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Abstract

:

Simple Summary


The subject of this trial was the introduction of adjuvant APBI. The radiation dose in the target volume and in organs at risk were evaluated retroactively, as was the acute toxicity. The exposure of the organs at risk was very low. Two out of three irradiated patients remained without any side effects. APBI is a very attractive treatment modality for patients with low-risk breast carcinoma.




Abstract


Purpose: For adjuvant radiotherapy of low-risk breast cancer after breast-conserving surgery, there have been many trials of hypofractionation and partial breast irradiation (PBI) over the years, with proven mild long-term toxicity. The aim of this study was to introduce a short-course dose-adapted concept, proven in whole breast irradiation (WBI) for use in accelerated partial breast irradiation (APBI), while monitoring dosimetric data and toxicity. Methods: From April 2020 to March 2022, 61 patients with low-risk breast cancer or ductal carcinoma in situ (DCIS) were treated at a single institution with percutaneous APBI of 26 Gy in five fractions every other day after breast-conserving surgery. Dosimetric data for target volume and organs at risk were determined retrospectively. Acute toxicity was evaluated. Results: The target volume of radiotherapy comprised an average of 19% of the ipsilateral mamma. The burden on the heart and lungs was very low. The mean cardiac dose during irradiation of the left breast was only 0.6 Gy. Two out of three patients remained without any acute side effects. Conclusions: Linac-based APBI is an attractive treatment option for patients with low-risk breast cancer in whom neither WBI nor complete omission of radiotherapy appears to be an adequate alternative.
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1. Introduction


Adjuvant radiotherapy of the breast has been an integral part of treatment after breast-conserving surgery for breast cancer for decades. Since its introduction, several large clinical trials have addressed hypofractionation schedules [1,2,3,4], and hypofractionation is now firmly established in routine clinical practice after initial concerns of increased late toxicity were refuted. Further studies have investigated the reduction of treatment volume in partial breast irradiation for suitable low-risk breast cancer patients [5,6,7,8]. The TARGIT-A [7] trial demonstrated high rates of local recurrence-free and low late toxicity for technically complex intraoperative radiotherapy, at least for patients with favorable risk. Strnad et al. [8] achieved comparable results with interstitial multi-catheter brachytherapy. Livi et al. [9] demonstrated, in the Florence study of percutaneous radiotherapy, that APBI with 30 Gy in five fractions had significantly lower late toxicity and no higher rate of local recurrence than in normofractionated whole breast irradiation (WBI), with an additional boost to the tumor bed, even after 10 years of follow-up [10], as confirmed by other long-term trials [5,11].



Exploring the appropriate fractionation schedule, balancing short radiation treatment time and long-term tolerability, the FAST-Forward trial [12] found slightly increased late toxicity in terms of fibrosis after whole breast irradiation (WBI) with 27 Gy in five fractions compared to 26 Gy in five fractions and 40 Gy in 15 fractions. Both dose concepts achieved comparably good local progression-free survival, even in the tumor bed as irradiation with 40 Gy in 15 fractions. At greater than a single dose of 5.2 Gy, the risk of fibrosis increases steeply. From the joint consideration of the Florence study [10] and the FAST-Forward study [12], it could be concluded that, in low-risk breast cancer, postoperative percutaneous APBI with 26 Gy in five fractions achieves the same freedom from recurrence both in the entire breast and in the tumor bed as normofractionated or moderately hypofractionated whole breast irradiation, and that acute and late toxicity is lower than with whole breast irradiation. APBI with 26 Gy in five fractions thus combines the best of the two worlds. Furthermore, the recent results of the Lumina study [13] underscored the need for further reduction of radiation treatment volume and overall treatment time in the low-risk setting, in which the treatment alternative to completely omitting postoperative radiotherapy might be partial breast irradiation, rather than whole breast irradiation.



The aim of our study was to quantitatively analyze dose-volume parameters of radiation treatment planning and to assess early normal tissue effects after the introduction of a linac-based, dose-adapted APBI.




2. Materials and Methods


From April 2020 to March 2022, 65 patients with newly diagnosed early breast cancer received postoperative APBI after breast-conserving surgery in our department and were retrospectively evaluated. All patients provided written informed consent in advance for blinded analysis of their clinical and treatment data. Additionally, a positive decision of the local ethical committee was achieved. Following the GEC-ESTRO guideline [5], the Florence trial [10], and the FAST-Forward trial [12], invasive carcinomas (n = 53) up to 30 mm in size or ductal carcinomas in situ (DCIS, n = 8) [14] up to 25 mm in size were allowed, as well as 40 mm in a single case of a patient pretreated with mantle field irradiation for Hodgkin’s disease years earlier. Patients had to be older than 50 years, with one exception made for the patient pretreated for Hodgkin’s disease. Thirty patients had left-sided breast irradiation, and 31 had right-sided breast irradiation. Further details of the patient population are shown in Table 1.



Staging classification was performed according to TNM 8th edition [15]. Resection with at least a 1 mm resection margin for invasive carcinoma and 2 mm for DCIS was needed. All but three of the carcinomas had a G 1–G 2 nonspecific type histology without expression of Her2neu. One patient with invasive lobular carcinoma underwent a preop MRI that excluded multicentricity. Forty-six patients (75% of all patients, 87% of invasive cancers) underwent histologic examination of axillary nodes, including 40 with sentinel node biopsy and six with axillary dissection. Eight patients with DCIS and seven patients with invasive carcinoma had no surgical staging of axillary lymphatic nodes because of a lack of consent from patients, but had unsuspicious findings (cN0) on sonography and CT scans. The absence of surgical axillary staging was not an exclusion criterion for our study. Sixty patients (98.4%) had no axillary LK metastases. One patient (1.6%) was treated with APBI, despite a singular axillary LK metastasis after neoadjuvant chemotherapy, and another aforementioned patient with invasive lobular carcinoma was treated with APBI at her own request. Two more patients with grade 3 tumors received chemotherapy and were treated with an APBI at their own request, although they were not completely suitable for partial breast irradiation according to current guidelines [16]. The following four patients had to be excluded from the study. Two had not undergone surgery. One had bilateral low-risk carcinoma with bilateral APBI. One withdrew her consent to participate in this analysis. A total of 61 patients were finally included in this analysis.



Radiotherapy started an average of 57 days after surgery (range 31–70 days). Radiotherapy was delivered using 6-MV linac photons with 26 Gy in five fractions, with one fraction every other day in most patients. The mean duration of the overall treatment time was 10 (range 5–14, median 10) days. Fifty-three patients were irradiated using the VMAT technique, and eight patients were irradiated using static fields after 3D planning. Three out of those eight patients were treated using the deep inspiration breathhold (DIBH) technique. During VMAT-Radiation, no DIBH was used.



All CT-based treatment planning (slide thickness: 3 mm) was performed using the treatment planning system Monaco (Elekta, Stockholm, Sweden) according to ICRU reports 50 and 62 [17,18] and ICRU report 83 [19], where appropriate. For definition of the clinical target volume (CTV), the former tumor bed was reconstructed on the basis of clinical information, surgical clips, preoperative imaging and radiopaque markers of the overlying skin scar. Preoperative mammography and sonography were available digitally for all patients, with additional preoperative MRI for nine patients and preoperative CT for five patients. The planning target volume (PTV) was the CTV, plus a margin of 5 mm in all directions, with at least 3 mm sparing of the skin surface where necessary.



The following structures were contoured as organs at risk: ipsilateral and contralateral breasts and both lungs, the heart, the LAD (left anterior descending artery), ipsilateral rib cage, and spinal cord.



Clinical examination was performed initially before treatment, at completion of radiotherapy, after 3 months and thereafter on a yearly schedule. Acute side effects were classified using CTCAE, version 5 [20].



Descriptive statistical analysis (average, whisker plot) was performed using the original Excel (Microsoft) spreadsheet, available as Supplementary Material.




3. Results


3.1. Quantitative Dose-Volume Analysis of PTV


The PTV was, on average, 110.5 cm3 (range: 43–538 cm3) and comprised, on average, 19.4% of the breast. The Dmean of PTV averaged 26.2 Gy (26.0 Gy for 3D and 25.9 Gy for VMAT). The V90% averaged 21.7% of the ipsilateral breast, as shown in Figure 1.



Careful attention was paid to a homogenous dose distribution, due to the assumed marked increase in late tissue fibrosis beyond a total dose of 27 Gy [12]. Priority was given to avoiding a maximum of >105% of the prescribed dose. Therefore, the D2% of PTV averaged 26.8 Gy, or 103.0% (range 100.4–105.6%). The D98% averaged 23.9 Gy, or 92% of the prescribed dose (range 19.8 Gy–25.8 Gy, corresponding to 76.2% to 99.3% of the prescribed dose). The D95% averaged 24.7 Gy. The global maximum averaged 27.2 Gy (27.4 Gy for the 3D-planned and 27.1 Gy for the VMAT-planned). Figure 2 illustrates the good homogeneity of the radiation dose in PTV.



The heterogeneity index was calculated according to ICRU report 83 [19]. The average heterogeneity index was 1.15 (range 1.09–1.25) for the 3D-planned patients and 1.08 (1.04–1.14) for the VMAT-planned patients.



The conformity index was calculated according to [21]. The mean conformity index was 0.66 (range 0.54–0.72, SD ± 0.07) for the 3D-planned patients and 0.85 (range 0.79–0.97, SD ± 0.09) for the VMAT-planned patients.




3.2. Organs at Risk


During APBI, very low radiation exposures were obtained for the contralateral breast and ipsilateral lung. As expected, a larger low dose volume was obtained after VMAT planning. After 3D planning, a larger high dose volume was suggestively recognizable. Further details are shown in Table 2.



For the contralateral lung, the average Dmean was 0.34 Gy (0.1 Gy for the 3D-irradiated and 0.39 Gy for the VMAT-irradiated). The V5Gy was less than 1% in all cases.



For cardiac exposure, the overall doses were very low. The mean cardiac dose during irradiation of the left breast was only 0.6 Gy. A difference between the right and left irradiated groups was statistically found only for the 3D-irradiated group. There was no discernible side difference after VMAT planning. Further details are reported in Table 3.



For the ribs, the D1mL averaged 22.7 Gy (range 9.1–26.5 Gy). The overall maximal dose for the ribs did not exceed 102% of the prescribed dose in any case.




3.3. Analysis of Acute Clinical Toxicity


The acute toxicity values were very low. Eight (13%) of the patients suffered from fatigue CTC 1°; 13 (20%) showed mild erythema of the irradiated skin corresponding to CTC 1°; and one patient with a superficially located target volume had dry desquamation corresponding to CTC 2°. One patient complained of tenderness in the irradiated breast. Forty of 61 patients (=66%) were without any acute toxicities. An overview of the overall toxicity is given in Figure 3. In the follow-up examination after 3 months, all acute toxicities had resolved in all patients. There was no prolonged acute toxicity. The mean follow-up was 4.8 months.





4. Discussion


Since partial breast irradiation (PBI) was shown to be oncologically equivalent to whole breast irradiation (WBI) in terms of local control in numerous trials for low-risk breast cancer, in the German interdisciplinary guideline [22], PBI is already approved as an established alternative to WBI in low-risk breast cancer. The ESTRO guideline [23] explicitly allows for APBI, in addition to moderate hypofractionated WBI, for use in routine care, even outside clinical trials. The 2021 AGO guideline [24] treatment options include PBI planned in moderate hypofractionation, as well as APBI in five fractions, delivered with the VMAT technique. The NSABP trial [11] performed APBI as single-catheter brachytherapy, including patients with limited (1–3) axillary lymph node metastases. Therefore, APBI is not recommended as a brachytherapy technique in the German AGO guideline (Working Group for Gynecological Oncology), due to a slightly increased rate of local recurrence. For these technical reasons, we did not consider brachytherapy for our patients. The RAPID trial [4] demonstrated an increased rate of fibrosis as late toxicity after APBI with 38.5 Gy in 10 fractions, two fractions per day. This high dosage for partial breast irradiation, with administration twice daily, has now been shown to be unnecessary: Brunt was able to show, in the 10-year follow-up of the FAST study [25] that, with equally good locoregional control, 28.5 Gy in five fractions did not cause more fibrosis than 50 Gy in 25 fractions, not even in WBI. The dose concept (5 × 6 Gy every other day) successfully used in the Florence study [10] was also significantly lower than the doses used in the RAPID study [4]. Thus, the initial concerns about an increased rate of fibrosis after APBI have been clearly refuted. The dose and fractionation from the FAST-Forward trial of 26 Gy in five fractions [12], which have been proven for WBI, were therefore adopted for our study, and the irradiation every other day as used in the Florence-trial [10] and the FAST trial [25]. The dose concept of our study has the advantages of APBI combined with the excellent tolerability in the FAST-Forward trial for patients [12]. The use of our dose and fractionation for APBI follows on logically from the trials mentioned, but is a novelty in radiotherapy. Currently, the long-term follow-up is underway to ensure that we also achieve long-term local control as well as in the cited trials. We will report on this in a later publication.



Brunt et al. [12] was also able to demonstrate that, in APBI after 10 years, 30 Gy in five fractions caused more fibrosis than 28.5 Gy in five fractions. Thus, it was shown that, within the narrow range of single doses between 5.2 and 5.7 Gy, there is a steep gradient of fibrosis development in whole breast irradiation, which should not be exceeded. Therefore, in our study, a D2% of 103% of the reference dose was not exceeded, since avoidance of dose peaks was a well-founded priority. Nevertheless, ICRU-conforming [19] irradiation of the PTV was achieved in all cases.



The British consensus recommendation of the Royal College of Radiologists recommends PBI for the low-risk setting, but has thus far approved only elaborate multi-catheter brachytherapy for APBI [8,26]. The British NICE guideline [27] already recommends percutaneous radiotherapy (EBRT) for PBI. A critical discussion of the different techniques for APBI was published by Njeh et al. [28] in 2010. With the use of VMAT technology, we follow these recommendations on PBI. In terms of interplay effect, any percutaneous radiotherapy is inferior to interstitial brachytherapy. This technical detail could be neglected in the large clinical trials on PBI without any clinically tangible disadvantage [4,9]. Since we do not have breath gating, we have refrained from using the flattening filter free (FFF) technique. Intraoperative single-shot brachytherapy in the TARGIT-A trial [7] achieved good local control with low toxicity in the 10-year follow-up, but has not become a routine procedure because of the high expense and perioperative complications. Crucial to the good oncologic outcomes of APBI is the careful selection of suitable patients. The inclusion of lymph node-positive or invasive lobular patients led to increased local recurrences (ELIOT-Trial) [6] and was therefore avoided in the present study, except for the two exceptions mentioned above, who were treated with APBI at their own request and whose statistical evaluation for dosimetry and acute toxicity did not pose a problem. Not starting radiation therapy until 8 weeks after surgery is due to capacity and waiting times in our region. There was no preferential treatment for the patients in our retrospective study. This is real-world data.



Since the 3D technique was a long-standing practice for WBI, APBI was initially started in the 3D technique, but was soon switched to the VMAT technique to take advantage of the superior conformity and homogeneity of this technique. Figure 2 shows that the recommendations of the ICRU were followed, despite the change of methods, especially with regard to the avoidance of dose maxima.



Radiation exposure to the heart, contralateral breast and lung is slightly higher with the VMAT technique than with the 3D technique, but is far less than the critical limits [29,30,31]. Overall, because of the small size of the PTV, the technical advantages of the VMAT technique almost always predominate in the ipsilateral breast. Other studies have also been able to demonstrate this outcome in methodological comparisons [32,33]. The results of radiation exposure to the lung were excellent in APBI, far less than the established constraints in all cases [34,35], which are occasionally difficult to meet in WBI [36]. Pulmonary toxicity accordingly did not occur in our study, consistent with reports from other studies [37,38]. Dry desquamation occurred in only one case of superficial PTV. The presented results confirmed the results of other studies [39,40] after adoption of this therapy concept without any problems. The good tolerability of APBI makes this form of radiotherapy an attractive treatment option for low-risk breast cancer if one wishes to avoid the somewhat increased risk of local recurrence that is imminent if radiotherapy is omitted [41,42]. However, especially in cases of significantly reduced life expectancy, foregoing radiotherapy may also be the gentle alternative.



The limitations of our trial are the small number of cases and the retrospective collection of data. Due to the comparatively short follow-up, the risk for the development of radiogenic fibrosis cannot yet be conclusively assessed.




5. Conclusions


Our early experience with linac-based APBI presented here confirmed the low acute toxicity of APBI reported by others [43,44]. Sixty-six percent of irradiated patients remained without any side effects. Because of its excellent tolerability, APBI should be used consistently in defined low-risk situations to further reduce the treatment burden for suitable patients with low-risk breast cancer. For this selected patient population with low-risk breast cancer, APBI represents an attractive treatment option in which neither WBI nor complete omission of radiotherapy [13] appears to be an adequate alternative.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers15041138/s1.





Author Contributions


Conceptualization M.B. and J.W.; Methodology M.F. and A.C.K.; Software M.F. and R.M.; Validation R.M. and M.B.; Formal analysis M.F. and R.M.; Investigation R.M., T.L., A.C.K., J.-N.B., R.K., G.K. and J.W.; Resources M.B.; Data curation A.C.K.; Writing original draft preparation R.M.; Writing-review and editing M.B. and R.M.; Visualization J.H.; Supervision M.B.; Project administration R.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Ethics Committee of The Hannover Medical School (Nr. 10463_BO_K_2022 from 13 July 2022)




Informed Consent Statement


Written informed consent has been obtained from each patient to publish this paper.




Data Availability Statement


Research data are stored in an institutional repository and will be shared upon request to the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yarnold, J.; Ashton, A.; Bliss, J.; Homewood, J.; Harper, C.; Hanson, J.; Haviland, J.; Bentzen, S.; Owen, R. Fractionation sensitivity and dose response of late adverse effects in the breast after radiotherapy for early breast cancer: Long-term results of a randomised trial. Radiother. Oncol. 2005, 75, 9–17. [Google Scholar] [CrossRef]

	



Shaitelman, S.F.; Schlembach, P.J.; Arzu, I.; Ballo, M.; Bloom, E.S.; Buchholz, D.; Chronowski, G.M.; Dvorak, T.; Grade, E.; Hoffman, K.E.; et al. Acute and short-term toxic effects of conventionally fractionated vs hypofractionated whole-breast irradiation: A randomized clinical trial. JAMA Oncol. 2015, 1, 931–941. [Google Scholar] [CrossRef]

	



Haviland, J.S.; Owen, J.R.; Dewar, J.A.; Agrawal, R.K.; Barrett, J.; Barrett-Lee, P.J.; Dobbs, H.J.; Hopwood, P.; Lawton, P.A.; Magee, B.J.; et al. The UK standardisation of breast radiotherapy (START) trials of radiotherapy hypofractionation for treatment of early breast cancer: 10-year follow-up results of two randomised controlled trials. Lancet Oncol. 2013, 14, 1086–1094. [Google Scholar] [CrossRef] [PubMed]

	



Whelan, T.J.; Julian, J.A.; Berrang, T.S.; Kim, D.H.; Germain, I.; Nichol, A.M.; Akra, M.; Lavertu, S.; Germain, F.; Fyles, A.; et al. External beam accelerated partial breast irradiation versus whole breast irradiation after breast conserving surgery in women with ductal carcinoma in situ and node-negative breast cancer (RAPID): A randomised controlled trial. Lancet 2019, 394, 2165–2172. [Google Scholar] [CrossRef]

	



Polgár, C.; Van Limbergen, E.; Pötter, R.; Kovács, G.; Polo, A.; Lyczek, J.; Hildebrandt, G.; Niehoff, P.; Guinot, J.L.; Guedea, F.; et al. Patient selection for accelerated partial-breast irradiation (APBI) after breast-conserving surgery: Recommendations of the groupe Européen de curiethérapie-European society for therapeutic radiology and oncology (GEC-ESTRO) breast cancer working group based on clinical evidence (2009). Radiother. Oncol. 2010, 94, 264–273. [Google Scholar] [CrossRef]

	



Veronesi, U.; Orecchia, R.; Maisonneuve, P.; Viale, G.; Rotmensz, N.; Sangalli, C.; Luini, A.; Veronesi, P.; Galimberti, V.; Zurrida, S.; et al. Intraoperative radiotherapy versus external radiotherapy for early breast cancer (ELIOT): A randomised controlled equivalence trial. Lancet Oncol. 2013, 14, 1269–1277. [Google Scholar] [CrossRef] [PubMed]

	



Vaidya, J.S.; Wenz, F.; Bulsara, M.; Tobias, J.S.; Joseph, D.J.; Keshtgar, M.; Flyger, H.L.; Massarut, S.; Alvarado, M.; Saunders, C.; et al. Risk-adapted targeted intraoperative radiotherapy versus whole-breast radiotherapy for breast cancer: 5-year results for local control and overall survival from the TARGIT-A randomised trial. Lancet 2014, 383, 603–613. [Google Scholar] [CrossRef] [PubMed]

	



Strnad, V.; Ott, O.J.; Hildebrandt, G.; Kauer-Dorner, D.; Knauerhase, H.; Major, T.; Lyczek, J.; Guinot, J.L.; Dunst, J.; Miguelez, C.G.; et al. 5-year results of accelerated partial breast irradiation using sole interstitial multicatheter brachytherapy versus whole-breast irradiation with boost after breast-conserving surgery for low-risk invasive and in-situ carcinoma of the female breast: A randomised, phase 3, non-inferiority trial. Lancet 2016, 387, 229–238. [Google Scholar] [CrossRef]

	



Livi, L.; Meattini, I.; Marrazzo, L.; Simontacchi, G.; Pallotta, S.; Saieva, C.; Paiar, F.; Scotti, V.; De Luca Cardillo, C.; Bastiani, P.; et al. Accelerated partial breast irradiation using intensity-modulated radiotherapy versus whole breast irradiation: 5-year survival analysis of a phase 3 randomised controlled trial. Eur. J. Cancer 2015, 51, 451–463. [Google Scholar] [CrossRef]

	



Meattini, I.; Marrazzo, L.; Saieva, C.; Desideri, I.; Scotti, V.; Simontacchi, G.; Bonomo, P.; Greto, D.; Mangoni, M.; Scoccianti, S.; et al. Accelerated partial-breast irradiation compared with whole-breast irradiation for early breast cancer: Long-term results of the randomized phase III APBI-IMRT-florence trial. J. Clin. Oncol. 2020, 38, 4175–4183. [Google Scholar] [CrossRef]

	



Vicini, F.A.; Cecchini, R.S.; White, J.R.; Arthur, D.W.; Julian, T.B.; Rabinovitch, R.A.; Kuske, R.R.; Ganz, P.A.; Parda, D.S.; Scheier, M.F.; et al. Long-term primary results of accelerated partial breast irradiation after breast-conserving surgery for early-stage breast cancer: A randomised, phase 3, equivalence trial. Lancet 2019, 394, 2155–2164. [Google Scholar] [CrossRef]

	



Brunt, A.M.; Haviland, J.S.; Wheatley, D.A.; Sydenham, M.A.; Alhasso, A.; Bloomfield, D.J.; Chan, C.; Churn, M.; Cleator, S.; Coles, C.E.; et al. Hypofractionated breast radiotherapy for 1 week versus 3 weeks (FAST-Forward): 5-year efficacy and late normal tissue effects results from a multicentre, non-inferiority, randomised, phase 3 trial. Lancet 2020, 395, 1613–1626. [Google Scholar] [CrossRef] [PubMed]

	



Whelan, T.J.; Smith, S.; Nielsen, T.O.; Parpia, S.; Fyles, A.W.; Bane, A.; Liu, F.-F.; Grimard, L.; Stevens, C.; Bowen, J.; et al. LUMINA: A prospective trial omitting radiotherapy (RT) following breast conserving surgery (BCS) in T1N0 luminal A breast cancer (BC). J. Clin. Oncol. 2022, 40, LBA501. [Google Scholar] [CrossRef]

	



Jeruss, J.S.; Kuerer, H.M.; Beitsch, P.D.; Vicini, F.A.; Keisch, M. Update on DCIS outcomes from the American society of breast surgeons accelerated partial breast irradiation registry trial. Ann. Surg. Oncol. 2011, 18, 65–71. [Google Scholar] [CrossRef] [PubMed]

	



Brierley, J.D.; Gospodarowicz, M.K.; Wittekind, C. TNM Classification of Malignant Tumours; Wiley: Hoboken, NJ, USA, 2017. [Google Scholar]

	



Strnad, V.; Krug, D.; Sedlmayer, F.; Piroth, M.D.; Budach, W.; Baumann, R.; Feyer, P.; Duma, M.N.; Haase, W.; Harms, W.; et al. DEGRO practical guideline for partial-breast irradiation. Strahlenther. Onkol. 2020, 196, 749–763. [Google Scholar] [CrossRef] [PubMed]

	



ICRU. ICRU Report 50: Prescribing, Recording, and Reporting Photon Beam Therapy; ICRU: Bethesda, MD, USA, 1993. [Google Scholar]

	



ICRU. ICRU Report 62: Prescribing, Recording, and Reporting Photon Beam Therapy; ICRU: Bethesda, MD, USA, 1999. [Google Scholar]

	



ICRU. ICRU Report 83: Prescribing, Recording and Reporting Photon-Beam Intensity-Modulated Radiation Therapy (IMRT); ICRU: Bethesda, MD, USA, 2010. [Google Scholar]

	



National Cancer Institute. Common Terminology Criteria for Adverse Events (CTCAE); National Cancer Institute: Bethesda, MD, USA, 2017. [Google Scholar]

	



Van’t Riet, A.; Mak, A.C.; Moerland, M.A.; Elders, L.H.; Van Der Zee, W. A conformation number to quantify the degree of conformality in brachytherapy and external beam irradiation: Application to the prostate. Int. J. Radiat. Oncol. Biol. Phys. 1997, 37, 731–736. [Google Scholar] [CrossRef]

	



German Guideline Program in Oncology. Evidence-Based Guideline Breast Cancer—V4.4; GGPO: Heidelberg, Germany, 2021. [Google Scholar]

	



Meattini, I.; Becherini, C.; Boersma, L.; Kaidar-Person, O.; Marta, G.N.; Montero, A.; Offersen, B.V.; Aznar, M.C.; Belka, C.; Brunt, A.M.; et al. European society for radiotherapy and oncology advisory committee in radiation oncology practice consensus recommendations on patient selection and dose and fractionation for external beam radiotherapy in early breast cancer. Lancet Oncol. 2022, 23, e21–e31. [Google Scholar] [CrossRef]

	



Ditsch, N.; Kolberg-Liedtke, C.; Friedrich, M.; Jackisch, C.; Albert, U.S.; Banys-Paluchowski, M.; Bauerfeind, I.; Blohmer, J.U.; Budach, W.; Dall, P.; et al. AGO recommendations for the diagnosis and treatment of patients with early breast cancer: Update 2021. Breast Care 2021, 16, 214–227. [Google Scholar] [CrossRef]

	



Brunt, A.M.; Haviland, J.S.; Sydenham, M.; Agrawal, R.K.; Algurafi, H.; Alhasso, A.; Barrett-Lee, P.; Bliss, P.; Bloomfield, D.; Bowen, J.; et al. Ten-year results of FAST: A randomized controlled trial of 5-fraction whole-breast radiotherapy for early breast cancer. J. Clin. Oncol. 2020, 38, 3261–3272. [Google Scholar] [CrossRef]

	



Strnad, V.; Hildebrandt, G.; Pötter, R.; Hammer, J.; Hindemith, M.; Resch, A.; Spiegl, K.; Lotter, M.; Uter, W.; Bani, M.; et al. Accelerated partial breast irradiation: 5-year results of the German-Austrian multicenter phase II trial using interstitial multicatheter brachytherapy alone after breast-conserving surgery. Int. J. Radiat. Oncol. Biol. Phys. 2011, 80, 17–24. [Google Scholar] [CrossRef]

	



National Institute for Health and Care Excellence. Early and Locally Advanced Breast Cancer: Diagnosis and Management; NICE: Ra’anana, Israel, 2018. [Google Scholar]

	



Njeh, C.F.; Saunders, M.W.; Langton, C.M. Accelerated partial breast irradiation (APBI): A review of available techniques. Radiat. Oncol. 2010, 5, 90. [Google Scholar] [CrossRef] [PubMed]

	



Darby, S.C.; Ewertz, M.; McGale, P.; Bennet, A.M.; Blom-Goldman, U.; Brønnum, D.; Correa, C.; Cutter, D.; Gagliardi, G.; Gigante, B.; et al. Risk of ischemic heart disease in women after radiotherapy for breast cancer. N. Engl. J. Med. 2013, 368, 987–998. [Google Scholar] [CrossRef]

	



Duma, M.N.; Baumann, R.; Budach, W.; Dunst, J.; Feyer, P.; Fietkau, R.; Haase, W.; Harms, W.; Hehr, T.; Krug, D.; et al. Herzschonende strahlentherapietechniken bei brustkrebspatientinnen: Eine stellungnahme des brustkrebs-expertenpanels der deutschen gesellschaft für radioonkologie (DEGRO) (Heart-sparing radiotherapy techniques in breast cancer patients: A recommendation of the breast cancer expert panel of the German society of radiation oncology (DEGRO)). Strahlenther. Onkol. 2019, 195, 861–871. [Google Scholar] [CrossRef] [PubMed]

	



Jacobse, J.N.; Duane, F.K.; Boekel, N.B.; Schaapveld, M.; Hauptmann, M.; Hooning, M.J.; Seynaeve, C.M.; Baaijens, M.H.A.; Gietema, J.A.; Darby, S.C.; et al. Radiation dose-response for risk of myocardial infarction in breast cancer survivors. Int. J. Radiat. Oncol. Biol. Phys. 2019, 103, 595–604. [Google Scholar] [CrossRef] [PubMed]

	



Livi, L.; Buonamici, F.B.; Simontacchi, G.; Scotti, V.; Fambrini, M.; Compagnucci, A.; Paiar, F.; Scoccianti, S.; Pallotta, S.; Detti, B.; et al. Accelerated partial breast irradiation with IMRT: New technical approach and interim analysis of acute toxicity in a phase III randomized clinical trial. Int. J. Radiat. Oncol. Biol. Phys. 2010, 77, 509–515. [Google Scholar] [CrossRef]

	



Essers, M.; Osman, S.O.; Hol, S.; Donkers, T.; Poortmans, P.M. Accelerated partial breast irradiation (APBI): Are breath-hold and volumetric radiation therapy techniques useful? Acta Oncol. 2014, 53, 788–794. [Google Scholar] [CrossRef] [PubMed]

	



Shikama, N.; Kumazaki, Y.U.; Miyazawa, K.; Miyaura, K.; Kato, S.; Nakamura, N.; Kawamori, J.; Shimizuguchi, T.; Saito, N.; Saeki, T. Symptomatic radiation pneumonitis after accelerated partial breast irradiation using three-dimensional conformal radiotherapy. Anticancer Res. 2016, 36, 2475–2479. [Google Scholar] [PubMed]

	



Recht, A.; Ancukiewicz, M.; Alm El-Din, M.A.; Lu, X.Q.; Martin, C.; Berman, S.M.; Hirsch, A.E.; Kachnic, L.A.; Katz, A.; MacDonald, S.; et al. Lung dose-volume parameters and the risk of pneumonitis for patients treated with accelerated partial-breast irradiation using three-dimensional conformal radiotherapy. J. Clin. Oncol. 2009, 27, 3887–3893. [Google Scholar] [CrossRef]

	



Karlsen, J.; Tandstad, T.; Sowa, P.; Salvesen, Ø.; Stenehjem, J.S.; Lundgren, S.; Reidunsdatter, R.J. Pneumonitis and fibrosis after breast cancer radiotherapy: Occurrence and treatment-related predictors. Acta Oncol. 2021, 60, 1651–1658. [Google Scholar] [CrossRef]

	



Vaidya, J.S.; Bulsara, M.; Wenz, F.; Coombs, N.; Singer, J.; Ebbs, S.; Massarut, S.; Saunders, C.; Douek, M.; Williams, N.R.; et al. Reduced mortality with partial-breast irradiation for early breast cancer: A meta-analysis of randomized trials. Int. J. Radiat. Oncol. Biol. Phys. 2016, 96, 259–265. [Google Scholar] [CrossRef]

	



Chen, P.Y.; Wallace, M.; Mitchell, C.; Grills, I.; Kestin, L.; Fowler, A.; Martinez, A.; Vicini, F. Four-year efficacy, cosmesis, and toxicity using three-dimensional conformal external beam radiation therapy to deliver accelerated partial breast irradiation. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76, 991–997. [Google Scholar] [CrossRef] [PubMed]

	



Polgár, C.; Ott, O.J.; Hildebrandt, G.; Kauer-Dorner, D.; Knauerhase, H.; Major, T.; Lyczek, J.; Guinot, J.L.; Dunst, J.; Miguelez, C.G.; et al. Late side-effects and cosmetic results of accelerated partial breast irradiation with interstitial brachytherapy versus whole-breast irradiation after breast-conserving surgery for low-risk invasive and in-situ carcinoma of the female breast: 5-year results of a randomised, controlled, phase 3 trial. Lancet Oncol. 2017, 18, 259–268. [Google Scholar] [CrossRef] [PubMed]

	



Meattini, I.; Saieva, C.; Miccinesi, G.; Desideri, I.; Francolini, G.; Scotti, V.; Marrazzo, L.; Pallotta, S.; Meacci, F.; Muntoni, C.; et al. Accelerated partial breast irradiation using intensity modulated radiotherapy versus whole breast irradiation: Health-related quality of life final analysis from the florence phase 3 trial. Eur. J. Cancer 2017, 76, 17–26. [Google Scholar] [CrossRef] [PubMed]

	



Kunkler, I.H.; Williams, L.J.; Jack, W.J.; Cameron, D.A.; Dixon, J.M.; PRIME II investigators. Breast-conserving surgery with or without irradiation in women aged 65 years or older with early breast cancer (PRIME II): A randomized controlled trial. Lancet Oncol. 2015, 16, 266–273. [Google Scholar] [CrossRef] [PubMed]

	



Hughes, K.S.; Schnaper, L.A.; Bellon, J.R.; Cirrincione, C.T.; Berry, D.A.; McCormick, B.; Muss, H.B.; Smith, B.L.; Hudis, C.A.; Winer, E.P.; et al. Lumpectomy plus tamoxifen with or without irradiation in women age 70 years or older with early breast cancer: Long-term follow-up of CALGB 9343. J. Clin. Oncol. 2013, 31, 2382–2387. [Google Scholar] [CrossRef]

	



Goldberg, M.; Bridhikitti, J.; Khan, A.J.; McGale, P.; Whelan, T.J. A meta-analysis of trials of partial breast irradiation. Int. J. Radiat. Oncol. Biol. Phys. 2022, 115, 60–72. [Google Scholar] [CrossRef]

	



Ott, O.J.; Stillkrieg, W.; Lambrecht, U.; Sauer, T.O.; Schweizer, C.; Lamrani, A.; Strnad, V.; Hack, C.C.; Beckmann, M.W.; Uder, M.; et al. External beam accelerated partial breast irradiation in early breast cancer and the risk for radiogenic pneumonitis. Cancers 2022, 14, 3520. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 15 01138 g001 550] 





Figure 1. On average, 21% of the breast were irradiated by 90% of prescribed dose. Green isodose represents 95%. Yellow mark is LAD (left anterior descending artery), which was contoured in all left-side patients. Teal mark is for brachial nerve plexus. Contralateral breast is marked green. 
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Figure 2. Dose maxima greater than 105% were carefully avoided because of the higher risk of developing fibrosis. The mean dose averaged 100%. The small boxes and short whiskers illustrate the consistent quality of treatment planning in patients. 
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Figure 3. Acute toxicity. 
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Table 1. Patients‘ properties.
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T-Stage




	
T i.s.

n = 8

	
T1

n = 43

	
T2

n = 10

	
T3

n = 0

	
T4

n = 0




	
Location quadrant of the breast




	
Upper outer quadrant

n = 34

	
Upper inner quadrant

n = 14

	
Lower outer quadrant

n = 5

	
Lower inner quadrant

n = 5

	
Central

n = 3








Age mean 68 years (range: 48–86 years.).
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Table 2. Very low radiation doses were shown for the ipsilateral lung and contralateral breast.
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All

	
3D-Planned

	
VMAT






	
Lung

ipsilateral

	
V5Gy

	
7.5%

	
5.2%

	
7.9%




	
V10Gy

	
1.8%

	
1.5%

	
1.8%




	
V15Gy

	
0.6%

	
0.7%

	
0.6%




	
V20Gy

	
0.2%

	
0.4%

	
0.1%




	
Breast

contralateral

	
Dmean

	
0.32 Gy

	
0.11 Gy

	
0.36 Gy




	
D2%

	
1.06 Gy

	
0.29 Gy

	
1.19 Gy
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Table 3. Mean dose (and range) of radiation to the heart [Gy].
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	Right Breast Irradiated
	Left Breast Irradiated





	3D planning (n = 8)
	0.13 (0.07–0.19)
	0.44 (0.21–0.65)



	VMAT planning (n = 53)
	0.57 (0.14–1.65)
	0.67 (0.15–2.1)



	All
	0.51 (0.07–1.65)
	0.63 (0.07–2.1)
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