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Abstract

Modern surgery is transitioning from traditional open surgery to minimally invasive pro-
cedures, and intra-operative imaging is increasingly used to refine surgical planning and
to precisely target regions of interest. One fundamental requirement for image-guided
interventions is the accurate knowledge about the spatial relations between all objects of
interest. We critically review clinically established tracking technologies, including optical
and electromagnetic tracking, and novel, upcoming technologies. Optical tracking offers
high accuracy and reliability, but requires a constant line of sight. Electromagnetic track-
ing is susceptible to distortions of the electromagnetic field, but does not depend on line of
sight. It is currently the dominant technology for tracking of internal organs, and of flexi-
ble instruments within the human body, but still poses challenges in terms of non-uniform
accuracy and noise.

This dissertation presents several new concepts for advanced hybrid tracking systems
for computer-assisted interventions. First, the power of electromagnetic and optical track-
ing systems is amplified through mathematical modelling of a laparoscopic ultrasound
transducer’s flexible parts. We visualise the ultrasound images in a tracked laparoscope’s
video images, and via computer vision methods we close the loop to optimise the very
same overlay accuracy, which is most important for live laparoscope video augmentation.

Then we demonstrate a novel approach to hybrid image-based and electromagnetic
tracking, by modelling the output as continuous. Compared to previous methods, smooth-
ness in terms of inter-frame motion is greatly improved.

Finally, we introduce a completely new tracking paradigm, by robotically keeping the
electromagnetic tracking sensor always close to the centre of the tracking volume, in order
to minimise electromagnetic tracking errors. This is the first general solution providing
uniform tracking accuracy throughout the volume. In particular, this solution improves
tracking accuracy by a factor of two, while at the same time extending the tracking volume
up to the reach of the robot.

The methods presented in this dissertation were developed in close collaboration with
medical partners. In order to meet clinical requirements for use on real patients, they
were thoroughly evaluated on phantoms and ex-vivo animal specimens. In a conclusion
we demonstrate, how such advanced hybrid tracking solutions can be used to approach
abdominal settings, where just a decade ago tracking might have been dismissed as im-
possible.

Keywords: Image-Guided Interventions, Computer-Aided Surgery, Hybrid Tracking
Systems, Medical Augmented Reality
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Zusammenfassung

Moderne Chirurgie befindet sich im Übergang von der traditionellen, offenen Chirurgie zu
minimal invasiven Eingriffen, und intra-operative Bildgebung wird immer mehr genutzt,
um chirurgische Planung anzupassen und Zielregionen präzise anzusteuern. Eine Grund-
legende Voraussetzung für bildgestützte Chirurgie sind genaue Informationen über die
räumliche Lage aller relevanten Objekte. Wir betrachten klinisch etablierte Technologien
wie optisches oder elektromagnetisches Tracking und neue, aufkommende Technologien.
Optisches Tracking bietet eine hohe Genauigkeit und Zuverlässigkeit, benötigt aber eine
konstante Sichtverbindung. Elektromagnetisches Tracking ist empfindlich für Störungen
des elektromagnetischen Felds, aber hängt nicht von einer Sichtverbindung ab. Es ist ak-
tuell die vorherrschende Technologie, innere Organe oder flexible Instrumente innerhalb
des menschlichen Körpers zu verfolgen, aber bietet immer noch Herausforderungen in
Bezug auf nicht gleichförmige Genauigkeit und Rauschen.

Diese Dissertation stellt mehrere neue Konzepte für erweiterte hybride Trackingsys-
teme für computer-unterstützte Eingriffe vor. Zunächst werden die Möglichkeiten von
elektromagnetischen und optischen Systemen dadurch verstärkt, flexible Teile einer la-
paroskopischen Ultraschall-Sonde mathematisch zu modellieren. Wir stellen die Ultra-
schallbilder innerhalb von Videobildern eines nachverfolgten Laparoskops dar. Über
Methoden des Bildverstehens schließen wir den Kreis, und wir optimieren genau die
Überlagerungsgenauigkeit, die für die Augmentierung von laparoskopischen Videobil-
dern am meisten bedeutsam ist. Dann stellen wir einen neuen Ansatz für hybrides bild-
basiertes und elektromagnetisches Tracking vor, indem wir die Ausgabe als kontinuierlich
modellieren. Im Vergleich zu früheren Methoden wird die Stabilität im Hinblick auf Be-
wegung zwischen einzelnen Videobildern deutlich verbessert. Schließlich zeigen wir eine
völlig neue Sichtweise auf, indem wir einen elektromagnetischen Sensor mit Hilfe eines
Roboters stets im Zentrum des Tracking-Volumens halten, um die Fehler von elektroma-
gnetischem Tracking zu minimieren. Dies ist die erste allgemeine Lösung, gleich bleibende
Tracking-Genauigkeit über das gesamte Volumen hinweg zur Verfügung zu stellen. Insbe-
sondere verbessert diese Lösung die Tracking-Genauigkeit um einen Faktor von zwei und
erweitert gleichzeitig das Tracking-Volumen bis zur Reichweite des Roboters.

Die Methoden, die in dieser Dissertation vorgestellt werden, wurden in enger Zusam-
menarbeit mit medizinischen Partnern entwickelt. Um klinische Anforderungen für die
Anwendung an tatsächlichen Patienten zu erfüllen, wurden diese Methoden sorgfältig an
Phantomen und tierischen Proben ex vivo getestet. Als Abschluss zeigen wir auf, wie sol-
che erweiterten hybriden Tracking-Lösungen benutzt werden können, abdominelle Auf-
gabenstellungen anzugehen, die vor gerade einmal zehn Jahren noch als unlösbar hätten
gelten können.

Schlagwörter: Bildgestützte Chirurgie, Computerunterstützte Chirurgie, Hybride
Trackingsysteme, Medizinische Erweiterte Realität
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1. Introduction: Image-Guided Interventions

“The winds and waves are always on the side of the ablest navigators.” – Edward Gibbon

1.1. Image-Guided Interventions

In image-guided interventions, surgical tools and devices are intra-operatively localised
and tracked, pre-operative 3-D images are registered to physical space, and tools and
devices are visualised with respect to these pre-operative images [Pete 08]. Increasingly,
intra-operative imaging is used to refine surgical planning and to precisely target regions
of interest.

Nowadays, there is a growing number of commercially available solutions for image-
guided interventions like StealthStation (Medtronic, Louisville, CO, USA) for neuro-
surgery, iLogic (superDimension, Minneapolis, MN, USA) for bronchoscopy, or de-
clipseSPECT (SurgicEye, München, Germany) for surgical oncology.

Notwithstanding the importance of other sub-tasks like visualisation, tracking is an
essential component for image-guided interventions. Accuracy and integration require-
ments are ever increasing, or vice versa, ever increasing accuracy and better integra-
tion enable novel applications, and image-guided interventions are gradually expand-
ing from neurosurgery and orthopaedic surgery to other disciplines like endoscopic
[Gild 05, Haut 05, Eber 07] or abdominal surgery [Klee 06, Rass 09].

Tracking systems have to meet strict clinical requirements regarding accuracy and re-
liability, but also seamless integration into the workflow. Clinically established tracking
technologies are optical and electromagnetic tracking. Optical tracking offers high accu-
racy and reliability, but requires a constant line of sight. Electromagnetic tracking is sus-
ceptible to distortions of the electromagnetic field, but it does not depend on line of sight. It
is currently the dominant technology for tracking of internal organs, and of flexible instru-
ments within the human body, but still poses challenges in terms of non-uniform accuracy
and noise.

1.2. Outline and Major Contributions

After a critical review of established and upcoming tracking technologies, we demonstrate
calibration and registration techniques for intra-operative tracking and navigation. This
dissertation then presents several new concepts for advanced hybrid tracking systems for
computer-assisted interventions.
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1. Introduction: Image-Guided Interventions

1.2.1. Hybrid Magneto-Optic Tracking of Laparoscopic Ultrasound

Related Work: Electromagnetic tracking of laparoscopic ultrasound has been proposed
for augmentation of laparoscopic images [Harm 01, Ells 04, Kruc 05]. Electromagnetic
tracking alone, however, is susceptible to tracking errors from distortions of the electro-
magnetic field. Hybrid optical and electromagnetic tracking systems for laparoscopic ul-
trasound were proposed [Naka 02, Koni 07, Naka 08a], in order to overcome this limita-
tion. Similarly, tracking of a robotically controlled laparoscopic ultrasound transducer
was presented [Leve 05], but none of these approaches consider the bending of the laparo-
scopic probe’s flexible parts, and none are suitable to detect or correct dynamic tracking
errors, which occur due to varying distortions of the electromagnetic tracking field.

Contribution: [Feue 07, Feue 08b, Feue 09] The power of electromagnetic and optical
tracking systems is amplified through mathematical modelling of a laparoscopic ultra-
sound transducer’s flexible parts. Tracking accuracy is optimised intra-operatively in real-
time. We visualise the ultrasound image in a tracked laparoscope’s video images, and via
computer vision methods we close the loop to optimise the very same overlay accuracy,
which is most important for live laparoscope video augmentation.

1.2.2. Hybrid Image-Based Tracking with Smooth Output

Related Work: Bronchoscope tracking by electromagnetic tracking systems has been
proposed more than a decade ago [Solo 98], as well as “virtual bronchoscopy”, where
bronchoscopy-like images are rendered from pre-operative computed tomography (CT)
volumes [Engl 98, Aqui 99, Hapo 99]. Shortly after, bronchoscope tracking by 2-D/3-D
registration between the real 2-D video images and the 3-D CT volume was proposed
[Mori 00, Sher 00], and later extended to hybrid image-based and electromagnetic track-
ing for bronchoscopy [Mori 05, Sope 09]. In these approaches electromagnetic tracking
is used as an initialisation for the image registration. The numerical optimisation, how-
ever, is prone to local minima, and small changes in the initialisation from electromagnetic
tracking may lead to different local minima. Thus, noise from electromagnetic tracking is
amplified by hybrid tracking.

Contribution: [Luo 10b, Reic 11, Reic 12] We demonstrate a novel approach to hybrid
image-based and electromagnetic tracking, by modelling the output as continuous. We
model the output using Catmull-Rom splines for position and spherical linear interpola-
tion (SLERP) of quaternions for rotation. Compared to previous methods, smoothness in
terms of inter-frame motion is greatly improved.

This approach leads to an extensible framework for registration to preoperative CT
images, and we provide a thorough evaluation of our approach using expert-provided
ground truth data, including quantitative measurements for these experts’ performance.

1.2.3. Electromagnetic Servoing

Related Work: Co-calibration between optical and electromagnetic tracking systems has
been proposed [Birk 98a, Naka 00, Naka 02], in order to at least partly avoid the line of

2



1.2. Outline and Major Contributions

sight limitation for optical tracking systems by switching to electromagnetic tracking in
case of obstruction. It has been noted before [Fran 03, Schn 07] that electromagnetic track-
ing accuracy is not uniform across the tracking volume. Recently, a novel compact field
generator for electromagnetic tracking with limited tracking volume was presented for ap-
plications, where the field generator is mobile (Northern Digital, Waterloo, ON, Canada).

Contribution: We introduce a completely new tracking paradigm, by robotically keep-
ing the electromagnetic tracking sensor always close to the centre of the tracking volume,
in order to minimise electromagnetic tracking errors. This is the first general solution pro-
viding uniform tracking accuracy throughout the volume. In particular, this solution im-
proves tracking accuracy by a factor of two, while at the same time extending the tracking
volume up to the reach of the robot.
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2. Tracking Technologies – State of the Art

In this chapter we will critically discuss the clinically established tracking technologies, in-
cluding optical and electromagnetic tracking, and novel, upcoming technologies, includ-
ing radio frequency identification (RFID) and fibre-optic tracking. Tracking systems need
to be carefully evaluated with regard to clinical requirements, and in general, the choice of
the optimal tracking technology will be highly application-specific.

During the last decade mostly two technologies have become clinically accepted and
put into widespread use: optical tracking, and electromagnetic tracking. Both have been
evaluated for surgical use, and found to provide sufficient accuracy for e.g. orthopaedic
surgery [Spar 03] or neurosurgery [Masc 05].

Examples for optical tracking systems include the Polaris and Optotrak systems (North-
ern Digital, Waterloo, ON, Canada), and ARTtrack (Advanced Realtime Tracking, Weil-
heim, Germany). Examples for electromagnetic include the Aurora (Northern Digital) and
3DGuidance medSAFE systems (Ascension Technology, Burlington, VT, USA), for both of
which there are miniature sensors available. Sensors of the Fastrak system (Polhemus,
Colchester, VT, USA) are several centimetres wide and mostly targeted towards motion
capture.

Besides these, there is an ever growing number of application-specific systems incor-
porating optical and/or electromagnetic tracking systems: VectorVision (Brainlab, Feld-
kirchen, Germany), StealthStation (Medtronic, Louisville, CO, USA), PercuNav (Philips,
Hamburg, Germany), eNLite (Stryker, Freiburg, Germany), and others.

Optical tracking systems are accurate and reliable, but need a constant line of sight.
Electromagnetic tracking systems can operate without a line of sight, but require a care-
fully controlled environment in order to avoid distortions of the electromagnetic tracking
field. Due to the various influences in the operating room, all tracking systems in general
perform worse there than specified for an ideal environment [Wagn 02].

2.1. Optical Tracking

For optical tracking two or more cameras are used, which are mounted in a known, fixed
configuration, e.g. ceiling-mounted. Dedicated fiducials or “markers” are segmented in
camera images. There are several designs for such markers, which can be distinguished
into visible-light patterns, passive retro-reflective infra-red markers, and active infra-red
light-emitting diodes (LEDs).

Visible-light patterns can be segmented in regular visible-light video. These patterns have
high contrast edges for robust segmentation, and one particular advantage is that only a
single video stream is required for both tracking and recording of the scene. Compact
tracking systems based on this technology are available (MicronTracker, Claron, Toronto,
ON, Canada) [Deke 05]. However, robustness suffers in cluttered environments.

5



2. Tracking Technologies

(A) Optically tracked device (B) Optical tracking system

FIGURE 2.1.: Optically tracked device, and optical tracking system. 2.1a) Optical track-
ing targets are mounted on an intra-operative hand-held gamma probe,
and on an ex-vivo phantom. 2.1b) declipseSPECT imaging system (Sur-
gicEye), including an optical tracking system. There are rings of infra-red
strobe lights around the two tracking cameras left and right.

Instead of visible light, images can be taken in the invisible near infra-red spectrum.
Then, additional illumination is possible without disturbing the users, and markers have
a well-defined, bright appearance in the camera images, since there are usually no other
sources of near infra-red illumination.

Passive retro-reflective infra-red markers are usually spheres and used in a “passive” config-
uration, where the scene is illuminated by strobe lights close to the cameras. An example
of such an optical tracking system is shown in Figure 2.1. Spheres are particularly suit-
able, since the image of a sphere is always a circle, regardless of orientation. These circles
may be segmented with sub-pixel accuracy using standard image-processing techniques –
a spherical fiducial can typically be segmented with 0.04 pixel accuracy, as long as it cov-
ers at least three pixels in the image [Adva 12]. However, all markers look identical and
tracked objects need to be distinguished at a later stage.

Several implementations of retro-reflection are possible: Retro-reflective coatings like
“Scotchlite” (3M, Neuss, Germany) are used, which are densely packed with a large num-
ber of miniature wide-angle retro-reflective lenses, or transparent spheres with a refractive
index of 1.9. and a reflective coating on the rear part [Brun 06].

When active infra-red light emitting diodes (LEDs) are used, no additional illumination
from the cameras is needed. Since groups of LEDs can be triggered separately, identifi-
cation is implicit, and tracked objects can be distinguished. Active systems are usually
wired, but wireless active targets are also available (Advanced Realtime Tracking).

A fixed arrangement of three or more markers or LEDs with known, non-symmetric
configuration constitutes a “target” and it is fixed to tools, patient, or other objects to be
tracked, as shown in Figure 2.1a. A non-symmetric configuration is needed in order to
have a unique relation between the target pose and the resulting camera images. Targets
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2.1. Optical Tracking

may consist of more than three markers, and the resulting redundancy increases accuracy.
Also, an object can still be tracked, even if some markers are occluded, as long as at least
three markers are visible.

With passive infra-red systems, each target has to have a unique geometry, since the
markers themselves appear identical. With active infra-red systems, targets may be iden-
tical, since they are activated in sequence.

The three-dimensional position of each marker can be triangulated, if it is visible in at
least two camera images, and position and orientation of targets may be computed, if the
position of at least three of their markers is known. There is a trade-off between track-
ing accuracy and the geometry of the tracking system set-up: The larger the distance, or
base-line, between the cameras, the better the marker detection accuracy (fiducial registra-
tion error), but this requires a bigger housing for fixed, factory-calibrated camera arrange-
ments, or separately mounted cameras, which then need additional calibration. Similarly,
the greater the distance between markers of a single target, the better the target position
and orientation error (target registration error), but larger targets may be more unwieldy.

Variations: Instead of at least two 2-D cameras, it is also possible to use at least three
line (1-D) cameras, which yields a higher accuracy of 0.1 mm and update rate of 4600 Hz,
but such systems are usually heavier and bulkier than those with 2-D cameras. Exam-
ples of 1-D camera systems include the Optotrak Certus (Northern Digital) [Nolt 95] and
FlashPoint systems (Stryker, Freiburg, Germany) [Tebo 96]. Laser-based systems also exist
(laserBIRD 2, Ascension Technology), but these have lower accuracy of 0.7 mm [Asce 04].

Static cameras can track moving targets in an “outside-in” configuration. Here, the po-
sition of the targets can be triangulated well, depending on the length of the base-line
between the cameras. Orientation of targets, however, is less precise than position and de-
pends on the size of the targets. In contrast, it is possible to use a single, moving camera in
an “inside-out” configuration with fixed targets [Hoff 00, Vogt 02]. Here, the orientation of
the camera can be determined with very good accuracy, at the price of lower position ac-
curacy. This is desirable in certain cases, where the orientation of a moving object is more
important than position. For example, the view direction needs to be known precisely in
the case of head-mounted displays for medical augmented reality applications [Trau 08].

An interesting variant of optical tracking involves retro-grate reflectors and moire pat-
terns for 6-D visual tracking, yielding high orientation accuracy of 0.04◦ (2.6’) [Arms 07,
Arms 11]. Such patterns need to have a visible footprint of 60 × 60 pixels, which means
that with a marker sizes of 65 × 65 mm and a 1.3 Mega-pixel camera, a tracking volume
of approximately 1 × 1 × 1.5 m is usable. A higher camera resolution enables a smaller
minimum marker size, a larger tracking volume, or a combination of these two [Wein 10].

Optical tracking systems may have a pre-configured relative camera geometry, which al-
lows factory calibration and a guaranteed accuracy during operation. Thus, such systems
are usually favoured in medical applications. For other applications like motion capture,
flexibility or a larger number of cameras may be more important, and thus there are other
products (ARTtrack3, Advanced Realtime Tracking), where a calibration of the camera
set-up by the user is required.

7



2. Tracking Technologies

FIGURE 2.2.: Tracking volume of Northern Digital Polaris Vicra optical tracking system.
Image courtesy of Northern Digital.

Properties: In comparison to other tracking technologies, optical tracking offers a rea-
sonably large working volume of typically one cubic metre and more (cf. Figure 2.2) and
sub-millimetre accuracy. Typical volumetric accuracies for optical tracking systems are
0.2 mm for position and 0.4◦ for orientation [Wile 04]. From the visibility of markers and
from measures like roundness of segmented marker images, instantaneous feedback about
the quality of tracking can be provided by the tracking system. From previous knowledge
about the segmentation uncertainty and the camera set-up geometry, target registration er-
rors can be estimated in real-time [Baue 07, Siel 07], and targets can be optimised for track-
ing accuracy [West 04]. Targets can typically be sterilised, and if a reference target fixed to
the patient or operating room bed is used, the camera set-up may be moved around freely,
and the tracking system integrates well into the clinical workflow.

Drawbacks of optical tracking are that tracking targets are rather large (ten centimetres
and more in diameter) and that there is a need for a constant unobstructed line of sight.
If the point of interest is the tip of a rigid, laparoscopic instrument, which is inside the
patient during minimally invasive surgery, an optical tracking target can be mounted at
the shaft of the instrument outside the body, and optical tracking is still possible.

2.2. Electromagnetic Tracking

The clinical relevance of electromagnetic (EM) tracking is high for endoscopic applications
[Hayh 09, Abda 09], including colonoscopy [Chin 10], neuroendoscopy [Hayh 09], bron-
choscopy [Abda 09], and for catheter navigation [Erik 09, Khay 11]. Besides EM tracking,
there is not yet a general solution for tracking of flexible instruments within the human
body. However, EM tracking systems in general do not yet provide the same level of ac-
curacy as optical tracking systems and are susceptible to distortions from secondary EM
fields due to metallic objects in the vicinity.

8



2.2. Electromagnetic Tracking

FIGURE 2.3.: Aurora electromagnetic tracking system. Image courtesy of Northern Dig-
ital.

As part of an electromagnetic (EM) tracking system a field generator, also called trans-
mitter, creates an EM field with spatially and temporarily variable field strength. Sensors
measure the EM field strength or magnetic flux, and from multiple measurements the po-
sition and orientation of each sensor relative to the field generator can be computed. For a
complete illustration of the EM tracking set-up, please refer to Figure 2.3.

Technology: In earlier publications, e.g. by Raab et al. [Raab 77, Raab 79] or Kuipers
[Kuip 80], three inductive coils in the field generator as well as in each sensor were pro-
posed. In three time phases, each field generator coil in turn is switched on to create an EM
field, which is measured by all sensor coils. Thus, each sensor measures the field strength
one dimension at a time, and from these 3 × 3 measurements per sensor, all six degrees
of freedom for position and orientation of the sensor can be computed [Egli 81, Raab 82].
Other sensing techniques, which are suitable for static fields, include Hall effect sensors or
fluxgate magnetometers.

Later designs arrange six or nine coils in a tetrahedral configuration in the field gener-
ator [Seil 00, Kirs 03] (cf. Figure 2.4), since then it is possible to determine five degrees of
freedom from the 6× 1 or 9× 1 measurements of a single sensor coil – the rotation around
the sensor coil’s axis is undetermined. Thus, sensors may consist of only a single coil each
and be much smaller. For tracking of all six degrees of freedom, two 5-D sensors are com-
bined in a non-parallel manner, and then the missing degree of freedom can be determined
as well.

Variations: Alternatively, an EM field may be generated using an ensemble of six patches
with coils, which are placed on the skin all around the patient, as in the commercially
available “Ensite NavX” catheter tracking system (Endocardial Solutions, St. Paul, MN,
USA) [Krum 05]. Two opposite patches each define one of three approximately orthogonal

9



2. Tracking Technologies

FIGURE 2.4.: Electromagnetic tracking field generator with tetrahedral configuration.
There is one coil on each of the six edges of the tetrahedron, and one each
on the three upper faces [Kirs 03].

axes, which are then used as a 3-D coordinate system for tracking.
Following the same physical principles, the motion of transmitters integrated into an en-

doscope can be tracked relative to fixed receivers outside the patient (ScopeGuide, Olym-
pus Optical, Tokyo, Japan), or in another system an implanted permanent magnet can be
localised by sensors outside the body [Shim 05].

A wireless system is the “GPS for the Body” localisation system (Calypso, Seattle, WA,
USA). With this system, a set of three transponders (8.5 mm length) is used to track a
single target’s position. For example, the transponders may be implanted into an organ
through a 14-gauge needle (i.e. 1.6 mm inner diameter) and registered. The measurement
volume is rather small with 150 × 150 × 270 mm, the update rate is 10 Hz, and the system
is only able to track a single target. For real-time organ tracking for prostate radiotherapy
an error of 2.0 mm or better was determined [Balt 05, Will 06, Kupe 07], and integration
into an augmented reality system was proposed [Naka 08b].

Properties: Electromagnetic (EM) tracking sensors can be miniaturised, as shown in Fig-
ure 2.5. Sensors are commercially available with an outer diameter of 0.3 mm (5-D sensors)
or 0.9 mm (6-D sensors). This provides high potential for integration into probes or other
tools, even needles or catheters. Theoretically, an arbitrary number of sensors may be
tracked in close proximity at the same time, since sensors do not interfere with each other.
In practice, most EM tracking systems are limited to four 6-D or eight 5-D sensors.

EM tracking systems do not need a line of sight between field generator and sen-
sors, since the human body is transparent for EM fields in the applied frequency range
[Gabr 96]. This makes EM tracking the most generally applicable method for the tracking
of flexible instruments in minimally invasive applications.

EM tracking systems have best accuracy close to the field generator, since the strength
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(A) Northern Digital (B) Ascension Technology

FIGURE 2.5.: Electromagnetic tracking sensors, from left to right: 2.5a) Northern Digital
6-D cable tool, 6-D catheter, 6-D sensor; 2.5b) Ascension Technology model
90 6-D sensor, model 30 5-D sensor.

of the EM field decreases with greater distance. However, the closer to the field generator,
the more inhomogeneous the EM field. Also, a 5-D sensor’s accuracy strongly depends on
its orientation, with the worst accuracy in the case, when the sensor is pointing towards
the field generator, or away from it [Fran 03, Shen 08].

EM tracking systems typically provide an accuracy of 1.5 mm for position and 0.4◦ for
orientation [Fran 03], which is lower than the accuracy of optical tracking systems. How-
ever, EM tracking may be used without a line of sight, e.g. with flexible endoscopes or
catheters, which are completely inside the patient patient and where the position of the tip
can no longer be related to parts on the outside.

Since EM tracking sensors, due to their small form factor, can be integrated close to
the point of interest, tracking error for this point may actually be lower than with optical
tracking. Typical volumetric accuracies for optical tracking systems are 0.2 mm for posi-
tion and 0.4◦ for orientation [Wile 04]. For example, if the distance between the optical
tracking target and the point of interest is 300 mm, the orientation uncertainty results in
approximately sin(0.4◦) · 300 ≈ 2.1 mm of additional position uncertainty. In contrast, the
EM tracking sensor may be placed only few millimetres from the point of interest, which
results in smaller total error.

Tracking volume is smaller than for optical tracking, typically 50× 50× 50 cm as shown
in Figure 2.6. Also, the detection of tracking errors is not as straightforward as for opti-
cal tracking systems. Most EM tracking systems provide a “quality” measure or another
indication of tracking accuracy, which may be derived e.g. from consistency between the
measurements of the two 5-D sub-sensors contained in a 6-D sensor.

As with optical tracking systems, the target tracking error (TTE) may be estimated from
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FIGURE 2.6.: Tracking volume of Northern Digital Aurora electromagnetic tracking sys-
tem. Image courtesy of Northern Digital.

fiducial location error (FLE) for EM tracking systems [Wile 10]. Assuming (simplified)
isotropic error and linear error propagation, methods for tool design from optical track-
ing systems [West 04] have also been applied for EM tracking systems [Tang 03, Fisc 05a,
Fisc 05b], i.e. how to distribute multiple sensors in a single tool.

There is a trade-off between tracking accuracy and tracking volume. For example,
Northern Digital’s standard Aurora field generator is capable of switching between two
pre-configured working volumes, which either provide a larger volume, or better accu-
racy. In principle, arbitrary realisations of this trade-off are possible in the form of custom-
calibrated tracking volumes.

Distortions of the Electromagnetic Field: A considerable problem in clinical applica-
tions of EM tracking is the possibility of distortions of the EM tracking field. Such dis-
tortions may be caused by metallic or electronic components in the vicinity of the track-
ing volume, e.g. surgical instruments, operating room (OR) tables, or imaging devices
like C-arms. In medical imaging settings, errors of up to 7 mm have been reported
[Poul 02, Wils 07, Yani 09], with significant variations between different OR set-ups and
devices – compared to 1-2 mm in distortion-free environments. Clinical studies, how-
ever, mention that interferences from metal objects in the magnetic field were rarely seen
intra-operatively [Wagn 02, Masc 05]. In general, the performance of EM tracking systems
strongly depends on a carefully controlled environment.

From theoretical considerations Raab et al. [Raab 79] derived the rule of thumb that a
metallic object, whose distance from the field generator is at least twice the distance be-
tween field generator and sensor, has an influence of less than one percent on the magni-
tude of the EM field. Nixon et al. [Nixo 98] presented a detailed prediction that e.g. metal
effects on EM tracking systems decrease as the third power of field generator-metal sepa-
ration and the third power of sensor-metal separation.

Distortions may be due to ferromagnetic materials (iron, cobalt, nickel, and others, cf.
Figure 2.7) in the environment, or due to eddy currents, which are induced in conductive
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(A) Non-ferromagnetic material (B) Ferromagnetic material

FIGURE 2.7.: Effects of ferromagnetic materials on a static electromagnetic field. 2.7a)
Non-ferromagnetic materials do not influence a static electromagnetic
field. 2.7b) Ferromagnetic materials do distort the static electromagnetic
field. Images courtesy of Northern Digital.

FIGURE 2.8.: Effect of eddy currents on changing magnetic field. The changing mag-
netic field induces eddy currents, which in turn lead to secondary electro-
magnetic fields. Image courtesy of Northern Digital.
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metals (e.g. copper or aluminium, cf. Figure 2.8) by a changing EM field. Eddy currents
in particular affect AC tracking systems like the Aurora (Northern Digital). Metals with
high electrical conductivity or high magnetic permeability affect tracking systems more
than metals with low conductivity and low permeability, such as 300 series stainless steel,
or titanium [Leot 97]. DC tracking systems like the 3D Guidance medSAFE (Ascension
Technology) avoid this source of distortions by employing quasi-static magnetic fields and
estimating the steady state values, i.e. after eddy currents die out [Das 85]. This provides
higher robustness against distortions from conductive metals, but in turn leads to a higher
sensitivity against static distortions, e.g. from ferromagnetic materials. In the last years,
the robustness of EM tracking systems against distortions has significantly been improved
[Kirs 06, Schn 10, Niem 11]. “Table-top field generators” may contain shielding made of
materials with high magnetic permeability, but low conductivity, e.g. ferrite or mu-metal,
on top of a conductive plate, e.g. aluminium. This combination effectively blocks dis-
tortion from metallic objects below the field generator, e.g. from an operating room ta-
ble [Ashe 01, Ashe 03]. Such table-top field generators are available for both the Aurora
(Northern Digital) and 3DGuidance medSAFE systems (Ascension Technology).

To improve accuracy there have been numerous approaches towards the compensation
of static errors [Kind 00], but these require a lengthy calibration procedure and do not
hold up in a highly dynamic environment like an operating room (OR). Other approaches
towards dynamic error compensation employ other sources of information like segmenta-
tion [Gerg 10], image registration [Mori 05], or hybrid tracking and models of instrument
motion [Feue 09]. In any case, these approaches are highly application-specific, rely on
static pre-operative images, or are not yet feasible in real-time.

Static Error Compensation: In order to compensate for static distortions of the field, it
is possible to determine in a calibration procedure the distortion at each point in space,
using other tracking systems as ground truth, e.g. optical tracking. Intra-operatively, cor-
rected values are then derived from the distorted measurements by look-up tables or via
polynomial interpolation [Kind 00, Bors 04, Chun 04, Fisc 05a, Naka 08a]. Commonly, an
extensive and well-defined set of distorted and undistorted measurements is needed. Un-
fortunately, this procedure is extremely time-consuming and may only be used with static
distortions, i.e. an non-dynamic set-up, where neither the location of the EM field gener-
ator, nor the causes of distortion are moved after calibration. If any of these change, the
calibration procedure has to be repeated.

In addition, the amount of distortion depends on sensor orientation [Shen 08]. Thus, a
complete correction model would need to consider at least five degrees of freedom, and
the resulting sample size would be prohibitive. Even for coarse grids, 8640 measures for
a single calibration procedure have been reported [Day 00]. During operation the com-
pensated value needs to be determined from the corrupted measurement, so the mapping
needs to be bijective. Thus, this compensation is not applicable for larger errors, i.e. when
measurements at multiple different locations yield the same corrupted values.

Dynamic Error Detection: First steps towards detection of dynamic errors were pre-
sented [Birk 98a, Much 06], using the measurements from two sensors, which were fixed
relative to each other. The distance between both sensors is known, so inter-operatively
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this known distance may be monitored for changes, which indicate tracking errors possi-
bly due to distortions of the EM tracking field. Since all six degrees of freedom are fixed
between the two sensors, even all of them could be monitored, instead of a single distance
measurement.

2.3. Mechanical tracking

Mechanical arms with joint encoders or potentiometers, e.g. FARO Gage (FARO, Korntal-
Münchingen, Germany), can compute the precise position and orientation of their end
effector via forward kinematics, i.e. from their joint angles and the known geometry of the
segments. Such systems offer unsurpassed accuracy of typically up to 25 µm. Before other,
contact-free technologies like optical or electromagnetic tracking became available, me-
chanical tracking was used for image-guided interventions, e.g. for intra-operative track-
ing of ultrasound probes [Come 98].

However, a mechanical arm restricts motion, it has considerable inertia due to its weight
(9.1 kilograms for the FARO Gage), can track only one object, and needs continuous me-
chanical contact. In addition, sterilisation is difficult, and thus mechanical tracking is far
less prevalent in clinical use than optical and electromagnetic tracking.

Of course, when robotic surgery systems like the “da Vinci” surgical system (Intuitive
Surgical, Sunnyvale, CA, USA) are used, position measurements from these may be used
as well [Leve 05].

2.4. Other and Novel Tracking Technologies

Besides optical, electromagnetic, and mechanical tracking, other technologies may not
have gained clinical acceptance yet (or may haven fallen out of favour again), but are
worth a short description.

Ultrasound Tracking: Via time of flight the distance between ultrasound emitters and
receivers can be computed. Multiple emitters and receivers in known configuration enable
the determination of relative position and orientation. Position accuracy, when combined
with inertial sensors, is typically 2-3 mm (IS-900, InterSense, Billerica MA, USA) and thus
lower than optical or electromagnetic tracking. Like optical tracking, ultrasound tracking
needs a free line of sight between emitters and receivers, and accuracy varies with the
speed of sound, which depends on temperature, humidity, and pressure (in air) [Ghaz 95],
or material properties (in tissue) [Ande 00].

Prototypes for real-time ultrasound catheter localisation have been reported with ac-
curacy of 2-3 mm [Mung 11] with an internal ultrasound pulser and an external array of
sensors.

Inertial Tracking: There are different kinds of gyroscopes, which may be used for iner-
tial tracking. In a MEMS (Micro Electro-Mechanical System) sensor, the Coriolis effect is
used to measure angular velocity, and integration then yields angular change. However,
due to integration of measurements, even small errors lead to a strong drift, which needs
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intermittent correction. For example, the earth’s magnetic field may be used to correct drift
within the horizontal plane, like a compass. Inertial sensors may be very small, like elec-
tromagnetic tracking sensors, and can be unobtrusively integrated in instruments. Inertial
tracking was used for endoscopic image re-orientation [Holl 09], 3-D ultrasound tracking
[Hous 08], or for touch-less, non-intrusive intra-operative gesture recognition [Bigd 12].

RFID Localisation: For the tracking of radio frequency identification (RFID) tags rela-
tive to the receiver, commercially available products currently have an accuracy of one
metre (Mojix STAR, Mojix, Los Angeles, CA, USA). However, similar to the Calypso sys-
tem described above, new developments enable millimetre accuracy localisation of RFID
tags using phase difference [Heki 10, Will 11]. A localisation accuracy of 2 mm seems to
be possible today, and due to its wireless nature, the inherent identification capability, and
the extremely small size of RFID tags, this technology is very promising.

Fibre-Optic Tracking: Owing to modern optics, it is possible to measure strain and tem-
perature quasi-continuously along an optical fibre. With a technology called “coherent
optical fibre frequency domain reflectometry”, a laser signal is sent into an optical fibre
and the frequency spectrum of the backscattered interference signal can be used as a stable
“fingerprint” of the fibre. This fingerprint is caused by local imperfections in the fibre, and
each location in the optical fibre corresponds to a certain frequency in this spectrum. Com-
mercially available reflectometers (Luna Technologies, Blacksburg, VA, USA) can measure
7 million data points along a 70 m long fibre, which corresponds to a spatial resolution of
10 µm.

Temperature changes or axial displacement causes shifts of the fingerprint in the fre-
quency domain, and thus temperature or strain can be measured. The combination of
multiple fibres enables determination of curvature, and integration then enables deter-
mination of position and orientation for each point along the fibre. This technology is
extremely promising, but not yet generally available.

The commercially available “ShapeTape” device (Measurand, Fredericton, Canada) op-
erates on a different principle, where light is lost along short “loss zones” on the side of
the fibre on a beryllium-copper substrate, and transmission varies linear with curvature
[Dani 99b]. The ShapeTape device has already been used to track a 2-D ultrasound probe
for freehand 3-D ultrasound [Pago 00, Hous 07], for endoscopic 3-D ultrasound systems
[Koiz 02], or for measurement of body-seat interface shape [Li 04], but accuracy was deter-
mined to be too low to be useful [Koiz 02, Bail 03a].

Optical Flow Sensors: For application-specific tasks, highly specific alternative tracking
solutions may be devised. Just as an example, in order to measure movement of a flexible
instrument at the insertion point, optical flow sensors (as in computer mice) have been
proposed [Corn 11, Luo 11]. This may give information about insertion depth or rotation,
but needs to be fused with other sources of information for completeness. For example,
such information could be fused with models of valid endoscope shapes within the body
[Kuku 02], in order to infer information about the position of the endoscope tip.
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Computer Vision: Of course, there is also a huge body of work on tracking in com-
puter vision. Image-based tracking, i.e. based on segmentation of intra-operative im-
ages, has been proposed for interventions, where tools are already required to be con-
stantly observed via imaging systems. Examples include ultrasound-guided needle biopsy
[Ding 03], or catheter tracking in fluoroscopy [Paul 10]. The recently released Prime-
Sense/Kinect depth camera has triggered huge interest in applications like gesture recog-
nition and others.

Similar to optical tracking it is possible to detect implanted fiducial markers in fluo-
roscopy [Fall 10a, Fall 10b], or to locate a single radioactivity source with collimated, mov-
ing detectors and triangulation [Shch 10]. There have been markers proposed for recogni-
tion of instruments in ultrasound images [Stol 05].

However, often techniques based on computer vision are highly application-specific and
may not readily be transferred to tracking of other objects or in other environments. Due
to the broadness of computer vision methods, which may be applied to intra-operative
tracking, a full discussion is beyond the scope of this work.

2.5. Tracking System Benchmarking

When considering accuracy, this measure needs to be defined first: “Accuracy” is typically
used as a synonym of “trueness”, i.e. the expected deviation of a measurement from the
true reference value:

µe =
n∑
i=1

xi − x̂
n

, (2.1)

where xi is the i-th measurement of a fiducial, and x̂ is the fiducial’s “forever unknown”
[Fitz 98] true position. In contrast, “precision” (or jitter, noise, repeatability, . . . ) desig-
nates a measure of the spread of the samples around their mean, and the variance is an
appropriate measure here:

δ2
e =

n∑
i=1

(xi − x̄)2

n− 1
, where x̄ =

n∑
i=1

xi
n
. (2.2)

The distinction between accuracy (2.9a) and precision (2.9b) is visualised again in Fig-
ure 2.9. It should be noted, that while measurements in one dimension may indeed be
normally distributed, errors definitely do not follow a normal distribution (e.g. they are
always positive), and rules of thumb do not hold, e.g. equating the interval µ ± 2σ with
the 95% confidence interval. One measure, which combines both accuracy and precision,
is the root mean square error (RMS), which is defined as

εe =

√√√√ n∑
i=1

(xi − x̂)2

n
≈
√
µ2
e + δ2

e . (2.3)

It is a hard problem to appropriately define ground truth, since the true location of,
for example, an electromagnetic (EM) tracking sensor is unknown. EM tracking measure-
ments are often compared to optical tracking [Fran 03, Schn 07] or robotic measurements
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(A) Accurate/inaccurate measurements (B) Precise/imprecise measurements

FIGURE 2.9.: 2.9a) Accurate measurements (blue circles) with low deviation from the
true value (black asterisk), and inaccurate measurements (red crosses) with
large deviation from the true value. 2.9b) Precise measurements (blue cir-
cles) with small spread, and imprecise measurements (red crosses) with
large spread.

[Tang 03, Gerg 12]. In some cases, precision-manufactured phantoms were used as ground
truth [Humm 05, Humm 06].

In several experiments, the distances between measurements were compared to known
distances [Rous 02, Humm 05, Humm 06]. However, this reduces a six-dimensional er-
ror to a single dimension, and may be less meaningful than the comparison to a refer-
ence measurement. Other consistency measures may be used as well, e.g. during pivoting
[Schm 01]. In some approaches, sensors were moved across a plane [Chas 98, Schm 01,
Nafi 06, Nafi 08], or moved along a planar trajectory [Humm 09]. Then, a mathematical
plane was fit to the measurements and the deviation from this plane was computed. How-
ever, this only provides a 1-D measure, underestimates the actual error due to projection of
ground truth to the plane of minimal error, and does not allow an assessment of orientation
accuracy.

Within the scope of this thesis, we will consider transformations as rigid-body transfor-
mations with six degrees of freedom, consisting of a 3 × 3 rotation matrix R and a 3 × 1
translation vector ~t. Unless otherwise specified, we will use homogeneous coordinates,
since this representation allows combination by matrix multiplication:

pD =


xD
yD
zD
1

 =


r11 r12 r13 tx
r21 r22 r23 ty
r31 r32 r33 tz
0 0 0 1

 ·

xS
yS
zS
1

 =

[
R ~t
~0 1

]
· pS = DTS · pS , (2.4)

For simplicity, we use the norm in its non-projective meaning ‖p‖ :=
√
x2 + y2 + z2, i.e. ig-

noring the last, projective component. Later, we will also use quaternions q = (q1, q2, q3, q4)

18



2.5. Tracking System Benchmarking

for orientation, since they offer a compact and singularity-free representation, which lends
itself better to interpolation than rotation matrices.

It is straightforward to compute a rigid transformation GTT mapping coordinates pT,i
from the tracking system to coordinates pG,i in the ground truth coordinate frame (e.g.
optical tracking), by minimising distances between ground truth coordinates and mapped
coordinates:

arg min
GTT

[
1

N

N∑
i=1

∥∥pG,i − GTT · pT,i
∥∥2

]
(2.5)

Such a point-based registration is often done [Fran 03, Schn 07, Shen 08, Gerg 12] for
comparison to ground truth data. However, it is worth noting that this does not have
a physical meaning. The underlying assumption is that both measurements were taken
at exactly the same location, which they were not. However, if the relative orientation
between the two measurement coordinate frames does not change, this error is a simple
translation and will be contained in GTT after computation of the point-based registration.
Thus, the result can be used to evaluate local skew, distortions, or noise.

When evaluating tracking systems for image-guided surgery, the final endpoint will be,
whether or not a tracking system contributes to a better outcome for the patient. However,
the definition of quantitative measures is a “significant challenge for medicine as a whole”
[Dari 03]. In clinical routine, other factors need to be considered as well, like ease of use,
additional time required for set-up and calibration, or economic impact. From an engi-
neering point of view, there are even problems when reducing tracking accuracy to only a
few numbers [Fran 04]. Thus, finding the “best” tracking systems is a highly application-
specific task.
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For the fusion of tracking systems with intra-operative imaging devices or pre-operative
imaging data, all spatial relations need to be precisely determined. In this chapter we will
present methods for calibration of cameras and ultrasound imaging, temporal calibration,
spatial relations via hand-eye calibration, and methods for patient registration.

Calibration is the process of measuring certain aspects of system performance. In gen-
eral, the operation of a tracking system or imaging device is described by a certain model
and the parameters of this model. During calibration, the device’s expected operation is
compared to actual measurements, and discrepancies are minimised by optimisation of
these parameters [Stro 08].

3.1. Camera Calibration

Camera operation is described by the pin-hole camera model. According to this model,
the projection of a point (xw, yw, zw) in world coordinates to a point (xi, yi) in the camera
image is described as

 xi
yi
1

 ∝
 λxi
λyi
λ

 =
[
K ~0

]︸ ︷︷ ︸
3×4 projection

· CTW ·


xw
yw
zw
1

 , (3.1)

where

K =

 af s px
0 f py
0 0 1

 . (3.2)

CTW is the transformation from the world to the camera coordinate system and repre-
sents the extrinsic parameters. f is the camera’s focal length, and a is the aspect ratio. (px, py)
are the coordinates of the principal point, s is a skew factor, which is usually assumed to be
zero, and λ is an arbitrary scale factor. The parameters of K are called intrinsic parameters.

Equation 3.1 does not yet describe radial distortion, due to spherical aberration, and tan-
gential distortion, due to non-collinear mounting of multiple lenses. Such distortions can
be severe for endoscopic systems with wide-angle optics. Thus, after projection, another
non-linear mapping may be applied, in which usually two parameters each are sufficient
for radial and tangential distortion [Heik 97].

For camera calibration, high-contrast patterns with known geometry are used, from
which features are extracted, as shown in Figure 3.1. Usually, an estimate of the intrin-
sic parameters is computed first, using a closed-form solution, and then all parameters,
including distortion, are optimised using an iterative technique.
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FIGURE 3.1.: Camera calibration screenshot with segmented inner corners of calibration
pattern. Please note the strong barrel distortion, or “fisheye” effect.

Commonly used techniques have been introduced by Tsai [Tsai 87], Heikkilä [Heik 00],
and Zhang [Zhan 99, Zhan 00], and calibration methods specifically for endoscopes were
presented by Shahidi et al. [Shah 02] and by Wengert et al. [Weng 06].

Similar to video cameras, X-ray devices like fluoroscopes may be calibrated and tracked
as well [Hofs 99, Nava 09].

3.2. Ultrasound Calibration

Ultrasound imaging may be tracked by equipping the ultrasound transducer with a posi-
tioning sensor or tracking target. Calibration determines the location of each pixel in the
ultrasound image relative to the positioning sensor or tracking target.

Different approaches and phantoms have been proposed for ultrasound calibration. Ap-
proaches may be distinguished into three groups: first, detection of geometric primitives
in multiple images, and determination of calibration parameters from the whole set of
measurements; second, determination of the ultrasound transducer pose from a single im-
age; and third, phantom-free approaches, where consistency between multiple acquired
images is optimised.

In the first group, various geometric primitives have been proposed, which may be seg-
mented in ultrasound images: points [Amin 01, Mura 01], points on one or more lines
[Boct 03, Lind 03a, Lind 03b, Kham 05], spheres [Pago 98, Bren 04], cubes [Poon 05], and
others. Usually, every image yields only limited information, e.g. in the form of a single
row in a linear equation system, but given enough independent measurements (i.e. differ-
ent locations, different perspectives, etc.), the equation system can be solved.

In the second group, phantoms enable an unambiguous determination of transducer
pose relative to the phantom from a single image. One example of such phantoms is the
Z- or N-phantom [Come 98, Pago 01, Lind 03b, Chen 06]. Multiple features are detected
at once, and from distance ratios between 2-D features, the 3-D locations of these features
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FIGURE 3.2.: Ultrasound calibration screenshot with automatically segmented nylon
membrane.

can be computed. Given at least three 3-D features in a single image, the pose can be
unambiguously determined.

In the third group, there are phantom-free image-based calibration methods, where
consistency of multiple acquired images or sequences is optimised via image similarity
[Blac 00, Ma 08, Wein 08].

The most simple phantom is probably used with single-wall calibration [Lang 00]: A
nylon membrane, e.g. nylon stockings, is put over a planar frame and scanned in a water
bath. Phantoms may be built in almost any size, and due to the knitted and quasi-rough
structure, the membrane is clearly visible in ultrasound images, as shown in Figure 3.2.
Pixel locations (xU , yU ) in the ultrasound image are linearly related to physical positions
(xP , yP ) on the phantom as [Prag 98b]

xP
yP
0
1

 = PTW︸ ︷︷ ︸
phantom

· WTS︸ ︷︷ ︸
tracking

· STU︸︷︷︸
calibration

·


sx · xU
sy · yU

0
1

 , (3.3)

where sx and sy are pixel scaling factors, and STU is the unknown, desired transformation
from the ultrasound plane to the positioning sensor or target. WTS is the measured trans-
formation from the positioning sensor or target to the world coordinate frame, and PTW is
the unknown location of the phantom plane with respect to the world coordinate frame.

There are eleven unknowns: the two scaling factors, six degrees of freedom for STU , and
three degrees of freedom for the plane in PTW . The zero component of equation 3.3 gives
one equation in the unknown parameters. However, the line segmented in the B-scan
images has two degrees of freedom, so we can write the equation for two points on this
line. If the probe is then moved through all possible motions (three degrees of freedom for
translation and orientation each), we have at least 12 equations, and this linear equation
system can be solved using standard methods. The result for PTW is not needed further
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FIGURE 3.3.: Close-up picture of Olympus GF UTC140-AL5 endoscopic ultrasound
probe with ultrasound transducer (U) and video camera (C). Image cour-
tesy of Karsten Gadow.

and can be discarded.
Originally, it was proposed to scan the bottom of a water bath. In order to avoid

problems due to specular reflection, the “Cambridge phantom” was developed [Prag 98a,
Prag 98b], which provides a virtual wall phantom. However, the nylon membrane phan-
tom provides both acceptable image quality (compared to the bottom of the water bath)
and simplicity of construction (compared to the Cambridge phantom).

All mentioned methods yield the transformation between the ultrasound image and the
positioning sensor or tracking target, and the two-dimensional pixel size. For sterilisation
and usability, compact phantoms in water-filled enclosures with attached optical tracking
targets have been developed [Chen 09, Pete 10].

3.2.1. Direct Co-Calibration of Ultrasound and Video

Most endoscopic ultrasound probes also contain a video camera, as demonstrated in
Figure 3.3. Since navigation by ultrasound alone is impossible in bronchoscopy, endo-
bronchial ultrasound probes are guided to towards the region of interest using video. In
other applications like gastroscopic examinations, ultrasound and video images are used
in sequence.

If a positioning sensor is used, then both the transformations CTS between the tracking
sensor and the camera, and STU between the ultrasound transducer and the tracking sen-
sor can be determined, as illustrated in Figure 3.4. However, if both transformations are
combined to the transformation CTU = CTS ·STU , errors will also be accumulated. Thus, it
is beneficial in terms of accuracy and robustness, to have a method for direct co-calibration
of video and ultrasound [Dres 10].

A combined video-ultrasound phantom consists of an optical pattern for calibration of
the video camera, and a Z-fiducial configuration of elastic rubber tubes for configuration of
the ultrasound image plane, as shown in Figure 3.5. The geometric properties of the phan-
tom can be measured using a highly accurate optical tracking system, or it may even be
precision-manufactured in the future. From a single video image the transformation CTP
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3.2. Ultrasound Calibration

FIGURE 3.4.: Endobronchial ultrasound system. The camera frustum and ultrasound
plane are shown in their approximate spatial relation, described by the
transformation CTU . Image courtesy of Dressel et al. [Dres 10].

(A) Phantom model (B) Constructed phantom

FIGURE 3.5.: Endobronchial ultrasound and video calibration phantom. 3.5a) Camera
frustum (cone) and ultrasound plane (black trapezoid); planes mark Z-
fiducial layers (green), optical pattern (red) and supporting structure (grey).
3.5b) Constructed phantom with optically tracked pointer; Z-fiducial tubes
removed for measurements. Images courtesy of Dressel et al. [Dres 10].
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3. Calibration and Registration

between the phantom and the camera can be determined, and from a single ultrasound
image the transformation PTU between the ultrasound transducer and the phantom can
be determined. Thus, the combined transformation CTU = CTP · PTU can be determined
without including tracking error twice. For numerical stability several pairs of images can
be used.

Camera parameters change with the surrounding medium, and a submersion under wa-
ter causes a magnification of the image, since the refractive index of water is different from
the one of air. The intrinsic parameters need to be determined in air, since this will be the
environment during application. However, for simultaneous video-ultrasound calibration
underwater, the magnification needs to be compensated. Following Lavest et al. [Lave 00],
the focal length of the camera may be adjusted by the ratio r of the refractive indices of
water (1.333) and air (1.000). In order to use the distortion model with parameters deter-
mined in air, we may undo the effects of the underwater submersion (as proven sufficient
by Lavest et al. [Lave 00]) by shrinking the image according to

pa = α+
pw − α

r
(3.4)

where α is the camera’s principal point, pa are each point’s coordinates in air, and pw are
each point’s coordinates in water.

For camera pose estimation, a dot pattern [Weng 06] was printed on a decal, and the
decal was attached to an acrylic glass plate. The method of Wengert et al. [Weng 06] was
employed for determination of the camera’s intrinsic parameters and CTP , with adapta-
tions in the pre-processing, in order to account for the underwater environment and the
strongly inhomogeneous illumination from the endoscope’s light source.

For ultrasound plane estimation, a Z-fiducial set-up similar to Comeau et al. [Come 98]
was used. The topmost n triplets in the B-mode image correspond to the n topmost Z-
fiducials. The coordinates of the intersection points are then computed in 3-D relative to
the phantom, and PTU can be determined.

During calibration, the poses PTC and PTU of video camera and ultrasound transducer
are computed, and their spatial relation is computed as CTU = PTC

−1 · PTU . For a screen
shot of the user interface during calibration, please refer to Figure 3.6.

3.3. Hand-Eye Calibration

In order to relate the camera image to other objects and, for example, provide overlays of
virtual objects at the correct location within the camera image, the position of the camera
centre needs to be known with respect to these objects. The same holds the other way
around, if information from camera images should be used for other purposes like recon-
struction. In order to track movement of the camera, it may be equipped with a position
and orientation tracking system. However, the transformation between the tracked co-
ordinate frame (tracking sensor, optical marker, robot hand, or similar) and the camera
coordinate system needs to be determined. This problem originated in robotics, where
this transformation has to be determined for a robot-mounted camera, and thus the pro-
cess was called hand-eye calibration [Shiu 89, Tsai 89]. For an illustration, please refer to
Figure 3.7. Hand-eye calibration can also be used to co-calibrate tracking systems in a
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3.3. Hand-Eye Calibration

FIGURE 3.6.: User interface during endobronchial ultrasound and video calibration,
with camera image of calibration pattern (left), and ultrasound image of
Z-fiducials (right). Image courtesy of Dressel et al. [Dres 10].

FIGURE 3.7.: Hand-eye calibration and fundamental relations. The robot hand performs
motion A, the optical tracking target moves according to B, and the fixed,
unknown relation between them is X . All three are related as AX = XB.
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3. Calibration and Registration

process, which may be called “tracker alignment” [Bail 03b].
The co-calibration of electromagnetic and optical tracking systems has been proposed

before [Birk 98b]. If the spatial relation between both tracking systems is fixed, then a
point-based registration may be used to relate the position measurements of both systems
by a hybrid, calibrated probe, reporting the same location for both tracking systems.

For a dynamic relocation ability of the field generator, it needs to be tracked itself by
optical tracking. While a co-calibration of both tracking systems is possible using a more
complex point-based registration approach [Naka 00] or via precision-manufactured fix-
tures and divots for both tracking systems [Fisc 05a, Fisc 05b], hand-eye calibration pro-
vides a more elegant approach with fewer measurements needed. An excellent tutorial
for hand-eye calibration, including tracker alignment, was provided by Martin Bauer et al.
[Baue 04].

As shown in Figure 3.7, one motion A between two poses of the robot hand results in
another motion B of the optical tracking target. These two are related to the unknown
transformation X as AX = XB, which may be decoupled as

RA ·RX = RX ·RB (3.5)

for rotation, and
(RA − I)~tX = RX~tB −~tA (3.6)

for translation. At least two motions with non-parallel rotation axes are needed to solve
for rotation first [Tsai 89], and then for translation. Alternative solutions for the AX = XB
problem have been presented, using dual quaternions [Dani 99a].

In detail, when moving an optical target using a robot, the robot hand moves between
poses H i, which are described by the transformation BTH between the robot hand and
base coordinate systems. Analogously, the poses Ei of the optical tracking target (“eye”)
are described by the measured transformation WTT from the tracking target to the optical
tracking (world) coordinate system. Motions between poses i and j may be computed as

Hj←i = (Hj)
−1 ·H i and Ej←i = (Ej)

−1 ·Ei, (3.7)

and then Hj←iX = XEj←i holds. This equation system can be solved for X = HTT . Via
the dual equation, where hand and eye poses are inverted, we get

Ĥj←i = Hj · (H i)
−1 and Êj←i = Ej · (Ei)

−1 , (3.8)

and Êj←iY = Y Ĥj←i holds. Thus, the transformation Y = WTB between the robot base
and the tracking (world) coordinate system can be determined as well. This enables e.g. the
co-calibration of optical and electromagnetic tracking systems, where the electromagnetic
field generator is tracked by an optical system [Feue 09]. An example of such an optically
tracked electromagnetic field generator is shown in Figure 3.8.

Hand-eye calibration is applicable to any situation, where a single object is tracked by
two distinct tracking systems, including cameras visually tracking a calibration pattern or
other suitable imaging modalities. This method may even be applied to ultrasound calibra-
tion. The ultrasound phantom is only used for guided alignment of the ultrasound probe
with several pre-defined poses, and then the transformation TTUS from the ultrasound
coordinate system to the tracking coordinate system is computed using an AX = XB
approach [Visw 04].
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3.4. Temporal Calibration

FIGURE 3.8.: Electromagnetic tracking field generator with optical tracking markers.

3.4. Temporal Calibration

In most cases, ultrasound or video images are formed on hardware, which is distinct from
the visualisation hardware. Thus, there may be certain differences between the time of
capturing the image and the time, when the image is available for further processing. We
assume that this difference is constant and thus can be calibrated.

For temporal calibration, or synchronisation, a one-dimensional signal yA and yB is
extracted from both data streams. In the case of tracking data, this may be the motion
along the main direction of movement, as determined after Principal Component Analysis
(PCA). In the case of image data, this may be the segmented location of certain features
within the captured image, e.g. the bottom of a water bath in ultrasound images.

Thus, if the tracked object is moved back and forth along one approximately fixed di-
rection of movement, then the one-dimensional signals from both modalities may be nor-
malised to the range [0, 1], as shown in Figure 3.9a. The correlation between the two sig-
nals, or a difference measure ε(l) (e.g. the mean absolute difference), may then be opti-
mised by adjusting the latency l between both signals as

ε(l) =
∑
t

|yA(t)− yB(t+ l)| (3.9)

As shown in Figure 3.9b, there is a clear minimum for this difference measure. The time
shift l corresponding to the minimum difference between the signals can be used to correct
the timestamps, as proposed by Treece et al. [Tree 03].

3.5. Patient Registration

In order to relate pre-operative images, e.g. computed tomography (CT) data, to physical
locations with respect to the patient in the operating room, intra-operative image-to-physical
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3. Calibration and Registration

(A) Normalised position (B) Mean position difference

FIGURE 3.9.: Temporal alignment. 3.9a) Normalised position determined for both po-
sition measurements. 3.9b) Mean of absolute normalised position differ-
ences between both signals in relation to latency, with clear minimum.

registration to the tracking system coordinate space is required. Therefore, a certain num-
ber of position and orientation measurements from the tracking system need to be matched
to the imaging data. Due to the low amount measurements, which may reasonably be col-
lected in the operating room, such a registration is usually rigid, i.e. no deformation is
assumed.

Point-Based Registration: For point-based registration the location of a set of well-
defined landmarks is determined a priori in the image, found again on the patient, and
measured with the tracking system. These may be additional fiducials for robust, possibly
automatic detection in the image, or anatomical landmarks. After the correspondences
between both sets of coordinates are determined, the optimal 4 × 4 transformation DTS

may be computed, which maps any 3-D point pS,i in the source coordinate system to its
corresponding 3-D point pD,i in the destination coordinate system:

arg min
DTS

[
1

N

N∑
i=1

∥∥pD,i − DTS · pS,i
∥∥2

]
(3.10)

Given the two point sets, there are various closed-form solutions to the least-squares
optimisation of the transformation DTS , including singular value decomposition (SVD)
[Arun 87, Umey 91] or eigen-decomposition [Horn 87, Horn 88, Walk 91].

Using natural landmarks is the least intrusive approach, both for patient and clinical
workflow, but in certain applications landmarks may not be distinctive, or their locali-
sation may be error-prone. External fiducials with precisely known geometry may offer
superior detection up to sub-pixel accuracy, but need to be in place already for the acquisi-
tion of the pre-operative image. Until intra-operative measurement these fiducials need to
remain fixed at their location, or reliable methods for precise re-positioning are required.
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3.5. Patient Registration

These markers need to be suitable for robust localisation in both the pre-operative image
and with the tracking system. Many such “dual-modality” markers have been devised, in-
cluding ring CT markers, which serve as printing templates for visual marks [Nico 09],
CT/MRI (Magnetic Resonance Imaging) markers, which are switched to localisation div-
ots intra-operatively [Maur 97], or the visual detection of CT markers [Feue 08a].

Shape-Based Registration: In certain applications it may be impractical to precisely de-
fine and intra-operatively localise natural landmarks, or impossible to include additional
fiducials a priori for pre-operative imaging. Therefore, intra-operative data may be ac-
quired a posteriori without explicit point correspondence to the imaging data. Volumetric
approaches are usually impractical in the operating room, which leaves surface-based ap-
proaches as the dominant solution.

Surfaces may be extracted from pre-operative data, using algorithms like “marching
cubes” [Lore 87]. Intra-operatively, surfaces may be acquired with tracked probes or point-
ers, various types of laser scanners, depth imaging via structured light, or depth cameras.

Since point correspondences are unknown, many approaches employ the Iterative Clos-
est Point (ICP) algorithm [Besl 92] or variants thereof [Maur 98, Degu 07]. Application-
specific distance measures are also used. For example, in bronchoscopy, it is known that
the bronchoscope moves only within the airways. Thus, the spatial relation of a recorded
trajectory through the airways may be optimised with respect to a segmentation of the
airways [Klei 07, Feue 10].

With such approaches, there is usually more data available than with the localisation of
only few landmarks, and errors may be minimised further.
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4. Hybrid Tracking

Hybrid tracking systems may be used to overcome limitations of single tracking systems,
and leverage their advantages. We focus on optimisation of electromagnetic tracking accu-
racy, since this is the dominant technology for the tracking of flexible instruments within
the human body.

For example, combined optical and electromagnetic tracking may use either tracking
modality in case of dysfunctions like obstructed line of sight for optical tracking or metal-
lic distortions for electromagnetic tracking [Birk 98b, Hans 98]. Alternatively, in the case
of distortions of the electromagnetic tracking field, the field generator may be relocated
freely [Naka 00, Fran 11]. However, the real power of hybrid tracking systems is not just
the availability of multiple options, or the chaining of tracking systems, but the use of
redundant information for error detection and correction.

4.1. Redundant Tracking for Reliability

An important quality of a tracking system is reliability or robustness, and due to the safety
requirements in a clinical setting this may be even more important than accuracy. Re-
dundant tracking information can be modelled for detection and correction of dynamic,
transient errors of electromagnetic tracking systems.

Reliability is improved, when errors can be compensated for. If no error compensation is
possible, an appropriate warning to the users is needed, in order not to rely on erroneous
tracking information. For error detection, the consistency between multiple pose estimates
can be monitored during tracking, and checked against a pre-defined threshold. For error
compensation, there are various ways to fuse multiple pose estimates.

Tracking uncertainty may be described through the covariances of the tracking data,
which contains for all pairs of dimensions i and j both the standard deviations σi and σj
and the correlation ρi,j of measurements in dimensions i and j:

Σij = cov(Xi, Xj) = E [(Xi − µi) (Xj − µj)] = σi · σj · ρi,j (4.1)

Then multiple estimates may be combined using a weighted sum, where weights are de-
termined by the covariance matrices of each tracking estimate [Hoff 00]. Alternatively,
multiple estimates may be fused by filtering, e.g. Kalman filters [Kalm 60], or particle fil-
ters [Arul 02]. Finally, consistency of multiple estimates can be optimised numerically, i.e.
minimising the discrepancy from all estimates simultaneously. This approach is the most
flexible, since arbitrary cost functions may be used for optimisations.
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4. Hybrid Tracking

Laparoscopic Ultrasound: As an example for both error detection and correction using
redundant tracking, we are going to present a laparoscopic ultrasound transducer with a
flexible tip, which is tracked by both optical and electromagnetic tracking. The proximal
part of the instrument, i.e. the shaft, remains outside the patient body during surgery and
may be tracked using an optical system. The distal part, however, i.e. the tip with the
ultrasound transducer, is inside the patient, and there is a flexible region next to the tip.
Thus, the tip needs to be separately tracked by an electromagnetic system. Redundant,
complementary tracking information enables tracking error detection and error correction.

An important property of the flexible tip is that its motion can almost completely be
described by two degrees of freedom. Two levers at the shaft are used to bend the tip in the
up-down or left-right directions. In addition, the tip yields to external forces, but this again
is constrained by limited flexibility in the bending region. Thus, position measurements
for both parts of the ultrasound probe are correlated and contain redundant information.

Laparoscopic ultrasound is valuable, e.g. for the staging of hepatic cancer, gallbladder
and bile duct tumours, as well as pancreatic tumours [Rau 02, Gang 06, Jaki 06]. However,
due to the small field of view and indirect handling of the laparoscopic transducer through
a pivot point, it is difficult to mentally align the ultrasound plane to patient anatomy,
in particular for novices. Also, the tip of the ultrasound probe needs to be constantly
monitored using laparoscopic video, since looking at the ultrasound image alone may
cause inadvertent injury to the patient [Gang 06]. Since video images are already used
for navigation, one possible assistance to surgeons is overlaying the current ultrasound
image onto the video image, in order to visualise the spatial relation to patient anatomy
[Hild 08, Lang 08, Solb 09]. For correct overlay, accurate tracking of the ultrasound trans-
ducer tip within the patient body is mandatory and needs to consider the flexibility of the
tip as well as the possibility of adverse influences.

Hardware Set-up: We use a flexible laparoscopic LAP8-4 linear array transducer (5 MHz,
10 mm diameter) with a Sonoline Omnia ultrasound system (Siemens Medical Solutions,
Mountain View, CA, USA), a laparoscopic camera with a forward-oblique 30◦ HOPKINS
telescope (Karl Storz, Tuttlingen, Germany), an optical tracking system (ARTtrack2, Ad-
vanced Realtime Tracking, Weilheim, Germany), and an electromagnetic tracking system
(3D Guidance, Ascension Technology, Burlington, VT, USA) with a mid-range field gener-
ator and 1.3 mm sensors with vinyl tubing, which have a total diameter of 1.7 mm. Tem-
poral synchronisation of all data streams and visualisation were provided by our medical
augmented reality software framework CAMPAR [Siel 06]. The full set-up is presented in
Figure 4.1a.

The laparoscopic ultrasound probe is tracked using both the optical and the electromag-
netic tracking systems. Intra-operatively, part of the shaft of the probe remains outside the
patient and can thus be tracked by the optical tracking (OT) system. However, since the
ultrasound probe features a flexible bending region, optical tracking is not sufficient for
tracking of the probe tip inside the patient. Two electromagnetic (EM) tracking sensors
were fixed to the probe both proximal and distal of the bending region, with a distance
of approximately 7 cm (cf. Figure 4.1b). Since there are now two tracking systems for the
rigid probe shaft, OT and EM tracking, the redundant tracking information may be used
to detect and correct tracking errors, e.g. from distortions of the EM field. Additionally, for
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4.1. Redundant Tracking for Reliability

(A) System set-up

(B) Transducer tip close-up

FIGURE 4.1.: System set-up used for laparoscopic ultrasound tracking. 4.1a) Two mag-
netic tracking sensors were attached to the laparoscopic ultrasound trans-
ducer, one to the flexible tip (a) and to the rigid shaft (b). The magnetic
tracking field generator (c) is tracked by an optical tracking system. Two
optical tracking targets are attached to the ultrasound transducer, one (for
evaluation only) to the flexible tip (d) and another target to the rigid shaft
(e). Additionally, the laparoscope (f) and its telescope (g) are tracked by an
optical tracking system. 4.1b) Close-up of (a) and (b).
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4. Hybrid Tracking

FIGURE 4.2.: Coordinate frames in laparoscope tracking set-up.

co-registration of both tracking systems, an OT target was fixed to the EM field generator,
and two more targets were fixed to the laparoscope – one target on the laparoscope head,
and one target on the telescope, in order to account for rotations of the telescope. For an
overview of all tracked objects and coordinate systems involved, please refer to Figure 4.2.

Due to the multitude of coordinate systems involved in the rest of this section, we will
shortly clarify the notation used for transformations: Electromagnetic tracking sensors
will be denoted “magnetic sensors” (MS), optical tracking targets will be denoted “optical
markers” (OM).

Laparoscopic Camera Calibration: For calibration of the intrinsic and extrinsic parame-
ters of the laparoscopic camera, standard methods are used (cf. section 3.1). Among other
parameters, the transformation OMlapTC from the camera centre coordinate system to the
optical tracking target on the camera head is obtained.

For calibration of the forward-oblique scope rotation, the method presented by Yam-
aguchi et al. [Yama 04] was used. However, instead of a rotary encoder a second optical
tracking target was used, and the relative orientation of both tracking targets was mea-
sured, as proposed by De Buck et al. [De B 07]. For a more detailed description of this
calibration step in our set-up, please see Feuerstein et al. [Feue 08a].

Laparoscopic Ultrasound Calibration: We need to estimate the pixel scaling of the ultra-
sound scan plane, and the spatial location of the ultrasound scan plane relative to the EM
tracking sensor at the probe tip, i.e. the transformation MStipTUS. Single-wall ultrasound
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4.1. Redundant Tracking for Reliability

calibration was performed as described in section 3.2.

Tracking Systems Co-Registration: For co-registration of the two tracking system coor-
dinate frames hand-eye calibration was performed as outlined in section 3.3.

We need to determine the spatial relationships between the EM field generator and its
OT target. Using such an OT target on the EM field generator allows re-location of the
field generator, in contrast to the method by Birkfellner et al. [Birk 98b]. Also, the spatial
relation between the OT target on the ultrasound probe shaft and the EM sensor proximal
of the bending region needs to be determined, which is fixed relative to the OT target.

The laparoscopic ultrasound probe is moved to at least four poses, and at each pose,
measurements from both the electromagnetic as well as the optical tracking system were
recorded: the transformation EMTTMSshaft from the magnetic sensor (MS) at the shaft to the
EM tracking system (EMT), and the transformation OTTOMshaft from the optical tracking
target (OM) at the shaft to the optical tracking system (OT).

For all pairs of stations k and l the motion of the optical tracking target

TOMshaft(l←k) = OMshaft(l)TOT · OTTOMshaft(k) =
(

OTTOMshaft(l)

)−1
· OTTOMshaft(k) (4.2)

was computed, as well as the motion of the electromagnetic tracking sensor

TMSshaft(l←k) = MSshaft(l)TEMT · EMTTMSshaft(k) =
(

EMTTMSshaft(l)

)−1
· EMTTMSshaft(k). (4.3)

For all pairs of stations then,

TOMshaft(l←k)︸ ︷︷ ︸
A

·OMshaftTMSshaft︸ ︷︷ ︸
X

= OMshaftTMSshaft︸ ︷︷ ︸
X

·TMSshaft(l←k)︸ ︷︷ ︸
B

(4.4)

holds, i.e. AX = XB (cf. Figure 4.3).
By suitably switching the input transformations, the transformation EMTTOMEMT from the

optical tracking target on the EM tracking field generator to the EM tracking coordinate
system can be computed from the same data. Further details can be found in our previous
work [Reic 07], including a derivation of the exact transformations used.

In an additional numerical optimisation step using the Levenberg-Marquardt method
[Leve 44], the results of the closed-form solution [Dani 99a] for EMTTOMEMT and
OMshaftTMSshaft were further improved. For all recorded poses the error measure

Tδ = MSshaftTEMT · EMTTOMEMT ·
OMEMTTOT · OTTOMshaft ·

OMshaftTMSshaft (4.5)

was optimised. This corresponds to a closed loop from shaft EM sensor to shaft OT tar-
get, to the OT coordinate system, to the EM field generator OT target, to the EM tracking
coordinate system, and to the shaft EM sensor – ideally, this would yield an identity trans-
form, and thus the difference from identity corresponds to the accumulated tracking and
calibration errors.

The combined translation and rotation error δ was computed with a weighting of 1:3 of
translation errors in millimetres and rotation errors in degrees. This ratio was derived from
the stated accuracy of the tracking systems, as provided independently by both manufac-
turers, i.e. 0.4 mm and 0.12◦ for the OT system, and 1.4 mm and 0.5◦ for the EM tracking
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4. Hybrid Tracking

FIGURE 4.3.: Hand-eye calibration for magneto-optic tracking systems co-calibration.
We compute the unknown transformations X and EMTTOMEMT (dashed
lines). For multiple transducer poses (two poses k and l shown here), the
motions TOMshaft(l←k) and TMSshaft(l←k) of the optical marker and the mag-
netic sensor are computed. From these motion pairs, we can generate an
overdetermined system of linear equations to solve for both desired trans-
formations. Image courtesy of Feuerstein et al. [Feue 09].
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4.1. Redundant Tracking for Reliability

system. As additional reasoning for this weighting, when we have information about the
noise levels in both position and translation (i.e. the standard deviations σt and σθ), then
in joint distance measures for 6-D poses, the scaling of translation and rotation can be set
to λ = σt/σθ [Penn 98].

Since we have a good initial estimate, run-time of the numerical optimisation is neg-
ligible. The maximum error δmax after optimisation over all poses was used as quality
estimate for the calibration.

4.1.1. Redundancy Modelling

The limited motion of the ultrasound transducer tip and the redundant tracking informa-
tion can be captured in a model of the physical motion of the tip, i.e. of the behaviour of
the bending region. This enables electromagnetic tracking error detection and correction.

Transducer Axes Calibration: The most basic parameters of the probe geometry are the
axis of the transducer shaft and the axis of the transducer tip.

Each axis is described by one 3-D base point b, and one unit direction vector ~d. Both
of them may be determined using the same method: A tightly fitting plastic cylinder was
constructed, with an additional electromagnetic (EM) tracking sensor in one end. This
cylinder is put over the probe tip and rotated by 360 degrees, flipped, and rotated again,
as demonstrated in Figure 4.4. During each rotation, the trajectory of the additional EM
tracking sensor is recorded with respect to the EM tracking sensor fixed to the probe tip.
The complete point cloud pi=1...n is then fitted to a cylinder with radius r around the
transducer axis, defined by b and ~d. The following cost is minimised:

n∑
i=1

∣∣∣r − ∥∥∥~d× (b− pi)
∥∥∥∣∣∣ (4.6)

After optimisation, b is normalised to be the point on the axis closest to the EM tracking
sensor on the probe tip. The calibration of the probe shaft axis is performed analogously.

Probe Tip Motion Model: The relative position and orientation between the two elec-
tromagnetic (EM) tracking sensors next to the bending region can be measured with six
degrees of freedom. However, since the probe tip has only two degrees of freedom cor-
responding to the two steering levers, the redundancy contained in the additional four
degrees of freedom may be used for error detection and correction.

The probe tip does not bend at a single joint, but instead has a bending region with
multiple links over approximately three centimetres, similar to the structure shown in Fig-
ure 4.5. The two levers may be put into seven different positions each, yielding a total of
49 user selectable combinations. However, since the tip can also yield to external force or
gravity, we chose a continuous surface to represent all possible poses of the probe tip. All
links may be assumed to be bent by the same angle.

So far the model only describes the bending region, and for connection to the EM track-
ing sensors more transformations are needed. In total, a chain of transformations is used,
as shown in Figure 4.6. First, the coordinate frame of the EM tracking sensor at the probe
tip is transformed into the “link frame” by LinkTMStip . Since the precise mounting of the
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4. Hybrid Tracking

FIGURE 4.4.: Transducer axis calibration. The transducer axis is calibrated both in rela-
tion to the local coordinate system of the magnetic sensor attached to the
tip (a) and, in a second step not shown here, in relation to the coordinate
system of the magnetic sensor on the shaft (b). To do this, a plastic cylinder
(d) is put over the transducer tip with an additionally attached sensor (c)
on the left end. The plastic cylinder is rotated at least 360 degrees, flipped,
and rotated another 360 degrees or more.

FIGURE 4.5.: Typical bending region of endoscopic instruments. Four Bowden cables
are pairwise and alternately connected to every second link of the bending
region. They are often controlled by steering levers, where each pair of
cables is connected to the same lever.
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4.1. Redundant Tracking for Reliability

FIGURE 4.6.: Mathematical model of flexible ultrasound probe tip – only the rotation φ
about the x axis is visualised here, the rotation ψ about the y axis is zero.

sensor with respect to the probe tip is unknown, this transformation has full six degrees of
freedom, some parameters of which are initialised from the tip calibration.

Then n links follow, with links alternately rotating by ψ about the y axis or by φ about
the x axis. No rotation about the z axis is assumed, and each link incorporates a small
translation tz along the z axis. Thus, BaseTLink in total has four degrees of freedom: ψ,
φ, tz , and the number of links n. The alternating rotation about the x and y axes was
derived from the real structure of the bending region (cf. Figure 4.5), where four Bowden
cables are connected to the steering levers, and are pairwise and alternately connected to
every second link. At the end of the bending region, another transformation MSshaftTBase
transforms the base coordinate frame to the EM tracking sensor at the probe shaft, some
parameters of which are again initialised from the tip calibration.

The full transformation chain of the motion model is (cf. Figure 4.6)
MSshaftTMStip = MSshaftTBase · BaseTLink · LinkTMStip (4.7)

where
BaseTLink =TLink(φ)︸ ︷︷ ︸

1

·TLink(ψ)︸ ︷︷ ︸
2

·TLink(φ)︸ ︷︷ ︸
3

· . . .

︸ ︷︷ ︸
n times

(4.8)

and

TLink(φ) =


1 0 0 0
0 cos(φ) − sin(φ) 0
0 sin(φ) cos(φ) tz
0 0 0 1

 (4.9)

TLink(ψ) =


cos(ψ) 0 sin(ψ) 0

0 1 0 0
− sin(ψ) 0 cos(ψ) tz

0 0 0 1

 (4.10)

The probe tip motion model is actually anchored at the probe shaft OT target by adding
the (static) transformation OMshaftTMSshaft as

OMshaftTMStip = OMshaftTMSshaft ·
MSshaftTMStip (4.11)
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Due to anchoring at the OT target instead of the EM sensor, the model is not influenced
by any distortions of the EM tracking field, and only static parameters are needed for
optimisation of the two bending angles φ and ψ.

4.1.2. Error Detection and Correction

Electromagnetic (EM) tracking errors can be detected using discrepancies between the op-
tical and EM tracking systems. The probe tip motion model enables real-time tracking
error detection and correction with high sensitivity and specificity.

After calibration, we know the fixed transformations OMshaftTMSshaft from the EM tracking
sensor (MS) at the shaft to the optical tracking target (OM) at the shaft, and EMTTOMEMT from
the optical tracking target at the EM tracking field generator to the EM tracking coordinate
system. In a first approach we use the redundancy between the EM and optical tracking
systems for error detection and correction in a tracking redundancy-based approach.

After modelling the motion of the ultrasound probe bending region, in a second ap-
proach we employ the redundancy between both EM tracking sensors in a model-based
approach.

Tracking Redundancy-Based Error Detection: Intra-operatively, the tracking error for
the EM sensor mounted at the probe shaft is estimated using equation 4.5 (page 37). This
estimate largely depends on EM tracking error, since OT is more accurate and robust. If
the tracking error is bigger than a pre-defined threshold, e.g. δmax from calibration, then
surgical staff is automatically warned. Such errors may be due to quick movement and
tracking artefacts, or static or dynamic distortions of the EM field.

This is similar to the approach of Birkfellner et al. [Birk 98a] and Mucha et al. [Much 06],
who use two EM tracking sensors mounted in a rigid configuration. Deviations of their
distance (or their relative orientation) from the previously determined true distance indi-
cate distortions of the magnetic field. However, this assumes that both sensors are affected
differently, and that this difference correlates with actual error. In our set-up, we do not
use two EM sensors, but one EM sensor and an optical tracking system, both attached to
the probe shaft. Thus, we are able to detect any kind of distortion of the EM field.

Tracking Redundancy-Based Error Correction: Every approach to correction of static
distortions of the EM tracking field, which is based on hybrid (and thus redundant) track-
ing [Naka 00] may be used to detect tracking errors. However, magneto-optical tracking
alone is not applicable to the tip of the laparoscopic ultrasound probe due to the missing
line of sight and the flexible bending region.

A reference pose of the EM tracking sensor mounted at the probe shaft is computed from
the current optical tracking (OT) measurement OTTOMshaft , and from the transformation
OMshaftTMSshaft , determined through hand-eye calibration, as

OTTMSshaft(calib) = OTTOMshaft ·
OMshaftTMSshaft (4.12)

The current pose of the EM tracking sensor is computed from the current EM tracking
measurement, and from the transformation EMTTOMEMT , determined through tracker align-
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4.1. Redundant Tracking for Reliability

ment, as
OTTMSshaft(meas) = OTTOMEMT ·

(
EMTTOMEMT

)−1
· EMTTMSshaft (4.13)

Then, the deviation may be inverted and applied to the pose analogously measured for
the EM tracking sensor at the probe tip:

OTRMStip(corr) =
(

OTRMSshaft(meas)

)−1
· OTRMSshaft(calib) · OTRMStip(meas) (4.14)

OT~tMStip(corr) = −OT~tMSshaft(meas) + OT~tMSshaft(calib) + OT~tMStip(meas) (4.15)

However, distortions of the EM field are complex and may not be shift invariant, i.e. the
two sensors are likely to be affected differently by the distortion, even when placed close
to each other. This is the reasoning behind the error detection approach by Birkfellner et
al. [Birk 98a] and Mucha et al. [Much 06], and this necessitates more sophisticated error
detection and correction methods.

Motion Model-Based Error Detection: We have modelled the possible movement of the
EM tracking sensor mounted at the probe tip, with respect to the OT target mounted at the
probe shaft. Now we use this model for error detection. Intra-operatively, the two degrees
of freedom φ and ψ of the model are optimised in order to yield the closest possible pose to
the current EM tracking measurement (cf. equation 4.7 on page 41). Due to the low number
of degrees of freedom, this optimisation is possible in real-time. As long as there are no
distortions of the EM tracking field, there will be a solution close to the currently measured
pose. If there are distortions of the EM tracking field, there will likely be inconsistencies
and the model cannot be fully matched to the current measurements.

If the discrepancy between the optimised pose and the real pose is greater than a pre-
defined threshold, surgical staff is automatically warned. Since the measured pose relative
to the OT target at the shaft has six degrees of freedom, whereas the model only has two,
we can use the redundancy contained in the remaining four degrees of freedom, in order
to detect inconsistencies.

Motion Model-Based Error Correction: For error correction, we simply use the result of
the optimisation step mentioned above instead of the EM sensor tracking measurement,
i.e. we use the pose compliant to the possible probe tip movement, and closest to the cur-
rent, distorted EM sensor measurement.

Evaluation of Error Detection: For evaluation, we attach a temporary optical tracking
target to the tip of the laparoscopic ultrasound transducer (cf. Figure 4.1 on page 35). Then
we determine the transformation OMtipTMStip between the EM tracking sensor at the tip and
this additional optical tracking target. Thus, we are able to compute a reference pose for
this EM sensor via optical tracking.

For error detection, a “distrust value” can be computed via different approaches and
checked against a threshold – either via the redundancy-based approach, or via the model-
based approach. Two types of error are then possible: Tracking may actually be erroneous,
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4. Hybrid Tracking

while being predicted as correct (false-negative), or tracking may be correct, while being
predicted as erroneous (false-positive).

There is a trade-off between both types of errors, which is determined by the threshold
for prediction. For any given threshold, the sensitivity and specificity of the prediction can
be determined, i.e. the robustness against false-negative errors and false-positive errors.
However, instead of picking only a few specific thresholds for evaluation, we compute
the Receiver Operating Characteristic (ROC) curves (Figure 4.7), which contain complete
information about this trade-off.

Each point on the curve represents the performance of a certain threshold, i.e. sensitivity
and specificity. We considered the value with maximum Youden index [Youd 50] to be the
optimal choice for a threshold. The Youden index J for a given threshold is defined as
follows:

J =
tp · tn− fp · fn

(tp+ fn)(fp+ tn)
=

tp

tp+ fn︸ ︷︷ ︸
sensitivity

+
tn

fp+ tn︸ ︷︷ ︸
specificity

−1 (4.16)

where tp is the fraction of true positives, fn the fraction of false negatives, fp the fraction
of false positives, and tn the fraction of true negatives. The possible range of values is from
zero to one inclusive.

For predicting an error of 2.5 mm or greater, the redundancy-based error prediction was
able to correctly predict 50% of errors (sensitivity) and correctly predict 75% of absence of
error (specificity). In comparison, the model-based error prediction achieved a sensitivity
of 91% and a specificity of 79%. For predicting an error of 5.0 mm or greater, sensitivity
and specificity would have been 62% and 75% (redundancy-based) versus 91% and 93%
(model-based). Figure 4.7 confirms that the model-based error detection is superior to the
tracking redundancy-based approach.

4.2. Hybrid Tracking with Feature-Based Video Tracking

In this section, we present a computer vision method for detection of the ultrasound trans-
ducer in laparoscopic videos, and for correction of the transducer’s relative pose. This
enables correction of all accumulated errors at once and optimises overlay accuracy, which
matters most for intra-operative augmented reality.

Intra-operatively, the laparoscopic ultrasound probe tip needs to be constantly observed
with the laparoscope camera, in order to avoid injury to the patient [Gang 06]. Thus, at
every point during its use, the laparoscopic video images of the ultrasound probe tip are
readily available. In addition, the intrinsic and extrinsic parameters of the laparoscope
camera are known, and thus the images enable automatic detection and correction of track-
ing errors.

We follow approaches, which have already been developed for minimally invasive
surgery. Similar to Climent and Marés [Clim 04] and Voros et al. [Voro 06] we use an edge
detection filter and a Hough transformation [Houg 62] to extract edges from laparoscopic
images. Furthermore, we use previous knowledge about the geometry of the probe tip, in
order to select edges belonging to the probe tip.
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FIGURE 4.7.: Receiver operating characteristic (ROC) curves for prediction of tracking
errors of at least 2.5 or 5.0 mm. The point with the highest sum of sensitiv-
ity and specificity (highest Youden index) represents the optimal threshold
for each approach.

Voros et al. [Voro 06] and Doignon et al. [Doig 06] use information about the insertion
points of laparoscopic instruments. These are fixed during the intervention and may be
used to support segmentation, since edges of the rigid instruments are always aligned
with the insertion points. In our case, however, due to bending of the probe tip, its edges
will in general no longer be aligned with the insertion point. Thus, we use tracking data
of the tip instead – of course, this approach may be combined with other error correction
approaches like the model-based approach outlined above. The results of our probe tip
axis segmentation are shown in Figure 4.8.

The laparoscope camera is tracked by optical tracking (OT). First, the transducer tip axis,
defined by base point b and unit direction vector ~d (cf. section 4.1.1), is transformed from
the electromagnetic sensor (MS) coordinate system into camera coordinates (C) as[

bC
1

]
= CTMStip

[
bMStip

1

]
and

[
~dC
1

]
= CTMStip

[
~dMStip

1

]
, (4.17)

where
CTMStip = CTOMlap ·

OMlapTOT · OTTOMEMT ·
OMEMTTEMT · EMTTMStip , (4.18)

and CTOMlap is the transformation from the laparoscope OT target (OM) to the camera
centre (as determined by camera calibration), OMlapTOT is the transformation from the OT
coordinate system to the laparoscope OT target, and OTTOMEMT is the transformation from
the EM tracking field generator OT target to the OT coordinate system (as measured by
the tracking system).
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4. Hybrid Tracking

FIGURE 4.8.: Results of transducer axis segmentation. Lines classified as belonging to
the transducer tip edges are automatically colored yellow, lines belonging
to the transducer (but not to the edges) are colored blue, the corrected trans-
ducer axis is thick red. Lines belonging to the pencil are rejected (colored
green), because they do not match the measured transducer axis rotation.

In order to automatically segment the probe tip in endoscopic video images, we use the
“Open Source Computer Vision Library” (OpenCV) to first apply the Canny edge detec-
tion algorithm [Cann 86], which provides a binary mask of edges in the video image. This
is then fed into a Hough transform [Houg 62], in order to gain a set of lines in the image.

In order to match these lines to the transducer tip axis, each line is first back-projected
into space, i.e. its two endpoints xC1 and xC2 are projected from 2-D coordinates (xi, yi) to
3-D coordinates (xC , yC , zC) in the image plane as

xC =

 xC
yC
1

 ∝
 λxC
λyC
λ

 = K−1

 xi
yi
1

 (4.19)

Here K is the camera calibration matrix (cf. section 3.1), including the principal point
and focal length [Hart 03], and xC is on the image plane, i.e. without restriction of gener-
ality zC = 1. Together with the camera centre (0, 0, 0), these two end points xC1 and xC2

define a plane, which may completely be described by (in addition to the camera centre)
its normal ~n (cf. Figure 4.9 on page 48):

~n =
xC1 × xC2

‖xC1 × xC2‖
(4.20)

Since the order of the end points of each line is arbitrary, the normals ~n may point in
either direction. We obtain a unified representation of the plane normals, by inverting
them, if ~n · (~dC ×bC) < 0. Thus, all normals will point into the same direction as the cross
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4.2. Hybrid Tracking with Feature-Based Video Tracking

product of ~dC and bC (cf. Figure 4.10). Then, the angle α between the transducer tip axis,
as given by tracking, and each back-projection plane can be determined as

α = arcsin(~n · ~dC). (4.21)

The distance d between the base point bC of the measured transducer tip axis, i.e. the
point closest to the EM tracking sensor, and the plane is described by

d = ~n · bC (4.22)

Depending on whether d is positive, negative, or zero, bC will be above (in the half-space,
which the normal is pointing to), beneath, or on the plane. For each line, |α| and |d| are
checked against thresholds, and if both thresholds are matched, then we may assume that
the line corresponds to an edge segment of the transducer tip.

These lines are then combined in a voting approach. Iterating over all previously se-
lected edge segments, we identify the maximum and minimum values of d, i.e. dmax and
dmin. Since d may be positive or negative, both extrema correspond to the outermost seg-
mented edge segments on both sides of the probe tip. In the ideal case, the difference
dmax − dmin is equal to the known probe tip diameter. Thus, the difference between mea-
sured and true probe tip diameter may be used for verification of our segmentation. In
order to reject lines on the transducer itself, in contrast to actual edges, we reject all lines,
which are more than a certain threshold distance from the outermost edge segments. Such
falsely segmented lines might be due to e.g. specular reflections on the probe tip.

From the remaining edges 1 . . .m, the mean of the plane normals

~nmean =

∑m
i=1 ~ni

‖
∑m

i=1 ~ni‖
, (4.23)

and the mean angle

αmean =

∑m
i=1 αi
m

(4.24)

between transducer tip axis and plane are computed. The estimated distance dest be-
tween the segmented, correct transducer axis and electromagnetically measured trans-
ducer axis can then be computed as the mean of minimum and maximum distances
dest = (dmax + dmin) /2.

The correction transform is then computed as one translation and one rotation: The
measured probe tip axis is translated along the mean plane normal ~nmean by the estimated
distance dest, i.e. dest ·~nmean, such that the axis origin will be in the middle of the segmented
probe tip. Then, the measured probe tip axis is rotated, such that it coincides with the
segmented axis. Since the axis of rotation is orthogonal to both the mean plane normal as
well as the measured tip axis direction, it can be computed as ~r = ~nmean × ~dC . Finally,
the rotation can be computed from ~r and the mean angle αmean using Rodrigues’ rotation
formula [Murr 94]. This transforms the electromagnetically measured tip axis to a pose,
from where it will be projected onto the image plane in such a way that it is exactly aligned
with the segmented probe tip axis.

Please note that while this image-feature based approach may be combined with other
error correction methods, this is optional, and the image-feature based method only relies
on video images and some previous knowledge about the probe tip geometry.
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FIGURE 4.9.: Back-projection of a segmented ultrasound transducer edge and its com-
parison to the transducer tip axis measured by electromagnetic tracking.

FIGURE 4.10.: Back-projection of four segmented transducer edges, which generates
four planes and their corresponding normals. Image courtesy of Feuer-
stein et al. [Feue 08b].
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FIGURE 4.11.: 2-D overlay accuracy evaluation by segmentation. “Seg” denotes the seg-
mented position of the sphere (ground truth), “OT” is the projection of
the optical marker positing, “EMT” is the projection of the uncorrected
EM tracking sensor measurement, and “CorrEMT” is the projection of a
corrected EM tracking sensor position.

Evaluation of Feature-Based Video Tracking: The feature-based error correction min-
imises overlay error within the image plane. Thus, for evaluation of image plane error we
need to provide other features in the image plane. We can use the temporary optical track-
ing target at the tip of the laparoscopic ultrasound transducer (cf. Figure 4.1), as well as
the transformation OMtipTMStip between the electromagnetic tracking sensor at the tip and
the new optical tracking target.

Due to the laparoscope camera’s own light source, tracking markers appear as bright
spheres in the video image and can be segmented by simple thresholding. Uncorrected
and corrected positions of the EM tracking sensor can be transformed to the optical track-
ing target’s positing using OMtipTMStip , and projected into the image plane, the location of
which is known from camera calibration. Then the projected positions can be compared to
the segmented ground truth, as shown in Figure 4.11. The performance of different error
correction methods is shown in Figure 4.12.

4.3. Hybrid Tracking with Image Registration

In endoscopic procedures, live video images are available and intensity-based registration
of the 2-D video image and a pre-operative 3-D computed tomography (CT) volume can
be used for tracking. Hybrid electromagnetic and image-based tracking employs electro-
magnetic tracking for initialisation and image registration for accuracy.
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FIGURE 4.12.: 2-D overlay error correction performance of different methods. The error
remaining after each correction is plotted against uncorrected error. For
visual comparison, the dashed line represents the original error without
correction.
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For the tracking of flexible endoscopes within patients, there is only little correlation
between those parts, which can be observed outside the body, and the actual tip of the
endoscope. Thus, tracking is more challenging than for rigid instruments. However, navi-
gation systems still promise benefits through visualisation of additional information from
pre-operative planning, e.g. the precise location of biopsy target sites.

Since endoscopy is an inherently monitor-based procedure, augmentation of intra-
operative video images with guidance or targeting information is straightforward and
promises high clinical acceptance due to smooth integration into the clinical workflow.
Visual indications of otherwise invisible targets will enable a more precise guidance. For
such overlays, accurate tracking information about the position and orientation of the en-
doscope camera relative to the patient is required.

For example, flexible bronchoscopy is a widespread clinical procedure for diagnosis and
treatment of lung diseases, and one of its most common applications is transbronchial
biopsy – in particular of lung cancer, which is the most common cause of cancer-related
death in men and women worldwide [Park 05]. Bronchoscope tracking by electromagnetic
(EM) tracking systems has been known for more than a decade [Solo 98, Gild 06, Schw 06].
However, patients are breathing, occasionally coughing and choking, and the insertion of
the bronchoscope may cause additional deformation of the lung. Thus, motion correction
for tracking is necessary, and complementary information is required.

It is possible to constrain the assumed position of the tracked endoscope to follow the
airways [Vett 07, Gerg 10], as defined by segmentation of the CT volume. However, for
bronchoscopes, image-based tracking enables more precise location.

Image-Based Tracking: Where imaging data is already available, an image-based track-
ing approach does not introduce any additional hardware or changes in the clinical work-
flow. Image-based tracking has been proposed for interventions, where tools are already
required to be constantly observed via imaging systems. Examples include ultrasound-
guided needle biopsy [Ding 03], or catheter tracking in fluoroscopy [Paul 10]. In the case
of flexible endoscopy, video imaging is available all the time.

If the navigation system involves AR overlays, errors may accumulated over patient
registration, EM tracking, and camera calibration. However, image-based is complemen-
tary to EM tracking, since it allows to refine precisely the position and orientation of the
endoscope camera relative to the patient. This is exactly the spatial relation, which is most
important for augmentation.

Tracking based on the image sequence only has been proposed [Wu 04], but if the video
images are combined with pre-operative imaging data like CT volumes, then more infor-
mation is available. Such data is routinely available in clinical practice, since often it was
an original finding in the CT image, which indicated the endoscopic follow-up examina-
tion or biopsy. Most image-based endoscope tracking approaches have been described
for bronchoscopy, since here the anatomy is comparatively stable between pre-operative
CT imaging and intra-operative video imaging, in contrast to gastroscopy, or colonoscopy.
There have been approaches to tracking of endoscopes by using image features [Wu 04], in
contrast to image intensity. However, the environment in bronchoscopy is mostly texture-
less, and texture information is not available from e.g. CT data. This leaves intensity-based
registration of the 2-D video image and the 3-D CT volume as the primary approach to
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FIGURE 4.13.: Navigated bronchoscopy user interface with real bronchoscopic image
(left), virtual bronchoscopic image rendered at current position and ori-
entation (centre), and chequerboard overlay (right).

image-based endoscope tracking.
There has been a large body of work on 2-D/3-D registration, mostly considering regis-

tration of 3-D CT or Magnetic Resonance Imaging (MRI) data to intra-operative 2-D X-ray
imaging. Please refer to Markelj et al. [Mark 10] for an excellent review of methods. For
bronchoscopy, so-called virtual bronchoscopy has been proposed, and may be used for 2-
D/3-D registration.

Virtual Bronchoscopy: In order to improve visualisation of 3-D CT images, the render-
ing of 2-D images similar to a bronchoscopic examination was proposed [Bric 98, Engl 98].
Such a method may be extended to include other modalities like Positron Emission To-
mography (PET) [Seem 07], if combined PET/CT images are available. Virtual bron-
choscopy was found useful, but only as complement to real fibre-optic bronchoscopy
[Flei 97, De W 05]. For a comparison of real and virtual bronchoscopy images, please see
Figure 4.13.

For image-based tracking, virtual bronchoscopy is a representation of the CT volume,
which enables registration to the video image. Besides providing the same dimensional-
ity for comparison, via simulation of one modality (2-D video) from another (3-D CT) we
are essentially turning a multi-modal registration in a mono-modal one. The appearance
of the virtual bronchoscopy image is supposed to be close to the real bronchoscopy im-
age, and thus image similarity measures like Normalised Cross Correlation (NCC) can be
used, rather than the more complex measures like Mutual Information [Viol 97]. How-
ever, a CT image describes volumetric X-ray absorption, while video describes optical sur-
face properties. There are straightforward methods for volume-rendering of CT images,
producing images similar to video, but properties like colour, reflectance, etc. need to be
tuned, and due to the different imaging principles and resolutions, a perfect match can-
not be achieved. Still, similarity measures like NCC are mostly used, in order to achieve
computational efficiency.

Image-Based Bronchoscope Tracking: Bronchoscope tracking by only image registration
with virtual bronchoscopy was proposed [Sher 00, Helf 01, Mori 02]. As such, this method
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does not yet require any additional tracking hardware. Also, since only the relative posi-
tion within the patient airways is relevant, it does not yet have to consider deformation of
the lung. During breathing motion the bronchoscope moves together with the surround-
ing bronchi, so its position relative to the patient anatomy does not change.

Computational efficiency strongly depends on the comparatively costly rendering of the
virtual bronchoscopy image for each evaluation of the cost function. This rendering step
also impedes analytical description of the cost function gradient. Gradients, if needed,
have to be estimated using finite differences during numerical optimisation. In order to
improve convergence of the image registration step, similarity measures have been im-
proved by selecting only blocks with “characteristic structure” [Degu 03]. Alternatively,
fast estimates based on the real images only have been proposed using epipolar geometry
[Mori 01], texture mapping [Shoj 01], or depth warping [Rama 99, Rai 08].

Image registration alone can only provide incremental tracking due to the overall self-
similarity of the airways. Thus, if tracking is interrupted due to quick motion, or if the
endoscope is moved, while the view is obscured, tracking has to be re-initialised again.
While global search methods for image-based bronchoscope tracking have been proposed
[Khar 10, Khar 11], these are still limited by the size of the search space. Also, due to
the overall cylindrical shape of the airway branches, rotation around the bronchoscope’s
viewing direction is difficult to capture. During bronchoscopy, manual rotation of the
endoscope is constantly required for steering.

Thus, image-based tracking was extended to hybrid electromagnetic and image-based
tracking [Mori 05, Degu 06, Sope 10]. Here, the position and orientation given by elec-
tromagnetic tracking are used as initialisation for image registration. This can be further
extended with motion prediction [Naga 04, Mori 06].

Shape-Based Matching: One weakness of bronchoscope tracking by intensity-based reg-
istration of images is that the position accuracy is worse along the view direction than
laterally. Translations along the view direction result in only small changes in the image
similarity, and this is obscured further by the remaining, unavoidable discrepancies be-
tween the pre-operative CT volume and the intra-operative video.

In the future, tracking of flexible endoscopes might be improved by matching 3-D data
to the 3-D CT volume. “Shape from shading” [Rash 92, Okat 97] has been applied to
bronchoscope tracking [Bric 98, Deli 04, Sute 04], and registration of 3-D point clouds to
3-D surfaces from CT data has been proposed for image-based tracking [Miro 09]. Such
approaches do not depend on a photo-realistic rendering sub-step, but the shape-from-
shading sub-step in turn is affected by specularities and mucus on the airway surface.

Evaluation of Bronchoscope Tracking: In previous works, tracking of bronchoscopic
video relative to CT data was usually evaluated via the duration of successful tracking
[Mori 05], the fraction of “correctly matched frames” [Luo 10b], distance to airway cen-
treline [Wegn 08], fraction of positions within airways [Klei 07], or distance between suc-
cessive result positions [Gerg 10]. Such criteria are either strongly dependent on data sets
and a subjective definition of “successful tracking”, or biased if the very same criteria have
been optimised before. The ground truth data problem was explained in details by Mount-
ney et al. [Moun 10].
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As an extension of the “manual registration” approach by Soper et al. [Sope 10] we pro-
posed [Reic 11] an evaluation based on expert-provided ground truth data. A direct de-
duction of clinical relevance is possible, and from the agreement within experts and be-
tween multiple experts the limits of image-based methods can be learned.

Ground truth data is independently and repeatedly collected by multiple experts, prefer-
ably medical or scientific experts. Recording is started from the first frame in each video
sequence and a neutral, approximately correct position for the first frame. For each real
image the position and orientation of the virtual bronchoscopic image are manually ad-
justed, until both images match as closely as possible. Adjustment may be done using
mouse and keyboard, or more ergonomically with 6-D input devices like the SpaceNav-
igator (3Dconnexion, München, Germany) or PHANTOM Omni (Sensable, Wilmington,
MA, USA). Each expert is blinded to the other experts’ results, as well as to his own results
from previous sessions. Since this process is extremely time-consuming, only a subset of
frames may be matched, evenly distributed over the full image sequence.

For analysis, pose data from multiple sessions is first averaged per expert, then these
intermediate results are averaged between all experts. Intra-expert agreement and inter-
expert agreement are computed as mean standard deviation of selected poses and aver-
aged over all poses, either for each single expert’s poses, or for all experts. These agree-
ment values can then be used to indicate general limits for approaches based on registra-
tion of real and virtual bronchoscopy images. For example, in our own experiments we
found an inter-expert agreement of 1.26 mm and 4.78◦ [Reic 11].

4.3.1. Tracking with Smooth Output

When electromagnetic tracking is used as an initialisation for image registration, small
changes in the initialisation may lead to different local minima, and noise is amplified by
hybrid tracking. By modelling the output as continuous and using splines for interpola-
tion, smoothness is greatly improved. 1

While accuracy and computational speed are clearly important for real-time applica-
tions like intra-operative navigation, smoothness of the output is no less relevant. Less
jitter of augmented reality overlays increases operator comfort and acceptance. Smooth
output may provide benefits when further processing the output for motion models, or
for temporal and spatial synchronisation of multiple video sequences in the case of repeat
examinations or clinical studies.

An ongoing challenge is compensation of dynamic tracking errors, which can be due to
patient movement, breathing motion, or cardiac motion, as well as errors from EM tracking
artefacts due to quick movements of sensors. With hybrid EM and image-based tracking
methods small changes in the EM measurements can lead to large jumps between local
minima after image-based registration. Such jumps in the tracked endoscope position and
orientation in turn affect where augmented reality overlays are placed, leading to a shaky
visualisation. A new approach to this problem is modelling the true trajectory as con-
tinuous. This will yield a more consistent, physically plausible, and clinically acceptable
tracking result.

1For a revised version of this section, please refer to the subsequent publication. [Reic 13b]
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A continuous description of bronchoscope pose at time t is given by its position p(t) and
orientation q(t). Since both the real movement of the bronchoscope and the movement
of anatomy (breathing, heartbeat, etc.) are spatially smooth over time, movement of the
bronchoscope relative to patient anatomy is smooth as well.

Control points are assigned to frames with regular time spacing s and initialised with
the original EM tracking measurements. For interpolation of position we use Catmull-Rom
splines [Catm 74], a special class of cubic Hermite splines, where tangents are continuous
over multiple segments. The resulting curve is continuously differentiable and passes di-
rectly through the control points:

p(t) =
1

2

(
1 u u2 u3

)
0 2 0 0
−1 0 1 0

2 −5 4 −1
−1 3 −3 1




pi−1

pi
pi+1

pi+2

 , (4.25)

where pi−1...i+2 are positions of consecutive control points, i = bt/sc is a control point
index, and u = t/s− bt/sc is the interpolation ratio between control points pi and pi+1.

For orientation we use quaternions, because they allow a continuous representation
without gimbal lock. Then, for interpolation between quaternions we use spherical lin-
ear interpolation (SLERP) [Shoe 85], which provides “smooth and natural” motion:

q(t) = qi (q−1
i qi+1)u =

sin(1− u)θ

sin θ
qi +

sinuθ

sin θ
qi+1, (4.26)

where θ is the rotation difference between qi and qi−1. Initial parameters pk and qk for
all control points are taken directly from the EM tracking measurements.

Then, each for each control point i its position pi and orientation qi are optimised with
respect to a cost function E(p,q). For the matching between bronchoscope images and CT
image, we employ as an intermediate step virtual bronchoscopic images IV (pk,qk), where
the CT image is rendered for a camera with position pk and orientation qk. Also, where
information about airway structure is available, e.g. in the form of a distance map, we
include this as well. Adding regularisers incorporating EM tracking measurements and
bending forces along the trajectory, we seek to maximise

E(p,q) = S(p,q)︸ ︷︷ ︸
similarity

−λ1 ·D(p)︸ ︷︷ ︸
structure

−λ2 ·RT (p,q)︸ ︷︷ ︸
displacement

−λ3 ·RB(p)︸ ︷︷ ︸
bending

, (4.27)

where λ1...3 are weighting parameters.

Image Similarity: The similarity S(p,q) between real and virtual images is computed
via the Local Normalized Cross Correlation (LNCC)

S(p,q) =
∑
k

LNCC(IR(tk), IV (pk,qk)), (4.28)

where k is an image index in the neighbourhood of the current control point, IR(tk) is
the real image at time tk, and IV (pk,qk) is the virtual bronchoscopic image. The patch
size for LNCC was set to 11 pixels. The gradient of S(p,q) for movement for each single
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control point i can be approximated from the frames in its support (i − 2, i + 2) via finite
differences. This is closely related to bundle adjustment, where multiple images are regis-
tered together e.g. for fibre-optic video mosaicking [Atas 08]. Frames outside its support
are not influenced by movement of this control point, so gradient computation can be de-
coupled for each control point. In addition, since the total number of frames is constant,
the total computational effort does not depend on the number of control points.

Airway Structure: D(p) is the Euclidean distance from each position p to the nearest air-
way voxel. Segmentation of airways can be performed using an iterative region growing
approach [Gerg 10], and for computational efficiency a distance map can be computed. All
positions inside the airways have a distance of zero.

Since the bronchoscope does not necessarily move close to the bronchus centrelines, the
effect ofD(p) is similar to a maximisation of the number of measurements which are inside
the airways [Klei 07]. Since the continuous-by-definition trajectory is an even stronger con-
sistency condition than e.g. a particle filter, we do not need to match the measurements to
the nearest bronchus. Such a projection could match the position into the wrong bronchus.
Instead, jumping between neighbouring bronchi is prevented by the uniqueness of the
spline curve.

Displacement from EM measurements: According to Hooke’s law, spring force is pro-
portional to displacement, so we model tension, the cost of distance from the EM tracking
measurements, as

RT (p,q) =
∑
k

[α · ‖pk − pk,0‖+ θ(qk,qk,0)] , (4.29)

where pk,0 and qk,0 are the position and orientation measured by EM tracking at time tk,
and the rotation difference θ(qk,qk,0) is computed as the angular component of the differ-
ence quaternion. α is the ratio between rotational and translational spring constants and
was set to 3.10◦/mm, since this was the ratio of errors observed with the human experts
when recording ground truth data.

Bending: In addition to the inherent smoothness of the spline curve, another term pe-
nalises large translations between control points. According to Euler–Bernoulli beam the-
ory, the bending moment of the trajectory is proportional to its curvature, so we choose
analogously

RB(p) =
∑
k

∥∥∇2
kpk
∥∥. (4.30)

Optimisation: We iteratively estimate the optimal parameters for E(p,q) by gradient
descent. The updated parameters pu,qu are given by

∇E(p,q) = ∇S(p,q)− λ1 · ∇D(p)− λ2 · ∇RT (p,q)− λ3 · ∇RB(p,q) (4.31)

(pu,qu)← sign(∇E(p,q)) ·min(τ · ‖∇E(p,q)‖, δ), (4.32)
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(A) Dynamic motion phantom

Motor

(B) Phantom motion

FIGURE 4.14.: Dynamic motion phantom (4.14a) and phantom motion (4.14b).

where τ is a magnitude control parameter, and δ is the maximum step width.
The gradient is approximated via finite differences, and the framework is extensible to

include other measures, similar to inclusion of a distance map or image similarity, where
a closed form description of the gradient might not be available.

During optimisation, only data for a neighbourhood of frames needs to be available, so
frames can be processed in sequence like with previous approaches. With real-time imple-
mentations, obviously only frames up to the current time may be considered. However,
with off-line applications all data is available, so the optimisation might “look ahead” for
additional motion compensation.

Registration Refinement: For each control point, the original EM tracking measurements
and a corrected position are available. Thus, after a trajectory has been processed once, it is
possible to compute the optimal Euclidean transform between both point sets, i.e. between
original and corrected positions. This is similar to an update step of the Iterative Closest
Point (ICP) algorithm [Besl 92]. A visual inspection of all accessible branches is commonly
recommended my medical guidelines prior to a bronchoscopic procedure [Haus 04], and
the refined and approved registration can then be used for subsequent navigation and
visualisation, well integrated into the clinical workflow.

Evaluation Set-Up: We use a 3D Guidance EM tracking system (Ascension Technology,
Burlington, VT, USA) with flat-bed field generator and model 130 sensors, and a BF-P260F
flexible fibre-optic bronchoscope (Olympus, Tokyo, Japan). One EM tracking sensor was
fixed inside the bronchoscope working channel.

The dynamic phantom is a CLA 9 (CLA, Coburg, Germany), which was chosen due to its
closely human-mimicking surface. It was connected to a motor (Lego, Billund, Denmark)
via nylon threads (cf. Figure 4.14). Four data sets consisting of video sequences and EM
tracking data recordings were acquired with different amplitudes of simulated breathing
motion between 7.48 and 23.65 mm, which corresponds to motion amplitudes determined
for humans [Hanl 99].
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(A) EM tracked endoscope

I
T

C
S

(B) Coordinate systems

FIGURE 4.15.: Bronchoscope with embedded electromagnetic tracking sensor (4.15a)
and coordinate systems (4.15b): bronchoscope camera (C), CT image (I),
electromagnetic tracking (T), and tracking sensor (S) coordinate frames.
The transformation TTS is measured, the transformations STC and ITT

are calibrated, and the transformation ITC is optimised for each frame.

A CT scan of the phantom was acquired with 0.5 mm slice thickness. The broncho-
scope and the different coordinate systems and transformations are shown in Figure 4.15.
For point-based registration between CT and EM tracking coordinate systems, 29 external
landmarks were used, average residual error was 0.92 mm. Camera intrinsics, deforma-
tion, and hand-eye calibration were performed as described in section 3.1.

Both video sequence and CT data were stored in graphics processing unit (GPU) mem-
ory, and virtual bronchoscopic image rendering as well as similarity were computed on
GPU using OpenGL. Experiments were conducted on a standard workstation with Win-
dows XP, an Intel Core Duo T9400 CPU, 4 GB RAM, and an NVidia Quadro FX 770M GPU.

Ground Truth Data: Following the evaluation approach outlined in section 4.3, ground
truth data was independently and repeatedly collected by two experts, one expert bron-
choscopist (A) and one scientist (B). For each real image, the position and orientation of
the virtual bronchoscopic image were manually adjusted, until both images matched as
closely as possible.

Intra-expert agreement (mean standard deviation) was 1.66 mm and 5.80◦ (A) and
1.44 mm and 3.94◦ (B). Inter-expert agreement was 1.26 mm and 4.78◦. The ratio between
intra- and inter-expert agreement indicates considerable overlap between the experts’ re-
sults. These margins might indicate a limit for any approach based on registration of real
and virtual bronchoscopy images.

Results and Comparison: We compare the proposed method to our own implementa-
tions of four previously published approaches: bronchoscope tracking by EM tracking
only [Solo 00], intensity-based registration (IBR) with direct initialization from EM track-
ing [Mori 05], IBR with dynamic initialisation from EM tracking [Luo 10a], and IBR with a
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Accuracy Smoothness

Solomon et al. [Solo 00]
5.87± 2.67 mm 3.20± 1.68 mm
10.55± 6.16◦ 3.40± 9.22◦

Mori et al. [Mori 05]
5.59± 2.91 mm 3.72± 2.23 mm
10.55± 6.37◦ 4.98± 10.89◦

Luo et al. [Luo 10a]
5.17± 3.29 mm 3.24± 2.24 mm
10.75± 6.79◦ 4.57± 10.57◦

Luo et al. [Luo 10b]
4.52± 3.08 mm 2.77± 2.08 mm
10.62± 6.14◦ 3.46± 9.46◦

Proposed Method
4.91± 2.57 mm 1.24± 0.82 mm
11.48± 6.09◦ 3.00± 8.36◦

Expert agreement
1.26 mm –

4.78◦ –

FIGURE 4.16.: Hybrid image-based and electromagnetic tracking errors and smooth-
ness. In middle column, mean error and standard deviation with respect
to ground truth are given for translation and rotation. Accuracy is equiv-
alent with regard to expert agreement. In right column, mean inter-frame
distance and standard deviation are given for translation as well as rota-
tion. Smoothness is significantly improved by the proposed method.

Sequential Monte Carlo sampler based on EM tracking [Luo 10b]. Quantitative results for
the accuracy relative to ground truth, and smoothness of the output in terms of inter-frame
distances are given in Table 4.16. Accuracy was evaluated relative to expert-provided data,
and the accuracy of the proposed method is equivalent to previous approaches with regard
to expert agreement. In addition, our results for previous methods agree with Soper et al.
[Sope 10], who reported mean distances of 2.37 mm and 8.46◦.

The main result is that the proposed method shows significantly better smoothness. In
order to also visualise the difference, two output trajectories are shown in Figure 4.17. The
close-up view shows significantly less jitter in the output of the proposed method than
of the previous approach. We attribute most of the remaining inter-frame distance to the
real bronchoscope motion. Due to the smoothness constraint, our method by design pro-
vides a more realistic and physically plausible solution to the tracking problem, which has
significantly less jitter. Video output is much more consistent and robust [Reic 11], with
fewer occasions of tracking loss or unexpected movement. The filtering effect removes
noise from the input, but can also lead to some loss of detail, if e.g. the direction of motion
changes. These results were confirmed by an evaluation using the ArtiChest thorax phan-
tom (PROdesign, Heiligkreuzsteinach, Germany) with an ex-vivo porcine lung explant, cf.
Figure 4.18 [Reic 12].

Computation time is 0.98 seconds per frame, i.e. between 12.8 and 14.9 minutes for the
781 to 911 frames of our video sequences. For other methods a run time between 0.75 and
2.5 seconds [Mori 05, Luo 10a, Luo 10b, Sope 10] per frame is reported, so our computation
speed is equivalent to previous approaches.

We expect our method to be robust against transient artefacts occurring in real clin-
ical images, like specular reflections or bubbles, since groups of frames are matched and
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FIGURE 4.17.: 4.17a) Airway structure, trajectory from proposed method (solid blue),
and ground truth positions (black dots). Close-up region is indicated as
green rectangle. 4.17b) Close-up view of trajectories from previous ap-
proach [Luo 10b] (dashed red) and proposed method (solid blue), show-
ing much smoother output of the latter.

Diaphragm balloon

Cyclically in- and 
deflated with air

(a) (b)

Lung lobes

Air evacuation

FIGURE 4.18.: ArtiChest thorax phantom: a) schematic of design and operation, and b)
setup with inflated lung and bronchoscope inserted through trachea.
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(A) Real video image (B) DVT volume rendering (C) Video with overlay

FIGURE 4.19.: Real video image of a prepared patient (4.19a), a high-quality volume ren-
dering of the jaw from a DVT volume of the same patient (4.19b), and
rendering of the DVT volume overlaid on the real image (4.19c).

smoothness is enforced. Also, our method does not impose any assumptions on the breath-
ing motion, which can be irregular and interrupted by coughing or choking, depending on
the degree of patient sedation. Thus, data acquisition can be brought to the operating room
with minimal interruption to the surgical workflow.

4.3.2. Advanced Image Registration

Conflicting requirements of robustness, speed, and accuracy for image-based tracking may
not be met using a single approach. Thus, advanced application-specific image rendering
and registration techniques are introduced, which approach these requirements in a com-
plementary process.

In the following we outline an application-specific solution for image-based tracking by
registration of video images with computed tomography (CT) data [Aich 12].

Up to now, orthodontic applications like bracket placement rely solely on the dentist’s
experience, but in the future Augmented Reality (AR) applications might help planning
optimal placement and executing such procedures. A light-weight head-mounted display
can be used for this. External tracking systems could be used, but integrating them into
clinical routine and workflow requires significant effort. In addition, the multitude of
calibrations involved (patient-tracking, tracking-visualisation, etc.) would quickly accu-
mulate error. In contrast, tracking the pose of the patient relative to the surgeon directly in
the video image elegantly avoids the accumulation of errors and the need for an external
tracking system. This yields a light-weight solution, which can be integrated quickly into
clinical routine, without the need for a full-scale medical AR set-up. Low-dose X-ray Dig-
ital Volume Tomography (DVT) images are usually available, so the video images may be
registered to these and overlays displayed, as shown in Figure 4.19. There are conflicting
requirements of robustness (large capture range), speed, and accuracy. It is not possible
to meet all these requirements in a single approach, so two complementary methods were
devised.

The scene is mostly texture-less, and for the sake of integration into the workflow, it is
not desirable to augment the scene with artificial markers. This leaves edge-based registra-
tion [Klei 06] as the method of choice for the first step. Since the most dominant and stable
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FIGURE 4.20.: Plot of the edge-based distance metric d for translations parallel to the
image plane with a clear minimum for perfect visual alignment at the
centre.

edges in the video image are those of the teeth and gum-line, i.e. the objects of interest
themselves, a two-step dual iso-surface rendering algorithm was developed for the DVT
images, which distinguishes between teeth surfaces covered by gum or not [Aich 12]. For
the registration of a single frame, the video image is subjected once to a Canny edge filter
[Cann 86], and a distance map is computed. Then, in a numerical optimisation loop the
virtual image is rendered, the image gradient is computed, and via a fast look-up into the
distance map the distance to the closest edge is computed. The distance measure in the
edge-based registration is

d =

∑
x,y

[d(x, y) · g(x, y)]∑
x,y
g(x, y)

(4.33)

where d(x, y) is the distance map of the video edges, and g(x, y) =
∥∥∇(x,y)J

∥∥2 is the
squared image gradient magnitude of the dual iso-surface rendering J at pixel coordinates
(x, y). This approach provides accurate results, as shown by a plot of the distance metric in
the neighbourhood of the true optimum (Figure 4.20). However, due to the invocation of
a rendering step for each evaluation of the cost function, the edge-based registration step
is not feasible in real-time. Also, it is desirable to increase the capture range, in order to
compensate for quick motions.

Thus, a second texture-based approach was devised, where the video image is pro-
jected onto the iso-surface rendered from the DVT volume before. The registration now
becomes a mono-modal problem, and a simple, fast similarity measure like the sum of
absolute differences (SAD) can be used. This approach is fast and provides a large cap-
ture range. The texture-based approach is susceptible to the so-called “template update
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(A) Rendering methods comparison

Manual initializationManual initialization

Edge-Based RegistrationEdge-Based Registration

Texture initializationTexture initialization

Texture-based

Edg
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M
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(B) Tracking flow-chart

FIGURE 4.21.: Texture-based and iso-surface rendering methods (4.21a), and flow-chart
of initialisation and tracking procedure (4.21b).

problem” [Matt 04], which may lead to accumulation of errors and drift, so the texture is
re-initialised from the edge-based approach, when necessary. For a comparison of both
rendering methods, and a flow-chart of the complete tracking system, please refer to Fig-
ure 4.21.

4.4. Electromagnetic Servoing – A New Automated Tracking
Paradigm

In this section we present a novel tracking paradigm, where we keep the electromagnetic
tracking sensor always close to the centre of the tracking volume, in order to minimise
errors. This is the first general solution providing uniform accuracy throughout the track-
ing volume, improving accuracy by a factor of two, and at the same time extending the
tracking volume up to the reach of the robot. 2

Non-Uniform Accuracy: The accuracy of electromagnetic (EM) tracking is not uniform
throughout the tracking volume, as shown in Figure 4.22a. In previous tracking system
benchmarks the accuracy has already been recognised as usually being highest close to the
centre of the tracking volume, as shown in Figure 4.22b. This is due to internal calibration
of the tracking system, and indicates the trade-off between tracking accuracy and tracking
volume size.

Thus, if tracking sensors are kept close to this centre, accuracy will be optimal. How-
ever, this implies that the EM field generator needs to follow movement of the sensor, and
thus needs to be tracked itself. Since such a feedback loop would be hard to implement

2For a revised version of this section, please refer to the subsequent publication. [Reic 13a]
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(A) Tracking volume (B) Static position accuracy

FIGURE 4.22.: Tracking volume and accuracy of a compact field generator for the Au-
rora tracking system (Northern Digital). 4.22a) Tracking volume, where
volume offset is 10 mm, cylinder radius is 110 mm, and dome radius is
185 mm [Nort 11]. 4.22b) Typically bowl-shaped plot of static tracking
position accuracy, with mean errors computed in the z direction.

manually, it is a direct consequence to use a robot for automated movement of the field
generator. In addition, the robot also provides the required pose information about field
generator movement. Such electromagnetic servoing results in uniform, optimal EM track-
ing accuracy, only diminished by robotic relative accuracy, which is usually negligible in
comparison. As an additional benefit, the effective tracking volume is increased, and the
robot may rotate the field generator around the sensor, if required by the application, or in
order to avoid a suboptimal sensor orientation relative to the field generator [Shen 08].

Set-Up: Our set-up (cf. Figure 4.23) consists of a six-axis robotic arm (UR-6-85-5-A, Uni-
versal Robots, Odense, Denmark, stated accuracy 0.1 mm) and an EM tracking system
(Aurora, Northern Digital, Waterloo, ON, Canada) with a compact field generator (stated
accuracy 0.6 mm). For evaluation purposes we also use an optical tracking system (Polaris
Vicra, Northern Digital, stated accuracy 0.25 mm).

In order to avoid distortions of the EM tracking field, the field generator was fixed to the
robot hand using a custom-designed spacer made of biocompatible DuraForm PA plastic
(3D Systems, Rock Hill, SC, USA), which is shown in Figure 4.24b. For evaluation three
EM sensors were fixed in orthogonal orientations to a holder made of the same material,
as shown in Figure 4.24a. Two non-metallic optical tracking targets were attached to both
the EM field generator and to the EM sensors.

It can be derived from theoretical considerations that secondary EM fields from any
metallic object, whose distance from the EM field generator is at least twice the distance
between EM field generator and sensor, contributes less than one per cent to the measured
field strength [Raab 79]. Since our goal is to track an object at the center of the tracking vol-
ume, the distance between EM field generator and sensor is kept at approximately 95 mm.
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(A) Evaluation set-up (B) Mock-up set-up

FIGURE 4.23.: 4.23a) Evaluation set-up for electromagnetic servoing, arranged for dis-
play purposes. 4.23b) Mock-up set-up for tracking during abdominal in-
tervention.

(A) Evaluation set-up (B) Robot and field generator

FIGURE 4.24.: EM sensors and EM field generator attached to robot. 4.24a) EM sensors
are mounted in orthogonal orientations, with an optical tracking target
for evaluation. 4.24b) The EM field generator is attached to the robot, and
also equipped with an optical tracking target for evaluation.
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Thus, a spacer of 220 mm length between robot and EM field generator is sufficient to
avoid EM distortions from metals in the robot.

Polyamide screws were used in the vicinity of the EM field generator and EM sensors.
Evaluations were performed over a metal-free table, with as much distance from other
electrical equipment (computers, power supplies, lamps, etc.) as possible.

Hand-Eye Calibration: We performed hand-eye calibration as described in section 3.3.
Measurements during a sequence of motions can be rewritten as AX = XB, where A in
our case is the measured motion of the EM field generator relative to a fixed sensor, B is
the motion of the robot hand relative to the robot base, andX = HTF is the transformation
from the EM field generator to the robot hand. Motions were chosen following Tsai’s and
Lenz’ recommendations for optimal accuracy [Tsai 89].

Choosing appropriate input motions for the hand-eye calibration algorithm (cf. sec-
tion 3.3), it is possible to compute all fixed transformations in our set-up. We are inter-
ested in the transformation matrix HTF from the EM field generator (F) to the robot hand
(H), and in the transformation TTS from the EM sensors (S) to the optical tracking target
(T). The latter is only relevant for determining ground truth for evaluation, and our set-up
does indeed not depend on optical tracking.

Hand-eye calibration is fully automated and takes only seconds to perform. In 54 repe-
titions of the hand-eye calibration procedure, the results for the transformation HTF from
field generator to robot hand had a mean deviation from their mean of 1.91 mm and 2.55◦.

Feedback Loop and EM-Servoing: In order to keep the EM sensor at the centre of the
tracking volume, its position is constantly monitored via EM tracking. Whenever its dis-
tance from a preselected, relative position is larger than a specified threshold, the required
translation F́~tF of the field generator is computed. Then the robot hand pose is updated as

BT́H = BTH · HTF ·

[
I F́~tF
0 1

]
·
(
HTF

)−1
, (4.34)

where BTH is the previous transformation from robot hand to base and HTF is the trans-
formation from the field generator to the robot hand. The new hand pose BT́H is then sent
to the robot and executed.

This method does not depend on any particular preselected position within the tracking
volume, nor on a specific motion threshold, and the volume centre and a threshold of
20 mm were chosen only as proof-of-concept.

Static Accuracy Evaluation: In order to verify that our proposed set-up including the
robot did not negatively influence tracking accuracy, we measured static accuracy. Here,
one object was simultaneously tracked by EM and optical tracking systems. In particular
we used three sensors mounted in mutually orthogonal orientations, in order not to favour
a specific orientation of the sensor with respect to the EM field (cf. Figure 4.24a). There
have been numerous works benchmarking EM tracking systems, e.g. [Humm 05, Yani 09,
Gerg 12], and we employ a standard methodology for evaluation of our set-up.
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The scanning volume was defined according to the field generator specifications (cf.
Figure 4.22) and transformed into robot coordinates using hand-eye calibration results.
The sensors remained static, while the field generator was moved through the tracking
volume without changing the orientation of field generator or sensors. The volume was
sampled on a regular 3-D grid with a spacing of 25 mm, at each measurement position
the robot was stopped for one second, in order to avoid vibrations, and 10 samples were
recorded at each position and averaged.

Optical tracking was used as ground truth, and since the relative orientation between
sensors and field generator was constant, it is possible to directly compute a transforma-
tion ETO between point coordinates pO,i from optical tracking (O) and point coordinates
pE,i from EM tracking (E) as

arg min
ETO

[
1

N

N∑
i=1

∥∥pE,i − ETO · pO,i
∥∥2

]
(4.35)

Position errors can then be computed as distance between original points pE,i and trans-
formed points pO,i. The orientation error was computed as the mean deviation from the
average measured orientation, since the true orientation of both the sensors and the field
generator remained constant.

Only a subset of measurements was used for point-based registration. For optimal reg-
istration we picked the 10% of measurement points with best signal quality (quality as
reported by the tracking system), since this ratio seems to avoid both over- and underesti-
mation. If too few points are used for point-based registration (or if these points’ accuracy
is worse than average), measurement errors in these points may lead to an overestimation
of errors for the remaining points. However, if too many points are used, this may lead to
an underestimate, since the same errors are minimised during registration.

In five separate experiments on three different days we measured a mean static position
error between 0.54 and 0.68 mm, and a mean static orientation error between 0.49 and
0.67◦, as shown in Figure 4.25. This agrees with the specified accuracy for the EM tracking
system (0.6 mm and 0.8◦). This also confirms that the robot does not adversely influence
tracking accuracy.

Dynamic Accuracy Evaluation: In order to evaluate the accuracy of electromagnetic ser-
voing, we moved the EM sensors by hand, while the robot was following one of the sen-
sors. Whenever this sensor was detected more than 20 mm away from the centre of the
tracking system, the robot would move accordingly and re-focus on the sensor. EM track-
ing measurements FTS were transformed into the robot base coordinate system (B) as

BTS = BTH · HTF · FTS , (4.36)

where BTH is the current robot hand pose and HTF is the calibrated transformation from
EM field generator to robot hand. For comparison to the traditional set-up with a fixed
field generator, in another type of experiment the robot remained static, while measure-
ments were recorded. Both cases were evaluated against optical tracking as ground truth
data.
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(A) Static position error (B) Static orientation error

FIGURE 4.25.: Static position (4.25a) and orientation errors (4.25b) of our set-up, with
mean errors computed in the z direction.

Since in the general case the rotation between the EM sensors and field generator is
not constant, we need to transform the measurements into fixed coordinate systems first.
The EM tracking measurements were already transformed into robot coordinates, cf. equa-
tion 4.36. From hand-eye calibration the positions TTS of the EM sensors to the tracking
target are known and can be transformed to the fixed optical tracking coordinate system
(O) using optical tracking measurements OTT as

OTS = OTT · TTS . (4.37)

Then again, point-based registration with the EM measurements was performed and posi-
tion errors were computed. Measurements were performed four times with a moving field
generator, and four times with a static field generator, yielding between 11200 and 29600
samples per experiment, each consisting of measurements for all EM sensors and optical
targets as well as the robot.

The mean errors determined in each experiment were {2.23, 5.35, 2.43, 2.55}mm, when
the field generator was moving, and {10.60, 3.51, 6.11, 2.78}mm, when the field generator
was static. Thus, the proposed method was able to reduce the overall error from 5.75± 3.54 mm to
3.14±1.48 mm. The accuracy distribution over the tracking volume is shown in Figure 4.26.

The particular robot in our set-up is rather low-cost and was only used as proof of con-
cept. With a more advanced robot, several issues could be avoided. E.g. there was no
suitable real-time interface available, and there was considerable lag before commands
were executed (up to 600 ms). Thus, the robot was only able to follow the tracked object
at slow speeds, but this could be remedied with a real-time interface. Also, the robot cur-
rently used is rather heavy (18 kg weight, 5 kg payload), and for better integration into
clinical environment and workflow it could easily be replaced with a more lightweight
robot, since the EM field generator weighs only 120 grams.

Following the considerations above regarding distance from metals, a set-up like the
proposed is potentially more robust against influences from operating room (OR) tables
or similar than set-ups with larger field generators. Such influences will usually be twice
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(A) Dynamic error with static field generator (B) Dynamic error with moving field generator

FIGURE 4.26.: Dynamic position errors of set-up with static and moving field generator.
Traditional set-up with static field generator (4.26a) and proposed set-up
with moving field generator (4.26b) are shown, with mean errors com-
puted in the z direction. Please note that the proposed method provides
uniform errors across the tracking volume, while the traditional set-up
shows the typical bowl shape.

as far from the field generator as the sensors, and thus will have less influence on the EM
field. Also, metal-free OR tables with carbon fibre tops are already used for intra-operative
C-arm imaging.

During the dynamic acquisition, EM-robotic and optical tracking measurements were
acquired with changing orientation in different reference frames. Thus, orientation er-
ror computation is not trivial and inevitably requires a calibrated transformation between
those frames. The calibration error would strongly bias an error measure towards an over-
estimate.

In contrast to previous works concerning hybrid EM-optical tracking [Birk 98b,
Naka 08a, Fran 11], we do not only provide a larger effective tracking volume and relo-
cation ability of the EM field generator, but we are also able to maintain the optimal level
of accuracy throughout the tracking volume, otherwise only obtained close to the tracking
volume centre.

We presented a novel and general solution for improving EM tracking accuracy. Mount-
ing an EM field generator onto a robotic arm is a new automated tracking paradigm.
We have shown the feasibility of the set-up, and in a thorough accuracy evaluation we
have shown that the accuracy can significantly be improved from 5.75 ± 3.54 mm to
3.14 ± 1.48 mm. Thus, the proposed method promises application to a wide range of
clinical procedures.
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5. Outlook and Conclusion

In our final chapter, we will show how such concepts for advanced hybrid tracking might
be applied for a novel intra-operative functional imaging modality.

5.1. Tracking Challenges in Endoscopic Time-of-Flight PET & US

Pancreatic cancer is one of the most deadly cancers, with an extremely low five-year sur-
vival rate of less than five percent [Jema 08]. In particular, pancreatic cancer is usually
detected late, and if detection could be improved by only six months compared to current
clinical diagnosis (where the majority of patients is still asymptomatic), this will have great
impact on resectability [Char 07].

Functional imaging like positron emission tomography (PET) can be useful in screen-
ing for high-risk patients, e.g. with chronic pancreatitis [Kouw 05]. However, diagnos-
tic abilities are limited by the achievable imaging resolution, which in turn is limited
by the sensitivity of the imaging system. There have been approaches towards bet-
ter sensitivity and higher signal-to-noise ratio by bringing detectors closer to the region
of interest, i.e. by using dedicated, smaller scanners for the prostate [Hube 06], high-
resolution inserts within conventional PET scanners [Park 07], or even transrectal PET
probes [Tai 05, Gari 10, Maje 10]. However, no such approaches have been targeting pan-
creatic cancer so far.

The main clinical objective of the “Endoscopic Time-of-Flight PET and Ultrasound”
project (EndoTOFPET-US, European Union, FP7-Health grant no256984) is “a miniaturised
bimodal endoscopic probe with a millimetre spatial resolution and a 100 times higher sen-
sitivity than whole-body PET scanners”.

Detector Design: The preliminary design of this endoscopic probe is shown in Fig-
ure 5.1a: A commercial ultrasound (US) endoscope is equipped with a PET detector. In
order to capture both photons from the annihilation event, and thus establish coincidences,
a second detector plate is needed outside the patient, as shown in Figure 5.2b.

During the endoscopic examination, the endoscope is navigated to the region of interest
with US guidance, and the pancreas can then be examined using US imaging through the
stomach wall (pancreas body and tail), or through the duodenum wall (pancreas head). In
order to be able to pass the duodenal bulb, the endoscopic PET detector will be mounted
at the endoscope with one degree of freedom.

Signals from both PET detectors, and position information for both detectors, are then
used to reconstruct the 3-D radioactivity distribution in the region of interest.

Challenges: In such a highly dynamic detector set-up, tracking accuracy directly affects
image reconstruction. According to semi-empirical models of PET imaging, the image
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(A) Endoscopic detector design (B) Real endoscope head

FIGURE 5.1.: Endoscopic TOF-PET detector and ultrasound probe. 5.1a) Details of
EndoTOFPET-US detector details, electromagnetic tracking sensors are not
shown. Please note that the PET detector may rotate around the rotation
axis, in order to pass the duodenal bulb. 5.1b) Close-up picture of Olympus
GF UTC140-AL5 endoscopic ultrasound probe. Images courtesy of Karsten
Gadow.

(A) Endoscopic detector field of view (B) PET reconstruction volume

FIGURE 5.2.: Field of view and PET reconstruction volume. 5.2a) Field of view (ultra-
sound and video) of the endoscopic detector. 5.2b) PET reconstruction vol-
ume between both parts of the EndoTOFPET-US detector. Note that the
reconstruction volume is mostly limited by the size of the endoscopic de-
tector. Images courtesy of Karsten Gadow.
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resolution Γ can be estimated [Dere 93] as

Γ = 1.25 ·
√

(d/2)2 + (0.0022 ·D)2 + r2 + b2, (5.1)

where d is the crystal (pixel) size,D is the detector array diameter, r is the effective positron
range, and b is the systematic error of the positioning scheme. Thus, the positioning inac-
curacy b has even more influence on imaging resolution as e.g. crystal size d has. Noise
or uncertainty in the assumed position of the detectors will lead to blur, and systematic
errors will lead to distortions of the reconstructed image. Breathing and other patient mo-
tion need to be compensated for, in order to avoid motion blur. Also, it will be beneficial
to use pre-operative computed tomography (CT) data for attenuation correction, but this
requires precise tracking relative to the patient.

The different parts of the pancreas will need to be imaged from different positions –
from the stomach for pancreas body and tail, and from the duodenum for pancreas head.
Therefore, and in order to achieve as much depth resolution as possible, the detector set-
up will need to rotate around the region of interest, keeping it within the reconstruction
volume between the two detectors. This implies automated and highly flexible motion of
the outer detector plate, mirroring motion of the endoscopic detector. On the other hand,
robotic motion will provide high accuracy position information for the outer detector plate.

5.2. Conclusion

Only a decade ago, tracking of a flexible instrument in an abdominal setting with such a
high accuracy might have been dismissed as impossible. However, in line with the pre-
vious chapters, the following considerations may lead to novel solutions within the next
years:

First, the PET detector will be mounted at the endoscope with one degree of freedom.
Thus, in order to capture its motion relative to the video and US imaging devices, motion
models will be needed (as presented in section 4.1), and redundant tracking information
will be employed for tracking error detection and correction.

Second, in order to track patient movement, or movement of the detector relative to the
patient, video and ultrasound (US) images from the endoscope will be used. Similar to
2-D/3-D registration between video images and a pre-operative CT volume (as presented
in section 4.3), registration between US and CT can be performed [Wein 07]. However, in
contrast to e.g. abdominal US the endoscopic field of view is very small, only few centime-
tres. Thus, it will be important to have a sufficiently accurate initial estimate.

Finally, electromagnetic tracking alone will not be sufficient to achieve the required ac-
curacy. However, the accuracy of electromagnetic tracking may be improved, when com-
bined with robotic motion for electromagnetic servoing (as presented in section 4.4) in a
novel tracking paradigm. We presented the first general solution providing uniform track-
ing accuracy throughout the volume, improving tracking accuracy by a factor of two, and
at the same time extending the tracking volume up to the reach of the robot.

Of course, even though based on the current state on the art, these considerations are
optimistic, and the challenge of accurate intra-operative tracking will remain an interesting
research subject for years to come.
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A. Other Major Contributions

A.1. Real-time Ultrasound Simulation from Computed X-Ray
Tomography

(A) Ultrasound simulation (B) Real ultrasound image

FIGURE A.1.: Ultrasound simulation and real transrectal ultrasound image. Screen shot
of our simulation (A.1a), and similar image from a real transrectal ultra-
sound examination of a different patient (A.1b).

Tobias Reichl, Josh Passenger, Oscar Acosta, and Olivier Salvado
[Reic 09] Despite the increasing adoption of other imaging modalities, ultrasound guid-

ance is widely used for surgical procedures and clinical imaging due to its low cost,
non-invasiveness, real-time visual feedback. Many ultrasound-guided procedures require
extensive training and where possible training on simulations should be preferred over
patients. Computational resources for existing approaches to ultrasound simulation are
usually limited by real-time requirements. Unlike previous approaches we simulate free-
hand ultrasound images from CT data on the Graphics Processing Unit (GPU). We build
upon the method proposed by Wein et al. for estimating ultrasound reflection properties
of tissue and modify it to a computationally more efficient form. In addition to previ-
ous approaches, we also estimate ultrasound absorption properties from CT data. Using
NVIDIA’s Compute Unified Device Architecture (CUDA), we provide a physically plausi-
ble simulation of ultrasound reflection, shadowing artefacts, speckle noise and radial blur-
ring. The same algorithm can be used for simulating either linear or radial imaging, and
all parameters of the simulated probe are interactively configurable at run-time, including
ultrasound frequency and intensity as well as field geometry. With current hardware we
are able to achieve an image width of up to 1023 pixels from raw CT data in real-time,
without any pre-processing and without any loss of information from the CT image other
than from interpolation of the input data.
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A.2. Optimisation of Acquisition Geometry for Intra-Operative
Tomographic Imaging
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(A) Partitions and trajectory (B) Robot 1 (C) Robot 2

FIGURE A.2.: Acquisition locations and robot trajectory and reconstruction results.
A.2a) View through the (invisible) region of interest towards three mea-
sured planes, with partitioned acquisition locations and robot trajectory.
A.2b–A.2c) Results of two real acquisitions performed by a robot follow-
ing a trajectory created by our method, with ground truth spheres over-
laid.

Jakob Vogel, Tobias Reichl, Nassir Navab, and Tobias Lasser
[Voge 12] Acquisition geometries for tomographic reconstruction are usually densely

sampled in order to keep the underlying linear system used in iterative reconstruction as
well–posed as possible. While this objective is easily enforced in imaging systems with
gantries, this issue is more critical for intra–operative set-ups using freehand–guided data
sensing. This paper investigates an incremental method to monitor the numerical condi-
tion of the system based on the singular value decomposition of the system matrix, and
presents an approach to find optimal detector positions via a randomised optimisation
scheme. The feasibility of this approach is demonstrated using simulations of an intra–
operative functional imaging setup and actual robot–controlled phantom experiments.

78



A.3. Flexible Robotic Intra-Operative Nuclear Imaging for Image-Guided Surgery

A.3. Flexible Robotic Intra-Operative Nuclear Imaging for
Image-Guided Surgery

(A) Coordinate systems (B) Results: human, robot 1, robot 2

FIGURE A.3.: Coordinate systems in the robot set-up and reconstruction results. A.3a)
Coordinate systems involved in the set-up: robot base, robot hand, probe
target, probe tip, phantom target and optical tracking system. A.3b) Re-
construction results of (from left) human operator, robot following human
path, and robot following synthetic path.

José Gardiazabal, Tobias Reichl, Philipp Matthies, Aslı Okur, Jakob Vogel, Sibylle I.
Ziegler, Tobias Lasser, and Nassir Navab

[Gard 13] Functional imaging systems for intra-operative use, like freehand SPECT, have
been successfully demonstrated in the past, with remarkable results. These results, even
though very positive in some cases, tend to suffer from high variability depending on the
expertise of the operator. A well trained operator can produce datasets that will lead to a
reconstruction that can rival a conventional SPECT machine, while an untrained one will
not be able to achieve such results. In this paper we present (to our knowledge) the first
flexible robotic functional imaging set-up for intra-operative use, replacing the operator
in the scanning process with a robotic arm. The robot can assure good coverage of the
area of interest, thus producing a consistent scanning pattern that can be reproduced with
high accuracy, and provides the option to compensate for radioactive decay. We show first
results on phantoms demonstrating the feasibility of the set-up to perform 3-D nuclear
imaging suitable for the operating room.
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