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In this paper, an analysis of the coronary trees using Magnetic Resonance Angiography (MRA) is performed. The objective is to estimate how much MRA is capable to provide insights into the vascular network. A qualitative exploration of the MRA volumes with anatomical labelling by experts is first performed, Quantitative vessel features are then manually extracted providing a ground truth which is further compared to a semi-automatic extraction. This evaluation is carried out on 10 datasets of the SSFP MRA sequence and allows getting a more precise view on the current state-of-theart as well as on future achievements to be done.

Résumé

Nous proposons une analyse des artères coronaires en angiographie IRM. L'objectif est d'estimer la profondeur à laquelle l'angio-IRM peut conduire dans un réseau vasculaire coronaire. Une exploration qualitative est décrite

Introduction

According to the recent heart disease and stroke statistics update, "death rates from cardiovascular disease (CVD) have declined, yet the burden of disease remains high" [START_REF] Lloyd-Jones | Heart disease and stroke statistics -2009 update : a report from the American Heart Association Statistics Committee and Stroke Statistics Subcommittee[END_REF]. Efforts made until now have proven profitable for western countries, where CVD are known as the leading cause of death. However, an earlier and better diagnostic of coronary artery diseases (CAD) based on the advances made in imaging modalities leads to a significant decrease of mortality [START_REF] Bi | Coronary arteries at 3.0 T : Contrast-enhanced magnetization-prepared three-dimensional breathhold MR angiography[END_REF][START_REF] Renard | Coronary artery extraction and analysis for detection of soft plaques in MDCT images[END_REF]. Moreover, new therapies that rely on cardiac veins extraction, like biventricular pacing, known as cardiac resynchronization therapy (CRT), open also new perspectives for patient care [START_REF] Daubert | Cardiac resynchronisation therapy in heart failure : Current status[END_REF]. In both cases, imaging sources play an important role as it enables to detect and characterize potential pathological patterns and to elaborate sound planning for therapy and efficient patient followup [START_REF] Rioual | MSCT labelling for pre-operative planning in cardiac resynchronization therapy[END_REF]. They provide relevant anatomical knowledge of the human heart vasculatures (either morphometric [START_REF] Dodge | Intrathoracic spatial location of specified coronary segments on the normal human heart. Applications in quantitative arteriography, assessment of regional risk and contraction, and anatomic display[END_REF][START_REF] Dodge | Lumen diameter of normal human coronary arteries. Influence of age, sex, anatomic variation, and left ventricular hypertrophy or dilation[END_REF], structural [START_REF] Chalopin | Modeling the 3D coronary tree for labeling purposes[END_REF][START_REF] Garreau | A knowledgebased approach for 3-D reconstruction and labeling of vascular networks from biplane angiographic projections[END_REF] or both [START_REF] Lorenz | A comprehensive shape model of the heart[END_REF]) which can be confronted to patient-specific data in a therapeutic or surgical decisional process. Despite the high resolution of the X-Ray angiography, the gold standard for coronary analysis, and the many attempts in reconstruction from few views [START_REF] Bousse | Motion Compensated Tomography Reconstruction of Coronary Arteries in Rotational[END_REF][START_REF] Zhou | A blob-based tomographic reconstruction of 3D coronary trees from rotational x-ray angiography[END_REF][START_REF] Schoonenberg | Three-Dimensional Coronary Visualization, Part 2 : 3D Reconstruction[END_REF], other techniques are increasingly being used in clinical protocols : Multidetector Computed Tomography (MDCT), Electron Beam Computed Tomography (EBCT) and Magnetic Resonance Angiography (MRA) [START_REF] De Veire | Magnetic resonance imaging and computed tomography in assessing cardiac veins and scar tissue[END_REF][START_REF] Kim | Coronary magnetic resonance angiography for the detection of coronary stenoses[END_REF].

MRA is of interest for several reasons : [START_REF] Lloyd-Jones | Heart disease and stroke statistics -2009 update : a report from the American Heart Association Statistics Committee and Stroke Statistics Subcommittee[END_REF] no ionizing radiation is used, (2) improved assessment of aneurysms and CAD are expected, and (3) MR imaging provides acquisition sequences that allow focusing on different anatomical or physiological characteristics. Recent works show that MRA could discriminate significant (> 50%) from non-significant stenosis [START_REF] Stuber | Coronary magnetic resonance angiography[END_REF] and is a reliable imaging method for anatomy assessment before a surgical intervention [START_REF] Sakuma | Assessment of coronary arteries with total study time of less than 30 minutes by using whole-heart coronary MR angiography[END_REF]. However, they do not report yet precise quantitative features.

The state-of-art of MR sequences used for clinical studies are those based on steady-state free precession (SSFP) technique [START_REF] Giorgi | Improved Visualization of Coronary Arteries Using a New Three-Dimensional Submillimeter MR Coronary Angiography Sequence with Balanced Gradients[END_REF][START_REF] Ozgun | Comparison of 3D Segmented Gradient-Echo and Steady-State Free Precession Coronary MRI Sequences in Patients with Coronary Artery Disease[END_REF]. Whole-heart acquisition makes the image analysis less operator dependent by including the vessels up to distal vascular parts in a single volume. Used in conjonction with navigators, it is possible to image a whole heart without β-blockers, without contrast agent and in a free-breathing fashion. These points are of importance when diagnostic is performed on symptomatic patients.

A meta-analysis of CAD diagnostic performance of coronary MRA [START_REF] Danias | Diagnostic performance of coronary magnetic resonance angiography as compared against conventional X-ray angiography : a meta-analysis[END_REF] reports a moderately high sensitivity for detecting proximal stenoses but notes that distal segments can not be evaluated. The clinical study conducted in [START_REF] Beerbaum | Coronary anomalies assessed by whole-heart isotropic 3D magnetic resonance imaging for cardiac morphology in congenital heart disease[END_REF] on congenital heart disease diagnostic based on SSFP MR Imaging focuses therefore on proximal segments. This paper is aimed at answering two questions : [START_REF] Lloyd-Jones | Heart disease and stroke statistics -2009 update : a report from the American Heart Association Statistics Committee and Stroke Statistics Subcommittee[END_REF] what can be expected in terms of visual exploration and manual extraction of vascular structures by expert ? [START_REF] Bi | Coronary arteries at 3.0 T : Contrast-enhanced magnetization-prepared three-dimensional breathhold MR angiography[END_REF] what difficulties and performance can be anticipated for semiautomatic quantitation ? 10 whole-heart coronary artery SSFP MRA have been studied. The datasets are first described (2) and then qualitatively analysed (Section 3.2).

Furthermore, a quantitative study, expert-based, is carried out in order to assess patient and inter-patient the variability of different features (Section 3.3).

A preliminary comparison of the manual extractions with an existing semiautomatic centreline tracking algorithm is then presented in Section 4 and allows concluding on factual benefits and future challenge of whole-heart coronary artery imaging.

Technical and anatomical background

Datasets

The 10 datasets were acquired on a 1.5T system (Philips Intera and Achieva) using a steady-state free precession (SSFP) MR sequence [START_REF] Giorgi | Improved Visualization of Coronary Arteries Using a New Three-Dimensional Submillimeter MR Coronary Angiography Sequence with Balanced Gradients[END_REF], at end-diastolic phase without contrast agent. The MR sequence parameters are summarized in table 1. Table 2 shows different characteristics of the MRA volumes. The field of view corresponds to the whole acquired volume, while the VOI is the volume of the bounding box comprising the visible coronary vasculature. The intensity range is measured inside the VOI. All the volume have the same in-plane resolution, being 512 × 512 isotropic pixels of size 0.59 mm whereas the interslice distance and the number of slices vary. 

Anatomical considerations

In the following and for the whole paper, anatomical nomenclature is based on the classification established by the American Heart Association [START_REF] Scanlon | ACC/AHA guidelines for coronary angiography. A report of the American College of Cardiology/American Heart Association Task Force on practice guidelines (Committee on Coronary Angiography). Developed in collaboration with the Society for Cardiac Angiography and Interventions[END_REF]. Figure 1 shows the anatomical segments and their corresponding names depicted in tables 3 and 4. For clarity purpose, and because some distal segments have never been evaluated in the litterature, we propose readerfriendly acronyms in the remaining of the paper.

Labelization and manual extraction

Existing studies, even recent, on whole-heart coronary MRA lack of indepth qualitative and quantitative analysis. In this section, we present the result of the manual extraction of the coronary arterial trees from the 10 datasets. The anatomical nomenclature and the labelling performed in colla- boration with a radiologist and a cardiologist are confronted. Finally, some basic vessel features (length, diameter and image intensity) are quantified and results discussed. Refining The decimated curve is then resampled along a cardinal spline but with a 1 mm sampling step.

Figure 2 shows the ten arterial trees obtained from this interactive procedure.

By slicing the MR dataset orthogonally to the curves, it is possible to carry out a straightened reformation of the arteries. A volume rendering of such a reformation is depicted in figure 3. This view is based on the Straightened Curved Planar Reformation (Sa-CPR) described in [START_REF] Kanitsar | CPR -curved planar reformation[END_REF].

Centreline correction

A centreline correction, similar to the one presented in [START_REF] Schaap | Standardized evaluation methodology and reference database for evaluating coronary artery centerline extraction algorithms[END_REF], is performed to ensure an accurate localization of the vessel centre. The main drawback of an axial-exclusive slice pointing is that the center of a vessel is not reliabily located when the vessel runs tangentially to the axial plane. It may lead to an inaccurate location of the centreline for a non-negligible length of coronary arteries (eg RCA 3rd segment, posterio-and atrio-ventricular segments). To deal with this issue, the consideration that slicing axially the Sa-CPR is equivalent to slicing orthogonally along the vessel allows us to point trustfully the center of the vessel at each Sa-CPR axial slice. A corrected centerline is then produced, as shown in figure 4.

Radius estimation

This corrected centreline is used as a reference for the local radius measurement along the vessels. This radius is estimated on each Sa-CPR axial slice by pointing the upper north point of the vessel. Figure 5 shows a reconstruction of the vascular structure through a radial-variant tube centered on the corrected centreline. modality for quantification purposes.

Coronary arterial tree labelling
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Quantitative analysis

The characteristics presented in this work are : (i) the length of each coronary arterial segments, as well as their estimated radii, according to the manually extracted and corrected centreline ; (ii) the image intensity probed along the corrected centreline.

Extracted length

Figure 9 shows the mean length of each coronary artery segment. No surprisingly, the proximal to medial segments have a length close to those reported in [START_REF] Christids | Anatomie des artères coronaires du coeur[END_REF] when they exist. The relative error is due to the anatomical variations between subjects. For distal segments, no reliable comparison can be made due to the fact that they are far to be entirely extracted.
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Estimated radii

As the radius is expected to decrease along a vessel, the result is presented through a simple linear regression. 

Intensity measurement

An analysis of the intensity profiles along the coronary arteries has been performed. Figure 11 shows such a profile along the RCA of the volume #1.

It can be observed that local variations are important. The simple regression line is also drawn on the chart. The results for each segment is displayed (slope a, y-intercept b, absolute correlation coefficient |r| and mean) in table 8.

Although the slope of the regression lines are closed to zero reflecting an almost-constant intensity at centreline, the correlation coefficients show in most cases significant variations.

Indeed, not only the intensity is highly-varying along the vessels but as the figure 12 shows, major differences appear between different datasets, with mean intensities along the whole trees ranging from 186 to 469. It emphases the need for normalized intensities, such as it was proposed in [START_REF] Weber | Free-breathing, three-dimensional coronary artery magnetic resonance angiography : comparison of sequences[END_REF].

Discussion

The qualitative analysis of coronary arterial tree extraction using wholeheart SSFP MRA points out that the main segments, up to distal parts, are unambiguously localized and labeled. Proximal diagonal segments have been also identified on seven of the 10 datasets. A number of marginal and septal segments were extracted. In the next section, we apply an existing semi-automatic method and compare the results with those obtained manually.

Preliminar testing of a semi-automatic segmentation method

State-of-the art methods

Most basic tools designed so far have been mainly applied to X-ray modalities and are based on intensity thresholding [START_REF] Schoepf | CT of the heart : principles and applications[END_REF]. They are daily used as part of scanner marketed software packages including 3D volume rendering functionnalities. The vessel intensities being highly variable inside and along a vessel, thresholding can not be considered as reliable. Smarter segmentation methods are based on region growing (RG) [START_REF] Boskamp | New vessel analysis tool for morphometric quantification and visualization of vessels in CT and MR imaging data sets[END_REF]. For the same reasons of heterogeneity, a RG algorithm cannot extract the whole vascular tree without many expert interactions. Other methods rely on the tube-like structure as a prior knowledge. A joint fast-marching/level set method is proposed in [START_REF] Cohen | Segmentation of 3D tubular objects with adaptive front propagation and minimal tree extraction for 3D medical imaging[END_REF] which offers the capability to build a vascular tree thanks to a minimal path technique. In [START_REF] Boldak | 3D segmentation and characterization of lower limb vessels in multi-slice computed tomography[END_REF], 3D geometrical moments were used to get the center and the principal axis of a vessel that feeds a spatial tracking algorithm. Geometrical moments and level-set methods have been combined

in [START_REF] Bousse | Coronary extraction and characterization in multi-detector computed tomography[END_REF]. An artificial life-based method is also reported in [START_REF] Mcintosh | Vessel Crawlers : 3D Physically-based Deformable Organisms for Vasculature Segmentation and Analysis[END_REF] and a mathematical morphology approach is described in [START_REF] Bouraoui | Fully automatic 3D segmentation of coronary arteries based on mathematical morphology[END_REF]. One can refer to [START_REF] Lesage | A review of 3D vessel lumen segmentation techniques : Models, features and extraction schemes[END_REF] for a review on vessel extraction methods.

Although these segmentation methods show promising results, they have been mainly tested on X-Ray angiography or MDCT modalities. In the following, we assess a modified geometrical moment-based tracking method integrating multiple hypothesis testing and regularization (MH-GMT) [START_REF] Velut | 3D coronary structure tracking algorithm with regularization and multiple hypotheses in MRI[END_REF] and we compare its performance to the manual extraction carried out above, considered here as ground truth.

Extraction results

Briefly speaking (more algorithmic details can be found in [START_REF] Velut | 3D coronary structure tracking algorithm with regularization and multiple hypotheses in MRI[END_REF]), the geometrical moment-based tracking methods are designed to extract a 3D curve from a volume, following a particular feature. As geometrical moment are able to compute the local orientation of a cylinder from image intensities, it is well-suited for vessel centreline extraction. The tracking starts from a seed point and iteratively builds a curve from the estimated orientations until a stopping criterion is reached. The idea behind the multiple hypotheses framework is to automatically browse the parameters of the algorithm (eg.

moment kernel size, stopping criterion,...) to extract multiple centrelines and then select the best one.

The bunch of candidate centrelines is shown figure 13 for the 10 arterial trees together with the seed point locations. Each centreline is the output of the algorithm for one state of the parameter set.

Distance definition for quality measurement

In the following, we use the concepts of overdetection and underdetection to assess the quality of the extracted arterial tree. Let T S be the tree obtained from MH-GMT and T R the manually extracted one. If p is a point from T S and q a point from T R , we define the overdetection distance as :

∀p ∈ T S , OD p = min q∈T R (||pq||) (1) 
This measure allows detecting points that belong to the semi-automatically extracted tree T S but do not belong to the reference tree. Figure 14 The symmetric measure of ( 1) is the underdetection distance, able to detect vessels from T R that cannot be find in T S and defined as :

∀q ∈ T R , U D q = min p∈T S (||pq||) (2) 
The visualization of U D for each reference point (figure 14(b) underlines the missing segments in T S . However, the histogram (figure 14(d)) shows that 77% of the points from T R are less than 2mm far from T S . 15% of points are farther than 5mm, which may be lowered by adding few seed points.

These results are summarized in table 9 for each dataset, where over-and underdetection are presented as the number of points with OD and U D less than 2mm in percent. The rates of correspondance are relatively high between the semi-automatic extraction and the ground truth. It can be seen that the number of seed points remains reasonable with respect to the interaction time required to the user. The computation time is also compatible with the clinical constraints. Tab. 9: Summary of the semi-automatic coronary artery centreline extraction.

Conclusion

Cardiac imaging is now able to provide 3D static data sets but also 3D We have shown that an unambiguous labeling of large parts of coronary arteries can be achieved. To our knowledge, such a proof of the potential of MR imaging for coronary analysis is lacking at this depth. A global coronary anatomy can thus be reconstructed, bringing useful information for interventional planning. However, the coronary tree is built from many points manually placed in the volume, requiring too much interaction and time for a clinical use.

A semi-automatic extraction method has therefore been applied. It is based on geometrical moments and outputs the central axes of the vessels.

Results are promising as the labeled vessels are retrieved thanks to only 13 seed points on average. Therefore, for qualitative applications on coronary anatomy, MR leads to a performance comparable to MDCT [START_REF] Larralde | Evaluation of a 3D Segmentation Software for the Coronary Characterization in Multi-slice Computed Tomography[END_REF] without using any contrast product.

Improvements however are necessary. They will come first from the MR imaging (new acquisition sequences, contrast agents, etc.) where continuous advances are observed. They will also come from advances of detection and segmentation algorithms with lower time computation, higher robustness and reduced interaction. The quantification of patient-specific coronary features is required to reach a better diagnosis and to help in planning the interventions such as CRT as far as the the coronary sinus and the whole left venous tree is also extracted. The competition between imaging modalities and especially MDCT and MRA is a factor of progress that will help in such objectives.
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 1 Coronary arterial trees extraction procedure 3.1.1. Rough manual centreline extraction The manual extractions have been performed by interactively pointing inside the vessels on the axial slices of the volumes. The resulting curves having a non-uniform sampling, a slight smoothing was applied based on a decimation/refinement procedure. Decimation The manually-extracted curves are evenly resampled along a cardinal spline interpolating the initial point set. Sampling step is 3 mm long.

Figures 6 -

 6 Figures 6-8 display several labeled slices (a) from the coronary artery MRA dataset #2. An approximate location of the slice plane is given on a schematic view of the heart (b). The arterial segments that can be seen on the slices are represented as sharp on the coronary artery map, the non visible vessels being blurred (c). Figure2illustrates the manual extraction of the coronary arteries from the ten datasets. The extracted segments are reported in tables 5 and 6. This analysis demonstrates the merits of MR imaging for coronary arteries. The whole proximal and medial segments have been extracted, and even the distal locations for the most part of the datasets. However, whereas these merits are obvious in the case of a global coronary anatomy exploration, we are interested in the following in assessing the MR

Figure 10

 10 depicts the manually-pointed data and the corresponding regression line. The regression slope is negative (-4.33E -03), that confirms the general decreasing trend expected along a vessel. Results over the whole database and for each segment are summarized in table 7. The whole database presents a slowly-decreasing radius along the arterial segments, except for CX-2 and LAD-3. The difficulty to reliably point the vessel wall can explain this low quality radius estimation. Furthermore, the radius is highly varying along the vessels. The absolute Pearson correlation coefficient |r| is adequatly lower than √ 3/2, meaning that the dispersion around the regression line prevents a correct radius prediction. The low MRA vessel contrast and the inherent difficulties to keep a 3D continuity through 2D manual analysis explain the observed errors.

1 . 5 .

 15 This quantitative analysis that aimed to extract the lengths, local radii and local intensities along the arterial centrelines leads to mixed results. The extracted lengths confirm the qualitative analysis with figures closed to anatomical references and variabilities, but the local radius estimations and intensity measurements do not provide enough reliability for diagnosis or interventional planning. Furthermore, the manual extraction of the coronary tree is highly timeconsuming and is not applicable in clinical routine. A reliable estimation of the radius requires to point more than the only upper points of the vessel lumen. These findings support the need for automatic or at least semi-automatic methods. They should avoid intra-and inter-operator biases and fasten the extraction process. The challenging points concern : The low vessel spatial resolution : 4-voxels diameter for proximal main segment, down to 1-voxel diameter for distal segments 2. The high intensity variability along a vessel, making threshold-based method setting tedious 3. The high intensity inter-patient variability 4. the loss of signal due to either pathology or artifacts (motion, susceptibility,...) The proximity of bright structures (veins, ventricles)

  (a) shows the overdetection distance (OD) for each point and the histogram in figure 14(c) points out that the majority of the points are less than 2mm far from the reference. Only 3% of points may correspond to false positive detections.

  image sequences and open new perspectives for diagnosis and image guided interventions. In this context, MR imaging is very attractive and has been widely investigated for coronary vessel analysis. With SSFP MR sequence, a whole heart volume can be acquired in a free breath fashion in less than 15 minutes, thus improving the patients comfort.

Fig. 1 :Fig. 2 :

 12 Fig.1: Coronary artery map as proposed by the AHA[START_REF] Scanlon | ACC/AHA guidelines for coronary angiography. A report of the American College of Cardiology/American Heart Association Task Force on practice guidelines (Committee on Coronary Angiography). Developed in collaboration with the Society for Cardiac Angiography and Interventions[END_REF]. A correspondance between figures and segment names is given in tables 3 and 4.

Fig. 3 :

 3 Fig. 3: Straightened Curved Planar Reformation of the 1st, 2nd and 3rd RCA segments. MIP (Maximum Intensity Projection) visualisation.

Fig. 4 :Fig. 6 : 34 (Fig. 8 :Fig. 9 :Fig. 10 :Fig. 11 :

 4634891011 Fig. 4: Centreline correction process. Corrected vessel centres are pointed slice by slice.

Fig. 12 :

 12 Fig. 12: Mean intensity along the coronary artery centreline for each dataset. Bars are gray-colored according to the intensity.

Fig. 13 :

 13 Fig. 13: Coronal view of the ten arterial tree obtained with MH-GMT method. Red spheres depict the seed points locations.

Fig. 5: Sa-CPR reconstruction of the vascular wall (1st, 2nd and 3rd segments).

Conflit d'intérêt : aucun