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Abstract - Nowadays the morbidity and mortality of
cardiovascular and cerebrovascular diseases are increasing year
by year. Vascular interventional surgery has been considered as
the most widely treatment to these diseases and it is developing
rapidly for its minimally invasive procedure, safety and short
recovery time. However, due to the low signal-to-noise ratio
(SNR) and pipe-like structures in the human body, the resolution
of fluoroscopic sequences can be too low for surgeons to
recognize the catheter in some cases, which impose restrictions
on the performance and efficiency of this surgery in clinic.
Therefore, enhancing and tracking the catheter in the
endovascular interventions have become a crucial part. This
paper proposes a morphologic method based on multiscale filter
and direction-oriented method, which can enhance and detect the
catheter from sequences in real-time. And finally this method
takes 0.064s per frame with an accuracy of 89.39%, which can
meet the requirements of clinic operations.
Index Terms – Vascular interventional surgery, Multi-scale
enhancement, Direction-oriented, Morphology

Fig. 1. The demonstration of vascular interventional surgery

There are mainly two navigation systems for vascular
interventional surgery: electromagnetic system and traditional
system [12]. However, magnetic navigation technology is still
in the development stage, and it cannot completely replace the
current traditional intervention surgery. The diameter of the
magnetic navigation catheter is not thin enough to enter the
small in surgeries. Since the magnetic navigation system is
expensive, the cost of an electrophysiology catheterization
room equipped with a magnetic navigation system is about 3
times that of a conventional room, which is one of the reasons
that the magnetic navigation system has encountered obstacles
in popularization [13].
In the traditional system, the most popular method for
guidewire and catheter tracking is the B-spline fitting. PingLin Chang et al. proposed a deformable B-spline tube model
probabilistic optimisation framework which can effectively
represent the shape of a catheter and it took about 50 ms for
10 knot points [14]. Shirley A. M. Baert developed a method
using a template-matching procedure and determining the
position of the guidewire by fitting a spline to a feature image
with manual outlining. And it took 5s per frame with an
average accuracy of around 90% [15]. Hauke Heibel et al.
presented an approach based on modeling catheter with Bsplines whose optimal configuration of control points was
determined through efficient discrete optimization. Each
control point corresponded to a discrete random variable in a
Markov random field formulation [16]. Cheng Wang et al.
proposed a method of open active contour based on edge
detection and an algorithm for deforming and control of

I. INTRODUCTION
Cardiovascular and cerebrovascular disease is one of the
most common diseases of mankind that threaten human’s life
and vascular interventional surgery has become a major
method to treat these diseases[1],[2]. In the traditional
interventional procedures, catheter tracking can provide the
doctor with visual information [3]. The current interventional
robotic system is based on the DSA (Digital Subtraction
Angiography) information and the surgeons master the slave
robot to perform the operation [4]. However, the research of
the existing vascular interventional robot system mainly
focuses on the master-slave operation function [5], force
feedback[6],[7] and virtual surgical system[8], so the research
on catheter tracking is also meaningful. In the interventional
surgery, surgeons observe the position of catheter under the Xray, and make a contrast if necessary to obtain the structure of
blood vessels [9], [10]. So one of the key requirements for
such surgeon is the accurate positioning of the catheter.
However, the guidewire is a non-rigid 1-D structure, which
means it is prone to deform in anyway.The low dose used in
fluoroscopy that aims to reduce the harm to patients and
surgeons for being exposed to the X-ray introduce limitations
to image quality. Meanwhile, the breath motion of patients
leads to image artifacts which increase the difficulty on target
detection, and pipe-like structures such as skeleton and the
edge of organs also introduce noises into the images [11].
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curves. And the results showed that the accuracy rate was
95.3% from the clinical images. However their study was
focus on a single frame and got a speed of 3.8s per frame [17].
H.R. Fazlali et al. smoothed each frame using guided filter.
The catheter was detected in the first frame using Hough
transform, then they fit a second order polynomial on the
catheter and accurately tracked it throughout the sequence [18].
Slabaugh G et al. presented equations that deformed a spline,
subjected to intrinsic and extrinsic forces, so that it matched
the image data and remained smooth by using the variational
calculus and phase congruency as an image-based feature [19].
Jiong Zhang et al. used an orientation scores in retinal vessel
segmentation that was capable of dealing with typically
difficult cases like crossings, central arterial reflex, closely
parallel and tiny vessels [20]. Mohammed Shafeeq Ahmed
describe a procedure for automatic detection of MAs by
applying threshold and mathematical morphology techniques
[21]. J Yang proposed an improved Hessian multiscale filter.
An image grayscale factor is added to the vascular similarity
function computed by Hessian matrix eigenvalue [22]. Jian
Zheng et al. employed a multiscale Hessian-based filter to
compute the maximum response of vessel likeness function
for each pixel. After that, a radial gradient symmetry
transformation is adopted to suppress the non-vessel structures
[23]. Xu X first decomposed the angiogram into several
directional images and each of them is enhanced by traditional
Hessian-based method. Then the enhanced direction images
are recombined to generate final result [24].
Also, there are some studies using machine learning
methods. L wang et al. a novel image-based fully-automatic
approach with convolutional neural network for guide-wires
detection. The detection accuracy evaluated by average
precision (AP) reaches 89.2%. However, it takes a lot of time
to label every frame and the dataset is not available to public
[25]. Barbu A et al. learned the complex shape and appearance
of a free-form curve using a hierarchical model of curves and
a database of manual annotations, and then used a
computational paradigm in the context of Marginal Space
Learning, in which the algorithm was closely integrated with
the hierarchical representation. This method had a processing
speed of 1frame per second, and they got an accuracy of 68%
on 535 images and an error of less than 1mm [26].
In conclusion, for machine learning methods, especially
the deep learning method, those well-trained model will
obviously cut the time for detecting and tracking. However, it
would take a long period for collecting origin image, labelling
large amount of data and training models. And if the dataset is
not large enough, we may get an overfitting model which has
a poor generalization ability. On the other hand, the
approaches such as B-spline fitting, open active contour and
other modelling ways show good results and high accuracy on
catheter detecting and tracking. But the performance of an
algorithm often goes against with the processing time. In order
to fit the curve accurately in each frame, the computer needs
to do a lot of calculations, therefore these kinds of method can

hardly meet the clinic requirement of real-time.
In this paper, we present a catheter tracking method based
on multiscale filter and direction-oriented algorithm, which
can enhance and detect the catheter in real-time. In section II,
the enhancing and detecting method is elaborated. In section
Ⅲ, the performance evaluation experiments are conducted and
the result is discussed. In section Ⅳ , the research work is
concluded and the future work is pointed out.
II. DESIGN OF THE REAL-TIME DETECTING SYSTEM
To reduce the noise in the fluoroscopic images, we apply
a nonlinear digital filtering technique to remove noise and
smooth every single frame so that to improve the results of
later processing. Then we use a multi-scale filter and a blackTophat (only when the background is complex) transform to
enhance the catheter in the image, and further screen out the
redundant information of the pattern through a directionoriented filter. Finally, the morphological method is used as
post-processing.

Fig. 2. Algorithm flowchart

A. Multi-scale Filter based on Hessian matrices

(a)

(b)

(c)

(d)

Fig. 3. Catheter enhanced by Hessian matrix with different scales. (a) is the
origin image of a fluoroscopy; (b) is with scale = (1,2); (c) is with scale =
(1,5); (d) is with scale = (1,10).
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Image enhancement methods based on Hessian matrices
are most commonly used to enhance tubular or linear
structures such as blood vessels, rivers and wrinkles, including
the Frangi algorithm [27-29], the Lorenz algorithm, etc. The
idea of multi-scale representation is to integrate the original
signal into a series of signals that can be obtained through
single-parameter transformation [30]. Each signal corresponds
to one parameter in a single-parameter class. The scale can be
obtained by smoothing and only the second-order Gaussian
function is available, where σ is the standard deviation of the
function. The value of σ determines the smoothness of the
image, the large σ value represents the image contour feature,
and the small σ value represents the image detail feature.
As is shown in Fig. 3, we have enhanced the image with
different scales. Each single scale has a good enhancement
effect only on the place that best matches the current scale, but
when the catheter scale does not match the current scale or
does not exactly match, the filter has almost no enhancement
effect on the it. Therefore, using multi-scale filter can achieve
effective enhancement of catheters at various scales in the
image. A proper scale step can be set up to adjust how the 
increases, and if a small step is chosen, we may get a better
match at the cost of time.
To determine whether a point X belongs to the target, we
need to analyze the Taylor expansion of this point P  ( x, y)
in the neighborhood of the image I ( x, y ) :

Compared with Lorenz, it takes all the eigenvalues into
account and interprets the pipe-like features geometrically [32].
In Fig. 4, The structure of the catheter firstly becomes clearer
and then blurred as the α increases gradually. During such a
process of rising and decreasing, the highest value of the
response is the one that best matches the target structure. In
this paper, we choose the 0.5 as the value of α.

(1)
I ( P  P)  I ( P)  P I (P)  P H ( P)P
where P is the variation of point P in one of its
neighborhood, I (P) is the gradient of the image at point P.

Fig. 4. Catheter enhanced by Hessian matrix. (a) is with α = 0.01; (b) is with α
= 0.1; (c) is with α = 0.5; (d) is with α = 5.
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T
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The gradation of the place where there is an edge in the
image is a gentle-steep-gentle curve, which means the slope of
the gradation curve at the edge is larger. A good way to
express changes is by using derivatives. Similarly, if we only
detect gray changes in one direction, for example, the
longitudinal features, then we just need to calculate the xorder partial derivative the image, so that those horizontal
edge will not be detected. For edge detecting operator, Sobel
shows good performance [33-35].
 -1 0 -1
(6)
Sobel: G x  -2 0 -2 
 -1 0 -1

And it has two eigenvalues 1 and 2 . If 1  2  0 , it
means that there are pipe-like structures around this pixel. And
this is how the filter builds [31]:
(3)
v0 ( x, y)  max v( x, y;  )
 min   max

(4)

However, when the size of the kernel is 3, the Sobel
kernel shown above may produce noticeable inaccuracies
since it is only an approximation of the derivative. OpenCV
addresses this inaccuracy for kernels of size 3 by using the
Scharr function. This is as fast but more accurate than the
Sobel operator.
 -3 0 -3 
(7)
Scharr: G x  -10 0 -10 
 -3 0 -3 
During interventional surgeries, clips and other items on
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B. Direction-oriented Method

H ( P) is the Hessian matrix of P, which consists of the
second-order partial derivative of this point:
 I xx ( P) I xy ( P) 
(2)
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where Rα distinguishes between blob-like and pipe-like
structures, Rβ distinguishes the foreground and background. α
and β are the Frangi correction constants that adjusts the
filter's sensitivity to deviation from a blob-like structure to
areas of high variance, respectively. And α is the crucial
parameter that determines how the catheter is detected.
The Frangi algorithm is based on Sato and Lorenz’s.
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the patients' clothing are shown under x-rays. The clips are
also linear objects and therefore detected by the filter (Fig. 5
(a)). To remove these kinds of unrelated feature, the image is
directional filtered to remove them in different directions. As
Fig. 5(b) shows, there exists the feature from a clip that we
can’t remove it easily by applying a threshold. So the
horizontal changes (Fig. 5(c)) are computed by convolving the
image with the kernel G x .

so as to reduce the calculation. The final step of morphology is
to label all the connected domain and calculate the maximum
area which is chosen as the threshold to remove other smaller
domain.

(a)
(a)

(b)

(c)

(b)

(d)

Fig. 6. The post-processing and final result. s(a) is the image after directional
filtering; (b) is the image applied with thin operation; (c) is the image after
removing other smaller area; (d) is the final result.

Fig. 5. Disturbance from pipe-like structure. (a) is the origin image; (b) is the
image enhanced; (c) is the image after directional filtering.

III. EXPERIMENT AND RESULTS

C. Morphology-based Post-processing

To assess the performance of proposed catheter detecting
and tracking system, 2 sequences totaling 283 images are used.
These sequences are obtained from two endovascular surgeries
in Beijing Tiantan Hospital and the procedure is from the
femoral artery to the carotid artery. Since this paper focuses on
the real-time system, rather than the authoritative evaluation
method presented in [14], we present the quantitative results
by computing the true positive and false positive as is in [17]:
Using these measurements we summarize the evaluation
results in Table. 1 .

Mathematical morphology uses a structural element with
a certain shape, size, and other characteristics to detect an
image. The structural element is similar to a probe that
directly carries information such as direction, size and
chromaticity. It can be used to detect the positions of image
where match or response to the structural elements, extract
valuable information from images for the purpose of analyzing
and identifying images.
In most cases, the target object has the largest area ratio in
the image, so at the end we remove all non-catheter
information by detecting the area of all connected fields in the
graph and deleting all the blobs smaller than the maximum
area. After the directional filtering applied to remove lateral
textures, there remain many residual fragments in the image,
and local discontinuities may occur on the catheters, which
will affect the correct calculation of the maximum area. So
first we make a closing on the image. In mathematical
morphology, the closing of a set A by a structuring element B
is the erosion of the dilation of that set:

A  B  ( A  B)B

(c)

TABLE. 1 Evaluation Results
No.
Seq.1
Seq.2
Over-all

TP
142
111
89.39%

FP
19
11
10.61%

The algorithm takes about 0.064s per frame, which
means it can achieve more than 15fps (frame per second) that
researches the requirement of clinical application for
endovascular interventional surgery, much faster than 1fps
and 0.26fps mentioned before. Finally, we achieve an over-all
accuracy of 89.39%. Table. 2 shows the comparison of results
among several related work mentioned in part I.

(8)

where  and  denote the dilation and erosion, respectively.
They are two basic algorithms in morphology. Dilation refers
to adding some pixels to the edge of the ROI (region of
interest) in the image:

TABLE. 2 Comparison of results
Paper No.

Tracking
success

Processing
speed

Tracking Method

[14]

90%

0.2fps

B-spline

[16]

95.3%

0.26fps

B-spline

( x  x ')( y  y ')  DA 

( AB)( x, y)  max  A( x  x ', y  y ')  B( x ', y ') |
 10 
( x ', y ')  DB



[17]

95.9%

Not mentioned

Polynomial fitting

[25]

68%

1fps

Machine Learning

In Fig. 6, after connecting the discontinuous part that may
occur on the catheter, a thin operation is applied to the image

Proposed
method

89.39

15.6fps

Multi-scale filter and
directional filter

( x  x ')( y  y ')  DA 

( A  B)( x, y)  max  A( x  x ', y  y ')  B( x ', y ') |
 9
( x ', y ')  DB



while erosion removes certain edge information:
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Fig. 7. True positive frames out of two sequences. The first and third rows are the origin images, the second and last rows are the output images.

As Fig. 7 depicts, the catheter is successfully detected and
tracked. The lines in the figure are continuous, but the width is
only one pixel, so they appear to be discontinuous. When the
catheter overlaps with the bone suture, it is easy to introduce
noise because of the similarities between structures and
grayscale, so the curves in the images are not that smooth
sometime. Yet spline fitting or machine learning methods can
solve this problem, most of them can not meet the needs of
surgical operations for real-time system.

image is significantly larger than that of catheter. So finally
the catheter, detected while enhancing, is also ignored during
post-processing. On account of the high temporal resolution
(15.6 fps), missing one or two frames do not influence the
surgeons. The other figures presents the false detection cases.
The reason for the detection error is that the catheter is too
close to the clip or bone edges, so the features are mixed in a
low-resolution fluoroscope. At the same time, because we
have applied closing to connect discontinuous parts, those
adjacent edges may also be connected and can not be
eliminated in post-processing.

Fig. 9. The corrected catheter position

At the same time, it can be seen from the figure that the
extracted position of the catheter is offset to the left from the
actual position. This is because during the directional filtering,
the sliding of the kernel function proceeds from left to right. In
order to correct this deviation, we can filter it in an inverse
method, as shown in the Fig. 9.

(a)
(b)
(c)
(d)
Fig. 8. False positive frames out of two sequences. The first row is the origin
images, the second row is the output images.

Fig.8 (c) shows the missed detection samples. In the postprocessing of the image, we count the area of all connected
domains in each frame, since in the most cases the catheter
accounts for the largest area. In (c), the catheter only takes a
small part, the texture of the vertebrae in the background

Ⅳ. CONCLUSIONS
In this paper, a catheter tracking method based on multiscale filtering and direction-oriented algorithm is proposed.
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The results indicate that the real-time catheter tracking based
on the proposed method provides surgeons with better visual
enhancement, which is beneficial to improve the surgical
safety of current endovascular interventional surgery. The
method detects the guide wire correctly in 89.36% of the
frames and takes 0.064s per frame. By optimizing the code
and using hardware solutions, a higher accuracy can be
achieved without compromising the robustness and speed of
the algorithm.
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