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Assessment of planning 
reproducibility 
in three‑dimensional field‑in‑field 
radiotherapy technique 
for breast cancer: impact 
of surgery‑simulation interval
Dong Soo Lee1*, Young Kyu Lee1,2, Young Nam Kang1, Yong Gyun Won1,3, 
Seung Hwan Park1, Yong Seok Kim4, Jeong Soo Kim4 & Hye Sung Won5

The three‑dimensional field‑in‑field (3‑D FIF) technique for radiotherapy is an advanced, state‑
of‑the‑art method that uses multileaf collimators to generate a homogeneous and conformal 
dose distribution via segmental subfields. The purpose of this study is to evaluate the dosimetric 
reproducibility of 3‑D FIF plans using the original simulation computed tomography (iCT) scans and 
re‑simulation CT (rCT) scans for whole breast irradiation (WBI) schedule. This study enrolled a total 
of 34 patients. The study population underwent iCT scans for standard WBI and took rCT scans after 
45 Gy of WBI for cone down boost plans. The dosimetric parameters  (V105%,  V103%,  V100%,  V98%,  V95%, 
 V90%,  V50%), plan quality indices (conformity index, homogeneity index) and clinical parameters 
(isocenter‑breast axis, isocenter‑lung axis, soft tissue volumes within radiation field, lung volumes 
within radiation field) were assessed. The median time interval from surgery to iCT was 33 days and 
from iCT to rCT was 35 days. All dosimetric parameters exhibited statistically significant differences 
between iCT and rCT among cohorts with a surgery‑iCT interval of < 60 days. Homogeneity index 
showed a statistically significant increase from iCT to rCT among all cohorts. Soft tissue volumes 
(p = 0.001) and isocenter‑breast axis (p = 0.032) exhibited statistically significant differences among 
cohorts with surgery‑iCT interval < 60 days. Regarding the reproducibility of the 3‑D FIF WBI plans, 
significant changes were observed in dosimetric and clinical factors, particularly in study cohorts with 
a surgery‑simulation interval < 60 days. The main contributing factor of these transitions seemed 
to be the changes in volume of the soft tissue within the WBI field. Further confirmative studies are 
necessary to determine the most suitable timing and technique for WBI.

Whole breast irradiation (WBI) is the standard adjuvant therapy for early-stage breast cancer following breast 
conservation surgery (BCS)1,2. WBI reduces the risk of local recurrence and improves long-term survival, so it 
is an essential component of breast cancer  treatment2,3. Additional benefits of a sequential boost has also been 
well supported in previous  studies4–6. Tangential photon beam irradiation has been widely used in WBI, using 
parallel-opposed fields with physical  wedges7,8.

With advances in radiation therapy (RT) technologies utilizing multileaf collimators (MLCs), the field-in-
field (FIF) technique has become a favored method for tangential  WBI9–11. The 3-dimensional FIF (3-D FIF) 
technique offers advantages in the equivalent dose coverage levels for the target volumes while sparing the normal 

OPEN

1Department of Radiation Oncology, College of Medicine, The Catholic University of Korea, Seoul, Republic of 
Korea. 2Proton Therapy Center, Research Institute and Hospital, National Cancer Center, Goyang, Republic of 
Korea. 3AbbVie Biopharmaceutical Company, Seoul, Republic of Korea. 4Department of Surgery, College of 
Medicine, The Catholic University of Korea, Seoul, Republic of Korea. 5Division of Medical Oncology, Department 
of Internal Medicine, College of Medicine, The Catholic University of Korea, Seoul, Republic of Korea. *email: 
dreamdoc77@catholic.ac.kr

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-78666-8&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2021) 11:1556  | https://doi.org/10.1038/s41598-020-78666-8

www.nature.com/scientificreports/

surrounding structures using modern RT techniques. In addition, the 3-D FIF technique enables a reduction 
in the contralateral breast doses, decreasing the secondary cancer risk of the contralateral  breast9. The 3-D FIF 
technique can be implemented in various dose-fractionation schedules of WBI, including conventional frac-
tionation and hypofractionation. Although there are still debatable issues, a hypofractionated WBI schedule is 
also commonly implemented to treat various stages of breast  cancer12–14.

During treatment periods of 3–6 weeks, a number of changes can occur in breast cancer tissue and in normal 
 tissue15,16 while the same original plans are applied before a re-simulation to boost treatment. Therefore, there is a 
critical need to assess the reproducibility of dosimetric parameters during treatment periods despite performing 
daily or weekly image verification.

In the present study, we aimed to evaluate the dosimetric reproducibility of 3-D FIF plans using original simu-
lations of the computed tomography (CT) scans and re-simulation CT scans for conventional WBI schedules. 
We also sought to evaluate the changes in several clinical factors and tried to determine the optimum conditions 
for 3-D FIF planning.

Results
Study population. The patient demographics and tumor characteristics are summarized in Table 1. The 
entire study population was female, with mean age of 55.4 years. All patients underwent BCS: 32 (94.1%) lumpec-
tomies and 2 (5.9%) quadrantectomies. The median time interval from surgery to iCT was 33  days (range, 
23–186) and from iCT to rCT was 35 days (range, 33–42). The study population was categorized according to 
the surgery-iCT time interval of < 60 days (23 patients, 67.6%) and ≥ 60 days (11 patients, 32.4%). The delay in 
the WBI ≥ 60 days after surgery was due to the chemotherapy schedules.

Baseline distribution of dosimetric parameters, plan quality indices and clinical parame‑
ters. Table 2 shows the baseline dosimetric characteristics and statistical comparisons between iCT and rCT. 
In the normality test,  V105% of iCT and rCT, and  V103% of rCT indicated a non-normal distribution. Therefore, a 
Wilcoxon rank sum test was conducted for these parameters. Other parameters showed a normal distribution, 
and a paired t-test was applied. A comparison of the dosimetric parameters showed that all parameters had 
statistically significant differences between iCT and rCT among the entire population. The measured values 
increased for  V105% and  V103% from iCT to rCT, and decreased for all remaining parameters. However, when the 
study population was categorized according to the surgery-iCT time interval, all parameters exhibited statisti-
cally significant differences between iCT and rCT among cohorts with a surgery-iCT interval < 60 days, but only 
 V105% and  V103% were significantly different among cohorts with a surgery-iCT interval ≥ 60 days. In plan quality 
indices, the homogeneity index (HI) of iCT and rCT indicated a non-normal distribution, and the HI values 
increased from iCT to rCT (p = 0.001).

Table 3 shows the baseline characteristics of clinical parameters and statistical comparisons between iCT 
and rCT. Among the entire study population, only soft tissue volumes (within RT field) were statistically dif-
ferent between iCT and rCT (p = 0.002). Among 34 patients, 25 (73.5%) patients presented decreased values, 
and the remaining 9 (26.5%) patients exhibited increased values in soft tissue volumes. In total, the median 
1247 cc (range, 566.8–2004.8) decreased to 1233 cc (648.2–1882) from iCT to rCT. However, similarly in Table 2, 
when the study population was categorized according to the surgery-iCT time interval, the soft tissue volumes 
(p = 0.001) and the isocenter-breast axis (p = 0.032) exhibited statistically significant differences among cohorts 
with a surgery-iCT interval < 60 days, but no parameters showed significant differences among cohorts with 
surgery-iCT interval ≥ 60 days.

Correlation analyses of parameters. In the normality test, all clinical parameters demonstrated a nor-
mal distribution. In the correlation analyses, the isocenter-lung axis and lung volume (p < 0.001 and p < 0.001), 
and isocenter-breast axis and soft tissue volume (p < 0.001 and p < 0.001) displayed a statistically significant posi-
tive correlation in both iCT and rCT. The isocenter-breast axis and lung volume (p = 0.654 and p = 0.936), and 
the isocenter-lung axis and soft tissue volume (p = 0.121 and p = 0.579) did not show any statistically significant 
difference in both iCT and rCT. The results are summarized in Table 4.

Representative case illustrations. The representative cases of treated patients are shown in Fig. 1. We 
can observe the dose distribution changes in the iCT and rCT for each case.

Discussion
In the current study, we aimed to demonstrate the reproducibility of the actual dosimetric parameters in breast 
3-D FIF plans. With a median of 35 days of WBI, measured soft tissue volume (within RT field) was the only 
statistically different clinical factor among the entire study population. However, when the study population was 
divided according to the surgery-iCT interval, the results were identical only among cohorts with a surgery-iCT 
interval < 60 days, and there was no statistically significant difference in the clinical parameters among cohorts 
with a surgery-iCT interval ≥ 60 days. Similarly, all measured dosimetric parameters  (V105%,  V103%,  V100%,  V98%, 
 V95%,  V90%,  V50%) were significantly different between the iCT and rCT in the cohorts with a surgery-iCT inter-
val < 60 days. However, the dosimetric parameters were not significantly different between iCT and rCT, except 
for  V105% and  V103%, among cohorts with a surgery-iCT interval ≥ 60 days. We also observed that while the overall 
beam distributions seemed to be analogous, the individual isodose lines formed fairly differently if the same 3-D 
FIF plans were applied from iCT to rCT. In plan quality indices, only the HI (ideal value = 0) displayed a statisti-
cally significant increase from iCT to rCT regardless of the surgery-iCT interval. This was probably a result of 
the compromise of dosimetric uniformity, particularly by an increase of  V105% and  V103% in the rCT.
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Table 1.  Baseline patient and tumor characteristics.

Characteristic N (%) Characteristic N (%)

Age (years) Histology

Mean ± SD  Ductal carcinoma in situ 4 (11.8)

 55.4 ± 10.5  Lobular carcinoma in situ 1 (2.9)

Site  Invasive ductal carcinoma 29 (85.3)

 Right 13 (38.2) Histologic grade

 Left 21 (61.8)  Well differentiated 8 (23.6)

Quadrant  Moderate differentiated 13 (38.2)

 Upper outer quadrant 16 (47.1)  Poorly differentiated 13 (38.2)

 Upper inner quadrant 5 (14.7) Resection margin

 Lower outer quadrant 5 (14.7)  Wide (>1mm) 31 (91.2)

 Lower inner quadrant 1 (2.9)  Close (≤ 1mm) 3 (8.8)

 Central 7 (20.6) Hormone receptor

Surgery  Positive 25 (73.5)

 Lumpectomy 32 (94.1)  Negative 8 (23.5)

 Quadantectomy 2 (5.9)  Unknown 1 (3)

pT stage HER-2

 TIS 5 (14.7)  Positive 6 (17.6)

 T1 20 (58.8)  Negative 28 (82.4)

 T1a 3 (8.8) Ki-67

 T1b 4 (11.8)  < 15% 14 (41.2)

 T1c 13 (38.2)  ≥ 15% 18 (52.9)

 T2 9 (26.5)  Unknown 2 (5.9)

pN stage

 N0 28 (82.4)

 N1 5 (14.7)

 Nx 1 (2.9)

Table 2.  Dosimetric comparison of volume parameters and plan quality indices in iCT and rCT 
(categorization according to the surgery–simulation interval). a Wilcoxon rank sum test, bPaired t-test, cMean 
value.

iCT, median (range) rCT, median (range) p-value iCT, median (range) rCT, median (range) p-value

V105% (cc) V90% (cc)

 Total 0 (0–2.8) 21.4 (0–226.9) < 0.001a  Total 1007.1 (432.5–1558.9) 955.7 (505.8–1437.5) 0.009b

 < 60 days 0 (0–2.8) 18.9 (0–226.9) < 0.001a  < 60 days 1038.2 (645–1558.9) 958 (598.3–1437.5) 0.004b

 ≥ 60 days 0 (0–07) 23.9 (0.7–146.3) 0.003a  ≥ 60 days 959.1 (432.5–1293.8) 950.8 (505.8–1269.4) 0.887b

V103% (cc) V50% (cc)

 Total 142.4 (0–312.5) 183 (12.1–512.1) 0.004a  Total 1413.7 (698–2094) 1318.8 (793.3–1896) 0.011b

 < 60 days 137.8 (19.6–312.5) 175.9 (12.1–512.1) 0.059a  < 60 days 1445.3 (955–2093.9) 1325.9 (909–1896) 0.008b

 ≥ 60 days 146.4 (0–257.4) 201.3 (40.5–368.5) 0.016a  ≥ 60 days 1321.9 (698–1675.5) 1311.6 (793.3–1735.2) 0.783b

V100% (cc) Conformity index

 Total 540.2 (195.1–915.7) 512 (225–922.9) 0.037b  Total 1.4 (1.2–1.8) 1.4 (1–2.2) 0.939b

 < 60 days 546.5 (298.6–915.7) 474.6 (300.1–922.8) 0.009b  < 60 days 1.4 (1.2–1.8) 1.3 (1–2.2) 0.492b

 ≥ 60 days 532.4 (195.1–818.8) 545.7 (225–784.1) 0.656b  ≥ 60 days 1.5 (1.3–1.8) 1.5 (1.3–1.9) 0.075b

V98% (cc) Homogeneity index

 Total 687.7 (262.3–1119.5) 653 (307.3–1094.7) 0.005b  Total 0.17c (0.1–0.8) 0.29c (0.1–1.0) 0.001a

 < 60 days 689.9 (424.2–1119.5) 645 (399.4–1094.7) < 0.001b  < 60 days 0.18c (0.1–0.8) 0.31c (0.1–1.0) 0.026a

 ≥ 60 days 675.2 (262.3–985.9) 660.9 (307.3–925.7) 0.956b  ≥ 60 days 0.16c (0.1–0.3) 0.25c (0.1–0.5) 0.014a

V95% (cc)

 Total 837.6 (337.5–1301.3) 818.9 (397.4–1263.5) 0.009b

 < 60 days 849.0 (536.5–1301.3) 828.1 (493.8–1263.5) 0.002b

 ≥ 60 days 812.5 (337.5–1141.2) 797.9 (397.4–1065.5) 0.984b
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During the treatment periods for WBI, a number of variabilities and uncertainties can be presented, includ-
ing variabilities in daily set-up and verification systems as well as changes in postoperative seroma or breast 
 deformations15–19. Several prior works described changes in factors and their associated dosimetric  effects16,19,20. 
The change and effect of a lumpectomy cavity during the course of breast RT has also been widely discussed. In 
most patients (89%), the seroma volume decreased during the course of partial breast irradiation (PBI), and a 
median 60% of the seroma volume decreased at the last fraction (10th fraction) of PBI when assessed using a 
magnetic resonance imaging scan in Jeon et al15. The cavity reduction was greatest in the population with large 
postoperative cavities on the initial CT, as observed by Lee et al19. However, the effect of surgery-simulation 
interval on dosimetric and clinical parameters has not been fully documented to date, and no study reported 
on the clinical significance and distinctive impact of the time to WBI despite the heterogeneous distribution of 
surgery-simulation intervals among  studies15,16,19. Our study results theoretically support that dosimetric and 
clinical parameter transitions could occur more meaningfully within immediate postoperative healing periods 
until full tissue resolutions have been established. Among 23 patients with surgery-iCT interval < 60 days, the 
soft tissue volume decreased in 18 patients (78.3%) and increased in 5 patients (21.7%), and the median 1245.9 cc 
decreased to 1226.1 cc (p = 0.001). On the other hand, among 11 patients with a surgery-iCT interval ≥ 60 days, 
the soft tissue volume decreased in 7 patients (63.6%) and increased in 4 patients (36.4%) while the median 
1248.1 cc increased to 1290.8 cc (p = 0.667).

With respect to the breast WBI techniques, the 3-D conformal FIF technique has been recommended as the 
initial treatment planning approach for WBI in the contemporary era (American Society for Radiation Oncol-
ogy guideline)21. Although a more sophisticated beam delivery technique has been developed to allow for better 
dose distribution, improved homogeneity, reduced acute reactions and relative sparing of normal organs using 
intensity-modulated radiotherapy (IMRT), several limitations remain including an increased dose and exposure 
of the opposite lung and breast, which can increase the risk of second malignancies, requires more expenses, 
longer treatment-planning and treatment-delivery time, trained personal and devoted quality assurance, as well 

Table 3.  Comparative results of measured clinical parameters in iCT and rCT (categorization according to the 
surgery–simulation interval) (p-value: Paired t-test).

iCT, median (range) rCT, median (range) p-value

Isocenter-Breast axis (cm)

 Total 6.8 (4.4–8.2) 6.6 (4.3–8.3) 0.154

 < 60 days 6.8 (5.5–8.2) 6.5 (5.4–8.3) 0.032

 ≥ 60 days 6.8 (4.4–7.7) 6.9 (4.3–8.3) 0.968

Isocenter-Lung axis (cm)

 Total 1.8 (1–2.6) 1.8 (0.7–2.9) 0.411

 < 60 days 1.7 (1–2.6) 1.7 (0.8–2.9) 0.764

 ≥ 60 days 2 (1.2–2.3) 1.9 (0.7–2.7) 0.282

Soft tissue (within RT field) (cc)

 Total 1247 (566.8–2004.8) 1233 (648.2–1882) 0.002

 < 60 days 1245.9 (870.1–2004.8) 1226.1 (825.7–1882) 0.001

 ≥ 60 days 1248.1 (566.8–1594.7) 1290.8 (648.2–1603.2) 0.667

Lung (within RT field) (cc)

 Total 100 (24.5–211) 97.4 (14.6–226.4) 0.917

 < 60 days 89.6 (24.5–211) 96.4 (14.6–214.5) 0.833

 ≥ 60 days 114.8 (33.1–150.2) 106.2 (16.3–226.4) 0.903

Table 4.  Representative results of correlation analyses between clinical parameters.

Parameters p-value

iCT

 Isocenter-Breast axis (cm) vs Lung (within RT field) (cc) 0.654

 Isocenter-Lung axis (cm) vs Lung (within RT field) (cc) < 0.001

 Isocenter-Breast axis (cm) vs Soft tissue (within RT field) (cc) < 0.001

 Isocenter-Lung axis (cm) vs Soft tissue (within RT field) (cc) 0.121

rCT

 Isocenter-Breast axis (cm) vs Lung (within RT field) (cc) 0.936

 Isocenter-Lung axis (cm) vs Lung (within RT field) (cc) < 0.001

 Isocenter-Breast axis (cm) vs Soft tissue (within RT field) (cc) < 0.001

 Isocenter-Lung axis (cm) vs Soft tissue (within RT field) (cc) 0.579
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as ensuring availability of the IMRT  facilities10,22,23. We also already perceived that daily cone beam CT (CBCT)-
based image match and higher doses (monitor unit) generated by IMRT could hypothetically increase the risk 
of second  malignancies24,25. Therefore, among various RT delivery techniques in breast WBI, which technique 
is constantly superior over the others and the standard of care have not been standardized and are  debatable22,26.

The assessment of reproducibility and the change in the dosimetric parameters in 3-D FIF plans using re-
simulation CT scans have not been conducted before, and we have demonstrated that significant dosimetric 
changes were principally attributed to the soft tissue volume changes, particularly in the early postoperative 
periods, not by changes in other clinical factors (such as lung volumes within WBI field or other geometric 
changes) when the same 3-D FIF plans were applied to rCT scans. We could not assure which factors between 
the surgery-iCT interval or total duration of WBI course would more predominantly affect changes in dosimetric 
or clinical factors because even in 10 fractions of PBI course, the significant changes were reported in seroma 
 volume15 (in this study PBI was started no more than 6-weeks after surgery in the entire study cohorts), and 
these changes can contribute to the significant dosimetric transitions. From a clinical aspect, the optimal period 
of initiation of the WBI after surgery is still a debatable issue, and the oncological results have been conflicting 
among various  studies27–29.

The strengths of this study are the composition of study cohorts undergoing homogeneous surgical meth-
ods, significantly discriminative statistical results and detailed parameter analyses depending on the surgery-
simulation intervals. The limitations are a lack of evidence supporting the entire reasons for soft tissue volume 
changes or deformation during treatment intervals, and the relatively small study sample size. Changes in the 
soft tissue volumes can arise from various factors, and body weight changes could also contribute to alterations 
in the breast shape. In addition, the amount of change in the soft tissue volume was comparatively small in rela-
tion to the total soft tissue volumes in our study, which was probably due to the measurement process of the soft 
tissue volumes based on the  V50%, not fat or fibroglandular tissues. However, this measurement method would 
be more reliable in terms of minimizing artificial errors conducted by the researchers.

In conclusion, the present study demonstrated significant dosimetric and clinical factor changes in the study 
population with a surgery-simulation interval < 60 days with respect to the reproducibility of 3-D FIF WBI plans. 
The main contributing factor of the transition was the soft tissue volume changes within the WBI field. Although 
our study is partly preliminary, the study results provide informative lessons that dosimetric reproducibility can 

Figure 1.  Representative illustration cases. A-1: 103% isodose lines at iCT in patient 1 (axial image), A-2: 103% 
isodose lines at rCT in patient 1 (axial image), A-3: 103% isodose lines at iCT in patient 1 (coronal image), A-4: 
103% isodose lines at rCT in patient 1 (coronal image), A-5: 103% isodose lines at rCT in patient 1 (sagittal 
image), A-6: 103% isodose lines at rCT in patient 1 (sagittal image), B-1: 95% isodose lines at iCT in patient 2 
(axial image), B-2: 95% isodose lines at rCT in patient 2 (axial image), B-3: 95% isodose lines at iCT in patient 
2 (coronal image), B-4: 95% isodose lines at rCT in patient 2 (coronal image), B-5: 95% isodose lines at iCT in 
patient 2 (sagittal image), B-6: 95% isodose lines at rCT in patient 2 (sagittal image).
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be considerably impeded within early postoperative periods. The most ideal breast WBI technique, fractionation 
schedule and initiation timing of WBI remain unknown, and future confirmative studies are needed.

Materials and methods
Study design. This study included 34 randomly-designated patients who were diagnosed with early-stage 
breast cancer (including ductal carcinoma in situ/lobular carcinoma in situ/T1/T2) and underwent BCS fol-
lowed by postoperative WBI. We obtained Institutional Review Board approval at College of Medicine, the 
Catholic University of Korea for this clinical investigation (UC15RISE0153) including waiver of informed con-
sent process. The study methods were performed in accordance with the relevant guidelines and regulations by 
Declaration of Helsinki. WBI was performed using the 3-D FIF technique. All patients underwent simulation 
CT (iCT) scans for standard WBI and took re-simulation CT (rCT) scans for cone down boost plans with the 
same positions. As described before, the purpose of this study was to assess the dosimetric reproducibility of 
the plans. Therefore, the original 3-D FIF plans accomplished at the iCT scans were identically reproduced and 
applied to rCT scans at the same isocenter. Then, clinical and dosimetric factors and indices were compared to 
determine which factors could contribute to a difference in the planning parameters.

Simulation and planning process. All patients underwent iCT and rCT using a CT simulator 
(SOMATOM Definition AS + , Siemens Medical Solutions USA, Inc.) without contrast enhancement. During 
the simulation process, the patients were situated on the breast-board in the supine position and both arms 
were raised above the head using an armrest immobilization device. To preserve the treatment position, the 
breast-board was fixed to the CT table. CT data were obtained in 3-mm thick slices, covering the entire breast 
and thorax with normal, free breathing; then, CT datasets were transferred to a Eclipse treatment planning sys-
tem (ECLIPSE™, version 10; Varian Medical Systems, Palo Alto, CA, USA). The 3-D FIF planning was carried 
out using the Eclipse treatment planning system in the same manner as in prior  works10,11,30. Among various 
FIF  techniques27, the alternate subfields method was used in the entire patients. In brief, the dose distribution 
was calculated using the tangential field technique without physical wedges. Then, the MLCs were handled to 
shield the areas of the breast receiving doses > 105% of the prescription dose by viewing the dose distribution 
using the beam’s-eye view. The weight of additional subfields using MLCs to reduce hot regions made by the pri-
mary tangential fields was approximately 6–10% of the total dose. Finally, after the recalculation process, if hot 
regions > 107% remained, the aforementioned processes were repeated to obtain an optimal dose distribution. 
All additional subfields were set not to shield the field isocenter. We tried to adequately cover all postoperative 
tumor beds including seroma and sought to encompass the chest wall above 95% of the prescription dose. Thus, 
minor hot areas  (V105%) below 3-cc were allowed to fulfill the suitable dose distribution profile. The axillary 
lymph node (LN) stations were covered depending on the pathological N stage and the LN biopsy status.

Dosimetric parameters, plan quality indices and clinical factors evaluation. To compare dosi-
metric parameters, image fusion of iCT and rCT was conducted using the Eclipse treatment planning system 
based on the same isocenter. Dosimetric parameters  (V105%,  V103%,  V100%,  V98%,  V95%,  V90%,  V50%:  Vx% indicates 
volumes receiving X% of the prescribed dose) were measured in each 3-D FIF plan in the iCT and rCT scans 
(ECLIPSE™ supports this function of generating each isodose line). We measured  V50% because the medial 3-D 
FIF field edges correspond to the medial junction of  V50%, as shown in Fig. 1., and we can indirectly measure the 
irradiated volumes using  V50%. Thereafter, the dosimetric parameters in the original 3-D FIF plans performed 
on iCT and those in the identically reproduced 3-D FIF plans performed on rCT were statistically compared.

In addition, the following plan quality indices were also  acquired31–33.

Figure 2.  Autocontoured structures in the thorax (produced by Mirada RTx 1.8 and Workflow Box 1.4, Mirada 
Medical Ltd., Oxford, UK, https ://mirad a-medic al.com/radia tion-oncol ogy/) and 3-dimensional rendered 
images (produced by ECLIPSE™, version 10; Varian Medical Systems, Palo Alto, CA, USA, https ://www.varia 
n.com/produ cts/radio surge ry/treat ment-plann ing/eclip se). A: Autocontoured structures in the thorax area, B: 
3-dimensional rendered images.

https://mirada-medical.com/radiation-oncology/
https://www.varian.com/products/radiosurgery/treatment-planning/eclipse
https://www.varian.com/products/radiosurgery/treatment-planning/eclipse
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where  BV95 represents the volume of the body receiving 95% of the prescribed dose,  D5 and  D95 represent the 
minimum doses to 5 and 95% of the PTV, respectively, and  Dp represents the prescribed doses. PTV was auto-
matically generated as the breast target volume using Mirada RTx 1.8 and Workflow Box 1.4 (Mirada Medical 
Ltd., Oxford, UK), a commercial atlas‐based autocontouring  product34 (Fig. 2).

Finally, we measured the following clinical parameters in the iCT and rCT scans: isocenter-breast axis (cm), 
isocenter-lung axis (cm), soft tissue volumes within RT field (soft tissue volume within 50% isodose lines) (cc), 
and lung volumes within RT field (lung volumes within 50% isodose lines (cc). The schematic diagrams of how 
to measure the clinical parameters are shown in Fig. 3.

Radiation therapy. The entire cohorts were planned to receive 50.4 Gy at 28 fractions of WBI using 6–10 
megavoltage photons, followed by a tumor bed boost. Tumor bed boost doses were prescribed according to the 
surgical margin status with 10–16 Gy at 5–8 fractions of RT. Re-simulation CT was conducted after 45 Gy at 25 
fractions of RT.

Statistical analyses. The statistical analysis was performed using SPSS statistics version 12.0 (SPSS Inc., 
Chicago, IL). Descriptive statistics and patient demographics were created to show the characteristics of the 
variables. A normality test was carried out using the Kolmogorov–Smirnov test. The differences in the dosimet-
ric and clinical parameters were compared using a paired t-test (parametric) or Wilcoxon rank sum test (non-
parametric). The correlation between the variables was assessed using a simple correlation analysis (parametric). 
A p-value of less than 0.05 was considered to be statistically significant.

Received: 7 April 2020; Accepted: 21 October 2020

References
 1. Clark, R. M. et al. Randomized clinical trial of breast irradiation following lumpectomy and axillary dissection for node-neg-

ative breast cancer: an update. Ontario Clinical Oncology Group. J. Natl. Cancer Inst. 88, 1659–1664. https ://doi.org/10.1093/
jnci/88.22.1659 (1996).

 2. Early Breast Cancer Trialists’ Collaborative, G. et al. Effect of radiotherapy after breast-conserving surgery on 10-year recurrence 
and 15-year breast cancer death: meta-analysis of individual patient data for 10,801 women in 17 randomised trials. Lancet 378, 
1707–1716, https://doi.org/https ://doi.org/10.1016/S0140 -6736(11)61629 -2 (2011).

 3. Fisher, B. et al. Twenty-year follow-up of a randomized trial comparing total mastectomy, lumpectomy, and lumpectomy plus 
irradiation for the treatment of invasive breast cancer. N. Engl. J. Med. 347, 1233–1241. https ://doi.org/10.1056/NEJMo a0221 52 
(2002).

CI
(

Conformity index
)

: CI = BV95/PTV

HI
(

Homogeneity index
)

: HI = D5 − D95/Dp

Figure 3.  Measurement of clinical and dosimetric parameters. A: Isocenter–Breast axis, B: Isocenter–Lung 
axis, C:  V103%, D:  V100%, E:  V98%, F:  V95%, G:  V90%, H:  V50% (pink color) and lung (within RT field) volume (white 
color), I: Soft tissue (within RT field) volume.

https://doi.org/10.1093/jnci/88.22.1659
https://doi.org/10.1093/jnci/88.22.1659
https://doi.org/10.1016/S0140-6736(11)61629-2
https://doi.org/10.1056/NEJMoa022152


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:1556  | https://doi.org/10.1038/s41598-020-78666-8

www.nature.com/scientificreports/

 4. Poortmans, P. M. et al. The addition of a boost dose on the primary tumour bed after lumpectomy in breast conserving treatment 
for breast cancer. A summary of the results of EORTC 22881-10882 “boost versus no boost” trial. Cancer Radiother. 12, 565–570. 
https ://doi.org/10.1016/j.canra d.2008.07.014 (2008).

 5. Poortmans, P. M. et al. Impact of the boost dose of 10 Gy versus 26 Gy in patients with early stage breast cancer after a micro-
scopically incomplete lumpectomy: 10-year results of the randomised EORTC boost trial. Radiother. Oncol. 90, 80–85. https ://
doi.org/10.1016/j.radon c.2008.07.011 (2009).

 6. Romestaing, P. et al. Role of a 10-Gy boost in the conservative treatment of early breast cancer: results of a randomized clinical 
trial in Lyon, France. J. Clin. Oncol. 15, 963–968. https ://doi.org/10.1200/JCO.1997.15.3.963 (1997).

 7. Cross, P., Joseph, D. J., Cant, J., Cooper, S. G. & Denham, J. W. Tangential breast irradiation: simple improvements. Int. J. Radiat. 
Oncol. Biol. Phys. 23, 433–442. https ://doi.org/10.1016/0360-3016(92)90765 -a (1992).

 8. Davis, J. B., Pfafflin, A. & Cozzi, A. F. Accuracy of two- and three-dimensional photon dose calculation for tangential irradiation 
of the breast. Radiother. Oncol. 42, 245–248. https ://doi.org/10.1016/s0167 -8140(97)01908 -7 (1997).

 9. Onal, C. et al. Dosimetric comparison of the field-in-field technique and tangential wedged beams for breast irradiation. Jpn. J. 
Radiol. 30, 218–226. https ://doi.org/10.1007/s1160 4-011-0034-7 (2012).

 10. Sasaoka, M. & Futami, T. Dosimetric evaluation of whole breast radiotherapy using field-in-field technique in early-stage breast 
cancer. Int. J. Clin. Oncol. 16, 250–256. https ://doi.org/10.1007/s1014 7-010-0175-1 (2011).

 11. Kuwahata, N., Fujita, H., Yamanishi, H., Okazaki, E. & Fukuda, H. Dosimetric comparison of irregular surface compensator and 
field-in-field for whole breast radiotherapy. J. Med. Phys. 43, 79–84. https ://doi.org/10.4103/jmp.JMP_73_17 (2018).

 12. Lalani, N. et al. Long-term outcomes of hypofractionation versus conventional radiation therapy after breast-conserving surgery for 
ductal carcinoma in situ of the breast. Int. J. Radiat. Oncol. Biol. Phys. 90, 1017–1024. https ://doi.org/10.1016/j.ijrob p.2014.07.026 
(2014).

 13. Meattini, I. et al. Hypofractionated whole breast irradiation after conservative surgery for patients aged less than 60 years: a multi-
centre comparative study. Acta Oncol. 59, 188–195. https ://doi.org/10.1080/02841 86X.2019.16950 61 (2020).

 14. Shaitelman, S. F. et al. Three-year outcomes with hypofractionated versus conventionally fractionated whole-breast irradiation: 
results of a randomized, noninferiority clinical trial. J. Clin. Oncol. https ://doi.org/10.1200/JCO.18.00317  (2018).

 15. Jeon, S. H. et al. Seroma change during magnetic resonance imaging-guided partial breast irradiation and its clinical implications. 
Radiat. Oncol. 12, 103. https ://doi.org/10.1186/s1301 4-017-0843-7 (2017).

 16. Seppala, J. et al. Breast deformation during the course of radiotherapy: the need for an additional outer margin. Phys. Med. 65, 
1–5. https ://doi.org/10.1016/j.ejmp.2019.07.021 (2019).

 17. Batumalai, V., Holloway, L. & Delaney, G. P. A review of setup error in supine breast radiotherapy using cone-beam computed 
tomography. Med. Dosim. 41, 225–229. https ://doi.org/10.1016/j.meddo s.2016.05.001 (2016).

 18. Glide-Hurst, C. K. et al. Intrafraction variability and deformation quantification in the breast. Int. J. Radiat. Oncol. Biol. Phys. 91, 
604–611. https ://doi.org/10.1016/j.ijrob p.2014.11.003 (2015).

 19. Lee, G., Parmar, H., Li, W. & Shessel, A. The effect of lumpectomy cavity changes on planning dose in breast radiotherapy boost. 
J. Med. Imaging Radiat. Sci. 50, 317–322. https ://doi.org/10.1016/j.jmir.2019.02.002 (2019).

 20. Rossi, M. et al. Dosimetric effects of anatomical deformations and positioning errors in VMAT breast radiotherapy. J. Appl. Clin. 
Med. Phys. 19, 506–516. https ://doi.org/10.1002/acm2.12409  (2018).

 21. Smith, B. D. et al. Radiation therapy for the whole breast: executive summary of an American Society for Radiation Oncology 
(ASTRO) evidence-based guideline. Pract. Radiat. Oncol. 8, 145–152. https ://doi.org/10.1016/j.prro.2018.01.012 (2018).

 22. Joseph, B. et al. Breast-conserving radiotherapy with simultaneous integrated boost; field-in-field three-dimensional conformal 
radiotherapy versus inverse intensity-modulated radiotherapy—A dosimetric comparison: Do we need intensity-modulated radio-
therapy?. South Asian J. Cancer 7, 163–166. https ://doi.org/10.4103/sajc.sajc_82_18 (2018).

 23. Mayo, C. S., Urie, M. M. & Fitzgerald, T. J. Hybrid IMRT plans-concurrently treating conventional and IMRT beams for improved 
breast irradiation and reduced planning time. Int. J. Radiat. Oncol. Biol. Phys. 61, 922–932. https ://doi.org/10.1016/j.ijrob 
p.2004.10.033 (2005).

 24. Hess, C. B. et al. Exposure risks among children undergoing radiation therapy: considerations in the era of image guided radiation 
therapy. Int. J. Radiat. Oncol. Biol. Phys. 94, 978–992. https ://doi.org/10.1016/j.ijrob p.2015.12.372 (2016).

 25. Zhou, L. et al. Imaging dose, cancer risk and cost analysis in image-guided radiotherapy of cancers. Sci. Rep. 8, 10076. https ://doi.
org/10.1038/s4159 8-018-28431 -9 (2018).

 26. Tyran, M. et al. Volumetric-modulated arc therapy for left-sided breast cancer and all regional nodes improves target volumes 
coverage and reduces treatment time and doses to the heart and left coronary artery, compared with a field-in-field technique. J. 
Radiat. Res. 56, 927–937. https ://doi.org/10.1093/jrr/rrv05 2 (2015).

 27. Arcangeli, G., Pinnaro, P., Rambone, R., Giannarelli, D. & Benassi, M. A phase III randomized study on the sequencing of radio-
therapy and chemotherapy in the conservative management of early-stage breast cancer. Int. J. Radiat. Oncol. Biol. Phys. 64, 
161–167. https ://doi.org/10.1016/j.ijrob p.2005.06.040 (2006).

 28. Bellon, J. R. et al. Sequencing of chemotherapy and radiation therapy in early-stage breast cancer: updated results of a prospective 
randomized trial. J. Clin. Oncol. 23, 1934–1940. https ://doi.org/10.1200/JCO.2005.04.032 (2005).

 29. Punglia, R. S., Saito, A. M., Neville, B. A., Earle, C. C. & Weeks, J. C. Impact of interval from breast conserving surgery to 
radiotherapy on local recurrence in older women with breast cancer: retrospective cohort analysis. BMJ 340, c845. https ://doi.
org/10.1136/bmj.c845 (2010).

 30. Lee, J. H. et al. Evaluation of tissue computed tomography number changes and dosimetric shifts after conventional whole-breast 
irradiation in patients undergoing breast-conserving surgery. Tumour Biol. 40, 1010428318791882. https ://doi.org/10.1177/10104 
28318 79188 2 (2018).

 31. Choi, S. H. et al. Combining deep-inspiration breath hold and intensity-modulated radiotherapy for gastric mucosa-associated 
lymphoid tissue lymphoma: dosimetric evaluation using comprehensive plan quality indices. Radiat. Oncol. 14, 59. https ://doi.
org/10.1186/s1301 4-019-1263-7 (2019).

 32. Semenenko, V. A. et al. Evaluation of a commercial biologically based IMRT treatment planning system. Med. Phys. 35, 5851–5860. 
https ://doi.org/10.1118/1.30135 56 (2008).

 33. Shaw, E. et al. Radiation Therapy Oncology Group: radiosurgery quality assurance guidelines. Int. J. Radiat. Oncol. Biol. Phys. 27, 
1231–1239. https ://doi.org/10.1016/0360-3016(93)90548 -a (1993).

 34. Gooding, M. J. et al. Comparative evaluation of autocontouring in clinical practice: a practical method using the turing test. Med. 
Phys. 45, 5105–5115. https ://doi.org/10.1002/mp.13200  (2018).

Acknowledgements
This research has been supported by grants from the Korean Breast Cancer Foundation. We owe particular thanks 
to Yong Hwi Kim of the HDX corporation for ultimately helping us by providing Mirada software.

https://doi.org/10.1016/j.canrad.2008.07.014
https://doi.org/10.1016/j.radonc.2008.07.011
https://doi.org/10.1016/j.radonc.2008.07.011
https://doi.org/10.1200/JCO.1997.15.3.963
https://doi.org/10.1016/0360-3016(92)90765-a
https://doi.org/10.1016/s0167-8140(97)01908-7
https://doi.org/10.1007/s11604-011-0034-7
https://doi.org/10.1007/s10147-010-0175-1
https://doi.org/10.4103/jmp.JMP_73_17
https://doi.org/10.1016/j.ijrobp.2014.07.026
https://doi.org/10.1080/0284186X.2019.1695061
https://doi.org/10.1200/JCO.18.00317
https://doi.org/10.1186/s13014-017-0843-7
https://doi.org/10.1016/j.ejmp.2019.07.021
https://doi.org/10.1016/j.meddos.2016.05.001
https://doi.org/10.1016/j.ijrobp.2014.11.003
https://doi.org/10.1016/j.jmir.2019.02.002
https://doi.org/10.1002/acm2.12409
https://doi.org/10.1016/j.prro.2018.01.012
https://doi.org/10.4103/sajc.sajc_82_18
https://doi.org/10.1016/j.ijrobp.2004.10.033
https://doi.org/10.1016/j.ijrobp.2004.10.033
https://doi.org/10.1016/j.ijrobp.2015.12.372
https://doi.org/10.1038/s41598-018-28431-9
https://doi.org/10.1038/s41598-018-28431-9
https://doi.org/10.1093/jrr/rrv052
https://doi.org/10.1016/j.ijrobp.2005.06.040
https://doi.org/10.1200/JCO.2005.04.032
https://doi.org/10.1136/bmj.c845
https://doi.org/10.1136/bmj.c845
https://doi.org/10.1177/1010428318791882
https://doi.org/10.1177/1010428318791882
https://doi.org/10.1186/s13014-019-1263-7
https://doi.org/10.1186/s13014-019-1263-7
https://doi.org/10.1118/1.3013556
https://doi.org/10.1016/0360-3016(93)90548-a
https://doi.org/10.1002/mp.13200


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:1556  | https://doi.org/10.1038/s41598-020-78666-8

www.nature.com/scientificreports/

Author contributions
D.S.L. designed the project and wrote the manuscript. Y.K.L., Y.N.K., S.H.P. performed the experiment and 
radiation treatment planning. D.S.L., Y.K.L. and Y.G.W. collected the data. Y.S.K., J.S.K. and H.S.W. participated 
in the treatment of patients. D.S.L., Y.K.L. and S.H.P. analyzed the data and conducted statistical examination. 
All authors have reviewed the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.S.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Assessment of planning reproducibility in three-dimensional field-in-field radiotherapy technique for breast cancer: impact of surgery-simulation interval
	Results
	Study population. 
	Baseline distribution of dosimetric parameters, plan quality indices and clinical parameters. 
	Correlation analyses of parameters. 
	Representative case illustrations. 

	Discussion
	Materials and methods
	Study design. 
	Simulation and planning process. 
	Dosimetric parameters, plan quality indices and clinical factors evaluation. 
	Radiation therapy. 
	Statistical analyses. 

	References
	Acknowledgements


