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One of the main problems in endoscopic surgery is position-
ing and placing both the optical device and the surgical
instruments within the operative field. Triangulation of the
instruments is only mastered after years of training. To
smooth the learning curve, computer-assisted solutions
havebeen developed in somedisciplines such as in abdominal
laparoscopy,1 arthroscopy of the temporomandibular joint,2

and hip arthroscopy.3

These computer-assisted endoscopic surgery systems re-
quire merging anatomical data and instrument positional
data to enable the surgeons to orient themselves in a limited
surgical field.4 The anatomical data consist of a three-dimen-

sional (3D) computed tomography (CT) or magnetic reso-
nance imaging (MRI) reconstruction of the surgical field,
whereas electromagnetic sensors provide data regarding
the position of the instruments.

In wrist arthroscopy, there is a long learning curve in
mastering the position and placement of the arthroscope
and instruments.5,6 To our knowledge, no computer-
assisted wrist arthroscopy system has been previously
reported.

The aim of this study was to develop and evaluate the
feasibility of a computer-assisted system for arthroscopic
surgery of the wrist.
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Abstract Purpose In video surgery, and more specifically in arthroscopy, one of the major
problems is positioning the camera and instruments within the anatomic environment.
The concept of computer-guided video surgery has already been used in ear, nose, and
throat (ENT), gynecology, and even in hip arthroscopy. These systems, however, rely on
optical or mechanical sensors, which turn out to be restricting and cumbersome. The
aim of our study was to develop and evaluate the accuracy of a navigation system based
on electromagnetic sensors in video surgery.
Methods We used an electromagnetic localization device (Aurora, Northern Digital
Inc., Ontario, Canada) to track the movements in space of both the camera and the
instruments. We have developed a dedicated application in the Python language,
using the VTK library for the graphic display and the OpenCV library for camera
calibration.
Results A prototype has been designed and evaluated for wrist arthroscopy. It allows
display of the theoretical position of instruments onto the arthroscopic view with useful
accuracy.
Discussion The augmented reality view represents valuable assistance when surgeons
want to position the arthroscope or locate their instruments. It makes the maneuver
more intuitive, increases comfort, saves time, and enhances concentration.
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Material and Methods

A left forearm cadaver specimenwas verticallymountedwith
80 N of traction (►Fig. 1a).

The augmented reality navigation system was composed
of an arthroscopic image collection device, an electromag-
netic localization system, and a data processing device.

The arthroscopic image collection device consisted of a
2.4-mm 30° angle arthroscope (H3-Z HD camera head, Stortz,
Tuttlingen, Germany) and a high-resolution camera and video
tower (Image 1 Hub, Storz, Tuttlingen, Germany) (►Fig. 1b, c).
The electromagnetic localization system (Aurora, Northern
Digital Inc., Ontario, Canada) was used to track the move-
ments of the arthroscope and a small ferromagnetic arthro-
scopic probe designed to reduce electromagnetic
interference. This device had an electromagnetic field trans-
mitter (planar field generator) and solenoid-shaped electro-
magnetic sensors with six degrees of freedom (DOF)
connected to a sensor interface unit. The electromagnetic
field transmitter and sensor interface units were linked to a
system control unit. Two electromagnetic sensors were at-
tached to the probe, and an electromagnetic sensor was
attached to the arthroscope (►Fig. 1d). A system control
unit gave the sensor position and orientation in real-time,
with an accuracy of 1 mm/degree.7 These data were trans-
mitted to the data processing device via a serial port.

The data processing device consisted of a laptop computer
and an application designed to generate augmented reality
images. This application was written using the Python pro-
graming language for software integration8 and used the
open source library Visualization Toolkit (VTK)9 for the
graphic display, and the open source library OpenCV10 for
the processing of video images. The application captured the
spatial position of the electromagnetic sensors in real time
from the data flow originating from the electromagnetic
localization system.

The probe, arthroscope, camera, and wrist underwent
calibration.

Calibration of the probe was accomplished using the pivot
method,11 which tracked successive positions of the electro-
magnetic sensors at the tip of the probe during a circum-
duction movement and provided the relative position of the
probe tip with respect to the position of electromagnetic
sensors (►Fig. 2).

Arthroscope calibration was done through palpation of
three reference points, which provided the relative position of
the arthroscope tip with respect to the position of the
electromagnetic sensor.

The endoscopic camerawas calibrated following themeth-
od described by Tsai12 (►Fig. 3). Calibration ended with the
localization of three reference points on the dorsal aspect of
the cadaver wrist, including the second and fifth metacarpal
heads and the Lister tubercle.

Results (►Video 1)

From the initial calibration data and the real-time data
collected by the electromagnetic localization device, the
data processing device produced a virtual reality model of
the probe, the arthroscope, and the wrist (►Figs. 4, 5a, b).

The data processing device simulated arthroscopic images
by positioning and orientating the point of view within the
virtual reality according to the arthroscope position and the
intrinsic and extrinsic parameters of the optic-camera set.

Through the superimposition of these virtual arthroscopic
images onto real arthroscopic images, the data processing
device generated augmented reality images (►Fig. 5c).

Discussion

The purpose of computerized navigation systems in surgery is
to display information through which surgeons can better
orient themselves within the space of the operating field and
within the anatomical space of the patient. This information
comes from data that can be acquired before or during the
intervention according to various sources: 3D reconstruction

Fig. 1a–d Setup of the navigation system for wrist arthroscopy. (a)
Wrist in traction. (b) Electromagnetic field transmitter. (c) Arthro-
scope with an electromagnetic sensor. (d) Probe with two electro-
magnetic sensors.

Fig. 2 Probe calibration following the pivot method. With a circum-
duction movement of the probe around the tip, the navigation system
determined the relative position of the probe tip with respect to the
position of the electromagnetic sensor.
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of tomographic data, fluoroscopic images, palpation of ana-
tomical landmarks, or kinematic data. This information is
presented graphically in one of two modes: augmented
virtuality and augmented reality.

“Virtuality continuum” is a phrase used to describe a
concept that there is a continuous scale ranging between
the completely virtual (i.e., virtuality), and the completely real
(i.e., reality). The reality–virtuality continuum therefore en-
compasses all possible variations and compositions of real
and virtual objects. It includes both augmented reality, where
the virtual augments the real, and augmented virtuality,
where real data augment the virtual environment. These
typically involve computer-assisted navigation systems for
hip or knee athroplasty, where the positioning of the pros-
thesis is projected on an anatomical model.

Augmented reality consists of modeling virtual data on a
real image. Since Thomas Caudell invented this concept in the
early 1990s,13 augmented reality has been applied to many
domains.14 In medicine, it is found in applications that use an
optical device and/or a camera such as celioscopy,4 arthros-
copy,15 endoscopy,16,17 and microsurgery.18 In each applica-
tion, the purpose of augmented reality was to simplify and
accelerate the access to complex data by associating them
with the surgical field of view

Most surgical navigation systems rely on optical or me-
chanical sensors, which are restricting and cumbersome for
wrist arthroscopy, which is cluttered with many visual ob-
stacles such as the patient’s limb, the traction column, the
surgeon’s hands, and instruments.

Although optoelectronic localization devices are frequent-
ly used in computer-assisted surgery.3 the sensors cannot be
localized once they have left the field of vision of the stereo
camera.4 Mechatronic localization systems, which incorpo-
ratemechanical and electronic engineering, are less frequent-
ly used. A mechatronic localization device has been

Fig. 4 After probe and arthroscope calibration, the navigation system
displayed a virtual reality model of the probe and the arthroscope.

Fig. 5a–c Navigation system for wrist arthroscopy: (a) Real view of
the surgical field. (b) Virtual reality: scene representing the surgical
field, where the arthroscope, probe, and wrist have been modeled. (c)
Augmented reality: superimposition of the arthroscope shape onto
the arthroscopic image, modeled in virtual reality.

Fig. 3 Endoscopic camera calibration according to the method
described by Tsai. A checkered pattern with known dimensions was
localized in space through palpation with the probe, then recorded for
a few seconds with the arthroscope, while the electromagnetic
localization device collected the positions of the arthroscope-
associated sensor. The navigation system then determined intrinsic
and extrinsic parameters of the optic-camera set.
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developed and evaluated for hip arthroscopy,3,19 but, despite
miniaturization, the devices remain bulky and rigid.19

Electromagnetic localization devices do not have these
drawbacks, since electromagnetic sensors can be localized
even when they are concealed and are quite small, which
makes them more suitable for navigation in endoscopic
surgery. A variety of electromagnetic navigation systems
are already being used routinely for ear, nose, and throat
(ENT) procedures,20 thanks to various commercial navigation
stations (InstaTrak 3500 Plus, General Electric Healthcare
Surgery, Lawrence, Massachusetts, USA; StealthStation S7
System, Medtronic Navigation, Louisville, Kentucky, USA).
The accuracy of these navigation systems can be compared
with the accuracy of navigation systems based on optoelec-
tronic localization devices.21

Electromagnetic localization devices have a few draw-
backs, however, such as the need for. connecting cables
between the electromagnetic sensors and the arthroscope,
motorized instruments, the probe, and the control unit. The
electromagnetic field transmitter is usually a box with a
volume of �1 liter (L), it is nonsterilizable and emits a 50-
cm cubic electromagnetic field, which can encompass the
operating field inwrist arthroscopy, provided that it is limited
to the dorsal side of the wrist. We therefore have to consider
the introduction of an electromagnetic field transmitter in a
sterile box that is fixed to or incorporated into the traction
tower.

The main shortcoming of electromagnetic localization
devices remains the lack of accuracy linked to distortion of
the electromagnetic field due to the presence of ferromag-
netic objects such as the traction tower, arthroscope, and
instruments.22–24 Yaniv et al7 found a mean squared error
(MSE) of 1.01 mm and 1.54°, respectively, for the sensor
position and orientation. Nonferromagnetic instruments
made of plastic, ceramic, aluminum, or titanium have been
developed to overcome this problem.

Fischer determined that two sensors, one placed in parallel
to the arthroscope axis and the other one placed perpendic-
ularly, minimized these inaccuracies.25 For the arthroscope,
he envisioned arthroscope-integrated sensors (►Fig. 6a) or
sensors integrated into a sleeve, whichwould be independent
at the distal tip of the arthroscope (►Fig. 6b).

To simplify the registration problem of using an oblique
optical field because of the 30° angled scope, we chose to
block the camera rotation around the axis of the optic device
and to apply the method described by Tsai.12 However, Wu
and Jaramaz26 have described a registration method that
takes into account the camera rotation around the optical
axis, which will be the next development in designing a
navigation system dedicated to wrist arthroscopy. Further
research is needed to identify the pedagogical and clinical
applications.
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