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Editorial on the Research Topic

Advances in treatment planning, optimization and delivery for radio-
therapy of breast cancer
Introduction

Various planning, optimization, delivery, and treatment modalities, as well as their

fractionations, are constantly being investigated or updated to improve the therapeutic

ratio for breast cancer patient care. Advanced treatment planning and delivery methods,

such as volumetric modulated arc therapy (VMAT), have been applied in complex

anatomical scenarios where standard 3D conformal planning techniques have failed (1).

Although VMAT is useful in these situations, long-term follow-up data on toxicity due to

low-dose exposure to VMAT is relatively scarce. Knowledge-based planning (KBP) has

been applied to predict optimally achievable dose distributions in a given patient anatomy

and to determine if a specific delivery technique is suitable for a patient, minimizing the

likelihood of toxicity (2). Moderate hypofractionation decreases the logistic burden and

cost to patients and healthcare systems, making it the standard of care for whole breast

irradiation (WBI) (3–5). However, there is a paucity of data on toxicity when using

moderate hypofractionation for regional nodal irradiation (RNI). Minimizing treatment

volume from whole breast to partial breast irradiation (PBI), in appropriately selected

patients, has further helped improve patient outcomes, thus supporting its use (6, 7).

However, deploying PBI among a larger patient population that can benefit from it is an

area of active investigation in the community. The dosimetric advantages of proton

radiation for breast cancer are well established (8), and its use in the postmastectomy

radiation therapy (PMRT) setting with either tissue expander or implant reconstruction is

increasing. However, more data are needed when it comes to implant safety and toxicity
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with proton therapy. The potential application of MR-guided

radiation therapy (MRgRT) as a neoadjuvant therapy to shrink

tumor volume has been discussed for PBI (9). An improved

understanding of the quantification and dosimetric impact of the

electron stream effect (ESE) will only help increase its use for WBI

and PMRT with RNI while simultaneously improving tumor

visualization. Our Research Topic titled “Advances in Treatment

Planning, Optimization, and Delivery for Radiotherapy of Breast

Cancer” is dedicated to featuring original research and review

articles addressing some of these topics and the potential paucity

of data in these areas.
Topics covered in this editorial

Knowledge-based planning, delivery, and dosimetry for breast

cancer: Phurailatpam et al., Quesada et al., Li et al., Prunaretty et al.,

and Ramos-Mendez et al.

Hypofractionation and axillary nodal irradiation in breast

cancer: Chitapanarux et al. and Elumalai et al.

Partial breast radiation: Le et al., Rhome et al., and Galavis et al.

Proton therapy for breast cancer: Chen et al. and Sayan et al.

MRI-guided radiotherapy for breast cancer: Lee et al.
Articles included in this
Research Topic

Many patients in low- and middle-income countries (LMICs)

present with locally advanced disease, requiring PMRT and RNI as

part of their adjuvant treatment. Phurailatpam et al. designed an

efficient workflow using VMAT and KBP for moderate and ultra-

hypofractionation for these patients. The automated plans were less

complex, improving the efficiency of treatment delivery and

impacting the workflow in a busy clinic, thus amalgamating KBP

in a decreasing treatment planning burden while planning for

patients requiring RNI with hypofractionation.

The need to irradiate IMNs increases heart and lung exposure,

and VMAT is known to reduce the dose for these while generating

more conformal isodose distributions (1, 10). Quesada et al.

addressed the feasibility of VMAT in the treatment of bilateral

breast with regional nodes. They reported on long-term follow-up

concerning the toxicity and safety of VMAT for the largest cohort of

patients in this setting.

Deep inspiration breath-hold (DIBH) reduces the extent of low-

dose exposure to normal tissue (10). Li et al. investigated tangent-

based arcs to further improve dosimetry over partial VMAT using

DIBH. This significantly reduced treatment time, making the

treatment more clinically viable.

During treatment planning, factoring surrogates that are

predictors of late toxicity is essential. Although such surrogates

are reliable for cardiac toxicities in conventional planning, their

understanding of advanced planning such as VMAT is scarce.

Prunaretty et al. investigated this for left-sided breast cancer

patients with unfavorable cardiac anatomy requiring IMRT/
Frontiers in Oncology 026
VMAT for improved sparing, and they concluded that a heart

volume receiving dose ≥ 40 Gy is a better surrogate.

With the increasing use of tissue expanders in the

postmastectomy setting, the safety and accuracy of dose

calculation in these cases cannot be overemphasized. Ramos-

Mendez et al. presented the first comprehensive evaluation of

treatment planning strategies accounting for artifacts introduced

by tissue expanders and verified it via Monte Carlo calculations, the

collapsed cone dose calculation algorithm, and measurement with

film. The highest discrepancies in the calculations in their study

were noted when artifacts were assumed to have the dosimetric

properties of water. These errors could be reduced if the tissue

expander geometry and materials were used instead.

Patient eligibility to safely receive PBI is sensitive to when the

CT scan is performed for treatment planning. Le et al. first reported

the impact of factors other than time post-surgery on the healing of

the cavity in the postoperative period, such as body mass index,

receipt of neoadjuvant chemotherapy, hypertension, and patient

positioning, serving as a reference for safe delivery of PBI.

Triple-negative breast cancer (TNBC) has inferior overall

survival, disease-free survival, and local control. The use of PBI

can potentially help reduce toxicity over WBI (current standard of

care for TNBC) in the concurrent setting while improving logistics.

Rhome et al. reported on the outcomes of patients with TNBC

treated prospectively with post-lumpectomy PBI and concurrent

chemotherapy compared with a matched WBI cohort. The

promising results presented in this study are hypothesis

generating for prospective clinical trials.

Galavis et al. discussed the PBI delivery technique and the

current trends in research to help better define patient selection,

treatment delivery, treatment planning dosimetry, and outcomes

with respect to toxicity.

There is a relative paucity of data on toxicity profiles for patients

receiving regional nodal irradiation (RNI) with hypofractionation

and simultaneous integrated boost (SIB). Chitapanarux et al.

reported acute toxicities with respect to skin and hematologic

function for patients receiving hypofractionation prospectively

with helical tomotherapy to the intact breast and regional lymph

nodes after BCS and adjuvant chemotherapy. The results were

acceptable in both endpoints.

With studies maturing on the use of hypofractionation in the

RNI setting, Elumalai et al. presented the latest guidelines and

evidence on the management of the axilla with surgery

versus radiation.

Chen et al. presented a case study to show the dosimetric impact

of a dislocated metallic port of a breast tissue expander while

receiving proton therapy and its impact on cumulative dose due

to its potential dislocations during treatment.

With the increasing use of proton therapy in post-mastectomy,

more data are needed on its use in the reconstruction setting. Sayan

et al. presented a retrospective comparison of acute toxicities and

reconstructive complications in patients treated with proton-based

and photon-based PMRT. They concluded that acute skin toxicity

was the most frequent adverse event in PMRT for both modalities.

Reconstructive complications were not significantly higher with

proton therapy.
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Lee et al. quantified the dosimetric impact of the electron stream

effect (ESE) during 0.35T MRgRT, along with a discussion on how

these excess doses due to ESE can be reduced and the implications

for treatment planning after BCS or mastectomy.
Conclusions and future outlook

As results from randomized clinical trials such FABREC are

being reported, while the RT CHARM is to arrive within the next

year, there are likely to be more and more patients receiving RNI in

the PMRT setting, increasing the likelihood of complex anatomies

treated with hypofractionation. The need to meet coverage

constraints, conformity, and homogeneity while sparing normal

tissue from low doses will necessitate deploying these advanced

planning, optimization, and delivery methods, such as VMAT and

DIBH, while emphasizing new treatment modalities, such as

protons. The SHARE trial being made available, which confirms

the non-inferiority of APBI to WBI, will also encourage the

increased use of the former in the treatment of select patients.

With improved image guidance and real-time tumor visualization

with MRgRT, the therapeutic ratio is likely to be further enhanced.

We hope that through these diverse arrays of topics covering

original research and review articles, we have addressed some of

the scarcity in the data in a way that could potentially be

supplementary and useful in further supporting the safe and
Frontiers in Oncology 037
efficacious use of these treatments and planning and

delivery methods.
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Efficacy, safety, and
feasibility of volumetric
modulated arc therapy for
synchronous bilateral breast
cancer management

Stanislas Quesada1,2, Pascal Fenoglietto2, Sophie Gourgou3,
Claire Lemanski2, Roxana Draghici2, Norbert Ailleres2,
Jessica Prunaretty2, David Azria1,2,3 and Céline Bourgier1,2,3*

1Faculty of Medicine, University of Montpellier, Montpellier, France, 2Department of Radiation
Oncology, Montpellier Cancer Institute (ICM), Montpellier, France, 3Institute of Cancer Research of
Montpellier (IRCM), Montpellier, France
Purpose: Volumetric Modulated Arc Therapy (VMAT) exhibits potent

advantages regarding target volume coverage and protection of organs at

risk, notably in the context of anatomical constraints. Nevertheless, reports

concerning VMAT for the treatment of synchronous bilateral breast cancers

(SBBC) have been scarce to date. As such, we conducted this observational

study to assess efficacy, safety and feasibility of VMAT in SBBC.

Materials and Methods: From August 2011 to December 2017, 54 consecutive

patients with SBBC with or without axillary nodes involvement underwent a

treatment protocol containing radiotherapy using VMAT. A total dose (TD) of

52.2Gy in 29 fractions was delivered to breast and internal mammary chain

(IMC) nodes Planning Target Volume (PTV) plus, if applicable, a TD of 49.3Gy in

29 fractions to the supra- and infra-clavicular nodes PTV and a TD of 63.22Gy

in 29 fractions to tumor boost PTV. Lungs, heart, esophagus, trachea, liver,

thyroid and spinal cord were considered as organs at risk. VMAT feasibility and

organ at risk sparing were evaluated by treatments planning of the 20 first

enrolled patients. Tolerance and patients’ outcome were prospectively

monitored by acute/late toxicities records and by the analysis of overall

survival (OS), locoregional recurrence-free survival (LRFS) and recurrence-

free survival (RFS).

Results: Breast, supraclavicular nodes and boost PTV coverage was adequate

with at least 98% of PTV encompassed by more than 95% of the prescribed

dose. Less than 90% of IMC PTV was encompassed by 95% of the prescribed

dose. Mean lung dose was 12.3Gy (range: 7.7 – 18.7); mean heart dose was

10.7Gy (range: 6.2 – 22.3). Concerning acute toxicities, only 2 patients

experienced grade 3 skin toxicity (3.7%) and only 1 patient developed grade 1

pneumonitis. After a median follow-up of 5.3 years, grade 2 fibrosis and/or

shrinking was observed in 5 patients (10%), and grade 3 fibrosis in 1 patients
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(2%). The 5-year LRFS-rate, RFS-rate and OS were 98% [95% CI= 86.12-

99.70%], 96% [95% CI= 84.63-98.96%] and 100%, respectively.
KEYWORDS

bilateral breast cancer, radiotherapy, VMAT, treatment planning, cancer care,
dosimetric analysis, treatment outcome
Introduction

Breast cancer (BC) is the most frequently diagnosed cancer

worldwide (more than 2 million cases diagnosed in women

worldwide in 2018), and also the most frequent cause of cancer-

related death in women (1). Synchronous bilateral breast cancer

(SBBC), defined as the presence of at least two malignant lesions

occurring simultaneously in both breasts, accounts for ≈2% of all

BC. Although SBBC represents only a small percentage of all BC,

due to the high BC incidence, every year approximately 40,000

new cases of SBBC are detected (2). BCmultimodal management

includes surgery, systemic therapies, and radiation therapy (RT).

RT is mandatory after breast-conserving surgery, and indicated

after mastectomy in patients with locally advanced BC (3–5).

However, currently, there is no specific recommendation for

SBBC that is managed by following the guidelines for unilateral

BC. In SBBC, Intensity Modulated Radiation Therapy (IMRT),

either through fixed-field or preferably with volumetric

modulated arc therapy (VMAT) represents a relevant

alternative to 3D-conformal RT (6, 7). Indeed, VMAT has

been shown to provide adequate target volume coverage while

sparing the organs at risk (OAR) (8, 9). Some reports described

the use of VMAT for SBBC and other complex situations (10–

12). Nevertheless, only a few small retrospective cohorts (i.e. less

than 25 patients) reported their experience on VMAT use in

patients with SBBC (13–15). At our center, VMAT is used for

the management of complex BC and for SBBC. The aim of this

monocentric observational study was to assess the dosimetric

feasibility, efficacy, safety and long-term outcome of VMAT for

SBBC management.
Materials and methods

Patients and treatment protocol

From August 2011 to December 2017, all consecutive patients

which received VMAT (Varian Medical systems, Palo Alto, USA)

for SBBC at the Institut Regional du Cancer de (Montpellier,

France) were included. During this period, VMAT and 3D RT

were used in our center. VMAT was indicated over 3D because

of node irradiation necessity and/or anatomical constraints
02
9

(e.g., pectus excavatum). This retrospective observational study

was approved by the local Ethics Committee. The inclusion

criteria were as follows: older than 18 years of age, Eastern

Cooperative Oncology Group (ECOG) score ≤2, and

histologically confirmed SBBC. Breast surgery (either mastectomy

or breast conserving surgery), neoadjuvant or adjuvant

chemotherapy, targeted therapies and endocrine therapies were

delivered according to the clinical practice guidelines.
Radiation therapy process

Patient positioning/immobilization for VMAT, anatomy data

acquisition, target volume definition, organs at risk evaluation,

dose prescription, treatment planning and dosimetric analysis are

reported in Supplementary Data. Treatment plans of the first 20

patients were used for dosimetric analysis (i.e., dose volume

distribution for breasts, nodes and organs at risk) as an

evaluation of feasibility of VMAT for SBBC.
Radiation-related toxicities

Acute radiation-related toxicities were recorded every

week during VMAT and late toxicities were recorded every 6

months after RT completion. Between end of VMAT and

medical consultation at 6-month, supplementary medical

evaluation was performed upon patient’s request. Both acute

and late toxicities were clinically assessed and graded according

to the Common Terminology Criteria for Adverse Events

(CTCAE) v4.0; respiratory, cardiac, esophageal and cutaneous

toxicities were systematically evaluated. For each patient, the

highest toxicity score reached was retained. Cardiac

toxicity was defined as any cardiac event such as ischemia,

arrhythmia or heart failure. Late cutaneous toxicities were

subdivided according to the following subscales: fibrosis,

hyperpigmentation, shrinking, telangiectasia and breast edema.

Skin toxicities were evaluated both at patient and breast scales, as

two distinct protocols (i.e., surgery and radiation therapy) were

possible for a given patient, with possible impacts on sequelae.

Data on the patients’ outcome and late toxicities were collected

up to December 2020.
frontiersin.org
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Statistical analysis

The median follow-up was estimated using the inverse

Kaplan-Meier method. The Kaplan-Meier method was used

for estimating recurrence-free survival (RFS: calculated from

the beginning of treatment until recurrence or death),

locoregional-free survival (LRFS: calculated from the beginning

of treatment until locoregional recurrence or death), and overall

survival (OS: calculated from the beginning of treatment until

the date of death). For patients with metastatic SBBC at

diagnosis, RFS corresponded to the progression-free survival

(PFS). Data were analyzed both at the patient (n=54) and at the

tumor (n=108) levels.

To identify predictive factors of skin toxicities (acute or late),

patient and tumor characteristics [age, tumor stage (according to

the TNM classification), Scaff-Bloom-Richardson (SBR) grade,

hormonal receptor positivity, HER2 amplification, histology] and

treatment characteristics [surgery (lumpectomy or mastectomy),

systemic therapies, total irradiated volume, PTV, boost volume/

PTV ratio] were analyzed. The Chi-square test was used to

determine the correlation between categorical variables (or the

Fisher’s exact test if the expected frequencies were lower than 5).

The Spearman’s correlation test was used to assess the correlation

between ordinal variables. The Wilcoxon test was used to study

the correlation between nominal qualitative variables and

continuous quantitative variables. Logistic regression was

performed to identify factors related to skin toxicity; the p-

values of the logistic regression were computed with the

likelihood ratio test. Each Odd Ratio (OR) is presented with its

95% confidence interval (CI). For multivariate analysis, variables

were selected using the backward method: variables with the

largest p-value were removed one by one until only significant

variables (at the 5% level) remained. All statistical tests were two-

sided and the significance level was set at 5% (p <0.05).
Results

Patients and treatment characteristics

From August 2011 to December 2017, 54 consecutive

patients were prospectively enrolled and followed (median

follow-up = 5.3 years [min-max=0.46-8.74]). Characteristics of

patients/tumors and treatments provided are listed in Tables 1,

2, respectively. Briefly, 39 patients (72.1%) had early bilateral BC

(EBC), 1 (1.8%) locally advanced bilateral BC (LABC), and 10

(18.5%) both LABC and EBC. Four patients (7.4%) had at least

one metastasis at diagnosis. More than half of patients received

neo-adjuvant or adjuvant chemotherapy.

Bilateral and unilateral breast conserving surgeries were

performed in 43 and in 6 patients, respectively (n=92 breasts).

Regarding treatment planning, 47 patients (n=83 breasts)
Frontiers in Oncology 03
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received mammary gland irradiation with simultaneous

integrated boost (SIB) in at least one breast, and 22 patients

(n=32 breasts) received also regional node irradiation in at least

one breast. The mean PTV was 945 cm3 (range, 262 – 2421);

when SIB was performed, the mean SIB/PTV_SIB ratio was 12%

(range, 4 – 32).

The analysis of the first 20 treatment plans (Supplementary

Data, Table 1) showed adequate PTV coverage: V95%=98.9% for

both breast sides, and >98% for regional nodes (Supplementary

Data, Figure 1). The mean lung doses were 12.0 Gy (left lung)

and 12.7 Gy (right lung). The mean heart dose was 10.7 Gy for

the entire cohort: 8.8Gy with only breast irradiation and 12.5Gy

with associated IMC node irradiation (Supplementary Data,

Figure 2).
Acute and late toxicities

Acute toxicities: 35 (64.8%) patients had grade 1-2 skin

toxicities and only 2 patients had grade 3 skin toxicity (3.7%).

One patient developed pneumonitis and none had cardiac or

esophageal toxicity (Table 3). Regarding late toxicities, we did

not observe non-cutaneous toxicities. Grade 0 and grade 1

cutaneous toxicities were observed in 28 and 16 patients (56%

and 32%), respectively. Grade ≥2 toxicities concerned only skin

(n=6 patients for any late skin toxicity; 12%) (Table 3). The main

grade 3 toxicities were fibrosis and shrinking.

Both neoadjuvant and adjuvant chemotherapy protocols

were not associated with higher risk of acute and late toxicities

(p=NS). Univariate analyses showed that PTV volume was

associated with grade ≥2 acute skin toxicities (OR 1.0015 [95%

CI 1.001-1.002]; p-value <0.05). Multivariate analysis performed

with surgery type, HER2 amplification, SBR grade, histology and

PTV as variables confirmed the association between grade ≥2

acute skin toxicities and PTV (OR 1.01 [95% CI 1.001-1.02]; p-

value <0.05) and HER2 amplification (OR 4.22 [95% CI 1.012-

17.65]; p-value <0.05).

Similarly, univariate analysis showed a significate association

between PTV and grade ≥2 late skin toxicities (OR 1.001 [95%

CI 1.0002-1.003]; p-value <0.05). Multivariate analysis could not

be performed because of the small number of patients with grade

≥2 late skin toxicity. By matching follow-up data, no significant

association was found between acute and late skin toxicities (p-

value = 0.12).
Outcomes and survival

When considering the cohort of patients in the curative

setting (n=50), the median LRFS, RFS and OS were not reached

at the endpoint date. The 5-year LRFS, RFS, and OS rates were

98% [95% CI 86.12-99.70%], 96% [95% CI 84.63-98.96%], and
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100%, respectively (Figure 1). Two patients had disease

recurrence: one developed pleural metastases and one nodal

disease (one positive axillary node at 1 year after the initial

treatment). The patient with nodal recurrence had multifocal

right breast cancer (pT2N2M0) and underwent lumpectomy -

axillary node dissection followed by adjuvant chemotherapy,

VMAT (breast/SIB + regional lymph nodes), and hormone

therapy. The nodal recurrence was managed by lymph node

excision. These two local recurrences occurred outside the

VMAT irradiation field, showing a good local control.

In the whole cohort (n=54), the median RFS and OS were

not reached at the endpoint date. The 5-year RFS and OS rates

were 88.5% [95% CI 76.12-94.66%] and 93.54% [95% CI 81.16%-

97.89%], respectively (Supplementary Data, Figure 3).

Noteworthy, metastatic progression occurred in four patients,

of whom three already had metastases at diagnosis. Among these

four metastatic patients, three died because of BC progression.
Frontiers in Oncology 04
11
Discussion

To the best of our knowledge, this is the largest (n=54

patients) and longest study (median follow-up = 63 months)

to evaluate VMAT efficiency and tolerance in patients with

SBBC. This cohort included all consecutive patients, regardless

of the presence of metastases, to reach a higher number

of patients.

Firstly, our dosimetric data -performed on the 20 first

patients included- confirmed that VMAT for SBBC is

technically feasible, with at least 98% of PTV encompassed by

more than 95% of the prescribed dose for breast, supraclavicular

lymph nodes and boost PTV coverage, in agreement with the

study by Nicolini et al. (7). Target volume coverage, planning

objectives, and constraints differ among centers. In our study,

target volumes were outlined according to the RTOG definition

to use breast PTV-eval for the dosimetry study. This definition

allows an inter-patient comparison of breast dose distribution

regardless of the patients’ anatomy. When locoregional lymph

nodes were not irradiated, the lung volume encompassed by the

isodoses 5Gy and 20Gy was lower in the study by Nicolini et al.

than in our study (SBBC with locoregional lymph node

irradiation): 58% versus 77-79% (V5Gy) and 9.7–10.3% versus

17-18% (V20Gy) and the mean heart dose was slightly higher in

our study (8.8Gy versus 6.0Gy in the study by Nicolini et al.) (7).

While mean heart dose is reported to be around 8 Gy with IMC

irradiation for unilateral BC (versus 12.5Gy in our study), we

obtained lower values than what described in the literature for

similar patients with SBBC (16). This indicates that adequate

target volume coverage is possible with reduced heart (10.7Gy in

our study versus 16.5Gy in the study by Lee et al.) and lung

exposure (V20Gy and V30Gy of 17% and 8-9% in our study

versus 23% and 12% in the study by Lee et al.) (6).

Secondly, regarding safety, VMAT exhibits an interesting

safety profile. Indeed, only two (3.7%) patients had acute grade 3

skin toxicity and only one patient (2%) developed late grade 3

skin toxicity (breast fibrosis). Although heart and lungs are

exposed to non-negligible dose of radiation, we did not

observe all along the follow-up (with a median of 63 months)

any clinical cardiac, esophageal or respiratory consequences in

our cohort, even in the context of IMC irradiation. Interestingly,

grade ≥2 acute skin toxicity occurrence was associated with PTV

(volume), in accordance with previous VMAT data in patients

with unilateral BC (17, 18). However, compared with the study

by Fiorentino et al. (n=16 patients and 24 months of follow-up)

(13), we observed fewer acute grade 1 and 2 skin toxicities

(33.3% and 31.5% in our study versus 72% and 24% in the study

by Fiorentino et al.). Furthermore, Fiorentino el at. determined

late lung toxicity (i.e. lung fibrosis) by CT imaging (allowing the

detection of subclinical toxicity), but did not record any late

cardiac toxicity event, at least clinically (14). We found an

association between PTV and acute and late grade ≥2 skin
TABLE 1 Characteristics of patients (n=54) and breast cancer lesions
(n=108).

Age (years), median (range) 63 (35-82)

Histological type, breast cancer lesions’ number (%)

Invasive ductal carcinoma 79 (73.1%)

Invasive lobular carcinoma 11 (10.2%)

Other types 6 (5.6%)

In situ carcinoma 12 (11.1%)

Scarff-Bloom-Richardson grade, breast cancer lesions’ number (%)

I 27 (27.8%)

II 53 (54.6%)

III 17 (17.6%)

Missing 11

Hormone receptor expression, breast cancer lesions’ number (%)

Negative 7 (7.2%)

Positive 90 (92.8%)

Missing 11

HER2 amplification (breast cancer lesions’ number, %)

Negative 87 (89.7%)

Positive 10 (10.3%)

Missing 11

Pathological T stage (breast cancer lesions’ number, %)

pT0/ypT0 14 (13.2%)

pT1/ypT1 66 (62.3%)

pT2/ypT2 25 (18.9%)

pT3/ypT3 5 (4.7%)

pT4/ypT4 1 (0.9%)

Unknown 2

Pathological nodes status, breast cancer lesions’ number (%)

Negative (pN0/ypTN0) 75 (79.8%)

Positive (pN+/ypTN+) 19 (20.2%)

Unknown 14

Metastases at diagnosis, patients’ number (%) 4 (7.4%)
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toxicities, but the odds ratio values were close to 1, suggesting a

low clinical significance. Regarding the higher risk of skin

toxicity associated with HER-2 amplification, one of the

hypotheses is the confounding effect of trastuzumab, which

has been proposed to promote radiosensitization (19).

Thirdly, VMAT for SBBC exhibits relevant treatment

efficiency. In patients with local/locoregional SBBC at

diagnosis (n=50), the 5-year OS rate was 100%. Furthermore,

although two recurrences were recorded, none was in the

irradiation field, showing that multimodal treatment with

VMAT allows complete local disease control, as reported by

Fiorentino et al. (100% survival and 100% local disease control at

24 months of follow-up) (14). Interestingly, although IMC PTV

coverage could appear as suboptimal, we did not observe any

difference regarding PFS and OS in patients with and without

IMC node irradiation. This is probably due to the CBCT-based

repositioning of patients at each session. Furthermore, although

the dose volume distribution profiles were different between

patients with and without IMC node irradiation, PFS and OS

were not different between these patients. While consistent with

the literature, it is important to point out that the present study

included 50 patients (versus 9 to 25 in previous studies) and had

a longer follow-up (63 months versus 10 to 36 months in

previous studies) (13–15).

The main limitation of our study is its monocentric design.

However, as SBBC is a rare event and as dosimetric parameters,

target volume coverage, planning objectives and constraints

differ according to the center, this monocentric study allowed

collecting homogeneous data and obtaining a more reliable

analysis. Another limitation is its retrospective design;

nevertheless, data were prospectively collected, thus reducing
TABLE 2 Treatment characteristics of patients (n=54) and breast
cancer lesions (n=108).

Primary surgery, breast cancer lesions’ number (%)

Breast conserving surgery 92 (85.2%)

Mastectomy 14 (13%)

No surgery 2 (1.8%)

Axillary lymph node staging

Sentinel node biopsy 66 (61.1%)

Axillary node dissection 30 (27.8%)

None 12 (11.1%)

Radiotherapy radiation fields, breast number (%)

Exclusive mammary gland 15 (13.9%)

Mammary gland and simultaneous integrated tumor boost
(SIB)

83 (76.8%)

Regional lymph nodes 32 (29.6%)

Chest wall 10 (9.3%)

Irradiated volumes (cm³), mean value (range)

Planning Target Volume (PTV) 945 (262-2421)

SIB volume 113 (11-288)

SIB/PTV ratio in % 12 (4-32)

Total irradiated volume per patient (cm³), mean value (range) 1880 (544-
4811)

Neoadjuvant chemotherapy, patients’ number (%)

Yes 10 (18.5%)

No 44 (81.5%)

Adjuvant chemotherapy, patients’ number (%)

Yes 18 (33.4%)

No 36 (66.6%)

Post-radiotherapy systemic therapy patients’ number (%)

Endocrine therapy (tamoxifen and/or aromatase inhibitor) 51 (94.4%)

Trastuzumab 6 (11.2%)
TABLE 3 Acute and late radiation-related toxicities.

CTCAE grade Per patient (n=54), number (%) Per breast (n=108), number (%)

0 1 2 3 0 1 2 3

Acute
toxicities

Skin 17 (31.5%) 18 (33.3%) 17 (31.5%) 2 (3.7%) 34 (31.5%) 36 (33.3%) 34 (31.5%) 4 (3.7%)

Lung 53 (98.1%) 1 (1.9%) – – na na na na

Esophagus 45 (83.3%) 6 (11.1%) 3 (5.6%) – na na na na

Heart 54 (100%) – – – na na na na

Late
Toxicities*

Skin 28 (56%) 16 (32%) 5 (10%) 1 (2%) 59 (59%) 31 (31%) 9 (9%) 1 (1%)

Fibrosis 32 (64%) 2 (4%) 4 (8%) 1 (2%) 66 (66%) 26 (26%) 7 (7%) 1 (1%)

Hyperpigmentation 48 (96%) 2 (4%) – – 94 (94%) 6 (6%) – –

Shrinking 44 (88%) 2 (4%) 4 (8%) – 91 (91%) 3 (3%) 6 (6%) –

Telangiectasia 49 (98%) 1 (2%) – – 99 (99%) 1 (1%) – –

Breast edema 46 (92%) 4 (8%) – – 92 (92%) 8 (8%) – –

Lung 50 (100%) – – – na na na na

Esophagus 50 (100%) – – – na na na na

Heart 50 (100%) – – – na na na na
frontie
na, not applicable. *Late toxicities were performed on 50 patients and 100 breasts, as 4 patients died or were lost to follow-up within 6 months after radiation therapy protocol.
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FIGURE 1

Kaplan-Meier locoregional-free (A), recurrence-free (B) and overall (C) survival curves for the patients with initially non-metastatic synchronous
bilateral breast cancer (n=50).
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the putative bias. On the other hand, SBBC rarity and the

relatively large cohort of patients allow considering the

findings of some value.

In conclusion, this study confirmed that VMAT for SBBC is

technically feasible and exhibits an interesting efficiency/

tolerance profile. Furthermore, the large size of our cohort and

the longer follow-up compared to previous studies allowed

showing that VMAT has favorable safety and efficiency

profiles, and thus is suitable for SBBC management.
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Accelerated partial breast
irradiation in early stage
breast cancer

Paulina E. Galavis †, Camille Hardy Abeloos †, Pine C. Cheng,
Christine Hitchen, Allison McCarthy, Juhi M. Purswani,
Bhartesh Shah, Sameer Taneja and Naamit K. Gerber*

Department of Radiation Oncology, New York University (NYU) Langone Health, School of
Medicine, New York, NY, United States
Accelerated partial breast irradiation (APBI) is increasingly used to treat select

patients with early stage breast cancer. However, radiation technique, dose and

fractionation as well as eligibility criteria differ between studies. This has led to

controversy surrounding appropriate patients for APBI and an assessment of

the toxicity and cosmetic outcomes of APBI as compared to whole breast

irradiation (WBI). This paper reviews existing data for APBI, APBI delivery at our

institution, and ongoing research to better define patient selection, treatment

delivery, dosimetric considerations and toxicity outcomes.

KEYWORDS

early stage breast cancer, accelerated partial breast irradiation, dosimetric
considerations, treatment planning, toxicity outcomes
Introduction

Breast cancer is the most common cancer in American women with more than

250,000 invasive breast cancer diagnosed in the United States in 2021 (1). Since 2007,

breast cancer mortality rates have continued to decrease in women over 50 years old with

more than 3.8 million survivors in the United States (1). Standard of care for patients

with early stage breast cancer after breast conserving surgery is radiation and endocrine

therapy. As patients with breast cancer live longer, it is increasingly important to improve

radiation delivery in order to minimize radiation sequelae.

Accelerated partial breast irradiation (APBI) focuses higher doses of radiation during

a shorter time interval to the lumpectomy cavity rather than the whole breast. Different

radiation techniques have been studied in phase III trials including multicatheter

interstitial brachytherapy, balloon catheter intracavitary brachytherapy, external beam

radiation therapy and intra-operative radiation therapy (2–5). Table 1 summarizes these

key trials (2–5, 7–14).
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NSABP B-39/RTOG 0413 is the largest prospective

randomized trial completed to date, with over 4,300 patients

with stage 0–II (≤3 cm) breast cancer or ductal carcinoma in situ

(DCIS) status post lumpectomy with negative margins and 0–3

positive lymph nodes randomized to whole breast irradiation
Frontiers in Oncology 02
17
(WBI) (50 Gy with optional 10 Gy tumor bed boost) vs. APBI via

either multicatheter brachytherapy (34 Gy in 10 fractions BID),

intracavity brachytherapy (MammoSite 34 Gy in10 fractions

BID), or 3D conformal radiation (3D-CRT) (38.5 Gy in10

fractions BID) (5). The 10-year cumulative incidence of in
TABLE 1 Summary of key APBI trials.

Study Years of
enrollment

No
patients/

FU

Eligibility
invasive

Eligibility DCIS Dose Fractionation IBTR Toxicity

Hungary
Polgar
2013 (3)

1998-2004 N = 258
10.2 yrs

pT1 (≤ 2), pN0–
1mi,
negative
margins, age >40

Excluded 36.4 Gy/7 fx
(brachytherapy) or
50 Gy/25 fx (electrons)
vs
50 Gy/25 fx WBI

5.9%
vs.
5.1%

PBI had higher excellent-good
cosmetic score (81% vs. 63%)

Barcelona
Rodriguez
2013 (4)

N = 102
5.0 yrs

pT1–2 (≤3 cm),
pN0,
margins ≥ 2 mm,
age ≥ 60

Excluded 37.5 Gy/10 fx
vs
48 Gy/24 fx WBI

0%
Vs
0%

No difference in late skin toxicity or
cosmesis

GEC-
ESTRO
Strnad
2016 (6)

2004-2009 N = 1,184
6.6 yrs

pT1–2 (<3 cm),
pN0–1mi, margins
≥ 2 mm, age ≥ 40

Included with margin
pure DCIS ≧̸ 5 mm

32 Gy/8 fx or 30.2 Gy/7
fx (HDR) or 50 Gy
(PDR)
Vs
50 Gy/25 fx WBI

1.4
vs.
0.9%

Reduced breast pain, less late grade 2–
3 skin toxicity in APBI arm

IMPORT
LOW
Coles
2017 (7)

2007-2016 N = 2,018
6.0 yrs

pT1-2 (<3 cm),
N0–1,
margins ≥ 2 mm,
age ≥ 50

Excluded 40 Gy/15 fx WBRT
vs.
36 Gy WBRT+40 Gy
APBI
vs.
40 Gy/15 APBI

1.1%
vs.
0.2%
vs.
0.5%

Reduced toxicity in both experimental
arms

NSABP B-
39
Vicini
2019 (5)

2005-2018 N = 4,216
10.2 yrs

pT1–2 (<3 cm),
pN0–1 (1-3),
negative margins,
age ≥ 18

Included 38.5 Gy/10 fx BID
(3D), 34 Gy/10 fx BID
(brachy)
Vs
50 Gy/25 fx WBI

3.9%
vs.
4.6%

APBI: grade 3: 10%, no grade 4–5
WBI: grade 3: 7%, no grade 4 or 5

RAPID
Whelan
2019 (8)

2006-2018 N = 2,135
8.6 yrs

pT1–2 (≤ 2 cm),
pN0-1mic,
negative margins,
age ≥ 40

Included 38.5 Gy/10 fx BID
Vs
50 Gy/25 fx WBI

3%
vs.
2.8%

Reduced acute and more late toxicity
(grade 2+), similar patient rated
cosmetic outcome in APBI arm

Florence
Meattini
2020 (9)

2005-2013 N = 520
10.7 yrs

pT1–2 (< 2.5 cm),
negative
margins,
age > 40

extensive DCIS excluded 30 Gy/5 fx QOD
Vs
50 Gy/25 fx WBI

2.5% vs.
3.7%

Reduced acute and late toxicity and
improved patient and physician rated
cosmetic outcome in APBI arm

ELIOT
Veronesi
2013 (10)
Orecchia
2021 (11)

2000-2007 N = 1305
12.4 yrs

Age 48–75,
pT1-2 (≤2.5 cm)

Excluded 21 Gy/1 fx IORT
(prescribed to 90% IDL
using 3–12 MeV
electrons)
Vs
50 Gy/25 fx
WBI

11%
Vs
2%

Reduced acute skin toxicity in IORT
arm

TARGIT-
A
Vaidya
2020 (12)

2000-2012 N = 2298
5 yrs

Age ≥45,
≤3.5 cm, cN0-N1,

Included 20 Gy/1 fx
IORT (o cavity surface
(~5–7 Gy at 1 cm) with
50 kV photons)
Vs
WBI 3-6 weeks

2.1%
Vs

0.95%

Reduced radiotherapy toxicity in IORT
arm

ASTRO
guidelines
2017 (13,
14)

pT1 (≤ 2 cm),
pN0–1mi, margins
≥ 2 mm, age ≥ 50

screen-detected, 1-2
nuclear grade, ≤ 2.5 cm
size, margins ≥ 3 mm
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breast tumor recurrence (IBTR) was 4·6% (95% CI 3·7-5·7) in the

APBI group versus 3·9% (3·1-5·0) in the WBI group. While APBI

did not meet the criteria for equivalence to WBI, the absolute

difference in IBTR was < 1%. Furthermore, the trial had broad

eligibility criteria with a heterogeneous pool of patients and

APBI techniques and was not designed to test equivalence in

patient subgroups or outcomes from different APBI techniques.

The GEC-ESTRO trial randomized 1,184 patients to

interstitial brachytherapy (32 Gy in 8 fractions or 30.2 Gy in 7

fractions) or WBI (50 Gy) and showed no difference in IBTR,

0.9% vs 1.4% respectively (6). Two large trials randomized

patients to intraoperative radiation therapy (IORT) or WBI

(10–12). In a cohort of 1,305 patients aged 48 to 75 y/o with

unicentric tumors <2.5 cm s/p quadrantectomy the ELIOT trial

showed higher rates of IBRT with IORT vs WBI: 11% vs 2% at

median follow up of 12.4 years (p < 0.0001) (11). In the IORT

arm, patients received 21 Gy/1 fx prescribed to 90% IDL using

3–12 MeV electrons). In a cohort of 2,298 patients ≤45 y/o with

clinically unifocal IDC, the TARGIT-A trial showed no

statistically significant difference between WBI and immediate

IORT for local recurrence (12). In the IORT arm, patients

received 20 Gy to cavity surface (~5–7 Gy at 1 cm) with 50 kV

photons. Current ASTRO guidelines do not recommend low-

energy IORT outside of prospective studies, while electron beam

IORT is restricted to suitable risk patients.

The RAPID trial utilized APBI by 3D-CRT (38.5 Gy in 10

fractions BID), and found no difference in IBRT but an increase

in moderate late toxicity and adverse cosmesis with APBI

compared to WBI (8). However, the Barcelona trial using 3D-

CRT and similar fractionation to the RAPID trial showed > 75%

of patients in the APBI arm had excellent or good cosmesis and

these outcomes were stable over time at a median follow up of 5

years (4). The Florence trial, which randomized patients to WBI

vs. APBI using intensity modulated radiation therapy (IMRT)

with 30 Gy in 5 every other day fractions, showed equivalent

outcomes with APBI as compared to WBI and statistically

significant less acute and late toxicity and improved cosmetic

outcomes with APBI (vs. WBI) at a median follow up of 10 years

(9). The IMPORT LOW trial randomized over 2000 patients to

WBI, reduced-dose WBI with partial breast boost, and partial

breast irradiation, all over 15 fractions, and showed no difference

in IBTR with reduced toxicity with partial breast irradiation (7).

Of note, in contrast to the other trials discussed, the IMPORT

LOW trial was not an accelerated regimen as the fractionation

was identical in the whole breast and partial breast arms.
APBI at NYU

Patients have received APBI since 2000 at our institution

(Table 2). The first patients at NYU treated with APBI were
Frontiers in Oncology 03
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based on a pilot study conducted at the University of Southern

California published in 2002 by Formenti et al. in which nine

post-menopausal patients with pT1N0 breast cancer were

treated in the prone position to 25 to 30 Gy in 5 fractions

over 10 days using 5-7 horizontal photon treatment fields with

couch rotations. Fractionation was based on biologically

equivalent dose (BED) calculation for normal tissue (fibrosis,

cosmesis) and tumor control (15). All patients were alive and

disease free with good to excellent cosmetic results at follow up

(median 41 months, range 36-53 months). Given the outcome

of the USC pilot study, NYU 00-23 Hypo-Fractionated

Conformal Radiation Therapy to the Tumor Bed after

Segmental Mastectomy Phase I/II study was conducted

between June 2000 and September 2007 (16, 17). 99 patients

were treated in the prone position to 30 Gy in 5 fractions over

10 days using opposed mini-tangent photon fields (≥ 4MV).

Treatment late toxicity assessment as per LENT (late effect of

normal tissue)/SOMA (Subjective, Objective, Management,

Analytics) showed low (1%) grade 2-3 toxicities (17) and

reduced toxicity to organs at risk (16). Also, at 5 year follow

up [95% level of confidence] the reported overall disease-free

survival was 95% [87-98%] (17).

NYU 07-582 Image guided Radiotherapy (IGRT) For Prone

Partial Breast Irradiation (PBI) study was conducted between

2007 and 2014. 297 post-menopausal patients with pT1 breast

cancer excised with negative margins were treated in the prone

position to 30 Gy in 5 fractions over 5 consecutive days using 3D

or IMRT fields. Wen et al. compared patients treated between

2003-2009 under NYU 0023 and NYU 07-582 with RTOG-0413

(5, 18). In RTOG 0413, patients were treated supine, CTV was

defined as the cavity plus 1.5 cm expansion and PTV was defined

as CTV plus 1.0 cm expansion (5). In NYU 00-23, patients were

treated prone with the CTV defined as the lumpectomy cavity

with no expansion and the PTV defined as CTV plus 2.0 cm

expansion (16, 17). In NYU 07-582, patients were treated prone

with CTV defined as the lumpectomy cavity with no expansion

and the PTV defined as CTV plus 1.5 cm expansion (18). The

main observation was that even though our PTV was 1 to 1.5 cm

smaller than that of RTOG 0413 and our patients were treated

prone as opposed to patients treated supine in RTOG 0413, our

dosimetric results complied with the RTOG constraints for

partial breast irradiation (18). A retrospective analysis of setup

variations for 70 patients treated under NYU 07-582 confirmed

adequacy of our CTV defined as lumpectomy cavity only and

PTV defined as CTV plus 1.5 cm (19).

NYU 14-01306 Prone Partial Breast Irradiation (PBI):

Prospective Randomized Controlled Non-inferiority Trial to

Compare Radiation Fibrosis with Five Versus Three Fractions

study was conducted between 2014 and 2021. 284 post-

menopausal patients with pT1 breast cancer excised with

negative margins received either 30 Gy in 5 fractions over 5
frontiersin.org
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consecutive days (Arm 1) or 24 Gy in 3 fractions given every

other day (Arm 2), using 3D-CRT or IMRT fields. Patients with

lobular histology, Estrogen-receptor (ER) negative disease, and

lymphovascular invasion (LVI) were included whereas those
Frontiers in Oncology 04
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with an extensive intraductal component (EIC) were excluded.

Pure DCIS was initially excluded but the trial eligibility criteria

were later amended to include low risk DCIS as defined by the

ASTRO APBI guidelines (13, 14).
TABLE 2 NYU Partial Breast Development.

Study Years of
enrollment

No.
Patients/

FU

Target Definition Dose Frac-
tionation

Target
Dose Con-
straints

OARs Dose
Constraints

Planning Imaging

USC Feasibility Pilot
Study (15)

1997 - 1998 N = 9
41 months

PTV= lumpectomy cavity
+ 2 cm

25 - 30 Gy in 5
fxs over 10 days

D95% = 100%
Dmax ≤ 110%

None reported 5-7 fixed
horizontal 4
MV beams
with couch
rotations,
avoiding
non-breast
tissue

Daily portal
orthogonal
images +
two
treatment
fields

NYU 00-23 Hypo-
Fractionated Conformal
Radiation Therapy to the
Tumor Bed After
Segmental Mastectomy
(Phase I/II Study) (16,
17)

2000 - 2007 N = 98
64 mos

CTV= lumpectomy cavity
PTV= CTV + 2 cm
limited anteriorly by skin
and posteriorly by chest
wall
PTV Eval = PTV cropped
0.5 cm from skin surface
and excluding chest wall

30 Gy in 5 fxs
over 10 days
(Mon, Wed, Fri,
Mon, Wed)

PTV Eval:
Covered by
95% of Rx
dose
(minimally
90%)
Dmax ≤ 110%

Ipsilateral
Breast: D50% <
50% of Rx
dose
Heart: no
beam directed
at heart
Ipsilateral
Lung: no beam
directed at
ipsilateral lung
Contralateral
Breast: no
beam directed
at contralateral
breast

Opposed
mini-
tangents
≥ 4 MV

Daily portal
images of
each
treatment
field

NYU 07-582 Image
Guided Radiotherapy
(IGRT) For Prone Partial
Breast Irradiation (PBI)
(18, 19)

2007 - 2014 N = 297 CTV= lumpectomy cavity
PTV = CTV + 1.5cm
PTV Eval = PTV
cropped to be within
ipsilateral breast tissue,
excluding first 0.5 cm of
tissue under the skin, and
tissue beyond the chest
wall, pectoralis muscles,
and lung

30 Gy in 5 fxs
over 5
consecutive days

PTV Eval:
D95% = 100%
of Rx dose

Ipsilateral
breast: V50%
<60%; V100%
< 35%
Ipsilateral lung:
V30% < 15%
Contralateral
lung: V5% <
15%
Heart: V5% <
5%

3D or IMRT
≥ 4 MV
No beam
directed
towards
contralateral
breast, heart
or lung
Non-
coplanar
beams
encouraged,
but not
required

Day 1:
CBCT and
portal
images
Days 2-4:
daily portal
images
Day 5:
CBCT and
portal
images

NYU 14-01306
Prone Partial Breast
Irradiation (PBI):
Prospective Randomized
Controlled Non-
inferiority Trial To
Compare Radiation
Fibrosis With Five
Versus Three Fractions

2014 - 2021 N = 284 CTV = lumpectomy cavity
PTV = CTV + 1.5 cm
PTV Eval = PTV cropped
to be within ipsilateral
breast tissue, excluding
first 0.5 cm of tissue under
the skin, and tissue
beyond the chest wall,
pectoralis muscles, and
lung

Arm 1: 30 Gy in
5 fxs over 5
consecutive days
Arm 2: 24 Gy in
3 fxs every other
day

D95% = 100%
of Rx dose

Ipsilateral
breast: V50% <
60%; V100% <
35%
Ipsilateral lung:
V30% < 15%
Contralateral
lung: V5% <
15%
Heart: V5% <
5%

3D or IMRT
> 4 MV
No beam
directed
towards
contralateral
breast, heart
or lung
Non-
coplanar
beams
encouraged,
but not
required

Day 1:
CBCT and
portal
images
Subsequent
days portal
images
kV images
may be
used to
verify setup
fro
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APBI at NYU – CT simulation,
contours, beams, planning
constraints and imaging

CT simulation

Most of our APBI patients are simulated and treated in the

prone position. We use the ClearVue™ prone breast board

overlay (placed on sim and linac couch tops) which allows 18 cm

free vertical hang space between board surface and base, and

requires the head turned to the side. The kVue™ prone breast

board (inserted into linac couch top) is selected for patients with

pendulous breasts exceeding 18 cm vertical hang and/or for

patients who prefer a neutral head position.

The patient is positioned prone on the breast board with the

entire targeted breast hanging within the opening of the board.

The sternal marker is palpated to ensure it is at the edge of the

opening of the breast board. The contralateral breast is moved

away from the targeted breast. A foam wedge is placed under the

ankles for comfort.

Triangulation and lower alignment BBs and tattoos are

placed. An additional mark on the lateral aspect of the breast

in the axial plane of triangulation and a lower alignment mark

on the lower back in the sagittal plane of posterior triangulation

are used for isocenter location and alignment, respectively. The

surgical scars are marked with radiopaque wire.

CT scan is acquired using 3 mm slice thickness, with upper

and lower scan limits approximately at mastoid process/base of

skull and 8 cm below the inframammary fold, respectively.

The simulation documentation includes the longitudinal

scale value corresponding to the plane of triangulation, as well

as the sagittal laser position corresponding to the posterior

triangulation mark

When we simulate a patient prone for APBI, markers

(Beekley RT-SPOT® and CT SPOT®) are placed on the skin

corresponding to midline along the sternum, lumpectomy

incision, 2 cm inferior to the inframammary fold, and

nipple (Figure 1).
Contours

The tumor bed volume for each patient is drawn by the

physician to include the resection cavity and any surgical clips (if

placed). Pre-surgical imaging such as mammography andMRI is

used to help delineate the tumor bed and attention is also given

to the location of the scars marked at time of simulation. This

volume is expanded to planning target volume (PTV) using a

1.5 cm uniform margin. The planning target volume evaluation

(PTV_Eval) is the planning target volume (PTV) limited to be
Frontiers in Oncology 05
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within the defined ipsilateral breast tissue, specifically excluding

the 1st 5 mm of tissue under the skin and tissue beyond the chest

wall, pectoralis muscles and lung. For all cases, the tumor bed

volume, ipsilateral and contralateral breast are contoured by a

physician. The other normal structures and OARs, including the

ipsilateral and contralateral lung, heart and skin, are contoured

by the dosimetry staff and reviewed by a physician.
Beams

Treatment plans are generated in the Eclipse planning

system (Varian Medical Systems) by a dosimetrist and

reviewed by a physicist and physician. All patients are

primarily treated using opposed photon tangents (3D-CRT or

IMRT) in the prone position using a prone breast board with

right- or left-sided apertures. The gantry and table angle

combinations are selected to not enter or exit through other

organs of the body. Figure 2 includes a representation of a typical

external beam APBI plan in the prone position. Patients treated

in the supine position were planned using a similar technique

with the possible addition of enface electrons.
Constraints

The ipsilateral breast is constrained to V50% (V15 Gy) < 50-

60% and V100% (V30 Gy) < 35%. Other constraints include

heart V5% < 5%, ipsilateral lung V30% < 15%, contralateral lung

V5% < 15%, PTV_Eval D95% > 100% and D99.5%>90%, Tumor

Bed D98%>100%, and Body D0.03cc<110% (Table 3).
Imaging

On day 1: Cone-beam computed tomography (CBCT) image

align to cavity, or breast if cavity is not visualized, then followed

by MV portal images (no shifts are made based on MV images).

For subsequent fractions only CBCT.
Toxicity, dosimetry and outcomes of
NYU patients 2010-2019

A retrospective study of 345 patients treated with APBI

between 2010-2019 was performed, with 14 excluded due to

APBI given for ipsilateral breast tumor recurrence (n=3),

palliation (n=9), and incomplete RT course (n=2) (20). All

patients being treated on NYU S14 01306, which was accruing

at the time were also excluded. We did include patients who were

on NYU 07-582 (60% of patients). Of the 331 total patients, the
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median age was 70 and 7.2% had DCIS. Of the 93% with invasive

cancer, 9.8% had lobular histology, 2.3% were ≥ T2 stage, 0.9%

were estrogen receptor negative, 1.3% had EIC, 2.6% had LVI,

0.3% were node positive, and 3.6% were multifocal. Margins

were negative (using consensus criteria) in 67% of DCIS and

90% of invasive patients. In terms of RT delivery, 94% of patients

were treated prone, with 32% treated every other day and 68%

on consecutive days.

At a median follow-up of 5 years, there were 7 (2.1%) IBTR,

9 (2.7%) contralateral recurrences, and 1 (0.3%) distant

metastasis. Five-year locoregional free survival was 99.5%,

disease free survival was 96.7%, and overall survival was 98.1%

(Figure 2). The 7 patients who experienced IBTR had unifocal

pT1 tumors that were ER-strongly positive without EIC, LVI, or
FIGURE 1

CT axial view of prone breast, showing isocenter location, triangulation point, lateral aspect of the breast marker, and midline marker.
FIGURE 2

A representation of a typical external beam accelerated partial breast irradiation (APBI) plan in the prone position (Eclipse; Varian Medical
Systems, Palo Alto, CA).
TABLE 3 Dose constraints for our APBI approach.

Structure Constraint

Tumor Bed D98% > 100%

PTV_Eval PTV D95% > 100%.

D99.5% > 90%

Body D0.03cc < 110%

Breast – Ipsilateral V50% (V15Gy) <50-60%

V100% (V30 Gy) < 35%

Heart V5% < 5%

Lung - Ipsilateral V30% < 15%

Lung - Contralateral V5% < 15%
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positive margins. When comparing those with IBTR (n=7) to

those without (n=324), a higher proportion did not receive

endocrine therapy (71.4% vs. 26.2%, p = 0.018). No differences

were observed in other factors such as lobular histology (p =

0.49), margin status (p = 0.60), EIC (p = 1.0), LVI (p = 1.0), or

ER negative disease (p = 1.0).

Rates of acute grade 1-2 dermatitis, fatigue and pain were

35.4%, 21.8% and 9.4% respectively, with no grade 3 toxicity

(Table 2). The rate of good-excellent physician- and patient-

rated cosmesis (n=199, median follow-up 2.8 years) was 92.5%

and 89.4%, respectively. Patients experienced low rates of

telangiectasia (4.5% grade 1 & 1.5% grade 2), fibrosis (17.6%

grade 1 & 3.0% grade 2), and retraction/atrophy (24.1% grade 1,

2.5% grade 2, and 0.5% grade 3).

The mean PTV D95% was 100.0%. With regard to organs at

risk, the average mean heart dose was 23.8 cGy for left-sided

breast cancers and 12.7 cGy for right-sided breast cancers.

Average ipsilateral lung V10% was 1.0% and V30% was 0.4%.

In patients whose ipsilateral breast dose volume histogram

(DVH) data were available (n=111), the mean ipsilateral breast

V50% and V100% were 40.4% and 20.7%, respectively. These are

further detailed in Table 4.
Future directions

Given the variability in APBI technique, dose and

fractionation, cosmetic outcome compared to WBI remains

controversial. At a median follow-up of 10 years, NSABP-B39

reported higher grade 3 common toxicity criteria for adverse

events in WBI arm vs APBI arm, 7% vs 10% respectively (5).
Frontiers in Oncology 07
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Patient-rated cosmesis was equivalent but physician rated

cosmesis was worse with APBI (21). We await more detailed

publication of the toxicity, cosmesis and quality of life from

this trial. The Canadian RAPID trial showed a statistically

significant increase in late radiation toxicity in the APBI group

primarily due to an increase in grade 2-3 breast fibrosis or

induration (22.9% grade 2-3 induration or fibrosis in APBI

group vs 4.6% in WBI) (8). However, the Barcelona trial using

3D-CRT and similar fractionation to the RAPID trial showed >

75% of patients in the APBI arm had excellent or good

cosmesis and these outcomes were stable over time at a

median follow up of 5 years (4). The Florence trial showed

statistically significant less acute and late toxicity and improved

cosmetic outcomes with APBI at a median follow-up of 10

years (9). We await the results of NYU S14 01306 which will

report a 2 year rate of grade ≥ 2 fibrosis and long-term toxicity

and cosmetic outcome. This trial is expected to meet its

primary endpoint for all patients in June 2023.

Eligibility criteria for APBI has varied in clinical trials

(Table 1). Initially, DCIS was largely excluded from APBI

trials. NSABP B39, RAPID and Florence trials did include

DCIS (5, 8, 9). In the current ASTRO guidelines, APBI is

suitable for DCIS if it is screen detected, low-intermediate

grade, ≤ 2.5 cm and margins ≥ 3 mm (13, 14). Age has also been

a variable criteria. While current ASTRO guidelines consider

APBI suitable for patients ≥ 50 years old and cautionary for

patients 40-49 years old, Polgar et al., GEC-ESTRO trial,

RAPID trial and Florence trial all included patients > 40

years old (3, 6, 8, 9, 13, 14). The size of the primary tumor,

biological subtype, nodal status and definition of negative

margins has also varied between trials. Given these
TABLE 4 DVH characteristics of patients treated from 2010-2019.

Parameter Mean Standard Deviation Range

PTV D95% (%) 100.0 1.1 84.7-103.3

Mean Heart Dose (cGy)

Left-Sided Tumors 23.8 0.5 0.0-81.0

Right-Sided Tumors 12.7 0.2 0.0-33.0

Heart V3Gy (%)

Left-Sided Tumors 0.46 2.8 0.0-33.9

Right-Sided Tumors 0.0006 0.003 0.0-0.03

Ipsilateral Lung V10% (%) 1.0 2.2 0.0-22.0

Ipsilateral Lung V30% (%) 0.4 0.9 0.0-8.2

Ipsilateral Breast V50% (%)* 41.1 14.0 0.0-67.3

Ipsilateral Breast V100% (%)* 20.3 8.7 0.0-38.1
front
n=331 for all categories except those marked with (*), where n = 329.
DVH, dose volume histogram; PTV, planning target volume.
iersin.org

https://doi.org/10.3389/fonc.2022.1049704
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Galavis et al. 10.3389/fonc.2022.1049704
variations, current ASTRO guidelines are currently being

revised to better define eligibility criteria for APBI.

Finally, with the publication of the UK FAST FORWARD

trial and increasing use of 5-fraction WBI fractionation schemes,

the accelerated nature of APBI becomes less specific to partial

breast and available for whole breast regimens as well (22). Thus

future trials comparing APBI to accelerated WBI are necessary

and the comparison of toxicity and cosmesis between APBI and

WBI may shift as WBI schemes change.
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Different meaning of the
mean heart dose between
3D-CRT and IMRT for breast
cancer radiotherapy

Jessica Prunaretty1,2*†, Celine Bourgier1,2,3†, Sophie Gourgou4*,
Claire Lemanski1,2, David Azria1,2,3 and Pascal Fenoglietto1,2

1Institut de Recherche en Cancérologie de Montpellier (IRCM), INSERM U1194, Montpellier, France,
2Fédération Universitaire d’Oncologie Radiothérapie d’Occitanie Méditerranée, Institut régional du
Cancer Montpellier (ICM), Montpellier, France, 3Université Montpellier, Montpellier, France,
4Biostatistics Department, Institut du Cancer de Montpellier, Montpellier, France
Background: Previous studies in 2D and in 3D conformal radiotherapy concludes

that the maximal heart distance and the mean heart dose (MHD) are considered

predictive of late cardiac toxicities. As the use of inverse-planned intensity

modulated radiation therapy (IMRT) is increasing worldwide, we hypothesized

that this 3D MHD might not be representative of heart exposure after IMRT for

breast cancer (BC).

Methods: Patients with left-sided BC and unfavorable cardiac anatomy received

IMRT. Their treatment plan was compared to a virtual treatment plan for 3D

conformal radiotherapy with similar target volume coverage (study A). Then, a

second 3D conformal treatment plan was generated to achieve equivalent

individual MHD obtained by IMRT. Then the heart and left anterior descending

(LAD) coronary artery exposures were analyzed (study B). Last, the relationship

between MHD and the heart volume or LAD coronary artery volume receiving at

least 30Gy, 40Gy and 45Gy in function of each additional 1Gy to the MHD was

assessed (study C).

Results: A significant decrease of heart and LAD coronary artery exposure to high

dose was observed with the IMRT compared with the 3D conformal radiotherapy

plans that both ensured adequate target coverage (study A). The results of study B

and C showed that 3D MHD was not representative of similar heart substructure

exposure with IMRT, especially in the case of high dose exposure.

Conclusions: The mean heart dose is not a representative dosimetric

parameter to assess heart exposure following IMRT. Equivalent MHD values

following IMRT and 3DRT BC treatment do not represent the same dose

distribution leading to extreme caution when using this parameter for IMRT

plan validation.
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Background

Breast-conserving surgery followed by whole breast irradiation

(WBI) is the current standard of care for patients with early stage

breast cancer (BC). AlthoughWBI significantly decreases the risk of

locoregional recurrences and consequently BC-related mortality,

some long-term BC survivors will develop ischemic heart disease

(IHD). Since the mid-90s, long-term cardiac morbidities/mortality

have been reported after radiotherapy. In 2005, the EBCTCGmeta-

analysis showed that heart disease significantly increases mortality

of patients with BC (hazard ratio: 1.27, p=0.0001) (1). From 2000,

the BC radiation oncology community has focused on identifying

parameter(s) that predict late cardiac toxicities. It was first reported

that the maximal heart distance correlates with the percentage of

irradiated heart volume (2). More than a decade later, Darby and

colleagues assessed IHD risk in function of the heart exposure and

the presence of cardiac risk factors (history of circulatory disease,

diabetes, chronic obstructive pulmonary disease, smoking, high

body mass index, regular analgesic use) in a population-based

case-control study of women with BC who received radiotherapy

between 1958 and 2001 and with major coronary events (i.e.

myocardial infarction, coronary revascularization or death from

IHD) or not (controls) (3). This study relied on real clinical data

with estimated radiotherapy plans. From this study, dose-volume

histograms, mean doses and equivalent doses delivered in 2Gy

fractions (EQD2) were generated for the whole heart and for the left

anterior descending (LAD) coronary artery. The mean heart doses

(MHD) were 4.9Gy for the whole population and 6.6Gy for patients

with left BC, respectively. The mean LAD coronary artery dose and

mean EQD2 were 9.9Gy and 4.4Gy for the whole population. The

authors concluded that MHD is the most predictive factor of

developing a major coronary event, and higher MHD values

significantly enhance the risk of major coronary event. Taylor

and colleagues assessed MHD predictive value after the

introduction of modern radiotherapy techniques (3D conformal

and inverse-planned intensity modulated radiation therapy, IMRT)

(4). Their treatment plans showedMHD of 9.2Gy for 3D conformal

radiotherapy of left-sided BC and internal mammary chain (IMC)

and of 8.6Gy for IMRT. These values decreased to 3.4Gy and 5.6Gy

with 3D conformal radiotherapy and IMRT, respectively, when the

IMC was not included. Furthermore, in patients with unfavorable

anatomy (pectus excavatum), MHD was 14.8Gy. The estimated

radiation-induced heart disease incidence rates were 1.3% and 2.5%

and the cardiac-related mortality rates were 0.6% and 1.2% without

and with IMC irradiation, respectively, for 50-year-old

patients without any cardiac risk factor, regardless of the

radiation technique.
Abbreviations: BC, breast cancer; CTV, Clinical Target Volume; IHD,

ischemic heart disease; IMRT, intensity modulated radiation therapy; LAD,

left anterior descending; MHD, mean heart dose; OAR, organs at risk; PTV,

Planning Target Volume; RA, Rapid Arc; WBI, whole breast irradiation.
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Nevertheless, several studies challenged the use of MHD as

an appropriate surrogate parameter. The BACCARAT study

recommended assessing the dose distribution of the cardiac

substructures, in particular the LAD (5). Recently, Naimi et al.

(6) studied the radiation dose distribution to cardiac subvolumes

in left breast cancer radiotherapy for 50 patients treated with 3D-

conformal hypofractionated radiotherapy. They showed a poor

correlation between MHD and dose to cardiac substructures and

suggested to define the left ventricle and the LAD as separate

organ at risk.

To our knowledge, these observations have not been

reported with IMRT techniques. Although the American

Society for Radiation Oncology (ASTRO) does not

recommend IMRT for the routine delivery of WBI following

breast-conserving surgery, some studies showed that IMRT use

is increasing worldwide (7–9). Pierce and colleagues recently

reported that in the USA, approximately 40% of patients with

BC receive IMRT (10). The present study objective was to

determine whether MHD is representative of similar heart

substructure exposure after 3D or IMRT for BC. To this aim,

first we estimated the MHD following breast irradiation by

IMRT and using an optimal strategy with a 3D technique.

Then, we analyzed the heart and LAD dose distribution with

an equivalent MHD (obtained from the radiotherapy plans for

the two techniques) and the impact of MHD variations on

these structures.
Materials and methods

After the study approval by the local Ethics Committee, ten

patients with left-sided BC and unfavorable cardiac anatomy (i.e.

maximum heart depth ≥1.0 cm within the tangent fields) and/or

unfavorable anatomy (pectus excavatum) and their relative

treatment plans were retrieved from our database (Figure S1).

These patients were treated between December 2012 and March

2016. All patients had lumpectomy and sentinel node biopsy

followed by adjuvant radiotherapy. Due to their unfavorable

cardiac anatomy, all patients received IMRT using the RapidArc

(RA) technology without breath-hold technique. All patients were

on supine position, both arms over the head with personalized

foam and underwent non-contrast Computed Tomography (CT)-

based simulation (Optima CT580 RT, General Electric

Healthcare, Waukesha, WI). CT images were acquired using a

2.5 mm slice thickness from the top of the second cervical

vertebral body to the bottom of the first lumbar vertebral body.
Delineation of target and organs at risk
(OAR) volumes

As the BC was removed by surgery, no gross target volume

was delineated. The breast Clinical Target Volume (CTV) was
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defined according to the ESTRO guidelines (11). Briefly, breast

CTV encompassed the clinical (delineated by radio-opaque

markers) and visible mammary gland. The tumor bed CTV

included surgical clips with a 20mm-margin extension (12, 13).

Heart and LAD coronary artery (including the LAD coronary

artery and interventricular branch) were delineated using the

atlas by Feng and colleagues (14). The Planning Target Volume

(PTV) was defined as a 3D-expansion of the CTV with a margin

of 7mm. All PTV and CTV were limited 5 mm under the skin.

The total doses delivered to the breast and tumor bed PTV were

52.2Gy and 63.22Gy in 29 fractions, respectively.
Treatment plans

Patients were treated according to RA technique owing to their

unfavorable cardiac anatomy and/or unfavorable anatomy (pectus

excavatum). RA radiotherapy plans were prepared using the mono-

isocentric technique with six partial rotation arcs, each with 50°

gantry rotations, as described by Tsai et al. (15). Photon Optimizer

(PO, v15.5) was used for RA optimization. RA radiotherapy plans

were considered as completed when at least 99% of the breast CTV

received a total dose of 49.6Gy (i.e. 95% of 52.2Gy) and when at

least 95% of the tumor bed PTV received 95% of the total dose of

63.22Gy (SIB technique). OAR dose constraints are summarized in

Table 1. Dose distributions were calculated with the analytical

anisotropic algorithm (v15.5, Varian Medical Systems, Palo Alto,

CA, USA) on a TrueBeam linear accelerator equipped with a Varian

120 multileaf collimator.

For dosimetric comparison, virtual 3D-conformal RT plans

were generated using common tangent wedged fields (6MV

photon energy; maximum 400MU/min dose rate). A total dose

of 52.2Gy in 29 fractions was prescribed to breast PTV following

by a boost dose of 11.02Gy in 29 fractions to the tumor bed

(equivalent prescription to the RA technique).
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Study A: All patients had a RA radiotherapy plan to optimize

the target volume coverage and to limit OAR exposure,

particularly the heart (treatment performed). Then, heart and

LAD coronary artery exposure were compared in function of the

treatment technique (RA IMRT and virtual 3D conformal

radiotherapy). For this, virtual 3D conformal radiotherapy

plans were created to ensure that the target volume dose-

volume histograms would be the same as those obtained with

the RA radiotherapy plans. Heart exposure to high total dose

were monitored by calculating the mean dose (Gy) and the

volumes at 30, 40 and 45Gy (V30Gy, V40Gy and V45Gy; i.e. the

percentage of heart volume in % encompassed by the 15Gy,

30Gy, 40Gy and 45Gy isodose, respectively). Concerning LAD

coronary artery exposure, V15Gy, V30Gy, V40Gy and V45Gy

were reported.

Study B: Based on the individual MHD obtained in the RA

radiotherapy plans, virtual 3D conformal radiotherapy plans

were generated to obtain similar MHD, regardless of the PTV

coverage. Heart and LAD coronary artery exposure were

monitored by calculating the V5Gy, V10Gy, V30Gy, V40Gy

and V45Gy (percentage of heart volume and LAD coronary

artery volume in cc encompassed by the 5Gy, 10Gy, 30Gy, 40Gy

and 45Gy isodose, respectively). The aim of this study is to

analyze the difference in dose distribution for different dose

levels between the two techniques for similar MHD values.

Study C: Darby and colleagues reported in their population-

based case-control study a MHD of 6.6Gy for left-sided BC (with

3D conformal radiotherapy) and an increase by 7.4% of major

coronary events for each 1Gy increment in the MHD. Study C

aim was to assess the relationship between the MHD, and the

heart volume receiving at least 30Gy, 40Gy and 45Gy in function

of each additional 1Gy to the MHD. To this aim, the individual

3D conformal radiotherapy plans from study A were used: MHD

was >6.6Gy (from 7.6Gy to 29.7Gy) and <6.6Gy (from 1.4Gy to

4.3Gy) in six and four patients with unfavorable cardiac

anatomy, respectively. For each patient, the 3D conformal

radiotherapy plan was recalculated to obtain a MHD between

3.5Gy and 7Gy, either by decreasing or increasing the MHD

(0.5Gy each time). The percentage of heart volume, and LAD

coronary artery volume (in cc) encompassed by the 30Gy, 40Gy

and 45Gy isodose were retrieved for each patient. The

correlations between MHD and heart volume (percentage) or

LAD coronary artery volume (in cc) were analyzed.
Statistical considerations

Data were described using the mean, minimal and maximal

values for continuous parameters and percentages and 95%

confidence interval for categorical parameters.

Continuous parameters were compared between categories

using the Wilcoxon - Mann Whitney test. Correlation analyses
TABLE 1 Dose constraints for the indicated organs at risk.

OAR Constraints

Heart
D1%< 40 Gy

Dmean < 10 Gy

Left Lung

D20% < 22 Gy

D10% < 30 Gy

D80% < 5 Gy

Dmean < 13 Gy

Right Lung
D1% < 10 Gy

Dmean < 5Gy

Right Breast
D1% < 10 Gy

Dmean < 5Gy
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between continuous parameters were performed using the

Spearman’s rank correlation coefficient.
Results

Patients, OAR volumes

All patients had pT1N0 (n=9) or pT2N0 (n=1) left invasive

ductal carcinoma BC. The mean breast CTV was 761.3 cc (min –

max, 175 cc – 1642.5 cc), mean heart volume 612cc (min –max,

439 – 749cc) and mean LAD coronary artery volume 2.74 cc

(min – max, 1.1 – 5.7 cc).
Significant decrease of heart and LAD
exposure to high dose with RapidArc for
the same target coverage (study A)

In study A, the real RA radiotherapy plan of each patient was

compared to the virtual 3D conformal radiotherapy plan with

the same CTV coverage (i.e. at least 99% of breast CTV

encompassed by the 95% isodose; Figure 1). Concerning heart

exposure, MHD was not significantly different in the RA and 3D

conformal radiotherapy plans (6.4Gy and 9.4Gy). However,

heart exposure to high total doses was significantly different:

V45Gy, V40Gy and V30Gy were strongly reduced in the RA

radiotherapy plans (V30Gy and V45Gy: 1.1% and 0.1%)

(Figure 2). The mean LAD coronary artery was significantly

lower with RA than with 3D conformal radiotherapy (17.1Gy

and 41.1Gy; p-value=0.003) as well as the LAD coronary artery

V45Gy, V40Gy,V30Gy and V15Gy (Figure 2).
The mean heart dose is not
representative of heart substructure
exposure when using RapidArc IMRT
(Studies B and C)

Study B. The intra-patient MHD was similar with both

radiotherapy techniques (MHD=6.4Gy), whereas dose

distribution was significantly different. A better breast PTV

coverage was observed with the RA than with the 3D

conformal radiotherapy plans (V49.6Gy=99% versus 97.5%).

Moreover, heart exposure to high doses was significantly

decreased with the RA technique (<1% of heart volume for

V30Gy, V40Gy and V45Gy), while it was increased for V5Gy

exposure compared with the 3D conformal technique (39.6%

versus 17.1%, respectively) (Figure 3). The mean LAD coronary

artery dose was significantly reduced in the RA compared with

the 3D conformal radiotherapy plans (17.1Gy versus 42.2Gy).

LAD coronary artery exposure to low dose was comparable

between techniques, whereas exposure to high doses was
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significantly reduced in the RA compared with the 3D

conformal radiotherapy plans (Figure 3).

Study C. The relationship between the MHD, and the heart

volume exposure was evaluated in function of each additional

0.5Gy to the MHD (Figure 4A). Study C. MHD and heart

exposure (V30Gy, V40Gy and V45Gy) showed a strong linear

correlation (R2 closed to 1) (Figure 4B) whereas LAD coronary

artery exposure (V30Gy, V40Gy and V45Gy) displayed a

polynomial correlation with MHD (Figure 4C). When these

correlations were assessed for a MHD of 6.6Gy (the reference

from the article by Darby et al), the 3D conformal radiotherapy

plans achieved heart V30Gy, V40Gy and V45Gy of 8.17%, 6.86%

and 5.72%, respectively, whereas the RA radiotherapy plans

significantly decreased the heart V30Gy, V40Gy and V45Gy

(1.11%; 0.36% and 0.09%, respectively). Similar results were

obtained for the LAD coronary artery V30Gy, V40Gy and

V45Gy (1.98cc; 1.91cc and 1.87cc, respectively, in the 3D

conformal radiotherapy plans, and 0.2cc; 0.06cc and 0.02cc,

respectively, in the RA radiotherapy plans).
Discussion

The present study showed that the use of RA allow a significant

better PTV coverage, a significant lesser LAD exposure than 3D-

conformal technique in patients with left-sided BC and unfavorable

cardiac anatomy and/or unfavorable anatomy. Regarding MHD

after RA planning, our results are consistent with those reported by

Taylor and colleagues (4) (MHD pectus excavatum=14.8 Gy; MHD

unfavorable anatomy=7.1Gy).

The effect on the heart of dose sparing strategies, particularly

the role of the deep inspiration breath hold technique, has been

extensively studied, by assuming that the MHD is the

appropriate dosimetric parameter to evaluate the risk of late

cardiac toxicity occurrence.

The reference study by Darby and colleagues showed that

the MHD in patients with left-sided BC treated by 2D or 3D

conformal radiotherapy should be lower than 6.6Gy (3). The

methodology used in this study is one of its limitations: MHD

was estimated to be 4.9Gy for a woman with typical anatomy

because no individual data was available. In a more recent study

based on individual data, the MHD was 4.4Gy when only the

left-sided BC was irradiated (without any node field) (16). This

study on 910 patients with BC showed that the relationship

between acute coronary events and the left ventricle volume

receiving 5Gy was more important than MHD. Furthermore,

more and more radiation oncologists use IMRT for BC

treatment, and the systematic review (studies from 2003 to

2013) by Taylor et al. found that the recommended value from

the study by Darby et al. could not be respected when the IMC

was included in the radiotherapy prescription (MHD=9.2Gy),

and when using IMRT (MHD=8.6Gy) (4).
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Our study found that the MHD is not the most appropriate

dosimetric parameter for IMRT if we follow clinical rule defined for

3D CRT treatment: heart and LAD coronary artery dose

distribution are significantly different in function of the

radiotherapy technique (IMRT and 3D conformal radiotherapy),

despite comparable MHD. In 3D technique, the MHD value is the

result of a small volume receiving a high dose (upper 40Gy)

combined with a very large volume of heart not irradiated. It is

clear that there is a relationship between the portion of heart

irradiated and the toxicity, but these last come from high dose

region and the representation of a mean value is not the better way

to represent it. Looking the volume of heart receiving dose upper 40

Gy is more representative to the real dose distribution and despite a

generally higher Dmean with IMRT in clinical routine, the volume
Frontiers in Oncology 05
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irradiated at high dose is significantly lower than in 3DCRT. This is

clearly show in the study B for an equivalent MHD for the two

techniques. Looking to 3D treatment in our study we try to convert

a MHD value leading to clinical effects (as in Darby paper) into a

portion of heart irradiated to high volume to define some limits for

our optimization in inverse planning techniques (Figure 3).

Similarly results were reported by the BACCARAT study

(ClinicalTrials.gov: NCT02605512) the aim of which was to

determine predictive factors (circulating biomarkers and heart

dosimetric parameters) of early radiation-induced subclinical

cardiac dysfunction in patients with BC treated by 3D conformal

radiotherapy (5). In this study, the MHD and mean LAD

coronary artery dose were 2.9Gy and 15.7Gy, respectively. The

authors observed that in patients with left-sided BC, the
FIGURE 1

Example of comparison of 3D conformal (virtual) radiotherapy plan with tangent fields and RapidArc-based IMRT (real) plan with six partial
rotation arcs to ensure the same target volume coverage (95% isodose displayed).
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correlation between MHD and left ventricle exposure was

stronger (R2 = 0.78) than between MHD and LAD coronary

artery dose (R2 = 0.67). Unlike the BACCARAT study, we found

a strong polynomial (and not linear) correlation between MHD

and LAD coronary artery exposure when using 3D conformal

radiotherapy: with increasing doses to the heart, LAD coronary

artery exposure progressively increased until it reached a

threshold corresponding to the proportion of LAD within the

tangent fields. To date, all studies on dosimetric parameters as

predictive factors of radiation-induced cardiotoxicity used 3D

conformal radiotherapy plan data. Due to the lack of long-term

data on IMRT use in patients with BC and the risk of IHD
Frontiers in Oncology 06
29
occurrence in such patients, 3D-conformal radiotherapy

planning constraints are routinely applied to IMRT treatment

planning. The recent study by Loap and colleagues suggested

similar observations (17): among the many cardiotoxicity

predictive factors found in the literature (mean dose,

maximum dose, V3Gy, V5Gy, V10Gy, V15Gy, D90% and

D95%), IMRT MHD is not representative of the cardiac

substructure exposure in the same way as 3D CRT.

Darby et al. report an increase by 7.4% of major coronary

events for each 1Gy increment in the MHD, but we show in our

study C that a small increase in the MHD value for 3D CRT

technique is generated by a large increase of the heart volume
FIGURE 2

Comparison of heart and LAD exposure in the radiotherapy plans (3D-conformal versus RapidArc-based IMRT) for similar target coverage. 3D,
3D-conformal; RA, RapidArc; CTV, clinical target volume; LAD, left anterior descending coronary artery.
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receiving high dose leading to the correlation between the

volume of heart irradiated to dose upper 40 Gy with toxicity.

Evolution of the mean dose in IMRT/VMAT treatment is not

lead by the same dose distribution but more with low dose area.

Similar findings were recently reported for lung cancer. In a

large retrospective cohort, LAD coronary artery dose exposure

was related to severe adverse cardiac events, especially in patients

without any history of coronary heart disease. IHD risk

(HR=24.8) was significantly higher for patients with LAD

coronary artery V15Gy ≥10% without but not with coronary

heart disease history (18, 19). Moreover, a mean total coronary

artery dose ≥7Gy increased the absolute risk of IHD in patients

without coronary heart disease history by 5% in 1 year.

Here, we showed that MHD is not representative of the

cardiac exposure: heart and LAD coronary artery dose

distribution were significantly different in function of the

radiotherapy technique, although MHD was the same, and

IMRT significantly decreased heart and LAD coronary artery

exposure to high dose. This indicates that using 3D conformal

dosimetric constraints for IMRT is not the most appropriate

strategy. Future studies are needed to correlate heart and its
Frontiers in Oncology 07
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substructures exposure with prospective clinical data in order to

generate appropriate surrogate in cardio-oncology field.

Last, a Sweden study using a national cardiac register assessed

the long-term risk of IHD (defined as angina pectoris, acute

myocardial infarction, complications due to myocardial infarction,

and chronic IHD) after adjuvant radiotherapy, and observed that

node irradiation (HR=1.46), post-mastectomy radiotherapy

(HR=1.25), and the combination of endocrine therapies and

chemotherapy (HR=1.35) increased the IHD risk in patients with

left-sided BC (20). The authors reported high LAD coronary artery

exposure (mean dose to the distal LAD coronary artery of 26.7Gy)

and recommended to include LAD coronary artery radiation dose

in radiotherapy plans, with the lowest possible dose. Minimizing the

dose to the LAD coronary artery should decrease the risk of later

radiation-induced stenosis.

Conclusion

IMRT techniques significantly reduce high dose exposure to

OAR, while, in the meantime, spreading low dose to OAR

compared to 3D techniques (where dose distribution is restricted
FIGURE 3

Comparison of heart and LAD exposure in the radiotherapy plans (3D-conformal versus RapidArc-based IMRT) for similar intra-patient MHD. 3D,
3D-conformal; RA, RapidArc; CTV, clinical target volume; LAD, left anterior descending coronary artery; TP, treatment plan.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1066915
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Prunaretty et al. 10.3389/fonc.2022.1066915
within treatment fields). Even though clinical heart event after BC is

clearly correlated with the irradiation of the heart, we show that

MHD issue from the cohort of patients irradiated with 3D

technique is not directly transposable to modern radiotherapy

delivery like IMRT or VMAT. Volume of heart (or substructures)

receiving high dose region is certainly a better surrogate.
Frontiers in Oncology 08
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FIGURE 4

(A) Example of 3D tangent fields (yellow lines) plan recalculation to obtain a MHD between 3.5Gy and 7Gy, by step of 0.5Gy. (B) Relationship
between heart volume (cc) and mean heart dose (Gy) and determination of the R2 value. (C) Relationship between LAD coronary artery volume
(cc) and mean heart dose (Gy) and determination of the R2 value.
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SUPPLEMENTARY FIGURE 1

CT images showing the anatomy of the ten patients with left breast cancer

included in this study. Patients had unfavorable cardiac anatomy (i.e.
maximum heart depth ≥1.0 cm within the tangent fields; patients n=9)

and/or unfavorable anatomy (pectus excavatum; patients n=1).
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cancer patients treated with
proton-based postmastectomy
radiation therapy

Mutlay Sayan1,2*, Lara Hathout3, Sarah S. Kilic4, Imraan Jan3,
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Jeremy Sinkin5, Richard Agag5, Bruce G. Haffty3 and Nisha Ohri3
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Oncology, Taussig Cancer Institute, Cleveland Clinic, Cleveland, OH, United States, 5Division of Plastic
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Jersey, Rutgers University, New Brunswick, NJ, United States, 7Departments of Medicine, Rutgers
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Background: Postmastectomy radiation therapy (PMRT) decreases the risk of

locoregional recurrence and increases overall survival rates in patients with

high-risk node positive breast cancer. While the number of breast cancer

patients treated with proton-based PMRT has increased in recent years, there is

limited data on the use of proton therapy in the postmastectomy with

reconstruction setting. In this study, we compared acute toxicities and

reconstructive complications in patients treated with proton-based and photon-

based PMRT.

Methods: A retrospective review of our institutional database was performed to

identify breast cancer patients treated with mastectomy with implant or

autologous reconstruction followed by PMRT from 2015 to 2020. Baseline

clinical, disease, and treatment related factors were compared between

the photon-based and proton-based PMRT groups. Early toxicity outcomes

and reconstructive complications following PMRT were graded by the

treating physician.

Results: A total of 11 patients treated with proton-based PMRT and 26 patients

treated with photon-based PMRT were included with a median follow-up of 7.4

months (range, 0.7-33months). Six patients (55%) in the proton group had a history

of breast cancer (3 ipsilateral and 3 contralateral) and received previous RT 38

months ago (median, range 7-85). There was no significant difference in mean

PMRT (p = 0.064) and boost dose (p = 0.608) between the two groups. Grade 2

skin toxicity was the most common acute toxicity in both groups (55% and 73% in

the proton and photon group, respectively) (p = 0.077). Three patients (27%) in the

proton group developed grade 3 skin toxicity. No Grade 4 acute toxicity was
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reported in either group. Reconstructive complications occurred in 4 patients

(36%) in the proton group and 8 patients (31%) in photon group (p = 0.946).

Conclusions: Acute skin toxicity remains the most frequent adverse event in both

proton- and photon-based PMRT. In our study, reconstructive complications were

not significantly higher in patients treated with proton- versus photon-based

PMRT. Longer follow-up is warranted to assess late toxicities.
KEYWORDS

carcinoma, mastectomy, proton, radiotherapy, breast
Introduction

The clinical indication for proton-based radiation therapy (RT)

continues to grow for treatment of various cancers. This is mainly due

to the dosimetric benefits of proton-based RT which includes a low to

medium entrance dose and homogenous dose distribution within the

target (1–3). In addition, protons have a steep fall-off to zero dose

distally to the target, known as Bragg peak, resulting in a significant

normal tissue sparing, which may potentially decrease the risk of

toxicity. Although these unique characteristics of protons support its

use, the clinical significance of proton-based RT has not been clearly

demonstrated in breast cancer patients. The RADCOMP trial is

currently investigating the efficacy and cardiovascular benefits of

proton-based RT in patients with non-metastatic breast cancer.

Adjuvant RT is an important component in the multidisciplinary

management of breast cancer patients. In the setting of post-

mastectomy, patients with high-risk node positive breast cancer

often receive adjuvant RT. Postmastectomy radiation therapy

(PMRT) decreases the risk of locoregional recurrence and increases

overall survival rates in patients with locally advanced disease as

demonstrated in multiple randomized trials, as well as the Early

Breast Cancer Trialists’ Collaborative Group (EBCTCG) meta-

analysis (4–7). More recently, with the increase in number of

proton centers, the number of breast cancer patients treated with

proton-based PMRT has increased. However, there is limited data on

the use of proton therapy in the postmastectomy with

reconstruction setting.

Given its significant impact on quality of life, identifying the risk

factors for acute toxicities and reconstruction outcomes after PMRT is

crucial. In this study, we compared acute toxicities and reconstructive

complications in postmastectomy patients with implant or autologous

reconstruction treated with proton-based PMRT and photon-

based PMRT.
Materials and methods

A retrospective review of our institutional database was

performed to identify breast cancer patients treated with adjuvant

proton or photon therapy. Patients were eligible for this study if they

had mastectomy with implant or autologous reconstruction and

underwent radiation therapy. Patients who underwent breast-
0234
conserving surgery and those who had mastectomy without

reconstruction were excluded.

Baseline clinical characteristics were collected and included

patient age, race, body mass index (BMI), history of smoking,

diabetes, history of prior breast cancer and treatment received.

Disease-related characteristics including histology, hormone

receptor status, AJCC T stage, and AJCC N stage were also

recorded. Treatment related factors included type of breast

reconstruction (implant vs. autologous), receipt of chemotherapy

(neoadjuvant vs. adjuvant chemotherapy), hormonal therapy, and

adjuvant radiation therapy (proton- vs. photon-based PMRT).

Early toxicity outcomes (fatigue, dermatitis, pain, and

esophagitis) were graded by the treating physician during the

treatment course using the National Cancer Institute Common

Terminology Criteria for Adverse Events (CTCAE), version 3.0.

Minor reconstruction complications included infection resolved

with oral antibiotics, Baker grade ≤2 capsular contracture, or fat

necrosis without need for revision. Major reconstruction

complications included infection or exposure of implant requiring

IV antibiotics and/or operation, Baker grade ≥3 capsular contracture

or fat necrosis requiring revision.

Baseline characteristics between the two groups were compared

using the Chi-squared or Fisher exact test for categorical variables and

a t-test for metric variables. Statistical analyses were performed using

SPSS statistical software version 25 (IBM Corp., Armonk, NY, USA).
Results

Eleven patients treated with proton therapy and 26 patients

treated with photon therapy were included. Baseline patient

characteristics are shown in Table 1. Median follow-up was 7.4

months (range, 0.7-33 months). There was no significant difference

in age (p = 0.973), race (p = 0.405), laterality (p = 0.389), histology

(p = 0.118), BMI ≥30 (p = 0.583), history of smoking (p = 0.228) and

diabetes (p = 0.348) between the two groups. Six patients (55%) in the

proton group had a history of breast cancer, of which 3 had ipsilateral

and 3 had contralateral disease treated with radiation. For the three

patients with a history of prior ipsilateral radiation therapy, all three

patients had implant reconstruction in place at the time of proton

radiation therapy. Each patient was treated with conventional

fractionation in 1.8 Gy per fraction to a total dose of 4,320 to 5,750
frontiersin.org
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TABLE 1 Baseline characteristics.

Proton Photon p

Patient, n 11 26

Age at diagnosis

Mean, years 49.3 49.2 0.973

Race, n (%) 0.405

White 10 (91) 19 (73)

Black or African American 1 (9) 4 (15)

Asian 0 3 (12)

Breast laterality, n (%) 0.389

Left 8 (73) 15 (58)

Right 3 (27) 11 (42)

Histology, n (%) 0.118

Invasive ductal carcinoma 11 (100) 21 (82)

Invasive lobular carcinoma 0 5 (18)

AJCC clinical T stage, n (%) 0.472

T1 2 (18) 4 (15)

T2 6 (55) 8 (31)

T3 2 (18) 11 (42)

T4 1 (9) 3 (12)

AJCC clinical N stage, n (%) 0.183

N0 3 (27) 2 (8)

N1 4 (37) 15 (58)

N2 3 (27) 3 (12)

N3 1 (9) 6 (22)

Receptor status, n (%)

Estrogen receptor-positive 5 (45) 16 (62) 0.367

Progesterone receptor-positive 5 (45) 17 (65) 0.259

HER2/neu-amplified 3 (27) 6 (22) 0.267

History of smoking, n (%) 2 (18) 10 (38) 0.228

Diabetes, n (%) 2 (18) 2 (8) 0.348

BMI ≥30, n (%) 4 (37) 12 (46) 0.583

History of breast cancer, n (%) 6 (55) 0 <0.001

Ipsilateral, n (%) 3 (27)

Treated with radiotherapy, n (%) 6 (55) N/A

Time since completion of radiotherapy

Median, months (range) 38 (6.7-85.2) N/A

Follow-up 0.342

Median, months (range) 9.1 (2-29) 6.7 (0.7-33)
F
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cGy. The chest wall and axilla were treated in all three patients. The

patient treated to 5,750 cGy had mild late contracture; the other two

patients had no late toxicity after proton radiation therapy. The

median time between previous radiation and second course of RT

was 38 months (range 7-85).

There was no difference in reconstruction types between the

groups (p = 0.786). Treatment-related characteristics are shown in

Table 2. The most common reconstruction type was implant (73% in

proton and 77% in photon group). There was no significant difference

in the mean PMRT dose (4797 cGy and 4986 cGy, p = 0.064) and

boost dose (948 cGy vs 1033 cGy, p = 0.608) in the proton vs photon

groups, respectively.

Treatment related toxicities are shown in Table 3. Grade 2 skin

toxicity was the most common acute toxicity in both groups (55% in

proton and 73% in photon) (p = 0.077). Three patients (27%) in the

proton group developed Grade 3 skin toxicity. Grade 2-3 pain was

reported by 45% of patients in the proton group while only Grade 2

pain was reported by 27% patients in the photon group (p = 0.077).

Grade 2 fatigue was significantly higher in the proton group (45% vs

12%, p = 0.035). No Grade 4 acute toxicity was reported in either

group. There was no significant difference in reconstructive

complications between the groups (36% in proton vs 31% photon

group, p = 0.946).
Discussion

Within a cohort of breast cancer patients treated with proton-

based PMRT, we noted acceptable rates of acute toxicities and
Frontiers in Oncology 0436
reconstructive complications that are not significantly higher

compared to patients treated with photon-based PMRT.

Evaluation of the success of the breast reconstruction following

PMRT is an important aspect of the treatment outcome. Photon-

based PMRT to the reconstructed breast has a complication rate of

35%, including a Baker III or IV contracture rate of 38% in implant-

based reconstructions (8, 9). Consensus guidelines regarding

radiation therapy in the context of breast reconstruction provide

important guidance for radiation oncologists (10). However, the data

on reconstructive complications following proton-based PMRT, the

subject of the present study, remains limited. Several prior small

studies have investigated this topic. In a small study by Luo et al.

including 27 patients treated with proton-based PMRT,

reconstructive complications occurred in 27% including six patients

with capsular contractures and one patient with implant infection

(11). Similarly, Smith et al. reported a 39% reconstruction

complication rate in 42 patients following proton-based PMRT

(12). In a recent study by Naoum et al. proton-based PMRT

significantly increased overall reconstruction failure when compared

photon-based PMRT (53% vs 43%, p-value = 0.004) (13). In our

study, the reconstruction complication rate was 36% following

proton-based PMRT, which is comparable to the rates reported in

prior studies, and not significantly different when compared to

patients treated with photon-based PMRT.

A better understanding of the risk of complications might impact

the decision on when to use proton-based therapy. Similar to the

incidence of reconstruction complications, no significant difference in

acute skin toxicity and pain was noted between the treatment groups.

However, grade 3 skin toxicity was only reported in patients treated

with proton-based PMRT. This is likely due to the increased skin
TABLE 2 Treatment‐related characteristics.

Proton (n:11) Photon (n:26) p

Type of breast reconstruction, n (%) 0.786

Implant 8 (73) 20 (77)

Autologous 3 (27) 6 (23)

Systemic therapy

Chemotherapya 0.033

Neoadjuvant 3 (27) 18 (69)

Adjuvant 8 (73) 7 (27)

Trastuzumab 4 (36) 5 (19) 0.226

Endocrine therapy 4 (36) 18 (69) 0.063

Radiation therapy parameters

Mean dose (cGy) 4797 4986 0.064

Fraction number, mean 25 25 0.668

Boost, n (%) 4 (36) 18 (69) 0.063

Mean dose (cGy) 947.5 1033.3 0.608

Radiation Field Design 0.005

3-4 fieldsb 7 (64) 26 (100)
frontier
aOne patient in photon group did not receive chemotherapy.
bSupraclavicular field with or without a posterior axillary boost.
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surface dose with proton therapy. Better understanding the proton

treatment planning and improvement in treatment delivery

techniques such as pencil beam versus scattered beams can help

improve the acute toxicity outcomes.

Limitations of our study include its small sample size,

retrospective design, and inherent confounding factors that cannot

be completely accounted for in a non-randomized study. In addition,

another limitation is the lack of assessment of the cosmetic outcome

which is an important part of the treatment success. An additional

limitation is that the small sample size of the present study limited any

meaningful analysis of the impact of implant size on toxicity.

Furthermore, the definition of reconstruction complication and

assessment is not universally agreed upon which limits the external

validity when results are compared with published studies.

In patients with a history of thoracic irradiation, challenging

anatomies, or left-sided disease requiring nodal irradiation,

proton therapy can provide significant advantages. However, the

benefits of proton-based PMRT must be weighed against its

potential complications.
Conclusions

Our study reported similar rates of reconstructive complications

and physician-reported toxicity in patients treated with proton-based

and photon-based PMRT. Grade 3 skin toxicity was higher in the

proton-based PMRT group. Despite being well tolerated, the benefit

of proton-based PMRT is still investigational. For patients with left-

side breast disease, challenging anatomies or history of previous

radiation, proton-based PMRT is beneficial based on small

retrospective studies while awaiting the results of the RADCOMP

trial which will provide a better insight into the clinical benefits of

proton therapy.
Frontiers in Oncology 0537
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TABLE 3 Treatment related toxicities.

Proton (n:11) Photon (n:26) p

Dermatitis, n (%) 0.077

Grade 2 6 (55) 19 (73)

Grade 3 3 (27) 0

Pain, n (%)

Grade 2 3 (27) 7 (27) 0.077

Grade 3 2 (18) 0

Fatigue, n (%)

Grade 2 5 (45) 3 (12) 0.035

Esophagitis, n (%)

Grade 2 1 (9) 0

Reconstructive complication, n (%) 0.946

Minora 1 (9) 2 (8)

Majorb 3 (27) 6 (23)
frontier
aMinor = infection resolved with po antibiotic, Baker grade ≤2 capsular contracture, or fat necrosis without need for revision.
bMajor = infection or exposure of implant requiring IV antibiotic and/or operation, Baker grade ≥3 capsular contracture or fat necrosis require revision.
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Hypofractionated whole
breast irradiation with
simultaneous integrated boost
in breast cancer using helical
tomotherapy with or without
regional nodal irradiation:
A report of acute toxicities

Imjai Chitapanarux1,2*, Wannapha Nobnop1,2, Wimrak Onchan1,2,
Pitchayaponne Klunklin1,2, Thongtra Nanna3,
Chomporn Sitathanee3, Sutthisak Kulpisitthicharoen4

and Patumrat Sripan5

1Division of Radiation Oncology, Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand,
2Northern Thai Research Group of Radiation Oncology (NTRG-RO), Faculty of Medicine, Chiang Mai
University, Chiang Mai, Thailand, 3Division of Radiation Oncology, Faculty of Medicine, Ramathibodi
Hospital, Bangkok, Thailand, 4Division of Radiation Oncology, Lopburi Cancer Hospital,
Lopburi, Thailand, 5Research Institute for Health Sciences, Chiang Mai University, Chiang
Mai, Thailand
Purpose: We prospectively investigated the acute toxicities focusing on skin and

hematologic function in breast cancer patients who received hypofractionated

whole breast irradiation with simultaneous integrated boost (HF-WBI-SIB) with

helical tomotherapy (HT), with or without regional nodal irradiation (RNI).

Methods: The dose of WBI and RNI was 42.4 Gy in 16 fractions. Tumor bed was

prescribed to 49.6 Gy in 16 fractions simultaneously. The association between

the worst grade of acute toxicities during treatment and receiving RNI was

analyzed. The integral dose to the whole body between the two groups was also

compared.

Results: Between May 2021 and May 2022, 85 patients were enrolled; 61

patients received HF-WBI-SIB only (71.8%) and 24 patients (28.2%) received

HF-WBI-SIB with RNI. Grade 2 acute skin toxicity was found in 1.2%. The most

frequent grade 2 or more hematologic toxicity was leukopenia, which occurred

in 4.8% and 11% in the 2nd and 3rd week, respectively. Mean whole body integral

dose was significantly higher in patients treated with RNI compared to patients

treated without RNI: 162.8 ± 32.8 vs. 120.3 ± 34.7 Gy-L (p-value < 0.001). There

was no statistically significant difference in acute grade 2 or more skin and

hematologic toxicities between the two groups.
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Conclusions: HF-WBI-SIB with or without RNI is feasible with acceptable acute

skin and hematologic toxicities. RNI and whole body integral dose were not

associated with these acute toxicities.
KEYWORDS

regional nodal irradiation (RNI), simultaneous integrated boost (SIB), hypofractionation,
breast cancer, helical tomotherapy (HT), acute toxicities
Introduction

Radiotherapy (RT) plays an important role in the treatment of

breast cancer patients undergoing breast-conserving surgery (BCS).

RT improves both local control and breast cancer specific survival

as shown by a meta-analysis of 17 trials, most of them using

conventional fractionation (1). Phase III randomized trials

investigating hypofractionated (HF) dose delivery for whole

breast irradiation (WBI) demonstrated equivalence with

conventional fractionation (CF) both in clinical outcomes and

toxicity profiles (2, 3).

Our previous study of HF radiotherapy using Helical

TomoTherapy (HT) to the chest wall/breast with/without regional

nodal irradiation (RNI) demonstrated excellent 3-year locoregional

failure-free survival (LRFFS) and minimal acute and late toxicities

(4). HF with simultaneous integrated boost (SIB) has been studied

and seems to be practical and safe (5). A phase II study using

Volumetric Modulated Radiation Therapy (VMAT) for

hypofractionated whole breast irradiation with simultaneous

integrated boost (HF-WBI-SIB) confirmed the safety and reported

good cosmetic results, even in patients who received adjuvant

systemic therapy (5, 6). The latest comparative dosimetric study

(7), demonstrated that HF-WBI-SIB using HT with TomoEdge

offered a significantly lower mean equivalent dose in 2-Gy fractions

(EQD2) to OARs and showed no significant difference between HF-

SIB and sequential boost. Both HF-SIB and normally fractionated

SIB (N-SIB) conformed significantly better to the breast and boost

planning target volumes (PTV) than both sequential

boost techniques.

HT, a fan beam intensity modulated radiotherapy (IMRT)

technique, characterized by a helical movement of the beam

delivery, provides satisfactory target coverage and doses to the

surrounding organs at risk (OARs). However, it can cause a

larger volume of normal tissue in the treated area and whole

body to receive low radiation doses as a result of the longer beam

on times (8). The increase in normal tissue integral dose caused by

IMRT has given concern for radiation-induced secondary

malignancies (9). Studies on this issue in patients treated with HT

show mixed results: some have found an increase of the integral

dose with HT (10, 11) while others found contradicting results with

no increase of the integral dose with HT as compared to

conventional IMRT techniques, and in some cases even a slight

decrease (12, 13).
0240
To our knowledge, all previous HF-WBI-SIB trials excluded

patients who needed RNI. We conducted a prospective multicenter

study on HF-WBI-SIB in breast cancer patients after breast

conserving surgery treated by HT, to which we also added RNI

when indicated. In the present report, we assess the acute toxicities

and calculate the integral dose to the whole body in breast cancer

patients who received HF-WBI-SIB with or without RNI using HT.

The association between integral dose and acute toxicities is also

explored. Treatment outcome, which includes field boost

recurrence (IFBR) rate (tumor recurrence in boost area),

locoregional recurrence (LRR) rate (tumor recurrent in ipsilateral

breast and/or regional lymph node area), cosmetic results, and late

toxicities will be reported after a longer follow-up.
Material and methods

Patients

This phase II prospective study was registered with the Thai

Clinical Trials Registry (TCTR20210623004) and was approved by

the institutional review board at each of the three contributing

centers: Chiang Mai University (Chiang Mai), Ramathibodi

Hospital (Bangkok), and Lopburi Cancer Hospital (Lopburi). All

patients provided written informed consent. Eligible patients were

patients who received breast conserving surgery (BCS) for a

pathologically confirmed invasive ductal carcinoma, had surgical

margins free from both invasive carcinoma and ductal carcinoma in

situ (DCIS), were age ≥ 18 years, with ECOG performance status 0

or 1. All patients had an indication for tumor bed boost according to

institutional protocols (age < 50 years or age > 50 years with high-

risk features). The tumor bed had to be clearly identified (preferred

by radiopaque clips). Patients who needed regional nodal

irradiation (RNI) were allowed in this study. We excluded

patients who had bilateral breast cancer, had extensive

postoperative seroma at the commencement of RT, and patients

who met all the following criteria: age > 70, T1, N0, ER+, low-

intermediate grade, margin ≥ 2mm.
Radiotherapy

All patients underwent a three-dimensional simulation

procedure in the supine position on a wing board (CIVCO, USA)
frontiersin.org
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with both arms up above the head. Computed tomography (CT)

was performed with a slice thickness of 5 mm, using radiopaque

wires to define the scars and field borders on the patients’ skin

during CT-simulation. The entire mammary gland constituted the

clinical target volume (CTV) of the whole breast (WB). The tumor

bed plus 1 cm added to the surgical clips placed in the lumpectomy

cavity constituted the CTV of the boost. A five-millimeter margin

was added to form the planning target volumes (PTV) for each of

these CTVs. The ribs and lung tissue were excluded from the PTV.

To reduce the potential for skin reactions and dose inhomogeneity,

breast PTV was restricted to a depth of 3 mm under the skin

surface. We followed the Radiation Therapy Oncology Group

(RTOG) atlas to contour CTV/PTV (14). We prescribed the

radiation dose with the SIB technique for 16 fractions with 2.65

Gy/fraction to a total dose of 42.4 Gy for the PTV WB, and 3.1 Gy/

fraction to a total dose of 49.6 Gy to the PTV boost. For the patients

who received RNI, the PTV for the lymph nodes was separated and

prescribed at 2.65 Gy/fraction to a total of 42.4 Gy. HT treatment

plans were created using a jaw width of 5.0 cm, a pitch of 0.287, and

a modulation factor of 3.0. We created a directional block to limit

the entrance dose to the following OARs: the bilateral lungs, the

contralateral breast, the heart, and the left anterior descending

coronary artery (LAD). Plan objectives, concerning target coverage

and homogeneity, were as follows: near-to-minimum dose D 98%

>95%, near-to-maximum dose D 2% <107% for PTV WB and RNI

(where D x% was the dose delivered to at least or at most x %). The

dose parameters for OARs are shown in Table 1 where VxGy was the

volume receiving at least xGy. Integral dose, which is the volume

integral of the dose deposited in each patient, was explored. The
Frontiers in Oncology 0341
whole body integral dose is defined as the mean dose in Gray (Gy)

of the entire volume of all slices where PTV existed plus 2 cm

superior and inferior to the PTV, multiplied by the volume of the

whole body in Liter (L) (13, 15).

Radiotherapy started within 6 weeks after the last dose of

chemotherapy. Clinical assessment for acute skin and hematologic

toxicities were assessed once a week during RT using the RTOG/

EORTC acute radiation morbidity score (16). Our endpoints of

interest were the worst grade of acute skin toxicity and the nadirs of

white blood cell (WBC), hemoglobin and platelets, defined as the

least value occurring between the start of RT and the end of RT.
Statistical analysis

A descriptive analysis was performed to calculate proportions

and frequencies of patient and treatment characteristics, while

medians with interquartile ranges (IQR) were calculated for the

age of patient. A mean with standard deviation (SD) was calculated

for the integral dose and dosimetric characteristics. Acute skin and

hematologic toxicities were assessed as frequency and percentages

per grade. The association between the worst grade of acute

toxicities during treatment (week 1, week 2 and week 3) and

receiving RNI, considered as a binary variable was analyzed using

the Fisher exact test. TheWilcoxon-Mann-Whitney test was used to

compare the integral dose and dosimetric characteristics between

groups of patients who received HF-WBI-SIB using HT, with or

without RNI respectively. Analyses were performed using STATA

software version 16 (Stata Corp, College Station, TX).
TABLE 1 Dose constraint for organ at risk (OARs) in this study.

OAR Acceptable

WBI WBI + RN

Heart (Right Breast) Dmax < 20 Gy
V8Gy < 15%

D15% < 10 Gy
D20% < 8 Gy
Dmean < 9 Gy

Heart (Left Breast) D5% < 20 Gy
V8Gy < 35%

D15% < 10 Gy
D20% < 8 Gy
Dmean < 9 Gy

Left anterior descending coronary artery (LAD) – D mean < 9.7 Gy
D1%: < 16.1 Gy

Ipsilateral lung V16Gy < 20%
V8Gy < 40%

D15% < 31 Gy
D20% < 26.4 Gy
D35% < 17.6 Gy
D50% < 13 Gy

Contralateral lung V4Gy < 15% D20% < 13 Gy
D35% < 10.6 Gy
D50% < 9 Gy

Contralateral breast Dmax < 2.64 Gy D15% < 17.6 Gy
D20% < 9 Gy
D35% < 6 Gy
D50% < 4.4 Gy

Esophagus – Dmax < 15 Gy
frontiersin.org

https://doi.org/10.3389/fonc.2023.1122093
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chitapanarux et al. 10.3389/fonc.2023.1122093
Results

Between May 2021 and May 2022, 85 patients were enrolled

from 3 radiotherapy centers: 61 patients received HF-WBI-SIB only

(71.8%) and 24 patients (28.2%) received HF-WBI-SIB with RNI.

The median age was 53 years (IQR: 45-59, Range: 32-73). Over 90%

of patients had stage I and II disease and only 9% had stage III

disease. HER2-/HR+ was the most common subtype (64.7%)

followed by HER2+/HR+, HER2 enriched, and triple negative.

Most of the patients in this study had received previous adjuvant

chemotherapy (85.9%) with an anthracycline-based regimen. There

was no statistically significant difference in the mean PTV volume

between patients who received HF-WBI-SIB without RNI (824.4 ±

339.8 cm3) and those with RNI (991.5 ± 494.1 cm3), p= 0.12. The

whole body integral dose in the group of patients receiving HF-

WBI-SIB with RNI was significantly higher than the group without

RNI (p- value <0.001). The patients and treatment characteristics

are summarized in Table 2.

Regarding the target coverage, following the International

Commission on Radiological Units and Measurements (ICRU)

no. 83, all plans were approved when the near-to-maximum dose

D 2% was less than 53.1 Gy (107% of the prescription for PTV boost)

and the near-to-minimum dose D 98% was more than 47.1 Gy (95%

of the prescription for PTV boost) and 40.3 Gy (95% of the

prescription for PTV WB), respectively.

Pre-radiotherapy hematological data of our patients was

recorded. All patients had no thrombocytopenia. One patient

(1.2%) had grade 1 anemia, while grade 1, 2, and 3 leukopenia

were found in 9 patients (10.6%), 1 patient (1.2%), and 1 patient

(1.2%), respectively.

We found that the compliance of this RT scheme was very good:

all patients could complete their treatment. Grade 2 acute skin

toxicity was found in 1 patient (1.2%) during the 3rd week of

treatment. The most frequent hematologic toxicity was leukopenia.

We found grade 2 leukopenia in 4 patients (4.8%) during the 2nd

week, which increased to 9.8% in the 3rd week of treatment. Grade 3

leukopenia was demonstrated in 1 patient (1.2%) at the 3rd week, for

this patient the treatment needed to be delayed. Figure 1 shows the

acute skin and hematologic toxicity during the 3 weeks of treatment

in all patients. There was no statistically significant difference in

both acute severe (grade ≥2) skin and hematologic toxicities

between patients who received RNI and those who did not, as

shown in Figure 2.
Discussion

Our present multicenter prospective phase II study, using HF-

WB-SIB for 16 fractions with 2.65 Gy/fraction to a total dose of 42.4

Gy for the PTV WB and RNI, and 3.1 Gy/fraction to a total dose of

49.6 Gy to the PTV boost, revealed acceptable rates of acute skin

and hematologic toxicities. HF-WB-SIB (without RNI) was

investigated in many prospective studies and reported satisfactory

result on early acute toxicities. A prospective phase III randomized
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controlled trial by Paelinck et al. (17) compared the acute toxicities

between HF-WBI with a sequential boost (40.05 Gy/15 fractions +

10 Gy/4 fractions in negative surgical margins or 14.88 Gy/6

fractions in positive margins) or SIB (42.4/46.8 and 49.95 Gy/15

fractions in negative and positive margin, respectively) planning by

VMAT and irradiated in prone position. They also reported that

HF-WBI-SIB had significantly lower grade 2/3 dermatitis and

pruritus. Focusing only on their SIB arm, grade 2 or 3 dermatitis

was found in 24/83 patients (28%) which was much higher than in

our study which reported grade 2 in only 1.2% and no grade 3

toxicity. When considering the circumstances, the PTV volume of

their study did not differ from our PTV volume (in the breast

without RNI group). We hypothesize that the prone position in

their study could be the cause of more severe skin toxicity,

compared to the supine position. However, the authors also

indicated a limitation in their scoring of toxicity, which relied on

subjective grading.

A phase I/II study from India (18) performed HF-WBI-SIB with

40.5 and 48 Gy in 15 fractions with VMAT in 10 patients. They

reported satisfactory PTV coverage and OAR sparing. The most

common acute toxicities were grade 1 dermatitis. Grade 2 skin

toxicities were found in 2 patients (20%). This study had also higher

grade 2 acute skin toxicity than ours. This might due to the small

number of patients and the fact that the mean volume of PTV whole

breast and boost was higher than in our patients (1015.08 cm3

versus 824.4 cm3 in our breast without RNI group). Their margin of

CTV boost was an additional 1.5 cm margin from the surgical bed,

whereas 1 cm was used in our study. VMAT-SIB hypofractionation

was investigated by De Rose et al. (5). They reported 8% of grade 2

RTOG acute toxicity which were found in the last week of

treatment, which is comparable to our findings. However, no

grade 2 patient in their study had moist desquamation while we

found this in 1 patient (1.2%). The latest multicenter prospective

phase II study from Germany (RO-2013-04, NCT01948726) (19)

reported the outcome of HF-WBI-SIB using 40/48 Gy in 16

fractions. Grade 2 or more skin toxicity was found in 14.7%

which was also higher than our study. More than half of the

patients (58.7%) in this study received 3D-CRT, which could be

an explanation for the increased occurrence of toxicities.

As a consequence of enrolling the patients who need RNI in our

study (28.2%), the percentage of patients who had prior

chemotherapy before RT in our study was the highest (85.9%)

when compared to 34% in a German trial (19) and 32% in a Belgian

study (17). Almost of our patients (85.9%) received anthracycline-

based chemotherapy which has myelosuppression as a side effect.

Eleven patients (13.0%) had leukopenia and 1 patient (1.2%) had

anemia before starting radiotherapy. However, we found that the

number of acute grade 2 or more hematologic toxicities was still

increasing during the treatment. Grade 2 anemia was demonstrated

in 2.5% in the 1st week and 3.7% in the 3rd week of treatment. Grade

2 leukopenia was found in 4.8% in the 2nd week and increased to

9.8% in the 3rd week. We also had grade 3 leukopenia in 1 patient

(1.2%) in the last week of treatment. The incidence of severe grade

hematologic toxicities was higher in the patient group who received
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RNI (4.2% vs 3.3% for grade ≥ 2 anemia and 16.7% vs 8.2% for grade

≥2 leukopenia). However, no statistically significant difference was

demonstrated between these two groups. Due to the lack of reports

on acute hematologic toxicities in most HF-SIB breast cancer

studies, we were unable to compare our results. All studies (17–

19) reported the acute skin toxicities but not the hematological

toxicities. However, the incidence of severe grade hematologic

toxicities in our study was very low and caused a delay of

treatment in only 1 patient.

The integral dose to the whole body due to the large treatment

volume of HF-WBI-SIB using HT has given concern for higher

rates of acute hematologic toxicity. There is limited data about

regarding the whole body integral dose for hypofractionated breast

treatment by HT. Karpf et al. (20) compared the normal tissue

integral dose (NTID) for tangential techniques between IMRT and

VMAT. The IMRT technique significantly reduced NTID by 19% (p

= 0.000005). Phurailatpam et al. (21) compared the whole-body

integral dose for bilateral breast treatment between VMAT and HT.

The whole-body integral dose was found to be comparable with no

statistically significant variation between two techniques: 289 Gy kg

(VMAT) versus 299 Gy kg (HT) (p-value 0.24). Our results

reported a significantly higher whole body integral dose in the

group of HF-WBI-SIB with RNI compared to the group without

RNI (increase by 26.1%). Nevertheless, no statistically significant

difference in hematologic toxicities was found between the two

groups. Even though the higher whole body integral dose did not

affect the acute toxicities, late toxicities should be close monitored in

a long-term follow-up. We are also waiting for the report of acute

and late toxicities and long-term outcomes in a large German phase

III study comparing HF-WB-SIB to normal fractionation and/or

sequential boosts (NCT02474641), enrolling more than

2,000 patients.

To the extent of our knowledge, even though there are some

reports on HF-WBI-SIB, ours is the first study to explore HF-WBI-

SIB with RNI. Moreover, we also investigated the whole-body

integral dose and its association with acute hematologic toxicity.

This phase II study did not compare HF-WBI-SIB to other SIB

techniques, conventional fractionation, or other HF regimens,

which can be considered one of its main limitations. Due to the

short follow up time, we could not report the cosmetic outcome.
TABLE 2 Patient and treatment characteristics.

Variables N (%)

Age (years) Median = 53 (IQR: 45-59, Range: 32-73)

<40 11 (12.9)

41-50 25 (29.4)

51-60 31 (36.5)

>60 18 (21.2)

Smoking

YES 0 (0.0)

NO 85 (100.0)

BMI (kg/m2)

<18.5 6 (7.0)

18.5-24.9 48 (56.5)

25-29.9 18 (21.2)

>30 13 (15.3)

Underlying cardiac disease

YES 6 (7.0)

NO 79 (93.0)

AJCC stage

I 37 (43.5)

II 40 (47.1)

III 8 (9.4)

Subtype

HER2-/HR+ 55 (64.7)

HER2+/HR+ 14 (16.5)

HER2+/HR− 5 (5.9)

HER2−/HR− 11 (12.9)

Chemotherapy

YES 73 (85.9)

AC4 41 (56.1)

FAC6 8 (11.0)

AC4T4 24 (32.9)

NO 12 (14.1)

Hormonal therapy

YES 67 (78.8)

Tamoxifen 42 (62.7)

Aromatase inhibitor 25 (37.3)

NO 18 (21.2)

Regional nodal irradiation (RNI)

YES 24 (28.2%)

(Continued)
TABLE 2 Continued

Variables N (%)

NO 61 (71.8%)

PTV Volume (Mean ± SD) (cm3)

Breast only 824.4 ± 339.8

Breast + RNI 991.5 ± 494.1

Whole body Integral dose (Mean ± SD) (Gy-L)

Breast only 120.3 ± 34.7

Breast + RNI 162.8 ± 32.8
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The study is ongoing and we will address the treatment outcome,

cosmesis, and late toxicities in a subsequent report.
Conclusion

Based on our data, HF-WBI-SIB with or without RNI could be

offered after breast conserving surgery and adjuvant chemotherapy.

This scheme was feasible with acceptable acute skin and

hematologic side effects.
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A B C

FIGURE 1

Acute toxicities during treatment in all patients. (A) Dermatitis (B) Anemia (C) Leukopenia.
A B C

FIGURE 2

Comparing of acute toxicities between patients received and not received regional nodal irradiation. (A) Dermatitis (B) Anemia (C) Leukopenia.
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Can knowledge based treatment
planning of VMAT for post-
mastectomy locoregional
radiotherapy involving internal
mammary chain and
supraclavicular fossa improve
performance efficiency?

Reena Phurailatpam1*†, Muktar kumar Sah1†,
TabassumWadasadawala1,2*, Asfiya Khan1,2, Jithin Palottukandy1,
Umesh Gayake1, Jeevanshu Jain1,2, Rajiv Sarin1,2,
Rima Pathak1,2, Revathy Krishnamurthy1,2, Kishore Joshi1,2

and Jamema Swamidas1,2

1Department of Radiation Oncology, Advanced Centre for Treatment, Research and Education in
Cancer (ACTREC), Tata Memorial Centre, Homi Bhabha National Institute, Mumbai, India,
2Department of Radiation Oncology, Tata Memorial Centre, Homi Bhabha National Institute,
Mumbai, India
Introduction: To validate and evaluate the performance of knowledge-based

treatment planning for Volumetric Modulated Arc Radiotherapy for post-

mastectomy loco-regional radiotherapy.

Material and methods: Two knowledge-based planning (KBP) models for

different dose prescriptions were built using the Eclipse RapidPlanTM v 16.1

(Varian Medical Systems, Palo Alto, USA) utilising the plans of previously treated

patients with left-sided breast cancer who had undergone irradiation of the left

chest wall, internal mammary nodal (IMN) region and supra-clavicular fossa

(SCF). Plans of 60 and 73 patients were used to generate the KBP models for the

prescriptions of 40 Gy in 15 fractions and 26 Gy in 5 fractions, respectively. A

blinded review of all the clinical plans (CLI) and KBPs was done by two

experienced radiation oncology consultants. Statistical analysis of the two

groups was also done using the standard two-tailed paired t-test or Wilcoxon

signed rank test, and p<0.05 was considered significant.

Results: A total of 20 metrics were compared. The KBPs were found to be either

better (6/20) or comparable (10/20) to the CLIs for both the regimens. Dose to

heart, contralateral breast,contralateral lung were either better or comparable in

the KBP plans except of ipsilateral lung. Mean dose (Gy) for the ipsilateral lung are

significantly (p˂0.001) higher in KBP though the values were acceptable clinically.

Plans were of similar quality as per the result of the blinded review which was
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conducted by slice-by-slice evaluation of dose distribution for target coverage,

overdose volume and dose to the OARs. However, it was also observed that

treatment times in terms of monitoring units (MUs) and complexity indices are

more in CLIs as compared with KBPs (p<0.001).

Discussion: KBP models for left-sided post-mastectomy loco-regional

radiotherapy were developed and validated for clinical use. These models

improved the efficiency of treatment delivery as well as work flow for VMAT

planning involving both moderately hypo fractionated and ultra-hypo

fractionated radiotherapy regimens.
KEYWORDS

knowledge-based planning, chest wall, internal mammary nodal (IMN) region and
supra-clavicular fossa (SCF), validation, left-side, post-mastectomy radiotherapy
Introduction
Breast cancer is the most commonly diagnosed cancer in

women (approximately 2 million cases worldwide in 2020) and it

accounts for 6.9% of the total cancer-related deaths (1).

Breast cancer screening leading to early diagnosis and effective

treatment strategies have led to an improvement in the prognosis

and survival rates, especially in the western world. However, in low

and middle income countries (LMICs), majority of women still

have to undergo mastectomy as they present with a locally advanced

stage, often with internal mammary nodal (IMN) involvement,

which is picked up on cross-sectional imaging done for disease

staging. The loco-regional radiotherapy (LRRT) in such cases

encompasses Post-Mastectomy Radiation Therapy (PMRT),

including the regional nodes. As generally, the axilla is addressed

surgically, regional nodal irradiation (RNI) often includes targeting

the internal mammary node(IMN) and the supraclavicular fossa

(SCF). Internal Mammary Nodal (IMN) Irradiation, particularly in

patients with left-sided primary disease, is one of the most

challenging scenarios in adjuvant radiation therapy owing to the

close proximity of the target to the critical organs at risk, namely the

heart, left anterior descending artery (LADA), lungs, and

contralateral breast.

Traditionally, 3-dimensional conformal radiotherapy (3DCRT)

delivered using partially wide tangents was one of the most

common techniques employed for treating the chest wall along

with the internal mammary region. This technique restricts the dose

to the OARs (organs at risk), especially the heart and LAD, but

compromises the target coverage and dose homogeneity (2). The

combination of photon beam and electron beam has also been used

for IMNI but with the limitations of over or under dosing at the

photon-electron junction along with a high dose to the anterior

myocardium. Rotational intensity modulated radiotherapy (IMRT)

provides a viable solution in such a scenario by providing better

target coverage, improved dose conformity, as well as homogeneity

and better sparing of the OARs (3, 4). The absence of any form of
0247
junction and ease of setup are the added advantages. Volumetric

modulated arc therapy (VMAT) is a commonly used technique to

deliver IMRT.

A typical VMAT plan optimization requires multiple iterations,

which makes it a time-consuming process. Variation in patient

anatomy, skills and experience of the planner, clinical goals, and

dose constraints are some of the parameters that affect the plan

quality and make treatment planning laborious. Nelms et al. have

stated that inter-planner variation, even within the same institute, is

very evident in planning as each planner approaches plan

optimization in a different manner using different plan

optimization parameters, objectives, and priorities (5). David

et al. have also stated that the dependence of the radiotherapy

planning process on the planner’s experience has been increasing

(6). Li et al. have also reported significant inconsistencies in plan

quality and dose in the normal brain among VMAT brain

stereotactic plans generated manually by three different

institutions (7). They have, however, stated that automated

planning has improved out-of-target dose and has the potential to

help standardise the quality of care for patients receiving VMAT-

based multi-target SRS. Knowledge-based planning has, thus,

evolved as a way to efficiently create plans of uniform quality by

reducing the inter-planner variability and the duration of the

optimisation process. Scaggion et al. also reported that KBP can

be used as a valuable tool to leverage the planning skills of less

experienced planners, thereby ensuring better uniformity of

treatment plan quality (8).

KBP models have been reported in the literature for multiple

sites like head and neck cancer, prostate cancer, gynaecological

cancer, and even breast cancer. Knowledge-based planning (KBP)

models are reported in the literature for whole breast irradiation

along with draining lymph nodes, bilateral breast radiotherapy, and

chest wall irradiation without IMN targets. This study aims at

evaluating the knowledge-based planning model, created using a

commercial KBP tool RapidPlan™ (RP) provided with the Eclipse

treatment planning system (Varian Medical Systems, Palo Alto,

USA), for postmastectomy loco-regional radiation therapy
frontiersin.org
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including internal mammary nodes and supraclavicular nodes, and

thereby validating it for clinical implementation. The complexity

metrics of KBP plans are compared with clinical plans (9, 10).

Patient specific quality assurance of KBP as well as clinical plans

(CLI) is done using Arc Check phantom (Sun Nuclear Corporation,

USA) and SNC patient software. To the best of our knowledge, such

an investigation on dosimetric validation and deliverability check of

the KBP plans for 26 Gy/5 fractions in comparison to CLI plans has

not been reported though there are many papers on the

conventional fractionation for 40 Gy/15 fractions.
Materials and methods

This retrospective dosimetric study is a part of the KBP project

that was approved by the Institutional Ethics Committee for which

consent waiver was granted. Two knowledge-based planning (KBP)

models for different dose prescriptions (40 Gy in 15 fractions and 26

Gy in 5 fractions) were built using RapidPlan™ v16.1 Eclipse

Treatment Planning System (Varian Medical Systems, Palo Alto,

USA) based upon previously treated patients with left-sided breast

primary who had undergone irradiation of the left chest wall, internal

mammary nodal region and supra-clavicular fossa. All consecutive

patients with left sided breast cancer treated with VMAT at our

institute from 2018 to 2021 were used for making KBP models and

patients treated from 2020 to 2022 were screened for the validation.

Patients in whom the target volumes encompassed the left chest wall,

SCF and IMN and were treated with free breathing were considered

as cases for the study. Other patients, including additional targets or

not irradiating IMN were excluded.

As breast cancer patients with locally advanced disease routinely

undergo axillary dissection, axillary radiotherapy is avoided to

minimise the risk of lymphedema. RapidPlan™ is a commercially

available module with Eclipse treatment planning systemwhichmodels

the data from previous patients and gives the DVH estimation of the

volumes of interest prior to planning based on the various geometric

and dosimetric parameters extracted from the input treatment plans.

The patients incorporated for KBP model training were planned using

Volumetric Modulated Arc Therapy (VMAT, Photon Optimizer,

Acuros-XB, Eclipse v 16.1, Varian Medical Systems, Palo Alto, USA).

The standard fractionation for IMNI is 40 Gy in 15 fractions at our

institute. However, during the COVID-19 pandemic, the fast forward

fractionation was adopted for breast radiotherapy based on the

modified UK recommendations released during the pandemic in

April 2020 (11). Hence the patients with locally advanced breast

cancer requiring IMNI were also treated with fast forward

fractionation during the pandemic.
Contouring

Clinical Target volumes (CTV) for Left chest wall (CTV_CW),

and SCF (CTV_SCF) were delineated according to the ESTRO

guidelines (12). For the internal mammary nodal targets, CTV

comprised of the IMN vessels (CTV_IMN) starting from the caudal
Frontiers in Oncology 0348
limit of CTV_SCF to cover the upper three intercostal spaces (up to

the fourth rib) as the most common location of the IMN was in the

first intercostal space. A margin of 5 mm was given to the CTV to

delineate all the PTVs. PTVs were cropped 3mm from the skin. The

organs at risk that were delineated included left anterior descending

artery (LAD), heart, left lung, right lung, contralateral breast (right

breast), thyroid, oesophagus and spinal cord.
KBP model: training, outlier analysis and
model objectives generation

The two KBP models were trained using the plans of treated

patients which were made following a consistent planning protocol.

Flattened 6 MV beam was used to plan the cases with 2 to 4 partial

arcs of arc length between 180˚ to 220˚with the isocentre placed at

the centre of PTV chest wall. The collimator angle was varied

between 5˚ to 15˚.A total of 60and 73 patients were selected for

generating the KBP modelsfor40 Gy in 15 fractions and 26 Gy in 5

fractions model respectively. The inclusion criteria for plans to be

used in the training set were based on their compliance with the

institutional dose constraints. (Table 1)

A detailed explanation of the configuration and training process of

KBP models has been given by various authors (13, 14). RapidPlan

Model creation is an iterative process that includes training, outlier

analysis and re-training based on the outlier statistics. The RP models

created were analysed for the outliers using the regression and residual

plots of the OARs. Regression models created by KBP between

geometric and dosimetric components can detect outliers and

thereby improve the capability of KBP. The geometric outliers were

retained in the training set, but the dosimetric outliers were identified

for further modification. The plans of the dosimetric outliers were

studied for root-cause analysis and if required, the cases were re-

planned and put into the training set again.The coefficients of

determination (R2), Chi-square (c2), and the mean square error

(MSE)are the in-built statistical tools provided with RP module.For

the target volumes, suitable objective priorities established from clinical

experience were used while for the OARs, optimization constraints

such as ‘line objectives’, mean dose and upper dose constraints were

used in accordance with the clinical goals. The priority values were

automatically generated. Upper dose objectives were placed in addition

to the line objective along the inferior DVH prediction boundary for

OARs. Normal tissue objective settings were based on clinical

experience so that the dose spill outside the target volumes was

controlled. The priority was set similar to that of the PTVs while the

distance from the target border was set as 0.5 cm with a start dose of

100%, end dose of 60% and a fall off criteria of 0.5.
Validation

Thirteen patients were used for the validation of the 26 Gy/5

fractions KBP model, while ten patients were used to validate the 40

Gy/15 fractions model. These patients were totally independent of

the training set and were planned manually as well as using the
frontiersin.org

https://doi.org/10.3389/fonc.2023.991952
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Phurailatpam et al. 10.3389/fonc.2023.991952
respective KBP models. The plan parameters, like the energy and

the arc geometry, were kept exactly the same in the manual as well

as in KBP plans. KBP plans were generated in a single optimization

run without any manual intervention.

The CLI plans and the KBP plans were compared on the basis of

various dosimetric parameters like the conformation number,

homogeneity index, total MUs(monitor units), and various dose

levels for OARs. Conformation number is considered as it takes into

account irradiation of both target volume and healthy tissues. To

check the statistical significance of the difference between CLI and

KBP plans, either a two-tailed paired t-test or a Wilcoxon signed

rank test was done based on the normality of the data distribution

and the differences were reported with a 95% confidence interval.

(Table 2). For the qualitative comparison of KBP with CLI, a visual

check of axial dose distribution was done. The definitions of the

various indices used for the data analysis have been reported below:
Conformation number, CN = (VTref/VT) x
(VTref/Vref)

where VTref is the volume of target receiving a dose equal to or

greater than the reference dose, VTis the total target volume, Vref is

the volume receiving a dose equal to or greater than the reference

dose. Total Target volume (VT) is the sum of PTV_CW, PTV_SCF

and PTV_IMN.
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Homogeneity index, HI = (D2 -D98)/Dp
×100

where D 2 = minimum dose to 2% of the target volume

indicating the “maximum dose”,

D 98 = minimum dose to the 98% of the target volume,

indicating the “minimum dose” and

D p = prescribed dose.

The Ideal value for Conformation number (CN) is 1 and it

ranges are from 0 to 1.Ideal value of Homogeneity index (HI)

is zero.
Computation of plan complexity and the
delivery quality assurance

The plan’s complexity was checked by total MUs and aperture

complexity metrics. The aperture complexity metric is the MU

weighted sum over all control points of the perimeter by area for the

aperture. The aperture complexity parameter was calculated by

M =
1

MUo
N
i=1MUi� yi

Ai

Where yi is the perimeter and Ai is the area of the aperture at the

control point. MU represents the total MU for the plan while MUi is

MU delivered at the ith control point. The plan complexity is
TABLE 1 Clinical Goals for the targets and Dose Constraints for the Organs at risk.

TARGET Clinical Goals (For 26 Gy/5 # and 40 Gy/15#)

Desirable Acceptable

PTV LT CW V95% ≥ 95% V95% ≥ 92%

PTV LT SCF V95% ≥ 95% V95% ≥ 92%

PTV LT IMN V95% ≥ 95% V95% ≥ 90%

Organs at risk Dose Constraints

26Gy/5# 40Gy/15#

LAD Dmax≤ 13 Gy ± 2 Gy Dmax≤ 18 Gy ± 4 Gy

Heart Dmean≤ 2.5 Gy ± 0.5 Gy Dmean≤ 5 Gy ± 1 Gy

Contralateral Breast (Right) Dmean≤ 2 Gy ± 0.5 Gy Dmean≤ 3 Gy ± 0.5 Gy

Contralateral Lung (Right) Dmean≤ 2 Gy ± 1 Gy Dmean≤ 4 Gy ± 1 Gy

Ipsilateral Lung (Left) Dmean≤ 7 Gy ± 1 Gy
V3Gy≤ 55% ± 10%
V6Gy≤ 35% ± 10%

Dmean≤ 10 Gy ± 2 Gy
V5Gy ≤ 35% ± 10%
V18Gy≤ 30% ± 5%

Oesophagus Dmax≤ 26 Gy ± 1 Gy Dmax≤ 40 Gy ± 1 Gy

Thyroid Dmax≤ 26 Gy ± 1 Gy Dmax≤ 40 Gy ± 1 Gy

Spinal Cord Dmax≤ 10 Gy ± 3 Gy Dmax≤ 18 Gy ± 4 Gy

Body Dmax≤ 107% ± 5%
V107% ≤ 2cc ± 3cc

Dmax≤ 107% ± 5%
V107% ≤ 2cc ± 3cc
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calculated using the Eclipse Application Programming Interface

(Eclipse ESAPI) version 16.1 [9, 10].

The plan deliverability was checked by performing patient

specific QA and calculating the gamma passing rate (GPR) using

the Arc Check phantom (Sun Nuclear Corporation, USA) and SNC

patient software.
Assessment of the impact of KBP
implementation on clinical work flow

The impact of KBP on the clinical work flow in terms of plan

uniformity and the time taken for generating a clinically acceptable

plan in view of the experience of the planners was also evaluated.
Blinded review of plans

To avoid inclination towards any specific planning technique,

blinded review of the CLI and KBP plans for both the models was

done by experienced clinicians. The CLI and KBP plans were randomly

renamed as A or B, and the clinicians were asked to select the better

plan. It was slice by slice evaluation of dose distribution for coverage

and overdose volume as well as dose to OARs.
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Results

The CLI as well as the KBP plans could achieve all the clinical

goals, and a representative dose distribution for their comparison is

shown in Figures 1, 2 for 26Gy/5fractions and 40 Gy/15fractions,

respectively. The mean DVH plots for each target volume and

OARs are also shown in Figures 3, 4 for the 26Gy/5 fractions and

40Gy/15 fractions, respectively.
Model 1 (KBP model for 26Gy in
5 fractions)

In terms of the target coverage and dosimetric indices, clinical

goals are achieved by the CLI as well as the KBP plans. KBP plans

give comparable coverage to the targets when compared to

CLI.Coverage of Targets (PTV left CW and PTV left IMN)

coverage are not significantly different between CLI and KBPs

while coverage of PTV SCF (%) is significantly better in KBP

(97.27 ± 1.68) as compared to CLI (94.95 ± 1.43) with p=0.000.At

the same time HI and CN are comparable. Mean Heart dose (Gy) is

not significantly lesser in KBP (2.79 ± 0.55) as compared to CLI

(2.92 ± 0.54) with p=0.060.Whereas the dose parameters for the

contralateral lung(p=0.012), LAD(p=0.001), and spinal cord
TABLE 2 Mean ± standard deviation of the dose-volume parameter of clinical plans as compared to validation plans. p values are given for Clinical
plan vs Predicted plan (p<0.05 considered as significant).

Organ &
Dose Parameter

Clinical Plan 26 Gy/5 Fractions
Predicted Plan

p value Clinical Plan 40 Gy/5 Fractions
Predicted Plan

p value

PTV LT CW V95% (%) 93.24 ± 2.41 93.2 ± 3.05 0.947 96.59 ± 1.62 95.25 ± 2.21 0.053

PTV LT SCF V95%(%) 94.95 ± 1.43 97.27 ± 1.68 0.000 98.03 ± 1.30 97.63 ± 1.72 0.301

PTV LT IMN V95%(%) 89.48 ± 2.94 91.21 ± 2.49 0.171 92.76 ± 2.12 92.57 ± 2.45 0.819

LAD Dmax(Gy 15.1 ± 3.07 13.16 ± 2.43 0.001 17.19 ± 2.70 16.27 ± 2.30 0.144

Heart Dmean(Gy) 2.92 ± 0.54 2.79 ± 0.55 0.060 3.45 ± 0.69 3.37 ± 0.73 0.426

Contralateral Breast (Right) Dmean(Gy) 2.14 ± 0.34 2.27 ± 0.24 0.162 3.14 ± 0.23 2.85 ± 0.25 <0.000

Contralateral Lung (Right)Dmean(Gy) 2.377 ± 0.39 2.162 ± 0.23 0.012 3.46 ± 1.04 3.06 ± 1.04 0.039

IpsilateralLung : Dmean(Gy)
V3Gy/V5Gy (%)
V6Gy/V18Gy (%)

6.67 ± 0.71
53.68 ± 3.68
35.88 ± 3.72

7.48 ± 0.39
61.49 ± 2.78
41.54 ± 2.39

<0.001
<0.001
<0.001

9.10 ± 0.85
48.04 ± 3.55
17.39 ± 2.64

9.71 ± 0.70
51.60 ± 4.45
19.29 ± 2.58

0.042
0.078
0.022

Oesophagus: Dmax(Gy) 25.65 ± 1.53 25.95 ± 1.64 0.063 39.89 ± 3.77 39.54 ± 4.24 0.173

Thyroid: Dmax(Gy) 26.35 ± 0.57 26.93± 0.21 0.005 41.09 ± 0.46 41.03 ± 0.47 0.697

Spinal cord: Dmax(Gy) 11.81± 1.79 10.97 ± 2.07 0.043 17.32 ± 3.15 13.54 ± 1.57 0.002

Body V107% (cc) 0.4 ± 0.733 0.489 ± 1.33 0.965 0.21 ± 0.35 0.53 ± 0.89 0.236

Homogeneity Index 0.121 ± 0.020 0.118 ± 0.023 0.390 0.085 ± 0.013 0.0931 ± 0.016 0.022

Conformation Number 0.931 ± 0.022 0.934 ± 0.028 0.470 0.878 ± 0.019 0.864 ± 0.018 0.009

Complexity metrices 0.14 ± 0.02 0.12 ± 0.01 0.014 0.13 ± 0.12 0.12± 0’01 0.049

Total MUs 1994.461 ± 275.249 1704.538 ± 315.274 0.013 948.1 ± 141.506 897.8 ± 149.924 0.010

Gamma 96.21( ± 4.85) 96.87( ± 1.77) 0.598 97.92 ± 1.39 98.36 ± 1.19 0.031
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(p=0.043) were significantly lower in KBP than in CLI. However,

mean dose (Gy) for the ipsilateral lung are significantly higher in

KBP (7 .48± 0 .39 ) than in CLI (6 .67 ± 0 .71 ) wi th

p<0.001.Contralateral breast (p=0.162) and oesophagus (p=0.063)

dose are comparable.Thyroid dose is significantly more in CLI

(p=0.005).CLI plans are found to be more complex than KBPs as

MUs (p=0.013) and complexity indices (p=0.014) are significantly

higher. The GPR for delivery quality assurance (DQA) were

comparable (p=0.598).
Model 2 (KBP model for 40 Gy in
15fractions)

KBP plans give comparable coverage to the targets when

compared to CLI. For heart, LAD, thyroid and oesophagus, doses

are comparable in KBP and CLI. However, the dose parameters for

contralateral breast (p<000), contralateral lung (p=0.039) and

spinal cord (p=0.002) are significantly less in KBP plans than in
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CLIs thereby favoring KBP plans. For Ipsilateral lung, mean dose

(Gy)in KBP plan(9.71 ± 0.70) significantly higher than in CLI (9.10

± 0.85)with p=0.042.However volume of ipsilateral lung getting 5Gy

dose (V5) is comparable with p=0.078. Similar to the observation in

model 1, CLI plans are found to be more complex than the KBP

plans as MUs(p=0.01) and complexity indices(p=0.049) are

significantly higher for CLI as compared to KBPs. GPR for DQA

are significantly better for KBPs(p=0.031). CN (p=0.009) and HI

(p=0.022) values significantly favored CLI plans.
Impact of KBP on clinical work flow

The plans used for training both the KBP models have been

planned by highly experienced planners (at least 10 years’

experience). The time taken for creating a manual plan is

calculated to be approximately 4-5 hrs. During the manual

planning, planners have to create many optimization structures to

control the dose spill outside the PTVs and to create dose gradients
FIGURE 2

Representative dose distribution for comparison of CLI vs KBP_40 Gy in15 fractions.
FIGURE 1

Representative dose distribution for comparison of CLI vs KBP_26Gy in 5 fractions.
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in the OARs. To achieve the clinical goals, the optimizer has to

constantly change constraints and penalties to target volumes and

OARs using the hit-and-trial method. KBP plans have been created

by inexperienced planners. The optimization is done in a single run,

so a clinically acceptable plan is created in 20–30 minutes. It is thus

observed that the time required to achieve clinically acceptable

plans has been drastically reduced.
Frontiers in Oncology 0752
Blinded review

For Model 1 (26Gy in 5 fractions), out of the 13 validation cases,

consultant 1 found 7 CLI plans and 5 KBP plans better on comparison,

while for 1 validation case, both the plans were of equal quality.

Consultant 2 chose 5 CLI plans and 7 KBP plans, and in one case, both

plans were of equal quality. The result is depicted in Figure 5.
FIGURE 3

Average DVH comparison of CLI and KBP_26Gy in 5 fractions.
FIGURE 4

Average DVH comparison of CLI and KBP_40Gy in 15 fractions.
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For Model 2 (40Gy in 15 fractions), out of the 10 validation

cases, 3 CLI plans and 4 KBP plans were selected, while 3 plans were

found to be of equivalent quality by consultant 1. Consultant 2, on

the other hand, preferred 6 CLI plans and 4 KBP plans. The result is

depicted in Figure 6.
Discussion

Keeping pace with the numerous advancements in the field of

radiation oncology, artificial intelligence and machine learning have

proven to have great potential for impacting the patient workflow in

cancer care, especially for busy radiation oncology setups providing

services to treat the most prevalent disease sites like head and neck,

breast, gynecological, or prostate cancers. There have been various

published reports on the automated planning models for breast

cancer, as summarized in Table 3 (14–21). Out of 8 papers
Frontiers in Oncology 0853
discussed, 6 papers are on RapidPlan™ while 2 papers are on

Raystaion TPS and MD Anderson Cancer Center Auto Plan

(MDAP) system. Many authors have hypothesized the potential

of automated radiotherapy treatment planning for increasing

consistency, improving plan quality, and reducing workloads for

all routinely challenging treatments involving complex anatomical

sites or involving multiple dose levels (15, 19). Most of these papers

reported on the conventional fractionation regime while we are

reporting on the KBPs for both moderately hypo fractionated and

ultra-hypo fractionated (fast forward) regimens. The model for fast

forward fractionation (26 Gy in 5 fractions) has not been reported

in literature. Anatomical differences amongst patients are taken into

account and extrapolated in the evaluation of DVH for the treating

patients. Our study is not restricted to the dosimetric validation but

also includes checks on the deliverability of plans in terms of plan

complexity, MU, and gamma passing rate. Patients undergoing

mastectomy and presenting with N3 disease in view of an initial
FIGURE 5

Blinded review result for 26Gy in 5 fractions.
FIGURE 6

Blinded review result for 40 Gy in 5 fractions.
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TABLE 3 Review of studies published on rapid planning for breast cancer.

Dose prescription/technique External
validation

KBP performance Time
reduction

15 for breast and 48 in 15 for boost, VMAT in Eclipse v Yes 7 no difference, 11 better in
KBP

Not
reported

5 for breast and 60 in 25 for boost, VMAT in Eclipse v 13.5 No No difference for senior
planners

Not
reported

5 and 42.4 in 16, Hybrid IMRT tangent RT in Raystation No 23 no difference, 14 better in
KBP and 2 better in CP

23 to 5 mins

5, VMAT in Eclipse v 15.6 No 7 no difference, 2 better in
KBP

120 to 15
mins

5 or 50 in 25 or 50.4 in 28 for breast with 63 in 28 for
VMAT in Eclipse v 15.6

No Comparison with CP not
shown. Truebeam and
Halcyon plans compared

Not
reported

5 or 50 in 25 for breast with 57.5-62.5 in 25 for boost,
in Eclipse v 15.6

Yes 24 no difference, 8 better in
KBP

Not
reported

ose levels in 20 fractions.
SIB) dose prescription of 56Gy, proximal CTV of 46 Gy and
distal) of 43 Gy. Ecclipse,VMAT

No 6 out of 8 are better
Increase in ipsilateral lung
dose and contra breast for

30% for
beginner

5, MD Anderson Cancer CenterAutoPlan (MDAP) system
nnacle treatment planning system (TPS), (v9.8, Philips
ion Oncology Systems, Fitchburg, WI)

NO Same or better in 5, reported

5 or 26 in 5, VMAT in Eclipse v 16.1 No same or better in 15, CP
better in 4

4 to 5 hrs to
20 minutes
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Author Year N for
model/vali-

dation

Laterality Target
volumes

Guidelines Metrices
compared

Fogliata
(14)

2015 150/50 Both and
bilateral

Breast and
boost

In-house 18 40.5 in
13.5

Wang (15) 2017 80/10 Left Breast and
boost

In-house 16 45 in 2

Ben
Archibald-
Heeren
(16)

2020 100/0 Both Breast
alone

RTOG/
ESTRO

39 50 in 2

Inoue (17) 2020 20/5 Left and
bilateral

Breast
alone

RTOG 9 50 in 2

Costa (18) 2021 56/20 each for
Truebeam and
Halcyon

Left Breast/
SCF/AX/
IMN

ESTRO 28 40 in 1
boost,

Rago (19) 2021 52-120/40 Both Breast/
Boost/
SCF/IMN

In-house 32 40 in 1
VMAT

Apaza
Blanco
OA (20)

2021 50/20 Both Breast
alone

AAPM report
TG-263

8 three d
(CTV_
(CTV_

Jiang (21) 2022 20/20 both Chest wall/
SCF/IMN

ESTRO 10 50 in 2
and Pi
Radiat

Current 2021 133/23 Left Chest wall/
SCF/IMN

ESTRO 20 40 in 1
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positive IMN node are a common scenario in our clinical practice.

Hence, the geometry of the actual clinical cases is likely to fall within

the range of the constituent plan library of the model. While most of

the authors have developed models specific to left-sided breast

cancer, including the current one, others have developed a

generalized model. Foglia et al. has developed model for patients

with breast conservation requiring tumor bed boost and suggested

to conduct dedicated studies for other settings (14). Though few

studies have developed models for RNI, most of them are either in

the setting of breast conservation or has been done using

conventional fractionation in non-Varian treatment planning

system viz., the MD Anderson Cancer Center Auto Plan (MDAP)

system and the Pinnacle treatment planning system (TPS) (21).

Hence the study methodology is not comparable with the

RapidPlan™ based modelling presented here. Moreover, only 20

patients were used to develop the model though it was validated in

10 right and 10 left chest wall patients. Fewer dosimetric parameters

were used for the comparative analysis. Similar to our study, they

also reported that quality plans can be generated by AI-based

automatic planning systems with clinical efficiency. However, in

view of the above shortcomings, the results of the current study are

more robust compared to the MD Anderson report.

To improve the efficiency of breast treatment planning using

KBP for VMAT, it is crucial to standardise various essential steps

involved in the process.
Fron
1) First and foremost is the selection of cases for the model

training: Minimum number of patients required for

configuring KBP models is 20, however adding more

plans usually helps in creating a more robust plan (13).

We have taken 60 and 73 patients selected for generating

the KBP models for 40 Gy in 15 fractions and 26 Gy in 5

fractions model respectively.The robustness and accuracy

depend on the quality of plans used for model training and

configuration. Wang et al. has also stated that suboptimal

plans when used in model configuration can degrade the

KBP predicted plans. He also emphasized on the

requirement of deeper analyses on the goodness of the

estimation model configuration in terms of the model size,

plan and anatomy homogeneity (15).

2) Uniform adoption of nomenclature for target volumes and

OAR: This is a very basic requirement when selecting

patients for model training. It reduces errors and also

forms the basis for future validation of the model for

internal and external use. Adoption of uniform

nomenclature (codes) for target volumes and OARs helps

in clinical workflow by automatic structure matching in

DVH estimation models. To take full advantage of

automatic structure matching, define a code for each plan

structure of the structure template, such that all plan

structures will have the same structures codes as the ones

introduced in the model. If a plan structure has no code,

matching is based on the structure identifier. Template

structure code assignment is recommended for robust
tiers in Oncology 1055
structure matching between the new cases and model

structures.

3) Choice of the proper objectives and priorities: The judicious

use of optimization objectives while creating a model is

considered crucial for model quality. Many authors have

observed that OAR doses from the CLI plans and KBP

plans (plans generated using line constraints and auto-

generated priorities of the KBP model) were similar (22,

23). Rago et al. have also reported that the good results of

the plans generated with KBP could come from the

combination of the two objectives included in the model:

the generated line-objective and the mean objective, both

with generated priorities (19). As difference in prescription

dose and number of fractions is very large in 40Gy/15 Fr

and 26Gy/5Fr, difference in mean dose to the OARs are also

quite large, so we have not made a generalized model. In

this study, line objectives and mean objectives with

generated priorities have been used for OARs.

4) Standardization of other planning parameters: Treatment

planning parameters like the number of patients, beam

energy, number of arcs, etc. are directly linked to the

performance of the KBP models and their prediction

ability. In this study, we utilized the optimal number of

clinically approved treatment plans and used a flattened 6

MV beam for VMAT plans with 2 to 4 partial arcs.
Predicted gains from model-based planning and their impact on

clinical workflow: Overall, plans generated by both the models (Model

1 andModel 2) are considered clinically acceptable based on the clinical

goals and comparable dose distribution. Except for the increase in the

dose of the ipsilateral lung which is less than 1 Gy (table 2), most of the

dosimetric parameters were either comparable or better with the KBP

plans. Blanco, et al. also reported significant increase in dose of

ipsilateral lung in the KBP plans favoring plans of manual plan in

their study (24). Many authors accepted skilled manual interventions

on the KBP plans to achieve high quality results. When there is very

close proximity or overlap of OARs with PTVs, minor refinements can

be considered to support clinical decisions to compromise either

coverage or OAR constraints (18, 19).

So Ipsilateral lung dose can be reduced by replanning KBP plans.

Swamidas et al. also suggested that dose to a particular OAR can be

reduced by replanning KBP plans where the optimization objectives/

priorities were manually tweaked such that the DVH of the OAR to be

at the lower border of the estimation band of DVH prediction without

compromising the target coverage, with a single optimization (25).

Hence, these models can be considered acceptable for clinical

implementation. Model-generated plans are also likely to improve

the workflow by giving consistent plans, especially in this group of

post-mastectomy patients wherein complex treatment volumes are

very common. In the CLI plans, many optimization structures were

created to control the dose spill to the heart and lungs, and it is

explained in the literature (4). However, for KBP plans, the creation of

such optimization structures is not necessary with RapidPlan™ as

predicted DVH objectives automatically take into account the dose spill
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and control it accordingly (26). It also directly helps in reducing the

planning time. The time taken for plan generation has shown a

considerable reduction, from 4-5 hours to 20-30 minutes. The

quality of plans generated using the model is independent of the

planner. Another important gain reported in our study is the

generation of treatment plans with reduced monitor units and less

complexity, thereby further improving the treatment planning and

delivery efficiency. Many authors reported findings similar to our

results. Tamura et al. have reported that two full arcs VMAT plans

generated by the KBP might decrease the MU and the modulation

complexity (24). In our case also, all the plans are generated with two to

four partial arcs. On the other hand, Hussein et al. also showed theMU

and modulation complexity were not different between KBP and

clinical plan for two full arcs VMAT plans. In his study, KBP plans

for prostate cancer are with lesser MU while that for cervix,KBP plans

are with higher MU compared to manual plan (26). Kubo et al. also

have stated that RapidPlan™ might reduce plan complexity when

appropriate objective constraints are used (27). which corroborates

with our experience. Swamidas et al, also reported our institutional

experience on development and validation of KBP for cervical cancer

and similarly found significantly lesser monitor units in KBP plans as

compared to manual plans (25).

The blinded review by the consultants helped in removing any

biases towards any planning technique. The results obtained showed

that both the CLI and KBP plans are clinically acceptable. The sparing of

ipsilateral lung was found to be lower with KBP. However, in absolute

terms, the difference was less than 1 Gy. Though it can be argued that

the risk of toxicity, especially radiation induced pneumonitis, will be

higher, the clinical manifestation is very rare. The incidence of

pneumonitis is low at our institute and the safety of IMRT for

treatment of breast cancer has been reported earlier by us (28).
Limitation

As this model was made for a selected cohort of patients, its

applicability to right-sided disease, breast conservation, bilateral

disease, and prescriptions with multiple dose levels has not been

tested. Moreover, prospective internal and external validation of the

model is strongly recommended for a larger number of patients. It

would also be worthwhile to quantify the time saved by employing

KBP planning in clinics.
Conclusion

Knowledge based planning models for VMAT technique for

dose prescriptions of 26 Gy in 5 fractions and 40 Gy in 15 fractions

have been developed and validated for breast cancer involving the

left chest wall, internal mammary chain and supraclavicular fossa.

This has the potential to improve the work flow for VMAT
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planning involving moderately hypo fractionated and ultra-hypo

fractionated radiotherapy regimens.

The model generated plans were comparable with the clinical

plans generated by experienced physicists in terms of dose

distribution. The KBP plans were found to be less complex and

passed the deliverability quality assurance tests and, hence can be

clinically implemented.
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Dosimetric characterization of
single- and dual-port temporary
tissue expanders for
postmastectomy radiotherapy
using Monte Carlo methods

Jose Ramos-Méndez, Catherine Park and Manju Sharma*

Department of Radiation Oncology, University of California, San Francisco, San Francisco,
CA, United States
Purpose: The aim of this work was two-fold: a) to assess two treatment planning

strategies for accounting CT artifacts introduced by temporary tissue-expanders

(TTEs); b) to evaluate the dosimetric impact of two commercially available and

one novel TTE.

Methods: The CT artifacts were managed using two strategies. 1) Identifying the

metal in the RayStation treatment planning software (TPS) using image window-

level adjustments, delineate a contour enclosing the artifact, and setting the

density of the surrounding voxels to unity (RS1). 2) Registering a geometry

template with dimensions and materials from the TTEs (RS2). Both strategies

were compared for DermaSpan, AlloX2, and AlloX2-Pro TTEs using Collapsed

Cone Convolution (CCC) in RayStation TPS, Monte Carlo simulations (MC) using

TOPAS, and film measurements. Wax slab phantoms with metallic ports and

breast phantoms with TTEs balloons were made and irradiated with a 6 MV AP

beam and partial arc, respectively. Dose values along the AP direction calculated

with CCC (RS2) and TOPAS (RS1 and RS2) were compared with film

measurements. The impact in dose distributions was evaluated with RS2 by

comparing TOPAS simulations with and without the metal port.

Results: For the wax slab phantoms, the dose differences between RS1 and RS2

were 0.5% for DermaSpan and AlloX2 but 3% for AlloX2-Pro. From TOPAS

simulations of RS2, the impact in dose distributions caused by the magnet

attenuation was (6.4 ± 0.4) %, (4.9 ± 0.7)%, and (2.0 ± 0.9)% for DermaSpan,

AlloX2, and AlloX2-Pro, respectively. With breast phantoms, maximum

differences in DVH parameters between RS1 and RS2 were as follows. For

AlloX2 at the posterior region: (2.1 ± 1.0)%, (1.9 ± 1.0)% and (1.4 ± 1.0)% for D1,

D10, and average dose, respectively. For AlloX2-Pro at the anterior region (-1.0 ±

1.0)%, (-0.6 ± 1.0)% and (-0.6 ± 1.0)% for D1, D10 and average dose, respectively.

The impact in D10 caused by the magnet was at most (5.5 ± 1.0)% and (-0.8 ±

1.0)% for AlloX2 and AlloX2-Pro, respectively.
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Conclusion: Two strategies for accounting for CT artifacts from three breast TTEs

were assessedusingCCC,MC, and filmmeasurements. This study showed that the

highest differences with respect to measurements occurred with RS1 and can be

mitigated if a template with the actual port geometry and materials is used.
KEYWORDS

PMRT, temporary-tissue-expanders, Monte Carlo-TOPAS, high-density metal artifacts,
collapsed cone convolution algorithm, breast cancer, radiation effects
1 Introduction

Post-mastectomy radiation treatment (PMRT) is selectively

recommended for patients with locally advanced and/or high-risk

biologically aggressive breast cancers (1). For patients who undergo

prosthetic breast reconstruction, radiation increases the risk for

adverse effects including capsular contracture, scarring at the

implant-tissue junction, development of the seroma and

dehiscence of the skin incision (2). As such, a two-stage

reconstruction using a temporary tissue expander (TTE), followed

by PMRT then delayed final prosthetic reconstruction is often

preferred (3). The TTEs help preserve the breast skin and organ

at risk contours improving the radiotherapy treatment planning,

which in turn alleviates the complication risks. Most TTEs consist

of an injection port through which a saline solution is injected to

expand the surrounding skin. The port consists of a central high-

density magnet enclosed in an encasing to locate the injection site

(4). In addition, suction drains are routinely placed to drain the

seroma (5). The different TTEs such as CPX® (Mentor, Irvine, CA,

USA), Natrelle® (Allergan Inc., Santa Barbara, CA, USA) and

DermaSpan (Sientra, Inc., Santa Barbara, CA, USA) have a single

port with a high-density magnetic disk placed in a high-density

encasing. More recently, AlloX2 and AlloX2-Pro (Sientra Inc., Santa

Barbara, CA, USA) breast TTEs were introduced with a dual port

system. One port is used for traditional saline injection, and the

second facilitates fluid drainage. This feature of dual ports enables

independent management of postoperative seroma and thereby

reducing the rate of infection by 7.8% as shown retrospectively

for the AlloX2 TTE (6).

The PMRT is delivered in conventional 2Gy per fraction for a

total dose of 50Gy over five weeks, or with more modern

hypofractionation techniques over 3 weeks. The 3D CT data is

used to delineate tumors and organs at risk (OAR), and the electron

density information in the Hounsfield units (HU) of the CT data is

used in the calculation of dose distributions. The presence of high-

density magnets imposes challenges to accurate treatment planning

and delivery. Some key challenges are (1) the increased scatter

dose at the skin surface may lead to skin and subcutaneous

toxicity varying from mild erythema to skin fibrosis or skin

dyspigmentation (2). The tissue attenuation can lead to cold spots

or under dosage of the planning target volume (3). The presence of

an implant or other high-density materials leads to streaking
0259
artifacts that impede the accurate delineation of tumors and

OARs. In addition, due to a limited value range of HU to electron

density tables in standard CT systems, the density values of TTEs

are not reconstructed correctly in the CT data (7), calling into

question the accuracy of the computed dose distribution models.

The dosimetric impact in PMRT of single metal ports have been

examined in several studies (8–11). Results largely depend on the

treatment modality. For example, for 3D-CRT using single 6MV

and 15 MV photon beams, the dose perturbations are reported

between 5 to 30% (9, 11, 12) and 16% (11), respectively. For VMAT,

differences below 6% had been reported (12); however, some studies

had reported a negligible difference (13, 14).

The dual ports cover a significant amount of the treatment

volume and perturb the radiation treatment field with increased

scatter dose and tissue attenuation beneath the device. To the best of

our knowledge, there is no literature on the dose perturbations

caused by PMRT with dual metal ports. Therefore, this

characterization study aims at a detailed comparison of the three

TTEs: single port DermaSpan, dual port AlloX2, and the novel

AlloX2-Pro. We provide a detailed comparison of the three TTEs

using flat, breast phantom geometries and six clinical cases. In

addition, the dose computed by the collapsed-cone convolution

(CCC) algorithm v5.5 in RayStation TPS is compared with TOPAS

Monte Carlo Tool calculations and experimental Gafchromic

film measurements.
2 Methods

2.1 TrueBeam phase space verification

Fifty phase space files containing the positions of particles,

angular momenta and kinetic energies generated by Monte Carlo

simulations of a 6 MV TrueBeam Linac were obtained from

MyVarian at www.myvarian.com/montecarlo. The total number

of primary histories per phase space was 109 and was generated

without any variance reduction technique. The phase spaces were

scored at a plane positioned at 73.3 cm from the Linac isocenter,

upstream of any moving parts of the Linac treatment head. A

comparison was performed between the percentage depth-dose and

lateral dose distributions at several depths calculated in water and

measured data obtained at the time of commissioning for a
frontiersin.org
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TrueBeam Linac at our institution. For that, two open field setups at

3 x 3 cm2 and 10 x 10 cm2 defined at 100 cm SSD were used. The

water phantom had dimensions of 20 x 20 x 35 cm3 with a voxel

resolution of 1 x 1 x 0.5 mm3; the highest resolution was used along

the beam direction. The following linac devices were included in the

simulation: jaws, base plate, 120 Millennium MLC, and mylar tray.

The geometry details were obtained from the vendor. The absorbed

dose averaged by primary history retrieved at 10 cm depth was used

to scale the simulations to the dose calibration conditions at our

institution: 1 cGy/MU at a depth of maximum dose for a 10 x 10

cm2
field defined at 100 cm SSD. An exponential fit was adjusted to

the calculated PDD between the range of 5 to 15 cm to retrieve the

calculated absorbed dose at 10 cm depth.

The Monte Carlo simulations were performed with TOPAS

version 3.7 (15, 16) built on top of Geant4 toolkit version 10.07

patch 3 (17). The physics list was the electromagnetic module called

“g4em-standard_opt4” which was described and benchmarked for

its application in radiotherapy as reported elsewhere (18). For all

dose calculations, azimuthal particle redistribution with a split

number of 50 (19) was used through the geometrical particle split

technique available in TOPAS (20). The statistical uncertainty of the

dose distributions was 0.5% or better in all simulated cases.
2.2 Breast tissue expander geometries

Breast TTEs consisted of a silicon bag filled with saline solution

containing one or two draining or filling ports with a high-density

magnet embedded to allow its localization. Three breast TTEs were

used in this work. Two commercially available (DermaSpan™ and

AlloX2®) and a novel TTE (AlloX2-Pro-Sientra, Inc). The geometry

details and materials of the ports obtained from Sientra Inc. are

presented in Figure 1. The DermaSpan model consisted of a single

titanium (r=4.54 g/cm3) port with a neodymium (r=7.6 g/cm3)

magnet enclosed. The AlloX2 model consisted of two titanium ports
Frontiers in Oncology 0360
with one neodymium magnet enclosed in each port. The AlloX2-

Pro model consisted of two ports made of peek material (r=1.3 g/

cm3), with a single neodymium magnet located between the ports.

The geometry and densities from all the three ports were saved as

contour templates in RayStation.
2.3 Strategies for handling metal artifacts

The CT artifacts caused by the metal-ports are managed using

two density override strategies at our institution. The first strategy

(hereafter called RS1) consists of identifying the metal by adjusting

the image window-level to display only the brightest region,

assumed occupied by the metal port. Subsequently, a contour is

delineated enclosing the artifact and the density of surrounding

voxels is set to unity. The second strategy (hereafter called RS2)

consists of registering rigidly a geometry template with the

dimensions, materials, and densities from the corresponding

metal-ports obtained from the vendor; the density of voxels

outside the port geometry is set to unity. Both strategies were

compared using Collapsed Cone Convolution (CCC) version 5.5 in

RayStation version 11A, and TOPAS Monte Carlo simulations. The

resolution of the dose grid for RayStation and TOPAS calculations

was 2 x 2 x 2 mm3. Calculated results were compared with

Gafchromic film (Ashland Inc.) measurements using two

irradiation setups as described below.
2.4 Wax slab phantom setup

A setup consisting of a wax slab phantom irradiated by an AP

field was configured to assist in the validation of TOPAS

simulations for each TTE port. For each TTE, the ports were

stripped off from the silicon bag and embedded in a slab

phantom made of wax (r=0.92 g/cm3). The phantom had
FIGURE 1

Drain/injection ports for the three temporal breast tissue expanders studied in this work.
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dimensions of 30 x 30 x 1.7 cm3. An irradiation setup was

configured consisting of the slab phantom stacked between 1.5

cm thickness of plastic water and 10 cm thickness underneath, see

Figure 2. An iterative metal artifact reduction (iMAR) (Siemens

Medical System) algorithm was used to reduce the high-density

metal artifacts. The setup was simulated and exported to RayStation

TPS for planning. The plan consisted of a 6 MV field of 15 x 10 cm2

defined at 100 SSD, 500 MU delivered in the AP direction. The

remained metal artifacts were handled with the two strategies

described in section 2.3. The setup was reproduced with TOPAS

simulations which included the actual port geometries shown in

Figure 1. The ports were aligned to the metal artifact using the

RayStation contours from RS2 as a frame of reference. The

overlapping of geometries was handled by the feature Layered

Mass Geometry (21). Film dosimetry was performed by placing

Gafchromic films at different positions as shown in Figure 2.
2.5 Breast tissue expander phantom setup

The effect of usingmultiple gantry angles was evaluated for AlloX2

and AlloX2-Pro TTEs. The partial arc irradiations were performed on

the ports using an open field as detailed below. This setup was

representative of a worst-case scenario where multiple x-ray beams

interacts with the metal port for most of the irradiation time.

The AlloX2 and AlloX2-Pro TTEs were irradiated in their

standard configuration during PMRT i.e., embedded in the silicon

bag filled with water. The silicon bag wall (~1.1 g/cm3) was about 1

mm of thickness and had a negligible effect on the dose

distributions. In this work, water was used instead of saline

solution which shown to be dosimetrically equivalent for MV
Frontiers in Oncology 0461
radiation. However, it has a dosimetric impact by 5% for kV

photons, as shown by (22). A customized breast phantom holder

and bolus (5 mm thickness) were made with wax to immobilize the

phantom for reproducibility. The bolus was placed on top of a

thermoplastic mesh covering the breast tissue expander with the air

gaps filled with superflab bolus as best as possible. CT images were

obtained with iMAR algorithm (section 2.3) and exported to

RayStation TPS for planning. The plan consisted of a 6 MV

conformal arc (3 x 3 cm2), gantry angles from 90 to 270 degrees

in the counterclockwise direction, delivering 355 MU in a single

fraction, see Figure 2. The partial arc configuration considered the

contribution of parallel opposed fields at 90 and 270 deg. Contours

were drawn for the analysis which included the silicon bag, an

expanded wall to the silicon bag of 3 mm thickness split into four

contours. These contours covered the anterior (C_Anterior),

posterior (C_Posterior), left (C_Left) and right (C_Right)

directions of the beam. Pieces of films were positioned at several

depths as shown in Figure 2. The films for analysis were 1 x 1 cm2

and were read at least 24 hours after the irradiation.
3 Results

3.1 TrueBeam phase space verification

In Figure 3, the measured percentage depth-dose (PDD) and

crossline dose profiles are compared with the ones calculated with

the Varian phase spaces for two open fields. For the crossline

profiles, several curves are displayed at a depth of 1.5 cm, 10 cm, and

20 cm depths. The bottom of each panel displays the g-index value
resulting from the TOPAS and measurements comparison. As
FIGURE 2

Simulation workflow. Phase space files were obtained from myVarian webpage and verified with Monte Carlo simulations of two open fields.
Subsequently, two strategies were used to identify or override the metal artifact using RayStation TPS. Finally, both strategies were studied and
compared with film measurements. Two irradiation setups were considered, the first using an AP beam and a slab wax phantom stacked between
plastic water; the second using conformal beam irradiating the TTE filled with water embedded in a customized wax phantom.
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depicted, for all the panels the g-index is below unity for the 1%/

1mm (PDD) and 2%/1 mm (crossline) criteria.
3.2 Slab wax phantom setup

Panels of Figure 4 show depth-dose profiles for the

configuration consisting of the breast tissue expander ports
Frontiers in Oncology 0562
embedded in a wax slab phantom. For DermaSpan and AlloX2-

Pro the central profiles are shown, whereas for AlloX2, the profiles

crossing the injection port are shown. Film measurements are

shown with symbols. At the bottom of the panels, the less

restricted of percentage difference and distance-to-agreement to

the measured data are shown. The vertical lines delimit the region

occupied by the slab wax phantom. For the DermaSpan port (panel

A), both RS1 and RS2 were within 2%/1 mm in the buildup region
FIGURE 4

Depth-dose curves comparing the CCC (RS1 in dashed, RS2 in dotted-dashed), TOPAS (RS2 in solid) and film measurements (empty squares) for:
DermaSpan (A), AlloX2 (B) and AlloX2-Pro (C). The bottom of each panel shows the least restricted between the percentage difference (empty
symbols) and distance-to-agreement (filled symbols). The vertical lines limit the region occupied by the slab wax phantom.
FIGURE 3

Percentage depth-dose and crossline profiles for 10 x 10 cm2 (top row panel A and B) and 3 x 3 cm2 (bottom row C, D) fields calculated with Varian
phase spaces. Crossline profiles (B, D) are presented at depth of maximum dose, and at 10 cm and 20 cm depth. The g-index values are presented at
the bottom of each panel.
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and distal falloff. Much higher difference was seen at the region

immediately at downstream the port. For the AlloX2 (panel B), both

RS1 and RS2 were within 2%/1 mm at the buildup and distal falloff.

Lastly, for the AlloX2-Pro (panel C), at the buildup region, both RS1

and RS2 were within 2%/1 mm from measurements. At the distal

falloff, RS1 differed from the film measurements by 2.7% whereas

for RS2 the differences were within 1%. For all the three ports,

TOPAS simulations were within (2% ± 0.5%)/1mm in the buildup

and distal falloff regions.

The effect of the port in the depth-dose distributions outside the

wax phantom was calculated with TOPAS by comparing

simulations with the port substituted by wax. Results are shown

in the Figure 5. As depicted, the underdosages caused by the

attenuation from the magnets in the ports were (6.4 ± 0.4)%, (4.9

± 0.7)% and (2.0 ± 0.9)% for DermaSpan, AlloX2 and AlloX2-Pro,

respectively. In the region proximal to the beam entrance, an
Frontiers in Oncology 0663
overdose caused by the backscatter radiation was observed for the

AlloX2-Pro. The overdose decays rapidly from about 3% ± 1% to

zero within the first 5 mm.
3.3 Tissue expander phantom setup

In panels of Figure 6 the dose profiles along the anterior-

posterior direction traversing the drain and central magnets are

shown for the AlloX2 (panel A) and AlloX2-Pro (panel B),

respectively (section 2.5 and Figure 2). Film measurements are

shown with symbols at three positions. For both TTEs, RS2

calculated with CCC (CCC (RS2)) agreed reasonably well with

TOPAS calculations but did not reproduce the dose perturbation

near the magnet, at about the 4 cm position. RS1 (MC (RS1)) and

RS2 (MC (RS2)) results calculated with TOPAS had better

agreement to the film measurements, been RS2 the closer to the

measured data, as shown in the bottom of each panel of Figure 6.

The axial isodose distributions calculated with TOPAS for AlloX2

and AlloX2-Pro using RS-1 and RS-2 are displayed in Figure 7. As

depicted, the most significant dose differences, as large as 25% ±

1.5% and 28% ± 1.5%, occur locally around the magnet region.

These dose differences are almost entirely contained by the silicon

bag. The dosimetric impact outside of the bag is minimal as shown

for the contour volumes in Tables 1, 2.

The impact of the TTE port in the dose distribution was

quantified by comparing dose volume histogram (DVH)

parameters for simulations with and without the metal port, for

the contours displayed in Figure 2. Results are shown in Tables 1, 2

for the AlloX2 and AlloX2-Pro, respectively. Combined statistical

uncertainties were 1.0%, one standard deviation, or better. For

AlloX2, the impact of the metal port calculated by RS1 and RS2

exceeded statistical uncertainties only for the contour C_Posterior

located at the posterior region of the phantom, effect caused by the

attenuation introduced by the metal port. In this region, RS1

produced a higher dose than using RS2, e.g., by 2.1% for D10. On

the other hand, for AlloX2-Pro the impact of the metal port in the
FIGURE 5

The effect of metal port calculated with MC simulations for the
three breast tissue expander models.
FIGURE 6

Dose profiles along the anterior-posterior direction for AlloX2 (left) and AlloX2-Pro (right). For CCC, only results using RS2 are shown. The panels at
the bottom show the difference between measured and calculated data.
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computation of DVH parameters shown in Table 2 resulted in

subpercentage differences, smaller than the combined statistical

uncertainty. Furthermore, RS1 and RS2 were statistically

equivalent as the percentage differences between DVH parameters

fell within the combined statistical uncertainty.
4 Discussion

In this work, the dosimetric characterization of three TTEs was

performed with the Monte Carlo method and CCC. Dose at selected

positions in two irradiation setups, using wax slab phantom (3D-

CRT) and customized breast phantom (conformal arc

radiotherapy), were compared with film measurements obtaining

an overall agreement within 3%. For both irradiation setups, two
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strategies for handling the CT artifacts produced by TTE metal

ports in the calculation of dose distributions for were evaluated.

For the 3D-CRT irradiation setup, the absorbed dose for

DermaSpan and AlloX2 was attenuated downstream the magnet.

The thickness of each magnet was 2.41 mm and 2.5 mm for

DermaSpan and AlloX2, respectively (Figure 1). Under ideal

conditions neglecting scattering, the attenuation caused by the

magnet (7.4 g/cm3) irradiated with MV x-rays was expected to be

~5% approximately, the Monte Carlo calculated results also

included the titanium port and resulted 6.4% and 4.9%,

respectively (Figure 5). Conversely, for the AlloX2-Pro (7.14 mm

thickness) the attenuation was substantially lower. This effect was

caused by the magnet geometry; the physical dimensions

perpendicular to the beam were about one third smaller than for

the other two ports. Thus, there was more in-scatter radiation from
FIGURE 7

Axial isodose distributions in arbitrary units (A.U.) calculated with Monte Carlo for the AlloX2 (left) and AlloX2-Pro (right) TTEs. Solid lines correspond
to RS1, and dashed lines correspond to RS2. The colored regions correspond to each contour shown in Table 2. The outer limiting frame of the
metal ports are shown with solid lines.
TABLE 2 Impact of TTE port in dose distributions for AlloX2-Pro.

ROI Vol. cc No port – RS1 (%) No port – RS2 (%) RS1–RS2 (%)

D1 D10 Ave. D1 D10 Ave. D1 D10 Ave.

C_Left 9.0 -0.1 -0.2 -0.2 -0.5 -0.4 -0.6 -0.4 -0.3 -0.4

C_Right 9.1 -0.1 0.2 -0.1 -0.6 -0.2 -0.6 -0.5 -0.4 -0.5

C_Anterior 15.8 -0.1 -0.2 -0.2 -1.0 -0.9 -0.7 -1.0 -0.6 -0.6

C_Posterior 18.1 0.0 0.4 -0.1 -0.5 -0.2 -0.6 -0.6 0.6 -0.5
frontier
The impact is quantified by the percentage differences between DVH parameters calculated with Monte Carlo. The percentage difference between RS1 and RS2 are also shown. DVH parameters
include the dose at 1% of the volume (D1), dose at 10% of the volume (D10) and average dose.
TABLE 1 Impact of TTE port in dose distributions for AlloX2.

ROI Vol. cc No port – RS1 (%) No port – RS2 (%) RS1–RS2 (%)

D1 D10 Ave. D1 D10 Ave. D1 D10 Ave.

C_Left 7.9 0.1 -0.1 0.4 0.0 -0.2 0.7 0.0 -0.1 0.3

C_Right 8.3 -0.1 -0.1 0.2 -0.1 0.0 0.4 0.0 0.1 0.2

C_Anterior 17.6 -0.2 -0.1 -0.2 -0.3 -0.2 -0.3 -0.1 -0.1 -0.1

C_Posterior 15.4 4.3 3.7 2.6 6.2 5.5 4.0 2.1 1.9 1.4
The impact is quantified by the percentage differences between DVH parameters calculated with Monte Carlo. The percentage difference between RS1 and RS2 are also shown. DVH parameters
include the dose at 1% of the volume (D1), dose at 10% of the volume (D10) and average dose.
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the unobstructed portion of the beam for AlloX2-Pro. The in-

scatter radiation compensated the attenuation of dose leading to an

underdose of about 2%. On the other hand, in the buildup region

backscatter dose was observed for AlloX2-Pro only. That

backscatter originated by the closer position of the AlloX2-Pro

magnet to the TTE surface compared to the other two models. In

the literature, backscatter dose factors for 6 MV beams incident in

lead (11.3 g/cm3) had been reported to reduce from a factor of 1.03

to 1 within the first centimeter (23). The dose profile calculated with

Monte Carlo in this work showed the equivalent behavior as that

reported in the literature. The clinical impact of the backscatter dose

is expected to be negligible as the maximum extent of the magnet

dictates the diameter of the region irradiated by backscatter

radiation. This diameter (10.4 mm) is smaller than the diameter

stated by ICRU 50 (15 mm) for the definition of a hot spot (24).

The calculated absorbed dose using CCC for both strategies

(RS1 and RS2) agreed with Monte Carlo and film measurements

within 2%/1 mm for DermaSpan and AlloX2 and within 3%/1 mm

for AlloX2-Pro in the buildup region and distal falloff of the depth-

dose distribution (Figure 4).

The higher discrepancies occurred in the region downstream of

the magnet within the first centimeter. While this discrepancy was a

result of the limitations of the dose calculation algorithms and dose

grid resolution, its location was expected to be within the filled TTE

silicon bag region which might encompass at least 4-5 cm thickness,

having minimal impact on the patient. The closer agreement

between RS1 and RS2 for DermaSpan and AlloX2 at the distal

falloff region was not surprising. The maximum density (2.5 g/cm3)

from the CT density tables assigned to the metal artifact for RS1 was

about three times smaller than the actual magnet density (7.4 g/

cm3) used in RS2, however, the thickness of the identified metal

artifact was also about three times greater than the thickness of the

actual magnet geometry. Thus, the amount of attenuation in both

cases was similar. On the other hand, for AlloX2-Pro the thickness

of the metal artifact and the magnet were about the same

dimension. Therefore, there was less attenuation using strategy

RS1 that led to an overdose of about 3% compared with RS2.

The impact of the beam direction was quantified using partial

arc irradiation and a customized phantom for both AlloX2 and

AlloX2-Pro. Comparison between simulations with and without

port were presented in Tables 1, 2. For AlloX2, the metal port

attenuated the dose distribution posteriorly leading to a reduction

of the D10 parameter by 5.5%, calculated with RS2. By using RS1,

this value can be overestimated by ~2% as shown in Table 1. For the

regions located at the lateral positions, the effect of the port was

mitigated by the opposed radiation fields (23). This compensation

resulted in a negligible difference in the DVH parameters as shown

in Table 1. On the other hand, for AlloX2-Pro the impact of the

metal port under partial arc irradiation resulted in sub-percentage

differences in the DVH parameters, as shown in Table 2. This effect

resulted from the small size of the magnet, which allowed more

contribution from the in-scatter radiation, as shown for the slab

wax phantom setup. Finally, sub-percentage differences in DVH

parameters between RS1 and RS2 resulted from the comparable

dimension of the metal artifact and the magnet.
Frontiers in Oncology 0865
In this work 6 MV beams were considered. Retrospective

studies reported that 6 MV beams are mostly used for 3D

planning of breast with tangents (25) while higher energy beams

are often used for large breast separations to improve homogeneity.

Above 10 MV, the dose distributions are highly affected by the pair

production process within the first 2 cm from the surface of metal

objects (23). In addition, the production of photoneutrons takes

relevance. Contrary to CCC, these two interaction processes can be

explicitly modeled with the Monte Carlo method so that dose

differences between the two methods are expected near the metal

ports. The dosimetric study of high energy beams in metal ports is

out of the scope of current work as a prior validation of TOPAS for

the simulation of the photoneutrons yield is needed. This task is

ongoing in our research group and will be presented in future work.

In a typical IMRT treatment in VMAT mode, for example, the

MLC modulation might partially or totally occlude the radiation

directed to the metal port. Thus, the partial arc configuration

represented the extreme scenario when the port was irradiated all the

time. The highest differences found in the DVH parameters calculated

with RS1 and RS2 might be mitigated by the MLC modulation.

Finally, caution must be practiced when higher saturation HU

values are used, which lead to higher density values. The density

assigned to the identified metal artifact in RS1 highly depended

upon the CT density tables and the delineation of artifacts. Thus, we

recommend using the actual port geometry and materials.

Templates compatible with RayStation TPS are provided in the

supplementary material of this work to reduce the delineation time

for the TTEs studied in this work.
5 Conclusions

The dosimetric impact of the TTEs in PMRT depended on the

geometry, artifact delineation method, and irradiation conditions.

The greatest differences with respect to measurements were observed

in the RS1 strategy. Using a template with the actual port geometry

and materials (RS2) can alleviate the differences and reduce the

artifact delineation time. Negligible dose perturbation was observed

for the novel TTE under continuous partial arc irradiation conditions

compared to a single beam at normal incidence.
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Introduction: Partial breast irradiation (PBI) has increased in utilization, with the

postoperative lumpectomy cavity and clips used to guide target volumes. The

ideal timing to perform computed tomography (CT)–based treatment planning

for this technique is unclear. Prior studies have examined change in volume over

time from surgery but not the effect of patient characteristics on lumpectomy

cavity volume. We sought to investigate patient and clinical factors that may

contribute to larger postsurgical lumpectomy cavities and therefore predict for

larger PBI volumes.

Methods: A total of 351 consecutive women with invasive or in situ breast cancer

underwent planning CT after breast-conserving surgery at a single institution

during 2019 and 2020. Lumpectomy cavities were contoured, and volume was

retrospectively computed using the treatment planning system. Univariate and

multivariate analyses were performed to evaluate the associations between

lumpectomy cavity volume and patient and clinical factors.

Results: Median age was 61.0 years (range, 30–91), 23.9% of patients were Black

people, 52.1% had hypertension, the median body mass index (BMI) was 30.4 kg/

m², 11.4% received neoadjuvant chemotherapy, 32.5% were treated prone, mean

interval from surgery to CT simulation was 54.1 days ± 45.9, and mean

lumpectomy cavity volume was 42.2 cm3 ± 52.0. Longer interval from surgery

was significantly associated with smaller lumpectomy cavity volume on

univariate analysis, p = 0.048. Race, hypertension, BMI, the receipt of

neoadjuvant chemotherapy, and prone position remained significant on

multivariate analysis (p < 0.05 for all). Prone position vs. supine, higher BMI, the

receipt of neoadjuvant chemotherapy, the presence of hypertension, and race

(Black people vs. White people) were associated with larger mean lumpectomy

cavity volume.

Discussion: These data may be used to select patients for which longer time to

simulation may result in smaller lumpectomy cavity volumes and therefore
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smaller PBI target volumes. Racial disparity in cavity size is not explained by

known confounders and may reflect unmeasured systemic determinants of

health. Larger datasets and prospective evaluation would be ideal to confirm

these hypotheses.
KEYWORDS

partial breast irradiation (PBI), breast cancer, lumpectomy, race, hypertension, BMI,
neoadjuvant chemotherapy, prone
1 Introduction

Adjuvant radiation is typically indicated after breast-conserving

surgery (BCS) to improve local control, which translates on meta-

analysis to survival benefits (1–6). Multiple published studies have

clearly established the efficacy of the partial breast irradiation (PBI)

technique for adjuvant radiation after BCS. Randomized trials

comparing external beam PBI with whole breast radiation

(WBRT) have shown no clinically significant difference in

survival, regional recurrence, or ipsilateral breast tumor

recurrence (IBTR) with median follow-up ranging from 5 to

greater than 10 years (7–12). Brachytherapy options exist for PBI,

but accelerated (twice daily) radiation appears to be associated with

worse cosmesis, and brachytherapy has been shown to result in

increased IBTR (8, 13).

Variation exists in the application of the PBI technique. For

external beam PBI, the postoperative lumpectomy cavity with or

without clips is generally used to guide volumes to target the

postoperative tumor bed and a margin of adjacent breast tissue.

The NSABP B-39/RTOG 0412 protocol specified the lumpectomy

excision cavity was outlined based on clear visualization on

computed tomography (CT) or with the help of surgical clips if

those were placed, and the clinical target volume (CTV) was defined

as a 15-mm uniform expansion of the lumpectomy cavity, while the

planning target volume (PTV) was defined as a uniform 10-mm

expansion of the CTV. If the lumpectomy cavity could not be

delineated clearly or the lumpectomy cavity/whole breast reference

volume was >30% based on postoperative CT scan, then the patient

was not eligible for study participation (8). Even without potential

ineligibility based on the size of the lumpectomy cavity, a larger

lumpectomy cavity will lead to larger radiation field sizes. The ideal

postsurgical timing to perform CT-based treatment planning for

the PBI technique is unclear. Prior studies have examined change in

volume over time from surgery and associated clinical factors, with

expected decrease in the size of the lumpectomy cavity or seroma

volume over the postoperative period (14, 15). One study by Kader

et al. demonstrated that seroma volume correlated significantly with

the volume of excised breast tissue but not with other clinical

characteristics including tumor diameter, surgical re-excision, and

chemotherapy use (14). Simulation and treatment at the optimal

time for a minimum lumpectomy cavity volume that can still be
0268
clearly delineated could increase the proportion of patients eligible

for PBI and/or decrease treatment volumes.

The effect of patient characteristics including comorbidities that

may affect healing in the postoperative period has not been

previously reported. We sought to investigate patient and clinical

factors that may contribute to larger postsurgical lumpectomy

cavities and therefore would predict for larger PBI volumes.
2 Materials and methods

This study involved the secondary use of private information

from the electronic medical record and was approved as exempt by

the institutional review board. A total of 351 consecutive women

with invasive or in situ breast cancer underwent CT after BCS as

part of the standard planning for PBI or WBRT. CT images were

obtained using 5-mm slice thickness, with the scan extending from

superior to the suprasternal notch to a minimum of 5 cm below the

inframammary fold. The CT images were transferred to the

treatment planning system (TPS) (Eclipse, Varian Medical

Systems, Palo Alto, CA).

There were 357 total lumpectomy cavities that were contoured

per institutional standard at a single institution with four radiation

centers during the years 2019 and 2020. In general, the lumpectomy

cavity delineation included all related radiopaque surgical clips

when present. In addition, contouring the seroma and surgical

anatomical changes in conjunction with preoperative imaging,

operative note, and pathology report was the standard with or

without clips. Six patients had two lumpectomies during the same

surgery due to invasive or in situ breast cancer in bilateral breasts.

One patient had two lumpectomies in separate quadrants of the

ipsilateral breast. For patients with multiple lumpectomy cavities

contoured, the first record in the dataset was included and the

second record was excluded in order to prevent duplicate records

for the analysis of patient characteristics, resulting in 351 total

included lumpectomy cavities. Contoured volume was

retrospectively computed from the TPS.

Clinical data extracted from the patients’ medical records

included age at the time of surgery, the body mass index (BMI) at

the time of surgery, race, the presence of diabetes mellitus, smoking

status, the presence of hypertension, the presence of coronary artery
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disease, the date of last definitive BCS (including repeat excision),

the date of planning CT scan, whether surgical re-excision had been

performed, the pathologic maximal diameter of the primary tumor,

volume excised from lumpectomy, and additional margins (total

volume of excised breast tissue), whether patients had undergone

oncoplastic reduction, prior surgery or prior biopsy in ipsilateral

breast, neoadjuvant hormone therapy use (including aromatase

inhibitor or tamoxifen), neoadjuvant chemotherapy use, and

adjuvant chemotherapy use. From the CT simulation in the TPS,

the position (supine or prone), the presence of surgical clips placed

at time of lumpectomy, and physician-contoured lumpectomy

cavity volume were extracted. The institutional preference for

positioning is the prone position; however, if the patient has

smaller, non-pendulous breasts and/or difficulty remaining in the

prone position due to discomfort, then the supine position is used.

The change in lumpectomy cavity volume relative to interval

after surgery was calculated with linear regression using the

gradient estimation method with a log transform. Since the

original data for lumpectomy cavity volume followed a log-

normal distribution or approximately so, the log transform was

performed to reduce skewness resulting in a near-normal

distribution. To evaluate the associations among patient, clinical,

and treatment factors on lumpectomy cavity volume, univariate

analysis was performed and variates with a p-value < 0.1 were

included in multivariate analysis.
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3 Results

The distribution of patient, clinical, and selected treatment

characteristics are summarized in Tables 1A, B. Median age was

61.0 years (range, 30–91). The median BMI was 30.4 kg/m² (first

quartile [Q1] to third quartile [Q3], 25.5–35.2). There were 23.9% of

patients who were Black people, 71.2% of patients were White

people, and 4.8% were other. There were 52.1% of patients who had

hypertension, 17.1% had diabetes mellitus, 6.0% had coronary

artery disease, 12.0% were current smokers, 29.9% were former

smokers, and 58.1% were never smokers. The mean tumor size was

1.3 cm (standard deviation, 1.1).

All patients underwent BCS, with 10% requiring surgical re-

excision, 8.8% had oncoplastic reduction, 5.1% had prior surgery or

prior biopsy in ipsilateral breast, 4.3% of patients received

neoadjuvant hormone therapy (including aromatase inhibitor or

tamoxifen), 11.4% received neoadjuvant chemotherapy, and 15.1%

received adjuvant chemotherapy. There were 32.5% who were

treated in prone position, 82.9% of patients had surgical clips

placed at time of lumpectomy, mean interval from surgery to CT

simulation was 54.1 ± 45.9 days, and mean lumpectomy cavity

volume was 42.2 ± 52.0 cm3.

Longer interval from surgery (as a continuous variable) was

significantly associated with smaller lumpectomy cavity volume on

univariate analysis (Figure 1, estimate = −0.006, p = 0.048). For each
TABLE 1A Patient, clinical, and treatment characteristics.

Characteristic N Mean ± SD Median (Q1–Q3)

Age (y) mean ± standard 351 60.5 ± 10.6 61.0 (53.0–68.0)

BMI (kg/m2) mean ± standard 332 31.1 ± 7.3 30.4 (25.5–35.2)

Days from surgery median (Q1–Q3) 351 54.1 ± 45.9 37.0 (28.0–57.0)

Lumpectomy volume (cm3) median (Q1 –Q3) 351 42.2 ± 52.0 26.7 (14.8–53.9)

Total volume excised (cm3) median (Q1 –Q3) 345 175.7 ± 322.0 89.6 (58.5–161.3)

Tumor size (max dimension of largest tumor, cm) median (Q1–Q3) 351 1.3 ± 1.1 1.1 (0.6–1.8)

TABLE 1B Patient, clinical, and treatment characteristics.

Surgical re-excision Yes 35 (10.0%)

Oncoplastic reduction Yes 31 (8.8%)

Prior breast surgery Yes 18 (5.1%)

Neoadjuvant AI or tamoxifen Yes 15 (4.3%)

Neoadjuvant chemotherapy Yes 40 (11.4%)

Adjuvant chemotherapy Yes 53 (15.1%)

Race Black people 84 (23.9%)

Other 17 (4.8%)

White people 250 (71.2%)

Diabetes mellitus Yes 60 (17.1%)

Smoking status Current 42 (12.0%)
fr
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additional day after surgery, the log of the expected mean of

lumpectomy cavity volume decreased by 0.006 cm3, meaning that

a 0.6% decrease in lumpectomy cavity volume is expected per day.

On univariate analysis (Table 2), the factors that were

significantly associated with lumpectomy cavity volume were

interval after surgery, age, BMI, the receipt of neoadjuvant

chemotherapy, race, hypertension, coronary artery disease, and

position. Surgical re-excision, oncoplastic reduction, prior breast

surgery, the receipt of chemotherapy, coronary artery disease,

diabetes, the volume of excised breast tissue, smoking status, and

the presence of clips were not significantly associated. Of note, 19

patients had missing BMI data and thus were not included in the

multivariate model. On multivariate analysis (Table 3), the factors

confirmed to have a significant effect on lumpectomy cavity volume

(p < 0.05 for all) were the BMI, the receipt of neoadjuvant

chemotherapy, prone position, hypertension, and race (Black

people vs. White people). Higher BMI, the receipt of neoadjuvant
FIGURE 1

Mean lumpectomy cavity volume relative to interval after surgery.
TABLE 2 Univariate analysis results of lumpectomy cavity volume.

Univariate analysis Estimate P-value

Interval after surgery -0.006 0.048

Maximal tumor diameter 0.066 0.1633

Volume of excised breast tissue 0.000 0.8847

Age 0.014 0.0209

BMI 0.030 <0.0001

Surgical re-excision (No vs. Yes) 0.048 0.8325

Oncoplastic reduction (No vs. Yes) 0.185 0.4934

Prior breast surgery (No vs. Yes) 0.085 0.7925

Neoadjuvant AI or tamoxifen (No vs. Yes) -0.262 0.3078

Neoadjuvant chemotherapy (No vs. Yes) -0.401 0.0096

Adjuvant chemotherapy (No vs. Yes) 0.391 0.1115

Race 0.0178

Race (Black people vs. White people) 0.337 0.0103

Race (others vs. White people) -0.515 0.338

Diabetes mellitus (No vs. Yes) -0.196 0.2038

Smoking status (current, former, or never) 0.4354

Smoking (current vs. never) 0.232 0.1989

Smoking (former vs. never) 0.041 0.7837

Hypertension (No vs. Yes) -0.417 0.003

Coronary artery disease (No vs. Yes) -0.441 0.0206

Position (prone vs. supine) 0.296 0.0223

Clips (No vs. Yes) -0.353 0.1155
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chemotherapy vs. no neoadjuvant chemotherapy, prone position vs.

supine, the presence of hypertension, and race (Black people vs.

White people) were associated with larger mean lumpectomy cavity

volume. For example, with the absence of hypertension, the log of

lumpectomy cavity volume decreased by 0.305; the log of

lumpectomy cavity volume increases with the presence of

hypertension. With Black people compared to White people, the

log of the lumpectomy cavity volume increased by 0.292.

Sensitivity analyses were done to assess the impact of prone vs.

supine position (characteristics are separated by position in

Supplementary Table 1). When separated into supine (n = 237)

and prone (n = 114), longer interval from surgery (as a continuous

variable) was not significantly associated with decreased

lumpectomy cavity volume (Supplementary Table 2). On

multivariate analysis of factors with lumpectomy cavity volume

for patients in the supine position (Supplementary Table 3), race

(Black people vs. White people), BMI, the receipt of neoadjuvant

chemotherapy, and hypertension (presence vs. absence) had a

significant effect on lumpectomy cavity volume as in the main

analysis that did not separate the patients by position. For prone

position, the presence of hypertension was significantly associated

with larger mean lumpectomy cavity volume on multivariate

analysis as in the main analysis, but race, BMI, and neoadjuvant

chemotherapy were not. A regression analysis was also done to

determine if hypertension was associated with other factors in

this population, and this revealed that hypertension was

associated with increased age, increased BMI, and having diabetes

(Supplementary Table 4).

An additional analysis was done to assess the association

between lumpectomy volume (cm3) and ipsilateral whole breast

volume (cm3) and the BMI (Supplementary Table 5A). Following

log transformations on both the predictor and outcome variables, a

univariate regression model examined the relationship between the

log of ipsilateral whole breast volume (cm3) and the log of

lumpectomy volume (cm3) with repeated measures to account for

patients with multiple lumpectomies. This demonstrated a positive

relationship between the variables that was significant (p < 0.001)

(Supplementary Table 5B). A univariate regression analysis
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examined the relationship between BMI and the log of ipsilateral

whole breast volume (cm3) and demonstrated a positive

relationship between the variables that was significant (p < 0.001)

(Supplementary Table 5C).
4 Discussion

The growing literature discussed above on partial breast

irradiation has shown overall that it is an effective and safe

alternative to whole breast radiation in select patients. The ability

to deliver this is predicated on reliable delineation of the

lumpectomy cavity. In patients with larger lumpectomy cavities,

the breast-to-target ratio is sometimes unfavorable for constraints

used in major PBI trials. In those that still qualify for PBI, a

geometrically larger treatment area is required for larger

lumpectomy cavities. This study sought to describe factors that

predict for larger lumpectomy cavity to aid in patient selection and

identify modifiable changes that can optimize the target size prior to

treatment planning.

Race, the presence of hypertension, higher BMI, the receipt of

neoadjuvant chemotherapy, and prone position vs. supine remained

significantly associated with larger mean lumpectomy cavity

volume on multivariate analysis and thus were independently

associated with lumpectomy cavity volume. Longer interval from

surgery to simulation was associated with smaller lumpectomy

cavity volume on univariate analysis and trended toward

significance on multivariate analysis. The trends in lumpectomy

cavity volume over time demonstrated in the present study and

prior studies support the recommendation to perform the planning

CT scan for PBI ideally within 8 weeks after surgery (14, 15). A

study by Kader et al. showed that during weeks 3–8 after BCS, the

mean lumpectomy cavity volume decreased from 47 to 30 cm3,

stabilized during weeks 9–14 (mean 21 weeks), and was involuted

after 14 weeks (14). Prone positioning is thought to elongate the

cavity due to the effect of gravity, congruent with the result from our

study that this position was associated with larger mean

lumpectomy cavity volume. Sensitivity analyses demonstrated that
TABLE 3 Multivariate analysis results of lumpectomy cavity volume.

Multivariate analysis (N = 332) Estimate P-value

Interval after surgery -0.006 0.0795

Age 0.012 0.0627

BMI 0.020 0.004

Race 0.3215

Race (Black people vs. White people) 0.292 0.0168

Race (others vs. White people) -0.426 0.4383

Hypertension (No vs. Yes) -0.305 0.0316

Position (prone vs. supine) 0.256 0.0347

Coronary artery disease (No vs. Yes) -0.209 0.2893

Neoadjuvant chemotherapy (No vs. Yes) -0.348 0.0172
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the presence of hypertension remained significantly associated with

larger mean lumpectomy cavity volume when separate analyses

were done for prone and supine patients and that hypertension is

also associated with increased age, BMI, and diabetes. An additional

univariate analysis also found that lumpectomy cavity volume was

associated with ipsilateral whole breast volume.

In order for a surgical cavity or wound to heal properly,

adequate blood supply is necessary; therefore, conditions that

impair circulation and oxygenation can delay the healing process

(16). High blood pressure, diabetes, advanced age, and tobacco use

may thus contribute to delayed healing. Data are lacking on the

healing of the postoperative cavity or lumpectomy cavity after BCS.

A study by Prendergast et al. examined the association of clinical

factors for the association of volumetric change of the tumor bed

before and during radiation and did not find any association with

clinical factors including patient age, weight, tobacco use, re-

excision, the volume of tissue removed, initial breast volume, or

the use of chemotherapy (17).

Studies of breast reconstruction patients have shown

postoperative complications at higher rates in patients with

specific comorbidities, but the specific complications are variable

between studies (18). Hypertension was found to be an independent

risk factor for perioperative complications in a review of 1,170

consecutive expander/implant reconstructions, with hypertension

defined as elevated blood pressure requiring medical therapy and

associated with twice the risk of complications compared to patients

without hypertension (19). Hypertension has also been associated

with delayed surgical complications in breast reconstruction

patients (5).

The significance of race predicting larger lumpectomy cavity

volume is not clear. Multivariable analysis attempts to correct for

imbalances in confounding variables examined here, and yet race

remains a significant independent factor. Unmeasured social

determinants of health may contribute to this difference, which

bears further investigation. Race/ethnicity has been associated with

differences in time to breast cancer diagnosis after suspicious breast

abnormality first identified by a physical exam, mammogram, or

ultrasound. Non-Hispanic Black people and Hispanic people were

found to have a longer time to diagnosis than non-Hispanic White

people, even with private health insurance (20). In this study,

however, the patients all had early-stage breast cancer suitable for

lumpectomy; thus, this is less likely to have been a factor.

Potentially, the differences in lumpectomy cavity size could be

related to differences in unexplored factors related to social

determinants of health such as follow-up after surgery or

differences in postoperative instructions.

Limitations of this study are related to its retrospective design.

Additionally, the delineation of lumpectomy cavity can be

subjective, especially in patients with dense breasts, and the

analyzed dataset represented a variety of practitioners from the

same institution. The delineation of lumpectomy cavity can

especially be more difficult in the setting of oncoplastic reduction,

which made up a small proportion of the patients in this dataset.

Different surgeons were also involved in the cases that could be

associated with variation in technique in addition to variation in the
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placement of surgical clips. Postoperative care patterns may have

varied. The interpretation of results of continuous clinical variables

may be harder to translate to clinical settings.

Especially relevant for patients planned to receive PBI, these

data may be used to select patients for which longer time to

simulation may result in smaller lumpectomy cavity volumes and

therefore smaller PBI target volumes. Larger datasets and

prospective evaluation would be ideal to confirm these hypotheses.
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The need for axillary radiotherapy in patients with invasive breast cancer (IBC) has

been a topic of great debate in the last decade. Management of the axilla has

evolved significantly over the past four decades with a trend towards de-

escalation of surgical interventions and the aim of reducing morbidity and

enhancing QOL without compromising long-term oncology outcomes. This

review article will address the role of axillary irradiation with a focus on the

omission of completion axillary lymph node dissection in selected patients with

sentinel lymph node (SLN) positive early breast cancer (EBC) with reference to

current guidelines based on evidence to date.

KEYWORDS

axillary radiotherapy, breast cancer, sentinal lymph node biopsy, regional nodal
irradiation (RNI), neoadjuvant chemotherapy
Introduction

As advances in breast cancer treatment have led to improved survival, there is a greater

focus on the impact of treatment on quality of life (QOL) in the context of survivorship.

Management of the axilla has evolved significantly over the past four decades with a trend

towards de-escalation of surgical interventions and the aim of reducing morbidity and

enhancing QOL without compromising long-term oncology outcomes. The introduction of

systemic treatments has further facilitated this approach of de-escalation. A principal

motivation for seeking alternatives to axillary lymph node dissection (ALND) has been to

reduce rates of lymphoedema and other upper limb morbidities associated with standard

forms of ALND. Lymphoedema can be severe and impair QOL substantially for patients

following breast cancer treatment, both in terms of symptoms and loss of function. There

has been extensive research done over the past few years to optimise axillary management

and this continues to evolve (1–4). This article will address the role of axillary irradiation

with a focus on omission of completion ALND in selected patients with sentinel lymph

node (SLN) positive early breast cancer (EBC) with reference to current guidelines based on

evidence to-date.
frontiersin.org0174

https://www.frontiersin.org/articles/10.3389/fonc.2023.1151460/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1151460/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1151460/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1151460&domain=pdf&date_stamp=2023-06-26
mailto:john.benson7@nhs.net/john.benson@addenbrookes.nhs.uk
mailto:john.benson7@nhs.net/john.benson@addenbrookes.nhs.uk
https://doi.org/10.3389/fonc.2023.1151460
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1151460
https://www.frontiersin.org/journals/oncology


Elumalai et al. 10.3389/fonc.2023.1151460
Evidence for axillary RT replacing ALND in
sentinel node positive axilla

There are two trials (AMAROS and OTOASOR) that have

directly compared axillary radiotherapy (RT) to ALND in SLN

positive EBC patients and these are discussed in more detail below.

The AMAROS trial was led by the European Organisation for

Research and Treatment of Cancer (EORTC) group from 2001-

2010 and included 1425 patients with clinically node negative breast

cancer at presentation but a subsequent positive SLN biopsy.

Patients were randomised to either ALND (anatomical levels 1, 2

& 3, including at least ten nodes) or axillary RT (50Gy in 25

fractions over five weeks, including all axillary levels and medial

supraclavicular fossa) (5). Of note, randomisation was performed

prior to SLN biopsy, which minimised selection bias. After

exclusions were applied, 744 and 681 patients in the ALND and

axillary RT arms, respectively were included in the per-protocol and

intention-to-treat analyses. Patient characteristics are especially

important in applying the results of this trial to routine clinical

practice and are highlighted in Table 1.

Within the ALND group, one-third of patients (220/672) had

additional positive non-sentinel lymph nodes.

The primary intent of the AMAROS trial was to confirm non-

inferiority of axillary RT compared with ALND with respect to 5-

year axillary recurrence in patients with positive SLN(s). On the

assumption of a 2% 5-year axillary recurrence rate in the ALND

group, non-inferiority was defined as axillary recurrence no higher

than 4% in the axillary RT group. A total of 52 events were required

to ensure a power of 80% based on these criteria. The AMAROS

trial was underpowered and did not meet its primary endpoint of

non-inferiority due to a very low event rate. However, the

Independent Data Monitoring Committee (IDMC) approved the

decision to proceed with the final analysis.

The above results (Table 2) reveal no statistically significant

difference in clinical outcomes between the two groups in terms of

axillary recurrence, disease-free survival (DFS) and overall

survival (OS).

Nonetheless, a notable finding was a striking difference in the

incidence of lymphedema reported between the two groups with

axillary RT associated with a significant reduction in rates of

lymphoedema and absolute differences in arm circumference

measurements (> 10%) at 5 years.
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A 10-year update of the AMAROS trial was presented at the San

Antonio Breast Cancer Symposium in 2018 and continued to show

no differences in the aforementioned clinical endpoints. Moreover,

quality-of-life scales did not differ by treatment through 5 years

(6) (Table 3).

Interestingly, more cases of second primary tumors were

observed following axillary RT (75/681), with one-quarter of these

(n=21) in the contralateral breast. This compared with 57/744 cases

in the ALND group, of which 11 were in the contralateral breast

(p=0.035). Given the low overall numbers of second primary

tumors and the relatively small differences in irradiated volumes

between randomized groups, it is difficult to draw clear conclusions

about causation, and a difference due to chance remains

a possibility.

The OTOASOR trial was conducted around the same time

(2002–2009) and had a similar trial design to AMAROS with the

publication of results after eight years of follow-up (7).

This trial was a smaller single center, randomized controlled,

non-inferiority study that recruited 525 patients with clinically

node-negative tumors up to 3cm in size. SLN positive patients

were randomized to either completion ALND or regional nodal

irradiation (RNI) that encompassed all levels of axillary nodes

together with the supraclavicular fossa- 25 fractions of 2 Gy.

No differences were observed between the groups with respect

to axillary recurrence, DFS or OS (Table 4), with the caveat that the

overall event rate was much lower than anticipated.

As observed in the AMAROS trial, the morbidity associated

with ALND was much higher than for RNI. Combining ALND with

RT for those patients with a higher nodal burden (> 4 nodes) further

increased upper limb morbidity (18/57, 31.5%). However, there

were not statistically significant or clinically relevant differences

observed in QOL between the surgery and radiation groups.

In summary, axillary RT is an acceptable and safe alternative to

ALND for clinically node negative patients with a positive SLN

biopsy and otherwise similar clinical characteristics for enrolment

in the AMAROS and OTOASOR trials. A key finding is the

statistically and clinically significant reduction in arm morbidity

for axillary RT compared to ALND.

However, there remain some outstanding clinical questions

which require resolution. Firstly, there may be a cohort of

patients without a high burden of axillary disease who are at

lower risk and might safely be spared comprehensive axillary RT

(as per AMAROS and OTOASOR protocols). There is evidence

from clinical trials such as ACOSOG Z0011 and AMAROS that

further axillary treatment may be unnecessary for SLN biopsy-

positive patients with limited disease in sentinel nodes. It should be

noted that the AMAROS trial did not include a non-intervention

arm, and although axillary RT is non-inferior to ALND and

associated with reduced morbidity, evidence suggests that many

of these lower-risk patients may not require further definitive

axillary treatment at all. Breast cancer treatments are increasingly

tailored to individual patients based on disease biology and

characteristics. These nuanced approaches may permit the

identification of subgroups of patients who may benefit from

extended irradiation with nodal fields that include the internal

mammary nodes (IMN) (NCIC MA 20 and EORTC 2292) (8, 9).
TABLE 1 Patient summary characteristics- AMAROS trial.

40% premenopausal

48% grade 2 cancer

82% had BCS

95% with 1-2 positive SLN

60% with macro metastases

90% received further systemic treatment

61% received adjuvant chemotherapy

78% received endocrine treatment
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Evidence for omission of further axillary
treatment in sentinel node positive patients

There are two seminal trials (IBCSG 23-01 and ACOSOG-

Z0011) that have addressed the issue of whether any further axillary

treatment (completion ALND/axillary RT) is necessary after

primary surgery in SLN biopsy positive patients (10, 11).

The IBCSG 23-01 trial specifically included only patients with

micro-metastases (≤2mm and >0.2mm) in the SLNs and these

represented a very small “low risk” cohort within the AMAROS and

OTOASOR trials (10). A total of 934 patients with micro-metastatic

nodal disease were randomized to either completion ALND or

observation only. The majority of patients within the no ALND

group received whole breast radiotherapy (WBRT) as a component

of breast conservation therapy. Of these, 80 patients (19%) received

partial breast radiotherapy with intra-operative electron partial

breast irradiation (ELIOT) that would be unlikely to capture

lower axillary lymph nodes at levels 1 and 2. In addition within

the no ALND group, 12 patients (3%) had wide local excision only

and 42 patients (9%) underwent mastectomy and were not

irradiated. No significant differences in DFS nor OS were

observed after 5 years of follow-up. Results of this trial provides

reassurance that definitive axillary treatment for this “low risk”

group with micro-metastatic disease only can be safely omitted and

thereby spare any additional morbidity.

The ACOSOG Z0011 study also examined omission of

completion ALND in SLN biopsy positive patients presenting

with clinically node negative EBC (11). This trial randomized 891

patients with no more than 2 positive sentinel nodes containing

either macro-(>2mm) or micro-metastases to completion ALND or

observation only with a slightly higher proportion of patients with

micro metastases in the latter group (37.5% versus 44.8%; p=0.046).

All patients underwent BCS and were scheduled to receive whole

breast RT and adjuvant systemic treatment. Of note, about 50% of
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those patients (n=228) for whom detailed RT records were available

received high tangent fields irrespective of treatment allocation

(ALND 52.6%; SLN biopsy only 50%). Furthermore, 15% of

patients with complete documentation received supraclavicular

fossa irradiation (12). The study did not reach the pre-specified

sample size of 1900 participants and closed early on the

recommendation of the IDMC with only 50% accrual. This was

due to the much lower than expected event rate making the

estimated 500 deaths required for the study to have 90% power to

confirm non-inferiority of SLNB alone compared with ALND

unfeasible in terms of timescale. An updated analysis of this trial

at 10 years was reassuring and showed continuing low rates of

axillary relapse (0.5% in the completion axillary dissection arm and

1.5% in the SLN biopsy arm).There were no significant differences

in outcomes for regional recurrence (p=0.28) with comparable 10-

year overall survival for SLN biopsy alone (86.3%) and ALND (83.6)

(HR 0.85; p=0.02) (13). Some patients had irradiation protocol

variations that could potentially have resulted in small alteration of

outcomes but are unlikely to have been responsible for equivalence

of clinical outcomes and non-inferiority being maintained at 10

years follow up. The POSNOC trial has recently completed accrual

and will provide information on outcomes in SLN biopsy positive

patients with macro metastases in 1 – 2 nodes and not in receipt of

breast irradiation (mastectomy group) (14).
Role of regional RT in
post-operative patients

Irradiation of the axillary, supraclavicular and internal

mammary lymph nodes is an integral part of adjuvant therapy for

some breast cancer patients. Multiple clinical trials testify to the

benefits of nodal radiation therapy in improving outcomes (8, 9).

Two recent trials employing field-based planning techniques with
TABLE 3 AMAROS: 10-year update (6).

ALND Ax RT p value HR

AR 0.93% (7/744) 1.82% (11/681) 1.71 (95% CI, 0.67-4.39)

DFS 75.0% (95% CI, 71.5 to 78.2) 70.1% (95% CI, 66.2 to 73.6) i 0.11 1.19 (95% CI, 0.97-1.46)

OS 84.6% (95% CI, 81.5 to 87.1) 81.4% (95% CI, 77.9 to 84.4) 0.26 1.17 (95% CI, 0.89-1.52)

LRR 3.59% 4.07 0.69
LRR, Loco-regional recurrence.
TABLE 2 AMAROS: 5 years results (5).

ALND Axillary RT p value HR

AR 0.43% (4/744) 1.19 (7/681) NS 0.00-5.27

DFS 86.9% 82.7% NS- 0.18 1.18 (95% CI 0.93-1.51)

OS 93.3% 92.5% NS- 0.34 1.17 (95% CI 0.85-1.62)

Lymphedema 23% 11% 0.0001

Arm circumference > 10% 13% 5% 0.0009
AR, Axillary recurrence; DFS, Disease Free Survival; OS, Overall survival; HR, Hazard ratio.
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attention to quality assurance issues have demonstrated the benefit

of regional nodal irradiation (RNI) when administered post-

operatively in early-stage breast cancer patients. The NCIC

Clinical Trials Group MA.20 trial evaluated the role of RNI

(axilla, supraclavicular and internal mammary) amongst 1832

women with node-positive or high-risk node-negative breast

cancer treated with breast-conserving surgery and adjuvant

systemic therapy (8). Randomization was to whole breast

irradiation (WBI) only or WBI combined with RNI (using

modified wide tangent fields [14 – 18MV]). Addition of RNI to

loco-regional treatment significantly increased relative DFS by 24%,

with an absolute improvement of 5% at 10 years. The majority of

regional treatment failures involved either the axillary (63%) or the

supraclavicular nodes (27%) and hence the main treatment benefit

related to reduction in rates of regional recurrence. There was no

significant improvement in overall survival attributable to RNI

(HR0.76; p=0.07) but marginal gains (~4%) in distant disease–

free survival at 10 years (86.3% in RNI vs. 82.4% in the control

group, p=0.03) (HR 0.64; p=0.002). It remains unclear which sites of

nodal irradiation (internal mammary, supraclavicular, level III

axillary, or all three) were responsible for improvements in DFS.

The EORTC 22922/10925 randomized 4004 patients with

centrally or medially located primary tumors irrespective of

whether the axillary node positive or negative (9). A total of 50Gy

was delivered in 25 fractions with a mixed technique of 6MV

photons (26Gy in 13 fractions) and 12MeV electrons (24Gy in 12

fractions) to medial supraclavicular and internal mammary node

(RNI). At a median follow-up of 15.7 years, the RNI group showed a

significant reduction in breast cancer mortality (HR 0.81; 95%CI

0.69–0.94; p = .005) and breast cancer recurrence (HR 0.87; 95%CI

0.77–0.98; p=0.024). A slight improvement in OS at five years was

noted, which just reached statistical significance (HR 0.87; 95%CI

0.76–1.00; p=0.056). No difference was observed in the incidence of

second malignancies, contralateral breast cancer, or cardiovascular

deaths. A meta-analysis of the MA-20, EORTC and a French trial of
Frontiers in Oncology
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RNI revealed a benefit for overall and metastases-free survival (HR

0.88; 95%CI 0.8–0.97; p=0.012) (15). Furthermore, the Danish

Breast Cancer Cooperative Group (DBCG) registry reported

outcomes for 3089 patients managed with a standard policy of

internal mammary node (IMN) irradiation Right-sided breast

cancer patients received IMN irradiation whereas this was

omitted for left-sided cancers because of the risk of radiation-

induced heart disease (16). The 15-year breast cancer mortality with

IMN irradiation was 31.7% compared with 33.9% without (adjusted

HR, 0.88 95%CI, 0.78-1.00; p = .05).

An overall comparison of the MA-20, EORTC and Danish trials

in terms of their patient populations shows that the Danish study

confined recruitment to axillary node-positive patients compared to

the MA.20 and EORTC trials with 90% and 56% of node-positive

patients, respectively. These differences in axillary nodal status

likely contribute to observed differences in clinical outcomes. The

latter may also relate to variations in chemotherapy schedules.

A large meta-analysis presented as an abstract in 2018 further

evaluated the benefits of RNI based on individual patient data from

randomized trials involving 13,404 patients in 14 studies (15). This

analysis found no effect of RNI on breast cancer recurrence or

mortality among 8 studies undertaken between 1961 and 1978. By

contrast, in the six studies conducted after 1989, RNI significantly

reduced not only breast cancer recurrence but also breast cancer-

specific mortality. The risk of any death was reduced and there was

no increase in non-breast cancer-related mortality (relative risk 0·88

(95% CI 0·82–0·95), p=0·002).

Absolute benefits were predictably greatest for patients with a

higher number of involved axillary lymph nodes and hence nodal

burden. The proportional benefits were similar across various tumor

and treatment-related parameters and translated into a greater absolute

benefit for those patients with a higher baseline risk for breast cancer-

related events. It is reasonable to assume that as RT techniques become

much more efficient and accurate, the corresponding proportional

benefits for individual patients may be improved.
TABLE 4 Results of the OTOASOR trial (7).

ALND Axillary RT p value

AR

Total (%) 5 (2.0) 4 (1.7) 1.00

Isolated (%) 1 (0.4) 2 (0.8) 0.61

Survival at 8 years

OS (%) 190 (77.9) 195 (84.8) 0.060

DFS (%) 176 (72.1) 178 (77.4) 0.51

Alive with recurrence (%) 14 (5.7) 17 (7.0)

Died of breast cancer (%) 34 (13.9) 20 (8.7)

Died of other cause (%) 20 (8.2) 15 (6.5)

Morbidity at 1 year* 15.3% 4.7%
fron
*Clinical signs of lymphedema, paraesthesia, swelling, arm pain and shoulder mobility issues.
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Role of regional radiotherapy in the
neo-adjuvant era

The optimum axillary management and role of axillary

irradiation in early breast cancer patients receiving neo-adjuvant

chemotherapy (NACT) remains unclear and continues to evolve.

However, there is general consensus that women who are clinically

node-negative (cN0) at presentation and are found to have a

negative SLN biopsy after NACT do not require any further

axillary treatment (17, 18). However, axillary RT (instead of

ALND) may be considered for cN0 patients who are found to

have fibrosis in 1 or 2 nodes and for those found to have only micro

metastases or isolated tumor cells in sentinel nodes as per some

guidelines (19).But there is no robust evidence to support these

latter recommendations for axillary RT. The role of axillary RT in

biopsy –proven cN1 patients who are down staged and have no

residual tumor in sentinel lymph nodes after NACT (ypN0) is even

more controversial with lack of level 1 evidence from randomized

trials at the present time.

Two retrospective national cancer database (NCDB) registry-

based studies explored the role of RNI in these patient cohorts who

underwent breast conserving surgery. The NCDB2003–2011 study

involved more than 5000 clinically node positive patients (T1-3)

undergoing NACT and found no benefit in terms of overall survival

from addition of RNI to breast radiotherapy (WBI) for either ypN0

or ypN+ patients (20). An updated study from the same group

(NCDB 2010–2015) involving 9474 patients similarly reported no

benefit from addition of RNI to WBI, regardless of pathological

nodal status (21).

A retrospective study (KROG 1 6–06) from South Korea

involved 261 clinically node positive (41%) and negative patients

with no residual nodal tumor (ypN0) at the time of axillary surgery

post-NACT. The authors found no effect of RNI on DFS or OS,

irrespective of response to NACT (22). It is conceivable that the lack

of any benefit from RNI in breast conservative therapy patients

might be attributed to the use of tangential beams in many of these

series which can capture up to 80% of nodes at levels I and II of

the axilla.

NACT results in a complete pathological response in the

axillary nodes in 40-70% of patients depending on tumor

phenotype. This intuitively questions the benefit of any further

axillary treatment in this ypN0 group of patients (23). Current

evidence suggests that core biopsy-proven node positive women

with normalization of axillary nodes post-NACT can be safely

considered for sentinel node biopsy alone provided at least 3

nodes are removed and dual mapping techniques employed.

Alternatively, the biopsied node can be clipped and retrieved at

the time of SLN biopsy – the so-called targeted ALND (24, 25). The

ongoing NSABP B-51/RTOG 1304 and ATNEC trials will examine

the role of RNI in ypN0 patients (26, 27). The Dutch RAPCHEM;
Frontiers in Oncology 0578
BOOG 2020-03 registry study is the first prospective evidence for

the safety of selective de-escalation of radiation therapy after NACT

for biopsy-proven clinically node positive T1-2N1 early breast

cancers. Patients were grouped into low, intermediate and high

risk for recurrence based on pre-defined criteria and all underwent

ALND post-NACT. Radiation therapy (local and/or regional) was

omitted for ypN0 patients and those with residual nodal disease

(ypN1) received irradiation of local tissues only. Overall 5 year rates

of loco-regional recurrence were only 2.2% with this policy of

response-adapted radiotherapy (28).
Concluding comments

There are several ongoing trials that aim to address some key

outstanding questions in relation to the role of radiation therapy in

management of early breast cancer patients. The POSNOC (POsitive

Sentinel NOde: adjuvant therapy alone versus adjuvant therapy plus

Clearance or axillary radiotherapy) trial is a predominantly UK-based

multicenter trial that notably includes women undergoing primary

surgery with either mastectomy or breast conserving therapy in

conjunction with SLN biopsy (14). Women with 1 or 2 sentinel

nodes containing macro metastases are eligible for randomization as

well as those with extra-nodal invasion. This trial will determine

whether SLN biopsy alone yields equivalent clinical outcomes to

further axillary treatment (completion ALND or axillary irradiation)

POSNOC has an in-built radiotherapy quality assurance programme

coordinated by the UK Radiotherapy Trials Quality Assurance

Group. The NSABP B-51/RTOG 1304 study will examine whether

post-mastectomy radiotherapy combined with RNI or addition of

RNI to breast RT following breast conserving surgery increases

invasive breast cancer recurrence-free interval in cN1 patients

converting to ypN0 after NACT (26). The ATNEC trial will

randomize ypN0 patients to either observation only following SLN

biopsy or further axillary treatment (completion ALND or axillary

RT) (27). Other de-escalation studies include the ALLIANCE

A011202 trial that will determine whether axillary RT combined

with RNI is non-inferior to completion ALND and RNI for higher

risk patients with residual nodal macro metastases after NACT

followed by SLN biopsy (29). The international TAXIS (SAKK 23–

16/IBCSG 57–18/ABCSG-53/GBG 101) trial has a complex study

design that recruits a mixed population of clinically node positive

patients undergoing NACT or upfront surgery. The trial aims to test

the hypothesis that axillary RT in pathologically node-positive

patients is non-inferior to ALND in terms of DFS (30). The trial

incorporates methods for tailored axillary surgery such as targeted

ALND. Finally, a unique feasibility study, entitled the NEONOD2

trial (NCT040196780) will evaluate the safety of omitting both ALND

and RNI in patients with micro metastatic disease only in sentinel

nodes (31).
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Purpose: To report outcomes on a subset of patients with triple negative breast

cancer (TNBC) treated on prospective trials with post-lumpectomy partial breast

irradiation and concurrent chemotherapy (PBICC) and compare them to a

retrospectively assessed similar cohort treated with whole breast irradiation

after adjuvant chemotherapy (WBIaC).

Methods and materials: Women with T1-2, N0-1 invasive breast cancer with ≥

2mm lumpectomy margins were offered therapy on one of two PBICC trials. PBI

consisted of 40.5 Gy in 15 daily 2.7 Gy fractions delivered concurrently with the

first 2 cycles of adjuvant chemotherapy. The comparison cohort received WBI to

amedian dose of 60.7 Gy, (including boost, range 42.5– 66 Gy), after completion

of non-concurrent, adjuvant chemotherapy. We evaluated disease-free survival

(DFS), and local/loco-regional/distant recurrence-free survival (RFS). We

compared survival rates using Kaplan-Meier curves and log-rank test of

statistical significance.

Results: Nineteen patients with TNBC were treated with PBICC on prospective

protocol, and 49 received WBIaC. At a median follow-up of 35.5 months (range

4.8-71.9), we observed no deaths in the PBICC cohort and 2 deaths in the WBIaC

cohort (one from disease recurrence). With a median time of 23.4 (range 4.8 to

47) months, there were 7 recurrences (1 nodal, 4 local, 4 distant), all in the WBIaC

group. At 5 years, there was a trend towards increased local RFS (100% vs. 85.4%,

p=0.17) and loco-regional RFS (100% vs. 83.5, p=0.13) favoring the PBICC cohort.

There was no significant difference in distant RFS between the two groups (100%
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vs. 94.4%, p=0.36). Five-year DFS was 100% with PBICC vs.78.9% (95% CI: 63.2 to

94.6%, p=0.08) with WBIaC.

Conclusion: This study suggests that PBICC may offer similar and possibly better

outcomes in patients with TNBC compared to a retrospective cohort treated

with WBIaC. This observation is hypothesis-generating for prospective trials.
KEYWORDS

partial breast irradiation, triple negative breast cancer, concurrent chemoradiation,
breast cancer, clinical trial
Introduction

Triple negative breast cancer (TNBC) is characterized by lack of

expression of estrogen (ER) and progesterone (PR) receptors and

lack of overexpression of the human epidermal growth factor

receptor 2 (HER2). Women with TNBC are reported to have

inferior overall survival, disease free survival, and local control

than their non-TNBC counterparts when treated with whole breast

irradiation (WBI) (1–3).

Routine management of stage I and II TNBC usually includes

mastectomy or breast conserving surgery (BCS) followed by

sequential administration of chemotherapy and 3 to 6 weeks of

daily WBI (with length of course predicated on nodal coverage,

fractionation scheme, and use of boost) (4). In this regard,

concurrent chemotherapy and radiation offers potential logistic

benefits. While shortening the overall duration of therapy, both

adjuvant treatments are completed sooner after surgery.

Concurrency can also take advantage of potential oncologic

synergy between the two modalities in improving tumor control.

Concurrent chemoradiation is used in most other adenocarcinoma-

based disease sites, including lung, gastrointestinal, and bladder

cancers (5–9), albeit often in the definitive or pre-operative setting.

However, concerns of prohibitive toxicity with concurrent

administration of anthracycline-based chemotherapy regimens

and others along with whole breast radiotherapy have made this

approach unpopular (10). The smaller fields employed during

partial breast irradiation potentially allow for mitigation of this

concurrent toxicity and acceleration of the radiotherapy schedule.

We previously reported results of the first of two prospective

phase I/II trials of PBI and concurrent chemotherapy (PBICC) in

women with early stage breast cancer (11). Given reports of inferior

oncologic outcomes in patients with TNBC and the potential of

improved local control with concurrent chemotherapy and

irradiation, we hypothesized that patients with TNBC treated

with our novel PBICC approach will have similar or improved

clinical outcomes as TNBC patients treated more traditionally with

WBI after chemotherapy (WBIaC). In this report, we describe the

outcome of the subset of TNBC patients enrolled in these PBICC

trials. To provide an internal contemporary reference, we also

retrospectively describe the outcomes of a series of patients with

TNBC patients treated with WBIaC during the same time period.
0282
Materials and methods

Study participants

We evaluated a subgroup of 19 TNBC patients treated on two

prospective trials of PBICC that enrolled women with T1-2, N0-1

invasive breast cancer and ≥ 2mm lumpectomy margins between

2004-2009. Both trials were approved by the Institutional Review

Board. We also retrospectively identified 51 similar patients with

TNBC (T1-2, N0-1 invasive breast cancer with ≥ 2mm lumpectomy

margins), treated with standard WBIaC followed by standard

chemotherapy at Johns Hopkins University between 2004 and

2009 by using an Institutional Review Board-approved database

and chart review. Full details on study designs and participants can

be found in the original publication (11).
Radiotherapy

All patients underwent three-dimensional conformal or

intensity-modulated radiation treatment planning, using five to

seven non-coplanar photon beams.
WBIaC

The median dose of WBI (including boost) in the triple-

negative comparison cohort was 59.89 Gy (range 42.56 – 66.60

Gy). Whole breast radiotherapy was delivered in 180-270 cGy

fractions. Nodal regions were treated in 20% of the WBIaC patients.
PBICC

PBI consisted of 40.5 Gy in 15 daily 2.7 Gy fractions delivered

concurrently with the first 2 of 4 cycles of chemotherapy. For the

PBI trials, the clinical target volume (CTV) was defined by a

uniform expansion on the lumpectomy cavity, as delineated on

computed tomography (CT), by 1.5cm in all directions then

cropped to 5mm from skin surface and the chest wall/lung

interface. The planning target volume (PTV) was created by
frontiersin.org
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uniformly expanding the CTV by 5 mm. Nodal regions did not

receive directed radiotherapeutic treatment.
Chemotherapy

WBIaC and PBICC patients received cyclophosphamide

+doxorubicin +/- paclitaxel (AC+T) or cyclophosphamide +

docetaxel (TC), at the discretion of the treating medical oncologist.

In all WBIaC cases, radiotherapy was delivered after adjuvant

chemotherapy. Decisions about additional systemic chemotherapy

after completion of PBICC were made independently by the

medical oncologist and the patient.
Endpoints and statistical analysis

Two patients who were lost to follow-up within 12 months of

lumpectomy were excluded from the retrospective cohort, therefore

49 patients were considered evaluable. Primary endpoints were

disease-free survival (DFS), local recurrence-free survival (RFS),

locoregional RFS, and distant RFS which were measured from the

date of lumpectomy to time of any recurrence, local failure,

locoregional failure, or distant failure, respectively. Local failure

was defined as a biopsy-proven recurrence in the ipsilateral breast.

Locoregional failure was defined as recurrence either in the

ipsilateral breast or regional nodes, including the axilla, internal

mammary nodes, or supraclavicular nodes. Distant failure was

defined as the development of metastatic foci other than regional

lymph nodes. Only distant recurrences that occurred as a first

recurrence were considered in the estimation of distant disease-free

survival. Progression free survival (PFS) curves comparing

treatment modalities were analyzed using the Kaplan-Meier

method, and comparisons were made using log-rank c2 testing.
Fisher’s exact and c2 tests were used to compare proportions

between two or more groups. Nonparametric data testing

consisted of the Mann-Whitney U test and the Kruskal-Wallis

nonparametric analysis of variance test for comparison of two and

three different groups. All statistics were calculated with SSPS

(19.0 for Windows; SSPS, Inc., Chicago, Illinois, USA) and

GraphPad Prism (5.0 for Windows; GraphPad Software Inc)

software. A two-tailed P value of < 0.05 was considered

statistically significant for all analyses.
Results

Patient characteristics

Patient characteristics are summarized in Table 1. The median

follow-up was 33.9 (range 4.8 to 71.9) and 41.9 (range 17 to 68.4)

months for the WBIaC and PBICC groups respectively. Median

follow up time for all patients was 35.5 months (range 4.8 to 71.9).

There was no statistically significant difference between the

WBIaC and PBICC groups with respect to clinical T stage, clinical
Frontiers in Oncology 0383
N stage, median age, race, menopausal status, type of chemotherapy

used, or pathologic features.
Triple negative breast cancer outcomes

Overall, seven of 49 (14.3%) of TNBC patients treated with

WBIaC had disease recurrence at a median of 23.4 (range 4.8 to 47)

months. Sites of recurrence included one nodal, four local, and two

distant. Two WBIaC patients died (one of disease recurrence).

There were no deaths or recurrences in the PBICC cohort.

Patterns of treatment are summarized in Table 2.
Local recurrence

At 5 years, there was a numeric trend towards decreased local

recurrence (0% vs. 14.6%, p=0.17) in the PBICC cohort compared

to the WBIaC cohort. The 3 year rates of local recurrence were 0%

and 7.9% for PIBCC and WBIaC cohorts, respectively. Figure 1

demonstrates Kaplan-Meier analysis comparing both groups with

respect to local recurrence-free survival. The median time to initial-

site local recurrence was 25.9 months (range 4.8 to 47).
Locoregional recurrence

At 5 years, there was a trend towards decreased loco-regional

recurrence (0% vs. 17.8%, p=0.13) in the PBICC cohort compared to

the WBIaC cohort. The 3 year locoregional recurrence rates were

0% and 13.2% for the PBICC and WBIaC cohorts, respectively.

Figure 2 demonstrates Kaplan-Meier analysis comparing both

groups with respect to locoregional recurrence-free survival. The

time to recurrence in the single patient with initial-site nodal

recurrence was 18.5 months. The median time to any

locoregional recurrence was 23.4 months (range 4.8 to 47 months).
Distant recurrence

At 3 and 5 years, there was a no significant difference in the rate of

distant metastasis (0% vs. 5.6%, p=0.36) between the PBICC andWBIaC

cohorts. Figure 3 demonstrates Kaplan-Meier analysis comparing both

groups with respect to distant recurrence-free survival. The median time

to initial-site distant recurrence was 21.4 months (range 13.9 to 28.9).
Disease-free survival

Five-year DFS estimates were 78.9% (95% CI: 63.2 to 94.6%) vs.

100% in the WBIaC vs. PBICC group respectively by Kaplan-Meier

survival analysis, p=0.08 (Figure 4). The 3 year DFS for the groups

was 83.6% in theWBIaC group and 100% for the PBICC group. The

hazard ratio for disease-free survival was 0.24, numerically in favor

of the PBICC group at 5 years (95% CI: 0.05 to 1.12).
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Discussion

Patients with TNBC are at increased risk of breast cancer

recurrence. Radiation with concurrent chemotherapy is known to

improve local control via the radiation sensitizing effects of

chemotherapy in many other disease sites (5–9). We chose to

retrospectively review TNBC patients treated on 2 prospective phase

I/II trials of PBI and concurrent chemotherapy, and compare their

outcomes to retrospectively reviewed TNBC patients treated withWBI

after adjuvant chemotherapy during the same period. The results of
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this study showed a trend towards improved local and loco-regional

recurrence-free survival and overall disease-free survival with PBI and

concurrent chemotherapy. As previously reported from the entire

phase I/II cohort, this approach also has a favorable safety profile (11)

in contrast with some other reports of concurrent chemoradiation for

breast cancer (10). Specifically, patients in the entire cohort had an

84% rate of grade 1 dermatitis and 0% rate of grade 2+ skin toxicity.

There were no incidences of pneumonitis (0%) in that report.

Increased local recurrences in women with TNBC treated with

lumpectomy and whole breast irradiation are noted in several reports.
TABLE 1 Patient Characteristics.

Patient Characteristics Triple Receptor Negative

WBI-SC
n=49

PBI-CC
n= 19

p

Median Age
(range)

54
(36-80)

61
(40-75)

0.34

cT stage T1 31 (63%) 11 (58%) 0.68

T2 18 (37%) 8 (42%)

cN stage N0 36 (73%) 15 (79%) 0.64

N1 13 (27%) 4 (21%)

Menopausal Status Pre- 16 (33%) 5 (26%) 0.61

Post- 33 (67%) 14 (74%)

Race Caucasian 23 (47%) 8 (42%) 0.90

African-American 20 (41%) 8 (42%)

Other/ Not specified 6 (12%) 3 (16%)

Treatment

Chemotherapy AC 10 (20%) 6 (32%) 0.21

AC+P 31 (64%) 9 (47%)

TC 8 (16%) 4 (21%)

Median total RT dose incl. boost (cGy)
(Range)

5989
(4256-6660)

4050
(4050-4050)

Median RT dose per fraction (cGy)
(Range)

204
(180-266)

270
(270-270)

Pathologic Characteristics

Mean Primary Tumor size (cm)
1.98
(SD 0.91)

1.82
(SD 0.83)

0.65

Median Number of Nodes Examined
(Range)

3
(1-28)

4
(1-22)

0.47

Median Number of Nodes Positive
(Range)

0
(0-4)

0
(0-2)

0.59

LVI

Present 5 (10%) 3 (16%) 0.48

Absent 38 (78%) 12 (63%)

Unknown 6 (12%) 4 (21%)

Extent of DCIS <40% 48 (98%) 18 (95%) 0.48

≥40% 1 (2%) 1 (5%)
AC, doxorubicin + cyclophosphamide; AC+P, doxorubicin + cyclophosphamide followed by paclitaxel; TC, cyclophosphamide + docetaxel; LVI, lymphovascular invasion; DCIS, ductal
carcinoma in situ.
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FIGURE 1

Kaplan-Meier estimates of Local Progression-Free Survival for Triple
Negative Receptor Patients treated with PBICC and WBIaC.
TABLE 2 Patterns of treatment Failure in Breast Cancer Patients with Triple Negative Receptor Status According to Treatment Modality.

WBI-SC PBI-CC p Value

5 yr Disease-free Survival %
(95% CI)

78.9 %
(63.2 to 94.6%)

100% 0.08

5 yr Local Recurrence %
(95% CI)

14.6 %
(0.0 to 29.5% )

0% 0.17

5 yr Locoregional Recurrence %
(95% CI)

16.5 %
(1.4 to 31.6%)

0% 0.13

5 yr Distant Metastasis %
(95% CI)

5.6%
(-2.2 to 13.4%)

0% 0.36
F
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FIGURE 2

Kaplan-Meier estimates of Locoregional Progression-Free Survival
for Triple Negative Receptor Patients treated with PBICC and
WBIaC.
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FIGURE 3

Kaplan-Meier estimates of Distant Progression-Free Survival for
Triple Negative Receptor Patients treated with PBICC and WBIaC.
Number at Risk

PBICC 19 19 19 12 11 8 5

WBISC 49 49 43 28 21 14 9

FIGURE 4

Kaplan-Meier estimates of Disease-Free survival for Triple Negative
Receptor Patients treated with PBICC and WBIaC.
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In a paper by Arvold et al. (12), 1434 patients treated with breast-

conserving therapy were divided into standard breast cancer sub-

types, 171 of whom had TNBC. With a median follow-up of 84

months, the authors reported that the TNBC sub-type was

independently associated with increased local recurrence on

multivariate analysis (MVA). Zaky et al. (13) reviewed 193 and 160

women with TNBC and non-TNBC respectively, all treated with BCS

and WBI. With a median follow-up of 3.4 yrs, the authors reported a

12% and 4% rate of local recurrence respectively (p=0.01). On MVA,

TNBC was again independently associated with local recurrence. This

elevated rate of local recurrence has also been reported in patients

treated with PBI. Pashtan et al. (14) recently reported a 5 year actuarial

local recurrence rate of 32.5% in 9 TNBC patients treated with 3D-

Accelerated partial breast irradiation.When compared to HR positive/

Her 2 negative patients, TNBC patients treated with PBI had a local

recurrence hazard ratio of 15.2 (95% CI, 2.5-91). However, this

increased rate of local recurrence after breast conserving therapy in

TNBC patients is not a universal finding. A study by Wilkinson et al.

(15), which included 20 TNBC patients and 182 receptor positive

patients (almost half of whom were treated with 3D-APBI), reported a

0% actuarial rate of ipsilateral breast recurrence, nodal recurrence and

distant metastases at 5 years in the TNBC cohort, which was not

statistically distinct from the receptor positive patients.

There is also a suggestion of worse outcomes in patients with

TNBC with regards to regional control, distant metastasis, and

survival. For example, Haffty et al. (16) reported a statistically

significant inferior nodal relapse-free rate (94 vs 99%), distant

metastasis-free rate (68% vs. 83%) and cause-specific survival (72

vs. 85%) at 5 years with conventional breast-conserving therapy for

TNBC patients compared to others. Wilder et al. (17) also

demonstrated significantly inferior non-local relapse (81 vs 100%)

and cause-specific survival (89 vs 100%) at 3 years for TNBC

patients compared to others, when treated with PBI. Taken

together with the previous discussion of local recurrences, TNBC

patients are at higher risk for both local and distant recurrences.

These local and distant recurrence issues may have different

solutions. One implication of the increased recurrences seen with

TNBC is a relative radioresistance of this phenotype. Concurrent

chemotherapy has been shown to improve response rates and

overcome radioresistance to certain degrees in multiple tumor types

(9). The trend towards improved outcomes with PBICC compared to

WBIaC in our study may be due to the radiation sensitizing effects of

concurrent chemotherapy but may also be due to the temporal

proximity of radiation to surgery. Most commonly, chemotherapy is

delivered after surgery and before radiation. Consequently,

chemotherapy delays the start of radiation therapy. The importance of

RT timing following surgery to reduce the risk of local recurrence is

controversial. Bellon et al. (4) randomized 244 women to receive 12

weeks of cyclophosphamide, doxorubicin, methotrexate, fluorouracil

and prednisone (CAMFP) before or after RT. At a median follow-up

of 135 months, there were no significant differences between the

chemotherapy-first and radiotherapy-first arms in time to any event,

distant metastasis or death. Conversely, a systematic review by Huang

et al. (18) of 11 studies involving 1,927 breast cancer patients

demonstrated an increase in the 5-year locoregional recurrence from

6% in the RT-first group to 16% in the chemotherapy-first group (HR
Frontiers in Oncology 0686
2.28, 95% CI, 1.45 to 3.57). Additional evidence may possibly be seen in

the study of PBI by Pashtan et al. above, in which all TNBC PBI

recurrences occurred in patients who had their radiation delayed

secondary to chemotherapy. How this timing is affected by the

increasing use of hypofractionated (19, 20) and ultrahypofractionated

(21, 22) radiation therapy is unknown. By definition, the PBICC strategy

described here has a shorter interval between surgery and radiation, as

the concurrent chemoradiation starts after the patient is sufficiently

healed from surgery whereas the conventional standard is to complete all

of adjuvant chemotherapy (severalmonths of therapy) prior to radiation.

Our study suggests that combining concurrent chemotherapy

with radiation may improve outcomes in TNBC. Concurrency in

breast cancer has traditionally been avoided due to previous reports

of increased toxicity (10). A recent Phase I prospective trial of

concurrent carboplatin with whole breast standard fractionation

radiation therapy, and found favorable safety profiles, with planned

Phase II study opening thereafter (23). The patients in these trials had

multiagent regimens consistent with standard recommendations for

TNBC such as AC+T or TC.

We posit that the use of PBI with concurrent chemotherapy would

mitigate these toxicities, and that has been supported by previous

reports of these trials (11). Nonetheless, there is enough uncertainty

about their propensity to recur more often, that the ASTRO guidelines

for PBI stress caution in patients who are hormone-receptor-negative

(24, 25). Part of the rationale in the discussion for those guidelines was

a relative paucity of TNBC patients on APBI clinical trials, rather than

specifically citing the recurrence propensity. For example, NSABP B39

and Florence trials had 19% and 1-2.3% of triple negative patients,

respectively (22, 26). RAPID and IMPORT LOW studies had only 9-

11% and 5% of ER negative patients, respectively (27, 28). One study

has suggested ER negativity as a predictor of local recurrence in

brachytherapy APBI (29). In contrast, Goulding et al. (30) analyzed

patients on two prospective APBI trials that were treated with external

beam RT, and when specifically looking at TNBC and other “high

risk” patients compared with “suitable” patients, TNBC was not

associated with higher in-breast recurrence risk, with no local

recurrences occurring in this cohort.

There are limitations to this analysis. Although the patients

treated with PBICC were participants of two prospective clinical

trials, the trials were not originally designed to address this question.

Thus our reported analyses of both PBICC and WBIaC cohorts are

truly retrospective in nature. As a retrospective study, it is subject to

limitations common with this type of analysis. Specifically there may

be patient and treatment differences as well as unknown factors that

may have influenced the results. We attempted to mitigate these

limitations by choosing comparative cohort (WBIaC) patients with

comparable stages and treated during the same time period. For

instance, the doses of radiation used in the WBIaC patients were

more variable and with a higher range than the PBICC group. While

this is an imbalance, it does further support the trend toward control

in triple negative patients with concurrent chemotherapy even at

lower overall radiation doses in the concurrent cohort. An additional

limitation is that our study cohorts are relatively small, likely

explaining the lack of statistical significance in our findings.

Nonetheless, the local recurrence rate in the WBIaC cohort is

comparable to other published studies. For example, Dent et al. (3)
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reported a 13% rate of local recurrence in 180 TNBC patients with

clinically localized disease treated with WBIaC, with a mean time to

local recurrence of 2.8 years. Conversely, the lack of local recurrences

in the PBICC cohort is unexpected. As the risk of recurrence in

TNBC rapidly declines after the first 3 years, we believe that the

median follow-up of the TNBC patients in our study is likely to be

adequate to capture a majority of recurrence events. While small, the

PBICC cohort is, to the best of our knowledge, the first report of

breast cancer outcomes using this approach in TNBC from

prospectively collected data. Given these limitations, we consider

our results hypothesis-generating.

Conclusion

The finding of extremely low recurrence rates in patients with

TNBC treated with PBICC differs both from the comparison cohort

of retrospectively reviewed contemporary patients treated with

WBIaC, and from earlier reports of a high rate of local recurrence

in TNBC patients treated with PBI. This data generates a hypothesis

that the PBICC approach is associated with improved clinical

outcomes, potentially due to shorter intervals from surgery to

radiotherapy and/or to a synergy between radiotherapy and

chemotherapy. The ongoing randomized Phase II trial (PBI 3.0,

NCT01928589) currently accruing patients that will provide

additional information on outcomes using PBICC.
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Electron stream effect in
0.35 Tesla magnetic resonance
image guided radiotherapy
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Tzu-Ying Lu2, Cheng-Han Chiang2, Ming-Yii Huang1,2,3,4,6
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National Health Research Institutes, Kaohsiung, Taiwan, 2Department of Radiation Oncology,
Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan,
3Department of Radiation Oncology, Faculty of Medicine, School of Medicine, College of Medicine,
Kaohsiung Medical University, Kaohsiung, Taiwan, 4Center for Cancer Research, Kaohsiung Medical
University, Kaohsiung, Taiwan, 5Department of Medical Imaging, Kaohsiung Municipal Siaogang
Hospital, Kaohsiung, Taiwan, 6Graduate Institute of Medicine, College of Medicine, Kaohsiung Medical
University, Kaohsiung, Taiwan
Purpose: This research aimed to analyze electron stream effect (ESE) during

magnetic resonance image guided radiotherapy (MRgRT) for breast cancer

patients on a MR-Linac (0.35 Tesla, 6MV), with a focus on the prevention of

redundant radiation exposure.

Materials and methods: RANDO phantom was used with and without the breast

attachment in order to represent the patients after breast conserving surgery

(BCS) and those received modified radical mastectomy (MRM). The prescription

dose is 40.05 Gy in fifteen fractions for whole breast irradiation (WBI) or 20 Gy

single shot for partial breast irradiation (PBI). Thirteen different portals of

intensity-modulated radiation therapy were created. And then we evaluated

dose distribution in five areas (on the skin of the tip of the nose, the chin, the

neck, the abdomen and the thyroid.) outside of the irradiated field with and

without 0.35 Tesla. In addition, we added a piece of bolus with the thickness of

1cm on the skin in order to compare the ESE difference with and without a bolus.

Lastly, we loaded two patients’ images for PBI comparison.

Results:We found that 0.35 Tesla caused redundant doses to the skin of the chin

and the neck as high as 9.79% and 5.59% of the prescription dose in the BCS

RANDO model, respectively. For RANDO phantom without the breast accessory

(simulating MRM), the maximal dose increase were 8.71% and 4.67% of the

prescription dose to the skin of the chin and the neck, respectively. Furthermore,

the bolus we added efficiently decrease the unnecessary dose caused by ESE up

to 59.8%.
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Conclusion:We report the first physical investigation on successful avoidance of

superfluous doses on a 0.35T MR-Linac for breast cancer patients. Future studies

of MRgRT on the individual body shape and its association with ESE influence

is warranted.
KEYWORDS

magnetic resonance image guided radiotherapy (MRgRT), magnetic resonance imaging
(MRI), electron stream effect, breast cancer, image-guided radiotherapy (IGRT), skin
dose, visibility
1 Introduction

Breast cancer has replaced lung cancer as the most frequently

diagnosed cancer globally in the latest report by the International

Agency for Research on Cancer (1). An estimated 685,000 women

died from breast cancer in 2020, corresponding to 1 in every 6

cancer deaths in women (2). Breast cancer patients nowadays often

are treated by breast-conserving surgery (BCS) followed by

radiation therapy (RT). RT after BCS is indicated for ductal

carcinoma in situ (stage 0), since RT greatly lowers the risk of

local recurrence (3). In early (stage I-II) invasive breast cancer,

adjuvant RT followed by BCS remains a standard of care (4). Based

upon high level evidence for those with stage III–IV, RT is essential

for selected patients after neoadjuvant systemic treatment followed

by BCS or modified radical mastectomy (MRM) (4). Since RTmay

be recommended for all stages, the implications of different

modalities of image guided radiotherapy (IGRT) are the keys to

precision treatment for patients with breast cancer after BCS or

MRM as well as for those with recurrence or distant metastasis (5).

The advance of both modern on-board imaging and planning

software are required for adaptive treatment planning which had long

been proposed (6). It has been challenging that thoracic radiotherapy

such as that for breast irradiation has large inter-fractional and intra-

fractional organ movement variation causing unwanted radiation-

induced complications such as cardiac and pulmonary toxicities. Some

used mechanical ventilation and surface-image mapping system to

reduce the within-patient variability of breathing for breast cancer

patients (7). Amounting body of evidence strongly supports IGRT (8–

17). Until recently, image guidance was only performed prior to

radiation treatment without simultaneous tracking. Magnetic

resonance imaging-guided radiotherapy (MRgRT) has lately

emerged as the state-of-the-art science in precision RT. It enables

Radiation Oncologists to actually see the targets in relation to

surrounding normal tissue during treatment (18, 19). Immediately

after inspecting anatomical changes via MR guidance, Radiation

Oncologists are able to recontour, recalculate and then execute a

whole new set of treatment plan according to geographical

variability at that specific treatment fraction (20–23). MRgRT offers

not only novel online adaptation, but specifically better IGRT due to

superior soft tissue contrast.
0290
Up till now, IGRT in the form of MRgRT has not been

prevalent. Cone beam computed tomography (CBCT) and mega-

voltage CT (MVCT) remain the clinical standard for volumetric

localization nowadays. It was reported that low-field MR

provides better anatomic visualization of radiation targets and

nearby organs at risk (OAR) as compared to CBCT or MVCT

(24). Besides, MRgRT avoids redundant radiation exposure

inherent to IGRT via CT (25). On the other hand, the

influence from electron-stream effect (ESE) during MRgRT has

been reported by few and not yet fully evaluated (26). When

electrons are subjected to a magnetic field, they can be deflected

from their original path, leading to a phenomenon known as the

Lorentz force. Interactions between the electron beam and tissue

can result in the electron air stream effect (ESE), leading to

radiation being deposited outside of the intended treatment area,

and the electron return effect, causing increased radiation dose

to the skin and at the air/tissue interface (27). Out-of-field skin

dose due to spiraling contaminant electrons in a perpendicular

magnetic field has been observed (28). The data are limited for

the assessment of ESE, modifiers of ESE and joint effects of

radiotherapy and ESE during 0.35 Tesla MRgRT. To address

these issues, we designed the current study to investigate ESE for

breast cancer patients.
2 Materials and methods

We conducted this study on a 0.35-T MR-Linac system

(MRIdian, ViewRay Inc., Mountain View, CA, USA) and used

RANDO phantom to simulate the postoperative female patients

with and without breast preservation (Figure 1). The

anthropomorphic RANDO phantom conforms to the standards

established by the International Commission on Radiation Units

and Measurements (ICRU) Report No. 44. It was scanned with a 5-

mm slice thickness using a Computed Tomography (CT) simulator

(Brilliance 16 Big Bore, Philips Medical Systems, Cleveland, OH,

USA). Following CT-simulation, MR-simulation was performed on

MRIdian. The study was approved by the Ethical and Research

Committee in the University Hospital (KMUHIRB-E(I)-20220101)

and it was conducted under compliance of the Institutional Review
frontiersin.org
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Board regulations in accordance with the Helsinki Declaration of

1975 as revised in 1983.
2.1 Phantom mimicking modified radical
mastectomy (MRM)

As shown in Figure 1, we used the anthropomorphic RANDO

phantom to simulate breast cancer patients after MRM for

treatment planning (Figures 1A, C). The entire structure was

contoured and expanded using a 8-cm margin anteriorly and

laterally to demonstrate air with the density of 0.0012g/cm as in

Figure 2. The external nose is a midline protuberance in the

middle of the face. In this study we marked the nasal tip, the tip of

external nose, which marks the termination of nasal ridge. The

chin (a.k.a. the mental protuberance) lies in the midline of the

mandible anteriorly. Figure 2C documents five selected out-of-

field locations 3 mm from the surface of the tip of the nose, the
Frontiers in Oncology 0391
chin, the thyroid, the neck, and the abdomen. We specified the

skin structure as a 3 mm inner rind automatically created from

the external contour (29). Figures 3B, C demonstrates the

addition of 1cm-bolus. After all organs at risk (OAR) were

contoured manually from axial CT images as described in our

previous clinical study (30), we utilized the MRIdian to generate

two intensity modulated radiation therapy (IMRT) treatment

plans with and without bolus. The total prescribed dose was

40.05 Gy in 15 fractions. Thirteen spaced 6-MV IMRT beams

were created and optimized to deliver the prescription dose with

95% PTV coverage as in Figure 3. The same angles with 0°, 15°,

29°, 43°, 72°, 101°, 115°, 130°, 144°, 302°, 317°, 331° and 346° were

chosen with mono-isocenter and applied to all plans. Table 1 is

the constraints for OAR and planning target volume (PTV).

Additionally, we use the software of ADAC Pinnacle 14.0 to

make IMRT treatment plans using identical parameters in

Table 1. There were four computerized treatment plans made

for this MRM RANDO model.
B

C D

A

FIGURE 1

The RANDO phantom that shows (A) without the breast attachment in order to represent the patients after modified radical mastectomy and
(B) with the breast attachment in order to represent the patients underwent breast conserving surgery. (C) The same RANDO phantom without the
breast attachment that received Computed Tomography simulation with the coil on. (D) The same RANDO phantom with the breast attachment that
received Computed Tomography simulation with the coil on.
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2.2 Phantom mimicking breast
conserving surgery (BCS)

The anthropomorphic RANDO phantom with the breast

attachments was used to simulate breast cancer patients after

BCS for treatment planning (Figures 1B, D). The same process

described in 2.1 was performed again for this model of BCS

RANDO. The entire structure was contoured and expanded

using a 8-cm margin anteriorly and laterally to demonstrate

air with the density of 0.0012g/cm as in Figure 2. Figure 2C

shows five selected locations 3 mm from the surface on the tip

of the nose, the chin, the thyroid, the neck, and the abdomen.

Figures 3B, C shows the addition of 1cm-bolus. After all organs

at risks (OAR) and region of interest were delineated manually

from axial CT images as described in our earlier publication

(31, 32), we utilized the MRIdian to create 2 IMRT treatment

plans with and without a bolus. The total prescribed dose was

40.05 Gy in 15 fractions. Thirteen spaced 6-MV IMRT beams

same as those for MRM RANDO model were fashioned and

optimized to deliver the prescription dose to provide 95% PTV

coverage. The same angles with 0°, 15°, 29°, 43°, 72°, 101°,

115°, 130°, 144°, 302°, 317°, 331° and 346° were chosen with

one mono-isocenter and applied to all plans. Additionally, we

use the ADAC Pinnacle 14.0 to make IMRT treatment plans
Frontiers in Oncology 0492
with identical parameters in Table 1. There were four plans

produced for this BCS RANDO model.
2.3 Partial breast irradiation (PBI) from 2
patients’ treatment plans

Lastly, we added the images of partial breast irradiation (PBI) in two

patients previously treated. Image A has right breast cancer with PVT

volume of 4.4cc and image B has left breast cancer with PVT volume of

11cc. Both of them underwent BCS and received the prescribed dose of

20 Gy in one single fraction. The IMRT was performed on the

Computerized Treatment Planning System of ViewRay® MRIdian.
B CA

FIGURE 3

(A) Thirteen spaced 6-MV beams including 0°, 15°, 29°, 43°, 72°, 101°,115°, 130°, 144°, 302°, 317°, 331° and 346° were created and optimized to
deliver the prescription dose with a mono-isocenter. The same angles were applied to all plans. The blue area denotes a 1cm-bolus in (B) the lateral
view and (C) the front view.
TABLE 1 Constraints for planning target volume and organs at risk.

Structure Constraints

planning target volume V45Gy ≦ 1CC;V40.05Gy ≧ 95%

spinal cord Dmax ≦ 45 Gy

right lung V16.5Gy ≦ 950CC;V18Gy ≦ 37%

left lung V16.5Gy ≦ 950CC;V18Gy ≦ 37%

heart V42Gy ≦ 15CC
B CA

FIGURE 2

The entire structure was contoured and expanded using a 8-cm margin anteriorly and laterally to demonstrate the air as in (A) axial view and
(B) sagittal view. (C) Five selected out-of-field locations 3 mm from the skin on the tip of the nose, the chin, the thyroid, the neck, and the abdomen.
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3 Results

3.1 MRM

We found that the redundant dose was as high as 3.49 Gy in the

skin of the chin and 1.87 Gy in the neck skin when simulating a

patient with breast cancer after MRM (Table 2) under 0.35T with a

prescribed dose of 40 Gy in 15 fractions. The maximum doses

without 0.35T were 0.89 Gy for the skin of the chin and 0.89 Gy in

the neck skin (both 2.22% of the prescribed dose). And the

additional Pinnacle plan without 0.35T reveals 0.7 Gy for the skin

of the chin and 0.97 Gy in the neck skin (1.75% and 2.42% of the

prescription dose, respectively). Figure 4 illustrates the redundant

doses to the skin of chin and the neck are the most prominent in

MRM RANDO model: 8.71% of the prescription dose and 4.67% of

the prescription dose, respectively. Figure 5A shows isodose curves

deviated toward the chin as compared to that without magnetic field

0.35T (Figure 5B). Because we had expanded 8cm out of the body

surface, we were able to scrutinize the dose distribution in the air

near the chin and neck (Figures 5C-F). The redundant doses were

obviously shown in Figure 5. However, when we added 1-cm bolus,

the redundant doses dropped 55% from 3.49 Gy in the skin of the

chin to 1.57 Gy; and 58.8% from 1.87 Gy in the neck skin to 0.77Gy,

respectively (Figure 6). The bolus effectively avoided

redundant doses.
3.2 BCS

There was noteworthy ESE observed in the sagittal planes of

the dose distribution for the simulation of patients after BCS

(Table 3; Figure 7). We discovered that the redundant doses from

ESE were as high as 3.92 Gy in the skin of the chin, 2.24 Gy in the

neck skin and 2 Gy in the abdominal skin when simulating a

patient with breast cancer after BCS under 0.35T with a prescribed

dose of 40 Gy in 15 fractions. Without 0.35T, the skin doses were

1.05 Gy in the skin of the chin, 1 Gy in the neck skin and 1.5 Gy in

the abdominal skin when simulating a patient with breast cancer

after BCS with a prescribed dose of 40 Gy in 15 fractions. And the

additional Pinnacle plan without 0.35T reveals 0.49 Gy for the

skin of the chin, 0.91 Gy in the neck skin and 1.09 in the

abdominal skin (1.22%, 2.27% and 2.72% of the prescription
Frontiers in Oncology 0593
dose, respectively). Figure 8 shows the redundant doses under

the influence of magnetic field to the skin of chin, the neck and the

abdominal skin are the most prominent in BCS RANDO model:

9.79% of the prescription dose, 5.59% of the prescription dose and

4.99% of the prescription dose, respectively. It was unique to note

the unusual abdominal skin dose which has never been discovered

in previous literatures. Figure 7A, C shows isodose curves deviated

toward the chin as compared to that without a magnetic field of

0.35T (Figure 7B, D).

Because we had expanded 8cm out of the body surface, we

were able to distinguish the dose distribution in the air near the

nose, the chin, the thyroid, the neck and the abdominal skin

(Figure 9). The redundant doses were noticeable and even

greater than those of MRM RANDO model. When we added

1-cm bolus, the redundant doses dropped 48.2% and 59.8%,

from 3.92 Gy in the skin of the chin and 2.24 Gy in the neck skin

to 2.03Gy and 0.9 Gy, respectively (Figure 10). The redundant

dose to abdominal skin (2Gy to 1.99Gy) was not affected by 1-cm

bolus which covers only the chin and the neck (Figures 3B, C).

Under the same condition, this demonstrates the beneficial effect

of the coverage of 1-cm bolus.
3.3 PBI

In the experiment of PBI (Figure 11), we examined the

dosimetric data from two patients previously treated with a

single shot of 20Gy. The plan A disclosed maximal doses of

0.03 Gy in the skin of the chin, 0.07 Gy in the neck skin, 0.18 Gy

in the abdominal skin and 0.09 Gy in the thyroid under 0.35T

with a prescribed dose of 20Gy in 1 fraction. The maximum

doses without 0.35T were 0.03 Gy in the skin of the chin, 0.07 Gy

in the neck skin, 0.13 Gy in the abdominal skin and 0.09 Gy in

the thyroid. The plan B did not cover the chin and revealed

maximal doses of 0.08 Gy in the neck skin, 0.22 Gy in the

abdominal skin and 0.16 Gy in the thyroid under 0.35T with a

prescribed dose of 20Gy in 1 fraction. The maximum doses

without 0.35T were 0.1 Gy in the neck skin, 0.23 Gy in the

abdominal skin and 0.16 Gy in the thyroid. There was scant

difference with or without magnetic field 0.35T in both PBI plans

(Table 4). The influence from ESE was minimal for right or

left PBI.
TABLE 2 Skin doses on RANDO model and the increase percentage of the presecription dose (40Gy/15fx).

Modified radical mastectomy (MRM) / Unit: Gray

MRIdian 0.35T (+) MRIdian 0.35T (-) MRIdian 0.35T (+) + bolus Pinnacle

Dmean Dmin Dmax Dmean Dmin Dmax Dmean Dmin Dmax Dmean Dmin Dmax

Nose Skin 0.13 0.05 0.22 0.55% 0.19 0.08 0.5 1.25% 0.12 0.06 0.2 0.50% 0.05 0.01 0.13 0.32%

Chin Skin 1.38 0.39 3.49 8.71% 0.56 0.28 0.89 2.22% 0.57 0.25 1.57 3.92% 0.28 0.03 0.7 1.75%

Neck Skin 0.71 0.41 1.87 4.67% 0.61 0.41 0.89 2.22% 0.53 0.42 0.77 1.92% 0.55 0.1 0.97 2.42%

Abdominal Skin 0.4 0.24 0.65 1.62% 0.38 0.18 0.57 1.42% 0.38 0.22 0.55 1.37% 0.13 0.01 0.25 0.62%

Thyroid 0.52 0.35 0.74 1.85% 0.53 0.34 0.76 1.90% 0.53 0.35 0.77 1.92% 0.42 0.25 0.68 1.70%
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4 Discussion

To the best of our knowledge, this is the first study to access

redundant doses in both WBI and PBI from 0.35-Tesla MRgRT

for breast cancer patients after MRM or BCS. We not only took

consideration into contemporary surgical techniques of both

MRM and BCS but also modern RT strategies with both WBI

and PBI. MRgRT has extended a new horizon with real-time

imaging tracking which monitors intra-fractional variation. With

the implementation of a combination of MRI and Linear

accelerator, one may ponder is RT quality transferable. Ionizing

radiation can be carcinogenic. A systematic review and meta-

analysis of 762,468 patients based on European or North

American populations of female breast cancer patients treated

in the period between 1954 and 2007 reported that radiotherapy

was associated with an increased risk of secondary non-breast

cancer, especially lung cancer, esophageal cancer, and sarcoma

(33). CBCT generally contributes to 0.03 Gy per scan (34).

MRgRT, unlike CBCT or MVCT in IGRT, has no extra

radiation dose from image guidance; it utilizes magnetic field

for instantaneous imaging tracking (24). However, unnecessary

doses increase because the breast shape is not parallel to the

magnetic field (35). It is pressing to know how much the

redundant doses out of RT field under the influence of a static

magnetic field can be.

The MRLinac used in the present study consists of a split-

magnet low-field (0.35 Tesla) MRI scanner with a double focused

multi-leaf collimator equipped 6MV linear accelerator (36).

Upgrade of the technology from 60Co sources to 6 MV linear

accelerator improves the dose distribution and therefore reducing
Frontiers in Oncology 0694
the low dose spread (25). Previous physics findings focused on

MRLinac with 60Co and were insufficient for the latest model (19,

20, 37–42). This emphasizes the need for more exploration and

guidelines to be incorporated into clinical decision making (43).

The influence from ESE has been the latest research topic ever since

the application MRgRT in clinical world (39, 44). Lately, Liu et al.

has reported that the skin dose on the chin was significantly

increased due ESE under 1.5 Tesla magnetic field in their study

on esophageal cancer (44). It was as high as 25.2% of the

prescription dose, which was even higher than that reported by

Park et al., of which the corresponding maximum dose to the

patient’s chin skin surface was 16.1% (39).

The purpose of the current research is to analyze ESE during

RT for breast cancer patients on a MR Linac (0.35Tesla, 6MV).

We discovered 9.79%, 5.59% and 4.99% of the prescription dose

in the chin, neck and abdominal skin of the anthropomorphic

phantom with breast attachment which was used to simulate

breast cancer patients after BCS. On the other hand, 8.71% and

4.67% of the prescription dose in the chin and neck was

calculated on the MRM anthropomorphic phantom model.

Ten years ago, van Heijst et al. reported a pioneer study on

skin dose at 0.35T and found induced effects for WBI with 2

portals or with 7 portals (35). Relative to the situation without

magnetic field, the mean skin dose in WBI-2 increased by 9.5%

and 12.5% at 0.35 T and 1.5 T, respectively. Although the mean

skin dose in WBI with 7 portals was lower than that in WBI-2

(with 2 portals), it increased 8.2% and 6.8% at 0.35 T and 1.5 T,

respectively. Though they did not investigate the effect on

patients with breast cancer after MRM, they also explored PBI

and concluded that the impact of the electron return effect on the
B C

D E

A

FIGURE 4

In modified radical mastectomy (MRM) model, the percentage of the redundant doses to the skin of (A) the nose, (B) the chin, (C) the neck, (D) the
thyroid and (E) the abdomen; The dose increase in the skin of the chin (B) and the neck (C) are the most prominent in MRM RANDO model: 8.71% of
the prescription dose and 4.67% of the prescription dose, respectively. When adding 1-cm bolus, the redundant dose percentages dropped from
8.71% to 3.92% and from 4.67% to 1.92% in the chin (B) and neck (C), respectively.
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skin dose is less prominent in PBI than that in WBI (35). Such

finding was also noted in our present study (Table 4). In our

daily practice on MRLinac, our medical physicists often employ

12 portals or so for optimization. In the present study, we

utilized 13 portals with 0°, 15°, 29°, 43°, 72°, 101°, 115°, 130°,

144°, 302°, 317°, 331° and 346° for the best result of IMRT and

still the ESE was marked.

Our current study explored the redundant doses under 0.35T

and probed into the prevention measures such as the use of bolus.

In our present study, the redundant doses dropped 55% from 3.49
Frontiers in Oncology 0795
Gy in the skin of the chin to 1.57 Gy; and 58.8% from 1.87 Gy in

the neck skin to 0.77Gy, respectively for MRM model with 1-cm

bolus. These would be considered unnecessary and not in

alignment with ALARA principles. Or for example, this would

not be a technology one would want to use in a Li-Fraumeni

patient. When we added 1-cm bolus, the redundant doses

dropped 48.2% and 59.8%, from 3.92 Gy in the skin of the chin

and 2.24 Gy in the neck skin to 2.03Gy and 0.9 Gy, respectively in

the BCS model. A recent radiomics study used gradient boosting

decision tree and found that SKIN_30Gy is one of the most
B

C D

E F

A

FIGURE 5

In modified radical mastectomy model, (A) the isodose curves under the magnetic field of 0.35T deviate toward the chin as compared to (B) without the
magnetic field 0.35T; the dose distribution in the air near the chin with 0.35T (C) without 0.35T (D) and the neck skin with 0.35T (E) and without 0.35T (F).
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B

C D

E F

A

FIGURE 6

In modified radical mastectomy model, all under 0.35 T and (A) the isodose curves deviate toward the chin without bolus as compared to (B) with
bolus in light blue; the dose distribution in the air near the chin without bolus (C) with bolus in light blue (D) and the neck skin without bolus (E) and
with bolus in light blue (F).
TABLE 3 Skin doses on RANDO model and the increase percentage of the presecription dose (40Gy/15fx).

Breast conserving surgery (BCS) / Unit: Gray

MRIdian 0.35T (+) MRIdian 0.35T (-) MRIdian 0.35T (+) + bolus Pinnacle

Dmean Dmin Dmax Dmean Dmin Dmax Dmean Dmin Dmax Dmean Dmin Dmax

Nose Skin 0.16 0.07 0.26 0.65% 0.26 0.09 0.61 1.52% 0.14 0.07 0.24 0.60% 0.04 0 0.11 0.27%

Chin Skin 1.66 0.51 3.92 9.79% 0.7 0.35 1.05 2.62% 0.71 0.31 2.03 5.07% 0.17 0.02 0.49 1.22%

Neck Skin 0.82 0.51 2.24 5.59% 0.73 0.56 1.00 2.50% 0.68 0.49 0.9 2.25% 0.54 0.11 0.91 2.27%

Abdominal Skin 1.02 0.56 2.00 4.99% 0.89 0.55 1.5 3.75% 0.99 0.57 1.99 4.97% 0.54 0.02 1.09 2.72%

Thyroid 0.58 0.36 0.88 2.20% 0.58 0.42 0.81 2.02% 0.57 0.35 0.8 2.00% 0.42 0.26 0.68 1.70%
F
rontiers in Onco
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B

C D

A

FIGURE 7

In breast-conserving surgery model, (A) the isodose curves under the magnetic field of 0.35T deviate toward the chin as compared to (B) without
the magnetic field 0.35T; the dose distribution in the air in the mid-plane of the breast (C) with 0.35T (D) without 0.35T.
B C

D E

A

FIGURE 8

The percentage of the redundant doses to the skin of (A) the nose, (B) the chin, (C) the neck, (D) the thyroid and (E) the abdomen; The dose
increase in the skin of the chin (B) and the neck (C) are the most prominent in breast-conserving surgery (BCS) RANDO model: 9.79% of the
prescription dose and 5.59% of the prescription dose, respectively. When adding 1-cm bolus, the redundant doses dropped from 9.79% to 5.07% and
from 5.59% to 2.25% in the chin (B) and neck (C), respectively. The abdominal skin (E) was not affected by the bolus since the bolus covered only the
chin and neck.
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important factors to predict radiation-induced dermatitis higher

than grade 1 (45). Another study reported the volume of skin

receiving a dose >35 Gy (SKIN_V35) to be one of the most

significant dosimetric predictors associated with >50%

probability of radiation-induced dermatitis 2+ toxicity (46). A

study working on models for normal tissue complication

probability reported that on multivariate analysis, the most

predictive model of acute radiation-induced skin toxicity

severity was a two-variable model including the skin receiving

≥30 Gy and psoriasis [Rs = 0.32, AUC = 0.84, p < 0.001] (47).

Though the skin dose observed in the present study were

relatively small, optimal MRgRT should be tailored according
Frontiers in Oncology 1098
to diverse body shapes in each individual in order to reach

precision medicine. The role of post-operative radiotherapy has

been strengthened by the overall survival benefit seen in breast

cancer patients (4, 5). There is unmet and urgent need to improve

current treatment outcomes.

MRgRT is the new quantum leap in radiation oncology. Many

researchers have found that there are significant associations

between unnecessary doses during radiotherapy and cardiac

toxicity (10, 48). But the new concern from MRgRT may be the

ESE generated with the existence of a magnetic field that work

together to increase the unwanted dose (49). Our team proposes

taking ESE into consideration in the assessment of clinical
B

C D

E F

A

FIGURE 9

In breast-conserving surgery model, (A) the isodose curves deviate toward the chin as compared to (B) without magnetic field 0.35T; the dose
distribution in the air near the neck with 0.35T (C) without 0.35T (D) and near the abdominal skin with 0.35T (E) and without 0.35T (F). The bolus
effectively avoided redundant doses.
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relevant complications including skin toxicity. Our previous

studies demonstrated that IGRT improved acute skin toxicity

with good long-term survival (32). The ultimate goal of this

approach is to utilize IGRT in the most sophisticated form,

namely, MRgRT, to provide more effective treatment strategies

(49–51). We will design clinical trials from this aspect.

The drawbacks of this study include anthropomorphic

phantoms limited to a single reference size, which may not be

representative of the patient population of various body

morphologies. This is a common downside of almost all

dosimetric studies. Secondly, our work set out to create a

method that could be used to avoid redundant doses from ESE,
Frontiers in Oncology 1199
using 1-cm bolus has accomplished this partially, and not

completely. Individually tailored radiotherapy in order to

enhance accuracy and safety will minimize unintended

exposures and low doses to peripheral organs. In the future,

we aim to investigate the ESE effects of diverse patient sizes for

better protection.
5 Conclusion

Our simulation study suggests that redundant doses from

ESE during 0.35T MRgRT was more prominent in WBI for the
B

C D

E F

A

FIGURE 10

In breast-conserving surgery model, all under 0.35 T and (A) the isodose curves deviate toward the chin without bolus as compared to (B) with bolus
in light blue; the dose distribution in the air near the chin without bolus (C) with bolus in light blue (D) and the neck skin without bolus (E) and with
bolus in light blue (F).
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BCS model than that in the MRM model. Besides, ESE has

minimal effect on PBI. The areas greatly under influence of

0.35T MRgRT for WBI include the chin, neck and the abdomen.

Bolus with the thickness of 1cm covering the chin and neck can

diminish 48.2% to 59.8% of the prescription dose. For the long

term goal of breast cancer treatment, extending survival and
Frontiers in Oncology 12100
setting our sights on a cancer-free life is imperative. In order to

achieve the greatest benefit from MRgRT, doses to normal

tissues in or out of field must be minimized. With the effect of

ESE in mind, the workflows regarding dosimetry and medical

physics will be optimized from installation and throughout the

lifetime of this new technology.
TABLE 4 Skin doses of 2 patient plans and the increase percentage of the presecription dose (20Gy/1fx).

Partial breast irradiation (PBI) / Unit: Gray

Image A Image B

MRIdian 0.35T (+) MRIdian 0.35T (-) MRIdian 0.35T (+) MRIdian 0.35T (-)

Dmean Dmin Dmax Dmean Dmin Dmax Dmean Dmin Dmax Dmean Dmin Dmax

Chin Skin 0.01 0 0.03 0.15% 0.02 0.01 0.03 0.15% # # # ##### # # # #####

Neck Skin 0.05 0.02 0.07 0.35% 0.04 0.02 0.07 0.35% 0.05 0.03 0.08 0.40% 0.05 0.02 0.1 0.50%

Abdominal Skin 0.13 0.08 0.18 0.90% 0.1 0.07 0.13 0.65% 0.16 0.11 0.22 1.10% 0.15 0.09 0.23 1.15%

Thyroid 0.06 0.04 0.09 0.45% 0.06 0.04 0.09 0.45% 0.11 0.06 0.16 0.80% 0.12 0.08 0.16 0.80%
frontiers
# denotes that in Image B, there was no data for skin dose on the chin because this patient has not been scanned that high to include her chin.
(+) with.
(-) without.
#####, no data.
B

C D

A

FIGURE 11

The isodose curves from two patients previously treated with a single shot of 20Gy. Both of them underwent breast-conserving surgery. (A) The
axial view and (B) sagittal view of right breast cancer with a target volume of 4.4cc and (C) the axial view and (D) sagittal view of left breast cancer
with a target volume of 11cc.
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Case Report: Cumulative proton
dose reconstruction using
CBCT-based synthetic CT for
interfraction metallic port
variability in breast
tissue expanders
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Sheng Huang1, Sarah Wong1, Pingfang Tsai1, Haibo Lin1,3,4

and J. Isabelle Choi1,3
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Science, National Tsing Hua University, Hsinchu, Taiwan, 3Memorial Sloan-Kettering Cancer Center,
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Introduction: Dose perturbation of spot-scanning proton beams passing

through a dislocated metallic port (MP) of a breast tissue expander may

degrade target dose coverage or deliver excess dose to the ipsilateral lung and

heart. The feasibility of utilizing daily cone-beam computed tomography

(CBCT)–based synthetic CTs (synCTs) for dose reconstruction was evaluated,

and the fractional and cumulative dosimetric impact due to daily MP dislocation

is reported.

Methods: The synCT was generated by deforming the simulation CT to daily

CBCT. The MP structure template was mapped onto all CTs on the basis of daily

MP position. Proton treatment plans were generated with two and three fields on

the planned CT (pCT, Plan A) and the first verification CT (vCT, Plan B),

respectively, for a fractional dose of 1.8 Gy(RBE). Plan A and Plan B were used

alternatively, as determined by the daily MP position. The reconstructed

fractional doses were calculated with corresponding plans and synCTs, and

the cumulative doses were summed with the rigid or deformed fractional doses

on pCT and vCT.

Results: The planned and reconstructed fractional dose demonstrated a low-

dose socket around the planned MP position due to the use of field-specific

targets (FSTs). Dose hot spots with >120% of the prescription due to MP

dislocation were found behind the planned MP position on most

reconstructed fractional doses. The reconstructed cumulative dose shows two

low-dose sockets around the two planned MP positions reflecting the two plans

used. The doses at the hot spots behind the plannedMPs averaged out to 114% of

the prescription. The cumulative D95% of the CTV_Chest Wall decreased by up to

2.4% and 4.0%, and the cumulative V20Gy(RBE) of the left lung decreased to 16.1%

and 16.8% on pCT and vCT, respectively. The cumulative Dmean of the heart
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decreased to as low as 0.7 Gy(RBE) on pCT but increased to as high as 1.6 Gy

(RBE) on vCT.

Conclusion: The robustness of proton plans using FSTs around themagnet in the

MP of the tissue expander can be improved by applying multiple fields and plans,

which provides forgiveness of dose heterogeneity incurred from dislocation of

high-Z materials in this single case.
KEYWORDS

proton, tissue expander, CBCT-based synthetic CT, breast cancer, dose reconstruction
and dosimetric impact
Introduction

Proton therapy used for breast cancer treatments is becoming

more prevalent as access to proton centers increases globally (1).

The en face beams used in most proton treatment plans for breast

cancers provide a homogeneous and conformal dose to the clinical

target volume (CTV) while sparing the heart and lung beyond the

sharp dose falloff at Bragg peaks. Patients with breast cancer with

tissue expanders who have undergone mastectomy with plan for

two-stage reconstruction could be also treated with proton beams

(2–6). In this approach, a saline-filled tissue expander with an

embedded metallic port (MP) for fluid injection is placed at the time

of mastectomy. The MP is usually constructed of a magnet enclosed

in a metal case that acts as a needle guard (3).

Different planning techniques for patients with breast cancer

with tissue expanders using spot-scanning proton beams have been

reported (2–6). Spot-scanning proton beams can be used to shoot

through the MP in the tissue expander with accurate Monte Carlo

dose calculation (2) or pencil-beam convolution algorithm with well

modeled and validated geometries and materials of MP (3). Spot-

scanning proton beams can also be used to shoot around the MP in

tissue expanders (4–7). Kirk et al. (4) and Zhu et al. (5) reported on

the application of field-specific targets (FSTs) to avoid spot

placements inside and beyond the MP. Two to three proton fields

are used in either technique to achieve a proton treatment plan with

maximal robustness.

The MP in the tissue expander requires careful delineation on

computed tomography (CT) images, and the stopping power of the

MPmaterials should be assigned accurately. Although metal artifact

reduction algorithms can be used to reduce artifacts significantly,

streak artifact caused by the magnet remains visible. Fortunately,

both the physical geometries and materials of the MP can be

provided by major manufacturers. A template of the MP can be

constructed on the basis of manufacturer’s specifications and

mapped on patients’ CT images. MP displacement during

treatment should also be considered. Mutter et al. reported that

MP location is within a 1-cm difference from the planned CT (pCT)

position for >95% of treatment fractions and that the dosimetric

impact was clinically acceptable considering both CTV coverage

and normal tissue (heart and ipsilateral lung) sparing with a 1-cm
02104
offset in the worst-case scenarios (2). However, the dosimetric

impact of MP dislocations larger than 1 cm from its planned

position is rarely reported in publications. Dose delivery of

proton beams passing through a dislocated MP may either

degrade target dose coverage or overdose the ipsilateral lung

and heart.

A left-sided postmastectomy patient with Allergan Natrelle®

133 tissue expander (Allergan, Inc., Dublin, Ireland) was planned

with a two-field beam arrangement with FSTs (Plan A) around the

MP for a prescription of 50.4 Gy(RBE) in 28 fractions. The MP was

found dislocated on the first day of treatment, and a verification CT

(vCT) scan was performed for plan revision (Plan B). However, the

MP on subsequent fractions was found to be relocated daily with

more than 5-mm displacements compared with the planned

positions of either Plan A or Plan B. The patient was then treated

with Plan A or Plan B alternatively, as determined by the daily MP

position shown on X-ray images, which left the daily and

cumulative doses unknown due to the daily variations in the

MP position.

Veiga et al. first proposed the “dose of the day” reconstruction

using CT–to–cone-beam CT (CBCT) for head and neck patients

treated with photon intensity modulated radiation therapy by

deforming a pCT to match a daily CBCT (7). They later

demonstrated the proton dose calculation on virtual CT by

deforming the pCT onto the daily CBCT for adaptive proton

therapy of lung cancer, in which the virtual CT was also

corrected for anatomy change such as pleural effusion and tumor

regression (8). The daily CBCTs of the breast patient could

represent the real-time position and the anatomy change

including the MP dislocation during daily treatments. The

deformed reference CT onto the daily CBCT, or CBCT-based

synthetic CT (synCT), with manual correction of the MP

position, can be used for daily and cumulative dose reconstruction.

In this study, the feasibility of utilizing daily CBCT-based

synCTs for proton dose reconstructions was evaluated. The

CBCT-based synCTs for 28 fractions were generated with the

dislocated MP. The reconstructed fractional doses were calculated

with corresponding plans and synCTs, and the cumulative doses

were summed with rigid or deformed fraction doses to evaluate the

dosimetric impact due to daily MP dislocations.
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Methods

Patient selection

A 33-year-old female patient diagnosed with left breast cancer,

clinical stage T2N0, underwent bilateral mastectomy with

immediate t issue expander (Natre l le® Allergan 133)

reconstruction, with surgical pathology demonstrating pathologic

stage T2N1 disease (2.4-cm primary tumor, 2/4 involved sentinel

lymph nodes), grade 3; with lymphovascular invasion, estrogen

receptor positive, progesterone receptor positive, and human

epidermal growth factor receptor 2 (HER-2) negative; and with

negative surgical margins. She received spot-scanning proton

therapy for her adjuvant radiation therapy with a prescription of

50.4 Gy(RBE) in 28 fractions to the left reconstructed chest wall and

comprehensive regional lymph nodes. This retrospective study is

approved (NYPC ERC# 2020-026) by the Western Institutional

Review Board, Inc. (Puyallup, WA, USA).
Simulated Planned CT and verification CT

The patient was positioned head-first supine, with head turned to

the right and both arms placed above the head, immobilized with

VacQfix™ Vacuum Cushions (Qfix, Avondale, PA, USA). The pCT

was acquired 2 weeks prior to the first patient treatment, and the vCT

was acquired on the first day of patient treatment with the same

patient set up when the MP was found dislocated. Both pCT and vCT

were acquired by SIEMENS SOMATOMDefinition Edge CT scanner

(Siemens Healthcare GmbH, Germany) with slice thickness of 2 mm

in a scanning range from bottom of orbits to L2 spine.
CBCT-based synthetic CT

The CBCT-based synCT was generated in the Velocity™

Oncology Imaging Informatics System (Varian Medical Systems,

Palo Alto, CA, USA) by deforming either the pCT or vCT to daily

CBCT. Limited by the field-of-view (FOV) of the image panel used,

only 20 cm length in patient’s superior-to-inferior direction around

the treatment isocenter of the pCT and vCT can be deformed to

CBCT. The CTs combining the CBCT-based synCTs in the FOV

and the reference CTs outside the FOVs were then used for

dose reconstruction.
Metallic port template inserted on CTs

An MP structure template including the magnet and metal case

as the needle guard on high-resolution CT images was delineated on

the basis of the manufacturer’s specifications and is used in our

clinics routinely for patients with breast cancer with Natrelle®

Allergan 133 tissue expander. The MP structure template on a

high-resolution CT image is shown in Figure 1. The magnet in the

Natrelle® 133 is Samarium Cobalt alloy with a mass density of
Frontiers in Oncology 03105
8.4 g/cm3 per manufacturer, which is identical with the mass

density of brass. The relative linear stopping power (RLSP) of the

brass is 5.71, which is also close to the RLSP of 5.5 measured by the

Mayo group (2). A Hounsfield unit (HU) of 9,316 was assigned to

the magnet using our institutional calibration curve, converting the

HU to RSLP. The needle guard encapsulating the magnet is made by

titanium alloy with an RLSP of 3.17, and a HU of 4,540 was

assigned. The water-equivalent thickness (WET) of the magnet

and base of the needle guard are 13.8 mm and 3.17 mm respectively.

The outline of saline-filled tissue expander was also contoured, and

the HU of saline inside the tissue expander was overridden with the

RLSP of 1.0. The MP structure was copied onto all CTs (pCT, vCT,

and CBCT-based synCT) after the templated CT was rigid

registered with the target CT images.
Treatment plans

The CTV was delineated using the RadComp contouring atlas

and included the left chest wall and regional nodes (axilla, internal

mammary, and supraclavicular nodes) (9). The proton spot-

scanning treatment plans were generated with two (G0° and

G45°) and three (G0°, G25°, and G50°) fields on the pCT (Plan

A) and the first vCT (Plan B), respectively, for the fractional dose of

1.8 Gy(RBE) using Eclipse treatment planning system (TPS)

(Varian Medical System, Palo Alto, CA, USA, version 15.6).

Additional fields and different gantry angles were used in Plan B

to improve the overall robustness of Plan A (a total four different

gantry angles using five different FSTs). Figure 1 shows the FSTs

with 5-mm geometrical margin from the magnet to avoid heavily

weighted protons passing through the high-Z material in Plan B.

The FSTs were also expanded with a 5-mm geometrical margin

outwardly and cropped the patient body. It allows some spots

placed at the peripheral dose falloff around the CTV and provides

more flexibility for the optimizer to avoid hot spots at the edge of

CTV. Another 1 mm in WET was applied in the axial margin at the

distal end of all FSTs, which serves the same purpose to avoid the

dose spike at the distal end of the spread-out Bragg peaks, especially

at the rib cage. The FSTs for larger gantry angles such as 45° (Plan

A) and 50° (Plan B) were cropped superiorly to avoid the proton

beam shooting through the left arm. Both Plan A and Plan B were

generated with multi-field optimization and robust optimization

with ±5-mm setup and ±3.5% range uncertainties. As determined

by the daily position of the MP, the patient received 17 fractions

from Plan A and 11 fractions from Plan B.
Patient treatments and dose
reconstructions

The patient was treated with either Plan A or Plan B, as

determined by the MP positions on 2D kilovolt (kV) images

taken prior to the CBCT. The fractional doses were forward

calculated with Plan A (17 fractional doses) or Plan B (11

fractional doses) on the CBCT-based synCT generated using pCT

or vCT correspondingly. The cumulative doses were generated with
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rigid or deformable dose sum. The rigid dose sum was the direct

sum of the reconstructed fractional doses using daily CBCT

registration vector in Eclipse TPS. The rigid dose sum was then

projected on either pCT or vCT for further evaluation. All

reconstructed fractional doses were also deformed onto pCT and

vCT using MIM Software (version 7.2.7, MIM Software, Inc., OH),

respectively. The deformed fractional doses were then summed as

the cumulative doses on pCT and vCT.
Results

Fractional doses

Figure 2 shows the planned MP contours projected on the kV

X-ray and CBCT images with the displaced MP on 19 July 2021

when the patient was treated with Plan A and the reconstructed

fractional dose on the synCT. The MP artifact shown at Z = 13.0 cm

could not be removed when the pCT was deformed to CBCT.

Consequently, the artifact around and including the planned MP

with high HU was then assigned as saline (RLSP = 1.0) in the
Frontiers in Oncology 04106
forward calculation. The treated MP inserted as described in

Methods and shown at Z = 11.0 cm and X = 7.9 cm in Figure 2

was calculated. The low-dose socket around the planned MP due to

the use of FSTs is distorted slightly, and the protons at the edge of

FSTs around the planned MP were over-ranged due to the absence

of the MP from its planned position. A significant dose hot spot of

220.9 cGy(RBE) (123% of the prescribed fractional dose) was found

close to the rib cage (Z = 13.0 cm). The displaced MP at Z = 11.0 cm

moved into FSTs and pulled back the proton ranges, which caused

some small cold spots [yellow circle for doses <180 cGy(RBE)]

inside the CTV. In addition to the MP displacement, the shape of

the tissue expander changed slightly, and some setup discrepancies

were found at the discontinuity of the limited synCT FOV edge.

Consequently, small cold spots (<100% of the prescribed fractional

dose) were found in the superior and inferior part of the CTV.
Cumulative doses

Figure 3 shows the reconstructed cumulative doses as the sum

of deformed fractional doses on pCT. The low-dose socket on
FIGURE 1

Clinical target volumes (CTVs) and the field-specific targets used for the fields at gantry angles of 0°, 25°, and 45° in Plan B The metallic port
template in high-resolution CT image is also shown at the left-bottom corner of the figure.
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fractional dose maintained when the MP moved away from the

planned positions. Consequently, there were two low-dose sockets

around the two planned MP positions on the reconstructed

cumulative doses (Z = 13.0 cm and Z = 8.4 cm). Hot spots due to

the absence of planned MP on fractional doses were also averaged

out because of the two planned MP positions in the cumulative

doses. The 114% global hot spot was found at Z = 13.0 cm behind

the planned MP position in Plan A, in which 17 of the 28 fractions

were used.

The dose–volume histogram metrics of planned and

reconstructed cumulative doses on pCT and vCT are listed in

Table 1. The cumulative D95% of the CTV_Chest Wall decreased

by up to 2.4% (rigid) and 4.0% (deformed) on pCT and vCT,

respectively, from 98.8% in the nominal plans, due to the two low-

dose sockets in two plans. The low-dose sockets were around the

planned magnets and inside the tissue expander where no tumor

cells were involved. As mentioned in the reconstructed fractional

doses, the MP moved into the FSTs and then pulled back the proton

ranges, which also pulled back the 20 Gy(RBE) isodose lines in the

left lung. The relative volume of the left lung receiving at least 20 Gy

(RBE) decreased by 3%–4% in reconstructed cumulative doses. The

V20Gy(RBE) of left lung were to 16.1% (deformed) and 16.8% (rigid)

on pCT and vCT, respectively, compared with 19.8% and 19.4% in

the planned doses. The cumulative Dmean of the heart decreased to

as low as 0.7 Gy(RBE) on pCT but increased to as high as 1.6 Gy

(RBE) on vCT when the rigid plan sums were considered.
Frontiers in Oncology 05107
Discussion

Dose reconstruction using daily CBCT-based synCTs was

demonstrated in this study. The synCT is the deformation of the

referenced CT on to the daily CBCT with on-line image registration,

which represents the most realistic patient setup during

beam delivery.

The high-Z materials and resultant artifacts with high HU

values on the referenced CT (pCT and vCT) cannot be deformed

correctly onto daily CBCT. Consequently, the planned MP and

artifact on synCT require removal by assigning appropriate RLSPs,

and the MP structure template had to be manually inserted onto the

synCT based on the daily MP location on CBCT as shown on

Figure 2 (Z = 11.0 cm). The MP template insertion was the most

time-consuming step. All the structure delineations and HU

overrides were checked carefully before forward calculating the

fractional doses.

Because of the physical limitation of the image panels on the

treatment nozzle, only 20-cm FOV can be acquired in a single scan

of CBCT. The treatment isocenter is selected as the geometrical

isocenter of the whole CTV (chest wall and all regional nodes) in

our current practice, and the FOV captures majority of CTV_Chest

Wall, where the tissue expander is located. A small part of the

regional node CTVs and inferior lungs were missed on the CBCT as

shown in Figure 2 (coronal view). The reconstructed fractional

doses in the missed regions would be identical with the planned
FIGURE 2

The reconstructed fractional doses on the day of 19 July 2021 for a prescription of 180 cGy(RBE) per fraction. The kV X-ray images and CBCT show
the dislocation of the treated MP versus the planned MP.
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doses and thus underestimate the dosimetric impact of patient setup

in dose delivery.

The reconstructed fractional dose shows the most realistic daily

dose delivery but in a single fraction. The D95% of the CTV_Chest

Wall ranged from 90.5% to 97.6% with an average of 95.5% for 28
Frontiers in Oncology 06108
fractions. The highest heart mean dose [equivalent to 1.43 Gy(RBE)

with 28 fractions] was found on the very first day of patient treatment

when the MP was found displaced and the revised plan (Plan B) was

not ready. The V71cGy(RBE) of left lung [equivalent to V20Gy(RBE) with

28 fractions] could be as low as 12.9% or as high as 20.8% with an
TABLE 1 Comparisons of dose metrics of the planned and reconstructed (rigid or deformed) cumulative doses.

Structure Dose Metric

Dose on pCT Dose on vCT

Planned Rigid Deformed Planned Rigid Deformed

CTV_50.4 D95% (%) 99.2 96.3 96.7 99.1 95.2 96.4

Dmax (%) 113.7 115.1 113.7 113.9 115.3 113.2

CTV_Chest Wall D95% (%) 98.7 96.8 96.3 98.8 94.8 96.0

Dmax (%) 113.2 115.1 113.7 113.9 115.3 113.2

CTV_Axilla I L D95% (%) 100.9 97.0 98.8 100.7 97.7 98.3

CTV_Axilla II L D95% (%) 101.1 96.9 96.4 101.0 98.7 97.1

CTV_Axilla II L D95% (%) 101.4 98.5 99.8 101.2 101.1 100.8

CTV_SCLAV L D95% (%) 100.2 92.4 99.7 99.3 92.4 99.7

CTV_IMN D95% [Gy(RBE)] 50.2 44.9 46.9 49.8 49.9 48.2

Left Lung V20Gy(RBE) (%) 19.8 15.3 16.1 19.4 16.8 16.0

Heart Dmean [Gy(RBE)] 1.0 0.7 1.0 1.0 1.6 0.9

Esophagus Dmax[(Gy(RBE)] 33.8 31.2 32.9 38.2 37.9 35.9

Spinal Cord Dmax [Gy(RBE)] 7.1 5.6 7.7 5.9 6.2 5.6
FIGURE 3

The reconstructed cumulative doses as the sum of deformed fractional doses (17 fractions from Plan A and 11 fractions from Plan B) on pCT.
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average of 16.4%. The fractional dose sums were projected on either

pCT or vCT to evaluate the cumulative dose impact due to the MP

variability in position. However, the analysis of dose–volume

histogram metrics relied on the patient anatomy on a single CT.

The lowest D95% of the CTV_Chest Wall was 94.8% with rigid dose

sum on vCT, which was comparable with the average D95% from the

fractional dose distribution. The results of the delivered V20Gy(RBE) of

the left lung are lower than the planned value because the displaced

MP pulled back the proton range in the beam path unexpectedly. The

heart Dmean of 1.6 Gy(RBE) was found in the cumulative dose with

rigid plan sum on vCT. The vCT shows a lower tissue expander and

an increased contact between the heart and chest wall. However, the

deformed plan sum on pCT and vCT show heart Dmean equal or less

than 1.0 Gy(RBE). A rigid plan sum projected on an unfavorable

anatomy could overestimate the dosimetric impact.

A total of four gantry angles with five FSTs in two plans

provided robust dose coverage of the CTV regardless of MP

displacement. Dose coverage did not degrade significantly behind

the unexpected MP position. The global Dmax up to >120% found

on the most reconstructed fractional doses behind the planned MP

positions was averaged out in cumulative doses with two plans.

Conclusion

CBCT-based synCT can be used to reduce the frequency of

verification CTs, especially for patients with breast cancer who will

likely not experience significant toxicity-related weight loss or

change in tumor size compared with other treatment sites. Dose

reconstruction using synCTs associated with online image

registration represents daily dose delivery on the most realistic

patient setup. However, because of the physical limitation of the

FOV of the CBCT, only the doses of targets and normal tissues

inside the FOV can be evaluated. Robustness of proton plans using

FSTs around the magnet in the MP of tissue expanders can be

improved with multiple fields and plans, which provides forgiveness

of dose heterogeneity incurred from dislocation of high-Z materials.
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Application of tangent-arc
technology for deep
inspiration breath-hold
radiotherapy in left-sided
breast cancer

Yucheng Li1, Wenming Zhan1, Yongshi Jia1, Hanchu Xiong1,
Baihua Lin1, Qiang Li1, Huaxin Liu1, Lingyun Qiu1,
Yinghao Zhang1, Jieni Ding1, Chao Fu2 and Weijun Chen1*

1Cancer Center, Department of Radiation Oncology, Zhejiang Provincial People’s Hospital, Affiliated
People’s Hospital, Hangzhou Medical College, Hangzhou, Zhejiang, China, 2Department of Tumor
Radiochemotherapy, Second Affiliated Hospital of Wenzhou Medical University, Wenzhou,
Zhejiang, China
Objective: To explore the advantages of dosimetry and the treatment efficiency

of tangent-arc technology in deep inspiration breath-hold radiotherapy for

breast cancer.

Methods: Forty patients with left-sided breast cancer who were treated in our

hospital from May 2020 to June 2021 were randomly selected and divided into

two groups. The first group’s plan was a continuous semi-arc that started at 145° (

± 5°) and stopped at 325° ( ± 5°). The other group’s plan, defined as the tangent-

arc plan, had two arcs: the first arc started at 145° ( ± 5°) and stopped at 85° ( ± 5°),

and the second arc started at 25° ( ± 5°) and stopped at 325° ( ± 5°). We compared

the target dose, dose in organs at risk (OARs), and treatment time between the

two groups.

Results: The target dose was similar between the continuous semiarc and

tangent-arc groups. The V5 of the right lung was significantly different

between the two groups (Dif 5.52, 95% confidence interval 1.92-9.13, t=3.10,

P=0.004), with the patients in the continuous semi-arc and tangent-arc groups

having lung V5 values of (9.16 ± 1.62)%, and (3.64 ± 0.73)%, respectively. The

maximum dose to the spinal cord was (1835.88 ± 222.17) cGy in the continuous

semi-arc group and (599.42 ± 153.91) cGy in the tangent-arc group, yielding a

significant difference between the two groups (Dif 1236.46, 95% confidence

interval 689.32-1783.6, t=4.57, P<0.001). The treatment times was (311.70 ±

60.45) s for patients in the continuous semi-arc group and (254.66 ± 40.73) s for

patients in the tangent-arc group, and there was a significant difference in the

mean number of treatment times between the two groups (Dif 57.04, 95%

confidence interval 24.05-90.03, t=3.5, P=0.001).

Conclusion: Both the continuous semi-arc and tangent-arc plans met the

clinical prescription dose requirements. The OARs received less radiation with

the tangent-arc plan than the continuous semi-arc plan, especially for the lung
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(measured as V5) and the spinal cord (measured as themaximum dose). Tangent-

arc plan took significantly less time than the continuous semi-arc, which can

greatly improve treatment efficiency. Therefore, tangent-arc plans are superior

continuous semi-arc plans for all cases.
KEYWORDS

deep inspiration breath-hold, left breast cancer, dosimetry, organ of risk, continuous
semi-arc, tangent-arc
Introduction

In women, breast cancer is the most common malignant tumor

and has the highest mortality and morbidity among all malignant

tumors worldwide (1–4). Recently, radiation therapy coupled with

breast-conserving surgery has become the standard treatment for

many patients with breast cancer (5, 6). For patients with breast

cancer on the left side, the radiation dose to the heart should be

taken into account during radiation therapy because the tumor is

relatively close to the heart. Although no studies have demonstrated

that the minimum exposure dose causes radiation-induced cardiac

injury, increased cardiac doses are associated with increased rates of

cardiac and coronary events. Furthermore, cardiac damage is

correlated with the mean cardiac dose, with an increase of 4%-

16% in the rate of acute coronary events per 1 Gy (7–11). To reduce

the dose to organs at risk (OARs) as much as possible, some

scholars have proposed new improvements in imaging techniques

and treatment planning systems and have introduced new

irradiation techniques, such as deep inspiration breath hold

(DIBH) and respiratory gating (RG) (12–16). The main

techniques used in breast cancer radiotherapy are three-

dimensional conformal radiation therapy (3D-CRT), intensity

modulated radiation therapy (IMRT), and volumetric modulated

arc therapy (VMAT). Compared to 3D-CRT, both IMRT and

VMAT can improve the target volume’s conformity index (CI)

and homogeneity index (HI) while reducing the dose to OARs (17–

19). The difference between IMRT and VMAT is that, when treating

patients, the IMRT gantry has a fixed angle during irradiation,

whereas in VMAT, the gantry rotates while the beam is on.

Therefore, VMAT technology can increase the CI of the target. In

recent years, the application of VMAT combined with DIBH

technology has further reduced the dose of OARs (20–22). The

focus of medical physicists is the optimization of treatment

efficiency and design of the X-ray angle in the radiotherapy plan

such that the dose to the OARs can be reduced as much as possible

while ensuring that the target volume receives a sufficient dose.

This study aims to explore a new tangent-arc irradiation

technique based on DIBH. It is expected that this technique will

allow patients with left-sided breast cancer to receive adequate

doses of radiotherapy in the target region while further reducing the

dose of OARs, especially the heart, lungs, and other organs that

affect the quality of life of patients. It is also expected to reduce
02112
patients’ DIBH time which can effectively improve the efficiency of

treatment time while improving patient cooperation. Thus, a high-

quality and efficient plan design scheme is provided for patients

with left breast cancer using the DIBH technique.
Methods and materials

Patient selection

Forty patients with left-sided breast cancer who were treated in

our hospital fromMay 2020 to June 2021 were randomly enrolled in

this study and divided into two groups, one continuous semi-arc

plan group and the other tangent-arc plan group. The continuous

semi-arc plan had only one arc that rotated counterclockwise from

145° ( ± 5°) to 325° ( ± 5°). The tangent-arc plan had two arcs: the

first arc rotated counterclockwise with a start angle of 145° ( ± 5°)

and a stop angle of 85° ( ± 5°), and the second arc rotated

counterclockwise from 25 ( ± 5)°to 325° ( ± 5°). The angles of the

two plans are shown in Figure 1. Among them, the mean age of the

20 patients treated with continuous semi-arc technology was 47.1

(range 33-58) years, and the mean age of the 20 patients treated with

tangent-arc technology was 45.7 (range 29-60) years. The inclusion

criteria were left-sided breast cancer, no contraindications to

radiotherapy, KPS> 70, age younger than 60 years old, ability to

fully understand the process of DIBH, and ability to breath-hold for

more than 30 s. All patients completed simulated positioning and

surface-guided radiation therapy (SGRT) using Catalyst Systems

v5.4.2 SP3 (C-RAD Positioning AB, Uppsala, Sweden) with DIBH

to reduce localization uncertainty during treatment delivery. The

exclusion criteria were a breath-holding time of fewer than 30 s,

communication disorders, and other underlying diseases

affecting radiotherapy.
CT simulation positioning, target contour,
planning design

All patients were laid in a supine position with both arms fully

abducted and externally rotated on a vacuum cushion on the all-in-one

board. Treatment planning CT scans at 5-mm intervals from the ear to
frontiersin.org
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2 cm below the diaphragm were obtained for each patient with a CT

simulator (Discovery CT590, GE, Wisconsin, USA). The target and

OARs of this study were delineated following the Radiation Therapy

Oncology Group (RTOG) and the International Commission

Radiological Units (ICRU) (23, 24). The two groups of patients were

treated with continuous semi-arc technology and tangent-arc

technology. Both plans were generated using the MonacoV5.11

(Elekta AB, Stockholm, Sweden) three-dimensional treatment

planning system by the same senior medical physicist. The “Dual

Arc” function provided by the treatment planning system was used to

generate clockwise and counterclockwise dual arcs for each plan. The

doses were normalized such that the dose to 95% of the planning target

volume (PTV) was the same for all plans.
Dose evaluation

All plans were compared and evaluated. The near maximum dose

covering 2% of the PTV (D2%), near minimum dose covering 98% of

the PTV (D98%), and mean dose (Dmean) to the PTV was determined.

The volume of the left lung receiving dose greater than 5, 20, and 30 Gy

(V5, V20, and V30, respectively) and the Dmean of the left lung were

considered as well as the V5 and Dmean of the right lung, Dmean of the

heart and left ventricle, maximum dose (Dmax) of the spinal cord,

beam-on time, CI andHI. The CI was calculated from the formula: CI=

(TV95/TV) × (TV95/V95), where V95 is the target volume receiving 95%

of the prescription dose, TV is the target volume, and V95 is the volume

receiving 95% of the prescription dose. HI was calculated according to

HI=(D5%)/(D95%) where D5% and D95% represent doses received by 5%

and 95% of PTV, respectively). The closer the CI andHI values are to 1,

the better the quality of the plan. The treatment time of all patients was

recorded by the catalyst software.
Statistical analysis

All patient data were statistically analyzed using SPSS software

(version 20, SPSS Inc., Chicago, IL, USA). The independent sample

t-test was used to analyze parameters with homogeneous variance

and normal distribution; otherwise, the nonparametric Wilcoxon

signed-rank test was used. Data with a normal distribution are

expressed as x ± s and were analyzed with the independent sample

t-test, while those with a nonnormal distribution are presented as M
Frontiers in Oncology 03113
(Q1, Q3) and were analyzed with the Mann-Whitney U test. A value

of P< 0.05 was considered statistically significant.
Results

Details of the dosimetry, treatment time, and beam-on-time

comparisons are presented in Tables 1 and 2. The dose constraints

were defined for OARs as follows: left lung: V5<50%, V20< 26%,

V30< 20%; right lung: V5<12%; heart: Dmean<7 Gy; left ventricle:

Dmean<7 Gy; spinal cord: Dmax< 40 Gy. The right lung V5 of the

patients in the continuous semi-arc group and the tangent-arc

group were (9.16 ± 1.62)% and (3.64 ± 0.73)%, respectively, with

a significant difference between the two groups (Dif 5.52, 95%

confidence interval 1.92-9.13, t=3.10, P=0.004). The maximum dose

in the spinal cord was (1835.88 ± 222.17) cGy in the continuous

semi-arc group and (599.42 ± 153.91) cGy in the tangent-arc group,

and there was a significant difference between the two groups (Dif

1236.46, 95% confidence interval 689.32-1783.6, t=4.57, P<0.001).

The treatment time was (311.70 ± 60.45) s for patients in the

continuous semi-arc group and (254.66 ± 40.73) s for patients in the

tangent-arc group, with a significant difference between the two

groups (Dif 57.04, 95% confidence interval 24.05-90.03,

t=3.5, P=0.001).
Discussion

Recently, with developments in radiotherapy physics and

computing technologies, VMAT has become one of the

mainstream technologies of radiotherapy. In particular, VMAT

combined with DIBH can greatly reduce the dose of OARs while

ensuring a sufficient dose to the target (20–22). Currently, the 5-

year survival rate for stage I breast cancer is >85% worldwide and

the majority of breast cancer patients can be cured with a

combination of chemotherapy and radiotherapy (25–27).

However, to our knowledge, there is no evidence proving that the

minimum dose does not cause radiation-induced heart and lung

injuries. Therefore, to improve the patient’s quality of life, medical

physicists ensure that normal tissues are treated at as low a dose as

possible while maintaining adequate target coverage. Comparing

the time and dosimetry of two different VMAT techniques, This

study showed that the tangent-arc technique was shown to reduce
FIGURE 1

(The left is the continuous semi-arc, the right is the tangent-arc, and green represents PTV).
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the dose to OARs and the treatment time compared to the

continuous semi-arc plan.

The analysis showed that the maximum and minimum doses to

the PTV increased by 5.9% and 2.8%, respectively, in the continuous

semi-arc group compared with the tangent-arc group, but these

increases were not statistically significant. The CI and HI of the two

plans were also not significantly different. The reason for this lack of

statistical difference may be that the dose of the target area was

normalized to 95% for both the continuous semi-arc and tangent-

arc plan designs.

Related studies have shown that V5, V20, and V30 of the lung,

especially V20, play important roles in radiation-induced

pulmonary injury and fibrosis. When lung V20>20%, the

probability of radiation pneumonitis is 28.4%, and when V20 ≤

20%, the incidence of radiation pneumonitis is 12.5% (28–31). Here,

the average V20 of the left lung of the continuous semi-arc plan was

20.25%, and that of the tangent-arc plan was 19.91%. Therefore, the

tangent-arc plan may reduce the incidence of radiation

pneumonitis. Additionally, the low-dose volume effect of the

bilateral lung must be taken seriously in the clinical practice of

breast cancer radiotherapy. Novakova-Jiresova et al. (32) conducted

radiation-induced lung injury animal experiments, and showed that

animals receiving low-dose and large-volume irradiation showed

had greater lung function damage. John et al. (33) believed that

larger lung volumes receiving low-dose irradiation would cause

more severe radiation-induced lung damage. With the development

of radiotherapy technology, the long-term survival rate of breast
Frontiers in Oncology 04114
cancer has improved significantly. Some scholars have shown that

low-dose radiation increases the risk and toxicity of secondary

cancer (34, 35). Our results showed that the mean V5 value of the

left and right lungs was reduced by approximately 5.4% and 60.26%,

respectively, in the tangent-arc group compared with the

continuous semi-arc group. Therefore, the V5 lung benefited from

the use of tangent-arc (Table 1).

The results of this study showed that the mean cardiac doses of

377.66 cGy (continuous semi-arc group) and 379.92 cGy (tangent-arc

group) in patients with breast cancer were lower than the 403 cGy

value reported by Karpf et al. (36). The difference may result from the

sample size and the volumes of the tumors. The author believe that

this small difference would not affect the clinical benefit. Regarding

the spinal cord, the maximum dose in the continuous semi-arc plan

was approximately three times that of the tangent arc plan, possibly

because the tangent-arc plan does not contribute any dosage to the

spinal cord at 85°~25°, which is exactly the direction of vertical

irradiation of the spinal cord, causing the spinal cord dose to drop

significantly. Although the spinal cord doses of the two plans met the

clinical dose requirement, the tangent-arc technique is more in line

with the principle of being as low as reasonably achievable (37, 38).

The tangent-arc plan had shorter treatment time and X-ray beam-

on time than the continuous semi-arc plan, and that the patient’s

breath-hold interval was an important factor in the efficiency of

treatment in the delivery treatment process. During the CT

simulation, the patient must hold breath longer than 30 s. Then, in

the continuous semi-arc plan, the beam-on time is 82~130 s, during
TABLE 2 Comparison of the beam-on-time between continuous semi-arc and tangent-arc plans with different field angles.

plan continuous semi-arc tangent-arc

degree 145°( ± 5°)~325°( ± 5°) 145°( ± 5°)~85°( ± 5°) 25°( ± 5°)~325°( ± 5°) Total range time

Time(s) 82~130 41~57 38~60 81~110
TABLE 1 Comparison of parameters between continuous semi-arc and tangent-arc (�c ± s).

parameters continuous semi-arc tangent-arc Dif&95%confidence interval t P

PTVD2%(cGy) 5840.74 ± 470.47 5495.91 ± 704.10 344.84(-38.49-728.16) 1.82 0.076

PTVD98%(cGy) 4823.06 ± 185.46 4687.95 ± 336.43 135.11(-38.79-309.01) 1.57 0.124

CI 0.80 ± 0.06 0.81 ± 0.06 -0.01(0.05-0.02) 0.72 0.478

HI 1.18 ± 0.09 1.14 ± 0.08 0.04(-0.02-0.1) 1.42 0.163

L-Lung V5(%) 44.67 ± 6.03 42.28 ± 5.61 2.38(-1.35-6.11) 1.29 0.204

L-Lung V20(%) 20.25 ± 3.93 19.91 ± 3.89 0.09(-2.5-2.67) 0.273 0.786

L-Lung V30(%) 13.81 ± 3.62 14.21 ± 3.69 -0.41(-2.75-1.93) -0.35 0.726

R-Lung V5(%) 9.16 ± 7.26 3.64 ± 3.28 5.52(1.92-9.13) 3.10 0.004

Heart Dmean(cGy) 377.66 ± 73.89 379.92 ± 108.27 -2.27(-61.6-57.07) -0.08 0.939

Left-ventricle Dmean(cGy) 354.66 ± 89.61 389.31 ± 131.24 -34.64(-114.86-45.57) -0.88 0.386

Spinal Cord Dmax(cGy) 1835.88 ± 993.57 599.42 ± 688.32 1236.46(689.32-1783.6) 4.57 0.000

Treatment time(s) 311.70 ± 60.45 254.66 ± 40.73 57.04(24.05-90.03) 3.50 0.001
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which the patients can suffer from too little rest time which restricts

their breathing, ultimately affecting the efficiency of treatment.

However, in the tangent-arc plan, two small arcs are designed, with

respective beam-on time of each arc is 41~57s and 38~60s, so the

patient can complete each therapeutic arc in 1-2 breath-hold cycles.

During the gantry rotation of the LINAC in between the two

treatment fields, all patients were able to rest enough to maintain a

stable breath-hold during the subsequent treatment field.
Conclusions

Both continuous semi-arc and tangent-arc plans met the clinical

prescription dose requirements. After comparing the radiation dose

to OARs and the treatment time of patients, we believe that when

left-sided breast cancer patients are treated with VMAT

radiotherapy combined with DIBH, tangent-arc plans can be

more effective. Tangent-arc plans can reduce the radiation dose to

the patient’s OARs, such as the lung and spinal cord, and the

treatment time can be faster. Therefore, the plan quality is superior

for tangent-arc plans compared to continuous semi-arc plans for all

cases. A limitation of this study is that there was no discussion of

patient staging. The authors will further explore the advantages and

disadvantages of using the two technical schemes in different stages.
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