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INTRODUCTION 

    Active catheters[1] for minimally invasive surgeries 

(MIS) have been increasingly studied for their dexterity, 

stability, and safety[2]. Accurate performance of MIS 

requires intra-operative feedback on catheter position and 

configuration in real-time. Many of the current catheter-

monitoring technologies (image-based, motion-sensing, 

kinetic modeling, etc.) focus on tracking the position of 

the tip[3]. While information of the tip generally suffices 

for passive catheters, for active catheters, the additional 

degrees-of-freedom associated with deformation 

necessitate tracking of an extended longitudinal section. 

Otherwise, unmonitored active components along the 

length may operate unintendedly and cause tissue 

damages or punctures. 

    The full-length 3D configuration of an active catheter 

can be described by its shape and orientation. The present 

study aims to obtain both with fluoroscopy, which has 

been a standard protocol for catheter monitoring[4] for its 

wide adoption and relative simplicity. Nevertheless, 

fluoroscopic images are limited to 2D. In the absence of 

depth, the magnitude and direction of deflection may 

become undetectable, unless the deflection occurs 

perfectly parallel to the imaging plane. To overcome the 

limitations of 2D, previous image-based work achieved 

extended-length tracking of active catheters with bi-plane 

imaging[5], at the expense of additional imaging devices 

and computational effort.  

    Introducing radiopaque markers may reduce the cost. 

Publications have shown that band markers in 

fluoroscopy aid tip orientation tracking[6] and that 

helically-wrapped optical fibers aid curvature sensing[7]. 

This work attempts to train a shallow neural network 

(NN) to reconstruct full 3D configurations from marker 

projections in isolated images. The helical markers were 

adapted from existing components of a catheter that has 

been validated in vivo[8] (Fig. 1A). The system can 

potentially be generalized beyond fluoroscopy by 

substituting marker materials, such as echogenic markers 

for ultrasound[9][10] and radiofrequency coil for magnetic 

resonance imaging (MRI)[11]. 

MATERIALS AND METHODS 

    A prototype was made from a torque coil and 

compression springs (Fig. 1B) to mimic the active 

catheter in [8] at a scale of ~2x. An additional copper wire 

was looped around one end of the coil to serve as a 

reference for base point. Images of the prototype in 

various configurations (orientations and shapes) were 

acquired by Siemens' radiology system, Artis zeego. 

    The orientation of the catheter can be defined by yaw, 

roll, and pitch angles (Fig. 2A), and its shape can be 

approximated by a global bending angle taken between 

the most proximal and most distal sections (Fig. 2B). 

This preliminary study focused on two of the variables: 

 θroll: varied automatically for a range of 56.4° in 

142 increments as the imaging device rotated. 

 θbend: varied manually among five angles (in 

Fig. 4), quantified when the imaging plane was 

parallel to the plane enclosing the bent catheter. 

    There were thus a total of 710 configurations. Note 

that in a realistic case, an operational active catheter has 

much higher number of possible θbend.  

 
Fig. 1 (A) The active catheter (without cover) in [8]. (B) The 

prototype of catheter and markers implemented in this study. 

 
Fig. 2 (A) Three variables for orientation with respect to the 

imaging plane (in blue), and (B) one for shape. 

 
Fig. 3 An example of the original image (left) and the image 

overlaid with extracted features (right). 

 

    All images were processed in MATLAB™. Fig. 3 

shows an example before and after feature extraction. 

The first step approximated the projected catheter as a 

3rd-order polynomial. Next, the pixel furthest from the 

catheter within each region of connected pixels in proper 

sizes was identified as a “peak”. Depending on projection 

perspective, not all peaks displayed as closed areas to be 

identifiable with the previous method. Hence, another 

method, based on the Qhull algorithm[12], looked for 

peaks from points forming the greatest convex hull 

encapsulating the catheter. Processing of each frame 

concluded with the elimination of falsely identified peaks 

and overlaps by thresholding inter-peak and peak-to-

catheter distances. The trajectories of peaks are shown in 

Fig. 4 after interpolation between frames to compensate 
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for sporadically missing peaks. Each catheter 

configuration yielded 14 convex peaks and 14 concave. 

 
Fig. 4 The trajectories of projections of peaks at different θroll 

(colors) and θbend (subplots) (same x-axis limit for all). 

RESULTS 

To consolidate information, the 28 x- and y- values of 

peaks in each frame were converted into single predictors 

(variables of distances and slopes). For NN to uniquely 

recognize the two variables (θbend and θroll), a minimum 

requirement of two predictors are expected. 

    A two-layer feedforward NN was trained with a 

nonlinear least square fitting algorithm[13]. Data from all 

frames were divided randomly into training (70%), 

validating (15%), and testing (15%) sets. Among 10 

tested predictors, the pair resulting in best results were: 

 αe (angle between tip and base slope) 

 d̅i (average inter-peak distances). 

    The correlations between NN-predicted and actual 

θbend and θroll of the testing set (n = 107) are depicted in 

Fig. 5A. Both angles have an average error of ~1° (Fig. 

5B), and neither of the errors exhibited trend of variation. 

 
Fig. 5 (A) The correlations of θroll and θbend between NN 

prediction and ground truth. (B) The errors of θroll (top) and θbend 

(bottom), with means and standard errors in legends. 

DISCUSSION 

This paper demonstrated the potential of a system 

composed of designed radiopaque markers and neural 

network for efficient shape and orientation recognition of 

3D catheters via single-plane fluoroscopy. A significant 

contribution of the system is its capability to detect high 

values of θbend even when θbend seems low in projections 

due to high θroll (e.g. bright markers in the last subplot in 

Fig. 4). Note that the results were achieved without 

regard to calibration of projection perspective. 

    Future work demands the inclusion of simulations  on 

a comprehensive set of scenarios. Even though a 

simulation framework was initially utilized to guide the 

marker design and investigate the validity of the system, 

the NN in this paper was trained with experimental data, 

which limited the number of configurations. Coverage of 

a greater variety of θbend and θroll in NN training should 

robustize the performance of the NN. Moreover, the 

training data should also entail variations for θpitch and 

θyaw. Exploratory simulated results supported the efficacy 

of θpitch identification with the addition of one predictor. 

As for θyaw, parallel to the imaging plane, it is expected 

to be correlated with the overall x-y slopes. Experiments 

verifying θpitch and θyaw recognitions are ongoing. 

    Lastly, although for a certain types of active catheters, 

the helical markers may be easily or already incorporated 

as a component without altering the circumferential 

surface, it remains indispensable to examine the probable 

mechanical impact of markers during operation or 

insertion. 
    *This work was assisted by Dr. Pascal Haigron and Mr. 

Miguel Castro in image acquisition and supported by French 

state funds, ANR-11-LABX-0004. 
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