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Communications
A Virtual Reality Simulator for Remote Interventional
Radiology: Concept and Prototype Design
Ma Xin*, Zhao Lei, Ihar Volkau, Zheng Weili, Aamer Aziz,
Marcelo H. Ang, Jr., and Wieslaw L. Nowinski

Abstract—We present a virtual reality simulator to realize interventional
radiology (IR) procedures remotely. The simulator contains two subsystems: one at the local site and the other at the remote site. At the local
site, the interventional radiologist interacts with a three-dimensional (3-D)
vascular model extracted from the patient’s data and inserts IR devices
through the Motion Tracking Box (MTB), which converts physical motion
(translation and rotation) of IR devices into digital signal. This signal is
transferred to the Actuator Box (AB) at the remote site that drives the IR
devices in the patient. The status of the IR devices is subsequently fed back
to the local site and displayed on the vascular model.
To prove the concept, the prototype developed employs a physical angiography phantom (mimicking the patient) and its corresponding 3-D digital
model. A magnetic tracking system provides information about positioning
of the IR devices in the phantom.
The initial results are encouraging. The AB controlled remotely drives IR
devices with resolution of 0.00288 mm/step in translation and 0.079 deg/step
in rotation.
Index Terms—Interventional radiology, modeling, remote procedure,
virtual reality, simulation.

I. INTRODUCTION
Interventional radiology (IR) is a minimally invasive therapy for endovascular treatment of vascular decease and tumors. During an IR
procedure, the interventional radiologist, under fluoroscopy guidance,
inserts a catheter into a blood vessel to gain an internal access to the
diseased site. The catheter is then used as a conduit to pass therapeutic
devices to treat the condition.
Because of the complexity of the vascular system and the risk of
procedure, a high level of skill is required to perform IR procedures
and, consequently, training of interventional radiologists is time consuming. Moreover, the traditional training scheme: learning on a patient, is becoming unacceptable [1]. Therefore, several groups developed IR simulators for training, planning, and rehearsing. The efforts
are focused on building the complete simulators as well as development of their components. For instance, [2] describes a haptic interface device for angioplasty simulation; [3] uses dynamic phantoms to
simulate patient movement; and [4] addresses a two–dimensionl (2-D)
simulator for catheter design and drug mixing processes. One of the
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first IR simulators is the Dawson-Kaufman simulator developed by HT
Medical Inc. [5]. Xitact Inc. developed a transportable table-top simulation platform for intravascular procedures, including cardiology, interventional radiology (IR), and peripheral interventions [1]. Immersion
Medical Inc. developed CathSim to train nursing students performing
venipuncture [6][7]. CIMIT has developed a training system for interventional cardiology called ICTS [8], and VIRGIL-a system for chest
tube insertion training [9]. The Institute for Computational Medicine,
University of Mannheim has developed a system for cardiac catheterization procedures called CathI [10]. The Image Sciences Institutes,
University Medical Center Utrecht have developed a system for simulation of minimally invasive vascular interventions called MIVIS [11].
Moreover, [12] describes a training system for filter placement in the
inferior vena cava, and [13] presents a simulator for training and evaluation of radiologist’s responses to critical incidents. Despite intensive
research in web-based surgical simulation [14], to our best knowledge
there are not efforts aiming to develop a simulator for remote IR procedures training.
Our Biomedical Imaging Laboratory has been working on IR simulation for the last decade. The first prototype developed in collaboration with Johns Hopkins University School of Medicine, Baltimore,
MD, was da Vinci for vascular catheterization training [15] demonstrated at RSNA 1995 (da Vinci 1.0) and SCVIR 1997 (da Vinci 2.0).
The second prototype was ICard for interventional cardiology training
[17]. The third prototype was NeuroCath [18]–[20]-a PC based integrated system for simulation of image-guided interventional neuroradiology procedures. The system was demonstrated at ECR 2000 [21],
RSNA 2001 [22] (an award winner) and MMVR 2002 [19].
Based on our previous work, we have been developing a system
for remote IR training named “Tele-IR.” In contains two parts: local
site and remote site. At the local site, a 3-D vascular model extracted
from MRA images is used for guiding IR devices. Radiologists can
operate IR devices remotely through an Actuator Box (AB). The prototype developed was presented at major clinical meetings: ECR 2004
[23], ASNR 2004 [24] and RSNA 2004 [25] (an award winner). At
present, Tele-IR can be useful for training over internet as well as for
remote planning and consultancy. For instance, the simulator has been
installed in Tongji Hospital of China and the initial experience in its
use is presented in [26].
The development of this kind of simulator and its full validation is a
challenging and long-term task. In this paper, we present the concept,
design, and initial testing of this first prototype.
II. MATERIAL AND METHODS
We present the concept of the simulator, and its hardware and software components.
A. Simulator Architecture
The simulator contains two major subsystems handling local and remote sites, Fig. 1.
The local site consists of the modeler for building virtual patients
from angiography data and the Motion Tracking Box (MTB). The remote site contains the AB and the imaging/tracking system monitoring
location of the IR devices in the patient’s body.
The virtual patient’s vasculature is constructed from patient volumetric data, such as CTA, MRA or X-ray rotational angiography. The
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Fig. 3. Mechanical design of AB: (a) System structure; (b) System structure:
view from “A” direction.

Fig. 1. Diagram illustrating the concept of the simulator.

Fig. 2. Mechanical structure of the Motion Tracking Module processing the
translation and rotation motion of the catheter/guidewire. The servo motor and
claw are designed for haptic feedback.

construction process includes segmentation, post-processing and modeling [27]. The vascular model is displayed in 3-D and can be manipulated in real time. When the interventional radiologist manipulates the
catheter at the local site, the MTB tracks the translation/rotation motion, and the catheter movement within the vascular model is simulated
and displayed.
Meanwhile, motion information is processed and sent to the AB on
the remote site. Then, the AB drives the IR device at the remote side
and inserts it into the patient’s body. The motion of an IR device in the
body is tracked and this information is sent back to the local site and
displayed on the virtual vascular model. In our prototype both subsystems are connected directly, but generally the data transfer can be via
intranet or internet.

C. Software Components
Most of software components developed, including the user interface, stemmed from our previous simulation and training system-NeuroCath [19], [20].
1) Vascular Model Generation: Surface modeling of vasculature
was addressed in [32] and surface rendering discussed in [15], [28]. The
vascular model, based on the central-line format, uses a hierarchical
structure (a tree) to represent the original topological connectivity of
the central-line segments. Each segment is a skeletal section of the
corresponding blood vessel. It contains a sequence of sampling nodes.
Each node contains a group of basic parameters, including spatial coordinates of the central point, vessel radius, and orientation of blood flow.
Furthermore, considering visual (a smooth centerline, no overlapping
of vessel cross sections, smooth surface representation) and accuracy
requirements (the accuracy of branch position and orientation), a significant improvement in modeling quality has been achieved [32].
2) Remote Manipulation Component: To implement the remote duplication of the local catheter manipulation in real time, a network layer
is designed for the communication between the server and client software. The client software processes interactions with the external devices as well as provides the user interface to display the system status
and customize the system configuration.
When the operation signals are detected by the MTB and received
by the local site, it encodes them into the protocol-based messages and
sends them to the client computer. The messages are decoded on the
client side to generate new instructions for the AB and it drives the
catheter to accomplish these operations. The position is detected and
transferred to the local site. It is used to construct a real-time dynamical
model of the virtual catheter.
3) Registration: Registration is needed between the coordinates of
the physical phantom and the 3-D model. We use Iterative Closest Point
method [29] for registration as presented in [30].

B. Hardware Components

D. Implementation and Initial Validation

1) MTB: The key part of MTB is the motion tracking module
(Fig. 2). It detects and processes the pus h/pull/twist manipulation
operations of the catheter/guidewire. A rolling ball and two optical
encoders are used for motion tracking. Encoder 1 is used to acquire
the translation and Encoder 2 twist motion.
2) AB: The AB is used to drive the IR device at the remote site.
Fig. 3(a) and (b) shows the mechanical design of AB. Translation information tracked by the MTB is received by Motor 1 to drive Roll 2.
The friction force between Roll 2 and the catheter generates pus h/pull
motion of the catheter. Roll 1 rotates freely so that Encoder 1 can record
the translation motion of the catheter. Motor 2 receives rotation information from the MTB and drives Gear 2 so that Gear 1 also rotates.
The two rolls are fixed on Gear 1. As the result, when Gear 1 rotates,
the catheter is also rotated.

Validation is a long-term effort being done in stages. First, a physical
phantom (Intracranical Vascular Phantom, Shelley Medical Imaging
Technologies, Canada) [31] is used to mimic the patient. Next, we plan
to test the system on animals prior to human trials. So far, we have
developed the first prototype and completed its validation.
1) Working Prototype: Figs. 4(a) and (b), and 5 show the prototype
where the patient is replaced by the physical phantom at the remote site.
The digital model of the phantom is generated (by scanning it first and
constructing its 3-D model) and displayed at the local site. The tip position of the catheter inside the phantom is tracked by a magnetic tracking
system (Aurora, Northern Digital Inc.) and shown on the model.
The user interface (Fig. 5) at the local site includes three parts. The
left window displays the 3-D vascular model along with the inserted
IR device. In addition, magnetic tracking information is shown in the
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TABLE I
TRANSLATION DRIVING RESOLUTION OF AB

TABLE II
ROTATION DRIVING RESOLUTION OF AB

Fig. 4. The initial prototype of the Tele-IR simulator: (a) local site; (b) remote
site.
TABLE III
REACTION DELAY (IN MILLISECONDS) IN 10 (1–10) POSITIONS

other is the time of the encoders’ inputs in the AB, which corresponds
to the time of actual motion. The difference of the corresponding time
recording Te indicates the reaction delay.
b) Model Evaluation: The quality of the 3-D model affects a
system accuracy and performance. Our modeling method was fully detailed and validated in [32].
III. RESULTS
Fig. 5. User interface of the initial prototype of the Tele-IR simulator.

model so that the radiologist knows the position and orientation of the
actual tip inside the phantom. The system can record the manipulation
on the model and replay it in the upper-right window (Fig. 5). The lower
right window shows the endoscopic view from the tip of the IR device.
2) Validation of Components:
a) Hardware System—AB and MTB: Validation of the hardware
system was focused on motion driving resolution and reaction delay.
Two step motors drive the IR device in the AB. Motion driving resolution means for every step of the motor the actual translation and rotation
movements realized by the mechanism. For the translation motion, we
let the motor run for a number of steps (St ) and measure the translation motion (L) of the IR device. Then, the translation motion driving
resolution Rt is calculated as
Rt

=

L=St :

(1)

Using the similar method, we let Motor 2 drive Gear 1 for 360 degrees and record the value of the steps Sr . The rotation motion driving
resolution Rr is
Rr

= 360=Sr :

(2)

To measure the reaction delay, we add a time recording function to
the system. Two types of timing are recorded. One is the time of the encoders’ inputs in the MTB, which reflects the time of manipulation. The

Table I and (3) contain the translation resolution. Table II and (4)
give the rotation resolution. Table III provides the reaction delay. The
average system delay is about 13.7 ms; the maximum delay is about 20
ms

Rt

Rr

=

=

1
10
1
10

10
i=1
10
i=1

L(i)
S t (i)

=0:00288 mm=step

Rotation(i)
S r (i)

= 0:079 deg =step:

(3)
(4)

The prototype was demonstrated at the Matrix exhibition of the European Congress of Radiology (ECR 2004), American Society of Neuroradiology (ASNR 2004), and Radiological Society of North America
RSNA 2004 (winning a Certificate of Merit as an infoRAD exhibit) and
RSNA 2005 (Figs. 4(a) and (b) and 5).
IV. DISCUSSION
We have extended our previous work on IR simulation and built up
the first prototype for remote IR. To our best knowledge this is the
first simulation system able to provide support for remote training of
IR procedures. Also, it can be potentially useful for remote education
and planning. The trainee can manipulate and interface therapeutic devices with the 3-D reconstructed vascular model in real time to practice necessary skills and improve hand-eye coordination capabilities.
Also, with the network layers and corresponding hardware including
the MTB and AB, the devices can be controlled through internet/intranet so that the education and planning work can be done remotely.
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Despite this current progress, the prototype has several limitations.
We have identified the following key areas of improvements and future
work.
• Collision detection and haptic feedback. The algorithm for calculating the haptic feedback force and the corresponding control
signal for haptic device need to be developed [33]. There are two
main types of forces resulting from interaction between the IR
devices and the vessel wall that need to be fed back to the radiologist. One is the friction force and the other is the force at the tip of
the device. These forces should be presented to the radiologist not
only palpably on his hand, but also visually on the image showing
the interaction situation (the angle of collision between the device
tip and the vessel wall) and the force at the tip of the device. With
this enhancement, the system will be hopefully a step forward in
making IR procedures safer and more efficient.
• Method and algorithm for automatic guidance and manipulation
of the IR device [34]. Currently, our system mimics the radiologist’s movements and translates them to the remotely situated
system of the AB to drive the catheter. Automatic guidance is
needed in pre-planning procedure that depends on the insertion
point of the device and the target vessel defined by the radiologist. The system would then automatically provide the optimal
path planned for the IR device. During the procedure, the system
should provide guidance to the radiologist, highlight the potentially dangerous situations and areas, and provide clinically relevant alternatives in real time.
• Improvements in the magnetic tracking system and sensors [35].
We have used a commercially available magnetic tracking system
to track the tip of the IR device. This needs incorporation of a
sensor at the tip of the IR device, which may not be acceptable in
some applications due to its physical size. The magnetic tracking
system is also limited in its resolution. In addition, its safety is not
proven in the clinical environment.
• Efforts for realizing the system through the internet connection. It
will be a challenge to enhance performance of component algorithms to work over the internet with an acceptable speed. Also,
some network functions, such as the communication between both
sites (when the trainer and trainee are separated), should be added.
In conclusion, we have presented the concept, design, and initial validation of a simulator for remote IR procedures. We have developed
dedicated software and hardware for this purpose. The initial results are
encouraging and work aiming to enhance the simulator is in progress.
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Comparison of the Applicability of Rule-Based and
Self-Organizing Fuzzy Logic Controllers for Sedation
Control of Intracranial Pressure Pattern in a Neurosurgical
Intensive Care Unit
Jiann-Shing Shieh*, Mu Fu, Sheng-Jean Huang, and
Ming-Chien Kao

Abstract—This paper assesses the controller performance of a self-organizing fuzzy logic controller (SOFLC) in comparison with a routine clinical rule-base controller (RBC) for sedation control of intracranial pressure
(ICP) pattern. Eleven patients with severe head injury undergoing different
neurosurgeries in a neurosurgical intensive care unit (NICU) were divided
into two groups. In all cases the sedation control periods lasted 1 h and
assessments of propofol infusion rates were made at a frequency of once
per 30 s. In the control group of 10 cases selected from 5 patients, a RBC
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was used, and in the experimental group of 10 cases selected from 6 patients, a self-organizing fuzzy logic controller was used. A SOFLC was derived from a fuzzy logic controller and allowed to generate new rules via
self-learning beyond the initial fuzzy rule-base obtained from experts (i.e.,
neurosurgeons). The performance of the controllers was analyzed using the
ICP pattern of sedation for 1 h of control. The results show that a SOFLC
can provide a more stable ICP pattern by administering more propofol and
changing the rate of delivery more often when rule-base modifications have
been considered.
Index Terms—Intracranial pressure, neurosurgical intensive care unit,
rule-base controller, self-organizing fuzzy logic controller.

I. INTRODUCTION
Many studies have indicated that there are immediate, direct relationships between increasing intracranial pressure (ICP) and incidence
of patient complications. Normal ICP is about 10 mm Hg, with dynamic components due to blood pressure and respiration at the same
frequencies as heartbeat and respiration, respectively. ICP increased
by a pathological condition, when the balance of production and absorption of cerebrospinal fluid has been upset, can rise to 70 mm Hg or
even higher [1]. Moreover, increased ICP may occur in patients with
decreased intracranial adaptive capacity. ICP waveform analysis provides information about intracranial dynamics that can help identify
individuals who have decreased adaptive capacity and are at risk for
increases in ICP and decreases in cerebral perfusion pressure, which
may contribute to secondary brain injury and have a negative impact on
neurologic outcome. Changes in the ICP waveform occur under various
physiologic and pathophysiologic conditions, and these changes may
provide information about intracranial adaptive capacity [2]. Furthermore, most ICU patients will require continuous sedation at some point
during their stay. The goal of sedation is to reduce anxiety, control agitation, and produce a patient who is calm, cooperative, and able to communicate. Studies in patients with traumatic brain injury have shown
that propofol reduces agitation-triggered surges in ICP, and prolonged
reduction of ICP after bolus injection of propofol has also been documented [3]. Propofol is also justified by some of its properties, such as
its short onset time and quick recovery, which have led it to gain considerable popularity over other agents such as thiopentone. Therefore,
when controlling ICP in the ICU, propofol provides effective sedation
with a more rapid and predictable emergence time than other drugs.
Our previous research [4] has shown that fuzzy logic control (FLC)
can easily mimic the rule-base of professionals (i.e., anaesthetists) and
can achieve a steady painless state in comparison with traditional patient-controlled analgesia. However, the derivation of fuzzy rules is a
common bottleneck in the application of fuzzy logic controllers (FLC).
Conventionally, these fuzzy rules are derived by emulating the control
actions of an expert (i.e., medical doctors). There have been several reports on the clinical application of fuzzy logic control to muscle relaxation regulation [5], [6]. However, with new neuromuscular blocking
agents, no such experience is readily available to draw on for derivation of the fuzzy rule-base. This situation was the main driving force
behind the introduction of self-organizing or self-learning fuzzy logic
controllers. The self-organizing fuzzy logic controller (SOFLC) was
first proposed by Procyk and Mamdani [7]. SOFLCs are able to generate and modify their control policy based on a given performance
criteria. This ability allows these controllers to be used in applications
where the knowledge to control the process does not exist or the process
is subject to changes in its dynamic characteristics [8]. Hence, this
paper describes how the rule-base is generated from experts (i.e., neurosurgeons) and how this generated rule-base is related with the initial
fuzzy rule-base for a SOFLC during sedation control of ICP pattern
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