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Radiotherapy remains essential in breast cancer management, yet its long-term cardiotoxicity, driven primarily by radiation-induced myocardial fibrosis, threatens survivorship, particularly in left-sided tumors. Surgical refinements, including breast-conserving surgery with sentinel lymph node biopsy and total mastectomy, effectively reduce radiation fields and cardiac exposure. Intraoperative radiotherapy with lead shielding markedly lowers left anterior descending artery dose from 5.2 Gy to 0.07 Gy. Technological advances—such as deep-inhalation breath-hold, proton therapy exploiting the Bragg peak, and intensity-modulated radiotherapy, further optimize cardiac sparing while preserving oncologic efficacy. Integrating intraoperative image guidance, pharmacological cardioprotection, and AI-assisted planning facilitates precise dose delivery tailored to individual anatomy and risk. This review synthesizes multidisciplinary strategies to mitigate cardiac injury through surgical and technological innovation, underscoring a paradigm shift toward organ-sparing precision radiotherapy. Future directions include the application of degradable shielding materials, senescence-targeted therapies, and predictive modeling to balance therapeutic efficacy with long-term cardiovascular safety in breast cancer care.
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1 Introduction

Breast cancer remains the most prevalent malignancy among females worldwide, accounting for approximately 25% of all female cancers, with an estimated 2.3 million new cases diagnosed annually (1). Radiotherapy serves as a cornerstone in the multidisciplinary management of breast cancer, employed in 50-60% of cases to reduce local recurrence and improve survival (2). However, the therapeutic benefits of radiotherapy are counterbalanced by its potential cardiotoxicity, with 10-30% of survivors developing cardiovascular complications within a decade post-treatment. Left-sided breast irradiation poses particularly significant risks, conferring a 2.5-fold increased incidence of major coronary events compared to right-sided treatment (3, 4). The underlying pathophysiology involves radiation-induced myocardial fibrosis (RIMF), characterized by excessive collagen deposition (predominantly type I) and progressive cardiac dysfunction, which develops in 20-80% of exposed patients and substantially compromises long-term survivorship.

Surgical approaches play a pivotal role in modulating cardiac risk profiles. Mastectomy reduces cardiac radiation exposure by over 70% compared to breast-conserving surgery (5, 6), while advancements in tumor margin delineation and respiratory gating techniques enhance radiotherapy precision (7). As integral members of multidisciplinary teams, surgeons contribute crucially to preoperative risk assessment and postoperative cardiac monitoring (8, 9), optimizing both oncological control and cardioprotection. Emerging strategies such as intraoperative radiotherapy, proton therapy, and AI-enhanced planning, further refine cardiac sparing through precision dose delivery. This review synthesizes contemporary evidence on multidisciplinary approaches to mitigate radiotherapy-induced cardiotoxicity, highlighting innovations in surgical technique, radiotherapy technology, and predictive modeling to balance therapeutic efficacy with long-term cardiovascular safety in breast cancer care.




2 Mechanisms of radiotherapy-induced cardiotoxicity in breast cancer



2.1 Elevated collagen type I/III ratio in the RIMF process

Radiotherapy-induced cardiotoxicity in breast cancer primarily stems from ionizing radiation damaging cardiomyocytes and microvasculature, initiating oxidative stress and chronic inflammation. Under physiological conditions, myocardial extracellular matrix contains 3–5% interstitial collagen, predominantly type I with lesser type III (10). Type I collagen confers rigidity, while type III provides elasticity. Exceeding 5% collagen content with an elevated type I/III ratio increases myocardial stiffness, impairing compliance and diastolic function (11). Experimental and clinical evidence demonstrates that reducing type I collagen synthesis and lowering this ratio improves diastolic performance (12, 13), highlighting its therapeutic relevance in RIMF. Collagen turnover is modulated by multifactorial pathways. Radiation-induced cardiomyocyte and endothelial damage triggers TGF-β-mediated fibroblast activation, enhancing collagen deposition (14, 15). Damaged endothelium further amplifies fibrogenesis via leukocyte recruitment (16). The resultant pro-fibrotic milieu drives myeloid/endothelial-to-fibroblast differentiation, exacerbating collagen accumulation (13). Fibroblasts, the primary collagen-producing effectors in RIMF, disproportionately synthesize type I over type III collagen, elevating the I/III ratio. Targeting fibroblast activation attenuates this imbalance and temporarily ameliorates cardiac dysfunction (17). Nevertheless, persistent fibrosis progression implies additional regulators of collagen ratios remain unidentified. Therapeutically, senolytic agents (dasatinib + quercetin) have shown promise in clearing senescent fibroblasts and reducing fibrosis in animal models of radiation-induced injury (18). A pilot study is evaluating senolytics in cancer survivors with cardiac dysfunction, potentially offering a translatable strategy to mitigate RIM (19).




2.2 Senescent fibroblasts play a central role in the elevated collagen type I/III ratio

Radiation-induced fibrotic lesions are predominantly composed of fibroblasts, whose persistent senescence accelerates disease progression despite potential early protective effects (20). In radiation-induced pulmonary fibrosis, fibroblast senescence severity directly correlates with fibrotic advancement (21). These cells mediate fibrosis through their senescence-associated secretory phenotype (SASP), establishing autocrine/paracrine feedforward loops via TGF-β and ROS that both expand senescent populations and recruit additional fibroblasts (22). The SASP induces a collagen imbalance through preferential degradation of structurally vulnerable type III collagen by senescent fibroblast-derived proteases, and oxygen-independent HIF-1α stabilization via SASP-generated ROS, which upregulates pro-fibrotic genes (23, 24). Paradoxically, while senescent fibroblasts exhibit diminished overall collagen production capacity, their selective enzymatic activity creates a collagen I-enriched extracellular matrix that characterizes progressive fibrosis (22) (Figure 1).
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Figure 1 | Pathophysiological mechanisms of radiotherapy-induced cardiotoxicity in breast cancer. This schematic integrates molecular and cellular events driving radiation-induced myocardial fibrosis: Ionizing radiation directly damages cardiomyocytes by triggering TGF-β release and endothelial cells via promoting leukocyte infiltration. Fibroblast activation amplifies collagen I/III deposition, increasing myocardial stiffness and impairing diastolic function. Senescent fibroblasts stabilize HIF-1α via ROS/TGF-β, upregulating profibrotic genes and collagenolytic enzymes that preferentially degrade fragile type III collagen. Myeloid/endothelial-to-fibroblast differentiation exacerbates fibrosis through collagen-enriched microenvironment formation.





3 Optimization of surgical treatment and radiotherapy techniques



3.1 Impact of surgical modalities on the need for radiotherapy

Breast cancer surgical approaches directly influence both oncological outcomes and subsequent radiotherapy needs, thereby modulating cardiotoxicity risks (Figure 2). Optimal patient selection is critical and should integrate tumor biology such as hormone receptor status and HER2 amplification, anatomical factors including tumor location relative to cardiac structures, and relevant comorbidities such as pre-existing cardiovascular disease and impaired pulmonary function (25). Modern surgical decision-making has transitioned from radical resection to a balanced approach incorporating organ preservation and cardiac risk mitigation, particularly for left-sided tumors. This paradigm shift emphasizes surgical strategy optimization to either eliminate or reduce radiotherapy exposure while maintaining oncological efficacy.
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Figure 2 | Surgical and radiotherapeutic strategies for cardiac risk reduction. Schematic representation of multidisciplinary strategies to reduce cardiac toxicity in breast cancer. Breast-conserving surgery preserves quality of life but increases cardiac radiation exposure. Total mastectomy reduces cardiac radiation dose at the cost of quality of life. Intraoperative radiotherapy enables precise tumor-bed targeting with reduced cumulative radiation dose. Proton therapy achieves favorable dose distribution to minimize cardiac exposure. Sentinel lymph node biopsy avoids regional lymph node irradiation. Intraoperative imaging guidance with artificial intelligence assists clinicians in optimal treatment planning, while the deep inspiration breath-hold technique increases heart-target distance during radiation delivery.



3.1.1 Breast-conserving surgery increases cardiotoxic events in breast cancer

Breast-conserving surgery (BCS), while preserving breast aesthetics and improving quality of life, requires whole-breast irradiation (WBI), which elevates cardiac radiation exposure—particularly for left-sided tumors. Optimal patient selection should favor those with lower cardiac risk profiles, including small tumor size (≤3 cm), peripheral tumor location, unifocal disease, and minimal cardiovascular comorbidities (26). A Swedish-Danish case-control study demonstrated that mean cardiac radiation doses ranged from 0.03 to 27.72 Gy, with a linear 7.4% increase in major coronary events per Gy, beginning within five years post-radiation and persisting for decades without a safe threshold (8). For patients with high cardiovascular risk, including diabetes, prior coronary artery disease, alternative strategies such as mastectomy or proton therapy may be preferable (27). Emerging evidence supports selective omission of radiotherapy in low-risk subgroups. Women ≥65–70 years with stage I hormone receptor-positive tumors on endocrine therapy exhibit minimal recurrence risk without irradiation (28). Similarly, the IDEA trial (n=200, ages 50–69, pT1N0 unifocal disease) reported 3.3–3.6% ipsilateral breast event rates without radiotherapy (28, 29). These findings underscore the importance of individualized decision-making, balancing oncologic efficacy, cardiac safety, and patient preferences (30).




3.1.2 Total mastectomy and indirect cardiac protection

Total mastectomy significantly reduces radiotherapy requirements by removing target breast tissue, thereby substantially decreasing cardiac radiation exposure. This approach proves particularly beneficial for patients with tumors >5 cm, centrally or medially located lesions near the sternum, multicentric disease, or genetic predisposition such as BRCA1/2 mutations, where radiotherapy indications are more compelling (31). Current Chinese Anti-Cancer Society guidelines restrict postmastectomy radiotherapy (PMRT) to T1/T2 tumors ≥5 cm or those with ≥1–4 lymph node metastases. A recent international phase II trial comparing conventional (50 Gy/25 fractions) versus hypofractionated proton PMRT (40.05 Gy/15 fractions) demonstrated excellent cardiac protection: mean cardiac doses were minimal (0.54 Gy vs 0.49 Gy), with median maximal left anterior descending artery doses of ~9 Gy. Both protocols maintained cardiac V25 significantly below photon radiotherapy benchmarks. Three-year outcomes showed 89.4-92.4% disease-free survival, zero local recurrences, and only 7 distant metastases, with no reported symptomatic cardiac events (32). For young left-sided tumor patients with extended life expectancy, total mastectomy with immediate reconstruction offers a viable cardioprotective option, though quality-of-life considerations remain crucial. In cases of small, peripherally located tumors, accelerated partial breast irradiation (APBI) with intraoperative tumor-bed marking presents an effective alternative, demonstrating comparable long-term control to whole-breast irradiation while achieving superior toxicity profiles and cosmetic outcomes (33).




3.1.3 Sentinel lymph node biopsy optimizes postoperative radiotherapy strategies in breast cancer

Sentinel lymph node biopsy (SLNB) has revolutionized postoperative radiotherapy planning by enabling precise nodal staging while minimizing morbidity. Compared to axillary lymph node dissection (ALND), SLNB facilitates individualized radiotherapy approaches: node-negative patients can avoid regional nodal irradiation, significantly reducing cardiac exposure, while those with micrometastases (≤2 mm) benefit from modern techniques like deep-inspiration breath-hold (DIBH) and intensity-modulated radiotherapy (IMRT) to spare cardiac tissue. The therapeutic equivalence of SLNB-based strategies is well established. A multinational trial demonstrated comparable 5-year axillary recurrence rates between ALND and axillary radiotherapy (ART), with ART significantly reducing lymphedema risk (34). These findings were reinforced by the 2024 SENOMAC trial, which showed equivalent 5-year recurrence-free survival (89.7% vs. 88.7%) for SLNB alone versus ALND in patients with 1–2 nodal metastases (35). For early-stage disease, intraoperative radiotherapy further minimizes cardiotoxicity through precise tumor bed targeting and real-time cardiac monitoring during IMRT planning. However, caution remains regarding overtreatment reduction; while ALND fails to improve outcomes and increases lymphedema risk (36), radiotherapy omission after breast-conserving surgery elevates 15-year local recurrence from 10% to 30% (36). This underscores the importance of balanced, multidisciplinary decision-making to optimize both oncologic control and cardioprotection.





3.2 Intraoperative radiotherapy techniques

Intraoperative radiotherapy (IORT) delivers a single high-dose radiation to the tumor bed during breast-conserving surgery, precisely targeting areas at highest risk for residual disease (37). This approach offers distinct advantages over conventional external beam radiotherapy (EBRT), including reduced cardiac radiation exposure (mean dose 0.03 Gy vs 4.3 Gy) and preservation of breast tissue integrity (38, 39). However, its clinical implementation remains limited by stringent patient selection criteria and specialized infrastructure requirements (40). Modern IORT techniques employ 20–21 Gy electron beams or low-energy X-rays, achieving direct tumoricidal effects while minimizing cardiac exposure through lead shielding. The TARGIT-A trial demonstrated comparable oncological outcomes between IORT and EBRT (local recurrence 3.3% vs 1.3%), with significantly reduced cardiac mortality (0.9% vs 2.1%) (41). Dosimetric analyses confirmed superior organ protection, with left anterior descending artery exposure reduced from 5.2 Gy to 0.07 Gy (42). Critical contraindications include tumors >5 cm, multifocal disease, central tumor location, and positive margins - all mandating supplemental EBRT (43, 44). The procedure requires meticulous multidisciplinary coordination, extending operative time by 30–45 minutes for applicator placement and organ shielding (45-47). Technical refinements, including intraoperative clip placement and frozen section margin assessment, have improved target accuracy and reduced reoperation rates (43, 46, 48). Long-term follow-up from major trials confirms IORT’s non-inferiority, with TARGIT-A and ELIOT reporting 3.3% and 4.4% local recurrence rates respectively (47). Notably, outcomes vary by molecular subtype, with HR+/HER2- tumors demonstrating >90% 5-year metastasis-free survival (49). Current limitations include restricted availability in non-tertiary centers and insufficient long-term cardiotoxicity data, particularly for HER2-positive disease (44). Emerging innovations encompass portable delivery systems and AI-enhanced dose prediction models using 4D-CT anatomical mapping (50, 51).





4 Technological innovations in radiotherapy



4.1 Deep inhalation breath holding technique

The Deep Inhalation Breath Hold (DIBH) technique has emerged as a cornerstone in minimizing cardiac radiation exposure during left-sided breast cancer radiotherapy. By instructing patients to take a deep breath and hold it, DIBH exploits the downward displacement of the diaphragm and anterior movement of the chest wall to increase the distance between the heart and radiation fields, especially shielding the left anterior descending (LAD) artery (52). Successful implementation requires rigorous patient selection: ideal candidates demonstrate adequate pulmonary function (FEV1 ≥70% predicted), cognitive capacity to follow commands, and absence of severe emphysema/pleural adhesions limiting diaphragmatic excursion (43, 44). A German study involving 130 patients receiving internal mammary lymph node radiotherapy after left-sided breast cancer demonstrated significantly lower cardiac radiation doses in the DIBH group compared to free breathing. The mean heart dose decreased from 2.2 Gy to 1.3 Gy, while the mean left ventricular dose declined. Notably, LAD exposure dropped substantially from 14.3 Gy to 4.1 Gy, with LAD V15–V40 reduced by nearly 100% (53). However, effective implementation of DIBH is heavily reliant on patient cooperation and multidisciplinary preparation. Standardized training protocols are critical and typically include three components. First, patients undergo pre-treatment coaching consisting of two to three sessions, each lasting approximately 15 minutes, incorporating visual feedback through spirometry or video monitoring. Second, patients are instructed to perform daily incentive spirometer exercises at home for one week to enhance respiratory control. Third, intraoperative markers, such as surgical clips placed at the tumor bed, are utilized to improve the reproducibility of breath-hold during radiotherapy. A Turkish study compared coached (cDIBH) and non-coached (ncDIBH) patient groups. Patients in the cDIBH group—who received nurse-led instruction and a training booklet a week prior—had significantly shorter setup times (181.56 vs. 280.44 seconds) despite comorbidities like older age and lung disease. While overall cardiac doses were lower in the cDIBH group, only the maximal LAD dose showed a statistically significant reduction (29.5 Gy vs. 36.5 Gy) (54) (Figure 2). These findings underscore that structured coaching enhances the clinical efficiency and cardioprotective benefits of DIBH. In left-sided breast cancer, where radiotherapy poses substantial cardiac risk, early and systematic patient engagement offers a pragmatic strategy to optimize therapeutic outcomes while minimizing long-term toxicity.




4.2 Proton therapy

Proton therapy (PT) has emerged as a superior radiotherapeutic modality for breast cancer compared to conventional photon-based approaches, owing to its unique physical properties and enhanced dosimetric advantages (55). The characteristic Bragg peak phenomenon enables precise dose deposition within the target volume while dramatically reducing exit dose, thereby offering unparalleled organ-at-risk sparing - particularly for cardiac structures in left-sided breast cancer cases (56). In 2021, the Breast Cancer Subcommittee of the International Federation for Ion Therapy established a clinical consensus that PT demonstrates significant dosimetric superiority over 3D-conformal radiation therapy (3D-CRT) and intensity-modulated radiotherapy (IMRT), achieving both improved target coverage and substantial reductions in radiation exposure to critical organs (57). Notably, for postmastectomy patients with high recurrence risk, PT maintains exceptional target coverage while limiting mean cardiac doses to <1 Gy, representing a potential paradigm shift in radiation oncology practice. This cardioprotective benefit has been quantitatively validated by a comprehensive systematic review confirming PT’s superiority in minimizing cardiac radiation exposure among all radiotherapy modalities for left-sided breast cancer (58). However, despite these clear clinical advantages, the widespread implementation of PT faces practical challenges, primarily related to limited facility availability and considerable cost constraints, which currently restrict its routine clinical application.




4.3 Intensity-modulated radiotherapy

Intensity-modulated radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT) represent advanced radiation techniques that have revolutionized cardiac sparing in breast cancer treatment through sophisticated multi-angle dose delivery. Compared to conventional 3D-conformal radiotherapy (3D-CRT), IMRT demonstrates superior dosimetric outcomes, reducing cardiac V25 exposure by 40.6% while simultaneously improving target volume dose homogeneity by 15-20% (59). However, this enhanced conformality comes with a paradoxical increase in low-dose radiation exposure to adjacent tissues, potentially elevating secondary malignancy risks. Recent investigations have revealed complex cardiac dose relationships in IMRT applications. The landmark study by Coon et al. demonstrated that while IMRT successfully reduced cardiac V35 by 80.6% (3.6% to 0.7%) in left-sided breast cancer cases, it paradoxically increased both mean cardiac dose from 2.63 Gy to 4.04 Gy and V20 exposure (60). Emerging technologies offer adjunctive solutions. The 2025 breakthrough by Chinese researchers introduced a dual-modality imaging platform combining surface-enhanced Raman scattering (SERS) with bioluminescence detection. This system achieved 92.3% sensitivity in detecting subclinical triple-negative breast cancer metastases through bio-orthogonal labeling, enabling real-time therapeutic monitoring at radiation doses 30-40% below conventional requirements (61). In sum, while IMRT and VMAT offer improved conformality and cardiac protection, careful planning is required to mitigate unintended low-dose exposure and long-term risks.




4.4 Integration of intraoperative image guidance and artificial intelligence

The integration of intraoperative image guidance and artificial intelligence (AI) has revolutionized radiotherapy planning for breast cancer by enabling preoperative simulation of cardiac dose exposure based on surgical approaches. AI-driven dose prediction models leverage machine learning algorithms to optimize surgical decision-making by forecasting the impact of different procedural strategies on radiation exposure to critical organs. A landmark study by the Netherlands Cancer Institute, involving 1,228 breast cancer patients, demonstrated that AI-enhanced FDG-PET/CT, utilizing radiomic feature extraction with random forest classifiers, significantly improved the detection of subclinical nodal metastases (AUC = 0.92 vs. 0.78 for conventional imaging), leading to modifications in 23% of regional treatment plans (62). Furthermore, Magnetic Resonance-guided Radiation Therapy (MRgRT) has emerged as a transformative modality, offering superior soft-tissue contrast and high-resolution real-time imaging. This technology enables precise delineation of target volumes and dynamic tracking of anatomical changes during treatment, making it particularly advantageous for breast cancer cases involving substantial tissue deformation (63). Despite these advancements, several challenges persist. The efficacy of Deep Inspiration Breath Hold (DIBH) techniques, for instance, is contingent upon patient compliance, which may be suboptimal in elderly individuals or those with pulmonary or cognitive impairments, potentially compromising treatment precision (64, 65). Concurrently, research into novel shielding materials, such as lightweight bismuth-based composites, has shown promise in providing effective radiation protection while minimizing side effects compared to traditional lead-based shielding (66). Collectively, these innovations signify a paradigm shift in breast cancer radiotherapy—from conventional “dose compromise” strategies toward a precision-based “organ-sparing” approach, ultimately enhancing therapeutic outcomes while mitigating toxicity.





5 Conclusion

Breast cancer survivorship has improved significantly, yet radiotherapy-induced cardiotoxicity remains a critical challenge, particularly for left-sided tumors. This review synthesizes evidence on surgical and radiotherapeutic strategies to mitigate cardiac risks while maintaining oncologic efficacy. Key findings demonstrate that breast-conserving surgery, though beneficial for quality of life, necessitates whole-breast irradiation, increasing cardiac exposure by 7.4% per Gy with persistent coronary risks. Conversely, mastectomy and proton therapy reduce mean heart doses to <1 Gy, offering substantial cardioprotection. Sentinel lymph node biopsy and AI-driven adaptive radiotherapy refine precision, enabling personalized risk stratification.

However, challenges persist, such as proton therapy’s limited accessibility and IMRT’s low-dose bath effects. A multidisciplinary approach, integrating surgical optimization, advanced radiotherapy, and cardiac surveillance, is essential to balance survival gains with long-term cardiovascular health. Future research must prioritize pragmatic randomized trials comparing conventional versus emerging techniques, with composite endpoints integrating both oncologic control and cardiotoxic events. International consortia should harmonize cardiac dosimetric constraints using AI-derived dose-effect models, particularly for vulnerable substructures like the LAD ostium.
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