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Introduction

Aortic stenosis is the most common valvular lesion occurring among elderly patients and has become extremely frequent because of changing demographics in industrialized countries. Surgical risk after the age of 70 has increased. Transcatheter aortic valve implantation (TAVI) has emerged as a promising alternative to conventional aortic valve replacement for elderly patients with severe, symptomatic aortic stenosis who are otherwise left untreated due to the perceived high risk of operative mortality. Compared to the standard aortic valve replacement surgery, the TAVI limits the surgical access to either a small minithoracotomy (transapical TAVI) or femoral approach (transfemoral TAVI) causing minimal tissue trauma. About the transfemoral artery procedure that is the most common used, after catheterization through a femoral access, the overall procedure consists in introducing the transcatheter valve passing through successively the descending aorta, the ascending aorta and the native valve to finally perform the deployment of the aortic valve bioprosthesis. For both access types, the last stages concerning the localization and the deployment of the valve need the development of efficient tools to make more secure and reliable the TAVI procedure.

Determining exactly valve location and minimizing the use of contrast injections are urgently needed during the surgical intervention, because complications can arise from a misplaced valve. These complications have been reported 1 such as high-degree atrioventricular [ ] block (10 30 ), paravalvular leak (4 35 ), coronary ostia occlusion (0.5 1 ), aortic dissection (0 4 ) and cardiac tamponade (1 9 ). risk of 12 2 for TAVI and experienced a 30-day mortality of 18 3 . Also, the contrast of fluoroscopic images is generally limited to

± % % [ ]
minimize the radiation exposure for both the patient and the physician. The amount of contrast agent that is injected to visualize the aortic root, valve annulus, and coronary ostia in few seconds must be minimized to avoid renal insufficiencies in elderly high-risk patients.

In the intra-operative phase, Angiography -Fluoroscopy is the reference dynamic imaging modality for guiding TAVI. Device positioning during TAVI has to be performed with respect to the native valve plane that remains difficult to observe and determine intra-operatively. Moreover, several angiographic injections are often required due to the lack of navigation tools. The objective is thus to develop efficient tools coping with difficulties in obtaining an optimal view of the native valve to define then an optimal target location.

Only few previous studies deal with image-guided planning and intra-operative support for TAVI procedure. About the Aortic Valve C-arm CT images with tracking the prosthesis in live fluoroscopic images by using the pigtail catheter. In this context, we propose a robust method based on the Tracking-Learning-Detection approach, applied to the aortic valve calcifications in order to determine the position of the aortic valve plane in intra-operative TAVI images. This method allows continuous visualization of diseased valve plane without further contrast injections and despite some difficulties in the images (disappearance of objects, contrast variations). This tracking is based on the joint detection and tracking of the aortic valve calcifications that are considered to be connected to the valve plane and to follow its displacements.

The paper is organized as follows. Section 2 describes the method that we propose to track the aortic valve calcifications. The Section 3 presents experimental results on real data and their quantitative evaluation. Section 4 gives a conclusion and final remarks.

Method

To assist the TAVI, our tracking procedure is connected with the fluoroscopy system as depicted in Figure 1. 2D fluoroscopic image sequences are acquired by the tracking system. The AVP procedure is composed of three steps: to generate the calcification Initialization template (image in the bounding box of the calcification) and to define the distance between the calcification and the AVP in one chosen frame;

to determine the position of calcifications in each frame of the sequence;

Tracking of Calcifications

Updating of the Aortic Valve to depict the overlaid AVP onto 2D fluoroscopic images without contrast injections. Plane

Initialization

In this work, we focus on semi-automated single-target tracking 6 . For the initialization step, a sequence of images I I I I is
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acquired from the interventional imaging system. In this sequence, I and I identify frames without and with contrast injections c p respectively. In order to initialize the tracking process, user input is needed.

Figure 2 presents the key points of initialization steps. The expert who has the best experience and knowledge about the TAVI procedure firstly initializes the calcification in the image I (Figure 2a). Then, in the image I , the AVP is defined (Figure 2b ). The c p positions of calcification from frame I to I are automatically determined by the optical flow method (Figure 2c). At the end of the c p initialization step, the calcification template (image inside the bounding box of the calcification) and the distance from this template and the AVP are used for the two next steps (Figure 2d).

In these pictures, the blue box represents the region of interest (ROI) (the research window for the detector and the recursive tracking), the green box shows the initialized bounding box of the calcification meanwhile the red box denotes the tracked one, the red line is the position of the aortic valve plane.

Tracking of Calcifications

After the initialization step, the tracking process is started with training. No further user interaction is required. Particularly, in the first running of the process, the detector is executed before to initialize the calcification location for the tracker.

In the training step, we used the method proposed by Kalal et al. For object detection, these templates form the basis of an object detector that is run independently of the tracker. If the detector finds a location in an image exhibiting a high similarity to the templates, the tracker is re-initialized on this location. Since the comparison of templates is computationally expensive, we employed a cascaded approach to detect the object. Our object detection cascade consists of a variance filter, a random fern classifier based on 2-bit-binary features proposed in 8 and the template matching method.

[ ] For the tracking, we applied the approach of Kalal et al. 9 . The input of this tracking concerns the object location in the previous [ ] frame given by the detection stage. This approach is based on estimating optical flow using the method of Lucas and Kanade 10 . 

]

For fusion stage, the results of the confident detections and the recursive tracker are combined into a final result. This final decision is based on the number of detections, on their confidence values and on the confidence of the tracking result. If the detector yields exactly one result with a confidence higher than the result from the recursive tracker, then the response of the detector is assigued to the final result. This corresponds to a re-initialization of the recursive tracker. If the recursive tracker produces a result and is not re-initialized by the detector, the result of the recursive tracker is assigned to the final result. In all other cases the final result remains empty, which suggests that the calcification is not visible in the current frame.

Updating of the Aortic Valve Plane

Real-time tracking of the aortic valve plane is performed for each frame of the sequence by calculating the updated displacement of the calcifications between two frames. This displacement is obtained by the difference between the calcification location in one frame and the corresponding calcification position in the other frame. An example of the calcification motion is given in Figure 4: the yellow arrow (with amplitude multiplied by 10 for visibility) is the 2D displacement vector of the calcifications between two frames.

Experimental Results

Our approach has been tested and evaluated on fluoroscopy image sequences that have been previously recorded on real patients during intra-operative TAVI procedures. The acquired fluoroscopic images are of 512 512 pixels (1 pixel 0,2 mm), with a frame rate of × 15 images/s and a sequence duration of about 25 s. We employed the recall and precision standard metrics for assessing performance of the tracking process that has been applied on calcifications. For this evaluation, the method has been implemented in C and low-level ++ image operations were implemented as function calls to the OpenCV library. All experiments were conducted on an Intel Core 2 Duo CPU T7300 processor running at 2.0 GHz under Ubuntu 11.102. The average execution time is about 65ms for one frame. In our application, both high recall and high precision are required.

Evaluation Protocol

Recall and Precision metrics

Displacement Error

In each image of all tested datasets, absolute displacement errors between manually defined and automatically detected positions are computed. These positions correspond to the barycenters of the calcifications bounding boxes. For each image i of the sequence, the automatic localized barycenter (x ,y ) and manual one (x ,y ) were used to compute the Euclidian displacement error d . The
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absolute mean error d standard deviation (SD) and maximum error d were also computed over n images of the sequence.

mean ± max

Calcification Tracking Results

Figure 5 represents successive images of one patient sequence (D) with the visualization of the detected calcification template in red color. This figure illustrates that this method is able to track the calcification and detect it again despite the fact that it may disappear in some frames. In the first one (a) and in the second one with the arrival of contrast product (b), the calcification is well localized. In the third one (c), the calcification is lost and in the last one (d), the calcification is detected again.

The tracked calcification results for the sequence D are presented in Figure 6 and Figure 7. The barycenter spatial position is represented on X-axis (Figure 6) and on Y-axis (Figure 7) with a comparison of manual and automatic measures. We can observe that the tracker is not affected by the change of illumination from the contrast agent. The calcification is tracked correctly until the end of the sequence. We can observe also that when the calcification disappears, a failure of the tracking is detected (visible by the high peak in red color in Figure 6) and very fast after that event, the detector correctly reinitializes the target as soon as it reappears.

In Figure 8, mean, maximum and minimum displacement errors values that have been computed on the barycenters are represented for four real patient sequences. Sequences B and D present the highest maximum displacement errors, which are 3.9 mm and 4.5 mm, respectively. However, all tested fluoroscopic images showed that the mean displacement errors of the calcification tracking were less than 2mm. These error values remain within the clinical accepted range.

The performance analysis of our approach is given in Table I for four patient image sequences.

The number of frames per sequence, the parameters that define the calcification template (size, grey level variance) and performance metrics (recall, precision) are given. In all four considered clinical cases, the detection rate was of 100 . We obtained high recall and % precision values for most of the considered sequences. Nevertheless, more cases should be further performed to confirm these results, especially on cases of lower calcification or image quality. It is noticed that the bigger the size of initialized calcification template is, the greater recall/precision of the method is obtained. All sequences have the recall and precision values from 70 to 100 , which shows that % %

this process can provide a good tracking of calcification over frames.

Conclusion

We proposed a robust approach to track the aortic valve calcifications in fluoroscopy imaging in order to determine the position of the aortic valve plane in intra-operative TAVI procedure. A minimal user-interaction is required to initialize the algorithm. The method has been tested on four patient image sequences and a quantitative evaluation has been performed. This approach has been developed to track calcifications but it can be applied also on other structures of interest. The method seems to be robust despite some difficulties that can arise during the image acquisition (occlusions, contrast variations). It provides very encouraging results for a clinical use to assist the positioning and deployment of the aortic valve bioprosthesis under live 2D fluoroscopic guidance.

Figure 1

Block diagram of the developed tracking procedure connected with the interventional imaging system for guiding the TAVI 

Projection of the calcification barycenter on X-axis compared to the manual curves.

Figure 7

Projection of the calcification barycenter on Y-axis compared to the manual curves. 

  Plane (AVP) tracking, Wijesinghe et al. 4 have previously proposed a system for the tracking of the AVP in fluoroscopic image [ ] sequences. Esmail Karar et al. 5 have proposed a system that integrates a 3D aortic mesh model and landmarks from intra-operative [ ]

Figure 3

 3 depicts the workflow of this stage. The detector and the recursive tracker run in parallel and the results from both are fused into a single final result. If this result passes a validation stage, updating of the position of the aortic valve plane is performed. Then, the process repeats from training.

7 .

 7 We kept separate templates for positive examples of the [ ] calcification and for negative examples found in the background. All maintained templates are normalized in brightness and size.

  optical-flow based tracking method is not interior-aware. Each of the bounding box and calcification points are tracked independently, which may result in calcification features leaking out of the bounding box. We used idea from the method of Stanley et al. [ 11 for the outlier detection and local interpolation to avoid this conflict.

  Two performance metrics have been used ( recall and precision ) that are based on True Positives (TP), False Positives (FP), True Negatives (TN) and False Negatives (FN) values. These last values are computed from the overlapping of manually defined and detected calcifications templates. After processing each video sequence, all occurrences of TP, FP, TN and FN are counted. Based on these values we calculated the two metrics as: (1) Eq. (1) measures the fraction of positive examples that are correctly labeled. Precision is defined as (2) Eq. (2) measures the fraction of examples classified as positive that are truly positive.

Figure 2

 2 Figure 2 Initialization. (a) The bounding box of calcification is manually initialized; (b) The AVP is defined in the contrast injection image; (c) The rigid link between calcification and AVP is established; (d) The calcification and the AVP are tracked.

Figure 3

 3 Figure 3Overall scheme of the tracking process.

Figure 4

 4 Figure 4 2D displacement of the calcification. The blue box presents the region of interest (ROI), the red box denotes a bounding box of the calcifications, the red line is the position of the aortic valve plane and the yellow arrow (with amplitude multiplied by 10 for visibility) is the 2D displacement vector of the calcification between two frames.

Figure 5

 5 Figure 5 Qualitative results for the sequence D. (a) The calcification is detected, (b) The calcification is well localized with the arrival of contrast inject, (c) The calcification is lost, (d) The calcification is detected again.

Figure 8

 8 Figure 8Displacement errors of the tracked calcification for four sequences.