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Abstract - Recently, research on endovascular interventional
surgery (EIS) and robot assisted EIS attracts much attention.
However, the main visual navigation method, DSA, cannot
provide full time vessel shadow information. It leads to long
surgical time and high surgical risk. A vessel shadow enhancing
algorithm is proposed for a continuous DSA method during EIS
aiming at provide full time visual navigation information. To
overcome the lack of X-ray images without injecting contrast
during continuous DSA method. A heart-and-breathe-rate based
subtracting method is proposed to obtain the subtracted image.
The eroding and dilating method are used to denoising the
subtracted images. In addition, the threshold method along the
raw and column is adopted to further weaken the noise in the
images. Experiments are conducted with the X-ray images
obtained during clinical angiography using continuous DSA
method. The experimental results indicate that the final
processed images reach the requirement of surgeon and robot
system about full time visual navigation information. the
processing speed in the experiments is 1.25fps.
Index Terms – Endovascular interventional surgery;
Continuous DSA; Subtraction angiography; Vessel enhancing

probability of surgeon’s miss-operation, which leads to higher
surgical risk and easily surgical failure.
In addition, insufficient of vision assistance of vessel
shadows is also an obstacle for navigation of EIS robot
system. A lot of research work has been conducted on robotic
assisted interventional surgery system [2]. There are several
representative EIS robotic systems such as Sensei Robotic
Catheter System by Hansen Medical [3], remote catheter
system called Amigo by Catheter Robotic Inc.[4], ‘Catheter
Guidance Control and Imaging’ (CGCI) system by Magnatecs
Inc.[5], magnetic navigation system called the Stereotaxis
Niobe by Stereotaxis Inc. [6]. Yogesh Thakur et al. developed
a kind of remote catheter navigation system [7]. This system
allowed the user to operate a catheter manipulator just like
operating a real catheter. Shuxiang Guo et al. [8] put forward a
new kind of pipe robot control system, the system uses a
master-slave control mode and it achieves the remote
operation. Jian Guo et al. [9] proposes an operation safety
early warning system based on LabView for vascular
interventional surgery (VIS) robotic system. Xianqiang Bao et
al. [10] proposed a vascular interventional robot system that
has the ability of simultaneously operate the catheter and
guidewire with force measurements. Several researches
focused on the surgeon’s perception of surgical state at slave
side. Yan Zhao et al. [11] proposed a slave manipulator with
catheter operating force on-line sensing devices for
endovascular interventional surgery. A strain gage based
sensor is proposed to realize the on-line measurement of
rotational torque of the catheter. Yuan Wang et al. [12]
developed a slave side that can measure the catheter and
guidewire resistance. Yu Song et al. [13] developed a haptic
interface based on MR fluids for endovascular tele-surgery.
The haptic feedback in the axial direction can be generated by
altered the EIS parameters of MR fluids. Jian Guo et al. [14]
detected the operating force of the slave manipulator adopting
a load cell that fixed on the slide platform. Linshuai Zhang et
al. [15] developed a collision protection mechanism in their
robot system to mitigate the collision trauma of vessel.
Xuanchun Yin [16] et al. firstly introduced a human operatorcentered haptic interface design concept into actuator choice
and design. Jin Guo [17] presented a catheter-sensing unit

I. INTRODUCTION
EIS shows many advantages compared traditional
surgery, such as less bleeding, fewer complications, small
trauma, quick recovery, etc [1]. DSA (Digital subtraction
angiography) is an important technology for clinical diagnosis
and treatment. The basic principle of DSA is that two frames
of digitized X-ray images, obtained before and after injecting
the contrast into the vascular, are processed to get clear and
pure blood vessel images through subtraction, enhancement
and reimaging, and then display the vascular shadows in real
time. During EIS, surgeon observe the state between the
catheter and anatomical structure inside human body to realize
precision operation. However, the patient’s acceptable dose of
contrast is limited. So, the contrast is just used in the case of
the vessel branch cannot be find and it is high risk when the
catheter tip near the focus without vision of vessel shadows.
On the one hand, insufficient of vision assistance of vessel
shadows leads to long operation time. Then, the doctor must
be exposed to larger dose of X-ray radiation, which harms
their health severely. On the other hand, it also increases the
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used to measure the motion of the catheter and a force
feedback unit used to provide a sense of resistance force.
Linshuai Zhang et al. [18] developed a strain-gauge force
sensor for the slave side of haptic robot-assisted catheter
operating system. Xuanchun Yin et al. [19] proposed a haptic
catheter operation system for teleoperation through exploiting
magnetorheological fluids. Yu Wang et al. [20] developed a
training system integrated cooperation of VR simulator and
haptic device. Jin Guo et al. [21] proposed a novel masterslave robotic catheterization system with force feedback for
vascular interventional surgery. Also, a multidimensional
monitoring interface is developed to realize the EIS
visualization of force feedback. Furthermore, several
researches aims to provide 3D vision navigation for surgeon
by reconstructing the vessel though virtual reality technology.
Jian Guo et al. [22] developed a novel VR-based
robot-assisted catheterization training system with force
feedback for vascular interventional surgery. Yu Wang et al.
[23] introduces standard linear solid model to formulate the
vascular physical model and determine this model’s
parameters based on vascular wall elasticity analysis in the
virtual-reality simulator. Yuan Wang et al. [24] introduces a
haptic feedback function in the developed interventional
surgical robot system. But, the current research of 3D vessel
reconstruction cannot be realized in real time.
To overcome the insufficient of vision assistance of vessel
shadows, we researched a continuous DSA method by
continuously injecting small concentration of contrast aiming
at continuous imaging of the vessel shadows during EIS. In
this way, the total dose contrast is restricted to avoid overing
the dose limit of human body. An important issue of this
method is to enhance in real time the vessel shadows in the
low-contrast and blurry DSA image obtained by this method.
In this paper, the DSA image is processed to enhance the
vessel shadows in real time. Based on this continuous visual
assistance, current EIS technology and EIS robot technology
can be improved. In section II, the image enhancing method
for continuous DSA is detailedly described. In section III, the
experiments are conducted and the results are discussed. In
section V, the research work is concluded and the future work
is pointed out.

processed. The contrast always exists in front of the catheter
tip during continuous small-concentrate contrast injecting. So,
the traditional subtraction angiography method that based on
the two frames of X-ray images obtained before and after
injecting the contrast into the vascular is inapplicable.
Therefore, in the first step, a subtraction angiography method
based on heart rate is proposed. In addition, the small
concentrate of contrast leads to a low contrast ratio between
the vessel shadow and the background in the image after
heart-rate based subtraction angiography. Also, human body
breathing and human tissue movement causes noise in the
subtraction angiography image. These cannot reach the
requirements of surgeon in clinical application and the
requirements of robot navigation. Therefore, the contrast ratio
between the vessel shadow and the background is enhanced
and the noise is weakened in the second step. The framework
of the proposed vessel shadows enhancing method is shown in
Fig.1.
A. Subtraction angiography based on heart rate
High pressure syringe is an automatic pushing system
with high thrust and high speed to meet the requirements of
angiography and interventional therapy. It can ensure that the
contrast is injected into the blood vessel in a short time. By
subtracting the two frames of digitized X-ray images, obtained
before and after injecting the contrast into the vessel, the target
blood vessel is displayed at high concentration. Then, the high
contrast image of the vessel is formed. But, during continuous
DSA procedure, the contrast continuously injecting into the
vessel is of small concentration. Therefore, the method
subtracting the two frames of digitized X-ray images before
and after injecting the contrast into the vessel cannot be
conducted due to the contrast always exists during the
procedure. However, it can be solve from the point of
heartbeat.
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Fig.2 Contrast concentration change in continuous DSA: (a) during systole,
and (b) during diastole.

Fig.2 is the schematic diagram of concentration change
procedure of the contrast in the vessel during a cardiac cycle
in continuous DSA. For instance, the catheter tip locates in
innominate artery, and the contrast with small concentration is
injected continuously into the vessel through the catheter with
a constant flow rate. The contrast is diffused in to the blood
when it is injected into the vessel. Yang et.al [25] use the
curve of blood flow velocity shown in Fig.2 in their research

Fig.1 Framework of the proposed vessel shadows enhancing method

The vessel shadows enhancing method proposed in this
paper mainly consists two step. There is a presupposition of
this paper that the catheter tip location has been tracked in the
X-ray images. And, the contrast locates in the front of the
catheter tip. So, the image of the area near the catheter tip is
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on blood flow in human aortic arch by fluid-structure
interaction coupled computational fluid dynamics simulation.
It can be seen that, the maximum blood flow velocity at the
entrance of aortic arch during systole is approximately 1.6m/S
and the blood flow velocity maintains about zero during
diastole. During systole, the flow velocity of the blood that
flow into the innominate artery is relatively large, which leads
to a low concentrate of the contrast in the innominate artery,
with a constant contrast flow rate. Then, the gray value of the
vessel shadow in the X-ray images is relatively small. During
diastole, the flow velocity of the blood that flow into the
innominate artery is close to zero, which leads to a low
concentrate of the contrast in the innominate artery, with a
constant contrast flow rate. Then, the gray value of the vessel
shadow in the X-ray images is relatively large. Fig.4 shows
the contrast concentrate curve deduced from blood velocity
curve. It can be seen that the contrast concentrate maintains a
high value for half of the heartbeat period.

by subtraction angiography using this background motion.
Take the frame of X-ray image at time Q as the current image.
The frame of X-ray images at time O and time P are defined as
image O and image P. It can be seen that the contrast
concentrate at time Q is equal to the contrast concentrates at
time P and time O. But, there are motion and deformation
between the back grounds of these images. So, image Q and
image P are used for angiography by subtraction. Just in case
of the back ground of image Q is same with and image P. An
additional image O is used to subtract image Q. The
pseudocode is given by algorithm 1:
Algorithm 1 Subtraction angiography based on heartbeat
and breathe
1: Cut out the area of image near the catheter tip by a
window with the size of m×n
2: for w= 0: n-1
for d=0: m-1

Velocity/m/S

if

1  img w,d Q  img w, d P  1
img w,d  255
else if

img w,d Q  img w,d O  1 or img w,d Q  img w,d O  1
img w,d  255
else
Time/S

img w,d  0
end
end

Fig.3 Blood flow velocity at the entrance of the aorta [25]

Contrast concentrate is constant, in other words, its
quantity of flow per unit time is constant. Here it is defined as
Qc. The sectional area of the vessel is supposed to be constant,
which is defined as S. The contrast concentrate in the vessel
near the catheter tip can be given as:

Cc =

Qc
S V

end
B. Denoising after subtraction angiography
The subtraction angiography procedure in the last section
bases on the relative motion and deformation of the
background. However, for a given pixel, its gray value
depends on not only the motion and deformation of the
background, but also the imaging device. It leads to noise in
the subtracted image, as shown in Fig.5. The concentrate ratio
of the vessel shadow and the background is not large enough
to reach the application requirements. The noise is weakened
firstly by eroding and dilating method.
When eroding the image, a structure element with the size

(1)

Where V is the blood flow velocity. It can be seen that the
contrast concentrate is in inverse proportion to the blood flow
velocity. So, the contrast concentrate can be shown as Fig.4.
P

Q

of 2×2 is sued to scan all the pixels in the window. Solve the
and operation of the structure element and the pixels covered
by the structure element. If all the results are 1, the gray value
of the pixels set to be 1. Otherwise, the gray value of the
pixels set to be 0. When dilating the image,
a structure element with the size of 2×2 is sued to scan all the
pixels in the window. Solve the and operation of the structure
element and the pixels covered by the structure element. If all
the results are 0, the gray value of the pixels set to be 0.
Otherwise, the gray value of the pixels set to be 1. Process the
subtracted image by eroding method for two times, and then
process the subtracted image by dilating method for two times.

Contrast
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O

0

0.2

0.4
Time/S
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Fig.4 Contrast concentrate curve deduced from blood velocity curve

Due to the frequency of heart beating and the frequency of
breathing are different, there is motion and deformation of the
background image. So, in the proposed heart-and-breathe-rate
based subtraction angiography method, the image is processed
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for d=0: n-3
if Sumd
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 6  Summin
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end
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0

III. EXPERIMENTAL RESULTS
(b)

(a)

In order to verify the performance of the proposed vessel
enhancing algorithm for the continuous DSA method for EIS,
experiments are conducted. A sequence of 268 frames X-ray
images are obtained from the clinical test of continuous DSA
in angiography. Contrast with small concentration is
continuously injected into the innominate artery through the
catheter. Then the obtained X-ray images are used to test the
proposed vessel enhancing algorithm. The experiments are
conducted by Matlab 2013 on a graphic workstation with the
CPU of Intel Xeon E5-2620, the GPU of NVIDIA Quadro
K4000, the RAM of 64GB, and the operating system of
Windows 7.

Gray value

255

0
(c)
Fig.5 Schematic diagram of heart-and-breathe-rate based subtraction
angiography: (a) is gray value distribution the original image distribution, (b)
is gray value distribution of the ideal subtracted image, and (c) is the gray
value distribution of the actual subtracted image contains noise. The red curve
is the gray value distribution of the noise.

A. Results of the heart-and-breathe-rate based subtraction
angiography

Then, the subtracted image is further denoised by
threshold method along raw and column. The pseudocode is
given by algorithm 2.
Algorithm 2: Process the subtracted image by threshold
method along the raw and column
1: threshold method along the raw
for w=0: m-3

10mm

n 3

(a)

Sumw   imagew,i
i0

if

(b)

Fig. 6 Original X-ray images: (a) with the minimum blood flow velocity and
the maximum contrast concentrate, (b) with the maximum blood flow velocity
and the minimum contrast concentrate

Sumw1  Sumw
Sumw =Sumw +1

Vessel shadow

end

Summin  Sumw
for w=0: m-3
if Sumw  6  Summin

5mm

imagew, = 0
end
2: threshold method along the column
for d=0: n-3

(a)
(b)
(c)
(d)
(e)
Fig.7 Subtracted images with the window of the: (a) 152th frame, (b) 154th
frame, (c) 156th frame, (d) 158th frame, (e) 160th frame

m 3

Sumd   imaged , j
j 0

if

Two frame of original X-ray images are shown in Fig.6.
Fig.6(a) shows the X-ray image with the minimum blood flow
velocity and the maximum contrast concentrate. Fig.6(b)
shows the X-ray image with the maximum blood flow velocity
and the minimum contrast concentrate. The red rectangular

Sumd 1  Sumd
Sumd =Sumd +1

end
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frames on the X-ray images represents the window with
tracking of the catheter tip. It can be seen that the vessel
shadow is not clear and obvious with small concentrate
contrast in the front of catheter tip in both Fig.6(a) and
Fig.6(b).
Fig.7 illustrates the subtracted images of the 152th frame,
154th frame, 156th frame, 158th frame, 160th frame. The
procedure that the contrast concentrate changes from a low
level to a larger level and then to a lower level is illustrated
by these five figures. It can be seen that, compared with the
original X-ray images, the vessel shadow is more clear and
obvious in the subtracted images when the contrast
concentrate is large. However, there are much noises in the
subtracted images.

shadows in the final preprocessed images. So, the final
processed images can provide the surgeon with more clear and
obvious vessel shadow combined with the catheter shadow
and other anatomy information of patient’s skeleton under Xrays. Although the contrast between the vessel profile and
background changes periodically and the vessel profile is not
clear and obvious when the contrast is small, there are always
several frames of images where the vessel profile is quite clear
and obvious. It is because that the contrast concentrate is large
enough at these times. All in all, the final processed images
can provide visual navigation information full time to the
surgeon and robot system. It should be noted that the
processing speed in the experiments is 1.25fps, which needs to
be further improved.

B. Results of denoising

Vessel shadow

The subtracted images after denoising by eroding and
dilating method are shown in Fig.8. It can be seen that the
noise is weakened in the denoised images compared with the
original subtracted images shown in Fig.7. And the profile of
the vessel shadow is more clearly especially in the images
with the maximum contrast concentrate shown in Fig.8(c).
Fig.9 shows the subtracted images after denoising with
threshold method along the raw and column. It can be seen
that the noises in the images are weakened further compared
with the images shown in Fig.8. There are several vertical
stripes and horizontal strips in the images. The reason is that
the column of pixels and the raw of pixels with the sum gray
value less than a threshold is removed from the image.
However, during the denoising procedure, the catheter shadow
is not obvious in the images. It indicates that the pixels
composing the catheter shadow is also weakened as nosie.
Fig.10 shows the final processed image with the denoised
subtracted images adding onto the original image. The
procedure that the contrast concentrate changes from a low
level to a larger level and then to a lower level is illustrated
by these five figures. It can be seen that the vessel shadow in
the final processed images are more clear and obvious
compared with the original X-ray images shown in Fig.6,
especially in the image with the large contrast concentrate
shown in Fig.10(c). In addition, the catheter shadow in the
original images are combined well with the enhanced vessel

5mm

(a)
(b)
(c)
(d)
(e)
Fig.8 Denoised images by eroding and dilating method of the: (a) 152th
frame, (b) 154th frame, (c) 156th frame, (d) 158th frame, (e) 160th frame
Vessel shadow

5mm

(a)
(b)
(c)
(d)
(e)
Fig.9 Denoised images by threshold along the raw and column of the: (a)
152th frame, (b) 154th frame, (c) 156th frame, (d) 158th frame, (e) 160th
frame

8mm

(a)
(b)
(c)
(d)
(e)
Fig.10 Final processed image with the denoised subtracted image adding onto original image of the: (a) 152th frame, (b) 154th frame, (c) 156th frame, (d) 158th
frame, (e) 160th frame
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Microsystem Technologies, doi: 10.1007/s00542-017-3380-2, pp: 1-10,
2017.
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a Teleoperated Haptic Robot Assisted Catheter Operating System,”
Journal of Intelligent Material Systems and Structures, Vol. 27, No.1.
pp: 3–16, 2014.
[20] Yu Wang, Shuxiang Guo, Takashi Tamiya et al, “A virtual-reality
simulator and force sensation combined catheter operation training
system and its preliminary evaluation,” International Journal of Medical
Robotics and Computer Assisted Surgery, doi: 10.1002/rcs.1769, 2016.
[21] Guo J, Guo S, Yu Y, “Design and characteristics evaluation of a novel
teleoperated robotic catheterization system with force feedback for
vascular interventional surgery,” Biomedical Microdevices, Vol.18,
No.5, 2016.
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novel VR-based robot-assisted catheterization training system with force
feedback for vascular interventional surgery,” Microsystem
Technologies, doi: 10.1007/s00542-016-3086-x, pp: 1-10, 2016.
[23] Y. Wang, S. Guo, B. Gao, “Vascular Elastcity Determined Mass-spring
Model for Virtual Reality Simulators,” International Journal of
Mechatronics and Automation, Vol.5, No.1, pp: 1-10, 2015.
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an Interventional Surgical Robot System”, in Proceedings of 2015 IEEE
International Conference on Mechatronics and Automation, pp: 715720, 2015.
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V. CONCLUSIONS
In this paper, a vessel shadow enhancing algorithm is
proposed for a continuous DSA method for EIS aiming at
provide the surgeon and robot with full time visual navigation
information. To overcome the lack of X-ray images without
injecting contrast during continuous DSA method. The heartand-breathe-rate based subtracting method is proposed to
obtain the subtracted image according to the difference
between the contrast concentrate change rate and background
moving rate. The eroding and dilating method are used to
denoising the subtracted images. Furthermore, the threshold
method along the raw and column is adopted to further
weaken the noise in the images. Experiments are conducted
with the X-ray images obtained during clinical angiography
with continuous DSA method. The experimental results
indicate that the final processed images reach the requirement
of surgeon and robot system about full time visual navigation
information. During EIS, full time visual information of the
vessel shadow can improve the surgery safety and efficiency
especially for knotty and high risk operation. However, the
processing speed in the experiments is 1.25fps, which needs to
be further improved. In the future work, the processing speed
should be improved and the vessel shadow should be
smoothed.
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