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1. Outline of the research

1.1 Background

With the quickening pace of modern life, the brain diseases of people are
increasing, such as cerebral aneurysm and infarction and so on. The
traditional surgery spends patients a lot of operation time and has long
recovery time; the burden on patients is heavy. Vascular Interventional
Surgery (VIS) is a revolutionary surgical technique, in which surgery is done
using precise medical devices and viewing equipment inserted through a
small incision instead of making a large incision to expose the operation site.
A lot of diagnosis and medical surgery with an endoscope or a catheter are
performed for vascular interventional surgery recently. The main advantage
of this technique is to reduce trauma to healthy tissue since this trauma is
the leading cause of patient’ pain and scarring and a prolonged hospital stay.
Fast recovery and a short hospital stay also reduce the cost of surgery and
radiation exposure. A critical disadvantage of this surgery technique,
however, is its complexity, requiring extensive training efforts of the
interventionalists to achieve competency because the arteries through which
the catheter passes are extremely intricate and delicate. It is difficult for
novice surgeons to insert the catheter from femoral to the target position
within the patients’ vascular structure especially the blood vessel of patient’s

brain. In addition, repeated insertion of the catheter through several tests



could tear a blood vessel and cause bleeding instantaneously, while excessive
pressure could rupture blood vessels. For practical and ethical reasons,
realistic virtual-reality simulators provide a promising alternative method
compared to other available alternatives such as anesthetized animals,
human cadavers and patients. VR-based simulators enable novice
interventionalists to learn basic wire and catheter handling skills and
provide expert practitioners with the opportunities to rehearse new
operation procedures prior to performing them on a patient.

Additionally, distance teaching/training has become indispensable to
novice surgeons around the world. As an example, the use of this advanced
minimally invasive technique in Canada has been severely hampered by the
inability to provide adequate training and support to community surgeons,
many of who live in remote regions of the country. If a remote surgical
system is in place, a competent surgeon can work cooperatively to assist in a
surgical procedure that takes place in another region. However, due to long
transmission times and the variable quality of the visual image feedback,
these surgeons may be exposed to prolonged periods of radiation. A more
efficient, safe, and reliable method is needed to disseminate new surgical

knowledge worldwide.
1.2 Research approach

In this thesis, a virtual reality-based endovascular catheterization
training system was designed and developed. Firstly, a hybrid 3D
reconstruction method was proposed to extract the blood vessel walls from
the specific patients’ CT or MRI files. Physics-based deformation models
were built to simulate the behavior after the interaction between the blood
vessel walls and the virtual catheter. A new master controller with force
feedback for the virtual reality training system was designed and developed
to allow the interventionalists to do the surgical training courses by using
the natural endovascular catheterization skills. To solve the high cost and
difficulties in distance teaching in Canada, a virtual reality and
image-processing based method was described to improve the feasibility and
maneuverability of the remote learning and training course.

1) To reconstruct a realistic three-dimensional vascular model, a median
filter algorithm was employed to reduce the noise of CT images. Next is to

rebuild the 3D surface of a vascular segment from CT or MR images using



level sets. Finally, centerlines of a vascular segment were computed and the
surface of a vascular segment was smoothed.

2) To maintain the natural endovascular catheterization skills of the
interventional radiologist, a camera is employed to detect the axial and
radial motions of a catheter simultaneously with the ability to allow
interventional radiologists to use their dexterous skills while performing
catheter-based interventions. Additionally, a haptic unit is developed to
provide the interventionalists with force and torque feedback.

3) The transmission time of visual feedback was effectively reduced due
to the significant reduction in data volume using coordinates instead of
actual images.

2. Research results

2.1 Reconstruction of realistic three-dimensional vascular models based on
CT or MR images

Core components of virtual-reality surgical simulators and training
systems are the realistic vascular models that are virtual representations of
real blood vessels that display accurate displacement due to the fact that
models with incorrect material properties and shapes could result in adverse
training effects. In this study, two kinds of reconstruction algorithms were
proposed. One is to rebuild the vascular structure based on normal and
advanced CT or MR images. The normal images were employed to subtract
their corresponding advanced images to remove human bones and other soft
tissues, thereby remaining the data of blood vessels. This approach is
adaptable to calculate the whole vascular structure. The other one is
reconstruct the 3D vascular models based on advanced CT or MR images
only according to marching cube and level sets algorithms. This approach is

preferable to build a vascular segment due to its flexibility.
2.2 Development of a new master controller for the VR based training system

Based on analysis of requirements and state of the art in
computer-assisted and robot-assisted training systems for vascular
interventional surgery, a new master controller capable of contactless
measuring the axial push-pull and twisting motions of a catheter with force
feedback to the operators was proposed, whilst still preserving the natural
ergonomic skills of conventional catheterization. A camera was employed to

detect the motions of the catheter freely and operators can manipulate the
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real catheter intuitively with a familiar, ergonomic setting. Force feedback to
the operator, in radial and axial directions, were generated by Ampere forces
based on the calculated forces between the vascular model and the virtual
catheter in a virtual reality environment or the forces from the sensing unit
of the slave system. Several experiments were conducted to evaluate the
performance of the new master controller. The experimental results show
that the errors of the catheter sensing unit and haptic unit of the new master
controller are in an acceptable range and it can be used as a controller in a

computer-assisted or robot-assisted training system.

2.3 Design of a new prototype to reduce the transmission time of visual
feedback based on VR-based method

In this part, a newly developed method was described, based on virtual
reality and image-processing technology, for efficiently reducing visual
feedback transmission times, making it easier to control the time difference
between haptic signals, control data, and image information. This was
achieved by reducing the amount of communication data in the image
information. Several remote visual feedback transmission experiments were
conducted to demonstrate the feasibility of the proposed prototype, via a
cooperative surgical effort between research groups in China and Japan. The
purpose of the experiments was to evaluate the performance of the new
catheter operating system and its associated transmission times for visual
feedback, by comparing performance before and after the application of the
proposed architecture. The maximum error for catheter reconstruction on
the tip of the catheter was 0.93 mm less than 1 mm in these 10 frames.
Remote transmission experiments show that the transmission time of the
visual feedback is reduced significantly based on the newly developed
method.

2.4 Contributions of this research

There are three key points in this research. Firstly, a hybrid
reconstruction method for 3D vascular model based on a special patient’s CT
or MR images was proposed. It is more flexible and reliable than relative
works. Secondly, a newly developed master controller capable of contactless
measuring the axial push-pull and twisting motions of a catheter with force
feedback to the operators was proposed. Compared to relative works, it still

preserves the natural ergonomic skills of conventional catheterization.
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Finally, a new method was described, based on wvirtual reality and
image-processing technology, for efficiently reducing visual feedback
transmission times, making it easier to control the time difference between
haptic signals, control data, and image information.
3. Conclusions and future work

In this research, firstly, we developed a new hybrid method to reconstruct
the 3D vascular models based on a special patient’s CT or MR images. It can
be used to reconstruct the whole vascular structure or a vascular segment.
Additionally, smoothing algorithms were employed to obtain a better surface
model. Secondly, a new master controller was designed and developed with
much consideration of the conventional catheter handling skills used in a
real endovascular interventional surgery compared to the existing
commercially available products and research achievements. Finally, we
proposed a two-camera system to detect the position of a catheter inside a
tube (used to represent a blood vessel), and transformed its red markers into
3-D coordinates using an image-processing algorithm at the patient’s
location. The 3-D coordinates were then transmitted to the operation location
and reconstructed in a virtual reality environment as visual feedback. The
transmission time of visual feedback was effectively reduced due to the
significant reduction in data volume using coordinates instead of actual
1images.

In the future, I will realize the force feedback in the virtual reality

environment including the tip feedback and the proximal feedback.
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