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INTRODUCTION

Endovascular surgery is a medical specialty of
minimally invasive procedures, which relies on the use
of catheters, guide-wires and other endovascular
devices, to reach and treat a variety of pathologies.
During the intervention, fluoroscopic images provide
the clinician with live feedback on the anatomy of the
patient, and the position and shape of the catheter. In
conventional 2D fluoroscopic guidance, the complexity
of the procedure, the radiation exposure and the loss of
depth perception in X-ray images, are reasons why
improved means of visualization have been investigated
Commercial systems are already available [5], fusing
live X-ray images with pre-acquired 3D MRI or CT
images. This can be further improved by reproducing
the 3D navigation of the catheter, which would
otherwise remain 2D. Several approaches have been
proposed, based on computer vision, numerical
simulations, or the use of physical sensors ([8], [1], [7]).
In [6] the authors present a method to retrieve the 3D
position of the catheter combining the 2D fluoroscopic
view with pre-operative models of the vasculature. In
this context of augmented endovascular procedures, we
propose a method to retrieve the 3D navigation of the
catheter from a single view scenario, without the use of
external sensor. Using a combination of visual features
extracted from the fluoroscopic image, and the
registered pre-operative 3D vessel surface, we drive a
constraint-based numerical simulation, which allows us
to retrieve the 3D catheter shape from fluoroscopic
images. This will allow clinicians to virtually explore
different angles of view without moving the imaging
equipment.

MATERIALS AND METHODS

To reconstruct the 3D shape of a flexible device, we
perform a real-time physics-based simulation of the
flexible tool constrained by information extracted from
the live fluoroscopic data and boundary conditions
arising from the pre-operative vascular surface. The
mechanical consistency provided by the physics-based
model of the flexible tool avoids ambiguous situations
and provides a complete and accurate 3D visualization
of the catheter. The model of the surgical tool is based
on Timosenko beam theory, solved using an efficient
finite element method and a co-rotational approach [4];
it is represented as a series of serially-linked beam
elements, where each node has 6 degrees of freedom [2]
and the mechanical parameters are coherent with the
reality. Currently image-features are easily extracted

and tracked using OpenCV; we used a catheter with
radiopaque tags every 1cm in order to have a higher
gradient variation. We impose that the projection of
each 3D node should coincide with its corresponding
point onto the image; to do that, we allow each 3D
nodes to slide along the line of sight, defined between
its corresponding 2D point detected in the image and the
optical center of the camera. Nevertheless, 2D image
features alone are not sufficient to retrieve the 3D shape
of the device. Assuming that the position of the point
through which the catheter is inserted, is known in 3D
(for instance, obtained thanks to makers located on the
catheter sheath), we define a further geometrical
constraint enforcing the catheter to slide along a
direction which reproduces the orientation of the
insertion valve. A set of unilateral constraints are
applied along the shaft of catheter to prevent crossing
the surface of the 3D anatomy. Each of these constraints
applies 1 dof unilateral contact force along the normal
of the triangulated vessel surface, in order to enforce
Signorini conditions i.e. A contact force is applied if
and only if a (set of) point(s) of the device model
move(s) outside of vessel geometry (see [9] for
instance). As all of these are linear constraints (i.e.
sliding constraints on a line), they allow to solve the
problem with a Lagrangian approach for FE models [4]
where the global equation is expressed with a static
formulation.
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Where for each iteration, K is the stiffness matrix of the
FE model, AX is the equilibrium state of the 3D
positions of the catheter, & is the violation of the
constraints and J is the Jacobian of the constraints.

RESULTS

We performed catheter insertion on a rigid phantom.
Two data-set have been acquired through a 3D capable
angiography C-arm at low and high fluoroscopy
frequency, performing some 3D acquisitions (CBCT) to
retrieve the real 3D position of the catheter and validate
our simulation; 3D and 2D images are registered
through calibration [3]. Beside the catheter navigation
under 2D fluoroscopy and 3D scans to validate the
reconstructed shape at times, we acquired some
fluoroscopic images while shifting the table downwards,
orthogonally to the direction of insertion, to simulate
movement deriving from patient’s breathing motion or
machinery adjustment, showing the robustness of our
method to important motion. We exploited the temporal



coherence of the detected markers to bind the 2D
markers with the corresponding 3D nodes of the
catheter. To validate our registration, we computed the
Euclidean distance between the simulated catheter and
the real one, previously retrieved from segmentation.
For the first data-set, we had an average error of
2.7+0.7mm, corresponding to 11% of vessel diameter;
for the data-set at 7.5pps, the higher acquisition rate
produced more noisy and blurred images, entailing a
higher error in the registration process (4.8+0.8mm).
Within this second data set (Fig.1), we wanted to test as
well the robustness of our method to potential table
movement or breathing motion of the patient, i.e. any
potential movement in a direction different from the
direction of insertion. For that, we shifted the table
50mm downwards, under the assumption that the
camera stays fixed. In this second phase, the registration
error uniformly increases during the downwards shift
(8£0.6mm average deviation) due to the reprojection
error of the calibration matrix that is not uniform along
the image. The surface’s constraint was not active.

Fig. 1 3D catheter reconstruction for Real Dataset at the end
of the insertion. Red lines represent the line of sight of
projective constraints; yellow points represent the real
catheter, obtained from segmentation of 3D medical images.

In any case, this kind of error can be easily compensated
since the movement of the table can be known from the
set-up parameters. Moreover, typical breathing motion
of a patient reaches an amplitude of at most 2cm, i.e.
inferior to the displacement imposed in this test. In
order to evaluate our registration within a less trivial
anatomy, we created a synthetic data-set simulating a
catheter insertion. We recorded the images of the
insertion, as under fluoroscopic guidance, and we used
it as ground truth for the following registration. An
average error of 0.8+£0.07mm, corresponding to the 4%
of the total diameter of the vessel, is registered (Fig.2).
Detection errors and calibration errors, are compensated
through empirical parameters o applied on the
constraints.

Fig. 2 Different views of 3D catheter reconstruction for
Synthetic dataset; blue and red catheter are respectively the
real and the simulated one.

DISCUSSION

In this work, we presented a single view reconstruction
method to retrieve the 3D navigation of the catheter.
Dealing with a rigid registration, this could be
potentially applicable to neuro interventional radiology
procedures, where brain’s movement is limited. In order
to progress towards different clinical application, we
will investigate other detection methods to deal with
guidewires or untagged catheters, and automatic
calibration to deal with deformations and breathing
motions. Eventually, we will exploit this simulation to
reduce the acquisition frequency, where the information
between two images will be provided by the simulation
itself.
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