-related death (HR =0.491,
95%CI: 0.35-0.688, P <0.001). The multivariate competing-risks
proportional hazards model included the same covariates as the
univariate analysis. Chemotherapy remained significant in the
multivariate analysis (HR =0.579, 95%CI: 0.409-0.821, P =0.002)
(Figure 4A). Subgroups of age (51-70 or >71 years), sex (male
or female), race (white), marital status (married), diagnosis
(before 2005), primary site (supratentorial or others), tumor size
(unknown), surgery (no or unknown), surgical method (no
surgery or others), radiotherapy (yes or no) and sequence
number (yes or no) demonstrated a reduction in the risk of
cardiac-related death with chemotherapy. There was no
significant interaction between chemotherapy and other study

variables (Pinteraction > 0.05) (Supplementary Figure S2A).

3.5. Competing-risks regression analysis
after PSM

PSM was carried out to eliminate the imbalance of baseline
characteristics between groups. After PSM, results based on the
competing risk model demonstrated that chemotherapy was
associated significantly with cardiac-related death (HR=0.549,
95%CI: 0.368-0.818, P =0.003)
prognostic factor of a lower risk of cardiac-related death (HR=
0.55, 95%CI: 0.367-0.823, P=0.004) (Figure 4B). The subgroups
of sex (male), marital status (married), diagnosis (before 2005),

and was an independent

primary site (supratentorial), tumor size (unknown), surgery

(unknown), radiotherapy and no sequence number were
demonstrated to reduce the risk of cardiac-related death with
chemotherapy. No significant interaction between chemotherapy
and those variables was found(Pinceraction > 0.05) (Supplementary

Figure S2B).

3.6. Sensitivity analysis

Before PSM, it was found that the relative risk (RR) of death in
the chemotherapy group was 0.579, and the E-value (95%CI) was
determined to be 2.848 (1.737-4.325) (Supplementary
Figure S3A). After PSM, the RR was 0.55 and the E-value (95%
CI) was determined to be 3.038 (1.726-4.893) for death in the
chemotherapy group (Supplementary Figure S3B).
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TABLE 1 Characteristics of patients before and after PSM.

Variables Before PSM After PSM
Chemotherapy NO (n= | Chemotherapy YES (n P Chemotherapy NO (n | Chemotherapy YES (n

11,002) =3,832) =3,350) =3,349)
Age, 1 (%) <0.001 0.482
~30 3,166 (29) 748 (20) 683 (20) 715 (21)
31-50 3,067 (28) 1,248 (33) 1,078 (32) 1,026 (31)
51-70 3,057 (28) 1,500 (39) 1,272 (38) 1,274 (38)
71~ 1,712 (16) 336 (9) 317 (9) 334 (10)
Sex, 1 (%) <0.001 0.034
Female 4,978 (45) 1,574 (41) 1,435 (43) 1,348 (40)
Male 6,024 (55) 2,258 (59) 1,915 (57) 2,001 (60)
Race, 1 (%) 0.101 0.331
Black 758 (7) 232 (6) 238 (7) 227 (7)
Others 528 (5) 204 (5) 164 (5) 190 (6)
White 9,716 (88) 3,396 (89) 2,948 (88) 2,932 (88)
Marital_status, n (%) <0.001 0.094
Divorced/separated 765 (7) 286 (7) 231 (7) 273 (8)
Married 5,549 (50) 2,357 (62) 2,034 (61) 1,949 (58)
Single/Unmarried 3,497 (32) 938 (24) 858 (26) 881 (26)
Widowed/Others 1,191 (11) 251 (7) 227 (7) 246 (7)
Diagnosis, n (%) <0.001 0.268
~2005 8,252 (75) 2,001 (52) 2,041 (61) 1,995 (60)
2005-2016 2,750 (25) 1,831 (48) 1,309 (39) 1,354 (40)
Grade, n (%) <0.001 <0.001
1 830 (8) 104 (3) 197 (6) 92 (3)
2 3,426 (31) 609 (16) 962 (29) 548 (16)
3 2,016 (18) 1,011 (26) 577 (17) 945 (28)
4 1,199 (11) 898 (23) 374 (11) 768 (23)
Unknown 3,531 (32) 1,210 (32) 1,240 (37) 996 (30)
Primary.Site, n (%) <0.001 0.373
Infratentorial 1,399 (13) 275 (7) 255 (8) 271 (8)
Others 2,557 (23) 870 (23) 789 (24) 826 (25)
Supratentorial 7,046 (64) 2,687 (70) 2,306 (69) 2,252 (67)
Hist.Type, n (%) <0.001 0.592
Fibrillary 1,035 (9) 570 (15) 430 (13) 430 (13)
astrocytoma
Gemistocytic 543 (5) 421 (11) 338 (10) 317 (9)
astrocytoma
NOS 9,326 (85) 2,827 (74) 2,574 (77) 2,589 (77)
Protoplasmic 98 (1) 14 (0) 8 (0) 13 (0)
astrocytoma
Tumor_Size, n (%) <0.001 0.464
~4 1,141 (10) 606 (16) 466 (14) 452 (13)
4~ 792 (7) 600 (16) 394 (12) 426 (13)
Unknown 9,069 (82) 2,626 (69) 2,490 (74) 2,471 (74)
Surgery, n (%) <0.001 0.108
NO 1,801 (16) 871 (23) 842 (25) 847 (25)
Unknown 6,276 (57) 1,424 (37) 1,500 (45) 1,423 (42)
YES 2,925 (27) 1,537 (40) 1,008 (30) 1,079 (32)
Surgery. Method, n <0.001 0.01
(%)
Biopsy&Local 851 (8) 457 (12) 311 (9) 332 (10)
excision
Gross total resection 1,132 (10) 469 (12) 337 (10) 301 (9)
No surgery 1,801 (16) 871 (23) 842 (25) 847 (25)
Others 6,352 (58) 1,451 (38) 1,519 (45) 1,446 (43)
Subtotal resection 866 (8) 584 (15) 341 (10) 423 (13)
Radiation, n (%) <0.001 0.65
NO 7,357 (67) 1,593 (42) 1,591 (47) 1,571 (47)
YES 3,645 (33) 2,239 (58) 1,759 (53) 1,778 (53)

(continued)
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TABLE 1 Continued

Variables

Chemotherapy NO (n

11,002)

Before PSM

Chemotherapy YES (n
=3,832)

P

Chemotherapy NO (n
= 3,350)

10.3389/fcvm.2023.996354

After PSM

Chemotherapy YES (n
= 3,349)

Sequence. Number, 0.145 0.816
n (%)
NO 10,281 (93) 3,553 (93) 3,104 (93) 3,109 (93)
YES 721 (7) 278 (7) 246 (7) 240 (7)
Note: Sequence number, previous history of malignancy.
A o C o D o
1.00 1.00 1.00
0.95° 0.95. 0.95.
0.90 0.90. 0.90
Chemotherapy Sex Race
< No ~ Fomale T
-~ YES + Male T Whie
0.85: p value:0.007 0.50. p value:< 0.001 0.85. p value:0.672 0.85. p value:0.001
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FIGURE 1
Cardiac disease-specific survival curve according to patient characteristics. Cardiac disease-specific survival curve of (A) chemotherapy, (B) age, (C) sex,
(D) race, (E) marital status, (F) primary site of tumor, (G) histologic type, (H) tumor size, (1) surgery, (J) surgical method, (K) radiotherapy and (L) sequence
number.
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TABLE 2 Univariate and multivariate Cox regression analysis.

Multivariate analysis

HR (95%Cl)

Univariate analysis

HR (95%Cl)

Age. cat

31-50 vs. ~30 6.564 <0.001 5.989 <0.001
(3.743-11.51) (3.136-11.434)

51-70 vs. ~30 41.38 <0.001 37.376 <0.001

(23.775-72.021) (19.438-71.866)
71~ vs. ~30 161.748 <0.001 130.233 <0.001
(90.175-290.13) (64.925-261.234)

Sex

Male vs. female 0.95 (0.75-1.204) | 0.672 | 1.24 (0.969-1.588) | 0.088

Race

Others vs. black 0.266 0.003 | 0.192 (0.08-0.462) | <0.001
(0.111-0.638)

White vs. black 0.627 0.015 | 0.41 (0.28-0.599) | <0.001
(0.432-0.912)

Marital status

Married vs. divorced/ 0.776 0.224 0.718 0.117

separated (0.515-1.168) (0.474-1.086)

Single/unmarried vs. 0.147 <0.001 | 0.599 (0.34-1.056) | 0.077

divorced/separated (0.088-0.245)

Widowed/others vs. | 2.482 (1.575-3.91) | <0.001 | 1.098 (0.684-1.765) | 0.698

divorced/separated

Primary site of tumor

Others vs. 2.936 <0.001 1.247 0.352

infratentorial (1.876-4.595) (0.783-1.985)

Supratentorial vs. 1.985 (1.305-3.02) | 0.001 0.997 0.991

infratentorial (0.645-1.542)

Histologic type

Gemistocytic 1.731 (0.9-3.332) 0.1 1.537 (0.794-2.976) | 0.202

astrocytoma vs.

fibrillary astrocytoma

NOS vs. fibrillary 1.732 (1.086- 0.021 1.246 0.36

astrocytoma 2.765) (0.778-1.996)

Protoplasmic 0.523 (0.07-3.91) | 0.528 | 0.587 (0.078-4.405) | 0.604

astrocytoma vs.

fibrillary astrocytoma

Tumor size

4~ vs. ~4 0.96 (0.441-2.091) | 0.919 | 1.018 (0.466-2.22) | 0.965

Unknown vs. ~4 2.026 (1.198-3.426) | 0.008 | 1.389 (0.782-2.469) | 0.263

Surgery

Unknown vs. NO 1.034 (0.741-1.443) | 0.843 | 1.309 (0.895-1.914) | 0.165

YES vs. NO 0.388 (0.25-0.601) | <0.001 | 0.654 (0.411-1.042) | 0.074

Radiotherapy

YES vs. NO 0.904 (0.708-1.156) | 0.422 | 1.005 (0.765-1.32) | 0.971

Chemotherapy

YES vs. NO 0.625 (0.444-0.881) | 0.007 | 0.703 (0.491-1.006) | 0.054

Sequence number

YES vs. NO 1.961 (1.263-3.043) | 0.003 | 0.857(0.549-1.337) | 0.496

Note: Sequence number, previous history of malignancy.

4. Discussion

Cancer treatment-related cardiotoxicity has gained increasing
attention recently. Chemotherapy plays an important role in the
treatment of patients with high-risk, low-grade gliomas (11, 12).
However, the evidence regarding whether chemotherapy increases
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FIGURE 2
Cardiac disease-specific survival curve of chemotherapy after PSM.

the risk of cardiac-related death in patients with astrocytoma is
not yet conclusive.

We investigated the impact of chemotherapy on cardiac-related
death in patients with astrocytoma based on clinicopathological
characteristics and the survival data of 14,834 patients with
astrocytoma in the SEER database. With cardiac-related death as
the endpoint, the Kaplan-Meier curve showed longer cardiac-
related
chemotherapy than those who did not. However, a correlation

disease-specific ~ survival in  patients  receiving
between chemotherapy and cardiac-related death was not found
upon multivariable Cox regression analysis. As retrospective
observational ~studies cannot eliminate the influence of
confounding factors on the outcome through randomization, we
conducted PSM to achieve the effect of “post-randomization”.
Before and after PSM, patients who received chemotherapy had
significantly longer cardiac-related disease-specific survival
compared with those who did not receive chemotherapy. The
competing risk regression model showed an independent
prognostic role of chemotherapy for cardiac-related death.
Furthermore, E-values were calculated in order to evaluate the
influence of unmeasured confounding factors. The E-value of
chemotherapy was 2.848 and 3.038 before and after PSM
indicating that an unmeasured confounding factor exhibiting an
extremely powerful association strength is required to overturn
the obtained results. However, this type of factor is almost non-
existent in this study.

One strength of our study is that it relates the risk of cardiac-
related death in astrocytoma patients to whether they received
chemotherapy or not during the disease course. Another strength
of our study is that it was population-based, involving all
patients with astrocytoma in the SEER database who had or did
not have chemotherapy during the study period, thereby

increasing the generalizability of our findings. Also, the cohort

frontiersin.org


https://doi.org/10.3389/fcvm.2023.996354
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Wang et al. 10.3389/fcvm.2023.996354

2 | e | 2 |
P1 value: <0.001 - P1 value: <0.001 — Sex=Female -1 P1 value: 0399
P2 value: <0.001 _ —  -P2valve: <0001 — —| — Sex=Male -1 P2 value: <0.001
- —  Sex=Female -2
« . [ S e « —  Sex=Male -2
s 24 I 2
@ | e - @
8 — - 8 8
£ J—- 2 2
o — o o
I - -2 b2 - -
22 B o | B ey 224 A=
2 T - T 2 (- e g - = = T
3 v = 2 - 2 =
= - K] E - s -
2 34 P 23] | - 2 -
S -
£ + £ LT - 3 #
o F o i B - - - g
~ s o | e -7 S ¢
S1 s1 . _ L 3 ¥
r [ d
it
°
34 £ = 34 L—
T T v T T T T v T T T T T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
D Time(months) E Time(months) F Time(months)
2 | 2 | 2]
"] — Rece=Black-1 P1 value: 0.002 | — Merital_status=Divorced/separated -1 P! value: <0.001 " | — Primary.Site=Inratentorial 1 P! value: 0.088
— = 1 P2 value: <0.001 — Marital_status=Married -1 P2 value: <0.001 — Primary.Site=Others -1 P2 value: <0.001
— —— Marital_status=Single/Unmarried =1 Primary.Site=Storatentorial =1
o — ® Widowed/Othars ~1 I Primary.Site=Inratentorial —2
s1 — ER Divorcediseparated =2 — — S — Primary.Site=Others -2
9 — @ — Varried—2 3 —  Primary.Site=Supratentorial ~2
e - — \gle/Unmarried -2 = =| & -
3 3 . — dowed/Others -2~ .— = "~ 3 - - .
S 4 R -1 - 2 - _
g 34 P R IR | == 2 s - -
£ _ -+ = £ -, £ ~ -
P 4 - = P e ® -
H B H T - 2 - L o
= LT~ = & 3 -~
- S < d
Z 3 R 23 1 . _ R e £ I
3 L . | -~ — R e
o o o 54 — © =
- -
a3 t, ad v ’ Pl o
S n P
"
4 L
-
I o | L ol 1
S 1 s °
T T T T T T T T T T T T T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
G Time(months) H Time(months) | Time(months)
e | 2 ] 24
- —— Hist.Type=Fibril ary ~astrocyloma P1 value: 0.182 - —_ -1 P1 value: 0.013 ;‘) Va:“ef :8‘881
— em stocytic -astrocytoma P2 value: <0.001 — -1 P2 value: <0.001 1 value: <0.
— 0! — iknown -1
© _ otcplasmic -ast-ocytoma © _ 2 241
s1 — bril ary -astrocyloma 34 — x -
8 — em stocytic -astrocytoma 3 —  Tumor_Size=Unknown -2 ]
£ — 0 e H -
o} = o 3 — -
3o B, - - - s <@ -
2 21 22 R .-
2 2 =T . -T ] = e
s s - - T = = £ - 41 -
R ERy - - L= g 3 o - 7
Es E*° J e 3 - -
[} 5] A ° -
n -
ro|+ o -
S S, ¢ =1 + -
H 4 i
I
t * -
a ol 1
o | 1 o] 1 S
° T T T T T ° T T T T T y . N N
0 20 40 60 80 0 20 40 60 80 0 20 40 60 8o
J Time(months) K Time(months) L Time(months)
°
2 | 2 | 24
- —Ri . " - iati . ~—— Sequence.Number=NO -1 P1 value: 0.218
Surgery.Method=Biopsy8Local -excisiorP | value: 0.002 Rediatiof P1 value: 0.05 - 1 ) value:
Surgery Method=Gross ~tota P2 value: <0.001 Rediatior P2 value: <0.001 — Seuence Number=¥ES -1 P2 value: <0.001
Surgery.Method=No -surgery i = - o2
© —— Surgery.Method=Others ~1 © —  Rediatio =] Sequence.Number=YES -2 [
S — Surgery.Method=Subtotal -resection ER L —
® —  Surgery.Method=Biopsy&Local -excision @ 3 -
- —  Surgery.Method=Gross -tota |e |5 =
3 —  Surgery.Method=No -surgery e = 8 - 3 -
5 @] — Surgery.Method=Others -2 - s @ | - |- 2 51 - - -
£ ° —  Surgery.Method=Subtotal ~reseGtion _ —£° - - —= o I
° L = - - H - —
£ = = 2 = 3 -
s + - 5 7 3 - r -1
ER - T S < - E 24 -~
E o [ - =~ —|E =1 a 5 L -
3 . =+ - = 3 o -
& P g 1
o o R o " a7
S d - S r < r
-l r b
[P [
d,
- 4 3 |
o b o E S
c T T T T T ° T T T T T ’ N , . y
0 20 40 60 80 0 20 40 60 80 o 2 a0 60 80
Time(months) Time(months) Time(months)
FIGURE 3
CIF curve of death according to patient characteristics. CIF curve of (A) chemotherapy, (B) age, (C) sex, (D) race, (E) marital status, (F) primary site of tumor,
(G) histologic type, (H) tumor size, (I) surgery, (J) surgical method, (K) radiotherapy and (L) sequence number.

size was large, which aided robust statistical analyses. Our study =~ However, because it was a retrospective study, we cannot rule out
also avoided the tendency in randomized clinical trials to omit  the possibility of confounding factors that may have influenced
patients in poor health. We minimized the potential for bias  our results. To mitigate this, we used PSM for post-
caused by a lack of information by only enrolling patients for  randomization to reduce the influence of confounding factors. In
whom detailed information on chemotherapy was available. addition, E-value was used to assess the effect of unknown
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after PSM.

Forest plots of univariate and multivariate Cox regression analysis. Univariate and multivariate Cox regression analysis of chemotherapy (A) before and (B)

confounding factors on the results to evaluate the robustness of
these findings. No prospective clinical studies have explored the
correlation between chemotherapy and cardiac-related death in
astrocytoma patients, so our results based on a large cohort after

PSM provide valuable guidance (13).
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CVD is an important cause of death in cancer survivors (7).
Many studies have discussed the risk of antineoplastic therapy-
related cardiac diseases among survivors of breast cancer (14),
lung cancer (15), and hematologic malignancies (15), but the risk

of cardiac disease in patients with astrocytoma is not known.
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The study conducted by Matthews and colleagues, which
included 1,005 postmenopausal breast cancer patients in the UK
and 22,027 patients in the USA, found that women treated with
higher risk of
cardiovascular outcomes compared with those in users of

aromatase inhibitors showed a several
tamoxifen. A study by Sun (15) indicated that of all competing
causes of death in non-small-cell lung cancer, CVD resulted in
the highest cumulative mortality (with the exception of lung
cancer). Chemotherapy is considered to be a risk factor for CVD
in cancer patients (14, 16). Platinum-based chemotherapy is a
cardiovascular risk factor for survivors of testicular cancer (17),
mainly due to drug toxicity. In the competing risk regression
model, patients receiving chemotherapy (HR=0.55 95%CI:
0.367-0.823) had a lower risk of cardiac-related death than
others, which is consistent with previous findings (15). In the
absence of specific chemotherapy regimens, it is difficult to
determine whether this effect is related to drug toxicity is not
possible because clinicians may have assessed the potential
combined risk before chemotherapy so that patients with high
risk of CVD are
contraindications to chemotherapy. Patients with good cardiac

excluded from treatment due to
function, excellent physical status and few contraindications to
chemotherapy are more likely to receive chemotherapy, which
could also influence the results.

A better understanding of the risk factors contributing to cardiac
disease in cancer patients can aid in preventing and reducing
avoidable morbidity and mortality, ultimately improving prognosis.
Factors associated with CVD mortality in the CNS cancers include
age, sex, ethnicity, economic deprivation, and no surgical procedure
(8). One study focusing on cardiac mortality among 200,000 cancer
patients aged 15-39 years who survived 5 years indicated that the
number of cardiac-related deaths expected was 1.4-times greater than
that of CNS tumors survivors. Additionally, the study suggested that
the age at diagnosis plays a crucial role in determining the risk of
subsequent cardiac-related death (7). Stratified analysis based on sex
revealed that male patients with malignant glioma had a CVD
mortality rate of over twofold higher in the SAIL (SMR =2.66, 95%
CI=177-382) and SEER (SMR=2.09, 95%CI=189-2.31)
databases compared to female patients (8). In our study, the HR for
cardiac-related death in male patients was 0.448 (95%CL 0.260-
0.771). The reason for the discrepancy in values may be due to the
inclusion of all histologic types of gliomas in the SAIL and SEER
studies (e.g., glioblastoma), whereas we targeted the specific
histologic type of astrocytoma. In addition, the risk of cardiotoxicity
is associated with the type of chemotherapeutic agent used, as well
as other factors such as anthracyclines, anthraquinones,
miscellaneous drugs (18), dose (19), hypertension, previous cardiac
disease (19), and radiation exposure (20).

For patients at high risk of astrocytoma, the most commonly
(TMZ),
procarbazine, lomustine, and vincristine (PCV) (21, 22). The

used chemotherapy regimens are temozolomide

main toxicities of procarbazine and lomustine (CCNU) are

myelosuppression and  gastrointestinal  symptoms,  while

vincristine is neurotoxic and hepatotoxic, and has been reported
to induce ischemic events due to its neurotoxicity (23).

Additionally, chronic vincristine treatment may induce
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cardiovascular toxicity (5). TMZ is a type of oral alkylating agent
with the most common side-effects being gastrointestinal and
hematologic toxicity (24). Severe hematologic toxicity can lead to
life-threatening infections (25), and cardiotoxicity occurs in a
small number of patients who experience palpitations and
hypertension. It has been reported that alkylating agents can
cause direct endothelial damage to cardiomyocytes (26). Given
the potential for cardiotoxicity associated with chemotherapeutic
agents, the Cardio-Oncology Study Group of the Heart Failure
Association of the European Society of Cardiology in
collaboration with the International Cardio-Oncology Society
Cardiology recommends cardiovascular-risk assessment at
baseline for patients scheduled for cancer treatment to minimize
the risk of cardiovascular toxicity (27). Meanwhile, the European
Medical defines

cardiovascular toxicity associated with cancer and its treatment,

Society  for Oncology  consensus also
and provides management strategies for prevention, screening,
monitoring and treatment of cardiovascular toxicity (28). In the
era of “personalized” medicine and the coexistence of multiple
modalities  for collaboration  between

treatment oncology,

oncology and cardiology departments will facilitate more
comprehensive treatment plans for cancer patients.

Our study had five main limitations. Firstly, the lack of detailed
information on chemotherapy regimens, doses, frequencies or cycles
and radiation dose/fraction in the SEER database prevented a more
comprehensive analysis. Secondly, the SEER database does not
include records of targeted therapy, immunotherapy and other
antineoplastic treatments, the aim of curative or palliative
treatment or prognosis-related molecular pathological status which
could have influenced the accurate judgment of the prognosis of
astrocytoma patients. Thirdly, the survival analysis of subgroups of
different types of cardiac disease-related death was not explored
due to the variability of heart diseases among patients with
cardiac-related disease. Fourthly, the absence of a documented
history of previous cardiac disease and assessment of risk factors
for cardiac disease (e.g., tobacco smoking, obesity and diabetes
mellitus) hampered subgroup analyses. Finally, as this was a
retrospective, population-based study, we could only access data
from the database up to 2016, which was the entry time for
patients with information on adjuvant treatment that could be
updated in the database to date. Despite these limitations, our
study shed light on the persistent challenge of cardiac-related
deaths in astrocytoma patients receiving chemotherapy. These
results must be confirmed by further high-level evidence from
prospective, multicenter, large-cohort clinical studies.

5. Conclusions

We revealed that cardiac-related deaths of astrocytoma patients
treated with chemotherapy remain a clinical challenge. Several risk
factors for cardiac-related death were identified by using the
competing risk regression model. This study highlights that
cardio-oncology teams must provide comprehensive care and
long-term monitoring for cancer patients, especially those at an
increased risk of CVD.
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Radiological Sciences, National Yang Ming Chiao Tung University, Taipei, Taiwan, “Departments of
Radiation Oncology, Hualien Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, Chiayi, Taiwan,
*Department of Computer Science and Information Engineering, National Cheng Kung University, Chiayi,
Taiwan, ®Department of Biomedical Sciences, National Chung Cheng University, Chia-Yi, Taiwan

Background: Even though advanced radiotherapy techniques provide a better
protective effect on surrounding normal tissues, the late sequelae from radiation
exposure to the heart are still considerable in breast cancer patients. The
present population-based study explored the role of cox-regression-based
hazard risk grouping and intended to stratify patients with post-irradiation
long-term heart diseases.

Materials and methods: The present study investigated the Taiwan National Health
Insurance (TNHI) database. From 2000 to 2017, we identified 158,798 breast cancer
patients. Using a propensity score match of 1:1, we included 21,123 patients in each
left and right breast irradiation cohort. Heart diseases, including heart failure (HF),
ischemic heart disease (IHD), and other heart diseases (OHD), and anticancer agents,
including epirubicin, doxorubicin, and trastuzumab, were included for analysis.
Results: Patients received left breast irradiation demonstrated increased risks on IHD
(@aHR, 1.16; 95% Cl, 1.06-1.26; p<0.01) and OHD (aHR, 1.08; 95% CI, 1.01-115;
p <0.05), but not HF (aHR, 1.11; 95% Cl, 0.96-1.28; p = 0.14), when compared with
patients received right breast irradiation. In patients who received left breast
irradiation dose of >6,040 cGy, subsequent epirubicin might have a trend to increase
the risk of heart failure (@HR, 1.53; 95% Cl, 0.98-2.39; p = 0.058), while doxorubicin
(@aHR, 0.59; 95% Cl, 0.26-1.32; p = 0.19) and trastuzumab (aHR, 0.93; 95% Cl, 0.33—
2.62; p=0.89) did not. Older age was the highest independent risk factor for
post-irradiation long-term heart diseases.

Conclusion: Generally, systemic anticancer agents are safe in conjunction with
radiotherapy for managing post-operative breast cancer patients. Hazard-based risk
grouping may help stratify breast cancer patients associated with post-irradiation
long-term heart diseases. Notably, radiotherapy should be performed cautiously for
elderly left breast cancer patients who received epirubicin. Limited irradiation dose to
the heart should be critically considered. Regular monitoring of potential signs of
heart failure may be conducted.
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synergic effect, heart failure, cardiovascular disease, breast cancer, epirubicin, radiotherapy
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Introduction

Cardiovascular diseases (CVDs), including heart disease,
cerebrovascular disease, atherosclerosis, and aortic aneurysm/
dissection, are recognized as potential long-term sequelae in
cancer survivors (1, 2). Among 28 cancer diseases, 38.0% of
patients died from cancer, and 11.3% died from CVDs. Breast
cancer patients demonstrated a higher (11.7%) than average
(11.3%) risk of death from CVDs (2). Regarding CVDs, 76.3% of
deaths were due to heart disease (2).

The risk of treatment-associated heart diseases in breast cancer
patients is a particular issue in current clinical medicine.
Anthracycline chemotherapy, targeted therapy, and radiation
therapy are treatment modalities at risk for heart diseases (3, 4),
and they may limit the overall treatment effectiveness (3, 5).
Clinically, treatment-associated cardiotoxicity gains significant
concern in breast cancer patients (4, 6-8). However, few studies
comprehensively demonstrated the synergic effect of anticancer
agents and radiotherapy on heart toxicities in breast cancer
patients. Even though advanced irradiation techniques have
provided better protective effects for the heart, the risk of long-
term heart disease in patients who received left breast irradiation
is still a considerable concern. Clinically, a potential synergic
effect of anticancer agents and radiotherapy on heart toxicities
may exist in patients with left breast irradiation. However, the
hazard
demonstrated, especially in the real-world setting.

actual sizes of combined treatments are rarely

In the present study, we extensively explored the events of
long-term heart sequelae, including heart failure, ischemic heart
disease, and other heart diseases, such as acute pericarditis,
cardiomyopathy, and arrhythmia. Anticancer agents, including
epirubicin, doxorubicin, and trastuzumab, were selected to
examine the synergic effect of radiotherapy on cardiac toxicities
in patients who received left breast irradiation. Notably, hazard-

based risk grouping was applied to stratify patients.

Materials and methods
Ethic consideration and research database

The present population-based cohort study utilized the
national database of the Taiwan National Health Insurance
(TNHI). The TNHI
information, including the records of diagnosis and treatment of

database contained comprehensive
approximately 99% of people in Taiwan (9), and this database
was evaluated strictly and regularly by the National Health
Insurance Administration (NHIA) (5). The Institute Review
Board (IRB) of the Dalin Tzu-Chi Hospital, Buddhist Tzu Chi
Medical Foundation, approved the protocol before the study
initiation (B10404014). The IRB waived the requirement for
informed consent due to the absolutely de-identified data nature.

This is a 17-year long-term follow-up cohort study. Figure 1
presents the patient flow chart. From 2000 to 2017, female
patients diagnosed with breast cancer aged 20-80 were identified
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from the TNHI database. We excluded patients with incomplete
data, non-irradiation, and a follow-up period of less than 1 year.
For balancing the pre-analysis patient population, we used a
propensity score match (PSM) to pair patients into two groups:
left and right breast irradiation. The match-paired ratio was 1:
1. The PSM is a statistical method based on multiple regression
analysis. In this study, we used the basic characteristics of the
subjects as independent variables, including age, radiation doses,
clinical and pathological stage, surgery type, chemotherapy,
hormone therapy, ant-cancer agents, comorbidities, family
income, urbanization level, geographic region, and the group as
left-sided and right-sided breast

irradiation groups (see Table 1). Each subject was assigned a

the dependent variable,
propensity score, which represents the probability of being
assigned to either left-sided or right-sided breast irradiation
group, and we further utilized the propensity scores of each
subject to perform two-group matching in order to reduce bias
caused by potential confounding factors. The detail of propensity
score calculated was as follows:

1. Individual propensity score (PS) was calculated from a
multivariate Logistic regression model with response variable
laterality coded as 0 for the right and 1 for the left while
predictors including all the confounding factors listed in the
baseline characteristic summary table (see Table 1). The PS
indicated how likely an individual with the given covariates
was a sample from the cohort of laterality 1.

2. For each individual with a value of PS, for example, psl in
cohort of laterality 1, an individual from cohort of laterality 0
with PS value closest to the psl was selected as a match.
Random selection was made when tied. The distance of the
two PS values must be <0.0001; otherwise, no match was made.

After a 1:1 propensity score match for two groups, there were
21,123 patients were included in the left and right breast
irradiation group, respectively.

Three
doxorubicin, and trastuzumab, were selected to investigate each

systemic anticancer agents, including epirubicin,
drug’s independent effect under different radiation dose levels.
Other agents,

cyclophosphamide, fluorouracil, and methotrexate, were included

such as docetaxel, paclitaxel, carboplatin,
as covariates for analysis to examine their potential association
with the risk of heart diseases. Radiation doses were defined into
three levels, ranging from 3,000 to 5,040 cGy, from 5,040 to
6,040 cGy, and >6,040 cGy. According to the International
Classification of Disease, Ninth Revision, Clinical Modification
(ICD-9-CM codes), heart diseases are categorized as a diagnosis
of heart failure (HF), ischemic heart disease (IHD), and other
heart diseases (OHD). The code of ICD-9-CM for heart failure
was 428. The code for ischemic heart disease was 410-414,
including acute and subacute myocardial infarction. We defined
the codes for other heart diseases, including pericarditis (420),
endocarditis (421), other diseases of pericarditis and endocarditis
(423-424), myocarditis (422), cardiomyopathy (425), conduction
disorders (426), cardiac dysrhythmias (427), and ill-defined

descriptions and complications of heart disease (429).
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From 2000 to 2017, eligible breast cancer patients
N = 158,798

Exclusion criteria:

1. Bilateral breast cancers, N = 50, 422

2. Incomplete data, N = 357

3.  Follow-up time <1 year, N = 12,441

4 Male or age not between 20-80, N = 3,252

Patients qualified for analysis (N= 92,326)

Propensity score match with
a 1:1 ratio

b -

Patients received left breast

Patients received right breast

irradiation
N=21,123

irradiation
N=21,123

Risk of CVD observed:

1. Heart failure

2. Ischemic heart disease
3. Other heart disease

FIGURE 1
Patient flow chart.

Other factors, including age, diabetes mellitus (including type I
and type II), hypertension, surgery type, clinical and pathological
staging, chemotherapy, and hormone therapy, were also applied
as covariates for data analysis. In addition, socioeconomic
variables, including geographic region, urbanization level, and
monthly income-based insurance premiums, were included in the
analysis to reduce bias from lifestyle.

Statistical analysis

Cox proportional hazard regression was performed to estimate
the adjusted hazard ratio (aHR) with a 95% confidence interval
(CI) to examine the independent effect of left breast irradiation,
when compared with right breast irradiation, on the risk of heart
diseases.

Frontiers in Cardiovascular Medicine

In addition, Cox regression was also utilized to estimate the
individual hazard based on all covariates for risk grouping and
explore the synergic effect of anticancer agents and irradiation
dose on heart disease risk. We estimated individual hazard by
using the COX regression method with the following formula: y
=exp (aX+bY+cZ....); a, b, c=log (aHR); X, Y, Z = covariate
variable. All included patients were allocated equally in number
into 2, 3, 4, or 5 sub-groups, according to the order of each
individual hazard ratios, which were based on parameters
including all covariates and socioeconomic variables to assess the
risks of IHD, OHD, and HF. The 1/2, 1/3, 1/4, and 1/5 risk
subgroups denote the lowest risk subgroup, while the 2/2, 3/3, 4/
4, and 5/5 subgroups denote the highest risk subgroup.

A two-sided p-value of <0.05 was considered statistically
significant. The SAS software (version 9.2; SAS Institute, Inc.,
Cary, NC) was used for all statistical analyses.
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TABLE 1 Patient characteristics.

Variables

Breast cancer patients
received radiotherapy

after propensity score 1:1

match

Right

N=21,123

(%)

Left

NEPARPE]

(%)

Absolute
standardized
mean
difference

10.3389/fcvm.2023.980101

TABLE 1 Continued

Absolute
standardized
mean
difference

Variables Breast cancer patients
received radiotherapy
after propensity score 1:1

match

Right Left

N=21,123 | N=21,123
(%) (%)

Age group (years) 0.0014 Geographic region 0.0010
20-46 6,890 (32.6) 6,918 (32.8) North 10,631 (50.3) | 10,641 (50.4)
47-53 6,024 (28.5) 6,011 (28.5) Central 4,741 (22.4) 4,747 (22.5)
54-62 5,346 (25.3) 5,336 (25.3) South 5,336 (25.3) 5,326 (25.2)
>62 2,863 (13.6) 2,858 (13.5) East 415 (2.0) 409 (1.9)
RT dose (cGy) 0.0017 RT, radiotherapy; C-stage, clinical stage; P-stage, pathological stage; BCS, breast
3,000-5,040 6,328 (30.0) 6,311 (29.9) conserving surgery; MRM, modified radical mastectomy; NTD, New Taiwan
5,040-6,040 9,755 (46.2) 9,780 (46.3) dollar; Insurance premium for National Health Insurance is according to family
56,040 5,040 (23.9) 5,032 (23.8) income. Absolute standardized mean difference less than 0.1 is considered as
C-stage 0.0004 covariates balance between groups after propensity score matching.
0 1,433 (6.8) 1,440 (6.8)
1 6,642 (31.4) 6,637 (31.4)
i 7,871 (37.3) 7,888 (37.3) Results
i 2,118 (10.0) 2,114 (10.0)
v 640 (3.0) 641 (3.0) From 2000 to 2017, 158,798 breast cancer patients were
Unknown 2,419 (11.5) 2,403 (11.4) identified, and 92,326 cases were qualified (Figure 1). After a 1:1
P-stage 0.0018 propensity score match, 42,246 patients with left (n =21,123) and
0 1,640 (7.8) 1,635 (7.7) . - e .
right (n=21,123) breast irradiation were included for final
I 7,090 (33.6) 7,077 (33.5) ) .
analysis. The mean ages of the two cohorts who received left and
1 6778 (321) | 6797 (32.2) i e
o 4490 (21.3) 4480 (21.2) right breast irradiation were 51.20 and 51.17 years old,
v 134 2.1) 53421 respectively. After PSM, the two cohorts’ pre-analysis clinical and
Unknown 691 (3.3) 700 (3.3) demographic variables are comparable (Table 1).
Chemotherapy 14,946 (70.8) | 14,965 (70.9) 0.0020 Table 2 presents the aHRs of CVD after adjusting covariates.
Hormone therapy 15,048 (71.2) | 15,098 (71.5) 0.0053 Patients with left breast irradiation had trends in risks of
Anti-cancer agents ischemic heart disease (aHR, 1.16; 95% CI, 1.06-1.26; p<0.01)
Doxorubici 3,964 (18.8 3,953 (18.7 0.0015 .
oxorubicin (18.8) (187) and other heart diseases (aHR, 1.08; 95% CI, 1.01-1.15; p < 0.05),
Epirubicin 8,622 (40.8) 8,661 (41.0) 0.0037 but not heart fail HR. 111 95% CL 0.96-1.28 0.14)
Trastuzumab 2,154 (10.2) 2,154 (10.3) 0.0043 ut not heart failure (aHR, 1.11; o &L 0.96-1.28 p=0.12).
Docetaxel 6.756 (32.0) 6803 (322) 0.0049 Regarding the risk of all heart diseases, the adjusted hazard ratio
Paclitaxel 1,441 (6.8) 1,432 (6.8) 0.0016 showed an increasing curve with age. Patients aged >62 years
Carboplatin 55 (0.3) 50 (0.2) 0.0040 tended to have elevated risks of HF (aHR, 4.11; 95% CI, 3.22-
Cyclophosphamide | 14,175 (67.1) | 14,192 (67.2) 0.0017 5.24), THD (aHR, 4.26; 95% CI, 3.65-4.98), and OHD (aHR,
Fluorouracil 9,415 (44.6) 9,432 (44.7) 0.0016 2.34; 95% CI, 2.09—2.62), respectively.
Methotrexate 1.221 (58) L199 (57) 0.0043 Surprisingly, radiation dosage did not statistically significantly
S 0.0014 . - .
urgery type influence the risk of heart diseases (Table 2). On the other hand,
BCS 12,616 (59.7) | 12,603 (59.7) ) T o o
MRM 6,401 (30.3) 6413 (304) among anticancer drugs, epirubicin was statistically significantly
None 2,106 (10.0) 2,107 (10.0) associated with an increased risk of heart failure (aHR, 1.40; 95%
Comorbidities CI, 1.04-1.89; p<0.05), but not doxorubicin and trastuzumab.
Hypertension 3,464 (16.4) 3,506 (16.6) 0.0054 No significant relationship was presented regarding other
Diabetes mellitus 1,605 (7.6) 1,610 (7.6) 0.0008 systemic anticancer agents such as docetaxel, paclitaxel,
Family in;‘)’me (NTD 0.0012 carboplatin, cyclophosphamide, fluorouracil and methotrexate for
er mont
P the risks of heart failure, ischemic heart disease and other heart
<20,100 4,275 (20.2) 4277 (203) i
20,101-22,800 6,556 (31.0) 6,541 (31.0) diseases.
22,801-42,000 5,253 (24.9) 5,268 (24.9) Regarding the influence of comorbidities, both hypertension
>42,000 5,039 (23.9) 5,037 (23.9) and diabetes mellitus were markedly associated with high risks of
Urbanization level 0.0011 heart diseases (for heart failure, aHR of 1.75 and 1.79; for
City 5,629 (26.7) 5,619 (26.6) ischemic heart disease, 1.78 and 1.49; for other heart diseases,
Satellite cities 11,099 (52.5) | 11,092 (52.5) 1.4 and 1.16, respectively).
Rural areas 4,395 (20.8) 4,412 (20.9) . . . . . g
For socioeconomic variables, including family income,
(continued)
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TABLE 2 Adjusted hazard ratios for heart diseases in breast cancer patients received radiotherapy.

10.3389/fcvm.2023.980101

Heart failure (HF) Ischemic heart disease Other heart diseases
(IHD) (OHD)

aHR 95% ClI aHR 95% ClI aHR 95% ClI
Left breast RT (right breast RT as ref.) 1.11 0.96-1.28 1.16** 1.06-1.26 1.08* 1.01-1.15
Age (20-47 as ref.)
47-53 1.58%% 1.25-1.99 2,014+ 1.75-2.32 1.334%% 1.21-1.46
54-62 2,054 1.63-2.58 2.88%%+ 2.51-3.32 1.63*%% 1.48-1.80
>62 41104 3.22-5.24 426 3.65-4.98 2,344 2.09-2.62
RT dose (3,000-5,040 as ref.)
5,040-6,040 0.88 0.73-1.08 0.93 0.82-1.05 0.89* 0.81-0.98
>6,040 0.84 0.67-1.06 1.00 0.87-1.15 1.01 0.90-1.12
C-stage (stage O as ref.)
I 0.94 0.59-1.50 1.00 0.80-1.26 1.16 0.97-1.40
II 0.92 0.58-1.47 0.95 0.76-1.21 1.04 0.86-1.27
I 133 0.80-2.18 0.88 0.66-1.16 1.18 0.95-1.46
v 1.02 0.41-2.54 0.75 0.41-1.38 1.04 0.67-1.60
P-stage (stage 0 as ref.)
I 1.37 0.86-2.18 1.03 0.83-1.28 1.02 0.86-1.22
1l 1.80* 1.11-2.90 0.97 0.77-1.22 0.99 0.82-1.20
11 1.88* 1.14-3.09 0.99 0.77-1.28 1.08 0.88-1.33
v 1.61 0.59-4.37 0.63 0.30-1.32 0.96 0.59-1.56
Chemotherapy 1.28 0.84-1.95 0.77 0.56-1.05 0.89 0.71-1.11
Anti-hormone therapy 0.95 0.81-1.12 0.87** 0.78-0.95 0.88%** 0.81-0.95
Systemic anti-cancer agents
Doxorubicin 1.09 0.80-1.50 0.99 0.81-1.20 1.02 0.87-1.18
Epirubicin 1.40* 1.04-1.89 0.92 0.76-1.11 1.08 0.93-1.24
Trastuzumab 1.10 0.86-1.42 0.90 0.74-1.08 1.06 0.93-1.22
Docetaxel 0.97 0.79-1.20 0.98 0.85-1.12 0.87%* 0.78-0.96
Paclitaxel 0.98 0.74-1.31 1.12 0.92-1.36 0.96 0.82-1.11
Carboplatin 0.82 0.20-3.31 0.53 0.13-2.15 1.19 0.59-2.40
Cyclophosphamide 0.69 0.46-1.02 1.06 0.77-1.46 1.03 0.82-1.30
Fluorouracil 1.04 0.84-1.28 1.12 0.91-1.39 1.01 0.85-1.19
Methotrexate 0.89 0.62-1.29 1.12 0.92-1.36 0.96 0.82-1.11
Surgery type (BCS as ref.)
MRM 1.12 0.89-1.41 1.07 0.92-1.24 1.13* 1.01-1.26
None 1.14 0.83-1.56 1.07 0.90-1.26 1.16* 1.01-1.33
Comorbidities
Hypertension 1.75%%% 1.48-2.07 1.78%%% 1.61-1.97 1.44%% 1.32-1.57
Diabetes mellitus 1.79%%* 1.48-2.18 1491+ 1.31-1.68 1.16** 1.04-1.30
Family income (NTD per month) (<20,100 as ref.)
20,101-22,800 0.87 0.72-1.05 0.87* 0.77-0.97 0.88** 0.80-0.97
22,801-42,000 0.81 0.66-1.01 0.80%+* 0.70-0.90 0.88* 0.79-0.97
>42,000 0.84 0.68-1.04 0.80%+* 0.70-0.91 0.91 0.82-1.00
Urbanization level (City as ref.)
Satellite cities 0.98 0.82-1.17 0.90* 0.81-0.99 0.89** 0.82-0.97
Rural areas 1.32* 1.06-1.65 1.04 0.90-1.91 0.98 0.88-1.10
Geographic region (North, as ref.)
Central 0.85 0.70-1.04 1.05 0.93-1.18 0.94 0.86-1.03
South 0.76 0.62-0.92 0.91 0.81-1.02 0.85%** 0.78-0.93
East 1.42 0.95-2.13 0.92 0.67-1.26 1.12 0.89-1.41

RT, radiotherapy; aHR, adjusted hazard ratio; 95% CI, 95% confidence interval; C-stage, clinical stage; P-stage, pathological stage; BCS, breast conserving surgery; MRM,
modified radical mastectomy; NTD, New Taiwan Dollar; ref., reference (HR = 1).

*p<0.05.
**p<0.01.
***p < 0.001.
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Left breast irradiation Left breast irradiation Left breast irradiation
with Epirubicin with Doxorubicin with Trastuzumab
Heart Failure aHR (95%Cl) aHR (95%Cl) aHR (95%Cl)
3000-5040 cGy (ref.) * 1.00 & 1.00 ¢ 1.00
5040-6040 cGy —— 0.94 (0.63-1.39) 4 1.31(0.74-2.30) —al 1.31(0.74-2.30)
>6040 cGy N 1.53(0.98-2.39) o 0.59 (0.26-1.32) 0.59 (0.26-1.32)
Ischemic Heart Disease
3000-5040 cGy (ref.) 1.00 @ 1.00 ¢ 1.00
5040-6040 cGy - 1.09 (0.82-1.44) —T— 1.20(0.78-1.84) _—— 1.20(0.78-1.84)
>6040 cGy —— 1.32(0.95-1.83) — ¢ 1.29(0.79-2.11) e 1.29(0.79-2.11)
Other Heart Disease 6
3000-5040 cGy (ref.) 1.00 * 1.00 < 1.00
5040-6040 cGy T 0.88(0.71-1.10) —— 0.94 (0.68-1.29) —%— 0.94(0.68-1.29)
>6040 cGy T4 1.20 (0.93-1.54) —— 0.91 (0.63-1.33) —— 0.91 (0.63-1.33)
0.00 1.00 2.00 3.00 0.00 1.00 2.00 3.00 0.00 1.00 2.00 3.00
FIGURE 2
A forest plot for demonstrating heart disease risk in patients with left breast irradiation according to three main systemic anti-cancer agents and different
radiation dose.

statistically significantly associated with an increased risk of heart
diseases. Breast cancer patients who lived in rural areas had a
higher risk of heart failure (aHR, 1.32; 95% CI, 1.06-1.65; p <
0.05) than those who lived in the city. However, there was no
apparent influence from different urbanization levels on ischemic
and other heart diseases.

Incidentally, we observed that anti-hormone therapy seemly
showed risk reduction in IHD (aHR, 0.87; 95% CI, 0.78-0.95)
and OHD (aHR, 0.88; 95% CI, 0.81-0.95; Table 2).

Figure 2 demonstrated the risk of CVDs in breast
cancer patients who received left breast irradiation by each
ie., doxorubicin, and

anticancer  agent,

trastuzumab. Notably, patients who received left breast

epirubicin,

irradiation dosage of >6,040 cGy, epirubicin increased heart
failure risk, which reached a marginal statistical significance

(aHR, 1.53; 95% CI, 0.98-2.39; p=0.058), while doxorubicin
(aHR, 0.59; 95% CI, 0.26-1.32; p=0.19) and trastuzumab
(aHR, 0.93; 95% CI, 0.33-2.62; p=0.89) did not. Besides,

there was no similar finding for the risk of ischemic and
other heart diseases. This observation indicated a particular
association between epirubicin and left breast irradiation on
the risk of heart failure.

Table 3 shows hazard-based risk sub-grouping. According to
the order of the individual hazard, all included patients were
allocated equally in number into 2, 3, 4, or 5 sub-groups based
on parameters including all covariates and socioeconomic
variables showed in Table 2 to assess the risks of IHD, OHD,
and HF.

We observed that hazard-based risk grouping effectively
stratified irradiated breast cancer patients in the endpoints
of THD (Figure 3), OHD (Figure 4), and HF (Figure 5).
Note that statistical significances are found in two, three,
four, and five risk-grouping in all three types of heart
diseases (p <0.0001).
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TABLE 3 Hazard-based risk-group stratification.

Divided to IHD (N) OHD (N) HF (N)

subgroups®

Two risk groups 1/2 21,132 21,122 21,120
2/2 21,114 21,124 21,126

Three risk groups 1/3 14,081 14,083 14,082
2/3 14,054 14,078 14,081
3/3 14,111 14,085 14,083

Four risk groups 1/4 10,566 10,562 10,561
2/4 10,566 10,560 10,559
3/4 10,553 10,562 10,564
4/4 10,561 10,562 10,562

Five risk groups 1/5 8,450 8,450 8,449
2/5 8,449 8,448 8,449
3/5 8,449 8,449 8,450
4/5 8,448 8,450 8,449
5/5 8,450 8,449 8,449

IHD, ischemic heart disease; OHD, other heart disease; HF, heart failure; N, patient
number. Note that the each patient’s individual hazard is estimated according to
Table 2. The individual hazard is estimated by using the COX regression method
with the following formula: y = exp (aX+bY +cZ..); a, b, c=log (@HR); X, Y, Z=
covariate variable. According to the order of the individual hazard, all included
patients were allocated equally in number into 2, 3, 4, or 5 sub-groups.

Discussion

The present population-based cohort study utilized Cox
regression to estimate hazards for risk grouping and stratify
breast cancer patients in post-irradiation long-term heart
diseases. The risk of treatment-associated heart disease from the
and left-sided breast

irradiation was also examined. Our study confirmed the previous

synergic effect of anticancer drugs
observation that breast cancer patients had an elevated risk of

treatment-associated heart disease (3, 10), especially for those
who received left-sided irradiation (3, 11, 12). Moreover, when it
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IHD for 2 risk groups IHD for 4 risk groups
100 100
<3 S
2 %0 2 %0
2 2
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% logrank test p<0.0001 % logrank test p<0.0001
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IHD for 3 risk groups IHD for 5 risk groups
100 100
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Year Year
FIGURE 3

Based on Tables 2, 3, the hazard-based risk grouping effectively stratified irradiated breast cancer patients in the endpoint of ischemic heart disease (IHD,
p <0.0001 in all sub-grouping). Note that the each patient’s individual hazard is estimated according to Table 2. According to the order of the individual
hazard, all included patients were allocated equally in number into 2, 3, 4, or 5 sub-groups based on parameters including all covariates and
socioeconomic variables showed in Table 2 to assess the risks of IHD, OHD, and HF.

OHD for 2 risk groups OHD for 4 risk groups
100 100
<3 S
= 90 = 9
2 2
2 2
= =
» 80 » 80
—1/4 ——2/4
b —12—22 b / /
- = —3/4 ——4/4
a 70 A 70
g logrank test p<0.0001 g logrank test p<0.0001
60 60
0 5 10 15 0 5 10 15
Year Year
OHD for 3 risk groups OHD for 5 risk groups
100 100
T X
= 9 = 9
2 2
S S
- —
2 80 2 80
2 3 logrank test p<0.0001
- —1/3 —2/3 —3/3 =
a 70 a 7% —a5 —2/5 ——3/5
T logrank test p<0.0001 T
o o —4/5 ——5/5
60 60
0 5 10 15 0 5 10 15
Year Year
FIGURE 4
Based on Tables 2, 3, the hazard-based risk grouping effectively stratified irradiated breast cancer patients in the endpoint of other heart diseases (OHD;
p <0.0001 in all sub-grouping).
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FIGURE 5
Based on Tables 2, 3, the hazard-based risk grouping effectively stratified irradiated breast cancer patients in the endpoint of heart failure (HF; p <0.0001
in all sub-grouping)

comes to the synergic effect of treatment-associated cardiac injury,
the role of epirubicin and left-sided breast irradiation in heart
failure is highlighted in the present study, especially in the
elderly population. Among breast cancer patients who were given
both epirubicin and radiation therapy, the risk of heart failure
was elevated when left-sided irradiation with a total dose of
>6,040 cGy was given. Our observation suggested that among
drugs of anticancer therapy, epirubicin may increase the effect of
radiotherapy-associated cardiac injury in breast cancer survivors.
A well-known population-based case-control study of breast
cancer patients in Sweden and Denmark by Darby et al.
demonstrated that major coronary events increased linearly with
the dosage of irradiation to the heart, increasing by 7.4% (95%
CI=29-14.5, p<0.001) per gray in the mean radiation dose,
and they found the significant radiation-related increase in the
risk of ischemic heart disease (10). Similar to the study of Darby
et al., our results found a high risk of IHD and OHD when left-
sided breast irradiation was given (Table 2). Indeed, the
increased risks of coronary heart disease and myocardial
infarction observed evidently in patients received left-sided
irradiation have been reported previously (13-15). Radiation
left-sided breast
irradiation-associated perfusion defects and possible wall-motion

therapy for cancer patients may cause
abnormalities (16). The anterior portions of the left ventricle
were indicated to associate with wall-motion defects, which
correspond to the heart region within the radiotherapy field (16).
In addition, it has been reported that receiving left-sided breast

irradiation may result in high-grade stenosis of the left-anterior

Frontiers in Cardiovascular Medicine

artery (LAD) when compared with right-sided breast irradiation
(17), which cannot be avoided entirely during radiotherapy.
Compared with ischemic heart disease or other heart diseases,
the risk of heart failure may be more susceptible to the
anthracycline chemotherapy agents (18, 19). Compared with
other anticancer drugs, our study showed that epirubicin was
statistically significantly related to the risk of heart failure
(Table 2) instead of the risk of ischemic heart disease and other
More synergic effect of
epirubicin-induced and left-sided breast irradiation-induced on

heart diseases. interestingly, the
heart failure was found in our study. The risk of heart failure
emerged as the role of epirubicin under a high dosage of
This
suggested that the risk of treatment-associated heart failure may

radiotherapy was considered (Figure 2). observation
be multifactorial; the risk of anthracycline-induced cardiac
dysfunction needs to be noted when patients who were under the
circumstance of a high dosage of left-sided breast irradiation.
Although epirubicin has been announced with a low cardiac
toxicity profile (20, 21), epirubicin-associated heart failure is still
a concern in breast cancer survivors (22, 23). A 20-year follow-
up study indicated that the cumulative incidence of heart failure
was higher (up to a three-fold increased risk) in the epirubicin
treatment group when compared with the non-epirubicin group
(22). Although both epirubicin and doxorubicin are members of
the anthracycline family and demonstrate the dose-dependent
effect of early- and late-onset chronic cardiotoxicity (24-26),
clinical trials with the direct head-to-head comparisons between
doxorubicin and epirubicin are still needed (clinical trial: NCIC
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CTG MA.21) (27). Our results demonstrated that the magnitude of
radiotherapy-associated cardiac dysfunction may be enhanced by
epirubicin when the total dose of radiation was up to >6,040 cGy
and increase the risk of heart failure further. The mechanism of
this increased long-term risk of heart failure is uncertain, but the
(28-30) and the
production of free radicals (28, 31) have been proposed.

insights of mitochondrial dysfunctions

Trastuzumab did not show a significant association with the
risk of CVDs, nor did it have a synergic effect with radiotherapy
in patients with left-sided irradiation in the present study. This
finding implies that trastuzumab-related cardiovascular events are
relatively low and not apparent relative to anthracycline
chemotherapy. The HER2 receptors are reported to be expressed
in cardiomyocytes (32), and the alteration in cellular metabolic
pathways in cardiomyocytes was indicated as a critical
mechanism underlying the development of cardiac dysfunction
(33). However, it was reported that the cardiac dysfunction
associated with trastuzumab mainly occurs during trastuzumab-
treatment (34) and is considered reversible (35, 36) and tolerated
(37). Besides, having prior anthracycline treatment is identified
for trastuzumab-associated cardiotoxicity (6, 38), in which the
incidence of cardiac dysfunction was reported to be 4% with
and 27% with the

anthracycline and cyclophosphamide (39). Even with a median

trastuzumab  alone combination  of
follow-up of 3.6 years, severe chronic heart failure in the
trastuzumab group remained low at 0.8% (34).

For risk factors associated with the risk of heart diseases, our
study showed that the elevated risk of heart diseases was significant
across age groups, and high risk existed in patients aged >62 years
in particular, with up to the 4-fold increased risk of heart failure
and ischemic heart disease (Table 2). Consistent with previous
studies (40, 41), the increased age is related to the elevated risk of
fatal myocardial infarction after left-sided post lumpectomy
radiotherapy. The increased likelihood of mortality had been
observed in patients aged 60 years and older (p=0.01) (40). In
addition, a previous study showed that preexisting hypertension is
highly associated with increased CVDs risk, with the risk ratio for
the development of coronary artery disease being 1.59 for left-
versus right-irradiated patients (42), which is not far from our
reported risk ratio (range, 1.44-1.78). A relationship between a
history of diabetes and the risk of CVD-related mortality was
reported in breast cancer patients (43). Diabetic patients had
significantly high baseline CVD risks (range, 11.8%-24.2%), and
the mean 10-year cumulative risk was 3.7% and 3.9% in patients
DIBH-technique and
respectively (44). It suggested that caring for breast cancer patients
with diabetes should include attention to CVD risk factors (45).

using  the free-breathing  technique,

Strengths and limitations

We comprehensively investigated the risk of heart diseases,
including ischemic heart disease, heart failure, and other heart
diseases, among patients who received left-sided breast irradiation.
The strength of the present study is that this is a nationwide
cohort study with a 17-year long-term follow-up in Taiwan. In
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addition, by examining the risk of heart diseases by each
of left-sided breast
irradiation dose, our observation provides further information

anticancer drug under different levels

concerning the synergic effect of chemotherapy- and radiotherapy-
associated cardiotoxicity among breast cancer survivors. Finally, we
used a propensity score to match all the covariates, including
clinical information, comorbidities, and socioeconomic variables,
to reduce potential bias before statistical analysis.

Regarding this study’s limitation, some information is
unavailable in our database. For example, the mean heart dose
and other heart dose parameters, such as the mean dose to the
left anterior descending artery, are unavailable from our database,
which may influence assessing the extent of radiotherapy-
associated cardiac injury. In addition, we lack some information
in our data analysis, such as a history of tobacco use, body mass
index, familial history of myocardial infarction, or other
cardiovascular diseases, which are reported as preexisting risk

factors related to the incidence of CVDs (1, 14, 46-48).

Conclusion

Hazard-based risk grouping may help stratify breast cancer
patients at risk of post-irradiation long-term heart diseases.
Generally, systemic anticancer agents, including chemotherapy and
targeted therapy, are safe in conjunction with radiotherapy for
managing post-operative breast cancer patients. However,
radiotherapy should be performed cautiously for elderly left breast
cancer patients who received epirubicin. Decreasing the irradiation
dose to the heart should be critically considered, and regular

monitoring of potential signs of heart failure may be conducted.
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