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Abstract. This paper presents a method for assisting the placement of stented
aortic valve prosthesis during minimally invasive off-pump transcatheter aortic
valve implantation (TAVI) under live 2-D X-ray fluoroscopy guidance. The
proposed method includes a dynamic overlay of an intra-operative 3-D aortic
root mesh model and an estimated target area of valve implantation onto live 2-
D fluoroscopic images. This is based on a template-based tracking procedure of
a pigtail catheter without further injections of contrast agent. Minimal user-
interaction is required to initialize the algorithm and to correct fluoroscopy
overlay errors if needed. Retrospective experiments were carried out on ten
patient datasets from the clinical routine of the TAVI. The mean displacement
errors of the updated aortic root mesh model overlays are less than 2.0 mm
without manual overlay corrections. The results show that the guidance
performance of live 2-D fluoroscopy is potentially improved when using our
proposed method for the TAVIs.

Keywords: Transcatheter aortic valve implantation, X-ray fluoroscopy, image-
guided interventions, aortic valve prosthesis.

1 Introduction

Aortic valve replacement is the standard treatment of degenerative aortic valve
stenosis. However, many elderly patients have an elevated predicted operative risk
that could compromise the patient’s outcome after standard open heart surgery [1].
Transcatheter aortic valve implantation (TAVI) therefore presents a good alternative
to the standard surgical treatment for elderly and high-risk patients with severe aortic
stenosis [1].

The transapical TAVI is a recent and minimally invasive, off-pump technique that
consists of a left anterolateral mini-thoracotomy for direct antegrade surgical access
through the apex of the left ventricle [2]. This is followed by the insertion of an
inflatable bioprosthetic valve through a catheter and the implantation within the
diseased, native aortic valve under rapid ventricular pacing (RVP). During the
intervention, the placement of stented aortic valve prosthesis such as the Edwards
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Sapien™ THV stent-valve (Edwards Lifesciences, Irvine, USA) is crucial and is
typically performed under two-dimensional (2-D) X-ray fluoroscopy guidance [1-3].

Live 2-D fluoroscopy displays 2-D projection images of interventional devices
such as intra-cardiac catheters, aortic valve prosthesis (AVP) and some anatomical
structures. Cardiac blood vessels, such as the aortic root and coronary arteries, are
only visible in single-plane fluoroscopic images if the contrast agent is injected using
a pigtail catheter for guiding the TAVI [2]. However, the dosages of contrast
injections must be minimized because of renal insufficiencies in elderly patients.
Before starting the TAVI procedure, the surgeon can use an angiographic C-arm
system to reconstruct intra-operative three-dimensional (3-D) CT-like images of the
aortic root under RVP from an acquired rotational 2-D fluoroscopic image sequence
with 15-25 ml contrast agent of 200° over 5 seconds [3], see Fig. 1. This small amount
of contrast agent is equivalent to just a single angiogram aortic root shot.

There are few previous studies related to image-guided TAVI interventions. In [4],
an intra-operative guidance system has been proposed to include the planning system
of [5] and to perform real-time tracking of the AVP in fluoroscopic images. A system
for automatic segmentation and for the static overlay of aortic root volume and
landmarks on live fluoroscopic images is described in [6,7]. Using intra-operative
MRI guidance, a new robotic assistance system has been evaluated for delivering the
AVP using a phantom [8].

In this paper, we aim to automatically display an appropriate placement position of
the transcatheter AVP using live 2-D fluoroscopy guidance. Based on the motion of a
pigtail catheter in the absence of contrast agent, the proposed method approximates
the motion of the aortic root to update the overlay of a 3-D aortic root mesh model
including anatomical valve landmarks such as coronary ostia from intra-operative 3-D
C-arm CT images onto 2-D fluoroscopic images. If the contrast agent appears in
fluoroscopic images, this fluoroscopy overlay is not required and can be switched off
[9]. Furthermore, automatic estimation of a target area of implantation is visualized to
potentially improve the accuracy of the implanted AVP.

Fig. 1. Intra-operative 3-D C-arm CT image of the aortic root (left) and 2-D fluoroscopy
guidance for assisting the placement of aortic valve prosthesis (right)
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2 Method

The proposed method starts with algorithm initialization, followed by an updating
procedure of the overlaid aortic root model. In the initialization step, a 3-D
geometrical mesh model of the aortic root with valve landmarks is acquired from the
interventional C-arm system. Based on the best experience and knowledge of the
physician, a target area of valve implantation is automatically estimated inside the 3-
D mesh model. The aortic root model and the target area of valve implantation are
then projected and manually aligned onto a contrast image. The contrast image is a
fluoroscopic image which is automatically detected to display the aortic root roadmap
with contrast agent. Finally, the overlay of the aortic root model and the target area of
implantation onto live fluoroscopic images are updated by following the aortic root
motion via the tracking of a pigtail catheter.

In the following, each component of this proposed method is described in more
detail.

2.1 Aortic Root Mesh Model and Target Area of Implantation

In order to guide the TAVI procedure, a 3-D triangulated mesh model of the aortic
root has been used. The mesh geometry is generated based on a learning-based 3-D
boundary detector of the aortic root in intra-operative C-arm CT images [6]. Using a
discriminative learning-based landmark detector, the resulting model moreover
includes eight anatomical valve landmarks [6]; namely two points of coronary ostia
(left LCO;34 and right RCO3,), three points of commissures (left LCj3,, right RC3, and
non-coronary NC3,) and the three lowest points (hinge points) of each leaflet cusp
(left LLC3y, right RLC3,4 and non-coronary NLC3,), see Fig. 2 (left) .

Based on professional surgical experience, the correct placement of AVP should be
one-third to one-half of its length above and perpendicular to the aortic annulus [2]. In
this study, a target area of valve implantation is defined by two embedded circles of
annulus and ostia planes with the normal center line to the valve annulus [5]. The
annulus circle AC;; = C (¢, r,) is defined by the three lowest points of the valve
cusps. The circle’s center ¢, is the centroid of the cusp points (LLC34, RLC34, NLC3y).
The radius r, is calculated from the lengths of the sides of the cusp points (a, b, ¢) and
the area of three cusps points A, from heron’s formula:

(a*+b>+c* )P =2a* +b* +c*)

1
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The circle is inscribed to the corresponding plane of cusp points through ¢, normal to
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Similarly, the ostia circle OCj3, is calculated at the level of the lowest coronary ostium
within the aortic root and parallel to the AC;,. The normal center line CLj, is
connected between the two centers of AC;, and OC3, as shown in Fig. 2 (left).
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2.2 Alignment of Aortic Root Model onto Contrast Image

By analyzing the histogram of live fluoroscopic images and using the 98-percentile as
a threshold measurement of contrast agent, a contrast image is automatically detected
after learning the histogram feature curve of the first 20 frames of the fluoroscopic
sequence without contrast agent [9]. In this contrast image, the aortic root roadmap
shows up in dark pixels as depicted in Fig. 2 (middle).

The 3-D aortic mesh model with landmarks and the target area of implantation are
then projected onto a 2-D fluoroscopy plane by using the transformation matrix of the
interventional C-arm system. This projected data is initially aligned with the aortic
root roadmap onto the contrast image by the physician, as shown in Fig. 2 (right).

Fig. 2. 3-D aortic root mesh model including anatomical valve landmarks and target area of
implantation (leff), a contrast image shows up the aortic root roadmap with contrast agent
(middle), and the manual alignment of projected aortic mesh model and target area of
implantation with the aortic roadmap onto the contrast image (right)

2.3 Updating Aortic Root Model Overlay

The collaborating physicians confirmed that the aortic root moves with the pigtail
catheter unless it is pulled or pushed manually. Therefore, we assumed the image-
based tracking procedure of the pigtail catheter to provide a dynamic overlay of the
projected aortic mesh model with landmarks and the target area of implantation onto
live 2-D fluoroscopy as follows. Firstly, fluoroscopic images are preprocessed using a
2-D Gabor filter [10], in order to reduce the image noise and to enhance the features
of the pigtail catheter. Secondly, a template matching approach [11] is applied to
determine the current position of the pigtail catheter within each fluoroscopic image
of the live sequence, see Fig. 3 (leff). The template image of the pigtail catheter ¢ is
manually defined on the first image of the sequence. A region of interest (ROI) is
defined to reduce the processing time and increase the algorithm robustness. In
practice, the size of the ROI is chosen to be 2.5x the size of the template image.

In this matching approach, I(x,y) denotes the intensity of a preprocessed ROI image
of the size S, x S, at point (x,y), x € {0, ..., S\-1}, y€ {0, ..., S,-1} and the template
image ¢ of the size s,xs,. The position of the catheter is determined by a pixelwise
comparison of the ROI image with the template image, based on the computing of fast
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normalized cross correlation (FNCC) coefficient y at each point (u, v) for ROI and for
template images. Eq. 3 provides the definition of y. Here i..and f are the mean
brightness values within the ROI and the template image respectively. The
normalized value y,,, at the point (u, v) in the current ROI image defines the best
matching location of the template.

S (I, Y ) =iu Nt(x-1t,y-v)-1)

Nu,v)= — —.
\/Zx,,(l(x,Y)—iu’v) 2o (tx-uy-v)-1)

3)

Finally, the translational motion of the visualized aortic root model, valve landmarks
and the target area of implantation is then updated by calculating the displacement d =
(d,, d,) of pigtail catheter between two images of the sequence [12]. This is based on
the different matching positions of the catheter template between these two images. In
order to ensure the high accuracy of the tracked pigtail catheter, the template-based
tracking algorithm can be temporarily stopped if the best matching value of y,,,, is less
than 50% in the current proceeded image.

Fig. 3. Template matching of a pigtail catheter (leff), projected aortic mesh model with
landmarks and target area of implantation onto a fluoroscopic image of live sequence with
static overlay (middle) and with updating model overlay (right)

Fig. 4. Views of visualized aortic mesh model (left), valve landmarks (middle), and target area
of implantation (right) projected onto a fluoroscopic image
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2.4 User Interaction and Visualization

An interactive graphical user interface (GUI) is integrated within the proposed
method based on C++ and open source components such as the Visualization Toolkit
(VTK) [13]. The parameter values needed to compute the 3-D to 2-D transformation
matrix of the C-arm imaging system are imported from a Digital Imaging and
Communications in Medicine (DICOM) file or given by the user. Moreover, different
views of the overlaid mesh model, valve landmarks and target area of implantation
are separately visualized to allow the physician to display only the required
information for the prosthesis deployment, as depicted in Fig. 4.

3 Results and Evaluation

In order to test and evaluate the proposed method, experiments were retrospectively
carried out on different patient datasets from the clinical routine of the TAVI. These
datasets included ten fluoroscopic image sequences and related aortic root mesh
models of three female and two male patients around 84 years of age. Each
fluoroscopic sequence included 90 images with 512 x 512 to 1024 x 1024 pixels. The
pixel size was approximately 0.15 mm. All fluoroscopic images and aortic root
models were acquired from the interventional C-arm system (Artis zeego, Siemens
AG, Healthcare Sector, Forchheim, Germany) at the Heart Center Leipzig, Germany.

Using a standard PC with Intel CPU (2.4 GHz), the total computation times of the
algorithm initialization and dynamic overlay procedures were approximately three to
five minutes and 100 to 125 milliseconds per frame respectively.

The updating performance of overlaid aortic root model onto live fluoroscopic
images was indirectly evaluated by calculating the absolute mean and maximum
displacement errors, d,.,, = standard deviation (SD) and d,,,,, between the expected
and the computed displacements of the pigtail template over all tested fluoroscopic
images, see Fig. 5. The expected displacements of the tracked catheter are manually
performed by an experienced user during the evaluation procedure only. The
evaluation results did not include the images with high doses of contrast agent,
because these contrasted images (three to ten images per each sequence) can
temporarily stop the template-based tracking algorithm of the pigtail catheter.

m Maximum

nmmm

Seq1 Seq2 Seq3 Seq4 Seq5 Seqb Seq7 Seq8 Seq 9 Seq 10

= Mean

Displacement errers (mm)

Patient datasets

Fig. 5. Evaluation results of the updated aortic root model overlay onto fluoroscopic image
sequences for ten patient datasets based on displacement errors of the pigtail catheter



Model-Updated Image-Guided Minimally Invasive Off-Pump TAVI 281

As depicted in Fig. 5, the fluoroscopic image sequence (seq. 1) shows relatively
high displacement errors of d,eq, = 1.73 £ 0.86 mm and d,,,, = 4.37 mm. This is due
to the pigtail catheter having been slightly pulled by the physician.

Due to an overlapping of the pigtail catheter with the prosthesis, image sequences 7
and 10 yielded the highest maximum displacement errors 4.65 mm and 4.84 mm,
respectively, but have such large errors for only one to three images per sequence.
However, all tested fluoroscopic images showed that the absolute mean displacement
errors are less than 2.0 mm and within the clinically accepted ranges.

4 Discussion

We have proposed a method to assist the placement of the AVP during minimally
invasive off-pump TAVI under 2-D fluoroscopy guidance. Compared to the work in
[7], this proposed method can avoid misalignments between the static overlay of the
aortic root model and invisible aortic root roadmaps in live fluoroscopic images
during the TAVI procedure. Furthermore, automatic definition and visualization of
the target area of implantation is potentially saving the physician’s effort and surgery
time as well.

In order to perform dynamic overlay of the aortic root model and the target area of
implantation onto live fluoroscopic images, the template matching using FNCC
approach has been applied for tracking the pigtail catheter which approximates the
translational motion of the aortic root without contrast agent injections. Interventional
devices such as the transesophageal echocardiography (TEE) probe and guide wires
have no effect on the detection of the pigtail catheter, because they often lie outside of
the ROI. Overlapping with the AVP may affect the matching accuracy of the pigtail
catheter. Nevertheless, the obtained results demonstrated that our method is robust
enough to track the pigtail catheter in the context of the TAVI procedure.

Unfortunately a clinical validation of this study would require additional contrast
agent injections which are dangerous for elderly and high-risk patients who have renal
insufficiencies. Because there are no tools or ground truth datasets to accurately
identify the correct overly of the aortic root model without contrast injections, the
updating accuracy of overlaid aortic root models has therefore been indirectly
evaluated by estimating the displacement errors of the pigtail catheter for all ten patient
datasets, see Fig. 5. The collaborating physicians assumed that the displacement errors
for the TAVI were 2 to 5 mm, and that the margin of errors should not exceed 2 mm in
narrow calcific aortic stenosis. In Fig. 5, the evaluation results show that the absolute
mean errors are approximately less than 2.0 mm within the clinically accepted ranges.
An interactive GUI has been developed to manually correct the high displacement
errors by adding suitable offset values in X-Y directions for the tracked pigtail catheter.

Using this image-based method to guide the TAVI procedure, an assistance system
in a “hybrid” operating room is under development which is connected to the
interventional C-arm system and is capable of real-time clinical studies.
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