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Abstract

Background
Before radiotherapy for breast cancer patients, the choice of three-dimensional conformal radiation
therapy (3D-CRT) and volumetric modulated arc therapy (VMAT) should be made. This study investigates
the performance of two structural metrics in aiding the choice of 3D-CRT and VMAT plans in women
undergoing left-sided whole breast radiotherapy.

Materials and methods
119 patients previously treated with left-sided breast radiotherapy (61 3D-CRT treatments and 58 VMAT
treatments) from a single institution were retrospectively studied. Two structural metrics, which are
cardiac intersetion (CI) index and pulmonary intersection (PI) index, were de�ned and the relationship
between these metrics and dose of organs at risk (OARs) were evaluated. Two-tailed Student’s t-test was
performed to compare patient characteristics between 3D-CRT and VMAT. Linear regressions were
calculated to investigate the association between structural metrics and absorbed dose of heart and left
lung, including MHD, V5, V30 of heart, and MLLD, V5, V10, V20, V30, V40 of left lung.

Results
The CI index was strongly correlated with the mean dose of heart (MHD) in 3D-CRT group and VMAT
group, the linear regression formulas were MHD = 4826.59 ×CI Index + 310.48 (R = 0.857, F = 163.77, P = 
0.000) in 3D-CRT plans and MHD = 1789.29×CI Index + 437.50 (R = 0.45, F = 14.23, P = 0.000) in VMAT
plans, the intercept of these formulas was CI index = 4.2% and MHD = 512.33 cGy. The PI index
demonstrated a strongly positive correlation with mean dose of left lung (MLLD) in 3D-CRT group and
VMAT group as well, the linear regression formulas were MLLD = 2879.54×PI Index + 999.79 (R = 0.697, F 
= 55.86, P = 0.000) in 3D-CRT plans and MLLD = 1411.79×PI Index + 1091.88 (R = 0.676, F = 47.11, P = 
0.000) in VMAT plans, the intercept of these formulas was PI index = 6.3% and MLLD = 1180.46 cGy.

Conclusions
CI index and PI index could serve as a practical tool of choosing either 3D-CRT or VMAT before the plan
was generated. We recommend that VMAT plan is preferable when CI index is greater than 4.2% and PI
index is greater than 14.6%, while 3D-CRT plan is the �rst choice in the opposite.

1. Introduction
Postmastectomy radiation therapy (PMRT), which signi�cantly improves local tumor control and increase
5-year overall survival for breast cancer patients, is an effective and well-established adjuvant treatment
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for breast cancer patients with modi�ed radical mastectomy[1–5].

However, the heart and lungs are routinely exposed to incidental ionizing radiation during adjuvant
radiotherapy of breast cancer. It can result in increasing cardio-toxicity and cardiovascular mortality
especially in left sided breast cancer patients[6]. Radiation induced heart disease generally occurs when
patient follow-up is over 10 years even with modern therapy [7]. Clinical study had shown that rates of
major coronary events increased linearly with the mean dose to the heart by 7.4% per Gy, the increase
started within the �rst 5 years after radiotherapy and continued at least 20 years[8]. While another
research demonstrated that the cumulative acute coronary event rate increased by 16.5% per Gy[9].
Except for cardio-toxicity, radiation related lung toxicity is also a concern in left-sided breast radiotherapy.
Studies suggested that the incidence of symptomatic radiation pneumonitis could range from 3.7% to
almost 20% in different studies[10, 11]. Grantzau et al. conducted a research indicated that the risk of
second non-breast cancer after radiotherapy of the breast cancer patients, including the lung, esophagus,
thyroid and connective tissues progressively increased over time, peaking at 10–15 years following
breast cancer diagnosis[12].

Conventionally, the three-dimensional conformal radiation therapy has been widely applied for breast
cancer. Due to the concave shape of the thoracic wall, a novel plan technique known as the volumetric
modulated arc therapy has also been extensively utilized in clinic recently. Researches indicated that
VMAT plans spares the OAR from high-dose volume at the cost of increasing their low-dose volume[13–
15], especially in patients with axillary and supraclavicular lymph node areas. In the ipsilateral lung, the
VMAT plans demonstrated lower V20, V30, while higher V5, V10 compared to 3D-CRT plans[15]. In the heart,
the VMAT plans had lower V5, V20 and V30 than the 3D-CRT plans[14].

Given the radiotherapy of breast cancer is a localized treatment, the clinical consequences of its induced
injury are in part due to the location and volume of OAR exposed to radiation from the treatment
technique used. To date, few studies have identi�ed speci�c anatomical features that in�uence the heart
and lung dose distribution and how these ‘‘undesirable’’ characteristics impact on these OARs. In clinic,
radiation plans are time consuming. Often, we are confused whether to choose 3D-CRT plan or VMAT
plan before work started. In this study, we propose two novel and practical structural metrics which
associated with dose distribution of heart and left lung in women undergoing either 3D-CRT or VMAT left-
sided whole breast radiotherapy. We hypothesized that these structural metrics could be used as
predictors for heart and left lung dose, and would help to choose the plan style before the plan was
actually produced.

2. Materials And Methods

2.1. Patient population
A retrospective review study, approved by the Ethics Committee of the First A�liated Hospital of Xiamen
University and performed in accordance with the Declaration of Helsinki, was performed to quantitatively
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assess 119 consecutive women with left-sided breast cancer. And informed consent of all patients was
obtained. All patients were treated with adjuvant whole breast RT after modi�ed radical mastectomy at
our institution from 2019 to 2020 using Varian TrueBeam or Unique or 23EXlinear accelerator with 6-MV
photon energy (Varian Medical Systems, Palo Alto, CA). The prescription for the whole breast RT was
50.4 Gy (1.8 Gy/fraction).

2.2. Contouring and treatment planning
All patients received computer tomography (CT) (GE Lightspeed 16, GE HealthCare) scans. CT images
were acquired with patients in supine position lying on a breast-board, at a 0.5 mm slice thickness.
Clinical target volume (CTV) was delineated in accordance to the Radiation Therapy Oncology Group
(RTOG) guidelines, including the whole ipsilateral chest wall and lymph node region around collar bone,
using the Eclipse treatment planning system (Eclipse 11.0, Varian Medical Systems, Palo Alto, CA, USA).
The planning target volume (PTV) was generated by expanding the CTV with a 5 mm margin in all
directions, subsequently retracted 0.1 cm and 0.5 cm from the body surface in the chest wall section and
supraclavicular section, respectively.

All treatment plans were generated using 6MV photon beam in Eclipse V.11.0 (Varian, USA). The VMAT
plans with 6 partial arcs was generated, while the 3D-CRT plans with 5 �eld-in-�eld �elds including two
tangential �elds in the chest wall region were obtained. Tissue equivalent compensator was placed over
the surface of the chest wall to ensure su�cient target coverage near the chest wall surface with
thickness of 1 cm for the volumetric modulated arc therapy, and 0.3 cm for the 3-dimensional conformal
radiotherapy. Dose metrics were calculated based on the cumulative DVH, including V5, V10, V20, V30, V40,
as well as the mean dose of the left lung (MLLD), and V5, V30, as well as the mean dose of the heart
(MDH). All plans were reviewed by two physicists and being approved by a radiation oncologist.

2.3. Tangential �eld of PTV and cardiac and pulmonary
intersections
The tangential �eld (TF) of PTV was de�ned as the area bounded by the posterior tangent line of the PTV
and the chest wall, from the layer above the apex of left lung to the bottom of PTV (Fig. 1). For this work,
we drew one layer of TF every two CT slices and utilized the interpolate tool in the Eclipse V.11.0 to form
the whole contour of TF. The cardiac intersection (CI) was determined as the region where the heart and
the TF intersect as illustrated in Fig. 1. The pulmonary intersection (PI) was de�ned as the region where
the left lung and the TF intersect. Then the volume of CI and PI was measured for the calculation of CI
and PI index, which depicted the ratio of CI to the heart and ratio of PI to the left lung, respectively. In this
study, the relationship between CI index and the absorbed dose of heart, as well as the association of PI
index to the absorbed dose of left lung were investigated.

2.4. Statistical analysis
Descriptive statistics were summarized for all doses and structural metrics. Two-tailed Student’s t-test
was performed to compare patient characteristics between 3D-CRT and VMAT. Linear regressions were
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calculated to investigate the association between structural metrics and absorbed dose of heart and left
lung, including MHD, V5, V30 of heart, and MLLD, V5, V10, V20, V30, V40 of left lung. Statistical signi�cance
was de�ned at the p = 0.05 signi�cance level, and data was presented in a mean ± SD manner. The IBM
SPSS Statistics V22 software was used for all statistical analysis.

Table 1
Characteristics of patients treated using 3D-CRT and VMAT

Characteristics 3D-CRT

N = 61, mean ± SD

VMAT

N = 58, mean ± SD

P-Value

Age (year) 46.0 ± 10.6 48.0 ± 9.3 0.278

Heart Volume (cc) 521.36 ± 92.75 535.63 ± 76.89 0.364

CI Volume (cc) 30.63 ± 20.55 37.78 ± 22.34 0.099

CI Index (%) 5.8 ± 3.7 6.9 ± 3.3 0.099

Left Lung Volume (cc) 996.90 ± 268.54 1041.07 ± 227.44 0.336

PI Volume (cc) 146.26 ± 53.50 194.82 ± 61.16 0.000

PI Index (%) 14.6 ± 3.2 18.8 ± 4.3 0.000

Linac      

TrueBeam 1 8  

Unique   50  

23EX 60    

3. Results
One hundred and nineteen patients with modi�ed radical mastectomy were included in this study. Patient
clinical and treatment characteristics of each cohort and their structural parameters are summarized in
Table 1. No signi�cant differences were observed between the 3D-CRT and VMAT patient cohorts with
respect to patient age, heart volume, CI volume, and left lung volume. However, signi�cant differences
were noted between 3D-CRT and VMAT patient cohorts with respect to the PI volume. The measured CI
volume and PI volume in each cohort were highly variable. The CI volume was 30.63 ± 20.55 cc in 3D-CRT
compared to 37.78 ± 22.34 cc in VMAT. The PI volume was 146.26 ± 53.50 cc and 194.82 ± 61.16 in 3D-
CRT and VMAT, respectively. The PI volume was 48.56 cc larger in VMAT relative to 3D-CRT. CI index was
0.058 ± 0.037 and 0.069 ± 0.033 in 3D-CRT and VMAT, respectively. PI index was 0.146 ± 0.032 and 0.188 
± 0.043 in 3D-CRT and VMAT, respectively.

The MHD was similar in the 3D-CRT and VMAT cohort (p = 0.368), which were 589.43 ± 209.82 cGy and
560.19 ± 132.38 cGy, respectively (Table 2). The V5 of heart was dramatically larger in the VMAT plans
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than the 3D-CRT plans, suggesting 3D-CRT may reduce low-dose spread of radiation to intact heart,
relative to the VMAT method. Nevertheless, the dosimetry of V30 of heart shown an opposite fashion in
3D-CRT and VMAT plans, with 5% larger in 3D-CRT plans (Table 2).

The CI index was strongly correlated with the MHD (r = 0.857, p 0.01) in 3D-CRT, so was V5 of heart (r = 
0.814, p 0.01) and V30 of heart (r = 0.869, p 0.01) in 3D-CRT (Fig. 2). There was weak correlation between
CI index and the MHD(r = 0.45, p 0.01), V5 of heart (r = 0.328, p 0.01), as well as V30 of heart (r = 0.431,
p 0.01) in VMAT (Fig. 2).

The MLLD was 1420.31 ± 133.65 cGy in 3D-CRT plans as opposed to 1356.09 ± 89.93 cGy in VMAT plans
(Table 2), demonstrating statistically signi�cant difference between these plans. As expected, 3D-CRT
plans produced less low-dose radiation (V5 and V10) to left lung than VMAT plans, while increased high-
dose radiation (V20, V30 and V40) to the organ at risk (Table 2).

For the VMAT plans, the PI index demonstrated a strongly positive linear correlation with MLLD (r = 0.676,
p 0.01), and V20 of left lung (r = 0.6, p 0.01), and V30 of left lung (r = 0.578, p 0.01), as well as V40 of left
lung (r = 0.594, p 0.01)(Fig. 3). Similarly, there was statistics signi�cance in the correlation between PI
index and the absorbed dose parameters of left lung in 3D-CRT plans, the correlation was found to be
strongly between PI index and MLLD (r = 0.697, p 0.01), V5 (r = 0.568, p 0.01), V10 (r = 0.663, p 0.01), V20

(r = 0.659, p 0.01), V30 (r = 0.66, p 0.01), and V40 (r = 0.691, p 0.01) of left lung, respectively (Fig. 3).

Linear regression formulas were generated for mean dose of heart and left lung in both 3D-CRT and
VMAT plans. The formulas for MHD were MHD = 4826.59×CI Index + 310.48 (R = 0.857, F = 163.77, P = 
0.000) in 3D-CRT plans and MHD = 1789.29×CI Index + 437.50 (R = 0.45, F = 14.23, P = 0.000) in VMAT
plans, which produced intercept of CI index (0.042) and MHD (512.33 cGy), implying that when CI index
exceeded 4.2% the mean dose of heart in 3D-CRT plans would be larger than in VMAT plans. The
formulas for MLLD were MLLD = 2879.54×PI Index + 999.79 (R = 0.697, F = 55.86, P = 0.000) in 3D-CRT
plans and MLLD = 1411.79×PI Index + 1091.88 (R = 0.676, F = 47.11, P = 0.000) in VMAT plans, which
generated intercept of PI index (0.063) and MLLD (1180.46 cGy).
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Table 2
Dosimetric parameters of heart and left lung

Absorbed dose 3D-CRT

n = 61, mean ± SD

VMAT

n = 58, mean ± SD

p-Value

Heart      

Mean dose (cGy) 589.43 ± 209.82 560.19 ± 132.38 0.368

V5 (%) 16.46 ± 6.25 28.17 ± 8.02 0.01

V30 (%) 7.65 ± 3.87 2.35 ± 1.65 0.01

Left lung      

Mean dose (cGy) 1420.31 ± 133.65 1356.09 ± 89.93 0.01

V5 (%) 45.34 ± 3.80 56.17 ± 3.73 0.01

V10 (%) 32.92 ± 3.09 39.98 ± 3.55 0.01

V20 (%) 26.56 ± 2.90 25.31 ± 2.43 0.013

V30 (%) 23.58 ± 2.88 16.70 ± 1.76 0.01

V40 (%) 19.56 ± 2.80 9.68 ± 1.60 0.01

Right lung      

Mean dose (cGy) 78.25 ± 27.80 439.50 ± 84.97 0.01

V5 (%) 2.25 ± 1.91 29.85 ± 8.85 0.01

V20 (%) 0.01 ± 0.05 0.55 ± 0.60 0.01

Right breast      

Mean dose (cGy) 75.32 ± 46.44 450.96 ± 92.33 0.01

V5 (%) 0.77 ± 1.81 28.25 ± 10.64 0.01

HI (%) 0.16 ± 0.03 0.10 ± 0.17 0.01

4. Discussion
In this study, we identi�ed two structural metrics on CT scans of left-sided breast cancer patients with
modi�ed radical mastectomy and investigated the relationships between these metrics and the heart and
left lung absorbed dose, including the mean dose of heart and left lung, V5, V30 of heart and V5, V10, V20,
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V30, V40 of left lung. To the best of our knowledge, this study was the �rst research, evaluated these
structural metrics and relationship between them and the heart and left lung dose, to present.

According to the results, CI index was associated strongly with all of the dose metrics of heart in 3D-CRT
plans, the correlation coe�cients were 0.857 (p 0.01), 0.814 (p 0.01), and 0.869 (p 0.01) of MHD, V5, and
V30 of heart, respectively. Recently, Cao et al. indicated that the cardiac contact distance (CCDps) showed
a positive linear correlation with the MHD (r = 0.63, p 0.01) in their study[16]. They also suggested that
the lateral heart-to-chest distance (HCD) demonstrated a negative linear correlation with the MHD
(r=-0.65, p 0.01). Similarly, Mendez et al. investigated predictors (4th Arch and 5th Arch) in another study,
involved a simple linear line drawing to the 4th or 5th costal arch level (4th Arch, 5th Arch), from the left
edge of the sternum to the anterior portion of the left lung[17]. The previous study shown that the
correlation coe�cient of 4th Arch and MHD was 0.61 (p 0.05), while 4th Arch and V25 of heart was 0.57
(p 0.05). Despite its reasonable prediction capacity, it was not clear if the CT scan would accurately
acquire slice at the level of the 4th costal arch because the thickness of the 4th costal arch is well beyond
the range of the thickness of CT scans. In our research, we acquired the structural metrics through the
entire range of the organs at risk, so we could ignore the CT slice thickness. Other studies had also shown
that the maximum heart distance to the chest wall correlates with mean dose of heart[18–20]and can
reliably estimate cardiac exposure in patients treated with breast RT. In line with the previous studies, our
results implied that the dose distribution of heart greatly dependent on the proximity of the heart to the
irradiation �elds. Nevertheless, we only observed moderate correlation between CI index and the
dosimetry of heart in VMAT plans. We hypothesized that the dose delivered by the arc of radiation �elds
would render less high dose to the heart in a nonlinear fashion, thus the correlation was weaker in VMAT
compared to 3D-CRT.

Interestingly, the intercept of the two formulas for MHD in 3D-CRT and VMAT plans was when CI index
equaled 0.042, the MHD equaled 512.33 cGy, which was slightly less than the mean dose of heart in both
plans. Considering the slop of formulas of 3D-CRT plans was steeper than formulas of VMAT plans, the
MHD of 3D-CRT plans would surpass the one of VMAT plans when CI index was more than 4.2% (Fig. 2.).
Therefore, we recommend that VMAT plan is preferable when CI index is greater than 4.2%, and 3D-CRT
plan is the �rst consideration when CI index is less than 4.2%.

In this study, we examined the in�uence of PI index on dose metrics of left lung as well. There were
strongly positive associations between PI index and absorbed dose parameters in 3D-CRT and VMAT
plans as illustrated in Fig. 3. Although the linear regression formulas for MLLD in both 3D-CRT and VMAT
plans intercepted at PI index equaled 0.063 and MLLD equaled 1180.46 cGy, we supposed this is not
signi�cantly clinically meaningful, for the reason that breast cancer with supraclavicular region would
produce PI index more than 6.3% for most of the time. Since the slops of formulas in 3D-CRT plans are
steeper than those of VMAT plans, the greater the PI index the greater the absorbed does to the left lung
in 3D-CRT plans compared to VMAT plans as a result. In addition, the MLLD of 3D-CRT plans was
1420.31 cGy, and its corresponding PI index was 14.6%. Thus, we suggest that when PI index is greater
than 14.6%, we could choose VMAT plan �rstly, yet we may choose 3D-CRT plan in the opposite.
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We also found that VMAT plans exhibited advantageous dosimetry in high-dose compared with the 3D-
CRT plans in the current study. The V30 of heart and V30, V40 of the ipsilateral lung were considerably
lower in VMAT plans than in 3D-CRT plans (p 0.01). Moreover, the mean dose of ipsilateral lung in VMAT
plans were less than in 3D-CRT plans as well, in accordance with the studies of Liu et al. and Mo et al[14,
15], but opposite to the results of Bogue’s study[13]. Incidentally, we discovered that the PI were larger in
the VMAT plans than in 3D-CRT plans. Although we observed a similar mean dose of heart in either
cohort plans in our research, the larger PI in VMAT may indicated that VMAT plans played an important
role in sparing the heart from redundant doses. However, the V5 of heart, V5, V10 of ipsilateral lung, and
V5, V20 and mean dose of contralateral lung, as well as the V5 and mean dose of contralateral breast were
higher in the VMAT plans due to the low dose spread of VMAT in our study, the results agreed with many
studies comparing the dose of VMAT and 3D-CRT plans[13–15].

There are several limitations in this planning study. First, we recognize that the prediction of heart and
lung dose is sophisticated and using only structural metrics may be incomplete. Second, there is no
standard VMAT, and the dose in OAR depend on widely varying technology, beam setup, OAR constraints
et al. Thus, the relation between structural metrics and dose distributions may lack of generalizability.
Third, although CI index is similar between groups, it should be noted that the PI index is different
between these cohorts, suggesting that the groups are not completely matched, the VMAT group may
have larger or longer target.

Conclusion
we propose two structural metrics which were found to be associated with the dose distribution of heart
and left lung. These easily implementable and low-cost metrics are potential candidates for aiding the
decision making for the use of 3D-CRT plan or VMAT plan before the plans were generated. We
recommend that VMAT plan is preferable when CI index is greater than 4.2% and PI index is greater than
14.6%, while 3D-CRT plan is the �rst choice in the opposite. Our hypothesis require validation in the future
papers.

Abbreviations
3D-CRT
three-dimensional conformal radiation therapy
VMAT
volumetric modulated arc therapy
CI
cardiac intersection
PI
pulmonary intersection
OAR
organ at risk
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MHD
the mean dose of heart
MLLD
the mean dose of left lung
PMRT
Postmastectomy radiation therapy
CT
computer tomography
CTV
Clinical target volume
RTOG
Radiation Therapy Oncology Group
PTV
planning target volume
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Figure 1

Structural metrics displayed in axial (a), coronal (b) and sagittal (c) slices. The green, blue, cyan and pink
contours were PTV, TF, CI and PI, respectively.

Figure 2
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Correlation between CI index and mean dose of heart in 3D-CRT and VMAT (a: r=0.857 for 3D-CRT, p
0.01 r=0.45 for VMAT, p 0.01); CI index and V5 of heart (b: r=0.814 for 3D-CRT, p 0.01; r=0.328 for VMAT,
p 0.01); CI index and V30 of heart(c: r=0.869 for 3D-CRT, p 0.01; r=0.431 for VMAT, p 0.01)

Figure 3

Correlation between PI index and dose metrics of left lung in 3D-CRT and VMAT. (a. MLLD: r=0.697 for
3D-CRT, p 0.01 r=0.676 for VMAT, p 0.01); (b. V5 of left lung: r=0.568 for 3D-CRT, p=0.1; r=0.407 for
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VMAT, p 0.01); (c. V10 of left lung: r=0.663 for 3D-CRT, p 0.01; r=0.495 for VMAT, p 0.01); (d. V20 of left
lung: r=0.659 for 3D-CRT, p 0.01; r=0.6 for VMAT, p 0.01); (e. V30 of left lung: r=0.66 for 3D-CRT, p 0.01;
r=0.578 for VMAT, p 0.01); (f. V40 of left lung: r=0.691 for 3D-CRT, p 0.01; r=0.594 for VMAT, p 0.01).


