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Abstract

Atrial �brillation is a common heart arrhythmia and is associate d with an in-
creased risk of stroke. The current state-of-the-art treatment opti on is the min-
imally invasive catheter ablation. During such procedures, the four pulmonary
veins attached to the left atrium are electrically isolated. New metho ds to guide
these procedures are presented in this work.

Two methods for catheter reconstruction from two views are presented and
evaluated. The �rst method focuses on the circumferential mapping c atheter and
the second on the cryo-balloon catheter. The result of the mapping catheter recon-
struction is later used for the motion compensation methods.

As there is currently no planning support for single-shot-device s like the cryo-
balloon catheter, a planning tool is presented, the Atrial Fibrillation Ablation Plan-
ning Tool (AFiT). AFiT provides direct visual feedback about the �t of a cy ro-
balloon to the patient's anatomy. Another tool to provide intra-proce dural support
is the tracking of cyro-balloon catheters. Visual feedback about th e position and
dimensions of the balloon catheter can be superimposed onto live � uoroscopy.

In order to provide overlay images in sync with live �uoroscopic images, car-
diac and respiratory motion must be taken into account. Therefore, s everal novel
approaches for motion compensation are presented. The methods differ in their
targeted application. A novel method, particularly designed for m onoplane im-
age acquisition, facilitates motion compensation by model-based 2-D/2-D regis-
tration. Another novel method focuses on simultaneous biplane image acquisi-
tion, requiring a 3-D catheter model of the circumferential mapping catheter. Mo-
tion compensation is then achieved by using a model-based 2-D/3-D registration
to simultaneously acquired biplane images. As simultaneous biplane acquisition
is rarely used in clinical practice, a new approach for a constra ined model-based
2-D/3-D registration is presented to facilitate motion compensation using sequen-
tially acquired biplane images. The search space of the registration is restricted to
be parallel to the image plane. To further extend this approach, a no vel method is
proposed that involves a patient-speci�c motion model. A biplan e training phase
is used to generate this motion model, which is afterwards used to cons train the
model-based registration. Overall, our motion compensation app roaches achieve
a tracking accuracy of less than 2.00 mm in 98.03 % of the frames.

As the circumferential mapping catheter needs to be moved during the p roce-
dure, a novel method to detect this motion is introduced. This approac h requires
the tracking of the mapping catheter and a virtual reference point on the coronary
sinus catheter. As soon as the relative distance between circumferential mapping
catheter and the reference point changes by more than 5 %, non-physiological mo-
tion can be considered. We also investigated an option to provide m otion compen-
sation when the circumferential mapping catheter is not available . We propose a
novel method for compensation using the coronary sinus catheter that requires a
training phase. Our method outperforms a similar method reported in literature.
We can conclude that motion compensation using the coronary sinus ca theter is
possible, but it is not as accurate as it could be using the circumferential mapping
catheter.



Kurzübersicht

Vorhof�immern ist die häu�gste Herzrhythmusstörung und wird mit ei nem
erhöhten Schlaganfallrisiko in Verbindung gebracht. Die mode rnste Behandlungs-
methode ist die minimal invasive Katheterablation. Bei einer so lchen Prozedur
werden die vier Pulmonalvenen vom linken Vorhof elektrisch ab getrennt. In der
vorliegenden Arbeit werden neue Methoden zur Unterstützung dieser B ehand-
lung vorgestellt.

Es werden zwei Methoden zur Katheterrekonstruktion aus zwei Ansichte n
präsentiert und ausgewertet. Die erste Methode ist für den zirkulären Mappingka-
theter und die zweite für den Cryo-Ballon-Katheter konzipiert. Da es derzeit keine
Planungsunterstützung für sogenannte single-shot-deviceswie den Cryo-Ballon-
Katheter gibt, wird ein Planungsprogramm speziell für derartige K atheter mit
dem Namen Atrial Fibrillation Ablation Planning Tool (AFiT) vorgestellt. Dieses
Programm ermöglicht eine direkte Visualisierung der Passgena uigkeit des Cryo-
Ballons hinsichtlich der Anatomie des Patienten. Ein weiteres Hi lfsmittel zur Un-
terstützung der Operation stellt die Nachverfolgung des Cryo-Ballo n-Katheters
dar. Ein virtueller Katheters kann auf den Röntgenbildern angezei gt werden.

Um Überlagerungsbilder synchron mit den Röntgenbildern darz ustellen, muss
die Bewegung durch Herzschlag und Atmung berücksichtigt werden. Aus diesem
Grund werden neue Ansätze zur Bewegungskompensation vorgestellt. D ie Meth-
oden unterscheiden sich hinsichtlich ihres Einsatzgebietes. Die erste Methode
ist speziell für monoplane Bildakquisition ausgelegt und die eig entliche Bewe-
gungskompensation wird mittels einer modell-basierten 2D-2D Re gistrierung
erzielt. Die zweite Methode wurde für simultane biplane Bildaufnahm en entwick-
elt. Hierzu wird ein dreidimensionales Kathetermodell des zir kulären Mappingka-
theters benötigt und die Bewegungskompensation wird anschließen d durch eine
2D-3D Registrierung des Modells zu den simultanen biplanen Aufna hmen er-
reicht. Da solche Aufnahmen im klinischen Alltag selten sind, wi rd ein neuer
Ansatz für eine eingeschränkte Bewegungskompensation vorgestellt. Dieser er-
möglicht eine 2D-3D Registrierung des Kathetermodells zu reine n monoplanen
Aufnahmen. Der Suchraum der Registrierung wird hier auf Richtungen p arallel
zur Bildebene eingeschränkt und der Ansatz danach um ein patienten -spezi�sches
Bewegungsmodell erweitert. Eine biplane Trainingsphase wird verwendet, um
das Modell zu generieren, das anschließend bei der eingeschränkten Registrierung
verwendet wird. Unsere vorgestellten Methoden erzielen eine G enauigkeit von
weniger als 2,00 mm in 98,03 % unserer Bilddaten.

Da der zirkuläre Mappingkatheter während der Prozedur bewegt wi rd, wurde
eine neue Methode entwickelt dies festzustellen. Sobald sich der Abstand des
Mappingkatheters und einem virtuellen Referenzpunkt auf dem Koron ar-Sinus-
Katheter um mehr als 5 % verändert, kann von einer nicht-physiolog ischen Be-
wegung ausgegangen werden. Darüberhinaus stellen wir eine neue Me thode zur
Bewegungskompensation mittels Koronar-Sinus-Katheter vor, fall s der zirkuläre
Mappingkatheter nicht verfügbar ist. Unser Ansatz mit einer Trai ningsphase er-
zielt bessere Ergebnisse als eine ähnliche Methode in der Literatur. Abschließend
können wir feststellen, daß Bewegungskompensation mittels Koron ar-Sinus-Ka-
theter möglich ist, jedoch nicht so genau wie mit dem zirkulären M appingkatheter.
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The heart is often considered as the engine of a living being. Its main task is
to maintain the blood circulation, thus providing oxygen to all cells . If this organ
is malfunctioning, serious complications may occur, even resultin g in the death
of a patient. With the development of modern angiography systems m any of the
diseases of the heart can be treated in a minimally invasive way. While clinical out-
comes of minimally invasive procedures are often comparable to classical surgical
treatment, these methods have the great advantage that the patient recovers much
quicker from the procedure which increases patient comfort and r educes cost in
patient care [Nitt 12, Suri 12].

In order to treat a patient minimally invasive, imaging technolo gy needs to
be applied. As the intervention is performed on a living heart, ev erything is in
motion and cardiologists need a lot of experience. Image guidan ce can help to
make such interventions safer and increase the operator's comfort [Lint 10]. Guid-
ance, however, is very speci�c for the targeted application. Thi s thesis is devoted
to improved guidance for atrial �brillation ablation procedures w hich is the most
common arrhythmia of the heart. In this chapter, we will focus on the m edical
background of atrial �brillation and described the current state-o f-the-art treat-
ment options.

1.1 The Human Heart

From a technical point of view, the human heart is a muscular pump with four
main parts separated by valves, that deliver oxygenated blood to th e body
[Ecke 02]. The deoxygenated blood enters the heart in the right atr ium via the
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2 Introduction

inferior and superior vena cava and the coronary sinus vein. An o verview of the
anatomy of a human heart is given in Figure 1.1. The coronary sinus (CS) col-
lects the blood from the coronary arteries that supply the heart with o xygenated
blood. When the right atrium contracts and the right ventricle relax es, the blood
is pressed through the tricuspid valve into the right ventricle. The v alves in the
heart operate only by pressure differences. Small tendons know n as the chordae
tendineae and the papillary muscles prevent that the valves are pus hed back into
the atria. On expansion of the right atrium the tricuspid valve preven ts blood from
�owing back from the right ventricle to the right atrium. The right v entricle pushes
the blood via the pulmonary artery into the lungs. The oxygenated bloo d comes
back into the left atrium (LA) via four pulmonary veins (PVs). These are separated
anatomy-wise into left and right as well as superior and inferio r pulmonary veins.

In some cases, the anatomy of a patient may show a common ostium at which
two PVs disembogue the left atrium [Zhen 10]. In rare cases, a �fth pulm onary
vein can be observed. This so-called right middle pulmonary v ein is usually much
smaller than the other PVs [Cron 04]. The left atrium also has a smal l appendage,
the left atrial appendage, which is not relevant for the blood �o w in general, but
becomes more important in the presence of arrhythmias, in partic ular with atrial
�brillation. On contraction of the left atrium and relaxation of the l eft ventricle,
the blood is pressed through the mitral valve into the left ventricle. From the
ventricle, the blood is pumped through the aortic valve into the aorta fr om which
the oxygenated blood spreads to the whole body.

The blood �ow described here holds for human beings after a certa in period
after their birth. The fetus receives oxygenated blood from its mothe r and via its
inferior vena cava. The blood �ows directly from the right atrium to the left atrium
via the foramen ovale. This connection can be considered as a very simple valve
that closes after birth, leaving the fossa ovalis as remnant.

The pumping action of the heart is controlled by electrical signal s, initiated by
the sinus node. From there electrical signals are emitted that lead to contractions
of both atria. The electrical excitation is delayed on its way to the atr io-ventricular
(AV) node as the conductivity is reduced. The transition from the AV no de to the
His-bundle is much faster and at the His-bundle the signals are spli t into a left and
right branch. One branch is for the left ventricle and one is for the right ventricle.
The signals are then passing through the Purkinje �bers on the endoc ardium of
the heart. The endocardium is the inner tissue of the heart and the epic ardium is
the outer tissue. The myocardium denotes the heart muscle and the pericardium
is a sack that contains the heart itself. The Purkinje �bers transpo rt the excitation
from the endocardium to the epicardium. The signals then cause the myo cardium
to contract almost instantly, resulting in the contraction of the ventri cles.

The electrical signals can be measured as differences in electrical potentials us-
ing electrocardiograms (ECG). The one-channel ECG signal isprobably the most
commonly known way of measuring the heart activity. The visualiza tion of this
signal shows certain peaks or waves which are used to characterize the heart ac-
tivity. The so-called P-wave indicates a contraction of the atria. T he QRS-complex
shows the contraction of the ventricles and the T-wave �nally indic ates the expan-
sion of the ventricles. A visualization of such an ECG is given in Fi gure 1.2 [Will 07].



1.1 The Human Heart 3

(a)

(b)

Figure 1.1: Anatomy of the human heart. (a) Anterior view of the heart. The tw o chambers
and two atria are shown as well as the most import structures. (b) Posterior view of the
heart. The coronary sinus vein is placed in the sulcus between the left atrium and the left
ventricle [Stan 08].
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Figure 1.2: Simple illustration of an electrocardiogram (ECG). The P-wa ve indicates a con-
traction of the atria. The QRS-complex shows the contraction of the ventricles and the
T-wave indicates the expansion of the ventricles.

The delay between P and S usually does not change, at least not in healthy hearts.
An increasing heart beat leads to a shortened delay between the T and next up-
coming P wave. Considering the sum of P-S periods over one day und er normal
conditions, the heart has a work day of about 8 hours [Ecke 02].

1.2 Cardiac Arrhythmias

In general, the heart is controlled by electrical signals. Disto rtions within the cir-
cuits of the heart lead to an abnormal heart rhythm. Cardiac arrhyth mias are usu-
ally considered when patients present themselves in primary ca re with palpita-
tions or concerns about skipped heart beats [Tayl 05]. Nevertheless, symptoms are
dif�cult to determine and arrhythmias are also often detected in asy mptomatic
patients. Arrhythmias can be due to wide variety of factors, includin g stress,
mental conditions, stimulants, depressants, prescription and ill icit drugs, dam-
age to myocardial cells as well as alterations in the conduction system, but not
all of these factors require a hospitalization of the patient. One of th e �rst deci-
sions a physician is facing, is the question regarding the stabili ty of the patient.
Hemodynamically unstable patients require immediate care, where as stable pa-
tients can undergo electrocardiographic or electrophysiology s tudy to determine
the arrhythmia.

ECG is probably the most frequently used diagnostic tool for cardia c patients
[Will 07]. Various tests can be performed, including simple grad ed exercise testing,
as well as long-term continuous monitoring over a period of 24 to 48 h ours. Trans-
esophageal echocardiography can be used to detect structural changes that may
indicate an arrhythmia. An electrophysiologic examination may be the most pow-
erful diagnostic tool, but it requires a catheterization of the patient. This might
be the best option if a catheter ablation is already considered as the best way of
treatment.
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Common Cardiac Arrhythmias
Supraventricular Arrhythmias

Sinus Bradycardia
Sinus Pause / Sinus Arrests

Atrial Premature Beats

Supraventricular Tachyarrhythmias
Sinus Tachycardia
Atrial Tachycardia

Multifocal Atrial Tachycardia
AV Nodal Reentrant Tachycardias

AV Reciprocating Tachycardias
Atrial Fibrillation

Atrial Flutter

Other Atrioventricular Conduction Abnormalities
1st-degree AV Block

2nd-degree AV Block, Mobitz Type I
2nd-degree AV Block, Mobitz Type II

3nd-degree AV block

Ventricular Arrhythmias
Ventricular Premature Beats

Ventricular Tachycardia
Ventricular Fibrillation

Table 1.1: Types of common cardiac arrhythmias according to medical li terature [Tayl 05].

Arrhythmias are classi�ed by different means, but unfortunately th ere is no
unique classi�cation in medical literature. One example of a possi ble classi�cation
is given in Table 1.1. In general, arrhythmias can be separated into three types:
tachycardia, bradycardia, and �utter/�brillation. Tachycardia is considered when
the heart beat is faster than 100 beats-per-minute (bpm), whereas bradycardia de-
scribes an unusual slow heart beat of less than 60 bpm. Flutter and �br illation
are used to describe irregular heart beats, also described as chaotic [Tayl 05]. The
classi�cation is also performed depending on the part of the hea rt that is affected.
From a very simple point of view, this includes the atria and the ven tricles. The
diagnosis which arrhythmia a patient is suffering from, depend s on the physician
and his evaluation of the ECG. The medical application that is targe ted here is
the minimally invasive treatment of atrial �brillation. It is one of the major health
problems, and it is the most common sustained arrhythmia [Sart 08 ].

1.3 Atrial Fibrillation

The �rst reports of Atrial Fibrillation can already be found prior to World War I.
At that time, it was known as Auricular Fibrillation. In 1913 H. W. Allen published
an article titled `Auricular Fibrillation' in the California State Journal of Medicine
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Risk Groups for AFib

Age Percentage

40 - 49 < 0.5 %
50 - 59 1.5 %
70 - 79 9.9 %
80 - 89 23.5 %

Table 1.2: Risk for occurrence of atrial �brillation depending on age, as reported
in [Camm 10, Mill 05a].

[Alle 13]. At that time, atrial �brillation (AFib) was diagnosed by using electrocar-
diographic records that showed atrial impulses discharged at r ates of 300 to 500
per minute [Alle 13]. Today, different types of AFib are known an d have to be con-
sidered for the differential, but the diagnosis is still based on e lectrocardiograms.
AFib is considered, if the ECG shows impulses discharged at rates of 350 to 600
per minute [Calk 07, Deis 06, Lip 95]. The use of a long-term 12-lead ECG is rec-
ommended as atrial �brillation progresses from short and rare episodes to longer
and more frequent attacks [Camm 10]. Clinically, the following s ix types of AFib
need to be distinguished [Camm 10]:

• Silent: Without diagnosis. The patient may not know of an underlying con-
dition.

• First Diagnosed: Patient presents �rst episodes of AFib.

• Paroxysmal: Self-terminating within 48 hours. May continue up to 7 days.

• Persistent: Episodes last longer than 7 days or require termination by car-
dioversion.

• Long-Standing: Duration of more than one year before treatment has begun.

• Permanent: Arrhythmia is accepted by the patient and physician and no
further treatment is pursued.

Atrial �brillation is a disease that affects the left atrium (LA) whi ch is responsible
to transfer the blood from the lungs to the left ventricle [Murg 02]. Abo ut 2 % of
the general population suffer from AFib [Camm 10], but it affects an increasing
percentage of elder people [Dela 07, Gaur 03, Mill 05a]. The risk for occurrence of
atrial �brillation increases for people older than 80 up to 23.5 %, see Table 1.2.

The cause for AFib is not clearly known. The most popular hypothe ses in med-
ical literature are the focal model and the multiple wavelet model. T he focal model
assumes a triggering point or �ring focus is causing the electrical signals that lead
to �brillation. The multiple wavelet model assumes depolarizatio n waves are
propagating through the atrium. Although the hypotheses about the reason s for
AFib are different, the treatment is usually independent of the under lying theory.

Even though atrial �brillation itself is not a critical disease, str okes are reported
to be due to AFib in 31 % of the cases [Klee 11]. The main reasons for the increased
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risk that an ischemic stroke emerges from cardiac emboli is due to the irregular
heart rhythm and the left atrial appendage. During the regular hear t rhythm the
blood is pushed from the LA into the ventricle such that almost no bloo d remains
in the left atrium. During episodes of �brillation, a blood pool re mains in the LA
and forms blood clots. The main region for such clots is assumed to b e the left
atrial appendage [Tamu 10, Wolf 91].

Studies have investigated the effectiveness and costs of stroke treatment. The
results showed that about 30 % of the patients suffering from a stroke wi ll die
within the �rst year [Hank 99]. In addition to that, the life time cost f or a stroke
patient is about $ 140,000.00 [Mill 05b, Mill 05a] and healthcare system in various
countries are under pressure to either reduce costs [Back 04, Ghat 04,Saka 09] or
patients are not able to afford the required treatment [Khea 03, Tayl 96].

The prospects for recovery after a stroke are in general worse for patients that
suffer from AFib [Mill 05a]. These facts make it absolutely neces sary to treat the
underlying cause. As AFib is the main risk factor of strokes for thes e patients,
the treatment should focus on the arrhythmia [Calk 07, Camm 10, Gage 01]. To
avoid blood clotting, pharmacotherapy and closing devices are also considered as
treatment options.

1.4 Treatment Options for Atrial Fibrillation

In the presence of an arrhythmia, a �rst step is to check for revers ible causes, such
as medication or ingestions [Tayl 05]. Changing or discontinuin g medication or the
use of substances such as caffeine may already eliminate the arrhythmia. Pharma-
cotherapy is considered next, and different classes of drugs are available. For com-
plex arrhythmias this is sometimes dif�cult [Alle 13, Calk 07, Ca pp 05, Wazn 05]. In
addition to that, the effectiveness of the medication plays also an im portant role
and may be only short compared to pulmonary vein isolation [Marc 09]. Pharma-
cotherapy is not a curative solution and means life-long medicatio n for the patient.
In the next step, cardioversion may be an option. This low-energ y de�brillation is
heavily discussed in medical literature [Ante 09, Wyse 09]. Cardi oversion is mostly
considered for hemodynamically unstable patients.

A curative approach is the percutaneous catheterization to ablate tissue th at is
assumed to cause irregular electrical signals [Calk 07, Camm 10, Hais 94]. Catheter
ablation itself can be subdivided into smaller groups depending o n the devices
used to perform the ablation procedure. The �rst group consists of sta ndard ab-
lation catheters and although these catheters are the standard way of treatment,
recent research also focuses on further improvements. Examplesare the combina-
tion of mapping and ablation catheter [Arru 07] or the integration of the contact
force at the catheter tip [Koch 11, Shah 06, Shah 10, Shah 11a, Shah11b]. Besides
ablation, another option is to freeze the tissue. This can be achieved by using cyro-
ablation tip catheters [Mont 05b, Mont 05a, Silv 10].

The second group of catheters comprises so-calledsingle-shot-devices. Such de-
vices try to isolate a pulmonary vein by a single application. Stand ard ablation
catheters require creation of multiple lesions, whereas a single-shot-device may
be equipped with more than one ablation electrode. Examples are the pulmonary
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Figure 1.3: Simple illustration of the left atrium with the pulmonary ve ins, the mitral valve
and the indicated blood �ow.

vein ablation catheter (PVAC), the multi-array septal catheter (MASC ), and the
multi-array ablation catheter (MAAC) [Bary 11, Haye 10, Muld 11].

Another subgroup of catheters are balloon catheters [Schm 08]. They are de-
signed to occlude the PV by an in�atable balloon. There are two diff erent balloon
catheters available. The �rst type can be �lled with liquid nitroge n to freeze the
tissue at the ostium of the pulmonary vein and are named cryo-thermal b alloon
ablation catheter or in short only cryo-balloon catheter [Avit 03 , Bell 07, Neum 08,
Thom 11]. The second type are endoscopic laser balloon catheters which ablate the
tissue by application of 980-nm laser energy [Gers 10]. This type is equipped with
an endoscope to provide a view inside the heart and to visually guid e the abla-
tion procedure [Dukk 10, Redd 09]. A single ablation may not be succ essful for all
patients and a second procedure might be required to close re-occurred gaps in
the isolation lines [Neum 06, Sart 08]. Furthermore, ablation proc edures are not
risk-free and complications during the procedure may occur [Andr 05, Calk 07,
Sach 07].

Another approach to prevent blood from clotting in the left atrium is the clo-
sure of the left atrial appendage by inserting a device that blocks blood from en-
tering, and therefore clotting [Full 11, Sick 07]. Two different d evices are currently
available, the �rst is called WATCHMAN Left Atrial Appendage System(Atritech
Inc., Plymouth, MN, USA) [Land 11], and the second is called Amplatzer cardiac
plug prosthesis(AGA Medical Corporation, Plymouth, U.S.A.) [Marc 11]. This ap -
proach is in discussion because it does not cure the underlying dis ease and only
reduces the risk of an atrial �brillation induced stroke [McCa 09, W rig 09]. Sur-
gical ablation is nowadays mostly considered for patients that und ergo cardiac
surgery anyway [Calk 07, Hais 92, Kay 92]. Catheter ablations are minimally in-
vasive procedures performed to treat patients with arrhythmia and b elong to the
group of electrophysiology (EP) procedures [Chen 99, Earl 06, Hsu 04, Knec 08a,
Ma 06, Mano 94b].
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Figure 1.4: Biplane C-arm system equipped with two small detectors. The C -arm depicted
in the image is currently used at the Klinik für Herzrhythmusstörungenat the Krankenhaus
der Barmherzigen Brüderin Regensburg, Germany. The photo was taken with permission
by Dr. med. Klaus Kurzidim.

1.5 Catheter Ablation

The current state-of-the-art technique to treat atrial �brillation is the electrical iso-
lation of the pulmonary veins [Calk 07, Camm 10, Gaur 03]. An illustr ation of the
left atrium with the PVs is given in Figure 1.3. The pulmonary veins a re sur-
rounded by a sleeve of muscle �bers which are supposed to be a source for ectopic
beats. These beats are capable of triggering atrial �brillation, basically follow-
ing the focal model. The junction between the pulmonary vein and the a trium
can not be distinguished anatomically or histologically from the surrounding my-
ocardium [Scha 05]. The ostium of the PVs is commonly accepted as thearea of
ablation, although this is not precisely de�ned. The treatment con sists of isola-
tion of the pulmonary veins, either of all four of them, without consid ering their
electrical activation, or only the active PV [Earl 06, Karc 02]. Th is is often done in
combination with a linear ablation [Karc 02, Ma 06]. The linear a blation involves
the creation of lesions bridging the two superior PVs within the left atrium or
extending lesions from the left inferior PV to the mitral annulus, the area of the
mitral valve in the left atrium. A consensus of cardiologists has co ncluded that
optimal treatment consists of ablating all pulmonary veins without r espect to their
individual electrical activity [Calk 07]. A circumferential mapp ing (CFM) catheter,
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(a) (b)

Figure 1.5: Basic geometry of a C-arm X-ray imaging system. (a) Illustra tion of the rotation
of the C-arm related to a patient's right/left side, right ant erior oblique or left anterior
oblique (RAO/LAO), viewed from a patient's feet side. (b) Illus tration of the rotation
towards a patient's cranial or caudal (CRAN/CAUD) direction, vi ewed from a patient's
right side.

also often called lasso catheter, is used for mapping the site of the ablation for each
PV [Bahn 04, Katr 08, Nade 04, Oral 06, So 09, Taka 06, Tilz 07].

The catheters for ablation and mapping are positioned via the righ t femoral
vein and the inferior vena cava in the right atrium and are then broug ht to the
left atrium by a trans-septal puncture at the location of the fossa ovali s under
�uoroscopic imaging [Mano 99, Mano 94a, Rao 05]. An illustration of the heart
is given in Figure 1.1. Electrophysiology labs are usually equipp ed with modern
C-arm systems that provide 2-D �uoroscopic images, but also offe r the capabil-
ity to acquire intra-procedural 3-D data sets, referred to as C-arm CT [Prum 09].
C-arm systems are available in different con�gurations. Monop lane C-arm sys-
tems are equipped with one C-arm, while biplane systems have two C- arms, one
�oor-mounted and one ceiling-mounted. Different detector sizes a re commercially
available. Three detector options are currently offered by Siemens AG (Healthcare
Sector, Forchheim, Germany). The �rst size is a big detector with 30 cm � 40 cm,
the second a mid-size detector of 30 cm � 30 cm, and the third a small detector
of 20 cm � 20 cm [Iwaz 10, Stro 09]. The big version is usually considered for
neuro-radiology applications, whereas the small detector is mos tly used in cardiac
applications. For biplane systems, there also exist a mixed con�gurations with dif-
ferent detectors for each C-arm. One example of a biplane C-arm system with two
small detectors is given in Figure 1.4.

C-arm positions are de�ned by two angles, the �rst angle denotes th e rotation
of the C-arm related to a patient's right/left side, right anterior ob lique
(RAO/LAO). The second angle denotes the rotation towards a patient's cranial
or caudal (CRAN/CAUD) direction. See Figure 1.5 for an illustration . The image
guidance during the ablation is either performed by using �uoroscop y, by angiog-
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Figure 1.6: An example of an ablation catheter used in electrophysiology procedures.
Here, a Blazer II XPfrom Boston Scienti�c (Natick, MA, USA) with a diameter of 8 F and a
tip length of 8 mm is shown.

raphy of the PVs using contrast agent or electro-anatomical mappi ng [Geps 97,
Ma 06, Mano 94a, Nade 04, Papp 00, Sart 08, Wang 07, Witt 02]. A less often re-
ported technique to place the mapping catheter is to move the catheter until the
local impedance recorded by the radio frequency generator incr eases or decreases
abruptly. For the ablation itself, a localization of the catheter tip in three dimen-
sions within the left atrium is required. That is achievable by ele ctro-anatomical
mapping systems or biplane �uoroscopy [Scha 05].

Inaccuracies during the localization can lead to the ablation of the w rong tissue
and to complications for the patient, which include cardiac tampona de, phrenic
nerve injury, thromboembolism, mitral valve trauma, and even sten osis may occur.

The position of the esophagus can be marked by a barium sulfate swall ow un-
der �uoroscopy or by using pre-operative data [Bour 11a, Bour 11c]. Ablation near
the esophagus is also avoided if possible to reduce the risk of an esophageal injury.
Other risks, e.g. cardiac emboli, depend on the condition of the p atient.

The ablation is performed by using an ablation catheter that has an e lectrode
of about 4 mm at its tip. The electrical current is directly brought to th e cardiac
wall causing tissue heating and thus performing the ablation. Consid ering the
ablation energy, problems have been reported when the ablation w as performed
with an effective ablation energy of 50 W resulting in an ablation tem perature
of 60oC or more. The protocols used in literature mostly consider an energ y of
20 W to 40 W with a resulting heat of 40 oC to 50oC [Earl 06, Hsu 04, Ma 06, Oral 06,
Rao 05, Sart 08, Taka 06]. According to the energy and temperature,the ablation of
the tissue is performed for 10 to 60 seconds. The temperature is monitored during
the procedure. The energy is generated at a frequency of 350 kHz to 750 kHz from
low power 15 V to 60 V [Kay 92, Mano 94a, Mano 94b, Schu 07]. In general, the
ablation energy used for AFib procedures is lower than for other ab lations in the
heart. One example for an ablation catheter is given in Figure 1.6. The diameter
of a catheter is measured in F (French) with 1 F = 1/3 mm. In the course of this
work, the following catheters are considered during the ablation p rocedure:
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Figure 1.7: An example for a circumferential mapping catheter used in ele ctrophysiology
procedures with 10 electrodes and a diameter of 7.5 F. The circular part itself has a diameter
of 5 F. This catheter is a previous version of the Orbiter PV Variable Loop Mapping Catheter
by Bard Medical (Covington, GA, USA). The current version has 14 e lectrodes.

• Ablation Catheter: Ablation catheters have a diameter of 4 F to 6 F and a
length of 115 cm. They are equipped with three or four electrodes with a
spacing between the electrodes of 1 mm to 7 mm. The ablation tip length
itself is 4 mm to 10 mm. In AFib procedures, ablation catheters with an ab-
lation tip of 4 mm are used, which ablate heart tissue by heating. Altho ugh
ablation catheters that destroy tissue by cooling are available, they are not
routinely used for AFib procedures. An example of an ablation cathe ter is
given in Figure 1.6.

• Diagnostic Catheter: Diagnostic catheters are equipped with 4 to 24 elec-
trodes with a spacing of 1 mm to 10 mm. These catheters measure potentials
within the heart, blood pressure and blood �ow as well as the blood te mper-
ature. They have a diameter of 4 F to 6 F and a length of 105 cm to 115 cm.
During an AFib ablation a diagnostic catheter is placed in the coron ary sinus,
hence the name CS catheter. Another one may also be placed in the superior
vena cava.

• Circumferential Mapping Catheter: Mapping catheters for atrial �brillation
are catheters that form a circle at the catheter tip. They have a length of
105 cm to 115 cm, have a diameter of 5 F to 7.5 F, and are equipped with 10
to 20 electrodes to measure potentials. The diameter of the circle is between
14.5 mm and 25.0 mm. The mapping catheter is used to mark the ostium of
the pulmonary vein that is considered for ablation and to measure el ectrical
signals during and after the ablation. During the ablation, the cathete r is
assumed to be stably �xed at the ostium of the PV. Other names for this kin d
of catheters is lasso catheter or spiral catheter. An example for such a catheter
is given in Figure 1.7.

• Cryo-Balloon Catheter: This type of catheter belongs to the group of single-
shot-devices. A cryo-thermal balloon catheter can be �lled with l iquid nitro-
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Figure 1.8: In�ated cyro-balloon catheter (Arctic Front, Medtronic, Min neapolis, MN,
USA). The balloon was manually in�ated to its diameter of 28 mm.

gen to freeze the tissue at the ostium of the pulmonary vein [Avit 03, Bel l 07,
Neum 08, Thom 11]. They are commercially available in two sizes . The in-
�ated balloon can achieve either 23 mm or 28 mm (Arctic Front,
Medtronic, Minneapolis, MN, USA). The main problem of these si ngle-shot-
devices is that they not always �t to the patient's anatomy. Assessme nt be-
fore the procedure is required, also with respect to the diameter of th e bal-
loon catheter [Bros 11a]. An example of a cryo-balloon catheter is given in
Figure 1.8

Depending on the manufacturer, the catheters are different in electr ode spacing,
number of electrodes, size and diameter. In general, the length of the catheters is
roughly comparable.

1.6 Intraprocedural Guidance

The guidance of the catheter into the right atrium is performed using �uo roscopy
guidance [De B 05, Ecto 08a]. The trans-septal puncture can be performed using
�uoroscopy guidance as well, or by using trans-esophageal echoc ardiography
[Bour 11a, Bros 11b]. The ablation procedure itself can be guided by either us-
ing �uoroscopy or electro-anatomic mapping systems. Mapping sy stems are able
to visualize the catheter position in 3-D within a registered 3-D data s et [Kist 06a,
Kist 06b, Kist 08, Witt 99]. While they promise to save X-ray dose, they add effort
and cost to the procedure. In addition, mapping systems are virtual r eality sys-
tems and they do not allow for instant con�rmation of catheter positi ons under
real-time X-ray. In some instances, the registration of these systems may even be
off with respect to the underlying anatomy [Dacc 07]. Modern C-arm X-ray sys-
tems often provide 3-D tomographic imaging to overcome the issue tha t soft-tissue
of the heart is dif�cult to see in X-ray images [Al A 08, Fahr 00, Iso l 08, Nolk 08,
Prum 06b, Prum 07, Prum 09, Rohk 08, Stro 09, Stro 03, Orlo 07, Zell 05].
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Overlay images rendered from either CT, MR, or C-arm CT 3-D data sets can be
superimposed onto live �uoroscopic images. This kind of augmente d �uoroscopy
can facilitate more precise real-time catheter navigation and also reduce radia-
tion [De B 05, Ecto 08a, Fall 04, Gorg 05, Sier 03, Sra 07, Tops 09]. Unfortunately,
catheter navigation under augmented �uoroscopy is compromised by c ardiac and
respiratory motion. Motion has shown to be problematic in many med ical proce-
dures [Keal 06, Klem 07, Ross 08, Shec 04, Shec 06, Shec 05, Ortm 05].

1.7 Scienti�c Focus and Contributions

In the previous sections, the underlying information about the clini cal applica-
tion and the current state-of-the-art treatment options were presente d. The main
scienti�c focus of this work was to develop novel methods for motion compensa-
tion for atrial �brillation ablation procedures. As overlay imag es rendered from
pre-operative data sets have proven to be clinically useful [Ecto 08a, Knec 08b],
methods to compensate for cardiac and respiratory motion are requi red to keep
the overlay in sync with live �uoroscopic images. Providing a co nsistent visual
impression for the physician may help to improve the ef�ciency a nd safety of the
procedure. Furthermore, it might also help to reduce the amount of X-r ay used
during the procedure. In addition to that, �rst work to support cryo-ba lloon ab-
lation procedures was developed. This thesis provides scienti� c progress within
the current research �elds regarding electrophysiology proce dures and contribu-
tions to the community of computer assisted interventions. In the follow ing list,
the major scienti�c contributions are summarized.

• An approach to reconstruct the elliptical part of the circumferenti al map-
ping catheter is evaluated in simulations and phantom experiments. T his
3-D catheter model is later on used to achieve motion compensation. The
details can be found in Chapter 2.

• An novel approach to generate a model of a cryo-balloon catheter from two
views is presented in Chapter 3. It has been shown in simulations a nd ex-
periments that the proposed method outperforms currently available ap-
proaches.

• As cryo-balloon ablation procedures gain more and more intere st in the med-
ical community, a �rst approach to provide a planning tool is pres ented in
Chapter 4. Currently, there is no other software available that is ab le to pro-
vide physicians visual feedback about the �t of a cryo-balloon to the consid-
ered pulmonary vein.

• To further provide support for cyro-balloon ablation procedure s, a �rst ap-
proach to track such a device is presented in Chapter 5. The proposed method
is able to visualize the boundary of an in�ated balloon catheter on top of live
�uoroscopic images. Given a pre-planned position, this could be used to
accurately place the cryo-balloon at its desired position.
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• In Chapter 7, two novel approaches for motion compensation in atr ial �b-
rillation are proposed. These methods are designed for monopl ane C-arm
system. As input, a 2-D spline of the circumferential mapping cathete r is
required. This catheter model is successively registered to �uoros copic im-
ages. As the catheter is �rmly placed at the ostium of the pulmonary vei n,
its motion can directly be applied to the overlay images. The two meth ods
differ only in image pre-processing methods, as presented in C hapter 6. One
uses a �lter-based approach and the other one makes use of learning-based
algorithms. These two methods are compared against each other.

• A novel method for motion compensation for biplane C-arm system s is pre-
sented in Chapter 8. As in the previous chapter, a �lter-based and a l earning-
based approach are compared. These approaches require a 3-D catheter
model as detailed in Chapter 2 and simultaneously acquired biplane �uo-
roscopic images.

• In Chapter 9, a new method is proposed that provides 3-D motion co mpen-
sation when only monoplane �uoroscopic images are available. Therefore, a
3-D catheter model is required that can be registered to monoplane � uoro-
scopic images. In this case, the monoplane �uoroscopic images are acquired
using a biplane C-arm system, but instead of using a simultaneous acqui si-
tion approach as in Chapter 8, the underlying assumption is that the im ages
are acquired sequentially.

• A novel approach using a patient-speci�c motion model is presen ted in Chap-
ter 10. This method uses a 3-D catheter model and a biplane �uoroscop ic se-
quence to determine a patient-speci�c motion model. In the subsequent ac-
quired monoplane images, the motion model is used to constrain the mo tion
compensation approach to achieve a compensation for depth infor mation,
which is missing in monoplane images.

• As the circumferential mapping catheter needs to be placed at each of the
four pulmonary veins considered for ablation, the catheter is move d from
one PV to another during the procedure. A �rst method to detect such kind
of non-physiological motion is presented in Chapter 11. The dete ction is
based on the observations of the mapping catheter and the CS catheter.Once
their relative distance changes, non-physiological motion is a ssumed.

• Motion compensation by using the circumferential mapping catheter has
been proposed so far. Apart from that, one method to achieve motion com-
pensation using the CS catheter is reported in literature. A new approa ch
to achieve motion compensation by using the coronary sinus catheter i s pre-
sented in Chapter 12. A training phase is required to obtain the positi on
of the circumferential mapping catheter as an indicator for the pulmo nary
vein. During this learning phase, an arti�cial heart cycle value is computed
based on the observation of the CS catheter. After the training phase, the po-
sition of the mapping catheter is estimated based on the observation o f the
CS catheter.
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1.8 Outline

This thesis is structured in �ve parts. In the �rst part, two catheter reco nstruction
approaches from two views are presented. The second part focuses on tools for
cryo-balloon ablation procedures. In the third part, motion compe nsation methods
using the circumferential mapping catheter only are presented. The fourth part
extends this by including the coronary sinus catheter. In the last par t, future work
is considered and the presented methods are summarized.

The reconstruction methods in the �rst part focus on two catheters, the c ircum-
ferential mapping catheter and the cryo-balloon catheter. The rec onstruction of
the elliptical part of the mapping catheter is presented in Chapter 2 . Under the
assumption that a cryo-balloon catheter can be approximated as a sphere, a recon-
struction method is proposed in Chapter 3.

The tools for cryo-balloon ablations presented in the second par t consist of the
�rst planning tool for such procedures. The Atrial Fibrillation Ablation PlanningTool
(AFiT) is presented in Chapter 4. A �rst approach to track a cryo-b alloon catheter
is detailed in Chapter 5.

In the third part, motion compensation based on the circumferential m apping
catheter is presented. Two methods for catheter segmentation, a �lter -based and a
learning-based approach, are presented in Chapter 6. In Chapter 7, these segmen-
tation approaches are used for monoplane motion compensation usin g a model-
based 2-D/2-D registration. The same segmentation approaches are presented for
biplane motion compensation using a model-based 2-D/3-D registr ation, using
the assumption of simultaneously acquired biplane �uoroscopic imag es. An ap-
proach for a constrained model-based 2-D/3-D registration, if o nly sequential bi-
plane images are acquired, is presented in Chapter 9. In the next chapter, a �rst
method for a patient-speci�c motion compensation using a model-ba sed 2-D/3-D
registration is detailed. This method requires a training phase to l earn the prin-
cipal motion of the pulmonary vein considered for ablation. The m ethods in this
part were evaluated on the same clinical data set. A comparison on th e perfor-
mance is given in Chapter 10.

In the fourth part, motion compensation methods involving the mappin g and
the CS catheter are presented. In Chapter 11, a method to detect non-physiological
motion of the mapping catheter is presented. In the next chapter, a mo tion com-
pensation approach using the coronary sinus catheter is presented. This approach
uses a training phase and is compared to a currently reported approa ch in litera-
ture. A comparison of the proposed method and the reference method i s given in
Chapter 12.

In the last part, future work is considered in Chapter 13 and a summary of the
presented methods is given in Chapter 14.
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Catheter Reconstruction from Two
Views
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In this chapter, the reconstruction of the circumferential mapping ca theter from
two views is detailed. The most important part of this catheter is its elliptically
shaped tip. It is assumed that this part can be approximated as an el lipse in 2-D
as well as in 3-D. The original method was proposed in [Bros 09b ]. Parts of this
chapter have been published in [Bros 09a, Bros 10b].

2.1 Motivation

The circumferential mapping catheter is a catheter that shapes a circle at its tip
[Deis 03]. This catheter is used to measure the electrical activity at the ostium of a
pulmonary vein [Capp 05]. The current ablation strategy to treat atri al �brillation
is the electrical isolation of the pulmonary veins [Calk 07]. We ca n count on the
physicians to provide a stable wall contact, as it is in their best i nterest. Otherwise
complete isolation of the pulmonary veins may fail due to undetected re sidual PV-
atrial electrical connections. Image guidance during the procedur e is performed
by using �uoroscopic imaging. For the reconstruction, we require a b iplane C-arm
system with two C-arms, one denoted as image plane A and one as image plane
B.

2.2 Reconstruction Method

For reconstruction of the elliptical part of the circumferential map ping catheter, we
differentiate three cases. In the �rst case, ellipses are visible in both image planes.
The second case assumes that one of the ellipses is degenerated to aline in one
projection image. Such a con�guration happens when the elliptical part lays in a
plane perpendicular to the view direction. The third case, when bo th ellipses are

19
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(a) (b)

Figure 2.1: Circumferential mapping catheter reconstruction from two views. (a) This
general caseshows two possible solutions when reconstructing a 3-D elli pse from biplane
2-D ellipses. The correct solution can be found by using prior knowledge, e.g., of the
diameter of the circumferential mapping catheter. (b) This degenerated casereconstructs a
3-D ellipse from one 2-D ellipse in one X-ray view and a line in the other.

degenerated to lines in the projection images, is not further consi der as an ellipse
reconstruction from such a con�guration is not possible. Even a sma ll rotation
of one of the C-arms would provide a much better view, such that at leas t one
ellipse becomes visible. From a practical point of view, phys icians are very likely
to avoid such con�gurations as the positioning of the ablation with res pect to the
circumferential mapping catheter is dif�cult.

This section is structured as follows. In the �rst subsection, the two-e llipse-
case is considered. Two 3-D cones are generated from the 2-D ellipses in the image
planes. Their intersection in 3-D yields two intersecting 3-D pla nes. In the second
subsection, the one-ellipse case is considered. If one of the ellipses is degenerated
to a line, a reconstruction is still possible.

2.2.1 Two Ellipse Case

The reconstruction method is based on the work in [Quan 96] assuming th at el-
lipses are visible in both image planes. It is shown, that two pos sible solutions can
be computed and prior knowledge about the reconstruction problem is required
to �nd the correct solution. The reconstruction of the circumferential mapping
catheter as a circle in 3-D when �rmly positioned at the ostium of a pul monary
vein uses the following assumptions:

1. When positioned at the pulmonary vein, the circumferential mapp ing catheter
can be approximated as a circle in 3-D space.

2. The X-ray projection images of the mapping catheter can be modeled as 2-D
ellipses.

Using these two assumptions, the elliptical shaped tip of the circumfe rential map-
ping catheter can be reconstructed from two views. For simplicity, th e equations
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(a) Plane A (b) Plane B

Figure 2.2: The images show an example of the general case. The biplane C-arm system
is set up such that the circumferential mapping catheter is p rojected as an ellipse in each
view. As the catheter has to be moved through the vessels of the body to reach its target,
even this catheter needs to have line-like characteristicsincluding a catheter tip.

in this subsection are valid for both image plane A and image plane B, if not in-
dicated otherwise. When required, the image planes are denoted by A and B. An
elliptical cone in 3-D can be spanned using the optical center as vertex o 2 R3

and the 2-D ellipse C 2 R3� 3 in the image plane, see Figure 2.3 for an illustration.
Given the 2-D input points, an ellipse is �tted to these points. The ell ipse param-
eters are given in matrix notation as C 2 R3� 3. Assuming a perfect ellipse, a 2-D
point on the ellipse would ful�ll [Hali 98, Fitz 99, Fitz 95]

epTCep = 0 (2.1)

with the 2-D point p 2 R2 in homogeneous coordinates as epT = ( pT, 1)T . The
image point p is the projection of a point w 2 R3 in 3-D. The projection of a 3-D
point is computed by [Schm 05, Bros 09c, Bros 09d]

ep = P � ew (2.2)

with the projection matrix P 2 R3� 4 , and a point w 2 R3 in 3-D given in ho-
mogeneous coordinates as ew 2 R4 . The projected point is given as ep 2 R3 in
homogeneous coordinates. To arrive at image coordinates, a dehomogenization is
required. Given an ellipse in 3-D, a point w ful�lls

ewT � PT � C � P � ew = 0 (2.3)

which is a combination of Eq. (2.1) and Eq. (2.2). The multiplica tion of the projec-
tion matrix and the ellipse parameters yields

Q = PT � C � P (2.4)
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(a) Plane A (b) Plane B

Figure 2.3: The images present an example of thedegenerated case. This view con�guration
can simplify biplane catheter navigation during ablation, when the circumferential map-
ping catheter often serves as a visual reference. In this setup, the physician needs to verify
that the ablation catheter is in the vicinity of its elliptic al projection in one view and close
to the line in the other.

which is the resulting quadric Q 2 R4� 4 de�ning an elliptical cone in 3-D. With
the ranks of P and C being 3, the quadric Q is also of rank 3, thus describing a
3-D elliptical cone. Quadrics can be distinguished by consideri ng the ranks of the
describing matrix Q as well as the rank of the left upper 3 � 3-sub-matrix Q+ 2
R3� 3 , see Table 2.1 [Zwil 06]. Computing the elliptical cones for both im age planes
results in

ewT � QA � ew = 0 (2.5)

ewT � QB � ew = 0. (2.6)

Considering the intersection of these two quadrics, the intersection s lay within
two intersecting planes. These intersecting planes can be found by combing the
two quadrics as

Q( l ) = QA + l � QB (2.7)

in such a way that

rank(Q( l )) != 2. (2.8)

The matrix Q( l ) is a function of l 2 R that describes a pencil of matrices [Lanc 66].
Those values of l i for which Q is rank de�cient are called latent roots. The eigen-
values of Q( l ) are dependent on the choice of l . Thus, if a quadratic matrix
Q( l ) 2 RN �N has a degeneracy ofa , i.e. the rank is N � a, at least one latent root
is of multiplicity m = N � a.
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rank(Q) rank(Q+ ) Type of Quadric

4 3 Ellipsoid or Hyperboloid
3 3 Cone
4 2 Paraboloid
3 2 Cylinder
2 2 Intersecting Planes
2 1 Parallel Planes
1 1 Coincident planes

Table 2.1: A Simple classi�cation of quadrics depending on the ranks fo r their describing
matrix Q and the rank of their corresponding right upper 3 � 3-sub-matrix Q+ [Zwil 06].

To achieve that Q( l ) is of rank 2, at least one latent root of multiplicity m = 2
is required. The latent roots are calculated as

jQ( l )j = jQA + l QBj = I 1 � l 4 + I 2 � l 3 + I 3 � l 2 + I 4 � l + I 5 = 0 (2.9)

with the coef�cients I 1, I 2, I 3, I 4, I 5 2 R corresponding to the power of l that
follows. The polynomials I 5 = jQA j = 0 and I 1 = jQBj = 0 can be removed from
the equation, corresponding to the latent roots 0 and ¥ , respectively. This reduces
Eq. (2.9) to

I 2 � l 2 + I 3 � l + I 4 = 0. (2.10)

As two latent roots with multiplicity m = 1 are given, the remaining latent root
l needs to be of multiplicity m = 2, i.e., there is only one solution for Eq. (2.10).
Solving the quadratic equation and assuring that there is only one sol ution for l
yields to

l =
�I 3

2I 2
. (2.11)

Given the quadric Q( l ), the 3-D planes, in which each of the solutions lies, are
calculated using a transformation B 2 R4� 4, that leads to

BT � Q l � B =

0

B
B
@

m1
m2

0
0

1

C
C
A . (2.12)

The points in 3-D space are transformed by the same transformation matrix, re-
sulting to

ewT � BT �

0

B
B
@

m1
m2

0
0

1

C
C
A � B � ew = 0. (2.13)

With the substitution
ew0= B � ew (2.14)
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follows

ew0T �

0

B
B
@

m1
m2

0
0

1

C
C
A � ew0= 0. (2.15)

Rewriting this equation in terms of components of ew0= ( x0, y0, z0, 1) results to

m1 � x02 + m2 � y02 = 0. (2.16)

The solution planes in this transformed coordinate system are then c alculated by
p

m1 � x0�
p

� m2 � y0= 0. (2.17)

This describes two planes in the transformed space domain with the ir normals
en0

k 2 R4 with k 2 f 1, 2g in homogeneous coordinates as

en0T
k ew =

p
m1 � x0�

p
� m2 � y0= 0. (2.18)

The back-transformation to normal space is performed by consid ering the column
vectors ee1,ee2 2 R4 of B that leads to

(B � en0
k)

T � ew = (
p

m1 � ee1 �
p

� m2 � ee2)T � ew = 0. (2.19)

From that, the transformation B is given by the eigenvectors ee1 and ee2 of Q( l ) with
the corresponding eigenvalues m1 and m2. The normals en1 and en2 of the extracted
planes in which the reconstructed ellipses lay are then computed by

en1 =
p

m1 � ee1 �
p

� m2 � ee2 (2.20)

en2 =
p

m1 � ee1 +
p

� m2 � ee2. (2.21)

The normals of the intersecting planes en1 and en2 are given in homogeneous coor-
dinates. A point in homogeneous coordinates ew is within a plane en if

enT ew = 0 (2.22)

is ful�lled. As the normal to the plane is given in homogeneous coor dinates, the
fourth component is the distance to the coordinate origin nd 2 R . Thus, the
normal can be rewritten as

en =
�

n
nd

�
. (2.23)

Hence, Eq. (2.22) can be used to formulate a transformation matrix such that all
points ew that lay within the plane are transformed to their corresponding 2- D
plane coordinates eq 2 R4. This transformation is given by

eq = Ten ew (2.24)

with the resulting 2-D point given as eqT = ( uq, vq, 0, 1)T and the 2-D plane coordi-
natesuq and vq. The plane matrix Ten 2 R4� 4 is given as

Ten =

0

B
B
@

uT 0
vT 0
nT nd
0T 1

1

C
C
A . (2.25)
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The vectorsu 2 R3 and v 2 R3 are two arbitrary direction vectors of the plane and
perpendicular to the normal. Every point that lays within the plane has its third
component equal to 0. To calculate the intersection of a plane and a cone, both
Eq. (2.1) and Eq. (2.24) need to be ful�lled. Thus, the intersection can be computed
by

U = TT
enQT en. (2.26)

Given a point of the intersection ew, the following equation holds

ewTU ew = 0. (2.27)

As every point that within the plane has its third component equal to 0 , the third
row and third column of U can be ignored. The remaining entries are then used to
compute the implicit parameters of the intersecting ellipse as

U =

0

B
B
B
@

a1
a2
2 � a4

2
a2
2 a3 � a5

2
� � � �
a4
2

a5
2 � a6

1

C
C
C
A

. (2.28)

The coef�cients a1, a2, a3, a4, a5, a6 2 R are the implicit parameters of an ellipse in
the plane de�ned by en. A 2-D point p of this ellipse ful�lls the following equation

ep

0

@
a1

a2
2

a4
2

a2
2 a3

a5
2

a4
2

a5
2 a6

1

A epT = 0. (2.29)

Given the implicit parameters in this matrix notation as U1 for the �rst plane from
Eq. (2.20) andU2 for the second plane from Eq. (2.21), it is not obvious which
solution is the correct one. To �nd the correct solution, we recall th e assumption
that when positioned at the pulmonary vein, the circumferential map ping catheter
can be approximated by a circle in 3-D space. Therefore, the semi-axes,f and y , of
each solution are obtained from U1 and U2, respectively.

Assuming that the correct solution in 3-D actually is a circle, the two s emi-
axes should be equal or at least be very close to each other. Therefore, we chose
that solution k̂ out of the two possible 3-D ellipses which is more circular. This i s
calculated by

k̂ = arg min
k

jf k � y kj. (2.30)

Once, the best solution k̂ is found, the corresponding model points are calculated
by sampling the ellipse using the parameters Uk̂ and transforming these points to
3-D points m i 2 R3 by using T � 1

enk̂
.

2.2.2 Degenerated Ellipse Reconstruction

The method so far assumes that an ellipse is visible in both views. Depending on
the viewing angle, this might not be true as an ellipse in 3-D space might be pro-
jected as a line. To detect the a degenerated ellipse in one of the two2-D images,



26 Circumferential Mapping Catheter Reconstruction

principal component analysis (PCA) is used. The principal ax es and principal val-
ues of the 2-D input points are calculated before ellipse �tting. If on e of the princi-
pal values is close to zero, it is considered as a degenerated case. If this is detected,
two points q1, q2 2 R2 on the principal axis are computed. For practical reasons,
these two points should have a certain distance between each other. In our case,
twice the amount of the principal value was used.

By using the corresponding projection matrix P 2 R3� 4, two rays in 3-D can be
computed from the points q1 and q2. The optical center o 2 R3 can be computed
from the projection matrix itself and the direction vector d 2 R3 can be computed
by involving one of the 2-D points [Bros 09c, Bros 09d]. The rays corresponding to
q1 and q2 are then given by

r1(t ) = o + t � d1 (2.31)

r2(t ) = o + t � d2. (2.32)

These two rays span the 3-D plane in which the elliptical part of the catheter lays.
The normal of this plane can be computed by

n = d1 � d2. (2.33)

To perform an intersection between a cone and a plane as shown in Subsection 2.2.1,
the distance nd to the origin is required. As the optical center o of the viewing pro-
jection is also within that plane, the distance can be calculated as

nd = nTo. (2.34)

Finally, the reconstruction problem is reduced to calculating the inte rsection be-
tween a coneQ and a plane n without having to deal with two solutions. A sum-
mary of the presented circumferential mapping catheter reconstructi on method is
given in Structogram (2.1).

2.3 Evaluation and Results

For evaluation of our method, we performed simulation studies and exp eriments
using a clinical biplane C-arm X-ray system.

2.3.1 Simulations

In our simulations, �ve circles in 3-D space were set up, each with a different posi-
tion, orientation and diameter. These �ve 3-D circles were forwa rd projected onto
2-D image planes for a set of C-arm projection angles. In the next step, these 3-D
circles were reconstructed using the method presented above. The reconstruction
was done for the C-arm position angles (RAO/LAO) 2 f� 90� , � 60� , . . . , 60� , 90� g
with (CRAN/CAUD) = 0. The latter was chosen to be 0 as this is the usual setup
for electrophysiology procedures. In other words, the space of a ll used C-arm
detector positions was subsampled in steps of 30� , given a minimum angular dif-
ference of 30� and a maximum difference of 150 � between two C-arm views used
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Figure 2.4: Simulation results for elliptical catheter model generati on from biplane im-
ages. The error is given with its standard deviation. Two thre e kinds of errors were
considered. The �rst type considers only Gaussian noise with a standard deviation of
s 2 f 0.0, 0.5, 1.0, 1.5, 2.0, 2.5g mm added to the 2-D input points. According to the pixel
spacing considered for the simulation, a 2-D noise of 1.0 mm equals to about 6 pixels
on the image plane. The second type considers a translational offset in v-direction of
Dt 2 f 0.0, 0.5, 1.0, 1.5, 2.0, 2.5g mm to account for calibration errors. The third kind of
error is considered to be a combination of both error types. Th e errors were calculated by
averaging individual errors over the �ve circles reconstru cted from the angulation consid-
ered. The results are given for the regular case in which ellip ses are visible in both image
planes, (a), (c), and (e), as well as for the degenerated case, (b), (d), and (f).
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Structogram 2.1: Circumferential Mapping Catheter Reconstruction

for 3-D ellipse reconstruction by triangulation. The cases consid ering an angular
difference of 0� and 180� , respectively, were omitted during the simulation. Not
all of these viewing angles are useful in a clinical environment but the results give
a systematic evaluation of the accuracy of our reconstruction method. Th e overall
error is calculated as the average distance between points on the original 3-D cir-
cle and their nearest-neighbor counterparts on the reconstructed cir cle. Four cases
have been considered for evaluation. In the �rst case, we simply reconstructed a
3-D circle from the projection images not adding any noise to �nd out how the re-
construction method works in an idealized scenario. In the other ex periments, we
added Gaussian noise with zero mean and a standard deviation of up to 2.0 mm to
the 2-D points before reconstructing the 3-D object. This is to simulate the potential
noise in the mapping catheter point localization step. For a typica l EP �uoroscopy
image with a size of 1, 024 � 1, 024, 2.0 mm equals to about 12 pixels on the image
plane. We also added a translational offset in one image plane of up to 2.0 mm,
simulating the potential relative shift in the mapping catheters detec ted in the two
image planes. The relative shift between plane A and plane B ima ges can be ei-
ther due to the fact that a mapping catheter is not a thin line but of certai n width,
or because there is inaccuracy in the geometrical calibration between plane A and
plane B. Finally, we simulated both Gaussian noise and translation al offset. The
results are summarized in Figure 2.4. The errors listed in the table w ere calculated
by averaging individual errors over the �ve circles reconstructe d from the biplane
C-arm angulations considered. The general case refers to the situation where an el-
lipse was visible in both image planes. The degenerated case implies that there was
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Figure 2.5: Experimental results for 3-D model generation by triangula tion from two
views. Five experiments were carried out to evaluate the accuracy. The experimental
setup, i.e., the position of the C-Arms and the position and orie ntation of the mapping
catheter, was chosen to be as close as possible to a clinical setup. (a) The 3-D deviation
represents the average distance between the reconstructedcatheter to a manually outlined
catheter in a 3-D data set. The minimum and maximum deviation i s also presented. On
average over all �ve experiments a model generation error of 1.5 mm was achieved. (b)
The 2-D deviation represents the mean deviation of the projec ted 3-D model into each im-
age plane from the original 2-D segmentation. The minimum and maximum deviation is
also presented. An average deviation over all �ve experiment s of 1.0 mm for plane A and
1.1 mm for plane B was achieved.

one ellipse in one view, while it collapsed to a line in the other v iew. The projection
matrices for the simulation were computed as described in [Bros 09c , Bros 09d].

2.3.2 Experimental Results

To further validate our approach, we acquired biplane �uoroscopic images of a
static catheter from different viewing directions and compared th e 3-D reconstruc-
tion results to a 3-D data set reconstructed using C-arm CT on the same system.
C-arm CT involved X-ray data acquisition on an AXIOM Artis dBA bipla ne sys-
tem (Siemens AG, Forchheim, Germany). First, the A-plane performed a partial
circle scan around the experimental setup. Then, a 3-D data set was reconstructed
(syngoDynaCT 5sDR, 133 images of size 1, 024� 1, 024 pixels, pixel spacing 0.1725
mm/pixel, source-detector-distance of 1,200 mm, Siemens AG, Healthcare Sector,
Forchheim, Germany). The system was calibrated using the method p resented
in [Roug 93]. The 3-D coordinates of the circumferential mapping c atheter were
manually obtained from the 3-D volume and compared to the 3-D recons truc-
tion results obtained from biplane views. To mimic a clinical setup , we varied
only the primary angle (LAO/RAO), as it would be during an EP proce dure. The
secondary angle (CRAN/CAU) was kept constant. The experimental results for
catheter model generation are given in Figure 2.5. The 3-D model deviation is
mostly in�uenced by the position and the size of the reconstructed cathe ter model.
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(a) (b)

Figure 2.6: Experiment of 3-D elliptical catheter reconstruction from two views. (a) Orig-
inal �uoroscopic images. (b) The reconstructed catheter mode l is forward projected onto
the �uoroscopic images.

(a) (b)

Figure 2.7: Experiment of 3-D elliptical catheter reconstruction from two views. (a) C-arm
CT of the catheter (syngoDynaCT, Siemens AG, Healthcare Sector, Forchheim, Germany).
(b) Reconstructed ellipse together with the C-arm CT.

2.4 Discussion and Conclusions

Our simulation results show that 3-D reconstruction is very accurate unde r ideal
conditions, but the error increases noticeably when there is nois e, see Figure 2.4.
Put differently, 3-D ellipse reconstruction from two views is very sensitive to noise
in the 2-D points of the detected ellipse, in particular when a transla tional error
is present. To deal with this problem, high-precision ellipse d etection and ge-
ometrical calibration between plane A and plane B is required for initial model
generation in the general case. From our experiments, we conclude that the 2-D
model deviation is moreover in�uenced by the shape of the catheter i n the 2-D
�uoroscopic images. If the catheter can not be approximated well b y an ellipse, a
larger model deviation occurs. The 3-D error is almost constant and shows only
little variation. The variation in the mean error represents sligh t shift of the recon-
structed 3-D model with respect to the manual segmentation. The maximum error
indicates that the size of the ellipse might not be correct reconstructed, but is also
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(a) (b)

Figure 2.8: Reconstructed ellipses representing the ostia of the pulmonary veins. (a) Flu-
oroscopic image without the reconstructed ellipses. (b) Reconstructed ellipses from two
views overlaid onto �uoroscopic images. The ellipses were rec onstructed from positions
of the circumferential mapping catheter positioned at the o stia of the pulmonary veins.

in�uenced by a shift of the 3-D catheter model. Visual inspection of the forward
projected 3-D catheter model onto the �uoroscopic images can be used to verify
this, see Figure 2.6. A visual comparison of the 3-D catheter and a C-arm CT is
given in Figure 2.7. The results of the simulations and the experimen ts indicate
that the the assumption to chose the more circular solution is valid. In p articular,
the results of the experiments involving a real catheter as shown in F igure 2.5 sup-
port this. The reconstruction of the circumferential mapping cathete r can also be
used as guidance when no pre-operative 3-D data set is available. The mapping
catheter can be positioned as the four ostia of the pulmonary veins and the recon-
structed catheters can be overlaid onto the �uoroscopic images. In suc h a case, the
reconstructed ellipses can be used to help the physician orientate himself during
the procedure. This idea was presented in [Koch 11, Koch 12]. An i llustration is
given in Figure 2.8.
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The use of radio-frequency catheters bears a certain risk for the patient [Calk 07].
To this end, new catheters are being developed. Some of these catheters are so-
called single-shot-devices. The idea is to isolate one pulmonary vein with a single
application [Avit 03, Bell 07]. One example of such a device is th e cyro-balloon
catheter. Unfortunately, there is currently no guidance available to s upport these
tools. In this chapter, a method to reconstruct a cryo-balloon cathete r from two
views is presented. This chapter is the result of the Bachelor Thesis of Andreas
Kleinoeder [Klei 11a]. Parts of this work have been published in [Klei 11b, Bour 12b].

3.1 Motivation

Two risk factors of the current radio-frequency catheter ablation a pproach are pul-
monary vein stenosis and esophageal �stula. To reduce these risks, cryo-balloon
catheter ablation techniques can be used [Avit 03, Bell 07]. Cryo-balloon catheters
perform the isolation of a pulmonary vein by freezing the tissue at th e ostium. Un-
fortunately, current navigation tools do not provide tools to locali ze and visualize
cryo-balloon catheters in 3-D. In our approach, the catheter is mod eled as a sphere
in 3-D. Methods to reconstruct ellipsoids either require three view s [Ma 96] or ad-
ditional 3-D information [Wije 06a], both is not available in our case. A method
for sphere reconstruction has already been proposed in [Wije 06b], but it turns out
to be rather sensitive to noise. This is why we present a novel metho d to recon-
struct a cryo-balloon catheter from two views. It is well suited to com pute a 3-D
model, even in the presence of noise. Used as part of a �uoroscopic overlay image
for augmented �uoroscopy applications, we expect that our method ca n further
increase the safety and effectiveness of the cryo-balloon ablation approach.

33
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(a) (b)

Figure 3.1: (a) The original �uoroscopic image during a regular atrial �br illation procedure
using a cryo-balloon catheter. (b) The manually selected points of the balloon-catheter are
superimposed onto the live �uoroscopic image (orange).

In the next section, the sphere reconstruction is explained. In the th ird section,
the evaluation and the results are presented. In the �nal section, the ap proach is
discussed and the conclusions are given.

3.2 Reconstruction Method

A method for sphere reconstruction was proposed in [Wije 06b]. Our work closely
follows this method but deviates in two steps that improve the accuracy of the
reconstruction method. In the �rst step, the reference method used PCA for ellipse
�tting. Our method uses the method proposed in [Hali 98]. In the second step, the
method in [Wije 06b] used two points to determine the radius of the spher e. We
propose to use about 100 points to get a good estimate of the radius.

As input, manually selected 2-D points on the boundary of the balloon- catheter
in both views are needed, see Figure 3.1 for an example of a single view. One
point in image plane is denoted as pA 2 R2 and as pB 2 R2 in image plane B,
respectively. Two-dimensional ellipses are �tted to the 2-D input points accord-
ing to [Hali 98], resulting in the implicit ellipse parameters giv en in matrix repre-
sentation as CA for image plane A and CB for image plane B, respectively. The
method in [Hali 98] uses a least-squares �tting approach with an addi tional con-
straint that ensures an elliptical solution. Using the implicit ell ipse parameters,
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3-D conesQA,QB 2 R4� 4 can be calculated by incorporating the projection matri-
cesPA,PB 2 R3� 4 [Bros 09a, Bros 10b]

QA = PT
ACAPA (3.1)

QB = PT
BCBPB. (3.2)

The camera center together with the corresponding ellipse yields a cone in 3-D
space. Now, the main axis of the cone, spanned by the camera centerand the
projected ellipse, is calculated. In the following, we present th e calculation only
for plane A. The 3-D cones have a structure as follows

QA =
�

Q+
A aA

aT
A cA

�
(3.3)

with the left upper diagonal sub-matrix Q+
A 2 R3� 3, the vector aA 2 R3 and the

scalar value cA 2 R. If a cone has its tip at the origin of the coordinate system and
its main axis aligns with one of the coordinate axes, we get [Wije 0 6b]

aA = 0 (3.4)

cA = 0. (3.5)

To align an arbitrary cone with the coordinate system, we have to �nd a transfor-
mation

TA =
�

RA tA
0T 1

�
(3.6)

with the rotation RA 2 R3� 3 and the translation tA 2 R3. The transformed cone
Q̂A 2 R4� 4 is then given by [Wije 06b]

Q̂A = TT
AQATA (3.7)

=
�

RT
AQ+

A RA RT
A(Q+

A tA + aA)
(tT

AQ+
A + aT

A)RA tT
AQ+

A tA + 2aT
AtA

�
. (3.8)

Considering the �rst element of Q̂A, the rotation matrix RA is given by the matrix
of eigenvectors of Q+

A which is computed by using singular value decomposition
(SVD) [Golu 65]. Using the upper right element of Q̂A, the translation is given by

tA = �
�
Q+

A

� � 1
aA. (3.9)

Now, that the rotation and translation have been determined, we can i ntersect the
axes of both cones to �nd the midpoint of the sphere. It is known that the axis of a
normalized cone corresponds to the z-axis [Bron 01]. Hence, we can determine the
main axis dA 2 R3 of each cone by rotating the z-axis with the rotation matrix RA

dA = RA �

0

@
0
0
1

1

A . (3.10)
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The cone's axis in 3-D space is represented by a line, using a point and a direction.
The translation vector tA corresponds to the apex of the cone and hence is a �xed
point on the line. Vector dA describes the direction of the cone's main axis. Com-
puting the translation vector tB and the main axis dB for image plane B as well, the
center of the spherewc 2 R3 should lay on the following rays

rA(t 1) = tA + t 1dA (3.11)

rB(t 2) = tB + t 2dB (3.12)

with the scalar values t 1, t 2 2 R as line parameters. These two lines are supposed
to intersect with each other at the center of the sphere wc. Therefore, the ray pa-
rameters t 1 and t 2 can be calculated by using SVD. In a practical setup, the 2-D
input points might not be perfect, thus the lines need not necessari ly intersect.
The closest point between these two lines is computed as center of thesphere by

wc =
1
2

(tA + t 1dA + tB + t 2dB). (3.13)

To calculate the radius of the reconstructed sphere, each cone is intersected with
a 3-D plane parallel to the image plane at the position of the calcula ted center wc.
This method is part of the 3-D ellipse reconstruction method Subsecti on 2.2.1. The
plane for the intersection is calculated to be parallel to the image pl ane and has
to pass through the center of the sphere wc. The intersection of both cones with
their corresponding planes yields a set of W 2 Z points w i 2 R3. As all these
points should lay on the sphere, their distance to the center should be e qual to
the radius of the sphere rs 2 R. As noise in the input data, in particular the 2-D
points, and calibration errors propagate through the presented alg orithm, they
might be slightly off. An ellipse �tting was used which leads to ell iptical cones
and not circular cones. Therefore, the intersection of a plane and an elliptical cone
yields an ellipse in 3-D, similar to the ellipse reconstruction in Chapter 2. As a
sphere is desired as output of this reconstruction algorithm, the mean distance of
the computed points w i is considered to be the best approximation for the radius.
To this end, the radius of the sphere rs is computed by

rs =
1
W å

i

jjwc � w i jj 2. (3.14)

Given the center wc and the radius rs, the sphere is reconstructed in 3-D. A sum-
mary of the presented cryo-balloon catheter reconstruction method i s given in
Structogram (3.1).

3.3 Evaluation and Results

For evaluation of our method, we performed a simulation study and expe riments
using a clinical biplane C-arm X-ray system.
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Get Manual Input Points for Both Image Planes

Calculate Ellipses CA and CB

Calculate ConesQA and QB

Compute tA and tB

Compute dA and dB

De�ne Rays rA and rB

Obtain Center Point wc by Ray Intersection

Compute Planes through wc parallel to Image Planes

Intersect Cones with Planes
Use Sample Points to Compute Radius rs

Return wc and rs

Structogram 3.1: Cryo-Balloon Catheter Reconstruction

3.3.1 Simulations

For the simulation, we computed 500 spheres each at different positions in 3-D
space within a maximum distance to the center of the volume of 150 mm and with
a radius between 5 mm and 15 mm. Commercially available cryo-ba lloons have
a diameter of either 23 mm or 28 mm. The simulation was performed usi ng ideal
C-arm projection matrices as described in [Bros 09c, Bros 09d]. The C-arm posi-
tions were chosen to be 90o apart which is similar to clinical setups in electrophys-
iology labs. The spheres were forward projected onto the image p lanes assuming
projection images of 1, 024� 1, 024 pixels with a pixel spacing of 0.308 mm/pixel
and a source-detector-distance of 1217 mm. The convex hull of the projection was
computed and used as 2-D input for the reconstruction method. We compar ed our
approach to the reference method in [Wije 06b]. Apart from that, Ga ussian noise
with a standard deviation s 2 f 0 mm, 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm,
3.0 mm, 3.5 mm, 4.0 mmg was added to the 2-D input data before reconstruction
to simulate detection errors. The error in the simulations was calcula ted as the av-
erage 3-D distance between the reconstructed sphere and the reference sphere. To
this end, W = 100 points ws,i 2 R3 of the original sphere with radius rs and center
wc can be calculated. The same number of 3-D points were calculated asŵs,i 2 R3

from the estimated center ŵc and the estimated radius r̂s. Note that the angles for
the point calculations have to be sampled in the same equidistant inte rvals such
that the calculated points correspond to each other. After the points ha ve been
calculated, the average 3-D distance#s 2 R3 between the original sphere and the
reconstructed sphere can be calculated by

#s =
1
W å

i

jjws,i � ŵs,i jj 2. (3.15)

The advantage of this de�nition is, that radius and center of the sphe re are both
considered for this error value. Intuitively this de�nition can be i magined as the
difference between the spheres original surface and the reconstructed surface. The
results are shown in Figure 3.2.
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Figure 3.2: Simulation results of our reconstruction approach in compa rison to the refer-
ence method [Wije 06b]. To disturb the input data, Gaussian n oise with a standard devia-
tion s 2 f 0 mm, 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mmg was
used.

Besides the effect of noise, the angular difference between the two projections
was investigated. To this end, the standard deviation of the Gaussian noise was
�xed to s = 2.0 mm. The C-arm angulations were chosen to mimic the regular
setup in EP laps in which (LAO/RAO) is variable and (CRAN/CAUD) is usually
�xed to 0 o. In a clinical setup, the angular difference between image plane A and
image plane B is close to 90o. For our simulation, we have varied the absolute
angular difference between the two C-arms from 30 o to 150o in steps of 15o. The
results are shown in Figure 3.3.

3.3.2 Experimental Evaluation

Experimental evaluation was performed in two stages. In the �rst sta ge, sphere-
shaped objects were used. In the second stage, a real cryo-balloon catheter was
available.

Both stages were performed using a real C-arm biplane system (Siemens AG,
Healthcare Sector, Forchheim, Germany). In the �rst stage, sphere-like objects
were considered. Therefore, balls of different kinds were us ed for the experimental
evaluation. These included a golf ball, a baseball, a table tennis ball, a squash ball
and three handballs. As handballs are available in different sizes, the enumeration
behind each handball in the tables states the of�cial size. The results obtained from
the reconstruction were compared with multiple measurements of a C-ar m CT of
the considered object [Noo 07, Rohk 09]. For reconstruction, a commercially avail-
able software was used (syngoDynaCT 5sDR, 126 images of size 1, 024� 1, 024 pix-
els, pixel spacing 0.1725 mm/pixel, source-detector-distance of 1,200 mm, Siemens
AG, Healthcare Sector, Forchheim, Germany). For each C-arm CT, ten measure-
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Figure 3.3: Simulation results of our reconstruction approach in compa rison to the refer-
ence method [Wije 06b]. The input data was disturbed by Gaussi an noise with a standard
deviation of s = 2.0 mm. The maximum error of the reference method was 17.68 mm. The
maximum error of our approach was 7.78 mm.

ments of the object diameters were made. The mean of the measurements divided
by 2 yields the radius for the comparison. The standard deviation o f the measured
diameters was in all cases below 1.2 mm. Since the determination of the balls real
position in 3-D space with respect to the C-arm system could not be acquired, the
evaluation only considers the radii of the spheres as error measur ement. The �uo-
roscopic images used for the reconstruction were of size 1, 024� 1, 024 pixels, with
a pixel spacing of 0.308 mm/pixel and a source-detector-distance of 1,197 mm. The
mean error of the proposed reconstruction method is 0.32 mm. The results of the
experiments are given in Table 3.1. The objects used for evaluation are shown in
Figure 3.4.

In the second stage of the experimental evaluation, a cryo-balloon was recon-
structed to gather more applicable results regarding the purpose of the algorithm.
The balloon catheter was manually in�ated with air, instead of liqui d nitrogen,
and placed in a small bowl. To make the contour of the catheter visibl e, the bowl
was �lled with a mixture of water and contrast agent. The maximal dia meter of
the catheter is stated to be 28.0 mm leading to a reference radius of 14.0 mm. In the
experiment, the catheter was reconstructed six times. The results are given in Ta-
ble 3.2. The average reconstruction error was 0.26 mm. The images used for recon-
struction were of size 1, 024� 1, 024 pixels, with a pixel spacing of 0.173 mm/pixel
and a source-detector-distance of 1,021 mm. On average, the C-armCT measure-
ments yielded a radius of 9.86 mm. The measurements for the gold-standard di-
ameters were repeated 22 times to obtain reliable results. The standard deviation
of the measurements was 1.1 mm. The location to determine the diameter was
chosen to be orthogonal to the guidewire of the catheter as this is the par t of the
balloon that touches the left atrial wall. It is noticeable, that in e ach catheter recon-
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Experimental Evaluation of Sphere Reconstruction

Golf Baseball T-Tennis Squash

C-arm CT 19.23 mm 34.74 mm 19.16 mm 20.08 mm
Reconstruction 18.86 mm 34.61 mm 18.77 mm 19.59 mm

Error 0.36 mm 0.13 mm 0.39 mm 0.49 mm

Handball 0 Handball 1 Handball 2

C-arm CT 60.09 mm 80.46 mm 86.43 mm
Reconstruction 59.82 mm 79.93 mm 86.53 mm

Error 0.27 mm 0.53 mm 0.10 mm

Table 3.1: Radius comparison between the reference C-arm CT values and the recon-
structed radius.

Experimental Evaluation of Cryo-Balloon Reconstruction

# 1 2 3 4 5 6
C-arm CT 9.86 mm 9.86 mm 9.86 mm 9.86 mm 9.86 mm 9.86 mm
Reconstruction 9.25 mm 9.84 mm 10.18 mm 10.16 mm 10.07 mm 9.99 mm
Error 0.61 mm 0.02 mm 0.32 mm 0.30 mm 0.21 mm 0.13 mm

Table 3.2: Cryo-Balloon reconstructions in [mm]. Comparison between reconstructed ra-
dius and cryo-balloon radius measured in C-arm CT. The averag e reconstruction error is
0.26 mm.

struction and C-arm CT measure, the radius was calculated to be smaller than it
should have been. This result might be explained by two factors. F irst of all, dur-
ing the experiment the catheter might not have been fully in�ated. A nother point
which falsi�es the calculation is due to the fact, that the catheter is mor e likely to
be ellipsoidal, especially when not completely in�ated.

An illustration of the experiment is given in Figure 3.5. It shows th e cryo-
balloon catheter recorded from two different views, observabl e as the bright round
contours. It can be seen, that the balloon catheter is not of perfectspherical shape.
While one of the views shows an almost circular contour, the second one is slightly
more elliptical and therefore only shows the maximum range of the c atheter in one
direction. During the radius calculation both views were considere d. The minor
axis of the elliptical part decreases the result of the radius during the cone-plane
intersection. The reconstructed sphere is superimposed with the bip lane images.
It can be seen that the reconstructed sphere is well aligned with the c ontour of the
balloon catheter in the pure X-ray view. As a 3-D example, a compari son between
the original C-arm CT and one with the reconstructed sphere rendere d into it is
given as well. The position of the balloon catheter is not detected b y the C-arm
CT, because the catheter was �lled with air so that no contrast agent c ould �ll that
region. It can be seen, that the reconstructed balloon catheter �ts ve ry well into the
black gap of the reconstructed 3-D data set.
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Figure 3.4: Example of a sphere-like object used for experimental evaluation of the sphere
or cryo-balloon reconstruction. This setup with the C-arm 90 o degrees apart was used for
the experiments.

3.4 Discussion and Conclusions

During the course of this work, we found our sphere reconstruction metho d from
two views robust and easy to use. We contribute the better performance of our
method to two factors. First, we do not use principal component anal ysis for el-
lipse �tting [Wije 05]. PCA is of advantage if many samples are pr esent that fa-
cilitate a robust parameter estimate. In our case, we only require a few points set
along object boundaries. Usually �ve to seven points are suf�cien t. In such a case,
the PCA approach turns out to be very sensitive especially if the samp les are not
equally distributed along the object boundary. Second, we do not re ly on only
one or two boundary points, as proposed in [Wije 06b]. Instead, we use about 100
points to determine the radius of the sphere in 3-D. Thanks to these imp rovements,
our 3-D reconstruction is more robust to noise.

From the results in Figure 3.3, it can be concluded that the best angular dif-
ference for reconstruction is 90o. This is consistent with �ndings for point recon-
struction from two views [Bros 09c, Bros 09d]. The high error for th e difference of
150o is due to relative position of the sphere to the cameras. As the cameras are
positioned quite opposite to each other, the generated camera cones can happen to
lay almost parallel to each other depending on the spheres positi on from the ori-
gin. In this geometrically position and combined with little noise , the calculations
are complicated. For the reference method, the calculation of the frontier points to
determine the radius gets very dif�cult. For our approach, the high er ror is due
to the imprecise calculation of the sphere's midpoint. The cones' a xes also are al-
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(a) (b)

(c) (d)

(e) (f)

Figure 3.5: (a) Fluoroscopic image in plane A with manually selected 2-D points on the
boundary of the cryo-balloon catheter. (b) The same as in (a) for image plane B. (c) The
reconstructed sphere model is superimposed on the �uoroscop ic. (d) The same is shown
for plane B. (e) C-arm CT of a small bucket �lled with contrast agent in which the in�ated
cryo-balloon catheter was placed. (f) The reconstruction of the catheter is shown together
with the volumetric data set. For visualization, the volume data is colored in purple.
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most parallel to each other. Because of noise and limited calculation accuracy, the
cones' axes naturally will not intersect with each other. As mentio ned before, the
smallest distance between the two axes yields the midpoint. As a con sequence,
the calculation of the smallest distance between two almost paralle l lines gets very
dif�cult. This is why the error becomes large.

As the circumferential mapping catheter is more ellipsoidal shap ed, the recon-
struction as a sphere can only be seen as an estimate of the dimensions of the
balloon catheter. Unfortunately, an ellipsoid reconstruction from two views is not
easy to achieve [Ma 96, Wije 06a]. The �rst clinical trial have n ot shown to suffer
from this [Bour 11b].

The proposed method is likely to be helpful during cryo-balloon c atheter abla-
tion procedures as it provides visual feedback to the physician, e .g., about previ-
ous balloon positions when multiple freezing treatments are applie d to the same
pulmonary vein. A clinical evaluation is required to get a better unde rstanding
of its utility for cryo-balloon catheter treatments. We expect that the us e of our
approach will further improve the safety and ef�ciency of this trea tment option.
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As mentioned before, there are different catheters to perform atri al �brillation
ablation procedures. Recent studies have shown that the use of cryo-thermal
balloon catheters reduce the risk of complications [Defa 11, Neum 08, Bour 10].
Unfortunately, there are currently no guidance tools that support these kind of
catheters. To this end, we propose a �rst planning tool that enable s physicians to
plan their cryo-balloon ablation procedures. Our Atrial Fibrillation Ablation Plan-
ning Tool (AFiT) provides the functionality to place catheter models of a cryo -
balloon catheter and assess their �t to the pulmonary vein. Parts of th is work
have been published in [Bros 11a, Klei 12].

4.1 Motivation

The current minimally invasive approaches to treat atrial �bril lation typically rely
on radio-frequency ablation catheters [Hais 94] or on cryo-ball oon catheters
[Avit 03, Bell 07]. The cryo-balloon ablation technique was intr oduced to reduce
risks related to radio-frequency catheter ablation such as pulmonar y vein stenosis
and esophageal �stula [Defa 11, Neum 08, Bour 10]. If balloon cathe ters �t well
to the anatomy of the left atrium, a contiguous circular lesion can be ach ieved
very ef�ciently, thus, simplifying the procedure and speeding it up as well. A
study published in 2008 including 346 patients showed that the use of the cryo-
balloon catheter achieves long-term success while exposing the patient to only a
minor risk of compilations [Neum 08]. These results are supported b y a recent
study including 117 patients [Defa 11]. Augmented �uoroscopy using a p erspec-
tively forward projected overlay representation of 3-D objects o nto live �uoro-
scopic images has become a useful tool for navigation when perfor ming ablation
procedures [Bros 11e, De B 05, Ecto 08a, Ecto 08b]. Unfortunately, current naviga-
tion tools do not provide tools to localize and visualize cryo-bal loon catheters

47



48 AFiT - Atrial Fibrillation Ablation Planning Tool

(a) (b)

Figure 4.1: (a) MRI volume data of the left atrium (b) Manual measurement of the diam-
eter of the left superior pulmonary vein. In this case, the di ameter was determined to be
2.11 cm.

in 3-D. A �rst approach to reconstruct a balloon-catheter during the procedure
within a pre-operative data set was presented in Chapter 3. Commer cially avail-
able cryo-balloons come in two different diameters, a 23 mm bal loon and a 28 mm
balloon [Furn 11]. It mainly depends on the patient's anatomy, esp ecially the con-
�guration of the left atrium and the pulmonary veins, which balloon to choose.
Different methods are proposed how to assess which balloon should be used de-
pending on measurements in pre-operative data sets. Most of the time , only the
diameter of the pulmonary vein is estimated, see Figure 4.1 for an example. This
measurement is cumbersome, and it may even be misleading. We propose to as-
sess 3-D cryo-balloon positions within a pre-operative 3-D data set. Using our
proposed method, we can provide information to the physician whi ch catheter
size is more likely to �t.

In the second section of this chapter, we brie�y describe the standa rd procedure
to determine the diameter of the pulmonary veins. In the third, we intro duce
our new approach using our atrial �brillation ablation planning too l. In the last
section we discuss the advantages and disadvantages of our approach. As the
presented method is purely based on visualization, an objective ev aluation could
not be performed.

4.2 Default Assessment

A pre-operative data set is required to assess which cryo-balloon catheter type
can be used. Commercially available products such as syngoInSpace EP (Siemens
AG, Healthcare Sector, Forchheim, Germany) are capable of segmenting the left
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(a) (b)

Figure 4.2: (a) MRI volume data of the left atrium. (b) The same volume data set combined
with the segmentation of the left atrium. The segmentation wa s performed using syngo
InSpace EP (Siemens AG, Healthcare Sector, Forchheim, Germany).

atrium in pre-operative data sets such as CT [Blan 10], MRI [Miqu 03] or C-Arm
CT [Prum 09, Stro 09], see Figure 4.2 for a segmented MRI. This segmentation can
also be used to determine the diameter of the ostium of the pulmonary vein s. The
assessment can be performed by using the combination of the segmentation and
the pre-operative data set, see Figure 4.3. Recentlỳ the ratio between the maximal
and minimal PV ostial diameter and the angle between the PV longitudinal and the frontal
body axis'has been proposed to assess which balloon has to be chosen [Furn 11].
But this increases the time required for a physician to determine whi ch catheters
are required during the procedure. To reduce this amount of time for the assess-
ment and to provide a better visual feedback, we propose to use a segmented left
atrium, visualized in 3-D, and to place a 23 mm or a 28 mm balloon cath eter at the
ostium of the pulmonary vein to visually perform the assessment.

4.3 AFiT

In this section, we summarize the Atrial Fibrillation Ablation Planning Tool. First,
the visualization methods for the left atrium and the cryo-balloon ar e explained.
Afterwards, some details on the positioning of the balloon and the c arving view
are presented.

4.3.1 Object Visualization

Left Atrium Visualization is achieved by loading and displaying a segmented 3-D
mesh of the left atrium. In our case, syngoInSpace EP (Siemens AG, Healthcare
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(a) (b)

Figure 4.3: (a) Assessment of the diameter of the four pulmonary veins by c onsidering
only the segmentation result. (b) Assessment of the diameter of one pulmonary vein by
considering the combination of the segmentation and the pre -operative data set.

Sector, Forchheim, Germany) was used for segmentation. For testing of our soft-
ware prototype, a MR volume data set with 63 slices and a matrix size o f 256� 256
was used. Each voxel of the volume was of size 1.03 mm � 1.03 mm � 1.62 mm
and was represented by 9 Bit. The segmentation result is stored as indexed face
set in a .xml format. The .xml �le contains information about the po sition of the
object's vertices and normals. Additionally, topological info rmation about which
vertices build a triangle may be stored. To be able to display the segmented LA,
the indexed face set was read out from the �le and stored to a vertex-b uffer-object
(VBO). The geometry information stored in an VBO is fast accessible and easy to
update [Aken 08].

Depending on the usage of the data, the graphics card driver is optim izing the
access and placement in the memory. Static data, e.g., is stored inthe high speed
memory of the graphics card. Highly dynamic data, e.g., data that is changed more
often, is allocated in the main memory of the CPU. Independent of th e memory
type, it is possible to change the stored information by getting a poi nter to the
stored data. VBOs combine the bene�ts and the speed of display lists with the
�exibility of vertex arrays. By doing so, large objects can be dr awn very fast and
further extension of the tool can easy be realized. To place the LA around the
origin, the position of each vertex was translated by the mean of all vertices. Our
tool provides the method to freely rotate the left atrium and also to zoom in and
out. This visualization is represented in Figure 4.4.

Cryo-Balloon Visualization is performed by using a sphere with a diameter
of either 23 mm or 28 mm as catheter model. These sizes represent the available
cryo-balloon diameters of the Arctic Front device (Medtronic, M inneapolis, MN,
USA). The cryo-balloon models can be freely moved around and b e positioned at
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(a) (b)

Figure 4.4: (a) Visualization of the left atrium. (b) Visualization of t he left atrium after
rotation and zoomed in.

the ostium of the pulmonary veins. To position the catheter, the catheter m odel
needs to be selected and is then moved parallel to the view direction . Hence, our
tool requires a rotation of the view to reach the desired position. By d oing so,
we make sure that the user is required to look from different position s at the left
atrium. The balloon automatically occludes the mesh representing the left atrium.
The position of the cryo-balloon with respect to the LA can be stored and loaded
upon request. An example of the visualization is given in Figure 4.5.

Transparency is achieved by changing the opacity of triangles that are facing
towards the camera. Those triangles that are facing away from the observer are
not changed. By doing so, we avoid that the left atrium is faded to bl ack. Be-
sides changing the transparency we provide a carving view. Car ving means that
the front face of the left atrium is partially invisible to a certain d egree. In the
past years, the use of shaders has evolved to an established methodin computer
graphics because they provide a huge �exibility. The transparenc y and later the
carving view are done using vertex and fragment shaders [Rost 0 9]. To achieve
a correct visualization of transparency, some drawing aspects have to be consid-
ered [Wrig 10]. First of all, the LA has to be divided into two parts, one which
consists of all back facing polygons, and one comprising all f ront facing polygons.
The back facing part is usually not visible to the viewer. However , if the front be-
comes transparent or is cut out, the back face of the object will be vi sible. To this
end, blending has to be enabled [Shre 09]. During blending, the color of already
drawn primitives is combined with the color of the incoming primi tive which then
results in a translucent looking material. An example of the visuali zation is given
in Figure 4.6 (a).
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(a) (b)

Figure 4.5: (a) Visualization of a 23 mm (green) and a 28 mm (blue) cryo-balloon positioned
at the left and right inferior pulmonary veins. (b) The same se tting with the balloon sizes
exchanged. In addition to that, transparency was used for th e 28 mm balloon to visually
assess the placement.

4.3.2 Carving View

In the following section, we consider a fragment k 2 R3 as an interpolated 3-D
point on the mesh which will appear as an image pixel. To realiz e the carving
effect, only the front faces of the LA are affected. The decision, whether a pixel of
the mesh is visible or discarded depends on the fragments angle w ith respect to the
view direction b 2 R3 . The view direction b can be obtained from the projection
matrix [Hart 04]. Dependent on the angle between the view directio n and vector
from the origin to the fragment. In our current implementation, the mes h of the
left atrium is centered around the origin. The camera can only be ro tated around
the origin and only the distance to the origin can be changed. There fore, the view
direction from the camera position will always pass through the ori gin. Given an
interpolated point on the mesh k the angle $ between the fragment and the view
direction can be computed by

$i = arc cos
�

bTk
�

(4.1)

with jjbjj 2 = 1 and jjk jj 2 = 1. Depending on a user-set carving value $? 2 [0,p ]
a fragment is drawn or discarded. The decision for a fragment k is based on the
following rule:

$ � $? ) Draw Fragment

$ < $? ) Discard Fragment.

An illustration of the carving process is given in Figure 4.7.

4.4 Discussion and Conclusions

By using AFiT, a physician can get direct 3-D visual feedback to d etermine which
type of cryo-balloon catheter should be used for the procedure. The v isualization
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(a) (b)

Figure 4.6: (a) Visualization of the transparency effect. The cryo-ball oons are still opaque,
but the mesh of the left atrium is somewhat transparent. (b) C arving view of the left
atrium with two semi-transparent cryo-balloons in place. Th e front-face of the left atrium
is colored in red, the back-face in amber and the cryo-balloo ns in green, for 23 mm, and
blue, for 28 mm, respectively.

is performed using a segmented left atrium. Our proposed tool is eas y to use and
the visualization helps to �nd the correct balloon catheter for the pr ocedure. The
current limitation of AFiT is that we do not provide any feedback a bout wall con-
tact. This has to be assessed manually by the physician. Deformation of the LA up
to a certain extent may be bene�cial. In addition to that, our catheter mo dels can
currently be placed literally anywhere even if the position is not directly accessi-
ble. Feedback should be provided automatically if the catheter can b e positioned
at the planned position or not. Nevertheless, more feedback and a clinical evalua-
tion are needed to quantify the clinical impact of this new planning tool. Still, since
AFiT provides interactive visualization features to explore how a c ryo-balloon can
be deployed in 3-D, we expect that physicians will use this tool to d etermine if a
cryo-balloon ablation strategy makes sense for the LA anatomy at h and.

Focusing on intra-procedural visualization, catheters such as the fo rce-sensing
catheter are also of interest [Koch 11, Koch 12]. Further extensioncould also focus
on different interventions, such as transcatheter aortic valve imp lantation [Scho 11]
or stent placements [Rich 07, Rich 09, Zhen 10, John 10]. In general, one could say,
our tool could help whenever a 3-D device needs to be placed and the d iameter of
the device has to be determined beforehand.
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Figure 4.7: Illustration of carving. Please note that the fragment k1 is discarded.
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In Chapter 3, the reconstruction of a cryo-balloon catheter for atria l �brillation
ablation procedures has been described. Chapter 4 detailed abouta pre-procedural
planning tool that visualizes a cryo-balloon together with a mesh r epresentation
of a left atrium in 3-D. To further support ablation procedures that in volve a cyro-
balloon catheter, we propose a �rst method to track such a device. Th is tool is most
bene�cial if pre-planned cryo-positions and a motion compens ation are available.
Parts of this chapter have been published in [Kurz 12].

5.1 Motivation

As an alternative to regular ablation catheters which operate on a poi nt-by-point
ablation strategy, single-shot-devices have attracted a signi�ca nt amount of in-
terest. Under ideal conditions, these devices can electrically isolate a pulmonary
vein with a single application. One example of such a device is the cryo-balloon
catheter. This catheter is inserted through a trans-septal sheath and can be in�ated
using liquid nitrogen [Koll 09]. Two different catheter types are c urrently avail-
able. They differ only in diameter, which is either 23 mm or 28 mm . The type of
catheter is chosen depending on the underlying patient anatomy. As no mapping
system is available yet for localizing cryo-balloon catheters without �uoroscopy,
these devices are placed and guided under X-ray. Unfortunately, the i n�ated bal-
loon catheter may be dif�cult to see using traditional �uoroscopy ima ging. More-
over, the diameter of the catheter can only be determined once the balloon is in-
�ated. We propose a method to track and visualize a cryo-balloon de vice to sim-
plify catheter placement.
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5.2 Tracking by Template Matching

The proposed method uses a 2-D template that is manually initialized and then
tracked during live �uoroscopy using template matching [Sche 11, Sc he 10a]. Once
the cryo-balloon catheter position has been found inside an X-ray i mage, a 2-D el-
lipse determined from manual initialization is superimposed onto the live �uoro-
scopic view to better visualize the position and the dimension of the c atheter.

On the �rst frame of the �uoroscopy sequence, manual initialization is required
to determine a 2-D tracking template. This template is denoted as IT 2 Rn� n

with n 2 Z . Denoting the �uoroscopic images as I t 2 RS� S with S 2 Z and
t 2 [0,T] the number of the frame in the sequence, a pixel of the image can be
accessed by usingI t(u, v). The same holds for the template. For simplicity, we
assume quadratic images to be considered here, but our method is designed for
non-quadratic images. From manual initialization, the �rst positi on of the catheter
in the �rst frame of the sequence t = 0 is known as (u0, v0) 2 N , with the image
axis denoted asu and v. This information is used to constrain the search region to
be of size 2M � 2M with M 2 Z . To �nd the catheter in the next frame t = t + 1,
we use a multi-scale grid search and the sum of squared distances as cost function.
The best translation in u-direction and v-direction such that the temp late matches
best to the current observed �uoroscopic image is found by solving the following
minimization problem

û, v̂ = arg min
u 2 [ut� 1 � M,ut� 1 + M ]
v 2 [vt� 1 � M,vt� 1 + M ]

å
i,j

2 [� D,D]

(I t(u + i, v + j) � IT( i � D, j � D))2 (5.1)

with the half size of the template denoted as D = bn� 1
2 c and the �oor function

b�c that maps to the largest integer smaller compared to the argument. Our a p-
proach is summarized in Figure 5.1. The �rst frame of such a sequen ce is shown
in Figure 5.1 (a), the corresponding 2-D template is shown in Figur e 5.1 (b). The
corresponding position in the successive frames is found by �ndi ng the best match
for the template. The result for one frame is shown in Figure 5.1 (c) . Finally, the
superimposed cryo-balloon position is shown in Figure 5.1 (d). A structogram of
the presented catheter tracking method is given in Structogram (5.1).

5.3 Evaluation and Results

For the evaluation of the proposed method, 12 clinical sequences were available.
The sequences were obtained at one clinical site from 10 patients and were ac-
quired during regular EP procedures on an AXIOM Artis dBC C-arm syste m
(Siemens AG, Forchheim, Germany). Although the data was acquired on a bi-
plane system, our catheter tracking approach is not restricted to such a system
and will work on a monoplane device as well. As the sequences wer e acquired
during standard EP procedures, our method is evaluated for a typical s etup. It
involves one circumferential mapping catheter, one catheter in the coronary sinus
and a cryo-balloon catheter. In addition to that, some sequences show one ECG
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(a) (b)

(c) (d)

Figure 5.1: (a) First image of one �uoroscopic sequence, t = 0. (b) Manually initialized
2-D template for tracking. (c) Matched template highlighte d in red in the next frame of
the sequence,t = 1. (d) A superimposed ellipse was added to the �uoroscopic ima ge to
visualize position and dimensions of the cyro-balloon cath eter.
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Structogram 5.1: Cryo-Balloon Catheter Tracking Tool

leads that were attached to the skin of the patient. The tracking error w as calcu-
lated as the Euclidean distance between the translation vector from the tracking
and translation vectors from the manually segmented catheter by a cli nical expert,
supervised by an electrophysiologist. The expert was asked to pi ck the center of
the tip of the cryo-balloon catheter. This is actually not a real tip, b ut the upper
end of the catheter to which the balloon is attached. This upper end is a lso an
opening through which contrast agent can be injected into the pulmon ary vein. In
contrast to the cryo-balloon itself, the opening can easily be seen as a dark spot in
�uoroscopic images. Denoting the gold-standard segmentation by u?

t and v?
t , the

2-D error #t in mm is calculated by

#t = r �
q �

(ut � ut� 1) �
�
u?

t � u?
t� 1

�� 2 +
�
(vt � vt� 1) �

�
v?

t � v?
t� 1

�� 2 (5.2)

with t > 0 and the pixel spacing r = 0.183 mm/pixels. The magni�cation factor
was not taken into account. Our proposed method achieved a 2-D tracki ng error
of 0.60 mm � 0.32 mm averaged of all frames of all sequences. The results for each
sequence are given in Figure 5.2. A total minimum error of 0.01 mm an d a total
maximum error of 1.64 mm was found.

5.4 Discussion and Conclusions

Our proposed method successfully tracked a cryo-thermal balloon c atheter in 12
clinical sequences. It is able to superimpose the position and diameter of the device
onto live �uoroscopic images to enhance the visibility of the cryo- balloon catheter.
Manual interaction is only required for the initialization of the temp late and the
determination of the size of the cryo-balloon. After that, the catheter is tracked
throughout the remainder of the sequence. The visualized outline of the cryo-
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Figure 5.2: Two-dimensional catheter tracking error. The proposed meth od achieves a 2-D
accuracy of 0.60 mm � 0.32 mm. A total minimum error of 0.01 mm and a total maximum
error of 1.64 mm was found.

balloon helps the physician to see the dimensions of the balloon catheter, other-
wise hardly visible under X-ray. Our cryo-balloon catheter tracki ng method could
also be combined with a motion-adjusted 3-D overlay rendered fro m pre-operative
data [Bros 11e, Bros 10b]. Such an example is given in Figure 5.3.By doing so,
previous balloon catheter positions can be stored and recalled if a second freeze
becomes necessary. In addition, a pre-planned cryo-balloon position, e.g., using
AFiT [Bros 11a], could be shown to guide the catheter placement. An example is
presented in Figure 5.3 (c).
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(a) (b)

(c) (d)

Figure 5.3: (a) Fluoroscopic image of one sequence. (b) The tracked cryo-balloon catheter
is overlaid in red. (c) The same �uoroscopic image with motion- adjusted overlay and
tracked cryo-balloon. (d) And in addition with a pre-planned target position of the cryo-
balloon (green).
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In this chapter, the segmentation steps that are required for the next c hapters
are brie�y summarized. Two different approaches are presente d, the �rst is a
�lter-based approach and the second a learning-based approach. Both approaches
start from a cropped image. Applying either the �lter-based or the learning-based
method yields a segmentation of the circumferential mapping cathete r. The results
are thinned using a skeletonization algorithm. A distance transfor med image is
computed for the skeleton yielding a smooth representation that is use d as input
for the registration methods used in the chapters hereafter.

6.1 Motivation

The success of image-based tracking methods depends on the imageprocessing
steps used to enhance the structure that has to be tracked. The usual candidates
that are considered for tracking are guidewires [Baer 03a, Baer03b, Spie 07], nee-
dles [Papa 10], and catheters [Bros 09a]. The methods used in this application are
either �lter-based or learning-based approaches. Filter-bas ed approach use im-
age �lters to enhance the structure of the guidewire, needle, or catheter and try
to suppress other structures such as bones or other devices. Most of these ap-
proaches make use of Gaussian �lter kernels, in particular the seco nd derivatives
of Gaussians [Ma 10, Spie 07, Sche 10b]. But also other �lter kernels have been
proposed [Palt 97], e.g., the Marr-Hildrecht �lter [Atas 08]. L earning-based meth-
ods use classi�ers to determine if a pixel belongs to the desired str ucture or not.
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(a) (b)

Figure 6.1: (a) Original �uoroscopic input image of size 1, 024 � 1, 024 pixels. (b) Cropped
image around the region of interest. The cropped image is of si ze 400� 400 pixels.

The most recent approaches focus on AdaBoost [Bros 11c, Bros 10c] or probabilis-
tic boosting trees [Wu 11, Wu 12]. The features used for the classi�er s are mostly
Haar-like features [Viol 04, Viol 01] or SIFT features [Lowe 99]. In comparison to
�lter-based approaches, the methods using classi�ers require a tr aining data set of
a certain size to �nd the best features to classify a pixel. Filter-ba sed approaches are
usually considered if only a small data set is available as only th e �lter kernels and
the standard deviation of the Gaussians need to be adjusted. As soon asa larger
data base is available, learning-based approaches can be used. Besides these two
approaches, template matching has also been proposed [Sche 11,Sche 10a] and,
in contrary to other methods, is able to directly output the position of the desired
structure. Template matching is based on the assumption that the desired structure
is similar to a template of the same structure. The similarity is mostly c alculated by
using the cross-correlation [Atas 08, Sche 11, Sche 10a] but also the sum of squared
differences is used [Kurz 12].

6.2 Image Cropping

The processing steps involved are discussed for one image, but are executed ei-
ther for one or for two images, dependent on which type of motion co mpensation
approach is considered afterwards. As input images, �uoroscop ic images of atrial
�brillation ablation procedures are considered. These images were available as 12-
Bit gray scale images with a size of 1, 024� 1, 024 pixels. Due to implementation
constraints, the images were reduced to 8-Bit.

In the �rst step, of both approaches, the input image is cropped. Th e region of
cropping is considered to be 400 � 400 pixels, which was found to be suitable. The
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(a) (b)

Figure 6.2: (a) Cropped image of size 400� 400 pixels. (b) Histogram equalized image.

center of the region is found by either using the manual input of the circ umferen-
tial mapping catheter reconstruction or the position determined from the tracking
result in the previous frame. If the catheter moves close to the boundar ies of the
image, the size of the region is reduced but only in that dimension th at is affect
by the boundary of the image. Shutters, which are often used to reduce rad iation,
are not considered. Their position could be obtained from the sys tem or from �le
information, but this was not required for the available data. An ex ample of image
cropping is given in Figure 6.1.

6.3 Filter-Based Segmentation

The �lter-based catheter segmentation is performed in three steps. In the �rst
step, a histogram equalization is performed. This step is done to en hance semi-
transparent parts of the circumferential mapping catheter. In the ne xt step, a ves-
selness �ltering is applied to enhance tubular structures. In the third s tep, the �lter
response is binarized using Otsu's method.

Histogram Equalization

The contrast difference between the catheter and the surrounding tissue can be
rather small. To enhance the catheter, a histogram equalization step is carried out.
It is advantageous if an image has a high percentage of low-value i ntensities and
a low percentage of high-value intensities, i.e. the density functio n of the gray
values is not uniform. The histogram equalization calculates a line ar mapping
of gray-values of one gray-level to another gray-level to achiev e a uniformly dis-
tributed density function [Prat 07]. The assumption of a uniform distri bution may
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(a) (b)

Figure 6.3: (a) Histogram equalized image. (b) Image after vesselness � ltering.

not hold for the probabilities of the gray values, but it may hold fo r the cumula-
tive density function. The histogram equalization can also be used to r educe the
number of gray-levels from the input image to the output image, but this w as not
considered here. The histogram equalization is only applied to th e cropped image.
An example of histogram equalization is given in Figure 6.2.

Vesselness Filtering

In the next step, a vesselness �ltering is applied to the histogram e qualized im-
age. Vesselness �ltering, or vessel enhancement �ltering, is a multi-scale �lter that
enhances structures that appear tubular [Fran 98, Sato 98, Spie 07]. This �ltering
method uses the convolution of second order derivatives of Gaussian s with the
histogram equalized image. The second derivatives are often used for line en-
hancement and Gaussian �ltering is the method of choice to reduce im age noise.
Using the second derivatives of a 2-D Gaussian function as �lter ker nels yields an
excellent �lter response in areas where a bright spot is surroun ded by a dark back-
ground. Instead of differentiating the image and convolving it wi th a Gaussian
�lter kernel, it is also valid to calculate the derivative of the Gauss ian function
instead and perform the convolution with the second derivative Gauss ian ker-
nels [Koth 03]. The standard deviation s of the Gaussian �lter kernel represents
the diameter of the line or tubular structure to be detected. The analysis if a cer-
tain point belongs to a vessel-like object or background is done by considering the
eigenvalues of the Hessian matrix. Therefore, the neighborhood of a point within
the Gaussian �lter kernel is considered. The eigenvalues and eig envectors are
interpreted as the semi axes an ellipse around the point. The eigenvalues are suf�-
cient enough to classify the local area around a point. The value of s is chosen ac-
cording to the size of the structure that has to be enhanced. This is where knowing
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(a) (b)

Figure 6.4: (a) Image after vesselness �ltering. (b) Binary image after applying Otsu's
method.

the diameter of the catheter would be helpful. Such information could be provided
by the physician, but we chose that our method should work independe ntly of
such additional information. The Hessian matrix of a function comp rises the sec-
ond partial derivatives [Bron 01]. The classi�cation of a point is then based on its
corresponding eigenvalues for a certain scale s. To calculate a vesselness score for
a scales, different functions have been proposed in literature [Fran 98, S ato 98]. We
followed the method proposed in [Sato 98] which uses a function depe ndent only
on the eigenvalues without additional parameters, which are used in [Fran 98]. As
this operation is performed for several values of s, the overall vesselness score per
pixel is then given as the maximum vesselness score over all scales. An example
of the result of vesselness �ltering is given in Figure 6.3.

Otsu's Method

Otsu's method is an unsupervised and non-parametric algorithm for th reshold-
ing gray-valued images [Otsu 79]. Mostly, the threshold is used to se parate gray-
values in two or more classes. If only two classes are considered, the image is
binarized. The calculation is based on second order statistics. The underlying as-
sumption of this method is that the intra-class variance is small and the inter-class
variance is large. Further, the two classes are considered as dark and bright pix-
els. The method tries to �nd a certain gray value that, when used as thres hold to
the image, maximizes the inter-class variance while trying to kee p the intra-class
variances low. Once the threshold is found, the image can be separated into dark
pixels, background, and bright pixels, foreground. The vesse lness scores are used
as input. Assuming that catheter parts have a high �lter response and th at non-
catheter parts have a rather low �lter response, they can be separated into high
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(a) Feature Types (b) Classi�cation and Regression Tree (c) Cascade

Figure 6.5: Features types and classi�er structure for catheter segmentation. (a) Several
prototypes of Haar-like features. (b) Exemplary classi�ca tion and regression tree (CART)
with �ve feature nodes q1, . . . ,q5 and six leaves a1, . . . ,a6. (c) A classi�er cascade consist-
ing of multiple stages with strong classi�ers x1, . . .xN . Each strong classi�er xi is a linear
combination of weak classi�ers, here CARTs.

and low gray values. By maximizing the inter-class variance, the se values can be
separated into background and foreground. An example is given in Figure 6.4.

6.4 Learning-Based Segmentation

The catheter segmentation method not only has to be reliable, but it n eeds to be fast
as well. Speed is necessary to ensure that the catheter can be trackedin real-time
at the frame rate set at the X-ray acquisition system. We found that a combination
of Haar-like features and a cascade of boosted classi�ers met both requirements
to differentiate the live �uoroscopic images into catheterand background. Haar-like
features [Viol 01, Viol 04] calculate various patterns of intensity di fferences. Several
feature prototypes are listed in Figure 6.5(a). Some features detect edges, whereas
others focus on line structures. In particular, the latter are useful for de tecting the
circumferential mapping catheter, which often appears as a thin, e longated object
with a loop at its end, see Figure 6.1. Actual features are obtained by shifting and
scaling the prototypes within a prede�ned window. In our case, a wi ndow size
of 15 � 15 pixels was found to be suf�cient for good results. Thereby, conte xtual
information around the center pixel is considered, which is impo rtant to differ-
entiate between catheter and background structures. However, even for moder-
ate window sizes, the resulting number of features is large and easil y amounts to
several hundreds of thousands. Features are calculated ef�ciently b y using inte-
gral images [Viol 04]. To achieve reliable and fast segmentation, the most suitable
features for discriminating between catheter and background have to be chosen
and integrated into a classi�er in a suitable manner. This is carri ed out by the
AdaBoost algorithm [Freu 97]. The idea is to combine several weak classi�ers in
order to form a strong classi�er. The classi�er minimizing the c lassi�cation er-
ror is added to a linear combination of weak classi�ers until the ov erall error is
below the desired threshold. After each training iteration, the imp ortance of indi-
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(a) (b)

Figure 6.6: (a) Cropped image. (b) Image after classi�cation using a boo sted classi�er
cascade.

vidual samples is re-weighted to put more emphasis on misclassi� cations for the
next evaluation. Instead of single features and intensity threshold s, we use clas-
si�cation and regression trees (CARTs) [Brei 84] as weak classi�ers. A CART is a
small tree of �xed size. At each node, a threshold q associated with a feature parti-
tions the feature space. This way, �exibility is increased and obj ects with complex
feature distributions can be handled. The result of a CART is the value ak of the
classi�er reached as leave node. An exemplary CART is shown i n Figure 6.5(b).
We organize N 2 Z strong classi�ers x1, . . . ,xN composed of weighted combina-
tions of CARTs into a cascade, which is illustrated in Figure 6.5(c) . In our case,
four strong classi�ers yielded good results. At each stage, a samp le is either re-
jected (� 1) or passed on to the next stage. Only if the sample is accepted (+ 1) at
the �nal stage, it is accepted as part of the object [Frie 00]. Thus during training, the
focus is on maintaining a high true positive rate while successively reducing the
false positive rate, either by adding more weak classi�ers to a sta ge or by adding
an entirely new stage.

6.5 Skeletonization

Image skeletonization is the erasing of white pixels such that a min imally con-
nected stroke remains. The stroke should be located equidistantly fr om its nearest
outer boundaries [Prat 07]. Several methods have been proposed to obtain such
a skeleton. We used the method presented in [Cych 94] which uses the iterative
application of morphological operators until the minimal connec ted skeleton is
left. Skeletonization is applied to both, the binarized image after applying Otsu's
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(a) (b)

Figure 6.7: (a) Image after classi�cation using a boosted classi�er cas cade. (b) Image after
skeletonization

method in the �lter-based approach, as well as the classi�ed imag e in the learning-
based approach. An example of skeletonization is given in Figur e 6.7

6.6 Distance Transform

The distance transform (DT) is applied to the skeleton of the segmentation and
calculates the distance for each pixel from the segmented object [Meij 02]. Sev-
eral algorithms to perform the calculation ef�ciently are describ ed in literature.
In [Pori 07] a wave propagation was used. A graph search algorith m is described
in [Lotu 00]. The algorithm in [Breu 95] is based on Voronoi diag rams and, e.g.,
used in MATLAB (MathWorks, Natick, MA, USA). A comparison betwee n differ-
ent algorithms is given in [Fabb 08]. The algorithm given in [Me ij 02] is said to be
the most ef�cient and fastest version. This is a two step algorithm that can easy
be parallelized. A distance transform using morphologic opera tions is described
in [Borg 86, Voss 88]. The algorithm used by OpenCV is proposed i n [Felz 04]. It
uses a two step approach, calculating rows before columns. In all cases, the result
is an image whose values represent the distance to the closest point of the skeleton.
The skeleton itself is set to zero. By using the distance transform, a smooth image
is obtained that will be used in the next chapters as part of the cost f unction of
the registration methods. The methods presented in the next chapters make use of
the algorithm presented in [Felz 04] as it was directly available by using OpenCV.
An example of a distance transformed image is given in Figure 6.8 . This image
is denoted as IDT for both, the learning-based and the �lter-based approach. One
pixel p 2 R2 is accessed byIDT(p).
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(a) (b)

Figure 6.8: (a) Classi�ed image after skeletonization. (b) Distance tr ansform of the skele-
ton.

6.7 Segmentation Pipelines

Using the methods presented above, two segmentation pipelines to ar rive at the �-
nal distance transformed catheter segmentation IDT are available. The �rst method
is a �lter-based approach, involving a histogram equalization, vesselness �ltering,
and Otsu's method for binarization. The second method, the learnin g-based ap-
proach, replaces these three steps by using a boosted classi�er cascade. These two
image processing pipelines are presented in Figure 6.9. In both cases, we end up
with a smooth representation of the catheter segmentation, which is fo und by cal-
culating the distance transform of the skeleton. For simplicity, the d istance trans-
form is denoted as IDT for both, the �lter-based and the learning-based approach.

6.8 Discussion and Conclusions

On �rst sight, the �lter-based method seems to yield better results. In some cases,
this might be true. Once, other structures get close to the catheters, the results look
different. In addition to that, the �lter-based approach requires the knowledge of
the size of the catheter, or to be more precise, the diameter of the tubular structure.
Even though this information could be obtained at the beginning of the procedure,
it would require additional user input. The learning-based approa ch on the other
hand just requires some training data sets but no additional informa tion.

Apart from the two approaches to segment a catheter in �uoroscopic i mages,
other methods have been proposed as well. The approaches are ranging from sim-
ple thresholding methods [Rose 01] via template matching [Schm 05] to learning
based approaches [Barb 07]. Template matching approaches areusually combined
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(a) (b)

Figure 6.9: (a) Image processing pipeline for the �lter-based approach . (b) Image process-
ing pipeline for the learning-based approach.

not directly for segmentation but for position detection of a catheter [Schm 05,
Sche 11, Sche 10a, Sche 10b]. These methods have been proposedfor electrophys-
iology procedures. A more sophisticated method for cardiac cathe ters was pro-
posed in [Fran 06]. Other �lter-based methods have been propose d as well [Aufr 95,
Aufr 93, Aufr 92, Palt 97]. A new approach proposed in [Hoff 12a, Hoff 12b] used
a �lter technique called medialness �ltering [Guls 08]. Most rece ntly, two ap-
proaches for electrophysiology procedures have been proposed. The �rst is also
based on a �lter-based approach, speci�cally designed for bl ob detection [Ma 10],
and a learning based approach using hypothesis testing [Wu 11]. T he blob de-
tection method is also based on �ltering the image with second deriv atives of
Gaussians as �lter kernels. For now, it will remain an open questi on whether a
�lter-based or a learning-based approach yields better results.
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In this chapter, the focus is on motion compensation for monoplane s ystems,
i.e., C-arm X-ray systems equipped with only one C-arm, instead of biplane sys-
tems with two individual C-arms. In the �rst section a motivation for th e approach
is given, followed by the presentation of the motion compensation m ethod in sec-
tion two. The third section focuses on the evaluation and presents the re sults. The
fourth section discusses the results and draws some conclusions. Thedata sets
used for evaluation described here, will be used in Chapters 8, 9, and 10 as well.
Parts of this chapter have been published in [Bros 11f, Bros 10d].

7.1 Motivation

A �rst approach for 3-D respiratory motion compensation based o n catheter track-
ing was proposed in [Bros 09b]. Unfortunately, it required simulta neous biplane
�uoroscopy acquisition. There are two problems concerning this a pproach. First
of all, not all EP-Labs are equipped with a biplane C-arm system. See Figure 7.1 for
different systems used in interventional cardiology. For monop lane systems, the
previously proposed method is not feasible. The second disadv antage is simulta-
neous biplane acquisition which increases X-ray dose for patient and physician.
As exposure for EP procedures is already rather high compared to o ther interven-
tions, physicians might be unwilling to perform biplane acquisi tions [Doss 00]. In
this chapter, the focus is to overcome the problem if only a monoplan e system is
available. Even though the C-arm could be adjusted to image the region of interest
from different angles, it is rather unlikely as physicians tend to use their standard
angulations [Hais 94]. The presented method requires three steps. In the �rst step,
manual initialization of a 2-D catheter model is performed. In the s econd step,
the input images need to be processed. In the �nal step, the 2-D catheter model is
tracked using a model-based 2-D/2-D registration. The translation obtained from

73
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(a) (b)

Figure 7.1: Monoplane C-arm systems for cardiac procedures. Both systems are equipped
with a small 20 cm � 20 cm detector. Both systems by Siemens AG, Healthcare Sector,
Forchheim, Germany. Images reproduced with permission by S iemens AG, Healthcare
Sector, Forchheim, Germany. (a) Artis zee �oor-mounted system by Siemens. (b) Artis zee
ceiling-mounted C-arm system by Siemens.

the registration can be applied to the overlay images, thus compensating for the
underlying cardiac and respiratory motion.

7.2 Monoplane Model-Based 2-D/2-D Registration

Manual initialization of the catheter model is required. Our �rst meth od used an
elliptical catheter model [Bros 10d]. Apart from being easy to be mathematically
described, the downside of using an ellipse as 2-D catheter model is that in the
X-ray projection images, the catheter is not always visible as a circular shaped
object. Depending on the catheter in use, the tip part might not form a closed
ellipse or might be overlapping. Some examples are given in F igure 7.2. In these
cases, a spline model might be preferable as it can be better adapted the to the 2-D
projection image. Furthermore, a spline obtained from manual ini tialization puts
less restrictions on the user about setting the points. An elliptical mo del could be
easily converted into a spline model.

Given the 2-D catheter model, the �uoroscopic images need to be proc essed
before being used in the registration step. Catheter segmentation is done accord-
ing to Chapter 6. The region for cropping is given either by manual initialization
in the �rst frame, or by the tracking result in the previous frame. Th e resulting
image is the distance transformed image of the catheter segmentation denoted as
IDT. It encodes the absolute distance from a pixel to its closest segmented catheter
pixel. It also provides a smooth representation of the �uoroscopi c image with a
pronounced minimum around the shape of the mapping catheter to increa se the
capture range. One pixel p is accessed byIDT(p). The axes of an image are consid-
ered asu and v.

In the next step, tracking is performed by rigid registration of the catheter
model to the distance transform of the segmentation result derived fr om either
the �lter-based or the learning-based approach [Hill 01]. To thi s end, the region-
of-interest (ROI) of the classi�cation is used. As a 2-D/2-D regis tration is used, the
result is a 2-D pixel offset l 2 N 2. Rotation is not estimated, because 2-D rotation
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(a) (b) (c)

Figure 7.2: Comparison of different catheter projections. Depending o n the resulting 2-
D projection, an elliptical or a spline catheter model is pre ferable. (a) If the projection of
the catheter is circular shaped, an elliptical 2-D catheter model can be used. (b) Given a
non-closed circular shape, an elliptical catheter model could still be used. (c) In case of a
non-elliptical shaped catheter projection, a spline model is preferable.

in typical X-ray images taken during EP procedures is usually very sm all com-
pared to translation. Furthermore, for cases when the circumferenti al mapping
catheter is very close to being a circle, the estimation of rotation wo uld require
additional landmarks. The average distance between catheter model and segmen-
tation derived from the �uoroscopic image is then considered as the cost value.
The optimal translation l̂ is found by minimizing

l̂ = arg min
l

å
w

IDT(s(w) + l ) (7.1)

with s(w) denoting a point of the catheter model and the spline parameter w 2
[0, 1]. As optimization strategy, multi-scale grid search is used, i.e., th e position of
the local optimum on a large scale is taken as starting point for the op timization on
a smaller scale [Duda 01]. The search domain is given asW � N 2. The estimated 2-
D translation l̂ can be directly applied to the 2-D overlay to move it synchronously
with the tracked device. A structogram of the presented motion compens ation
method is given in Structogram (7.1).

7.3 Evaluation and Results

For the evaluation of the proposed method, 23 clinical biplane seq uences were
available. As the presented approach considers only monoplan e motion compen-
sation, the sequences were split in 46 monoplane sequences. The clinical data
was collected at two clinical sites and is taken from 16 different patients. The
sequences were acquired during EP procedures on AXIOM Artis dBC C-a rm sys-
tems (Siemens AG, Forchheim, Germany). The pixel spacing of the sequences
was either 0.173 mm/pixel or 0.183 mm/pixel. The frame rate varie d between
6 frames-per-second (fps) and 15 fps. Although we developed a method for mo-
tion compensation that can be used for monoplane systems, it is not restricted to
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Structogram 7.1: Monoplane Motion Compensation by Registration

such a system and could be used for biplane systems as well. As the sequences
were acquired during standard EP procedures, our method is evaluated for a typ-
ical clinical setup. It involves one circumferential mapping ca theter, one ablation
catheter and one catheter in the coronary sinus. Two different types of circumfer-
ential mapping catheter were used. The evaluation was performed usi ng two-
fold cross validation, i.e., two sequences, actually being one biplane sequence,
were excluded for training of the classi�er and used for evaluation . The track-
ing error is considered in 2-D only, as only monoplane motion c ompensation is
considered here. The 2-D error was calculated as the average distance between
the motion-compensated catheter model and the manually segmented ma pping
catheter. Manual segmentation was supervised by an electrophysiol ogist. This dis-
tance was averaged over all frames of a particular sequence to arrive at an overall
tracking error for each sequence. To calculate the error in mm, the pixel scaling at
the detector of either 0.183 mm/pixel or 0.173 mm/pixel was used. The magni�ca-
tion factor was not taken into account. In Figure 7.3, we present the me an tracking
error together with the minimum and maximum values for each sequence c om-
pared to an uncompensated overlay. Over all 46 sequences with a total of 1,288
frames, the mean tracking error was 0.58 mm with a minimum of 0.21 m m and
a maximum of 1.92 mm. This is small considering that the thickness of circum-
ferential mapping catheters varies between 1.3 mm and 2.4 mm. The observed
motion was on average 1.83 mm with a minimum of 0.14 mm and a maximum of
6.82 mm. Errors of the same range could be assumed for the uncompensated case,
but will depend on the initial registration. The proposed tracking method reduced
the motion difference in all sequences.

Besides the learning-based approach used, we compared our method to a �lter-
based approach similar to the one used in [Bros 09b]. The �lter-ba sed method
yielded a 2-D average error of 0.61 mm with a total minimum error of 0.21 mm
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Figure 7.3: Comparison of the learning-based monoplane motion compens ation to an un-
compensated overlay. The 2-D motion compensation yields a mean tracking error was
0.58 mm with a minimum of 0.21 mm and a maximum of 1.92 mm. The observ ed motion
was on average 1.83 mm with a minimum of 0.14 mm and a maximum of 6.8 2 mm.

and a total maximum error of 4.02 mm. The comparison between the lea rning-
based and the �lter-based approach are given in Figure 7.4.

For the clinical sequences, different mapping catheters with a thi ckness ranging
between 1.3 mm and 2.1 mm were used. Our method is optimized for multi- core
CPUs and achieves a frame rate of 16 fps on an Intel Quad Core with 2.20 GHz,
for the �lter-based approach. The learning-based method yield s a frame rate of 10
fps. For both methods, the same optimization strategy and the same opti mization
parameters were used. The optimization of the objective function in E q. (7.1) was
performed by a multi-scale grid search using three scales. The function was eval-
uated 16,588 times for each frame in 0.27 ms on the aforementioned architecture.

7.4 Discussion and Conclusions

We developed a method for motion compensation in radio-frequenc y catheter ab-
lation of atrial �brillation. Our method is fast enough to compensate for cardiac
and respiratory motion. The presented catheter tracking approach involves reg-
istration of a catheter model to a catheter segmented by a boosted classi�er cas-
cade. The target device for tracking is a circumferential mappin g catheter. After
manual initialization, the catheter model is tracked throughout the rem ainder of
the sequence. Our evaluation comprising 46 clinical data sets yielded an average
tracking error of 0.58 mm, with a minimum error of 0.21 mm and a max imum
error of 1.92 mm for the learning-based approach. From this, we conclude that
our method has the potential to signi�cantly improve the accuracy of �uo roscopy
overlay techniques for EP navigation. Veri�cation can be achiev ed only by consid-
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Figure 7.4: Comparison of the �lter-based and the learning-based appro ach. The �lter-
based method yielded an average 2-D motion error of 0.61 mm wit h a minimum of
0.21 mm and a maximum of 4.02 mm. The learning-based method yield ed an average
2-D motion error of 0.58 mm with a minimum of 0.21 mm and a maximum of 1.92 mm.

ering sequences that show the administration of contrast agent. Thi s is a standard
step during the procedure to enhance the structure of the left atrium. Figure 7.5
shows a comparison between a static overlay and a motion compensated overlay
for a �uoroscopic sequence involving contrast agent. It has to be n oted that the
amount of contrast agent used for the angiogram of the left atrium, ma y hamper
the segmentation of the circumferential mapping catheter.

The �lter-based approach has on average a larger error of 0.61 mm � 0.43 mm
compared to the learning-based approach. This is mostly due to con trast agent in-
jected into the left atrium, as shown in Figure 7.6 (b), or a barium swa llow close to
the catheter as in Figure 7.6 (a). Nevertheless, it can be seen that the learning-based
approach is more robust in comparison to the �lter-based approac h. Even though
the �lter-based method works slightly better on some sequences, the o verall mean
and the number of outliers clearly favors the learning-based appr oach. The �lter-
based approach failed in a total number of 19 frames, compared to 1 frame for
the learning-based method. A tracking fail is assumed if the error is larger than
2.00 mm. A clinically accepted error for cardiac applications is stated in [Este 08]
as 2 mm. Even though this error is stated for 2-D/3-D registration of MR I data,
we will use the same amount of 2.00 mm as a threshold to differentiate b etween
success and failure. The �lter-based method yielded a tracking suc cess of 97.83 %
compared to the 100.00 %1 of the learning-based approach. A direct comparison
between the two approaches is given in Table 7.1. As each frame isconsidered
almost independently, our method does not suffer from drift - an o ften discussed
issue for tracking algorithms relying on online updating of the app earance model.

1Please note that the success rate of 100.00 % for the learning-based approach was achieved on
the available data only.
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(a) (b)

Figure 7.5: Administration of contrast agent to outline the left atrium u sed to verify our
motion compensation approach. The image to the left shows a left atrium segmented from
a pre-operative MRI overlayed onto a �uoroscopic image witho ut motion compensation.
The image to the right shows the same �uoroscopic image, but the overlay image had
been moved by our motion compensation approach, resulting i n an apparently improved
match of the outlines of the left atrium.

The proposed approach does not provide 3-D tracking as depth in formation is
dif�cult to determine from a single view. Nevertheless, since the motion of the
LA can be approximated by a 3-D rigid-body transform [Ecto 08b] a nd because the
LA offers only limited space for a catheter to move about, 2-D motion e stimation
in the image plane may offer an acceptable approximation to arriv e at a dynamic
overlay.

The advantages of motion compensation by tracking the mapping cath eter that
is routinely used during catheter ablation has been demonstrated in [B ros 09a]. A
direct comparison between an overlay with and without motion comp ensation is
presented in Figure 7.7. Robust and ef�cient tracking is achieve d using a hybrid
method involving learning-based catheter classi�cation and mo del-based regis-
tration. We do neither require a complex segmentation approach nor a complex
registration algorithm. Instead, we found that the combination of bo th can also
achieve remarkably good results. Furthermore, due to the fact that re gistration is
used, motion estimation and compensation is essentially done in on e step.

Due to the slow frame rates during EP procedures, usually 1 to 3 fps, the pr e-
vious tracking result is used only to constrain the search region. Our current im-
plementation achieves a frame rate of 10 fps, on the available data set. During
EP procedures, a rather low dose is used to avoid high X-ray exposures to pa-
tients and to physicians. In turn, this leads to a lower image quality in compari-
son to other applications, e.g., guidewire-tracking in neuro-app lications [Baer 03b,
Barb 07, Palt 97]. Therefore, a more sophisticated but more robust catheter track-
ing algorithm is required to achieve a good performance. The tip o f the ablation
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(a) (b)

Figure 7.6: Tracking failure for the �lter-based approach. (a) In this f rame of Seq. 11 the
�lter-based catheter tracking approach of the circumferen tial mapping catheter failed. For
the same frame, the learning-based approach achieved its worst tracking result with an
error of 1.92 mm. (b) In this frame of Seq. 27, when contrast agent is administered to the
pulmonary vein, the tracking of the �lter-based approach fa iled, but the learning-based
approach worked.

catheters used for atrial �brillation have a diameter between 1.2 mm and 1.8 mm.
Considering a maximum error of 1.92 mm, the overlay would be wron gly trans-
lated by the same amount. This would roughly refer to one diameter of the ab-
lation catheter. Our method is able to stay below the threshold of 2.00 m m in all
frames in the data set.

For the remainder of this work, these two approaches will be refer red to as
monoplane methods for motion compensation. At some points, it wi ll be differen-
tiated between the �lter-based and the learning-based approach.

Monoplane Tracking Approaches

Filter-Based Learning-Based

Mean 2-D Error 0.61 mm � 0.43 mm 0.58 mm � 0.22 mm
Max 2-D Error 4.02 mm 1.92 mm

2-D Success Rate 97.83 % 100.00 %

Table 7.1: Comparison of the two monoplane tracking approaches. Please note that the
success rate of 100.00 % for the learning-based approach was achieved on the available
data only.
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(a) (b)

Figure 7.7: Comparison of an overlay with and without motion compensati on. (a) The
current overlay approach involving a static image, rendere d from the pre-procedural 3-
D data set. It can be seen that a static overlay may not always exactly align with the
current patient anatomy. Please note how the circumferenti al mapping catheter is starting
to move outside the volume, here a segmented left atrium. (b) Here, the result of our
proposed method for motion compensation can be seen. The rendered overlay moves
synchronously with the circumferential mapping catheter � rmly anchored at the upper
left pulmonary vein, and it �ts well.
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This chapter describes an image-based method to detect and compensate res-
piratory and cardiac motion in 3-D using simultaneous biplane �uoro scopy. Mo-
tion compensation is achieved by tracking the circumferential, ri ng-shaped map-
ping catheter from two views. First, we discuss model-based cathete r tracking by
2-D/3-D image registration. Afterwards, we evaluate our method. Fin ally, we
present our results, discuss them, and draw some conclusions. Partsof this chap-
ter have been published in [Bros 09a, Bros 10a, Bros 10b, Bros 10c].

8.1 Motivation

The circumferential mapping catheter is one of the most prominent structures vis-
ible in EP �uoroscopy scenes providing a good feature for robust tr acking. Dur-
ing the isolation of the four pulmonary veins using radio-frequency catheter ab-
lation, the mapping catheter is typically �xed at the ostium of the PV tha t is con-
sidered for electrical isolation. By tracking the circumferentia l mapping catheter,
we can obtain a motion estimate right at the ablation site, without the ne ed of a
pre-constructed motion model. Since we are using a biplane imagin g system, the
motion estimation takes place directly in 3-D and not only in 2-D. O nce an esti-
mate of the 3-D motion is available, we can translate and rotate the 3-D data set
accordingly and recompute a new �uoroscopic overlay using persp ective render-
ing methods.

8.2 Biplane Model-Based 2-D/3-D Registration

In the �rst frame of a biplane sequence, the circumferential mappi ng catheter is re-
constructed from two views, as described in Chapter 2. Given the 3-D catheter
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model as m i 2 R3, i 2 f 1, . . . ,Eg and E 2 N the number of catheter model
points. This catheter model is then successively registered to the remaining bi-
plane frames of the sequence. The elliptical shape of the circumferential mapping
catheter is used for tracking. Catheter tracking itself is performed by rigid reg-
istration [Hill 01] of the catheter model to a segmentation result deri ved from ei-
ther a learning-based segmentation or a �lter-based approach, a s presented in Sec-
tion 6.7. A distance map IDT,A/B is calculated for each image plane, denoted with
the index A for image plane A and B for image plane B, respectively. It encodes
the absolute distance from a pixel to its closest segmented catheter pixel. It also
provides a smooth representation of the �uoroscopic image with a pr onounced
minimum around the shape of the mapping catheter to increase the capture range.
Model-based catheter tracking in 3-D is achieved by performing 2-D/3-D registra-
tion. Hence, the reconstructed catheter model is translated by Tu(h) 2 R4� 4 �rst.
This translation is given by

Tu(h) =

0

B
B
@

1 0 0 hx
0 1 0 hy
0 0 1 hz
0 0 0 1

1

C
C
A (8.1)

with the translation parameters in vector notation h = ( hx, hy, hz)T and hx, hy, hz 2
R. The catheter model is then projected onto the two image planes of the biplane
C-arm system. The average distance between the projected points and the closest
feature point, i.e., the circumferential mapping catheter in �uorosc opic images is
ef�ciently calculated using the distance map introduced above. A suita ble trans-
lation is found by optimizing

ĥ = arg min
h

å
i

IDT,A (PA � Tu(h) � em i) + å
i

IDT ,B(PB � Tu(h) � em i) (8.2)

with the elliptical 3-D catheter model points em i 2 R4 in homogeneous coordinates.
The projection matrices PA and PB do not need to be identical to the ones used for
the 3-D model generation. A grid search was used for optimization. The search
domain is given as Y � R3. Rotation was not considered, as an analysis of the left
atrium performed by Ector, et al.[Ecto 08b] found that the rotation observed from
the pulmonary vein ostia is mostly due to the contraction and expansion of the
left atrium and the actual degree of rotation of the ostium was found to be muc h
less. Previous studies found similar results [McLe 02]. Once the 3-D translation is
estimated, it can be directly applied to the 3-D data set to move it in s ync with the
tracked device. A structogram of the presented motion compensation m ethod is
given in Structogram (8.1).

8.3 Evaluation and Results

The biplane motion compensation approaches were evaluated on the same data
sets as the monoplane methods in Chapter 7. As the proposed methods are based
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ĥ = h, #̂= #

Update Catheter Model m i using ĥ
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on biplane images, the sequences were used as biplane sequences,yielding 23 clin-
ical data sets for evaluation. Furthermore, these approaches facilitate motion com-
pensation in 3-D. Hence, a 2-D tracking error and a 3-D tracking c an be computed.
The 2-D tracking error is calculated, similar to the 2-D error in Ch apter 7, as the
average 2-D distance between the projection of the 3-D catheter model and a 2-D
gold-standard segmentation. We compare the result of the �lter-bas ed approach
to the learning-based method. Since catheter tracking is performed in 3-D, we fol-
low the evaluation in [Bros 10a, Bros 10b] to estimate the 3-D motion correction.
Therefore, the tip of the mapping catheter was manually localized th roughout all
sequences by triangulating its 3-D position from biplane frames to g et a reference
point. In the next step, we applied our motion estimation approach to th e catheter
tip to move it from its 3-D position in the previous frame to the next fra me. Because
of that, we can compare the 3-D position reached by applying the esti mated mo-
tion to the actual 3-D reference point obtained by triangulation [Bros 09c, Bros 09d].
Finally, the error was calculated as the Euclidean distance in 3-D space. Moreover,
an error without performing motion compensation can be calculated was well. To
this end, the 3-D distance between the �rst frame to all remaining fr ames is used
to estimate the observed 3-D motion. As mentioned before, rotation wa s not con-
sidered.

For both approaches, the 2-D tracking errors for each sequence are given in
Figure 8.1. Considering image plane A, the �lter-based approac h yielded a mean
tracking error of 0.71 mm with a minimum error of 0.26 mm and a maxi mum
of 5.30 mm. The results for image plane B were similar, with a mean error of
1.06 mm, a minimum of 0.33 mm and a maximum of 5.30 mm. Averaged ov er all
frames and both image planes, the �lter-based method yielded a me an 2-D error
of 0.89 mm � 0.58 mm.
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Figure 8.1: (a) The Two-dimensional tracking error of the �lter-based ap proach yielded a
mean tracking error of 0.89 mm � 0.58 mm. (b) The tracking error of the learning-based
approach yielded an average 2-D tracking error of 0.84 mm � 0.35 mm.
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Figure 8.2: (a) Three-dimensional tracking error of the �lter-based and the learning-based
approach compared to the observed motion. (b) Comparison of the 3-D tracking error
between the �lter-based and the learning-based approach.
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The learning-based approach yielded a mean tracking error of 0.77 mm with a
minimum of 0.26 mm and a maximum of 2.45 mm for image plane A, and a mean
error of 0.91 mm with a minimum of 0.33 mm and a maximum of 3.42 mm, f or
plane B, respectively. On average, the learning based method achieved a mean
2-D tracking error of 0.84 mm � 0.35 mm.

To estimate the 3-D tracking, the motion of the circumferential mappin g catheter
was analyzed. The mean 3-D motion of the catheter was found to be 3.64mm with
a minimum observed motion of 2.09 mm and a maximum of 12.71 mm. The re-
sults compared to the tracking results of the �lter-based and the learni ng-based
method are presented in Figure 8.2 (a). The �lter-based method yie lded an aver-
age 3-D tracking error of 1.22 mm with a total minimum error of 0.06 m m and a
total maximum of 6.43 mm. The learning-based method yielded an av erage error
of 1.35 mm with a total minimum of 0.12 mm and a total maximum of 5.63 mm.
A direct comparison between the �lter-based and the learning-ba sed approach are
presented in Figure 8.2 (b).

Our method is optimized for multi-core CPUs and achieved a frame ra te of
3 fps on an Intel Quad Core with 2.20 GHz, for the �lter-based approa ch. The
learning-based method yielded a frame rate of 2 fps. For both meth ods, the same
optimization strategy and the same optimization parameters were used . The op-
timization of the objective function was performed by a grid search . The function
was evaluated 62,197 times for each frame in 188.65 ms on the aforementioned
architecture.

8.4 Discussion and Conclusions

Two methods for biplane catheter tracking have been presented and were com-
pared against each other. Their application is 3-D motion compe nsation for radio-
frequency catheter �brillation. The methods are based on tracking of a circumfer-
ential mapping catheter in biplane �uoroscopy imaging. Catheter tr acking is per-
formed by 2-D/3-D registration of a 3-D elliptical catheter model to 2-D biplane
images. During our experiments, we found that a catheter model consi sting of 50
points yielded good results. Increasing the number of model points further did
not provide an increase tracking accuracy. Both methods assume that the circum-
ferential mapping catheter remains anchored at the pulmonary vei n during abla-
tion. Our clinical data suggests that the circumferential mapping cath eter indeed
moves very little with respect to the PV ostia when used to measure the ele ctri-
cal signals at the pulmonary ostia. When comparing the two tracking approaches,
it can be seen, that the learning-based approach performs slightly better than the
�lter-based approach. The 2-D tracking error for the �lter-base d approach yielded
0.89 mm � 0.58 mm, and the learning-based method yielded 0.84 mm � 0.35 mm.
The success rate of both methods is 95.50 % for the �lter-based approach, and
98.99 % for the learning-based approach. Failure is considered, if the 2-D error is
larger than 2.00 mm. Unfortunately, there is no clear statement about an accept-
able tracking error. As in Chapter 7, we use a threshold of 2.00 mm as proposed for
2-D/3-D registration in [Este 08]. Given a 3-D error of 2.00 mm, thi s error would be
magni�ed onto the �uoroscopic images by the projection geometry of the C-arm.
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(a) (b)

Figure 8.3: Two frames of two different sequences in which catheter trac king was not as
successful as in other sequences. (a) One frame of Seq. 19 which was acquired using a
lower dose protocol than all other sequences. (b) One frame of Seq. 20 in which a cable
from a de�brillation patch interferes with the catheter.

We will use the threshold of 2.00 mm for both, 2-D and 3-D, regardle ss of the mag-
ni�cation factor. The �lter-based approach fails in a total of 58 f rames over all
sequences. Failures are due to different interference with contrast agent or other
structures. The catheter is not well tracked in Seq. 11, partially due th e nature of
a non-perfect catheter model. It needs to be noted here, that the learning-based
approach does not have this issue. In Seq. 14, contrast agent is injected into the
PV such that the �lter method fails to obtain a good segmentation and fai ls in 11
out of 21 frames. The same holds for Seq. 18, but the method quickly recovers
after one or two frames. Seq. 19 was acquired with a lower dose proto col than all
other sequences, see Figure 8.3 (a) for one frame of that sequence.In this case, the
�lter response is not as good as for the other sequences. In Seq. 20, a cable from
a de�brillation patch is visible close to the circumferential mapp ing catheter, thus
disturbing the tracking, see Figure 8.3 (b). The structure of this cable is similar to
a catheter and therefore has the same �lter response as the catheter. The learning-
based method is able to suppress this structure. In 3-D, the method has a success
rate of 86.63 %, using the same threshold value of 2.00 mm to determinea tracking
failure. The error in 3-D is higher due to the reason, that errors in 2-D might add
up for the 3-D error. In particular, the failures in Seq. 14 and Seq. 20 directly affect
the 3-D accuracy. In addition to that, only translation was considere d for tracking,
but the localization of the catheter tip also incorporates its rotation. An example
of a frame with and without motion compensation is given in Figure 8. 4.

The learning-based approach only fails in 13 frames and perf orms slightly bet-
ter than the �lter-based approach. The higher tracking errors in S eq. 4 are partially
due the nature of a non-perfect catheter model. In Seq. 14 and Seq. 18, the injec-
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(a) (b)

Figure 8.4: Comparison of an overlay with and without motion compensati on, shown
for one image plane only. (a) Static overlay without motion c ompensation. (b) The same
�uoroscopic image with motion compensation enabled.

Biplane Tracking Approaches

Filter-Based Learning-Based

Mean 2-D Error 0.89 mm � 0.58 mm 0.84 mm � 0.35 mm
Max 2-D Error 5.30 mm 3.42 mm

2-D Success Rate 95.50 % 98.99 %

Mean 3-D Error 1.22 mm � 0.92 mm 1.35 mm � 0.81 mm
Max 3-D Error 6.43 mm 5.63 mm

3-D Success Rate 86.63 % 82.61 %

Table 8.1: Comparison of the two biplane tracking approaches.

tion of contrast agent leads to a tracking failure in one frame. In b oth cases, the
tracking recovers after one frame.

When comparing the methods with the motion present in the available se-
quences, both methods are able to reduce the motion, see Figure 8.2 (a). Only in
Seq. 16 an improvement is hardly observable, as the motion withi n the sequence is
limited compared to the other data sets available. The reason hereof is unknown.
As it is only a small sequence of 11 frames and it might have been acquired dur-
ing breathold. Comparing the learning-based and the �lter-base d approaches in
Figure 8.2 (b), it is not clear which method performs best. In som e cases, the �lter-
based method performs better, in other cases, the learning-basedmethod performs
better. Nevertheless, the learning-based method seems preferable, as it has less
outliers and has a maximal 3-D error of 5.63 mm.
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In a direction comparison to the motion compensation methods in Cha pter 7,
it seems that the biplane methods are less accurate in 2-D. Unfortunately, the best
3-D positions may not automatically coincide with the best projecte d 2-D posi-
tions. This can be attributed to three factors. First of all, the segmentation is not
perfect and therefore misclassi�cations may impair the results. Second, the model
error from the elliptical reconstruction may add to this 2-D error, a nd third, cali-
bration errors between image plane A and image plane B may affec t the projection
geometry. The last factor may be the major one, as the low 3-D error suggests.
Nevertheless, the average 2-D error differs at about 0.40 mm which results in 2 to
3 pixels in the image.

The downside of the presented method is that it requires simultaneous ly bi-
plane �uoroscopy acquisition. This is hardly performed in clin ical practice as it
results in a higher exposure of X-ray dose to the patient and to the physi cian.
It might be used if a high accuracy is required as both images at the same time
provide a better visualization of the ablation catheter. Considerin g the maximum
error of the learning-based approach with 5.63 mm and the diamete r of the ab-
lation catheter being about 2.3 mm, a misplacement by the same amount would
only be twice the diameter of the catheter. Considering the average 3-D error of
1.35 mm, it would be close to only half the size of the catheter. A dire ct com-
parison between the �lter-based and the learning-based approac h is given in Ta-
ble 8.1. The use of more clinical data, in particular, with other struc tures such as
surgical clips or trans-esophageal ultra-sound probes, would imp rove the qual-
ity of the classi�er. Incorporating rotation into the tracking, as pr eviously done
in [Bros 10c, Bros 10b, Bros 09a] would also improve the tracking accuracy, but it
might be questionable if the motion compensation would also be more accurate.
A study involving 4-D data sets needs to be performed to further evaluate the be-
havior of the circumferential mapping catheter compared to the motio n of the left
atrium and the pulmonary veins. Unfortunately, such data was not avail able.

For the remainder of this work, these two approaches will be refer red to as bi-
plane methods for motion compensation. If not indicated otherwis e, the learning-
based approach is considered.
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This chapter describes an image-based method to detect and compensate res-
piratory and cardiac motion in 3-D using only monoplane �uorosco py acquisition.
Once, a 3-D catheter model had been generated, motion compensation is achieved
by tracking the circumferential, ring-shaped mapping catheter fr om one view. This
is facilitated by using a constrained 2-D/3-D registration that restr icts the search
directions in 3-D to be parallel to the imaging plane. Parts of this c hapter have
been published in [Bros 11e].

9.1 Motivation

Two different methods for motion compensation in atrial �brilla tion ablation pro-
cedures have been proposed in Chapter 7 and in Chapter 8. Unfortuna tely, both
methods have their advantages and disadvantages. The monoplane approach, on
the one hand, works with monoplane image acquisitions, but each ro tation of the
C-arm requires a reinitialization of the catheter model. The bipla ne approach, on
the other hand, uses a 3-D model, that would not require reinitializa tion, but it
works only with simultaneous biplane �uoroscopy, which is rarely used in clinical
practice. To improve the monoplane situation, we propose a constra ined 2-D/3-D
registration to perform motion compensation using a 3-D catheter mod el. The un-
constrained method is similar to the biplane method in Chapter 8, but uses only
one image plane. The generation of a 3-D catheter model requires only a single
biplane shot and is performed as described in Chapter 2. This w ay, the increase
of X-ray radiation to the patient is kept to a minimum. In the next sectio n, the ap-
proach for a constrained registration of a 3-D catheter model to 2-D �uoroscopic
images is described. In Section 9.3 an approach for an unconstrained registration
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to achieve motion compensation is brie�y described. The results o f both methods
are given in Section 9.4 and are discussed in Section 9.5.

9.2 Constrained Model-Based 2-D/3-D Registration

In the registration step of our method, the actual motion compensation is per-
formed by a constrained model-based 2-D/3-D registration. The c atheter model is
manually initialized in the �rst image pair of a biplane sequence . This manual in-
put is used to reconstruct the catheter model in 3-D, as described in Chapter 2. The
catheter model is tracked throughout the remainder of one monoplane sequence.
Tracking itself is performed by rigid 2-D/3-D registration. The constraint used
for registration is that the search range is restricted to all directi ons parallel to the
imaging plane. No search is performed perpendicular to the optic al plane, i.e.,
along the optical axis. This is not a major issue, because shifts along the optical
axis merely result in size changes of the motion-compensated �uor oscopic over-
lay. A motion analysis of the LA, performed by Ector et al.[Ecto 08b], revealed that
the dominant motion is in anterior-posterior and superior-infer ior direction. They
found that the degree of rotation is much less, and they contributed it to th e de-
formation of the left atrium. The mismatch in depth between the 3-D ove rlay and
the live �uoroscopic images mainly results in small changes of the LA size which
we found negligible for augmented �uoroscopy applications in cli nical practice.
Therefore, we focused on the remaining dominant motion directio ns in superior-
inferior and anterior-posterior directions. To carry out this co nstrained 2-D/3-D
registration, the view direction b 2 R3 with jjbjj 2 = 1 is obtained from the projec-
tion matrix P 2 R3� 4. The view direction is perpendicular to all vectors that are
parallel to the image plane. Thus, two vectors u 2 R3 and v 2 R3 that are parallel
to the image plane can be computed. For simplicity, we assume that both vectors
have unity length, jjujj 2 = 1 and jjvjj 2 = 1. Moving a point w 2 R3 parallel to the
imaging plane is achieved by

w? = w + hu + zv (9.1)

with the translated point w? 2 R3 and the amount of translation de�ned by h, z 2
R. We compute a transformation matrix Tc(h, z) 2 R4� 4 as

Tc(h, z) =

0

B
B
@

1 0 0 hux + zvx
0 1 0 huy + zvy
0 0 1 huz + zvz
0 0 0 1

1

C
C
A (9.2)

with u = ( ux, uy, uz)T and v = ( vx, vy, vz)T. The objective function for the con-
strained registration is then de�ned by using the values of the distanc e trans-
formed image IDT as cost function by

ĥ, ẑ = arg min
h,z

å
i

IDT (P � Tc(h, z) � m i) . (9.3)

A grid search was used for optimization. The search domain is giv en asF � R2.
The catheter segmentation that results in the distance transformed image IDT was
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described in Chapter 6. Rotation is not considered, as we are primarily interested
in the compensation of breathing motion which occurs in axial dire ction. The pro-
jection matrix considered for projecting the model into the imagin g plane is not
required to be one of the projection matrices used for model generati on, i.e., the
C-arm can be moved in between model generation and tracking. Giv en the pa-
rameters ĥ, ẑ, found by a grid search, the catheter model can be updated using
Tc(ĥ, ẑ). The same transformation is then applied to the 3-D volumetric data se t
that is used for the image overlay. This way, we can achieve a 3-D motion com-
pensation for monoplane �uoroscopic images. A structogram of the c onstrained
approach for motion compensation is given in Structogram (9.1).

9.3 Unconstrained Model-Based 2-D/3-D Registration

One might consider using an unconstrained approach to perform ca theter tracking
for motion compensation. This can be achieved by using the transfo rmation matrix

Tu(h) =

0

B
B
@

1 0 0 hx
0 1 0 hy
0 0 1 hz
0 0 0 1

1

C
C
A (9.4)

with the translation parameters in vector notation h = ( hx, hy, hz)T, as used for
biplane motion compensation in Chapter 8. Incorporating this into Eq. (9.3) yields
a three-dimensional optimization problem, which can be formula ted as

ĥ = arg min
h

å
i

IDT (P � Tu(h) � m i) . (9.5)
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Structogram 9.2: Unconstrained Motion Compensation by Registration

A grid search was used for optimization. The search domain is giv en as Y �
R3. The resulting 3-D translation given by Tu(ĥ) could then be applied to the 3-
D volume instead of Tc(ĥ, ẑ). A structogram of the unconstrained approach for
motion compensation is given in Structogram (9.2).

9.4 Evaluation and Results

For evaluation, the same 23 biplane �uoroscopic sequences as in Chapter 7 and
Chapter 8 were used. As the proposed method facilitates 3-D motion co mpensa-
tion using only monoplane �uoroscopy, the 23 biplane sequences we re split into
46 monoplane sequences, as before in Chapter 7. This way, we obtained a to-
tal frame number of 1,288 frames to evaluate catheter tracking. The 2-D track-
ing error is calculated as the average 2-D distance between the projection of the
3-D catheter model and a 2-D gold-standard segmentation as described in Chap-
ter 7. Since catheter tracking is performed in 3-D, we follow the ev aluation in
Chapter 8 to estimate the 3-D motion correction. Therefore, the tip of th e map-
ping catheter was manually localized throughout all sequences by tri angulating
its 3-D position from biplane frames to get a reference point. In th is case, the 3-
D position of the mapping catheter for one biplane sequence was use to evaluate
the two corresponding monoplane sequences. The motion estimation approach
was applied to the catheter tip to move it from its 3-D position in the pre vious
frame to the next frame. Because of that, the 3-D position could be compared by
applying the estimated motion to the actual 3-D reference point obtain ed by tri-
angulation [Bros 09c, Bros 09d]. The initial 3-D information abo ut the position of
the circumferential mapping catheter was obtained from the 3-D reco nstruction of
the mapping catheter. Finally, the error was calculated as the Euclid ean distance
in 3-D space. Moreover, an error without performing motion comp ensation can
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Figure 9.1: Two-dimensional tracking error for all 46 sequences. For each sequence, the
average error, minimum error, and maximum error is given. The unconstrained approach
yielded an average error of 0.80 mm � 0.32 mm, compared to 0.85 mm � 0.34 mm for the
constrained approach.

be calculated as well. To this end, the 3-D distance between the �rst f rame to all
remaining frames is used to estimate the observed 3-D motion. In add ition to that,
we compare our constrained approach with an unconstrained approa ch.

The unconstrained approach yielded an average 2-D tracking err or of 0.80 mm
with a total minimum of 0.28 mm and a total maximum of 2.82 mm. Consider -
ing the 2.00 mm threshold for success or failure in tracking as used i n Chapter 7
and Chapter 8, the unconstrained method achieved a success rate of 99.46 %. The
proposed constrained approach yielded an average error of 0.85 mm with a total
minimum of 0.26 mm and a total maximum of 2.39 mm. The constrained me thod
tracked the catheter successfully in 99.38 % of the frames. A comparison for each
sequence is given in Figure 9.1. Both tracking methods fail in Sequence #36. This
is mainly due the injection of contrast agent injected into the pulmon ary vein via
the catheter sheath that holds the circumferential mapping catheter. O ne frame of
Sequence #36 is given in Figure 9.2.

The unconstrained method yielded an average 3-D error of 2.45 mm with a
total minimum of 0.16 mm and a total maximum of 8.40 mm. Considering th e
same 2.00 mm threshold, the unconstrained method achieved a success rate of
36.80 %. The constrained method yielded an average 3-D error of1.50 mm with a
total minimum of 0.06 mm and a total maximum of 7.48 mm. We found the succe ss
rate to be 77.62 %. The results of both methods are given in Figure 9.3.In addition
to that, a comparison to the observed motion was also performed. The results are
shown in Figure 9.4. As biplane motion compensation methods are a lso available,
Figure 9.5 shows a comparison with the learning-based biplane approach from
Chapter 8.
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Figure 9.2: One frame of Sequence #36. Catheter tracking is mainly compromised when
contrast agent is injected into the pulmonary vein via the ca theter sheath that holds the
circumferential mapping catheter.

Performing motion compensation in 3-D using only monoplane ima ging is
dif�cult as depth information is hard to determine from only one vi ew direc-
tion [Fall 09, Fall 10a, Fall 10b]. The amount of the error in view direction can be
used to further judge the performance of the motion estimation method. Th e aver-
age 3-D error along the view direction for the unconstrained method was 2.12 mm
with a total minimum of 0.01 mm and a total maximum of 8.35 mm. The compa r-
ison of the 3-D errors for the unconstrained approach are given in Figure 9.6. The
same evaluation for the constrained method yielded an average 3-D error along
the view direction of 0.82 mm with a total minimum of 0.01 mm and a total m ax-
imum of 7.43 mm. The results are given in Figure 9.7. Our method is opti mized
for multi-core CPUs and achieves a frame rate of 8 fps on an Intel Quad Core with
2.20 GHz. The optimization of the objective function was performed by a grid
search. The function was evaluated 3,240 times for each frame in 7.36 ms on the
aforementioned architecture.

9.5 Discussion and Conclusions

The constrained method performs better compared to the unconstraine d method
in 3-D. This is not the fact regarding the 2-D tracking errors. Th e unconstrained
method performed slightly better than the constrained method, with 0. 80 mm�
0.32 mm versus 0.85 mm� 0.34 mm in 2-D. The same holds for the success rates of
99.46 % versus 99.38 %. An example of motion compensation is given in Figure 9.8.
Both methods have their largest 2-D tracking errors in Sequence #36 when contrast
agent is injected into the pulmonary vein via the catheter sheath that h olds the cir-
cumferential mapping catheter. Considering the 3-D errors of 2.4 5 mm � 1.26 mm
versus 1.50 mm � 0.94 mm, the constrained method performs much better than
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Figure 9.3: Comparison of 3-D tracking errors between the constrained a nd the uncon-
strained approach. The tracking errors are given for all 46 sequences. For each sequence,
the average, minimum, and maximum for the tracking error is g iven. The unconstrained
approach yielded 2.45 mm � 1.26 mm, compared to the constrained approach yielding
1.50 mm � 0.94 mm.

the unconstrained approach. This becomes even more clear when taking a look at
the success rate of 77.62 % for the constrained approach versus the success rate of
36.80 % for the unconstrained method. As shown in Figure 9.4, the constrained
method is able to reduce the 3-D error compared to the observed motion . The
observed motion can be interpreted as the 3-D error of a static overl ay. The un-
constrained method performs much worse and, in some cases, evenincreases the
error. This is not true for all cases, as in some of our data sets, the maximum
error of the constrained approach is larger when compared to the un constrained
approach, see Sequences #18 and #26 in Figure 9.1.

On average, however, the constrained method easily outperforms th e uncon-
strained approach. Taking into account the error along the view di rection in Fig-
ure 9.6 and Figure 9.7, the largest part of the 3-D error is along the view direction.
For the unconstrained method, this can be interpreted as failure to cor rectly es-
timate the depth from a single view. The constrained method, howeve r, is not
trying to perform any kind of depth estimation, explaining the high error along
the view direction. When comparing the error in view direction, F igure 9.7, with
the 2-D tracking error, Figure 9.1, one can see that if the tracking in 2-D was accu-
rate, the 3-D error is mostly along the view direction. If the trackin g failed in 2-D,
the error in 3-D might not be only along the view direction. The co mparison to the
learning-based biplane approach in Figure 9.5 shows that the constrained method
performs nearly as good as the biplane approach, whereas the unconstrained ap-
proach yields much larger errors. A direct comparison between the constrained
and unconstrained approaches is given in Table 9.1.

The proposed method, when compared to the previous proposed metho ds, has
some advantages. The monoplane approach in Chapter 7 can not deal with C-arm



100 Constrained Motion Compensation by Registration

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 46
0

1

2

3

4

5

6

7

8

9

10

11

12

13

Sequence No.

3-
D

 T
ra

ck
in

g 
E

rr
or

 in
 [m

m
]

Tracking Error: Constrained vs. Unconstrained vs. Motion

 

 

Observed Motion
Constrained Approach
Unconstrained Approach

Figure 9.4: Comparison of 3-D tracking errors between the constrained a nd the uncon-
strained approach as well as the observed 3-D motion. The tracking errors are given for
all 46sequences. For each sequence, the average, minimum, and maximum for the track-
ing error is given. The unconstrained approach yielded 2.45 mm � 1.26 mm, compared
to the constrained approach yielding 1.50 mm � 0.94 mm. The observed motion was
3.64 mm � 0.29 mm.

rotation and requires re-initialization of the catheter model befor e tracking and
motion compensation can be continued. The biplane approach in Ch apter 8 re-
quires simultaneous biplane �uoroscopy, which would mean more dos e for pa-
tient and physician. The proposed constrained method requires o nly a single bi-
plane �uoroscopic shot for model generation. Once the model is g enerated, the
C-arms can be rotated and motion compensation is still feasible. The limitation of
our method is mainly related to the fact that motion along the view dire ction can-
not be taken into account as depth information is hard to determine fr om mono-
plane projection images. To achieve a depth correction, a perfect segmentation of
the catheter would be required and, in addition, we would also need to k now the
exact dimensions of the catheter in 3-D, i.e., its diameter and its th ickness. Any
noise in the 2-D segmentation or at the 3-D model would decrease the accuracy
of the depth estimate, as can be seen when considering the results for the un-
constrained approach. To avoid this problem we have chosen to use only search
directions parallel to the imaging plane. As a price to pay, we acc ept that the 3-D
error will not be as good as it is for the biplane approach. As in the previously
presented methods, ours approach does not require a perfect segmentation of the
circumferential mapping catheter, because the registration method c an compen-
sate for segmentation errors. For the remainder of this work, this a pproach will be
referred to as constrained methods for motion compensation.
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Figure 9.5: Comparison of 3-D tracking errors between the constrained a nd the uncon-
strained approach as well as the learning-based biplane appraoch.

Constrained vs. Unconstrained

Unconstrained Constrained

Mean 2-D Error 0.80 mm � 0.32 mm 0.85 mm � 0.34 mm
Max 2-D Error 2.82 mm 2.39 mm

2-D Success Rate 99.46 % 99.38 %

Mean 3-D Error 2.45 mm � 1.26 mm 1.50 mm � 0.94 mm
Max 3-D Error 8.40 mm 7.48 mm

3-D Success Rate 36.80 % 77.62 %

Table 9.1: Comparison of constrained and unconstrained motion compen sation ap-
proaches.
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Figure 9.6: The 3-D error of the unconstrained method compared to the tota l 3-D er-
ror. The error in view direction was 2.12 mm � 1.37 mm, compared to the total error
of 2.45 mm � 1.26 mm.
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Figure 9.7: The 3-D error of the constrained method compared to the total 3 -D error.
The error in view direction was 0.82 mm � 0.85 mm, compared to the total error of
1.50 mm � 0.94 mm.
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(a) (b)

Figure 9.8: A comparison showing the difference if motion compensation is considered or
not. (a) One frame of a sequence without motion compensation . (b) The same frame as in
(a) but this time with motion compensation.
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In this chapter, an image-based method to detect and compensate respiratory
and cardiac motion in 3-D using only monoplane �uoroscopy is deta iled. This
method consists of three steps. First, a 3-D catheter model needs to begener-
ated. Second, a biplane training phase is required to train a patien t-speci�c motion
model. The third step is the application of the motion model. The moti on model
is used to constrain the search region of the 2-D/3-D registration used for motion
compensation. Parts of this chapter have been published in [Bros 11d].

10.1 Motivation

The method described in Chapter 9 has shown, that it is advantageous to constrain
the 2-D/3-D registration when used for motion compensation. This wa s achieved
by restricting the search region for registration to directions par allel to the image
plane. Compensation for movement parallel to the view direction is omitted. To
achieve motion compensation in this direction, prior knowledge about the move-
ment of the circumferential mapping catheter needs to be incorpora ted. Such infor-
mation can be gathered when using a training phase. The training ph ase estimates
the motion of the CFM catheter at the PV using a biplane sequence in whic h the
mapping catheter is tracked using an unconstrained 2-D/3-D registra tion. The
principal motion axis is determined from the trajectory establish ed during the
tracking training phase. This axis is considered a patient-speci�c motion model.
As the main axis of the motion by itself is not suf�cient to provide a g ood search
space for a constrained registration, another axis is needed. Wedecided to use a
vector perpendicular to the view direction and the main axis, becaus e the search
region for the constrained registration can then be reduced to a 2-D search space,
spanned by the principal axis and a vector parallel to the image pl ane. This allows

105
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us to not only to track motion that is parallel to the image plane, but als o to cap-
ture some depth information with respect to the pre-acquired motion mo del. Our
constrained approach can be simply stated as dimension reduction of the search
space from 3-D to 2-D.

Our method works as follows. As input, a 3-D catheter model of the circ um-
ferential mapping catheter is required. The generation of the mode l is described
in Chapter 2. A short biplane sequence is used to generate 3-D samples of the po-
sition of the circumferential mapping catheter recorded during a tra ining phase.
The principal axis derived from the sample positions is taken as main direction of
PV motion. The motion model should be acquired in the same state with re spect
to heart rate and presence of arrhythmia that will be present durin g the applica-
tion of the motion model. In the next step, we apply a constrained mod el-based
2-D/3-D registration to track the circumferential mapping catheter in 3-D using
only monoplane �uoroscopy. To this end, the motion model estimated during the
training phase limits the allowed motion to two directions. The �rst motion is par-
allel to the principal motion axis. The second allows motion para llel to the image
plane.

The patient-speci�c motion model is presented in the next section. This model
is estimated during a training phase in which the circumferential ma pping catheter
is tracked using biplane �uoroscopic imaging. The training is pe rformed on a bi-
plane sequence to obtain the main motion axis. In the third section, the constrained
2-D/3-D registration based on the motion model is introduced. In the l ast section,
we discuss our results.

10.2 Motion-Model Generation

The motion model is set up using a biplane 2-D/3-D registration of the previously
generated 3-D catheter model to biplane �uoroscopic images acquir ed during a
training phase. The catheter is segmented using the learning-based method as
presented in Chapter 6, which leads to the distance transformed ima gesIDT,A, t for
plane A, and IDT,B,t for plane B, respectively, at time t. We allow for a full 3-D
search of the catheter model to get the best �t of the catheter model to each 2-D
�uoroscopic image, as described in Chapter 8. In this case, the transformation
matrix is written as

Tu(h) =

0

B
B
@

1 0 0 hx
0 1 0 hy
0 0 1 hz
0 0 0 1

1

C
C
A (10.1)

with the translation parameters h = ( hx, hy, hz)T. The cost function can be formu-
lated as

ĥ = arg min
h

å
i

IDT,A, t+ 1 (PA � Tu(h) � m i,t)

+ IDT,B,t+ 1 (PB � Tu(h) � m i,t) (10.2)

with the projection matrices PA for image plane A, and PB for plane B, as well as
the 3-D catheter model, m i,t, at time t. Optimization is performed using a grid
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search approach [Duda 01]. The search domain is given asY � R3. The projection
matrix used during the training phase tracking is not required to be on e of the
projection matrices used for model generation, i.e., the C-arm can be moved in
between catheter model generation and the training phase. The same holds for
the actual motion compensation. Given the parameters ĥ found by the nearest-
neighbor search, the catheter model can be updated tom i,t+ 1 2 R4 by

8i : m i,t+ 1 = Tu(ĥ) � m i,t . (10.3)

During the training phase, the same transformation Tu(ĥ) can be applied to the
3-D volumetric data set that is used for image overlay. This way, a 3 -D motion
compensation can be shown during the training phase.

The patient speci�c motion model is calculated from the circumfere ntial map-
ping catheter positions. To this end, the catheter model for every tim e step is
reduced to the center of the model by

mt =
1
E å

i

m i,t. (10.4)

The principal axis for the catheter centers mt is calculated by a principal compo-
nent analysis, representing the main motion vector gm 2 R3 with jjgmjj 2 = 1. For
the motion model, only the principal axis is considered, as track ing inaccuracies
during the training phase might produce outliers.

10.3 Model-Constrained 2-D/3-D Registration

In this section, motion compensation by model-constrained regis tration is intro-
duced. The assumption for our approach is that only monoplane �uoro scopic
imaging is available. Our proposed constraint is the reduction of the 3-D search
space to a 2-D search space, by introducing a second feasible vector that is per-
pendicular to the view direction and the principal motion vector. Th is results in
a 2-D search plane for the catheter model to be semi-parallel to the image plane.
The cost function is the distance transform IDT of the post-processed segmentation
result, as detailed in Chapter 6. By using the main motion vector, the 2- D search
space also allows some depth estimation from a single X-ray view.

Physicians position their C-arms in standard view positions, usua lly only an-
gulations in left-anterior-oblique (LAO), posterior-anterior (P A), or right-anterior-
oblique (RAO) direction are used. Angulations towards cranial or c audal direc-
tions are, at least to the knowledge of the authors, not common for EP procedures.
The angle between the two C-arm is usually between 60o degrees and 90o degrees.
This enables us to capture most of the motion during the training phase. Dur-
ing the application of the patient speci�c motion model, the common positions of
the the C-arm in an LAO, PA, or RAO position, provides enough infor mation that
most of the motion is captured.

To carry out our constrained 2-D/3-D registration, we determine the v iew di-
rection b 2 R3 with jjbjj 2 = 1 from the projection matrix P 2 R3� 4 [Hart 04]. The
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second vector required to estimate the second search direction, which is perpen-
dicular to the view direction and the main motion axis, is given by

gp = gm � b. (10.5)

The vector gp can also be considered as plane-speci�c translation vector. Any point
on that plane can be represented by a linear combination of these two vectors gp
and gm. This translation can be rewritten in matrix notation as

Tc(h, z) =

0

B
B
@

1 0 0 hgp,x + zgm,x
0 1 0 hgp,y + zgm,y
0 0 1 hgp,z + zgm,z
0 0 0 1

1

C
C
A (10.6)

with gp = ( gp,x, gp,y, gp,z)T and gm = ( gm,x, gm,y, gm,z)T similar to the constrained
registration matrix in Chapter 9. The objective function for the cons trained regis-
tration is then de�ned by the distance transformed image IDT,A for image plane
A, or IDT,B for plane B, respectively. In the remainder of this section, the in dices A
and B are omitted, and P stands either for PA or PB. The same holds for IDT,t.

The cost function for the constrained registration can then be stated as

ĥt, ẑt = arg min
h,z

å
i

IDT,t+ 1 (P � Tc(h, z) � m i,t) . (10.7)

Optimization was performed using a nearest-neighbor search, as for the training
phase [Duda 01]. Given the parameters ĥt, ẑt, the catheter model can be updated
to m i,t 2 R4 by

8i : m i,t+ 1 = Tc(ĥt, ẑt) � m i,t. (10.8)

A grid search was used for optimization. The search domain is giv en asW � R2.
A structogram of the presented motion compensation method is given in Struc-
togram (10.1). The same transformation Tc(ĥt, ẑt) is then applied to the 3-D volu-
metric data set that is used to compute the image overlay by 2-D forward projec-
tion of the 3-D model based on the known projection geometry. This w ay, we can
achieve a 3-D motion compensation for monoplane �uoroscopic im ages.

The results of the constrained registration are compared to an unconstrained
method that uses full 3-D translation as a motion model, as stated in Section 9.3.
To this end, an unconstrained registration to monoplane �uoroscopy is performed.
In this case, Eq. (10.2) is adapted to the monoplane case by rewriting it as

ĥ
0
= arg min

h
å
i

IDT,t+ 1 (P � Tu(h) � m i,t) . (10.9)

Motion compensation is then performed using ĥ
0

to update the catheter model
as in Eq. (10.3) and applying the same transformation to the 3-D data set used
to generate the overlay images. A structogram of the unconstrained app roach is
given in Structogram (9.2).
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Structogram 10.1: Patient-Speci�c Motion Compensation by Registration
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10.4 Evaluation and Results

In this section, we evaluate the performance of our proposed motion- model con-
strained 2-D/3-D registration algorithm for motion compensation a nd present the
results. The tracking accuracy of the constrained and unconstrained methods were
calculated by comparison to a gold-standard segmentation. For evaluation, 23
clinical biplane sequences were available. The �uoroscopic sequences were ac-
quired during standard electrophysiology procedures. The circum ferential map-
ping catheter was placed at the ostium of the pulmonary vein during ima ge ac-
quisition. The catheter is usually �rmly placed to ensure a good wall c ontact. A
suboptimal wall contact may lead to undetected residual PV-atrial ele ctrical con-
nections, and potentially to an incomplete pulmonary vein isolatio n. One gold-
standard segmentation was available for each sequence, i.e., thecatheter was seg-
mented by one expert observer in each frame of the whole sequence. Our data was
taken from 16 different patients at two clinical sites. All �uorosc opic sequences
were recorded on AXIOM Artis dBC biplane C-arm systems (Siemens AG, Health-
care Sector, Forchheim, Germany). The training of the classi�er was performed on
a two-fold cross validation, i.e., the biplane sequence considered for evaluation
was excluded from the training data set. For each sequence, a 3-D model was
generated as described in Chapter 2. Afterwards, the constrained method was
evaluated by using each image plane of the biplane sequences independently. The
frames used for the generation of the motion model were excluded fro m evalua-
tion. For the unconstrained approach, the same frames were used for evaluation
to achieve comparable results. The constrained method used a training phase of
50 % of the sequence. The shortest sequence available comprised 10 frames, and
the longest 117. Individual sequences for training of the motion mo del were not
available.

A 2-D tracking error was obtained by calculating the average 2-D di stance
of the projected catheter model to the gold-standard segmentation. Th e uncon-
strained method achieved an average 2-D tracking error of 0.78 mm with a total
minimum of 0.28 mm and a total maximum of 2.82 mm. The performance o f the
constrained method did not differ much and yielded an average 2- D tracking error
of 0.86 mm with a total minimum of 0.27 mm and a total maximum of 3.24 mm.
The frames of the training phase were not included. The frame with the maximum
error is presented in Figure 10.2. Tracking in this frame is comp romised by a bar-
ium sulfate swallow to obtain the position of the esophagus. The evaluati on of the
unconstrained method was performed on the same frames as for the method using
the patient-speci�c motion model. The comparison of the 2-D tracki ng accuracy of
both methods is shown in Figure 10.1.

As the motion estimation and compensation is performed in 3-D, and for each
case we have biplane sequences to derive the ground truth position in 3 -D, a 3-D
error can be estimated as well. We use the same methods for evaluation as in
Chapter 8 and Chapter 9. The tip of the circumferential mapping cathe ter was
manually localized in 3-D by triangulation from two views and is use d as an esti-
mation of the real 3-D motion. For the 46 tested sequences, the observed motion on
the frames used for evaluation was on average 3.88 mm � 2.05 mm with a max-
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Figure 10.1: Comparison of the 2-D tracking accuracy of the patient-spec i�c motion model
and the unconstrained 2-D/3-D registration. The patient spe ci�c motion model yielded an
average 2-D error of 0.86 mm � 0.37 mm. On the same frames, the unconstrained method
yielded an average 2-D error of 0.78 mm � 0.30 mm.

imum observed motion of 10.31 mm. These motion errors exclude the tr aining
phase. The patient-speci�c motion compensation approach yield ed a 3-D track-
ing error of 1.63 mm with a total minimum of 0.08 mm and a total maximum o f
6.98 mm. The unconstrained approach performed considerably w orse with an
average 3-D error of 2.44 mm with a total minimum of 0.16 mm and a total max-
imum of 8.38 mm. A comparison of the 3-D error between the patient-sp eci�c
motion compensation and the unconstrained approach is given in Fi gure 10.3. A
comparison between the observed motion and the patient-speci�c co mpensation
approach is given in Figure 10.4.

Even though the patient-speci�c motion compensation method perform ed well,
the gold-standard biplane method in Chapter 8 is still superior reg arding the 3-D
accuracy. Evaluating the biplane approach on the same frames and excluding the
training phase, yielded an average error of 1.29 mm � 0.72 mm. However, its
better accuracy comes at the cost of increased X-ray dose. A comparison of our
constrained approach and the biplane approach is given in Figur e 10.5.

As drift is an often discussed issue when evaluating tracking method s, we also
considered the tracking error over time. This question is especia lly interesting, as
only one previous frame is considered when tracking the current f rame. In par-
ticular, the tracking result of the previous frame is used for croppin g the region-
of-interest in the current frame. Apart from that, all frames are tr eated indepen-
dently. For example, the 2-D tracking error for sequence # 19 is given in Figure 10.6.
Both, the unconstrained and the constrained approach, achieved comparable re-
sults with the constrained method yielding a slightly higher 2-D err or. Speci�-
cally, in this particular sequence the 2-D tracking error was 0.62 m m � 0.14 mm
for the patient-speci�c method and 0.52 mm � 0.81 mm for the unconstrained
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Figure 10.2: One frame of Sequence #6. Catheter tracking is compromised by a barium
sulfate swallow. This is performed to obtain the position of t he esophagus.

approach, respectively. The patient-speci�c motion compensati on yielded a 3-D
tracking error of 1.36 mm � 0.69 mm, in comparison to the 3-D tracking error of
2.14 mm � 1.02 mm for the unconstrained method. Both methods did not suffer
from drifting issues, suggesting that our model-based 2-D/3-D regi stration using
a pre-generated 3-D catheter model is robust with respect to sporad ic tracking er-
rors.

The error along the view direction was also evaluated. As this appr oach tries
to somewhat compensate for movements in this direction by using the p atient-
speci�c motion model, the question is if this can be achieved by the p roposed
method. The mean error in view direction yielded 1.03 mm with a tota l minimum
of 0.01 mm and a total maximum of 6.97 mm. On the same frames, the uncon-
strained method also had an average 3-D along the view direction o f 2.05 mm
with a total minimum of 0.01 mm and a total maximum of 8.35 mm. The results
are given in Figure 10.8. This con�rms that estimating object dep th from mono-
plane �uoroscopy is a challenging task as pointed out in [Fall 10a , Fall 10b, Fall 09].
It also con�rms that the patient-speci�c motion model approach is a reasonable
choice for tracking a mapping catheter when put �rmly in place at th e ostium of
a pulmonary vein. The large errors in Sequence #40 are due to the high tracking
error in the 2-D images. If the position in 2-D is not found correctl y, an estimation
of the 3-D position is also not very accurate.

To evaluate the in�uence of the number of frames used during the training
phase, we took the three longest biplane sequences available, consisting of 79, 95
and 117 frames, respectively. These three biplane sequences are split into the six
monoplane Sequences #11, #12, #15, #16, #19, and #20. The training phases for
this evaluation were chosen to comprise 5, 10, 20, 30, and 40 frames, respectively.
The 3-D tracking error versus the number of frames using in the traini ng phase is
shown in Figure 10.9.
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Figure 10.3: Comparison of the 3-D tracking accuracy of the patient-spec i�c motion model
and the unconstrained 2-D/3-D registration. The patient-sp eci�c motion model yielded an
average 3-D error of 1.63 mm � 1.16 mm. On the same frames, the unconstrained method
yielded an average 3-D error of 2.44 mm � 1.24 mm.

To further evaluate how robust our method behaves against catheter mod el
errors, the longest available sequence was chosen and the respective 3-D model
was disturbed by Gaussian noise with a standard deviation s 2 f 0.0 mm, 0.5 mm,
1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm, 3.0 mmg. Afterwards, tracking was performed
and evaluated. The 2-D and 3-D tracking with respect to the Gaussian n oise are
shown in Figure 10.10. Our method is optimized for multi-core CPUs a nd achieves
a frame rate of 5 fps on an Intel Quad Core with 2.20 GHz. The optimiza tion of the
objective function in Eq. (10.7) was performed by a grid search. The function was
evaluated 25,921 times for each frame in 54.65 ms on the aforementioned architec-
ture.

10.5 Discussion and Conclusions

The initialization of the circumferential mapping catheter model us ed for motion
compensation is required only once. The 2-D/3-D registration inc orporates the
projection matrix, so no model re-initialization is required if th e view direction of
a C-arm is changed. Although, model re-initialization is usually n ot time consum-
ing, it does interrupt the work�ow because manual interaction invol ving the user
is required. In fact, while the catheter model can be calculated in le ss than 55 ms on
our PC platform, user feedback for model initialization carries th e risk that things
are slowed down considerably. The accuracy of the model generation has already
been evaluated in Chapter 2. To further investigate the effect of catheter model er-
rors, one sequence was tested with noisy input models. Gaussian noise with zero
mean was used to disturb the model in 3-D. The results are shown in Figur e 10.10.
While the average 3-D error is almost constant, the maximum error v aries a lot.
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Figure 10.4: Comparison of the patient-speci�c motion compensation to t he ob-
served motion. The patient-speci�c motion model yielded an a verage 3-D error of
1.63 mm � 1.16 mm. The observed motion was 3.88 mm � 2.05 mm.

We attribute this to the randomness of the noise as in one case might be more de-
structive than in another case. The same holds for the errors in 2-D. The average
errors are increasing and tracking fails in more frames with in creasing noise. The
increase in average errors is also partially due to the projection of the distorted
3-D model. The larger the amount of noise used, the farther away the p rojection
gets from the ideal 2-D position. The good performance of the prop osed method
is due to the combination of a distance transformed segmentation and a 2-D/3-D
registration. Both methods on its own would probably not be able to ha ndle such
errors, but their combination increases the robustness of this motio n compensation
approach.

The computation of the motion model requires a training phase. We used 50 %
of the available biplane sequence to compute the principal motion ax is. In clini-
cal practice, this could be included into the work�ow. At the beginni ng of each
AFib ablation procedure, the signals at the PVs are documented and th e correct
position of the circumferential mapping catheter is veri�ed by con trast injection
and, if available, using a short biplane sequence. Given the amount of contrast
agent, this sequence might already be suf�cient to set up our propose d motion
model. As four pulmonary veins are to be ablated during the procedure , it might
be necessary to train four individual motion models, i.e., one for each of the PVs.
Evaluating the 3-D tracking error with respect to number of frames use d during
the training phase, we conclude that our method is insensitive to the le ngth of the
training phase, as shown in Figure 10.9. Even though a short sequence might be
suf�cient to estimate the principle direction of the motion, a full bre athing cycle
should be used for best results. For example, if the patient is consciously sedated,
the physician could ask the patient perform a deep inhale and exha le during the
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Figure 10.5: Comparison of the patient-speci�c motion compensation to t he learning-
based biplane approach as presented in Chapter 8. The patient-speci�c motion model
yielded an average 3-D error of 1.63 mm � 1.16 mm. The biplane approach yielded an
average 3-D error of 1.29 mm � 0.72 mm.

training sequence for the motion model. Using general anesthesia, this might not
be required.

Our proposed method is able to achieve a 3-D accuracy of about 1.63 mm �
1.16 mm. As before, we use a threshold of 2.00 mm to determine tracking fail-
ures. The patient-speci�c approach yielded a 2-D success rate of 98.89 % and a
3-D success rate of 72.22 %. In comparison, the unconstrained approach yielded a
better 2-D success rate of 99.52 %, but a much more worse 3-D success rate, being
41.11 %. Nevertheless, to reduce the 3-D error, one could employ simultaneous bi-
plane imaging which comes at the cost of a higher dose for patien t and the medical
staff [Bros 10c]. The learning-based biplane approach from Chapter 8 yielded an
average 3-D error of 1.29 mm � 0.72 mm and a success rate of 85.71 %. A compar-
ison between the patient-speci�c motion model and the unconstrained approach
is given in Table 10.1. As physicians are used to 2-D projection images and the
2-D error is lower, it is an open question whether a 3-D error of 2. 00 mm can be
accepted or not. It seems as if a clinical evaluation of the proposed method should
be performed in order to evaluate the clinically required accuracy .

The limitation of our method is mainly related to the fact that motion al ong
the view direction can not be fully accounted for, because it is dif� cult to estimate
depth information reliably from monoplane projection images [ Fall 09, Fall 10a,
Fall 10b]. Using an unconstrained approach, the 3-D error remai ns high, espe-
cially along the view direction, see Figure 10.8. Depth correctio n could be per-
formed by analyzing the width of the object, as mentioned in Chapter 9. But this
requires a perfect segmentation of the catheter and the exact knowledge of the
catheter's dimensions. Any noise or inaccuracy in the 2-D segmentation or the
3-D model would signi�cantly deteriorate the accuracy of depth estim ation. Even
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Figure 10.6: Comparison of the patient-speci�c motion compensation and the uncon-
strained approach for Sequence #19. The patient-speci�c motion model yielded a 2-D
tracking error of 0.62 mm � 0.14 mm. The unconstrained approach yielded a 2-D error of
0.52 mm � 0.81 mm.

Patient-Speci�c Motion Model vs. Unconstrained

Unconstrained Constrained

Mean 2-D Error 0.78 mm� 0.30 mm 0.86 mm� 0.37 mm
Max 2-D Error 2.82 mm 3.24 mm

2-D Success Rate 99.52 % 98.89 %

Mean 3-D Error 2.44 mm� 1.24 mm 1.63 mm� 1.16 mm
Max 3-D Error 8.38 mm 6.98 mm

3-D Success Rate 41.11 % 72.22 %

Table 10.1: Comparison of the patient-speci�c motion compensation and the uncon-
strained approach.

if the depth information could be accurately estimated, the effect woul d probably
not be clearly visible because the size of the overlay would only c hange slightly.
Nevertheless, 3-D motion errors in X-ray view direction are a maj or contributing
factor why the unconstrained method yields signi�cantly worse res ults, see Fig-
ure 10.3. Our proposed method does not need an explicit depth-esti mation step
thanks to the motion-model. If there is a signi�cant motion in X-ray v iew direction,
then it will be captured by the main motion axis. It depends on the pre ferences of
the physician how to set the C-arm views, if there is motion in the vie w direction.
Physicians might set their C-arm such that most of the motion is cap tured in their
�uoroscopic images. The distance transform provides the main in put for the cost
function. As long as only one circumferential mapping catheter app ears in the im-
age, there is only one global optimum for the cost function. Using our grid-search
approach, we did not run into local optima. Some of these occur aroun d the region
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Figure 10.7: Comparison of the patient-speci�c motion compensation and the uncon-
strained approach for Sequence #19. The patient-speci�c motion model yielded a 3-D
tracking error of 1.36 mm � 0.69 mm. The unconstrained approach yielded a 3-D error of
2.14 mm � 1.02 mm.

of the correct position. If multiple elliptical shaped catheters we re used, more local
optima would appear and our optimization strategy could run into one of th ese.
The same holds if the shape of the circumferential mapping catheter degenerates
and gets closer to a line-like object. Currently, this restricts our me thod to cases
using a single circumferential mapping catheter. Fortunately, the ma jority of AFib
cases belong to this category.

Other 2-D/3-D registration approaches [Turg 05, Yao 03] have not b een tried
yet. Since we are dealing with a very small structure, they are dif�cul t to apply.
Although the method in [Herm 07, Mahf 03] are similar to our approach in spirit,
they involve a direct image-to-image similarity measure which w e �nd more dif-
�cult to evaluate than our current approach.

One gold-standard database comprising 1,288 frames was available for train-
ing. The training on a larger database would further improve the seg mentation re-
sults. The more training samples we have, the more likely we are to c apture most
of the subtle differences. This is particularly important in dif�c ult cases where
contrast may be low. This can happen when treating heavy patients, e.g., due to
scatter radiation [Stro 09]. Our data set comprised biplane �uorosc opic images
of six patients. We encountered two different types of circumferenti al mapping
catheters. One type was used in 11 biplane sequences, and a second type was
used in two more sequences.

Other methods for image-based respiratory motion compensation i n electro-
physiology procedures have been proposed as well [King 09, Ma 10]. The �rst
method uses a different catheter and the second involves a pre-operative data set.
The main shortcoming of these methods is that they do not estimate the m otion at
the site of ablation directly. Therefore, they require either a patie nt-speci�c model
built beforehand as well, or a heuristic prior to infer the motion at the site of ab-
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Figure 10.8: Visualization of the motion compensation error in view dire ction. (a) The mo-
tion compensation error along the view direction of the cons trained method. On average,
an error in view direction of 1.03 mm � 1.06 mm was achieved. (b) The same graph for
the unconstrained method with an average error of 2.05 mm � 1.35 mm.
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Figure 10.9: Mean 3-D tracking error with minimum and maximum error calcu lated over
three sequences with 79, 95, and 117 frames versus differentframe numbers used during
the training phase.

lation from the motion estimates. Since the motion estimates appear to b e joint
estimates of heart and breathing motion, the two motion components ne ed to be
separated for respiratory motion correction. When the motion is es timated in 2-D,
re-initialization is required whenever when the C-arm position c hanges. Our pro-
posed method, on the other hand, captures the relevant motion right a t the site of
ablation and takes it into account real-time. Since our approach uses a 3-D catheter
model, re-initialization after repositioning the C-arm can be av oided. For com-
parison, non-image-based methods for motion compensation inv olving electro-
anatomic mapping systems provide a 3-D mean tracking error of 0. 7 mm [Geps 97]
which is comparable to our mean 2-D tracking error of 0.55 mm. Sin ce we do not
need to record the ECG signal, a stand-alone version of our motion- compensated
�uoroscopy system is more straightforward. A comparison of diff erent methods
to perform motion compensation is given in [Ma 11].

Our method is purely image driven. Considering the catheters avail able dur-
ing AFib ablation procedures, the only other possible catheter can didate to per-
form motion compensation with is the catheter in the coronary sinus, a s proposed
in [Ma 10]. Our proposed method could be extended to learn the motion d iffer-
ence between the circumferential mapping and the CS catheter. The same idea
could be applied to using the diaphragm for motion compensation. Our current
implementation for motion estimation relies on the assumption that the circum-
ferential mapping catheter is �rmly placed at the PV where ablatio n takes place. If
the mapping catheter �oated around freely within the left atrium, we wo uld not
get a reliable motion estimate with our current method. In such a case, we would
need to introduce an additional motion analysis stage to detect the fre e motion.

A comparison between an overlay with and without motion compensati on is
presented in Figure 10.11. In Figure 10.12, a �uoroscopic image with a motion-
compensated 3-D overlay is compared to the original X-ray frame us ing a contrast
injection. In a clinical setup, a physician working on a biplane system is likely
to use the two X-ray image planes in an alternating way. Furthermore, a c ombi-
nation of the proposed patient-speci�c method and the previous bipl ane reference
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Figure 10.10: Tracking error with respect to a noisy catheter model. Gauss ian noise with
different standard deviations was used. (a) The 2-D tracking error with respect to Gaussian
noise. (b) The 3-D tracking error with respect to Gaussian noi se.

approach in Chapter 8 might provide a seamless work�ow and hig h degree of �ex-
ibility to the physicians. For example, during regular procedures , the constrained
method could be used. If a higher accuracy is required, physicians can switch to
a biplane �uoroscopy and the biplane method may start automatically from the
initial position provided by the constrained method.

As the methods presented in this part were evaluated using the same data sets.
The patient-speci�c motion compensation requires biplane traini ng to generate the
motion model. To arrive at a direct comparison of all motion com pensation, the
evaluation was restricted to the same frames. In total, all methods wer e evalu-
ated on 630 monoplane frames. A detailed comparison of the method s is given in
Table 10.2. It can be concluded that the best 2-D error can be achieved by using
the learning-based method for monoplane motion compensation as proposed in
Chapter 7. The 3-D error is best for the biplane method in Chapter 8 , although this
method requires simultaneously biplane �uoroscopy. The �lter-bas ed approach
performs better, but the outliers are more sever than for the learning -based ap-
proach. Regarding the methods for monoplane 2-D/3-D motion comp ensation,
the constrained approach in Chapter 9 and the patient-speci�c motio n compen-
sation as proposed here, perform equally. The patient-speci�c m otion model per-
forms slightly better regarding the 2-D error, but has a slightly hi gher 3-D error.
Here, the question is, which method is preferred by the physician. To what ex-
tent is a better 3-D performance required. Is this the preferred opti on, even if it
might come at the cost of an additional training phase? So far, ph ysicians were
used to work with 2-D projection images only. The proposed method e nables a
3-D visualization overlaid onto the live X-ray images that also mov es in 3-D. Nev-
ertheless, clinical trials are required to compare the visual impr ession of motion
compensation in 2-D and in 3-D.
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(a) (b)

Figure 10.11: A comparison showing the difference whether or not motion co mpensation
is applied on the �uoroscopic overlay. (a) One frame of sequen ce 17 without motion com-
pensation. (b) The same frame of sequence 17 with motion compensation.

(a) (b)

Figure 10.12:Visual inspection of the motion compensation method. (a) On e motion com-
pensated frame of one sequence with 3-D overlay during contr ast injection close to one
pulmonary vein. (b) The same frame without the 3-D overlay.
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Motion Compensation involving Two
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The motion compensation methods presented in Chapters 7, 8, 9, 10 have the
advantage, that the circumferential mapping catheter is directly pl aced at the pul-
monary vein considered for ablation. Therefore, the motion of th e catheter can be
applied directly to the overlay images, either in 2-D or in 3-D. Th e disadvantage
of these methods is that the mapping catheter needs to be moved from one pul-
monary vein to another pulmonary vein for mapping the next pulmona ry ostium.
The circumferential mapping needs to be positioned at each PV ind ividually to
ensure that each is electrically isolated. The approaches so far, can not directly
deal with this problem. In this chapter, a method is presented that is able to detect
non-physiological movement of the circumferential mapping ca theter by using the
information of catheter placed in the coronary sinus. In this chapte r, different data
sets than in the previous chapters were used for evaluation. It was req uired that
both catheters are available in the images without obstructions by con trast agent,
devices, or shutters. Parts of this work have been published in [Bro s 11c].

11.1 Motivation

The methods in Chapters 7, 8, 9, 10 involve tracking of a commonly used cir-
cumferential mapping (CFM) catheter which has been �rmly positio ned at the
ostium of the pulmonary vein in simultaneous biplane images. The dra wback
of this method is a lack to detect when the CFM catheter is moving from o ne PV
to another. Another method has been introduced that tracks a catheter pl aced
in the coronary sinus (CS) vein for respiratory motion compensati on [Ma 10]. The
placement of the CS catheter is usually performed before the trans-septal puncture
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and is used during the procedure to stimulate a certain heart rate. The me thod in
[Ma 10] uses a blob-detection algorithm to �nd the electrodes of the ci rcumferential
mapping catheter. Motion compensation is facilitated by using the mo st proximal
electrode. This electrode is used to estimate the motion of the pulmonar y veins us-
ing a low-pass �lter. For motion compensation, we settled on the CFM approach,
because our data did not reveal a suf�ciently strong correlation betw een the mo-
tion at the CS catheter and the PV ostium. To explain our �ndings, let us � rst
recall that the CS catheter, placed in the coronary sinus vein, lies between the left
atrium and the left ventricle. As a result, its motion may be highly in� uenced by
the motion of the ventricle as well, i.e., the heart beat. The motion o f the circum-
ferential mapping catheter, on the other hand, is restricted because the left atrium
is connected to the lungs via the pulmonary veins. Although we decided against
using the CS for motion estimation directly, we found it very useful as a n anchor,
i.e., to detect if the CFM catheter is moved from one PV ostium to the next. To this
end, we assumed that the absolute distance between CS catheter and CFM catheter
remains suf�ciently stable to classify whether the CFM catheter has b een moved
away from a PV ostium. To achieve a reliable and robust motion comp ensation,
we track both catheters at the same time and compare the absolute 2-D distance
between the virtual electrode and the loop's center of the circumferen tial mapping
catheter between two consecutive frames. If the distance changes by more than a
certain percentage, we assume that the CFM catheter has been moved from one
pulmonary vein to another. To obtain a good anchor point along the C S catheter,
we decided to introduce a virtual electrode (VE). It is placed on the C S catheter
more proximal than any other electrode. Below, we brie�y explai n motion com-
pensation �rst. Then we turn to our evaluation and the results. Afterwards , we
discuss our results and draw conclusions from this work.

The proposed algorithm consists of two catheter tracking approach es, one for
the circumferential mapping catheter and one for the CS catheter, and the detec-
tion of non-physiological movement. The tracking of the coronar y sinus catheter
includes the tracking of the virtual electrode as well. In the �rst subs ection, the
tracking of the circumferential mapping catheter is brie�y summari zed. In Sub-
section 11.3, the tracking of the CS catheter as well as the virtual electrode is
brie�y described. The approach for tracking the CS catheter has b een proposed
in [Wu 11]. An implementation of this work was made available by th e authors of
[Wu 11]. In the next section, the detection of non-physiological m ovement based
on the position of both catheters is described.

11.2 Circumferential Mapping Catheter Tracking

The tracking of the circumferential mapping catheter follows the le arning-based
approach in Chapter 7. In this case, only a 2-D catheter model is available from
manual initialization. Image processing is performed as descr ibed in Chapter 6
following the learning-based catheter segmentation. As a 2-D/2-D registration is
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(a) (b) (c) (d)

Figure 11.1: CS catheter detection and VE tracking. (a) Fluoroscopic image with user
inputs, electrodes and VE. (b) Automatically detected elect rode positions without decision
which electrode is the tip and which electrodes belong to the body. (c) Detected catheter
body points. (d) Tracked electrodes and VE. The most distal el ectrode in cyan, the most
proximal in green, and all other electrodes in yellow. The vir tual electrode is presented in
red.

used to register a 2-D catheter model to the segmentation of the circumferential
mapping catheter. The optimal translation l̂ is found by minimizing

l̂ = arg min
l

å
w

IDT(s(w) + l ) (11.1)

with s(w) denoting a point of the catheter model and the spline parameter w 2
[0, 1]. As optimization strategy, multi-scale grid search was used [Duda 01 ].

11.3 Virtual Electrode Tracking

The CS catheter is modeled by a set of electrodes, starting from the tip of the
catheter going through each individual electrode and the most proxi mal electrode
(MPE), to the virtual electrode (VE). Figure 11.1 (a) illustrates an example of a CS
catheter with 3 electrodes (yellow, and green) other than the tip (cya n). The elec-
trode of the CS catheter are usually clearly visible. The CS tracking method pre-
sented in [Ma 10] used a simple blob-detection to �nd these electrode s. The virtual
electrode, red in Figure 11.1 (a), is a reference point on the CS catheter initialized
by the user clicking on an arbitrary proximal position along the ca theter. The rea-
son to introduce a virtual electrode is to have a reference point whic h is proximal
enough to serve as a better motion estimation reference. The CS catheter is placed
in the coronary sinus at the beginning of the procedure and usually no t moved
during the procedure. Similar to the circumferential mapping cathete r, manual
interaction is used for the �rst frame in the sequence to generate the in itial CS
catheter model. For the remaining frames, we track all the electrod es, including
the virtual electrode. At the end, we use the virtual electrode as a refer ence point
to indicate the change of circumferential mapping catheter position from one PV
to another. Tracking of the virtual electrode is conducted in a two-stag e process.
In the �rst stage, we robustly track all the real electrodes between the tip and the
most proximal electrode on the CS catheter. In the second stage, the virtual elec-
trode is inferred by the MPE along the CS catheter using a geodesic constraint. By
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Displacement Detection

D? 2 % 5 % 6 % 7 % 10% 15% 20%

VE
FP 22.7 % 5.8 % 4.2 % 2.7 % 0.5 % 0.0 % 0.0 %
FN 0.0 % 0.0 % 14.3 % 57.1 % 42.9 % 57.1 % 85.7 %

Table 11.1: Displacement detection using the absolute difference betw een the CFM
catheter and the VE on the CS catheter. False positive (FP) isthe percentage of wrongly
detected motion and false negative (FN) of undetected motio n.

our experiment, we demonstrate that the motion of the virtual electrode i s much
more consistent with the circumferential mapping catheter compare d to the MPE
or other electrodes on the catheter.

In our work, catheter tip, electrodes and catheter body points are dete cted at
each frame using trained classi�ers. The classi�ers use Haar-l ike features, and
steerable features. Each classi�er is a probabilistic boosting tree [Tu 05]. The set
of detected electrodes and tips at each frame is fed to a non-maximal suppression
stage that cleans-up clustered detections. Robust hypothesis matching through
a Bayesian framework is then used to select the best hypothesis for each frame.
Please refer to [Wu 11] for the detail of the algorithm. Figure 11.1 s hows an exam-
ple of input data with user initialization, detected electrodes, detec ted body points
and tracking results.

11.4 Displacement Detection

Motion compensation was performed by tracking the circumferentia l mapping
(CFM) catheter. The center of the elliptical part of the circumferen tial mapping
catheter for time t is given as st 2 R2. The virtual electrode of the CS catheter is
given as cVE,t 2 R2. The relative change DVE,t+ 1 between the catheters from frame
t to frame t + 1 is computed by

DVE,t+ 1 =
�
�
�
�
jjst � cVE,t jj 2 � jj st+ 1 � cVE,t+ 1jj 2

jjst � cVE,t jj 2

�
�
�
� . (11.2)

If the relative change DVE,t+ 1 increase more than a certain threshold D?
VE 2 R, we

assume non-physiological movement, i.e., the CFM catheter is moved from one
PV to another. In this case, no motion compensation is applied to the � uoroscopic
images, even though catheter tracking is still performed. As soon a s the absolute
distance becomes stable again, i.e., the distance change is lessthan D? 2 R, the
motion of the tracked CFM catheter is again applied to the �uoroscopic overlay.
A summary of the presented catheter displacement detection method fo r motion
compensation is given in Structogram (11.1).
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Initialize Circumferential Mapping Catheter

Initialize CS Catheter
For Every Frame

Track CFM Catheter
Calculate Catheter Center st

Track CS Catheter
Get VE Position cVE,t

Compute DVE,t

DVE,t < D?
VE

true false
Apply Motion Compensation No Motion Compensation

Structogram 11.1: Dynamic Detection of Catheter Displacement

11.5 Evaluation and Results

Our methods were evaluated on 14 clinical data sets from two differen t hospi-
tals and from 10 different patients using leave-one-out validatio n. During three
of these sequences, a 10-electrode CS catheter was used. In the remaining data
sets, 4-electrode catheters were chosen. The images were either 512 � 512 pixels
or 1024� 1024 pixels. The pixel size varied between 0.173 mm and 0.345 mm. Im-
age acquisition was performed without using ECG-triggered �uorosc opy. Hence,
both respiratory and cardiac motion were present. At �rst, we eval uated the accu-
racy of the tracking methods. The gold-standard segmentations of b oth catheters
were manually generated for each frame in every sequence. The segmentation
was supervised by an electrophysiologist. For the CS catheter, a gold-standard
segmentation of the whole catheter and the individual electrodes as w ell is avail-
able. The tracking errors were computed by considering the 2-D Euc lidean dis-
tance of the catheter models to the gold-standard segmentations, as detailed in
Chapter 7. The results are given in Figure 11.2(a). The CFM localization yielded
an average 2-D error of 0.55 mm, which includes the inherent mod el error. The
detection of the MPE on the CS catheter yielded an average 2-D error of 0.52 mm.
The VE detection yielded an average 2-D error of 0.49 mm. The detection error
of the virtual electrode was computed as the distance to the closest poin t on the
catheter. Further, we compared the motion calculated from the catheter d etection
methods to the motion observed at the PV ostia. This motion was obtaine d by
using a gold-standard segmentation of the circumferential mapping catheter. The
center of the 2-D catheter model was used to calculate the underlying moti on of
the PV between successive frames. The comparison is given in Figure 11.2(b). The
circumferential mapping catheter is considered as point of refe rence regarding the
motion compensation. The catheter is stably �xed at the ostium of the pul monary
vein and therefore represents the motion of the left atrium. The motio n obtained
by CFM catheter detection differs on average by about 0.48 mm from th e real mo-
tion, whereas the motion from the most proximal CS electrode had a m ean error of
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Figure 11.2: (a) Accuracy for the catheter tracking methods. Tracking of t he circumferen-
tial mapping (CFM) catheter, the most proximal electrode (M PE) on the CS catheter, and
the virtual electrode (VE) on the CS catheter. (b) Difference between the observed motion
by the circumferential mapping catheter and the catheter tr acking methods.

about 2.61 mm. Using the virtual electrode, we could reduce the mean er ror from
2.61 mm to 1.68 mm. The maximum difference between the true and the estimated
motion using the CFM catheter was 2.06 mm. The MPE was off by up to 11.80 mm
and the VE by up to 7.14 mm, see Figure 11.2(b). The 14 �uoroscopic sequences
used for evaluating the tracking performance had the CFM catheter �rm ly placed
at a single pulmonary vein, i.e., the CFM catheter was not moved fr om one PV to
the next. To evaluate our displacement detection method, �ve further se quences
were added to our data set. For each of these sequences, a gold-standard segmen-
tation is available. In addition to that, the frames between which the C FM catheter
was moved away from the PV were annotated. To detect CFM catheter dis place-
ment, we introduced a displacement threshold. The displacement threshold is a
percentage of the distance between VE and the center of the loop representing
the CFM catheter. Results for different displacement thresholds a re given in Fig-
ure 11.1. A change in the absolute distance of 5 % from one frame to the next
turned out to be the best threshold for detecting catheter repositioning in our ex-
periments. In this case, the false positive rate was 5.8 %, i.e., in5.8 % of the frames
non-physiological was wrongly detected. We decided on the VE fo r displacement
detection, because it turned out to be a much more stable reference than the MPE.
This can be seen, e.g., by taking a look at their mean errors and maximum differ-
ences, see Figure 11.2(b).

11.6 Discussion and Conclusions

The results indicate that our catheter localization and tracking algo rithms are ac-
curate enough to meet clinical needs, as the tracking errors are below the threshold
of 2.00 mm. The tracking results are given in Figure 11.2(a). In our experiments,
involving non-ECG-triggered �uoroscopic data acquired under fr ee breathing con-
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(a) (b)

Figure 11.3: (a) Motion compensation using the circumferential mapping catheter. (b)
Motion compensation using the most proximal electrode on th e coronary sinus catheter.

ditions, only tracking of the CFM was accurate enough to be directly ap plicable to
motion compensation without any need for a more sophisticated motio n model,
see Figure 11.2(b). The tracking of the circumferential mapping catheter yielded
an overall average error of 0.55 mm. Since this error also contains some model
error of the underlying spline catheter model, which is not adapte d over time, the
actual tracking performance of the distance-transform-based meth od might even
be better. The number of spline points were selected between 50 and 100, depend-
ing on the manual initialization. The motion difference between the real motion at
the PV ostia and the estimated motion, yielded a maximum error of 2.06 mm. The
same error for the MPE was 11.80 mm and 7.14 mm for the VE, respectively, see
Figure 11.2(b). From these numbers, we conclude that the circumferential map-
ping catheter is the best surrogate for the motion of the left atrium. At � rst sight,
our observations seem to contradict the results reported in [Ma 10]. H ere, a mo-
tion compensation error based on the CS catheter is reported to be as small as
1.6 mm � 0.9 mm. Maybe the varying results are due to differences in how the
procedures were performed. For example, some centers apply general anesthe-
sia while only mild sedation was used in our cases. Some clinical sites also pro-
vide a setup where ECG signals can be recorded on the �uoroscopy sy stem. The
ECG could be exploited to select proper �uoroscopic frames. As our cases came
from multiple sites using different ECG recording equipment, we de cided to not
take advantage of any ECG signals to keep things consistent. The choice for one
method or the other may come down to how well you control the procedure . For
example, if there is general anesthesia, stable sinus rhythm, andavailable ECG in-
formation, the approach presented in [Ma 10] may be the method of ch oice. How-
ever, in the general case it might not be straightforward to apply it as successfully.
Although we found it dif�cult to rely on the CS catheter for motion compe nsa-
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tion, we observed that it can be used to detect displacement of the CFM catheter.
If the distance between the circumferential mapping catheter and the v irtual elec-
trode changes by a certain amount, we assume that the mapping catheter has been
moved from one PV to the other. From our experiments, using the absolute dis-
tance between the CFM and the VE yielded the best results to detect that the CFM
moved away from a particular PV. A change in the absolute distance of 5 % was
the best threshold in our experiments yielding a false positive ra te of 5.8 %. Com-
pared to a mis-detection which may lead to incorrect �uoroscopic o verlays, a false
detection is preferred. In the worst case, there are a few frames without motion
correction.
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In this chapter, a motion compensation approach is proposed that i s based on
the observation of the coronary sinus (CS) catheter. It requires a training phase
during which the circumferential mapping catheter is tracked togethe r with the
CS catheter. Features extracted from the CS catheter are used to compute an ar-
ti�cial heart value and are stored together with the position of the cir cumferen-
tial mapping catheter. Assuming that the circumferential mapping ca theter is not
available after the training phase, an arti�cial heart cycle val ue is determined from
the observed coronary sinus catheter and an estimation of the positio n of the cir-
cumferential mapping catheter is computed. This chapter summarizes the result
of the Bachelor Thesis of Sebastian Kaeppler [Kaep 12a]. Parts of this chapter have
been published in [Kaep 12b].

12.1 Motivation

The targets of atrial �brillation ablation procedures are the ostia o f the pulmonary
veins. In general, three catheters are used during the procedure. At �rst a mapping
catheter is placed in the coronary sinus vein. The coronary sinus v ein lies in the
sulcus between the left ventricle and the left atrium. An ablation cathe ter and a cir-
cumferential mapping catheter are brought into the left atrium using tra ns-septal
punctures. The circumferential mapping catheter is positioned at the ostium of
the pulmonary vein (PV) considered for ablation. By doing so, the electrophysi-
ologist performing the procedure can guarantee a successful isolation of the pul-
monary vein. Unfortunately, the overlay images are compromised by cardiac and
respiratory motion. Recent approaches for motion compensation involve catheter
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tracking of at least one of these catheters. They have shown to improve the quality
of these overlay images [Bros 11c, Ma 10]. The work in [Ma 10] facilitates motion
compensation using the CS catheter, whereas the work presented in the previous
chapters uses the circumferential mapping catheter. The downside o f using the
CS catheter is the fact that this catheter is not inside the left atrium. T herefore,
its motion is more in�uenced by the left ventricle than the left atrium. Further-
more, this catheter might not always be visible depending on col limator or zoom
settings of the imaging system. The circumferential mapping cathete r on the other
hand is moved on purpose during the procedure and is usually position ed at the
PV considered for ablation. This movement requires either user i nteraction or a
movement detection algorithm, as presented in the previous chapter . In addition,
if only one trans-septal puncture is performed, only one catheter is inside the left
atrium. By doing so, the circumferential mapping catheter is brought to the left
atrium before and after the ablation of one PV, to measure the signals, switching
places with the ablation catheter.

We present a new method that reduces the disadvantages of both previ ous
methods. To this end, we use a training phase during which both cathete rs are
tracked. After the training phase, a motion prediction model is cal culated. Af-
ter that, the prediction model can be used to estimate the cardiac and respiratory
motion by observing only the CS catheter.

Our method is separated into three steps. The �rst step is the training p hase in
which both catheters are tracked. In the second step, the features to estimate the
motion are computed. The third step is the actual motion compensation dur ing
the procedures.

12.2 Training Phase

For every image in the training phase, the circumferential mappin g catheter and
the CS catheter are tracked. Their positions are stored for later computations.
Tracking of the catheters themself is performed by using the method p roposed
in [Wu 11]. This approach was brie�y summarized in Subsection 11 .3.

The catheters are modeled by a set of electrodes, starting from the tip of the
catheter going through each individual electrode. Manual interactio n is used for
the �rst frame in the sequence to generate the initial catheter models. For the
remaining frames, all electrodes are tracked. The electrodes are detected in each
frame using trained classi�ers. The classi�ers use Haar-like a nd steerable features.
Each classi�er is a probabilistic boosting tree [Tu 05]. The set of detected electrodes
and tips at each frame is fed to a non-maximal suppression stage that cleans-up
clustered detections. Robust hypothesis matching through a Bayesian framework
is then used to select the best hypothesis for each frame. Please refer to [Wu 11] for
the details of the algorithm.
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12.3 Motion Prediction Model Generation

In order to build our motion model, we need to determine the cardiac ph ase for
each training image. One could use ECG data to determine the cardiac phase
for a given frame. Unfortunately, this data is not always readily a vailable at the
imaging system. Additionally, its accuracy may be affected by irr egularities of
the heart beat. Here, the computation of the cardiac phase is based ona pattern
recognition approach instead. In particular, we exploit the fact that respiration
causes only a slight rotational movement of the heart [McLe 02, Shec 04], while the
electrodes of the CS catheter show a large relative rotative movement during the
cardiac cycle. We try to capture this movement due to the cardiac cycle using a
feature set based on the positions of the electrodes of the CS catheter.The tracked

electrodes of the CS catheter are denoted asc(t)
i = ( u(t)

i , v(t)
i )T with i 2 [1,K] and

K being the number of electrodes, and t 2 f 1, . . . ,L, . . . ,Tg and L the number of
images in the training sequence. The image coordinate system is de�ned by u and

v. For simplicity, we denote the most distal electrode as c(t)
1 and the most proximal

one asc(t)
N . The center of the mapping catheter in frame t is denoted as mt 2 R2.

The following features f (t)
1 , . . . ,f (t)

5 for image t are computed for all images in the
training set from the tracked positions of the CS electrodes:

• The �rst feature is the u-position of the most distal electrode divided by the u-
position of the most proximal electrode. The positions are in abs olute image
coordinates and not related to a reference frame. The computation i s done as

f (t)
1 =

u(t)
1

u(t)
N

. (12.1)

• The second feature is calculated similar to the �rst feature, but inste ad of
using the u-coordinates, the v-coordinates are used. This feature is calculated
by

f (t)
2 =

v(t)
1

v(t)
N

. (12.2)

• The third feature is the angle between the u-axis of the image and the line
spanned by the most proximal and most distal electrode. The comp utation
of this features is

f (t)
3 = tan� 1

 
ju(t)

1 � u(t)
N j

jv(t)
1 � v(t)

N j

!

. (12.3)

• The fourth feature is the angle between the u-axis of the image and the li ne
spanned by the most proximal electrode and the one next to the most d istal
electrode. This feature is computed as

f (t)
4 = tan� 1

 
ju(t)

2 � u(t)
N j

jv(t)
2 � v(t)

N j

!

. (12.4)
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• The �fth and last feature is the angle between the u-axis of the image a nd the
line spanned by the most proximal electrode and the one second next to the
most distal electrode. Its computation is done by

f (t)
5 = tan� 1

 
ju(t)

3 � u(t)
N j

jv(t)
3 � v(t)

N j

!

. (12.5)

These features capture CS catheter rotations and deformations, which are typical
for cardiac motion. Yet, they are relatively invariant to translati on motion, which
is characteristically for respiratory motion. As these feature val ues have different
ranges, they are normalized to the range [0, 1]. This normalization is stored for
later use. The resulting features f̃1, . . . ,f̃5 are combined to feature vectors f t as

f t = ( f̃ (t)
1 , f̃ (t)

2 , f̃ (t)
3 , f̃ (t)

4 , f̃ (t)
5 )T. (12.6)

To reduce the dimensionality of the feature vector, a principle comp onent analysis
is performed. First, the mean feature vector is calculated by

f =
1
L

L

å
t

f t. (12.7)

In the next step, the covariance matrix is calculated by

S =
1

L � 1

L

å
t

(f t � f ) � (f t � f )T. (12.8)

Now, the eigenvalues and eigenvectors of S are computed. Let em be the eigen-
vector corresponding to the largest eigenvalue of the covariance matrix S. The
unitless cardiac cycle value Jt 2 R for every image in the training sequence is then
computed by

Jt = eT
m � (f t � f ), (12.9)

which is the length of the orthogonal projection of the feature vector o nto the �rst
eigenvector. Thus, a correspondence between the calculated cardiac cycle valueJt
and the stored position of the mapping catheter mt has been established

Jt ! mt. (12.10)

To summarize the training step, an arti�cial heart cycle value Jt is computed from
the observations of the electrode on the CS catheter and associated with the posi-
tion of the center of the circumferential mapping catheter mt. For the use of the
training data, two parts of information need to be stored. The �rst is the nor-
malization of the feature values from fi to f̃i . The second piece of information is
the triplet of the heart cycle value Jt, the position of the circumferential mapping

catheter mt, and the position of the most proximal electrode c(t)
N .
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12.4 Motion Compensation using Motion Prediction
Model

For motion compensation, we assume that the circumferential mappin g catheter
is no longer available. Therefore, only the tracking results for the CS catheter are
required. To apply the compensation, the features need to be computed f or the
new image. The features are computed as described above and the same normal-
ization as for the training data is applied. The features are then com bined to the
new feature vector fnew . The new heart cycle value Jnew corresponding to the new
feature vector is calculated by

Jnew = eT
m � (fnew � f ). (12.11)

In the next step of the motion compensation, two training samples that are closest
to the current image with respect to cardiac phase need to be found. Th e �rst
one, denoted b, is earlier in the cardiac cycle than the new image. The other one,
denoted g, is later. To do so, the following minimization problem is consi dered for
the sample index b

b = arg min
t

Jt< Jnew

(jJt � Jnew j)2 + i � (u(t)
N � u(new)

N )2 (12.12)

with the regularization parameter i 2 R. For the sample g, the constraint Jt <
Jnew in Eq. (12.12) is replaced byJt � Jnew. The position of the most proximal

electrode in u-direction, u(new)
N , is used for regularization. The idea behind this

term is to reduce the effect of errors in the calculation of the heart cy cle, which may,
for example, arise from slight inaccuracies in the catheter track ing. The cardiac
cycle values Jb and Jg correspond to the two samples closest to the new frame
with the observed cardiac cycle value Jnew . These two values are used to compute
estimates for the position of the circumferential mapping catheter

m̂new,b = mb +
�

c(new)
N � c(b)

N

�
, (12.13)

m̂new,g = mg +
�

c(new)
N � c(g)

N

�
. (12.14)

The difference terms in Eq. (12.13) and Eq. (12.14) provide thecompensation for
respiratory motion. For two images in the same cardiac phase, we assume that any
remaining motion must be due to respiration. Since we also assume tha t the CS
and the mapping catheter are equally affected by respiratory motion , we simply
apply the difference vector between the proximal electrodes of the CS catheter in
the two images to the estimate of the position of the mapping catheter. The prox-
imal electrode was chosen because it shows the least intra-cardiac motion with
respect to the mapping catheter. These two values are combined to calculate the
�nal estimate as

m̂new = k � m̂new,b + ( 1 � k) � m̂new,g (12.15)
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Apply Temporal Lowpass Filter

Perform Motion Compensation using m̂new

Structogram 12.1: Motion Compensation using Coronary Sinus Catheter

representing a linear interpolation with respect to the heart cycl e values. The scal-
ing value k 2 R between the two estimates is calculated by

k =
jJg � Jnew j
jJg � Jbj

. (12.16)

In case of high acquisition frame rates � 15 frames-per-second, we apply a tem-
poral lowpass �lter

m̂0
new = d � m̂new + ( 1 � d) � m̂new� 1 (12.17)

with the smoothing parameter d 2 [0, 1]. This is motivated by the fact that the
motion of the heart is smooth in high frame rate image sequences. A summary of
the presented motion compensation method is given in Structogram (12 .1).

12.5 Evaluation and Results

For evaluation, 6 sequences from two different hospitals were ava ilable. The avail-
able data set comprises a total of 508 frames. The length of the sequences var-
ied between 49 and 117 frames. Each sequence was split into two disjoint sets of
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Figure 12.1: Tracking errors during the training phase. The CS catheter wa s tracked with
an average error of 0.62 mm � 0.34 mm. The circumferential mapping catheter was tracked
with an accuracy of 0.71 mm � 0.22 mm.

frames. One set, comprising the �rst 30 frames of the sequence, was used for the
patient-speci�c training of the model. The remaining set was used for evaluation.
This resulted in a total number of 328 frames available for evaluatio n. In a clini-
cal scenario, usually more time passes between training and compensation phase.
The �rst sequence was acquired using ECG-triggered �uoroscopy. W e chose to in-
clude this sequence to see how our method handles respiratory motion w ith only
residual cardiac motion. The other sequences were acquired with ei ther 15 or 30
frames-per-second. We compare our results to an uncompensated overlay as well
as to the method proposed in [Ma 10], which uses only the CS catheter for motion
compensation. The values of 0.01 for regularization parameter i and 0.7 for the
smoothing parameter d were determined by performing a grid search on a sub-
sample of the available sequences.

For evaluation, gold-standard segmentations of the CS and the circum ferential
mapping catheter were available. These segmentations are used to evaluate the
tracking accuracy. The segmentation of the mapping catheter is furthe r used as
gold-standard for the motion to be compensated for and is compared to the mo-
tion estimate derived from our new approach. Due to its proximity to the a blation
target, the motion of the mapping catheter is considered to be the motion that
needs to be estimated. We further compare our results to the observed 2-D motion
as well as to the reference method in [Ma 10]. In the training phase, the circum-
ferential mapping catheter was tracked with an average error of 0. 71 mm with a
total minimum of 0.43 mm and a total maximum of 1.32 mm. The CS catheter w as
tracked with an average error of 0.62 mm with a total minimum of 0.20 m m and a
total maximum of 2.31 mm. The results are given in Figure 12.1.

After the training phase, the coronary sinus catheter was tracked with an av-
erage error of 0.59 mm with a total minimum of 0.21 mm and a total maxim um of
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Figure 12.2: Motion compensation error by using the CS catheter. (a) Comp arison between
the tracking error of the CS catheter and the motion estimate . The CS catheter was tracked
with an average error of 0.59 mm � 0.30 mm. The motion estimation error was on average
3.14 mm � 1.67 mm. (b) A comparison to the observed 2-D motion and the ref erence
method. The observed motion was 3.14 mm � 1.67 mm. The reference method yielded an
average error of 4.07 mm � 2.25 mm. However, our data sets might have been acquired
using a different protocol.

2.58 mm. The estimation of the motion of the PV ostium yielded an avera ge error
of 2.20 mm with a total minimum of 0.06 mm and a total maximum of 13.94 mm .
A comparison of the tracking error of the CS catheter and the motion es timation is
given in Figure 12.2(a). The reference method [Ma 10] yielded an average motion
estimation error of 4.07 mm with a total minimum of 0.20 mm and a total ma xi-
mum of 16.31 mm. The observed 2-D motion was on average 3.14 mm with a total
minimum of 0.30 mm and a total maximum of 8.22 mm. A comparison is gi ven in
Figure 12.2(b)

12.6 Discussion and Conclusions

Considering the available data, it can be concluded that motion co mpensation us-
ing the CS catheter is possible, but not as accurate as it could be usingthe circum-
ferential mapping catheter. The outlier in our motion compensation a pproach that
can be observed when taking a look at Figure 12.2 is due to a tracking failure of the
CS catheter. Considering a threshold of 2.00 mm for the motion estim ation error,
the proposed method achieves a success rate of 53.96 %. On the same data set, our
implementation of the reference method by Ma, et al.[Ma 10] yielded a success rate
of only 13.41 %.

Our method has shown to perform better as the current motion compensati on
approach based on the CS catheter, as proposed in [Ma 10]. A direct compari-
son is given in Table 12.1. Our implementation of the reference method performs
surprisingly less accurate than reported in literature. There, an av erage error of
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Comparison to Reference Method

Our Approach Reference Method [Ma 10]

Mean 2-D Error 2.20 mm � 1.59 mm 4.07 mm � 2.25 mm
Max 2-D Error 13.94 mm 16.31 mm

2-D Success Rate 53.96 % 13.41 %

Table 12.1: Comparison of the proposed CS motion compensation approach to the refer-
ence method as proposed in [Ma 10].

1.6 mm � 0.9 mm was stated. This might be due to the fact, that our data was
acquired with different settings, either regarding frames-per- second, or C-arm po-
sition, or both. The data used in [Ma 10] was not available for comp arison.

The presented approach performs not as good as the approaches involving the
circumferential mapping catheter as presented in previous chapter s. The advan-
tage of our new approach is de�ned by the incorporation of a trainin g phase to
calculate a prediction model. By doing so, our method easily outperf orms the
only other approach involving the coronary sinus catheter. As the e rror is still
higher than reported by using the circumferential mapping catheter a combina-
tion of both methods should be considered. As presented in Chapter 1 1, the CS
catheter can be used to detect non-physiological movement of the circumferential
catheter. This method could be used to switch from a motion compensatio n ap-
proach based on the circumferential mapping catheter to a compensation using
the CS catheter. Once the mapping catheter is stable again, one could switch back
from the CS to the mapping catheter. Motion compensation derived fro m the CS
catheter would already be better than a static overlay [Klem 07].

Apart from that, a 3-D training phase using a biplane sequence migh t also im-
prove the results. Our method deals only with 2-D images and is prone to fore-
shortening which is dif�cult to observe in monoplane images. Th e CS catheter
may not be the best surrogate for motion compensation in atrial �bri llation ab-
lation procedures, but the presented method could be used as a fall-back option.
In particular, when non-physiological movement of the circumfe rential mapping
catheter is detected as proposed in Chapter 11, motion compensationusing the CS
catheter could be used until the mapping catheter gets stable again. An example
of the motion compensation using the CS catheter is presented in Figure 12.3.
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(a) (b)

Figure 12.3: A comparison showing the difference if motion compensation for overlay
images is considered or not. (a) Single frame without motion compensation. (b) The same
frame with applied motion compensation.
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In this chapter, the discussions of the previous chapters are recalled and direc-
tions for future work are presented.

13.1 Catheter Reconstruction from Two Views

Circumferential Mapping Catheter Reconstruction

The reconstruction of the circumferential mapping catheter, in parti cular consid-
ering only the circular part of the mapping catheter, has shown to be suf�ciently
accurate and useful. When using the reconstruction result as catheter model for
the motion compensation approaches, it has proven to be of advantage. Currently,
manual initialization is required. Automatic detection of ellipses h as been pro-
posed in [Jian 06, Kana 01, Kawa 98, Libu 06, Xie 02, Yao 05, Yao 04]. These meth-
ods could be adapted to the elliptical part of the circumferential map ping catheter.
Also, an extension of the electrode detection and tracking as presented in [Wu 11,
Wu 12] should also be considered. It has to be taken into account that different
catheter types that are commercially available.

A spline-based reconstruction has been recently proposed in [Ho ff 12b]. This
could further improve the accuracy of the reconstruction method and the m otion
compensation methods as well. Besides a 3-D spline model, a physically moti-
vated model incorporating material properties could be used. The c ircumferential
mapping catheter can not always be considered as a perfect ellipse in 3-D. Using a
parametric catheter model adapted to the 2-D observations could impr ove the lo-
calization in 3-D. If required, the type of catheter could be known at the beginning
of the procedure. But an automatic detection of the catheter type should als o be
considered if a parametric model is used.
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Cryo-Balloon Catheter Reconstruction

The method also requires manual initialization before the reconstr uction is per-
formed. An automatic detection of the cryo-balloon could be more dif �cult com-
pared to the circumferential mapping catheter, but would signi�cantl y improve
the clinical work�ow. The proposed method in Chapter 3 assumes a s pherical
shape of the catheter. In reality, the catheter might be distorted or no t completely
in�ated, thus being more ellipsoidal shaped than spherical. Unf ortunately, an el-
lipsoid reconstruction from two views is not easy achievable and requires more
information [Ma 96, Wije 06a]. Considering a detection of the bal loon catheter, the
required information could be automatically obtained from the �uoros copic im-
ages.

In a next step, a physically motivated catheter model is worthwhile consider-
ing. By doing so, the required parameters to describe this catheter i n 3-D could
be adapted from a �uoroscopic biplane image pair. By doing so, th e balloon itself
could more likely be shaped as an ellipsoid.

13.2 Tools for Cryo-Balloon Ablation

AFiT - Atrial Fibrillation Ablation Planning Tool

Considering the Atrial Fibrillation Ablation PlanningTool (AFiT), the following as-
pects should be considered for future work. A visualization of the pre -operative
data set is also desirable. So far, only the mesh representation of the left atrium
is considered. Furthermore, currently only one mesh data set can be visualized.
Current research in atrial �brillation focuses on scar tissue info rmation [Perr 12].
Such information should be taken into account for visualization as we ll.

Our current implementation features only one view of the 3-D scene. H ence,
it requires a rotation of the 3-D data set to position the cryo-balloon catheter. A
second view with 90 o degrees apart could be added to provide a stereo view of
the 3-D scene. This would not require the operator to rotate the scene, but would
provide two views at the same time.

Apart from that, one could assess the clinical value using a study wher e a cer-
tain number of cases is performed with and without using the tool. Ther e might
be a difference in procedure time and possibly even outcome. Furthe r research
will focus on making the planned cryo-balloon positions part of the live �uoro-
scopic images employing augmented �uoroscopy techniques. A �rst approach to
reconstruct a balloon-catheter during the procedure within a pre-op erative data
set is presented in [Klei 11b]. The value of �uoroscopic overlay images for radio-
frequency catheter ablations has been proven [Ecto 08a, De B 05, Bros 09a, Bros 10c,
Bros 10b, Bros 10d]. An extension of AFiT to cover other single-shot devices is
also conceivable. The current version does not provide other th an visual feed-
back about the position. One could think of mesh deformation or forc e-feedback
approaches to help the physician.

To make the planning step fully automatic, further clinical data is req uired. The
planning should not only focus on single-shot-devices but also o n the traditional
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ablation approach. A �rst approach for an automatic planning usin g a C-arm CT
was proposed in [Keus 11]. In addition to that, proposals for the tran s-septal punc-
ture could also be made. Or at least an indicator if the planned posi tions are reach-
able with the considered type of catheter. If, due to the rigidness of th e catheter, a
position that is not within reach, a different catheter could be autom atically pro-
posed. To do so, information about the properties of the available catheters are
required.

Cryo-Balloon Catheter Tracking Tool

The proposed method uses template matching and sum-of-squared-dif ference to
determine the catheter position. Learning-based approaches as mentioned in
[Bros 11e, Wu 11], should be considered for detection and tracking as well. An
automatic detection of the catheter is desirable to avoid manual initial ization. If
the type of catheter, 23 mm or 28 mm, could be performed automatically, might be
questionable, but this should be considered as well. This automatic d etection was
already mentioned for the reconstruction of cryo-balloon.

13.3 Motion Compensation involving One Catheter

First of all, some general aspects regarding motion compensation should be men-
tioned. In Chapter 7 and Chapter 8, it has been shown, that the learn ing-based ap-
proach is more accurate than the �lter-based approach. However, th e �lter-based
method is not completely outperformed. Other learning-based app roaches apart
from the boosted classi�er cascade used in this work should be cons idered to im-
prove the results, e.g., probabilistic boosting trees [Tu 05]. Even a combination of
the �lter-based and the learning-based might lead to new insights .

In addition to that, the problem of the initial alignment of the pre-op erative
data set to the �uoroscopic images is not yet solved. The current ap proach uses
manual registration of the 3-D data set to sequences showing a contrast injection
into the left atrium. A �rst approach towards initial registration ha s been pro-
posed in [Bour 12a]. Other methods for automatic alignment have als o been pro-
posed [Liao 08, Penn 98, Penn 99, Prum 06a, Plui 03, Prum 05, Zago 07]. This initial
registration should be considered, in particular as the motion comp ensation after-
wards can not improve this registration.

Monoplane Motion Compensation

This method was speci�cally designed for monoplane C-arm sys tems. To fur-
ther improve this method, an automatic detection of the circumferential mapping
catheter is required. This would make the manual initialization obso lete. The reg-
istration itself could also be improved. One might considered di fferent methods
to solve the registration. Apart from a multi-scale grid search, a g radient-descent
approach might yield the same results, but might be faster. A 2-D pa tient-speci�c
motion model could be considered as well, either using a 2-D traini ng phase simi-
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lar to the one mentioned in Chapter 10, or on the �y by using a continuous r egres-
sion.

It has been shown that the learning-based approach for motion co mpensation
performs better than a �lter-based approach. This could be further i nvestigated,
in particular, regarding the computation speed. The method presente d here was
optimized for multi-core CPUs. The use of the GPU might reduce the ove rall com-
putation time. Furthermore, the quality of the segmentation should also be con-
sidered. It was shown that the current bottle neck is the skeletoniza tion [Bros 12].
A method would be required that directly computes the centerline. A 2-D patient-
speci�c motion model could be considered as well, either using a 2 -D training
phase, or on the �y by using a continuous regression.

Biplane Motion Compensation

Biplane motion compensation has shown to be the most accurate approach. Un-
fortunately, this comes at a very high price. It requires simultaneo usly biplane
�uoroscopy which means an increased dose for patient and physi cian. As physi-
cians might not be willing to pay such a high price, it was later use d to generate a
patient-speci�c motion model. Nevertheless, in certain phases d uring a procedure,
in particular when a very high accurate catheter placement is requir ed, one might
consider this approach. In such cases, the method should be fast and robust, even
more robust as the method presented here. To achieve a more robust method, one
could use the patient-speci�c motion model to further improve the accura cy. Cur-
rently, no results from previous frames are considered. Adding th is information
might lead to a more stable method. To further improve these methods, a better
3-D catheter model would be required. In our case, only a 3-D ellips e had been
used, but a 3-D spline representation as in [Hoff 12b] of the circula r part might im-
prove the accuracy. Furthermore, a deformable 3-D model might no t improve the
accuracy but could improve the stability of the algorithm [Sarr 01].

Constrained Motion Compensation

The constrained approach is more accurate than an unconstrained approach. But it
suffers from the missing depth information. To achieve compensa tion for the miss-
ing depth information, the patient-speci�c motion model had been p roposed. It
should be considered if this model could be generated from sequenti ally acquired
sequences as well. One could use the arti�cial heart cycle value fro m Chapter 12
to determine in which heart phase the images were acquired. Using such an ap-
proach, one could reduce the cost for the patient-speci�c model. Fur thermore, the
model could also be rede�ned during the procedure.

Patient-Speci�c Motion Model

The current motion model is considered to be linear. It is an open question, if this is
really the case, or if a higher dimensional model is required. I n addition to that, the
question regarding the length of the training sequence is an open question. Using a
higher dimensional model, the length of the training phase should be reconsidered
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as well. As additional information, the arti�cial heart cycle va lue from Chapter 12
could be used to achieve more stable results. Further investigation is r equired
to answer the question if one motion model is enough, or if individual motion
models for all four pulmonary veins are required. Assuming that on e model is not
suf�cient, a motion model of the heart could be derived from the motio n patterns
of the PVs, which could be used to generate a 4-D overlay by deformin g the current
3-D mesh representation.

13.4 Motion Compensation involving Two Catheters

Dynamic Detection of Catheter Displacement

The detection of non-physiological motion is based on 2-D obser vations of 3-D
catheters. It should be considered to perform a similar analysis in 3-D. As the mo-
tion might be in�uenced by the patient's anatomy, one could consider a training
phase for the motion patterns of the different catheters to detect non- physiological
motion. Also, the arti�cial heart cycle value could be included. On e could also im-
plement the use or prediction methods such as Kalman �lters to further i mprove
the estimation of the PV position [Ramr 07, Welc 95].

Motion Compensation using CS Catheter

As mentioned before, a 3-D training phase using a biplane sequence might also
lead to better results. This method deals only with 2-D images and is p rone to
foreshortening which is dif�cult to observe in monoplane image s. Using 3-D in-
formation as input, one could further improve the results. If ECG-sign als would be
available, this method might also perform better, but synchroniz ation between the
�uoroscopic images and the ECG signal is then required. Furthermor e, a 4-D over-
lay as proposed for coronary interventions could be considered as well [Shec 05].
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Summary

The focus of this work was on image processing for �uoroscopy guid ed atrial
�brillation ablation procedures. Atrial �brillation is the most c ommon arrhyth-
mia and is associated with an increased risk of stroke. If drug ther apy fails, then
the state-of-the-art treatment option is catheter ablation. These procedures are
performed as minimally invasive interventions inside of elec trophysiology labs
equipped with C-arm systems. To facilitate navigation for this kind of catheter pro-
cedures, imaging technology is essential. In Chapter 1, an overview of the human
heart, cardiac arrhythmias and atrial �brillation was presented . If drug therapy is
ineffective or not well tolerated, then the standard treatment of atri al �brillation is
the electrical isolation of the four pulmonary veins attached to the lef t atrium. To
this end, an ablation catheter and a circumferential mapping cathete r are inserted
into the left atrium. The mapping catheter measures the electrical sig nals around
the ostium of a pulmonary vein. The ablation catheter is used to ablate tis sue at
the ostium and after the successful ablation render the pulmonary vein e lectrically
isolated.

To support atrial �brillation ablation procedures, two methods for catheter re-
construction from two views were developed. In Chapter 2, the recon struction of
the circumferential mapping catheter was presented. The reconstruc tion method
requires manual initialization in the two image planes. The recons truction can be
performed from either two ellipses in the two images, or from one e llipse and one
ellipse degenerated to a line. This method was evaluated in simulati ons and in
experiments as well. In Chapter 3, we presented a method for the reconstruction
of a cryo-balloon catheter. This kind of catheter belongs to the gro up of so-called
single-shot-devices. They are designed to electrically isolate a pulmonary vein
with a single application. The cryo-balloon ablation technique w as introduced to
reduce risks related to radio-frequency catheter ablation such as pul monary vein
stenosis and esophageal �stula. Our method yields superior results f or sphere
reconstruction from two views when compared to other methods known f rom lit-
erature. Using simulation studies, we also found that the best angular d ifference
for reconstruction is 90o. This is consistent with �ndings for point reconstruction
from two views reported in literature.

If cryo-balloon catheters �t well to the underlying anatomy of the le ft atrium,
a contiguous circular lesion can be achieved very ef�ciently, thus, simplifying the
procedure and speeding it up as well. Since a good �t to the patient a natomy
is key for an ef�cient cryo-balloon procedure, a planning tool was developed to
verify it. This Atrial Fibrillation Ablation Planning Tool (AFiT) was presented in
Chapter 4. It tool provides direct visual feedback about the �t of a cyro-balloon to

151



152 Summary

a patient's anatomy. The visualization is performed using a segmen ted left atrium
and cryo-balloon catheter models with a diameter of 23 mm and 28 mm , respec-
tively. Depending on the anatomy at hand, a physician can now mak e an informed
decision about whether to perform cryo-ablation at all and which catheters to use.

As no navigation system is yet available for localizing cryo-b alloon catheters
without �uoroscopy, these devices are placed and applied under �uo roscopy. To
provide support for ablation procedures involving cryo-ballo on catheters, we pro-
posed a method to track and visualize a cryo-balloon device to simp lify catheter
placement in Chapter 5. In involves a manual initialization to arr ive at a 2-D tem-
plate that is tracked by means of template matching. Our method successfully
tracked a cryo-thermal balloon catheter in 12 clinical sequences. It is able to su-
perimpose the position and diameter of the device onto live �uorosc opic images
to enhance the visibility of the cryo-balloon catheter. The visuali zed outline of the
cryo-balloon helps the physician to see the dimensions of the bal loon catheter, oth-
erwise hardly visible under X-ray. Our proposed method achieved an average 2-D
tracking error of 0.60 mm � 0.32 mm.

In Chapters 7, 8, 9, and 10 we present our research on motion compensation
methods for atrial �brillation ablation procedures were presente d. To this end,
a �lter-based and a learning-based method for catheter segmentati on in �uoro-
scopic images were presented in Chapter 6. These two methods were then used
as basis for the motion compensation methods in Chapters 7 and 8. The method
in Chapter 7 is designed for monoplane C-arm systems. This appr oach is based
on model-based 2-D/2-D registration of a 2-D catheter model to the se gmented
circumferential mapping catheter in �uoroscopic images. The pro posed method
was evaluated on 46 monoplane sequences and yielded a mean tracking error of
0.58 mm � 0.22 mm. This method achieved a frame rate of 10 fps. The method in
Chapter 8 uses a model-based 2-D/3-D registration. To this end, the m ethod from
Chapter 2 is used to generate a 3-D model of the circumferential mappi ng catheter.
This catheter is then tracked by means of a 2-D/3-D registration in si multaneous
biplane images. The proposed method achieves an average 3-D tracking error of
1.35 mm � 0.81 mm. Our implementation achieves a frame rate of 2 fps. The meth-
ods in Chapters 7 and 8 have their advantages and disadvantages. The monoplane
approach, on the one hand, works with monoplane image acquisitio ns, but each
rotation of the C-arm requires a reinitialization of the catheter mode l. The biplane
approach, on the other hand, uses a 3-D model, thus eliminating the ne ed for reini-
tialization, but it requires simultaneous biplane �uoroscopy, whic h is rarely used
in clinical practice due to dose concerns. To improve the situation f or sequential
biplane acquisitions, we proposed in Chapter 9 a constrained 2-D /3-D registration
to perform motion compensation using a 3-D catheter model. The sear ch region
is constrained to a direction parallel to the image plane. By doing so, our method
yielded an average 3-D error of 1.50 mm � 0.94 mm and achieves a frame rate of 8
fps. This method has shown, that it is advantageous to constrain the 2 -D/3-D reg-
istration when used for motion compensation. To achieve motion com pensation in
view direction, prior knowledge about the movement of the circumf erential map-
ping catheter needs to be taken into account. In Chapter 10 such information was
obtained by a training phase which tracked the mapping catheter in s imultane-
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ous biplane images. Afterwards, the principal motion axis is dete rmined from the
trajectory established during the tracking training phase. This ax is is considered
a patient-speci�c motion model. In addition, another vector perpe ndicular to the
view direction and the motion axis is used computed. This vector and th e main
motion axis are used to constrain a model-based 2-D/3-D registratio n to track the
circumferential mapping catheter in 3-D using only monoplane �uor oscopy. This
method yielded an average 3-D error of 1.63 mm � 1.16 mm while achieving a
frame rate of 5 fps. The methods in Chapters 7, 8, 9, and 10 were allevaluated on
the same data set. A comparison of all motion compensation methods i s given at
the end of Chapter 10 in Table 10.2.

The drawback of the proposed methods so far, is a lack to detect when the cir-
cumferential mapping catheter is moved from one PV to another. To de tect such
motion, we proposed in Chapter 11 the use of a virtual electrode on the c oronary
sinus catheter as a point of reference. To achieve a reliable androbust motion com-
pensation, we track both catheters, the circumferential mapping cath eter and the
coronary sinus catheter, at the same time and compare the absolute 2-Ddistance
between the virtual electrode and the loop's center of the mapping cath eter be-
tween two consecutive frames. If the distance changes by more than 5 %, we can
assume that the circumferential mapping catheter has been moved fro m one pul-
monary vein to another. In this case, the false positive rate was 5.8 %, i.e., in 5.8 %
of the frames non-physiological was wrongly detected. In Chapte r 12 we further
investigated the use of the coronary sinus catheter for motion compens ation. The
circumferential mapping catheter is moved on purpose and may not a lways be
available. To this end, we proposed a training phase during whic h both catheters,
the circumferential mapping and coronary sinus catheter, are track ed. After the
training phase, a motion prediction model is calculated. After that, the prediction
model can be used to estimate the cardiac and respiratory motion at the ostium of
the pulmonary vein by using the CS catheter only. On the available data set, this
method achieved an average 2-D motion estimation of 2.20 mm � 1.59 mm and
outperforms a similar method reported in literature. We can conclude that motion
compensation using the CS catheter is possible, but it is not as accurate as it could
be using the circumferential mapping catheter. Nevertheless, such k ind of motion
compensation is still better than no motion compensation at all.

In Chapter 13 we summarize ideas on future work to improve and further i n-
vestigate the methods presented in this thesis.
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