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Abstract

A manually operated, electromechanically actuated neuro-
surgical probe-guide capable of sensing probe-tip force has
been designed and built. Three methods of displaying the
probe-tip force have been investigated: audio, visual and
tactile. The audio feedback sounds an alarm when the force
goes above the acceptable threshold. The visual display pro-
vides information about the alarm status and force magni-
tude. The tactile display uses a small tactor to translate force
information into touch. The differences between the meth-
ods were tested in a series of experiments involving seven
subjects operating the neurosurgical probe-guide while rely-
ing on one of the methods of feedback. Results show that
visual feedback is better than audio or tactile feedback;
mainly due to the extra information that visual feedback is
able to provide.
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1.0 Introduction

Neurosurgery is a very important, and challenging, field of medicine. Neurosurgeons must
deal with the difficult task of locating small tumors and excising them without damaging
major blood vessels and critical tissues within the brain. While various mechanical meth-
ods have been used in the past for this purpose, this thesis shows a solution through the use
of a robotic device that helps the neurosurgeons in performing the same task with
enhanced safety and accuracy.

Stereotactic neurosurgery requires the surgeon to insert a probe-guide through a small
burr-hole in the skull to the predetermined tumor location inside the patient’s head.
Because of the small incision and delicate tissues involved, the surgeon is unable to
directly see the tumor. In order to determine if the surgeon has located the tumor, a probe
is inserted into the probe guide to take a tissue sample at the end of the guide. Only
through testing the tissue is the surgeon certain that he has reached the desired location.

There are two basic problems with current methods. First, the problem of registration.
Features in the brain, unlike other parts of the body, are not easily identifiable. It is danger-
ous to laterally move probes through the brain in order to attempt to find the tumor. The
only acceptable method is to insert a probe directly to the final location with no sideways
motion. This approach has led to keyhole surgery, where a small incision is made and a
probe pushed to the presumed location of a tumor. Since the surgeon cannot see any differ-
ence between the tumor and surrounding tissue, it is very difficult to determine the exact
location to move the probe to. Even recent advances in medical imaging technologies still
make this a problem. In order to cope with the difficulties of registration, mechanical
frames are used to position the probe guide’s angle of entry. The frame holds the probe-
guide, and it is ‘screwed’ into place. The second problem stems from this methodology.
The surgeon must use this arrangement to insert the probe, and in doing so loses his sense
of touch. This is a situation where the surgeon has no immediate feedback. This could lead
to damage, if the surgeon forces the probe through a major blood vessel or other critical
tissue, the position of which may not have been known precisely. However, given the dif-
ficulty of locating the tissue to be excised, this was an acceptable trade-off in order to
enhance registration.

Robotic technology, however, can easily deal with the problem of registration. Basic
robotics often involves multiple coordinate transforms, moving along a trajectory to a
desired location. This will solve the problem of accurate positioning of the probe guide.
But, it is undesirable to allow robots to perform in the place of surgeons. So, a force sens-
ing Neurosurgical Probe Insertion Device (NPID), teleoperated by the surgeon, has been
developed as a tool. The NPID will be carried by a robot to the correct entry location and
then operated by the neurosurgeon. Finally, in order to provide the surgeon with feedback,
force information gathered by the NPID will be relayed to the surgeon through sensory
substitution. The NPID increases the positional precision of the surgeon and allows him to
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avoid critical regions in the brain, thereby increasing the safety and accuracy of the neuro-
surgical process.

2.0 Motivation

The motivation for this project comes from the goal to improve the safety in neurosurgical
procedures by introducing new tools into the surgical theater. It is not the goal of this
author to displace surgeons with robots. However, robotic techniques do offer a higher
degree of positional accuracy and can help a surgeon better envision the operating envi-
ronment. As with any new innovation, the best way to use the tool must also be discov-
ered, and determining the best human-computer (or robotic) interface must be considered,
once the primary goal of increasing precision is achieved.

2.1 Current Neurosurgical Technique

Current neurosurgical paradigms are based mainly on gathering data from medical imag-
ing technologies, such as Computerised Axial Tomography or Magnetic Resonance Imag-
ing scans, of the patient in order to determine the position of a tumor. In order for these
scans to be useful, a reference frame must be attached to the patient. This attachment is
called a Stereotactic Frame, and is usually rigidly bolted to the skull, after which the
patient undergoes scans. After these scans are completed, the surgeon must analyze the

W-SHAMD
Loca

Figure 1: Conventional Stereotactic Frame Approach to Neurosurgery
(Figure reproduced from Kwoh, et al, 1985)

data, plan the surgical procedure and execute it. Unfortunately, the patient must wear the
frame through the data collection, tumor localization and surgical procedure. While the
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medical scanning technology has advanced, the design of stereo-tactic frames has stayed
basically the same for approximately 85 years [Galloway, 1992].

Stereotactic frames, apart from their function as a coordinate system, also provide a sys-
tem to accurately deliver a probe guide to the correct location. By a series of calculations,
the surgeon can determine a surgical trajectory and compute a depth of insertion in order
to locate the end of the probe guide as close as possible to the area to be operated on. The
frame supports the guide, guaranteeing that it stays on the predetermined trajectory. But
this process is “tedious and error prone when frequent maneuvers are required.” [Kwobh,
1985]. Also, the guide will typically be held by a rack-and-pinion arrangement, which
means that the surgeon cannot feel the forces that he/she is delivering to the patients brain
when inserting a probe guide. In addition, stereotactic frames, because of their function as
a coordinate frame, will sometimes block the surgeon’s optimal entry point and/or surgical
trajectory during neurosurgery [Friets, 1989]. Since these points cannot be accurately
known until the frame is attached (although they can be estimated by scans before the
frame is put on), the entire procedure may have to be restarted (with a different model of
frame). Stereotactic frames are also cumbersome, and uncomfortable to wear.

2.2 Limitations of Present Techniques

In the past, the benefits of the frames outweighed these problems. Without the frames, it
would be very difficult for the surgeon to accurately place the position of the tumor. He/
She would have to study a series of images, reconstruct those images to a model of the
interior of the patients skull, calculate the best possible surgical trajectory, which is not
only a function of the desired position of the end-effector, but also of the functionality of
the regions of the brain and the location of major blood vessels, which should be avoided.

Current methods, using stereotactic frames, have several limitations. The stereotactic
frame is cumbersome and may put the patient in considerable pain. The frame must be
worn for some time before the surgery, and may interfere with the optimal surgical techni-
que.The brain is not a rigid organ, and may shift slightly between the scanning and the
operation. In addition, currently the surgeon’s only measure of the depth of insertion is to
use a probe that is marked, and the stereotactic frame may make reading these markings
difficult. Even if that is not the case, the markings must be read off of a fairly small probe
guide. The rack and pinion arrangement of some stereotactic frames may prevent the sur-
geon from having a good sense of feel, since forces are not transmitted through the frame
to the surgeon’s hands.

Current robotic technology, however, can overcome those problems. As computer power
continues to grow, it is possible for the computer to build a 3-Dimensional model of the
patient’s brain, and provide the surgeon with any viewpoint desired. In addition, it is a rel-
atively simple to obtain a correct coordinate transform between the base of a robot and any
fixed point in space (using forward and inverse kinematics). A less-invasive method can
be used, such as fiducial markers, which are attached to the skin. A robotic arm can
quickly and accurately determine the position of the tumor in the operating theater and the
surgeon’s planned trajectory, given the 3-Dimensional model of the patients brain and the
position of the fiducial markers with respect to the robots base coordinate frame.
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Robot arms can provide the surgeon with a stable coordinate system and can move along
well-defined trajectories. Introducing robots into the surgical theater would eliminate the
need for stereotactic frames and would improve surgical technique. Once the idea of using
robots is accepted, there are three possible methods to use the robots:

e Human Insertion. In this case, the robot merely points to the correct location or holds
the tool, much like a clamp, while the surgeon performs the surgery. This method has
the benefit that it only uses well established technology, as much of current and past
robotics research deals with moving to a well defined position and non-contact motion.
Human Insertion systems have been in use in clinical applications for over 5 years such
as the system at the Centre Hospitalier Regional Universitaire de Grenoble [Lavallee,
1992] and the ‘Long Beach’ system [Kwoh, 1988].

+ Robotic Insertion. Here the robot would move the tool to the correct approach position
and then maneuver the desired position inside the patient. There are several problems

Figure 2: Robotic Probe Insertion

with this paradigm, including questions about reliability (both of the hardware and soft-
ware of the system) and dealing with unexpected external occurrences (medical com-
plications). The major concern, however, is the problem of force control. Force control
in robotics is a difficult problem, as is reconciling position and force information to
produce a stable algorithm. This is especially true for the neurosurgical case, where the
force and position information both follow the same degree of freedom, making con-
trolling both independently impossible. In addition, unlike standard force/position
problems, the robot must have several constrained degrees of freedom. Robotic inser-
tion may yet become the standard, but many problems must be dealt with before all of
the safety issues are answered. Apart from the technical considerations, there are seri-
ous ethical and legal issues that need to be dealt with.! The role of autonomous robots
in the operating theater is still being debated.
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» Robot Assisted Insertion. In this case, the robot moves to the correct approach posi-
tion and then the surgeon gives the robot (or the surgical tool) directions concerning
motion. In this approach, the accuracy and precision of a robot are combined with the
knowledge and decision-making ability of the surgeon. Under the RAI paradigm, the
robot may be considered to be a very complicated tool under the control of the surgeon.

Figure 3: Robot-Aided Probe Insertion

Another limitation that also occurs in today’s methods is that the surgeon is required to be
present at the operation. This is not currently considered a limitation; however, as the tools
of surgery become more powerful, it may be possible to allow surgeon’s to operate on
patients while being in a different location. Telesurgery (telesurgical operation) is cur-
rently being developed, in methods such as the Green Telepresence Surgical System, as a
way of allowing surgeon’s to operate on patients in hazardous environments [Satava,
1994]. In addition, a supply of surgical robots could be kept by organizations dealing with
disaster relief, and could be flown to the locations of disasters (earthquakes, terrorist
attack sites, or any situation where there is a high patient to doctor ratio). This would
provide the additional benefit that one telesurgical robot could be operated by various sur-
geons, and could be operated in an around-the-clock fashion, as surgeons from various
locations simply take shifts (each one performing one operation, then switching surgeons
between operations).

1. “It is important to point out immediately, however, that the surgeon should never give up his/her full
responsibility in performing intervention. In fact autonomous robots could not be realized technologically at
this moment, and perhaps should not be conceived for microsurgical applications.” [Sabatini. 1989]
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