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Abstract
Purpose To compare the position and orientation accuracy
between using one 6-degree of freedom (DOF) electromag-
netic (EM) sensor, or the position information of three 5DOF
sensors within the scope of tumor tracking.
Methods The position accuracy of Northern Digital Inc
Aurora 5DOF and 6DOF sensors was determined for a table-
top field generator (TTFG) up to a distance of 52cm. For each
sensor 716 positions were measured for 10 s at 15Hz. Ori-
entation accuracy was determined for each of the orthogonal
axis at the TTFG distances of 17, 27, 37 and 47cm. For the
6DOF sensors, orientationwas determined for sensors in-line
with the orientation axis, and perpendicular. 5DOF orienta-
tion accuracy was determined for a theoretical 4cm tumor.
An optical tracking system was used as reference.
Results PositionRMSEand jitterwere comparable between
the sensors and increasing with distance. Jitter was within
0.1cm SD within 45cm distance to the TTFG. Position
RMSE was approximately 0.1cm up to 32cm distance,
increasing to 0.4cm at 52cm distance. Orientation accuracy
of the 6DOF sensor was within 1◦, except when the sensor
was in-line with the rotation axis perpendicular to the TTFG
plane (4◦ errors at 47cm). Orientation accuracy using 5DOF
positions was within 1◦ up to 37cm and 2◦ at 47cm.
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Conclusions The position and orientation accuracy of a
6DOF sensor was comparable with a sensor configuration
consisting of three 5DOF sensors. To achieve tracking accu-
racy within 1mm and 1◦, the distance to the TTFG should
be limited to approximately 30cm.
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Introduction

Surgical navigation has advanced to daily clinical routine in
a variety of fields, such as neuro- and facial surgery, cochlear
implantation and orthopedic oncology [1–5]. These fields
have in common that the target area is relatively rigid due
to surrounding bony structures. Most navigation systems
assume no anatomical changes between the pre-operative
images and the actual surgical setting.

During abdominal surgery, the anatomy of the patient is
changing constantly due to breathing, peristalsis, and the
surgery itself. As a consequence, there is a discrepancy
between the preoperative imaging information and the actual
anatomy, limiting the accuracy of navigation. For organs of
which a large part of the surface can be visualized on laparo-
scopic images, e.g. liver, a manual surface registration can be
used to utilize navigation during surgery [6,7]. The changes
in the anatomical position of a target organ can also be mon-
itored automatically using optical tracking systems (OTS) or
electromagnetic tracking systems (EMTS). OTS are known
for their sub-millimeter accuracy, but are dependent on a
direct line-of-sight to the target volume [8]. EMTS can pro-
vide tracking data independent of a line-of-sight, but are less
accurate and can be influenced by surrounding materials and
equipment. If a direct line of sight can be achieved, OTS
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is preferred, such as in maxillofacial, neuro and orthopedic
surgery. In abdominal applications, it is hard to see the tar-
gets, and EMTS seems more preferred.

NDI (Northern Digital Inc, Waterloo, Canada) is the cur-
rent market leader in EMTS hardware, with the NDI Aurora
and Microbird Ascension system in their portfolio. For the
Aurora system,wired 5 degrees of freedom (DOF) and 6DOF
sensors are available with a diameter of ≤1mm and a length
of about 10mm, as well as tracked 5DOF needles of 18 or
21 Gauge. One or more sensors or needles in or around the
abdominal tumor can be used to take anatomical changes into
account. For example, Zhang et al. [9] proposed a setup for
percutaneous liver interventions in which three tracked NDI
needles were implanted near the target area to track breathing
motion.

In locally advanced rectal cancer, incomplete surgery is
performed in 20–30% of patients [10,11]. In these patients,
the use of navigation might improve clinical outcome. For
navigation during rectal cancer surgery, the use of a hybrid
optical and electromagnetic tracking system was proposed
by Wagner et al. [12]. In their experimental setup, one sin-
gle 5DOF tracking sensor was placed in the rectum wall of
a realistic phantom for assessment of displacements. Sev-
eral models were used to translate the sensor displacements
to rectum wall deformations. The evaluated models included
simple rigid translation correction, up to complex organmod-
eling using combinations of independent elements. With
rigid translations they were able to reduce the mean tar-
get registration error (TRE) from 32.8mm down to 6.8mm.
Despite the major improvement using the position of an
implanted sensor, the resulting accuracy was still insuffi-
cient for clinical practice. The most complex model (33
parameters) resulted in a mean TRE of 2.9. However, it is
questionable if such a complex model can also be defined in
real patient anatomy including a rectum tumor which might
alter the mechanical properties.

To further improve tracking accuracy, the standard bed-
side Aurora electromagnetic field generator can be replaced
by the more accurate tabletop field generator (TTFG) [13].
Also, position information could be improved by using more
than one EM sensor. Finally, besides position information,
the orientation of the tumor could be taken into account.
Orientation information can be determined using one sin-
gle 6DOF sensor, two combined 5DOF sensors, preferably
positioned in a 90◦ angle, or three or more implanted sen-
sors of which the position information is used to determine
the orientation. Single 6DOF sensors generally consist of
two combined 5DOF sensor coils, of which the data are
combined to 6DOF within the EMTS system. The angle
and distance between the 2 sensors is important for the
orientation accuracy. Combining 2 separate 5DOF sensors
enables freedom to change the distance and angle between the
sensors.

For accuracy measurements, the use of a precisely
machined base plate at different positions and distances to the
TTFG was proposed by Hummel et al. and further improved
by Maier-Hein et al. [13,21]. In their work the accuracy of
EMT is derived from comparingmeasured distances between
sensor positions to known distances. This setup allows for
accurate relative error measurements in the plane of base
plate, but has limited value in providing absolute 3D local
errors throughout the EM field. There is limited literature
comparing the accuracy of 5DOF and 6DOF sensors in terms
of position and orientation accuracy and jitter. The posi-
tion accuracy of the 6DOF sensor seems to be equal [14]
or slightly better than the 5DOF sensors [15]. The actual
orientation accuracy with the different setups is unknown
and is dependent on the sensor distances in the multi-sensor
approaches.

Electromagnetic tracking systems has a large potential for
tracking organs, tumors or equipment during complex inter-
ventions without the need for a line of sight. The purpose
of the current study was to evaluate position and orientation
accuracy using either one 6DOF sensor or the position infor-
mation of multiple 5DOF sensors. Position accuracy of the
sensors was determined throughout the entire EM field on a
gridwith 5 cm spacing and the orientation accuracy at several
distances to the TTFG. In order to evaluate absolute errors,
we used an OTS as reference. This setup allows for assess-
ment of 3D errors throughout the measurement volume.

Materials and methods

Hardware

The EMTS was an NDI Aurora V2 TTFG with an oval work
field of 42 × 60 × 60cm in x-, y-, and z-direction (Fig. 1).
No data can be measured in the first 12cm above the TTFG.
All position and orientation measurements were taken using
an OTS as reference. The OTS was a NDI Polaris Spectra
Hybrid system in which only passive reflective markers were
used. The accuracy of this system is known to be<0.025cm
root-mean-square error (RMSE) [8]. In total, three different
NDI sensors were evaluated. For 5DOF, we used the shielded
and isolated 0.9×12mm sensors (5Dshielded). For 6DOF, the
micro 0.8 × 9 mm sensors (6Drod) and the reference disks
(6Ddisk) were evaluated. The 6Drod sensor consists of two
combined 5DOF sensors, but the actual configuration of the
sensor is unknown to us. The 6Ddisk contains two 5DOF
sensors positioned in an angle of approximately 90◦ and was
only used for orientation accuracymeasurements to illustrate
the accuracy with an optimized angle between the two 5DOF
sensors.

To measure the entire EM field, an in-house built mea-
surement setup was used. The TTFG was tightly encased by
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a polycarbonate frame, on which an optical 4-marker rigid
body tool was attached as a reference tool (Fig. 1). For evalu-
ation of the position accuracy, four sensors were mounted on
a sensor plate with 5 cm in between them. The sensor plate
was positioned parallel to the TTFG (in the x − y-plane)
starting at 12cm from the TTFG (z-axis). The distance to the
TTFG was configurable using stackable boxes. On the sen-

Fig. 1 Top schematic overview of the work field and coordinate sys-
tem of the TTFG (field dimensions in mm, www.ndigital.com).Middle
photo of the position measurement setup with a four marker optical
reference tool on the TTFG case (a), an optical three marker rigid body
tool on the sensor plate (b) in combination with four 5Dshielded EM tools
(c). Bottom side view of the measurement setup at 42cm distance to the
TTFG

sor plate, three reflective spheres were mounted for optical
tracking.

For evaluation of the orientation accuracy, a separate
sensor construction was designed consisting of two plates
coupled to each other with a revolute joint. With this con-
struction the rotational axis of the joint could be aligned with
each of the three orthogonal axes of the TTFG. The position
and orientation of one of the sensor plates was determined by
theOTS using three optical markers that were attached to this
plate. For evaluation of the sensor orientation of the 6Drod

with respect to the rotation axis, the rod-like sensor could
be positioned in line or perpendicular to the rotational axis
(Fig. 2). For evaluation of orientation accuracy using posi-
tion information of multiple 5Dshielded sensors, three sensors
could be mounted on the sensor plate in a plane perpendicu-
lar to the rotation axis, with the sensors at distances of 28.2,
31.6, and 36.4 mm. This setup mimics implantation of three
sensors within a tumor with a diameter of 40 mm. The rota-
tional sensor plate could be placed anywhere within the EM
field.

Software

In-house developed software was used for the data acquisi-
tion, using Embarcadero Delphi XE2 for the user interface,
and a library of C++ modules for image and data process-
ing. All tracking information was communicated using
OpenIGTLink TRANSFORM messages. For readout of the
NDI hardware the PlusServer from the Plus Toolkit (https://
www.assembla.com/spaces/plus/wiki) was used [16]. Our
in-house developed software used the OpenIGTLink.dll
from IGSTK (www.igstk.org) to receive and translate the
OpenIGTLink messages. Within PlusServer the data for the
OTS and EMTSwere combined into one data stream. Acqui-
sition delays between theOTSandEMTSwere also corrected
within PlusServer. For averaging of orientations, the transfor-
mation matrices were converted to quaternions. The EMTS
andOTSwere connected to the same PC (Quad-core 3.2GHz
Intel Xeon E3-1230, with 16GB memory) using USB 2.0
connections.

Calibration procedure

In order to use the OTS as a reference for the EMTS posi-
tion measurements, a calibration procedure was performed
for each set of sensors. Calibration was used to register both
coordinate systems and to find the relation between the opti-
cal markers on the sensor plate and each of the EM sensors.

In general, each measurement consisted of:

1. the pose (position and orientation) of the four EM sen-
sors (Sx, x = 1, . . . , 4) expressed in the EM coordinate
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Fig. 2 Design of the sensor construction for orientationmeasurements.
In the photo from left to right, the setup for orientation around the x-,
y-, and z-axis, respectively. The rod sensor could be mounted in-line
with the rotation axis (a), or perpendicular to the rotation axis (b). This

sensor plate could be positioned on the stackable boxes similar to the
position sensor plate as shown in Fig. 1. The sensor plate is 9 × 9cm,
and the optical sphere distances are 5.8, 7.2, and 9.0cm apart

system and represented by a 4 × 4 homogeneous trans-
form matrix EMPSx ;

2. the pose of the sensor plate expressed in the optical coor-
dinate system OptPSensorplate;

3. the pose of the optical reference sensor on the TTFG
casing OptPTTFG.

Tomake theOTS data independent of the camera position,
the pose of the sensor plate was calculated with respect to the
pose of the reference sensor using:

TTFG
OTS PSensorplate = TTFGPOpt

OptPSensorplate

= OptP−1
TTFG

OptPSensorplate (1)

The additional subscript “OTS” explicates the fact that
the measurement is accomplished with the OTS. Thus,
TTFG
OTS PSensorplate reads as “the pose of the sensor plate,
expressed in TTFG coordinates, but obtained from OTS
data”. The registration between the coordinate systems was
described by transformation matrix EMMTTFG, bringing the
optical coordinate system to the EM coordinate system.With
Eq. 2, the pose of the optical tracker of the sensor plate trans-
formed to the EM coordinate system

EM
OTSPSensorplate = EMMTTFG

TTFG
OTS PSensorplate (2)

For each EM sensor Sx, x = 1, . . . , 4, a transformation
matrix SensorplateMSx was calculated from the OTS data, to
express the sensor pose in EM coordinates:

EM
OTSPSx = EM

OTSPSensorplate
SensorplateMSx (3)

This pose was used as the reference.

For calibration, first, a dataset was acquired to estimate
EMMTTFG. The sensor plate was positioned and measured in
the center of the TTFG at 12cm distance. Subsequently, the
sensor plate was positioned approximately plus andminus 10
cm along the x-axis and the y-axis, resulting in fivemeasured
positions per sensor. This was repeated at a distance of 22 cm
above the TTFG. At each position, 10 measurements were
acquired and subsequently averaged. For each EM sensor,
we calculated the 3D vector between the 10 measured posi-
tions, resulting in 45 distance vectors in theEMTScoordinate
system. Subsequently, a simplex optimization procedure was
used to optimize EMMTTFG to bring the OTS coordinate sys-
tem to the EMTS coordinate system.

Secondly, a datasetwas acquired to estimate SensorplateMSx

for each sensor. For this, the sensor plate was positioned four
times in the center of the TTFG at a height of 12 cm, each
time rotating the plate 90◦ around the z-axis of the EMTS. At
each pose, 10measurements were acquired and subsequently
averaged. For each pose TTFG

OTS PSensorplate was transformed to
EMcoordinates EMOTSPSensorplate usingEq. 2. Subsequently, the
transform from EM

OT SPSensorplate to each measured EM sensor
pose, i.e. EMEMTSPSx was calculated, from which an estimate
of SensorplateMSx for each EM sensor was derived.

In a final step, EMMTTFG and the four SensorplateMSx

matriceswere further optimized using a simplex optimization
method to minimize RMSE between EM

OTSPSx and EM
EMTSPSx

using the whole calibration dataset. In this calibration pro-
cedure, only a small central area of the EM field close to the
TTFG is used, resulting in aminimal RMSE in this area. This
area was specifically chosen because the accuracy and jitter
of EMTS are known to be proportional to the distance to the
FG [13]. The resulting RMSE is provided as a measure of
calibration accuracy.
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Measurements

All measurements were taken on a wooden table in a room
withminimalEMfield influence.Eachof the belowdescribed
measurements was repeated 5 times, including the above
described calibration procedure, to make each measurement
set independent.

Positions

For the position accuracy measurements, the sensor plate
with 4 sensors was positioned in 8 positions along the x-
axis (5cm spacing), repeated for 3 positions along the y-axis
at 9 different distances along the z-axis from 12 to 52cm
above the TTFG. This resulted in a total of 864 measured
sensor positions (5× 5× 5cm grid) [17], of which 716 were
considered within the measurement volume according to the
NDI Aurora system (Fig. 3). At each of the 716 measured
positions, data were acquired for 10 s with a sample rate of
15 Hz, resulting in a total of 150 measurements per position,
comparable to Maier-Hein et al. [13]. For each measured
position, the jitter was defined as the standard deviation (SD)
over the 150 measurements. For the accuracy estimation, we
determined the RMSE, where for each position the average
over the 150 measurements was compared with the average
predicted sensor position as derived from Eq. 3. Jitter and
RMSE were evaluated for the coordinates of the orthogonal
axes separately, and also as vector.

Since the position accuracywasmeasured 5 times for each
sensor set, the systematic and random components of local
errors within the EM field could be evaluated. A thin-plate
spline based non-rigid spatial mapping deformation vector
field (DVF) was calculated between the estimated and mea-
sured sensor positions [18]. To correct for systematic spatial
errors, the DVF’s of the five measurements were averaged
(avgDVF5Dshielded and avgDVF6Drod). The average DVF was
subsequently applied to each dataset to estimate the residual
(random) errors.

To evaluate if the local RMSE is sensor type dependent
or general for the TTFG, an avgDVFtotal was also calculated
for the 5Dshielded and 6Drod data together, and subsequently
applied to the measurement sets to derive residual errors.

Orientations

For the orientation accuracy, measurements were performed
in the center of the TTFG, at heights along the z-axis of 17,
27, 37, and 47cm. At each distance, orientation accuracy was
measured with the rotation axis of the sensor plate along the
x-, y-, and the z-axis of the EMTS separately. At each posi-
tion and rotation axis, the sensor plate was rotated manually
over 360◦ in 40 steps of approximately 9◦. At each pose, 20
measurements were taken.

To derive the actual orientation of the rotation axis of
the sensor plate in a single angle, the following procedure
was used. Each sensor was positioned at a distance (at least
2 cm) to the actual rotation axis. Therefore the sensor posi-
tions describe a circle within their own coordinate system.
For each sensor, a plane was fitted through the position data
using least-squares fitting [19,20]. The plane was described
as one 3D coordinate, and a vector perpendicular to the plane.
The plane-vector was subsequently input for calculation of a
quaternion vector rotation resulting in a quaternion describ-
ing the shortest arc rotation to a vector describing the y − z
plane (V1,0,0). After transformation using the shortest arc
quaternion, the resulting data described only orientations
around the rotation axis. The data transformation was per-
formed for both the OTS and EMTS data separately. To
finally be able to compare both systems, the difference in
rotation angle along the rotation axis of each measurement
with respect to the previous measurement was calculated,
resulting in 39 orientation angles per sensor per measure-
ment set. The SD over the 20 measurements was calculated
as the orientation jitter, and the average over the 20 measure-
ments as orientation error.

Fig. 3 Example RMSE
visualized in 3D in the
measurement field. In this
example 5Dshielded measurement
2 is shown. Each sphere is one
measured position, the radius of
the sphere depicts the actual
vector error. For reference, the
elliptical measurement field is
outlined in black (60 × 42 cm)
in the TTFG (gray)
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For the 6Drod sensors, four sensors were used simulta-
neously, two positioned perpendicular to the rotation axis,
and two positioned in line with the rotation axis. The 6Ddisk

sensor could only be mounted on the surface of the sensor
plate, perpendicular to the rotation axis. For the orientation
measurements with three 5Dshielded sensors, a least-squares
fitting point match algorithm was used.

Results

Acquisition of the position datasets took between 40 and
60min per measurement set. In total 1.960.800 transform
messages were stored. During acquisition of the first 6Drod

measurement, the NDI aurora system indicated 3 times more
invalid position measurements with increasing distance to
the TTFG compared to othermeasurements. After about one-
third of the data the position of the sensor cables with respect
to the TTFG cable was altered, and invalid positions were no
longer encountered.

Position jitter

The average position jitter was very comparable between
sensors and measurements, except for the first 6Drod mea-
surement (Fig. 4), which was excluded from further jitter
analysis. The average jitter in x-, y-, and z-direction was
0.027, 0.026 and 0.042cm for 5Dshielded, and 0.030, 0.032,
and 0.049cm for 6Drod, respectively. The jitter was expo-
nentially proportional to the distance with the origin of the
TTFG, and outliers up to 0.6 cm were present (Fig. 5). For
comparison, with on average 0.003 cm jitter for both optical
sensors, OTS jitter was much smaller.

Calibration

TheOTSandEMTScalibrations resulted in an averagevector
RMSE of 0.058cm (range 0.048–0.062 cm) for the 5Dshielded

sensors, and 0.049 cm (range 0.044–0.052cm) for the 6Drod

sensors.

Position accuracy

As shown in the spatial RMSE distribution in measurement
2 of the 5Dshielded sensors (Fig. 3), the position accuracy is
also varying with the distance to the TTFG (Fig. 6). In gen-
eral, RMSE’s were very comparable between the 5Dshielded

and 6Drod sensors. Despite the controlled environment, some
measurements, such as 5Dshielded measurement 1 and 4, and
6Drod measurement 2, seem to be less accurate than the
other measurements (Fig. 6). In 5Dshielded measurement 1
the reduced accuracy could be contributed to one single sen-
sor, while in measurement 4 all sensors contributed to the
reduced accuracy (not shown). In 6Drod measurement 2 the
increased RMSE at 22 and 27cm was due to all four sensors
(not shown).

In Table 1 residual RMSE’s are shown after correction of
the measurements with the average DVF based on either all
sensor specific measurements, or all measurements together.
Both 5Dshielded and 6Drod measurement 1 seem to be an out-
lier, with initial and residual RMSE ≥0.16cm. The small
differences between correcting with sensor specific data or
the total dataset suggest that part of the position RMSE is
system specific.

Orientation jitter

There was very little orientation jitter for the optical sensor
plate rigid body tool, on average 0.006◦ (range 0.005◦–
0.009◦). The 5 measurements per EM sensor type, position,
and orientation were very reproducible, while the magnitude
of orientation jitter between sensors was varying (Fig. 7).
Combining three 5Dshielded sensors to assess orientation
resulted in orientation jitter of <0.1◦ close to the TTFG,
increasing to 0.4–0.9◦ at 47cm for the different orthogonal
rotation axis. Orientation measurements were most stable

Fig. 4 Vector jitter averaged over the entire measurement field for the different sensors and measurements
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Fig. 5 Vector jitter plotted for
distance to the origin of the
TTFG for both the 5Dshielded
and 6Drod data. An exponential
trend line is added for both
sensor sets, both fitting with an
r2 of 0.9

with the 6Ddisk (all within 0.11◦ jitter). With the 6Drod ori-
ented perpendicular to the rotation axis, orientation jitter was
within 0.20◦, while positioning the sensor in-line with the
rotation axis resulted in jitter of 2.5–4.5◦ at 47cm when
rotated along the z-axis.

Orientation accuracy

Similar to the jitter, the orientation accuracy was also vary-
ing for the different EM sensors (Fig. 8). The 6Ddisk was
most accurate,withRMSEvalues ranging from0.02 to 0.34◦.
For the 6Drod positioned perpendicular to the rotation axis,
RMSE values were slightly larger, mainly at a distance of
47cm above the TTFG (max 0.49◦). With the 6Drod in-line
with the rotation axis and the combined 5Dshielded sensors,
the RMSE was within 1.2◦ up to a distance of 37 from the
TTFG.At a larger distance to theTTFG, both sensors become
substantially less accurate.

Discussion

In this study we compared the position and orientation accu-
racy of standard electromagnetic 5DOF and 6DOF sensors.
The position accuracy was shown to be dependent on the
distance between the sensor and the field generator and was
very comparable between the sensor types. For the orien-
tation accuracy, the results ranged from sub-degree (<0.4◦

RMSE) for the 6Ddisk, to errors of several degrees at larger
distance to the field generator for the combined 5Dshielded

sensors and the 6Drod sensor in-line with the rotation axis.
For rectal tumor tracking, we would like to address both

position and orientation information. Our surgeons would
like to have a 1 mm and 1◦ accuracy. To achieve this, three
possible scenarios are available with the current system. Sce-
nario 1: one single 6Drod sensor is implanted, providing
information on position and orientation of the tumor. Sce-
nario 2: two 5DOF sensors are implanted and combined to
provide 6DOF information (similar to the 6Ddisk). Scenario
3: three (or more) 5Dshielded sensors are implanted in the
periphery of the tumor, and their position data are used to
derive position and orientation. Wagner et al. have already
shown in a porcine study that implantation of a wired sen-
sor in the esophagus was feasible [12]. Still, because of the
wired nature of the sensors, implantation of less sensors is
preferred. Simultaneously, tracking accuracy is also depen-
dent on the fixation of implanted sensors. Sensormigration in
scenario 1 will have a larger impact on the TRE of the tumor
compared to scenario 3, where the use of multiple sensors
will reduce the impact of sensor migration. Similarly, tumor
deformation can also result in target registration errors. For
the remainder of the discussion, we assume to have perfectly
fixed implanted sensors in a rigid tumor.

In terms of positions, there were no measurable differ-
ences between the 5Dshielded sensor and the 6Drod sensor.
Both position jitter and accuracy were comparable, and
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Fig. 6 PositionRMSEwith respect to the distance to theTTFGfor both
sensor sets. In the top row the vector RMSE for the 5 measurements
with the 5Dshielded sensors (left) and 6Drod sensors (right). Bottom row

the average RMSE separated for the orthogonal axes for 5Dshielded (left)
and 6Drod (right). Measurement 1 of the 6Drod sensors was excluded
from the average due to cabling problems

Table 1 Reproducibility of
RMSE over the different
measurements

In cm RMSE no correction RMSE after correction
using avgDVF5Dshielded

RMSE after correction
using avgDVFtotal

5Dshielded

Meas. 1 0.24 0.16 0.18

Meas. 2 0.17 0.07 0.08

Meas. 3 0.17 0.07 0.09

Meas. 4 0.21 0.10 0.12

Meas. 5 0.18 0.06 0.07

In cm RMSE no correction RMSE after correction
using avgDVF6Drod

RMSE after correction
using avgDVFtotal

6Drod

Meas. 1 0.23 0.18 0.21

Meas. 2 0.19 0.07 0.09

Meas. 3 0.19 0.07 0.08

Meas. 4 0.19 0.07 0.08

Meas. 5 0.18 0.07 0.10

Here the average local errors of either the sensor specific datasets were used to correct for the measurements
or the average local errors of all datasets
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Fig. 7 Orientation jitter for the different evaluated sensors. Note that the vertical axis of 6Drod in-line measurements (lower right) is scaled
differently from the other figures

Fig. 8 Orientation accuracy for the different evaluated sensors. Note that the scale of the vertical axis of bottom images is different from the images
on the top
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dependent on the distance to the TTFG (Fig. 5, 6, 7, 8). Jitter
results were comparable to literature (0.02 mm at 15 cm to
0.09 mm at 35 cm [13]). The shown exponential relation
(Fig. 5) suggests that position jitter can pose a substan-
tial problem at larger distance to the TTFG. The position
accuracy was comparable between both sensor sets and was
approximately 0.1 cm RMSE up to 32 cm from the TTFG.
At larger distances, the errors increased substantially, up to
0.4 cm RMSE at 52 cm from the TTFG. Similar results were
also established with the standard bedside NDI Aurora field
generator, at limited distance [14]. These results suggest that
tumor tracking in terms of positions should be done within
approximately 30 cm from the TTFG to assure an accuracy
of approximately 0.1 cm RMSE and that it is independent of
the sensor type.

For the incorporation of orientations in tumor track-
ing, differences were shown between the possible sensor
implantation scenario’s. For one 6Drod, orientation jitter and
accuracy was established within 1◦ for all positions and ori-
entations, except when the rotation was around the z-axis
with the sensor in line with the rotation axis (Fig. 8). In the
latter situation the rotation jitter and error increased beyond
1◦ at a distance of 37 cm from the TTFG. As expected from
the position accuracy, orientation accuracy in scenario 3 was
acceptable at close range, but decreased substantially at large
distance from the TTFG (e.g. 47 cm). The best orientation
accuracy was achieved with 6Ddisk, but was only slightly
better than 6Drod. These data imply that in the measurement
volume to approximately 30 cm from the TTFG all scenario’s
result in acceptable orientation accuracy with 1◦ RMSE. Ori-
entation results were comparable to the data provided by
Maier-Hein et al., who reported an average relative rotation
error of 0.7◦ (in 15–35 cm from the TTFG) [13]. The use of
position information of three EM sensors to derive orienta-
tion data has also been described by Franz et al., using the
wireless Calypso system. In their discussion they indicated
orientation errors of 0.12◦, using sensor distances which are
very comparable to our setup. Their results were more accu-
rate than our setup, which is mainly due to more accurate
position data using the Calypso system. We were not able
to identify relevant literature comparing the use of different
sensors or the separate orthogonal axes for orientation mea-
surements.

The jitter and accuracy for both positions and orienta-
tions were shown to be dependent on the distance to the field
generator (Figs. 5, 6, 7, 8). Therefore, caution is needed in
comparing results to other published data. There is no sin-
gle number representing the accuracy or jitter of a tracking
system. The most comparable study evaluating the TTFG is
by Maier-Hein et al. [13]. They evaluated jitter and accuracy
of a 5DOF sensor at 15, 25 and 35 cm distance to the TTFG
for 56 (8 rows by 7 columns, 5 cm distance) positions in
plane. It is important to note that this is still not the entire

work field, since it is possible to measure 12× 8 positions in
plane (Fig. 3). We actually noticed that measurements at the
edge of the oval xy-plane were sometimes less reliable. Fur-
thermore, in 6Drod position measurement 1 there was a clear
outlier in terms of jitter (Fig. 5), which was due to the posi-
tion of the sensor cables. The five repeated position accuracy
measurements per sensor type also indicated varying accu-
racy (Fig. 6), sometimes due to one sensor, sometimes all
four. Similar effects were also described in literature [13]
and demand for caution in the setup of measurements, even
in a controlled environment.

Ourmeasurement setupwas inspired on thework of Hum-
mel et al. andMaier-Hein et al. [13,21]. Their setup is mainly
focused on relative distances, but 3D errors throughout the
volume are also assessed using accumulation of distances
[13] or grid matching [21]. We chose to use an OTS as ref-
erence for assessment of absolute 3D errors throughout the
measurement volume. The stackable boxes and use of mul-
tiple sensors provide flexibility and speed in sampling of
the measurement volume, while the use of an OTS as refer-
ence makes reproducibility of sensor positioning less strict.
The disadvantage of using an OTS as reference is the need
for a calibration procedure to link the coordinate systems
of both tracking systems. In our study, the residual position
RMSE after calibration was 0.06 and 0.05cm for 5Dshielded

and 6Drod, respectively. The calibration results indicate the
lower limit of EMTS accuracy measurable with this system
setup. As the stackable boxes are not as rigid as the Hummel
setup, direct comparison of our measurements with literature
[13,21] is not available.

In our setup ideal measurement conditions were used. In
clinical practice, the environment in which the procedure
is done will influence the accuracy of the EMTS system
[15,22]. For example, in the intervention radiology setting
near a CT scanner accuracy of the TTFG can decrease by a
factor 3 [13]. We have shown that part of the position inac-
curacies were systematic (Table 1) and can be corrected. The
average DVF of the sensor specific data and the total dataset
both could be used to substantially decrease theRMSE.Hum-
mel et al. also described improved accuracy after calibration
of the field generator by the manufacturer [21], indicating
that there is a systematic component to the position RMSE.
During surgery, safety measures should be in place to mon-
itor the actual accuracy of the tracking system. The actual
accuracy of a clinical application which makes use of EMTS
is dependent on the total error model of the system. For every
new application, the error model should be composed, and
results from the current study might be beneficial to estimate
parts of the total model.

It is important to note the influence of the cable wiring, as
was shown in position measurement 1 of the 6Drod sensor.
We adapted the cable positions with respect to each other, the
TTFG and the TTFG cable until the bad measurements, indi-
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cated by the NDI software, were gone. An actual systematic
approach with guidelines would be convenient in the future.

We only evaluated the static position and orientation accu-
racy, while dynamic measurements might be less reliable.
Furthermore, we only evaluated the orientation accuracy
using the positions of multiple 5Dshielded sensors in one fixed
configuration. The orientation accuracy in this setup is depen-
dent on the sensor distance, and thus also tumor size. The
position accuracy data of this study can, however, be used
to estimate the orientation accuracy with other sensor dis-
tances. In this study, an OTS was used as reference standard
and was assumed to be perfect. Although OTS is known to
be much more accurate than EMTS, remaining errors are
present, and are masked in the presented EMTS results. The
optical markers of the OTS system were mounted on stan-
dard stainless steel spheremounts, which subsequentlymight
influence the magnetic field of the EMTS system. The actual
type of stainless steel is unknown to us, but it will probably
be an austenitic type, as many surgical tools are, which has
minor influence on the magnetic field. We made sure that the
sphere mounts were at least at a 3 cm distance from the EM
sensors.

In this study we focused on the setting of tumor track-
ing. Other topics of interest which can also be interesting are
tracking of steerable camera’s such as bronchoscopes, or col-
poscopes. In particular, the interaction of accuracy with other
equipment and the dynamic behavior can be interesting.

Conclusions

We have compared the position and orientation accuracy
of standard electromagnetic 5DOF and 6DOF sensors. The
position accuracy was shown to be dependent on the dis-
tance between the sensor and the field generator, and was
very comparable between the sensor types. For the orienta-
tion accuracy, the results ranged from sub-degree errors close
to the field generator, to errors of several degrees at larger dis-
tances. The orientation accuracy was sub-degree when using
the 6Ddisk sensor and was also within 0.5◦ when using the
6Drod sensor, except for one orientation of the 6Drod sensor.
Combining the position data of 3 sensors in a volume of 4 cm
diameter resulted in larger orientation errors of one to several
degrees. For practical applications, such as tracking of rectal
tumors during surgery using an electromagnetic system, it is
important to minimize the distance to field generator. Inde-
pendent of the sensor type, tracking accuracy within 30 cm
of the field generator can be expected in the order of 1 mm
and 1◦.
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