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Abstract

Atrial fibrillation (AF) ablation is a complex procedure that
requires access to the left atrium and Pulmonary Vein
Isolation (PVI). The results of these procedures are highly
variable due to the heterogeneous nature of these veins
as well as the ablation techniques. Identification of this
complex anatomy and the relationship to the surrounding
structures can help to increase the success of these
procedures and to reduce the risk and complications of
these ablation procedures. Thus, imaging techniques play
an important role in procedural planning. Preprocedural
imaging is important to rule out thrombosis, assess the
anatomy of the pulmonary veins (PVs) and left atrium
(LA), and evaluate the extent of underlying arrhythmic
substrate. Integration of imaging with ablation navigation
systems can increase the efficacy and safety of catheter
ablation as well as decrease fluoroscopy time.
Postoperative imaging techniques are useful to detect
complications. This paper briefly reviews the different
imaging tools for ablation of AF.
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Introduction
Atrial fibrillation (AF) is a common cardiac rhythm

disturbance with increasing prevalence and associated with
increased morbidity and mortality. Catheter ablation of AF is
indicated for patients with drug refractory highly symptomatic
paroxysmal AF when done in experienced centers by trained
personnel [1]. Pulmonary Vein Isolation (PVI) is considered the
corner stone for AF ablation procedures [2]. However, ablation
success rates remain in the range of 70% with worse outcomes
in patients with persistent form of AF. Redo procedures
commonly required to achieve long term success. Imaging for
detailed atrial tissue characteristics, such as fibrosis, are
commonly used to allow better understanding of the patient
specific atrial substrate that contributes to the success and

failure of AF ablation [3]. The proximity of the left atrium to
surrounding structures such as esophagus emphasizes the
need for better imaging techniques than fluoroscopy to
minimize the complications [4]. In this paper, we will review
clinical utility of various imaging techniques before and after
ablation of AF.

Image Role Pre, Intra and Post-
Procedural

Pre-procedural cardiac imaging enables specific information
to be obtained regarding the PVs and left atrium (LA) prior to
AF ablation: (1) the number of PVs and branching pattern, (2)
individual PV ostial measurements, (3) measurement of LA
dimensions, (4) identification of LA appendage thrombus, (5)
identification of anatomic anomalies in the PVs, (6)
demonstrate the anatomy of the interatrial septum which may
help guide trans-septal puncture, and (7) provide anatomic
knowledge of structures such as the esophagus to minimize
complications including atrioesophageal fistula caused by
burns to the esophagus during ablation [5].

Intraprocedural imaging can guide trans-septal puncture,
guide cryoballoon placement and assess PV occlusion with the
balloon, can be superimposed on electromagnetic system with
subsequent reduction in fluoroscopy time and can allow early
detection of procedural complications.

Post-operative imaging is commonly used to detect post-
procedural complications like PV stenosis, atrioesophageal
fistula, Transient Ischemic Attack (TIA) and stroke [6].

Role of Echocardiography Modalities
Prior to AF ablation all patients should undergo a

transthoracic echocardiogram to evaluate significant
underlying structural heart disease. Other data that could be
obtained from echocardiography evaluation and can affect
ablation outcome includes LA dimension, left ventricular (LV)
filling pressure, LV ejection fraction, etc. [1,4].

The role of LA mechanical dyssynchrony by speckle tracking
was in the recurrence after AF ablation was investigated and it

Review Article

iMedPub Journals
http://www.imedpub.com/

DOI: 10.21767/2386-5180.1000180

Annals of Clinical and Laboratory Research

ISSN 2386-5180
Vol.5 No.2:180

2017

© Copyright iMedPub | This article is available from: http://www.aclr.com.es/ 1

http://www.imedpub.com/
http://www.aclr.com.es/


was found that AF recurrence had significant dyssynchrony
compared to those in sinus rhythm [7].

In a Meta-analysis of 8 studies evaluating the role of LA
strain in predicting outcomes after AF ablation, it was found
that lower LA strain was associated with higher AF recurrence
[8].

More recently, a study evaluating the effect of epicardial fat
thickness measured by echocardiography in the end systole as
a predictor of outcome after AF cryoablation reported that
epicardial fat thickness predicted AF recurrence and was
associated with higher C reactive protein addressing the role
of inflammation in AF [9].

Transesophageal echocardiography (TEE) is an important
pre- and intraprocedural imaging tool for AF ablation. It is the
gold standard tool to rule out the presence of Left Atrial
Appendage (LAA) thrombus. It also provides anatomic data
regarding the LA and PVs. TEE can be used to guide the trans-
septal puncture and ablation catheter navigation [6].

Advantages of TEE include its wide availability, familiarity
with the technique for most institutions, and absence of
radiation exposure.

Real-time three-dimensional transesophageal
echocardiography

(RT3DTEE) has become available for clinical practice offering
clear and detailed imaging of the cardiac anatomy. This
technology permits direct visualization of the cardiac
structures in a 3D perspective with better spatial relationship
among structures, and more accurate and reliable
measurements of cardiac structures than two-dimensional
(2D) TEE.

• 3D TEE can be used preoperative to visualize PV ostia and
surrounding structures. PV anomalies including common
ostia and right-sided accessory veins could be identified
with RT 3D TEE. Importantly, performing a 3D pre-
procedural analysis with the RT 3D TEE might bear the
advantage of not having to perform a computed
tomography (CT) scan or a magnetic resonance imaging
(MRI). This can reduce time, cost and X-ray exposure in the
case of CT scan imaging. However, it should be mentioned
that CT or MRI imaging might be superior to RT 3D TEE in
adequately defining the features of the anatomical
variations.

• RT3DTEE leads to uneventful trans-septal (TS) access by
clearly documenting the classical ‘tenting’ effect of the
fossa ovalis (FO) indicating the correct TS position (Figure
1).

• Assessment of pulmonary vein occlusion with the
cryoballoon can be done using the color doppler
acquisition of the full volume in 3D, which shows exactly
the anatomical location of eventual PV–LA leakage (Figure
2).

• Use of RT3DTEE can reduce the AF ablation complications
through preforming safe TS puncture which is considered
as a major source of procedure related complication. RT 3D

TEE can avoid inserting the balloon in the LAA as it is
perfectly distinguishing LAA from the left-sided veins.
Finally, like other echocardiographic techniques it can
constantly monitor the pericardial cavity; therefore,
potentially identifying effusion in its very early stages. On
the other side, oesophageal hematoma has been described
as a potential complication in TEE-guided AF ablation.
Although rare, this complication can result in significant
morbidity with long-term clinical manifestations including
oesophageal stricture and persistent dysmotility [10].

Figure 1 Performing TS puncture with real time 3D TEE.
Ottaviano et al. in 2013.

Figure 2 Perfect PV occlusion evaluated by 3D TEE and by
angiography. Ottaviano et al. in 2013.

Intracardiac echocardiography (ICE) / 3D-
intracardiac echocardiography

Intracardiac echocardiography is routinely used in many EP
laboratories for intraprocedural imaging.

• Trans-septal puncture can be easily performed by direct
ultrasound visualization of the FO, especially during needle
and sheath passage, an important consideration in difficult
cases such as in patients with atrial septal defect repair
where a synthetic patch may present an otherwise
unsolvable obstacle.

• It provides excellent anatomical details of the interatrial
septum, PV antra, ridges, and other important parts of the
LA allowing the operator to fine tune the ablation catheter
position to achieve antral PV isolation or target carinal
areas (Figure 3) [6,11].

• ICE may be used to avoid catastrophic complications such
as atrioesophageal fistula by providing the location of vital
surrounding structures and their relationship to the LA.

• ICE has been also used to detect pericardial effusion,
thrombus formation, and to titrate the RF energy delivery
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to avoid microbubble appearance or char formation.
Doppler modality could be used anytime during the
procedure to check PV velocities. Experience showed that
PV ostial peak velocity increasing to more than 150 cm/s
and doppler pattern of turbulent flow indicate a moderate
narrowing effect. Significant stenoses are associated with
higher peak flow velocities [10].

• 3D intracardiac echocardiography: Two-dimensional ICE
imaging has several limitations. For example, curved
catheter shaft often cannot be fully visualized with single
plane image, thus necessitating acquisition of 3D imaging
planes. Reliable 3D imaging of cardiac chambers may
obviate the need for virtual Electroanatomic Mapping
(EAM) and make any mapping or ablation procedure more
precise and faster [4].

• ICE technology is improving. Innovations include better
transducers with higher resolution, ultrasound probes
incorporating a port for a radiofrequency wire allowing
simultaneous visualization and ablation, percutaneous
intrapericardial echocardiography, and 4D ICE with gated
reconstruction of cardiac motion and ICE image integration
with EAM. The main advantages of ICE are no need for
anesthesia and full control over imaging by an
electrophysiologist [6,11-13].

Figure 3 ICE images in the upper one ablation catheter in
the left superior PV, lower one showing lasso catheter in
right inferior PV. Marrouche et al. in 2003.

Role of Computed Tomography (CT)
Cardiac CT scan can aid in AF ablation through the wide

range of data obtained regarding PV and LA anatomy,
identification of relation to adjacent structures to prevent
complications and allow safe navigation of ablation catheters,
diagnosis of post-procedural complication.

• CT angiography (CTA) provides a detailed 3D perspective of
the left atrium and the number, location, size, and
geometry of the pulmonary veins. CTA appears to

characterize complex left atrial anatomy better than 2D
imaging modalities such as fluoroscopy and echo. The
common occurrence of pulmonary vein variants can be
easily and accurately identified. Supernumerary PVs most
often right sided occur in 10% to 39% of people in 3D
angiogram studies. AF triggering foci can be located within
these additional veins requiring their isolation. Early
branching from the PV ostium can also be seen and
appears more common for the right PVs. Being alerted to
their presence is important because ablating near small or
early branching PVs increases the risk of PV stenosis. A left
common PV trunk results in a broad PV junction and is
present in 12% to 29% of people in 3D angiogram studies
(Figures 4 and 5) [3].

Figure 4 3D volume reconstructed cardiac CT showing
supernumerary right sided PVs and early branching left
inferior PV.

Figure 5 CT showing the ostia of 3 right sided PV.

• Sizing of the PVs provided by 3D imaging may become even
more important with the advance of complex ablation tools
such as cryoballoon. Therefore, pre-procedural
determination of the tool size becomes more important.

• CT has demonstrated significant variations in atrial wall
thickness between different regions of the left atrium,
ranging from 0.5 mm to 3 mm with significant interpatient
variability. Variations in regional wall thickness might be
useful for directing increasing ablation power in thicker
regions, such as the appendage ridge, mitral isthmus, and
superior roof, to increase the likelihood of transmural
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lesion formation. Conversely, power could be decreased in
thinner regions, such as the superior posterior wall, to
avoid complications such as perforation [14].

• CT can also provide data concerning structural remodeling
and pro-arrhythmia. Gross atrial volume and shape reflect
some of aspects of pro-arrhythmic atrial substrate. For
example, progressively larger atrial volume by CTA has
been associated with incrementally higher odds of AF
recurrence following ablation. A more flattened atrial roof
shape may also identify patients who require additional
trigger ablation or substrate modification outside of PV
isolation [15,16].

• CT is also capable of localizing and quantifying pericardial
fat, which plays a role in promoting AF. Studies by Batal et
al. and Thanassoulis et al. provided evidence that the
presence and quantity of pericardial fat measured by CT
was associated with increasingly persistent AF forms
[17-21].

• Identification of specific LA anatomy, like locations
including the ridge of Marshall located between the LAA
and the left PV which is not adequately appreciated on
EAM, as well as the ridges separating the right middle PV
with its neighboring right superior and inferior PV. These
anatomical ridges are visualized well with CT; the LAA ridge
is <5 mm and ridges surrounding the right middle PV
superiorly and inferiorly are narrower than 2 mm. The
inability to achieve stable catheter positions at these
locations may result in incomplete ablation lines and
delivery of lesions within the PV, potentially resulting in PV
stenosis or ablating too close to the LAA. Thus, pre-
procedural imaging of the LA with CT demonstrating
narrow LA ridges may affect the ablation location and
strategy. [5] (Figure 6).

Figure 6 CT showing the ridge between the LAA and LSPV.

• CT is helpful in prevention of complications. Appreciation
of the relationship to surrounding anatomy is important to
minimize mechanical and ablation related complications.
The risk of catheter-mediated perforation can be reduced
by additional localization of the PV junctions and
knowledge of regional variations in atrial thickness.
Ablation injury of adjacent structures can be minimized by
understanding the anatomic relationships of these
structures such as the course of the right phrenic nerve
between the right superior PV and superior vena cava/right
atrium [3,22].

• CT is also valuable in diagnosis and prevention of
pulmonary vein stenosis which can be reduced by avoiding
ablation inside the PVs.

• CT can prevent oesophageal injury. Pre-procedural CT can
determine the course of the esophagus and its relationship
to posterior wall, upper right and upper left PVs. CT is also
the diagnostic modality of choice for atrioesophageal
fistula [3].

Role of Cardiac Mangetic Resonanse
Imaging (MRI)

Cardiac MRI plays a crucial role in AF ablation as it can
precisely delineate the anatomy of LA and PVs, evaluate atrial
fibrosis which is linked to procedural success, evaluate post
ablation lesion characteristics and can prevent and diagnose
procedural complications.

Before ablation procedure.
• MRI angiography (MRA) provides a detailed 3D perspective

of the left atrium anatomy and the number, location, size,
and branching pattern of the pulmonary veins. Since an
early MRA study by Kato et al. outlined PV anatomic
relationships, many MRA studies have confirmed the
common occurrence of pulmonary vein variants.
Understanding this complex PV anatomy is mandatory for a
successful PVI procedure, hence missing one of these PVs
will lead to AF recurrence [23].

• MRI is useful for evaluating arrhythmogenic atrial substrate
and ablation patient selection. Moreover, MRI can predict
outcome after ablation. MRI can directly assess the atrial
fibrotic changes that parallel the atrial fibrillation
progression process. Delayed Gadolinium Enhancement
MRI (DEMRI) is based on the retention of injected
gadolinium contrast within myocardium that has disrupted
vasculature. Oakes et al. first reported the possibility of
detecting atrial fibrosis using DEMRI. They found that the
extent of pre-ablation LA DEMRI enhancement was 3 to 4
times more predictive of response to drug therapy and AF
ablation than LA volume. In this study, post AF ablation
recurrence occurred in 75% of patients with extensive
enhancement, 43% of those with moderate enhancement,
and only 14% of those with mild enhancement [23].
Follow-up studies by the same group have supported this
finding, leading to proposal of a “fibrosis” scoring system
based on total amount of DEMRI atrial enhancement
(Figure 7). They reported no recurrence in patients with
very low (<5%) enhancement but 56% to 96% recurrence in
those with more than 35% enhancement. [24,25]. More
recently, Khurram et al. evaluated the effect of late
gadolinium enhancement on AF recurrence after PVI and
concluded that regardless of AF persistence at baseline,
participants with LGE <35% have favorable outcomes,
whereas those with LGE >35% have a higher rate of AF
recurrence in the first year after ablation. These findings
suggest a role for: 1) patient selection for AF ablation using
LGE extent; and 2) substrate modification in addition to
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pulmonary vein isolation in patients with LGE extent
exceeding 35% of left atrial myocardium. These results
suggest the limitation of relying on standard paroxysmal
and persistent clinical categories for predicting response to
AF ablation [26].

Figure 7 Visualization of left atrial “fibrosis” based on pre-
ablation 3D DEMRI. A) Illustrates a scoring system based on
quantity of DEMRI enhancement. Low (Utah Stage 1) to high
(Utah Stage 4) amounts of atrial “fibrosis”. B) Freedom from
AF after ablation C) number of patients persistent and
paroxysmal AF by Akoum et al. in 2011.

• In another study by Suksaranjit et al. they found that in AF
patients without history of myocardial infarction, LV-LGE is
a significant independent predictor of AF recurrence after
ablation therapy [27].

• Using MRI, Wong et al. found that pericardial fat volume
was associated with the presence and chronicity of AF.
They also found that pericardial fat deposits were
predictive of AF recurrence after ablation [28].

Post procedural role of MRI.
• MRI can be used also to evaluate the success of

circumferential ablation line 1. Recovery of PV conduction
is typical in patients who undergo repeat AF ablation
despite documentation of electrical pulmonary vein
isolation after previous procedures. This is likely due to
resolution of transient factors such as edema that can
resolve in the days to weeks following ablation. MRI has
the most established history for assessing lesion
characteristics after ablation.

• In 2007 Peters et al. introduced the concept of high-
resolution atrial ablation lesion imaging following PVI using
DEMRI. McGann et al. used a standardized workflow for 3D
ablation lesion quantification and visualization. They found
that despite a uniform and extensive ablation protocol,

there was significant patient-to-patient variation in post-
ablation LA enhancement. They also found the greater the
amount of post-ablation enhancement, the less AF
recurrence after ablation. Taclas et al. found that 20% of
lesions they marked with EAM did not have evidence of
associated DEMRI atrial enhancement. They also related
more gaps in DEMRI enhancement to greater AF
recurrence after ablation. Conversely, Badger et al. found
that achieving circumferential DEMRI enhancement around
all pulmonary veins was difficult and only seen in 7% of
patients after initial ablation. However, all patients with
circumferential enhancement of all veins were free from
AF at one year. Akoum et al. combined pre- procedure
DEMRI fibrosis assessment and post procedure DEMRI
lesion assessment. After PVI plus extensive substrate
ablation, they found that achieving circumferential DEMRI
enhancement around the PVs predicted procedural success
only in patients with relatively less DEMRI atrial fibrosis.
However, in patients with more atrial fibrosis only overall
post-ablation atrial enhancement was predictive of
success. This study suggests that imaging detailed atrial
tissue characteristics may be useful for identifying patients
who are likely to require an ablation strategy beyond PVI.
Badger et al. reported that the amount of DEMRI
enhancement seen within 24 hours of ablation was
significantly greater than that seen at 3 and 6 months after
ablation. This reflects the transient atrial injury that does
not correlate well with eventual atrial scarring. A follow-up
study by McGann et al. suggested that non-enhancing
(dark areas of no reflow) regions on DEMRI might better
reflect regions that will eventually form durable ablation
lesions [29-34].

• MRI can also prevent ablation complications by means of
better identification of the anatomy, evaluation of the
proximity of the nearby structure such as oesophagus,
aorta, phrenic nerve and evaluation of atrial wall thickness
to prevent perforation.

• The shift towards a more extensive ablation in the LA,
particularly in persistent atrial fibrillation, raises concern
for the adversely impact on atrial structure and function.
Using post-ablation DEMRI to quantify LA scarring after
ablation, Wylie et al. found a linear correlation between
more extensive ablation and reduced atrial ejection
fraction (EF). Though another meta-analysis reported
overall improvement in atrial function following successful
ablation [35,36].

MRI for repeat procedures
• In a study by Bisbal et al. evaluating the role of cardiac MRI

in repeat ablation procedures, they found that DEMRI can
successfully guide repeated PVI procedures by accurately
identifying and localizing gaps and may reduce procedural
duration and radiofrequency application time [37].
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Merge Technologies

CT and cardiac MRI fluoroscopy merge
• The idea of overlaying a 3D anatomical shell of the heart

chamber on live fluoroscopy is attractive. Both CT and MRI
data can be segmented and registered to a live fluoroscopy
screen. Early experience confirmed high accuracy of
catheter navigation within properly registered images. A
randomized comparison with EAM demonstrated similar
radiation exposure when using CT overlay on live
fluoroscopy as the only imaging guide and a shorter
procedural time. These overlay tools are relatively
inexpensive as they do not require specialized mapping
catheters or patches. Disadvantages of purely X ray-based
methods include radiation exposure that may not be
negligible with non-gated CT. Another disadvantage of CT
or MRI-based system is the lag between the actual imaging
and the procedure day [6,38,39] (Figure 8).

Figure 8 showing CTA merged with fluoroscopy by Knecht et
al. in 2008.

CT and cardiac MRI merged with
electroanatomic mapping
• Fusion of 3D anatomical data with EAM can theoretically

correct anatomical imperfections of EAM methods while
providing almost real-time non-fluoroscopic
intraprocedural navigation guidance. Early publications
showed feasibility and high accuracy of CT/MR and EAM
fusion. Minimal discrepancy (about 2 mm) between the CT
shell and mapping points. Accurate superimposition of
these fused images is a complex issue. It requires
sophisticated computer algorithms and sometimes
imagination. Reconstructed 3D shells of the chamber of
interest, obtained by different methods, may simply be
different depending on acquisition time, volume status,
respiratory movement, etc. [40-43].

Real-Time CMR: The Future of the
Electrophysiology Lab?
• The purpose of the MRI-EP suite is to avoid radiation

exposure. Further, accurate definition of cardiac structures
and arrhythmic substrates such as scar and fibrosis,
visualization of catheter position, and the possibility to

monitor the efficiency of radiofrequency applications by
observing the lesion formation makes this technology very
attractive [44].

• Initial experiences with ablation of arrhythmias using real-
time CMR guidance indicate that it seems to be feasible
and safe.

• Radiation exposure has been significantly reduced with the
use of electroanatomic mapping systems; however, the use
of interventional CMR would completely eliminate
radiation exposure. Efficacy could be improved by
identifying areas of edema with incomplete isolation;
advances and improvements in real-time CMR guidance
might be useful to detect gaps during the index procedure
despite transient electrical isolation due to edema or non-
transmural lesions. This would be a very important step
toward improving the long-term outcome of AF ablation.

• However, despite these potential improvements, the
implementation of a CMR suite is still a challenge. Several
limitations must be overcome: the need for compatible
equipment (12-lead ECG, catheters, wires, and ablation
systems) and improved signal filtering to allow reliable
signal interpretation, as well as the guarantee of patient
safety: current defibrillation systems are not safe inside the
CMR [45-47].

Special Considerations
Though in practice CT and MRI are often interchangeable,

these modalities have some advantages and disadvantages. CT
has the advantage of short imaging times and high spatial
resolution. Current CT systems can generate 3D angiograms
with 0.5 mm × 0.5 mm × 0.5 mm resolution within around 10
heart beats for 64 detector systems and within one heart beat
for 320 detector systems. In contrast, a 20 to 30 second breath
hold is typically required for 3D MRA with a resolution around
1.5 mm × 1.5 mm × 1.5 mm.

More significantly, much longer imaging times of several
minutes are currently required for the “fibrosis” and ablation
lesion DEMRI studies discussed above. Reliably mitigating the
effects of patient and physiologic motion over these longer
imaging times remains a challenge.

An advantage of MRI over CT is that it does not require
ionizing radiation. MRI also has the advantage of more flexible
soft tissue contrast compared with CT. This has led to the more
rapid advances in MRI of atrial substrate and ablation lesions.

The use of both CT and MRI is limited in patients with
significant renal dysfunction. The incidence and severity of
renal dysfunction with iodine-based CT contrast agents
markedly increases in patients with GFR <30 ml/min.

Gadolinium MRI contrast has been associated with a very
rare but serious condition, nephrogenic systemic fibrosis (NSF).
The occurrence of NSF has been limited to patients with GFR
<30 ml/min and typically dialysis dependent [48-50].
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Conclusion
• AF is a progressive disease and AF ablation procedures are

increasing significantly but with disappointing results and a
lot of repeat procedures.

• Pre-procedure imaging is extremely important for ablation
planning to delineate the complex and variable anatomy of
the left atrium, PVs, and surrounding structures. The
information from pre-procedure 3D images can be
incorporated into electroanatomic mapping systems to
facilitate catheter navigation and reduce fluoroscopic
radiation exposure.

• Post-procedure imaging can also be useful for evaluating
complications such as PV stenosis, esophageal injury, and
reduced atrial function. Incorporating MRI or CT
information about tissue characteristics such as regional
fibrosis, pericardial fat and atrial wall thickness may
provide additional information for selecting ablation
strategies or for guiding ablation energy delivery.

• Ablation lesion imaging is an attracting point of research
toward the goal of detecting incomplete ablation regions to
guide additional lesion placement.

• Advances in real-time imaging modalities such as ICE and
MRI, alternative ablation energy sources and techniques,
and better understanding of AF pathophysiology altogether
are crucial to achieve a more uniformly successful
treatment for atrial fibrillation.
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