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Electromagnetic tracking of instruments combined with preoperative images can supplement fluoroscopy for guiding endovascular aortic repair (EVAR). The aim of this study was to evaluate the in-vivo accuracy of a vessel-based registration algorithm for matching electromagnetically tracked positions of an endovascular instrument to preoperative computed tomography angiography. Five patients undergoing elective EVAR were included, and a clinically available semi-automatic 3D–3D registration algorithm, based on similarity measures computed over the entire image, was used for reference. Accuracy was reported as target registration error (TRE) evaluated in manually selected anatomic landmarks on bony structures, placed close to the volume-of-interest. The median TRE was 8.2 mm (range: 7.1 mm to 16.1 mm) for the vessel-based registration algorithm, compared to 2.2 mm (range: 1.8 mm to 3.7 mm) for the reference algorithm. This illustrates that registration based on intraoperative electromagnetic tracking is feasible, but the accuracy must be improved before clinical use.
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Introduction

Endovascular aortic repair (EVAR) is routinely performed under fluoroscopic guidance. To reduce radiation and contrast dose, electromagnetic (EM) tracking of instruments with registration to preoperative computed tomography angiography (CTA) can be an appealing supplement. EM tracking has been demonstrated in feasibility studies, including in-situ fenestration of stent graft and cannulation of branch vessels (1–7). Most reported results are from in vitro phantom experiments, some from in-vivo animal studies, but very limited from patients.

A simple and accurate algorithm for registration between EM coordinates and preoperative images is a key technology for enabling EM based navigation. While most studies have applied fiducial based registration, a drawback of this technique is that fiducials must be visible in the preoperative images, which requires short time between imaging and procedure. Further, the fiducials can be far from the region of interest and subject to deformation and thereby decreased accuracy (8).

A registration algorithm based on automatic matching between electromagnetically tracked instrument positions and the aorta centerline extracted from preoperative CTA has previously been evaluated in a phantom model (9), and in-vivo in swine (10). The aim of this study was to examine the accuracy in patients undergoing EVAR and compare it to a clinically available semi-automatic registration algorithm for reference.



Methods

Five patients undergoing elective EVAR for infrarenal abdominal aortic aneurysm were included after informed consent. The study protocol was approved by the Regional Committees for Medical and Health Research Ethics (REK 2016/533) and registered on clinicaltrials.gov (NCT03116880).

Preoperative CTA had already been routinely acquired for clinical planning before the procedure (Siemens Sensation 64 CT-scanner, 512 × 512 pixels, 0.55 mm/pix, slice distance 0.7 mm, CTA aorta abdomen protocol). For study purpose, the CTA was exported from the picture archiving system (PACS) in DICOM format.

The study was performed in a hybrid operating room equipped with an Artis Zeego (Siemens Healthineers, Germany) able to acquire intraoperative cone-beam computed tomography (CBCT, Siemens DynaCT, 512 × 512 pixels, 0.49 mm/pix, slice distance 0.49 mm). The navigation system consisted of an EM tracking system (Aurora, Northern Digital Inc., Germany) connected to the research navigation platform CustusX (11) with the field generator mounted underneath the operating table.

Before the procedure, two custom made registration plates were attached to the back of the patients at the level of the renal arteries for evaluation purpose. Each registration plate contained seven 0.8 mm radiopaque spherical Tantalum markers (Tilly Medical Products AB, Sweden) and two 5-Degrees of Freedom (DoF) EM-sensors. A non-contrast CBCT including the two registration plates was acquired before sterile draping, after which the patients were not moved.

After establishing vascular access in both femoral arteries, a 6-French pigtail catheter (Boston Scientific, MA, US) was advanced under fluoroscopic guidance into the proximal segment of the descending aorta. An EM catheter sensor (Aurora, Northern Digital Inc., 5 DoF Flex tube) was then advanced as far as possible through the working channel of the pigtail catheter. In case the EM sensor could not be sufficiently advanced to acquire complete position data from the juxta-renal segment of the aorta, the patient was excluded without any additional attempts. Next, the pigtail catheter was slowly withdrawn with a rotating motion until it reached the introducer, while the position of the EM sensor inside was recorded with a frequency of 40 Hz, generating a point cloud of sampled position data which was stored for postprocessing. This procedure was repeated on the contralateral side before the EVAR procedure continued as normal, with conventional fluoroscopy and angiography guidance.


Centerline registration method

The in-house centerline registration algorithm consisted of a landmark-based registration used for initialization, followed by a rigid-body iterative closest point (ICP) algorithm (12) automatically matching the EM tracked positions to selected segments of the preoperative centerlines. For the first part, the iliac ostia and a point in the aorta close to the renal artery ostia were manually marked in the CTA images and corresponding feature points were automatically identified in the EM position data. For the ICP algorithm, segments of the centerlines were automatically selected from the juxta-renal aorta and upper part of the iliac arteries from the CTA, each with a length of 5 cm (Figure 1). More information about the registration method could also be found in Nypan et al. (9, 10).
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FIGURE 1
(A) the segmented aorta model with centerlines from CTA and the three points (sphere markings) on the centerlines used for initial landmark registration. (B) The point-clouds of recorded position data with processed midline (shown magnified). (C) The position data midlines and the processed combined midline for the aorta part (dotted line) together with the three extracted points for initial registration. (D) Centerlines from CTA (black) together with midlines from position data (grey), indicating the 5 cm intervals of centerlines from CTA used in the final registration. (E) Final registration result, aorta model with centerlines (grey) together with registered position data (black).


The lumen and centerline of the aorta and iliac vessels were segmented from the CTA using the open-source toolkits ITK-SNAP (version 3.6.0) (13), and VMTK (version 1.3) (14). The registration method was implemented as a plugin module to the CustusX platform (11) based on the ICP algorithm provided by the open-source Insight Toolkit platform (ITK, itk.org).



Reference algorithm

A semi-automatic registration algorithm (Siemens Multimodality Workplace, Siemens Healthineers, Germany) for registering preoperative CTA to intraoperative CBCT was used as a reference. A radiologist with more than ten years' experience performed the registration, and manual corrections were performed with intent to register the aorta optimally in cases where the registration was insufficient, e.g., if aortic calcifications were misaligned or the wrong level of vertebral bodies had been registered.



Evaluation

Anatomic landmarks were used to evaluate registration accuracy (Table 1). As the landmarks were defined by the volume covered by the CBCT, landmarks were first identified in the CBCT and thereafter correspondingly in the CTA. The manual markings were performed by an experienced radiologist using the open-source DICOM reader Horos (version 3.3.6, horosproject.org). To verify the integrity of the manual annotations, the fiducial registration error (FRE) was calculated for each patient as the root mean square (RMS) distance between corresponding landmarks after applying a rigid-body point-based registration.


TABLE 1 Anatomic landmarks for accuracy evaluation.
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The TRE of the reference registration between CBCT and CTA was calculated as the RMS based on the 3D Euclidean distance for each of the six landmark pairs in CTA and the registered CBCT volume.

To use the same landmarks also for evaluating the centerline registration, the position coordinates of the landmarks from CBCT were transformed into the EM coordinate system using the registration plates. The landmarks from CTA were transformed into the same EM coordinate system by applying the centerline registration. The TRE could then be calculated as the RMS for the six landmark pairs in the same way as for the reference registration (Figure 2).
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FIGURE 2
Volume rendering of the CTA after centerline registration with the blue and green point clouds illustrating electromagnetically sampled positions during pullback through the aorta and into the right and left iliac arteries, respectively. Since the sampled positions are registered to the CBCT (volume rendered in red tone) through the registration plates, an indirect registration between the CTA and CBCT is obtained from the centerline algorithm, allowing for an evaluation of target registration error in the six manual landmarks (CTA points in white, CBCT point in red).


TRE was calculated first by including all six landmarks for each patient, and then by including only the three landmarks closest to the aorta.




Results

The median FRE for the manual annotations was 1.8 mm (range: 1.1 mm to 2.7 mm). The median TRE of the centerline method was 8.2 mm (range: 7.1 mm to 16.1 mm), compared to 2.2 mm (range: 1.8 mm to 3.7 mm) for the reference method, with only slight improvements when evaluated only for the three landmarks closest to the aorta (8.0 mm and 1.9 mm, respectively). For EVAR procedure, the accuracy in the cranio-caudal direction is the most important. However, we did not find any predominant direction vector when analyzing for the sideways and craniocaudal deviation separately.

The results for all five patients are shown in Table 2.


TABLE 2 Target registration errors calculated over all six landmarks and for the three landmarks closest to the aorta in parenthesis (landmark 4–6). All numbers are RMS values in mm.
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Discussion

The aim of this study was to examine the accuracy of a vessel-based centerline registration algorithm and compare it to a clinically available reference in patients undergoing EVAR. The method could contribute to simplify use of image-fusion, and to reduce intraoperative radiation and contrast doses. Although the results suggested that registration of electromagnetic position data from the aorta to preoperative images can be feasible, the registration accuracy was inferior to that of the reference. The median TRE of 8.2 mm is high compared to results from in vitro phantom studies (3.75 mm and 1.3 mm) (9, 15), which highlights both added complexity in clinical settings and the need for accuracy evaluations in clinical trials.

A TRE lower than 5 mm has previously been proposed as an acceptable registration error (16). When evaluating TRE for the three target landmarks closest to the aorta, the value was lower than 5 mm in only two out of five cases for the centerline algorithm, whereas it was lower in all five cases for the reference method. Higher thresholds could possibly be acceptable in some cases. In addition to numerical accuracy, success rate of navigation should therefore also be evaluated for specific clinical tasks.

Several sources of inaccuracy may be identified. Since the preoperative images were acquired one to three months in advance of the surgery, and positioning in the CT-scanner and on the operating table differs, deformation is inevitable. This inaccuracy was diminished for the reference method since manual corrections were made if the aorta was mismatched. Further, our approach assumes that the catheter circles around the vessel centerline. However, the catheter may instead follow a pathway along the vessel wall which could lead to inaccuracies when applying the centerline algorithm, especially for larger vessels. Disturbances in the electromagnetic field could further compromise the accuracy of the EM tracking.

The time required to run the semi-automatic reference registration algorithm during the procedure was around 5 min. The centerline algorithm completed a registration in less than 1 min after the catheter pull-down sequence. In future development of this registration algorithm, we will investigate the real-time potential of the method. The software can continuously sample the catheter position during the procedure and the registration algorithm can work unattended as a background task to improve the registration accuracy during the clinical procedure.

The pigtail catheter was chosen to ensure a distance from the aortic wall to the sampled position data to align better with the centerline of the blood vessels. Choosing another catheter could possibly influence the distribution of the sampled position data and consequently the result of the registration.

A study limitation was the need for registration plates to transform the positions of the anatomical landmarks from CBCT image coordinates to the EM coordinate system for evaluation of the centerline algorithm. This added an extra source of error compared to the reference method. Although the plate registration error is small, dislocation of the registration plates during the procedure will inevitably degrade accuracy. In this study, the registration plates were however needed for the accuracy calculation only, not for the centerline registration. An implementation of the centerline registration in a clinical procedure is therefore not dependent on the registration plates.

As described in the Methods section, the EM sensor was advanced as far as possible into the working channel of the pigtail catheter after the catheter was inserted in the descending aorta. The approach was chosen to secure sterile instrumentation, but unfortunately resulted in missing data from eleven patients where the sensor could not be sufficiently advanced to acquire complete position data from the juxta-renal segment of the aorta. For further clinical research, approved endovascular instruments with embedded EM sensors are therefore warranted.

Using anatomical features, such as the vessel centerlines, has the potential to simplify the registration by avoiding the need for preoperative images containing fiducials or acquisition of additional CBCT for 3D–3D registration. Also, as deformation inevitably occurs during EVAR, an acceptable registration at the start of the procedure may become inaccurate after the introduction of instruments in the aorta (e.g., stiff wires or stent graft delivery system). If the position of endovascular instruments is continuously tracked during the procedure, the centerline registration algorithm can in principle run in the background to update the registration. This may lead to a more accurate registration throughout the procedure.

In summary, this study suggests that a vessel-based centerline registration algorithm could be used for matching preoperative CTA images to tracked position data from endovascular tools inside the blood vessels in patients, but the accuracy needs to be improved before clinical use.
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