Computer Assisted
Medical Interventions
Passive and semi-active aids
ince 1985, a team of computer scienSsurgeons
tists, mathematicians, physicians, and
has been involved in a project at
Grenoble Hospital called computer assisted medical interventions (CAMI). The
aim of the project is to help surgeons and
physicians use multimodal data in a rational and quantitative way in order to plan
and to perform medical interventions. Recent advances in medical imaging systems
such as CT and MRI have stimulated research on the interpretation of medical
images. Nevertheless, very few systems
allow for an efficient therapeutic use of the
wealth of information these images contain, which is CAMI’s twofold objective:
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=Define an operative strategy that
takes advantage of the localizing capabilities of imaging, and make this
strategy available in an operative reference system. This goal requires
models and processing of basic data,
in conjunction with a priori knowledge, in order to define an optimal
strategy.
=Perform the previously defined operative strategy, with the aid of a suita b l e g u i d a n c e system, under
appropriate imaging supervision.
Without help, executing a strategy
can sometimes be very difficult. First,
reproducing a defined strategy directly raises problems, for one has to
mentally match geometrical information observed in different reference
systems (mainly intra-operative
scenes or images with pre-operative
images). Then, complex interventions may be necessary on organs
difficult to reach or for which a human operator will only have poor or
no visibility. In addition, surgical
tools, such as probes, most often have
to be very precisely positioned, and
submillimetric accuracy may be required for microsurgery. Finally,
some interventions may be dangerous for the medical staff (e.g., contamination or irradiation). In all these
instances, optical or mechanical
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guidance systems are required. The
ultimate success of this research
hinges on complex robotics systems
and their various sensors.
The aforementioned objectives aim at
improving the quality of the interventions
by making it easier, more accurate, closer
to a a pre-operative simulation where accurate objectives can be defined, and
sometimes faster. Also, it may be possible
to devise new interventions and to validate
protocols of therapeutic research. Obviously, this is long term research, with
many potential clinical applications. Yet,
a general methodology can be applied to
various clinical situations [ 11, as presented
below.

Sensor and Software Technologies
In order to understand the methodology and applications of CAMI, it is necessary to be aware of current technology.
Many issues in the CAMI project are concerned with geometrical localization
problems. Hardware issues mainly refer to
position and shape sensors. Software issues mainly refer to registration methods.
Both issues constitute key technologies
that will be described below. The integration of these basic components into passive and semi-active systems will be
described in the remainder of the article.

Position and shape sensors
Medical images give information
about relative position and shape of anatomical structures, but this is usually not
sufficient for CAMI applications. The following sections will describe how CAMI
systems integrate the information provided by position and shape sensors.
Position sensors, also called 3D localizers, yield relative position and orientation of rigid bodies attached to different
“objects,” which can be:
standard surgical tools: the position
of a drill or a probe can be tracked in
real-time.
pointers equipped with a rigid-body
enable digitization of points in 3-D,
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resulting in a manual shape sensor or
navigation into a volume of interest.
anatomical structures: the motions of
anatomical structures such as a bone
can be followed in real-time.
medical imaging devices: the use of
spatially referenced intra-operative
sensors such as X-ray devices and
ultrasound probes makes it possible
to detect, with good accuracy, and
intra-operatively, the position of
structures that may be seen on other
imaging modalities. These structures
will provide the data for registration
with pre-operative information, as
described below.
Shape sensors provide information
about the surface of anatomical structures.
Any 3-D imaging system can be considered to be a shape sensor, provided that
some segmentation algorithm is able to
detect the surface of a structure in raw
images. For instance, 2.5D ultrasonic
echography, presented below, yields a
shape sensor. However, when the surface
of the structure is external and visible,
some optical sensors, which are now
standard in the field of computer vision,
give the 3-D shape automatically.

Passive mechanical arms
One class of technology for 3-D localizers
consists of passive mechanical arms that
have at least six degrees of freedom and
encoders on each articulation. The position and orientation of a tool attached to
the end-effector of the passive arm is computed in real-time from a geometric model
of the arm and the instantaneous values of
the encoders. In small working spaces that
are typical in surgery, an accuracy ranging
from 0.1 mm to 1 mm can be achieved.
However, constraints or forces applied to
the arm can distort these values significantly. These systems have the disadvantage of being cumbersome in the operative
field. Also, a major limitation is that they
can track only one object. However, they
always give information, without any possibility of being obstructed such as with
non-contact localizers (discussed below).
Another advantage is that the arm can be
fixed in a definite position to hold an instrument. However, in some systems, the
use of brakes can cause some small motions when the arm is fixed.
Optical sensors
The most accurate localizers are probably
those based on optical technology. Several
cameras are used to observe passive or
active targets, or natural surfaces, and the
system reconstructs the position of the
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target or the shape of the surface. The
variety of targets, lighting systems, cameras, and reconstruction algorithms gives
rise to many different systems.

First, replacing CCD arrays of cameras
by analog PSD sensors yield very fast and
simple processing, since the position of
the centroid of a light spot in the image is
directly given by the analog output of spch
sensors. Unfortunately, these systems are
1. Passive stereo-vision systems
In purely passive systems, a first possibil- very sensitive to the light emitted by the
ity is to match corresponding points by diodes and reflected by mirrors (metallic
correlation on at least two video images, objects) present in the field. The influence
and then to reconstruct the 3-D coordi- of ambiant light can also affect these artinates of these points in order to build a 3-D facts.
shape of the observed object. For objects
Finally, the most accurate, fast, and
with no sharp edges such as faces, images reliable systems are those that use three
must have locally distinguishing textures. linear CCD arrays with cylindrical lenses
The result is usually a set of points, which instead of standard bidimensional CCD
can even include estimates of normals [ 2 ] . cameras. The diodes emit sequentially and
The accuracy of these systems is limited each camera detects the centroid of the
by the video image resolution and by cali- brightest spot that has an expected profile.
bration problems. Typically, a best accu- Such 1-D signal processing is very fast.
racy of 1 mm can be reached in a volume Each camera gives the location of the diof 1 m3. Specialized hardware is necessary ode in a 3-D plane. With three cameras,
to get images at video rate [3].
the diode centroid is simply the intersecIt is also possible to track passive tar- tion of three planes. Commercial1 availgets that can be attached to various ob- able systems such as Optotrak& from
jects. In commercially available systems, Northern Digital (Waterloo, Ontario, Caninfra-red spotlights are placed near the ada), and Flash PointTM from Pixsys
cameras, and reflecting balls are accu- (Boulder, CO) localize the centroid of a
rately detected on two or three video im- diode with an accuracy of 0.3 mm or 1
ages. The location of the centroids of these mm, respectively, in a volume of 1 m3,and
balls is then easily computed in 3-D. The with a typical rate of 2000 Hz, and 200 Hz,
last step, which is common to most of the respectively.
localizers described in this section, is to
constitute rigid bodies by attaching targets 3. Vision systems using active triangulaonto objects that must be tracked in posi- tion: rangefinders
tion and orientation. Tracking a rigid body Without any contact, range finder systems
becomes a problem of 3-D points registra- provide the surface shape of a 3-D object.
tion, for which many solutions have been A set of points that belongs to the surface
proposed (e.g., see [4]). This problem has of the studied object is thus obtained. Varia solution for at least three points, but ous physical principles may be applied to
using more than three points gives redun- get such data. Compared to passive stereo
dant data that yield more accuracy and systems, the basic principle is to replace
safety. These systems suffer from the one camera by a system that projects light
same limitations as described previously with a known geometry onto the scene.
in terms of accuracy and necessity for We briefly present the two most used
dedicated hardware. A major problem is methods, one based on laser scanning, and
that ambient light and the presence of me- the other using pcojection of a set of pretallic objects in the field of view of the defined images.
cameras can create false spots on the imA laser plane may easily be obtained
ages, which can create erroneous data or through a cylindrical lens. The intersecmake the processing much slower than the tion of this laser plane with the object is
video rate.
analyzed by a video camera, whose position is known (see [ l l ] for calibration
2. Vision systems with active markers
issues). The position of all the points of
To improve the robustness and speed of intersection between the laser plane and
passive systems, it is interesting to use the object may then be obtained. A transactive targets, which are typically small lation or a rotation of the laser plane with
infra-red diodes grouped on rigid-bodies. respect to the patient makes it possible to
The only drawback of this approach is the “scan” all the points of the surface of the
presence of wires and electric currents in object. With unspecialized hardware, the
the operative fields, but this is the cost of digitization of the skin of a face typically
robustness. Instead of standard video cam- requires about 20 s, and an accuracy
eras, two other categories of sensors can slightly better than 1 mm can be reached
be used when the diodes emit sequentially inside the volume of a face.
in synchronization with the sensors.
A different principle may be used to
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suppress this mechanical scanning [6]. A
video camera analyzes the intersection between the object and the projection of an
image of luminous planes, obtained by a
liquid crystal display system illuminated
by a powerful source of white light. The
number of such planes may be controlled
by a computer, and many complementary
planes may be projected in a row. This
enables a binary code to be associated
(corresponding to black and white) with
each plane, and therefore to recognize the
plane that is projected on a region of space.
An image will be defined by a set of pixels,
characterized by a code. Thanks to the
suppression of mechanical movements,
this technique is much faster and makes it
possible to digitize a face with millimetric
accuracy in less than 3 s.
Range sensors have many applications
in CAMI: they allow for quantification of
3-D structures, and are also useful to assist
in planning complex interventions, and to
assess the quality of the obtained result.
These are important considerations for
plastic and maxillo-facial surgery, and in
other interventions aiming at reconstructing complex anatomical structures. Thus
far, their use has mainly been limited to
the shape acquisition of skin surfaces, because open surgery scenes do not present
stable and suitable reflection properties.

velocity, air displacements, air inhomogeneities, and large sizes of emitters.
These problems can be partially solved by
on-line calibration, limitation of distances
between emitters and receivers and use of
spark emitters (which are then inverted
with receivers)-see [7] for further details-which leads to absolute accuracy of
m in a volume of 200 mm3. Very
robust checking of errors should be added
on top of existing systems before they
could be used in surgery in a reliable and
accurate manner.

Electro-magneticlocalizers
In electromagnetic systems, each generator coil defines a spatial direction, and
small detector coils detect low-frequency
magnetic fields that are transmitted
through the air (and possibly through soft
tissues). This technology is well known in
computer graphics animation, for which
6-D mouses are required. Commercial
systems (Bird, Ascencion Technology
Corp., Burlington, VT; or Polhemus, Polhemus Inc., Colcester, VT) give spatial
coordinates with a typical accuracy of k3
mm. Kate et al. [8] also use such a device
for neurosurgery. But the main drawback
of these systems is their sensitivity to the
introduction of any metal object in the
working space, which induces a strong
perturbation in the magnetic field.

Ultrasonic localizers
Anatomy-based registration
A cheap and simple technology that has
The second key technology for the
been used for 3-D localizers is based on
the measurement of times of flight of ul- CAMI project is registration. In typical
trasound. A system encompasses N 2 3 applications, the purpose is to localize a
receivers (microphones) and M emitters surgical tool on pre-operative images. In
(piezzo-electric components or spark this case, it is first necessary to associate
the localemitters). For a given emitter, the ultra- a coordinate system Refintra-opto
sound wave time of flight between the izing sensor and a second coordinate sysemitter and each receiver is measured us- tem Refpre-op to pre-operative images. The
ing a simple synchronization technique. objective of registration is to estimate a
Assuming that the ultrasound speed in the transformation between Rej&,-opand Reair is known and constant, the lengths 11, fpre-op More generally, intra-operatively
using the whole set of multimodal infor12, ... 1~ between the receivers and the
emitter are computed. If the relative loca- mation requires all the involved reference
tions of the receivers are known, one can systems to be registered:
compute the 3-D coordinates of the emit1. pre-operative images (CT, MRI,
ter as the intersection of the spheres centered at the receivers and of respective PET,...) with intra-operative information
radii. Then, the combination of the emit- (localizers data, X-ray projections, ultraters in rigid bodies (using at least 3 emit- sound images,...).
2. several pre-operative images toters per rigid body) allows all the degrees
of freedom of each rigid body to be com- gether (CT with MRI for instance).
3. 3-D images with the anatomical inputed. Standard commercial systems (e.g.,
S.A.C., Stratford, CT) can reach spatial formation contained in models (e.g., a
resolution up to kO.1 mm for large vol- brain atlas).
4. various images and signals with the
umes, at a rate up to 100 3-D pointsk
Absolute accuracy with such standard sys- operating systems (robots).
tems is much poorer: typically k 5 mm.
These poor values are mainly due to the
All the geometrical registration probinfluence of temperature on ultrasound lems can be expressed in a common way:
256
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if we associate each modality rn with a
reference system Rm, the matching between the modalities rnA and rng is equivalent to the search of a function U: R3 + R3
that associates each point of RmA with a
point of RmB. The matching process will
maximize a similarity function, S, while
function U is constrained by a model of
rigid or elastic transformation [9].
In cases 1) and 2), which represent the
most important part of the global registration process, a standard approach consists
in using material landmarks in each reference system, and in looking for the six or
seven parameters of rigid transformation
(rotation + translation + scaling if unknown) that match these material landmarks. Stereotactic neurosurgery is a
typical case: some methods consist in fixing a stereotactic frame on the head of the
patient during pre-operative and intra-operative examinations. All these methods
raise some problems of “discomfort” for
the patient, and of organization between
different medical departments. They can
remain inaccurate and lack flexibility. A
more convenient way, called anatomybased registration, matches reference anatomical structures, which are previously
segmented, on both sensor modalities rnA
and rng. For instance, if rnA represents
pre-operative CT or MFU images of the
spine, and if mg represents an intra-operative optical localizer, it is possible to segment a vertebra on CT or MRI images, and
to obtain some points lying on the vertebra
surface during the operation through manual digitization with a pointer associated
with the localizer. Therefore, the problem
of registration is to match these surface
points with the surface segmented on CT
or MRI.
To solve all these problems of anatomy-based registration, we currently use
a general method that is split into three
algorithms [ 101.
w Rigid 3-D/3-D registration [ 111
In the example just mentionned above, the

problem is to register two segmented surfaces SA and SB differing by a rigid transformation T(p). In our method, a 3-D
continuous potential function D A is built
from SA. This function, DA(M), gives the
minimum distance between a point M and
SA,and is represented by an octree-spline
[ 121. It is in fact a 3-D distance map. Then,
for a set of points M(Bi) of Sg, we minimize the energy:

The minimization of E @ ) with respect to
the six parameters, p , is performed using
May/June 1995
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1. General methodology of the CAMI.

the Levenberg-Marquardt algorithm. This
method has been clinically validated and
applied to registration of various modalities: CT with MRI of the brain [lo], MRI
with SPECT of the brain using an intermediate range finder [13, 141, CT and MRI
with digitized 3-D points of the spine [ 151,
CT with 2.5D ultrasound images of the
pelvis [ 161.
Rigid 3-D/2D registration [ 12, 171
A method of registration useful in
many applications is to match intra-operative X-rays with pre-operative CT or MRI
images. Then, the technical problem is to
match two or three projections of a reference structure with a 3-D model of its
surface. To solve this problem of rigid
3-D/2-D registration, we have modified
the previous algorithm in the following
way. Using an octree-spline potential
function, DA(M),whose sign is now negative inside the surface, and for a set of
projection lines, 4,computed for some
selected pixels on the projection contours
of the reference structure, we minimize the
energy:
Moy/June 1995

General Methodology
Many clinical applications use the
same tools, as presented in the previous
section. It is also possible to go further in
this generalization by defining a framework of computer assisted medical interventions. Having in mind the fact that, for
instance, the introduction of a probe inside
a vertebral disc and the external irradiation
of a tumor raise very similar problems
from the technical point of view, a general
methodology of CAMI could be defined
[l, 201. It helps to promote the concept of
CAMI, to give a context to any project and
to design any particular system. This
methodology is based on a standard loop:
perception / decision / action (Fig. 1).
These three stages of the loop are now
briefly described.

E=

C

min ~j( H ( P ) ) .M(B,))
4

(2)
This method has been applied to registration of CT images with X-ray projections
(and also video projections) of the skull
and the spine [17, 181.
B Elastic 3-D/3-D registration [ 191
In several cases, rigid registration is not
sufficient, for instance when the purpose
is registration of a 3-D anatomical model
with patient data, tracking of deformations
in a long-term study or during an operation, study of morphornetrics, input of a
model to help a segmentation process, etc.
The algorithm of rigid 3-D/3-D registration has been extended to solve these problems. The main modification in Eq. 1 is to
represent the transformation H(p) by
much more than six parameters. An affine
transformation is used at a first stage, and
it is followed by a local transformation
from R3 to R3 represented by an octreespline. This method has been sucesfully
applied to deformations of faces and vertebrae [19].
i MB,E
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At the first stage, multi-modal information is acquired mostly with standard
medical imaging devices (CT, MRI, digital radiology, echography, positron or single photon emission tomography, ...), but
also with various sensors coming from the
field of computer vision, or devised to
analyze various signals: electrophysiology, pressure, Doppler, tactile feelings.
Geometrical and anatomical rules and
models (such as Atlases) also have to be
taken into account.
Once acquired, all these data must then
be modeled. There are two main technical
issues at this level:
Sensor calibration: see, for instance
[5] for correction of distortions in
range imaging sensors and X-ray images.
Segmentation: using raw data is insufficient for many applications and
therefore the extraction of high-level
representations such as the surface of
a particular anatomical structure constitute an important step. There are
some cases where structures can be
segmented automatically or at least
semi-automatically (e.g., bones on
CT images, brain structures on MRI,
skin surface on CT or MRI) but in
many instances, manual adjustment
is still necessary. However, current
work on deformable models is promising [21,22].
The section on localizers has already illustrated what kind of technical information
can be added on top of standard medical
images for CAMI. We emphasize this
point further by presenting a very useful
kind of information which links standard
medical images with position information:
257

2. The position of ultrasound scans is determined by means of a “3-D localizer”
(3 cameras mounted on a rigid bar),
which follows the diodes firmly fixed on
the body of the ultrasoundtransducer.
The coordinatesof any point visible on
an ultrasound scan can be computed in
3-D.

2.5 D echography. The basic idea is to
attach a rigid body to a standard 2-D ultrasound probe and to track this rigid body
through the use of a 3-D localizer. By this
means, the position of the ultrasound slice
is known in real-time in a fixed reference
frame, which opens the possibility of 3-D
reconstruction using standard echograPhY.
Figure 2 shows a first prototype of an
ultrasound probe, equiped with 18 infrared diodes that may be localized by the
Optotrak system (Northern Digital, Waterloo, Ontario, Canada) with an accuracy
of 0.1 111111. The position of these diodes
and their redundant number provide the
user with a useful system. After calibration, it is possible to localize in space any
ultrasound pixel, with an accuracy below
0.5 mm. In [23], 2.5D echography is used
to detect some surface points of a vertebra,
in order to yield data for registration with
pre-operative CT images. This principle
may also be applied to ultrasound probes
whose mechanical or electronic scanning
is three-dimensional. The useful volume
that these probes investigate is indeed
often too limited to analyze a voluminous
organ such as the liver or for some applications in obstetrics.

Decision
At the decision level, the surgeon defines an optimal strategy based on the
available multi-modal data. However, it is
first necessary to build a unique patient
model that includes all the models, pre-operative information, and intra-operative
data (that can be even real-time). There are
258

very few instances where intra-operative
data are sufficient to define the surgical
planning. This crucial step of registration
is performed using the methods and algorithms presented in the discussion on anatomy-based registration.
The model that has been obtained by
the registration of multi-modal images is
the basis on which the user defines a surgical strategy. The intervention is simul a t e d , taking morphological a n d
functional consequences into account. TO
maintain the autonomy of the physician at
that level, this intervention simulation is
mostly interactive. Many interactive tools
for 3-D images handling and visualisation
are already available [24] (volume rendering, reslicing, CAD models, ...) but there
remains much work to integrate these
tools in specific user-interfaces corresponding to each clinical application. Figure 3 shows a typical interface for spine
surgery that allows the surgeon to define
a 3-D line on CT images that goes through
the pedicle of a vertebra.
Moreover, optimisation steps are necessary when the information is complex.
For instance, it may be necessary to optimize the trajectory of a needle to ensure
that it keeps as distant as possible from
structures such as blood vessels. In radiotherapy, the strategy consists in finding an
irradiation scheme that irradiates mostly
the tumor and not the adjacent structures.
Therefore, some optimization tools are required [25, 261. In anterior cruciate ligament reconstruction for the knee,
functional criteria such as “least anisometry” have to be met [27]. (This particular criterion states that the length of the
ligament should remain as constant as possible during knee flexion/extension). In
such examples, the system helps the surgeon to define the strategy. But this optimization must always be controlled by the
physician.
Simulating the strategy may also be
useful to assist in teaching surgical techniques in realistic conditions, or to enable
a well trained surgeon to “repeat” a difficult intervention on the model of his patient. Simulators of difficult techniques,
such as “retroperitoneoscopy” (introduction of a rigid endoscope behind the peritoneum) are being developed [28].
Simulation implies that two components
must be taken into account. On one hand,
the difficulty is to learn where the endoscope is. This is difficult because the
part of the organism that may be seen
through the endoscope is very limited
(about 1 cm2): the tip of the endoscope is
indeed in direct contact with the tissues.
(This is different from classical enIEEE ENGINEERING IN MEDICINEAND BIOLOGY

3. By re-slicing the volume of CT images, the surgeon first selects an oblique
slice and then defines a line in this
plane. A second slice passing through
the selected line and a third slice orthogonal to the line are also computed
and displayed. The size of the screw is
made materializeby a cylinder around
the axis.

doscopic surgery, in which insufflation
enables the user to see the organs from
some distance). The other difficulty is to
learn which forces should be applied to the
endoscope to make its movements possible, but without risk of damaging critical
organs. The solution to these problems
requires modeling of the 3-D structures of
interest, from a geometrical point of view
as well as from a physical point of view
(to take elasticity into account). Work in
this domain is still in progress, with interesting feasibility demonstrations.

Action
In this final stage, the physician or the
surgeon can be assisted by “guiding systems” to perform the intervention. Guiding systems can be divided into three
classes, depending on the autonomy that
is left to the physician or to the surgeon.

Passive systems: With passive systems,
the assistance consists in making possible
a comparison between the simulation of
the strategy and its actual implementation.
Intra-operative sensors allow the surgeon
to control his action with respect to all of
the information, including pre-operative
data. We can distinguish two types of passive systems:
Navigators: With navigators, the surgeon sees the location of the tip of a
tool on pre-operative images. For inMay/lune 1995

4. Computer assisted retroperitoneoscopy.The position of a rigid endoscope is located in space by six diodes monitored by a 3-D localizer. Registrationbetween preoperative CT images and the localizer is performed using the 3-D/3-Drigid
registrationtechnique on adjacent bony structures (pelvis, vertebrae) detected with
2.5D echography during the operation. Three orthogonal CT slices passing through
the tip of the endoscope are computed and displayed at a frequency of 1 Hz. It was
found that using the original CT orientation (axial, sagital, frontal) was the most acceptable for the surgeon. This method has been validated on cadavers. (TIMC and
General, Thoracic and Infantile Surgery Department, and Radiology Department,
Grenoble Hospital).
stance, three slices passing through
the tip of the tool are reformated and
displayed in real-time. The tool can
also be displayed using a 3-D rendering technique. This class of systems
is probably the most widespread (see
the pioneering work in ENT surgery
[29,30] and in neurosurgery [7]). In
the CAMI project, we have developed a navigator for retroperitoneoscopy [28]. The purpose is to help the
surgeon localize a rigid endoscope
inside the patient’s body during a
minimally invasive operation (Fig.
4). The mediastinoscope is used to
explore a region located between the
intestines and the spine. Visual feedback on the position of the endoscope
from pre-operative images is crucial
to avoid damaging important structures such as blood vessels.
=Aiming systems: In contrast with
navigators, aiming systems require a
pre-defined strategy to be followed.
This is a subtle difference, which is
very important for the design of the
Moy/June I995

user interface. With aiming systems,
the user interface splits into two parts:
the surgical planning that helps define
the strategy (e.g., a straight trajectory
to follow on pre-operative images)
and the aiming interface that helps
reproduce the strategy (e.g., a system
that gives a certain distance between
the position of a tool and the optimal
position). Aiming systems are necessary when the choice of a strategy is
too long or too difficult to be performed directly on raw data. In the
CAMI project, we have developed
two different passive aiming systems,
for knee surgery and spine surgery.
For anterior cruciate ligament (ACL)
reconstruction of the knee, we developed
a system that helps define the best points
of insertion of the ligament on the femur
and on the tibia [27,32]. This optimization
is based on functional criteria that allow
the least anisometry of the central ligament fiber to be obtained, while a constraint of no collision between the
ligament in full extension and the femoral
notch is preserved. The two optimal points
IEEE ENGINEERINGIN MEDICINE AND BIOLOGY

on the femur and tibia surface are proposed by the system and controlled by the
surgeon. Once these points are defined,
the aiming system projects in real time the
tip of a tool equipped with a rigid body and
localized in 3-D on the tibia and femur
surfaces (Fig. 5). A cross-hair indicates
the current position while a second crosshair indicates the optimal position. The
surgeon tries to match the two cross-hairs
as accurately as possible, but he can also
integrate some possible constraints that
the system has not taken into account.
Therefore the system is purely passive.
For transpedicular screw insertion in
spine surgery, the problem is to insert the
biggest screw possible inside the pedicle
of a vertebra without touching critical adjacent structures (vessels, spinal chord).
The optimal position of the screw can be
defied on pre-operative CT images (Fig.
3). After registration between CT images
and an intra-operative 3-D localizer using
either a simple pointer [ 151 or X-ray images [18] or 2.5D echography [23], the
optimal position is known in the intra-operative coordinate system. The surgeon’s
drill is equipped with a rigid body localized in space. The aiming system helps the
surgeon first to align the entry point for
drilling on the posterior surface of the
vertebra, second to align the orientation of
the drill until it coincides with the orientation of the optimal trajectory, and third to
control the depth of drilling in order to stop
before the drill passes through the anterior
part of the vertebral core (Fig. 6).
For all passive systems, the visualization hardware used during the operation is
obviously a major issue. The simplest system uses the standard workstation screen,
but it is also possible to use a stereo screen
with synchronized glasses worn by the
surgeon. With the advent of fashionable
“Virtual Reality” systems, several authors
believe it is possible to equip the surgeon
with a head-mounted display, either semitransparent or fully opaque. However, this
solution raises technical, psychological,
and safety issues. A better and more promising solution is based on the use of transparent (or virtual) screens in the surgical
field. In our opinion, a light flat screen,
adjustable in position in the surgical room,
seems to yield a simple and efficient solution for many applications.
Semi-active systems
With semi-active systems, the action is
physically constrained to follow a pre-defined strategy. The action is “guided,”
which means that the intervention is performed with respect to the previously de259

fined strategy, but its final control depends
on the surgeon.
In the CAM1 project, we have developed three instances of semi-active guiding systems:

5. Computer assisted knee surgery. A user interface allows visualisation of the position and orientation of the diode-equipped drill at any time. The tip of the tool is

projected onto the femur and tibia surfaces, and the surgeon visually compares the
position of the tool tip with the optimal point previously defined. This method has
been validated on 12 patients. (TIMC and Orthopaedics Department at Clinique
Mutualiste de Grenoble).

1. Laser-guided alignment: To constrain the surgeon to align a tool, such as
a drill with a predefined 3-D line (as in the
above mentioned passive aiming system).
It is possible to position a laser beam in
space using a robot and then to ask the
surgeon to align manually the tool using a
sight placed at the rear part of the tool. See
Fig. 7 for an example in spine surgery.
Such a system could be also classified as
a passive system, since the action is not
really mechanically constrained. However, the trajectory is made material in
physical space by a laser beam, and the
action is constrained to follow a unique
trajectory. The surgeon must not choose a
slightly different trajectory, since it would
not be possible to envisage the effects of
a misalignment.

2. Mechanical guide: A more typical
instance of a semi-active system has been
developed for stereotactic neurosurgery
with applications to tumor biopsy, stereoelectro-encephalo-graphy,electrode implantation for Parkinson disease, and
interstitial brachytherapy [33]. Once a linear trajectory has been defined using
multi-modality images, a specific 6-axis
robot positions a linear mechanical guide,
which is aligned with the selected trajectory. The robot is fixed in this position and
the surgeon introduces a drill, probe, or

6.Spine surgery. An aiming system helps
the surgeon to drill inside the pedicle according to a 3-D line defined on CT images. Two cross-hairs represent the
projection of two points (the drill extremity A and a point B on the drill axis) on a
view orthogonal to the optimal trajectory. The center of this view represents a
1mm square. First, the surgeon moves
the drill tip on the vertebra surface until
the point A is inside the square. Second,
the surgeon orientates the drill until the
point is inside the square. Then, drilling
is started by keeping constant the orientation of the drill (distances between the
drill axis and the optimal trajectory are
displayed in real-time). To limit the
depth of penetration, a color bar indicates the distance (in mm) between the
tool tip and the point that must not be
passed. This method has been validated
on several cadaver specimens and on 5
patients. (TIMC and Orthopaedics Department, Grenoble Hospital).
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compensated by springs and counterweights). The arm motions can also be
constrained to follow a 3-D trajectory or
to remain in a region of space. With the
PADYC system, the surgeon is entirely in
charge of the action. The system only constrains action to meet an objective previously defined by the surgeon. This
concept is interesting in all cases where
passive systems using purely manual
skills are not accurate enough. Some of the
technical details of the PADYC systems
are found in [34]. The basic principle is to
use two freewheels mounted in opposite
directions on each axis. By clutching and
declutching these freewheels at a high
rate, one can control the instantaneous
direction of motion (Fig. 9). Note that a
similar principle can be developed using
force control, but this raises different technical and safety issues [37].
7. Laser-guidedalignment for spine surgery. A 6-axis PUMA robot (Staubli,
Ltd., Faverges, France) positions a laser
beam according to an optimal linear trajectory. The surgeon aligns the drill tip
with the laser spot produced on the vertebra and then aligns a sight placed on
the back side of the tool to obtain the optimal direction (in vitro experiments).

electrode through the mechanical guide
until a predefinite mechanical stop is encountered (Fig. 8).
3. Dynamic constraints: To merge the
flexibility and safety of passive systems
with the accuracy of more active systems
such as active robots, we have conceived
a new kind of robot, called passive arm
with dynamic constraints (PADYC) [34].
To solve safety problems of active robots,
some authors have proposed imposing
mechanical constraints in the robot architecture so that the motions of the robot
cannot physically escape from a predefined safe region (e.g., [35] for arobot that
makes only conical shapes for prostate
resection, and [36] for a robot that has a
fixed point for laparoscopy). The PADYC
concept is an extension of this idea. Instead of having constraints in the architecture, the physical constraints are
modulated and controlled by software. For
instance, from a starting position of the
robot, the user is constrained to go towards
a definite final position. No motors act on
the system, which solves many safety issues, the motions of the robot can only be
due to human force (gravity forces are
May/June 1995

Active systems
With active systems, some subtasks of the
strategy are performed with the help of an
autonomous robotic system, supervised
by the surgeon and controlled by redundant sensors. This is the case where complex actions are performed, according to a
complex strategy, interactively defined on
the basis of multi-modality data. Such systems now exist, and most of them are still
in development (e.g., see [26] for a robot
in radiosurgery, or [38]for motion control
through the use of magnetic fields). To our
knowledge, the only non-constrained active robot that has been used succesfull
on several patients is the ROBODOCT X
system developed by Taylor, et al. [39,
401. In this case, the robot is used to machine the femur in order to improve the fit
of a hip prosthesis.

This category of active systems also
includes advanced teleoperation, where
multi-modality data are taken into account, and is mainly of interest for microsurgery. The challenge here is to establish
cooperation between the operator and the
robotic system by assigning some subtasks to each one at the three levels of
perception, decision, and action. Although preliminary work exists in this domain, research is still necessary to provide
efficient clinical results.

Conclusion
Many medical or surgical interventions can benefit from the use of computers. Through progress of technology and
growing consciousness of the possibilities
of real clinical improvements with computers, what was in the past the privilege
of very few operations (mostly stereotactic neurosurgery) is now entering many
surgical specialties. Although many technical issues remain to be solved, there is
virtually no limit to the introduction of
computers and robots in any surgical specialty. This tendency can take on the most
varied forms. At Grenoble, three golden
rules have guided the CAM1 project for
about ten years:

Rule 1: Conceive systems for which
the clinical added value is well defined.
This is probably the main issue, since real
results of a new technique can usually be
demonstrated only after a long period of
clinical validation. Discussions among
various experienced and non-experienced
surgeons, scientists, and industrial partners are necessary to avoid developing
systems that have no significant medical
value.

8. Mechanical guide for stereotacticneurosurgery. A 6-axis robot positions a linear
guide according to an optimal linear trajectory and the surgeon controls the final action by inserting tools through this guide. This system has been used on more than
600 patients since 1989. (TIMC and Neurosurgery Department of Grenoble Hospital).
IEEE ENGINEERING IN MEDICINE AND BIOLOGY

261

Clutching
system
freewheel W+

Clutching
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9. Passive arm with dynamic constraints
(PADYC).On each axis of the PADYC
arm, two free wheels are mounted in opposite directions. When both free wheels
are clutched, the system is fixed as if
there were brakes. When both free
wheels are declutched, the system becomes a passive arm entirely free to
move. When only one free wheel is
clutched, only the correspondingdirection of rotation is allowed. By switching
the clutching system at a high rate, the
instantaneousdirection of motion is controlled on each axis. A protype is being
built at TIMC laboratory.

Rule 2: Develop generic tools that can
be applied to many different clinical applications. This concept enables fast and safe
developments to be produced, and it also
transforms a series of applications into a
unique scientific problem. Interestingly,
not only different techniques but also different medical specialties are gathered in
this framework. The methodology based
on the loop perception I decision I action
presented in this article provides a strong
basis for these projects.
Rule 3: Provide efficient collaboration
between the surgeon and the system
through simple interfaces. The purpose is
never to replace the surgeon entirely but
rather to provide advanced tools that help
do better than can be done alone. It is
necessary to keep the surgeon in the loop
such that competences are shared between
the surgeon and the system. It seems quite
obvious to almost everybody in the field
that the surgical strategy must always be
defined by the surgeon. However, the limit
is much less clear in the case of surgical
action.
Is it necessary to leave control of the
final action to the surgeon? In our opinion,
the answer is definitely yes. The main
reason is that an action made by the surgeon and controlled by the system is safer
than an action made by the system (a robot
262

in this case) and passively controlled by
the surgeon. In the latter case, it does not
seem possible to ensure that the surgeon
always concentrates on what a supposed
very safe machine is doing, so that the
surgeon’s reaction time to an incident, not
detected by the system, can be very slow
with possibly tragic effects. While in the
first case, the surgeon is in charge of the
action such that his ability to detect any
unexpected incident and to react quickly
are fully exploited. Moreover, we think
that the real challenge is to help the surgeon to benefit from all the available information gathered in the system, before
and during the operation.
We hope that this article has shown that
this objective can be met with passive and
semi-active systems that simply propose
guidelines to the surgeon, or that more or
less constrain his action. Constraining the
action by allowing the surgeon to go towards a target, to follow a trajectory, or to
move a tool inside a region is as much as
is needed. At the extreme, filtering motions, which can seen as a special kind of
constraint, can be necessary in microsurgery, for instance, to suppress tremor.
With semi-active systems, the action can
remain as accurate as with active systems.
As well as active systems, passive and
semi-active systems can be augmented
with force feedback in order to improve
control of the action. Passive and semi-active systems have the great advantage of
providing to young physicians the possibility to improve themselves in a safe way.
Finally, the real advantage of active systems is their ability to control and improve
the speed of execution of a task, but this
added value is significant for few applications only. In conclusion, active systems
appear to raise difficult safety problems
and to be unnecessary in the general case.
Micro-systems that could act semiautonomously inside the human body constitute a noteworthy exception to this
conclusion, but much work is required
before such micro-systems can be used
clinically.
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