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Abstract
The clinical information on the relationship between the cardiac contact distance (CCD), the maximum dose (Dmax) delivered 
to the left anterior descending (LAD) coronary artery and the mean heart dose has mostly focused on patients with breast-
conserving surgery (BCS), being scarce in postmastectomy patients. The aim of this study is to determine the association 
between the CCD and the Dmax delivered to the LAD. The secondary objective was to evaluate the dosimetric results of 
comparing three-dimensional conformal radiotherapy (3D-CRT) to intensity-modulated radiotherapy (IMRT) and volumetric 
modulated arc therapy (VMAT) techniques for post mastectomized breast cancer patients with irradiation to the left chest 
wall. 53 cases of women who received adjuvant standard fractionated postmastectomy radiotherapy (PMRT) were used. 
Three types of plans were created for each patient: 3D-CRT, seven equidistant IMRT fields, and four partial VMAT arcs. 
Correlations were evaluated using Pearson’s correlation coefficient. Plans made with IMRT and VMAT showed improved 
homogeneity and conformity. Associations between CCD and Dmax to LAD were positive for all three plan types. Compared 
to 3D-CRT, the modulated intensity plans obtained better dose homogeneity and conformity to the target volume. The LAD 
and heart doses were significantly lower for IMRT and VMAT plans. The CCD can be used as a predictor of the maximum 
and mean doses of the LAD. Modulated intensity techniques allow for better dose distribution and dose reduction to the 
heart and LAD.

Keywords  Breast cancer · Radiotherapy · Left anterior descending coronary artery · Cardiac contact distance · 
Postmastectomy

Introduction

Breast-conserving surgery (BCS) and mastectomy followed 
by adjuvant radiotherapy are the standard treatments for 
breast cancer. Since many patients have a favorable progno-
sis, it is necessary to study the possible toxicities associated 

with radiotherapy treatment for their post-treatment quality 
of life.

The heart is one of the most radiosensitive organs in the 
human body since it is susceptible to both early and late 
toxicities. This is particularly important in women with left 
breast cancer, due to its proximity to the treatment region. A 
population-based study found that the risk of cardiac death 
is 1.7 times higher in patients who received adjuvant whole 
breast radiation therapy (WBRT) compared to those who 
were treated with surgery alone (Darby et al. 2005, 2013). 
The risk was considerably higher in patients with left-sided 
cancer. It was also pointed out that there is a linear relation-
ship between the mean heart dose (MHD) and an increased 
risk of major cardiac events, this strengthens the relation-
ship between radiotherapy and cardiac damage (Darby 
et al. 2013). Increasing the MHD by 1 Gy produces a 7.4% 
increase in the risk of major coronary events (Darby et al. 
2013). Another study states that adding 1 Gy of irradiation 
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to the MHD increases the risk of cardiotoxicity by 4% (Mège 
et al. 2011).

For radiotherapy (RT) treatments, in general, the entire 
heart is considered a single organ at risk (OAR). Neverthe-
less, recent studies consider that the dose to the coronary 
arteries could be a better predictor of radiation-induced tox-
icity in comparison to the whole heart dose (Borger et al. 
2007; Bramkamp et al. 2007; Hector and Trott 2007; Gagli-
ardi et al. 2010; Aznar et al. 2011; Poortmans et al. 2012); 
particularly to the left anterior descending (LAD) coronary 
artery, which is one of the most frequent sites of RT-related 
ischemic heart disease (Hector and Trott 2007). The LAD 
is more sensitive to radiation compared to myocardial tissue 
(Tan et al. 2012), so it is suggested that the dose delivered 
to the heart is not entirely reliable in determining the LAD 
dose (Tan et al. 2012); consequently it should be considered 
as an independent OAR. Nonetheless, it is not customary to 
contour the LAD for RT, this is partly due to the difficulty 
in delineating its narrow volume, as well as that it may not 
be necessary to specifically contour the coronary arteries 
as long as the Radiation Therapy Oncology Group (RTOG) 
guidelines are met (Shekel et al. 2014).

Meanwhile, numerous studies have sought to make use of 
anatomical characteristics as instruments to predict the radi-
ation dose to the heart during RT. Lee et al. (2015) evaluated 
80 women whose cohort characteristics were a diagnosis of 
left breast cancer treated with adjuvant RT without respira-
tory control, and found a correlation between the MHD and 
what they called cardiac contact distance (CCD), defining 
it as the length (measured in mm) in the parasagittal plane 
where any part of the thoracic wall makes contact with any 
part of the heart. There is a study that shows a correlation 
between the maximum dose (Dmax) delivered to the LAD and 
the CCD (Mendez et al. 2018). However, both studies focus 
on patients undergoing BCS. Information remains scarce for 
women undergoing mastectomy. Therefore, the aim of the 
present work is to study the possible association between the 
CCD and the Dmax delivered to the LAD for postmastectomy 
radiotherapy (PMRT) patients. The secondary objective was 
to compare the dosimetric results obtained from the three-
dimensional conformal radiation therapy (3D-CRT) with 
intensity-modulated radiation therapy (IMRT) and volumet-
ric modulated arc therapy (VMAT) techniques.

Materials and methods

Patient selection and planning

A retrospective review of the treatment records of 53 patients 
was conducted to quantitatively assess a cohort of women 
with histologically confirmed invasive left-sided breast can-
cer that underwent PMRT carried out at the authors’ clinic 

from January to December 2019. Patients who met the fol-
lowing criteria were excluded: women with a diagnosis of 
right breast cancer, previous RT to the chest, a diagnosis of 
bilateral breast cancer who had received RT to both chest 
walls, men with breast cancer, and diagnosis of the synchro-
nous primary tumor.

The computed tomography (CT) simulation was per-
formed with a single-energy 64-slice Siemens SOMATOM 
Definition AS VA44A scanner (Siemens Healthineer, Ger-
many). All CT scans were acquired during free breathing 
(FB). The patient was set up in a supine position with both 
arms raised and abducted at approximately 90°–120°. The 
patient’s head was turned to the right. The axial slice thick-
ness was 5 mm, in agreement with the institutional protocol 
of the authors’ workplace. The CT scans were not contrast 
enhanced and were acquired from the C1 to L1 vertebrae. 
Subsequently, all digital imaging and communications in 
medicine (DICOM) 3D-CT image data sets were transferred 
to the Eclipse Treatment Planning System (TPS) (v. 16.1, 
Varian Medical Systems; Palo Alto, CA, USA).

All patients had a standard fractionated PMRT (50 Gy 
in 25 fractions or 50.4 Gy in 28 fractions) over five to six 
weeks. The left chest wall or left chest wall with lymph 
nodes (axillary levels I, II, III, and supraclavicular) were 
considered in the clinical judgment of the radiation oncolo-
gist as the clinical target volume (CTV) according to the 
RTOG breast cancer contouring guidelines (White et al. 
2018). The planning target volume (PTV) was generated 
by expanding isotropically 7 mm from the CTV and it 
was trimmed 3 mm from the skin’s surface. According to 
the authors’ institutional local practice, the internal mam-
mary nodes (IMN) were not included in the CTV. The con-
toured OARs were: heart, which starts just inferior to the 
left pulmonary artery and ends in the diaphragm, it should 
encompass the pericardium to include the cardiac vessels, 
in accordance to the Feng atlas (Feng et al. 2011); the LAD 
coronary artery, which was delimited from the end of the left 
main coronary artery behind the pulmonary artery extending 
to the apex of heart, running in the interventricular groove, 
according to the proposal by Duane et al. (2017). Addition-
ally, the LAD-PRV (planning organ at risk volume) auxiliary 
structure was generated around the LAD by adding an ani-
sotropic margin (Fig. 1a, b.) with a diameter of 6 mm in the 
anterior–posterior direction and 10 mm from left to right, 
similar to what was proposed by Duma (2017). By using the 
TPS length measurement tool, the CCD was measured in 
a free-breathing CT on the parasagittal plane, as indicated 
by Lee et al. (2015) (Fig. 2). All contouring was done by 
the same radiation oncologist. The heart constraints were in 
accordance to QUANTEC (Gagliardi et al. 2010).

The same medical physicist generated three different 
plans for each patient, namely, 3D-CRT, IMRT and VMAT 
plans. All plans were made on the same set of CT images 
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and reviewed by a senior radiation oncologist. At least 95% 
of the prescription dose was intended to be delivered to 95% 
of the PTV volume. To make a fair comparison between the 
three techniques, all plans were normalized to this dose-
volume point value. The AAA algorithm (anisotropic ana-
lytical algorithm) was used in a Varian VitalBeam Linac 
equipped with a 120-leaf MLC using 6 MV beams, with a 
grid size of 2.5 mm.

All patients were originally treated using the 3D-CRT 
technique using two opposing tangential coplanar fields. 
The orientation of the beams was chosen to avoid angles 
directed toward critical normal structures (Rudat et al. 
2011; Duma 2017). Gantry angles ranged from 300° to 
310° for the anterior field, and from 120° to 130° for the 
posterior field. An angle of 0° was chosen for both the 
collimator and couch. Wedges were not used. The dose 
delivered to the LAD was not taken into account in the 
planning process (Mendez et al. 2018). The 3D-CRT plans 
were the treatments originally delivered to the 53 patients 
in 2019. LAD contouring at that time was not standard at 

the authors' workplace and was therefore not considered 
as an OAR. Subsequently, all cases were replanned using 
IMRT and VMAT to analyze the dosimetric differences 
between the three techniques in terms of doses delivered 
to the LAD and to the heart. In both modulated intensity 
modalities, the dose given to the LAD was restricted dur-
ing the planning process (this was not possible with the 
two tangential fields of the 3D-CRT plans). IMRT plans 
were created with seven equally spaced coplanar fields. 
They were placed in an angular sector of 230° in an axial 
plane around the left side of the patients. Gantry angles 
ranged from 300° to 170° (Popescu et al. 2006; Fogliata 
et al. 2007). Angles of 0° were established for both the 
collimator and couch. The sliding window technique was 
used with a fixed-dose rate of 600 Monitor-units/minute. 
Adequate dose coverage to the PTV was established as 
the highest priority in the optimization algorithm followed 
by the dose received from the OARs. In particular, it was 
sought to reduce the doses to the LAD and LAD-PRV as 
much as possible without compromising the dose delivered 
to the PTV. VMAT plans were generated with the same 
voltage as IMRT and 3D-CRT plans, but with a maximum 
dose rate of 600 monitor-units/minute. The plans con-
sisted of four coplanar fields of partial arcs with an angular 
extension of 230°. Two arcs rotated clockwise from 300° 
to 170°. The remaining two arcs rotated counterclockwise 
from 170° to 300° (Virén et al. 2015; Kang et al. 2019). 
Collimator angles of 30° and 330° were used for the clock-
wise and counterclockwise arcs, respectively. These col-
limator angles were chosen to limit the Tongue and Groove 
effect (Huang et al. 2014). The field size was restricted to 
15 cm since this is recommended to allow both sides of the 
MLC to reach all sides of the field and thus improve dose 
coverage to the PTV (Ugurlu and Temelli 2020). A couch 
angle of 0° was selected for all arcs.

Fig. 1   CT of a axial view of the LAD in pink (thin line) and of the LAD-PRV in yellow b view of the LAD and LAD-PRV the three visualiza-
tion planes

Fig. 2   Cardiac contact distance measurement in the parasagittal plane 
(red arrow)
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Dosimetric evaluation

A dose-volume histogram (DVH) was generated to perform 
a quantitative analysis of the PTV and OARs. The conform-
ity index (CI) was calculated using Eq. 1 (Lin et al. 2015):

where VPTV,ref refers to the volume of the 95% of the pre-
scribed dose that covers the PTV, VPTV refers to the volume 
of the PTV, and Vref is the volume of the 95% prescribing 
dose curve. The CI value is between 0 and 1, a CI value close 
to 1 indicates an ideal dose conformity. The homogeneity 
index (HI) was calculated with Eq. 2 (Ramasubramanian 
et al. 2019):

where D2%, D98% and D50% represent the doses received by 
2% (near maximum dose), 98% (near-minimum dose), and 
50% of PTV’s volume, respectively. A dose distribution with 
high homogeneity would have an HI of 0. Maximum (Dmax) 
and mean (Dmean) doses for LAD and LAD-PRV were evalu-
ated. Regarding the heart, MHD and V25Gy (the percentage of 
heart volume that received a dose of 25 Gy) were recorded.

Statistical analysis

All data were subjected to the Kolmogorov–Smirnov nor-
mality test. To analyze the dosimetric differences between 
the three planning techniques, the paired, two tails Student’s 
t-test was applied, and for non-normally distributed data the 
Wilcoxon signed ranks test was performed. The association 
between variables (CCD and Dmax to the LAD, among oth-
ers) was determined by calculating Pearson’s correlation 
coefficient. The threshold for statistical significance was 
p < 0.05. The statistical analyses were performed using the 
OriginPro Software Version 2018 (OriginLab Corporation, 
Northampton, MA, USA).

A sensitivity power analysis (Faul et al. 2007) was per-
formed to determine to what extent the Pearson coefficient 
would be reliable enough to detect effect sizes according to 
Cohen's guidelines (Cohen 1988, 1992) (Since the correla-
tion coefficient r is the measure of the effect size). These 
guidelines classify effect sizes as small, medium, and large 
for Pearson's r values of 0.10, 0.30, and 0.50, respectively 
(Cohen 1988, 1992). This was also done to estimate sample 
size limitations. Power analysis was performed using the 
statistical analysis software G*Power (Version 3.1.9.7, Hein-
rich-Heine-Universität, Düsseldorf, Germany) (Faul et al. 
2009) with a sample size of 53 patients, a significance level 

(1)CI =
VPTV,ref

VPTV

×
VPTV,ref

Vref

,

(2)HI =
D2%−D98%

D50%

,

(α) of 0.05 and a statistical power (1 − β) of 0.80 (Chaikh 
et al. 2014).

Results

The average age was found to be 55.62 ± 13.69 years (range 
31–89 years). The most frequent clinical stages were IIB 
and IIIA, which together corresponded to 32 cases (account-
ing for 60.36% of the sample). The mean PTV volume was 
660.63 ± 233.45 cm3 (range 268–1393.10 cm3). Clinically 
acceptable dose distributions were obtained for all plans. 
The CCD had an average length of 43.72 ± 17.13 mm (range 
0–87 mm).

Table 1 shows the dosimetric parameters of the PTV and 
OARs for the three techniques. Each parameter shows its 
standard deviation (SD). The p-values where a statistical dif-
ference is observed are marked in bold. The quality indices 
(CI and HI) revealed that the plans made with the IMRT and 
VMAT techniques have better homogeneity and conformity 
compared to the 3D-CRT plans. The CI and HI values for the 
3D-CRT plans were 0.5156 ± 0.1462 and 0.1812 ± 0.0728, 
respectively. For the IMRT plan, they were 0.8587 ± 0.0477 
and 0.1164 ± 0.0211, respectively. And for the plans made 
with VMAT they were 0.8615 ± 0.0448 and 0.1128 ± 0.0263, 
respectively. For CI, significant differences were found when 
comparing the 3D-CRT plans with IMRT (p < 0.001) and 
VMAT (p < 0.001) plans. A significant difference in HI 
was also observed when comparing 3D-CRT with IMRT 
(p = 0.019) and VMAT (p = 0.016). There was no significant 
difference between the IMRT and VMAT plans in terms of 
CI (p = 0.787) and HI (p = 0.478).

Doses to the LAD were substantially reduced using 
modulated intensity techniques. The Dmax to the LAD was 
45.96 ± 6.70 Gy (range 12.16—57.10 Gy) for 3D-CRT, 
22.51 ± 5.08 (range 12.88–34.43  Gy) for IMRT and 
22.95 ± 7.11 (range 12.40–45.04 Gy) for VMAT. For the 
Dmax delivered to the LAD, significant differences were 
observed when comparing 3D-CRT with IMRT (p < 0.001) 
and VMAT (p < 0.001). A reduction in Dmax of 51.02% and 
50.06% was observed for IMRT and VMAT, respectively. 
The Dmean to the LAD was 34.68 ± 10.13 Gy (range 3.55—
51.55 Gy) for 3D-CRT, 16.20 ± 4.21 (range 8.13- 27.26 Gy) 
for IMRT and 16.50 ± 5.61 (range 7.83–35.85  Gy) for 
VMAT. There were significant differences between 3D-CRT 
compared to IMRT (p < 0.001) and VMAT (p < 0.001). The 
Dmean reduction was 53.29% and 52.42% for IMRT and 
VMAT plans, respectively. No significant differences were 
observed in either Dmax or Dmean delivered to the LAD when 
comparing IMRT to VMAT.

Modulated intensity techniques also produced a signif-
icant reduction in the Dmax and Dmean delivered to LAD-
PRV. The Dmax to the LAD-PRV was 48.82 ± 4.77  Gy 
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(range 24.40–54.94 Gy) for 3D-CRT, 37.70 ± 7.43 (range 
19.39–51.16  Gy) for IMRT and 37.97 ± 7.99 (range 
18.04–50.85 Gy) for VMAT. When comparing the 3D-CRT 
versus IMRT plans, a reduction in Dmax of 22.78% was 
observed, with a significant difference (p < 0.001). The 
Dmax of the VMAT plans also had a significant difference 
(p < 0.001) compared to the 3D-CRT plans, with a dose 
reduction of 22.22%. No significant difference was observed 
when comparing the Dmax between IMRT and VMAT 
(p = 0.422). The Dmean to the LAD-PRV was 32.06 ± 9.89 Gy 
(range 5.89–53.11 Gy) for 3D-CRT, 17.51 ± 4.49 (range 
9.05–28.51  Gy) for IMRT and 18.33 ± 5.48 (range 
8.80–33.57 Gy) for VMAT. Significant differences were 
present when comparing 3D-CRT with IMRT (p < 0.001) 
and VMAT (p < 0.001) and when comparing IMRT with 
VMAT (p < 0.001). IMRT plans presented the lowest Dmean 
among the three techniques. The Dmean reduction for LAD-
PRV when compared to 3D-CRT was 45.38% and 42.83% 
for IMRT and VMAT, respectively.

The MHD of the different techniques was 9.07 ± 4.30 Gy 
(range 1.27–17.46 Gy) for 3D-CRT, 7.49 ± 1.77 (range 
4.12–12.26  Gy) for IMRT and 7.69 ± 2.29 (range 
4.38–14.44 Gy) for VMAT. A significant difference was 
observed when comparing 3D-CRT to IMRT (p = 0.004) 
and VMAT (p = 0.011). There was no significant difference 
between IMRT and VMAT (p = 0.075). The V25Gy to the 
heart also had a decrease for modulated intensity techniques. 
For the 3D-CRT technique, it was 6.21 ± 3.59% (range 
0.01–16.28%) while it was close to 0% for both IMRT and 
VMAT. The IMRT technique presented the smallest per-
centage of heart volume irradiated to 25 Gy. Significant 

differences were observed when comparing 3D-CRT to 
IMRT (p < 0.001) and VMAT (p < 0.001), as well as when 
comparing IMRT to VMAT (p < 0.001).

The Pearson correlation coefficients (r) between the CCD 
with Dmax and Dmean of the LAD and the LAD-PRV are 
summarized in Table 2 for the three treatment techniques. 
In the same table, the r values for the MHD with the afore-
mentioned doses are shown. Associations between Dmax and 
Dmean to the LAD with their respective Dmax and Dmean to 
the LAD-PRV are also summarized in Table 2. The p values 
with statistical significance are again in bold format.

Figure 3a shows the correlation between the CCD and 
Dmax delivered to LAD for the three treatment techniques. 
According to Cohen's criteria (Cohen 1988, 1992), the three 
techniques presented a medium positive correlation. How-
ever, for the CCD versus Dmax LAD relation there was no 
statistical significance in the VMAT plans (p > 0.05). The 
correlation for the 3D-CRT technique was the strongest 
among the three (r = 0.36, p = 0.007). Figure 3b shows the 
correlation between CCD and Dmean to LAD for the three 
techniques. All treatment modalities presented medium 
positive correlation according to Cohen's criteria (Cohen 
1988, 1992). The 3D-CRT plans had strongest correlation 
(r = 0.43, p < 0.001).

The relationship of the CCD with Dmax and Dmean to the 
LAD-PRV for the three types of plans are shown in Fig. 4a, 
b, respectively. All the techniques had positive correla-
tions. However, for the CCD versus Dmax LAD-PRV rela-
tion there was no statistical significance in the VMAT plans 
(p > 0.05). The rest of the treatment modalities had medium 
correlations (Cohen 1988, 1992). The strongest correlations 

Table 1   PTV dosimetric parameters for the 3D-CRT, IMRT and VMAT plans

SD standard deviation, CI conformity index (Eq. 1), HI homogeneity index (Eq. 2); bold p-values indicate statistical significance between the 
three planning techniques. Range is in parentheses

Structure Parameter 3D-CRT 
(mean ± SD)

IMRT 
(mean ± SD)

VMAT 
(mean ± SD)

p-value

3DCRT vs IMRT 3DCRT vs VMAT IMRT vs VMAT

PTV CI 0.5156 ± 0.1462
(0.2559–0.7800)

0.8587 ± 0.0477
(0.7968–0.9761)

0.8615 ± 0.0448
(0.7942–0.9660)

< 0.001 < 0.001 0.787

HI 0.1812 ± 0.0728
(0.1043–0.3181)

0.1164 ± 0.0211
(0.0978–0.1722)

0.1128 ± 0.0263
(0.0769–0.1718)

0.019 0.016 0.478

LAD Dmax (Gy) 45.96 ± 6.70
(12.16—57.10)

22.51 ± 5.08
(12.88–34.43)

22.95 ± 7.11
(12.40–45.04)

< 0.001 < 0.001 0.256

Dmean (Gy) 34.68 ± 10.13
(3.55—51.55)

16.20 ± 4.21
(8.13–27.26)

16.50 ± 5.61
(7.83–35.85)

< 0.001 < 0.001 0.318

LAD-PRV Dmax (Gy) 48.82 ± 4.77
(24.40–54.94)

37.70 ± 7.43
(19.39–51.16)

37.97 ± 7.99
(18.04–50.85)

< 0.001 < 0.001 0.422

Dmean (Gy) 32.06 ± 9.89
(5.89–53.11)

17.51 ± 4.49
(9.05–28.51)

18.33 ± 5.48
(8.80–33.57)

< 0.001 < 0.001 < 0.001

Heart MHD (Gy) 9.07 ± 4.30
(1.27–17.46)

7.49 ± 1.77
(4.12–12.26)

7.69 ± 2.29
(4.38–14.44)

0.004 0.011 0.075

V25Gy (%) 6.21 ± 3.59
(0.01–16.28)

0.204 ± 0.399
(0–1.63)

0.715 ± 1.353
(0–7.35)

< 0.001 < 0.001 < 0.001



412	 Radiation and Environmental Biophysics (2022) 61:407–423

1 3

corresponded to the IMRT (r = 0.34, p = 0.013) and 3D-CRT 
(r = 0.41, p = 0.003) for Dmax LAD-PRV and Dmean LAD-
PRV, respectively.

Figure 5a–c present the relationship between the MHD 
and the Dmax delivered to the LAD for the 3D-CRT, IMRT 
and VMAT plans, respectively. There is a drastic increase in 

the correlation when using modulated intensity techniques 
since it went from being almost non-existent for 3D-CRT 
and without statistical significance (r = 0.09, p > 0.05) to val-
ues considered large according to Cohen's criteria (Cohen 
1988, 1992). The VMAT technique obtained the highest cor-
relation value among the three (r = 0.87, p < 0.001).

The relationship between MHD and Dmean to LAD is 
shown in Fig. 6a–c for 3D-CRT, IMRT and VMAT tech-
niques, respectively. The correlation coefficient increases 
significantly; since it goes from a medium value for 3D-CRT 
(r = 0.30, p = 0.028) to large values for both IMRT (r = 0.82, 
p < 0.001) and VMAT (r = 0.85, p < 0.001).

Figure 7a–c show the relationship between MHD and 
Dmax LAD-PRV. The correlation increases greatly when 
using modulated intensity techniques, since it goes from 
being practically non-existent for 3D-CRT (r = 0.07, 
p = 0.598) to large values for both IMRT (r = 0.60, p < 0.001) 
and VMAT (r = 0.66, p < 0.001).

For the three treatment techniques, the relationship 
between the MHD and the Dmean delivered to the LAD-
PRV is shown in Fig. 8. Pearson's coefficient again shows a 
significant increase, since it goes from a medium (r = 0.31, 
p = 0.024) to large values both in IMRT (r = 0.82, p < 0.001) 
and in VMAT (r = 0.87, p < 0.001).

Figure 9 shows the association between the maximum 
doses delivered to LAD and LAD-PRV. All techniques 
showed that there is a very strong correlation between Dmax 
to the LAD and Dmax to the LAD-PRV. For 3D-CRT, IMRT 
and VMAT plans the correlation coefficients were r = 0.90 
(p < 0.001), r = 0.92 (p < 0.001) and r = 0.87 (p < 0.001), 
respectively.

Figure 10 shows the associations between the mean doses 
delivered to the LAD and the LAD-PRV. The correlations 
were very large for all three types of plans. The 3D-CRT 
technique had the lowest correlation (r = 0.95, p < 0.001) 

Table 2   Correlation between various anatomical and dosimetric 
parameters

CCD cardiac contact distance, MHD mean heart dose
Bold p-values indicate statistical significance

Parameter Correlation coefficient (r)

3D-CRT​ IMRT VMAT

CCD versus  Dmax LAD 0.36 0.31 0.30
p = 0.007 p = 0.024 p = 0.308

CCD versus  Dmean LAD 0.43 0.34 0.32
p = 0.001 p = 0.014 p = 0.019

CCD versus  Dmax LAD-PRV 0.33 0.34 0.27
p = 0.017 p = 0.013 p = 0.052

CCD versus  Dmean LAD-PRV 0.41 0.36 0.34
p = 0.003 p = 0.009 p = 0.013

MHD versus  Dmax LAD 0.09 0.74 0.87
p = 0.536 p < 0.001 p < 0.001

MHD versus  Dmean LAD 0.30 0.82 0.85
p = 0.028 p < 0.001 p < 0.001

MHD versus  Dmax LAD-PRV 0.07 0.60 0.66
p = 0.598 p < 0.001 p < 0.001

MHD versus  Dmean LAD-PRV 0.31 0.82 0.87
p = 0.024 p < 0.001 p < 0.001

Dmax LAD versus  Dmax LAD-PRV 0.90 0.92 0.87
p < 0.001 p < 0.001 p < 0.001

Dmean LAD versus  Dmean LAD-
PRV

0.95 0.99 0.99
p < 0.001 p < 0.001 p < 0.001
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Fig. 3   Relationship between CCD and a Dmax and b Dmean delivered to the LAD for the 3D-CRT, IMRT and VMAT plans
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while the modulated intensity techniques had a slightly 
higher correlation (r = 0.99, p < 0.001).

Discussions

RT decreases the local recurrence rate and improves sur-
vival in a breast cancer scenario (Overgaard et al. 1997, 
1999), however, it is also related to the presence of coronary 
events, particularly with the increase in the MHD (Darby 
et al. 2013). This information was confirmed by Van Den 
Bongaard et al. (2017). The adverse effects produced by 
RT on the breast have been studied extensively in recent 
years. Long-term heart damage is the main negative effect 
of concern. Coronary artery disease is the main cause of this 
(Miller et al. 2012). In the literature, it is reported that the 
risk of cardiac toxicity is greater for patients with left than 
right breast cancer (Harris et al. 2006). The introduction of 
modern RT techniques promises to decrease cardiac toxicity.

The sensitivity power analysis showed that a Pearson 
correlation coefficient with 53 participants would only be 

sensitive to the effects of r = 0.33 with a power of 80% 
(significance level α = 0.05, one tail). This means that the 
present work would not be able to reliably detect correla-
tions smaller than r = 0.33. Therefore, according to Cohen's 
criteria (Cohen 1988, 1992), this work would be able to 
adequately detect medium to large correlations. The effect 
size for the relationship between CCD and Dmax to the LAD 
(r = 0.36) for the 3D-CRT plans in this work was considered 
to be as medium, and based on the above, it can be sug-
gested that this study is sensitive enough to detect said effect 
size. In this way, the sample size of 53 patients used by the 
authors is more than adequate to support the idea that there 
is a positive correlation between CCD and the Dmax deliv-
ered to the LAD. However, correlations lower than r = 0.33 
were also obtained and it is therefore important to discuss 
the limitations of the present research. There are many ways 
to ensure that this work is sensitive enough to detect a given 
effect size, namely lowering the statistical power (1 − β) or 
the level of significance (α), or increasing the sample size 
(Lakens 2022). According to the above, a sensitivity power 
analysis (α = 0.05, 1 − β = 0.80, one tail) shows that for the 
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Fig. 6   Relationship between MHD and Dmean LAD for the a 3D-CRT, b IMRT and c VMAT plans
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present work to be sensitive enough to detect r values of 
0.30, 0.20 and 0.10, it would be necessary to select 65, 147 
and 564 patients, respectively. To the best of the authors' 
knowledge, there are very few LAD-related studies with this 
number of patients. Another limitation could arise if the sta-
tistical power value was increased to 90% or 95%, since this 
would imply that with a sample size of 53 patients (α = 0.05, 
one tail) it could not be possible to correctly detect Pearson’s 
coefficients smaller than r = 0.38 and r = 0.43, respectively. 
However, these power values are considered very high and 
are not generally used (Cohen 1988).

Previous studies have shown an association between 
CCD and cardiac dosimetric parameters (Wang et al. 2012; 
Lee et al. 2015), however, this information was focused on 
BCS, while not much information is available in a post-
mastectomy scenario. The objective of this study was to 
determine the association between the CCD and the Dmax 
delivered to the LAD in PMRT patients and the existence 
of a statistically significant positive linear correlation was 
demonstrated. Lee et al. (2015) reported the correlation 

between the mean dose to the heart and the length of the 
CCD. Their work employed 80 patients in a free-breathing 
CT, with left breast cancer and BCS. They found a cor-
relation of r = 0.524. Meanwhile, Mendez et al. (2018), 
studied the relationship between diverse cardiac distance 
metrics and Dmax and Dmean to the LAD. They employed 50 
patients with left breast cancer and BCS. The first metric 
was the CCD and was defined similarly to the work of 
Lee et al. (2015). The other anatomical metric proposed 
("4th arch") was calculated by measuring the distance 
from the left sternal to the beginning of the lung paren-
chyma edges, at the fourth costal arch level (Mendez et al. 
2018). In their study, correlation coefficients r = 0.32 and 
r = 0.49 were found between the CCD and the MHD and 
Dmax LAD, respectively. For the "4th arch" parameters, 
r = 0.61 and r = 0.55 were obtained for the MHD and Dmax 
LAD, respectively. Based on these results, both studies 
suggest using these anatomical metrics as a predictor of 
the need to use breath-hold radiotherapy (BH) in patients 
with left breast cancer and BCS (Lee et al. 2015; Mendez 
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Fig. 7   Relationship between MHD and Dmax LAD-PRV for the a 3D-CRT, b IMRT and c VMAT plans
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et al. 2018). Therefore, the results of this study agree with 
those reported in previous works.

Hiatt et al. (2006) used the CCD length measured in 
an axial (CCDax) and parasagittal (CCDps) planes as 
a tool to identify patients with "unfavorable" anatomy, 
which were defined as those cases where CCDax > 50 mm 
and CCDps > 20 mm. In a subsequent study, the same 
authors unsuccessfully attempted to use CCDax as a pre-
dictive tool for the irradiated volume of the heart. This 
was because the interaction of anatomical factors (heart, 
chest wall, breast) and their relationship with tangential 
fields was much more complex than expected (Evans et al. 
2012). Based on the findings mentioned above, Rochet 
et al. (2015) proved that the CCDps was an adequate pre-
dictor of dose to the heart, left ventricle and LAD, that is, 
a higher CCDps implied a higher dose. However, in all 
the previous studies, only BCS patients were included. 
Therefore, in the present work, it has been shown that the 
CCD can be used as a tool to predict doses to cardiac sub-
structures such as the LAD in PMRT.

Other studies have also tried to correlate MHD and Dmax 
LAD. Aznar et al. (2011) found that although a low MHD is 
related to low doses of the LAD when MHD is increased it 
will not necessarily result in high doses of the LAD; Jacob 
et al. (2019) also failed to verify that MHD is an adequate 
predictor of dose to the coronary arteries. In the study by 
Atkins et al. (2021) an attempt was made to characterize 
these disagreements between the MHD and the LAD dose 
for patients with lung cancer; however, they stated that the 
former cannot be used to predict the dose to the latter. In 
this work, it was also confirmed that there is no significant 
association between MHD and the Dmax LAD for plans made 
with tangential 3D-CRT. On the contrary, when the associa-
tion between MHD and Dmean LAD is analyzed there is a low 
and statistically significant positive association (r = 0.30 and 
p = 0.02); this is similar to what Evans et al. (2013) reported. 
However, for the modulated intensity techniques there is a 
high correlation between the MHD and the Dmax and Dmean 
to the LAD and LAD-PRV. This could be explained by tak-
ing into account that a fair comparison between treatment 
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techniques is difficult. The results depend on the choices 
made during the planning process, such as the constraints 
used and the modifications they undergo during optimiza-
tion. This is particularly true for modulated intensity tech-
niques. For certain anatomical regions, e.g. prostate, it is 
possible to standardize the number and angles of treatment 
fields for most patients. However, the anatomy of the breast 
is highly variable and complex, which makes it difficult to 
standardize the planning process in IMRT and VMAT. In 
this work, we sought to standardize the planning process as 
much as possible, using the same fields and optimization 
templates, but the anatomy of the patients and the target 
volumes were highly variable. Therefore, these differences 
could have influenced the dosimetric results obtained for the 
plans made with the modulated intensity techniques.

This study also compared free-breathing 3D-CRT, IMRT, 
and VMAT techniques in left-sided breast cancer patients 
that underwent PMRT. Modulated Intensity techniques 
showed better conformity and homogeneity compared to 
3D-CRT. VMAT obtained the most homogeneous plans 

and with the best conformity (no significant difference from 
IMRT), while IMRT presented the lowest Dmax and Dmean 
to LAD, and the smallest MHD and V25Gy to the heart (no 
significant difference from VMAT). Previous studies have 
shown the advantages of intensity-modulated techniques 
compared to 3D-CRT for the entire breast in patients with 
early-stage breast cancer (Rudat et al. 2011; Qiu et al. 2014; 
Virén et al. 2015). There are reports of lower doses for vari-
ous OARs such as ipsilateral lung, contralateral lung, con-
tralateral breast, heart and LAD using IMRT or VMAT for 
whole breast radiotherapy (Zhou et al. 2011; Virén et al. 
2015). Fiorentino et al. (2017) compared plans made with 
four fields of IMRT with 3D-CRT in patients with early 
breast cancer. Their work concluded that the IMRT plans 
were superior in terms of conformity, homogeneity and dose 
to the OARs. Hong et al. (1999) reported that the use of 
equally spaced angles in IMRT improves the values of CI, 
HI and the dose received in normal tissues. However, for 
post mastectomized patients with irradiation of the chest 
wall, information is scarce. The geometric differences 
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between the chest wall and the whole breast are noticeable, 
and these differences could have an impact on the result-
ing dose distribution, both for the PTV and OARs (Rastogi 
et al. 2018). In the present work, statistically significant 
improvements were noted in both CI and HI when compar-
ing 3D-CRT plans to IMRT and VMAT. Similar results were 
reported in the studies by Seong Hee-Khan et al. (2019) 
and Viköstrm et al. (2018). Additionally, the use of multiple 
fields of IMRT has been used to achieve high-dose sparing 
to the heart in early breast cancer patients with inconvenient 
thoracic geometry (Lohr et al. 2009; Coon et al. 2010). In the 
aforementioned work, IMRT was compared to 3D-CRT and 
a reduction in heart volumes receiving ≥ 30 Gy is reported 
by 87% (Lohr et al. 2009), or ≥ 35 Gy by 81% (Coon et al. 
2010). These dose reductions were achieved without using 
techniques such as deep inspiration breath hold (DIBH) or a 
gating device, just as it was carried out in the present work. 
Furthermore, in the present study it has been shown that it 
is possible to reduce high doses to the LAD and to the heart 
by contouring the LAD, since, as previously mentioned, the 

plans made with 3D-CRT had not taken into account the 
LAD and its PRV as OARs in the planning process. As a 
result of contouring the LAD, the modulated intensity plans 
achieved a reduction of about 51% and 52% for the Dmax and 
Dmean to the LAD, respectively. Regarding the heart, IMRT 
and VMAT achieved a reduction in MHD of between 15 
and 17%, and for V25Gy this decrease was even more dra-
matic, being close to 90%. This is of fundamental impor-
tance since it is recognized that V25Gy < 10% is associated 
with a reduced probability of long-term cardiac mortality 
(Sardaro et al. 2012). This could be explained due to the 
fact that IMRT and VMAT allow a decrease in both the 
LAD region and the caudal part of the radiation field (Mast 
et al. 2013). Generally, the LAD is very close to the treat-
ment fields, this is unavoidable due to the position of the 
heart and more specifically the position of the LAD in the 
thorax. Limiting the dose received by the caudal part of the 
LAD could be of great clinical relevance since Nilsson et al. 
(2012) described a four- to seven-fold increase in high-grade 
coronary stenosis after radiotherapy in the medial and distal 
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LAD when comparing right and left breast cancer patients. 
When the LAD contouring is done prospectively, the Dmax 
is lower than when it’s done retrospectively (Vayntraub et al. 
2021); since the measurement in the present work for the 
3D-CRT plans were of a retrospective nature, high doses 
were recorded for the LAD, therefore it is proposed that the 
contouring of this structure should be carried out in all left 
breast cancer patients who will undergo PMRT. The cur-
rent trend is the transition to hypofractionated treatments 
(Braunstein et al. 2020), and that is why precision becomes 
of utmost importance. For example, Cooper et al. (2016), 
associated a separation of at least 2.5 mm from the LAD 
to the edge of a tangential field with a Dmax  < 10 Gy; and 
Wang et al. (2012), recommended to keep the LAD more 
than 5 mm from the edge of the tangential field.

Beaton et al. (2019) reported that the risk of cardiac death 
within 10 years is very low when the heart has a Dmean less 
than 3.3 Gy, and the Dmax received by the LAD is less than 
45.4 Gy. In the present study, it was possible to comply with 
this restriction to the Dmax of the LAD, however, the Dmean 
to the heart was greater than 3.3 Gy for all three planning 
techniques. This could be explained by the fact that the plan-
ning process was done with a CT taken in free breathing. 
One way to achieve the aforementioned restrictions is to plan 
using DIBH. There is a previous study where the usefulness 
of sustained DIBH is recognized for the significant reduction 
of the dose delivered to the heart and lungs (Remouchamps 
et al. 2003). Quirk et al. (Quirk et al. 2020), retrospectively 
evaluated the dose of the LAD, in breast cancer patients 
who received either total breast irradiation or irradiation 
to the left chest wall and determined that sustained deep 
inspiration significantly reduces both the Dmean LAD and 
MHD. However, it was not performed in this work, since 
a respiratory gating device was not available in our clinic. 
Similarly, Poitevin-Chacón et al. (2018) obtained doses of 
the LAD in a range of 3.66–53.01 Gy, and for this reason 
they emphasize the importance of contouring the LAD and 
the use of DIBH to reduce cardiac doses. Other studies also 
suggest that doses to cardiac sub-structures should be lim-
ited in addition to the MHD. For example, Wennstig et al. 
(2019) suggested that limiting doses to the LAD as much 
as possible would reduce the risk of radiation-induced ste-
nosis. However, many authors state that it is not possible 
to establish a threshold dose for the heart and LAD, this is 
summarized in a systematic review by Sardaro et al. (2012). 
Due to the above, and because the clinical effects caused by 
low doses of the LAD are not yet known, the authors of this 
work consider that the best practice is to maintain the low-
est possible doses of both the heart and LAD. On the other 
hand, it is difficult to estimate the possible clinical effect of 
reducing the doses received to the heart and its substruc-
tures by the use of techniques such as IMRT and VMAT. 
This is because the development of radiation-related heart 

diseases is a very complex process since it involves many 
cardiac structures with different radiosensitivities (Senkus-
Konefka and Jassem 2007; Darby et al. 2010). Furthermore, 
there are a large number of other factors that can induce the 
development of radiation-related heart disease, namely obe-
sity, smoking, hypertension, use of cardiotoxic agents such 
as anthracyclines, taxane drugs and anti-human epidermal 
growth factor receptor 2 (anti-HER2) therapy. It is for all 
of the above that it is recommended to minimize cardiac 
exposure to radiation (Senkus-Konefka and Jassem 2007).

Another important factor was the thickness of the CT 
scan slices since it made it difficult to visualize the LAD 
in the distal regions. Unlike the study by Lee et al. where 
the tomographic slices were 2 mm (Lee et al. 2015), in this 
work the CT slices had a thickness of 5 mm. Anatomical 
atlases such as those by Feng et al. (2011) are used to cor-
rectly contour the LAD. However, the LAD is a structure 
with a diameter of approximately 3.7 ± 0.4 mm in the proxi-
mal parts and 1.9 ± 0.4 mm in the distal parts (Dodge et al. 
1992); therefore, it is not always visible on a CT image. This 
causes variations in its delineation and dose evaluation (Fan 
et al. 2014; Kaderka et al. 2019). Lorenzen et al. (2013) even 
reported that there were important inter-observer disparities 
in LAD length that could not be reduced even using guide-
lines. Other factors of irregularity and uncertainty that could 
affect LAD contouring are cardiac and respiratory motion 
(White et al. 2015), CT thickness and use of intravenous 
contrast (Wennstig et al. 2016). Therefore, it is crucial to 
quantify the dosimetric impact of these uncertainties when 
contouring the LAD. This difficulty can be addressed by 
creating a structure with adequate margins around the LAD. 
In this way, the uncertainties described above can be cov-
ered (White et al. 2015; Wennstig et al. 2016; Duma 2017; 
Lee et al. 2017). White et al. (2015) used a structure with 
a margin of 2 mm in the anterior–posterior direction and 
4 mm in the left–right plane to minimize the effects caused 
by cardiac and respiratory motion. For CT scans with a 
slice thickness of 5 mm (as it was used in the present study) 
Duma (2017) recommend using an auxiliary structure with a 
width of 5 mm in the anterior–posterior direction and 10 mm 
from left to right around the LAD. By adding a margin to 
the LAD of 6 mm Wennstig et al. (2016) were even able 
adequately contour the LAD using CT scans with slice thick-
nesses ranging from 2 to 15 mm. In other studies, the LAD 
was delineated without the use of contrast using anatomical 
references such as the anterior-interventricular groove. In 
addition to the above, they used a structure around the LAD 
made with an isotropic margin of 10 mm to limit uncertain-
ties caused by cardiac/respiratory motion (Kirby et al. 2010). 
In the present study, an auxiliary structure (PRV-LAD) was 
used that had a diameter of 6 mm in the anterior–posterior 
direction and 10 mm from left to right, this agrees with the 
dimensions of the aforementioned studies. Additionally, in 
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the works of Duma (2017) and Lee et al. (2017) it is reported 
that there was an excellent correlation between the Dmean 
delivered to the LAD and the Dmean received by its auxil-
iary structure (r > 0.90). In both cases, this correlation was 
higher than that observed between MHD and Dmean LAD. 
This allowed them to suggest that the auxiliary structure can 
be used to accurately predict the dose to the LAD (Lee et al. 
2017). The present work agrees with those results, that is, 
great correlations (r > 0.90) were observed for both the Dmax 
and Dmean of the LAD with their respective Dmax and Dmean 
for the LAD-PRV. Due to the above, it is concluded that the 
LAD-PRV contour ensures the adequate inclusion of the 
LAD. As said structure represents the relative region where 
the LAD is assumed to lie, it is suggested that the contouring 
uncertainties could be acceptable.

Based on all these studies, the present research found 
that the LAD and LAD-PRV are not routinely contoured in 
patients with postmastectomy left breast cancer. These two 
structures were identified as OARs and taken into account 
for the IMRT and VMAT planning process. This allowed to 
significantly reduce the doses to these structures along with 
the dose delivered to the heart. It is for all of the above that 
the authors strongly recommend the contouring of the LAD 
and its PRV, this becomes even more important in work-
places where it is not possible to implement techniques such 
as DIBH or use gating devices. This is important, since the 
implementation of both treatment modalities is complicated 
and not always possible since both require high technical, 
economic and human resources (Giraud and Houle 2013; 
Sanjoy et al. 2018).

Conclusions

In this work, it was established that CCD has a positive lin-
ear association with Dmax to the LAD. For CT simulation 
protocols where it is not possible to visualize the LAD with 
certainty, it is possible to choose to contour an auxiliary 
structure around it (in this work it was the LAD-PRV) as 
an OAR, in this way, it is possible to ensure the adequate 
inclusion of the LAD, minimize uncertainties due to cardiac 
or respiratory motion, and improve consistency in contour-
ing and dose reporting. There was a very high correlation 
between the Dmax and Dmean to the LAD with their respective 
Dmax and Dmean to the LAD-PRV, therefore the LAD-PRV 
could be used to accurately predict the dose to the LAD. 
This method could be useful for work centers where it is not 
possible to implement DIBH or gating devices. It was deter-
mined that modulated intensity techniques such as IMRT 
and VMAT made it possible to significantly reduce doses 
to LAD, LAD-PRV, and heart. In addition, the present work 
proposes that it is plausible that CCD is used as a tool to 
identify patients with unfavorable cardiac anatomy, where 

the use of 3D-CRT tangential fields would not be convenient 
and where the use of techniques such as IMRT and VMAT 
would be a better option.
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