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Abstract In recent years, robotic assistance for surgical
procedures has grown on a worldwide scale, particularly for
use in more complex operations. Such operations usually
require meticulous handling of tissue, involve a narrow
working space and limit the surgeon’s sense of orientation
in the human body. Improvement in both tissue handling
and working within a narrow working space might be
achieved through the use of robotic assistance. Soft tissue
navigation might improve orientation by visualizing impor-
tant target and risk structures intraoperatively, thereby
possibly improving patient outcome. Prerequisites for navi-
gation are its integration into the surgical workXow and
accurate localization of both the instruments and patient.
Magnetic tracking allows for good integration but is sus-
ceptible to distortion through metal or electro-magnetic
interference, which may be caused by the operation table or
a robotic system. We have investigated whether magnetic
tracking can be used in combination with the da Vinci®

(DV) telemanipulator in terms of stability and precision.
We used a common magnetic tracking system (Aurora®,
NDI Inc.) with the DV in a typical operation setup. Mag-
netic Weld distortion was evaluated using a measuring facil-
ity, with the following reference system: without any metal
(R), operation table alone (T), DV in standby (D) and DV
in motion (Dm). The maximum error of the entire tracking

volume for R, T, D and Dm was 9.9, 32.8, 37.9 and
37.2 mm, respectively. Limiting the tracking volume to
190 mm (from cranial to caudal) resulted in a maximum
error of 4.0, 8.3, 8.5 and 8.9 mm, respectively. When used
in the operation room, magnetic tracking shows high errors,
mainly due to the operation table. The target area should be
limited to increase accuracy, which is possible for most sur-
gical applications. The use of the da Vinci® telemanipulator
only slightly aggravates the distortion and can thus be used
in combination with magnetic tracking systems.
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Introduction

The major beneWts of laparoscopy for the patient are a
reduced need for analgesics, reduced surgical trauma,
improved cosmesis and faster recovery [1]. This accounts for
the worldwide acceptance of laparoscopy in the clinical
setting, with its applications having expanded from simple
ablative procedures to more complex operations, such as pro-
statectomy, gastric bypass and liver and rectal surgery [2–5].
Under these circumstances, the shortcomings of conventional
laparoscopy, especially the limited degrees of freedom, two-
dimensional view, restricted ergonomics for the surgeon and
the lack of the wrist gear, have become more evident [6, 7].
Minimally invasive robotic systems, such as the da Vinci®

surgical system (DV) (Intuitive Surgical, Sunnyvale, CA),
theoretically provide an ideal approach to address this chal-
lenge [6, 7]. However, orientation in a narrow space, the
identiWcation and attribution of structures and the estimation
of the instrument’s position in relation to the position of risk
and target structures remain diYcult [8].
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A navigation system, similar to those used in neuro- and
maxillofacial surgery, might be a possible solution to these
problems [11–13]. However, navigation in soft tissue sur-
gery is relatively more complex due to organ deformation
and changing organ positions caused by tissue elasticity as
well as cardiac and respiratory movements [9]. There is a
need for updated information on the position of patient risk
and target structures to build a navigation system that
shows enough precision and accuracy for soft tissue sur-
gery.

A tracking system is required to assess the spatial posi-
tion of these structures. The most widely used tracking sys-
tems are magnetic and optic systems. While optic tracking
systems provide high accuracy and precision, they require a
direct line of sight from the sensor to the camera [10]. Their
usability, high accuracy and precision in minimally inva-
sive robotic surgery have already been proven [11]. Elec-
tromagnetic tracking systems are also highly accurate and
precise, and they do not require a direct line of sight. How-
ever, they are susceptible to interference from ferromag-
netic materials and electromagnetic Welds [12]. Since DV
eVectors and instruments consist of metal, wire ropes and
servo motors, its inXuence on magnetic tracking and its
usability in the operating room are not known. The aim of
the study reported here was to evaluate whether the DV can
be used in combination with an electromagnetic navigation
system to provide suYcient accuracy to visualize risk and
target structures intraoperatively.

Materials and methods

To evaluate the eVect of the DV and the operation table on
the NDI Aurora® V1 (NDI Inc, Waterloo, Ontario, Canada)
electromagnetic tracking system, here referred to as EMT, a
metal-free measuring facility had to be built to minimize
other possible sources of interference. In addition, the data
acquisition setup was chosen to be as close to the real oper-
ation setup as possible to evaluate the usability of the EMT
in a realistic environment.

Development of the measuring facility

A completely metal-free measuring facility was built to
minimize interference with the EMT. This consisted of 12
polyvinyl chloride (PVC) rigid tubes that were arranged in
such a way that the DV instruments and camera could be
used in between them. The measuring facility walls were
built out of medium-density Wberboard (diameter 22 mm).
The PVC rigid tubes were 500 mm long and had a wall
thickness and inner diameter of 3 and 5 mm, respectively.
The pipes were arranged to cover the complete tracking
volume of the EMT. The cubic tracking volume featuring a

volume of 500 £ 500 £ 500 mm, according to the manu-
facturer of the EMT, was chosen due to known increased
distortion in the periphery of the alternative dome volume.
The pipes (500 mm) were arranged along the x-axis of the
EMT volume (Fig. 1). A computed tomography (CT)
(512 £ 512 pixel, layer thickness 0.6 mm) was performed
to generate a digital representation of the measuring
facility.

Tracking system

The EMT was used with one Weld generator and one sensor.
The Weld generator was a rectangle box that created an elec-
tromagnetic Weld, with a cube size tracking volume of
500 £ 500 £ 500 mm, according to the manufacturer. The
sender was arranged on the right side of the operating table
(Fig. 2). The EMT was used in combination with a 5DOF
sensor (type Mednetix-5DK) embedded in a Xexible cord.
The outer diameter of the cord was adjusted to Wt the inner
diameter of the pipes using Leukosilk® tape.

Setup in the operating room

The DV was arranged in the operating room in the same
way a typical operation setup is used for nissen fundoplica-
tion, with the DV over the head of the patient. All medical
instruments and devices were positioned as if for a regular
abdominal operation (Fig. 2) [13]. The operating table used
was an Alphamaquet® 1150 (Maquet, Rastatt, Germany)
system and consisted of several parts with ferromagnetic
characteristics (Fig. 3).

Fig. 1 Wooden metal-free measuring facility with 12 polyvinyl chlo-
ride (PVC) tubes, thus enabling laparoscopic instruments to be used
between the tubes
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Data acquisition and processing

Stable conditions were not expected during navigated sur-
gery. Thus, the sensor was constantly pulled orthogonally
to the Weld generator along the path forced by the PVC
tube, simulating the instruments in use. The measurement

of distorted positions was achieved by pulling the sensor
from one end of the pipe to the other. In this way, the shift
in the y- and z-axes of the tracking coordinate space was
addressed. The shift in the x-axis was not captured in this
setup. A shift was detected if the tracked position left
the centerline of the corresponding pipe. The distance

Fig. 2 Realistic setup in the operating room with anesthesia console, laparoscopic turret and the da Vinci surgical system, as used in laparoscopic
nissen fundoplication

Fig. 3 Operating table Alphamaquet 1150, with outlined ferromagnetic material (yellow). EMT Electromagnetic tracking system
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between the centerline and the tracked coordinate was
used to describe distortion at each point along the x-axis.
Two measurements for each tube and setup were acquired
by slowly and continuously pulling the sensor through
each pipe. We performed seven measurements: a refer-
ence measurement without the table, the DV and other
metallic objects in close proximity (R), respectively, one
with the measuring facility directly on the table (Tl), one
with the measuring facility lifted 50 mm (T), one with the
DV in active mode but not in motion (D), and one with the
DV in motion (Dm) (Fig. 4). The DV measurements were
only performed with a 50 mm-lifted measuring facility
due to obvious high distortion when the measuring facility
was not lifted.

For data processing the centerline of each pipe was
interactively deWned. This was accomplished by process-
ing the CT scan DICOM Wle of the measuring facility and
precisely deWning sample points inside each pipe at Wve
equivalent positions, using MITK (Medical Imaging
Interaction Toolkit; DKFZ, German Cancer Research
Center, Heidelberg, Germany), thereby creating four line
segments. Registration between the CT coordinate and
tracking coordinate space was done by rigid point-to-
point registration. The middle of the tubes were taken for
registration. The attribution of each measured track sam-
ple to the corresponding line segment was Wrst determined
for each x coordinate, and then the oVset vector between
the matched track sample and the matched line segment in
orthogonal direction was calculated. If two measurements
were found for the same x coordinate, the larger oVset
vector was used. To ensure precision, each evaluation
setup was also assessed by measuring three Wxed posi-
tions of each track: head, middle and feet. Orientations
were not assessed.

Results

Reference measurements (R) showed low errors (Fig. 5).
Accuracy particularly decreased at the periphery of the
tracking volume, far from the Weld generator. In contrast,
the tracking system showed low distortion at the center of
the tracking volume (Fig. 6).

The results of the two operation table assessments (Tl, T)
showed that the closer the Weld generator was to the table, the
higher the amount of errors. These errors increased dramati-
cally towards the periphery of the tracking volume (Figs. 7, 8).

 The use of the DV (D, Dm) did not reveal any addi-
tional measurable errors, neither in static position nor dur-
ing motion (Fig. 8).

Fig. 4 Left Static da Vinci—magnetic sensors were pulled through a PVC tube. Right da Vinci® was constantly in motion using the da Vinci
console

Fig. 5 Reference evaluation shows the virtual three-dimensional (3D)
scene by MITK: interactively deWned reference centerlines are red, and
measured positions with the EMT system at corresponding centerline
positions are yellow. The yellow and green lines should always stay
close to the red line for high accuracy
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For all measurements, variance declined from the
periphery to the middle of the tracking volume for both the
y- and z-axes, although to a lesser extent along the z-axis.
Limiting the tracking volume to 190 mm in the craniocau-
dal direction led to a maximum error of 10 mm. The maxi-
mum errors of the entire tracking volume are shown in
Table 1.

Discussion

In summary, this study has shown that an EMT can be reli-
ably used with the DV within a real medical environment if

the tracking volume is limited. Our results also demonstrate
that the DV seems to have had hardly any eVect on the
accuracy of the magnetic tracking system. In contrast,
metallic parts of the operating table distorted the positions
delivered by the EMT to a large extent. The result from lift-
ing the measurement setup by 50 mm shows that the EMT
was more accurate in areas that were further away from fer-
romagnetic objects. The largest errors were seen towards
the borders of the tracking volume, which can be explained
by the decreasing strength of the electromagnetic Weld
the further away it was from the electromagnetic Weld
generator.

In general, detected errors have to be either eliminated or
accurately detected in order to ensure precise navigation
throughout the tracking volume. Since the amount of errors
detected is still fairly high, our results indicate the need for
an EMT calibration prior to intervention. This can be done
by using the wooden measuring facility presented here as a
reference; for example, by logging the coordinates over
time and registering them with the virtual description of the

Fig. 6 Results of the exemplary reference measurements for each sep-
arate tube showing the respective maximum distance from the center-
line. The y-axis represents the extent of shift (of the tracked position);
the x-axis represents the x-coordinate of the tracking volume

Fig. 7 Measurement without the da Vinci system for all tubes, with
the measuring facility lifted 50 mm on the operation table

Fig. 8 Overview of the maximal error for all tubes (according to the
setup in the x-axis), measured orthogonally to the reference lines

Table 1 Maximum errors recorded in the measurements

R, Reference, no metal; Tl, operating table, low measuring facility;
T, operating table, high measuring facility (50 mm and upwards);
D, Da Vinci® in standby; Dm, Da Vinci® in motion
a Limitation of the tracking volume to §95 mm on each side of the
Weld generator
b Maximum error is given in millimeter

Tracking volumea Measurementb

R Tl T D Dm

Full tracking volume [mm] 9.9 43.4 32.8 37.9 37.2

Limited tracking volume [mm] 4.0 9.9 8.3 8.5 8.9
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wooden measuring facility (centerlines). By means of an
iterative closest point algorithm, the best Wt can be calcu-
lated in order to construct a lookup table for distorted posi-
tions and their corresponding correction. The distortion can
also be decreased by repositioning the Weld generator (and
the patient) to a position which is less aVected by distortion
due to ferromagnetic objects. However, this repositioning
depends on the intervention performed.

The resulting amount of electromagnetic distortion
caused by the operating table can also be decreased by
choosing a table with a diVerent material. An operation
table constructed with carbon might have less eVect on the
electromagnetic Weld of the EMT. Furthermore, it should be
noted that the results presented here can be only applied to
the EMT tested. We did not evaluate a diVerent Aurora
tracking system or a diVerent EMT, but according to the-
ory, similar types of results are expected. NDI Inc. has
developed a new type of electromagnetic Weld generator
which resembles a board that can be installed right under
the patient directly on top of the operation table. According
to the manufacturer, this system shows less distortion due
to ferromagnetic material of the operation table, but it has
yet to be evaluated with the above-mentioned setup.

Previous work has already shown that navigation is fea-
sible, such as for transhiatal minimally invasive esophagec-
tomy [11]. The biggest challenge of these systems is that
they do not provide an intraoperative update of the target
position and risk structures. Particularly in esophagectomy,
but also in rectal surgery, the iatrogenic manipulation
causes a substantial shift of structures. Determining the cor-
rect height for the anastomosis in transhiatal esophagec-
tomy or rectal resection requires much surgical experience.
To achieve this, EMT sensors could be applied endoscopi-
cally in the esophagus and the rectum. Thus, combining the
developed system, which is based on optical tracking, with
an EMT will enable, for example, the intraoperative update
of the position of a tumor in the esophagus or rectum,
resulting in higher overall precision. This navigation sys-
tem could help to Wnd the correct position for anastomosis
or aVected lymph nodes in esophagectomy, or it could help
to distinguish between scar and tumor for tumor recurrence
of preoperated rectal cancer.

There are also limitations to this study. To compute the
overall volume, we deemed accuracy to be less useful for
the EMT because of the strong spatial dependence of its
errors. Therefore, we computed the maximum errors which
we believe to be clinically more important. Values such as
the root mean square deviation have been calculated but are
of less use since they involve the entire pipe, whereas here
only the positional deviation at certain points of the x-axis
was important.

To summarize, a magnetic tracking system can be used
reliably in combination with the DV in a limited tracking

volume and shows suYcient accuracy for navigation pur-
poses.
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