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Abstract
Purpose To evaluate the applicability of the Calypso® wireless transponder tracking system (Varian Medical Systems Inc.,
USA) for real-time tumor motion tracking during surgical procedures on tumors in non-rigid target areas. An accuracy
assessment was performed for an extended electromagnetic field of view (FoV) of 27.5×27.5×22.5 cm (which included the
standard FoV of 14×14×19 cm) in which 5DOF wireless Beacon® transponders can be tracked.
Methods Using a custom-made measurement setup, we assessed single transponder relative accuracy, absolute accuracy and
jitter throughout the extended FoV at 1440 locations interspaced with 2.5 cm in each orthogonal direction. The NDI Polaris
Spectra optical tracking system (OTS) was used as a reference. Measurements were taken in a room without surrounding
distorting factors and repeated in an operating room (OR). In the OR, the influence of a carbon fiber and regular stainless
steel OR tabletop was investigated.
Results The calibration of the OTS and transponder system resulted in an average root-mean-square error (RMSE) vector
of 0.03 cm. For both the standard and extended FoV, all accuracy measures were dependent on transponder to tracking array
(TA) distances and the absolute accuracy was also dependent on TA to OR tabletop distances. This latter influence was
reproducible, and after calibrating this, the residual error was below 0.1 cm RMSE within the entire standard FoV. Within the
extended FoV, this residual RMSE did not exceed 0.1 cm for transponder to TA distances up to 25 cm.
Conclusion This study shows that transponder tracking is promising for accurate tumor tracking in the operating room. This
applies when using the standard FoV, but also when using the extended FoV up to 25 cm above the TA, substantially increasing
flexibility.

Keywords Accuracy assessment · Electromagnetic tracking · Surgical navigation · Wireless tracking · Surgical oncology ·
Abdominal surgery

Introduction

For surgical planning and guidance of surgical interventions,
surgical navigation can be used. It has become part of the
daily routine in a variety of fields, e.g., neurological, ortho-
pedic, ear and facial surgical procedures [1–4]. In these fields,
most navigation techniques assume there are no anatomical
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changes between preoperative imaging and the actual situa-
tion during the surgical procedure. This assumption does not
apply to procedures in non-rigid areas such as the breasts and
the abdomen, in which the anatomy changes constantly due
to several factors such as breathing, organ deformation and
surgical manipulation [5]. Therefore, there is a demand for
soft tissue registration techniques.

Point-based registration has been studied as a possible soft
tissue registration technique for image-guided liver surgery,
where preoperative computed tomography (CT) imageswere
projected onto intraoperative ultrasound (US) images [6, 7].
With this technique, anatomical landmarks are identified
during the surgical procedure and subsequently registered
to the corresponding points visible on preoperative imag-
ing. However, any motion or deformation after registration
requires re-registration, hampering intraoperative usability.
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Alternatively, soft tissue registration can be performed of
autosegmented anatomical features on intraoperative US
with those corresponding on preoperative imaging [8]. Pre-
operative imaging can then be projected real-time onto US
imaging by tracking theUSprobe. This technique reduces the
effect of anatomical motion, but deformation of the anatom-
ical features directly influences the registration accuracy.
Surface registration techniques, in which systems such as
stereo cameras continuously acquire intraoperative data over
a large surface and match it with preoperative 3D models
[9–11], can allow for continuous registration. For these tech-
niques algorithms are being developed to compensate for
anatomical deformations [12, 13], even when sparse intra-
operative data are available [14]. However, some form of
intraoperative manual registration is still required.

A more direct approach is to use easy-to-track surro-
gates for locating the target. Examples of these surrogates
are optical markers, placed intraoperatively close to the tar-
get, and electromagnetically (EM) tracked needles or wired
EM sensors implanted in or around the target [15, 16]. Once
attached or implanted, intraoperative imaging techniques,
such as cone beam CT (CBCT) or US, are used to find the
relative position and orientation of the target with respect to
the markers or sensor(s). The target motion can be tracked
just by tracking these markers or EM sensors. Tracking with
EM sensors has the advantage over tracking optical markers
because it does not require a line of sight between sensor and
tracker [17, 18]. Up to now, EM trackers used for this purpose
are wired. This makes them prone to breaking, may induce
sensor migration and makes preoperative implantation diffi-
cult, because of possible inconvenience for the patient.

A solution may be found in an EM tracking technique
using wireless passive transponders which can be implanted
preoperatively [16]. Currently, the only clinically approved
system using this transponder tracking technique is the
Calypso’s GPS for the Body® technology (Varian Medi-
cal Systems Inc., Palo Alto, California, USA). This system
has been widely studied on targeting accuracy and usabil-
ity in radiotherapy (RT) [19–23]. Although the transponder
system is designed and approved only for RT application,
studies have shown its potential for surgical applications
[24–26]. The main advantage using implanted transponders
for surgery is in the workflow, which can be copied from RT.
Based on diagnostic imaging a patient is planned for surgery
and the target can be segmented. The transponders can be
implanted at the radiology department under US guidance.
In the days before surgery a CT scan is acquired to assess
the transponder locations with respect to the tumor segmen-
tation. In the OR, only the transponder locations need to be
measured in order to estimate where the target borders are.
Recently, transponder-based surgery on breast phantomswas
evaluated in a pilot study and compared with iodine seed-
guided surgery [26]. Results were promising, especially in

more complicated tumor shapes, and surgeons were enthusi-
astic about the possibilities. The breast phantom study was
conducted in a research environment with minimal distortion
of the EM-based tracking. To further investigate the potential
of a navigation setup using transponders for tumor tracking
in surgical procedures, this setup has to be translated to the
more challenging OR environment. In this study we focused
on application in surgical procedures in the pelvic area.

With the Calypso system, transponders are detected by a
sensor array integrated into the EM field generator exciting
the transponders. In an RT setting, this tracking array (TA)
is positioned above the patient such that an optical track-
ing system, mounted to the ceiling, can detect it and align
the linear accelerator. However, in the OR the TA cannot be
positioned above the patient as it would block the surgeon.
When positioned below the patient, the TA will be close to
the OR tabletop, and because EM tracking is known to be
distorted in proximity of most OR tabletops, this can sig-
nificantly lower the accuracy [27]. When this distortion is
reproducible, calibration can solve this effect.

With the TA underneath the patient, care should be
taken when positioning the patient, because the implanted
transponders should be within the tracking volume of the
TA and stay there for the rest of the navigated procedure.
This can be rather challenging with the limited field of view
(FoV) of the clinical transponder system which is 14×14×
19 cm. The tracking volume of the research transponder sys-
tem is substantially larger, about 27.5×27.5×22.5 cm. It
is, however, unknown how accurate the transponders can be
tracked within this extended volume. For assessing the rel-
ative accuracy a standardized protocol is available [28]. For
the surgical application, an additional tracking system is used
to track surgical tools besides the tumor [26]. The transpon-
der system cannot be used to track surgical tools, because all
three available transponders are used to assess the position
and orientation of the tumor. When combining two tracking
systems into one navigation application, absolute accuracy
needs to be known as well. This measure indicates how accu-
rately the transponder system can be calibrated with another
tracking system, to correctly display where the surgical tool
is with respect to the tumor. We used the NDI Polaris Spec-
tra optical tracking system (Northern Digital Inc, Waterloo,
Canada) as a reference for the absolute accuracy and could
therefore also be evaluated as a possible system for tracking
surgical tools.

In this studywe assessed the absolute and relative tracking
accuracy of the transponder system in the OR, where the TA
is positioned below the patient and transponders are tracked
within the clinical and extended FoV. Two types of OR tables
were investigated, andmeasurements were repeated to assess
the reproducibility of distortion for further calibration. As
a reference for all OR measurements, accuracy was also
assessed in a distortion free room (DFR).
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Materials andmethods

Hardware

The transponder system

The transponder tracking system consists of a console, a
real-time readout system, an EM Field Generator/Tracking
Array (TA) and three 5DOF implantable wireless Beacon®

transponders of size 8 mm × 1.85 mm [29]. The clinically
approved transponder system used in radiation oncology
requires that the transponders have to be within a tracking
volume of 14×14×19 cm, where the x- and y-axes are in
the horizontal plane of the TA and the z-axis points perpen-
dicularly away from the TA. Within this clinical tracking
volume, starting at 8 cm offset with respect to the TA, sin-
gle transponder position accuracy has been reported to range
from 0.004 to 0.035 cm (average Euclidean distance) and
single transponder precision from 0.0006 to 0.042 cm stan-
dard deviation [30]. Varian provided us with a transponder
system for research which has an extended tracking volume
of about 27.5×27.5×22.5 cm, starting at 5.5 cm offset. This
research systemalso allows access to single transponder posi-
tion information.

NDI Polaris Spectra

The NDI Polaris Spectra (Northern Digital Inc, Waterloo,
Canada), a flexible optical tracking system (OTS) with
passive reflective markers, was used as a reference for

absolute accuracy assessment. This OTS has a specified root-
mean-square error (RMSE) of <0.025 cm for single optical
markers, and for volumetric tools, consisting ofmultiple opti-
cal markers, the RMSE is <0.017 cm [31]. This reference
accuracy is considered sufficient when investigating possi-
ble submillimeter accuracy, as done in this study.

Measurement setup

The measurement setup was developed in-house, made of
polyoxymethylene (POM) material and designed for single
transponder accuracy assessment (manufacturing accuracy
between 0.005 and 0.01 cm). The TA was fixed in a sleeve
with the EM field pointing upwards, as shown in Fig. 1a.

The POM components of the setup on top of the sleeve
were designed to shift the transponders throughout the entire
extended tracking volume, conforming to a 3D grid of step
size 2.5 cm. This step size was considered sufficiently small
and facilitates comparison with the study of Franz et al.
[28], who also used this step size in x- and y-directions.
This resulted in 12×12×10�1440 transponder locations.
Horizontal transponder shifting was realized by moving a
black cube, in which the transponders were embedded, over
a Hummelboard with 2.5 cm spaced holes (drilling accu-
racy<0.001 cm) [28, 32]. The black cube, of size 10×
10×4 cm, was mounted into these holes and is referred to
as transponder phantom (Fig. 1b). The transponder phan-
tom had three cylindrical holes in which rods were inserted,
spaced2.5 cmapart. Each rod containedone transponderwith
its readout point exactly in the center of the rod (Fig. 1c).

Fig. 1 Pictures of the measurement setup (a), the transponder phantom (b) and one cylinders of the transponder phantom (c)
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Fig. 2 Setup for OR measurements. On the left a picture showing the complete setup environment and camera position. On the right a zoomed in
picture of the measurement setup fastened on the OR tabletop with Velcro and showing the feet to adjust ZTable

The rods are designed to rotate the transponders and fix
them in a horizontal or vertical orientation. Shifting the
transponders in vertical direction, i.e., in z-direction, was
realized by using stackable boxes underneath the Hummel-
board (Fig. 1a).

To be able to determine the transponder positions out of
the OTS data, four OTS-detectable passive reflective mark-
ers were incorporated onto the transponder phantom with
known configuration with respect to transponders (accuracy
between 0.005 and 0.01 cm). This also allows for calibrating
the transponder system (EMTS) and OTS system. However,
when moving the OTS camera or the TA after the calibra-
tion, i.e., moving the OTS with respect to the EMTS global
coordinate system, this calibration is not valid anymore.
Therefore, another group of four passive reflective markers
were mounted to the TA and the OTS transponder positions
were always determined with respect to the coordinate sys-
tem these spheres defined.

Data acquisition

We acquired transponder data at all 1440 single transponder
locations of the 3D grid, using our custom-made software.
Data of three transponders were collected simultaneously,
covering 3 locations of the 3D grid. The sampling rate
was 8 Hz per transponder, and 150 samples were recorded
per transponder location. The OTS data were acquired and
recorded similarly. All tracking information was commu-
nicated using OpenIGTLink TRANSFORM messages. For
readout of the NDI hardware of the OTS and the EMTS,
PlusServer from the Plus Toolkit (https://plustoolkit.github.
io/) was used [33]. The 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 EMTS were combined into one data stream. The
OTSwas connected to a laptop (dual-core 2.4GHz Intel Core
i7 5500U with 16 GB memory) using an USB 3.0 connec-
tion. The EMTS was connected to the same laptop using
a local area network connection with TCP/IP communica-
tion.

Measurements

The grid measurements were first performed in a DFR, act-
ing as a benchmark for the OR measurements. The DFR
measurements were repeated for three different transponder
orientations: parallel to the x-, y- and z-axes of the transpon-
der system.

In the OR, the setup was built to simulate clinically realis-
tic surgical procedures in the pelvic area, for example during
rectal cancer surgery [17]. The TA was positioned on top
of the OR tabletop with the EM field pointing upwards and
the TA cables running between the leg supports (Fig. 2).
Given this TA orientation, the transponders will most likely
bemore or less parallel to the y-axis of TAwhen implanted in
the pelvic area. The y-axis transponder orientation is there-
fore selected for the OR measurements. Tracking accuracy
was evaluated on two tabletop types, both developed by
Maquet (Rastatt, Germany): a carbon fiber tabletop and a
regular stainless steel tabletop. The carbon fiber tabletop is
preferred over a regular tabletop in a surgical navigation set-
ting with intraoperative imaging. However, also the carbon
tabletop is known to interfere with the transponder system
[29]. Since the amount of distortion strongly decreases with
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increasing TA to OR tabletop distance [27], the grid mea-
surement was repeated for four TA to tabletop distances,
i.e., ZTable �8.5, 12.5, 16.5 and 20.5 cm where ZTable is
the distance between the top surface of the OR tabletop
and the top surface of the TA (on the side of the functional
EM field). All other potentially distorting components in the
OR were kept at the same position over all measurements
performed. Clinically realistic positions were chosen for all
components in the OR, e.g., lights, monitors and leg sup-
ports.

Outcomemeasures

For each transponder location in the 3D grid, the absolute and
relative accuracies and jitter were calculated. These outcome
measures were summarized per level, i.e., per 2.5 cm step
in z-direction, by calculating the RMSE over all error values
measured at that level.

The absolute accuracy was defined as the vector differ-
ence between the average of the transponder position samples
recorded with the EMTS and those recorded with the OTS.
The relative accuracy was defined as the known physical dis-
tance subtracted by the distance measured with the EMTS
in the corresponding direction. We evaluated 2.5 cm dis-
tances, obtaining 11×12×2�264 relative accuracy values
per level (covering x- and y-directions). The jitter was cal-
culated by determining the standard deviation (SD) in each
orthogonal direction and then calculating the RMS of these
three SD values.

All outcome measures were calculated for the extended
FoVand the clinical FoV. Per level in z-direction, transponder
measurements were defined as outliers when they exceeded 3
times the interquartile range (IQR) of the error value dataset
at that level [34]. Outliers were excluded from the plotted
results, but the number and locations of these outliers were
reported.

Calibration of EMTS and OTS

For the calibration, the DFR data obtained of both the EMTS
and OTS system were selected within the range of XTr �−
6.25 to 6.25 cm, YTr �−6.25 to 6.25 cm and ZTr �10.5 to
18 cm, where XTr, YTr and ZTr, respectively, represent the x-,
y- and z-transponder position values in the EMTS coordinate
system. TheOTS transponder position datawere transformed
into the optical reference coordinate system (REF) which
was defined by the four reflective markers mounted to the
TA. With the OTS transponder position data expressed in
the REF, the positioning of the OTS camera was flexible
with respect to the TA (and vice versa) after the calibra-
tion. Using a least-squares fitting point match algorithm,
with the OTS and EMTS transponder position data as inputs,
the transformation matrix to get from OTS to EMTS coor-

dinates was determined. The average vector RMS error of
this fit was used as the measure for the calibration accu-
racy.

Calibration of OR distortion using ORmeasurement
results

To evaluate reproducibility of the distortion in the OR, the
OR measurements for both OR tabletops were repeated. The
absolute error vectors, including directional information, of
the first OR grid measurement were subtracted from the
results of the repeated OR measurement, and the residual
errors were evaluated. The OR grid measurement was only
repeated for ZTable at which most distortion was found.

Results

The calibration of the OTS and EMTS resulted in an average
vector RMSE of 0.03 cm. Due to the strong constraints of
the optical object definition of the transponder phantom, an
optimal view of the OTS camera on the transponder phantom
was required. Therefore, the camera had to be repositioned
a few times during the measurements.

DFRmeasurements

In the clinical FoV, the absolute and relative accuracies and
the jitter showed little to no difference over the different
transponder orientations, for transponder to TA distances
(ZTr) of 10.5 cm and higher (Fig. 3).

In both the clinical and extended FoV, the absolute and
relative accuracies stayed well within 0.1 cmRMS. The jitter
in the clinical FoV also stayed well below 0.1 cm for all
orientations, up to ZTr �25.5 cm, and at ZTr �28 cm the
jitter was around 0.2 cm. The jitter in the extended FoV was
higher with respect to the clinical FoV for the x-axis and
y-axis transponder orientation from ZTr �18 cm to ZTr �
28 cm. In that range the jitter increased from0.1 cm to 0.4 cm,
respectively, for the y-axis orientation and similarly for the
x-axis orientation except for the peak of 0.9 cm at ZTr �
28 cm.

In the clinical FoV, outliers were only detected at ZTr

�8 cm for the x-axis and z-axis transponder orientations
(Table 1). In the extended FoV, the absolute and relative num-
ber of outliers was higher at this level. Also at one level lower
(at ZTr �5.5 cm) and at ZTr ≥23 cm outliers were detected.
Most of the outliers at the higher levels were found for the
x-axis and y-axis transponder orientation at the edge of the
FoV at y�−13.75 cm. A visualization of the absolute errors
(including outliers) throughout the extended FoV is shown
in Fig. 4.
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Transponders along y-axis Transponders along z-axisTransponders along x-axis

Fig. 3 The DFR results of, from top to down, the absolute accuracy,
the relative accuracy and the jitter, plotted against the z-distance of the
transponders with respect to the EM tracking array. On the left the plots

for the clinical FoV and on the right the plots for the extended FoV. The
three different colors represent the three transponder orientations

ORmeasurements

Carbon tabletop results

In the OR, the relative accuracy and jitter results for all ZTable

distances, exceptZTable �8.5 cm, on the carbon tabletopwere
very similar to the DFR results, as shown in Fig. 5.

The distortion effect of the carbon fiber tabletop was evi-
dent in the absolute accuracy results, with the biggest errors
above 1 cm, whereas the effect was negligible for the jitter
and relative accuracy for ZTable larger than 8.5 cm. The abso-
lute accuracy strongly decreased with increasing ZTable, for
both the clinical and the extended FoV. For ZTr ≥20.5 cm
the biggest errors were found for transponder locations close
to the edges of the FoV in negative and positive y-direction.

No outliers were detected in the clinical FoV except for
4 outliers at ZTr �8 cm at ZTable �12 cm. The amount and
location of the outliers found in the extended FoV were sim-
ilar as found in DFR data.

Regular table results

Similar to the OR measurement results with the carbon fiber
tabletop, the relative accuracy and jitter results of the mea-
surements with the regular tabletop were very similar to the
DFR results (not shown). This applied to the clinical as well
as the extended FoV. The absolute accuracy results again
showed that increasing ZTable clearly decreases the absolute
errors (Fig. 6). The distortion due to the regular tabletop is
clearly less than the carbon fiber tabletop distortion, espe-
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Table 1 Overview of the outliers in DFR data, separated for the clinical and extended FoV

z-distance
transponders
w.r.t. TA (cm)

# Outliers in clinical FoV
(% out of 36 positions)

# Outliers in extended FoV
(% out of 144 positions)

x-axis
orientation

y-axis
orientation

z-axis
orientation

x-axis
orientation

y-axis
orientation

z-axis
orientation

5.5 6 (4%) 6 (4%) 7 (5%)

8 3 (8%) 6 (17%) 19 (13%) 6 (4%) 22 (15%)

10.5 1 (<1%)

13 1 (<1%)

15.5

18

20.5

23 3 (2%) 8 (6%)

25.5 5 (3%) 12 (8%)

28 19 (13%) 21 (15%) 2 (1%)

The rows represent the different transponder to TA levels and the columns the three different beacon orientations. Empty cells represent zero outliers

Fig. 4 3D visualization of the absolute errors, as found in the DFR,
throughout the extended FoV for y-axis transponder orientation. Each
sphere represents one measurement location in the 3D measurement
grid and the sphere radius is proportional to the absolute error at that
specific location, the bigger the radius the bigger the absolute error.

For visibility, the smallest dot diameter is 0.1 cm, representing errors
equal to or smaller than 0.1 cm, and the maximum dot diameter is 1 cm.
The black spheres indicate these measurements were within the clinical
FoV. On the left the view in positive x-direction of the EMTS and on
the right the view in positive y-direction

cially for larger transponder to TA distances. Outliers were
detected in similar amounts and at similar regions within the
FoV compared to the carbon tabletop measurements.

Calibration of OR distortion

The gridmeasurementwas repeated on the carbon fiber table-
top at ZTable �12.5 cm and on the regular tabletop at ZTable �
8.5 cm.The higherZTable for the carbon tabletopwas required
because we found, during the DFR measurements, that the
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Fig. 5 Results OR measurements with Carbon fiber tabletop. From top
to down: the absolute accuracy, the relative accuracy and the jitter in
cm, plotted against the z-distance of the transponders with respect to

the EM tracking array. On the left the plots for the clinical FoV and on
the right the plots for the extended FoV
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Fig. 6 Results OR measurements with regular tabletop. On the left the absolute accuracy results for the clinical FoV and on the right a similar plot
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Fig. 7 Effect of correcting for absolute errors caused by a carbon and regular OR tabletop at ZTable �12.5 cm and 8.5 cm, respectively

temperature of the carbon tabletop would get too high at
shorter ZTable distances. Eddy currents in the carbon mate-
rial, induced by theEMfield, are the cause of this temperature
rise. The results of the repeated OR grid measurement, with
the absolute errors of the first OR grid measurement sub-
tracted, are plotted in Fig. 7.

For the clinical FoV, correcting for the OR tabletop dis-
tortion resulted in absolute errors almost identical to those
found in the DFR measurements. Up to ZTr �20.5 cm, this
also applied to the extended FoV and the RMS error stayed
below 0.1 cm up to ZTr �25.5 cm.

Discussion

In the DFR, the relative and absolute accuracies within the
extended FoV (27.5×27.5×22.5 cm) were very similar
to what we found for the clinical FoV (14×14×19 cm),
although outliers were detected toward the edges of the track-
ing volume. Excluding these outliers, a relative and absolute
accuracy of 0.1 cm RMSE could still be achieved in these
regions, which is similar to the accuracy of wired EM track-
ing alternatives [35, 36]. There was little to no difference in
jitter between the clinical and extended FoV for the z-axis
orientation, whereas the x-axis and y-axis orientation showed
increased jitter in the extended FoV. TheOR tabletopsmainly
influenced the absolute accuracy, but this was reproducible
and could therefore be calibrated.

A standardized accuracy assessment protocol was used
to assess single transponder accuracy, comparable to Franz
et al. [28]. DFR results (Fig. 3) for the clinical FoV in the
current study are similar to their results: relative accuracy
and jitter increased with increasing transponder to TA dis-
tance, but stayed below 0.1 cm RMS. Furthermore, tracking
problems were encountered for x-axis transponder orienta-
tions at the level closest to the edge of the clinical FoV, i.e.,
ZTr �8 cm, and transponder orientation had very little effect
on the relative accuracy and jitter. In contrast to the study of
Franz et al., we also assessed accuracy for an extended FoV,

included absolute accuracy, measured at more levels (along
the z-axis) and repeated the assessment in an OR environ-
ment.

The extended FoV results were similar to the clinical FoV
(Fig. 3), although transponder outliers canbe expected forZTr

<10.5 cm and ZTr >20.5 cm. However, since the transpon-
der system calculates the isocenter of three transponders,
these outliers may be filtered out. Also, the risk and therefore
impact of these single transponder outliers can be limited by
avoiding the edges of the tracking volume at these levels,
especially in the outer y-directions. Figure 4 visualizes these
inaccurate regions. During actual surgery, outliers could
be detected by putting constraints on the inter-individual
transponder distances or on the RMSE for registering the
transponders to their implantation position. The jitter in the
extended FoV for the z-axis orientation was similar to the
jitter in the clinical FoV, whereas for the other orientations
the jitter was clearly higher, especially for the x-axis ori-
entation at ZTr �28 cm. To mitigate this increased jitter, a
Savitzky–Golay filter can be used. The absolute accuracy in
the extended FoV was within submillimeter range inside the
DFR, indicating the transponder system can be used with
high accuracy in combination with a second system to track
surgical tools.

In the OR measurements, decreasing the TA to OR table-
top distances highly reduced the absolute accuracy, resulting
in errors up to several millimeters and even above 1 cm
for a carbon tabletop at the largest transponder to TA dis-
tances assessed (Figs. 5, 6). The distortion was reproducible
and could be calibrated, achieving an accuracy of RMSE
of<0.1 cm within the extended FoV up to 25 cm above the
TA (Fig. 7). The distortion of the OR tabletops on the rela-
tive accuracy was limited and stayed below 0.1 cm RMSE
without calibrating the distortion. This means that in OR set-
tings where a second tracking system is not required to track
surgical tools and the distance between transponder posi-
tions will be relatively small, the transponder system can
be used with high accuracy without having to calibrate for
distortion. In this study, all three available transponders were
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assumed to be implanted inside the tumor area to derive posi-
tion and orientation data of the tumor. However, when only
positional information of the tumor is sufficient, navigation
using only three transponders seems feasible, for example
by using two of the transponders to track the surgical tool. It
is technically possible to track more than three transponders
with the transponder system, however, the system sampling
rate is 25 Hz, forcing a reduction in the sampling rate per
transponder with more transponders. A lower sampling rate
per transponder will lower the refreshment rate of a surgical
navigation interface, limiting the intuitive and efficient inter-
action of the surgeon with the interface. Also, when using
transponders to track a surgical tool, the influence on track-
ing accuracywhen transponders are in close proximity to that
tool, should be investigated. However, from our experience,
e.g., during the study of Janssen et al. [26], this influence is
negligible.

Assuming a setting where the transponder system is used
to track tumor position as well as tumor orientation, the
Polaris system may be used as a second tracking system to
track surgical tools, since the two tracking systems could
be aligned with 0.03 cm RMSE. Furthermore, the optical
markers accompanying this OTS can be used in a sterile envi-
ronment. In the calibration of the OTS with the EMTS, the
data of optical markers mounted onto the TAwere integrated
(Fig. 1a), so the camera and the TA could move relatively
to each other without having to recalibrate. In a clinical OR
setting, the optical markers on the TA would be underneath
surgical draping, so an alternative location of these markers,
with a rigid connection to the TA, should be selected or cre-
ated. When a clinical navigation setup using the OTS and
EMTS can be designed, the next step is to find a method to
correct for the OR tabletop distortion. This can be done by
preoperatively deriving a calibration set of this distortion and
use it intraoperatively, as long as the relative TA to tabletop
position is the same in both situations. In this study, data used
to calibrate the tabletop influence on accuracy were acquired
at the minimal TA to tabletop distances, respectively, 8.5 and
12.5 cm for the regular and the carbon tabletop. Smaller dis-
tances were not possible because of the construction of the
regular tabletop and the temperature rise of the carbon table-
top at lower distances. When adding the minimally required
ZTr of 5.5 cm (start of FoV), the patient to tabletop distance
has to be 14 and 18 cm for the regular and carbon tabletop,
respectively. With a custom-made thicker mattress, having
the TA inserted into it [37], the increase in patient to tabletop
distance can be reduced to 6 and 10 cm, given that the stan-
dard patient to tabletop distance is 8 cm. This is acceptable
when the custom-made mattress has sufficient firmness.

In the ORmeasurements single transponder accuracy was
assessed for the y-axis orientation only, because it is the
most likely transponder orientation for pelvic applications.
The absolute tracking accuracy and its reproducibility are

expected to be similar for other orientations. Similarly, it
is expected that the relative accuracy and jitter in the DFR
for other transponder orientations than the three orthogonal
orientations measured will not show significantly deviating
results. Further research is needed to verify these assump-
tions. Another limitation of this study is that mainly the
influence of the OR tabletop was assessed, while there
are more sources of distortion in the OR. Calibration for
other sources of distortion can be challenging, especially
for dynamic objects such as surgical tools. Franz et al. [28]
found that the accuracy can decrease with a few millimeters
RMS even when a metal object is about 5 cm away from the
transponders. However, in their setup the metal objects were
between the TA and the transponders, whereas this is less
likely to occur in the current proposed clinical setup because
the patient lies on top of the TA.

Our findings show that transponder accuracy within the
extended FoV is comparable to the accuracy of other wired
EM tracking techniques, even in proximity of the tested
OR tabletops after calibrating for their distortion, and that
it can be used together with an OTS for tool tracking. A
clinical workflow, for using transponders to track tumor
motion, already exists for RT and is therefore relatively
easy to implement for surgery. Our breast phantom study
on transponder-based surgery also showed the potential
of improving intraoperative awareness of preoperatively
defined tumor borders and surgeons were enthusiastic about
the possibilities [26]. Transponder-based tracking techniques
are promising for surgery on tumors in non-rigid target areas.
In future research, the reproducibility of the OR tabletop dis-
tortion for more transponder orientations and the effect of
other metal objects on the accuracy will be investigated. Fur-
thermore, a feasible clinical setup using the EMTS with the
OTS within the OR will be designed.

Conclusions

This study presents a navigation setup for surgical procedures
in the pelvic area, in which wireless transponder tracking
can be used for tumor motion tracking. Tracking accuracy is
dependent on the distance between the transponders and the
tracking array and is also dependent on the distance between
the OR table and the tracking array. The influence of the OR
tabletop on the accuracy is reproducible and can therefore
be compensated for by a calibration procedure. Prerequisite
for this is a sensor array to OR tabletop distance of at least
14 cm for a regular tabletop and 18 cm for a carbon tabletop.
After calibration, the extended field of view can be used with
a tracking accuracy of 0.1 cm RMSE over the full horizon-
tal range of 27.5×27.5 cm for transponder to sensor array
distances up to 25 cm. A flexible optical tracking system
was successfully integrated into the navigation setup, allow-
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ing for tracking surgical tools while transponders track the
tumor during surgery. These are encouraging results to fur-
ther develop wireless transponder-based tumor tracking for
surgical navigation.
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