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Introduction

Breast cancer is the most common cancer among women 
worldwide, with an incidence rate of 39.1 per 100,000 in Morocco 
from 2018 to 2021 and a steadily increasing trend [1]. In 2022, the 
World Health Organization (WHO) reported approximately 2.3 
million new cases and 670,000 deaths attributable to this disease 
[2]. Adjuvant radiotherapy remains a cornerstone of treatment, 
significantly improving locoregional control and overall survival 
[2,3]. However, when the left breast is irradiated, part of the heart 
is included in the radiation field, leading to an increased risk of 
long-term cardiac toxicity [5].

The cardiovascular side effects of breast radiotherapy are well-
documented. Long-term follow-up studies have shown excess 
cardiac morbidity and mortality following irradiation of the left 
breast with an increased prevalence of ischemic heart disease and 
coronary artery stenosis. Historically, breast radiotherapy has 
evolved from two-dimensional (2D) techniques, characterized by 
approximate target volume delineation and limited organ-at-risk 
protection, to three-dimensional (3D) techniques, which provide 
better visualization and sparing of the cardiac structures. Recent 
advances in respiratory gating, intensity-modulated radiotherapy 
(IMRT), and volumetric modulated arc therapy (VMAT) have 
further reduced cardiac exposure, potentially lowering the risk 
of cardiovascular complications in patients treated for left-sided 
breast cancer[6], [7], [8]. 

Traditionally, mean heart dose (MHD) has been used as a 
reference dosimetric parameter. However, this approach fails to 
capture the heterogeneity of the dose distribution within cardiac 
substructures, particularly the left anterior descending artery 
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AB
ST

RA
CT Context: Adjuvant radiotherapy for left-sided breast cancer improves locoregional 

control and overall survival. However, irradiation of the cardiac structures 
increases the risk of radiation-induced cardiotoxicity. The mean heart dose (MHD) 
is commonly used to estimate this risk, but it does not reflect heterogeneous dose 
distribution within critical substructures, such as the left ventricle (LV) and left 
anterior descending artery (LAD).

Purpose: This study aimed to analyze the dose distribution within cardiac 
substructures and evaluate the reliability of mean heart dose (MHD) in predicting 
early radiation-induced myocardial dysfunction.

Methods: Fifty patients with left-sided breast cancer who underwent three-
dimensional conformal radiotherapy (3D-CRT) at Ibn Rochd University Hospital 
between 2020 and 2022 were analyzed. The target volumes and cardiac 
substructures were delineated. The dosimetric parameters of the heart, left 
ventricle (LV), left anterior descending artery (LAD), and other coronary arteries 
were statistically evaluated. Echocardiographic assessments, including speckle-
tracking imaging, were performed before and after radiotherapy, to detect early 
myocardial alterations.

Results: The mean heart dose (MHD) was 4.9 ± 0.8 Gy, while the left ventricle (LV) 
received a mean dose of 7.7 ± 2.1 Gy. The left anterior descending artery (LAD) was 
the most exposed structure with a mean dose of 25.9 ± 3.4 Gy. Pearson correlation 
analysis revealed a strong association between MHD and the mean LV dose (r = 
0.742, p < 0.001), but a weaker correlation with the mean LAD dose (r = 0.460, p 
< 0.001). Regression analysis demonstrated that MHD had a low predictive value 
for LAD exposure (R² = 0.21) and moderate predictive value for LV dose (R² = 0.55). 
Echocardiographic assessment revealed segmental strain impairment in 23% of 
the patients within the LAD-perfused myocardial territory. The mean LAD dose 
was significantly higher in the patients with segmental strain abnormalities (30.19 
Gy vs. 21 Gy, p = 0.004). In contrast, no significant association was found between 
MHD and strain abnormalities (p = 0.504).

Conclusion: This study demonstrated that the mean heart dose (MHD) is 
insufficient to accurately assess cardiovascular risk in left-sided breast radiotherapy 
because it underestimates the actual exposure of the left ventricle and left anterior 
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descending artery (LAD). Therefore, these substructures should be considered 
distinct organs at risk, and specific dosimetric constraints should be applied to 
better prevent radiation-induced cardiac complications. Moreover, the use of 
IMRT techniques, respiratory motion management, and early implementation of 
strain imaging warrants particular attention to optimize the management of high-
risk patients.

Keywords: Left-Sided Breast Cancer; External Beam Radiotherapy; Mean Heart 
Dose; Radiation-Induced Cardiotoxicity; Cardiac Substructures; Cardiac Strain.
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(LAD) and left ventricle (LV) [9]. Recent data suggest that MHD 
underestimates the exposure of critical cardiac regions, whereas the 
doses delivered to these substructures are more predictive of late-
onset complications [10], [11].

The objective of our study was to analyze the individual radiation 
dose distribution across cardiac substructures and determine 
whether MHD remains a reliable dosimetric parameter for assessing 
substructure exposure and detecting early forms of radiation-
induced cardiac complications, especially in asymptomatic high-
risk patients, given the current lack of robust evidence regarding 
early cardiotoxic effects following left-sided breast radiotherapy.

MATERIALS AND METHODS 

This cross-sectional study included 50 female patients diagnosed 
with left breast cancer who underwent adjuvant radiotherapy at 
Ibn Rochd University Hospital in Casablanca between January 
2020 and June 2022. Irradiation targeted the entire breast or 
thoracic wall, with or without inclusion of regional lymphatic 
areas, but without systematic irradiation of the internal mammary 
chain (IMC). This decision was based on the absence of clinical 
indications for IMC irradiation. The acquisition of dosimetric 
scans was performed without contrast injection and with free-
breathing using slices of 3 mm thickness. Target volumes were 
delineated according to the Radiation Therapy Oncology Group 
(RTOG) [10]. The delineation of the cardiac substructures was 
manually performed post hoc according to the cardiac contouring 
atlas of Duanes et al. [11]. The heart cavities and coronary arteries 
were delineated and analyzed (the whole heart, left ventricle (LV), 
coronary arteries (LAD], left circumflex artery (LCx), and right 
coronary artery (RCA)), as shown in [Figure 1].

All treatments were performed using three-dimensional conformal 
radiotherapy (3D-CRT). The patients received hypofractionated 
radiotherapy at a dose of 40 Gy in 15 fractions (2.67 Gy over 
3 weeks), with an additional boost of 13.35 Gy to the tumor 
bed, if necessary. All included patients received a mean heart 
dose (MHD) ≥ 5 Gy. The selection of this moderately high-risk 

population, based on the recommendations of the European 
Society of Cardiology (ESC) [12], aimed to follow these patients 
to detect early subclinical anomalies. The thoracic morphology of 
this population did not allow for acceptable coverage (>95% of the 
prescribed dose) of the target volume while maintaining an MHD 
of < 5 Gy.

Ballistics and Treatment Planning

Treatment planning was performed using the Monaco® planning 
system (version 5.1) with the conformal radiotherapy (3D-CRT) 
technique. The adopted technique relied on two opposing tangential 
beams of 6 MV or a mix of 6 MV and 18 MV energies adjusted to 
encompass the tumor volume while limiting the dose to adjacent 
structures, particularly the heart and ipsilateral lungs. To improve 
dose homogeneity, physical compensators or intensity-modulated 
radiation therapy (IMRT) was applied based on the patient’s 
anatomy and dosimetric constraints. Fields within the fields were 
also used to mitigate overdosage areas. For patients requiring 
lymph node irradiation, a supraclavicular field was added using a 
direct anterior beam, with optimization of the incidence angle to 
reduce irradiation of the spinal cord and esophagus. Our results 
were compared with dose constraints according to the German 
Society of Radiation Oncology (DEGRO) [13] and Quantitative 
Analyses of Normal Tissue Effects in the Clinic (Quantec) [14] 
[Table 1]. Dose constraints are necessary and applicable equally, 
whether in a 50 Gy scheme in 25 fractions or a hypofractionated 

Figure 1: Cross-sectional slice of a dosimetric scan of a patient from the irradiated cohort for left wall, showing the 
contoured structures.

Structure Dose constraint
D max < 40Gy

Heart V20 ≤ 10%
V40 ≤ 5%

D mean <3 Gy
Left Ventricle V5 < 17%

V23 <5%
LAD D mean <10Gy

Structure Dmax < 20Gy

Table 1: Dose constraint to heart structures [14], [16], [17].
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scheme, such as 40 Gy in 15 fractions. Maintaining appropriate 
dose limits is essential for patient safety and minimizing the risk of 
long-term side effects, as indicated by the overall results of clinical 
trials [15].

Positioning and anatomical alignment were validated using daily 
controlled imaging to ensure optimal treatment reproducibility.

Statistical Analysis 

Statistical analysis was performed using parametric tests with SPSS 
version 28 to assess the differences and relationships between 
dosimetric measurements. The comparison of mean values across 
different dosimetric parameters was conducted using the Student’s 
t-test, with a significance threshold set at p < 0.05, indicating a 
statistically significant difference. Correlation between variables 
was assessed by calculating the Pearson’s correlation coefficient 
(r), considering a strong correlation when r > 0.7. Finally, linear 
regression analysis was conducted to examine the relationship 
between the studied parameters, and the model’s goodness of fit 
was evaluated using the coefficient of determination (R²). An R² 
value below 0.7 was considered insufficient to establish a reliable 
prediction.

Cardiac Imaging and Myocardial Functional 
Assessment 

The cardiac function of patients included in the study was 
evaluated using a systematic echocardiographic approach. 
Transthoracic echocardiography was performed in 43 patients by 
a cardiologist at Ibn Rochd University Hospital both before and 
after radiotherapy to detect potential subclinical cardiac lesions. 
This examination allowed for the assessment of the left ventricular 
ejection fraction (LVEF), which was required to be normal (LVEF 
> 50%) in all patients. Early myocardial dysfunction was further 
evaluated using an advanced cardiac imaging technique known as 
strain echocardiography (speckle tracking). This method enabled 
the analysis of myocardial contractility post-radiotherapy by 
determining global longitudinal strain (GLS) and segmental strain. 
A GLS value less than or equal to -18% was considered abnormal, 
indicating potential myocardial dysfunction. Strain measurements 
were conducted in accordance with the recommendations of the 
American Society of Echocardiography [13], using a 16-segment 
left ventricular analysis model.

RESULTS

Population Characteristics 

[Table 2], groups together all the characteristics of the study 
population, including medical antecedents, breast cancer status 
and the various therapeutic methods used.

Dosimetric and Statistical Analysis 

The distribution of doses absorbed by cardiac structures during 
a hypofractionated radiotherapy protocol and their equivalent in 
EQD2 highlighted dose variations among the different cardiac 

substructures. The mean dose received by the whole heart was 4.9 
± 0.8 Gy (5.7 ± 0.7 Gy in EQD2), with a maximum dose reaching 
42.8 ± 4.3 Gy (49.3 ± 5.3 Gy in EQD2), indicating a moderate 
average exposure but a relatively high maximum dose. The left 
ventricle (LV) received a mean dose of 7.7 ± 2.1 Gy (8.7 ± 2.3 Gy 
in EQD2), with a maximum dose of 41.3 ± 3.5 Gy (47 ± 4 Gy in 
EQD2). The irradiated volume doses were significant (V5 = 28.3 
± 8.5% and V23 = 12.4 ± 5.4%). The left anterior descending 
artery (LAD) was particularly exposed, receiving a mean dose of 
25.9 ± 3.4 Gy (28.8 ± 4.8 Gy in EQD2) and a maximum dose of 
41.9 ± 4 Gy (48.5 ± 5 Gy in EQD2), suggesting an increased risk 
of vascular toxicity. In contrast, the left circumflex artery and right 
coronary artery (RCA) received lower mean doses (1 ± 0.1 Gy 
and 1.7 ± 0.6 Gy, respectively), although maximum doses for the 
RCA could reach up to 19.3 ± 13.3 Gy. No statistically significant 
differences were found between the mean doses to the LV, LAD, 
and left circumflex artery when comparing breast and chest wall 
irradiation (p > 0.05), except for the RCA, for which a significant 
difference was observed (p = 0.037). The Pearson correlation 
coefficients between the mean heart dose (MHD) and mean doses 
to the cardiac substructures were all statistically significant. The 
strongest correlation with MHD was observed for the mean dose 
to the LV (r = 0.742, p < 0.001). A moderate positive correlation 
was also noted between MHD and the mean LAD dose (r = 0.460, 
p < 0.001). [Figure 2], shows that for each 1 Gy increase in MHD, 
the LAD mean dose increased by an average of 2.37 Gy, while the 
LV mean dose increased by 1.7 Gy. The linear regression curve 

All (n=50)
Medical History

Diabetes 6 (12%)
Hypertension 4 (8%)
Peripheral vascular disease 6 (12%)
Depression 3 (6%)

Cancer Stage
I 2 (04%)
II 17 (34%)
III 31 (62%)

Irradiated Volumes
Breast + Boost 22 (44%)
Chest wall 28 (56%)

Chemotherapy
Yes 47 (94%)
No 3 (06%)

Anthracycline-based Chemotherapy
Yes 44 (88%)
No 6 (12%)

Trastuzumab
Yes 11 (22%)
No 39 (78%)

Anthracycline + Trastuzumab Combination 11 (22%)
Hormone Therapy

Yes 32 (64%)
No 18 (36%)

Time Interval Between End of Radiotherapy and Last 
Follow-up Consultation

16,98 mois (7-24)

Table 2: Baseline characteristics of the study population.
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showed an R² value of 0.21 for the relationship between MHD 
and LAD mean dose, indicating that only 21% of the variance in 
LAD mean dose is explained by variations in MHD. Therefore, 
MHD has a low predictive value for the mean LAD dose. For the 
relationship between MHD and LV mean dose, the coefficient of 
determination (R² = 0.55) indicates that 55% of the variance in 
LV mean dose is explained by MHD, suggesting that MHD has 
a low-to-moderate predictive value for LV exposure. Regression 
curves for the left circumflex artery and RCA showed very weak 
correlations (R² = 0.08).

Cardiac Evaluation 

A reduction in global strain was observed in 4 patients (Table 3). 
Segmental strain was impaired in 23% of patients in the territory 
supplied by the LAD (Figure 3). A statistically significant association 
was found between impaired segmental strain in the LAD territory 
and the mean LAD dose, which was 30.19 Gy in the altered strain 
group versus 21 Gy in patients with normal segmental strain (p = 

0.004). However, no significant association was observed with the 
mean left ventricular dose (8.24 Gy in patients with altered strain 
vs. 7.46 Gy in those with normal segmental strain; p = 0.504), nor 
with the mean heart dose (5.29 Gy vs. 7.46 Gy with p = 0.504).

DISCUSSION

This study represents the first Moroccan analysis focusing on 
dosimetric evaluation of cardiac substructures and early exploration 
of myocardial dysfunction after left breast radiotherapy. The 
results are particularly significant as they were obtained in a real 
clinical context using a cohort of 50 patients treated at a national 
reference center.

In this study, analysis of cardiac substructures highlights preferential 
exposure of the left ventricle and left anterior descending artery 
(LAD). The left ventricle receives a mean dose of 7.7 ± 2.1 Gy 
(8.7 ± 2.3 Gy in EQD2), with a V5 of 28.3 ± 8.5% and a V23 
of 12.4 ± 5.4%, indicating a substantial irradiated volume. The 
LAD is the most exposed structure, with a mean dose of 25.9 ± 

Figure 2: Linear regression curves: (a) Mean LAD dose (b) Mean left ventricular dose (c) Mean circumflex artery dose (d) Mean RCA dose.
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3.4 Gy (28.8 ± 4.8 Gy in EQD2) and a maximum dose of 41.9 ± 
4 Gy (48.5 ± 5 Gy in EQD2). These values significantly exceeded 
the recommended thresholds. Our statistical analyses showed 
a significant correlation between the mean heart dose (MHD) 
and mean doses to the cardiac substructures, particularly the left 
ventricle (r = 0.74, p < 0.001) and LAD (r = 0.46, p < 0.001). 
However, MHD appears to be only a partial indicator of exposure 
to these structures, with a low predictive value for the LAD (R² = 
0.21) and a moderate predictive value for the left ventricle (R² = 
0.55).

In other words, the data highlight substantial and often 
underappreciated exposure of the LAD and left ventricle, as well 
as a significant correlation between the mean dose to the LAD 
and impaired segmental myocardial strain, suggesting a potential 
functional impact. These results emphasize the need for a more 
individualized approach for cardiovascular risk assessment and 
confirm the limitations of using MHD as the sole indicator of 
cardiovascular risk. Our observations are consistent with those of 
the previous studies. As seen in the BACCARAT study by Jacob 
et al. [5], the correlation between MHD and doses to cardiac 
substructures was weak for the LAD (R² = 0.21) and moderate for 
the left ventricle (R² = 0.55), supporting the case for individualized 
evaluation. Functionally, our study concurs with the work of Erven 

et al. [18], who observed impaired segmental strain in the LAD 
territory without significant changes in other myocardial regions. 
The significance of the relationship between the mean dose to the 
LAD and segmental strain impairment (p = 0.004) observed here 
is also consistent with the findings from BACCARAT, where LAD 
exposure > 19.9 Gy was associated with subclinical dysfunction in 
the corresponding segment.

In contrast to the study by Naimi et al. [19], our study did not 
find a statistically significant difference in LAD doses between 
whole-breast and wall irradiation (25.01 Gy vs. 25.33 Gy; p = 
0.129). This discrepancy may be explained by differences in the 
beam geometry, contouring, or sampling methods. Furthermore, 
the measured values in our cohort far exceeded the thresholds 
proposed by DEGRO and Abraham et al. [13], [20], which can 
be attributed to the absence of respiratory gating and advanced 
techniques such as IMRT or VMAT in our institution.

This study has several limitations. First, the retrospective 
nature of the study limits causal interpretation. Second, the 
concomitant use of cardiotoxic chemotherapy (anthracyclines 
and trastuzumab) was a major confounding factor in the analysis 
of myocardial function.  Third, unenhanced dosimetric scanners 
may induce underdetection of fine coronary structures. Finally, 

Patient 1 2 3 4
Age 61 34 52 61

History Hypertension , diabetes - - Hypertension 
Stage III II II III

Anthracyclines Yes Yes Yes Yes
Trastuzumab No No No No

Dmean of heart (Gy) 6.4 6.3 6 5.7
Dmean of LV (Gy) 13 12.8 9.9 8.2

Dmean of LAD (Gy) 30.3 32.4 33.6 26.6
Global strain -17 -15.1 -16.3 -16.8

LVEF (%) 56 58 57 56

Table 3: Characteristics of patients with impaired global longitudinal strain.

Figure 3: Segmental strain impairment in the territory supplied by the LAD.
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on a methodological level, it is important to note the difficulty in 
comparing the initial myocardial strain results with later controls, 
given the inter-observer and inter-machine variability, which is a 
crucial factor to consider in future studies.

Ultimately, our results call for the implementation of optimization 
strategies to reduce cardiac risk. Advanced radiotherapy techniques 
can further reduce cardiac exposure. The application of intensity-
modulated radiation therapy (IMRT) or volumetric modulated 
arc therapy (VMAT) combined with deep inspiration breath-
hold (DIBH) or surface-guided radiation therapy (SGRT) allows 
for better dose conformation and greater sparing of the heart 
than conventional 3D tangents. [21]. Although these modern 
approaches require a specific dosimetric evaluation of their impact ​ 
[22], numerous studies have demonstrated significant reductions 
in cardiac doses. Additionally, close cardiological monitoring of 
high-risk patients is essential. Systematic integration of myocardial 
strain measurement by echocardiography at regular intervals 
following radiotherapy could allow for early detection of subclinical 
degradation and enable the initiation of cardioprotective measures 
accordingly [23]. Furthermore, improving the visualization of 
coronary arteries during planning would be beneficial, and the 
fusion of simulation CT with coronary angiography (coro-CT) is a 
promising avenue to better identify coronary paths and refine LAD 
protection. Finally, the development of automatic delineation tools 
based on artificial intelligence (AI) can standardize and accelerate 
the delineation of cardiac substructure, improve dosimetric 
accuracy, and prevent cardiotoxicity.

CONCLUSION 

This study highlights the limitations of the mean cardiac dose 

(MHD) as a single indicator of cardiovascular risk in left breast 
radiotherapy. Indeed, our results clearly show that the left ventricle 
and left anterior descending artery (LAD) can receive significantly 
high doses, often underestimated when referring only to MHD. 
Thus, it is essential to consider these cardiac substructures as 
specific organs at risk during the dosimetric optimization process 
to improve the risk assessment of radiation-induced cardiotoxicity. 
This is possible because of the development of artificial intelligence 
in the delineation of these substructures. In this context, the 
application of specific dosimetric constraints to these substructures 
could allow a better assessment of the benefit-risk balance, and 
thus optimize primary prevention strategies for cardiotoxicity. 
Prospective studies could evaluate the impact of IMRT in reducing 
the dose to these substructures. Simultaneously, monitoring a 
patient’s cardiovascular function will allow for early detection of 
strain impairment. These patients can receive preventive care to 
preserve cardiac function.

Statements
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