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Objective: To investigate the clinical value of high-sensitivity cardiac troponin I (hs-cTnl) in evaluating chemotherapy-related
cardiac dysfunction (CTRCD) induced by anthracyclines in postoperative breast cancer patients.

Methods: A retrospective study was conducted including 180 postoperative breast cancer patients treated at our hospital from August
2021 to August 2024. All patients completed six cycles of the cyclophosphamide—epirubicin—fluorouracil (CEF) regimen. According
to the Chinese Society of Clinical Oncology (CSCO) guideline criteria, patients were divided into a cardiotoxicity group (n = 50) and a
non-cardiotoxicity group (n = 130). Serum hs-cTnl and N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels, as well as left
ventricular ejection fraction (LVEF) measured by echocardiography, were dynamically monitored before chemotherapy (T,) and after
each chemotherapy cycle (T;—Tg). The predictive value of each marker for CTRCD was evaluated using receiver operating
characteristic (ROC) curves.

Results: Compared with the non-cardiotoxicity group, the cardiotoxicity group showed significantly higher serum hs-cTnl and NT-
proBNP levels from T; onward, with progressive increases over chemotherapy cycles (P < 0.01), while LVEF progressively decreased
(P <0.01). ROC analysis indicated that serum hs-cTnl at the third chemotherapy cycle (T3) had an area under the curve (AUC) of 0.957
(95% CI: 0.905-0.988) for predicting CTRCD, with an optimal cutoff value of >1358.5 pg/mL, yielding a sensitivity of 92.00% and
specificity of 91.54%. Its predictive performance was significantly superior to that of NT-proBNP at the same time point [AUC = 0.684
(95% CI: 0.590-0.763)].

Conclusion: Serum hs-cTnl is a highly sensitive and specific biomarker for the early and dynamic monitoring of anthracycline-
induced cardiotoxicity. The hs-cTnl level at mid-chemotherapy (third cycle) has excellent predictive value for CTRCD, facilitating
early identification of high-risk patients and timely clinical intervention.
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Introduction
Breast cancer is one of the most common malignancies in women and remains a leading cause of cancer-related
morbidity and mortality worldwide. According to the latest global cancer statistics from GLOBOCAN 2024, an estimated
2.36 million new cases of female breast cancer were diagnosed globally in 2024, accounting for nearly one in four cancer
cases among women, with approximately 670,000 deaths attributed to the disease annually.' In China, breast cancer
incidence continues to rise rapidly, with over 420,000 new cases reported in 2024, making it the most frequently
diagnosed cancer among urban women.” This increasing burden underscores the urgent need for effective therapeutic
strategies while minimizing treatment-related complications.

Surgery combined with radiotherapy, chemotherapy, and endocrine therapy constitutes the standard clinical treatment
model for breast cancer. Among these, anthracyclines—such as doxorubicin and epirubicin—are highly effective, broad-
spectrum cytotoxic chemotherapeutic agents that have become a cornerstone of postoperative adjuvant therapy for early-
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and intermediate-stage breast cancer.’ Numerous clinical trials have confirmed that anthracycline-based regimens
significantly improve disease-free and overall survival, with 5-year survival rates exceeding 70% in eligible patients.*

However, cardiotoxicity remains a major limitation of anthracycline use in clinical practice.” Studies have consis-
tently demonstrated that anthracycline-induced cardiotoxicity is positively correlated with cumulative dose; notably, even
low cumulative doses (<240 mg/m? of doxorubicin) or the first cycle of administration can induce subclinical structural
myocardial damage.® Cardiotoxicity may manifest clinically as arrhythmias, reduced left ventricular ejection fraction
(LVEF), dilated cardiomyopathy, or overt heart failure—often progressive and potentially irreversible.® A large meta-
analysis encompassing 22,815 cancer patients revealed that 6% developed clinically evident cardiac dysfunction during
or after anthracycline therapy, while up to 18% exhibited subclinical myocardial injury detectable only by sensitive
diagnostic tools.” Critically, no absolute safe threshold for anthracycline exposure has been established, and cardiotoxi-
city frequently necessitates dose reduction, regimen modification, or premature discontinuation of chemotherapy—
thereby compromising oncologic outcomes and long-term survival benefits.®

Early detection of cardiotoxicity is therefore paramount to enable timely cardioprotective interventions and preserve
both cardiac and oncologic outcomes. Current standard modalities for cardiac monitoring—including echocardiography
(particularly three-dimensional [3D] LVEF and global longitudinal strain [GLS]), cardiac magnetic resonance imaging
(CMR), and radionuclide ventriculography—are limited by high cost, technical complexity, limited accessibility in
primary care settings, and suboptimal reproducibility across centers.” Moreover, conventional electrocardiography
lacks sensitivity for early myocardial injury, and traditional serum biomarkers such as lactate dehydrogenase (LDH),
o-hydroxybutyrate dehydrogenase (a-HBDH), and creatine kinase-MB (CK-MB) exhibit poor cardiac specificity.'

Cardiac troponin I (cTnl), a regulatory protein exclusively expressed in cardiac myocytes, is widely recognized as the
gold-standard biomarker for myocardial injury due to its exceptional cardiac specificity and high analytical sensitivity—
even at low concentrations detectable by high-sensitivity assays (hs-cTnI).!"'? Extensive evidence supports the utility of
c¢Tnl in diagnosing acute coronary syndromes and myocarditis.'®> Importantly, emerging data from prospective cohort
studies published between 2020 and 2024 indicate that elevated cTnl levels during or shortly after anthracycline
administration strongly predict subsequent declines in LVEF and the development of clinical heart failure, often
14716 A 2024 multicenter study by Ndzie Noah et al involving 312
breast cancer patients demonstrated that persistent cTnl elevation (>99th percentile upper reference limit [URL]) after the

preceding functional changes by weeks or months.

second cycle of anthracycline-based chemotherapy was independently associated with a 4.2-fold increased risk of
cardiotoxicity at 6 months (hazard ratio [HR] = 4.21, 95% CI: 2.35-7.54; P < 0.001)."”

Given the high prevalence of breast cancer, the widespread use of anthracyclines in adjuvant settings, and the
potentially irreversible nature of cardiotoxicity, there is a compelling clinical need for accessible, reliable, and early
biomarkers to guide risk stratification. Therefore, this study aimed to systematically evaluate the clinical value of cTnl in
the early detection of anthracycline-induced cardiotoxicity among postoperative breast cancer patients. The findings are
intended to provide robust evidence for integrating hs-cTnl monitoring into routine clinical pathways, facilitating early
identification of high-risk individuals, enabling timely cardioprotective strategies (eg, dexrazoxane or beta-blockers), and

ultimately improving both cardiac safety and oncologic efficacy in comprehensive breast cancer management.

Materials and Methods

Study Design and Participants

This was a single-center, retrospective cohort study conducted at the First Affiliated Hospital of China Medical
University. We reviewed the medical records of postoperative breast cancer patients who received adjuvant anthracy-
cline-based chemotherapy with the CEF regimen between August 2021 and August 2024. The study protocol was
approved by the Institutional Ethics Committee of the First Affiliated Hospital of China Medical University (Approval
No.: 2022-832). Due to the retrospective nature of the study, the requirement for written informed consent was waived.
This study was conducted in accordance with the Declaration of Helsinki.
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Inclusion and Exclusion Criteria
The inclusion criteria were: (1) female patients aged 20—60 years; (2) histopathologically confirmed invasive breast
cancer after curative surgery; (3) completion of six cycles of the standard CEF regimen as first-line adjuvant chemother-
apy; (4) availability of complete serial echocardiographic and cardiac biomarker (hs-cTnl and NT-proBNP) data at
predefined time points; and (5) an Eastern Cooperative Oncology Group (ECOG) performance status of <2 at baseline.
The exclusion criteria were: (1) pre-existing cardiac disease (heart failure, cardiomyopathy, severe arrhythmias, or
LVEF <55%); (2) history of other malignancies, severe infection, or organ transplantation; (3) concurrent use of other
known cardiotoxic drugs (eg, trastuzumab) or concurrent radiotherapy during the chemotherapy period; (4) known
allergy to anthracyclines; or (5) incomplete clinical or follow-up data.
A total of 200 patient records were initially screened. After applying the criteria, 180 patients who met all require-
ments were included in the final analysis. The primary reasons for exclusion were: incomplete biomarker data (n = 8), use
of non-CEF regimens (TAC/AC, n = 7), loss to cardiac follow-up (n = 3), and pre-existing cardiac disease (n = 2).

Chemotherapy Regimen
All included patients received the CEF regimen: cyclophosphamide 500 mg/m? epirubicin 100 mg/m?, and fluorouracil
500 mg/m?, all administered intravenously on day 1 of a 21-day cycle for six cycles (cumulative epirubicin dose: 600 mg/m?).

Data Collection and Outcome Definition

Data were extracted retrospectively from electronic medical records. Collected baseline variables included age, body
mass index (BMI), smoking and alcohol history, tumor stage, pathological characteristics, blood pressure, fasting blood
glucose, and documented history of hypertension or diabetes mellitus. The use of concomitant medications, including any
cardioprotective agents (eg, angiotensin-converting enzyme inhibitors [ACEIs], angiotensin receptor blockers [ARBs],
beta-blockers), was recorded when available.

The primary outcome was anthracycline-induced cardiotoxicity, defined according to the 2016 European Society of
Cardiology (ESC) Position Paper on cancer treatments and cardiovascular toxicity'® as: (1) a symptomatic decline in
LVEF of >5% to an absolute value <55%, or (2) an asymptomatic decline in LVEF of >10% to an absolute value <55%,
as measured by echocardiography.

Laboratory Measurements
As per the institutional protocol, venous blood samples for biomarker analysis were routinely collected at baseline (T,
before chemotherapy) and on the second day after each chemotherapy cycle (T; to Tg).

High-sensitivity cardiac troponin I (hs-cTnl) was measured in serum using the Roche Elecsys Troponin I electro-
chemiluminescence immunoassay on a Cobas e411 analyzer (Roche Diagnostics, Mannheim, Germany). The assay’s
limit of blank is 0.003 ng/mL, and the 99th percentile upper reference limit (URL) in a healthy reference population is
0.034 ng/mL (34 pg/mL), with a coefficient of variation (CV) of <10% at this level.

N-terminal pro-B-type natriuretic peptide (NT-proBNP) was measured in plasma using the Roche Elecsys proBNP II
immunoassay on a Cobas €801 analyzer (Roche Diagnostics). The assay has a measuring range of 5-35,000 pg/mL and
meets the precision criteria outlined in international guidelines.

Echocardiography

Transthoracic echocardiography was performed clinically at all time points using a Siemens ACUSON/HDI5000
SonoCT system. Left ventricular ejection fraction (LVEF) was measured offline from stored images by a single
experienced cardiologist blinded to biomarker results, using the biplane Simpson’s method in accordance with the

American Society of Echocardiography guidelines."”
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Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics for Windows, version 23.0 (IBM Corp., Armonk, NY,
USA). Continuous variables are presented as mean + standard deviation (SD) and compared using independent z-tests.
Categorical variables are presented as n (%) and compared using the chi-square test.

A post-hoc power analysis was conducted using G*Power 3.1. With the observed effect size (AUC of 0.957), a
sample size of 180 (50 events) provided a statistical power >99% (o = 0.05), indicating adequate power.

To adjust for potential confounders, multivariate binary logistic regression was performed. Variables with P < 0.10 in
univariate analysis or clinical relevance (age, BMI, baseline systolic blood pressure [SBP], cumulative epirubicin dose,
and hs-cTnl at T3) were entered into a forward stepwise model. Results are reported as adjusted odds ratios (aOR) with
95% confidence intervals (CI).

The predictive performance of biomarkers was assessed using receiver operating characteristic (ROC) curve analysis.
The area under the curve (AUC), optimal cutoff (Youden’s index), sensitivity, and specificity were calculated. P < 0.05
was considered statistically significant.

Results

Comparison of Baseline Characteristics

The final cohort comprised 180 patients. According to the ESC criteria, 50 patients (27.8%) developed cardiotoxicity
(cardiotoxicity group), while 130 (72.2%) did not (Non-cardiotoxicity group). Baseline characteristics were well-
balanced between groups (Table 1). There were no significant differences in age, BMI, cardiovascular risk factors
(blood pressure, fasting glucose), smoking/alcohol history, or tumor pathology (all P > 0.05). The documented use of
cardioprotective medications at baseline was negligible and similar between groups.

Dynamic Changes of Cardiac Parameters

Serial measurements of hs-cTnl, NT-proBNP, and LVEF are shown in Table 2 and Figure 1. In the cardiotoxicity group,
hs-cTnl and NT-proBNP increased progressively, while LVEF declined significantly across cycles (P for trend < 0.01).
Differences between groups were significant for biomarkers from T; and for LVEF from T; onward.

Table | Baseline Clinical and Pathological Characteristics

Variable Cardiotoxicity Non-Cardiotoxicity | t/y* P
Group (n=50) Group (n=130)

Age (years) 51.34+728 S5L.IT+£759 0.17 | 0.86

BMI (kg/m?) 2242 £ 1.19 2231 £ 1.25 0.47 | 0.64

Smoking history 10 (20.00) 15 (11.54) 2.32 0.128

Alcohol history 8 (16.00) 16 (12.31) 0.45 | 0.503

Pathological stage 0.29 0.592

-l 25 (50.00) 62 (47.69)

-V 25 (50.00) 68 (52.31)

Differentiation 2.13 0.145

Low 19 (38.00) 37 (28.46)

Moderate/High 31 (62.00) 93 (71.54)

Lymph node metastasis 0.39 0.533

Yes 10 (20.00) 22 (16.92)

No 40 (80.00) 108 (83.08)

Diastolic BP (mmHg) 87.38 £7.92 86.45 + 8.14 0.63 | 053

Systolic BP (mmHg) 135.87 £ 12.4] 134.18 £ 12.63 0.83 0.41

Fasting glucose (mmol/L) 5.60 = 1.12 532+ 1.09 1.52 0.13

Use of Cardioprotective Medications, n (%) | 2 (4.0) 5(3.8) 0.001 | 0.974

Abbreviations: SD, standard deviation; BP, blood pressure.
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Table 2 Dynamic Changes of Cardiac Parameters During Chemotherapy

T3 (Post-C3)
T4 (Post-C4)
T5 (Post-C5)

1211.89 + 137.42%°<

1397.55 + 186.33%°<%
1538.26 + 205.]9Pcdex
1662.43 + 241,064

111.62 + 23.45%°
162.38 + 38.572°<%
199.72 + 48.16*°<d°*
236.88 + 61.13Pdek

Group Time Point | hs-cTnl (pg/mL) NT-proBNP (pg/ LVEF (%)
mL)

Non- TO (Baseline) | 772.31 + 145.87 33.05 +7.26 63.08 + 3.32

cardiotoxicity
TI (Post-Cl) | 810.44 = 112.53 34.82 + 7.55 62.15 + 3.45
T2 (Post-C2) | 853.96 + 118.27 35.74 + 7.81 61.25 + 3.67
T3 (Post-C3) | 905.62 + 100.84 3642 + 8.17 60.48 + 4.25
T4 (Post-C4) | 952.77 £ 125.19 37.06 + 8.33 59.88 + 3.92
T5 (Post-C5) | 996.32 + 141.25 38.01 + 854 59.42 + 3.77
T6 (Post-Cé) | 1039.15 + 222.81 38.62 + 872 59.08 + 3.61

Cardiotoxicity TO (Baseline) | 761.45 + 143.72 28.96 + 11.28 6245 + 5.06
TI (Post-Cl) | 876.32 + 128412 52.13 + 15.67* 60.88 + 4.73°
T2 (Post-C2) | 1024.67 + 131.54%° 78.24 + 20.38% 59.12 + 451

56.82 + 5.24°°%
54.32 + 3.88%><%
52.66 + 3.1420dex
51.46 + 2,280k

T6 (Post-C6)

Notes: Data are mean % SD. *'P < 0.05 vs all previous time points within the cardiotoxicity group. *P < 0.05 vs Non-cardiotoxicity
group at the same time point.

Abbreviations: hs-cTnl, high-sensitivity cardiac troponin I; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left
ventricular ejection fraction; C, cycle.

Multivariate Logistic Regression Analysis

Multivariate logistic regression analysis was performed to identify independent predictors of cardiotoxicity (Table 3).
After adjusting for age, BMI, baseline systolic BP, and cumulative epirubicin dose, hs-cTnl > 1358.5 pg/mL at T3
remained the strongest independent predictor (adjusted OR = 15.42, 95% CI: 6.78-35.08, P < 0.001). Age was also
independently associated with risk (adjusted OR = 1.05 per year, 95% CI: 1.00-1.10, P = 0.049).

Predictive Performance of Hs-cTnl
ROC curve analysis at Tz demonstrated that hs-cTnl had excellent predictive accuracy for subsequent cardiotoxicity, with
an AUC of 0.957 (95% CI: 0.905-0.988, P < 0.001), significantly superior to NT-proBNP (AUC = 0.684, 95% CI:
0.590-0.763; P < 0.001 for comparison) (Figure 2). At the optimal cutoff of >1358.5 pg/mL, hs-cTnl provided a
sensitivity of 92.0% and a specificity of 91.5%.

Discussion

This study systematically evaluated the clinical value of serial high-sensitivity cardiac troponin I (hs-cTnl) measurement
for the early prediction of anthracycline-induced cardiotoxicity in postoperative breast cancer patients. The main findings
are as follows: (1) Patients who developed cardiotoxicity exhibited a progressive and significant increase in hs-cTnl from
the first chemotherapy cycle, preceding any detectable decline in left ventricular ejection fraction (LVEF); (2) hs-cTnl
measured at the mid-treatment timepoint (after the third cycle, T;) demonstrated excellent predictive accuracy for
subsequent cardiotoxicity (AUC = 0.957), substantially outperforming N-terminal pro-B-type natriuretic peptide (NT-
proBNP; AUC = 0.684); and (3) multivariate analysis confirmed that hs-cTnl elevation at T; was the strongest
independent predictor of cardiotoxicity. Collectively, these results underscore the role of hs-cTnl as a sensitive and
early biomarker of subclinical myocardial injury in this clinical setting.

Mechanistic Basis for Hs-cTnl as an Early Marker of Myocardial Injury

The superior performance of hs-cTnl is rooted in its pathophysiological specificity. Cardiac troponin I is a structural
protein expressed exclusively in cardiomyocytes and is released into the circulation upon disruption of sarcolemmal
integrity due to cellular injury.”*?' The progressive rise in hs-cTnl observed from cycle 1 in the cardiotoxicity group
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Figure | Serial changes in (A) hs-cTnl, (B) NT-proBNP, and (C) LVEF during six cycles of CEF chemotherapy. Data are mean * SEM. The cardiotoxicity group is shown in
black, the non-cardiotoxicity group in red. *P < 0.05 for intergroup comparison at the same time point.

reflects cumulative, subclinical cardiomyocyte damage. This pattern aligns with the seminal work by Cardinale et al, in
which c¢Tnl elevation following high-dose chemotherapy predicted subsequent left ventricular dysfunction months before
the onset of symptoms or echocardiographic abnormalities, thereby offering a critical window for early intervention.**
Unlike conventional markers such as CK-MB or LDH, hs-cTnl is unaffected by skeletal muscle injury, ensuring high
cardiac specificity and enabling precise detection of anthracycline-mediated myocardial damage.

Pathophysiology of Anthracycline Cardiotoxicity and Correlation with Hs-cTnl

The kinetics of hs-cTnl elevation mirror the established dose-dependent mechanisms of anthracycline cardiotoxicity.
Epirubicin, like other anthracyclines, induces cardiomyocyte apoptosis and necrosis primarily through oxidative stress
and inhibition of topoisomerase IIp, leading to irreversible structural injury.® The serial increase in hs-cTnl across
chemotherapy cycles directly quantifies this cumulative myocyte loss. Our findings corroborate prior studies

Table 3 Multivariate Logistic Regression Analysis for Predictors of Cardiotoxicity

Variable Adjusted Odds | 95% Confidence | P
Ratio (aOR) Interval (CI)

hs-cTnl at T3 >1358.5 pg/mL | 15.42 6.78-35.08 < 0.001

Age (per |-year increase) 1.05 1.00-1.10 0.049
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Figure 2 Receiver operating characteristic (ROC) curves for hs-cTnl and NT-proBNP at the third chemotherapy cycle (T3). The area under the curve (AUC) for hs-cTnl

(blue solid line) was 0.957, significantly higher than that for NT-proBNP (red solid line, AUC=0.684). The diagonal green line represents the line of no discrimination
(AUC=0.5).

demonstrating a strong correlation between cumulative anthracycline dose and troponin release, with elevated levels
predicting long-term cardiac dysfunction.>* Although cyclophosphamide and 5-fluorouracil—components of the CEF
regimen—can rarely cause acute cardiovascular toxicity, their contribution to chronic, progressive myocardial injury is
minimal compared with epirubicin, as supported by contemporary cardio-oncology guidelines that categorize their
cardiotoxic risk profiles differently.?® The robust, dose-progressive association between hs-cTnl and the cumulative
epirubicin dose (600 mg/m?), together with the drug’s well-documented cardiotoxic profile, strongly supports epirubicin
as the primary driver of the observed biomarker elevation and subsequent cardiac dysfunction.

Comparative Value of Hs-cTnl and NT-proBNP

The markedly lower predictive performance of NT-proBNP (AUC = 0.684) compared with hs-cTnl is physiologically
plausible. NT-proBNP is a neurohormonal marker released in response to ventricular wall stress, volume overload, or
hemodynamic compromise, and thus primarily reflects functional or structural ventricular remodeling rather than direct
cellular injury.®® In contrast, hs-cTnl serves as a direct indicator of cardiomyocyte damage. Our data illustrate this
temporal hierarchy: hs-cTnl increased significantly as early as T, whereas a significant decline in LVEF emerged only at
T3, and NT-proBNP showed a delayed and moderate rise. This sequence—injury (cTnl) preceding systolic dysfunction
(LVEF) and compensatory wall stress (NT-proBNP)—is consistent with prior prospective studies and explains the

superior utility of hs-cTnl for early risk stratification.?”*®

Clinical Implications and Future Directions

Our study identifies a clinically actionable threshold: an hs-cTnl level >1358.5 pg/mL at T; predicted cardiotoxicity with
high sensitivity (92.0%) and specificity (91.5%). This suggests that a single mid-treatment biomarker assessment could
efficiently stratify patients into risk categories. Those exceeding this threshold may benefit from intensified surveillance—
including echocardiography with global longitudinal strain (GLS)—and should be considered for initiation of evidence-
based cardioprotective therapy, such as ACEIs/ARBs or beta-blockers, in accordance with contemporary cardio-oncology
guidelines.?® Integrating serial hs-cTnl monitoring into routine oncology care may thus optimize the risk—benefit balance of
essential anthracycline therapy. Future prospective trials should validate this cutoff in diverse populations and evaluate
whether biomarker-guided cardioprotective strategies improve long-term cardiovascular outcomes.
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Limitations

This study has several limitations. First, its single-center, retrospective design may introduce selection bias and limits
generalizability despite balanced baseline characteristics. Second, all patients received a standardized CEF regimen with
epirubicin (cumulative dose 600 mg/m?); therefore, our findings require validation in cohorts treated with other
anthracyclines (eg, doxorubicin) or combination regimens, including HER2-targeted therapies or radiotherapy. Third,
although LVEF was assessed at all timepoints by a single blinded cardiologist using the biplane Simpson’s method per
guideline recommendations, advanced echocardiographic parameters such as GLS—which may detect subclinical
dysfunction earlier—were not routinely acquired during the study period (2021-2024) and thus unavailable for analysis.
Fourth, incomplete documentation of baseline cardiovascular comorbidities and medications limits our ability to fully
adjust for potential confounding effects of pre-existing conditions or cardioprotective drugs, a common constraint in
retrospective analyses. Finally, the absence of long-term follow-up precludes assessment of whether early hs-cTnl
elevation predicts late-onset heart failure or mortality.

Conclusion

In this retrospective cohort of postoperative breast cancer patients receiving a standardized CEF regimen, serial monitoring
of high-sensitivity cardiac troponin I (hs-cTnl) proved to be a highly effective strategy for the early prediction of
anthracycline-induced cardiotoxicity. hs-cTnl elevation occurred progressively from the first chemotherapy cycle, sig-
nificantly preceded LVEF decline, and emerged as the strongest independent predictor of subsequent cardiac dysfunction.
Specifically, an hs-cTnl concentration >1358.5 pg/mL after the third cycle identified high-risk patients with high diagnostic
accuracy. In contrast, NT-proBNP demonstrated only moderate predictive value, underscoring its role as a downstream
marker of ventricular stress rather than initial myocardial injury. These findings support the integration of dynamic hs-cTnl
monitoring into clinical practice for early risk stratification. However, given the single-center design and regimen-specific
context, these results should be regarded as hypothesis-generating. Definitive validation of hs-cTnl as a predictive tool
requires larger, prospective, multicenter studies involving diverse anthracycline regimens and patient populations.
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