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Over the last fifteen years, our understanding of the pathophysiology of atrial fibrillation (AF) has paved the way for ablation to
be utilized as an effective treatment option. With the aim of gaining more detailed anatomical representation, advances have been
made using various imaging modalities, both before and during the ablation procedure, in planning and execution. Options have
flourished from procedural fluoroscopy, electroanatomic mapping systems, preprocedural computed tomography (CT), magnetic
resonance imaging (MRI), ultrasound, and combinations of these technologies. Exciting work is underway in an effort to allow
the electrophysiologist to assess scar formation in real time. One advantage would be to lessen the learning curve for what are very
complex procedures. The hope of these developments is to improve the likelihood of a successful ablation procedure and to allow
more patients access to this treatment.

1. Introduction

Atrial fibrillation (AF) is the commonest cardiac arrhythmia
and carries with it significant morbidity and mortality,
specifically increasing risk of stroke and heart failure.

With increasing age, AF becomes a more prevalent
problem, from 0.5% at 50–59 years to almost 9% at age 80–
89 years from US registry data [1]. Figures as high as 17%
in those aged 84 years and above have been quoted from
European populations [2]. The associated economic burden
is considerable and accounts for approximately 1% of the
UK’s National Health Service (NHS) budget currently, which
is expected to rise two-fold in the next 25 years [3].

Management of AF requires individual tailoring to each
patient, considering rhythm versus rate control strategies,
and managing embolic risk. Since the introduction of the
new European Society of Cardiology guidelines on the
management of AF, the potential application of catheter
ablation has expanded. Catheter ablation is recommended
for those patients who are symptomatic and have failed at
least one antiarrhythmic medication [4].

However, considering patients with minimal or no heart
disease, who are symptomatic with paroxysmal AF, the

relative safety of the technique in the hands of experienced
operators make it suitable for catheter ablation to be
considered as an initial therapy in this selected population.
Moreover, given the frequent and serious adverse effects
associated with long-term amiodarone treatment, in younger
patients it is reasonable to consider catheter ablation as an
alternative.

Given the complexity and invasive nature of AF ablation,
with the small risk of severe complications, there must
be sufficient potential benefit to justify the procedure
for each individual. Patients with either persistent AF or
long-standing persistent AF tend to require extensive and
repeated ablation procedures. In addition, in patients with
structural heart disease (congestive heart failure, coronary
artery disease, and left ventricular hypertrophy) success with
catheter ablation is more difficult to achieve. Therefore in
these groups, given the lack of a clear benefit-risk ratio,
it seems reasonable to recommend that they should be
refractory to antiarrhythmic medication before ablation is
considered [4].

Interestingly, there is evidence that patients with AF-
related comorbidity may gain from a primary ablation
strategy. In those with heart failure, left atrial ablation
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conferred significant improvements in ejection fraction and
functional end-points such as exercise tolerance [5, 6].
The atrial contribution to the ejection fraction achieved by
restoring sinus rhythm in this setting is around 10% [7].

2. Ablation Strategies

The initial strategy of catheter ablation for atrial fibrillation
spawned from the success of the surgical maze procedure,
where the atria are cut into electrically disconnected pieces
that are too small to sustain AF [8, 9]. From 1995 to 1997,
the most common technique employed was the right atrial
maze ablation, which enjoyed limited success [9, 10].

Since the demonstration, in 1998, that the majority of
patients with paroxysmal AF have the arrhythmia originating
from pulmonary vein ectopy [11], catheter ablation has
become a far more successful and common intervention. In
the US, approximately 50,000 ablations are performed per
year, with 60,000 AF ablations in Europe per year.

Unfortunately, at present, there exists a substantial unmet
demand for catheter ablation due to the lack of centres with
operators able to perform the procedure. Catheter ablation is
technically demanding and operators require a high degree of
skill and experience, integrated with an intimate knowledge
of anatomy and electrophysiology of the left atrium. This
leads to long training times for an electrophysiologist to
become fully trained in AF ablation. Even in the hands of the
most proficient, success rates for a single ablation procedure
for paroxysmal AF are only in the magnitude of 60–85%
[12, 13]. For persistent AF, pulmonary vein isolation alone
is able to maintain sinus rhythm in only 10–30% of patients
[14–16].

There are a few possibilities to account for procedure
failure. The first is that the pulmonary vein was not truly
isolated at the index procedure. The second is that the
ablated tissue recovers conduction and the third relies on the
development of a new connection. The most likely cause for
pulmonary vein reconduction is the first, inadequate lesion
delivery at the original procedure. Factors contributing to
this include poor catheter stability, inability to achieve
transmural lesions, and acute tissue oedema which can
cause both temporary isolation and limits power delivery to
underlying tissue [17].

In the case of persistent AF, the lower success rates may
be attributed to the atria being, more commonly, larger and
having more fibrosis [18]. The electrical remodelling that
occurs with persistent AF changes the substrate for arrhyth-
mia, so that success with a curative ablation approach, in
comparison to paroxysmal AF, is more likely to depend on
targeting additional triggers within atrial substrates outside
the pulmonary veins [19–21]. As such, often more than one
ablation procedure is required to achieve electrical isolation,
including the delivery of left atrial linear lesions [22]. Two
such useful lines are the left atrial roof line and the lateral
mitral isthmus line [23, 24].

Adding complexity to the achievement of successful
pulmonary vein isolation is the variable anatomy of the pul-
monary veins. Normally, the left atrium has four pulmonary
veins draining into it, right and left superior and inferior

veins; however, anatomical variants exist. Commonly, these
include an additional right middle vein (present in 23% of
cases), common ostia (e.g., a left common ostia is seen in
35% of cases) and, less commonly, pulmonary veins that
connect to the left atrium by its roof. Successful outcome
is determined by the ability to completely electrically isolate
these veins [25–27].

Technology has a role here to tackle these factors and
improve the success of ablation procedures. Specifically,
advances in imaging allow better anatomical localization of
left atrial structures to guide lesion delivery and prevent
complications. These, although rare, can be devastating.

When procedures are performed in high-volume centres
by high-volume operators, outcomes are better, and major
complication rates have been reported in the order of 2-3%
[7, 28–33]. However, on a worldwide scale, major compli-
cations may be as high as 6% [34]. These may range from
complications relating to any vascular access procedure to
transient ischaemic attack, stroke, pulmonary vein stenosis,
atrio-oesophageal fistula formation, valve damage, cardiac
tamponade, and death [4].

3. Imaging to Help the Electrophysiologist

At present, no imaging modality can serve as a substitute
to operator experience and appreciation of each patient’s
individual anatomy. There is no definitive evidence that any
imaging tool used in addition to simple fluoroscopy leads to
improved patient outcomes. However, the learning curve to
AF ablation is substantial, and advanced imaging modalities
may accelerate this process, provide a safety aspect to less
experienced operators, and make ablation procedures easier
and quicker.

Every clinical electrophysiology (EP) laboratory is
equipped with an X-ray system designed to provide flu-
oroscopic imaging of the heart. For many years this was
the only form of procedural imaging available, occasionally
being supplemented with transoesophageal and transtho-
racic echocardiography in limited cases. Common to all X-
ray imaging, although cardiac catheters are well visualised,
the soft tissue of myocardium is not. Imaging of the
cardiac chambers is indirect through relation to the cardiac
silhouette (Figure 1). Even with the limited information
gained, selective pulmonary venous angiography is able to
help to delineate the pulmonary venous antrum and guide
ablation. The walls of the left atrium can be indirectly
assessed by bolus injection of contrast, which can be
augmented by manoeuvres that minimize atrial emptying
such as adenosine or rapid ventricular pacing. Critically,
during ablation procedures, fluoroscopy can be used to
detect complications from the procedure, such as cardiac
tamponade where the excursion of the cardiac silhouette
decreases before the development of any clinical compromise
in the patient [35]. Inadvertent pericardial puncture and
aortic puncture can be identified with characteristic flows
of contrast. However, the major disadvantage of using X-
ray fluoroscopy as the sole imaging modality is that all
images obtained are two-dimensional representations of
three-dimensional structures.
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Figure 1: Fluoroscopy as a sole imaging modality. Fluroscopy is still one of the most widely used imaging modalities to guide ablation.
Considerable experience is needed to interpret the images and perform a safe procedure. (a) Demonstrates staining of the interatrial septum
prior to transeptal puncture (b), at which point a small amount of contrast can just be seen in the left atrium after being injected via the
transseptal needle. In (c) a large loop has been made by the ablation catheter, which opposes to the walls of the left atrium. In (d) the ablation
catheter is at the ostium of the left superior pulmonary vein with the circular mapping catheter in the left superior vein. The difficulty that
fluoroscopy has in visualising soft tissue is apparent.

4. Electroanatomic Imaging Modalities

To combat some of these problems, electroanatomic map-
ping systems were developed. These systems used mag-
netic fields or changes in impedance to generate a three-
dimensional geometric map of the left atrium. In this way
the ablation catheter is localised in three-dimensional space.
As with most imaging technologies in their infancy, the maps
generated were fairly crude representations of the complex
left atrial anatomy (Figure 2).

Further developments of the imaging systems have
led to more accurate representations of the left atrium.
The first that came into use for the planning of ablation
procedures was preprocedural computed tomography (CT).
Although the images obtained of the left atrium were
of great value to the operator, unfortunately, CT images
could not be displayed concurrently with the fluoroscopic

imaging acquired in the electrophysiology lab during the
procedure initially. Sophisticated software was used to bridge
the gap by development of systems capable of overlaying the
segmented CT images of the left atrium directly onto the
live fluoroscopy screen [36] or into a 3D electroanatomic
mapping system [37–42]. For the electrophysiologist, this
brought the beginning of 3D representation of individual
patient’s cardiac anatomy into the procedural lab, displayed
over real-time fluoroscopy. A secondary benefit was that
extracardiac structures could also be visualized, such as the
oesophagus. When ablating in the posterior wall of the left
atrium, one of the most feared and lethal complications
that can occur is the formation of an oesophageal fistula
[43–45]. By displaying the relationship of the oesophagus
to the left atrium, adjustments can be made to the energy
delivered through ablation lesions, aiming to minimize this
risk.
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Figure 2: 3D electroanatomic imaging. The CARTO system uses small magnets in the tip of the catheter that are able to accurately locate the
tip of the catheter within a small magnetic field created by magnets placed under the patient. Using this system, the catheter is moved within
the patient’s heart to build a 3D shell. Activation timing can be allocated to each point that has been collected to form activation maps. The
3D representation of the left atrium with this early system is still someway from a true representation. (a, b) Demonstrate a posteroanterior
and anteroposterior views of a reconstructed left atrium. Ablation lesions have been added during ablation in (c). (d) Is an activation map
of the left atrium in a patient with perimitral flutter. The different colours represent isochrones of activation. The entire cycle length can be
seen around the mitral annulus.

This integrated system requires manual registration of
the segmented left atrium to the patient with various
methods available to achieve this. Despite this adjustment,
images are remarkably accurate to within 0.3 mm [46].
However, registration of the 3D images is sometimes difficult
due to changes that have occurred between the CT scan
taking place and the ablation procedure. This underlies one
of the most important limitations of this imaging modality.
The usual lag time between CT scan and ablation procedure
is a matter of days. During this time the patient’s rhythm may
have changed, the volume status of the patient is likely to be
different, and, most importantly, the patient’s position on the
procedure table is different to that in the CT scanner. These
changes may affect the left atrium; however, it is not known
whether they produce clinically relevant differences.

Superseding CT imaging, with the aim of overcoming
these difficulties, rotational angiography was developed [25,
26, 47–50]. One major advantage is that this modality utilizes
the fluoroscopy system that is routinely available in the
electrophysiology lab. With rotational angiography, the left
atrium is isocentred and opacified with contrast, which can
be achieved in a variety of ways [25, 47, 51], then the C-arm
rotates around the patient in a 240◦ arc over 4 seconds. The
data set created is read by the electrophysiology system in the
same way as a preprocedural CT scan. As such, imaging is
performed during the procedure and displayed on the live
fluoroscopy screen (Figure 3).

Registration accuracy is not a concern; this can be
checked rapidly by placing a catheter within the superior
pulmonary veins and looking for the drop off between
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Figure 3: Rotational angiography. A tremendous improvement on fluoroscopy was the development of rotational angiography. Here the
C-arm used for fluoroscopy rapidly rotates around the patient while contrast opacifies the left atrium. ((a) Contrast injected in the right
atrium and then a delay of 8 seconds until the LA opacifies, (b) direct injection into the left atrium), following segmentation of the resulting
dataset, which is semiautomatic; a 3D anatomical accurate shell can then be superimposed on the live fluoroscopy (c) to aid with ablation,
or exported to other mapping systems.

the pulmonary vein ostium and the left atrial body. If the
patient moves during the procedure, the anatomy can be
re-registered quickly, using the trachea as an anatomical
landmark [52]. Another advantage of rotational angiography
over CT is that the radiation dose to the patient is less.

The operator is able to see the exact position of critical
structures including the ostia of the pulmonary veins, any
anomalous pulmonary veins, and the ridge between the
left atrial appendage and the left superior vein. This has
the potential to improve the success of pulmonary vein
isolation through accurate anatomical planning and also
avoid pulmonary vein stenosis, which occurs in around 1–
3% of cases [53], when ablation is performed inside the
pulmonary vein.

These imaging tools have yet to translate into clear
improvement in patient outcomes [54, 55]. In one retrospec-
tive study, there was a suggestion that 3D electroanatomical

systems with integrated CT imaging led to better proce-
dural outcomes [37]. The same group later published a
prospective randomised trial, which did not demonstrate
any difference in patient outcomes when CT integration
was employed [41]. As the authors concluded, procedural
success is dependent on the successful isolation of pulmonary
veins, regardless of the technology used to achieve it. This
has further been backed up by data on patients undergoing
lung transplantation. In patients receiving double lung
transplantation (which results in “isolation” of all pulmonary
veins) virtually no patients (0.5%) went on to have AF
compared to 30% of similar patients undergoing either single
lung transplantation or thoracic surgery [56].

Comparing Carto XP to rotational angiography, a two-
centre study, with over 90 patients, demonstrated equivalent
results in procedural success and fluoroscopy times. A further
study by the same group did not demonstrate any differences
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Figure 4: Left atrial magnetic resonance imaging. Postprocedural imaging of the left atrium with delayed enhancement ((a, b)) and T2
weighted (c) to assess left atrial scar and oedema, respectively. The raw image is processed to obtain a 3D representation of the anatomy, with
colour-coded representation, which is thought to represent scar formation and oedema. The images may help guide ablation (d). Images
courtesy of Ben Knowles and Kawal Rhode, Kings College London and St. Thomas’ Hospital.

in procedural or clinical outcome when comparing patients
who had the procedure using rotational angiography or a 3D
electroanatomic imaging system [52].

5. Lesion Formation

Despite these tremendous advances in imaging, there is
one important area that has not seen comparable growth.
This is in the assessment of tissue contact, which is a key
determinant of successful lesion development [57].

Currently, systems are being developed to assess and
control tissue contact, including robotic [58–61] or magnetic
catheter navigations [62–64] and sensors in the catheter tip
detecting force [65, 66].

However, at present, forms of lesion assessment are
indirect, using changes in tissue impedance, diminution of
local electrogram voltage and assessment of contact force.

Magnetic Resonance (MR) imaging shows promise in its
ability to visualize scar formation in the left atrium [67–
72]. Currently in its infancy for studying the left atrium,
interesting reports have emerged in its use following ablation
procedures. In a case report, a gap identified in a linear
lesion seen on preprocedural MR was found to be responsible
for an atrial tachycardia. Ablation at this gap, achieving

physiological block of the line, resulted in termination of the
arrhythmia [73].

Cardiac MRI has been used to investigate the correlation
between points of energy delivery and scar formation. One
study showed that 20% of sites where energy was thought
to have been delivered had no evidence of scar formation
[74]. Furthermore, another study demonstrated that oedema
formation might contribute to pulmonary vein isolation
acutely. Therefore, on resolution of oedema, the possibility
of pulmonary vein reconduction arises [72].

At present, the clinical information provided by MR on
lesion formation is only available following the procedure
(Figure 4). In the future, MR imaging may allow real-time
imaging of the catheter; however, real-time lesion assessment
has not yet been developed [75]. Real-time assessment of
the ablation lesion is currently regarded as a holy grail in
electrophysiology. Recent work in a sheep model has demon-
strated that ultrasound, integrated into an ablation catheter,
was able to detect changes in tissue structure that correlate
with tissue necrosis [76]. This novel integrated ultrasound
catheter was tested in an in vivo sheep model, using both
atrial and ventricular lesions. Impressively, for lesions up to
5 mm in depth, accurate real-time myocardial imaging could
be used to differentiate between tissue necrosis and viable
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Figure 5: Real-time respiratory-gated motion compensation. A
system is being developed whereby the 3D shell of the left atrium
(either from CT/MR or rotational angiography) moves during
the abaltion in response to respiratory motion. This example
demonstrates how the trachea is automatically tracked. Image
courtesy of Kawal Rhode, Kings College London and St. Thomas’
Hospital.

tissue. Although this shows promise, further work with this
technology is required in clinical trials.

6. Conclusions

Over recent years, technological advances in the field have
been astounding; the EP lab of the future has even more pos-
sibilities. Currently overlaid 3D images are static; however, in
the future, real-time visualisation of cardiac contraction and
diaphragmatic movement (Figure 5) holds the possibility of
more accurate catheter placement and avoiding inadvertent
ablation within the pulmonary veins. New information from
MR images relaying anatomical areas of fibrosis could be
projected onto the 3D lab images.

Advances in imaging provide much greater anatomical
detail of myocardium, which is only half of the story.
Electrophysiology is the integration of discrete anatomical
structures with discrete electrical properties. Work on soft-
ware prototypes is currently underway, which will allow
electrical data from the EP recording system to be displayed
in colour-coded format on the 3D overlay [77]. This could
allow for dominant frequency mapping and wavelet analysis
in AF in an effort to localise areas critical to the AF process,
as well as demonstrating complete conduction block across
linear lesions with ease [77].

In summary, imaging tools in current use give the
electrophysiologist information that could be obtained by
using simple fluoroscopy and possessing considerable oper-
ator experience. The success of an AF ablation procedure
is crucially dependent on pulmonary vein isolation; it
is the accurate understanding of each patient’s anatomy
that ensures this. Detailed anatomical imaging affords the
operator an insight into the complex anatomy of the left
atrium and makes the goal more readily achievable, although
there is a lack of evidence translating this into improved

patient outcomes. Assessments of tissue contact and lesion
development remain outside the grasp of the practicing
electrophysiologist; however, this may change in years to
come. Ultimately, these technologies need to demonstrate
proven benefit to patients in procedural success and reducing
complications, when compared to current practice.
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D. Sánchez-Quintana, “Architecture of the pulmonary veins:
relevance to radiofrequency ablation,” Heart, vol. 86, no. 3, pp.
265–270, 2001.

[28] M. Bhargava, L. Di Biase, P. Mohanty et al., “Impact of type
of atrial fibrillation and repeat catheter ablation on long-term
freedom from atrial fibrillation: results from a multicenter
study,” Heart Rhythm, vol. 6, no. 10, pp. 1403–1412, 2009.

[29] E. Zado, D. J. Callans, M. Riley et al., “Long-term clinical
efficacy and risk of catheter ablation for atrial fibrillation in
the elderly,” Journal of Cardiovascular Electrophysiology, vol.
19, no. 6, pp. 621–626, 2008.

[30] A. Cheema, C. R. Vasamreddy, D. Dalal et al., “Long-term sin-
gle procedure efficacy of catheter ablation of atrial fibrillation,”
Journal of Interventional Cardiac Electrophysiology, vol. 15, no.
3, pp. 145–155, 2006.

[31] N. Dagres, G. Hindricks, H. Kottkamp et al., “Complications
of atrial fibrillation ablation in a high-volume center in 1,000
procedures: still cause for concern?” Journal of Cardiovascular
Electrophysiology, vol. 20, no. 9, pp. 1014–1019, 2009.

[32] M. D. O’Neill, M. Wright, S. Knecht et al., “Long-term follow-
up of persistent atrial fibrillation ablation using termination
as a procedural endpoint,” European Heart Journal, vol. 30, no.
9, pp. 1105–1112, 2009.

[33] C. Pappone, S. Rosanio, G. Augello et al., “Mortality, morbid-
ity, and quality of life after circumferential pulmonary vein
ablation for atrial fibrillation: outcomes from a controlled
nonrandomized long-term study,” Journal of the American
College of Cardiology, vol. 42, no. 2, pp. 185–197, 2003.

[34] R. Cappato, H. Calkins, S. A. Chen et al., “Worldwide survey
on the methods, efficacy, and safety of catheter ablation for
human atrial fibrillation,” Circulation, vol. 111, no. 9, pp.
1100–1105, 2005.

[35] K. Nanthakumar, G. N. Kay, V. J. Plumb et al., “Decrease in flu-
oroscopic cardiac silhouette excursion precedes hemodynamic
compromise in intraprocedural tamponade,” Heart Rhythm,
vol. 2, no. 11, pp. 1224–1230, 2005.

[36] S. Knecht, H. Skali, M. D. O’Neill et al., “Computed
tomography-fluoroscopy overlay evaluation during catheter
ablation of left atrial arrhythmia,” Europace, vol. 10, no. 8, pp.
931–938, 2008.

[37] P. M. Kistler, K. Rajappan, M. Jahngir et al., “The impact of CT
image integration into an electroanatomic mapping system
on clinical outcomes of catheter ablation of atrial fibrillation,”
Journal of Cardiovascular Electrophysiology, vol. 17, no. 10, pp.
1093–1101, 2006.

[38] H. Zhong, J. M. Lacomis, and D. Schwartzman, “On the
accuracy of CartoMerge for guiding posterior left atrial
ablation in man,” Heart Rhythm, vol. 4, no. 5, pp. 595–602,
2007.

[39] E. Bertaglia, G. Brandolino, F. Zoppo, F. Zerbo, and P. Pas-
cotto, “Integration of three-dimensional left atrial magnetic
resonance images into a real-time electroanatomic mapping
system: validation of a registration method,” Pacing and
Clinical Electrophysiology, vol. 31, no. 3, pp. 273–282, 2008.

[40] G. M. Feuchtner, W. Dichtl, T. DeFrance et al., “Fusion
of multislice computed tomography and electroanatomical
mapping data for 3D navigation of left and right atrial catheter
ablation,” European Journal of Radiology, vol. 68, no. 3, pp.
456–464, 2008.

[41] P. M. Kistler, K. Rajappan, S. Harris et al., “The impact of
image integration on catheter ablation of atrial fibrillation
using electroanatomic mapping: a prospective randomized
study,” European Heart Journal, vol. 29, no. 24, pp. 3029–3036,
2008.

[42] J. Stevenhagen, P. H. van der Voort, L. R. C. Dekker, R. W. M.
Bullens, H. van den Bosch, and A. Meijer, “Three-dimensional



Radiology Research and Practice 9

CT overlay in comparison to cartomerge for pulmonary vein
antrum isolation,” Journal of Cardiovascular Electrophysiology,
vol. 21, no. 6, pp. 634–639, 2010.

[43] B. Sonmez, E. Demirsoy, N. Yagan et al., “A fatal complication
due to radiofrequency ablation for atrial fibrillation: atrio-
esophageal fistula,” Annals of Thoracic Surgery, vol. 76, no. 1,
pp. 281–283, 2003.

[44] M. I. Scanavacca, A. D’Avila, J. Parga, and E. Sosa, “Left atrial-
esophageal fistula following radiofrequency catheter ablation
of atrial fibrillation,” Journal of Cardiovascular Electrophysiol-
ogy, vol. 15, no. 8, pp. 960–962, 2004.

[45] C. Pappone, H. Oral, V. Santinelli et al., “Atrio-esophageal fis-
tula as a complication of percutaneous transcatheter ablation
of atrial fibrillation,” Circulation, vol. 109, no. 22, pp. 2724–
2726, 2004.

[46] R. Manzke, C. Meyer, O. Ecabert et al., “Automatic segmenta-
tion of rotational X-ray images for anatomic intra-procedural
surface generation in atrial fibrillation ablation procedures,”
IEEE Transactions on Medical Imaging, vol. 29, no. 2, pp. 260–
272, 2010.

[47] M. V. Orlov, “How to perform and interpret rotational angiog-
raphy in the electrophysiology laboratory,” Heart Rhythm, vol.
6, no. 12, pp. 1830–1836, 2009.

[48] A. Thiagalingam, R. Manzke, A. D’Avila et al., “Intraprocedu-
ral volume imaging of the left atrium and pulmonary veins
with rotational X-ray angiography: implications for catheter
ablation of atrial fibrillation,” Journal of Cardiovascular Elec-
trophysiology, vol. 19, no. 3, pp. 293–300, 2008.

[49] G. Nölker, K. J. Gutleben, H. Marschang et al., “Three-
dimensional left atrial and esophagus reconstruction using
cardiac C-arm computed tomography with image integration
into fluoroscopic views for ablation of atrial fibrillation:
accuracy of a novel modality in comparison with multislice
computed tomography,” Heart Rhythm, vol. 5, no. 12, pp.
1651–1657, 2008.

[50] C. Meyer, R. Manzke, J. Peters et al., “Automatic intra-
operative generation of geometric left atrium/pulmonary vein
models from rotational X-ray angiography,” Medical Image
Computing and Computer-Assisted Intervention, vol. 11, no. 2,
pp. 61–69, 2008.

[51] J. H. Gerds-Li, M. Tang, C. Kriatselis et al., “Rapid ventricular
pacing to optimize rotational angiography in atrial fibrillation
ablation,” Journal of Interventional Cardiac Electrophysiology,
vol. 26, no. 2, pp. 101–107, 2009.

[52] S. Knecht, M. Wright, S. Akrivakis et al., “Prospective random-
ized comparison between the conventional electroanatomical
system and three-dimensional rotational angiography during
catheter ablation for atrial fibrillation,” Heart Rhythm, vol. 7,
no. 4, pp. 459–465, 2010.

[53] R. Cappato, H. Calkins, S. A. Chen et al., “Prevalence
and causes of fatal outcome in catheter ablation of atrial
fibrillation,” Journal of the American College of Cardiology, vol.
53, no. 19, pp. 1798–1803, 2009.

[54] E. Bertaglia, P. D. Bella, C. Tondo et al., “Image integration
increases efficacy of paroxysmal atrial fibrillation catheter
ablation: results from the CartoMerge Italian registry,”
Europace, vol. 11, no. 8, pp. 1004–1010, 2009.

[55] D. Caponi, A. Corleto, M. Scaglione et al., “Ablation of atrial
fibrillation: does the addition of three-dimensional magnetic
resonance imaging of the left atrium to electroanatomic map-
ping improve the clinical outcome? A randomized comparison
of Carto-Merge vs. Carto-XP three-dimensional mapping
ablation in patients with paroxysmal and persistent atrial
fibrillation,” Europace, vol. 12, no. 8, pp. 1098–1104, 2010.

[56] G. Lee, H. Wu, J. M. Kalman et al., “Atrial fibrillation following
lung transplantation: double but not single lung transplant
is associated with long-term freedom from paroxysmal atrial
fibrillation,” European Heart Journal, vol. 31, no. 22, pp. 2774–
2782, 2010.

[57] F. H. M. Wittkampf and H. Nakagawa, “RF catheter ablation:
lessons on lesions,” Pacing and Clinical Electrophysiology, vol.
29, no. 11, pp. 1285–1297, 2006.

[58] D. G. Latcu, P. Ricard, N. Zarqane et al., “Robotic magnetic
navigation for ablation of human arrhythmias: initial experi-
ence,” Archives of Cardiovascular Diseases, vol. 102, no. 5, pp.
419–425, 2009.

[59] L. Di Biase, Y. Wang, R. Horton et al., “Ablation of atrial
fibrillation utilizing robotic catheter navigation in comparison
to manual navigation and ablation: single-center experience,”
Journal of Cardiovascular Electrophysiology, vol. 20, no. 12, pp.
1328–1335, 2009.

[60] W. Saliba, V. Y. Reddy, O. Wazni et al., “Atrial fibrillation
ablation using a robotic catheter remote control system: initial
human experience and long-term follow-up results,” Journal of
the American College of Cardiology, vol. 51, no. 25, pp. 2407–
2411, 2008.

[61] S. Ernst, “Robotic approach to catheter ablation,” Current
Opinion in Cardiology, vol. 23, no. 1, pp. 28–31, 2008.

[62] W. T. Katsiyiannis, D. P. Melby, J. L. Matelski, V. L. Ervin,
K. L. Laverence, and C. C. Gornick, “Feasibility and safety of
remote-controlled magnetic navigation for ablation of atrial
fibrillation,” American Journal of Cardiology, vol. 102, no. 12,
pp. 1674–1676, 2008.

[63] L. Di Biase, T. S. Fahmy, D. Patel et al., “Remote magnetic
navigation: human experience in pulmonary vein ablation,”
Journal of the American College of Cardiology, vol. 50, no. 9,
pp. 868–874, 2007.

[64] M. N. Faddis, J. Chen, J. Osborn, M. Talcott, M. E. Cain,
and B. D. Lindsay, “Magnetic guidance system for cardiac
electrophysiology: a prospective trial of safety and efficacy in
humans,” Journal of the American College of Cardiology, vol. 42,
no. 11, pp. 1952–1958, 2003.

[65] A. Thiagalingam, A. D’Avila, L. Foley et al., “Importance
of catheter contact force during irrigated radiofrequency
ablation: evaluation in a porcine ex vivo model using a force-
sensing catheter,” Journal of Cardiovascular Electrophysiology,
vol. 21, no. 7, pp. 806–811, 2010.

[66] K. Yokoyama, H. Nakagawa, D. C. Shah et al., “Novel contact
force sensor incorporated in irrigated radiofrequency ablation
catheter predicts lesion size and incidence of steam pop and
thrombus,” Circulation. Arrhythmia and electrophysiology, vol.
1, no. 5, pp. 354–362, 2008.

[67] T. J. Badger, M. Daccarett, N. W. Akoum et al., “Evaluation
of left atrial lesions after initial and repeat atrial fibrillation
ablation; lessons learned from delayed-enhancement MRI
in repeat ablation procedures,” Circulation: Arrhythmia and
Electrophysiology, vol. 3, no. 3, pp. 249–259, 2010.

[68] N. M. Segerson, M. Daccarett, T. J. Badger et al., “Magnetic
resonance imaging-confirmed ablative debulking of the left
atrial posterior wall and septum for treatment of persistent
atrial fibrillation: rationale and initial experience,” Journal of
Cardiovascular Electrophysiology, vol. 21, no. 2, pp. 126–132,
2010.

[69] T. J. Badger, R. S. Oakes, M. Daccarett et al., “Temporal left
atrial lesion formation after ablation of atrial fibrillation,”
Heart Rhythm, vol. 6, no. 2, pp. 161–168, 2009.

[70] T. J. Badger, Y. A. Adjei-Poku, N. S. Burgon et al., “Initial expe-
rience of assessing esophageal tissue injury and recovery using



10 Radiology Research and Practice

delayed-enhancement MRI after atrial fibrillation ablation,”
Circulation: Arrhythmia and Electrophysiology, vol. 2, no. 6, pp.
620–625, 2009.

[71] R. S. Oakes, T. J. Badger, E. G. Kholmovski et al., “Detection
and quantification of left atrial structural remodeling with
delayed-enhancement magnetic resonance imaging in patients
with atrial fibrillation,” Circulation, vol. 119, no. 13, pp. 1758–
1767, 2009.

[72] B. R. Knowles, D. Caulfield, M. Cooklin et al., “3-D visu-
alization of acute RF ablation lesions using MRI for the
simultaneous determination of the patterns of necrosis and
edema,” IEEE Transactions on Biomedical Engineering, vol. 57,
no. 6, pp. 1467–1475, 2010.

[73] V. Y. Reddy, E. J. Schmidt, G. Holmvang, and M. Fung,
“Arrhythmia recurrence after atrial fibrillation ablation: can
magnetic resonance imaging identify gaps in atrial ablation
lines?” Journal of Cardiovascular Electrophysiology, vol. 19, no.
4, pp. 434–437, 2008.

[74] J. E. Taclas, R. Nezafat, J. V. Wylie et al., “Relationship between
intended sites of RF ablation and post-procedural scar in AF
patients, using late gadolinium enhancement cardiovascular
magnetic resonance,” Heart Rhythm, vol. 7, no. 4, pp. 489–496,
2010.

[75] S. Nazarian, A. Kolandaivelu, M. M. Zviman et al., “Feasibility
of real-time magnetic resonance imaging for catheter guidance
in electrophysiology studies,” Circulation, vol. 118, no. 3, pp.
223–229, 2008.

[76] M. Wright, E. Harks, S. Deladi et al., “Real time lesion assess-
ment using a novel combined ultrasound and radiofrequency
ablation catheter,” Heart Rhythm. In press.

[77] M. Wright, R. Bullens, M. Haı̈ssaguerre, P. Jaı̈s, O. Leonard,
and M. O’Neill, “Catheter ablation of persistent AF: integrat-
ing advanced imaging and mapping solutions,” MedicaMundi,
vol. 53, no. 3, pp. 10–85, 2009.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


