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Breast cancer is the most common malignant tumor in female patients. Along with surgery, radiotherapy is one of the most commonly prescribed treatments for breast cancer. Over the past few decades, breast cancer radiotherapy technology has significantly improved. Nevertheless, related posttherapy complications should not be overlooked. Common complications include dose-related coronary toxicity, radiation pneumonia, and the risk of second primary cancer of the contralateral breast. Particle radiotherapy with protons or carbon ions is widely attracting interest as a potential competitor to conventional photon radiotherapy because of its superior physical and biological characteristics. This article summarizes the results of clinical research on proton and carbon-ion radiotherapy for treating breast cancer
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Introduction

Based on GLOBOCAN estimates of cancer incidence and mortality produced by the International Agency for Research on Cancer, breast cancer has become the most common malignant tumor in humans in 2020, surpassing lung cancer, with an estimated 2.3 million new cases representing 11.7% of all cancer cases (1). Surgery is the treatment of choice for early breast cancer. In patients who require breast-conserving and radical mastectomies, radiotherapy plays a major role in breast cancer treatment after surgery (2–4). It not only can reduce the probability of locoregional recurrence and distant metastasis, but also prolongs disease-free survival (DFS) and overall survival (OS) time (5–7). Clarke et al. reported a 5.4% decrease in 15-year breast cancer mortality with local radiotherapy (8).

The heart and lungs are the main organs at risks (OARs) in breast cancer patients receiving radiation. To ensure coverage of the planning target volume, the heart and lungs are likely to receive radiation at the same time because they are located directly posterior to the breasts. Radiation pneumonitis (RP) is one of the complications of radiotherapy for breast cancer. Its severity is closely related to the radiation dose and volume. The probability of this complication is higher in patients who need internal mammary node (IMN) irradiation (9, 10). Mehnati et al. investigated a study predicting the risk of RP and pulmonary function changes after breast cancer radiotherapy, in which V10 was associated with RP incidence. When V10 was <40% and ≥40%, the incidence of RP is 5.26% and 61.54%, respectively (11). To investigate the incidence of RP, Lee et al. identified 1, 847 women with breast cancer who received adjuvant radiotherapy. The follow-up period was 14.5 months, and the overall RP rate was 2.1%. The conclusion was that ipsilateral lung V30 at an equivalent dose of 2 Gy per fraction was the most significant dosimetric factor associated with RP development and showed that new RT techniques and a hypofractionation scheme significantly reduced the ipsilateral lung dose (12). There is also a linear relationship between the cardiac dose and late radiation-related cardiac toxicity morbidity, similar to radiation-induced pneumonitis. The incidence of major coronary events (MCEs) increases as the follow-up time for early breast cancer is prolonged (7, 13–15). A review has shown that the average cardiac dose was 5.4 Gy for left-sided breast irradiation compared to a dose of 3.3 Gy in cases of right-sided photon irradiation with intensity-modulated radiotherapy (IMRT) technique (16). Area et al. reported that the mean cardiac dose was 9 Gy for breast photon irradiation with IMRT, compared to 1 Gy (RBE) (relative biological effectiveness) for breast proton irradiation; the mean dose of the ipsilateral lung was 17 Gy (RBE) and 7 Gy (RBE), respectively. To reduce dose-related OARs toxicity and normal tissue damage, the development of new radiotherapeutic techniques is imperative (17).

Compared to conventional photon radiotherapy, the physical characteristic feature of carbon ions and proton beams is identified as the “Bragg peak”. It is a steep and localized peak of dose that enables precise delivery of the radiation dose to the tumor target while effectively sparing normal organs and tissues (18) (Figure 1). Carbon-ion radiotherapy (CIRT) has obvious physical and biological advantages, including high linear energy transfer (LET) radiation. They demonstrate high-LET qualities with the Bragg peak and Low-LET behavior in the entrance channel of their trajectory. Its unique biological advantage is that higher LET radiation induces more severe DNA double-strand breaks (DSB) than lower LET radiation. In this case, many irradiated cells disable their capacity to repair the lesions after higher LET radiation, where the RBE can increase. Their advantageous biological effects have in the meantime been realized in several thousand successfully treated patients, while minor patients with breast cancer (19). However, in clinical operation, RBE depends on several factors, such as cell lines, radiation dose, fractionation, cell cycle, and oxygenation.




Figure 1 | Schematic diagram of depth-dose distributions of different radiation modalities [LUKAS SCHAUB et al. (18)]



With a continuous improvement in understanding particle radiotherapy technology and its characteristic features by clinicians and researchers, particle radiotherapy has become an important part of radiotherapy. As of 2020, 91 facilities worldwide are fully operational; however, breast cancer is rarely treated in these facilities (13). Radiation oncologists currently focus on the use of particle radiotherapy for early breast cancer with a low risk of recurrence with or without surgery. The main research items include conventional whole-breast irradiation (WBI) with or without nodal irradiation, dose boost, post-mastectomy chest wall radiotherapy, and accelerated partial breast irradiation (APBI) using proton beams. Dosimetric evaluation of particle radiotherapy, reduction of photon radiotherapy-associated toxicities (pneumonitis, dermatitis, patchy atrophy, telangiectasias, and cardiotoxicity), improvement of cosmetic effects, and local control (LC) of breast disease are current research primary endpoints and highlights.

Particle radiotherapy for breast cancer has seen rapid growth because of improved access to proton centers worldwide. This mainly includes proton radiotherapy (PT) and CIRT. Most studies on proton and carbon ion radiation, specifically the latter, used in breast cancer have single samples, are single-center, and retrospective. Some of the published literature is concerned with metrology comparisons of the target coverage between carbon ions or proton and photon beams (20–24). Clinical radiation oncologists have encountered a bottleneck in practical applications such as radiation physics, radiobiology, and technology extension, which limits the application of particle therapy for breast cancer. Given the potential of proton and carbon ion beams and the need to clarify the benefits and challenges of proton and carbon ion beams in treating breast cancer, we have summarized clinical research outcomes from the relevant literature.





Methods and materials

We mainly focused on clinical research on PT and CIRT for early-stage and locally advanced breast cancer. Search terms, which included “proton radiotherapy”, “carbon ion radiotherapy”, “early-stage breast cancer”, “locally advanced breast cancer”, “cardiac toxicity”, “radiation pneumonitis”, “clinical efficacy”, “clinical outcome”, “disease-free survival”, “local control” “overall survival” were used to search original articles, except reviews, published by English in PubMed/Medline, Web of Science, and Cochrane Library. The publication date was updated to February 2022.

The recruitment literatures were assessed and analyzed. The evaluation included treatment clinical efficacy and safety. The outcomes in these literatures contained short-term effects of disease LC, and DFS and OS. Acute and late adverse events (AEs), and cosmetic results also were reported.





Results




Past and present in proton and carbon ion radiotherapy

Proton and carbon ion beam therapies are the main components of particle radiotherapy. Professor M. Oliphant designed a proton accelerator in 1952. Proton beam therapy has evolved since its first use in 1954 at the Lawrence Berkeley Laboratory. In 1958, the same group reported the first clinical data using accelerated protons: 26 patients with advanced breast cancer received 340 MeV proton beam therapy to the pituitary gland for hormone suppression in a palliative setting. Tsukuba and Loma Linda University conducted the initial clinical implementation of PT in breast cancer patients. Over the next two decades, a number of PT projects have been developed, and their results have been reported. Heavy ions, including helium, carbon, and nitrogen ions, began to develop in the 1970s (18). In 1993, the Japanese government built the world’s first heavy ion medical accelerator in Chiba (HIMAC) at the National Institute of Radiological Science (NIRS) in Chiba Prefecture (25, 26). The first case report was published by NIRS in 2014, which discussed the effectiveness of carbon ion beam for the treatment of stage I breast cancer without surgery (27).

The physical advantages of proton and carbon ion beam medical accelerators are mainly reflected in the “Bragg peak” distribution in human tissue. Carbon ions and protons have similar physical properties; however, compared to proton beams, carbon ions tend to require more energy at the same tumor depth. Therefore, to conform to carbon ion therapy requirements, larger accelerators and beam delivery systems were required, according to particle therapy patient statistics (end of 2020) and data collected by the Particle Therapy Co-Operative Group (PTCOG) (www.ptcog.ch). The number of patients who received proton and carbon ion beams was 249,297 and 39,210, respectively. The cases of proton and carbon ion therapies in the last decade are shown in (Figure 2).




Figure 2 | The number of patients with protons and carbon ions beams (collected by the PTCOG, end of 2020).







Clinical outcomes of proton beam therapy




Radiation-related cardiotoxicity

Radiation therapy is an important component of breast cancer treatment in patients with postoperative breast cancer. However, radiation-related cardiotoxicity is a negative prognostic factor for breast cancer with irradiation. Previous studies have indicated that there is a direct relationship between the cardiac dose and cardiotoxicity (9, 28). To reduce the cardiac irradiation dose, some techniques such as IMRT and deep inspiration breath-hold (DIBH) have also been implemented in photon therapy. Michał. Falco reported that the mean heart dose (MHD) values in the patients treated with DIBH were significantly lower than in patients treated with non-gated free-breathing (FB) (2.1 vs 3.48 Gy) and gated FB (3.28 Gy) (29). Bruno. Speleers conducted a study that investigated the dosimetric effect of DIBH on the heart in both photon and proton plans for the treatment of whole breast (WB) and LN (including the MI chain). The results showed that DIBH significantly decreased dose to heart for photon and proton radiotherapy (30).

On the other hand, based on the physical characteristics of proton radiation, PT can optimize irradiation dose of heart and surrounding tissues compared with conventional photon radiotherapy, especially when the internal mammary chain region receives radiation therapy (13). The Particle Therapy Cooperative Group Breast Cancer Subcommittee (PTCGBCS) reported that PT reduces the dose to the heart compared with 3-dimensional conformal radiation therapy (3DCRT) and IMRT from computed tomography (CT) therapy plan (13) (Figure 3). Verma et al. (31) conducted a study in which the median PT whole-breast dose was 50.4 Gy (RBE), with a subsequent boost as clinically indicated (median 10 Gy (RBE]). The results showed that the ipsilateral lung constraints were V20 ≤ 21% and heart V5 ≤ 50% and ≤ 40% for left- and right-sided cases, respectively. Sigole et al. (32) conducted a study and showed that the DIBH technique can further reduce cardiac radiation dose using proton radiation. It was shown that the maximum dose to the heart was 3.8 Gy (RBE).




Figure 3 | Computed tomography (CT) dose color wash from an IMRT plan (A) and pencil-beam scanning PT plan (B) [Mutter et al. (13)].



Since systematic treatment regimens for breast cancer have been optimized, the OS rate of patients with breast cancer has substantially improvement. Meanwhile, long-term dose-related cardiotoxicity after radiotherapy has attracted more attention (14, 33–35). Incidental exposure of the heart to irradiation for breast cancer increases the rate of MCEs by 7.4% per gray. The risk may be higher for patients with underlying cardiovascular disease and patients who smoke (36, 37). Limiting the cardiac radiation dose from breast irradiation and reducing late radiation-related cardiac morbidity for breast cancer are supported by the currently available literature.





The profile of clinical outcomes

The currently published literature on the application of protons in breast cancer lacks multicenter, randomized, large-scale phase III clinical studies. The reason for this is the limited number of cancer centers conducting PT and the lower cost-benefit ratio of PT. Most of the literature on PT in early and locally advanced breast cancer (LABC) is a single-center, small-sample exploratory study. They have focused on the coverage of the irradiation target area, the tumor LC rate, the acute and late AEs of the treatment, and the occurrence of cardiotoxicity and dose-related RP. The target population of the study was mainly early breast-sparing APBI and patients with locally advanced breast cancer requiring internal mammary node radiation (38–43) (Table 1).


Table 1 | Clinical outcomes of proton beams therapy.







Accelerated partial breast irradiation

Sigole`ne et al. (32) published an article, in which they detailed how they recruited 98 patients of early-stage breast cancer after breast-conserving surgery (BCS) to be treated with proton and photon beam therapy. This study was a first-dose cohort of a phase I APBI trial conducted at the Massachusetts General Hospital (MGH), which included a small number of patients treated with PT. The long-term results showed that PT had a lower ipsilateral lung mean and maximum dose and greater non-target breast sparing. However, outcomes of the 7-year incidence of local failure (LF) or patient-reported cosmetics showed no significant difference between the PT and photon groups. A phase 2 trial of 30 patients was conducted by the National Cancer Center in Korea. This study reported that the long-term results of physician-assessed cosmetic outcomes were good or excellent in 69% at 3 years, but increased to 89% for patients treated with two fields. 3 years LF and distant failure (DF) rates were 0% (42).

Bush et al. (41) reported a phase 2 trial using proton beam radiation to deliver APBI to patients with early-stage breast cancer. The eligibility criterion was that the tumor should be an invasive cancer with a maximal dimension of 3 cm. The patients underwent partial mastectomies with negative margins, and the axillary lymph nodes were negative on sampling. The research sample comprised 100 enrolled and treated patients. The selected dose of partial breast irradiation (PBI) therapy was 40 Gy (RBE) administered in 10 fractions. The results showed that the 5-years ipsilateral breast tumor RFS was 97%, DFS was 94%, and OS was 95%. Regarding AEs, there were no cases of grade 3 or higher acute skin reaction, but the reported late skin reaction included seven cases of grade 1 telangiectasia. Pasalic et al. reported a prospective phase 2 trial clinical outcome at a planned interim analysis treated with proton APBI to 34 Gy (RBE) in 3.4 Gy (RBE) twice-daily fractions after breast-conserving surgery for 100 patients with pTis or pT1-2 N0 (≤3 cm) breast cancer status. The median follow-up period was 24 months (range:12-43). The LC and OS were 100% at 12 and 24 months, respectively. There were no acute or late toxicities of grade 3 or higher, and no patients developed fat necrosis, fibrosis, infection, or breast shrinkage. The most common toxicity was grade 1 or 2 late breast-skin telangiectasia. The incidence rate was 17%. The author indicated that the radiation coverage volume (>610 cm3) and the number of beams were the strongest factors associated with developing telangiectasia, based on multivariate Cox regression analysis. Dosimetric analysis revealed that there was a lower mean left-sided heart and ipsilateral lung dose of 2 cGy (range:0.2-75) and 19 cGy (range:0.2-164), respectively (44).

The above studies are typical representative studies on early breast cancer with proton APBI, which demonstrate exceptional heart- and lung-sparing effects, a high LC rate, favorable cosmetic outcomes, high patient satisfaction, and minimal treatment time. Some studies have shown that it can reduce the impact of time off work (24). However, there is still some arguing about less fibrosis, more incidents of telangiectasias using protons compared to photons, and the dosimetric advantages whether will lead to reduced long term cardiac and lung toxicity. In addition, unfortunately, rib fractures appear to be more common with protons. Owing to the present arguing, further large-scale clinical studies will answer the aforementioned questions.





Regional node irradiation

Regional node irradiation (RNI) is an important component of breast cancer radiotherapy for LABC. RNI includes the axillary, supraclavicular (SC), and IMN. Owing to RNI, especially the addition of radiotherapy to the IMN, the radiation dose to the heart and ipsilateral lung will be greatly increased, especially in left breast cancers. PT has the potential to reduce radiation dose to the heart, lung and intrinsic muscles, and which also may reduce the incidence of dose-related toxicity, such as shoulder disability, chest wall pain, and upper-limb lymphedema.

A prospective trial result was published with long-term follow-up of patients with breast cancer undergoing RNI using a proton beam. 69 patients underwent passive scattering (PS) or pencil-beam scanning (PBS) PT, 93% underwent mastectomy, and 7% underwent a lumpectomy. The outcome of the trial was that the mean heart dose, left-side anterior descending artery (LAD) max dose, and ipsilateral lung V20 Gy (RBE) values were 0.5 Gy (RBE), 4.7 Gy (RBE), and 14.5%, respectively. In this case, 5-years LC was 98.5%, and the OS was 91% (40). A clinical study conducted by the Memorial Sloan Kettering (MSK) Cancer Center showed that in 42 patients who received PT with RNI with a median follow-up of 35 months, no grade 3 or greater acute toxicities were noted, and only 1 (2%) had grade 3 late complications. The results showed that the 3-years DFS was 96.3%, metastasis-free survival (MFS) was 84.1%, OS was 97.2%, and LC was 97.6% (45).

A study focused on the selection criteria for early breast cancer patients using proton beams in the Danish Breast Cancer Group (DBCG) proton trial, a random phase III trial strategy. The endpoint of the study was to determine the estimated heart and lung doses when the target coverage was not compromised in consecutive patients. The recruited 179 breast cancer patients had already been treated with loco-regional IMN radiotherapy. The planning techniques included 3DCRT and volumetric modulated arc therapy (VMAT), hybrid planning techniques (combination of 3DCRT and VMAT), and IMRT. This trial concluded that patients with MHD of 4 Gy and/or ipsilateral lung V17/V20> 37% were candidates for the random DBCG Proton Trial (23, 46). No data on therapeutic efficacy and AEs were reported in this study and only some reports on dosimetric comparisons of target coverage and OARs with different therapy techniques. Even so, this retrospective study estimated heart and lung doses in breast cancer patients receiving locoregional IMN radiotherapy. The results of this study showed that 60% of the treatment plans had already met the delineation requirements and DBCG target coverage constraints. According to the inclusion criteria of the DBCG radiotherapy plan, the heart and lung radiation doses could be lower than that shown in the actual clinical data, as was the incidence of late cardiopulmonary toxicity.

This retrospective clinical study implies that radiation oncologists should consider significant clinical considerations when planning therapy. For instance, physicians need to consider whether patients present with any cardiopulmonary diseases, smoking habits, and combined systemic chemotherapy or targeted therapy drugs. The actual exposure and risk of OARs (affecting the heart and lungs) may often differ from what is estimated in theoretical data according to the patient’s physical condition (9, 47). This also provides further encouragement for radiation oncologists to be conservative when making treatment planning. On the other hand, it is worth noting that clinical researches of LABC treatment with PT have been single-center, small-sample studies focused on dose assessment and reports of AEs after RNI treatment.

A Radiotherapy Comparative Effectiveness (RadComp) Consortium Trial (NCT02603341) is an ongoing large-scale, multicenter pragmatic random clinical trial for non-metastatic breast cancer. All patients receive breast/chest wall and comprehensive nodal radiation therapy including IMN treatment. The objective of study is to evaluate whether the differences between and photon radiotherapy and PT cardiac radiation dose distributions lead to meaningful reductions in cardiac morbidity and mortality after treatment (48). According to the results of DBCG-IMN trial, IMN radiotherapy caused a significant increase in dose to the heart and lung in spite of gaining OS from IMN radiotherapy (49). In this context, another ongoing study, the DBCG proton trial (NCT04291378) is being conducted by Danish Breast Cancer Cooperative Group, randomizing patients between standard photon radiotherapy versus experimental PT for early breast cancer. The primary endpoint is 10-year risk of radiation associated ischemic and valvular heart disease. The final outcomes about the potential cardiac benefit in proton are deserving of expectation.






Clinical outcomes of carbon ion radiotherapy

Compared to protons, carbon-ion beams have physical and biological unique properties. However, CIRT is not as widely used as PT in clinical practice. There are the causes as following. First, CIRT is suitable for intact breast cancers, and applicable for early stage tumors requiring localized treatment. This is because CIRT has a high LET property, which makes it more suitable for irradiation of localized tumors, but is not fit for prophylactic irradiation of large areas because it also causes more damage to the normal tissue in the irradiated area. Second, the application for CIRT is nascent. By 2020, there were only five countries with carbon ion therapy facilities and 12 facilities worldwide, with cost and resource barriers being the main causes, especially in developing countries. Third, there are still many uncertain factors surrounding the application of carbon ion beams to breast cancer, including prescription dose, irradiation segmentation, and combination drug efficiency (50, 51).

The first case report of CIRT applied to the breast was performed in NIRS in Japan. It showed that the first observed patient was a 50-years old without clinical symptoms presenting with an abnormality on screening mammography and left early-stage breast cancer. The breast tumor was not surgically resected. The description dose was a total of 52.8 Gy (RBE) in four fractions of 13.2 Gy (RBE). With the follow-up three months after CIRT, the outcome showed a reduction in tumor size, which, however, did not completely disappear. Acute AEs were reported as only grade 1 adverse skin reactions (27). Regrettably, the researcher failed to report DFS and OS rates after CIRT during the follow-up period. The clinical outcomes of CIRT are shown in Table 2 (21, 27).


Table 2 | Clinical outcomes of carbon ions beams therapy.



Karasawa et al. (39), conducted a phase I clinical does escalation trial of CIRT for 7 patients with low risk stage I breast cancer. It was planned that patients would undergo primary tumor excision and sentinel lymph node biopsy for pathological evaluation three months after CIRT. Three patients received 48 Gy (RBE), three patients received 52.8 Gy (RBE), and one patient received 60 Gy (RBE). A dose distribution image of the CIRT is showed (Figure 4). The primary endpoint was acute AEs, and the secondary endpoint was tumor control rate. The clinical outcomes were that two patients had partial response (PR) and 5 patients showed stable disease (SD). Three months after CIRT, one patient had a complete response (CR), and one patient had SD. Following resection, all the tumors had negative surgical margins. None of the patients had other AEs, except for four patients who experienced grade 1 acute skin reactions. Similarly, 14 patients received CIRT with a dose escalation (21). The results were one patent had a CR and 13 had a PR at 3 months after CIRT. At 6 months point in time, four CR, nine PR, and one progressive disease (PD) were observed, and at 24 months point in time, 13 CR was noted. Acute AEs included grade one skin reaction in 10 patients. However, there is limited literature on the use of CIRT in the treatment of breast cancer, and most cases are related to early breast cancer. This study was homogeneous and exploratory and included dose escalation, target coverage, shorter survival time, and observation of AEs.




Figure 4 | Portal setting and dose distribution of the patients [Karasawa et al. (39)]. Arrow means the deliver beams direction.








Discussion

Breast cancer is the most common malignancy worldwide and remains the leading malignant tumor in women. Radiotherapy plays an important role in the treatment of breast cancer. The irradiation associated research paradigm is not only aimed at increasing cancer survivorship, but also on minimizing radiation toxicities that can compromise the quality of life (QoL) of early breast cancer patients, especially late complications such as cardiovascular disease, arm and shoulder function, and second primary cancer. Thus, dosimetric benefits for critical organs and normal tissues have become a major focus of attention for radiation oncologists, as observed for other oncological scenarios (52, 53).




Particle property profiles of particle radiotherapy

PT and CIRT exhibit a narrow area of high-energy deposition with a sharp dose fall-off (51, 54). They are better at sparing normal tissue or OARs, nearby a radiation target, than conventional radiation. Even so, some aspects of particle therapy for breast cancer still need to be considered.





Physical advantage and associated toxicities

The EORTC 22922 and MA.20 trials showed that radiation therapy target coverage of the IMN improved OS and DFS rates in patients with high-risk breast cancer. However, IMN irradiation is associated with increased cardiac and ipsilateral lung exposure to radiation, thereby increasing the potential AEs of therapy, particularly in left-sided breast cancer (55, 56). Cardiovascular events after a few decades have been translated by excess and unintended irradiation doses to the OARs. To reduce these risks, target dosimetric optimization is a potentially effective means, including tumor target conformal coverage and low-dose irradiation in the surrounding normal tissue. Particle therapy can precisely optimize this radiotherapy disadvantage owing to its sharp dose gradient. However, the therapeutic targets of breast cancer change with respiratory movement result in some planned therapeutic targets may receive incomplete coverage due to respiratory movement, or the dose received in the target area deviates from prescription. Consequently, techniques for reducing the impact of respiratory movements on the target area are important for precise treatment.

As mentioned in the results section, to reduce the irradiation dose to cardiac, lung, and other normal tissues such as the intrinsic muscles of the shoulder and chest, some techniques such as DIBH and EIG have also been implemented in photon therapy. However, no universal consensus or prospective studies have confirmed the viewpoints and benefits of combining techniques with particle therapy (57). In addition to the impact of respiratory movement on the target, the daily radiation positioning deviation should be considered, although some radiation oncologists suggest that daily indoor CT scans, repositioning, and repeat planning of radiotherapy can reduce the severity of the deviation (58). However, there is no consensus on how much of the daily target deviation is acceptable, even though most radiation oncologists currently consider the deviation of conventional photon radiotherapy to be within the acceptable range of ± 3 mm (59, 60). How this is not necessarily the case for protons, where small shifts may cause larger deviations in dose distribution.





Biological advantage and challenges

Unique biological properties are the central advantage of particle therapy. The universal consensus is that the average radiobiological equivalent dose of particles relative to photon beams is approximately 1.1. In contrast, the RBE of carbon ions is not a constant value, but a function of the position within the treatment beam (61, 62). The most relevant challenges of proton therapy are the uncertainties related to the different beam penetration ranges in tissues and changes in the magnitude of the RBE along the beam path. The proton therapy prescription and constraints are based on dose parameters and dose-response relationships derived by photon therapy. Different dose responses may be achieved with different therapeutic modalities. Some studies have suggested that dose fraction, tissue and cell type, and oxygenation are the main factors that influence the dose-response after radiotherapy (63). The actual RBE dose date may change along the beam path. At the beam tail, the proximity of the Bragg peak increases significantly. This phenomenon is associated with the increased LET of the proton beam at the distal edge. The extended beam range of proton therapy is usually 2-4 mm with an increase in RBE at the beam tail (43, 64). In practice, the biological dose received by normal tissue may be higher than the prescribed effective dose owing to the RBE heterogeneity and coverage targeting, causing unexpected damage to the surrounding normal tissue, such as radiation pneumonia and rib fractures. The extended range and increase in RBE at the beam tail may also land increased dose at the LAD, which could lead to worsening heart dose (65). This is unacceptable for young, early-stage, and high-longevity patients with breast cancer.





Particle radiotherapy and systematic therapy

It is worth noting that evidence in terms of efficacy and AEs combinations for adjunctive antitumor drug and particle synchronous therapy for early breast cancer is lacking. Most of these effects are based on changes in the internal environment and drug interactions caused by radiotherapy, such as adjuvant enhancement of capecitabine or anthracyclines in triple-negative breast cancer (TNBC) and CDK4/6 inhibitors in luminal subtype patients with a high risk of recurrence after surgery. Trastuzumab and Pertuzumab are commonly recommended for use in patients with breast cancer with HER2 gene overexpression for one year (66–70). These drugs carry a toxic risk for heart failure and interstitial pneumonia (11, 34, 71). There is little clinical evidence to confirm whether this type of AEs increases in patients treated with particle radiotherapy, as it is difficult to conduct large clinical studies because of the few particle therapy facilities currently in operation. Even so, the current clinical research results on particle therapy for early breast cancer offer some prospects for clinical radiation oncologists.





The prospect of particle radiotherapy

Though PT and CIRT have clear physical and biological advantages over conventional photon radiotherapy. According to clinical application, particle therapy is not as widely used as photon for early breast cancer. Suboptimal patient selection is a potential factor. The majority of early breast cancer patients who receive particle therapy as radical treatment are at low risk of recurrence or cannot tolerate surgery because of physical reasons such as cardiopulmonary failure (72). Further, technical challenges of particle therapy also remain concern. At the robustness and end of range effects, proton beams have the characteristics of variations in increased LET and RBE at the distal edge of them, which may lead to an increase in toxicity (13, 57).

In addition to radiotherapy, the definitive treatment approaches for early breast cancer also include surgery and cryoablation. However, here are some potential drawbacks of surgery, such as limited preservation of breast tissue, surgical risks and complications, and potential lymphedema (73, 74). Meanwhile, cryoablation has the unique properties, including limited applicability, incomplete assessment of lymph nodes, and limited long-term data for application (75). Despite there are some variations in particle therapy for breast cancer such as robustness calculations. The ballistic and radiobiological properties of particle beam make it a potential treatment option for radioresistant breast cancer subtypes. The suitable and rigorous research is imperative to confirm this.






Conclusions

Particle therapy has developed rapidly in recent years as it has the potential to be a powerful tool in the treatment of malignant tumors. Whether the advantages of particle therapy are over conventional photon and other approaches in these patient demographics, and particle therapy how to better integrate into multidisciplinary treatment system for early and locally advanced breast cancer. Large, multicenter, phase III clinical studies are ongoing to answer these questions.
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re-intervention rate at 5
years was 33%

LABG, locally advanced breast cancer; EBC, early breast cancer; PT, proton radiotherapy; CIRT, carbon ion radiotherapy; IMN, internal mammary lymph nodes; APBI, Accelerated Partial Breast
Irradiation; PP, passively scattered proton therapy; EB, photon external beam radiotherapy; P/E, photons with electrons; NSS, not statistically significant; RFS, recurrence-free survival; DFS,
disease free survival; OS, disease-free survival; LF, local failure; DF, distant failure; RF, radiation pneumonitis; IMN, internal mammary nodes.





