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Abstract
We present a method to recover the geometrical structure of vessels from CT data.  It exploits several image processing algorithms 
each one customized for the recover of a particular object (vessel lumen, vessel walls, calcified plaques and vascular skeleton). Each method is selected due to peculiar appearance of the related structure in the voxeled volume, and a dedicated tool has been developed to enable the user to perform easily each segmentation task, inspecting the quality of the result and modifying parameters or geometries if necessary. 
The tool has been successfully applied to build 3D models of the abdominal aorta, useful to support diagnosis and endovascular treatment of Abdominal Aortic Aneurysms. 
Keywords:  Vessel, 3D model, segmentation, CT
1. Introduction

The quantitative analysis of 3D vascular trees is a powerful tool for diagnosis, surgical planning1,2 and scientific study of the physical behaviour of blood and tissue during the cardiac cycle, that can be simulated with advanced computer tools performing numerical simulation of blood flow3. 
Being involved in several research projects aimed at realizing applications of this kind, like VIVA, aimed at blood flow simulation and AQUATICS, aimed at the support of endovascular procedures, we have recently developed methods to recover the complex structure of patient specific blood vessels from diagnostic images.

CT imaging is the most powerful imaging technique used to recover the 3D structures of organs. It creates a 3D set of X-ray absorption maps coded as grey levels with a resolution higher than any other 3D acquisition technique and can therefore be applied also to the analysis of vessels that have diameters not too large.  The greatest limitations to CT angiography are partial volume effects, which result in gradual attenuation transitions between adjacent structures: models reconstructed must always be considered affected by an error at least equal to maximum between the slice thickness or the slice spacing of the CT acquisition. A typical slice thickness for the study of pathologies of the abdominal aorta, for example, is between 1 and 2 mm. This resolution allows a good reconstruction of the aorta, of the iliac arteries and of renal arteries, so that a complex vascular tree can be build, particularly useful to evaluate aneurysms, stenoses and to plan endovascular interventions.
It is not possible to discriminate vessel tissues from CT data, but it is possible to have a clear delineation of the lumen by injecting a contrast medium in the blood. By doing so, the gray level in the image, corresponding to a well defined Hounsfield value (the X-ray attenuation), becomes sufficiently distinguishable from the surrounding.  Thrombus and calcified plaques have Hounsfield values very close to the level of other structures, but they can be usually identified, even though small calcifications cannot be located because they are typically masked by volume effects.
In the following sections we will show the methods we have developed to discriminate all these structures, building geometrical models including the lumen geometry, the vascular skeleton, external walls of the vessel including thrombotic material and calcified plaques. We will show how these methods have been successfully applied to build models of the aorta used in a practical application: i.e. diagnosis and endovascular treatment planning for Abdominal Aortic Aneurysms.
2. Methods

Computer vision (and computer graphics) provides many techniques and algorithms that can be used to recover 3D shapes and information from images range and volume data: pixel (voxel) classification techniques, isosurface extraction methods, etc. Some of them have been validated, even if only by using particular data under particular conditions, others are already used in industrial applications, while many others have only been proposed without the support of a large amount of experimental results.

To choose the algorithm class that is best suited to a specific problem is indeed an important step in developing medical (as well as industrial) applications.  Furthermore, a typical medical application may involve different sub-tasks, each with its own peculiarity, and often there is not a single reconstruction technique powerful enough to deal with all of them.  The application designer needs, therefore, to find specific solutions for each subtask and to combine these solutions in a, possibly, user friendly and effective software tool.

To recover useful vascular models, we combined four different state-of-the art computer vision tools to build a system that is capable of completely recover, with a fast and mostly automatic method, the geometrical structure of big vessel like the abdominal aorta from CT scans. 

Following the requirements coming from experts in vascular surgery, surgeons and medical doctors, the structures to be recovered for our applications were vessel lumen, vessel skeleton, plaques, thrombus.  In the following subsections we briefly describe the algorithms used for each task.
Lumen reconstruction
Among all the possible deformable model algorithms we selected an explicit method deforming a closed surface. The reasons for this choice are the following.

· Fast computation: the use of implicit methods, finite elements,  etc. makes evolution slower.

· Topology preservation: it is assumed that the lumen is an unique surface not separable into isolated parts.

· Sensitivity to noise: elastic forces keep the contour smooth and  are less influenced by local noise or artefacts.

We have implemented a deformable surface algorithm, called ``fast simplex mesh balloon'', specifically designed for this task. It is based on the Simplex Mesh geometry4 

Mesh nodes move under the influence of an inflating force directed along the surface normal vector, an elastic smoothing force described (``surface orientation continuity constraint'') and two image forces. The first, a deflating force directed against the surface normal, compensates the inflating force when the local average of the grey level differs from the internal value more than a fixed threshold. The second, an edge attraction force, pushes nodes toward the maximum of the grey level gradient modulus in the neighbourhood.

To avoid a large variance in simplex sizes, the latter are controlled by a simplex merging/splitting algorithm that is invoked every so many iteration steps.

The surface is usually initialized as a small sphere inside the lumen and then undergo the evolution determined by the forces applied. The user can control the maximum number of iterations to be performed, force parameters and the maximum and minimum size of the polygons.  Auto--intersections  are prevented by an appropriate test.  Surface evolution can be automatically stopped when the nodes do not move relevantly, but in our application it is usually stopped manually in order to avoid the detection of structures that are not interesting for our goal.
Calcifications reconstruction
The recovery of the calcium boundaries is an ideal application of isosurface extraction. For this task, in fact, it is simply required to extract boundaries of voxels with a well defined HU value. No topological properties or support for measurements are needed. We applied therefore the well known ``marching cubes'' algorithm5 with a threshold chosen to represent the calcification boundaries. Even in this case, however, it is necessary to customize the procedure and to consider some peculiarities of the problem. This threshold cannot be set at the 120 HU suggested in some works, because this value is lower than the level of the contrast medium injected in the lumen. We put the threshold usually at about 320 HU, considered by many the lowest value in plaques. We also limited the isosurface computation to a region defined by the user by selecting a bounding box.   There is also the possibility of reducing the number of triangles with standard decimation routines.                                                
Thrombus reconstruction
It is difficult to automatically identify thrombus. Deformable surface methods are not useful since thrombus is not contrasted and its density, 20-50 HU, is too close to those of fat and of the non-contrasted vessels, and there are too many edges inside it due to calcifications. The best option seems, therefore, to  use a 2D approach based on computing series of snakes or inflated balloons. 2D contours can be easily controlled, constrained and manually corrected by the user. 3D tubular surfaces can, as seen before, recovered by joining contours with an algorithm finding point to point correspondences and, since ion this case the thrombotic regions are usually reasonably ``straight'', the approach provides reasonably good results.  We introduced contour evolution constraints by using a simple Fourier snake, with a weighted correction aiming at moving the contour close to the correct boundaries.
Skeletonization of the lumen
Skeleton extraction is fundamental to capture the local direction of the ``vessel tube'' and the networked structure of the whole organ. In 3D things are much more complicated than in 2D, where skeletons can be easily extracted with a medial axis transform. The ``medial axis'' in 3D is a surface.  We chosen and implemented an improved voxel coding method that uses a multi-scale approach and a snake-based regularization. Voxel coding algorithms5 have been recently introduced and seem the simplest and more general methods able to give fast and sufficiently accurate results.  We have improved this algorithm by introducing a multi--scale snake based regularization, making it  faster and less influenced by local structures. Our multi-scale snake based regularization is driven by the distance from region border map. With our method we obtain results compliant with our requirements: i.e.,  continuous curves connected in a tree structure and locally centered in the  volume. 

3. Validation and results 

The reconstruction software described in the previous sections was used in the AQUATICS trial within the European Project Cluster EUTIST-M. The basic idea of AQUATICS was to build a prototype of a service for surgical centers able to provide in few hours after a CT scan and, using the web as delivery mechanism, 3D measurable models of the aorta in order to support the collaborative planning of endovascular treatment. The system evolved during the project and it is now complete, enabling the reconstruction of a complete model in about one hour.  During the project two different technicians performed reconstructions using the tool and three clinical specialists used the models to measure a set of parameters necessary for endovascular procedure planning.  More than 40 patient specific aortic models have been reconstructed and models of a synthetic phantom have been recovered from CT scans for validation. AQUATICS measurements are compatible with phantom's true data and patient data measurements done manually by radiologists using standard methods.  The t-test showed a very good correlation between the measurements obtained on phantom with the Aquatics system and the true measurements of the phantom (p < 0.0001) demonstrating the reliability of the system.  The correlation between observers was also tested with the Spearman rank test and again a statistical significant correlation was proved (p < 0.0001). Similar results were obtained on measurement performed on models reconstructed by different operators. 
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Figura 1: Example of complete vascular tree  reconstruction (lumen, calcified plaques, thrombus, skeleton) reconstructed from abdominal CT scans
4. Discussion

We developed a tool based on different algorithms that is useful to recover the complete structure of complex vascular trees. The system has been tested for the planning of endovascular procedures for aortic treatment and gave good results.
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