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Abstract: Atrial fibrillation (AF) is the most common arrhythmia, and its prevalence is growing with
time. Since the introduction of catheter ablation procedures for the treatment of AF, cardiovascular
magnetic resonance (CMR) has had an increasingly important role for the treatment of this pathology
both in clinical practice and as a research tool to provide insight into the arrhythmic substrate.
The most common applications of CMR for AF catheter ablation are the angiographic study of the
pulmonary veins, the sizing of the left atrium (LA), and the evaluation of the left atrial appendage
(LAA) for stroke risk assessment. Moreover, CMR may provide useful information about esophageal
anatomical relationship to LA to prevent thermal injuries during ablation procedures. The use of late
gadolinium enhancement (LGE) imaging allows to evaluate the burden of atrial fibrosis before the
ablation procedure and to assess procedural induced scarring. Recently, the possibility to assess atrial
function, strain, and the burden of cardiac adipose tissue with CMR has provided more elements for
risk stratification and clinical decision making in the setting of catheter ablation planning of AF. The
purpose of this review is to provide a comprehensive overview of the potential applications of CMR
in the workup of ablation procedures for atrial fibrillation.

Keywords: atrial fibrillation; cardiovascular magnetic resonance; catheter ablation; late gadolinium
enhancement; strain

1. Introduction

Atrial fibrillation (AF) is the most frequent arrythmia with an increasing prevalence
over time. In Europe, the number of AF cases is expected to increase from about 8.8 million
in 2010 to 18 million in 2060 [1]. The current prevalence of AF is 59.6 cases per 100 person-
years in men and 37.3 in women [2]. Clinical and public health implications of AF are
significant due to the increasing burden of the disease and because this condition causes
significant morbidity and mortality, as it is an important risk factor for stroke. Moreover, AF
is related to a significant reduction in patients” quality of life in case of symptomatic disease.

Management of this condition has evolved over time, in particular after the introduc-
tion of catheter ablation procedures for pulmonary veins isolation (PVI) [3] by Haissaguerre
et al., which is even proposed as a first line treatment for such a condition [4].

In the last decades cardiovascular magnetic resonance (CMR) has had an increasingly
important role as a research tool to investigate the pathological substrate of AF and also in
routine clinical practice for procedural planning and risk assessment.

This article aims to provide a detailed overview of the applications of CMR in the
setting of preprocedural workup for atrial fibrillation ablation treatments in current clinical
practice and for research purpose.
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2. Pathophysiology of Atrial Myopathy

Atrial fibrillation is a supraventricular cardiac tachyarrhythmia, and it represents the
most prevalent arrhythmia in the world. Its prevalence is exponentially increasing with
aging, reaching up to 8% in the elderly population and it is associated with considerable
morbidity and mortality [5].

Several medical conditions are recognized risk factors for AF: arterial hypertension, car-
diomyopathies, obstructive sleep apneas, valvular dysfunctions, obesity, and diabetes [6,7].
A clear predisposing factor for the development of AF is the presence of spontaneous
atrial ectopic firing from a focus located in one of the pulmonary veins (PVs) [3]. Aber-
rant firing foci are frequently located in the PVs because of the presence of spontaneous
ectopy originating from muscular sleeves, characterized by a reduced effective refrac-
tory period. Moreover, discontinuous conduction properties within the PVs might also
provide a substrate for reentry circuits [8]. Additionally, ion channels in the PVs have
peculiar properties compared to the rest of the cardiac muscle and, in particular, PVs
have smaller inward-rectifier K*-current (IK1) and L-type Ca?*-current (ICa,L) and larger
delayed-rectifier K*-currents, compared to other left atrial cells [5]. This causes a reduction
in action-potential duration (APD), and it increases the probability of spontaneous ectopy
due to delayed afterdepolarizations (DADs) making reentry more likely.

After decades of research on AF, the EHRA/HRS/APHRS/SOLAECE expert con-
sensus document recognized in 2016 a new clinical and histopathological entity: atrial
cardiomyopathy (ACM) [9].

ACM has been described as an atrial pathologic process in which the alteration of the
architecture, structure, contractile, and electrophysiologic properties of the left atrium (LA)
might lead to clinically significant manifestations.

The histological and pathophysiological EHRAS (which is the acronym for EHRA/HRS/
APHRS/SOLAECE) classification categorizes ACM in four classes:

1.  Cardiomyocyte dysfunction, related with genetic diseases, lone AF, and diabetes;

2. Fibrosis-related disease, associated with aging and smoking;

3. Mixed cardiomyocyte and fibroblast dysfunction, which generally happens in heart
failure and valvular diseases;

4. Non-collagen deposition disease conditions, which encompass various disorders, such
as infiltrative cardiomyopathies (amyloidosis, including isolated atrial amyloidosis,
granulomatosis, iron overload, microscopic adipose deposition, etc).

Class 1 ACM is mainly caused by genetical abnormalities. To date more than 100 genes
have been described as potential risk factors for AF [5]; a certain number of such mutations
are shared with ventricular cardiomyopathies. The most important genes related with AF
are KCNQ1 (encoding the alpha-subunit of IKs channel) [10], which is involved in type 1
Long QT Syndrome (LQTS) [11], and familial forms of AF, TTN (encoding titin), implicated in
approximately 25% of familial dilated cardiomyopathies (DCM) [12] and Lamin A/C (LMNA),
involved in 5-10% of DCMs and considered an arrhythmogenic gene related to arrhythmias
(in particular, atrial ones), conduction diseases and sudden cardiac death (SCD) [13].

Class 2 ACM is a primary fibroblast dysfunction, resulting in extensive LA scarring,
particularly abundant in relation to the patient’s clinical profile (for example smoking status
and age) [14].

Class 3 ACM is characterized by a mixed dysfunction of both cardiomyocytes and
fibroblasts. In this class, there is a contemporary interplay of several pathologic processes
(LA volume and pressure overload, stretching of cardiomyocytes and atrial dilatation,
increased electrical atrial excitability, anomalies in cardiomyocytes apoptosis and repair
process, deposition of collagenous tissue, etc) ultimately leading to atrial scarring [10].

Class 4 ACM is due to primary non-collagen infiltration of the atrial interstitial matrix
(with or without changes in cardiomyocyte structure and function) caused by different
conditions, such as amyloidosis, granulomatosis, iron overload, microscopic adipose depo-
sition, and inflammation [9,10].
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AF is known to promote arrhythmia maintenance and to lead to a progressive atrial
structural remodeling. Such pathologic processes are summarized in the classic statement
“AF begets AF”; these aspects are an important issue, which limit the long-term efficacy of
both pharmacological and catheter ablation therapies.

3. Role of CMR for AF Ablation Planning
3.1. Pulmonary Veins" Anatomy

Pulmonary veins (PVs) drain blood that was oxygenated in the lungs to the LA. They
originate from capillary vessels in the lungs, converging into larger vessels, the interlobar PVs,
draining different segments of the pulmonary lobe. The segmental and lobar veins finally unite
into the PV. Pulmonary veins enter in the posterior LA wall; the left veins are generally located
in a more superior position compared to the right ones. Relevant surrounding anatomical
structures are the tracheal bifurcation, the esophagus, and the descending tract of the thoracic
aorta; such structures are located behind the posterior left atrial wall [15].

The typical PVs’ anatomy includes the presence of four individual PVs, two for each
lung, that separately enter into the LA. The normal pattern of four PVs is present in about
40% of the general population [16]. Atypical but not pathologic anatomical variations
of pulmonary veins are reported in 30-38% of the population and may involve right or
left PVs [17]. On the left side, the most frequent anomaly is a common draining trunk
instead of two separate veins entering the LA that, based on the venous channel’s length,
is distinguished in long and short variations. The short left common trunk variant is
reported in about 15% of people, and it is the most common PV anatomical variation.
Right-sided variants tend to be rarer and more complex: the most frequent right-sided
variation is the presence of a third accessory right PV draining the middle lobe. Different
subgroups and classifications based on the relation of the accessory vein to the normal PVs
are reported in the literature [18]. Entry of all PVs into a common venous confluence is
usually pathologic and often associated with syndromes. Among these, we recognize total
anomalous pulmonary venous connection (TAPVC) and partial anomalous pulmonary
venous connection (PAPVC) [19].

Regardless of their course, the pulmonary veins are internally lined by a short (about
9 mm) layer of myocardium, which is often the site of origin of pathologic electrical activity
in AF, being that the left superior PV is the focus in almost 50% of cases [20].

CMR with angiographic sequences is able to depict PVs’ anatomy, to provide accurate
sizing of the veins and of their ostia and to identify anatomical variations (accessory PVs,
common ostium) or abnormalities (anomalous pulmonary venous return). The number,
location, and diameters of the pulmonary veins are very valuable data provided by the
radiologist to the electrophysiologist for the planning of AF ablation. Examples of PVs’
variations are reported in Figure 1.

(A)

Figure 1. Panel (A), normal pulmonary veins anatomy; panel (B), left PV common trunk; and panel (C),
right accessory pulmonary vein.

In order to properly size the PVs and their ostia, cross-sectional orthogonal views are
used to measure maximal and minimal diameters; ostial areas are obtained by multipla-
nar reconstruction.
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3.2. Left Atrial and Left Atrial Appendage Volume

Left atrial remodeling has been considered to limit the efficacy of ablation procedures
for AF. In particular, the degree of atrial remodeling has been classically assessed with
transthoracic echocardiography (TTE) by measuring LA diameters and volumes [21].

The measurement of the size of LA is crucial for risk stratification in patients with AF. LA
enlargement has been recognized as an independent risk factor and predictor of stroke and
death for patients affected by AF [22]. Moreover, several studies and meta-analysis recognized
that LA enlargement represents an independent risk factor for arrhythmia recurrence after
catheter ablation [23-26]. Normal values for LA volume (LAV) reported in the literature are
38 £ 11 mL/m? [27]. A LAV superior to 145 mL (measured with computed tomography) has
been reported to be a strong predictor of arrhythmia recurrence [28]. It has been demonstrated
that indexed LAV (iLAV), which is LAV indexed to body surface area (BSA), represents an
even more precise independent predictor of AF recurrence after catheter ablation [26].

Even if TTE is the standard method used in routinary clinical practice to assess LA
size, CMR is considered the reference standard for cardiac volumes assessment, including
LA volumes because steady-state free precession (SSFP) techniques, or angiographic 3D
acquisitions, do not rely on geometrical assumptions [29].

Left atrial appendage volume (LAAV) has been evaluated as a predictor of procedural
success for AF ablation procedures [24,30]. Similar to LAV, larger LAAV have been asso-
ciated with arrhythmia recurrence after catheter ablation. Large LAAV and LAA orifice
diameters are also a risk factor for cerebrovascular events in AF patients [22].

3.3. Atrial Appendage Morphology and Stroke Risk

The presence of a continuous pathological electrical activity in the LA due to the
constitution of functional macro- and micro-reentrant circuits determines the asynchronous
contraction of the cardiomyocytes in the atrium. As a consequence, the atrial systole
becomes inconsistent creating the conditions for the development of one of the main
complications of AF, represented by thrombus formation in the LA and, more frequently,
in the left atrial appendage (LAA) [31]. Thrombus formation may lead to subsequent
strokes/TIAs and/or peripheral embolism in patients with AF.

LAA rests anteriorly in the atrioventricular sulcus in close vicinity to the circumflex
coronary artery and the ipsilateral phrenic nerve and PVs. In an adult human heart, the
LAA has a hemodynamic and neurohormonal regulatory function. As a remnant of the pri-
mordial LA, its shape is widely variable but is reducible to a long tubular hooked structure
with different lobes. Its morphology is classically categorized in the literature in four main
types by the number and placement of lobes, leading to increasing complexity [32]:

1. chicken wing: single lobe, bent in the proximal/middle portion;
2. cactus: central dominant lobe with secondary lobes extending omnidirectionally;
3.  windsock: bent dominant lobe, plus secondary or tertiary lobes;
4.  cauliflower: lack of a central dominant lobe with complex internal characteristics.

Examples of different LAA morphology are shown in Figure 2.

Figure 2. Left atrial appendage morphology on CMR images: Panel (A): chicken wing; panel (B):
wind sock; panel (C): cactus; and panel (D): cauliflower.

From a physiopathological point of view thrombus formation and thromboembolic events
in patients affected by AF are caused by the classic Virchow’s triad (i.e., endothelial dysfunction,
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abnormal blood stasis, and hypercoagulable states). Blood stasis in the LAA, a fundamental
thrombus catalyzer, could be fostered by higher volumes and sepimental complexity.

Given the improvements in image quality of CMR techniques and their increasing
territorial availability, there has been great interest in the last decade in morphologically
evaluating the LAA in order to better estimate thromboembolic risk, since stroke events are
not that unlikely even in presumed low-risk patients (e.g., CHA2DS2-VASc score = 0-1) [33].

Studies have shown a correlation between LAA morphology and increased stroke
risk in AF patients. In particular, the more complex the LAA morphology is, the higher
is the risk of stroke, silent cerebral ischemic events, and TIAs. Non—chicken wing LAA
morphologies have a significantly higher risk for an embolic event even in patients with low
CHA2DS2-VASc scores [31,33,34]. CMR has a role in risk stratification and clinical decision
making for AF patients at low risk of thromboembolic events to improve anticoagulation
management and reduce their stroke risk as much as possible.

3.4. Atrial Appendage Occlusion

LAA occlusion with percutaneous devices is a feasible and an effective treatment for
patients with AF who have contraindications for long term anticoagulant therapy.

Prior to LAA occluder device deployment, it is of the utmost importance to have an
exact description of the LAA shape and accurate diameter measurement. LAA morphology,
the depth, number, and position of its lobes are accurately depicted with imaging exams.
Multi-plane reconstruction images are used to measure the diameter of the LAA ostium
and landing zone. Device undersizing is associated with inadequate LAA blockage with
residual peri-device blood flow with subsequent stroke risk, as well as device movement,
dislodgement, or peripheral embolization [29].

CMR can give a comprehensive LAA assessment. However, there are no studies
investigating its role in LAA appendage closure; this is likely due to the higher spatial
resolution, scanning speed, and broader availability of CT scanners [35].

In clinical practice, LAA evaluation before percutaneous occlusion is usually per-
formed with CT even if CMR may be a feasible alternative in selected patients.

3.5. Atrial Thrombus Assessment

Blood flow stagnation in the LA (in particular, in the LAA blind pouch) and impaired
atrial contractility are the major causes of thrombus formation and possible consequent
thromboembolism in patients affected by AF.

Before performing cardioversion (either pharmacological or electrical) and before
catheter ablation procedures, it is imperative to exclude the presence of LA/LAA thrombi.
TEE is usually performed to rule out the presence of thrombus in such locations. TEE is
generally considered the gold standard for the detection of thrombi in the LA /LAA because
of its elevated diagnostic accuracy [35].

CMR is a validated and effective tool for thrombus detection in the left ventricle and
such technique is becoming the imaging modality of choice to evaluate the presence of left
ventricular thrombi.

To our best knowledge, only few studies evaluated the possible role of CMR to detect
LA/LAA thrombus. On cine images, the thrombus should appear as a mass inside the
LA /LAA with distinct margins from the LA/LAA walls, and it should be distinguished
from the pectinate muscles or artifacts. On contrast enhanced CMR angiography sequences,
the thrombus should appear hypointense with margins discrete from the blood pool or from
surrounding structures. On LGE-CMR sequences, LA/LAA thrombus should appear as a
homogenous low signal intensity filling defect surrounded by higher signal blood pool [36].

3.6. Esophagus and Esophageal Thermal Injury

Esophageal thermal injury (ETI) is one of the worst complications of atrial radiofre-
quency ablation.



J. Imaging 2022, 8, 300

6 of 19

According to the literature, ETI can occur in up to 40% of cases [37], and it is probably
caused by the ablation energy causing ischemia due to occlusion of the arterioles or damage
to the vagal plexuses [38]. In more severe forms (<0.1%), it can cause transmural necrosis
that may cause atrio-esophageal fistula (AEF) and mediastinitis, which is associated with a
high mortality rate (55-85%).

Therefore, to prevent ETI, proper pre-procedural planning with imaging and the use
of dedicate systems to protect the esophagus are mandatory.

Magnetic resonance is a standard imaging modality used for pre-ablation planning
and can be useful to identify the position and course of the esophagus.

The anatomical vicinity of the esophagus to the surrounding structures has a strong
impact on ETI prevalence, and three anatomical factors have been identified as potential
risk factors [39]: the angle between the posterior wall of the esophagus and the descending
aorta (LA-Ao angle), the angle of branching of the left inferior PV in the coronal plane
(LIPV angle), and the distance from the posterior LA wall to the anterior surface of the
descending aorta (LA-Ao distance). If the LA-Ao angle is small, the area of contact between
the posterior wall of the LA and the esophagus could be larger, as well as if the LIPV angle
is larger, and the LA-Ao distance is minor because of the proximity between the posterior
wall of the LA and the esophagus increases.

Different techniques have been described to improve the visualization of the esopha-
gus [40,41]. The use of a bolus of gadolinium-based contrast medium mixed with thickened
water gel better depicts the esophagus true anatomical shape and size compared to baryta
meal [40], and unlike this, it contains no gluten, lactose, or sugar; moreover, it is not
adsorbed, and it is excreted with the feces at 99.2%. A Gd-BOPTA oral formulation was
also tried because its signal intensity in T1-weighted sequences is greater compared to
gadopentetate dimeglumine [40].

A viable alternative to using gadolinium-based contrast agents can be pineapple
juice [41], after a proper concentration process and the addition of modified potato starch,
as it is as hyperintense on T1-weighted images as MR-diluted contrast agents and allows
feasible visualization of the esophagus without side effects. Examples of CMR images
depicting the course of the esophagus and its anatomical relationship with LA structures
are reported in Figure 3.

A study [42] demonstrated as a predictor of esophageal motion the minimal GAP
between the posterior LA wall and the anterior vertebral body margin, which can be
measured on axial scans during pre-operative planning. In particular, a gap greater than
4.5 mm should be predicted as a greater likelihood of esophageal motion than 10 mm;
the study also showed that the movement of the esophagus could also depend on the
amount of peri-esophageal connective tissue forming the “aorto-esophageal ligament”,
which correlates with a higher BML

Different studies [37,43] have confirmed the high diagnostic accuracy of late gadolin-
ium enhancement CMR (LGE-CMR) to detect ETI and assessing its extent and progression.
The severity of ETI evaluated with LGE-CMR can be classified as none, mild, minimal,
moderate, and severe. All cases of ETI confirmed by esophagogastroduodenoscopy (EGD)
presented moderate or severe LGE on CMR. Compared to EGD, CMR could provide a
more detailed characterization of the wall of the esophagus, showing edema on double
inversion recovery (IR) T2 weighted turbo spin-echo (TSE) images and enhancement on
LGE-CMR images, suggestive for wall flogosis, probably an early sign ETIL. The study also
demonstrated that on repeated LGE-CMR scans the severity of ETI significantly decreases
reflecting the resolution of the transient esophageal lesion.

The most used CMR sequences used in the setting of pre-procedural planning of
catheter ablation of AF and for post-procedural imaging are reported in Table 1.
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Figure 3. CMR images depicting the anatomical relationship between the esophagus (indicated with
the asterisk): Panel (A): axial plane, angiographic CMR acquisition; panel (B-D) 3D volume rendering.

Table 1. Most used cardiac magnetic resonance sequences for atrial evaluation.

Protocol Sequences Key Points

Minimal protocol

Survey bSSEP Images used to 01.*ie.zr.1tate subsequent
acquisitions

To evaluate pulmonary vein anatomy, atrial

T1 weighted spoiled gradient-echo size, presence of thrombus, esophagus

Contrast enhanced MR angiography

sequence course
Additional sequences
Cine images bSSEP To evaluate %ric/t llgii t\;;)!mume, ejection
T1 mapping MOLLL Shh@aﬁjgﬁsl;r{gNE’ SASHA, To evaluate atrial wall native T1
Dixon chemical shift imaging 3D navigator gated mDIXON To quantify pericardial/periatrial fat
T2 weighted imaging T2 STIR, T2 TSE To evaluate post procedural atrial and/or

esophageal oedema

Inversion recovery gradient-echo (either

LGE 2D, 3D, single-shot, or phase-sensitive),
breath-hold, or navigator gated

To quantify atrial fibrosis, to evaluate
esophageal thermal injury

4. Prognostic Value of Atrial LGE
4.1. Preprocedural LGE

Fibrosis is a multifactorial phenomenon that is generally a consequence of myocardial
infarction, arrhythmias, such as AF, idiopathic dilated cardiomyopathy and heart disease
caused by systemic illness, such as hypertension, and diabetes [44,45]. These conditions
cause continuous damage to the atrial wall; when, at a certain point, the damages cannot
be properly repaired anymore, a remodeling process starts that deals with the alteration
of the extracellular matrix composition [44,45], resulting in the deposition of collagenous
cicatricial tissue.
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There is a consistent number of works about the relevance of the correlation between
the amount of heart fibrosis related to the probability of recurrence of AF after catheter abla-
tion procedure. Catheter ablation is an important therapeutic option to restore sinus rhythm
in patients with symptomatic AF. Some studies demonstrate that the unsuccessful results
of the procedure may be related to the presence of an excess of atrial wall remodeling [46].

Left atrial fibrosis extension has been classified by the University of Utah Atrial
Fibrillation LGE-MRI-based staging system in four stages depending on the amount of
atrial enhancement [47]:

Stage I, 0-5%;
Stage 1I, 5-20%;
Stage 111, 20-30%;
Stage IV, >30%.

It has been established that the probability of arrythmia recurrence is proportional
to the percentage of fibrosis [46—49]. It is not completely clear whether fibrosis is a cause
or a consequence of AF, but it has been demonstrated that a higher Utah stage of fibrosis
corresponds to a higher risk of recurrence post-ablation; in particular, a 45% increased risk
of AF recurrence for every 10% increase in atrial fibrosis has been observed [2].

Up to 70% of the patients with a Utah stage IV will experience recurrent atrial arrhyth-
mia during the first year after the procedure, but this happens just up to the 20% of the
patients with stage I [45-48,50].

Fibrosis is an independent AF recurrence risk factor also in the long term; in a five-year
study, it has been shown that there is a more elevated risk of AF recurrence and multiple
ablation procedures needed in patients with a higher degree of wall remodeling [46]. Others
risks factors of AF recurrence are increased LA volume and diabetes, even if they are not as
significant as the fibrosis extent is.

LGE-CMR is an excellent tool to determine the amount of fibrosis of the LA wall; it
has been shown that LGE-CMR allows to assess and quantify in a relatively reproducible
way the areas of wall structural remodeling (SRM).

LGE-CMR images are acquired 10-30 min after gadolinium-based contrast agent in-
jection using 3D electrocardiograph (ECG)-gated acquisition with respiratory navigated
inversion recovery (IR) sequences. Recently, T1 mapping imaging has emerged as an alter-
native quantitative technique for the assessment of LA fibrosis; such approach, however,
has not yet been broadly adopted.

The use of LGE-CMR for the staging of atrial fibrosis in the setting of preprocedural
exams for catheter ablation may provide useful information for clinical decision making to
provide a tailored approach by identifying the patients that are likely to benefit the most
from ablation procedures [47]. Example of staging of atrial fibrosis on dedicate software is
shown in Figure 4.

The 2020 ESC guidelines provide a class Ila level C recommendation for structured
characterization of AF patients encompassing risk assessment for stroke, symptom status,
AF burden, and the evaluation of the substrate severity, which can be obtained with LGE-
CMR [6]. Guidelines do not suggest a precise timing for atrial fibrosis quantification with
LGE-CMR; in the DECAAF II trial, with is the largest study employing LGE-CMR in
the pre-ablation setting, LGE imaging was performed approximately 30 days before the
ablation [51].

LGE evaluation of atrial fibrosis, despite having been introduced several years ago [52],
has not become part of routine clinical practice because of some concerns over its repro-
ducibility and image processing techniques. The descriptions of the reproducibility results
of LGE-CMR for the assessment of atrial fibrosis are extremely variable. Some centers
show near-perfect agreement between observers [53-55], while others find low agreement
between observers and between scans [56]. In addition, it has been demonstrated that
changing the threshold at which signal intensity is classified as fibrosis has a substan-
tial impact on fibrosis burden evaluation [57]. Sources of variation may include imaging
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parameters used for the acquisition, observer expertise, and the software employed for
image analysis.

DE-MRI1-LA-DE

missue

(A)
DE-MRI1-LA-DE

missue

=%

(B)

Figure 4. Left atrial fibrosis staging with LGE-CMR images elaborated with ADAS 3D™ (ADAS3D
Medical, Barcelona, Spain) before catheter ablation: Panel (A) anterior LA wall; panel (B) posterior
LA wall. Estimated fibrosis: 12%, Utah stage II.

4.2. Procedure Induced Ablation Scars

The cornerstone of catheter AF ablation is complete electrical isolation of all PVs [58].
There are three main different percutaneous ablation techniques: radiofrequency (RF)
ablation, cryoablation, and laser ablation [59]. RF energy uses 300-1000 KHz frequencies;
cryocatheters deliver cryoenergy, and laser ablation uses a diode source to produce a beam
with a wavelength of 980 nm [60]. All ablative techniques induce lesions to the atrial
wall causing a repair process that results in the deposition of collagenous scar tissue. As
collagenous scar tissue is electrically inert, it is unable to propagate pathological impulses
from the PVs, which are frequently the trigger for AF.

Despite the effectiveness and variety of techniques, recurrence of atrial arrhythmias is
frequent [61]. Recurrence is defined as a 30 s atrial arrhythmia of any kind (AF, tachycardia,
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or flutter), detected after a blanking period of 90 day, according to the HRS/EHRA /ECAS
consensus document [61].

The presence of complete circumferential PVs’ ostial scarring demonstrated with
LGE-CMR has been reported to be relatively rare after RF ablation procedures, and it has
been associated with better clinical outcomes [62]. Ablation induced scar burden has been
related to the risk of recurrence and, in particular, smaller atrial LGE areas are related
to poor scar formation and worse outcome [63]. Examples of post-procedural LGE-CMR
controls are shown in Figures 5 and 6.

(A) (B) ©

Figure 5. Panel (A): preprocedural LGE; postprocedural LGE at 24 h (panel (B)) and 30 days (panel (C))
after cryoablation. Red arrows indicate the pulmonary vein ostia.

DE-MRIT-LA-DE s = DE-MRI-LA-DE

TISSUE TISSUE

DE-MRI-LA-DE

missue

© (D)

Figure 6. Quantification of preprocedural fibrosis (panel (A,C) and postprocedural fibrosis (B,D) on
LGE-CMR images on ADAS 3D™ (ADAS3D Medical, Barcelona, Spain).

The prospective multicenter study DECAAF has shown that baseline fibrosis, ablation-
induced iatrogenic scars, complete PVs’ encirclement, and residual fibrosis were associated
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with arrhythmia recurrence [47]. For these reasons, to evaluate and quantify post-ablation
scars and residual fibrosis with LGE-CMR after ablation procedures may provide informa-
tion for arrhythmia recurrence risk stratification. Residual fibrosis, defined as the remaining
areas of atrial fibrous tissue that has not been modified by scars, is given by the entity
of the overlapping between procedural induced ablation scars and baseline fibrosis (i.e.,
residual fibrosis = baseline fibrosis—scar overlapping with preexisting fibrosis) [47]. It was
found that high residual fibrosis increases the risk of recurrent arrhythmia as incomplete
PV encirclement [64].

Ablation scar gaps, defined as discontinuous lines of scars around PVs after initial
ablation, visualized and quantified by LGE-CMR, remain the first cause of macro-reentrant
atrial tachycardias (ATs) [65-67]. In this case, it was found that LGE-CMR can not only
quantify ablation scars but also provide the target, through the gaps, to treat during
redo ablation procedures. Thereby, homogenizing ablation induced scars from previous
procedures can suppress recurrent atrial arrhythmias, and it may increase arrhythmia free
survival [68]. Even if baseline atrial fibrosis remains an important predictor of arrhythmia
recurrence, it is crucial to emphasize the role of substrate modification in AF catheter
ablation as guide for redo ablation procedures.

5. CMR-Guided Ablation

Ablation procedures for AF are usually performed with hybrid guidance of fluo-
roscopic and electroanatomical imaging also taking advantage of fusion imaging with
preprocedural CMR images. Even in experienced hands, such procedures expose the
patient to a consistent radiation dose [69]. Preprocedural imaging with CMR may help the
electrophysiologist to reduce procedural duration and radiation dose to the patient and to
the operators and to avoid possible complications, such as ETI [69-71]. The integration of
cardiac imaging into electroanatomical maps has represented an important improvement
for ablation procedures providing insights about patient anatomy thus leading to more
effective PVIs and increasing procedural safety. For these reasons, pre-procedural CMR
imaging has become part of clinical practice to guide AF ablation. The use of CMR images
in the electrophysiology lab is a multistep process:

1.  The DICOM images are imported in a dedicated workstation, and they are segmented;

2. During the procedure the LA is electroanatomically mapped using a dedicated catheter;

3.  The anatomic CMR map is merged with the electroanatomic one to obtain a hybrid
map; and

4. Finally, the ablation catheter is navigated in the LA using a hybrid map [72].

Imaging guide for catheter ablation of AF has been demonstrated to provide better
results compared to traditional electrophysiologically only guided procedures with signif-
icantly lower rates of arrhythmia recurrence [72]. Sample images of hybrid imaging are
reported in Figure 7.

The lack of a generally accepted definition for pathologic substrate-based ablation
technique probably is one of the reasons for the relatively low success and quite high
recurrence rate of AF after the first procedure and need for subsequent redo ablations. As
low-voltage atrial areas detected by electrophysiological mapping correlate quite well with
structural alterations on LGE-CMR imaging the use and integration of LGE imaging into
current clinical practice may provide a more reproducible and less operator dependent tool
to quantify LA scarring and remodeling and to guide ablation thus improving procedural
success rates. The use of a LGE-guided approach to ablation may be used to target fibrosis
for a tailored approach to the arrhythmic substrate.

Targeting structural remodeling of the LA during ablation in an effort to increase
catheter ablation outcomes is a relatively new strategy that appears to be promising. In
patients with persistent AF, the identification of low voltage areas representing fibrotic LA
tissue and subsequent ablation led to longer arrhythmia-free survival intervals compared
to standard catheter ablation [56,73,74].
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Figure 7. Hybrid imaging: Electoanatomic (Carto v7, Biosense Webster) voltage map of the left
atrium (healthy tissue >0.24 mV, in violet); posterior view on the left and right lateral view on the
right showing multipolar mapping catheter in the right inferior pulmonary vein antra. The ablation
catheter (green vector) is pointing toward the posterior antrum of the vein with a real time 11 g contact
force (value reported in light blue in the center of the image). Pink dots represent ablation sites.

Using CMR guidance to identify arrhythmogenic foci in AF patients appears to be a
highly promising option.

The DECAAF II trial, a multicenter, prospective, randomized trial of patients with
persistent AF, used LGE-CMR-defined LA fibrosis as the target of the ablation procedures
and compared the outcome of routine PVI procedures to ablations based on imaging-
defined atrial fibrotic burden. No significant difference in terms of AF recurrence emerged
between routine the PVI group and the group with LGE-CMR-guided ablation [51].

It is intriguing to consider that image-guided treatment of atrial fibrillation could be
administered without radiation exposure using real-time interventional cardiac magnetic
resonance (iCMR) guidance. Real-time iCMR guidance systems with actively tracked
catheters and filtered local electrograms have been recently developed. One of the advan-
tages of iCMR over traditional ablation procedures in cath lab is the possibility to eliminate
registration errors, thus permitting to target arrhythmia substrate more precisely. Moreover,
lesion formation may be visualized in real time using MR-thermometry techniques or
immediately after the procedure with LGE imaging, thus permitting to promptly identify
and treat ablation gaps.

There is a strong correlation between LGE areas on CMR and electroanatomical
mapping, and it is feasible to conduct studies of electrophysiology with real-time iCMR,
according to preclinical research [75-78]. Successful ablation of simple atrial arrhythmias,
such as atrial flutter, using an early-generation iCMR-conditional ablation system and
passively visualized catheters has been described in some case series. Electrophysiologists
should be able to treat more complex arrhythmias, including AF and ventricular tachy-
cardia, with next generation systems providing more accurate catheter tracking via active
visualization, using fusion imaging based on 3D electroanatomic maps, LGE imaging and
real-time iCMR [79,80].

In conjunction with CMR-apparent devices, real-time CMR may provide a compre-
hensive imaging solution for interventional cardiovascular procedures.
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6. Atrial Function, Stiffness, and Strain

Structural remodeling caused by AF results in LA fibrosis, which may cause LA
stiffening (LAS) and an impairment in LA contractile function [81].

LA function can be measured with CMR, which is the reference standard for the
assessment of cardiac function, using SSFP cine images.

A reduction in LA ejection fraction (LAEF) has been recognized as a risk factor for
cerebrovascular events in patients with AF, thus making LAEF an additional element for
risk stratification in such a population [82].

Atrial stiffness has been associated in several studies with the presence of LA fibrosis:
an increased LA scar burden has been associated with an increase in LAS, reflecting a
deteriorated atrial reservoir function [83]. LAS is an important determinant of cardiac
pump function: an increase in LAS results in reduced atrial stroke volume and forward
blood flow [84]. Moreover, an increase in LAS may have an important role in the genesis,
development, and perpetuation of AF. Patients with paroxysmal AF present an increased
LAS, according to recent research [85,86]. Due to these facts, pre-ablation LAS evaluation
may have a role as a predictor of AF recurrence [81].

LA deformation can be directly assessed with LA strain (AS), reflecting its electrome-
chanical and functional integrity. AF patients present lower strain values compared to
healthy controls, moreover global AS correlated with higher LAEF, and lower LA vol-
umes [87]. It has been reported that atrial areas with LGE on IR images present lower
values of regional AS compared to healthy ones. In individuals affected by AF, regional
LA dysfunction is proportional to the extension of underlying fibrotic areas evaluated by
LGE-CMR [87].

Reduced AS in patients with heart failure has been described as a predictor of new-
onset AF [88]. Alterations in AS have been described in patients with cryptogenic stroke
who subsequently developed AF, representing a new element for cerebrovascular events
risk stratification [89].

AS may be a prognostic factor for ablation procedure as patients with a greater AS
rate undergoing catheter ablation are less likely to experience arrhythmia recurrence.

LA strain may also be applied to evaluate LAS. The LAS index, a unique measure of
LA diastolic function, increases with age, and it is higher in patients with chronic AF and
in those who have undergone different catheter ablation procedures. Greater LAS index
was independently linked with AF recurrence after ablation [85].

7. Cardiac Adipose Tissue

Obesity is a major risk factor for AF and a global epidemic [90]. Recently, there has
been a growing interest on the role of cardiac adipose tissue in the development of AF,
notably epicardial adipose tissue (EAT) and pericardial adipose tissue (PAT). EAT resides
between the visceral pericardium and epicardial layer of the myocardium. Beyond the
parietal pericardium is the location of PAT. EAT has higher biological activity compared
to PAT. PAT and EAT wrap around the PVs as they enter in the LA. Multiple studies have
shown a link between cardiac adipose tissue and AF. Even if the majority of works in the
literature did not differentiate between PAT and EAT, there is evidence that fat deposits in
direct contact with the LA myocardium (EAT) are more prone to contribute to the genesis
of AF [91]. EAT paracrine properties and its release of adipo-fibrokines, molecules with
pro-inflammatory and pro-fibrotic effects, contribute to atrial inflammation and fibrosis,
thus leading to the genesis of the proarrhythmic substrate. Greater volumes or thicknesses
of PAT were related with a higher prevalence of paroxysmal and chronic AF [91].

Various studies have demonstrated that PAT burden could be a predictor of AF
recurrence following catheter ablation [92-94]. The evaluation of LA periatrial fat might
have a role for patient selection and risk stratification to improve AF ablation outcomes.

CMR allows noninvasive assessment of EAT and PAT volumes. Sequences of fat-water
separation (such as Dixon) permit to quantify the volume of adipose tissue. An example of
periatrial fat segmentation is shown in Figure 8.
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Figure 8. Manual segmentation of periatrial fat and volume rendering on a 3D IR spoiled gradient
echo LGE acquisition with 3DSlicer (slicer.org, accessed on 10 June 2022).

The intra-atrial fat infiltration, evaluated by a fat-water separated sequence, has been
demonstrated to be a risk factor for the development of AF [95].

In a prospective investigation of LA-epicardial fat (LA-EAT) using 3D Dixon technique,
it was found that patients with AF had significantly more LA-EAT than a control group
with different cardiovascular diseases [96].

CMR imaging to evaluate cardiac adipose tissue may have a role in identifying indi-
viduals at risk of developing AF and to stratify the risk of arrhythmia recurrence in patients
undergoing catheter ablation.

8. Conclusions

CMR can provide information to make catheter ablation procedures of AF safer and
faster. Moreover, it can provide a one-stop-shop in the setting of preprocedural planning
for an accurate risk stratification of stroke and arrhythmia recurrence. An accurate patient
selection based on CMR data may improve the outcomes of ablation procedures and might
be useful in selecting patients who are likely to benefit the most from such treatment,
avoiding unnecessary procedures and reducing related costs. CMR has also provided
insights into the arrhythmic substrate of AF and several physiopathological mechanisms of
this condition.

Author Contributions: Conceptualization, writing-review and editing, D.T., R.F, M.A., PF. and
M.G.; Writing—-original draft, A.B., A.C., FG., LL.,, KR, S.S., AS. and EU. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially supported by a grant from the Italian Ministry of Health:
“Giovani Ricercatori—Ricerca Finalizzata”, project number GR-2016-02362088. The funder had no
role in this study.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of A.O.U. Citta
della Salute e della Scienza (protocol code 042583 of 23 April 2018 and protocol code 0120592 of 2
November 2022).

Informed Consent Statement: All patients provided written informed consent.

Conflicts of Interest: M.A. is a consultant for Biosense Webster and Boston Scientific, serves as clinical
proctor for Medtronic, and has received educational support from Abbott. The authors declare that
they have no role in writing, review, or other processes that may affect the writing of the manuscript.
The other authors declare no conflict of interest.

1.  Du, X;; Dong, J.; Ma, C. Is Atrial Fibrillation a Preventable Disease? ]. Am. Coll. Cardiol. 2017, 69, 1968-1982. [CrossRef]
2. Kavousi, M. Differences in Epidemiology and Risk Factors for Atrial Fibrillation Between Women and Men. Front. Cardiovasc.

Med. 2020, 7, 3. [CrossRef]


slicer.org
http://doi.org/10.1016/j.jacc.2017.02.020
http://doi.org/10.3389/fcvm.2020.00003

J. Imaging 2022, 8, 300 15 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Haissaguerre, M.; Jais, P.; Shah, D.C.; Takahashi, A.; Hocini, M.; Quiniou, G.; Garrigue, S.; le Mouroux, A.; le Métayer, P.; Clémenty,
J. Spontaneous Initiation of Atrial Fibrill Ation by Ec Topic Beats Originating in the Pulmonary Veins. N. Engl. ]. Med. 1998, 339,
659-666. [CrossRef]

Saglietto, A.; Gaita, F.; de Ponti, R.; de Ferrari, G.M.; Anselmino, M. Catheter Ablation vs. Anti-Arrhythmic Drugs as First-Line
Treatment in Symptomatic Paroxysmal Atrial Fibrillation: A Systematic Review and Meta-Analysis of Randomized Clinical Trials.
Front. Cardiovasc. Med. 2021, 8, 418. [CrossRef]

Lozano-Velasco, E.; Franco, D.; Aranega, A.; Daimi, H. Genetics and Epigenetics of Atrial Fibrillation. Int. J. Mol. Sci. 2020, 21,
5717. [CrossRef]

Hindricks, G.; Potpara, T.; Dagres, N.; Bax, ].J.; Boriani, G.; Dan, G.A.; Fauchier, L.; Kalman, ].M.; Lane, D.A.; Lettino, M.; et al.
2020 ESC Guidelines for the Diagnosis and Management of Atrial Fibrillation Developed in Collaboration with the European
Association for Cardio-Thoracic Surgery (EACTS). Eur. Heart ]. 2021, 42, 373-498. [CrossRef]

Wijesurendra, R.S.; Casadei, B. Mechanisms of Atrial Fibrillation. Heart 2019, 105, 1860-1867. [CrossRef]

Chen, S.-A.; Hsieh, M.-H.; Tai, C.-T.; Tsai, C.-F; Prakash, V.S.; Yu, W.-C.; Hsu, T.-L.; Ding, Y.-A.; Chang, M.-S. Initiation of
Atrial Fibrillation by Ectopic Beats Originating From the Pulmonary Veins Electrophysiological Characteristics, Pharmacological
Responses, and Effects of Radiofrequency Ablation. Circulation 1999, 100, 1879-1886. [CrossRef]

Goette, A.; Kalman, ].M.; Aguinaga, L.; Akar, J.; Cabrera, J.A.; Chen, S.A.; Chugh, S.S.; Corradi, D.; D’Avila, A.; Dobrev, D.; et al.
EHRA /HRS/APHRS/SOLAECE Expert Consensus on Atrial Cardiomyopathies: Definition, Characterization, and Clinical
Implication. Europace 2016, 18, 1455-1490. [CrossRef]

Baman, J.R.; Cox, J.L.; McCarthy, PM.; Kim, D.; Patel, R.B.; Passman, R.S.; Wilcox, J.E. Atrial Fibrillation and Atrial Cardiomy-
opathies. J. Cardiovasc. Electrophysiol. 2021, 32, 2845-2853. [CrossRef]

Ruwald, M.H.; Xu Parks, X.; Moss, A.].; Zareba, W.; Baman, J.; McNitt, S.; Kanters, J.K.; Shimizu, W.; Wilde, A.A.; Jons, C.; et al.
Stop-Codon and C-Terminal Nonsense Mutations Are Associated with a Lower Risk of Cardiac Events in Patients with Long QT
Syndrome Type 1. Heart Rhythm 2016, 13, 122-131. [CrossRef]

Herman, D.S.; Lam, L.; Taylor, M.R.G.; Wang, L.; Teekakirikul, P.; Christodoulou, D.; Conner, L.; DePalma, S.R.; McDonough, B.;
Sparks, E.; et al. Truncations of Titin Causing Dilated Cardiomyopathy. N. Engl. . Med. 2012, 366, 619-628. [CrossRef]

Kumar, S.; Baldinger, S.H.; Gandjbakhch, E.; Maury, P; Sellal, J.-M.; Androulakis, A.E.; Waintraub, X.; Charron, P.; Rollin, A;
Richard, P; et al. Long-Term Arrhythmic and Nonarrhythmic Outcomes of Lamin A/C Mutation Carriers. J. Am. Coll. Cardiol.
2016, 68, 2299-2300. [CrossRef]

John, RM.; Kumar, S. Sinus Node and Atrial Arrthythmias. Circulation 2016, 133, 1892-1900. [CrossRef]

Ho, S.Y.; Cabrera, A.J.; Sanchez-Quintana, D. Left Atrial Anatomy Revisited. Circ. Arrhythmia Electrophysiol. 2011, 5, 220-228.
[CrossRef]

Anselmino, M.; Blandino, A.; Beninati, S.; Rovera, C.; Boffano, C.; Belletti, M.; Caponi, D.; Scaglione, M.; Cesarani, F.; Gaita, F.
Morphologic Analysis of Left Atrial Anatomy by Magnetic Resonance Angiography in Patients with Atrial Fibrillation: A Large
Single Center Experience. ]. Cardiovasc. Electrophysiol. 2011, 22, 1-7. [CrossRef]

Kato, R.; Lickfett, L.; Meininger, G.; Dickfeld, T.; Wu, R.; Juang, G.; Angkeow, P.; LaCorte, ]J.; Bluemke, D.; Berger, R.; et al.
Pulmonary Vein Anatomy in Patients Undergoing Catheter Ablation of Atrial Fibrillation: Lessons Learned by Use of Magnetic
Resonance Imaging. Circulation 2003, 107, 2004-2010. [CrossRef]

Porres, D.V,; Morenza, O.P; Pallisa, E.; Roque, A.; Andreu, J.; Martinez, M. Learning from the Pulmonary Veins. Radiographics
2013, 33, 999-1023. [CrossRef]

Dyer, K.T.; Hlavacek, A.M.; Meinel, EG.; de Cecco, C.N.; McQuiston, A.D.; Schoepf, U J.; Pietris, N.P. Imaging in Congenital
Pulmonary Vein Anomalies: The Role of Computed Tomography. Pediatr. Radiol. 2014, 44, 1158-1168. [CrossRef]

Saito, T.; Waki, K.; Becker, A.E. Left Atrial Myocardial Extension onto Pulmonary Veins in Humans: Anatomic Observations
Relevant for Atrial Arrhythmias. J. Cardiovasc. Electrophysiol. 2000, 11, 888-894. [CrossRef]

Agner, B.ER.; Kiihl, J.T.; Linde, ].J.; Kofoed, K.E; Akeson, P.; Rasmussen, B.V.; Jensen, G.B.; Dixen, U. Assessment of Left Atrial
Volume and Function in Patients with Permanent Atrial Fibrillation: Comparison of Cardiac Magnetic Resonance Imaging,
320-Slice Multi-Detector Computed Tomography, and Transthoracic Echocardiography. Eur. Heart |. Cardiovasc. Imaging 2014, 15,
532-540. [CrossRef] [PubMed]

Jeong, W.K,; Choi, ].H.; Son, ].P.; Lee, S.; Lee, M.].; Choe, Y.H.; Bang, O.Y. Volume and Morphology of Left Atrial Appendage as
Determinants of Stroke Subtype in Patients with Atrial Fibrillation. Heart Rhythm 2016, 13, 820-827. [CrossRef] [PubMed]
Bajraktari, G.; Bytygi, I.; Henein, M.Y. Left Atrial Structure and Function Predictors of Recurrent Fibrillation after Catheter
Ablation: A Systematic Review and Meta-Analysis. Clin. Physiol. Funct. Imaging 2020, 40, 1-13. [CrossRef] [PubMed]

Pinto Teixeira, P.; Martins Oliveira, M.; Ramos, R.; Rio, P; Silva Cunha, P.; Delgado, A.S.; Pimenta, R.; Cruz Ferreira, R. Left Atrial
Appendage Volume as a New Predictor of Atrial Fibrillation Recurrence after Catheter Ablation. J. Interv. Card. Electrophysiol.
2017, 49, 165-171. [CrossRef] [PubMed]

Bisbal, F.; Alarcén, E; Ferrero-De-Loma-Osorio, A.; Gonzalez-Ferrer, ].J.; Alonso, C.; Pachon, M.; Tizon, H.; Cabanas-Grandio, P.;
Sanchez, M.; Benito, E.; et al. Left Atrial Geometry and Outcome of Atrial Fibrillation Ablation: Results from the Multicentre
LAGO-AF Study. Eur. Heart ]. Cardiovasc. Imaging 2018, 19, 1002-1009. [CrossRef]


http://doi.org/10.1056/NEJM199809033391003
http://doi.org/10.3389/fcvm.2021.664647
http://doi.org/10.3390/ijms21165717
http://doi.org/10.1093/eurheartj/ehaa612
http://doi.org/10.1136/heartjnl-2018-314267
http://doi.org/10.1161/01.CIR.100.18.1879
http://doi.org/10.1093/europace/euw161
http://doi.org/10.1111/jce.15083
http://doi.org/10.1016/j.hrthm.2015.08.033
http://doi.org/10.1056/NEJMoa1110186
http://doi.org/10.1016/j.jacc.2016.08.058
http://doi.org/10.1161/CIRCULATIONAHA.116.018011
http://doi.org/10.1161/CIRCEP.111.962720
http://doi.org/10.1111/j.1540-8167.2010.01853.x
http://doi.org/10.1161/01.CIR.0000061951.81767.4E
http://doi.org/10.1148/rg.334125043
http://doi.org/10.1007/s00247-014-3044-7
http://doi.org/10.1111/j.1540-8167.2000.tb00068.x
http://doi.org/10.1093/ehjci/jet239
http://www.ncbi.nlm.nih.gov/pubmed/24247925
http://doi.org/10.1016/j.hrthm.2015.12.026
http://www.ncbi.nlm.nih.gov/pubmed/26707792
http://doi.org/10.1111/cpf.12595
http://www.ncbi.nlm.nih.gov/pubmed/31556215
http://doi.org/10.1007/s10840-017-0256-4
http://www.ncbi.nlm.nih.gov/pubmed/28567579
http://doi.org/10.1093/ehjci/jey060

J. Imaging 2022, 8, 300 16 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Marchese, P,; Bursi, E; Delle Donne, G.; Malavasi, V.; Casali, E.; Barbieri, A.; Melandri, F.; Modena, M.G. Indexed Left Atrial
Volume Predicts the Recurrence of Non-Valvular Atrial Fibrillation after Successful Cardioversion. Eur. J. Echocardiogr. 2011, 12,
214-221. [CrossRef]

Peters, D.C.; Lamy, J.; Sinusas, A.].; Baldassarre, L.A. Left Atrial Evaluation by Cardiovascular Magnetic Resonance: Sensitive
and Unique Biomarkers. Eur. Heart ]. Cardiovasc. Imaging 2022, 23, 14-30. [CrossRef]

Abecasis, ].; Dourado, R.; Ferreira, A.; Saraiva, C.; Cavaco, D.; Santos, K.R.; Morgado, EB.; Adragao, P; Silva, A. Left Atrial
Volume Calculated by Multi-Detector Computed Tomography May Predict Successful Pulmonary Vein Isolation in Catheter
Ablation of Atrial Fibrillation. Europace 2009, 11, 1289-1294. [CrossRef]

Guglielmo, M.; Baggiano, A.; Muscogiuri, G.; Fusini, L.; Andreini, D.; Mushtaq, S.; Conte, E.; Annoni, A.; Formenti, A.; Mancini,
E.M.; et al. Multimodality Imaging of Left Atrium in Patients with Atrial Fibrillation. J. Cardiovasc. Comput. Tomogr. 2019, 13,
340-346. [CrossRef]

Simon, J.; el Mahdiui, M.; Smit, ] M.; Szaraz, L.; van Rosendael, A.R.; Herczeg, S.; Zsarnoczay, E.; Nagy, A.L; Kolossvary, M.;
Szilveszter, B.; et al. Left Atrial Appendage Size Is a Marker of Atrial Fibrillation Recurrence after Radiofrequency Catheter
Ablation in Patients with Persistent Atrial Fibrillation. Clin. Cardiol. 2022, 45, 273-281. [CrossRef]

di Biase, L.; Santangeli, P.; Anselmino, M.; Mohanty, P,; Salvetti, I.; Gili, S.; Horton, R.; Sanchez, ].E.; Bai, R.; Mohanty, S.; et al.
Does the Left Atrial Appendage Morphology Correlate with the Risk of Stroke in Patients with Atrial Fibrillation? Results from a
Multicenter Study. J. Am. Coll. Cardiol. 2012, 60, 531-538. [CrossRef] [PubMed]

Wang, Y.; di Biase, L.; Horton, R.P.; Nguyen, T.; Morhanty, P; Natale, A. Left Atrial Appendage Studied by Computed Tomography
to Help Planning for Appendage Closure Device Placement. J. Cardiovasc. Electrophysiol. 2010, 21, 973-982. [CrossRef] [PubMed]
Anselmino, M.; Scaglione, M.; di Biase, L.; Gili, S.; Santangeli, P.; Corsinovi, L.; Pianelli, M.; Cesarani, F; Faletti, R.; Righi, D.; et al.
Left Atrial Appendage Morphology and Silent Cerebral Ischemia in Patients with Atrial Fibrillation. Heart Rhythm 2014, 11, 2-7.
[CrossRef] [PubMed]

Adukauskaite, A.; Barbieri, F.; Senoner, T.; Plank, F.; Knoflach, M.; Boehme, C.; Hintringer, F; Mueller, S.; Bauer, A.; Feuchtner,
G.; et al. Left Atrial Appendage Morphology and Left Atrial Wall Thickness Are Associated with Cardio-Embolic Stroke. . Clin.
Med. 2020, 9, 3944. [CrossRef]

Beigel, R.; Wunderlich, N.C.; Siew, Z.; Ho, Y.; Arsanjani, R.; Siegel, R.J. The Left Atrial Appendage: Anatomy, Function, and
Noninvasive Evaluation. JACC Cardiovasc. Imaging 2014, 7, 1251-1265. [CrossRef]

Kitkungvan, D.; Nabi, E; Ghosn, M.G.; Dave, A.S.; Quinones, M.; Zoghbi, W.A.; Valderrabano, M.; Shah, D.J. Detection of LA and
LAA Thrombus by CMR in Patients Referred for Pulmonary Vein Isolation. JACC Cardiovasc. Imaging 2016, 9, 809-818. [CrossRef]
Marashly, Q.; Gopinath, C.; Baher, A.; Acharya, M.; Kheirkhahan, M.; Hardisty, B.; Aljuaid, M.; Tawhari, L; Ibrahim, M.;
Morris, A.K,; et al. Late Gadolinium Enhancement Magnetic Resonance Imaging Evaluation of Post— Atrial Fibrillation Ablation
Esophageal Thermal Injury across the Spectrum of Severity. J. Am. Heart Assoc. 2021, 10, €018924. [CrossRef]

Houmsse, M.; Daoud, E.G. Protection of the Esophagus during Catheter Ablation of Atrial Fibrillation. J. Cardiovasc. Electrophysiol.
2021, 32, 2824-2829. [CrossRef]

Kaneshiro, T.; Takeishi, Y. Esophageal Thermal Injury in Catheter Ablation of Atrial Fibrillation. Fukushima J. Med. Sci. 2021, 67,
95-101. [CrossRef]

Faletti, R.; Rapellino, A.; Barisone, F.; Anselmino, M.; Ferraris, F.; Fonio, P.; Gaita, F.; Gandini, G. Use of Oral Gadobenate
Dimeglumine to Visualise the Oesophagus during Magnetic Resonance Angiography in Patients with Atrial Fibrillation Prior to
Catheter Ablation. J. Cardiovasc. Magn. Reson. 2014, 16, 41. [CrossRef]

Faletti, R.; Gatti, M.; di Chio, A.; Fronda, M.; Anselmino, M.; Ferraris, F; Gaita, F; Fonio, P. Concentrated Pineapple Juice for
Visualisation of the Oesophagus during Magnetic Resonance Angiography before Atrial Fibrillation Radiofrequency Catheter
Ablation. Eur. Radiol. Exp. 2018, 2, 39. [CrossRef]

Yamashita, K.; Quang, C.; Schroeder, J.D.; DiBella, E.; Han, F.; MacLeod, R.; Dosdall, D.J.; Ranjan, R. Distance between the Left
Atrium and the Vertebral Body Is Predictive of Esophageal Movement in Serial MR Imaging. |. Interv. Card. Electrophysiol. 2018,
52,149-156. [CrossRef]

Chelu, M.G.; Morris, A K.; Kholmovski, E.G.; King, ].B.; Kaur, G.; Silver, M.A.; Cates, ]J.E.; Han, ET.; Marrouche, N.F. Durable Le-
sion Formation While Avoiding Esophageal Injury during Ablation of Atrial Fibrillation: Lessons Learned from Late Gadolinium
MR Imaging. |. Cardiovasc. Electrophysiol. 2018, 29, 385-392. [CrossRef]

Hinderer, S.; Schenke-Layland, K. Cardiac Fibrosis—A Short Review of Causes and Therapeutic Strategies. Adv. Drug Deliv. Rev.
2019, 146, 77-82. [CrossRef]

Mahnkopf, C.; Kwon, Y.; Akoum, N. Atrial Fibrosis, Ischaemic Stroke and Atrial Fibrillation. Arrhythm Electrophysiol. Rev. 2021,
10, 225-229. [CrossRef]

Chelu, M.G.; King, ].B.; Kholmovski, E.G.; Ma, ].; Gal, P.; Marashly, Q.; Aljuaid, M.A.; Kaur, G.; Silver, M.A.; Johnson, K.A.; et al.
Atrial Fibrosis by Late Gadolinium Enhancement Magnetic Resonance Imaging and Catheter Ablation of Atrial Fibrillation:
5-Year Follow-up Data. J. Am. Heart Assoc. 2018, 7, €006313. [CrossRef]

Marrouche, N.F; Wilber, D.; Hindricks, G.; Jais, P.; Akoum, N.; Marchlinski, F; Kholmovski, E.; Burgon, N.; Hu, N.; Mont, L.; et al.
Association of Atrial Tissue Fibrosis Identified by Delayed Enhancement MRI and Atrial Fibrillation Catheter Ablation: The
DECAAF Study. JAMA ]. Am. Med. Assoc. 2014, 311, 498-506. [CrossRef]


http://doi.org/10.1093/ejechocard/jeq176
http://doi.org/10.1093/ehjci/jeab221
http://doi.org/10.1093/europace/eup198
http://doi.org/10.1016/j.jcct.2019.03.005
http://doi.org/10.1002/clc.23748
http://doi.org/10.1016/j.jacc.2012.04.032
http://www.ncbi.nlm.nih.gov/pubmed/22858289
http://doi.org/10.1111/j.1540-8167.2010.01814.x
http://www.ncbi.nlm.nih.gov/pubmed/20550614
http://doi.org/10.1016/j.hrthm.2013.10.020
http://www.ncbi.nlm.nih.gov/pubmed/24120872
http://doi.org/10.3390/jcm9123944
http://doi.org/10.1016/j.jcmg.2014.08.009
http://doi.org/10.1016/j.jcmg.2015.11.029
http://doi.org/10.1161/JAHA.120.018924
http://doi.org/10.1111/jce.14934
http://doi.org/10.5387/fms.2021-23
http://doi.org/10.1186/1532-429X-16-41
http://doi.org/10.1186/s41747-018-0067-0
http://doi.org/10.1007/s10840-018-0348-9
http://doi.org/10.1111/jce.13426
http://doi.org/10.1016/j.addr.2019.05.011
http://doi.org/10.15420/aer.2021.51
http://doi.org/10.1161/JAHA.117.006313
http://doi.org/10.1001/jama.2014.3

J. Imaging 2022, 8, 300 17 of 19

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

McGann, C.; Akoum, N.; Patel, A.; Kholmovski, E.; Revelo, P.; Damal, K.; Wilson, B.; Cates, J.; Harrison, A.; Ranjan, R.; et al.
Atrial Fibrillation Ablation Outcome Is Predicted by Left Atrial Remodeling on MRI. Circ. Arrhythm Electrophysiol. 2014, 7, 23-30.
[CrossRef]

Coteli, C.; Hazirolan, T.; Aytemir, K.; Erdemir, A.G.; Bakir, E.IN.; Canpolat, U.; Yorgun, H.; Ates, A.H.; Kaya, E.B.; Dikmen,
Z.G.; et al. Evaluation of Atrial Fibrosis in Atrial Fibrillation Patients with Three Different Methods. Turk. J. Med. Sci. 2022, 52,
175-187. [CrossRef]

Kuruvilla, S.; Adenaw, N.; Katwal, A.B.; Lipinski, M.].; Kramer, C.M.; Salerno, M. Late Gadolinium Enhancement on Cardiac
Magnetic Resonance Predicts Adverse Cardiovascular Outcomes in Nonischemic Cardiomyopathy: A Systematic Review and
Meta-Analysis. Circ. Cardiovasc. Imaging 2014, 7, 250-257. [CrossRef]

Marrouche, N.F,; Wazni, O.; McGann, C.; Greene, T.; Dean, ].M.; Dagher, L.; Kholmovski, E.; Mansour, M.; Marchlinski, F.; Wilber,
D.; et al. Effect of MRI-Guided Fibrosis Ablation vs. Conventional Catheter Ablation on Atrial Arrhythmia Recurrence in Patients
With Persistent Atrial Fibrillation: The DECAAF II Randomized Clinical Trial. JAMA 2022, 327, 2296-2305. [CrossRef] [PubMed]
Peters, D.C.; Wylie, ].V.; Hauser, T.H.; Kissinger, K.V.; Botnar, R.M.; Essebag, V.; Josephson, M.E.; Manning, W.]J. Detection of
Pulmonary Vein and Left Atrial Scar after Catheter Ablation with Three-Dimensional Navigator-Gated Delayed Enhancement
MR Imaging: Initial Experience. Radiology 2007, 243, 690-695. [CrossRef] [PubMed]

Khurram, I.M.; Beinart, R.; Zipunnikov, V.; Dewire, ].; Yarmohammadi, H.; Sasaki, T.; Spragg, D.D.; Marine, J.E.; Berger, R.D.;
Halperin, H.R,; et al. Magnetic Resonance Image Intensity Ratio, a Normalized Measure to Enable Interpatient Comparability of
Left Atrial Fibrosis. Heart Rhythm 2014, 11, 85-92. [CrossRef]

Cochet, H.; Dubois, R.; Yamashita, S.; al Jefairi, N.; Berte, B.; Sellal, J.-M.; Hooks, D.; Frontera, A.; Amraoui, S.; Zemoura, A.; et al.
Relationship Between Fibrosis Detected on Late Gadolinium-Enhanced Cardiac Magnetic Resonance and Re-Entrant Activity
Assessed With Electrocardiographic Imaging in Human Persistent Atrial Fibrillation. JACC Clin. Electrophysiol. 2017, 4, 17-29.
[CrossRef]

Benito, E.M.; Carlosena-Remirez, A.; Guasch, E.; Prat-Gonzdlez, S.; Perea, R.J.; Figueras, R.; Borras, R.; Andreu, D.; Arbelo, E.;
Tolosana, ].M.; et al. Left Atrial Fibrosis Quantification by Late Gadolinium-Enhanced Magnetic Resonance: A New Method to
Standardize the Thresholds for Reproducibility. Europace 2017, 19, 1272-1279. [CrossRef] [PubMed]

Sramko, M.; Peichl, P.; Wichterle, D.; Tintera, J.; Weichet, J.; Maxian, R.; Pasnisinova, S.; Kockova, R.; Kautzner, J. Clinical Value of
Assessment of Left Atrial Late Gadolinium Enhancement in Patients Undergoing Ablation of Atrial Fibrillation. Int. |. Cardiol.
2015, 179, 351-357. [CrossRef]

Hwang, S.H.; Oh, YW.,; Lee, D.I; Shim, J.; Park, SW.; Kim, Y.H. Evaluation of Quantification Methods for Left Arial Late
Gadolinium Enhancement Based on Different References in Patients with Atrial Fibrillation. Int. J. Cardiovasc. Imaging 2015, 31,
91-101. [CrossRef]

Calkins, H.; Kuck, K.H.; Cappato, R.; Brugada, J.; John Camm, A.; Chen, S.A.; Crijns, H.].G.; Damiano, R.J.; Davies, D.W,;
DiMarco, J.; et al. 2012 HRS/EHRA /ECAS Expert Consensus Statement on Catheter and Surgical Ablation of Atrial Fibrillation:
Recommendations for Patient Selection, Procedural Techniques, Patient Management and Follow-up, Definitions, Endpoints, and
Research Trial Design. J. Interv. Card. Electrophysiol. 2012, 33, 171-257. [CrossRef]

Khurram, I.M.; Catanzaro, ].N.; Zimmerman, S.; Zipunnikov, V.; Berger, R.D.; Cheng, A.; Sinha, S.; Dewire, J.; Marine, J.; Spragg,
D.; et al. MRI Evaluation of Radiofrequency, Cryothermal, and Laser Left Atrial Lesion Formation in Patients with Atrial
Fibrillation. PACE Pacing Clin. Electrophysiol. 2015, 38, 1317-1324. [CrossRef]

Schmidt, B.; Metzner, A.; Chun, K.R.J.; Leftheriotis, D.; Yoshiga, Y.; Fuernkranz, A.; Neven, K.; Tilz, R.R.; Wissner, E.; Ouyang,
F.; et al. Feasibility of Circumferential Pulmonary Vein Isolation Using a Novel Endoscopic Ablation System. Circ. Arrhythm
Electrophysiol. 2010, 3, 481-488. [CrossRef]

Calkins, H.; Brugada, J.; Packer, D.L.; Cappato, R.; Chen, S.A.; Crijns, H.J.G.; Damiano, R.J.; Davies, D.W.; Haines, D.E,;
Haissaguerre, M.; et al. HRS/EHRA /ECAS Expert Consensus Statement on Catheter and Surgical Ablation of Atrial Fibrillation:
Recommendations for Personnel, Policy, Procedures and Follow-up. A Report of the Heart Rhythm Society (HRS) Task Force on
Catheter and Surgical Ablation of Atrial Fibrillation. Europace 2007, 9, 335-379. [CrossRef] [PubMed]

Badger, T.J.; Daccarett, M.; Akoum, N.W.; Adjei-Poku, Y.A.; Burgon, N.S.; Haslam, T.S.; Kalvaitis, S.; Kuppahally, S.; Vergara, G.;
McMullen, L.; et al. Evaluation of Left Atrial Lesions after Initial and Repeat Atrial Fibrillation Ablation; Lessons Learned from
Delayed-Enhancement MRI in Repeat Ablation Procedures. Circ. Arrhythm Electrophysiol. 2010, 3, 249-259. [CrossRef] [PubMed]
Parmar, B.R.; Jarrett, T.R.; Kholmovski, E.G.; Hu, N.; Parker, D.; MacLeod, R.S.; Marrouche, N.F,; Ranjan, R. Poor Scar Formation
after Ablation Is Associated with Atrial Fibrillation Recurrence. |. Interv. Card. Electrophysiol. 2015, 44, 247-256. [CrossRef]
[PubMed]

Akoum, N.; Wilber, D.; Hindricks, G.; Jais, P.; Cates, J.; Marchlinski, F.; Kholmovski, E.; Burgon, N.; Hu, N.; Mont, L.; et al. MRI
Assessment of Ablation-Induced Scarring in Atrial Fibrillation: Analysis from the DECAAF Study. J. Cardiovasc. Electrophysiol.
2015, 26, 473-480. [CrossRef]

Chugh, A.; Oral, H,; Lemola, K,; Hall, B.; Cheung, P.; Good, E.; Tamirisa, K.; Han, J.; Bogun, E; Pelosi, F,; et al. Prevalence,
Mechanisms, and Clinical Significance of Macroreentrant Atrial Tachycardia during and Following Left Atrial Ablation for Atrial
Fibrillation. Heart Rhythm 2005, 2, 464-471. [CrossRef] [PubMed]


http://doi.org/10.1161/CIRCEP.113.000689
http://doi.org/10.3906/sag-2103-194
http://doi.org/10.1161/CIRCIMAGING.113.001144
http://doi.org/10.1001/jama.2022.8831
http://www.ncbi.nlm.nih.gov/pubmed/35727277
http://doi.org/10.1148/radiol.2433060417
http://www.ncbi.nlm.nih.gov/pubmed/17517928
http://doi.org/10.1016/j.hrthm.2013.10.007
http://doi.org/10.1016/j.jacep.2017.07.019
http://doi.org/10.1093/europace/euw219
http://www.ncbi.nlm.nih.gov/pubmed/27940935
http://doi.org/10.1016/j.ijcard.2014.11.072
http://doi.org/10.1007/s10554-014-0563-0
http://doi.org/10.1007/s10840-012-9672-7
http://doi.org/10.1111/pace.12696
http://doi.org/10.1161/CIRCEP.110.954149
http://doi.org/10.1093/europace/eum120
http://www.ncbi.nlm.nih.gov/pubmed/17599941
http://doi.org/10.1161/CIRCEP.109.868356
http://www.ncbi.nlm.nih.gov/pubmed/20335558
http://doi.org/10.1007/s10840-015-0060-y
http://www.ncbi.nlm.nih.gov/pubmed/26455362
http://doi.org/10.1111/jce.12650
http://doi.org/10.1016/j.hrthm.2005.01.027
http://www.ncbi.nlm.nih.gov/pubmed/15840468

J. Imaging 2022, 8, 300 18 of 19

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Nademanee, K.; McKenzie, J.; Kosar, E.; Schwab, M.; Sunsaneewitayakul, B.; Vasavakul, T.; Khunnawat, C.; Ngarmukos, T. A
New Approach for Catheter Ablation of Atrial Fibrillation: Mapping of the Electrophysiologic Substrate. J. Am. Coll. Cardiol.
2004, 43, 2044-2053. [CrossRef]

Haissaguerre, M.; Hocini, M.; Sanders, P.; Sacher, E; Rotter, M.; Takahashi, Y.; Rostock, T.; Hsu, L.F.; Bordachar, P.; Reuter, S.; et al.
Catheter Ablation of Long-Lasting Persistent Atrial Fibrillation: Clinical Outcome and Mechanisms of Subsequent Arrhythmias.
J. Cardiovasc. Electrophysiol. 2005, 16, 1138-1147. [CrossRef]

Fochler, F.; Yamaguchi, T.; Kheirkahan, M.; Kholmovski, E.G.; Morris, A.K.; Marrouche, N.F. Late Gadolinium Enhancement
Magnetic Resonance Imaging Guided Treatment of Post-Atrial Fibrillation Ablation Recurrent Arrhythmia. Circ. Arrhythm
Electrophysiol. 2019, 12, €007174. [CrossRef]

Anselmino, M.; Sillano, D.; Casolati, D.; Ferraris, F.; Scaglione, M.; Gaita, F. A New Electrophysiology Era: Zero Fluoroscopy. J.
Cardiovasc. Med. 2013, 14, 221-227. [CrossRef]

Gaita, F; Guerra, P.G.; Battaglia, A.; Anselmino, M. The Dream of Near-Zero X-Rays Ablation Comes True. Eur. Heart |. 2016, 37,
2749-2755. [CrossRef]

Troisi, F.; Guida, P.; Quadrini, E.,; di Monaco, A.; Vitulano, N.; Caruso, R.; Orfino, R.; Cecere, G.; Anselmino, M.; Grimaldi, M. Zero
Fluoroscopy Arrhythmias Catheter Ablation: A Trend Toward More Frequent Practice in a High-Volume Center. Front. Cardiovasc.
Med. 2022, 9, 804424. [CrossRef] [PubMed]

Njeim, M.; Desjardins, B.; Bogun, F. Multimodality Imaging for Guiding EP Ablation Procedures. Imaging 2016, 9, 873-886.
[CrossRef] [PubMed]

Harrison, ].L.; Sohns, C.; Linton, N.W.; Karim, R.; Williams, S.E.; Rhode, K.S.; Gill, ].; Cooklin, M.; Rinaldi, C.A.; Wright, M.; et al.
Repeat Left Atrial Catheter Ablation. Circ. Arrhythm Electrophysiol. 2015, 8, 270-278. [CrossRef] [PubMed]

Bisbal, F,; Guiu, E.; Cabanas-Grandio, P,; Berruezo, A.; Prat-Gonzalez, S.; Vidal, B.; Garrido, C.; Andreu, D.; Fernandez-Armenta, J.;
Maria Tolosana, J.; et al. CMR-Guided Approach to Localize and Ablate Gaps in Repeat AF Ablation Procedure. JACC Cardiovasc.
Imaging 2014, 7, 653-663. [CrossRef]

Susil, R.C.; Yeung, C.J.; Halperin, H.R.; Lardo, A.C.; Atalar, E. Multifunctional Interventional Devices for MRI: A Combined
Electrophysiology /MRI Catheter. Magn. Reson. Med. 2002, 47, 594—600. [CrossRef]

Ashikaga, H.; Sasano, T.; Dong, J.; Zviman, M.M.; Evers, R.; Hopenfeld, B.; Castro, V.; Helm, R.H.; Dickfeld, T.; Nazarian, S.; et al.
Magnetic Resonance-Based Anatomical Analysis of Scar-Related Ventricular Tachycardia: Implications for Catheter Ablation.
Circ. Res. 2007, 101, 939-947. [CrossRef]

Oduneye, S.0.; Pop, M.; Shurrab, M.; Biswas, L.; Ramanan, V,; Barry, J.; Crystal, E.; Wright, G.A. Distribution of Abnormal Poten-
tials in Chronic Myocardial Infarction Using a Real Time Magnetic Resonance Guided Electrophysiology System. J. Cardiovasc.
Magn. Reson. 2015, 17, 1-9. [CrossRef]

Nazarian, S.; Kolandaivelu, A.; Zviman, M.M.; Meininger, G.R.; Kato, R.; Susil, R.C.; Roguin, A.; Dickfeld, T.L.; Ashikaga, H.;
Calkins, H.; et al. Feasibility of Real-Time Magnetic Resonance Imaging for Catheter Guidance in Electrophysiology Studies.
Circulation 2008, 118, 223-229. [CrossRef]

Hilbert, S.; Sommer, P.; Gutberlet, M.; Gaspar, T.; Foldyna, B.; Piorkowski, C.; Weiss, S.; Lloyd, T.; Schnackenburg, B.; Krueger,
S.; et al. Real-Time Magnetic Resonance-Guided Ablation of Typical Right Atrial Flutter Using a Combination of Active Catheter
Tracking and Passive Catheter Visualization in Man: Initial Results from a Consecutive Patient Series. Europace 2016, 18, 572-577.
[CrossRef]

Krahn, P.R.P; Singh, S.M.; Ramanan, V.; Biswas, L.; Yak, N.; Anderson, K.J.T.; Barry, J.; Pop, M.; Wright, G.A. Cardiovascular
Magnetic Resonance Guided Ablation and Intra-Procedural Visualization of Evolving Radiofrequency Lesions in the Left Ventricle.
J. Cardiovasc. Magn. Reson. 2018, 20, 20. [CrossRef]

Wu, T.C. Left Atrial Stiffness, a Marker of Atrial Cardiomyopathy, and Atrial Fibrillation—Relationships and Predictors for
Procedure Success after Catheter Ablation. Arq. Bras. Cardiol. 2019, 112, 509-510. [CrossRef] [PubMed]

Habibi, M.; Zareian, M.; Ambale Venkatesh, B.; Samiei, S.; Imai, M.; Wu, C.; Launer, L.J.; Shea, S.; Gottesman, R.E.; Heckbert,
S.R.; et al. Left Atrial Mechanical Function and Incident Ischemic Cerebrovascular Events Independent of AF: Insights From the
MESA Study. JACC Cardiovasc. Imaging 2019, 12, 2417-2427. [CrossRef] [PubMed]

Correia, E.T.D.O.; Barbetta, L.M.D.S.; da Silva, O.M.P.; Mesquita, E.T. Left Atrial Stiffness: A Predictor of Atrial Fibrillation
Recurrence after Radiofrequency Catheter Ablation-a Systematic Review and Meta-Analysis. Arg. Bras. Cardiol. 2019, 112,
501-508. [CrossRef]

Marino, PN.; Degiovanni, A.; Baduena, L.; Occhetta, E.; Dell’Era, G.; Erdei, T.; Fraser, A.G. Non-Invasively Estimated Left Atrial
Stiffness Is Associated with Short-Term Recurrence of Atrial Fibrillation after Electrical Cardioversion. . Cardiol. 2017, 69, 731-738.
[CrossRef] [PubMed]

Khurram, I.M.; Magbool, E; Berger, R.D.; Marine, ].E.; Spragg, D.D.; Ashikaga, H.; Zipunnikov, V.; Kass, D.A.; Calkins, H.;
Nazarian, S.; et al. Association between Left Atrial Stiffness Index and Atrial Fibrillation Recurrence in Patients Undergoing Left
Atrial Ablation. Circ. Arrhythm Electrophysiol. 2016, 9, €003163. [CrossRef]

Abdel Rahman, H.; Hassan, A.K.M.; Abosetta, A.H.S.; Kishk, Y.T. Increased Left Atrial Stiffness in Patients with Atrial Fibrillation
Detected by Left Atrial Speckle Tracking Echocardiography. Egypt. Heart J. 2014, 67, 217-223. [CrossRef]

Peters, D.C.; Duncan, ]J.S.; Grunseich, K.; Marieb, M. A.; Cornfeld, D.; Sinusas, A.].; Chelikani, S. CMR-Verified Lower LA Strain in
the Presence of Regional Atrial Fibrosis in Atrial Fibrillation. JACC Cardiovasc. Imaging 2017, 10, 207-208. [CrossRef]


http://doi.org/10.1016/j.jacc.2003.12.054
http://doi.org/10.1111/j.1540-8167.2005.00308.x
http://doi.org/10.1161/CIRCEP.119.007174
http://doi.org/10.2459/JCM.0b013e3283536555
http://doi.org/10.1093/eurheartj/ehw223
http://doi.org/10.3389/fcvm.2022.804424
http://www.ncbi.nlm.nih.gov/pubmed/35571172
http://doi.org/10.1016/j.jcmg.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27388666
http://doi.org/10.1161/CIRCEP.114.002066
http://www.ncbi.nlm.nih.gov/pubmed/25593109
http://doi.org/10.1016/j.jcmg.2014.01.014
http://doi.org/10.1002/mrm.10088
http://doi.org/10.1161/CIRCRESAHA.107.158980
http://doi.org/10.1186/s12968-015-0133-1
http://doi.org/10.1161/CIRCULATIONAHA.107.742452
http://doi.org/10.1093/europace/euv249
http://doi.org/10.1186/s12968-018-0437-z
http://doi.org/10.5935/abc.20190087
http://www.ncbi.nlm.nih.gov/pubmed/31188957
http://doi.org/10.1016/j.jcmg.2019.02.021
http://www.ncbi.nlm.nih.gov/pubmed/31005519
http://doi.org/10.5935/abc.20190040
http://doi.org/10.1016/j.jjcc.2016.07.013
http://www.ncbi.nlm.nih.gov/pubmed/27567175
http://doi.org/10.1161/CIRCEP.115.003163
http://doi.org/10.1016/j.ehj.2014.11.006
http://doi.org/10.1016/j.jcmg.2016.01.015

J. Imaging 2022, 8, 300 19 of 19

88.

89.

90.

91.

92.

93.

94.

95.

96.

Park, J.J.; Park, ].H.; Hwang, 1.C.; Park, ].B.; Cho, G.Y.; Marwick, T.H. Left Atrial Strain as a Predictor of New-Onset Atrial
Fibrillation in Patients With Heart Failure. JACC Cardiovasc. Imaging 2020, 13, 2071-2081. [CrossRef]

Bianco, F.; de Caterina, R.; Chandra, A.; Aquila, L; Claggett, B.; Johansen, M.C.; Gongalves, A.; Norby, EL.; Cogswell, R.; Soliman,
E.Z.; et al. Left Atrial Remodeling and Stroke in Patients With Sinus Rhythm and Normal Ejection Fraction: ARIC-NCS. J. Am.
Heart Assoc. 2022, 11, €024292. [CrossRef]

Ciuffo, L.; Nguyen, H.; Marques, M.D.; Aronis, K.N.; Sivasambu, B.; de Vasconcelos, H.D.; Tao, S.; Spragg, D.D.; Marine, J.E.;
Berger, R.D,; et al. Periatrial Fat Quality Predicts Atrial Fibrillation Ablation Outcome. Circ. Cardiovasc. Imaging 2019, 12, €008764.
[CrossRef]

Bonou, M.; Mavrogeni, S.; Kapelios, C.J.; Markousis-Mavrogenis, G.; Aggeli, C.; Cholongitas, E.; Protogerou, A.D.; Barbetseas, J.
Cardiac Adiposity and Arrhythmias: The Role of Imaging. Diagnostics 2021, 11, 362. [CrossRef] [PubMed]

Goudis, C.A.; Korantzopoulos, P; Ntalas, I.V.; Kallergis, E.M.; Ketikoglou, D.G. Obesity and Atrial Fibrillation: A Comprehensive
Review of the Pathophysiological Mechanisms and Links. . Cardiol. 2015, 66, 361-369. [CrossRef] [PubMed]

Al-Rawahi, M.; Proietti, R.; Thanassoulis, G. Pericardial Fat and Atrial Fibrillation: Epidemiology, Mechanisms and Interventions.
Int. J. Cardiol. 2015, 195, 98-103. [CrossRef] [PubMed]

Wong, C.X.; Abed, H.S.; Molaee, P.; Nelson, A.].; Brooks, A.G.; Sharma, G.; Leong, D.P; Lau, D.H.; Middeldorp, M.E.; Roberts-
Thomson, K.C.; et al. Pericardial Fat Is Associated with Atrial Fibrillation Severity and Ablation Outcome. J. Am. Coll. Cardiol.
2011, 57, 1745-1751. [CrossRef] [PubMed]

Tereshchenko, L.G.; Rizzi, P.; Mewton, N.; Volpe, G.J.; Murthy, S.; Strauss, D.G.; Liu, C.Y.; Marchlinski, EE.; Spooner, P.; Berger,
R.D,; et al. Infiltrated Atrial Fat Characterizes Underlying Atrial Fibrillation Substrate in Patients at Risk as Defined by the ARIC
Atrial Fibrillation Risk Score. Int. ]. Cardiol. 2014, 172, 196-201. [CrossRef]

Nakamori, S.; Nezafat, M.; Ngo, L.H.; Manning, W.J.; Nezafat, R. Left Atrial Epicardial Fat Volume Is Associated With Atrial
Fibrillation: A Prospective Cardiovascular Magnetic Resonance 3D Dixon Study. J. Am. Heart Assoc. 2018, 7, e008232. [CrossRef]


http://doi.org/10.1016/j.jcmg.2020.04.031
http://doi.org/10.1161/JAHA.121.024292
http://doi.org/10.1161/CIRCIMAGING.118.008764
http://doi.org/10.3390/diagnostics11020362
http://www.ncbi.nlm.nih.gov/pubmed/33672778
http://doi.org/10.1016/j.jjcc.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25959929
http://doi.org/10.1016/j.ijcard.2015.05.129
http://www.ncbi.nlm.nih.gov/pubmed/26025867
http://doi.org/10.1016/j.jacc.2010.11.045
http://www.ncbi.nlm.nih.gov/pubmed/21511110
http://doi.org/10.1016/j.ijcard.2014.01.012
http://doi.org/10.1161/JAHA.117.008232

	Introduction 
	Pathophysiology of Atrial Myopathy 
	Role of CMR for AF Ablation Planning 
	Pulmonary Veins’ Anatomy 
	Left Atrial and Left Atrial Appendage Volume 
	Atrial Appendage Morphology and Stroke Risk 
	Atrial Appendage Occlusion 
	Atrial Thrombus Assessment 
	Esophagus and Esophageal Thermal Injury 

	Prognostic Value of Atrial LGE 
	Preprocedural LGE 
	Procedure Induced Ablation Scars 

	CMR-Guided Ablation 
	Atrial Function, Stiffness, and Strain 
	Cardiac Adipose Tissue 
	Conclusions 
	References

