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Abstract: Cardio-oncology represents an emerging interdisciplinary discipline focusing on optimizing oncologic efficacy while mitigating
treatment-related cardiovascular complications. The advent of novel anticancer agents such as targeted therapies, immune checkpoint
inhibitors, and endocrine therapies has transformed cancer care, significantly improving survival rates. Nevertheless, prolonged patient
survivorship has unmasked clinically significant cardiovascular sequelae, termed cancer therapy-related cardiovascular toxicity (CTR-CVT),
which manifests as acute manifestations during therapy and delayed presentations persisting years post-treatment. This dual-onset toxicity
profile necessitates rigorous longitudinal cardiovascular risk stratification integrating comprehensive pre-therapeutic assessment, multi-modal
imaging, and biomarker-guided surveillance to detect subclinical dysfunction, prevent premature treatment cessation, and reduce cancer
recurrence and mortality risks. Future research priorities include further elucidating pathophysiological mechanisms of CTR-CVT, developing
cardio-protective strategies, implementing personalized therapeutic protocols, and reducing disparities in care to advance cardio-oncology and
improve patient outcomes. This review synthesizes the development of CTR-CVT, existing evidence-based CTR-CVT risk surveillance
approaches, and emerging innovative early-warning strategies, and the future development prospects.
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Introduction

Cardiovascular diseases (CVD) and cancer are the two leading chronic diseases responsible for global mortality.! With the
advancement of cancer treatment modalities, including chemotherapy, radiation therapy, targeted therapy, and immunother-
apy, the survival rate of cancer patients has significantly improved.” However, the long-term use of these therapies poses
serious risks of cancer therapy-related cardiovascular toxicity (CTR-CVT), which have become a major challenge in the field
of oncology.? Cardio-oncology, an emerging interdisciplinary field combining oncology and cardiology (Figure 1), focuses on
studying the cardiovascular complications caused by cancer therapies, the impact of cardiovascular diseases on cancer
treatment and prognosis, and the shared pathogenic mechanisms between cancer and cardiovascular diseases.*

CTR-CVT encompasses a spectrum of cardiovascular injuries induced by chemotherapy, radiotherapy, and targeted
therapies, including coronary artery disease (CAD), cardiomyopathy, heart failure (HF), myocarditis, arrhythmias, vascular
toxicities, hypertension, pericardial diseases, and valvular heart diseases (VHD), which now represent the second leading
cause of morbidity and mortality among cancer survivors* (Figure 2 and Supplementary data: Table S1). Cancer survivors face

a 2- to 5-fold elevated CVD-related mortality risk relative to the general population.” Notably, CVD constitutes the leading
cause of non-oncologic mortality in this population, reducing 8-year overall survival from 81% to 60% compared to those
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Figure | The historical development of cardio-oncology.

without CVD.° Furthermore, long-term cardiovascular complications persist across cancer survivors, including pediatric ones,
with cardiotoxic manifestations frequently emerging years or even decades post-treatment.’

To address this challenge, major medical organizations have issued guidelines and consensus documents. In 2016, the
European Society of Cardiology (ESC) released a position paper on cancer treatments and cardiovascular toxicity.® The
American Society of Clinical Oncology (ASCO) established clinical practice guidelines in 2017 for preventing and
monitoring cardiac dysfunction in adult cancer survivors.” A landmark milestone occurred in 2022 with the inaugural
publication of the ESC Guidelines on Cardio-Oncology.* This pivotal document marked the formal recognition of
“cardio-oncology” as a distinct discipline within international cardiovascular medicine, with the term prominently
featured in the title of an ESC guideline for the first time. The 2022 ESC guidelines on cardio-oncology provide detailed
recommendations for monitoring, preventing, and managing cardiovascular toxicity, including multimodal and compre-
hensive baseline risk assessment, targeted prevention, individualized follow-up, and diagnosis and management of acute
and subacute CTR-CVT.

Despite the established importance of early detection and intervention for CTR-CVT, which is facilitated by

10-1" the field continues to face significant challenges.

modalities such as cardiovascular imaging and biomarker detection,
These include an incomplete understanding of its pathophysiological mechanisms, a lack of validated early-warning
biomarkers and targeted preventive measures, and underdeveloped multidisciplinary collaboration models, all of which
constrain further progress.'? Therefore, a comprehensive review of CTR-CVT and early-warning strategies is imperative,
as it not only advances mechanistic understanding of cardiac toxicity pathogenesis and fosters the development of cardio-
oncology but also provides evidence-based guidance for the implementation of holistic cardiovascular surveillance
throughout the cancer treatment continuum, thereby enhancing patient survival rates and quality of life.'* This review
aims to synthesize mechanistic insights into CTR-CVT pathogenesis and evaluate innovative early-warning strategies,
including existing cardiovascular surveillance methods and artificial intelligence (Al)-enhanced early-detection system.
Its significance lies in advancing cardio-oncology from reactive management to preemptive care, optimizing therapeutic
decision-making through personalized risk mitigation, and ultimately improving both oncological efficacy and cardio-

vascular outcomes in cancer patients.
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Figure 2 Summary of the cancer therapy-related cardiovascular diseases. Cancer therapy-related cardiovascular toxicity represents a significant clinical challenge in
oncology care, encompassing a spectrum of cardiovascular pathologies including coronary artery disease, cardiomyopathy, heart failure, arrhythmias, valvular heart disease,
pericarditis, peripheral artery disease, hypertension, venous thromboembolism, stroke, and metabolic syndrome.

Cancer Therapy-Related Cardiovascular Toxicity

Chemotherapy-induced Cardiotoxicity

Anthracyclines

Anthracyclines, a class of cytotoxic chemotherapeutic agents, are clinically employed in the treatment of various cancers such as
breast cancer (BC), lymphomas, leukemias, and sarcomas, and are recognized as one of the most potent classes of anticancer
therapeutics.* Compounds within this class, including doxorubicin, daunorubicin, epirubicin, and idarubicin, exert their
therapeutic effects through inhibiting the growth and division of tumor cells by interfering with the replication and transcription
process of DNA, thus achieving antitumor effects.'* However, anthracycline therapy is associated with severe cardiotoxic effects,
manifested as cardiomyopathy, HF, arrhythmias, and pericarditis, which substantially compromise cancer patient’s quality of
life'® (Table 1). Anthracycline-based chemotherapeutic regimens exhibit dose-dependent cardiotoxicity, influenced by cumula-
tive dose, age, concurrent anticancer agents, and mediastinal irradiation, with an incidence of approximately 1% for acute, ~9%
for early-onset, and 0-57% for late-onset presentations.® Long-term follow-up studies revealed that anthracycline-induced
cardiac injury has surpassed tumor recurrence as the leading cause of mortality in cancer survivors.'® Notably, cardiac toxicity
has been documented in up to 45.61% of pediatric patients receiving anthracycline-based chemotherapy regimens.'”
Dexrazoxane and liposomal anthracyclines are currently approved in patients with high and very high CTR-CVT risk or who
have already received high cumulative anthracyclines doses* (Supplementary data: Table S2 and Table S3). Currently, approval

for dexrazoxane is granted in adult patients with advanced or metastatic BC following the administration of a minimum
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Table | Cardiovascular Toxicity Profiles of Major Cancer Therapies

Cancer Therapy

Primarily Target/
Site

Intended Use

Cardiovascular Toxicity Warning

Route of
Administration

Chemotherapy

Anthracyclines

Anti-microtubule agents

Antimetabolites

Alkylating agents

Targeted chemotherapy
TKI

VEGF inhibitors

HER?2-targeted therapies

Pl

CDKi

ICI

Endocrine therapy

Topoisomerase/
Nucleus,
Mitochondria
Microtubules/
Cytoplasm
Nucleic acid
synthesis/
Cytoplasm, Nucleus
DNA replication
and transcription,
DNA synthesis/
Nucleus,
Mitochondria

EGFR, BCR-ABL,
multiple kinases,
HER2, BTK,
PDGFRA, KIT/Cell
membrane

VEGF/Cell
membrane
HER2/Cell
membrane
Proteasome/
Cytoplasm, Nucleus
CDK4/6/Cytoplasm

CTLA-4, PD-1, PD-
L1/Cell membrane
Estrogen receptor,
Aromatase/
Cytoplasm, Nucleus

Breast cancer, lung cancer, lymphoma,
sarcoma, leukemia

Various cancers such as leukemia,
lymphoma, sarcoma

Various cancers such as leukemia,
lymphoma osteosarcoma, pancreatic, lung,
breast, bladder cancer

Various cancers such as leukemia,

lymphoma, breast cancer

Non-small cell lung cancer, chronic myeloid
leukemia, acute lymphoblastic leukemia,
pancreatic cancer, gastrointestinal stromal
tumors, breast cancer, renal cell carcinoma,
hepatocellular carcinoma,

cholangiocarcinoma, mantle cell lymphoma
Colorectal, lung, breast cancer

Breast cancer

Multiple myeloma, mantle cell lymphoma
Breast cancer

Various cancers such as melanoma, breast,

lung, bladder, and head and neck cancer

Breast cancer

Cardiomyopathy, congestive heart failure,
arrhythmias, myocardial

Arrhythmias, hypotension, peripheral
neuropathy, peripheral edema
Arrhythmias, myocardial infarction,
pericarditis, heart failure, hypertension

Cardiomyopathy, myocardial fibrosis,
myocarditis, pericarditis, arrhythmias, heart

failure

Arrhythmias, interstitial lung disease,
cardiomyopathy, fluid retention, peripheral
edema, pulmonary edema, myocardial
infarction, heart failure, pleural effusion,
pulmonary arterial hypertension, arterial
thromboembolism, heart attack, diarrhea,
hepatotoxicity, hypertension
Hypertension, arterial thromboembolism,
heart attack, congestive heart failure

Cardiomyopathy, congestive heart failure

Peripheral neuropathy, orthostatic
hypotension, arrhythmias
Arrhythmias, bradycardia, myocardial
infarction, pulmonary embolism

Myocarditis, pericarditis, arrhythmias

Hypertension, peripheral edema,
myocardial infarction, ischemic heart
disease

Injection

Injection

Oral, Injection

Oral, Injection

Oral

Oral, Injection

Injection

Injection

Oral

Injection

Oral

Abbreviations: BCR-ABL, breakpoint cluster region-abelson; BTK, bruton’s tyrosine kinase; CDKi, cyclin-dependent kinase inhibitors; CTLA-4, cytotoxic T lymphocyte-
associated antigen-4; EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor receptor 2; ICl, immune checkpoint inhibitors; KIT, kinase insert
domain receptor; PD-1, programmed death-|; PD-LI|, programmed death-ligand |; PDGFRA, platelet derived growth factor receptor alpha; Pl, proteasome inhibitors; TKI,
tyrosine kinase inhibitors; VEGF, vascular endothelial growth factor.

cumulative dose of 300 mg/m? doxorubicin or equivalent.* Data from 2177 patients revealed that dexrazoxane lowered the risk of
clinical HF and cardiac events in patients with BC undergoing anthracycline chemotherapy.'® This benefit is achieved by
chelating intracellular iron to suppress oxidative stress,'® while also directly inhibiting topoisomerase IIp to prevent DNA
damage.”® Liposomal doxorubicin has been shown in a 19-trial meta-analysis to pose a lower cardiotoxic risk than the
conventional form.?' Its approved uses include metastatic BC for both pegylated and non-pegylated variants, with the pegylated
variant also indicated for advanced ovarian cancer, acquired immune deficiency syndrome-related Kaposi sarcoma, and multiple
myeloma.” The potential mechanisms of CTR-CVT were illustrated in Figure 3.

Anti-Microtubule Agents

Taxanes are a class of anti-microtubule agents that impair doxorubicin clearance through pharmacokinetic interactions,
leading to elevated plasma concentrations and facilitating myocardial biotransformation into cardiotoxic metabolites.****
Prospective longitudinal data with 30-month follow-up demonstrated that 20% of patients undergoing paclitaxel infusion
developed CTR-CVT, with a median left ventricular ejection fraction (LVEF) of 48%.>* Paclitaxel demonstrates

synergistic cardiotoxicity when coadministered with anthracyclines, exhibiting greater myocardial injury potential
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Figure 3 Potential mechanisms of cancer therapy-related cardiovascular toxicity. This figure delineates the possible mechanisms underlying cardiovascular toxicity across
chemotherapy, targeted therapy, immunotherapy, endocrine therapy, and radiotherapy, encompassing mitochondrial dysfunction, oxidative stress, inflammation, metabolic
disturbance, endothelial dysfunction, and myocardial fibrosis, highlighting their multifactorial interplay.

compared to docetaxel.>> Current clinical guidelines recommend sequential administration protocols prioritizing anthra-
cycline infusion prior to paclitaxel delivery, coupled with temporal separation of cytotoxic infusions and cumulative
doxorubicin dose restriction to mitigate toxicity.* Conversely, the NSABP B-31 trial demonstrated that administering
trastuzumab with paclitaxel after cyclophosphamide significantly increased incidence of CHF despite these precautions,
highlighting residual risk.® Previous reports indicated that taxanes may demonstrate a more favorable cardiac safety
profile in patients with pre-existing LV dysfunction, where anthracyclines should be avoided, yet the exact cardiotoxic
risks with taxanes remain incompletely characterized.”’’ Paclitaxel may disrupt cardiac autonomic regulation and
conduction system function, predominantly manifesting as asymptomatic sinus bradycardia, while vinca alkaloid-
induced cardiotoxicity is mechanistically linked to vascular endothelial dysfunction-mediated myocardial injury via
impaired microvascular perfusion.”® Specifically, the cardiotoxic mechanisms of anti-microtubule agents include the
induction of tubulin polymerization, inhibition of microtubule depolymerization, damage to cardiomyocytes and vascular
endothelial cells, and disruption of normal cell mitosis.>” The prophylactic efficacy of renin-angiotensin-aldosterone
system inhibitors and beta-blockers in anthracycline-treated patients with baseline normal cardiac function and low

cardiovascular risk remains controversial, and further evidence-based studies are still needed.®
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Antimetabolites

Antimetabolites, including fluoropyrimidines such as 5-fluorouracil (5-FU) and its oral prodrug capecitabine along with
gemcitabine, are primarily utilized in the treatment of gastrointestinal and other malignancies. The most frequent CTR-
CVT include angina pectoris, ischemia-induced electrocardiograms (ECG) abnormalities, hypertension, Takotsubo

syndrome, and myocardial infarction (MI),*%>?

with the rarer comprising myocarditis, arrhythmias, and peripheral
arterial toxicity.*® The incidence of myocardial ischemia exhibits considerable variability, reaching up to 10%, influenced
by dose-dependent, regimen-specific, and administration-route factors.>* Coronary vasospasm and endothelial injury
represent primary mechanisms underlying 5-FU-induced myocardial ischemia, with chest pain and ischemic electro-
cardiographic alterations predominantly manifesting at rest, typically emerging within days of administration and
occasionally persisting post-treatment discontinuation.>> Nevertheless, fluoropyrimidine-associated myocardial ischemia
may be clinically underrecognized, with recent stress testing detecting silent ischemia in 6.9% of 5-FU-treated patients.>®
A prospective study of 644 patients receiving 5-FU-based or oral capecitabine regimens confirmed that 5-FU may
precipitate acute MI, necessitating heightened vigilance during fluoropyrimidine administration.” Moreover, in align-
ment with ESC Guidelines for CVD prevention in clinical practice, optimization of modifiable cardiovascular risk factors
is mandated throughout and post-treatment, with baseline transthoracic echocardiography (TTE) required in symptomatic

CVD patients to assess pre-existing regional wall motion abnormalities or LV dysfunction.*®

Alkylating Agents

Cyclophosphamide represents an antineoplastic alkylating agent and is clinically utilized in bone marrow transplantation,
rheumatoid arthritis, lupus erythematosus, multiple sclerosis, neuroblastoma and other types of cancer.* While exhibiting
immunomodulatory effects at lower doses, its dose-dependent CTR-CVT predominantly manifests in patients receiving high-
dose regimens (>140 mg/kg) during pre-transplant conditioning, with acute cardiotoxic manifestations emerging within days
post-administration.*® The existing data indicate a 7-33% incidence of acute HF following intravenous doses exceeding
150 mg/kg, accompanied by 11-43% mortality occurring 7-21 days post-infusion.*> Moreover, alkylating agents may also
induce acute and chronic pulmonary injury via DNA alkylation, oxidative and nitrosative stress, inflammation, mitochondrial
dysfunction, and programmed cell death, leading to complications such as edema, fibrosis, and severe inflammation.*'
Cyclophosphamide and its bioactive metabolites including acrolein, aldophosphamide, and 4-hydroxycyclophosphamide
demonstrate intrinsic myocardial injury potential; of these, acrolein (an unsaturated and highly reactive aldehyde) exhibits
the most pronounced cardiotoxic profile due to cardiomyocyte-selective vulnerability.**** Mechanistically, acrolein induces
oxidative/nitrosative stress through protease adduct formation, reactive oxygen species (ROS) generation, endothelial nitric
oxide synthase (eNOS) uncoupling (reduced dimer/monomer ratio), and peroxynitrite formation via nitric oxide synthase
dysregulation.****> Other alkylating agents like cisplatin, while rarely induces direct cardiomyopathy, its nephroprotective
high-volume hydration protocols may exacerbate decompensated HF in patients with preexisting cardiovascular
compromise.*® Moreover, cisplatin exhibits significant vascular toxicity, inducing arterial thrombosis events through procoa-
gulant effects and direct vascular damage, and subsequent myocardial and cerebrovascular ischemia is observed in approxi-
mately 2% of patients.*’ Previous studies demonstrated that testicular cancer survivors treated with cisplatin have a higher

incidence of CVD, with an absolute risk of up to 8% over 20 years.***’

Targeted Chemotherapy-induced Cardiotoxicity

Tyrosine Kinase Inhibitors (TKI)

Beyond conventional cytotoxic chemotherapy, molecularly targeted anticancer agents have revolutionized oncologic
therapeutics through specifically targeting pathways critical for neoplastic proliferation and survival; however, while
demonstrating superior selectivity and precision relative to traditional chemotherapeutic approaches, these agents are
associated with cardiotoxicity.’® TKI, a class of targeted anticancer agents, competitively inhibit tyrosine kinase ATP-
binding domains to attenuate neoplastic proliferation and trigger apoptosis via pro-survival pathway dysregulation, while
exhibiting cardiovascular toxicities including systemic hypertension, QTc prolongation, venous thromboembolism
(VTE), myocardial ischemia/infarction, and HF with reduced ejection fraction.’’ A meta-analysis of 10647 patients
across 21 randomized Phase II/III trials demonstrated a significant 2.69-fold elevated risk of all-grade congestive HF
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(CHF) with TKI therapy versus non-TKI controls, though no significant association with severe HF incidence was
observed.> Similarly, sunitinib and nilotinib exhibit dose-dependent field potential duration prolongation, imatinib is

associated with HF, whereas erlotinib demonstrates a favorable cardiac safety profile with negligible CTR-CVT.?*-*

Vascular Endothelial Growth Factor (VEGF) Inhibitors

Immune-modulating and molecularly targeted therapeutics that antagonize VEGF signaling exhibit an elevated cardio-
vascular risk profile. As outlined in a meta-analysis, among patients on VEGF inhibitors, severe hypertension occurred in
7.4%, coronary ischemia in 1.7%, arterial thromboembolism in 1.8%, and cardiac dysfunction in 2.3% on average.”
Cabozantinib was associated with the highest number of cardiovascular events, whereas lenvatinib exhibited the strongest
signal.*® The risk of developing HF during treatment with TKI inhibitors ranges from 1.5% to 4.1%, with a 5-fold
increase when combined with bevacizumab.’”->® Hypertension emerges as a class-effect adverse event in VEGF inhibitor
therapy, characterized by dose-dependent toxicity and risk escalation with combination therapeutic regimens.’® Studies
demonstrated that VEGF inhibitor-induced vasoconstriction, a key pathogenic mechanism underlying hypertension-
associated cardiotoxicity, arises potentially through reduced nitric oxide and upregulated endothelin-1 levels, driving
impaired vasodilation and enhanced vasoconstriction.>® The inhibition of endothelial autocrine/paracrine VEGF signaling
pathways may impair cellular viability, mediating cardiotoxic mechanisms; however, such cardiovascular adverse effects

demonstrate reversibility upon therapeutic discontinuation.’®-*°

Human Epidermal Growth Factor Receptor 2 (HER2)-Targeted Therapies

HER2-targeted therapies, including trastuzumab, pertuzumab, trastuzumab emtansine, tucatinib, and trastuzumab der-
uxtecan, constitute the therapeutic cornerstone for HER2-positive invasive BC across early and metastatic disease stages,
with these drugs being regulatory-approved for metastatic indications.* Approximately 15% of BC exhibit HER2-positive
status, with pathogenic HER2 overexpression recognized as a principal oncogenic driver in mammary tumorigenesis.®'-*>
Trastuzumab monotherapy demonstrates a clinically significant CTR-CVT risk, with cardiac dysfunction occurring in
3%-7% of patients on trastuzumab monotherapy.®® A systematic review of seven clinical trials identified trastuzumab-
associated cardiotoxic events, including CHF and LVEF reduction.* The US Food and Drug Administration (FDA)
recommends a 4-week trastuzumab treatment suspension if LVEF demonstrates either a relative decline exceeding 16%
from baseline or an absolute reduction >10%.%° As evidenced by a prior study, prophylactic beta-blocker or angiotensin-
converting enzyme inhibitor initiation may mitigate trastuzumab-associated cardiotoxicity.®® Although the precise
mechanisms remain incompletely characterized, preclinical evidence suggests that trastuzumab-mediated HER2 signaling
inhibition in cardiomyocytes induces ROS generation, mitochondrial dysfunction, and activation of pro-apoptotic path-

ways, culminating in clinically evident HER2 inhibitor-induced cardiotoxicity.®”*®

Proteasome Inhibitors (PI)

PI including carfilzomib, bortezomib and ixazomib, are predominantly utilized in multiple myeloma therapy, with
carfilzomib demonstrating the highest incidence of cardiovascular adverse events such as hypertension, VTE, arrhyth-
mias, LV dysfunction, and cardiomyopathy.* A meta-analysis of 24 studies involving 2594 multiple myeloma patients
identified hypertension as the most prevalent carfilzomib-associated adverse event at 12.2% incidence, followed by CHF
at 4.1%.° The ENDEAVOR trial comparing carfilzomib-dexamethasone versus bortezomib-dexamethasone in relapsed/
refractory multiple myeloma demonstrated higher incidences of Grades 1-2 hypertension (16% vs 6%) and cardiac
failure (Grades 1-2: 3%; Grade 3: 4% vs 1% each) in the carfilzomib arm.”® Pooled analysis of 526 patients with
advanced multiple myeloma across four Phase II clinical trials demonstrated carfilzomib-associated cardiotoxicity, with
arthythmia at 13.3%, HF at 7.2%, ischemic heart disease at 3.4%, and cardiomyopathy at 1.7% incidence.”' Furthermore,
clinical guidelines recommend temporary treatment discontinuation until baseline function recovery in cases of acute/
chronic HF, hypertension, or LVEF reduction, as these adverse events are generally reversible upon therapy cessation and
appropriate medical intervention.”> Mechanistically, proteasomes, ubiquitin-proteasome system components responsible
for degrading misfolded or redundant proteins, play a critical homeostatic role in cardiomyocytes, and impairment of this
proteostatic mechanism precipitates cardiac dysfunction and associated cardiovascular pathologies.”* The underlying
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mechanism remains incompletely elucidated but may involve PI-mediated oxidative stress within cardiomyocytes, direct
69,74

proteasomal inhibition, or transient endothelial dysfunction.
Cyclin-Dependent Kinase Inhibitors (CDKi)

Cyclin-dependent kinase 4/6 inhibitors (CDK4/61), including palbociclib, ribociclib and abemaciclib, combined with
endocrine therapy are approved for metastatic BC and have demonstrated improved progression-free survival with
overall survival benefits in select clinical trials.* Similarly, prior clinical trials showed that ribociclib combined with
endocrine therapy significantly improved invasive disease-free survival in hormone receptor (HR)-positive/HER2-
negative early-stage and advanced BC patients, with no novel toxicity signals identified during extended follow-
up.”>’® However, previous studies supported that CDK4/6i, particularly ribociclib, exhibit QT interval prolongation
risk, necessitating protocol-mandated electrocardiographic monitoring in Phase III clinical trials.”>””-"® Baseline electro-
cardiographic assessment is recommended, with serial ECG indicated at protocol-mandated intervals including day 14 of
the first cycle, prior to second cycle initiation, following dose escalation, and in clinically warranted scenarios.*
Importantly, in patients with preexisting or high-risk QT prolongation, ribociclib therapy warrants multidisciplinary risk-
benefit evaluation and is contraindicated with concurrent QT-prolonging agents or potent CYP3A inhibitors.*

Immune Checkpoint Inhibitors (ICl)

Immunotherapies, which augment antitumor immunity to eradicate malignant cells, comprise diverse modalities, with ICI
representing the most clinically prevalent therapeutic class.”” Immune checkpoints, T cell surface proteins that modulate
immune activation through ligand binding, are targeted by ICI, including cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) (ipilimumab, tremelimumab), programmed death-1 (PD-1) (nivolumab, pembrolizumab, cemiplimab) and
programmed death-ligand 1 (PD-L1) (atezolizumab, avelumab, durvalumab), which block checkpoint-ligand interactions
to disrupt inhibitory signaling, thereby enhancing cytotoxic T cell-mediated antitumor immunity and tumor cell
eradication.*® Immune-mediated cardiotoxicity may precipitate life-threatening complications including VTE, MI,
cardiac dysfunction, stroke, arrhythmias, and myocarditis, often necessitating ICI discontinuation.®'®* The largest
reported cohort of 122 ICI-associated myocarditis patients demonstrated early symptom onset at a median of 30 days
post-ICI initiation and a mortality rate approaching 50%.%° Meta-analysis of 83,315 patients across 589 trials identified
a 1.07% incidence of ICI-associated cardiotoxicities, highlighting the critical importance of early detection, ICI therapy
discontinuation, immediate corticosteroid administration, and therapeutic intensification in optimizing clinical
outcomes.® Guideline-directed baseline CTR-CVT monitoring for patients receiving ICI therapy comprises ECG and
troponin assay, with high-risk cohorts necessitating additional TTE evaluation.* In addition, patients exhibiting emergent
ECG abnormalities, biomarker changes, or new cardiac symptoms during therapy require immediate cardio-oncology
consultation with comprehensive evaluation including TTE to quantify LVEF and global longitudinal strain.®

Endocrine Therapy

Endocrine therapy constitutes a standard therapeutic approach given that 65%-70% of early-stage and metastatic BC
patients exhibit HR-positive tumor biology.*® Selective estrogen receptor modulators such as tamoxifen and toremifene,
or aromatase inhibitors (Als) including letrozole, anastrozole, and exemestane, are guideline-recommended for early-
stage BC management, with therapeutic selection guided by menopausal status, comorbidities, and disease recurrence
risk stratification.* Als combined with CDK4/6i are guideline-recommended as first- or second-line therapy for HR-
positive/HER2-negative metastatic BC.* As reported, Als therapy is associated with elevated risks of dyslipidemia,
metabolic syndrome, hypertension, HF, and ML.*” The ATAC trial demonstrated a higher cardiovascular event incidence
of 2.5% in anastrozole-treated patients compared to 1.9% in tamoxifen-treated counterparts.®® Similarly, the IBIS-II trial
observed a significantly higher incidence of cholesterol level elevation with anastrozole at 3% compared to tamoxifen at
1%.%° Two large meta-analyses demonstrated that extended Als treatment duration correlated with elevated odds of CVD
development in early-stage BC.”*! Prior reports indicated that tamoxifen’s procoagulant effect aligns with the estab-
lished VTE risk profile, thus contraindicating its use in thrombosis-prone patients.”>** Toremifene and high-dose
tamoxifen have demonstrated QTc interval prolongation, while no published evidence indicates CVD risk with standard-
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dose tamoxifen at 20 mg/day in BC patients.”* Patients should be counseled on VTE, hypercholesterolemia, and CVD
risks, with acknowledgment that the absolute benefit of BC recurrence prevention generally outweighs CVD risks.®’
Meanwhile, regular cardiovascular surveillance, including cholesterol level monitoring, ECG, blood pressure assessment,
and vascular ultrasound evaluation, are required in patients undergoing endocrine therapy.”” Lifestyle modifications
including regular physical activity and dietary optimization are recommended to mitigate obesity and hyperlipidemia,
while smoking cessation is emphatically advocated to attenuate CVD risk, particularly CAD during Als therapy and VTE
in tamoxifen-treated patients.*

Radiation-induced Cardiotoxicity

Radiotherapy, a foundational oncologic modality, utilizes high-energy radiation to target and eradicate malignant cells,
frequently administered in combination with chemotherapy to optimize clinical outcomes.* Despite the therapeutic
efficacy, radiotherapy poses a significant risk of radiation-induced heart disease (RIHD), a progressive pathology with
delayed manifestation characterized by a latency period extending over decades, resulting in structural cardiovascular
abnormalities, conduction disturbances, and functional impairment.”* RIHD exhibits a prevalence of approximately 10%
among treated patients, characterized by fibrotic and calcific involvement of the aortic root, aortic valve cusps, mitral
valve annulus, and basal to mid segments of the mitral valve leaflets while sparing the distal leaflets and commissures,
enabling its differentiation from rheumatic disease.”®”® A cohort study of 4414 BC survivors with a median 18-year
follow-up demonstrated that combined left breast radiotherapy and cardiotoxic chemotherapy conferred the highest CTR-
CVT risk, suggesting synergistic potentiation of cardiovascular toxicity.”” A case-control study of 1852 five-year
Hodgkin lymphoma survivors demonstrated that cardiac valve radiation exposure correlates with a dose-dependent
elevation in clinically significant VHD risk, especially exceeding thresholds of 30 Gray.'*’ Similarly, Hodgkin lymphoma
survivors exhibit a 4- to 7-fold elevated risk of CVD compared to the general population, with cumulative CVD
incidence reaching 50% at 40 years post-treatment.'®" The CVD risk and associated events following chest radiotherapy
are influenced by modifiable variables including anthracycline-based chemotherapy, younger age at treatment, higher
radiation fractionation doses, inadequate cardiac shielding, baseline cardiovascular risk factors, and pre-existing CVD.'*?
Therefore, the heart is classified as a radiosensitive organ at risk during radiotherapy, necessitating rigorous minimization
of cardiac dose exposure to the lowest feasible level due to the absence of a definitive threshold for radiation-induced
toxicity.* Emerging evidence identified myocardial fibrosis, endothelial dysfunction, inflammation, and vasoconstriction
as key pathophysiological mechanisms driving radiotherapy-associated cardiotoxicity, with targeted modulation of these

pathways offering potential to refine risk mitigation strategies and enhance clinical outcomes.'%*'%*

Existing CTR-CVT Risk Surveillance Approaches

Serum Biomarkers

Currently, serum biomarkers such as lipids including low-density lipoprotein cholesterol and cardiac enzymes comprising
cardiac troponin I (cTnl), N-terminal pro-brain natriuretic peptide (NT-proBNP), creatine kinase, and a-hydroxybutyrate
dehydrogenase are commonly used for cardiovascular toxicity surveillance.'® c¢Tnl serves as the established peripheral
blood biomarker for myocardial injury, with elevated serum concentrations providing early indication of CTR-CVT.
However, anthracycline administration elicits prompt cTnl elevation following initial dosing, which somewhat limits its
utility in monitoring chronic cardiac dysfunction. While BNP and NT-proBNP are employed for cardiovascular risk
assessment during chemotherapy, their predictive value for antineoplastic-related cardiovascular toxicity remains con-
troversial due to susceptibility to multiple clinical variables, especially the threshold for diagnosing chemotherapy-
induced cardiovascular toxicity has not been universally established.

ECG

Electrocardiography provides rapid clinical surveillance for cardiovascular toxicity, with CTR-CVT typically manifesting
as nonspecific ST-segment alterations, QT-interval prolongation, T-wave abnormalities, and atrioventricular conduction
disturbances. Therapeutic modification is clinically warranted only when corrected QT-interval duration exceeds 500 ms,
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whereas changes below 60 ms from baseline remain insignificant below this threshold.*> However, electrocardiographic
assessment reflects only instantaneous cardiac status and exhibits high sensitivity but low specificity, necessitating
complementary diagnostic modalities for definitive confirmation.

Cardiovascular Imaging

Cardiovascular imaging-multiple uptake gated acquisition (MUGA) and TTE represent the predominant imaging
modalities using LVEF to monitor cardiac dysfunction during cancer therapy, wherein TTE offers non-invasive,
radiation-free, and cost-efficient clinical accessibility for assessing LVEF and LV global longitudinal strain (GLS),
while MUGA provides superior reproducibility, time efficiency, and reduced inter-individual variability, establishing it as
the reference standard for LVEF quantification.'®®*'?” Specifically, a LVEF absolute reduction exceeding 10 percentage
points falling below institution-defined lower limits of normal or a GLS relative percentage decrease surpassing 15%
from baseline may suggest risk of cardiotoxicity.® Cardiac magnetic resonance imaging (CMR) demonstrates superior
accuracy, precise spatial localization, and comprehensive detection capability for myocardial fibrosis, with delayed
enhancement and quantitative T1 mapping serving as the reference imaging standards for fibrotic tissue
characterization.'”® A previous study'® indicated that the earliest doxorubicin-cardiotoxicity CMR parameter was T2
relaxation-time prolongation at week 6 in pigs and T, mapping during treatment identifies intracardiomyocyte edema
generation as the earliest marker of anthracycline-induced cardiotoxicity. Nevertheless, its implementation as routine
clinical surveillance remains impractical due to limited accessibility in primary care settings, substantial cost burden, and
contraindications including implanted cardiac pacemakers, ferromagnetic foreign bodies, decompensated HF, arrhyth-
mias, and inability to tolerate supine positioning.''® Additionally, cardiac computed tomography angiography (CCTA)
constitutes a widely available imaging technique for coronary anatomical and pathological evaluation, with utility in
secondary prevention contexts. Given its high sensitivity in excluding CAD, CCTA is currently widely employed to rule
out coronary stenosis in patients exposed to cardiotoxic anticancer therapy with newly developed reduced LVEE.""

Endomyocardial Biopsy (EMB)

EMB represents the pathohistological diagnosis method for evaluating CTR-CVT, involving transvascular catheter-based
extraction of myocardial tissue for histopathological analysis, a capability unattainable by non-invasive diagnostic
modalities."'? However, procedural invasiveness, requirement for substantial operator expertise, and inherent myocardial
injury risks restrict its widespread clinical implementation.

Emerging Innovative Early-Warning Strategies

Testing Novel Serum Biomarkers

While existing CTR-CVT risk surveillance approaches provide partial clinical utility, their suboptimal diagnostic
performance necessitates the development of precision surveillance strategies for early cardiovascular toxicity detection.
Beyond the established role of c¢Tnl and NT-proBNP in screening early cardiovascular injury, recent investigations
demonstrate high-sensitivity cardiac troponin assays possess superior diagnostic sensitivity for myocardial damage.'"
Additionally, emerging serum biomarkers including C-reactive protein, myeloperoxidase, galectin-3, growth differentia-
tion factor-15, fms-like tyrosine kinase-1, cytochrome C, arginine-nitric oxide metabolites, micro-ribonucleic acids,
placental growth factor, and immuno-globulin E are undergoing extensive investigation.* Paraoxonase-1 activity may be
mechanistically relevant to predicting the risk of anthracycline-induced cardiotoxicity.''* However, insufficient evidence
currently exists to support routine implementation of these novel biomarkers, necessitating further investigation.

Examining Novel Hemodynamic Indicators

As stated in the 2022 ESC guidelines on cardio-oncology,* hemodynamic monitoring is recommended for early cardiovascular
toxicity surveillance in clinical cancer patients. Evidence demonstrated that non-invasive ankle-brachial index (ABI)
measurement enabled early detection of nilotinib-induced progressive peripheral arterial stenosis in chronic myeloid leuke-
mia, suggesting that routine ABI screening for diagnosing asymptomatic peripheral artery disease (PAD) may help prevent
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vascular adverse events.''> A systematic review and meta-analysis of 19 longitudinal and cross-sectional studies indicated that

significant arterial stiffening occurred following anticancer therapy,''®

and pulse wave velocity may serve as a potential
approach for the early surveillance of anthracycline-induced arterial stiffening.''” Moreover, photoplethysmography is an
emerging non-invasive hemodynamic monitoring technology capable of detecting arterial stiffness and endothelial dysfunc-
tion alterations to accurately evaluate cardiovascular toxicity induced by gastric cancer therapeutics.''® Thus, performing
hemodynamic monitoring for cardiovascular toxicity in the early phase of antineoplastic treatment facilitates longitudinal
quantification of cumulative toxicodynamic effects, precise evaluation of individual tolerance heterogeneity to therapeutic

regimens, and thereby formulation of personalized intervention strategies.

Monitoring Three-Dimensional Speckle Tracking Imaging (3D-STI)

3D-STI denotes an advanced echocardiographic technique for identifying myocardial injuries at initial phases and
demonstrates superior measurement reproducibility through tracking out-of-plane speckle motion."'” As multi section
images within the same cardiac cycle can be obtained, evaluation time is minimized with enhanced sensitivity and
detectability during early cardiotoxicity stage.'”® A systematic review aggregating 22 studies involving 1991 patients
demonstrated that 3D-STI may serve as a non-invasive and objective tool for assessing LV functional alterations among
chemotherapy-treated cancer patients.'>' In addition, 3D-STI detected initial alterations in area strain following minimal
doxorubicin administration in BC patients, with early aberrations correlating to subsequent LVEF decline, demonstrating

potential utility for anticipating anthracycline cardiotoxicity.'*?

Detecting Gene Polymorphism

Epidemiological investigations revealed substantial pharmacogenomic heterogeneity in patient tolerance to cancer
therapeutic agents, wherein single-nucleotide polymorphisms in specific predisposing genetic variants closely associated
with CTR-CVT.'* Candidate gene and genome-wide association studies have identified 40 candidate genes and single
nucleotide polymorphisms linked to anthracycline-associated cardiac dysfunction.* An investigation among individuals
with ICI-associated myocarditis demonstrated that clonal T-cell clusters infiltrating the myocardium mirrored those
detected in tumors and skeletal muscle, with RNA sequencing analyses disclosing expression of cardiac-specific genes
within the tumor and proposing the compelling notion that somatic mutations intrinsic to the tumor may contribute to
CTR-CVT."* Current clinical guidelines discourage prophylactic pharmacogenetic screening for CTR-CVT risk; how-
ever, personalized genetic testing may potentially delineate oncology patients’ inherent CVD predisposition, necessitat-
ing further rigorous research.”

Developing Al-Powered CTR-CVT Risk Monitoring Methods

Al-empowered approaches encompassing machine learning (ML) and deep learning (DL) improve risk categorization,
optimize therapeutic decisions, and facilitate individualized management for cancer patients with cardiovascular

vulnerability.'*>

Within cardiac visualization methodologies, Al demonstrates enhanced capacity to substantially elevate
diagnostic precision and operational efficacy.'?® Al-enhanced tools have revolutionized conventional echocardiography,
CMR, and positron emission tomography (PET)modalities. These technologies improve the accuracy of LVEF and GLS
measurements, crucial for identifying early chemotherapy-induced myocardial injury, especially among patients treated
with anthracyclines and trastuzumab.'?” Integrated PET/CT systems have gained advantages through Al incorporation,
allowing concurrent coronary structural evaluation and cardiac perfusion analysis.'?*'** Furthermore, wearable ECG
monitoring patches, biosensing devices, and Al-integrated implantable systems enable continuous cardiac surveillance
and predictive modeling; these technological innovations facilitate personalized care that prioritizes cancer therapy

efficacy while safeguarding long-term cardiovascular health.'?%'3!

Challenges and Future Perspectives

This review comprehensively investigates cardiovascular toxicities associated with cancer therapies, highlighting their
clinical relevance and potential screening methods for cardiotoxicity. Evidence indicates CTR-CVT represents
a significant challenge in cancer patient management, encompassing CAD, cardiomyopathy, HF, arrhythmias, VHD,
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pericarditis, PAD, hypertension, VTE, stroke, and metabolic syndrome, which substantially affect patient prognosis and
quality of life. Additionally, current CTR-CVT risk monitoring approaches and emerging innovative early detection
strategies show potential for mitigating cardiovascular toxicity and enhancing patient outcomes. Despite significant
advancements in this domain, several unresolved challenges persist.

Elucidation of Complex Mechanisms

The pathophysiological mechanisms underlying CTR-CVT exhibit marked complexity and variability across therapeutic
modalities such as chemotherapy, targeted therapy, ICI, endocrine therapy and radiotherapy. These mechanisms manifest
through diverse pathways involving mitochondrial dysfunction, oxidative stress, inflammation, metabolic disturbance,
endothelial dysfunction, and myocardial fibrosis. However, current limitations stem from the absence of a cohesive
mechanistic framework unifying these toxicity profiles. Future research may give priority to attempting large-scale multi-
omics investigations integrating transcriptomic, metabolomic, and proteomic analyses to elucidate CTR-CVT pathogen-
esis and establish predictive networks.'*

Current experimental modeling of CTR-CVT primarily utilizes rodent, porcine, and canine models alongside induced
pluripotent stem cells (iPSCs) and other cellular platforms, with rodent models predominating due to their optimal
balance of cost efficiency and biological fidelity.'** Meanwhile, the progression from 2D to 4D iPSC-based platforms has
significantly enhanced the recapitulation of complex tissue and organ-level pathophysiology through improved biomi-
micry of in vivo microenvironments, thereby enabling high-fidelity interrogation of disease pathogenesis and therapeutic
response dynamics. Future investigations integrating multi-cellular tissue models with multi-omics methodologies like
sequencing may reveal the mechanisms of cardiotoxicity, thereby establishing a basis for incorporating iPSCs into
preventive cardio-oncology clinical protocols. Nevertheless, developing reliable CTR-CVT models demands strategic
evaluation of critical parameters. First, prioritizing model sensitivity, such as the trastuzumab’s limited murine HER2
affinity, requires myocardium-specific ErbB2-edited or iPSC-derived cardiomyocyte systems for human-relevant drug
responses.'**'?> Second, precise optimization of dosing regimens (route, duration) to mirror clinical cardiotoxicity,
particularly anthracycline cumulative thresholds.'**'*® Third, addressing interspecies biological disparities through
clinical data integration to validate preclinical mechanistic insights.

Development of Personalized Risk Assessment Tools

Prior to initiating cancer therapy, a comprehensive cardiovascular evaluation should be conducted to assess the patient’s
baseline cardiovascular health (Figure 4). Personalized risk assessment tools exhibit substantial promise for early
detection, risk stratification, and treatment strategy of CTR-CVT. However, conventional serum biomarkers and
cardiovascular imaging modalities frequently exhibit suboptimal diagnostic performance in isolation due to intrinsic
limitations in capturing the pathophysiological complexity of CTR-CVT, where interindividual metabolic variability and
preexisting comorbidities compromise detection accuracy, resulting in diagnostic misclassification and delayed clinical
intervention. Therefore, advancing high-fidelity multiplexed biomarker signatures constitutes a critical priority, with
contemporary strategies emphasizing multimodal convergence through synthesis of serum biomarkers, cardiovascular
imaging, genetic screening, and electronic health records to establish holistic risk stratification profiles. Longitudinal
surveillance during therapeutic intervention, integrating individualized variables including genomic susceptibility and
pharmacotherapeutic protocols, optimizes prognostic precision. Al-driven analytics of patient-specific multimodal data
facilitate precision risk stratification through preclinical identification of individualized risk stratification parameters,
thereby enhancing the diagnostic accuracy and predictive performance of tailored risk assessment frameworks for early

intervention, therapeutic surveillance, and cardiovascular outcome optimization in CTR-CVT management.'*’

Optimization of Treatment Strategies

A primary challenge in managing CTR-CVT lies in achieving an optimal balance between oncologic efficacy and
cardiovascular protection. This complexity arises from the inherent tension wherein specific interventions aimed at
mitigating cardiovascular risk may inadvertently compromise cytotoxic therapeutic efficacy or disrupt systemic
homeostasis. In this context, the principle of permissive cardiotoxicity has been proposed as a critical temporizing
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Figure 4 Comprehensive management of patients pre- and post-cancer therapy. Multidisciplinary risk stratification necessitates baseline cardiovascular risk profiling
integrating clinical parameters, personalized treatment informed by pre-therapeutic assessment, and longitudinal surveillance with tailored rehabilitation protocols to
mitigate cardiotoxicity and optimize post-cancer therapy outcomes.

strategy, which centers on maintaining essential anticancer therapy concurrent with optimized cardiovascular manage-
ment to mitigate toxicity and improve prognosis, rather than mandating treatment cessation.'*® Furthermore, the
pronounced heterogeneity of CTR-CVT, influenced by genetic predispositions, specific malignancy subtypes, diverse
therapeutic protocols, and pre-existing metabolic conditions, complicates standardized management. While precision
oncology frameworks offer a promising avenue for individualized strategies, their translation faces significant barriers,
including the development of regimens tailored to dynamic metabolic profiles and therapeutic thresholds, as well as
reconciling clinical efficacy with economic feasibility.> Therefore, effective management must begin with compre-
hensive pre-treatment cardiovascular risk stratification, which includes thorough assessment and optimized manage-
ment of modifiable factors such as hypertension, smoking, and diabetes.* Ultimately, overcoming these challenges
requires advancing mechanistic studies and establishing standardized, individualized management protocols in CTR-
CVT contexts.
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Improvement of Long-Term CTR-CVT Monitoring and Management

CTR-CVT exhibit latent and long-term pathological consequences that clinically manifest years to decades post-
therapeutic intervention, elevating morbidity and mortality risks among survivors and highlighting the need for lifelong
cardiovascular toxicity monitoring protocols. Contemporary clinical research predominantly prioritizes acute cardiovas-
cular events during therapeutic phases, whereas comprehensive evaluations of delayed cardiovascular sequelae including
metabolic disturbance, atherosclerosis, and persistent cardiac dysfunction remain understudied, hindering the develop-
ment of predictive methods and targeted interventions for longitudinal cardiovascular risk mitigation. Subsequent studies
should emphasize long-term follow-up studies to assess the effects of oncological interventions on cardiac well-being.
Moreover, Al-powered prognostic algorithms integrating clinical data and individualized characteristics will facilitate
precision risk quantification. Deployment through multinational databases and cross-specialty partnerships will refine
therapeutic precision while safeguarding cardiac integrity, advancing survival metrics. Strengthened transdisciplinary
integration and personalized health trajectories will optimize long-term outcomes, embedding cardiovascular preserva-
tion within oncological management.'*® These approaches prove indispensable for delineating persistent sequelae of
CTR-CVT and formulating targeted countermeasures for long-term risk reduction.

Conclusion

Emerging data strongly demonstrate a potential association between oncologic interventions and heightened suscept-
ibility to CVD progression and treatment-related cardiotoxicity in cancer survivors. Clinical vigilance regarding CTR-
CVT remains imperative within oncology survivorship cohorts. Research imperatives include elucidating the pathophy-
siological foundations of CTR-CVT in post-therapeutic cohorts and refining therapeutic efficacy. Implementation of
individualized risk stratification strategies and sustained longitudinal surveillance protocols enables progression toward
precision cardio-oncology and clinical outcome optimization. Collectively, investigations into CTR-CVT among cancer
survivors confronts substantial challenges alongside promising prospects.
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