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ABSTRACT
Background: Anthracycline cardiotoxicity remains a major limitation of cancer therapy, while the preventive efficacy of nebivolol remains uncertain. We evaluated whether prophylactic nebivolol preserves cardiac function and improves clinical outcomes in adults receiving anthracycline-based chemotherapy.

Methods: PubMed, Scopus, and ClinicalTrials.gov were searched from inception to July 2026. Randomized and comparative cohort studies evaluating prophylactic nebivolol versus placebo, usual care, or no cardioprotective therapy were eligible. Continuous outcomes were pooled as mean differences (MDs) and mortality as risk ratios (RRs) using random-effects models with REML estimation and Hartung–Knapp–Sidik–Jonkman adjustment. Risk of bias was assessed using RoB 2 and certainty of evidence using GRADE.

Results: Four randomized controlled trials involving 265 participants were included. Nebivolol did not significantly improve final LVEF (MD 2.13%, 95% CI −2.18 to 6.43; P=0.21; I²=82%), LVEDD (MD −1.60 mm, 95% CI −8.30 to 5.10; I²=84%), LVESD (MD −0.77 mm, 95% CI −4.45 to 2.91; I²=34%), IVRT (MD −0.95 ms, 95% CI −3.49 to 1.59; I²=0%), or E/A ratio (MD 0.14, 95% CI −0.17 to 0.44; I²=64%). All-cause mortality was also not significantly reduced (RR 0.20, 95% CI 0.01–4.04), with only two deaths reported. Excluding Kaya 2013 reduced LVEF heterogeneity to 0% without altering statistical significance.

Conclusions: Prophylactic nebivolol showed a possible cardioprotective signal but no definitive benefit across systolic, diastolic, structural, or mortality outcomes. Larger, adequately powered trials with standardized regimens and clinically meaningful endpoints are needed.
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1. Introduction
Anthracyclines, including doxorubicin and epirubicin, remain an important component of chemotherapy regimens for a wide range of adult malignancies, particularly hematological and solid tumors. Despite their established antineoplastic efficacy, their clinical use is limited by the risk of treatment-related cardiovascular toxicity. Anthracycline-induced cardiotoxicity may manifest as subclinical myocardial injury, asymptomatic left ventricular systolic dysfunction, or overt heart failure, potentially resulting in long-term morbidity and mortality among cancer survivors. The risk is influenced by cumulative anthracycline exposure as well as patient- and treatment-related factors (1,2).
The pathophysiology of anthracycline-induced cardiotoxicity is complex and involves oxidative stress, mitochondrial dysfunction, disruption of myocardial energetics, endothelial injury, disruption of myocardial contractile function and cardiomyocyte damage. Because cardiac injury may develop during chemotherapy or become clinically apparent later, prevention and early cardio protection are important components of modern cardio-oncology. Several pharmacological strategies have therefore been investigated, including dexrazoxane, renin–angiotensin–aldosterone system inhibitors, statins, and β-adrenergic blockers. However, the effectiveness of these interventions has varied across studies, and the clinical significance of preserving surrogate measures such as left ventricular ejection fraction (LVEF) remains an area of ongoing investigation (2-5).
β-blockers have attracted particular interest because of their potential ability to attenuate sympathetic activation and protect the myocardium from chemotherapy-associated injury. Previous systematic reviews and meta-analyses of β-blockers have suggested a possible preservation of left ventricular ejection fraction (LVEF), reduction in ventricular remodeling, and attenuation of myocardial injury. Nevertheless, the magnitude and clinical relevance of these effects have varied substantially between studies. An updated meta-analysis of randomized trials involving different β-blockers found that β-blocker therapy was associated with a smaller reduction in LVEF following anthracycline treatment; however, the reduction in clinically defined cancer therapy-related cardiac dysfunction was not statistically significant. Importantly, these analyses combined several beta-blockers, including carvedilol, bisoprolol, metoprolol, and nebivolol, potentially obscuring drug-specific differences in efficacy.
Nebivolol is a third generation, highly selective β1-adrenergic receptor blocker with additional nitric oxide-mediated vasodilatory properties, distinguishing it pharmacologically from several other β-blockers. Its pharmacological profile provides cardio protection during anthracycline therapy, as nitric oxide-mediated effects, antioxidant activity, endothelial protection, and preservation of myocardial and mitochondrial function may counteract pathways implicated in anthracycline-related cardiac injury. These properties provide a biological rationale for investigating nebivolol specifically as a preventive intervention against anthracycline-associated cardiotoxicity. Preclinical and clinical evidence has suggested potential cardioprotective effects of nebivolol, although the available clinical studies have generally been small and have used different methods and definitions for detecting cardiotoxicity.
Clinical evidence specifically evaluating nebivolol in this setting, however, remains limited. A prospective randomized study of 60 women receiving doxorubicin reported that patients receiving nebivolol 5 mg daily during chemotherapy had less evidence of deterioration in systolic and diastolic myocardial function when assessed using tissue Doppler and speckle-tracking echocardiography. The investigators concluded that nebivolol appeared to prevent short-term anthracycline-associated cardiomyopathy, while emphasizing the need for larger studies and longer follow-up (15).
More recently, the CONTROL trial was designed to provide more rigorous evidence regarding the cardioprotective effects of nebivolol. This randomized, placebo-controlled, double-blind trial enrolled patients with breast cancer or diffuse large B-cell lymphoma who had normal baseline cardiac function and were scheduled to receive anthracycline-based chemotherapy. Participants were randomized to nebivolol 5 mg once daily or placebo, with cardiac assessment including echocardiography, biomarkers, and cardiac magnetic resonance imaging. The primary endpoint was the change in LVEF assessed by cardiac magnetic resonance after 12 months. The trial was registered on ClinicalTrials.gov as NCT05728632 (18).
Although previous systematic reviews have evaluated cardioprotective drugs collectively or β-blockers as a class, these approaches may obscure potential differences between individual β-blockers. For example, previous evidence has reported favorable findings for nebivolol in some clinical trials, whereas other analyses have suggested greater cardioprotective effects with carvedilol or other β-blockers. This heterogeneity, together with differences in patient populations, chemotherapy regimens, cardiac imaging methods, and definitions of cardiotoxicity, makes the specific efficacy and safety of prophylactic nebivolol uncertain. Existing meta-analyses have predominantly evaluated beta-blockers as a heterogeneous therapeutic class or have combined multiple cardioprotective agents, rather than systematically examining nebivolol as an individual intervention. More recent network meta-analytic evidence has suggested that nebivolol may have favorable effects on diastolic function compared with other \beta-blockers, but the broader evidence base remains heterogeneous and includes different patient populations, anthracycline regimens, follow-up periods, imaging modalities, and definitions of cardiotoxicity. (11-14)
Furthermore, the existing evidence base has continued to evolve, with newer randomized evidence and registered clinical trials becoming available after earlier systematic reviews. The ClinicalTrials.gov registry demonstrates ongoing interest in nebivolol as a primary preventive strategy, while recent evidence syntheses continue to highlight uncertainty regarding the optimal β-blocker and the clinical significance of changes in surrogate cardiac endpoints.
Therefore, a focused systematic review and meta-analysis of available clinical evidence is warranted to determine whether prophylactic nebivolol reduces anthracycline-induced cardiotoxicity in adults receiving anthracycline-based chemotherapy. By specifically evaluating nebivolol against placebo, usual care, or no cardioprotective treatment, this study aims to provide a more precise estimate of its effects on cardiac function and clinically relevant cardiovascular outcomes, while also assessing adverse effects and the consistency of findings across different cancer populations and study designs. Such evidence may help clarify the role of nebivolol in contemporary cardio-oncology and determine whether its routine prophylactic use is justified in patients exposed to anthracycline chemotherapy.

2. Methods

This systematic review and meta-analysis followed the guidance outlined in the Cochrane Handbook for Systematic Reviews of Interventions and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Supplementary Table S1). The protocol for this systematic review was registered at the PROSPERO International Prospective Register of Systematic Reviews.

2.1 Databases and search strategy

Relevant studies were selected using the PubMed, Scopus, and ClinicalTrials.gov databases, starting from inception to July 2026, with no limitation regarding publication date. The combination of search terms used was ("nebivolol" OR "nebivolol hydrochloride" OR "Bystolic" OR "Nebilet") AND ("anthracyclines" OR "doxorubicin" OR "epirubicin" OR "daunorubicin" OR "idarubicin" OR "trastuzumab" OR "chemotherapy" OR "cancer" OR "neoplasm" OR "malignancy" OR "oncology" OR "tumor"). For the complete list of search strategies for the above-mentioned databases see Supplementary Table S2. Backward citation chasing was done for included studies, and forward citation tracking was done to obtain additional relevant studies. The systematic review was registered at the PROSPERO International Prospective Register of Systematic Reviews (registration number CRD420261465600).



2.2 Eligibility criteria

All identified records were imported into Rayyan software and duplicates were removed. At the stage of screening of titles/abstracts and full-text, records were assessed by pairs of independent reviewers. Discrepancies between the two reviewers were solved during discussion and, if not possible, with the help of a designated reviewer. Studies were eligible if fulfilling PICO criteria: P, adult patients who received anthracycline-containing chemotherapy either alone or in combination with trastuzumab; I, prophylactic administration of nebivolol; C, placebo, standard of care, or no cardioprotective treatment; and O, outcomes of (1) final left ventricular ejection fraction (LVEF) at the end of follow-up, assessed by echocardiography or cardiac magnetic resonance imaging, and (2) cancer therapy–related cardiac dysfunction (CTRCD) or cardiotoxicity, as defined by each included study. Outcomes were assessed at follow-up periods specified in studies with the preference to use the longest follow-up period if there were several ones. Additional outcomes included final left ventricular end-systolic diameter (LVESD), final left ventricular end-diastolic diameter (LVEDD), global longitudinal strain, E/A ratio, isovolumic relaxation time (IVRT), troponin, and B-type natriuretic peptide (BNP) or NT-proBNP, as well as the clinical outcomes of symptomatic heart failure, heart failure hospitalization, cardiovascular mortality, all-cause mortality, adverse events, and treatment discontinuation. Study designs of interest were randomized controlled trials, prospective and retrospective cohort studies. Excluded studies were those that had wrong study design (e.g., reviews, editorials, case reports/letters), use of inappropriate study population, use of inappropriate intervention or control, lack of an outcome of interest, and stopped or incomplete trials with no publication of results
.
2.3 Data Extraction

Two independent authors extracted baseline characteristics, including study ID, country, study design, study duration, sample size, and patient demographics (age, sex, and body mass index). Clinical characteristics, including breast cancer status, hypertension, diabetes mellitus, diastolic blood pressure, and heart rate, were also extracted. Baseline cardiac parameters, including LVEF, LVEDD, LVESD, E/A ratio, and IVRT, as well as doxorubicin exposure and nebivolol dose, were recorded for both the nebivolol and placebo groups. Outcome data were independently extracted by two reviewers for each assigned outcome, with disagreements resolved by discussion and, when necessary, consultation with a third reviewer. The dichotomous outcome of all-cause mortality was extracted as the number of events and total participants in the nebivolol and placebo groups. Continuous outcomes, including final LVEF, final LVEDD, final LVESD, E/A ratio, and IVRT, were extracted as mean, standard deviation, and total sample size for each treatment group.
2.4 Assessment of risk of bias
The risk of bias of included randomized controlled trials was independently evaluated by two reviewers using the Cochrane Risk of Bias 2.0 (RoB 2.0) tool in five domains: (1) the randomization process, (2) deviations from intended interventions, (3) missing outcome data, (4) measurement of the outcome, and (5) selection of the reported result. Each domain was classified as having low risk of bias, some concerns, or high risk of bias. Risk of bias related to selective outcome reporting was assessed based on comparison of trial registration/protocol information against published trial reports. Differences were resolved by discussion and agreement between the reviewers. The certainty of the evidence in the individual outcomes was graded as very low, low, moderate, or high according to the GRADE approach taking into account risk of bias, inconsistency, indirectness, imprecision, and publication bias. Publication bias was not assessed because there were less than 10 studies for each outcome that prevents reliable interpretation of funnel plot asymmetry or Egger's test.
2.5 Statistical Analysis
Continuous outcomes (e.g., final LVEF, final LVEDD, final LVESD, E/A ratio and IVRT) were pooled as mean differences (MD) with 95% confidence intervals (CI), while dichotomous outcomes (e.g., all-cause mortality) were pooled as risk ratios (RR) with 95% CI. A random-effects model was used for the primary analyses, with restricted maximum likelihood (REML) used to estimate between-study variance and Hartung–Knapp–Sidik–Jonkman adjustment applied to the confidence intervals. Heterogeneity was assessed using the Chi² test and I² statistic, with a Chi² P-value <0.05 considered statistically significant heterogeneity. Fixed-effect inverse-variance analyses were performed as sensitivity analyses. Leave-one-out sensitivity analyses were performed for outcomes with substantial heterogeneity to assess the influence of individual studies on the pooled estimates and heterogeneity. For all-cause mortality, studies with zero events in both treatment groups were not estimable, and the pooled estimate was based on the single study with informative events. Subgroup analyses were not performed because only four trials were included. A P-value <0.05 was considered statistically significant, and all tests were two-sided. Pooled results were presented as forest plots. Analyses were performed using Review Manager (RevMan) Web.
3. Results

3.1 Study selection

A total of 720 records were identified, of which 91 duplicates were removed, leaving 629 records for title and abstract screening. Of these, 536 were excluded and 93 reports were sought for retrieval and assessed for full-text eligibility. Eighty-nine reports were excluded because they did not meet the eligibility criteria, leaving four studies for inclusion in the systematic review and meta-analysis. The study-selection process is summarized in Figure 1.

                 Figure 1. PRISMA 2020 flow diagram of study identification and selection
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3.2 Study Characteristics
[bookmark: _9r52oslp4qv9]Four randomized controlled trials involving 265 randomized participants were included: Cochera 2018 (15), Kaya 2013 (16), Rudrapogu 2019 (17), and Stefanini 2025 (18). The studies were conducted in Romania, Turkey, India, and Italy and evaluated oral nebivolol 5 mg/day compared with placebo or no nebivolol, with follow-up ranging from approximately 3.5 months to 12 months. The three earlier trials enrolled exclusively women with breast cancer, whereas Stefanini 2025 included patients with breast cancer or diffuse large B-cell lymphoma and women constituted 70% of the study population. Doxorubicin was administered to all participants in Cochera 2018 and Rudrapogu 2019, whereas Kaya 2013 included both adriamycin- and epirubicin-based regimens; the specific proportion receiving doxorubicin was not reported in Stefanini 2025.

Table 1. Design and Characteristics of the Included Studies

	Study
(Author, Year)
	Country
	Study Design
	Follow-up
Duration
	Sample Size, n
(Nebivolol/Control)
	Mean Age, years
(Nebivolol/Control)
	Female,
%
	Doxorubicin
Exposure, %
	Intervention
	Comparator

	Cochera 2018
	Romania
	Prospective RCT
	3.5–4 months
	30/30
	53±13 / 52±11
	100/100
	100/100
	Nebivolol 5 mg/day
(fixed dose)
	No nebivolol administered

	Kaya 2013
	Turkey
	Prospective RCT
	6 months
	27/18
	51.4±9.4 / 50.5±11.1
	100/100
	26 (7)/33 (6)
	Nebivolol 5 mg/day
(fixed dose)
	Placebo

	Rudrapogu 2019
	India
	Prospective RCT
	6 months
	40/40
	48.6±8.4 / 49.2±9.8
	100/100
	100/100
	Nebivolol 5 mg/day
(fixed dose)
	Placebo

	Stefanini 2025
	Italy
	RCT
	12 months
	40/40
	NR
	70
	NR†
	Nebivolol 5 mg/day
(fixed dose)
	Placebo



RCT, randomized controlled trial; NR, not reported. †Doxorubicin dose, cumulative exposure, or proportion of patients exposed was not reported in the original article



3.3 Risk of Bias in Included studies

Assessment with RoB 2.0 identified no major risk of bias with low risk of bias in two studies; Kaya 2013 and Stefanini 2025. The remaining two studies highlighted some concerns, mainly related to randomization process (D1) and selection of reported result (D5). No study was assessed to be at high overall risk of bias. The domain-level and overall risk-of-bias judgments are summarized in Supplementary Figure S1.

3.4 Result of META analysis
3.4.1 Primary outcome
The certainty of evidence for each outcome was assessed using the GRADE framework across the domains of risk of bias, inconsistency, indirectness, imprecision, and publication bias. Funnel plots and formal statistical tests for small-study effects were not performed because fewer than 10 studies were available for each outcome. The certainty-of-evidence assessments for all outcomes are presented in Supplementary Table S3. 
Final left ventricular ejection fraction (LVEF)
Across four studies comprising 257 participants, final LVEF was numerically higher with nebivolol; however, the pooled difference was not statistically significant (MD 2.13, 95% CI −2.18 to 6.43; P=0.21) (Figure 2). Substantial heterogeneity was present (I²=82%, P=0.004). Kaya 2013 reported the largest individual effect and was the principal contributor to heterogeneity (Table 2); after its exclusion, heterogeneity decreased to I²=0% while the pooled effect remained statistically non-significant (MD 0.70, 95% CI −1.03 to 2.42).
      [image: ]
Figure 2. Forest plot comparing final left ventricular ejection fraction (LVEF) between prophylactic nebivolol and placebo/no nebivolol using a random-effects HKSJ model.
                                       
                                      Table 2.  Leave-one-out sensitivity analysis of Final LVEF
	ANALYSIS
	POOLED MD 
	95% CI
	I²
	INTERPRETATION

	Main analysis
	2.13
	-2.18 to 6.43
	82
	Not significant

	Excluding Cochera 2018
	2.64
	-5.38 to 10.67
	83
	Not significant

	Excluding Kaya 2013
	0.70
	-1.03 to 2.42
	0
	Not significant

	Excluding Rudrapogu 2019
	2.95
	-4.12 to 10.02
	78
	Not significant

	Excluding Stefanini 2025
	2.27
	-5.82 to 10.35
	90
	Not significant




3.4.2 Secondary Outcomes
All-cause mortality (Random-Effects Risk Ratio)
The pooled risk ratio for all-cause mortality was 0.20 (95% CI 0.01 to 4.04; P=0.29), indicating no statistically significant difference between groups. The pooled estimate was driven entirely by Stefanini 2025, the only study contributing an estimable effect, in which no deaths occurred in the nebivolol group and two occurred in the placebo group. Consequently, heterogeneity could not be meaningfully assessed (Supplementary Figure S2).

Final left ventricular end-diastolic diameter (LVEDD)
     Three studies comprising 185 participants compared nebivolol with placebo or non-nebivolol. The analysis found a mean difference in LVEDD of -1.60 with 95% CI (-8.30, 5.10). The range crosses zero so there was no significant overall difference between nebivolol and no-nebivolol/placebo (T = 1.03, p = 0.41). The studies showed substantial heterogeneity (I²=84%, P=0.005), with a wide 95% prediction interval (−13.98 to 10.78) (Supplementary Figure S3).
      
Final left ventricular end-systolic diameter (LVESD)
         Three studies comprising 185 participants compared nebivolol with placebo or no nebivolol. The random-effects HKSJ analysis showed no statistically significant difference between groups (MD −0.77, 95% CI −4.45 to 2.91; P = 0.31). Low to moderate heterogeneity was present (I²=34%), and the prediction interval was wide (−8.24 to 6.70), indicating uncertainty in the estimated effect (Supplementary Figure S4).        

Final isovolumic relaxation time (IVRT)
      For IVRT, the mean difference calculated was -0.95 with CI of 95% (-3.49 to 1.59). This indicates no statistically significant difference between the two groups because the confidence interval crossed zero (T=1.61, P=0.25). Heterogeneity was absent (I²=0%), indicating consistency among the contributing studies (Supplementary Figure S5).
        
Final E/A ratio
     Using a random-effects Hartung-Knapp-Sidik-Jonkman (HKSJ) model, the overall pooled mean difference between Nebivolol and Placebo is 0.14 (95% CI: -0.17 to 0.44). Because the 95% confidence interval spans across zero and the test for overall effect yields a p-value of 0.19 (T=1.93, df=2), there is no statistically significant difference between the Nebivolol and Placebo groups. Furthermore, the analysis demonstrates Moderate-to-substantial between-study heterogeneity was present (τ²=0.01, χ²=5.85, P=0.05, I²=64%) (Supplementary Figure S6).
                       
A leave-one-out sensitivity analysis was performed to evaluate the stability of the primary findings and determine whether any single study disproportionately influenced the overall outcome. Omission of individual studies sequentially resulted in pooled mean differences ranging from 0.05 to 0.23, with all corresponding 95% confidence intervals consistently crossing zero. Across all iterations, the pooled overall effect remained statistically non-significant (P>0.05). Notably, excluding Kaya 2013 substantially reduced heterogeneity from I²=64% to I²=0%, yet the pooled effect remained non-significant (MD=0.05, 95% CI: −0.13 to 0.24). These results confirm that the main finding is robust and not driven by any single study.

4. Discussion:

Anthracyclines, despite being potent antitumor antibiotic chemotherapy drugs, have been associated with multiple dose dependent cardio-toxic effects, leading to irreversible heart damage or failure [1]. This begins with myocardial cell injury, followed by reduced LVEF, and, if not treated timely, progressively leads to symptomatic heart failure [2]. Several mechanisms of anthracycline toxicity have been postulated. The nuclear mediated cardiomyocyte death explains disruption of topisomerase II stable intermediates [3], while mitochondrial mediated cardiomyocyte death elaborates on the generation of Reactive Oxygen Species by anthracyclines [4]. Studies have also suggested genetic predisposition in the development of these adverse effects [5].
Nebivolol, a β1-selective adrenergic receptor antagonist with nitric oxide-mediated vasodilatory, antioxidant, and endothelial effects, has a biologically plausible cardioprotective role during anthracycline therapy; however, whether these mechanisms translate into clinically meaningful benefit remains uncertain.
Although several studies have described the cardio protective role of prophylactic nebivolol, the results remain limited. This meta-analysis aimed to evaluate the safety and efficacy of nebivolol in cancer patients undergoing anthracycline-based chemotherapy.
Nebivolol was associated with a non-statistically significant improvement in LVEF (MD +2.13 [−2.18, 6.43]), favoring the nebivolol group over placebo/no treatment. Although the directional trend suggests a potential protective benefit, the wide confidence interval crossing zero proves an obstacle in confirming the cardioprotective role of prophylactic nebivolol against anthracycline-induced LVEF reduction. The therapeutic role can be explained by the unique nitric oxide-mediated vasodilatory effect possessed by nebivolol which, theoretically, decreases the workload on left ventricle by decreasing afterload, thereby improving myocardial efficiency and preserving left ventricular systolic function, leading to improved LVEF. This fact stands despite the lack of statistical significance observed in our primary pooled model. Considerable heterogeneity was identified in the main primary model (I2=82%, τ2=5.61, p=0.004). A sequential leave-one-out analysis maintained non-significant pooled findings across all analyses. Excluding Kaya 2013 drastically reduced heterogeneity from I2=82% to I2=0% while shifting the pooled estimate to MD 0.70 (95% CI: -1.03 to 2.42), identifying Kaya 2013 (which reported the largest effect size of 6.30) as the primary contributor to statistical heterogeneity. Our findings align with broader cardiotoxicity prevention trials, where β-blockade offered by a variety of beta blockers, particularly carvedilol, frequently demonstrated modest or non-significant improvement in LVEF drop compared to control [9, 10].
Beyond changes in left ventricular systolic function, the effects of prophylactic nebivolol on ventricular dimensions were also examined using LVEDD and LVESD as markers of structural cardiac remodeling. These ventricular dimensions were not significantly altered by nebivolol. Neither LVEDD (MD -1.60, 95% CI -8.30 to 5.10; P = 0.41) nor LVESD (MD -0.77,95% CI -4.45 to 2.91; P=0.31) demonstrated a statistically significant difference. Substantial heterogeneity was observed in LVEDD (I2=84%), whereas low-to-moderate heterogeneity was present in LVESD (I2=34%). For LVEDD, Kaya 2013 was the primary contributor to the between-study heterogeneity because after excluding this study, the pooled estimate remained statistically non-significant (MD-0.10, 95% CI-3.20 to 3.01; P=0.76), but the heterogeneity was decreased from 84% to 0%. Although the numerical direction of both estimates favored nebivolol, the confidence intervals remained compatible with little or no effect. These findings are consistent with the evidence that prophylactic β-blockers may reduce ventricular dilation and decrease left ventricular diameter, although results have varied with individual trials and drug classes [11, 12]. A 2019 meta-analysis of randomized controlled trials reported the reduction in both LVEDD and LVESD with prophylactic β-blockers, whereas more recent evidence has been less consistent regarding these structural parameters [11, 13]. Importantly, the absence of significant changes in these ventricular dimensions may also reflect the short follow-up of available studies, as ventricular remodeling is a gradual process and may require a longer period to become clinically detectable. Consequently, the available evidence does not demonstrate a consistent effect of nebivolol on ventricular remodeling. 
In addition to the changes in ventricular dimensions, diastolic function was also assessed by using the E/A ratio and isovolumetric relaxation time (IVRT). The random-effect analysis demonstrated no significant difference in E/A ratio (MD 0.14, 95% CI -0.17 to 0.44; P=0.19, I2=64%) between nebivolol and placebo. Similarly, IVRT showed no statistically significant results (MD –0. 95, 95%CI –3.49 to 1.59; P=0.25), however, the analysis demonstrated excellent consistency across studies, with zero between-study heterogeneity (I2=0%). Previous systematic reviews and meta-analyses of cardioprotective interventions have likewise reported inconsistent effects on diastolic parameters [11–14]. Interestingly, a recent network meta-analysis has demonstrated that in terms of diastolic function (E/A ratio), nebivolol outperformed other β-blockers. However, no other intervention had a statistically significant effect on LVEDD [14]. This apparent difference from our direct nebivolol analysis may reflect differences in analytical framework, indirect treatment comparisons, included populations, and study selection. Notably, the fixed-effect sensitivity analysis demonstrated a statistically significant higher E/A ratio with nebivolol (MD 0.10, 95% CI 0.03 to 0.18; P=0.006). However, this finding should be interpreted cautiously because the primary random-effects HKSJ analysis was statistically non-significant and moderate-to-substantial heterogeneity was present (I²=64%). Also, leave-one-out analysis showed that excluding individual studies did not produce statistically significant results. Notably, excluding Kaya 2013 substantially reduced heterogeneity from I²=64% to I2=0%, yet the pooled effect remained non-significant (MD=0.05, 95% CI: −0.13 to 0.24). These findings suggest that prophylactic nebivolol does not significantly modify the diastolic parameters in available studies, and the overall conclusion appears robust to the influence of individual studies.
Nebivolol was associated with a pooled RR of 0.20 for all-cause mortality, suggesting a potentially lower risk of deaths compared with placebo/no nebivolol. However, this estimate was not significant. The interpretation of this finding is greatly limited by the sparse number of mortality events, with only two deaths observed across the included studies and by the resulting wide 95% confidence interval (0.01-4.04). This interval suggests that the result is too uncertain to know whether nebivolol actually reduces or increases mortality. Furthermore, mortality could not be estimated in three of the four included studies because no events occurred in either treatment group. Therefore, the observed point should be interpreted with caution as the available evidence is not sufficient to establish a mortality benefit. 
Taken together, the findings suggest a possible cardioprotective effect of prophylactic nebivolol, although the evidence is not yet strong enough to establish a definitive clinical benefit. The clearest signal was seen in systolic function, where LVEF showed a numerical improvement with nebivolol, while the measures of diastolic function, E/A ratio and IVRT, did not show significant differences. Similarly, neither LVEDD nor LVESD demonstrated significant changes, suggesting that the observed improvement in systolic function was not accompanied by clear evidence of structural ventricular remodeling. Importantly, most of these outcomes are surrogate measures of cardiac function rather than direct measures of patient benefit. Although the point estimate for all-cause mortality favored nebivolol, the very small number of events and wide confidence interval make it difficult to determine whether this translates into a meaningful survival benefit. Overall, the findings therefore point toward a potential cardioprotective signal, particularly for systolic function, but this interpretation remains uncertain given the inconsistent findings across outcomes, substantial heterogeneity in some analyses, and the low to very low certainty of evidence for most cardiac outcomes. Larger, adequately powered trials with longer follow-up and clinically relevant endpoints are needed to determine whether preservation of cardiac function with nebivolol ultimately translates into meaningful clinical benefit.
4.1 Heterogeneity and Sensitivity Analysis:
Upon analyzing the results considerable heterogeneity was observed for some of the echocardiographic outcomes, with it being high for LVEF (I²=82%) and LVEDD (I²=84%) and moderate for E/A ratio (I²=64%). This shows that the effects of nebivolol on the outcomes were inconsistent across different trials. This variability may reflect differences in the patient characteristics, anthracycline exposures, treatment characteristics, timing and duration of nebivolol administration, follow-up durations and other methodological differences. The limited number of studies impedes conclusive identification of the exact underlying sources of the heterogeneity: however, the leave-one-out analyses do provide some insight into the role of individual trials. 
Exclusion of Kaya 2013 reduced heterogeneity to 0% for LVEF, LVEDD, and E/A ratio, whereas IVRT already demonstrated no observed heterogeneity. Importantly, the corresponding pooled effects remained statistically non-significant, indicating that Kaya 2013 contributed substantially to between-study variability but did not determine the overall treatment conclusion.
For final LVEF, the primary random-effects HKSJ model analysis demonstrated a statistically non-significant pooled effect with high heterogeneity (MD 2.13, 95% CI −2.18 to 6.43; I² = 82%). In the leave-one-out analysis, exclusion of Kaya 2013 reduced heterogeneity from I²=82% to I²=0%, whereas exclusion of the other individual studies did not materially reduce heterogeneity. Nevertheless, all leave-one-out pooled estimates remained statistically non-significant. However, the fixed-effects sensitivity analysis does produce a statistically significant pooled estimate (MD 1.33, 95% CI 0.33 to 2.33; p = 0.009), with persistent substantial heterogeneity (I² = 77%). The difference between the random-effects and fixed-effects analyses suggests that the pooled estimate for final LVEF is sensitive to the statistical model used. Given the high heterogeneity these results should be interpreted cautiously. This finding supports the possibility that nebivolol may increase LVEF in some settings, but does not prove that this effect is constant across patients receiving anthracycline therapy. 
On the contrary, the sensitivity analyses for LVESD and LVEDD were consistent with their respective primary analysis models. For these outcomes the fixed-effects sensitivity analyses showed no statistically significant difference between nebivolol and control with relative respective heterogeneities. Overall the sensitivity analyses suggested that most of the findings were stable to the exclusion of individual studies.
4.2 Strengths and limitations:
This review has several strengths, including its specific focus on prophylactic nebivolol and its synthesis of evidence exclusively from randomized controlled trials. The review adhered to PRISMA guidance, used duplicate screening, assessed study-level risk of bias using RoB 2, and evaluated outcome-level certainty of evidence using the GRADE framework.
Several limitations should be considered when interpreting these findings. First, the evidence base was small, comprising only four randomized controlled trials with relatively limited sample sizes, which reduced statistical power and contributed to imprecision in the pooled estimates. The small number of eligible studies also precluded meaningful subgroup or meta-regression analyses and limited our ability to formally assess publication bias. Second, clinically meaningful cardiovascular outcomes were sparsely reported. In particular, all-cause mortality was informed by very few events, with only one study contributing an estimable treatment effect, preventing reliable conclusions regarding survival benefit. Similarly, outcomes such as symptomatic heart failure, heart-failure hospitalization, cancer therapy–related cardiac dysfunction, adverse events, and treatment discontinuation were inconsistently reported across trials and therefore could not be quantitatively synthesized.

Clinical and methodological heterogeneity should also be acknowledged. The included studies differed in cancer populations, anthracycline type and cumulative exposure, duration of follow-up, timing and duration of nebivolol administration relative to chemotherapy, and methods used to assess cardiac function. Although the nebivolol dose was consistent at 5 mg/day across all four trials, the treatment schedule and duration varied. Furthermore, the earlier studies predominantly enrolled women with breast cancer, whereas the more recent CONTROL trial also included patients with diffuse large B-cell lymphoma, potentially limiting the generalizability of the findings to broader cancer populations, particularly men. Cardiac outcomes were also assessed using different imaging approaches, with most earlier trials relying on echocardiography whereas the CONTROL trial used cardiac magnetic resonance for its primary LVEF assessment. Finally, substantial between-study heterogeneity was observed for several outcomes, particularly LVEF, LVEDD, and E/A ratio, and the certainty of evidence was low to very low for most echocardiographic outcomes. Consequently, the available evidence is better suited to evaluating potential effects of nebivolol on surrogate measures of cardiac function than to establishing whether prophylactic nebivolol reduces clinically meaningful cardiovascular morbidity or mortality.

5. Conclusion:
In patients receiving anthracycline-based chemotherapy, prophylactic nebivolol did not significantly improve final LVEF, LVEDD, LVESD, IVRT, E/A ratio, or all-cause mortality in the primary random-effects analyses. Although several point estimates numerically favored nebivolol and some fixed-effect sensitivity analyses reached statistical significance, the overall evidence was limited by small sample sizes, sparse clinical events, and substantial heterogeneity for several echocardiographic outcomes. Current evidence therefore suggests a possible cardioprotective signal but does not establish a definitive clinical benefit of prophylactic nebivolol. Larger, adequately powered randomized trials with standardized treatment regimens, longer follow-up, and clinically meaningful cardiovascular endpoints are required.
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