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Automatic Rigid Registration of Aortic Aneurysm Arterial System

An abdominal aortic aneurysm is defined as a local and abnormal dilation of the aortic wall that can lead to rupture and death without treatment. A useful tool for the patient's postoperative follow-up is segmentation registration to see the evolution of the aneurysm between two examinations. Here, we propose a method to automatically register the entire arterial system: the segmentation is divided in three parts (suprarenal, infrarenal zone, and iliac arteries) and each part is registered separately. We chose a rigid point set to point set registration through the iterative closest point algorithm. We also compute the displacement fields and derive a criterion to accept or reject the registration of the infrarenal zone and iliac arteries. Registration is successful in 96% of cases for the infrarenal zone, in 94% for the suprarenal zone and in 65% for the iliac arteries.

Introduction

An abdominal aortic aneurysm is defined as a local and abnormal dilation of the aortic wall. Without treatment the aneurysm may grow until rupture, which ultimately leads to death in a majority of cases [START_REF] Chaikof | The Society for Vascular Surgery practice guidelines on the care of patients with an abdominal aortic aneurysm[END_REF][START_REF] Hoornweg | Meta analysis on mortality of ruptured abdominal aortic aneurysms[END_REF]. The preferred treatment modality now consists in the implantation of an endograft inside the aorta inserted through a sheath through the femoral arteries (endovascular aortic aneurysm repair (EVAR) [START_REF] Chaikof | Reporting standards for endovascular aortic aneurysm repair[END_REF]). The endograft isolates the aneurysm wall from the blood flow. Although it is a less invasive and morbid procedure procedure, the need for post-operative surveillance on a 1 long time scale is important [START_REF] Stather | Systematic review and meta-analysis of the early and late outcomes of open and endovascular repair of abdominal aortic aneurysm[END_REF]. The registration of information (images, centerlines or segmentations) obtained at different time points after the procedure is an important tool to follow the evolution of the aneurysm. It allows the clinician to see whether the aneurysm has grown or shrunk and where. Different approaches have been developed in the past years and we can cite the studies from Maiora et al. [START_REF] Maiora | Thrombus volume change visualization after endovascular abdominal aortic aneurysm repair[END_REF], Lopez-Linares et al. [START_REF] López-Linares | Image-based 3d characterization of abdominal aortic aneurysm deformation after endovascular aneurysm repair[END_REF], Braet et al. [START_REF] Braet | Vascular deformation mapping of abdominal aortic aneurysm[END_REF] or Demirci et al. [START_REF] Demirci | Quantification of abdominal aortic deformation after evar[END_REF]. These works have in common to combine several steps: they start with a rigid registration and the final step consists of a non-rigid deformation to align both objects and deduce the displacement field of the aneurysm between the two examinations. Another common point among these approaches is that at least one step of the process relies on the intensity of the images, thus the methods are not suitable for cases with no contrast agent. On the other hand, the basis for the rigid registration differ from one study to another: bones (Lopez-Linares et al.), lumen (Maiora et al.) or images (Braet et al. and Demirci et al.). The basis for the non rigid registration is also different: thrombus (Lopez-Linares et al.), lumen (Maiora et al.), images (Braet et al.) or centerlines (Demirci et al.). Methods are visually validated by experts, but a metric can be used to follow the improvement of the result at each step of the process. These four studies focus on the aneurysm in the infrarenal zone and neglect the suprarenal zone and the iliac arteries. In the present work, we propose a new method to register the arterial system based on a rigid point set registration. We chose a rigid transformation because we wanted to keep the aneurysm unchanged. Because of the patient's movement and breathing, the relative position of the arterial system may be different for different examinations, especially the outer parts. For this reason, in the following, segmentations were automatically divided into three parts (suprarenal, infrarenal zone and iliac arteries) and each part was registered independently. Cutting the segmentations was also useful to deal with different topologies: presence or absence of the aortic root, length of the iliac arteries, etc. Assuming a displacement in the normal direction we computed displacement fields and derived a criterion to accept or reject a registration without a visual validation.

Methods

Registration

Registration was performed based on an initial random distribution of points on the aortic wall (the outer surface of the segmentation) using the Iterative Closest Point (ICP) algorithm first introduced by Besl and McKay [START_REF] Besl | Method for registration of 3-D shapes[END_REF]. The method finds the transformation between two points clouds by minimizing the lowest distances between points (root mean square error). In the following, the number of points on each surface was set to 200. To improve the possibility of finding a global minimum we started by matching the centroids of the segmentations. In synthesis, by combing ICP and centroid matching, we determine an optimal rigid roto-translation that keeps the shape of the aneurysm unaltered.

Our objective is to study segmentations that are the result of an automatic workflow. Hence, as function of the image and the conditions of the scan setting, the data can correspond to different portions of the vascular network containing the aneurysm. Therefore, we initially performed the registration of the full segmentation which could go, for instance, from the lowest extremities to the aortic arch. However, the results were not satisfying since the ICP algorithm could not converge to a meaningful minimum if the branches of the two segmentations were too different. As a result, the registration of the full segmentation could not lead to an overall acceptable result.

The key point is to divide the segmentation into comparable regions. In this case, three parts: the suprarenal and infrarenal zones and the iliac arteries. Then, they were registered separately. As we wanted the workflow to be automatic, we developed our own cutting method (Riffaud et al, submitted). This method identifies the different branches of the arterial system from the abdominal aortic aneurysm segmentation, through the centerline and its bifurcation points. The application of this method to our segmentation identified the bifurcations of the renal arteries and the aortic bifurcation. Once the vascular branches are correctly identified, the segmentation is cut above the highest renal artery and 30 mm below the aortic bifurcation. Retention of the renal and incipient iliac arteries was suitable to ensure the finding of the correct rotation.

Additional preprocessing was required for the three regions. First, we needed to remove outliers from the renal arteries for the infrarenal zone. Regarding the suprarenal zone, both the celiac artery and the superior mesenteric arteries led the ICP algorithm to a local minimum rather than the global minimum. It was even less effective in presence of complex curved vessels. We had to remove them to ensure a good result. To this end, we applied an erode filter to both segmentations. To avoid problems caused by the presence of the aortic arch in only one segmentation, we kept the same height of the aorta for the target and the source. It was determined as the smallest height between the 2 suprarenal zones. We performed the registration of the two corresponding surfaces and applied the transformed matrix to the original source surface.

Regarding the iliac arteries, we registered separately the right and left common iliac arteries to minimize the impact of patient's motion. To ensure convergence to a global minimum we kept the same length on both segmen- 

Displacement fields

We computed the displacement fields in the normal direction of the aneurysm between two scans. For each point on the target surface, we determined if it was inside (respectively outside) the registered source surface. We then found the closest intersection point with the registered source in the outward (resp. inward) normal direction, at most at 20 millimeters. The positive (resp. negative) euclidean distance between the two points determined the value of the displacement. An example can be seen in Figure 2: we represented displacement fields from dark blue if the aneurysm had significantly 

Accepted and rejected registrations

All the registrations were visually evaluated by experts and registration was rejected when one could notice a left-right or top-bottom shift, or when it was visible that the rotation was wrong. In the figures white surfaces are the target surfaces, obtained from the first post-EVAR examination. Red surfaces are the registered source surfaces from the second examination. Figure 3 shows examples of rejected registrations of the full geometry: for Patients A and C there were lateral shifts, whereas for Patient B it was a vertical shift. We show examples of accepted registrations of the infrarenal zone for the three same patients in Figure 4. Figure 5 exhibits rejected registrations of suprarenal zones for the same patients: mainly the rotation was not good. Figure 6 shows accepted registration of the same patients with our proposed method. Concerning the iliac arteries Figure 7 shows accepted registrations for Patient A and B even though the end of the iliac arteries did not match well. This was expected due to the changes in the patient's position. For Patient C, the registration was rejected because of a slight sub-shift. 

Criterion

With the goal of automatically distinguishing an accepted registration from a rejected one, we searched for a criterion based on the statistics of the values of the displacement field. To evaluate the registration of the full geometry and the infrarenal zone we automatically select a centered 10-millimeter-thick slab at the point with the largest axial diameter (see Figure 8). For the suprarenal zone, we considered the lowest 30 millimeters of the segmentation and the 30 highest for the iliac arteries. We then computed the median (M ) and the first (Q 1 ) and third (Q 3 ) quartiles of the displacement field values on these slabs. We introduce the product

P = Q 1 * Q 3 . (1) 
This product P indicates if there is a change in the sign of the displacement field, which could correspond to a shift in the registration. On the other hand, if the product is positive it means that the aneurysm has evolved in the same way on the full slab: either shrunk or grown. We also define the dispersion D as

D = Q 3 -M. (2) 
This quantity gives an indication of the dispersion of the displacement field values. In the next section, the objective is to find a threshold value for D to accept or reject a registration, depending on the sign of P. 

Dataset

The dataset was composed of segmentations from 42 different patients for a total of 81 registrations with always the segmentation obtained right after the procedure as the target segmentation. All the segmentations were provided by Nurea (https://www.nurea-soft.com). The methodology was validated by clinicians and was the object of the study published by Caradu et al. [START_REF] Caradu | Fully automatic volume segmentation of infrarenal abdominal aortic aneurysm computed tomography images with deep learning approaches versus physician controlled manual segmentation[END_REF].

Results

All the registrations were visually labeled as accepted or rejected by experts.

Full geometry and infrarenal zone

Among the 81 registrations of the full geometries, only 11 were accepted. Among the 70 rejected 36 were of really poor quality with no superposition of the target and the registered source (see Figure 9 for an instance). Most of the time this was due to an important difference in the topology like the presence or absence of the aortic arch. When we computed the displacement fields, it was initialized to zero, so if the registered source was too far from Regarding the registrations of the infrarenal zones, 78 were accepted (96%) and none were of really poor quality. There was a problem with the segmentation in the 3 rejected cases: artifacts or superior mesenteric artery glued to the sac. Figure 10 shows the distribution of D depending on the sign of P for rejected and accepted registrations. One can see that a threshold can be found to distinguish rejected registrations from accepted ones, especially when the product P is negative. To find those thresholds we used a Support Vector Machine (SVM) algorithm with a linear kernel on two sets: positive product on one hand, negative product on the other hand. We then predicted the output (accepted or rejected) for a range of dispersion values between 0.1 and 10 with a step of 0.1. The results can be seen in Figure 11: the threshold for a negative product was much smaller than for a positive product, respectively 1.6 and 3.54. If we applied these thresholds on our registrations, 11 would have been wrongly accepted (10 full geometries and 1 infrarenal zone) and 2 would have been wrongly rejected (2 infrarenal zone).

In short, a registration should be rejected in the following cases:

• P = 0,

• P < 0 and D > 1.6, 

Suprarenal zone

For the suprarenal zone, only 5 registrations were rejected including 3 with artifacts and 2 with a thin aorta. Only 3 cases had a positive product P so we did not make any distinction according to its sign. In Figure 12 we can see that no distinction can be made between values for accepted and rejected registrations. When we applied an SVM algorithm, the threshold between accepted and rejected was 86 in the linear case and 135 in the nonlinear case which was not relevant. Moreover, when we removed the isolated accepted case, the predictions always resulted in "accepted" in both cases, which may be due to the small number of rejected cases. We can assume that the registration is accepted if the segmentations are correct.

Iliac arteries

Registration of this part was the most difficult because of the shape of the iliac arteries: 53 registrations were accepted (65%). 20 were rejected with only one common artery correctly registered and 8 were rejected with both arteries badly registered. Among those 28 cases, 7 presented artifacts in the segmentation or had at least one very short common iliac artery. The success rate rises to 72% when the segmentations are clean. Only 6 cases had a positive product so it was meaningless to make a difference. The SVM algorithm on the distribution of the dispersion D visible in Figure 13 Figure 12: Dispersion D for registrations of the suprarenal zones won't be relevant. However, a dispersion D greater than 7 mm indicates a non-satisfying registration. 9 cases had a null product P, including 4 with artifacts or short iliac arteries. In short, a registration of the iliac arteries should be rejected in the following cases:

• P = 0,

• P = 0 and D > 7.

13 registrations would have been rightly rejected while 4 would have been wrongly rejected. In 2 cases the source was cut lower than the target so that only a small portion of the registered source was within the 30 mm considered for the computation of the dispersion D.

Figure 14 presents the results with the three different parts on the same image for Patients A, B and C. Small discontinuities can be seen between parts on Patients B and C.

Evolution in time: example of patients' follow-up

Follow-up of the surgery includes regular examinations to control the evolution of the aneurysm. That is why we had multiple segmentations for a given patient and could perform registration by parts of these segmentations. The target surface was always the surface from the scan performed immediately after the procedure. For Patient A we had two segmentations obtained after 3 months and 1 year. In Figure 15 one can see that the aneurysm started to shrink after 3 months and the reduction was more important after one year. The aneurysm was also partially located in the right common iliac artery, For Patient B we had 4 scans: 3 and 6 months and 1 and 2 years after the procedure. Figure 16 shows that the aneurysm remained stable after 3 months. It then started to grow at 6 months, remained stable between 6 month and 1 year but then had a massive global growth after 2 years. With the displacement field (Figure17) we retrieved the stable-growth-stable-massive growth scheme.

For Patient C we had only one scan 4 months post-EVAR and the result is visible in Figure 14. The aneurysm seemed to be stable. However with the visualization of the displacement field (Figure 18) we can see that the aneurysm had grown. It shows that the aneurysm had grown locally on the back side of the sac while the front side remained stable. In this particular case, the maximum diameter had not changed despite an increasing volume. We have developed an automatic pipeline that registers the arterial system and allows visualization of an aortic aneurysm evolution for a patient between two examinations. Unlike other studies, we used a rigid registration and assumed that the aneurysm evolves in the normal direction to the wall of the aneurysm.

Registering the entire arterial system up to the iliac arteries, rather than just the aneurysm region, makes it possible to follow any aneurysm regardless of its location. We proposed a method based on the iterative closest point algorithm to register segmentations of abdominal aortic aneurysms. It registers not only the aneurysm region but the entire arterial system including the aorta and iliac arteries. Segmentations were divided into 3 parts: suprarenal, infrarenal zones and the iliac arteries. Each region was registered separately, after a preprocessing depending on the region. We have shown that registration of the infrarenal zone instead of the whole segmentation leads to better results in terms of expert assessment. Our method leads to accepted registrations in 96%, 94% and 65% of cases for the infrarenal and suprarenal zones and the iliac arteries, respectively. 78% of individual iliac arteries are registered in an acceptable manner.

Rigid registration allows an objective, model-free, comparison to evaluate the evolution of aneurysm surfaces. Clearly, the limitations of our approach are intrinsic to the minimization algorithm. In extreme situations, for example in the case of large variations in tortuosity, minimization will somehow average the displacement of the centerline and that of the surfaces. We have also introduced the computation of displacement fields in the normal direction. The displacement field represents a quantitative indicator for the evaluation of the aneurysm's evolution. Its visualization is quite simple with the color scale. Based on its value, we have also developed a criterion to accept or reject the registration of the infrarenal part and the iliac arteries. None was required for the supra-renal zone. Our method, unlike other existing methods, is independent of the images or anatomic location of the aneurysm. It can be performed with or without contrast product and is not disturbed by the presence of artifacts in the image. It can also be interpreted as a preliminary step that can be used as a first step for non-rigid registration.

The choice of a point set registration algorithm was guided by the imperative of user-free usage. For example, a method that relies on landmark registration usually requires user intervention to select or validate landmarks which also involve uncertainty and inter-user variability. Moreover, the fewer landmark points considered, the more important the accuracy of the position of each point. In contrast, this problem is avoided with the aortic wall surfaces due to the systematic random sampling of the surfaces.

A known bias in aneurysm volume measurement is the cardiac cycle [START_REF] Truijers | In-vivo imaging of changes in abdominal aortic aneurysm thrombus volume during the cardiac cycle[END_REF][START_REF] Grøndal | The cardiac cycle is a major contributor to variability in size measurements of abdominal aortic aneurysms by ultrasound[END_REF]: it is not constant during the whole cycle. Part of the changes in volume or shape we observed could be attributable to a different phase of the cardiac cycle. However, this is impossible to quantify without having full control on the image acquisition. To avoid this bias, it would be necessary to register segmentations taken during the same phase. However, such information is not available from CT-scan images.

Registration is an important tool to follow the evolution in time of an aneurysm. As an example of application, we showed the results for 3 patients: one with a shrinking aneurysm (Patient A), one with a globally growing aneurysm (Patient B) and one with a locally growing aneurysm (Patient C). For Patient A, the aneurysm was also located in one common iliac artery. Thanks to our method we could follow its evolution and see that it had shrunk in the iliac artery too.
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 1 Figure 1: Schematic representation of the automatic registration pipeline
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 2 Figure 2: Displacement fields for Patient A 3 months and 1 year after the procedure. The target surface was the one from the post-operative scan
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 3 Figure 3: Example of registration of the full surface for 3 patients. White surfaces are the target surfaces, obtained from the first post-EVAR examination. Red surfaces are the registered source surfaces from the second examination
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 4567 Figure 4: Registration of the infrarenal zone for Patients A, B and C. Registered infrarenal zone is superimposed on the full geometry
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 8 Figure 8: Example of a slab around the point with the highest axial diameter. Segmentation (blue), centerline colored with the diameter values and 10 millimeters thick slab
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 9 Figure 9: Example of rejected and very poor registration of full segmentations
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 1011 Figure 10: Dispersion D for registrations of the full geometries and the infrarenal zones. Top: P > 0, bottom: P < 0. Red: rejected registrations; blue: accepted ones
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 13 Figure 13: Dispersion D for registrations of the iliac arteries
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 14 Figure 14: Registration of the three different parts for Patients A, B and C
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 16 Figure 16: Registrations for Patient B for 4 scans after the procedure. The target surface was the one from the post-operative scan

Figure 17 :

 17 Figure 17: Displacement fields for Patient B for 4 scans after the procedure. The target surface was the one from the post-operative scan
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