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Abstract

Background: Breast cancer is the most frequently diagnosed and 
leading cause of cancer-related deaths among females. The treatment 
of breast cancer with radiotherapy, albeit effective, has been shown 
to be toxic to the heart, resulting in an elevated risk of cardiovascular 
disease and associated fatalities.

Methods: In this study, we evaluated the impact of respiratory move-
ment, treatment plans and dose calculation algorithm on the dose de-
livered to the heart and its substructures during left breast radiothera-
py over a cohort of 10 patients. We did this through three image sets, 
four different treatment plans and the employment of three algorithms 
on the same treatment plan. The dose parameters were then employed 
to estimate the impact on the 9-year excess cumulative risk for acute 
cardiac events by applying the model proposed by Darby.

Results: The left ventricle was the structure most irradiated. Due 
to the lack of four-dimensional computed tomography (4DCT), we 
used a set of images called phase-average CT that correspond to the 
average of the images from the respiratory cycle (exhale, exhale 
50%, inhale, inhale 50%). When considering these images, nearly 
10% of the heart received more than 5 Gy and doses were on av-
erage 27% higher when compared to free breathing images. Deep 
inspiration breath-hold plans reduced cardiac dose for nine out of 
10 patients and reduced mean heart dose in about 50% when com-
pared to reference plans. We also found that the implementation of 
deep inspiration breath-hold would reduce the relative lifetime risk 

of ischemic heart disease to 10%, in comparison to 21% from the 
reference plan.

Conclusion: Our findings illustrate the importance of a more accu-
rate determination of the dose and its consideration in cardiologists’ 
consultation, a factor often overlooked during clinical examination. 
They also motivate the evaluation of the dose to the heart substruc-
tures to derive new heart dose constraints, and a more mindful and 
individualized clinical practice depending on the treatment employed.

Keywords: Cardiac dose; Left breast radiotherapy; Deep inspiration 
breath-hold; Risk of ischemic heart disease

Introduction

In 2019, heart disease and cancer were the leading causes of 
death worldwide [1]. As of 2021 [2, 3], breast cancer is the 
most frequently diagnosed cancer and leading cause for cancer 
deaths in females [4]. Radiotherapy (RT) is used as a com-
plement to surgery (and chemotherapy) to reduce relapses and 
disease-related mortality [5]. Long-term patient survival has 
increased thanks to improvements in technology, and adverse 
effects related to the treatment, such as cardiovascular morbid-
ity and mortality, are becoming increasingly relevant [6]. One 
systemic review assessed the risk of cardiovascular disease 
(CVD) in over a million women with breast cancer and found 
that CVD mortality is higher in breast cancer patients than in 
the general population, with 1.6% to 10.4% of all women with 
breast cancer dying of CVD [7].

Cardiovascular health and its risk factors were originally 
brought to light in the Framingham study [5], and continue to 
be essential in modern medicine, proving particularly impor-
tant for breast cancer patients who are exposed to cardiotoxic-
ity, a known side effect of RT. The relevance of cardiotoxicity 
in breast cancer RT is such that studies have quantified the 
relationship between ischemic heart disease (IHD) and mean 
heart dose (MHD) [8, 9]. Even though the mechanisms by 
which radiation induces heart disease are complex, nowadays 
they are better understood (Fig. 1) [8, 10-13]. Darby et al [8] 
found that for women treated with breast cancer RT, there is 
a linear correlation between heart dose and the rate of major 
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cardiac events, with each Gray of MHD increasing the rate by 
7.4%, with no apparent threshold. This has raised interest in 
cardiac surveillance and dose reduction to prevent cardiotoxic-
ity and adverse outcomes.

Several strategies and studies have been published seek-
ing to alleviate these problems and further our knowledge in 
regard to this matter, such as early detection of cardiac events 
[14, 15], evaluation of the dose to the substructures of the heart 
under different techniques of breast cancer RT [16-18], and the 
heart ischemic disease risk associated with the treatment [19, 
20]. One such technique to reduce cardiac dose is moving the 
heart away from the breast during treatment with deep inspira-
tion breath-hold (DIBH). A review of six studies evaluating 
the dosimetric impact of this technique for conformal radiation 
therapy reports MHD reductions ranging from 38% to 54% 
[21]. These findings are in agreement with previous works, 
which provide additional insights on the reduction of irradi-
ated heart volume and other cardiac dose metrics [22-25].

However, despite previous approaches [13, 26], it remains 
unclear whether hot spots or MHD determine adverse cardiac 
effects. It has been suggested that certain areas of the heart 
might be more sensitive to radiation [27], such as the left an-
terior descending coronary artery (LAD), which is frequently 
included in the treatment field [28]. It has been also shown that 
the volume of the left ventricle within the treatment field pre-
dicts the development of short-term myocardial perfusion de-
fects [29], and that the dose to upper substructures of the heart 
(atria and vessels) can be associated with non-cancer death 
[30, 31]. A study of lung cancer RT has also shown that doses 

to specific heart substructures can be associated with differ-
ent types of cardiac events, such as pericarditis, ischemia and 
arrhythmia [27]. This highlights the importance of contouring 
heart substructures to evaluate the dose distribution within the 
heart [28].

To the best of our knowledge, none of the prior studies 
evaluated the impact of intrafractional respiratory movement 
or the dose calculation algorithm employed on the cardiac sub-
structures. Therefore, the objective of our work was to assess 
the effect of respiratory movement, treatment plans, and dose 
calculation algorithms on the dose to the heart and its substruc-
tures in a small cohort of patients undergoing left breast RT. 
Additionally, we aimed to investigate any changes in the is-
chemic risk associated with these scenarios.

Materials and Methods

We assessed RT dose distributions calculated for 10 patients 
with left breast carcinoma (Table 1). The purpose of this study 
was to analyze the effect of respiratory movement, treatment 
plans, and dose calculation algorithm on MHD. To accomplish 
this, we utilized three sets of images: free breathing (FB), 
DIBH, and a third set consisting of the average of images 
taken at four phases of the respiratory cycle (inhale, 50% in-
hale, 50% exhale and exhale) referred to as phase-average CT 
(paCT). Since a real four-dimensional computed tomography 
(4DCT) was not available at our institution, we defined the 
4DCT image set for this study as the paCT.

Figure 1. Effect of radiation on the heart. The physiopathology of radiation damage on the heart is complex and multifactorial, 
involving damage to the endothelial cells, conduction system, and myocardial cells themselves. The severity of radiation-induced 
cardiotoxicity depends on a variety of factors, including the dose and duration of radiation exposure, as well as individual patient 
factors such as age and underlying cardiovascular health.
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Four treatment plans were generated and calculated for 
each patient. A base plan (BP) was generated and calculated 
on the FB image set, along with three other plans: generated 
on the FB set but calculated on the paCT image set (called 
from now on the reference plan), generated and calculated on 
the paCT image set (extended margin plan), and generated and 
calculated on DIBH (DIBH plan). The impact of dose calcula-
tion algorithm was assessed for pencil beam (PB), collapsed 
cone (CC), and Monte Carlo (MC) calculated dose distribu-
tions, only on the FB image set.

All participant patients were treated between July 2017 
and May 2018 and gave written consent prior to their inclu-
sion in the study. The study was conducted in accordance with 
a protocol approved by the ethics scientific committee of the 
Faculty of Medicine of Pontificia Universidad Catolica de 
Chile (CEC-Med UC), which adheres to the ICH GCP stand-
ards.

Before treatment, all patients underwent a planning kil-
ovoltage CT (kVCT) scan with an axial slice thickness of 2 
mm. The three sets of images were taken with the patients 
placed on a fixation board with the left arm above the head 

and without contrast. Due to the use of paCT images and the 
risk of an allergic reaction to the contrast agent, we decided 
to limit the contouring to the heart and its four chambers (left 
ventricle (LV), right ventricle (RV), left atrium (LA) and right 
atrium (RA)), leaving aside arteries and other small cardiac 
substructures, which are difficult to differentiate unless images 
are cardiac-gated (Fig. 2). For consistency, all contours were 
delineated by the same physician following the guidelines of 
the cardiac atlas [32] and were supervised and approved by 
another radiation oncologist with more than 10 years of expe-
rience. Figure 2 shows an example of the set of images taken 
for one of the patients with contours of the target, heart and its 
four chambers.

Patients were treated on a Varian 6 MV linear accelerator 
(model 21Ex) with a field-in-field (FiF) technique, consisting 
of two opposing tangential 6 MV beams using dynamic wedg-
es. If needed, additional fields were added as a boost to im-
prove target dose homogeneity depending on patient anatomy. 
BPs were simulated using the FB CT image set to define the 
fields and generate the dose distributions. Dose calculations 
were performed with an Eclipse version 8.6 (Varian Medi-

Table 1.  Cohort of Patients Along With Their Respective Medical History and Treatment Plan

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 Patient 10
Age 45 42 75 49 59 43 69 63 67 61
Previous RT No No Yes No No No No No No Yes
Total Gy 52.5 50 40 40 40 40 40 40 42.5 66
Fractions 20 20 15 15 15 15 15 15 16 33
Boost Yes Yes No No No No No No No Yes
Height (cm) - 165 - 157 154 164 156 163 152 163
Weight (kg) 67 106 66 55 68 60 57 79.5 80 104
BMI - 38.9 - 22.3 28.6 22.3 23.4 29.9 34.6 39.1
Smoker Yes Yes Yes Yes Yes No Yes Yes No Yes
DM2 No Yes No No Yes No No Yes No No
AHT No No No No Yes No Yes No Yes No
DLP No Yes No No No No No Yes No Yes

AHT: arterial hypertension; BMI: body mass index; DLP: dyslipidemia; DM2: diabetes mellitus type 2; RT: radiotherapy.

Figure 2. Example of the set of images acquired for one patient: free breathing CT (left); paCT (middle); and DIBH CT (right). Red 
contours correspond to the target, while yellow, blue, green and orange contoured substructures in the heart correspond to left 
and right ventricles and left and right atria, respectively. Blurred heart and cardia substructures can be seen in the central image 
due to movement. CT: computed tomography; DIBH: deep inspiration breath-hold; paCT: phase-average CT.
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cal Systems, Palo Alto, CA, USA) treatment planning system 
(TPS) using a PB convolution algorithm. The planning target 
volume (PTV) prescribed dose was either 50 Gy (in 25 frac-
tions), 42.5 Gy (in 16 fractions), or 40 Gy (in 15 fractions) to 
the whole breast, complemented by a boost of 10 Gy in three 
cases. In one patient who underwent mastectomy before treat-
ment, the chest wall was treated. The plan MHD constraint 
was 3 Gy, which increased to 5 Gy when the internal mam-
mary node was also treated.

The dosimetric parameters for the heart that were recorded 
for each patient and treatment plan included mean dose, mini-
mum dose to the 20 most irradiated cubic centimeters of vol-
ume (D20cc), the volumes that receive 2/5 Gy or more (V2/V5), 
and dose volume histograms (DVHs). The contoured substruc-
ture volume variations due to movement were also assessed. 
Parameter values for the whole heart and its substructures were 
compared with those registered in the BP. Boxplots were used 
to represent parameter differences, with stars indicating outli-
ers (beyond 1.5 × interquartile range) and whiskers extending 
to the most extreme data values that are not outliers. The sta-
tistical significance of the observed differences was assessed 
using the non-parametric Wilcoxon signed rank test.

Respiratory movement

To quantify the impact of respiratory movement during irradia-
tion on the dose to the heart, the patient’s dose distributions 
were recalculated using the paCT image sets for the same plan 
previously defined. This enabled us to account for involuntary 
respiratory motion and obtain a more accurate assessment of 
the dose received by the different structures during treatment 
delivery, which was originally planned using the FB CT image.

Motion management

As previously mentioned, in order to evaluate the impact of 
motion management techniques on cardiac dose, we conduct-
ed simulations of three additional treatment plans for each pa-
tient. These plans included: 1) Reference plan: This plan was 
generated using the FB CT scan but calculated on the paCT 
image set. This approach allowed us to assess the dose deliv-
ered to the different organs when accounting for movement, 
providing a more accurate estimation of the dose delivered to 
the patients. 2) Extended margin plan: This plan was generated 
and calculated using the paCT image set, enabling identifica-
tion of the range of respiratory movement of both the target 
and heart as contoured structures. 3) DIBH plan: This plan was 
generated and calculated using the DIBH image set, which in-
creases the distance between the target and the heart.

Algorithms

Eclipse and Monaco are both TPSs used for radiation therapy. 
Eclipse is developed by Varian Medical Systems, while Mo-
naco is developed by Elekta. They use different algorithms 

(such as PB, MC or CC) to calculate the dose distribution in 
the patient’s body, and each has different modeling capabili-
ties. They both have inherent differences such as the way they 
model the treatment beam. In this study, both Eclipse and Mo-
naco were used to generate treatment plans and calculate MHD 
for each patient.

It is well known that commercial TPS dose calculation al-
gorithms may exhibit poor performance when it comes to com-
puting out-of-field dose distributions [33]. To investigate this 
issue, we conducted a comparison of the peripheral cardiac 
dose derived from the BP, which employed the PB algorithm 
of Eclipse, with the dose from equivalent plans calculated 
with CC and MC, implemented in Monaco version 6.0 (Ele-
kta CMS, Maryland Heights, MO, USA). These plans were 
replanned using CC and MC in Monaco and are not the same 
plan as the one using PB in Eclipse. We generated equivalent 
plans, where equal nominal energy beams, number of fields, 
and target dose homogeneity were employed, along with cov-
erage of at least 95% of the target’s volume with the same pre-
scribed dose, resulting in an equivalent dose distribution.

To perform the comparison, we utilized the FB CT image 
sets to simulate new plans in Monaco for all patients. Only 
these image sets were considered in order to isolate the impact 
of the algorithm from the effect of respiratory movement. Dose 
distribution calculations were conducted using the three algo-
rithms available: PB, CC, and MC. DVH and mean dose to the 
target, heart, and its substructures were exported in each case 
for comparison, using MC calculations as reference.

IHD risk

The dose parameters associated with the analyzed scenarios 
were then employed to estimate the impact on the 9-year ex-
cess cumulative risk for acute cardiac events by applying the 
model proposed by Darby et al [8].

Results

Unless otherwise specified, all differences in the values of do-
simetric parameters related to the heart and its substructures 
were found to be significant at a 0.05 significance level using 
the Wilcoxon test.

Table 2 illustrates the mean values of volume, dose and 
D20cc of the heart and its substructures on FB CTs, along with 
the relative increase in cardiac volumes due to movement. The 
analysis of the contoured substructure volume variations re-
sulting from movement indicated that the paCT images yielded 
larger structures. For most cardiac substructures, significant 
increments (averaging more than 20%) were observed.

Figure 3 demonstrates the differences in cardiac dose ob-
served after recalculating the plans on the paCT images. The 
modified dose distributions provide a more realistic estima-
tion of the expected dose to the different structures during 
treatment delivery. It is worth noting that the MHD increased 
on paCT compared to FB CT calculated plans, despite larger 
volumes. The LV had the largest average mean dose variation 
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due to movement among the substructures. For the right sub-
structures, mean dose differences in both scenarios were not 
significant. Although large variations in D20cc were observed 
due to movement, only differences for the heart and RA were 
significant due to the large variability of this parameter value 
between patients (Fig. 3, right).

Comparison of the dose-volume metrics presented in 
Table 3 demonstrated that significant parts of the heart, ac-
counting for 9.1±1.3% of the volume, received more than 5 Gy 
when considering paCT images. It can be observed that except 
for the RA, V2, and V5, all heart substructures’ volumes in-
creased for the paCT images when compared to the FB CTs. 
Differences diminished when considering volume in percent, 
as the larger contoured volumes on the paCT images contrib-
uted to the increase in V2/V5. However, differences in the LV 
were not statistically significant.

As expected, DIBH images indicated a displacement of 
the heart with respect to the target due to the increased lung 

volume. On average, patients’ left lung volumes were 74±16% 
larger for this technique than when measured on FB.

In Figure 4, we compare mean dose and D20cc on the in-
vestigated structures for DIBH with respect to the reference 
plan. The mean dose was reduced on DIBH plans for all the 
evaluated substructures, with the LV experiencing the most 
significant reduction. A reduction trend was also observed for 
all the structures regarding the D20cc parameter. In this case, 
the relative variation was even larger than for the mean dose. 
Consistently, D20cc values for the left lung changed marginally 
(-2.1±1.5%) with respect to the reference plan, as part of this 
structure always remains close to the target.

Figure 5 depicts that switching from the reference to the 
extended margin technique also leads to a notable reduction in 
heart dose. However, the dose reduction observed in DIBH was 
greater than that achieved with the extended margin plan. The 
extended margin plan decreased mean doses to the heart and 
LV by 23.1±4.1% and 26.0±3.5%, respectively, while DIBH 

Table 2.  Volume and Dose Parameter Values (Mean Dose and D20cc) for the Heart and Its Substructures on FB and Volume Incre-
ments due to Movement

FB CT volume (cc) FB CT mean dose (cGy) FB CT D20cc (cGy) paCT volume increment (%)
Heart 679 ± 46 236 ± 29 1,650 ± 430 19.9 ± 8.1
LV 171.4 ± 3.9 381 ± 64 830 ± 200 35 ± 11
RV 106.0 ± 6.8 256 ± 57 293 ± 56 36 ± 14
LA 78 ± 13 74.2 ± 3.3 82.3 ± 4.4 0.8 ± 6.4
RA 67.7 ± 6.2 65.6 ± 3.7 70.1 ± 3.2 42 ± 14

CT: computed tomography; FB: free breathing; LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle; paCT: phase-average CT.

Figure 3. Difference between patients’ doses calculated using paCT and FB CT images. Mean dose (left) and D20cc (right) for 
each structure. CT: computed tomography; D20cc: minimum dose to the 20 most irradiated cubic centimeters of volume; FB: free 
breathing; paCT: phase-average CT.
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lowered the mean doses to the heart and LV by 43.3±7.0% and 
49.2±6.9%, respectively. Similarly, though the D20cc parameter 
saw a dose reduction with the extended margin technique, this 
reduction was smaller than that observed for the DIBH tech-
nique.

Table 4 displays that in the patient cohort, the volumes of 
cardiac substructures that received doses higher than 2 or 5 
Gy were significantly reduced with the DIBH technique com-
pared to the reference plan. V5 values for both ventricles and 
the whole heart were reduced on average by more than 50%, 
while there were no significant differences for V2 and V5 of 
the atria. The table also shows that considering respiratory 
movement during the planning simulation led to a reduction 
in V2 and V5 for the extended margin plan compared to the 
reference plan. Although all structures had systematically re-
duced mean values, the Wilcoxon test did not find significant 

variations for the atria.
Figure 6 provides an example of the DVH for the heart 

and substructures for one patient calculated for the same plan 
with different algorithms. Although minor differences were 
observed between CC and MC, doses were significantly lower 
when calculated using PB. As mentioned earlier, the LV is lo-
cated closer to the field, and it is therefore the most irradiated 
cardiac substructure. The three algorithms produced target 
doses that agreed within 2%, as seen in Table 5, with PB calcu-
lations showing a greater underestimation. Figure 7 compares 
the mean dose to different organs and substructures calculated 
with PB and CC to MC.

In our patient group, this implementation of PB underesti-
mated the MHD by 15.4±2.8% compared to MC. For the heart’s 
larger sub volumes, i.e., the LV and RV, PB underestimated 
doses by 10.1±2.6% and 16.3±4.1%, respectively, which was 

Figure 4. Difference of mean dose (left) and D20cc (right) on each structure for the 10 patients, calculated for the DIBH plan vs. the 
reference plan. DIBH: deep inspiration breath-hold; D20cc: minimum dose to the 20 most irradiated cubic centimeters of volume.

Table 3.  Comparison of V2 and V5 Values Calculated on FB CT and paCT Image Sets for the Reference Plan

Heart LV RV LA
FB CT V2 (cc) 129 ± 17 61.2 ± 7.8 29.5 ± 5.8 0.14 ± 0.11

(%) 18.9 ± 2.0 36.0 ± 4.8 27.1 ± 4.9 0.22 ± 0.18
V5 (cc) 46.0 ± 7.6 23.2 ± 4.1 7.8 ± 2.9 0 ± 0

(%) 6.8 ± 1.0 13.7 ± 2.5 7.1 ± 2.6 0 ± 0
paCT V2 (cc) 180 ± 25 85 ± 13 40.0 ± 6.0 2.1 ± 1.1

(%) 22.0 ± 2.3 36.5 ± 4.7 29.3 ± 4.0 3.0 ± 1.5
V5 (cc) 75 ± 12 37.1 ± 7.1 13.0 ± 4.0 0.24 ± 0.16

(%) 9.1 ± 1.3 15.8 ± 2.7 9.2 ± 2.6 0.32 ± 0.22

As reference, parameter values are also shown as a percentage of the corresponding substructure volume. Right atrium’s parameters were excluded 
from this table as all values were equal to zero within uncertainties. CT: computed tomography; FB: free breathing; LA: left atrium; LV: left ventricle; 
RV: right ventricle; paCT: phase-average CT.
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similar to the observed MHD underestimation. Conversely, for 
smaller structures such as the LA and RA, PB underestimated 
the mean dose by about 90%. CC overestimated doses by be-
low 2.5% for the heart and ventricles, and these differences 
were not significant as per the Wilcoxon test. In the atria, an 
overestimation of approximately 20% was noted. As expected, 
the relative difference increased as cardiac substructures were 
further away from the treatment field.

Using Darby’s linear dependence between mean heart 
equivalent dose in 2 Gy fractions (EQD2) and IHD risk [8], 

the relative increase in lifetime risk can be estimated from the 
calculated patient dose distributions. Table 6 displays the mean 
EQD2 values and the associated relative risk increments for 
the different treatment scenarios examined. The reference plan, 
which we recall is generated in FB but calculated in paCT, 
takes into account respiratory movement. In contrast, the BP 
assumes a static position by being generated and calculated in 
FB. The use of the reference plan is associated with an increase 
of 40.8% in the relative risk of ischemic disease. However, the 
extended margin plan, which is a plan generated and calculated 

Figure 5. Difference of mean dose (left) and D20cc (right) on each structure for the 10 patients, calculated for the extended margin 
plan vs. the reference plan. D20cc: minimum dose to the 20 most irradiated cubic centimeters of volume.

Table 4.  Comparison of V2 and V5 Values for the Reference, Extended Margin and DIBH Plans

Heart LV RV LA
Reference V2 (cc) 180 ± 25 85 ± 13 40.0 ± 6.0 2.1 ± 1.1

(%) 22.0 ± 2.3 36.5 ± 4.7 29.3 ± 4.0 3.0 ± 1.5
V5 (cc) 75 ± 12 37.1 ± 7.1 13.0 ± 4.0 0.24 ± 0.16

(%) 9.1 ± 1.3 15.8 ± 2.7 9.2 ± 2.6 0.32 ± 0.22
Extended margin V2 (cc) 152 ± 26 73 ± 13 31.4 ± 7.1 1.44 ± 0.73

(%) 18.1 ± 2.6 30.8 ± 4.7 21.9 ± 4.3 2.0 ± 1.0
V5 (cc) 59 ± 13 29.2 ± 6.6 8.9 ± 4.0 0.104 ± 0.074

(%) 6.9 ± 1.4 12.1 ± 2.6 5.8 ± 2.5 0.14 ± 0.10
DIBH V2 (cc) 98 ± 24 44 ± 10 15.7 ± 5.2 0.27 ± 0.19

(%) 14.8 ± 3.5 24.8 ± 5.5 17.1 ± 5.5 0.62 ± 0.48
V5 (cc) 27.9 ± 8.3 12.4 ± 3.9 2.5 ± 1.4 0 ± 0

(%) 4.2 ± 1.2 7.0 ± 2.0 2.5 ± 1.4 0 ± 0

As reference, parameter values as a percentage of the corresponding substructure volume are also shown. Right atrium’s parameters were excluded 
from this table as all values were equal to zero within uncertainties. DIBH: deep inspiration breath-hold; LA: left atrium; LV: left ventricle; RV: right 
ventricle.
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using paCT, reduces the relative risk from the reference plan 
by 29.1%. The DIBH plan further reduces the relative risk of 
ischemic disease to a total of 53.1%.

Van den Bogaard [9] has proposed a model that validates 
and complements Darby’s [8] linear estimation based on MHD. 
In addition to MHD, Van den Bogaard’s model also takes into 
account substructure dose parameters (LV’s V5) and clinical 
risk factors such as age, diabetes, hypertension, and previous 
ischemic cardiac events to estimate the risk. Although Van den 
Bogaard’s model is an improvement over Darby’s, it was not 
used in this study due to the lack of medical history from the 
patients, particularly information on previous IHD, which is 
essential for calculating their linear predictor.

Discussion

The acquisition of FB CT images on a random phase of the 
cardiac and respiratory cycle allowed for easy differentiation 
of heart substructures, such as ventricles and atria. However, 
on paCT images, identifying heart substructures is often chal-

lenging due to the addition of image sets resulting in a blurred 
image that shows all cardiac substructures overlapping, as 
shown in Figure 2.

As our institution did not have access to a real 4DCT, the 
4DCT image set was defined in this study as the average of im-
ages taken at the four respiratory phases. This may have led to 
an overestimation of the impact of movement, as it displayed 
the extreme case where the patient remains in full in and ex-
hale as long as in intermediate phases.

Improvement of delineation of heart substructures could 
be achieved through the use of contrast [34], making it pos-
sible to assess doses to smaller heart substructures such as the 
LAD. Alternatively, structures could be contoured on each 
image phase, where they are more clearly visible, and inter-
polated. However, this would significantly increase the work-
flow time of the process. In a recent study by Guzvha et al, 
substructure volume variations due to respiratory movement 
were assessed for mediastinal lymphoma and lung cancer [34]. 
Changes with respect to a 50% respiratory phase were calcu-
lated. Our changes in the ventricles’ volumes were larger than 
in this work (35% vs. 14.5% and 36% vs. 19%, for the LV 
and RV respectively), but discrepancies between both works 
can be explained due to the use of different methodologies and 
observers.

As the LV is closest to the treatment field, the dose to this 
structure is the most affected by respiratory motion. In contrast, 
right and left atria, which are far from the field in left breast 
cancer FiF treatment, undergo no significant dose changes. On 
average, significant portions of the heart (nearly 10%) received 
more than 5 Gy when considering paCT images. Considering 
that the cardiac dose may be underestimated by PB, this could 
lead to cardiac dose constraints being exceeded.

This study evaluated two alternative treatment techniques 

Figure 6. Representative DVH of one patient for the heart and cardiac substructures calculated with the three algorithms: PB, 
CC and MC. DVHs for the target, heart and its substructures. CC: collapsed cone; DVH: dose volume histogram; MC: Monte 
Carlo; PB: pencil beam.

Table 5.  Mean Dose to the Target Calculated With the Differ-
ent Algorithms, and Their Difference in Percentage in Respect 
to MC

Mean dose to the  
target (cGy)

Comparison to  
MC (%)

MC 4558,67 0
PB 4490,21 -1,35
CC 4565,27 0,21

CC: collapsed cone; MC: Monte Carlo; PB: pencil beam.
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to FiF treatment planned on a FB CT image. DIBH plans al-
lowed for a reduction in cardiac dose for all patients included 
in the study, except for one case where the distance from the 
heart to the breast was not enlarged during inspiration due to 
the patient’s anatomy. On average, patients received signifi-
cantly smaller mean doses to the heart and LV, with smaller 
D20cc values for these structures. Again, dose changes were 
larger for the ventricles, which are closer to the treatment 
field. Tang et al [18] observed that the substructures receiv-
ing the largest doses remained unchanged between techniques 
(DIBH and FB), without accounting for respiratory movement. 
We found these findings to be true even when considering the 
effect of respiratory movement. This was expected given the 
orientation of the fields and the principal direction of the res-

piratory heart movement [34]. Additionally, the sparing of the 
heart (relative mean dose reduction) estimated in our work for 
the implementation of DIBH was consistent with the results 
shown in previous studies [25, 35].

Regarding relative IHD risk, Eldredge-Hindy et al [19] 
calculated lifetime risk variations in DIBH and FB treatments 
for different baseline risk populations. For their overall cohort, 
the mean EQD2 reduction with DIBH was more drastic than in 
our case. Although they did not take into account respiratory 
heart movement, our results lie within their reported ranges. 
Considering movement, we also found a drastic (more than 
50%) change in the relative risk between DIBH and the refer-
ence plan.

Dose calculation algorithms provided by commercial TPS 
are intended to perform accurate dose distribution calculations 
in the region where the upper 50% of the dose is delivered 
[33]. For left breast RT, dose underestimation in the heart is 
therefore expected due to the lack of good modeling of pe-
ripheral dose. Previous works have shown that PB does not 
account properly for the contribution of scattering outside of 
the treatment field [36]. In our study, this effect led to an im-
portant underestimation of cardiac dose, while the target dose 
remained comparable within 2% with respect to MC calcula-
tions performed by Monaco, which are considered the gold 
standard for this work. Dose values registered in the patients’ 
heart substructures are in agreement with previous studies re-
porting that PB dose underestimation is smaller for the heart 
structures lying closer to the treatment field, i.e., LV dose is 
more precisely calculated than other substructures [33]. Dis-
crepancies between CC and MC were much smaller, with CC 
overestimations of about 2.5% observed for the heart and the 

Figure 7. Mean difference in cGy between patient mean doses calculated for different structures with PB, CC and MC in Monaco. 
The dose calculated with Monte Carlo is used as a reference. CC: collapsed cone; MC: Monte Carlo; PB: pencil beam.

Table 6.  Mean EQD2 and Mean Relative Increase of Ischemic 
Heart Disease Risk Corresponding to the Dosimetric Scenarios 
Analyzed: Conventional (Reference) Treatment Calculated on 
FB CT or paCT, Extended Margin and DIBH Plans

Mean EQD2 (Gy) Relative risk  
increment (%)

Base plan (FB CT) 1.75 ± 0.30 14.7 ± 2.5
Reference (paCT) 2.46 ± 0.43 20.7 ± 3.6
Extended margin 1.88 ± 0.37 15.8 ± 3.1
DIBH 1.17 ± 0.24 9.8 ± 2.0

The reported risk uncertainties only consider dose variations within the 
cohort. CT: computed tomography; DIBH: deep inspiration breath-hold; 
EQD2: equivalent dose in 2 Gy fractions; FB: free breathing; paCT: 
phase-average CT.
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ventricles, while larger deviations were obtained for the atria.
Since Darby et al’s [8] estimation of ischemic risk is based 

on TPS dose calculations, where no information is provided 
about the specific algorithm used for planning, we did not cor-
rect our risk estimations for these effects. Assuming that a PB 
algorithm may have been used in this work, our estimations 
should be consistent. Nevertheless, it is important to note that 
the algorithm chosen for the calculation would have an impor-
tant impact on the cardiac risk estimation.

Our main objective in constructing this manuscript was to 
evaluate the impact of the mentioned variables on the calcu-
lated dose to the heart and its substructures, but other interest-
ing and applicable results have also emerged from this work. 
Firstly, and most importantly, the findings of this work can be 
used by clinicians in limited-resource scenarios to personal-
ize radiation therapy plans for patients with breast cancer and 
select the most appropriate treatment technique. Additionally, 
this same information can be used to improve treatment plan-
ning strategies and optimize treatment outcomes for patients 
with breast cancer.

Our results can serve as a guide for clinical decision-mak-
ing in patients undergoing radiation therapy, as well as for pa-
tients who have already finished their treatment plans. In the 
latter case, clinicians can use this information to adjust their 
future treatment plans based on the dose and algorithms used 
in their radiation plans.

The limitations of this work include, but are not limited to, 
a small cohort of patients, the use of a technique (FiF) that is not 
universally employed and may therefore reduce the scope of the 
study’s applicability, the unavailability of breath control, the in-
ability to apply Van den Bogaard’s model due to the lack of IHD 
history in the cohort, the consideration of a large number of vari-
ables per patient in a small cohort, and as previously mentioned, 
Eclipse and Monaco have inherent differences which could po-
tentially affect the accuracy of the MHD calculation but further 
studies are needed to evaluate the impact of the choice of TPS 
on MHD. Additionally, the available technology does not yet 
permit accurate calculation of dose distribution in the area be-
low 50% of the prescribed dose, which renders PB unsuitable 
for estimating relative ischemic heart risk due to the increasing 
discrepancy between PB and CC/MC as one moves further from 
the target, as our findings indicate.

As such, this study could be further improved by using a 
larger and more homogeneous cohort, employing real 4DCT, 
implementing breathing control, obtaining more detailed 
medical histories from the patients, reducing the number of 
variables considered, utilizing the same TPS for every plan, 
and utilizing technology that can identify smaller cardiac sub-
structures.

Another way to improve this study is by using an auto-
mated approach that would allow us to expand our sample size 
and apply our procedures. RT processes are currently being 
studied and validated for automation and the use of artificial 
intelligence. However, this field of research is yet to be vali-
dated for clinical use, and there is a lack of confidence with 
regards to the application and clinical use of artificial intel-
ligence, including medical-legal responsibility. In our case, ar-
tificial intelligence was not used due to its unavailability and it 
still being an area of research.

Regarding the use of 4DCT, if it had been available, the 
results regarding the assessment of dose to the heart and sub-
structures during treatment considering movement would have 
been even more realistic, as it would have allowed for a more 
detailed evaluation of respiratory movement. Nevertheless, as 
we considered the complete range of heart motion during res-
piration for the assessment, a small impact on the variation of 
dose distribution to the heart and its substructures is expected. 
Our findings are consistent with previous studies that have 
utilized 4DCT, suggesting that the overall conclusions of the 
study are robust.

Conclusion

In this study, we assessed dose parameters in heart substruc-
tures while taking into account respiratory movement, dif-
ferent treatment techniques, and dose calculation algorithms. 
Our results showed that the mean cardiac dose was on average 
27±12% higher when calculated on paCT images than when 
estimated in FB CTs. DIBH plans were observed to reduce 
MHD by approximately 50% compared with the reference 
plan in our cohort. Alternatively, extended margin plans were 
observed to reduce cardiac dose by 23%. On the LV, which 
was the most irradiated heart substructure, dose variations 
were even greater.

Considering the aforementioned effects, it was possible to 
evaluate the changes in the relative IHD risk increment due to 
treatment. For the reference plan, the estimated relative cardi-
ac disease risk increment due to treatment was approximately 
21%. The implementation of DIBH would reduce this relative 
risk to approximately 10%, while the value for the extended 
margin plan would be 16%. These findings suggest that DIBH 
and extended margin plans could be used to reduce the risk of 
IHD in patients undergoing radiation therapy.

Despite the progress proposed in this study, several open 
challenges remain regarding MHD calculations. The accurate 
estimation of peripheral cardiac dose and the use of smaller 
heart substructures, such as LAD instead of the traditional four 
chambers, are two significant obstacles that must still be over-
come.

Nevertheless, our findings contribute to the current state 
of knowledge in the field and provide valuable information on 
the assessment of MHD in settings where top of the line tech-
nology is not yet available.

This, as mentioned before, can be used to inform personal-
ized treatment plans for patients. Clinicians must be aware of 
the ischemic heart risk and its accuracy, allowing them to make 
informed decisions and establish a personalized course of ac-
tion in relation to the patient’s cardiovascular health. Further 
research is needed to build on these findings and improve the 
accuracy of MHD calculations in clinical settings.

Overall, our study highlights the importance of taking 
into account respiratory movement and the impact of different 
treatment techniques and dose calculation algorithms on heart 
substructures. We hope that our findings will contribute to 
the development of more personalized and effective radiation 
therapy plans for patients, ultimately improving their overall 
health outcomes.
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