
Fluoroscopy based accuracy assessment of
electromagnetic tracking

Ziv Yaniv and Kevin Cleary

Imaging Science and Information Systems (ISIS) Center, Dept. of Radiology,
Georgetown University Medical Center, Washington, DC, USA.

ABSTRACT

Tracking organ motion due to respiration is important to enable precise interventions in the regions of the
abdomen and thorax. Respiratory induced motion in these regions may limit the accuracy of interventions which
do not employ some type of tracking. One method of tracking organ motion is to use a predictive model based on
external tracking that is correlated to internal motion. This approach depends on the accuracy of the model used
for correlating the two motions. Ideally, one would track the internal motion directly. We are investigating the
use of electromagnetically tracked fiducials to enable real-time tracking of internal organ motion. To investigate
the in-vivo accuracy of this approach we propose to use stereo-fluoroscopy. In this paper we show that stereo-
fluoroscopy is accurate enough to serve as a validation method, displaying sub-millimetric accuracy (maximal
error of 0.66mm). We study the effect of the bi-plane fluoroscopes on the electromagnetic systems’ accuracy,
and show that placing the bi-plane fluoroscopes in a typical intra-operative setup has a negligible effect on the
tracking accuracy (maximal error of 1.4mm). Finally, we compare the results of stereo-fluoroscopy tracking and
electromagnetic tracking of needles in an animal study, showing a mean (std) difference of 1.4 (1.5)mm between
modalities. These results show that stereo-fluoroscopy can be used in conjunction with electromagnetic tracking
with minimal effect, and that the electromagnetic system is accurate enough for motion tracking of internal
organs.
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1. INTRODUCTION

Tracking target motion due to respiration is important for precise interventions in the regions of the abdomen
and thorax. Respiratory induced motion in these regions can be up to several cm,1, 2 thus severely limiting the
accuracy of interventions which do not employ some type of tracking. This is an important issue in radiotherapy
procedures. The goal of these procedures is to irradiate a tumor while limiting the radiation delivered to adjacent
normal tissue.3–5 Internal organ tracking is also an issue in percutaneous procedures involving soft tissue, where
the target is continuously moving. For example, different types of biopsies, where a needle must be inserted into
a tumor, and the TIPS procedure,6 where a needle is passed through two blood vessels inside the liver.

Two common methods for real-time respiratory induced motion tracking are direct observation,3, 7 and use
of a surrogate signal which is correlated with the motion of the region of interest (ROI).8, 9 Direct observation
methods track the ROI by using continuous imaging, usually X-ray radiography. These methods either track
visible anatomical landmarks or implanted fiducials. Methods that use surrogate signals establish a correlation
between the motion of the ROI as observed via imaging and other measures due to respiration, such as movement
of the thorax and abdomen. Once the correlation is established the surrogate signal is used to predict the motion
of the ROI.

Ideally one would use direct observation as it does not make assumptions with regard to the nature of the
motion, while the use of a surrogate signal assumes systematic motion. This assumption does not always hold,
and requires occasional validation by use of intra-operative imaging.9 While direct observation is an ideal
method of tracking it also has its limitations, mostly due to the employed modality, X-ray imaging. In many
cases the delivered radiation dose due to imaging may be too high.4 Another limitation to this approach is
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its inability to work for extended periods of time. This is due to heating of the X-ray tube during the image
acquisition process.

We are currently investigating the use of electromagnetically tracked fiducials, which will allow direct tracking
without the need for X-ray imaging.10 This approach will enable real-time tracking for extended periods of time
without any assumptions with regard to the nature of the motion due to respiration.

To asses the in-situ accuracy of electromagnetic (EM) tracking we propose to use stereo-fluoroscopy, specifi-
cally a bi-plane fluoroscopic C-arm unit. The 3D measurements obtained by stereo-fluoroscopy will serve as our
ground truth. This approach is motivated by previous studies11 that have shown that the accuracy of stereo-
fluoroscopy, after calibration, is sub-millimetric. EM tracking accuracy is then evaluated by simultaneously
acquiring X-ray images from both C-arms and data from the tracking system, after which the data from both
systems is compared.

A major concern in our approach is the effect of our observation method on the tracking accuracy, as it may
degrade due to the proximity of the metallic C-arm frames. Previous studies12 have concluded that placing a
C-arm fluoroscopy unit near the EM tracking system causes considerable distortion (18.66 ± 24.9mm). More
recent studies13, 14 conclude that EM tracking systems have improved their robustness to the presence of metallic
objects, although they do not specifically test the effect of a C-arm unit.

This paper describes the proposed validation method and presents our experimental results. We assess the
accuracy of EM tracking given a known motion, the effect of our observation method on the tracking accuracy,
and we compare the in-vivo results obtained by stereo-fluoroscopy and EM tracking from a swine animal study.

2. MATERIALS AND METHODS
To use the bi-plane fluoroscopic C-arm unit for stereo reconstruction we need to calibrate each of the C-arms
and to establish the spatial relationship between them.

We model each of the fluoroscopic C-arm units as a pinhole camera with geometric distortion, as this has
been shown to be an appropriate approximation of the X-ray imaging process.15, 16 An important aspect of
C-arm calibration is that the camera parameters are orientation dependent. In our case, this does not pose a
problem as we can calibrate the stereo pair in the predetermined setup that is used for data acquisition.

Calibrating each of the C-arms is a two step process, consisting of estimation of the geometric distortion
followed by estimation of the camera internal and external parameters.15, 16 To estimate the geometric distortion
we acquire an image of a fiducial grid which is attached to the image intensifier of each of the C-arms. We
then acquire an image of a calibration target from both C-arms simultaneously. This establishes the spatial
relationship between the pair of C-arms, as their respective poses are computed relative to the same coordinate
system. Once both C-arms are calibrated and their spatial relationship is established we apply the standard
triangulation technique to reconstruct the 3D information.17

To compare between the 3D data obtained using the EM tracking system and the stereo-fluoroscopy we need
to establish the spatial and temporal relationships between the data sets. To minimize the temporal difference
between the data sets we try to start the data acquisition simultaneously. As this is done manually we cannot
start data acquisition at exactly the same time. However, we can ensure that both data sets start on the same
breathing cycle and have a temporal difference of less than two seconds between them.

As both data sets describe the same point motion in different coordinate systems we align them using a
constrained iterative closest point (ICP)18 approach. The constraint we add to the matching process enforces
the known temporal order of the points. We also incorporate the knowledge that there is a shift of at most k = 2
seconds between data sets. Starting with the first point in one data set we search for the closest point in the
other data set among all points which were acquired in the first k seconds. From here on the search for the next
match is constrained to the set of points in the k second interval starting at the previously matched point.

In all our experiments we used a Siemens Neurostar bi-plane fluoroscopy unit, with an image resolution of
1024×1024, the Aurora EM tracking system from Northern Digital Inc. (Ontario, Canada), and MagTrax needle
probes from Traxtal Technologies (Belaire, Texas, USA) were used as fiducials. The calibration target used for
stereo calibration is built of Delrin and consists of 36 stainless steel fiducial spheres distributed on two planes
70mm apart (Fig. 1).
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Figure 1. (a) Calibration target and (b),(c) pair of stereo-fluoroscopy images.
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Figure 2. Photographs of (a) baseline accuracy setup (b) bi-plane fluoroscopy in a typical imaging position over the
range of motion (20mm).

3. EXPERIMENTAL RESULTS

To verify the validity of our approach we performed three experiments using a linearly translating stage (Bearing
Engineers Inc., USA) whose accuracy is better than 0.1mm. In each experiment we placed needles on the
linear stage and translated it through ten positions with increments of 2mm between consecutive positions. This
process was repeated twice in each of the experiments. We then computed two error measures, errors in distances
between points and deviation of points from a straight line.

Distance errors were computed by comparing the known distances between all points and those obtained
using the measurement method we were assessing, EM tracking or stereo-fluoroscopy. The deviation from a
straight line was computed using Principle Component Analysis. As we know that the points are on a line we
can perform a least squares fit of that line using PCA. The line is defined by the mean of the points and the first
principle component, the direction of maximal variance. The point’s distance from this line is the second error
measure we use.

In the first experiment we assessed the accuracy of the 3D reconstruction obtained using bi-plane fluoroscopy.
First the bi-plane fluoroscopes were calibrated. Then we placed three needles on the linear stage and translated
it as described above. We then computed the two error measures. Our results show that the accuracy of
stereo-fluoroscopy is better than 0.3mm when comparing distances and better than 0.7mm when comparing the
deviation from the known direction of motion, confirming that stereo fluoroscopy is accurate enough for use as
a validation for EM tracking. The results of this experiment are summarized in Table 1.
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Figure 3. Pair of stereo images of electromagnetically tracked needles placed inside of swine liver. Boxes denote needle
tips used for stereo reconstruction (zoomed version in insets).

The second experiment assessed the accuracy of the EM tracking system in the interventional suite under
the best possible conditions and serves as our baseline. We placed four electromagnetically tracked needles on
the linear stage, Fig. 2(a), and translated it as described above. At each position we acquired a reading from
the tracking system. We then computed the two error measures. Our results show that the accuracy of the EM
tracking system is better than 1.3mm when comparing distances and better than 0.2mm when comparing the
deviation from the known direction of motion, confirming that EM tracking is accurate enough for our purposes.
The results of this experiment are summarized in Table 2.

The third experiment assessed the effect of our validation method on the accuracy of the EM tracking system.
As our method requires placing the bi-plane fluoroscopes in the vicinity of the EM field generator and tracked
fiducials we expect it to effect the accuracy of the system.12 We repeated the second experiment, only this time
both C-arms were placed in the imaging setup which is used for stereo reconstruction, Fig. 2(b). The EM field
generator was placed as close as possible to the tracked needles, within a clinically viable setup. Our results
show that the accuracy of the EM tracking system is better than 1.5mm when comparing distances and better
than 0.1mm when comparing the deviation from the known direction of motion. We conclude that although
both C-arms are placed near the EM field generator and the tracked fiducials their effect on the system in this
setup is negligible. The results of this experiment are summarized in table 3.

Finally, we performed a swine study, under an approved protocol, to validate the accuracy of EM tracking in
a respiring animal. Four electromagnetically tracked needles were placed in a swine liver (Fig. 3). The animal
was ventilated and we simultaneously acquired images with the fluoroscopes and readings from the EM tracking
system. Three 40sec data sets were acquired. Only two of the four needles were used for stereo reconstruction
as the tips of the other two needles were too close to each other and were overlapping in most images. We then
aligned the stereo-fluoroscopy data to the EM tracking data as describe in section 2. Figure 4 shows an aligned
data set for both needles. Our results show that the mean (std) distance between the stereo data and the EM
tracking data for both needles is less than 1.4 (1.5)mm with a median of less than 0.8mm. The maximal distance
was less than 6.2mm. This error is most likely due to the difference in sampling rates between the EM system
(20Hz) and the stereo fluoroscopy system (6Hz) that leads to incorrect matches of points acquired during rapid
respiratory motion. These initial results are promising, and suggest that direct tracking of internal organs using
electromagnetically tracked fiducials in the interventional suite is possible.



Needle Distance Error Deviation From Straight Line
mean (std) max mean (std) max

1 0.09 (0.09) 0.25 0.22 (0.13) 0.44
2 0.08 (0.06) 0.18 0.23 (0.09) 0.38
3 0.07 (0.06) 0.18 0.25 (0.16) 0.66

Table 1. Errors between known distances and those computed using stereo-fluoroscopy, and distances between computed
points and the line corresponding to the first principle component. All measurements are in mm.

Needle Distance Error Deviation From Straight Line
mean (std) max mean (std) max

1 0.5 (0.32) 1.2 0.04 (0.02) 0.06
2 0.19 (0.12) 0.52 0.02 (0.01) 0.03
3 0.14 (0.09) 0.37 0.03 (0.02) 0.09
4 0.26 (0.17) 0.64 0.06 (0.04) 0.12

Table 2. Baseline errors between known distances and those computed using data acquired by the EM tracking system,
and distances between acquired points and the line corresponding to the first principle component. All measurements are
in mm.

Needle Distance Error Deviation From Straight Line
mean (std) max mean (std) max

1 0.6 (0.38) 1.4 0.03 (0.01) 0.05
2 0.23 (0.15) 0.56 0.02 (0.01) 0.03
3 0.2 (0.13) 0.49 0.04 (0.02) 0.07
4 0.12 (0.09) 0.32 0.04 (0.03) 0.09

Table 3. Effect of bi-plane fluoroscopes on accuracy of EM tracking. Errors between known distances and those computed
using data acquired by the tracking system, and distances between acquired points and the line corresponding to the first
principle component. All measurements are in mm.
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Figure 4. Data from stereo-fluoroscopy and EM tracking system after application of ICP alignment for two needles
implanted in swine liver.



4. DISCUSSION AND CONCLUSIONS

Tracking target motion due to respiration is important for precise interventions in the regions of the abdomen
and thorax. Respiratory induced motion in these regions can be up to several cm, severely limiting the accuracy
of interventions which do not employ some type of tracking. We are currently investigating the use of EM tracked
fiducials which will enable direct tracking of anatomy for extended periods of time. To validate the accuracy of
the tracking we proposed to use stereo-fluoroscopy.

In this paper we have shown that stereo-fluoroscopy is accurate enough to serve as a validation mechanism for
in-situ tracking, exhibiting sub-millimetric accuracy (errors below 0.7mm). We have also shown that concurrent
acquisition of fluoroscopic images and EM tracking data is possible, with a negligible effect on the accuracy of
EM tracking due to the proximity of the C-arm frames (errors below 1.5mm). Finally, we assessed the in-situ
accuracy of EM tracking in a swine animal study using stereo fluoroscopy as our ground truth. Our results show
a mean (std) difference of 1.4 (1.5)mm with a median of less than 0.8mm, and a maximal difference 6.2mm
between stereo fluoroscopy and EM tracking. This maximal error is most likely due to erroneous point matches
arising from points sampled during rapid respiratory motion.
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