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Atrial arrhythmias, including atrial fibrillation and atrial flutter, may be treated through catheter ablation. The process of atrial arrhythmia
catheter ablation, which includes patient selection, pre-procedural planning, intra-procedural guidance, and post-procedural assessment, is
typically characterized by the use of several imaging modalities to sequentially inform key clinical decisions. Increasingly, advanced imaging
modalities are processed via specialized image analysis techniques and combined with intra-procedural electrical measurements to inform
treatment approaches. Here, we review the use of multimodality imaging for left atrial ablation procedures. The article first outlines how
imaging modalities are routinely used in the peri-ablation period. We then describe how advanced imaging techniques may inform patient se-
lection for ablation and ablation targets themselves. Ongoing research directions for improving catheter ablation outcomes by using imaging
combined with advanced analyses for personalization of ablation targets are discussed, together with approaches for their integration in the
standard clinical environment. Finally, we describe future research areas with the potential to improve catheter ablation outcomes.
....................................................................................................................................................................................................

....................................................................................................................................................................................................

............................................................................................................................................................................................
Keywords atria • atrial fibrillation • MRI • CT • ablation

Graphical Abstract

Ablation procedure

(a) Pre-procedural analysis

(b) Ablation procedure 

(c) Post-procedural analysis

LAA

LA LSPV

Treated areas

Mapping catheter

Ablation catheter

Imaging Image segmentation

Pre-ablation assessment

Fibrosis map

Target patients

Risks 

Predictions

Ablation map

Imaging Image segmentation Fibrosis map

* Corresponding author. Tel: þ44 (0)20 7836 5454; E-mail: steven.niederer@kcl.ac.uk
†The last two authors served as joint last authors.
VC The Author(s) 2021. Published by Oxford University Press on behalf of the European Society of Cardiology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

European Heart Journal - Cardiovascular Imaging (2022) 23, 31–41 REVIEW
doi:10.1093/ehjci/jeab205

http://orcid.org/0000-0002-7266-2084
https://orcid.org/0000-0002-4612-6982
Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Introduction

Atrial arrhythmias, including atrial fibrillation (AF) and atrial flutter,
present a major health burden, increasing risks of stroke and heart
failure and decreasing quality of life. In drug-refractory symptomatic
patients with AF, catheter ablation offers an effective treatment op-
tion. However, while some patients have an excellent response to
catheter ablation, many experience arrhythmia recurrence and re-
quire repeated procedures.1 With growing demands on clinical serv-
ices, ensuring the right patients are selected and that the right therapy
is delivered is of increased importance.

The process of atrial arrhythmia catheter ablation, which includes
patient selection, pre-procedural planning, intra-procedural guidance,
and post-procedural assessment, is typically characterized by the use
of several imaging modalities to sequentially inform key clinical deci-
sions. Increasingly, advanced pre-procedural, intra-procedural and
post-procedural imaging modalities are processed via specialized
image analysis techniques and combined with intra-procedural elec-
trical measurements to inform treatment approaches.

Here, we review the use of multimodality imaging for left atrial ab-
lation procedures. The article first outlines how imaging modalities
are routinely used in the peri-ablation period (Section 1). We then
describe how advanced imaging techniques may inform patient selec-
tion for ablation (Section 2) and ablation targets themselves (Section
3). Ongoing research directions for improving catheter ablation out-
comes by using imaging combined with advanced analyses for person-
alization of ablation targets are discussed, together with approaches
for their integration in the standard clinical environment. Finally, we
describe future research areas with the potential to improve catheter
ablation outcomes.

Section 1: use of conventional
imaging techniques in the peri-
ablation period

Patient selection using pre-procedural
imaging
Pre-procedural imaging is used to assess anatomy and disease pro-
gression to help inform treatment decisions. Magnetic resonance
angiography and computed tomography imaging provide detailed in-
formation on patient-specific atrial anatomy. Atrial size is the most
widely accepted measures of disease progression, which can be
assessed with echocardiography, magnetic resonance imaging, or
computed tomography imaging.2 In addition, advanced imaging tech-
niques to assess left atrial cardiomyopathy may be helpful to guide pa-
tient selection (see Section 2).

Pre-procedural imaging is routinely used to exclude the presence
of left atrial thrombus prior to catheter ablation.3 A variety of imaging
modalities have been used for this purpose, including transoesopha-
geal echocardiography and cardiac computed tomography.4–7 Intra-
cardiac echocardiography may also be adequate for this indication.8

Pre-procedural cross-sectional imaging has the additional benefit of
providing information on left atrial and pulmonary vein size and anat-
omy,9,10 and magnetic resonance imaging and echocardiography

provide additional and important assessments of left ventricular sys-
tolic function.11

Intra-procedural imaging
Traditionally, fluoroscopic imaging has been used to guide AF abla-
tion. Given the exposure to ionizing radiation consequent upon
fluoroscopic imaging, some centres have reported ‘zero fluoroscopy’
procedures.12 Fluoroscopic ionizing radiation exposure during AF ab-
lation has decreased significantly with the evolution of electroana-
tomic mapping systems.13–20 Intra-procedural ultrasound imaging
(either intra-cardiac echocardiography or transoesophageal echocar-
diography) is commonly used as an adjunctive intraprocedural imag-
ing modality to facilitate trans-septal puncture.

Interventional magnetic resonance imaging is a developing field and
electrophysiology procedures under magnetic resonance guidance
have previously been reported.21,22 Interventional magnetic reson-
ance imaging offers an alternative radiation-free approach to catheter
ablation together with the potential benefits of direct intra-
procedural substrate visualization,23 although AF ablation under
interventional magnetic resonance imaging guidance has not been
reported at present.

Post-procedural imaging
Before discharge and during patient follow-up, imaging is used for pa-
tient monitoring and the identification of complications.
Echocardiography may be used to identify the presence of pericardial
effusion.24 If an atrio-oesophageal fistula is suspected, computed tom-
ography with contrast may be used for diagnosis.25 Pulmonary vein
stenosis following pulmonary isolation may be under-diagnosed.26

Computed tomography or magnetic resonance angiography can be
used to detect pulmonary vein stenosis with comparable accuracy to
invasive angiography.27–29 Late-gadolinium enhancement cardiac mag-
netic resonance (LGE-CMR) imaging has been reported to assess
atrial ablation lesion formation,30,31 although the sensitivity of existing
LGE-CMR for detecting gaps in ablation lesion sets is debated.32

Section 2: using advanced imaging
techniques to inform patient
selection for ablation

Patient selection for ablation therapy involves detailed consultation
between patient and physician, considering the clinical features of the
arrhythmia, patient co-morbidities, complications of AF, patient pref-
erences, and prior treatment responses. Some of these factors have
been encapsulated within clinical scoring systems which provide add-
itional quantification of the likely outcome of AF ablation. For ex-
ample, the CHA2DS2VASc, CHADS2, and R2CHADS2 scores have
been linked to arrhythmia recurrence after single procedure AF abla-
tion, although the predictive value is modest. Scoring systems specific
for AF recurrence following ablation have also been developed
including the DR-FLASH score (comprising diabetes mellitus, renal
dysfunction, persistent form of AF, left atrial diameter >45 mm, age
>65 years, female sex, and hypertension),33 and the CAAP-AF score
(coronary disease, atrial diameter, age, persistent or long-standing AF,

32 C.H. Roney et al.
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number of anti-arrhythmic drugs failed, and female sex).34 The per-
formance of these scores is modest, with C-statistics of 0.767 and
0.650, respectively.

One contributing factor for the modest performance of such scor-
ing systems may be their dependence upon the detection of factors
which indirectly influence atrial electropathophysiology. In this con-
text, advanced imaging techniques could provide direct measures of
atrial structure and function that may provide additional value for pre-
dicting response to therapy and therefore hold utility for informing
patient selection for ablation. One of the simplest metrics to calculate
is atrial volume, and Costa et al.2 demonstrated that atrial volume is
more important than AF type for predicting whether AF will recur
following pulmonary vein isolation across a cohort of 809 patients.
Using more advanced analyses, LGE-CMR and adipose tissue com-
puted tomography imaging have been reported to provide informa-
tion on disease progression and likelihood of AF recurrence
following catheter ablation.35,36

Pre-procedural LGE-CMR imaging has been used for the quantifi-
cation of atrial fibrosis, which changes with disease progression.
There are multiple software platforms available for processing atrial
LGE-CMR including Cemrgapp37 (cemrgapp.com), ADAS3D Medical
(adas3d.com), Merisight Inc. (http://merisight.com/), and Music
(https://www.ihu-liryc.fr/en/music/). Many of these platforms are pro-
prietary, which makes direct comparisons of methods challenging.
However, intra-observer reproducibility of the open-source
Cemrgapp has been demonstrated.38 In general, LGE-CMR images
are interpreted by classifying regions of the tissue as fibrotic. Voxel
intensities are first transformed to either an image intensity ratio or
number of standard deviations from the average blood pool intensity.
A threshold is then applied to classify the tissue as fibrotic. Different
centres have performed studies to verify their choice of threshold for
identifying atrial fibrotic tissue from LGE-CMR scans, either through
comparing to healthy volunteers,39 through comparison with bipolar
peak-to-peak voltage,40 or through comparison with ablation scar
histology.41 Benito et al.42 provide a comprehensive review of using
LGE-CMR for assessing fibrosis.

Atrial shape measurements may indicate likelihood of AF recur-
rence. For example, Bieging et al.43 demonstrated that a more round
left atrial shape, as well as a shorter and more laterally rotated ap-
pendage was predictive of recurrence.

Following quantification of atrial fibrosis from LGE-CMR imaging,
Khurram et al.36 showed that patients with a higher degree of atrial fi-
brosis have a higher rate of AF recurrence across a cohort of 165
patients. Similarly, the Delayed-Enhancement MRI Determinant of
Successful Radiofrequency Catheter Ablation of Atrial Fibrillation
(DECAAF) clinical trial indicated that the degree of atrial late-gadolin-
ium enhancement was independently associated with AF recurrence
following catheter ablation in a cohort of 260 patients.44 Notably,
these findings have been confirmed by some studies but also refuted
by other studies.

Recent studies use computed tomography to quantify adipose tis-
sue content, which has been shown to affect AF maintenance mecha-
nisms. For example, in a mechanistic study, Nalliah et al.45 showed
that higher adipose tissue content is correlated with increased fibro-
sis, slower conduction, higher degrees of electrogram fractionation,
and increased lateralization of connexin40 gap junctional protein. In a
clinical study, El Mahdiui et al.35 demonstrated that posterior left atrial

adipose tissue attenuation is predictive of AF recurrence following
catheter ablation therapy. Similarly, a meta-analysis of 12 studies
found that total epicardial fat tissue volume and thickness seem to be
associated with AF recurrence following catheter ablation therapy.46

Section 3: using advanced imaging
techniques to guide ablation
procedures

Electroanatomic mapping: an intra-
procedural imaging technique
Electroanatomic mapping is usually considered to be distinct from
medical imaging, but it holds many similarities to medical imaging
techniques by providing both anatomical and structural cardiac infor-
mation. Electroanatomic mapping systems use a variety of technolo-
gies to locate catheters within the intracardiac cavities or pericardial
spaces to create a 3D anatomical representation (‘image’) of the car-
diac chambers.15 Electrical recordings from the same catheters pro-
vide information on activation rates,47 conduction patterns,48

conduction speed,49 wall thickness,50 and voltage.51 Derived electric-
al measures—for example dominant frequency, local activation time,
bipolar peak-to-peak voltage, and electrogram fractionation52—can
be displayed as scalar fields on the chamber shell image.

Electroanatomic mapping is used routinely for guiding atrial ar-
rhythmia ablation however, as with all medical investigations, it has
several known limitations. First, determining disease progression
from electroanatomic mapping data is challenging and an area of ac-
tive research. For example, electroanatomic voltage maps are often
used as a surrogate indicator for the presence of fibrosis, yet voltage
values depend on wavefront direction,48 electrode size and contact,53

pacing frequency,54 and atrial rhythm.55 This makes it challenging to
interpret maps of voltage amplitude for characterizing atrial fibrosis.
Secondly, it is challenging to record electrograms with an even spatial
distribution and global coverage of the entire atria. This means there
is a degree of uncertainty in the electrical properties of some areas of
the atrial tissue and useful information may be missed.56 Thirdly, it is
challenging in general to use electrogram metrics to guide ablation.57

While many metrics have been proposed, none of the metrics have
been unambiguously successfully evaluated in large clinical trials to
guide ablation procedures.58

Augmenting electroanatomic mapping with imaging data has the
potential to overcome some of these challenges and further contrib-
ute to the guidance of ablation procedures. In the following sections,
we detail how magnetic resonance imaging, computed tomography
and rotational angiography data have been used during catheter abla-
tion therapies to inform ablation approaches.

Image integration with magnetic
resonance and computed tomography
imaging
Pre-procedure magnetic resonance imaging and computed tomog-
raphy provide high-contrast and high-resolution images that allow a
complete description of the patient’s atrial anatomy. These images
can be used to create an atrial anatomical shell that can be registered
with the anatomy derived from electroanatomic mapping systems.15

Imaging for atrial catheter ablation 33
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Performing image integration in this way to combine pre-procedural
anatomical data from imaging with electroanatomic mapping data
may reduce fluoroscopy times13–20 and procedure times.16,17,59

Some studies have found improved clinical outcomes following abla-
tion with image integration,18,60–62 while others have found no differ-
ence in outcomes,13,14,16,63,64 which is supported by meta-analysis.65

A major challenge in image integration remains registration errors be-
tween modalities. Registration errors depend on the size of the
atria66 and the period of the atrial contraction cycle when the image
was acquired,67 but appear to be independent of the presenting
rhythm.68 These potential confounding factors may explain why
some studies have found the accuracy of image integration to be in-
sufficient to guide ablation procedures,69,70 while others have
reported improved clinical outcomes with image integration.18,60,62,71

Oesophageal location
Damage to the oesophagus during AF ablation carries a risk of atrial-
oesophageal fistula which is amongst the most devastating complica-
tions of AF ablation.72,73 The oesophagus can be readily identified on
pre-procedural computed tomography and cardiac magnetic reson-
ance imaging and merged with the electroanatomic mapping system
geometry. Scazzuso et al. demonstrated a good agreement of oe-
sophageal position between computed tomography and fusion imag-
ing when computed tomography imaging was within 48 h (83.3% vs.
64% for non-recent computed tomography imaging). They reported
that knowledge of oesophageal location modified their ablation ap-
proach in 51% of cases.74 In contrast, Daoud et al.75 compared com-
puted tomography images taken 1 week pre-procedure with
intraprocedural contrast oesophagram and concluded that computed
tomography did not reliably detect the location of the oesophagus.
The oesophagus is mobile within the thorax and hence its position on
pre-procedural imaging may not represent its position during the ab-
lation procedure; however, identification of its course may be benefi-
cial in planning ablation strategy if confirmed with other intra-
procedural modalities.

Late-gadolinium enhancement cardiac
magnetic resonance imaging
In addition to its potential use in patient selection for ablation out-
lined earlier, LGE-CMR imaging has also been investigated for ablation
procedure guidance. Two general areas have been evaluated: identify-
ing ablation targets using LGE-CMR and evaluating ablation scar fol-
lowing ablation.

Identifying ablation targets using LGE-
CMR
It is hypothesized that fibrotic areas represent a potential ablation tar-
get since fibrosis slows atrial conduction and alters atrial electrophysi-
ology, which might anchor re-entry.76 Indeed, areas of fibrotic tissue
identified via electroanatomic voltage mapping have been targeted
for ablation, for example, the box isolation of fibrotic regions ap-
proach, with some success.77 During AF ablation, atrial anatomy with
fibrotic labelled regions can be registered to the electroanatomic
mapping data to facilitate intra-procedural ablation guidance based on
LGE-CMR alone or LGE-CMR as an adjunct to conventional electro-
physiological data.

The use of LGE-CMR to guide the index ablation strategy has been
investigated. The Magnetic Resonance Imaging-Guided Fibrosis
Ablation for the Treatment of Atrial Fibrillation (ALICIA) trial com-
pared MRI-guided fibrosis ablation with pulmonary vein isolation to
pulmonary vein isolation alone across 155 patients, with a primary
endpoint of rate of recurrence at 12 months, but found that ablating
atrial fibrosis detected using LGE-CMR with pulmonary vein isolation
was not more effective than pulmonary vein isolation alone.78 The pa-
tient population in ALICIA consisted of both paroxysmal and persist-
ent AF and had an overall low fibrosis burden. In contrast, the Efficacy
of Delayed Enhancement MRI-Guided Ablation vs. Conventional
Catheter Ablation of Atrial Fibrillation (DECAAFII) trial is investigat-
ing whether ablation that targets areas of high LGE-CMR intensity is
superior to pulmonary vein isolation in persistent AF patients
expected to have a higher fibrosis burden. The results of DECAFF II
are awaited.

Using an alternative image analysis approach, Kiuchi et al. also dem-
onstrated proof-of-concept for identifying ablation targets using LGE-
CMR imaging. In their study, only regions of ‘fragmented LGE areas’
were ablated, based on prior simulation studies indicating that these
regions are critical for anchoring meandering AF drivers. In a non-
randomized study, AF organization and termination was demon-
strated in a cohort of 31 persistent AF patients with a low rate of ar-
rhythmia recurrence during follow-up in this group.79

The use of LGE-CMR for informing the approach to ablation of re-
current atrial arrhythmia following index catheter ablation has also
recently been studied in a population of patients in whom the mode
of recurrence was AF in 46 patients and atrial tachycardia in 56
patients. Patients with recurrent AF were treated with a fibrosis hom-
ogenization approach, whilst, in those with recurrent atrial tachycar-
dia, ‘dechanneling’ of LGE-CMR detected isthmi was studied.80 In this
later group, approximately half of patients were treated with ablation
guided by established electrophysiological techniques whereas the re-
mainder were treated dependent upon the LGE-CMR findings.
Notably, the subsequent treatment response was similar (64–67%
freedom from arrhythmia) across the three groups of patients thus
studied (recurrent AF treated with LGE-CMR homogenization, re-
current atrial tachycardia treated with conventional approach and re-
current atrial tachycardia treated with LGE-CMR-guided
dechanneling). As already commented,81 although this study suggests
the feasibility of a new approach for ablation of recurrent atrial
arrhythmias, further studies are needed to confirm the imaging fea-
tures which best identify appropriate ablation targets. Nevertheless,
even in the setting of similar clinical results, there are clear advantages
of the utility of pre-procedure treatment planning based on non-
invasive imaging data.

Evaluating ablation scar following
ablation
Assessing the degree and distribution of atrial LGE intensities follow-
ing index ablation could have a role in planning repeat ablation
approaches. For example, identifying pulmonary vein reconnection in
a patient with AF recurrence following ablation would identify a clear
ablation target which can be useful in discussing repeat ablation.
Quinto et al.82 reported that LGE-CMR can be used to identify ana-
tomical venoatrial gaps prior to repeat pulmonary vein isolation pro-
cedures. Using this approach, they demonstrated shorter procedures

34 C.H. Roney et al.
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.and better clinical outcomes for a case-control study of 35 patients.
Although other studies have also reported accurate identification of
the site of pulmonary vein reconnection using post-ablation LGE-
CMR imaging,30,31 this finding has not been confirmed by other
studies.32

Part of the reason for this variability in results may be the availabil-
ity of few methods to robustly assess ablation lesion contiguity using
LGE-CMR. Indeed, in many cases, visual inspection rather than quanti-
tative analysis has been used.83–85 In Nu~nez Garcia et al.,86 a fully
automated approach to quantify the ablation was presented.
However, the variability in pulmonary vein morphology limits this ap-
proach to a configuration of four pulmonary veins, as the method
requires a very specific parcellation of the atrium. In Solı́s-Lemus
et al.,87 a set of semi-automatic methods, built on top of CemrgApp
software, were presented where users could compare pre- and post-
ablation scans in two ways: comparison of registered shells’ scars, and
user-defined ablation corridors with gap measurements. These meth-
ods are demonstrated in Figure 1. The evolution of these tools may
help to improve the reproducibility of post-ablation LGE-CMR scar
quantification.

LGE-CMR has also been used as a research modality to quantify
the effects of different technologies for left atrial ablation. For ex-
ample, Alarcón et al.88 and Trotta et al.89 utilized ADAS-AF software
to compare cryoballoon and radiofrequency ablation without finding
significant differences between the ablation techniques. Similarly,

O’Neill et al.90 compared different techniques for radiofrequency ab-
lation and demonstrated that Ablation Index-guided point-by-point
ablation resulted in a lower scar burden and width with more com-
plete pulmonary vein encirclement than a conventional drag lesion
approach. These studies demonstrate that post-ablation LGE-CMR
might be used to help inform general approaches to ablation rather
than the patient-specific approaches outlined above.

Computed tomography imaging
As outlined earlier, computed tomography quantification of epicardial
adipose tissue has been investigated for the prediction of arrhythmia
recurrence following ablation. In addition, given the potential effects
of adipose tissue on atrial electrophysiology, computed tomography
quantification of epicardial adipose tissue has also been used to target
ablation. In a single study, Nakahara et al. performed pulmonary vein
isolation followed by epicardial adipose tissue ablation in a cohort of
60 persistent AF patients. This study found that this ablation approach
eliminated high frequency sources and led to a 78% freedom from AF
on antiarrhythmic drugs at 16-month follow-up.91 This response rate
was significantly greater than an historical control group however it
should be noted that the control group underwent stepwise ablation
including complex fractionated ablation which has not been shown to
be superior to pulmonary vein isolation alone in randomized trials.1

Further data are therefore needed, ideally in the form of randomized

Figure 1 Representation of post-ablation scar quantification and methods for assessing pulmonary vein isolation. (A) LGE-CMR scans correspond-
ing to pre- and post-ablation. The scar is commonly assessed by segmenting the image, creating a surface mesh of the segmentation, and performing a
maximum intensity projection of the intensity near the atrial wall. (B) Simplified diagrams of the ablation procedures for pulmonary vein isolation. The
methods to assess pulmonary vein isolation appear in (C–E). (C) Methods that require full manual intervention. (D) The fully automated method by
Nunez-Garcia et al.,86 which depends on a very specific parcellation of the atrium. (E) Semi-automated approaches. LGE-CMR, late-gadolinium en-
hancement cardiac magnetic resonance.

Imaging for atrial catheter ablation 35
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trials, to fully elucidate the role of computed tomography imaging as
an adjunct for guiding ablation.

Pre-procedural contrast-enhanced computed tomography data
can also be post-processed to assess atrial wall thickness. Whitaker
et al.92 provide a comprehensive review of the role of left atrial wall
thickness in atrial arrhythmias. Both Wang et al.93 and Mulder et al.94

showed that local atrial wall thickness is associated with acute pul-
monary vein reconnection after ablation index-guided pulmonary
vein isolation. This provides data that support the intuitive idea that
local wall thickness may be an important determinant of transmural
ablation and durable pulmonary vein isolation. An example of a pro-
posed computed tomography processing technique to derive tissue
thickness is shown in Figure 2. Future strategies titrating ablation en-
ergy delivery dependent upon pre-procedural assessment of atrial
wall thickness, or intra-procedural assessment of wall thickness using
dielectric imaging, may be able to optimize ablation energy delivery to
optimally balance efficacy and safety.50

Rotational angiography
Registration of imaging and electroanatomic mapping data can be
challenging because cross-sectional imaging is typically performed
prior to the ablation procedure, and so the patient’s rhythm and vol-
ume status may be different, the patient’s position in the imaging scan-
ners may be different to their position during the ablation procedure
and there are inherent limitations in the anatomical accuracy of elec-
troanatomic mapping systems. Rotational angiography overcomes
this limitation to produce less registration challenges by imaging the
left atrium during the procedure.95 Rotational angiography uses the
catheter laboratory fluoroscopy system to collect images by rotating
the C-arm around the patient in a 240� arc over 4 s.96 3D rotational
angiography can quickly obtain detailed left atrial and pulmonary vein
anatomical information. Rotational angiography can be used instead
of conventional computed tomography or magnetic resonance imag-
ing or can be overlaid on 2D fluoroscopy images. Carpen et al.16

showed that using rotational angiography for 3D reconstruction and
fusing this with electroanatomic mapping data (NavX fusion) may

lead to reduced procedure times and radiation exposure compared
with using electroanatomic mapping data alone.

Future perspectives
Successful integration of data from imaging and electroanatomic map-
ping to guide ablation therapy requires an understanding of the rela-
tionship between information measured using each modality. The
application of imaging techniques to guide left atrial ablation proce-
dures is however a rapidly changing field with new insights arising
from both new imaging techniques and new analysis techniques
including biophysical simulations and machine learning. Here, we out-
line some of the recent advances that are not part of the standard
clinical workflow but may provide useful information for informing
ablation treatment decisions in the future.

Imaging technology developments
New imaging developments include magnetic resonance imaging
techniques to allow simultaneous visualization and quantification of
both fibrosis and epicardial adipose tissue97; new magnetic resonance
image navigator techniques which have the potential to reduce arte-
facts and improve the identification of left atrial fibrosis98; new posi-
tron emission tomography tracers for imaging the cardiac autonomic
nervous system99; and new positron emission tomography tracers
with the potential to revolutionize the identification of native cardiac
fibrosis in both the ventricle and atria.100 Together, these and other
techniques have the potential to reveal unprecedented levels of detail
of left atrial anatomy, structure and function, and collect new infor-
mation which may become central in guiding treatment decisions for
AF patients in the future.

Alongside these developments, the evolution of image analysis
techniques is continuing at speed. The increasing availability of public
cross-sectional imaging datasets now facilitates the intra-group com-
parison of techniques for image segmentation or registration across
large datasets from different centres and scanner vendors.101

Contributing to reproducibility, there are several open-source soft-
ware platforms (for example, CemrgApp37 and OpenEP102) for

Figure 2 Multiple advantages of pre-procedural contrast-enhanced computed tomography imaging to inform atrial fibrillation ablation. (A)
Contrast-enhanced computed tomography imaging, which is routinely and widely performed to exclude left atrial appendage thrombus prior to left
atrial ablation. (B) 3D segmentation of left atrial blood pool, which may be rapidly acquired from contrast-enhanced computed tomography imaging
using open-source software or proprietary programs within the commercially available electroanatomic mapping systems. Computed tomography-
derived left atrial anatomy provides structural information about left atrial appendage size, shape and the configuration of pulmonary veins which may
be helpful during an atrial fibrillation ablation procedure. (C) Experimental use of contrast-enhanced computed tomography imaging to calculate a glo-
bal left atrial wall thickness map. Computed tomography-derived tissue thickness may provide additional substrate information.
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..processing imaging and electroanatomic data sets. Releasing codes
and trained networks to the community will advance the field and en-
able reproducible operator-independent analyses.

Using strain and measures of atrial
mechanics to guide therapy
Assessment of left atrial mechanics may add diagnostic and prognostic
value to the management of AF patients. Fibrotic changes in the atrial
wall that sustain and are promoted by AF inhibit local atrial mechanics
by disrupting tissue conductivity and cellular organization.103–105 The
decreased myocardial contractility and increased stiffness in fibrotic
regions directly impacts the local atrial mechanics. There is evidence
that atrial fibrosis identified by LGE-CMR is related to the strain and
strain rate derived from echocardiography techniques.106 Greater ex-
tent of fibrosis was found to be associated with lower left atrial strain
and strain rate values, and these mechanical indices have been sug-
gested to provide additional information on AF burden. Strain analysis
is most commonly conducted using echocardiography techniques,
such as tissue Doppler imaging and speckle tracking echocardiog-
raphy. In addition, cardiac magnetic resonance imaging using tissue
tagging107 and feature tracking techniques, or contrast-enhanced
retrospective gated computed tomography imaging using feature
tracking have been proposed as high-resolution and 3D imaging
modalities to measure atrial strain. Figure 3 shows results of recent
studies to optimize conventional registration methods to track the
left atrial endocardium using retrospective gated computed tomog-
raphy imaging.108 3D strain imaging could provide new markers for
identifying fibrotic regions and guiding ablation.

Using anatomical biophysical models to
inform ablation therapy
Exciting new advances in patient-specific biophysical modelling
based on imaging data mean that biophysical models constructed
from pre-procedural imaging data, and potentially calibrated to in-
procedure electrical data, may be used in the future to guide abla-
tion therapy. The OPTIMA trial is a current clinical trial at Johns

Hopkins University that will compare pulmonary vein isolation to
pulmonary vein isolation plus ablation of targets identified through
biophysical simulations. Preliminary data for 10 persistent AF
patients with atrial fibrotic remodelling suggest that biophysical
simulations based on LGE-CMR data might be used to identify
regions of fibrotic tissue that sustain AF.109 Like the ablation
approaches that target LGE-CMR from imaging alone, this tech-
nique is more likely to be appropriate for patients with significant
atrial fibrotic remodelling.

Anatomical biophysical models derived from imaging data may also
be used to evaluate different ablation or antiarrhythmic drug thera-
pies through virtual clinical trials.110–113 By performing biophysical
simulations across populations, it may be possible to investigate how
antiarrhythmic drug and ablation therapy efficacy depends on ana-
tomical properties, as well as the degree and distribution of fibrotic
remodelling. Through the use of biophysical simulations, it may also
be possible to develop new metrics from routinely available clinical
data which can be readily applied in the clinic. For example, we previ-
ously combined the surface area of the left atrium (a metric readily
available through cross-sectional imaging) with electrical measures of
atrial conduction speed and effective refractory period to estimate
left atrial effective conducting size. Using biophysical simulations, we
showed how this metric could subsequently be used to select abla-
tion strategy on a patient-specific basis.114

Future research directions for biophysical simulation studies in-
clude developing techniques for fast calibration to electroanatomic
mapping data115,116 and fast simulation techniques117,118 so that bio-
physical simulations incorporating electrical data measured during a
procedure can be used to inform the ablation approach. We also ex-
pect that future research directions will interpret local electrical or
imaging metrics within the wider context of the patient’s demograph-
ics, through machine learning approaches, or within the context of
physiology encoded in biophysical models.119

Figure 3 Registration of the left atrial endocardial body from end-diastole to end-systole. The white reference contour of the left atrial body at
end-diastole is overlaid upon the end-diastole frame in (A). The green contour of the left body at end-systole is overlaid upon the end-systole frame in
(B), and the end-diastole left atrial contour is shown to demonstrate left atrial motion from end-diastole to end-systole. (C) The area strain map of the
left endocardial surface from end-diastole to end-systole.

Imaging for atrial catheter ablation 37



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Using imaging data and machine learning
to predict ablation outcome
Machine learning and statistical techniques may be used across popu-
lations of patients to predict, from imaging data, how likely it is that
AF will recur after catheter ablation therapy. Bratt et al.120 found that
atrial volume is an independent predictor of AF, where volume was
calculated from computed tomography scans that were automatically
segmented using deep learning approaches. Varela et al.121 built a stat-
istical shape model from 144 AF magnetic resonance angiography
images and showed that using vertical asymmetry together with left
atrial sphericity is predictive of AF recurrence. Firouznia et al.122 cal-
culated fractal-based metrics for the left atrium and pulmonary veins
from computed tomography data for 203 patients pre-ablation and
trained machine learning classifiers to demonstrate association with
likelihood of post-ablation AF recurrence. In contrast, Ebersberger et
al.123 found no relation between anatomical metrics derived from
computed tomography and early AF recurrence at 3–4 months post-
ablation.

Machine learning may also be used to gain additional information
from one imaging modality based on another imaging modality. For
example, O’Brien et al.124 trained a deep learning network to detect
ischemic scar in the left ventricles using a dataset of 200 LGE-CMR
and showed that this network can automatically detect scar in routine
cardiac computed tomography angiography; similar approaches might
be used for detecting scar tissue from computed tomography in the
atria.

Predicting whether AF will recur following a specific ablation ther-
apy from pre-ablation imaging metrics may help improve therapy se-
lection. In a pioneering study, Shade et al.125 used machine learning
and mechanistic simulations to predict likelihood of AF recurrence
following pulmonary vein isolation using a cohort of 32 paroxysmal
AF patients.

Future studies are necessary to assess the effects of different treat-
ment approaches on these relationships and extend these
approaches to predict the time of AF recurrence. In these studies, the
techniques already developed will need to be extended to different
patient groups, including persistent AF patients, and different ablation
approaches.

Conclusions

There are numerous applications of multi-modality imaging for
informing treatment strategies for AF. We envisage that new devel-
opments in imaging technology and image analysis software will ad-
vance the field, improve understanding of the mechanisms underlying
AF, and improve safety and precision of ablation therapy. We also
propose that approaches that define patient-specific ablation lesion
sets tailored to electroanatomic/imaging data and that use machine
learning techniques to predict future arrhythmias to inform the
choice of ablation approach have the potential to significantly im-
prove catheter ablation outcome.

As discussed, recent technological advances have resulted in a vast
array of novel approaches to patient selection, substrate assessment
and ablation strategy selection. A critical requirement for any such
novel approach prior to adoption is the demonstration in prospective
clinical trials of safety and an improvement in patient outcomes

resulting from their use. Furthermore, the demonstration of success-
ful implementation outside highly specialized and expert centres is a
prerequisite for more generalized use. Meeting these requirements
to facilitate widespread clinical uptake is a key, but exciting, challenge
which must be embraced in the coming years.
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computational framework to benchmark basket catheter guided ablation in
atrial fibrillation. Front Physiol 2018;9:9.

54. Teh AW, Kistler PM, Lee G, Medi C, Heck PM, Spence SJ et al. The relationship
between complex fractionated electrograms and atrial low-voltage zones during
atrial fibrillation and paced rhythm. Europace 2011;13:1709–16.

Imaging for atrial catheter ablation 39



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
55. Qureshi NA, Kim SJ, Cantwell CD, Afonso VX, Bai W, Ali RL et al. Voltage dur-

ing atrial fibrillation is superior to voltage during sinus rhythm in localizing areas
of delayed enhancement on magnetic resonance imaging: an assessment of the
posterior left atrium in patients with persistent atrial fibrillation. Heart Rhythm
2019;16:1357–67.

56. Coveney S, Clayton RH, Corrado C, Roney CH, Wilkinson RD, Oakley JE et al.
Probabilistic interpolation of uncertain local activation times on human atrial
manifolds. IEEE Trans Biomed Eng 2020;67:99–109.

57. Narayan S, Wright M, Derval N, Jadidi A, Forclaz A, Nault I et al. Classifying
fractionated electrograms in human atrial fibrillation using monophasic action
potentials and activation mapping: evidence for localized drivers. Heart Rhythm
2011;8:244–53.

58. Jarman JWE, Wong T, Kojodjojo P, Spohr H, Davies JER, Roughton M et al.
Organizational index mapping to identify focal sources during persistent atrial
fibrillation. J Cardiovasc Electrophysiol 2014;25:355–63.

59. Stevenhagen J, Voort PH, van der Dekker LRC, Bullens RWM, Bosch H, van
den Meijer A. Three-dimensional CT overlay in comparison to cartomerge for
pulmonary vein antrum isolation. J Cardiovasc Electrophysiol 2009;21:634–9.

60. Marai I, Suleiman M, Blich M, Lessick J, Abadi S, Boulos M. Impact of computed
tomography image and contact force technology on catheter ablation for atrial
fibrillation. World J Cardiol 2016;8:317–22.

61. Bertaglia E, Brandolino G, Zoppo F, Zerbo F, Pascotto P. Integration of three-
dimensional left atrial magnetic resonance images into a real-time electroana-
tomic mapping system: validation of a registration method. Pacing Clin
Electrophysiol 2008;31:273–82.

62. della BP, Fassini G, Cireddu M, Riva S, Carbucicchio C, Giraldi F et al. Image
integration-guided catheter ablation of atrial fibrillation: a prospective random-
ized study. J Cardiovasc Electrophysiol 2009;20:258–65.

63. Bhatia NL, Jahangir A, Pavlicek W, Scott LRP, Altemose GT, Srivathsan K.
Reducing ionizing radiation associated with atrial fibrillation ablation: an
ultrasound-guided approach. J Atr Fibrillation 2010;3:280–826.

64. Kistler PM, Rajappan K, Harris S, Earley MJ, Richmond L, Sporton SC et al. The im-
pact of image integration on catheter ablation of atrial fibrillation using electroana-
tomic mapping: a prospective randomized study. Eur Heart J 2008;29:3029–36.

65. Liu SX, Zhang Y, Zhang XW. Impact of image integration on catheter ablation
for atrial fibrillation using three-dimensional electroanatomic mapping: a meta-
analysis. Pacing Clin Electrophysiol 2012;35:1242–7.

66. Heist EK, Chevalier J, Holmvang G, Singh JP, Ellinor PT, Milan DJ et al. Factors
affecting error in integration of electroanatomic mapping with CT and MR imag-
ing during catheter ablation of atrial fibrillation. J Interv Card Electrophysiol 2007;
17:21–7.

67. Zhong H, Lacomis JM, Schwartzman D. On the accuracy of CartoMerge for
guiding posterior left atrial ablation in man. Heart Rhythm 2007;4:595–602.

68. Patel AM, Heist EK, Chevalier J, Holmvang G, D’Avila A, Mela T et al. Effect of
presenting rhythm on image integration to direct catheter ablation of atrial fib-
rillation. J Interv Card Electrophysiol 2008;22:205–10.

69. Sasaki N, Okumura Y, Watanabe I, Sonoda K, Kogawa R, Takahashi K et al.
Relations between contact force, bipolar voltage amplitude, and mapping point
distance from the left atrial surfaces of 3D ultrasound - and merged 3D CT-
derived images: implication for atrial fibrillation mapping and ablation. Heart
Rhythm 2015;12:36–43.

70. Okumura Y, Watanabe I, Kofune M, Nagashima K, Sonoda K, Mano H et al.
Effect of catheter tip-tissue surface contact on three-dimensional left atrial and
pulmonary vein geometries: potential anatomic distortion of 3D ultrasound, fast
anatomical mapping, and merged 3D CT-derived images. J Cardiovas
Electrophysiol 2013;24:259–66.

71. Bertaglia E, Bella PD, Tondo C, Proclemer A, Bottoni N, De Ponti R et al. Image in-
tegration increases efficacy of paroxysmal atrial fibrillation catheter ablation: results
from the CartoMergeTM Italian Registry. Europace 2009;11:1004–10.

72. Pappone C, Oral H, Santinelli V, Vicedomini G, Lang CC, Manguso F et al.
Atrio-esophageal fistula as a complication of percutaneous transcatheter abla-
tion of atrial fibrillation. Circulation 2004;109:2724–6.

73. Sonmez B, Demirsoy E, Yagan N, Unal M, Arbatli H, Sener D et al. A fatal com-
plication due to radiofrequency ablation for atrial fibrillation: atrio-esophageal
fistula. Ann Thor Surg 2003;76:281–3.

74. Scazzuso FA, Rivera SH, Albina G, Ricapito M de LP, Gómez LA, Sanmartino V
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100. Siebermair J, Köhler MI, Kupusovic J, Nekolla SG, Kessler L, Ferdinandus J et
al. Cardiac fibroblast activation detected by Ga-68 FAPI PET imaging as a po-
tential novel biomarker of cardiac injury/remodeling. J Nucl Cardiol 2021;28:
812–21.

101. Razeghi O, Sim I, Roney CH, Karim R, Chubb H, Whitaker J et al. Fully automat-
ic atrial fibrosis assessment using a multilabel convolutional neural network. Circ
Cardiovasc Imaging 2020;13:e011512.

102. Williams SE, Roney CH, Connolly AJ, Sim I, Whitaker J, O’Hare D et al.
OpenEP: a cross-platform electroanatomic mapping data format and analysis
platform for electrophysiology research. Front Physiol 2021;88:105–21.

103. Cochet H, Mouries A, Nivet H, Sacher F, Derval N, Denis A et al. Age, atrial fib-
rillation, and structural heart disease are the main determinants of left atrial fi-
brosis detected by delayed-enhanced magnetic resonance imaging in a general
cardiology population. J Cardiovasc Electrophysiol 2015;26:484–92.

104. Platonov PG. Atrial fibrosis: an obligatory component of arrhythmia mechanisms
in atrial fibrillation? J Geriatr Cardiol 2017;14:233–7.

105. Schotten U, Verheule S, Kirchhof P, Goette A. Pathophysiological mechanisms
of atrial fibrillation: a translational appraisal. Physiol Rev 2011;91:265–325.

106. Kuppahally SS, Akoum N, Burgon NS, Badger TJ, Kholmovski EG, Vijayakumar S
et al. Left atrial strain and strain rate in patients with paroxysmal and persistent
atrial fibrillation: relationship to left atrial structural remodeling detected by
delayed-enhancement MRI. Circ Cardiovasc Imaging 2010;3:231–9.

107. Zerhouni EA, Parish DM, Rogers WJ, Yang A, Shapiro EP. Human heart: tagging
with MR imaging - a new method for noninvasive assessment of myocardial mo-
tion. Radiology 1988;169:59–63.

108. Sillett C, Razeghi O, Strocchi M, Roney CH, O’Brien H, Ennis DB et al.
Optimisation of left atrial feature tracking using retrospective gated computed
tomography images. Functional Imaging and Modeling of the Heart - 11th
International Conference, FIMH 2021, Proceedings 11th International
Conference on Functional Imaging and Modeling of the Heart, FIMH 2021 -
Virtual, Online Publisher Springer Science and Business Media Deutschland
GmbH. 2021;71–83.

109. Boyle PM, Zghaib T, Zahid S, Ali RL, Deng D, Franceschi WH et al.
Computationally guided personalized targeted ablation of persistent atrial fibril-
lation. Nat Biomed Eng 2019;3:870–9.

110. Hwang M, Song J-S, Lee Y-S, Li C, Shim EB, Pak H-N. Electrophysiological
rotor ablation in in-silico modeling of atrial fibrillation: comparisons with
dominant frequency, shannon entropy, and phase singularity. PloS One 2016;
11:e0149695.

111. Roney CH, Williams SE, Cochet H, Mukherjee RK, O’Neill L, Sim I et al. Patient-
specific simulations predict efficacy of ablation of interatrial connections for
treatment of persistent atrial fibrillation. Europace 2018;20:iii55–iii68.

112. Roney CH, Beach ML, Mehta AM, Sim I, Corrado C, Bendikas R et al. In silico
comparison of left atrial ablation techniques that target the anatomical, struc-
tural, and electrical substrates of atrial fibrillation. Front Physiol 2020;11:1145.

113. Hwang I, Park JW, Kwon OS, Lim B, Hong M, Kim M et al. Computational mod-
eling for antiarrhythmic drugs for atrial fibrillation according to genotype. Front
Physiol 2021;12:650449.

114. Williams SE, O’Neill L, Roney CH, Julia J, Metzner A, Reißmann B et al. Left
atrial effective conducting size predicts atrial fibrillation vulnerability in persist-
ent but not paroxysmal atrial fibrillation. J Cardiovasc Electrophysiol 2019;30:
1416–27.

115. Grandits T, Pezzuto S, Lubrecht JM, Pock T, Plank G, Krause R. PIEMAP: per-
sonalized inverse Eikonal model from cardiac electro-anatomical maps. In:
Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial
Intelligence and Lecture Notes in Bioinformatics), Vol. 12592. Cham, Switzerland:
Springer, 2021,76–86.

116. Coveney S, Corrado C, Roney CH, O’Hare D, Williams SE, O’Neill MD et al.
Gaussian process manifold interpolation for probabilistic atrial activation maps
and uncertain conduction velocity: Gaussian process manifold interpolation.
Philos Trans A Math Phys Eng Sci 2020;378:20190345.

117. Neic A, Campos FO, Prassl AJ, Niederer SA, Bishop MJ, Vigmond EJ et al.
Efficient computation of electrograms and ECGs in human whole heart
simulations using a reaction-eikonal model. J Comput Phys 2017;346:
191–211.

118. Bartocci E, Singh R, von Stein FB, Amedome A, Caceres AJJ, Castillo J et al.
Teaching cardiac electrophysiology modeling to undergraduate students: labora-
tory exercises and GPU programming for the study of arrhythmias and spiral
wave dynamics. Adv Physiol Educ 2011;35:427–37.

119. Luongo G, Azzolin L, Schuler S, Rivolta MW, Almeida TP, Martı́nez JP et al.
Machine learning enables noninvasive prediction of atrial fibrillation driver loca-
tion and acute pulmonary vein ablation success using the 12-lead ECG.
Cardiovasc Digit Health J 2021;2:126–36.

120. Bratt A, Guenther Z, Hahn LD, Kadoch M, Adams PL, Leung ANC et al. Left
atrial volume as a biomarker of atrial fibrillation at routine chest CT: deep learn-
ing approach. Radiol Cardiothorac Imaging 2019;1:e190057.

121. Varela M, Bisbal F, Zacur E, Berruezo A, Aslanidi O, Mont L et al. Novel compu-
tational analysis of left atrial anatomy improves prediction of atrial fibrillation re-
currence after ablation. Front Physiol 2017;8:68.

122. Firouznia M, Feeny AK, Labarbera MA, Mchale M, Cantlay C, Kalfas N et al.
Machine learning-derived fractal features of shape and texture of the left atrium
and pulmonary veins from cardiac computed tomography scans are associated
with risk of recurrence of atrial fibrillation postablation. Circ Arrhythm
Electrophysiol 2021;14:e009265.

123. Ebersberger U, Bernard ML, Schoepf UJ, Wince WB, Litwin SE, Wang Y et al.
Cardiac computed tomography for atrial fibrillation patients undergoing abla-
tion: implications for the prediction of early recurrence. J Thorac Imaging 2020;
35:186–92.

124. O’Brien HO, Whitaker J, Sidhu BS, Gould J, Kurzendorfer T, Neill MDO et al.
Automated left ventricle ischemic scar detection in CT using deep neural net-
works. Front cardiovasc Med 2021;8:1–10.

125. Shade JK, Ali RL, Basile D, Popescu D, Akhtar T, Marine JE et al. Preprocedure
application of machine learning and mechanistic simulations predicts likelihood
of paroxysmal atrial fibrillation recurrence following pulmonary vein isolation.
Circ Arrhythm Electrophysiol 2020;13:617–27.

Imaging for atrial catheter ablation 41


