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INTRODUCTION

External radiotherapy is widely used today as adjuvant therapy to treat breast cancer and is part of the standard of care. It improves locoregional failure rates, metastasis free survival and overall survival. [START_REF] Vinh-Hung | Breast-Conserving Surgery With or Without Radiotherapy: Pooled-Analysis for Risks of Ipsilateral Breast Tumor Recurrence and Mortality[END_REF] Yet, first generation radiation therapy techniques for breast cancer treatment used large irradiation fields which delivered substantial radiation dose to the heart. Consequently, an increased cardiac mortality was observed before 1980. Technical progresses were later made in order to improve cardiac sparing without altering tumoral local control or patient global survival. As a matter of fact, the cardiotoxicity issue associated with breast radiation therapy has evolved throughout the years. Precisely evaluating cardiac exposure in order to predict cardiac adverse events is a complex question that is imperfectly answered to date and currently subject to intense debate. In daily practice, mean heart dose (MHD) is still the most widely used dosimetric parameter for cardiac sparing while planning radiation therapy, since retrospective epidemiological studies demonstrated correlations between MHD and cardiotoxicity, mainly ischemic heart disease [START_REF] Darby | Risk of Ischemic Heart Disease in Women after Radiotherapy for Breast Cancer[END_REF][START_REF] Taylor | Cardiac Dose From Tangential Breast Cancer Radiotherapy in the Year 2006[END_REF] Almost every cardiac function can be affected by radiotherapy, each one derived from a sub-structure: valves, pericardium, myocardium, conduction pathways, coronary arteries, etc. Radiation dose constraints for organs at risk are set during 3D planning, with mean heart dose (MHD) as the only constraint regarding heart toxicity. Some models correlated the probability of major coronary events with the MHD [START_REF] Darby | Risk of Ischemic Heart Disease in Women after Radiotherapy for Breast Cancer[END_REF] . Other authors found a moderate to strong correlation between MHD and left anterior descending (LAD) artery, [START_REF] Evans | Analysis of coronary artery dosimetry in the 3-dimensional era: Implications for organ-at-risk segmentation and dose tolerances in left-sided tangential breast radiation[END_REF] stating that for each additional Gray in the MHD, the mean LAD dose increases by 4.82 Gy. Radiation oncologists used these findings as a basis for delineation and in the usual approach to setting dose constraints, the heart was delineated as a single organ at risk. Publications and studies used MHD as the main cardiac constraint. Yet, when delivering tangential beams, dose gradients are extremely important, and a slight variation in patient anatomy can result in unacceptable doses delivered to the LAD, even when the MHD is respected. In addition, testing of other cardiac substructures including ventricles, auricles and other coronary arteries has shown that MHD is not correlated to the corresponding dose constraints [START_REF] Loap | Should We Move Beyond Mean Heart Dose?[END_REF] . Therefore this is critically important to reduce the cardiac dose as well as to evaluate this dose for every cardiac sub structure.

To assess the effects of sub-structure irradiation on long-term specific toxicity, we must be able to delineate these sub-structures in a constant, reproducible manner. Guidelines for cardiac delineation have been set out in an atlas, and their reproducibility tested [START_REF] Duane | A cardiac contouring atlas for radiotherapy[END_REF] . Concerning the LAD, it is advised to use a 4 mm pencil all along the artery as the mean diameter in women is 3.2 mm. [START_REF] Dickerson | Gender-Related Differences in Coronary Artery Dimensions: A Volumetric Analysis[END_REF] Movements and blur due to breathing and cardiac motions were not however taken into account in the atlas.

Avoiding this issue can be problematic, and several studies using different imaging modalities including MRI, cardiac-gated CT-scan have shown that cardiac motion can be responsible for up to 5.5 ± 5 mm displacement of the LAD, [START_REF] White | Accuracy of routine treatment planning 4-dimensional and deepinspiration breath-hold computed tomography delineation of the left anterior descending artery in radiation therapy[END_REF][START_REF] Kataria | Quantification of coronary artery motion and internal risk volume from ECG gated radiotherapy planning scans[END_REF][START_REF] Wang | Cardiac Motion During Deep-Inspiration Breath-Hold: Implications for Breast Cancer Radiotherapy[END_REF][START_REF] Tan | Estimation of the displacement of cardiac substructures and the motion of the coronary arteries using electrocardiographic gating[END_REF][START_REF] Jarvis | Left Anterior Descending Coronary Artery Motion in Deep Inspiration Breath-Hold and Free Breathing Using 4D-CT Scanning: Potential Impact on Left-Sided Breast Cancer Radiotherapy[END_REF] and breathing motion up to 9 mm. [START_REF] El-Sherif | Assessment of Intrafraction Breathing Motion on Left Anterior Descending Artery Dose During Left-Sided Breast Radiation Therapy[END_REF][START_REF] Jagsi | Respiratory Motion of the Heart and Positional Reproducibility Under Active Breathing Control[END_REF] Another obstacle impeding correct estimation of the LAD dose is the reproducibility of LAD delineation on dosimetric unenhanced CT-scans. Several studies sought to develop and validate firm guidelines for LAD delineation. [START_REF] De Almeida | Potential benefits of using cardiac gated images to reduce the dose to the left anterior descending coronary during radiotherapy of left breast and internal mammary nodes[END_REF][START_REF] Vennarini | Visualisation of the left anterior descending coronary artery on CT images used for breast radiotherapy planning[END_REF][START_REF] Kirova | Heart, coronaries and breast cancer radiotherapy[END_REF] In our study, we aimed to develop a reliable and reproducible manner of delineating the LAD using positioning CT-scan, which is already routinely used.

MATERIALS AND METHODS

Patients

We prospectively included left-sided BC patients before planning of their adjuvant radiotherapy.

Patients with diabetes, or those who cannot receive iodinated contrast agents due to allergy, severe cardiac disease or impaired kidney function were excluded. Similarly, patients requiring lymph node irradiation, those with metastases or with histology other than adenocarcinoma or previously treated with breast or thoracic radiotherapy were excluded. Because the radiological orientation, the only factor of risk in this population of patients was left side breast cancer. Because the question of this study was the optimisation of LAD delineation, no dermographics were collected.

Imaging modalities

All patients underwent cardiac-gated CT-scan (CG-CT) on a GE Healthcare Optima 660 TM (Chicago, Il, USA) with 64 detector arrays. Slice width was set to 0.625 mm. To help steady and slow cardiac motion to 60 bpm, patients were given a beta-blocker in the morning of the examination. All acquisitions were made with deep inspiration breath hold. Contrast agent (Visipaque 320 TM , GE Healthcare SAS, Chicago, Il, USA) was administered with an 18-gauge catheter at a dose of 1-2 mL/kg and a rate of 5 mL/sec. Acquisition was started when the density of the aorta reached the density of the pulmonary trunk and was synchronized with cardiac motion using electrocardiography. The Rpeak was set as the reference for each cardiac cycle on ECG. The phase is given as a percentage of the R-R interval. The sample was set every 2% of the cardiac cycle during the phase 0-20%, then every 10% in the range 20-80%, then 2% for the last 80-98% (Figure 1). The usual protocol samples the cardiac cycle regularly, every 10%. We chose these values to minimize the probability of missing off-range LAD motion. Images were reviewed using the CardIQexpress extension of AdvantageSim (GE) software, by two operators.

Each CG-CT scan was independently reviewed by a trained radiologist to detect any fortuitous cardiac anomalies that patients might need to be informed of.

For the planning CT-scan (pCT), patients were placed in the supine position, with the arms above the head. We used a GE Healthcare 580 TM (Chicago, Il, USA) with 16 detector arrays and 3 mm slices, before and immediately after an intravenous injection of contrast agent (Omnipaque 300 TM , GE Healthcare SAS, Chicago, Il, USA), 1.5 mL/kg, at a rate of 3 mL/sec. Images were analyzed with AdvantageSim (GE) using a mediastinal contrast window.

Definition of LAD anatomy

Five anatomic markers were defined and selected to ensure optimal reproducibility during coronary measurement (Figure 2): ostium, circumflex artery bifurcation, first and second diagonal bifurcation and apex (junction with right coronary).

Measurements

For the 5 LAD markers, and for each of the 26 phases of the cardiac cycle (130 data items for each patient), we recorded the three DICOM coordinates. We were therefore able to precisely follow the movement of the markers during a cardiac cycle. Diameters were measured at the 70% phase, i.e. during diastole, when movements are smaller and resolution higher, at the 5 markers.

Measurements on pCT were only performed on diameters, on the 5 markers, for both enhanced and unenhanced modalities.

Statistical analysis

Descriptive statistics (means, ranges and standard deviation) were used for the displacement of the 5 markers in the three directions (SI, LR and AP). LAD motion was compared using two-tailed pairwise Wilcoxon signed-rank tests, with p values less than or equal to 0.05 considered to reach statistically significant difference.
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RESULTS

Patients

A total of 45 the patients treated in our facilities between March 2016 and March 2018, were eligible and included. They all underwent CG-CT, and pCT with and without contrast . Mean age was 55 years. All displacements of the LAD were successfully measured in all directions.

LAD diameter

On pCT , the LAD was always seen at least until the second diagonal bifurcation when not injected.

When injected, the LAD could be followed to the apex. Mean diameters for all patients, measured on both CG-CT and pCT, are shown in Table 1, given at four different anatomic positions. LAD diameter was maximal at the ostium (4.9 ± 1.2 mm), then steadily decreased (Cx/Bct: 3.9 ± 0.9 mm, D1/Bct: 3.5 ± 0.7 mm, D2/Bct: 3.1 ± 1.0 mm) until the apex, regardless of the imaging modality. Diameter was however generally smaller when using non-cardiac gated images, though not significantly (4.9 vs 4.9 vs 5.3 mm at ostium, 3.9 vs 3.6 vs 3.5 mm at Cx/Bct, 3.5 vs 3.1 vs 3.1 mm at D1/Bct and 3.1 vs 2.6 vs 2.8 mm at D2/Bct for CG-CT, pCT IV+ and pCT IV-).

LAD displacement

The extent of LAD displacement in all the three direction (AP, LR and CD) and total displacement, studied on CG-CT at the 5 different anatomic markers, are displayed in Table 2. We found that it was maximal in the distal portion of the LAD (example for D2/Bct: AP: 4.2 ± 4.5; LR: 2.9 ± 1.4; AP: 2.8 ± 1.9 and 3D maximal displacement: 5.8 ± 2.8), with moderate between-patient variations.

Time spent outside the diastolic position

To illustrate the need for a safety margin around the LAD, we can extract from these data two indicators. The first one is, when considering a cross-section of the LAD, the proportion of the time in the cardiac cycle when the normed displacement at a given timepoint is greater than half the diameter of the LAD. The second one is derived from the first, but with a threshold of 1:1, when the mean normed displacement is greater than the LAD diameter (this is referring to the % of time that the LAD is displaced at greater than half of its diameter (>50%) or displaced greater than the diameter of the LAD (>100%). (Figure 3). Surprisingly, at least 59% of the time (72% more distally), more volume of the LAD is located outside its resting position than inside. If we look at the proportion of time when there is no junction between the actual position and the resting position (Figure 3), the ratio is still 30% at the ostium, and up to 40% more distally. The results are shown in Table 3.

DISCUSSION

Cardiac motion, as well as low resolution and contrast of non-cardiac-gated and non-injected pCT can make it difficult to delineate a nonetheless critical organ at risk when treating left-sided BC patients.

In the 21st century, with modern techniques delivering controlled doses with millimetric precision, we cannot afford to leave preservation of the LAD to chance.

An elegant solution to answer both cardiac motion and reproducibility problems has been developed using coronary tomography, successfully tested by Lee at al. on contrast-enhanced positioning CTscans. [START_REF] Lee | Development of delineation for the left anterior descending coronary artery region in left breast cancer radiotherapy: An optimized organ at risk[END_REF] Delineation of the LAD region (LAD-R), i.e. the anatomical region where the LAD might be, successfully solves the problem of both cardiac motion and reproducibility, as they have high similarity indices. Dosimetric studies also show little or no difference in the mean LAD dose compared to mean LAD-R dose. The limitation to this study consists in the absence of reproducibility when using unenhanced CT images. Implementing LAD-R delineation would require use of contrast enhancement, which is not currently used routinely, mainly for safety reasons regarding the risk of allergic reactions.

Approaching the question from another point of view, in a dosimetric study, Wang et al. suggested that when treating a left breast with tangential fields using DIBH, we should maintain at least 5 mm between the LAD and the field edge, to account for heart movements unassessed on the pCT [START_REF] Wang | Cardiac Motion During Deep-Inspiration Breath-Hold: Implications for Breast Cancer Radiotherapy[END_REF] .

Cooper et al. suggested only 2.5 mm. [START_REF] Cooper | Preplanning prediction of the left anterior descending artery maximum dose based on patient, dosimetric, and treatment planning parameters[END_REF] These protocols have the advantage of being simple, but cannot be applied when using volumetric modulated arc therapy techniques, because the fields are not static and constantly change. It is interesting to note that the delineation method was not described in any of these articles.

Based on our findings, we suggest delineation of the LAD from the ostium to its distal portion (anastomosis with right coronary) using a 3D pencil of 10 mm diameter. Doing so, we believe, will account for cardiac movements, which firstly drive the LAD out of the position assessed on pCT IVduring a significant part of the cardiac cycle and, secondly, cause motion blur that complicates the task of precisely delineating the LAD.

If a 10 mm delineation pencil is selected instead of the 4 mm pencil recommended in the ESTRO cardiac atlas, the resulting volume of the LAD structure is more than fifteen times higher. This has a major impact on key indicators regarding this structure: firstly, the reproducibility of delineation will be improved, making it easier to conduct further studies needed to validate the dosimetric and clinical benefits of such a change. It is also known that small structures are not well assimilated by atlas-based automatic segmentation software, [START_REF] Isambert | Evaluation of an atlas-based automatic segmentation software for the delineation of brain organs at risk in a radiation therapy clinical context[END_REF][START_REF] Zhou | Cardiac atlas development and validation for automatic segmentation of cardiac substructures[END_REF][START_REF] Luo | Automatic segmentation of cardiac substructures from noncontrast CT images: accurate enough for dosimetric analysis?[END_REF] so we can expect that increasing LAD volume might help to obtain satisfying results when using this software.

Secondly, we can expect maximum LAD dose to increase significantly if we retrospectively delineate patients treated for left-sided BC, in tangential fields or even volumetric modulated arc therapy. For forthcoming treatments, we can imagine that respect for the LAD dose constraint may be less easily achievable, or may even increase the maximum dose to adjacent cardiac sub-structures if volumetric modulated arc therapy is planned without delineating these other sub-structures. This can have unexpected consequences and should be investigated in other studies. Other studies may also be needed to validate dose constraints adapted to this approach to delineating the LAD.

CONCLUSION

We found that the mean displacement of the LAD attributable to cardiac motion is maximal in its central portion, and exceeds 5 mm. Moreover, LAD displacement is greater than half its diameter during 60% of the cardiac cycle. This means that delineation of the LAD with the 4 mm pencil recommended by ESTRO guidelines when planning radiotherapy for left-sided BC could underestimate the actual dimensions of the LAD and therefore the doses received. We consider that a 10 mm 3D pencil is reasonable, safe and easy to implement in daily practice. Further investigation is needed to assess the reproducibility, as well as the dosimetric and clinical benefits of these findings. Figure 3: Illustration of the cross section of the LAD, when the mean displacement is equal to half the diameter (3a) or the full diameter (3b) of the LAD (this is referring to the % of time that the LAD is displaced at greater than half of its diameter (>50%) or displaced greater than the diameter of the LAD (>100%). 

Figure 1 :

 1 Figure 1: Schematic representation of the segmentation of the cardiac cycle

Figure 2 :

 2 Figure 2: Picture of five anatomic markers representing higher reproducibility between the measures (ROI 1 = Ostium, ROI 2 = Bifurcation Left coronary-Circumflex, ROI 3 = Bifurcation LAD-1 st Diagonal, ROI 4 = Bifurcation LAD-2 nd Diagonal, ROI 5 = Apex or anastomosis with right coronary)

Table 1 :

 1 Mean diameters for all patients, according to imaging modality and anatomic marker (CS = cardiac gated scanner, pTDM = planning TDM, IV = contrast enhancing agent intraveinous injection)

	TABLES			
			LAD diamter (mm)	
		CS (diastole)	pCT (IV-)	pCT (IV+)
	Ostium	4.9±1.2	4.9±1.3	5.3±0.8
	Cx-LAD	3.9±0.9	3.6±0.7	3.5±1.3
	D1-LAD	3.5±0.7	3.1±0.5	3.1±0.6
	D2-LAD	3.1±1.0	2.6±0.8	2.8±0.5

Table 2 :

 2 Mean displacements for all patients, according anatomic marker and on the three dimentional axis (AP = antero-posterior, LR = left-right, CD = cranio-caudal)

			LAD displacement (mm)
		AP	LR	CD	3-D vector displacement
	Ostium	2.2±1.3	3.2±1.1	3.1±1.3	5.0±2.1
	Cx-LAD	2.9±1.2	3.2±1.6	2.9±3.0	5.2±2.4
	D1-LAD	3.5±3.2	3.4±2.2	2.8±2.2	5.6±3.8
	D2-LAD	4.2±4.5	2.9±1.4	2.8±1.9	5.8±2.8
	Apex	3.6±2.3	4.4±2.4	1.6±1.1	5.9±3.5

Table 3 :

 3 Portion of a cardiac cycle when the displacement of the LAD at a given time is greater than half or the entire diameter of the LAD, at four given locations.

		>50%	>100%
		MEAN (%) (range)
	OS	59.1 (42-88)	30.0 (24-50)
	Cx	67.1 (36-82)	38.4 (22-54)
	D1	69.8 (48-86)	35.6 (21-55)
	D2	72.4 (66-78)	40.2 (30-68)
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