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Imaging using cardiac computed tomography (CT) or magnetic resonance (MR) imaging has become an important option for
anatomic and substrate delineation in complex atrial fibrillation (AF) and ventricular tachycardia (VT) ablation procedures.
Computed tomography more common than MR has been used to detect procedure-associated complications such as oe-
sophageal, cerebral, and vascular injury. This clinical consensus statement summarizes the current knowledge of CT and MR
to facilitate electrophysiological procedures, the current value of real-time integration of imaging-derived anatomy, and sub-
strate information during the procedure and the current role of CT and MR in diagnosing relevant procedure-related com-
plications. Practical advice on potential advantages of one imaging modality over the other is discussed for patients with
implanted cardiac rhythm devices as well as for planning, intraprocedural integration, and post-interventional management
in AF and VT ablation patients. Establishing a team of electrophysiologists and cardiac imaging specialists working on specific
details of imaging for complex ablation procedures is key. Cardiac magnetic resonance (CMR) can safely be performed in
most patients with implanted active cardiac devices. Standard procedures for pre- and post-scanning management of the
device and potential CMR-associated device malfunctions need to be in place. In VT patients, imaging—specifically MR—
may help to determine scar location and mural distribution in patients with ischaemic and non-ischaemic cardiomyopathy
beyond evaluating the underlying structural heart disease. Future directions in imaging may include the ability to register
multiple imaging modalities and novel high-resolution modalities, but also refinements of imaging-guided ablation strategies
are expected.
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1. Introduction

Imaging has evolved as a cornerstone for the management of patients
with complex arrhythmia substrates by helping to better understand
the anatomy and the underlying structural abnormalities and to identify
catheter treatment—related complications. In this regard, the current
manuscript summarizes the current knowledge of cardiac computed
tomography (CCT) and cardiac magnetic resonance imaging (CMR)
to facilitate electrophysiological (EP) procedures. The current value
of real-time integration of imaging-derived anatomy and substrate in-
formation during EP procedure and the role of CT and MR in diagnosing
relevant procedure-related complications are reported.

The authors, as a joint group of electrophysiologists and experts in car-
diovascular imaging, intend to provide practical advice on how to use CT
and MR in different scenarios in patients with arrhythmia including patients
with implanted active rhythm devices [cardiovascular implantable elec-
tronic device (CIED)]. It is intended to help electrophysiologists to decide
on which technology and which specific techniques to use in clinical set-
tings of atrial fibrillation (AF) and ventricular tachycardia (VT) ablation.

2. Basic concepts of computed
tomography and magnetic
resonance imaging

Echocardiography is the most used imaging modality for pre-
procedural planning, intraprocedural monitoring, and post-procedural
evaluation, because of absence of radiation, low costs, ready availability,
and rapidity. However, CMR and CCT are valuable and may provide
complimentary information. The choice of the imaging technique is de-
termined by the indication, the specific advantages and limitations of the
imaging modality, the availability, safety and convenience for the patient,
and preferences and experiences of the physicians. In addition, when
deciding between CCT or CMR, the existence of implanted cardiac de-
vices in the target area (with potential for hindering artefacts) and pa-
tient baseline characteristics like renal and thyroid function need to be
taken into account. Cardiac computed tomography but not CMR also
implies radiation exposure. In regard to imaging the heart, an additional
consideration is the higher spatial resolution in CCT vs. higher temporal
resolution and most appropriate tissue characterization in CMR (see
Table 1).

In patients with congenital heart disease, imaging can create a three-
dimensional (3D) roadmap to understand the complex anatomy. In
these younger patients, free-breathing 3D CMR acquisition may be

Table 1 Benefits and limitations of CCT and CMR

Considerations for using CMR vs. CCT

(1) Indication

(2) Availability/urgency (CCT > CMR)

(3) Need for higher spatial resolution (CCT > CMR)

(4) Need for higher temporal resolution (CMR > CCT)

(5) Need for most appropriate tissue characterization (CMR > CCT)

(6) Imaging limitations (especially artefacts from devices in CMR)

(7) Patient baseline characteristics (renal function, allergies, thyroid
function)

(8) Radiation exposure (CCT)

Specific indications including benefits and limitations of the two imaging modalities
useful to electrophysiologists for optimized implementation of imaging.

CCT, cardiac computed tomography; CMR, cardiac magnetic resonance imaging;
> appears favourable/better.

preferred over CCT as long contrast transit times may result in need
for large amounts of contrast and long acquisition times exposing the
patient to high radiation exposure.

Intraprocedural co-registration of electroanatomical mapping data
with the 3D morphological reconstructions from CCT and/or CMR
can facilitate mapping, may reduce the use of fluoroscopy during interven-
tions, and may increase the safety for the patient and the operator."?

2.1. Cardiac computed tomography

Cardiac computed tomography is increasingly being implemented in
clinical routine due to advances in the technology offering high spatial
resolution and high diagnostic image quality. Recently introduced
photon-counting detector CT is equipped with X-ray detectors which
count the quantity and quality of incoming photons and photon energy
allowing optimized spectral imaging capabilities with high temporal
resolution. Further improvement in myocardial characterization in
CCT may be achieved in high resolution, like iodine quantification in al-
tered myocardium, the so-called iodine mapping,

Pre-interventional CCT can be used to identify the (variation in) car-
diac anatomy including pulmonary veins (PVs), non-invasive assessment
of coronary artery anatomy and disease, and pulmonary pathologies.
Computed tomography offers several advantages over echocardiog-
raphy, as it provides high spatial resolution, is not related to specific
echo windows of view, involves standardized measurements, and may
use contrast-enhanced depiction of vasculature and chambers. It is the
first-line imaging modality to non-invasively assess left atrial appendage
(LAA) anatomy and size and can detect LAA thrombus.* Cardiac com-
puted tomography can identify PV stenosis and (asymptomatic) stenosis
of coronary arteries. All cardiac and related structures can be segmented
and made available during the ablation procedure (see image integration).
Appropriate timing of contrast in the targeted chambers is important,
and the window of imaging around the field may be modified to include
relevant anatomic substrates (like the aortic arch in VT procedures) used
for intraprocedural image registration (merging).

In VT procedures, pre-procedural CCT is an alternative to echocar-
diography and CMR for detecting underlying cardiac pathology and re-
lated abnormalities, such as ventricular thrombus.

In addition, CCT provides information on wall thickness, intramyo-
cardial and epicardial fat, and myocardial calcification and, albeit with
lesser accuracy than CMR, depicts delayed enhancement in myocardial
scars. Wall thinning, e.g. after myocardial infarction (M), can be visua-
lized with a higher spatial resolution than CMR (CCT 128-slice scanner
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Table 2 Estimated and published effective patient doses
(calculated using the chest coefficient (0.014) from dose length
product)

Imaging technique Approximated effective patient

dose

CCT for LAA thrombus 1-4.7 mSv?

detection
CCT angiography 1.5-4.7 mSv
CCT for tissue characterization  1.5-9 mSv
Coronary angiography 2-8 mSv
AF ablation 1.6-59.6 mSv
VT ablation 3.0-45.0 mSv

Approximated patient radiation exposure for different x-ray-based imaging modalities
in cardiac imaging”~""

AF, atrial fibrillation; CCT, cardiac computed tomography; LAA, left atrial appendage;
mSy, millisievert; VT, ventricular tachycardia.

“highly dependent on scan protocol and triggering.

spatial resolution 0.4 mm; 1.5 T CMR spatial resolution 1.3 mm) and
can be used for planning VT interventions.”™” Left ventricular (LV) func-
tional parameters can be determined reliably by CCT, but radiation ex-
posure must be considered. Depending on the scanner technology
used, regional wall motion abnormalities can be detected, but with low-
er temporal resolution compared to echocardiography or CMR.

In CCT, radiation exposure is of concern, especially when multiple
image acquisitions are required. Radiation exposure has been reduced
in the last decades and depends on body weight, heart rate and rhythm,
tube voltage, and selected scan protocolss’12 (Table 2). Dose-saving
protocols should be used whenever possible. Recent technological in-
novations have substantially reduced exposure to radiation. Acquisition
modes with prospective electrocardiogram (ECG) triggering, including
prospectively ECG-triggered high-pitch spiral acquisition, and the use of
low kV protocols have led to a significant reduction in effective radi-
ation doses.® In principle, the use of modern scanner technology like
64-slice CT generation or higher is advised, similar to the advice for
CT of the coronary arteries.

In general, effective patient doses appear to be lower in CCT for
LAA thrombus detection compared to CCT angiography or CCT for
tissue characterization but highly dependent upon triggering and scan
protocols.””

2.1.1. Tissue imaging

Cardiac computed tomography can be used for tissue characterization
including late iodine enhancement, a methodology comparable to late
contrast enhancement imaging using CMR."® However, CCT has a lim-
ited contrast of myocardial scars and is inferior to scar depiction in
CMR. A significant improvement in CT-based late enhancement may
be achieved by using spectral CT and iodine maps (late iodine enhance-
ment CCT). Scar delineation comparable to CMR has been
described."*Cardiac computed tomography can detect fatty infiltra-
tions, which have been correlated with low-voltage areas and
VT-related sites in patients with arrhythmogenic cardiomyopathy
(ACM).">"® Cardiac computed tomography is sensitive for the detec-
tion of myocardial calcifications which may be relevant for VT ablation
in patients with ischaemic cardiomyopathy (ICM).'”"®

2.1.2. Post-procedural lesion imaging

So far, no studies have evaluated post-procedural ablation lesion im-
aging using CCT.

2.2. Cardiac magnetic resonance

Cardiac magnetic resonance is a technique with excellent resolution
and reproducibility, allowing for anatomical evaluations and functional
studies. Specific acquisition techniques, including late gadolinium en-
hancement (LGE) imaging, allow for detailed tissue characterization.
Cardiac magnetic resonance can be used to define the anatomy, to as-
sess the (likely) underlying disease, and to detect procedure-related
complications. In general, functional MRI sequences (cine) can be differ-
entiated from static tissue characterizing sequences (e.g. black-blood
sequences, mapping and/or LGE).

CMR studies are more time-consuming, are of relatively high costs
regarding acquisition and personnel, and have lower scanner distribu-
tion compared to CCT. Cardiac magnetic resonance studies are limited
by inadequate motion correction and require a relatively stable heart
rhythm which can be an important limitation in patients with arrhyth-
mia. Contrast studies with gadolinium agents may have a low but in-
creased risk of toxicity in patients with severely impaired renal
function, and indication should be carefully weighed.19 There are differ-
ences in image quality comparing 1.5 T MR scanners and 3 T scanners.
In general, 1.5 T MR scanners are mainly used as standard for cardiac
scanning, and rarely, 3 T scanners may be used for advanced imaging
information.

The existence, potential compatibility, and resulting artefacts of ac-
tive implantable cardiac devices (CIED) like pacemakers (PMs) or im-
plantable cardioverter—defibrillators (ICDs) need to be considered
when performing CMR. Estimations show that around half of PM and
patients with ICD will require an MRI scan during the lifetime of their
device, mainly for non-cardiac reasons.’’ Most PMs are CMR condition-
al with 1.5 T MR scanners (information on 3 T scanners is scarce), but in
particular, patients with ICDs or cardiac resynchronization therapy
(CRT) devices may need specific management when undergoing
CMR (see Section 3). Alternative image modalities should be consid-
ered in patients with non-compatible devices.

2.2.1. Tissue imaging

In general, CMR is considered the gold standard for tissue characteriza-
tion and enables visualization of ablation lesions. In the acute stage of
myocardial damage, CMR identifies oedema, necrosis, and intramyocar-
dial haemorrhage, whereas in the chronic state (after months), it iden-
tifies myocardial scar and fibrosis. Quantitative parametric mapping
imaging may lead to less inter-operator variability compared to pure
qualitative analysis. There are different scanning sequences that may
be helpful to differentiate between different degrees and acuity of myo-
cardial damage (see Table 3).

Whereas LGE sequences provide information on irreversible myo-
cardial damage and scar, novel techniques with T1 and T2 mapping
and assessment of extracellular volumes (ECVs) have an established
role for tissue characterization by CMR and can be useful for diagnostic
considerations.?" These techniques can identify oedema and increased
interstitial volume, which is not necessarily due to fibrosis, and
are independent of whether myocardial disease is focal or diffuse. T1
relaxation times decrease by fat or iron infiltration and increase by fi-
brosis and amyloid, while T2 relaxation times increase by oedema.
Based on T1 mapping in patients receiving gadolinium agents, ECV
can be assessed and provides a good estimate of diffuse fibrosis.
There are currently technical limitations including CMR system-related
variability and issues of normal/reference ranges. The clinical value of
these techniques in the setting of EP interventions requires further
studies.”>*

Continuously adaptive windowing strategy has been described as a
fully automated, fast, and efficient technique for high-resolution free-
breathing acquisition. It allows acquisition of the entire blood pool
free breathing and shortens scan times while generating high-resolution
non-contrast 3D image quality.”*



Pre- and post-procedural cardiac imaging (CT and MRI) in electrophysiology

Table 3 Relevance of different scanning sequences of CMR in regard to detection of myocardial pathology

Descriptive results

Normal Oedema Regional fibrosis/scar Diffuse fibrosis
T 0 + + +
T2w 0 + 0
ECV 0 + +
LGE 0 0 + 0

Disease/entity

Myocarditis Acute ablation lesion Chronic ablation lesion
+ + (TWILITE) +
+ +
+ + +
0 0 +

ECV, extracellular volume; LGE, late gadolinium enhancement; TWILITE, T1-weighted long inversion time sequence; T2w, T2-weighted.

2.2.1.1. Specific consideration of cardiac magnetic resonance sequences

2.2.1.1.1. T1-weighted imaging. The longitudinal relaxation T1 is defined as
time required for longitudinal magnetization to recover from the transverse
plane to 63% of its value after 90° excitation. Any increase in interstitial
space eg. from oedema or diffuse fibrosis causes elevated T1 relaxation
times. Water has a slow longitudinal magnetization resulting in long T1 re-
laxation times and thereby appears dark on CMR. Denaturized proteins
within necrotic areas and conversion of ferrous iron in myoglobin and
haemoglobin may account for shorter T1 relaxation times. Native, non-
contrast agent-enhanced T1-weighted (T1w) imaging can visualize acute
myocardial damage related to ablation (within the first hours). T1 relaxation
times are longer than normal in hypertrophic myocardium (hypertrophic
cardiomyopathy), inflammation/myocarditis, and amyloidosis (global in-
crease), whereas they are shorter than normal in fatty dysplasia, iron over-
load, and Morbus Fabry.”> T1-weighted long inversion time imaging allows
imaging of acute ablation lesions without using contrast agents.

2.2.1.1.2. T2-weighted imaging. The transverse relaxation T2 is defined
as the time required for transverse magnetization to decay to 37% of its
value after 90° excitation. Tissue with high water content has pro-
longed T2 relaxation times and therefore shows up as increased signal
intensity (SI) on T2-weighted (T2w) images. Therefore, T2w imaging al-
lows identification of oedema, visible as bright high-intensity signal, or
inflhammation (myocarditis).

T2-weighted imaging techniques have a low spatial resolution, high
sensitivity to cardiac motion, and arrhythmias, which may lead to non-
uniform signal detection and may reduce reproducibility and reliability.

2.2.1.1.3. Extracellular volume. Expansion of the ECV may occur second-
ary to fibrosis. The calculation of ECV is based on the observation that
gadolinium contrast in the interstitium shortens T1. The ratio of pre-
and post-contrast T1 of the myocardium and blood corrected for haem-
atocrit is evaluated. Extracellular volume can be longitudinally followed
and compared and is usually used for tracking diffuse myocardial fibrosis.

2.2.1.1.4. First-pass gadolinium perfusion imaging. First-pass perfusion
imaging is used to evaluate myocardial blood flow and perfusion and in-
volves injection of a contrast medium and early imaging during the first
pass of the contrast medium. First-pass perfusion is used to identify dis-
tribution and differences in blood flow within the myocardium at rest
and during hyperaemia. Perfusion defects indicating coronary artery
and also microvascular obstruction can be identified and may be seen
in the early stage of myocardial damage.

2.2.1.1.5. Late gadolinium enhancement imaging. Late gadolinium en-
hancement (LGE) imaging is based on the delay of contrast agent
wash out of the myocardium with a high proportion of extracellular

space. This is typically found in focal fibrosis, inflammation, or fat infil-
tration but also as a result of ablation-induced chronic fibrosis and in-
flammation. Late gadolinium enhancement imaging identifies
irreversible myocardial damage.

Late gadolinium enhancement is visualized by T1w imaging 10—
20 min after contrast injection. Sequential two-dimensional (2D)
images are usually used to identify LGE in the ventricle, but 3D high-
resolution sequences are available. Higher concentrations of gadolinium
appear bright in LGE-CMR. In acute myocardial damage, dark zones
may be identified within LGE areas characterizing relevant microvascu-
lar injury that leads to intramural haemorrhage and aggregation of ery-
throcytes outside the vasculature.

Late gadolinium enhancement can also be assessed in the atria al-
though this image modality is hampered by the spatial resolution for
the thin atrial wall. Atrial LGE may be of prognostic value for the out-
come of AF ablation success,?® but atrial imaging using MR, especially
LGE, remains controversial and reproducibility remains an issue.

2.2.2. Lesion imaging

Imaging to document ablation lesions has mostly been performed in
patients after AF ablation using CMR technology. Radiofrequency (RF)
ablation results in a variety of changes on LGE with hyper- or
non-enhancement. In patients undergoing immediate post-ablation LGE,
non-enhancement lesions demonstrate no-reflow characteristics and
may allow prediction of definitive scar formation after AF ablation.”’
Current data suggest that 3-month LGE imaging best characterizes chronic
RF ablation-induced atrial scar formation.”’*®

In ventricular myocardium, CMR may also detect RF ablation lesions
within 3 days after the procedure as non-enhanced lesions during early
gadolinium enhancement scans (3 min after gadolinium contrast injec-
tion) surrounded by hyperenhanced zones resembling the no-reflow
phenomenon observed in patients with acute stages of Ml. The size
and depth of early non-enhanced lesions appear to correlate with
the ablation energy and impedance drop during ablation and may not
be associated with acute success.”’ Late gadolinium enhancement
months after an ablation procedure have identified hyperenhanced le-
sions in approximately two-thirds of patients.*® The translation of these
findings into efficacy of EP procedures requires further studies and may
also involve data from real-time MRI-guided ablation.*'

2.3. Workflow of image integration

Cardiac computed tomography or CMR data sets can be imported into
electroanatomic mapping systems (EAMS). There are specific precondi-
tions for image acquisition depending on the EAMS (Digital Imagin and
Communications in Medicine; DICOM format). The structures of interest
can be identified and separated from each other and from the remaining
imaged structures (process of SEGMENTATION). In the EAMS, segmen-
tation can be performed semiautomatically or automatically via seeding.
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Different algorithms and work processes exist in the different EAMS.
Manual editing is possible and may be needed. Segmentation of cardiac
and related structures can also be performed using image processing soft-
ware and uploaded into the EAMS either in DICOM or presegmented VTK
files. The 3D reconstruction of the segmented structures of interest can be
displayed in the electroanatomic mapping (EAM) system. Integration of
segmented images with EAM data can be achieved either by the alignments
of landmarks which can be tagged during catheter mapping and are also
identifiable on imaging or by surface registration of the 3D anatomical
(endocardial) shell of the mapped chamber(s) of interest and the segmen-
ted imaging-derived contours (REGISTRATION). In most cases, a mix of
both techniques is applied and may warrant higher precision of registration.

Some portions of the mapped structures may be susceptible to de-
formation when approached with catheters which may affect anatomy.
Respiratory phase filter, gating per beat, and exclusion of premature
beats (e.g. premature ventricular complexes) are applicable to all EAM
systems and may help to generate more reliable anatomical maps.
Manual correction may be needed. Differences of registration processes
exist between current 3D mapping systems, CARTO (CARTOMERGE),
EnSite (NavX Fusion), and Rhythmia (Rhythmia automated alignment)
and may affect registration accuracy. So far, no comparative study exists.
The registration process is critical if imaging-aided or imaging-guided ap-
proaches are intended. The more accurate the registration process, the
more operators can rely on the integrated imaging information.

3. Magnetic resonance imaging in
active device patients

Cardiac magnetic resonance can safely be performed in the majority of
patients with CIED.*?73¢ While there is growing evidence on the safety
of MR in patients with MR-conditional and non-conditional devices as

well as in patients with abandoned leads, no data on patients with frac-
tured leads or lead extenders are available. Cardiovascular implantable
electronic devices introduce susceptibility artefacts that may preclude
analysis of MR images. Close coordination between imaging and
CIED experts to ensure proper pre-, intra-, and post-scanning manage-
ment of patients with CIED is important. Careful selection of the
needed imaging modality (CMR vs. CCT) and shared decision making
is key. All medical information on CIEDs including leads, potentially
abandoned or fractured leads, and lead extenders should be collected.
Magnetic resonance-conditional CIEDs are only tested for 1.5-3 T MR
scanners, and 1.5 T CMR may be selected for non-conditional devices.
Cardiac computed tomography may also display artefacts from CIED
scans and electrodes.>* Manufacturers of CIEDs have developed newer
devices with non-ferromagnetic components and have improved
shielding to allow MR imaging.33f38

3.1. Safety

Data from multiple registries support the safety of CMR imaging in pa-
tients with CIED with extremely low complication rates 26392
However, adherence to standard operating protocols is strongly ad-
vised. ¥4 Important aspects are patient selection, patient information
and consensus, device interrogation and programming before CMR, sub-
sequent device interrogation, and re-programming after CMR (Figure 7).
There is an ongoing debate regarding CMR in patients with abandoned
leads. While abandoned leads potentially lead to tissue heating at the
tip of the lead, registry data indicate that CMR imaging may also be
safe in these patients with low complication rates.***> Newer CIEDs
are often labelled as ‘MR-conditional’, while older devices are not. This
implies that such devices have a so-called MR mode which can be used
to programme settings that are deemed preferable during MR scanning
by the device manufacturer. Real-world data show that even in devices
that do not have this option, it is possible to programme pacing modes
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magnetic resonance imaging; ECG, electrocardiogram; ICD, implantable cardioverter—defibrillator (modified from™*®); PM, pacemaker.
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Table 4 Specifications, definitions, and management strategies for
patients with CIED undergoing MR procedures

Device specifications Definitions Advice for MRI

MRI-conditional Cleared for 1.5 T
and if specified
alsofor 3.0 T
MRI, monitored
setting advised

1.5 T MRI may be

All components of the
device are tested as
MRI-conditional

MRI-non-conditional Manufacturer not

cleared for use in performed,
MRI conditions, precautions and
combination of parts monitoring

of different advised

manufacturers
MRI-unsafe No data on MRI

safety available

Fractured leads, lead

extenders

MRI, magnetic resonance imaging.

that are well suited for CMR scanning. A combination of components
from different manufacturers of CIEDs has not been tested and there-
fore cannot be declared MRI-conditional (Table 4).

Time in the scanner should be kept as short as possible to reduce the
potential for interferences. It is advised to perform device interrogation
and programming immediately before and after CMR. An expert in de-
vice handling and trained in advanced cardiac life support should be
stand-by for emergency treatment during the scan. In the case of gen-
erator malfunction, standard operating procedures on evacuation of
the patient from the scanner and how to perform emergency care
like defibrillation or assure ventricular capture pacing need to be
established.

Patients with need for ventricular stimulation and those with need
for ICD interventions are specifically in need of close follow-up strat-
egies, and remote monitoring may become essential. Patients with
CIEDs should be rhythm-monitored throughout the time period within
the scanner and until reprogramming of the device. In Implantable Loop
Recorders (ILR) patients, stored data should be interrogated before
scanning as otherwise this information could get lost.

3.2. Image quality

Cardiovascular implantable electronic devices are made of various metals
and impair CMR images by introducing artefacts. Depending on the de-
vice manufacturer, type of CIED (ILR vs. PM vs. ICD), device position, and
number of connected leads, artefacts greatly vary in size and location.
Both the generator and the leads introduce loss of signal and hyper-
intensity artefacts. While signal loss is easily identifiable, hyper-intensity
artefacts need to be carefully evaluated to avoid false interpretation
(e.g. as fibrosis) in LGE images. In general, a generator that has been im-
planted on the right side is less likely to produce relevant artefacts com-
pared to left-sided generators. Patients with left pectoral CIEDs are most
prone to artefacts. The distance between the lower edge of the gener-
ator and the heart’s silhouette may determine artefact intensity.
Changing patient location within the scanner may help to manipulate
the device can out of the area of interest. The most extensive artefacts
and least number of evaluable cardiac segments on CMR are seen in
CRT-ICD devices. Artefacts usually are focused on the anterior and sep-
tal portion of the heart. Different sequences may have different severity

of artefacts being lower in black-blood sequences than in LGE sequences
and highest in cine images.”® Fast gradient echo sequences for cine and
wideband sequences for LGE (Figure 2) may reduce artefacts.**3’

4. Computed tomography and
magnetic resonance imaging for
atrial fibrillation ablation

Advanced imaging modalities provide information about PV and left at-
rial (LA) anatomy, help to detect LAA thrombus, and may aid in individ-
ual risk stratification for thromboembolism and AF recurrences after
ablation.

4.1. Pre-procedural imaging

Cardiac computed tomography and CMR systematically detect higher
LA volume compared with 2D echocardiography with a trend of over-
estimation with CCT as compared to CMR. No differences are de-
scribed in terms of diagnostic accuracy of PV patterns between the
two imaging modalities.***’

Cardiac computed tomography and CMR are accurate in delineating
LA anatomy and are able to categorize LAA morphologies as cactus,
chicken wing, windsock, or cauliflower pattern* with relevance to
risk of stroke (cauliflower morphology was associated with an 8.0-times
higher likelihood of stroke compared to chicken wing morphology).*®
Characterization of LAA morphology may therefore be additional help-
ful information for stratifying stroke risk.

Cardiac computed tomography and CMR are able to rule out LAA
thrombus with a high sensitivity and specificity. The diagnostic accuracy
of CCT vs. transoesophageal echocardiography (TOE) is 94%. Delayed
imaging on top of arterial phase acquisition in CCT increases the posi-
tive predictive value to 92% with an overall diagnostic accuracy of 99%
(see Figure 3).

Cardiac magnetic resonance is equally effective in assessing LAA
thrombus as compared to TOE with inversion time myocardial delayed
enhancement (MDE) acquisition having the highest diagnostic accuracy
(99.2%), followed by contrast-enhanced CMR angiography (94.3%) and
cine CMR (91.6%).*°

The oesophagus can be imaged using CCT and CMR. The right peri-
cardiophrenic artery can be visualized by CCT to locate the right
phrenic nerve potentially helping to identify patients at risk of phrenic
nerve injury during Pulmonary Vein Isolation (PV1).>>>" Cardiac com-
puted tomography and CMR can visualize the oesophagus, but the vari-
ability of the oesophagus position due to its mobile nature limits their
intraprocedural use.>>

4.2. Association between imaging and AF

ablation outcomes

Several studies have shown an association between the amount of epi-
cardial fat and outcomes after AF ablation. The most accurate tech-
nique for quantification is by volumetric quantification®® by CCT or
CMR. Whereas CCT can detect epicardial fat with high reproducibility
(contrast attenuation ranges between —195 and —45 HU), it may be
appropriate to consider CMR as the true ‘gold standard’ as it is the
only imaging modality that has been validated ex vivo.>*

In CMR, LV myocardial native T1 time was greater in patients with
AF conferring a six-fold increased risk of AF recurrence.>® Patients
with LV-LGE had a two-fold higher rate of AF recurrence compared
to patients without.>® In regard to recurrent AF, there are a positive as-
sociation with LV-ECV, LA volume, and LV mass and a negative associ-
ation with diastolic function.>”
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Figure 2 Wideband sequences (B and D) suppressing device-related artefacts (arrows): two patients with implanted ICDs [A, C Patient 1 imaged without
wideband sequences showing relevant device-related artefacts (red arrows) and B, D Patient 2 imaged with wideband sequences]. A, B Cine sequence and B, D
LGE imaging. circle: RV device lead. ICDs, implantable cardioverter—defibrillators; LGE, late gadolinium enhancement; RV, right ventricular.

Figure 3 Left atrial appendage thrombus (circle) in early arterial (A) and early venous (later) phase (B) CCT imaging. CCT, cardiac computed
tomography.
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4.3. Intraprocedural image integration:
role of CCT and CMR to aid/guide AF

ablation procedures

Two single-centre observational studies™ " suggested a superior efficacy of
pre-acquired imaging integration for catheter ablation of AF. In both studies,
a shorter procedure duration and superior outcome were documented
when image integration was used. Two randomized trials®®®" showed no
benefit in regard to rhythm outcome. The CAVERN trial®” compared image
integration using either the Carto or the NavX system and found no differ-
ence in terms of freedom from arrhythmia but faster 3D image registration,
lower fluoroscopic dose, and overall procedural time with Carto system as
compared to NavX system. A recent meta-analysis of comparative trials did
not identify an effect of image integration on AF ablation outcome.®

58,59

4.4. Left atrial and left atrial appendage

fibrosis detection

Atrial fibrosis is the consequence of several individual and multifactorial
processes. It is involved in the occurrence and perpetuation of focal and
re-entry arrhythmia mechanisms®** as well as a major contributing
factor to AF occurrence and persistence. Cardiac magnetic resonance
has been used to detect location and degree of LA fibrosis, but no data
on CCT to image atrial fibrosis are available. Post-ablation CMR may
allow to also detect residual fibrosis and non-effective PVs isolation,
both strong predictors of arrhythmia recurrence.#¢>¢’

In the DECAAF | study,68 LA fibrosis was evaluated with high-
resolution 3D LGE respiration-navigated and fat-saturated sequence
in order to develop the Utah score based on the amount of LA wall en-
hancement expressed as a percentage of the total LA wall surface: stage
|, defined as <10%, stage Il >10-<20%, stage Ill >20-<30%, and stage
IV >30%. Left atrial tissue fibrosis was associated with the likelihood of
recurrent atrial arrhythmias.

King et al® found a 1.67 hazard ratio comparing patients with stage IV
vs. stage | for the composite arrhythmic events. However, LA wall image
intensity on LGE is influenced by several parameters such as amount of
gadolinium contrast, surface coil proximity, delayed time of image acquisi-
tion, patient haematocrit, glomerular filtration rate, and body mass
index.”® In order to standardize LA fibrosis quantification, LGE analysis
technique has been normalized by blood pool intensity.”

The LAA has been reported to be an under-recognized trigger site
for AF. Patients with a high LGE extent involving the LAA have an ap-
proximately four-fold increased risk of AF recurrences compared to
patients without LAA involvement.>® A limitation is the reproducibility
of LA fibrosis detection especially for small scar areas.”’

Processed data of LA fibrosis can be integrated into EAM to guide AF
ablation. This concept was tested in the controlled randomized
DECAAF Il study but did not show benefit related to rhythm outcome
in cases with persistent AF (see Figure 4).”>

Late gadolinium enhancement imaging 3 months after ablation has been
used to identify gaps in ablation lines and guide redo procedures to termin-
ate LA macro-re-entrant tachycardias.’®”? It appears that CMR imaging 3
months after AF ablation best describes chronic ablation scar formation
and may be helpful for redo procedure planning and guidance.

Cardiac magnetic resonance scans after pulsed field ablation for AF
have shown different patterns of LGE and T2w images with large acute
LGE volume and less oedema (in T2w imaging) without microvascular
damage or intramural haemorrhage, whereas at 3 months most LGE
had disappeared.”*

4.5. Optimal computed tomography imaging
modalities for patients with atrial fibrillation

Computed tomography imaging of the left atrium may differ from the
standard CCT approach used to image coronary anatomy. On the one

hand, the contrast medium dynamics in the left atrium and LAA are differ-
ent, and on the other hand, the left atrium is generally exposed to move-
ment artefacts to a much lesser extent due to cardiac pulsation than the
coronary arteries. It is advised to acquire an early arterial phase, in which
the LAA is normally not yet fully contrasted and subsequently an early ven-
ous phase including only the LAA later after contrast injection (usually
<60 s). In this phase, the LAA should be completely contrasted if no
thrombus is present. Due to the only modest movement of the left atrium
during the cardiac cycle, it is in principle possible to completely dispense
ECG triggering for LA imaging if fast scanning protocols are used (e.g. high-
pitch mode). This enables a reduction in the amount of contrast medium
required and shortens the examination time.

Axial thin-slice image reconstructions are used for 3D planning data
sets. Three-dimensional reconstructions of the left atrium are helpful
for the depiction of accessory PVs (Table 6).

4.6. Optimal cardiac magnetic resonance
imaging modalities for patients with atrial

fibrillation

The CMR minimum requirement is a 1.5 T scanner with a phased-array
coil system. Several protocols have been described to evaluate LA and
right atrial chamber anatomy, PV anatomy, and LAA morphology using
late gadolinium-enhanced MR angiography.”® In addition to LGE acquisi-
tion, MDE obtained approximately 10 min after intravenous gadolinium
contrast administration using a long inversion time or a 3D MDE fat sat-
uration sequence with navigator is required to rule out LAA thrombus
and LA fibrosis, respectively® (see Figure 3). Late gadolinium enhancement
can be assessed in the atria although this image modality is hampered by
the spatial resolution for the thin atrial wall. Atrial LGE may be of prognos-
tic value for the outcome of AF ablation success®®”® (Table 5).

4.7. Important considerations for the use
of cardiac computed tomography and
cardiac magnetic resonance in patients
with atrial fibrillation and procedures

(1) Cardiac computed tomography and CMR are accurate in delineating
LA anatomy and are able to categorize LAA morphologies as cactus,
chicken wing, windsock, or cauliflower pattern.*® Cauliflower morph-
ology was 8.0 times more likely to have had a stroke vs. chicken wing
morphology.*® Characterization of LAA morphology can be helpful
information and may be integrated into stroke risk assessment, but
consequences regarding oral anticoagulation need to be determined.

(2) Cardiac computed tomography has a higher spatial resolution than CMR
in delineating LA and right atrial anatomy. No differences are described in
terms of diagnostic accuracy of PV patterns between the two imaging
modalities.***” A recent meta-analysis of comparative trials did not iden-
tify an effect of image integration on AF ablation outcome.

(3) Cardiac computed tomography and CMR are useful to rule out LAA
thrombus. Cardiac computed tomography has a documented diagnostic
accuracy of 94% vs. TOE. Delayed imaging (venous phase) in addition to
early arterial phase acquisition in CCT increases the positive predictive
value to 929% with an overall diagnostic accuracy of 99%. Cardiac magnet-
ic resonance is equally effective in assessing LAA thrombus compared to
TOE with inversion time MDE acquisition having the highest diagnostic
accuracy (99.2%), followed by contrast-enhanced CMR angiography
(94.3%) and cine CMR (91.6%).*’

(4) Cardiac magnetic resonance has been used to detect location and de-
gree of LA fibrosis, but no data on CCT to image atrial fibrosis are
available. Late gadolinium enhancement-quantified relative LA fibrosis
was used in the Utah score and affects AF ablation efficacy. Late gado-
linilum enhancement-guided LA fibrosis ablation was not superior to
PVI in patients with persistent AF.'>7778
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Figure 4 Example of 3D LA reconstruction with contrast-enhanced CMR angiography (A, B) and 3D LA fibrosis reconstruction (C, D) (using

Merisight technology) (green: dense fibrosis; blue: normal atrial myocardium). CMR, cardiac magnetic resonance; LA, left atrial.

Table 5 Advice table for CMR imaging in active device patients

Adpvice for MR imaging in active device patients

(1) It is advised to carefully evaluate indication to perform CMR in patients with CIED

(2) In patients with CIEDs CCT may be preferred to CMR if primary anatomic information is warranted

(3) CMR may be appropriate in patients with CIED to specify the underlying cardiac abnormalities and target regions for VT ablation

(4) A dedicated team of imaging specialist and electrophysiologist may be implemented to consensus on indication, optimum mode of
imaging, goal of imaging, and need for follow-up

(5) CMR in patients with CIED is advised to only be performed if an expert in device handling is available on site

(6) Complete interrogation of PMs and ICDs is advised to be performed directly before and after CMR imaging

(7) Emergency standard operating procedures for device malfunction during CMR are advised to be in place

(8) Close follow-up of patients with CIED after CMR following a predefined plan is advised to identify potential malfunction, most

effectively using frequent remote monitoring

Strength of
advice

CIED, cardiovascular implantable electronic device; CCT, cardiac computed tomography; CMR, cardiac magnetic resonance imaging; ICD, implantable cardioverter—defibrillator; MR,

magnetic resonance; PM, pacemaker; VT, ventricular tachycardia.
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Table 6 Advice table for the use of CCT and CMR in patients with AF and procedures

Adyvice for the use of CCT and CMR in patients Strength of

with AF and procedures advice
(1) If imaging is available, LAA morphology is advised to be
categorized to assess stroke risk |l|
(2) CCT or CMR may be appropriate to assess LA and PV
anatomy which may be integrated into the mapping ol
system
(3) Imaging may be an appropriate alternative to TOE to
rule out LAA thrombus ol
(4) Degree of atrial fibrosis may be measured by CMR to
identify the appropriate candidate for ablation and to ol

guide treatment options

Imaging CT specifications MR specifications
modality
CCT or CMR . contrast injection and imaging CEMRA
in arterial phase
CCT or CMR i.v. contrast injection and imaging CEMRA
in arterial phase
CCT or CMR  i.v. contrast injection and imaging  Inversion time MDE,
in arterial and delayed phase CEMRA and cine CMR
CMR — 3D inversion time MDE

navigator fat sat

AF, atrial fibrillation; CT, computed tomography; CCT, cardiac computed tomography; CEMRA, contrast enhancement magnetic resonance angiography; CMR, cardiac magnetic
resonance imaging; LAA, left atrial appendage; LA, left atrium; MDE, myocardial delayed enhancement; MR, magnetic resonance; PV, pulmonary vein; TOE, transoesophageal

echocardiography.

5. Computed tomography/
magnetic resonance for ventricular
tachycardia procedures

There is unambiguous evidence that most re-entry VT-related sites in dif-
ferent structural cardiac abnormalities arise from scar as detected by im-
aging. Late gadolinium enhancement appears to be the superior and most
studied modality to identify myocardial scar. Post-processing approaches
either categorize tissue into scar vs. normal myocardium or aim to identify
scar core and border zone based on Sl thresholds. Different methods and
SI'thresholds have been applied, which may affect scar delineation. Cardiac
computed tomography has also been used, particularly in patients with
contraindications for CMR, to identify wall thinning, delayed enhancement,
or fat infiltration. Cardiac computed tomography has a significantly higher
spatial resolution, but drawbacks are the unfavourable signal-to-noise ratio
with suboptimal results particularly for chronic scars and the required high
doses of highly concentrated iodine-based contrast agents.

Real-time integration of imaging-derived scar at the beginning of the
ablation procedure enables the operator to focus high-resolution map-
ping on scar sites harbouring potential VT substrates. Real-time integra-
tion of CCT-derived anatomic information on coronary vessels and
phrenic nerve course may be helpful for epicardial VT ablation.

Cardiac computed tomography and CMR may be used to aid or guide
ablation, but knowledge of the monomorphic sustained VT substrate in
various structural heart diseases and the capability of imaging modalities
to visualize this substrate are crucial. High registration accuracy of data
sets (imaging, EAM data) is required and needs to be confirmed.
Promising first results to localize crucial VT channels have been published
for ICM and ACM using processed CMR and CCT data, complementary
to mapping information.””® However, further studies are required.

5.1. Role of cardiac computed tomography
and magnetic resonance imaging in

ventricular tachycardia ablation

5.1.1. General recommendations

If LV endocardial ablation is planned, pre-procedural assessment for the
presence of LV thrombi is warranted. Cine CMR and LGE have been
shown to be superior to transthoracic echocardiography for the detection
of LV thrombus (Figure 5). Late gadolinium enhancement provides a better

diagnostic accuracy than cine CMR in the detection of laminated mural
thrombi.8"®? Cardiac computed tomography has also been used, but stud-
ies comparing the diagnostic accuracy of CT for the exclusion of LV
thrombus with other imaging modalities are scarce &

5.1.2. Epicardial mapping and ablation

Cardiac computed tomography and CMR may be useful for the plan-
ning of the optimal epicardial access. Cardiac computed tomography
can detect anatomic variations of thoracic and abdominal structures
that are at risk during subxiphoid puncture. Cardiac computed tomog-
raphy is the gold standard for the assessment of epicardial fat distribu-
tion and thickness. A thick fat layer can attenuate voltages and can
prevent effective RF lesions. Cardiac computed tomography can be
also useful for accurate landmark settings, which facilitates real-time in-
tegration of cardiac and extracardiac structures.®*®> Cardiac computed
tomography can accurately delineate the course of the coronary arter-
ies in 74-85% of patients and the pericardiophrenic bundle. Accurate
segmentation and integration in the setting of epicardial ablation may
obviate the need for repeated coronary angiography and guide high-
output pacing for phrenic nerve localization.

Cardiac magnetic resonance may delineate epicardial anatomic struc-
tures and may allow appropriate epicardial target identification.
Thereby, the best epicardial access route may be indicated. In regard
to spatial resolution, CCT has benefits over CMR. Epicardial adhesions
have not been adequately identified with either technology.

5.2. Post-myocardial infarction
cardiomyopathy ventricular tachycardia

ablation

5.2.1. Scar detection

In post-MI patients, there is a significant body of evidence demonstrat-
ing a correlation between CMR-defined scar and low-voltage areas
identified by EAM.>®~%2 Bipolar and unipolar voltage amplitudes tend
to decrease progressively with increasing scar transmurality and are af-
fected by scar heterogeneity.”® The commonly used bipolar voltage
cut-off of 1.5 mV has been shown to underestimate the size of non-
transmural scars.”

Contrast-enhanced multidetector CT (MDCT) is an alternative im-
aging technique for delineating post-infarct scars by assessment of myo-
cardial wall thinning. Small observational studies have shown a
moderate-to-good correlation between areas of wall thinning <5 mm
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Figure 5 Cardiac magnetic resonance of a patient with history of anterior Ml prior to VT ablation in cine (A, B) and LGE (C, D) (circle: thrombus in the
LV apex). LGE, late gadolinium enhancement; M|, myocardial infarction; VT, ventricular tachycardia.

Figure 6 Three-dimensional reconstruction of cardiac chambers with colour-coded information on regional wall thickness using the InHeart tech-
nology. Critical anatomical structures (coronary arteries and veins) are visualized to guide the ablation procedure. Colour coding of LV depicting myo-
cardial thickness: dark red: 1 mm thickness, orange: 3 mm thickness, and yellow: 4 mm thickness; coronary arteries in red, coronary venous system in

blue, and left phrenic nerve in green. LV, left atrial.



Pre- and post-procedural cardiac imaging (CT and MRI) in electrophysiology

13

Table 7 Advice table for the use of CCT and CMR in ischaemic VT ablation procedures

Adyvice for the use of CCT and CMR in Strength of Imaging CT specifications MR specifications
ischaemic VT ablation procedures advice modality
(1) Pre-procedural imaging is advised to rule out CMR or CCT i.v. contrast injection and Early and late gadolinium
intracavitary ventricular thrombus |l| imaging in arterial and enhancement sequences/LGE,
delayed phase steady-state free precession
sequence (cine)
(2) Pre-procedural imaging may be appropriate to CMR or CCT  iv.contrastinjectionandlate LGE
determine scar location ol iodine enhancement
(3) Pre-procedural imaging may be appropriate to CMR or CCT i.v. contrast injection and late  LGE
determine scar transmurality ol iodine enhancement
(4) Pre-procedural imaging (CMR) may be CMR — LGE
appropriate to determine core—border zone ol
transition
(5) Post-processing of imaging-derived scar (VT CMR or CCT V. contrast injection arterial LGE
substrate) and integration into 3D mapping ol phase and late iodine

system may be appropriate to aid or guide VT
ablation

enhancement

CCT, cardiac computed tomography; CT, computed tomography; CMR, cardiac magnetic resonance imaging; LGE, late gadolinium enhancement; MR, magnetic resonance; VT, ventricular

tachycardia.

on MDCT and bipolar voltages below 1.5 mV on EAM.>**¢ |n one
study, severe wall thinning <2 mm was associated with the presence
of transmural scar.”” Cardiac computed tomography allows also for
the detection of myocardial calcification and fat”®®” (Figure 6).

5.2.2. Real-time integration of imaging-derived scar
Real-time integration of LGE- and/or MDCT-defined scar during EAM
has been successfully performed allowing to focus mapping and abla-
tion,"2379929497.100101 The ise of image integration has been asso-
ciated with a shorter procedural time"®*'%2 and a shorter
fluoroscopic time' in non-randomized studies including post-MI or
mixed cohorts of patients with scar-related VT. Improved procedural
outcome has been reported if compared to historical cohorts without
available imaging"*??, but data are inconsistent.'

5.2.3. Cardiac imaging of ventricular tachycardia channels
It has been demonstrated that sites critical for VT maintenance were
located in areas with transmural scar and core—border transition
zones.>® " In one study, heterogeneous conduction channels identi-
fied by LGE coincided spatially with conduction channels identified by
EAMB81037105 However, these findings could not be confirmed by
others.'®® The feasibilty of CMR-guided ablation based on
LGE-derived pixel S| maps integrated into the EAM to target the poten-
tial VT substrate has been recently evaluated." Results showed shorter
procedure duration and shorter fluoroscopy and RF delivery times in
the CMR-guided group.

The ability of MDCT to identify potential post-infarct VT substrates
is also under investigation with promising first results. Studies have
shown that the majority of electrograms compatible with slow conduc-
tion as surrogate for the VT substrate were located in areas of wall thin-
ning.5‘95797'100 The majority of ablation target sites were located in
CCT-imaged VT channels, defined as corridors of abnormal but
more preserved wall thickness than the surrounding edges’*”®
(Table 7).

5.3. Non-ischaemic cardiomyopathy

ventricular tachycardia ablation
5.3.1. Pre-procedural imaging/planning

Cardiac magnetic resonance is a helpful tool in the diagnostic work-up
of patients with unclear aetiology of VTs'%” and is recommended
in the European Society of Cardiology guidelines in all patients with
non-ischaemic dilated cardiomyopathy.108‘109 It is the gold standard
for measuring LV and right ventricular (RV) volumes and ejection frac-
tion. It also provides tissue characterization and may suggest the cause
of ventricular dysfunction. Cardiac magnetic resonance is a valuable
tool for the diagnosis of cardiac sarcoidosis, which is associated with
a poorer outcome after ablation."? If active myocardial inflammation
is suspected and VTs can be temporarily controlled by antiarrhythmic
drugs, catheter ablation should be postponed.”""  18F-
Fluordeoxyglucose Positron Emission Tomography is the best clinically
available tool for imaging myocardial inflammation.''? Cardiac magnetic
resonance findings are limited by a relatively low specificity to distin-
guish scar from active inflammation.' Areas with LGE on CMR have
been associated with the VT substrates in different non-ischaemic car-
diomyopathy (NICM) aetiologies, and the specific location can deter-
mine the access to the substrate’'*""* (Figure 7). The role of LGE for
individual risk stratification for sudden cardiac death has not been con-
clusively established. However, there is evolving evidence that amount
and location of LGE on CMR are associated with ventricular arrhythmia
in different non-ischaemic aetiologies''>™'", and future studies will ad-
dress this topic also including artificial intelligence and modelling
algorithms.

Data suggest that VTs in patients with NICM are related to areas
with LGE on CMR.""*""® Scar distribution and location can be highly
variable.""*"?° Accordingly, pre-procedural LGE-CMR is advised to
identify scar location, scar transmurality, and scar depth to determine
the best access and ablation strategy of the potential VT sub-
strate.8712171%* Specifically for deep intramural scar locations, the
need for additional techniques and bail-out strategies, such as
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Figure 7 Different locations of LGE in non-ischaemic (A—C) and ischaemic (D) cardiomyopathy. Circles and arrows indicate the location of LGE:A
subepicardially (in a patient after myocarditis), B intramural septal (in a patient with documented cardiac sarcoid), C intramural non-septal, D transmural/
subendocardial in a patient with history of anterior transmural Ml. Access route and ablation options could include epicardial access (A), bipolar septal
ablation (B), bipolar endocardial—epicardial ablation (C), and primary endocardial access (D). LGE, late gadolinium enhancement; Ml, myocardial

infarction.

Table 8 Advice table for the use of CCT and CMR in non-ischaemic VT ablation procedures

Adyvice for the use of CCT and CMR in Strength of Imaging CT specifications MR specifications
non-ischaemic VT ablation procedures advice modality
(1) Pre-procedural imaging is advised to rule out CMR or CCT i.v. contrast injection and Early and late gadolinium
intracavitary ventricular thrombus ||| imaging in arterial and enhancement sequences/LGE,
delayed phase steady-state free precession
sequence (cine)
(2) Pre-procedural imaging is advised to determine CMR or CCT i.v. contrast injection and LGE
scar location |l| late iodine enhancement
(3) Pre-procedural imaging may be appropriate to CMR or CCT  i.v. contrast injection and LGE
determine scar transmurality ol late iodine enhancement
(4) Pre-procedural imaging may be appropriate to CMR i.v. contrast injection and LGE
determine intramural scar location ol late iodine enhancement
(5) Pre-procedural imaging may be appropriate to CCT i.v. contrast injection and Cine, black-blood sequences, LGE
identify areas of fibrofatty replacement in ARVC ol imaging in arterial phase
(6) Whether post-processing imaging-derived scar CMR i.v. contrast injection arterial LGE

(VT substrate) and integration into 3D mapping
system is useful to aid or guide VT ablation is

uncertain

phase and late iodine

enhancement

ACM, arrhythmogenic cardiomyopathy; CCT, cardiac computed tomography; CMR, cardiac magnetic resonance imaging; CT, computed tomography; LGE, late gadolinium enhancement;

MR, magnetic resonance; VT, ventricular tachycardia.

transcoronary or transvenous alcohol ablation or bipolar ablation, may
be anticipated from pre-procedural imaging. Late acquisition CCT may
allow depiction of the coronary venous anatomy and potentially select
targets for ethanol ablation.

5.3.2. Real-time integration of imaging-derived scar
Integration of the segmented scar from pre-procedural LGE into 3D
mapping systems can be useful also in NICM patients with VT.'*®
Accurate delineation of non-ischaemic scars by EAM, in particular in
the case of intramural location, has important limitations.8+'2312¢
Accordingly, if EAM is inconclusive for intramural scar detection, inte-
gration of the segmented scar can support ablation."”®  For
imaging-guided ablation, high integration accuracy needs to be achieved
to prevent damage of viable myocardium.

Data on CCT for scar delineation in NICM are scarce. Contradictory
and discouraging reports regarding the relationship between (rarely ob-
served) wall thinning (<5 mm) and low-voltage areas’**” have been
published. In contrast, first experience with delayed enhancement on
CCT (late iodine enhancement) is promising. In a small series of 19 pa-
tients with NICM, delayed enhanced CCT could predict low-voltage
areas with a sensitivity of 78%, suggesting a potential role for both pre-
procedural planning and intraprocedural scar localization.” 7128

5.3.3. Cardiac imaging for substrate-based ablation

Data on specific scar characteristics associated with VT in NICM are
not available, and accurate delineation of non-ischaemic scars by im-
aging has important limitations.'*® However, VT-related sites have
been colocalized with LGE-derived scar features. In one small series,



Pre- and post-procedural cardiac imaging (CT and MRI) in electrophysiology

15

all concealed entrainment sites and 77% of VT termination sites were
located in areas with >75% scar transmurality and in areas of
core—border zone transition.®” In contrast, in a second series of a
heterogeneous group of Dilated Cardiomyopathy patients
(one-third with cardiac sarcoidosis), 15 of 18 VT-related sites oc-
curred in areas of 25-75% scar transmurality.91 Inconsistency may
be explained by the different patient cohorts and the different image
processing methods for scar delineation. Further research on specific
VT substrates and the optimal imaging modalities for the heteroge-
neous population of NICM is required and needs to be evaluated
in larger patient cohorts (Table 8).

5.4. Arrhythmogenic right ventricular
cardiomyopathy ventricular tachycardia

ablation

5.4.1. Pre-procedural planning

The role of pre-procedural CMR for scar detection to optimize EAM
has not been specifically addressed in arrhythmogenic right ventricular
cardiomyopathy (ARVC), and data regarding the correlation between
the VT substrate and scar localization are sparse.’ A significant correl-
ation between abnormal epicardial right ventricular EGMs and standar-
dized LGE-CMR Sl z-scores has been repor‘ted.130 In another study,
dense scar areas and VT-related sites as identified by EAM correlated
better with CMR abnormalities when regional strain-analysis and LGE
findings were combined."®" Whether these findings may help to predict
the need for epicardial access requires further studies.

Fibrofatty replacement can also affect the LV. Left ventricular intra-
myocardial fat was present on MDCT imaging in the majority’*? of pa-
tients fulfilling the modified Task Force Criteria for ARVC. The most
affected regions were lateral, inferior, and apical LV segments with a
lower fat burden compared to the RV. Although CCT-derived LV fat
was associated with abnormal electrogram characteristics, voltage
mapping could not accurately delineate LV fat areas. Accordingly, pre-
proce1c|3L;ra| CCT may be useful to focus mapping on CCT-derived fat
areas.

5.4.2. Real-time integration of imaging-derived fibrofatty
areas

Segmented MDCT-derived intramyocardial fat can be integrated into
EAMS and may guide mapping to the area of interest. In a series of
16 patients with ARVC, 80% of local abnormal ventricular activity elec-
trograms were located within areas of intramyocardial fat on CCT."**
Homogeneous areas of intramyocardial fat may not necessarily be ar-
rhythmogenic. In a cohort of 17 patients with ARVC, areas with
CCT-derived high right ventricular tissue heterogeneity, which may
better reflect the fibrofatty replacement, could detect areas with late
potentials as surrogate for a VT substrate with high accuracy.'®
Whether these CCT-derived and post-processed data will impact ab-
lation outcome requires further studies.

5.5. Optimal computed tomography
imaging modalities for patients with

ventricular tachycardia

Cardiac computed tomography angiography can be used to detect sig-
nificant coronary artery disease, chronic Ml by using wall thickness as
reference,’® to rule out LV thrombus,"*® and to quantify epicardial
fat">” and may help to visualize the large cardiac vessels and the pericar-
diophrenic bundle."®® A late acquisition can be obtained 7-10 min after
contrast injection with the same prescription but with lower tube cur-
rent and voltage (e.g. 80-100 kV) to increase the contrast-to-noise

ratio and limit radiation dose in order to identify location and distribu-
tion of scar and to calculate ECV'3%*0 (Table 7).

5.6. Optimal cardiac magnetic resonance
imaging modalities for patients with

ventricular tachycardia

Cardiac magnetic resonance scan protocols focus on cardiac morphology,
function, and tissue characterization in the work-up for the underlying aeti-
ology. Cine images allow to evaluate wall motion and to quantify right and
left volume and function.™" This data set allows to identify the presence of
wall motion abnormalities suspicious for ICM vs. NICM'* and to
distinguish between dilated, hypertrophic, or arrhythmogenic pheno-
types. **'* Cine images can be used for epicardial fat quantification.
Mapping allows for pre-contrast tissue characterization and for the differ-
ential diagnosis of NICM subtypes. Black-blood T1w images, T1 mapping,
black-blood T2w, and T2 mapping allow to identify fat infiltration, intersti-
tial fibrosis, and oedema, respectively. Late gadolinium enhancement
images should be obtained using 2D or 3D segmented inversion recovery
gradient echo with the addition of post-contrast T1 mapping at least
10 min after the injection of gadolinium-based contrast agent.

5.7. Important considerations for the use
of cardiac computed tomography and
cardiac magnetic resonance in ischaemic
ventricular tachycardia ablation

procedures

(1) Cardiac computed tomography and CMR can detect LV thrombus and
may be more accurate compared to transthoracic echo including echo
contrast medium. Late gadolinium enhancement provides a better diag-
nostic accuracy than cine CMR in the detection of laminated mural
thrombi"®% Data on the diagnostic accuracy of CCT compared to
other imaging modalities are scarce.®®

(2), (3), (4) Late gadolinium enhancement and CCT using late iodine enhance-
ment can identify myocardial scar/fibrosis areas. Late gadolinium enhance-
ment is the gold standard for identifying myocardial areas with different
degrees of fibrosis. Late iodine enhancement CCT and myocardial thick-
ness may identify areas with myocardial scar. Cardiac magnetic resonance
and CCT may identify conducting channels within scar areas that may serve
as diastolic conducting pathways. Cardiac magnetic resonance may also
identify scar border zone depending on definition.

(5) Integration of CMR- or CCT-derived VT substrate information has been
tested to aid or guide VT ablation. Cardiac magnetic resonance and CCT
may be helpful in identification of VT channels in ICM. These channels may
serve as targets for imaging-aided or imaging-guided VT ablation. Currently,
randomized studies testing imaging-guided VT ablation are underway.

5.8. Important considerations for the use
of cardiac computed tomography and
cardiac magnetic resonance in
non-ischaemic ventricular tachycardia

ablation procedures

(1) Cardiac computed tomography and CMR can detect LV thrombus and
may be more accurate compared to transthoracic echo including echo
contrast. Late gadolinium enhancement provides a better diagnostic ac-
curacy than cine CMR in the detection of laminated mural thrombi.8"5
Data on the diagnostic accuracy of CCT compared to other imaging
modalities are scarce.

(2), (3), (4) Late gadolinium enhancement and CCT using late iodine en-
hancement can identify myocardial scar/fibrosis areas in patients with
non-ICM. Late gadolinium enhancement is the gold standard for
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identifying myocardial areas with different degrees of fibrosis including
intramural location of scar areas in NICM. Late iodine enhancement
CCT may identify areas with myocardial scar.

(5) Identification of areas with fibrofatty infiltration in patients with ACM is
the domain of CCT. These areas may correspond to sites of abnormal
electrograms related to VT circuits.

(6) Only limited data exist on integration of imaging-derived non-ischaemic VT
substrate information on outcome of VT ablation. Future studies are needed.

6. Imaging for detection of
ablation-related complications

Imaging can be exceptionally helpful in detection and risk characteriza-
tion of ablation-induced complications. Computed tomography is the
most commonly used modality as it is readily available and easier and
faster to use in most ablation centres. In general, CT and MRI may be
used to detect and classify oesophageal complications and PV stenosis

Table 9 Imaging for detection/classification of complications

Imaging for detection/classification of complications

(1) Atrio-oesophageal fistula, oesophageal perforation

(2) Vascular complications, active bleeding

(3) Stroke, cerebral ischaemia

(4) PV stenosis

Imaging modalities and their role for detection of ablation-related complications.
CCT, cardiac computed tomography; CMR, cardiac magnetic resonance imaging; PV,
pulmonary vein.

after AF ablation as well as cerebral ischaemia and stroke after any
left-sided ablation procedure. For characterization of vascular compli-
cations or detection of active vascular/access site bleeding, mostly CT
imaging has been used. For documentation of oesophageal perforation,
oral contrast application is helpful and therefore CT has been used
more commonly in this scenario (Table 9).

6.1. Oesophageal perforation after atrial

fibrillation ablation

Both RF- and laser-induced heat and cryoballoon-based cooling may ex-
tend beyond the atrial myocardium and result in collateral damage to ad-
jacent structures. Esophago-atrial fistula (or atrio-esophageal fistula, AEF)
isarare (<0.2% of ablation procedures) but devastating complication with
an estimated mortality of 60-80%."* Symptoms include fever, chest pain,
odynophagia, and neurological deficits. Due to the difficulty of diagnosis
and the delay of presentation typically 2—6 weeks after the index ablation
procedure, the occurrence of AEF is likely underestimated. Hence, rapid
recognition and prompt treatment (usually by surgical repair) is of crucial
importance.

Computed tomography of the chest is the preferred diagnostic test
for AEF'*7*% and to differentiate between AEF (72%) pericardial—
oesophageal fistulas (14%) and oesophageal perforation (14%).'%%">"
In a published literature search,'*"*? CT of the chest was the most
common mode of diagnosis (68%) (Figure 8). Contrast CT of the chest
was abnormal in 95/97 patients (98% of cases), although 7 cases (7%)
required repeated testing. A repeat CT was diagnostic 4—12 days later,
but it is unclear whether this may be due to inaccuracy of detecting oe-
sophageal perforation on initial imaging (false negative) or progression
of oesophageal injury during the course (true negative). Results of a re-
cently published multicentre registry included 138 patients. Chest CT
was used for diagnosis in 80.2%; overall mortality was 65.8% and highest
if conservative management (89.5%) was pursued."* An MRI study of
the chest can be used alternatively, even though chest CT remains the
diagnostic option of choice for fast and reliable evaluation including oral
contrast medium application (Figure 8). It is critical that if AEF is sus-
pected, no manipulation of the oesophagus (TOE or gastroscopy)
should be performed prior to definitive diagnosis or exclusion of
AEF. Air and material from the oesophagus may be introduced in the

Figure 8 Characteristic CT (A-E, G) and endoscopy (F) findings in patients with A + B) oesophageal perforation, C + D) atrio-oesophageal fistula,
E) oesophago-pericardial fistula, and F + G) perforating oesophageal ulcer. A) Air in mediastinum (red circle) with exit of water-soluble oral contrast
into the mediastinum, B) i.v. contrast and documentation of air in mediastinum (red circle), Cand D) air in mediastinum (red circle) and air and thrombus
in the left atrium (arrow), E) i.v. contrast and identification of air in mediastinum (red circle) and pericardium (green circle), F) endoscopic finding 5 days
after PV isolation with perforated oesophageal ulcer (yellow square), and G) corresponding CT with air in mediastinum (red circle). CT, computed

tomography; PV, pulmonary vein.
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Table 10 Advice table for the use of CT and MR in the diagnosis and management of esophageal perforation

Adyvice for the use of CT and MR in the diagnosis and Strength of Imaging CT specifications MR
management of oesophageal perforation advice modality specifications
(1) Early CT of the chest (including i.v. and po water-soluble contrast Chest CT i.v. arterial phase contrast, po

medium) is advised to diagnose or exclude oesophageal perforation |l| water-soluble contrast

in symptomatic patients within 6 weeks after AF ablation suspected medium

to have oesophageal complications
(2) Early imaging of the brain is advised in patients with CMR or CCT

atrio-oesophageal fistula and concomitant neurological symptoms |'|

to assess severity of brain damage and determine prognosis
(3) No manipulation of the oesophagus including

oesophagogastroscopy or TOE is advised to prevent embolization |l|

of air and ingested material in patients with clinical suspicion before

oesophageal perforation is excluded

AF, atrial fibrillation; CCT, cardiac computed tomography; CMR, cardiac magnetic resonance imaging; CT, computed tomography; MR, magnetic resonance; PV, pulmonary vein; TOE,

transoesophageal echocardiography.

Table 11 Advice table for the use of CCT and CMR in the diagnosis and management of PV stenosis

Adyvice for the use of CCT and CMR in the diagnosis  Strength of

and management of PV stenosis advice
(1) CCT or CMR angiography is advised to diagnose PV

stenosis in symptomatic patients following PV isolation |'|I
(2) Imaging is advised to plan and guide treatment of PV

stenosis l'l
(3) Routine or serial imaging for asymptomatic PV stenosis is

not advised l"

Imaging CT specifications MR
modality specifications
CMR or CCT i.v. contrast injection and imaging in CEMRA
arterial and delayed phase
CMR or CCT i.v. contrast injection and imaging in CEMRA
arterial and delayed phase
i.v. contrast injection and imaging in CEMRA

arterial and delayed phase

CCT, cardiac computed tomography; CEMRA, contrast enhancement magnetic resonance angiography; CMR, cardiac magnetic resonance imaging; CT, computed tomography; MR,

magnetic resonance; PV, pulmonary vein.

left atrium and can embolize via the atrium to the brain, potentially pro-
ducing catastrophic neurological injury and death.™® Computed tom-
ography scan of the chest is advised using i.v. and po water-soluble
contrast and may need to be repeated (Table 10).

As neurologic symptoms frequently occur in patients with AEF, early
brain imaging is mandatory to assess the severity of brain damage and to
determine prognosis.'*’

Endoscopy is the gold standard for identifying and categorizing oe-
sophageal thermal injury. Late gadolinium enhancement MRI of the oe-
sophagus has been tested but appears to have a low positive predictive
value when compared with endoscopy acutely after AF ablation. A
negative LGE-MR appears to correlate well with no oesophageal ther-
mal lesion detectable on post-ablation endoscopy.’®*'>*

6.2. Important considerations for the use
of computed tomography and magnetic
resonance in the diagnosis and
management of oesophageal perforation

(1) Chest CT using intravenous and oral contrast medium as an emer-
gency diagnostic procedure is key in patients presenting with classical

symptoms of oesophageal perforation or AEF within the first 6 weeks
after AF ablation. Computed tomography is readily available and can
be performed as an emergency procedure. No data on the accuracy
of MR in identifying oesophageal perforation are available.

(2) Brain imaging (in most published cases CT) in order to determine se-
verity and extent of brain damage is helpful in patients with neuro-
logical symptoms in patients presenting with AEF. Neurological
symptoms are a negative prognostic indicator in patients with oe-
sophageal perforation.

(3) Any manipulation of the oesophagus in patients suspicious of having
oesophageal perforation may aggravate oesophageal damage and
must be avoided until oesophageal perforation has been excluded
by CT [see also (1)]. Oesophagogastroscopy may be performed in pa-
tients with documented oesophageal perforation (usually using CO,
insufflation if at all needed) to diagnose site and extend of oesophageal
damage and treatment.

6.3. Pulmonary vein stenosis after atrial

fibrillation ablation

Pulmonary vein stenosis is a rare complication of PV isolation asso-
ciated with significant morbidity.'>> The incidence of this condition
has been shown to decrease with the evolution and increasing
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Figure 9 A patient with history of a prior PV isolation procedure and history of recurrent pneumonia in the right superior lobe following the pro-
cedure. A) CT showing high-degree stenosis of the right superior PV (circle), B) 3D reconstruction of the left atrium demonstrating a high-degree ostial
stenosis of the right superior PV (circle), C) angiography of the right superior PV after transseptal access through a coronary diagnostic catheter (x)
showing high-degree stenosis (arrow) (A indicates diameter of PV after stenosis, B site of stenosis), D) contrast injection into right superior PV after
wiring (w) of stenosis (red circle) with transseptal sheath close to PV ostium. CT, computed tomography; PV, pulmonary vein.

CT imaging

3D-reconstruction

CT iodine mapping
(functional perfusion)

Figure 10 A and B) CT images of a patient with complete occlusion of the left inferior PV after prior PV isolation, C and D) post-stenting CT with
stent open in left inferior PV, E) perfusion CT prior to stenting of the left inferior PV demonstrating a large perfusion defect in the left lung (blue colour).

CT, computed tomography; PV, pulmonary vein

experience with different ablation approaches.’*~"** Many patients
with PV stenosis remain asymptomatic and clinical symptoms in severe
cases including dyspnoea, cough, fatigue, exertional chest pain, de-
creased exercise tolerance, and haemoptysis.'®® Occurrence of these

symptoms in patients following remote PV isolation procedure should
alert physicians about this condition which might be misdiagnosed in
about one-third of the |3atients.155 Non-invasive imaging modalities
most commonly used in the diagnosis of PV stenosis include CT and
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LIPV occlusion

p.a. projectional view

Figure 11 Pre-interventional CMR (cardiovascular magnetic resonance) pulmonary perfusion imaging and angiography for detection and character-
ization of pulmonary vein stenosis. A, B, C) CMR pulmonary perfusion imaging (anterior—posterior view) depicted a perfusion deficit of the left lower
lung lobe (A still frame of original dynamic pulmonary perfusion; B still frame of dynamic pulmonary perfusion after background stationary tissue sub-
traction; C corresponding pseudo-coloured parametric map of quantitative CMR pulmonary perfusion analysis with SI maximum enhancement as the
quantitative measure. D) Three-dimensional contrast-enhanced CMR angiography (posterior—anterior projectional view) revealed total ostial occlusion
of the left lower pulmonary vein (arrow). CMR, cardiac magnetic resonance; Sl, signal intensity.

MR angiography *®"¢"1¢2 (Figure 9). Pulmonary vein stenosis severity is

graded based on the degree of lumen diameter narrowing into mild
(<50%), moderate (50-70%), and severe (>70%)."*® Imaging to identify
PV stenosis is usually performed post-ablation (several months follow-
ing ablation) and/or upon occurrence of symptoms. Some studies re-
port the use of routine screening for PV stenosis by repeated CT
scans following ablation."*>"*® Even with such an approach, the inci-
dence of severe PV stenosis is low when contemporary ablation tech-
niques are used. Therefore, this approach is no longer advised by the
most recent consensus documents.'*® According to published data,
diagnostic accuracy of CT for the detection of PV stenosis is variable.
Some of the studies report underestimation of severity of PV stenosis
by CT."® Lung perfusion cthe culprit PV in the case of multiple le-
sions'>>"1¢° (Table 11, Figure 10).

Functional spectral perfusion mapping may be performed using CT
(iodine mapping) or MR technologies and may help to classify effect
of PV stenosis on lung perfusion similar to scintigraphic analysis. The
potential benefit of CT may be the availability and the potential to iden-
tify structural effects of PV stenosis on lung tissue (Figures 10 and 117).

Non-invasive imaging with CT and MR can also be used to plan or
guide treatment of PV stenosis. An early study used serial CT scanning
to assess lesion progression over time."®" This approach does not seem
to be justified as lesion progression beyond 3 months post-ablation was
rare in the reported series. Role of MR angiography has not been stud-
ied in this regard. When balloon dilation or stenting is planned, the role
of CT for pre-procedural stenosis assessment is questionable as it has
been shown to be relatively insensitive to detect near-complete occlu-
sions. In these cases, invasive angiography has been demonstrated to be
superior in visualizing microchannels, the presence of which facilitates
balloon dilatation or stenting.'®?

6.4. Important considerations for the use
of computed tomography and magnetic
resonance in the diagnosis and

management of pulmonary vein stenosis
(1), (2) Non-invasive angiography using CT or MR is advised to diag-
nose or exclude PV stenosis in symptomatic patients after AF abla-
tion. Usually, patients with stenotic PVs present with dyspnoea or
multiple pulmonary infections/pneumonia. Imaging can help to quan-
tify stenosis as well as locate completely occluded PVs. Comparison
to pre-ablation imaging may be helpful. Imaging should include angio-
graphic analysis of LA and PV anatomy. Functional spectral perfusion
mapping using CT or MR can identify functional effects of PV sten-
osis and may be appropriate as alternative to ventilation—perfusion
scintigraphy, 13%14151:152

(3) Routine post-procedural imaging to screen asymptomatic pa-
tients for PV stenosis or serial scanning to assess progression of iden-
tified PV stenosis is not indicated. Intervention of asymptomatic PV
stenosis is generally not advised.

6.5. Neurological complications (stroke,
Transient Ischemic Attack, and silent
cerebral event/silent cerebral lesion) after

ablation procedures

Cerebrovascular complication associated with left-sided ablation is an
infrequent but potentially disabling event with a reported incidence
of 0.5-5%."*"%7 It typically occurs during or within the first 24 h of
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Figure 12 Silent cerebral events documented in a Patient 1 day after AF ablation on cerebral MR imaging: A) FLAIR sequence (no lesions), B) DWI
with hyperintense lesions, and C) ADC map with corresponding hypointensity [differentiation between SCEs (FLAIR negative) and SCLs (FLAIR posi-
tive)]. ADC, apparent diffusion coefficient; DWVI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; MR, magnetic resonance; SCL,

silent cerebral lesion; SCE, silent cerebral events.

Table 12 Advice table for the use of CT and MR in the diagnosis and management of neurological complications

Adyvice for the use of CT and MR in the diagnosis and management
of neurological complications

(1) Emergent brain imaging is advised in all patients with new neurological
symptoms compatible with cerebral ischaemia after left cardiac chamber
ablation before initiation of any specific therapy

(2) In patients who are potential candidates for treatment with intravenous
fibrinolysis, a non-contrast CT or MRI is advised to exclude intracranial
haemorrhage

(3) In patients who are potential candidates for treatment with mechanical
thrombectomy, non-invasive imaging of the intracranial arteries is advised
during the initial imaging evaluation

(4) In patients presenting with new neurological symptoms within 6 weeks of
the ablation, emergent brain imaging is advised, followed in the case of

pathological findings by a chest CT to evaluate for atrio-oesophageal fistula

Strength of Imaging CT specifications MR
advice modality specifications
I CT or MRI
ol
I CT Cerebral
(] l' non-contrast CT
I CT or MR Angiography Angiography
ol
CT or MR

CT, computed tomography; MR, magnetic resonance.

the procedure, with the majority of cases having been described in the
first week after ablation.'®® In the presence of new neurological symp-
toms compatible with cerebral ischaemia after the procedure, emer-
gency brain imaging before initiation of any specific therapy is
warranted. In patients who may be candidates for intravenous fibrinoly-
sis, a non-contrast CT or MRI is sufficient to exclude the presence of
intracerebral haemorrhage, allowing for immediate initiation of the
treatment. Because the benefit of the therapy is time dependent, treat-
ment should not be delayed for additional imaging. For patients who
meet criteria for mechanical thrombectomy, non-invasive imaging of
the intracranial arteries with CT angiography or MR angiography is ad-
vised during the initial imaging evaluation. Cerebral air embolism may be
a potential reason for transient neurological symptoms and normal
cerebral imaging. In patients presenting with neurological symptoms la-
ter after AF ablation (within 6 weeks) with or without other symptoms
suggestive of oesophageal complication, it is advised to perform an early
non-contrast CT or MRI of the brain and, in the case of pathological

findings, a chest CT scan to exclude the presence of an AEF
immediately."*’

After ablation, a silent cerebral event (SCE) has been defined as the
presence of an acute, new, asymptomatic cerebral ischaemic lesion on
brain MRI. Silent cerebral event has been identified in 1.7-71% of pa-
tients after AF ablation and in up to 58% after ablation of left-sided ven-
tricular arrhythmias.“gf1 72 Cerebral ischaemia can be detected on MRI
within minutes after its onset as a hyperintense diffusion-weighted im-
aging (DWVI) lesion with a reduced apparent diffusion coefficient (ADC)
map. On the contrary, fluid-attenuated inversion recovery (FLAIR) se-
quences become positive only later and depending on the lesion size.
While some diffusion changes may be reversible, FLAIR-positive asymp-
tomatic lesions seem to correspond to areas of brain scar and should
therefore be called silent cerebral lesions (SCLs)'*"7* (Figure 12).
Because the clinical relevance of SCE/SCL remains unclear, to date
no indication for routine brain MRI after left-sided ablation can be es-
tablished'”>17¢ (Table 12).



Pre- and post-procedural cardiac imaging (CT and MRI) in electrophysiology

21

Figure 13 Left: CT scan with contrast showing active bleeding (arrow) and a large retroperitoneal haematoma (X) following vascular access for
pulmonary vein isolation in an obese patient (BMI 32 kg/m?). Bleeding source was the right obturator artery which has a variant originated from the
external iliac artery. Right: digital subtraction angiography post-embolization (coil). Courtesy of Dr. N. Thieme, Charité Universitaitsmedizin, Berlin.

BMI, body mass index; CT, computed tomography.

Table 13 Advice table for the use of CT and MR in the diagnosis and management of vascular and epicardial access complications

Adyvice for the use of CT and MR in the diagnosis and
management of vascular and epicardial access complications

(1) CT imaging is advised to detect the active source and extent of
haematoma in patients with suspected haemorrhage following vascular
access

(2) CT imaging is advised in the case of haemodynamic instability (in the
absence of relevant pericardial effusion) or other clinical evidence of
haemorrhage following subxiphoid epicardial access

Strength of Imaging CT specifications MR
advice modality specifications
CT CT with bolus-triggered _
(] l' iodinated contrast
CT Contrast CT of chest and _
° l' abdomen

CT, computed tomography; MR, magnetic resonance.

6.6. Important considerations for the use
of computed tomography and magnetic
resonance in the diagnosis and
management of neurological

complications

(1) Brain imaging to diagnose and exclude intracranial haemorrhage
and ischaemia is key for managing patients with neurological
symptoms related to left cardiac chamber ablation. Magnetic res-
onance may be superior when looking for ischaemic defects but
time from onset to imaging may influence modality and
sensitivi‘cy.160

(2) Intracranial haemorrhage must be ruled out before initiating intraven-
ous fibrinolysis for acute cerebral ischaemia. Non-contrast CT or MR
is comparably sensitive and specific.'®

(3) Non-invasive angiography of the intracranial arteries using CT or MR
is advised in preparation of mechanical thrombectomy to diagnose
anatomy and territory of arterial occlusion.

(4) Neurological symptoms may be a first sign of AEF with embolism, and
therefore, emergent brain imaging is advised in addition to chest CT to
determine severity and extent of brain damage.

6.7. Complications related to vascular

access

The most common complications in arrhythmia ablation are vascular
access-related complications (VASC). Incidence is highest in AF and
VT ablation and higher with transaortic vs. transseptal access."’”178
Vascular access-related complications include major haemorrhage, for-
mation of a pseudo-aneurysm, arterio-venous fistula, and, rarely, aortic
dissection. Patients with obesity, pre-existing vascular disease, female
gender (smaller vessels), and advanced age are at higher risk."”” In gen-
eral, ultrasound-guided puncture may be appropriate to reduce VASC
in EP procedures.'®®" Haemodynamic instability, swelling, pulsatile
mass, bruits, neurological symptoms, unusual or protracted pain at
the puncture site, pelvis or leg (femoral access), or a relevant haemoglo-
bin drop (>2 mg/dL) following a procedure should trigger urgent im-
aging of the region. While ultrasound is easily accessible at bedside
and the method of choice for diagnosis of pseudo-aneurysms, in pa-
tients with suspected haemorrhage, CT is advised for a precise
diagnosis."”'82 Haematoma is identified by hypoattenuation, by swel-
ling of adjacent muscle, and, subacutely, by a heterogeneous pattern
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Figure 14 |Interventional CMR-guided ablation procedure. Two catheters (green and red tip) are actively tracked and displayed on MR images and
3D reconstructed cardiac surfaces (green: right atrium, dark blue: left atrium, and light blue: superior and inferior vena cava). Courtesy of Leipzig Heart

Center. CMR, cardiac magnetic resonance; MR, magnetic resonance.

(‘haematocrit sign’’’?) A bolus-triggered CT angiogram following appli-
cation of iodinated contrast media detects the source of active bleeding
(Table 13, Figure 13).

6.8. Complications related to epicardial
access

Epicardial access for ablation of ventricular and supraventricular ar-
rhythmias is routinely performed by subxiphoid percutaneous
puncture.'® Epicardial is often combined with endocardial catheter ab-
lation to improve efficacy but is associated with an increased rate of
acute complications (up to 13.7% for VT ablation).183’184 These include
injury to the myocardium or epicardial vessels, RV puncture,
intra-abdominal bleeding (hepatic puncture), phenic nerve injury, and
RV pericardial fistulas."®® Pericardial bleeding and tamponade, the
most common complications, should be established by echocardiog-
raphy in the EP lab, and epicardial vessel injury by immediate coronary
angiogram. Contrast CT allows for identification of the active bleeding
site in unclear cases. In the case of haemodynamic instability in the ab-
sence of pericardial effusion or haemoglobin drop, intra-abdominal
bleeding should be suspected and trigger immediate CT imaging.'®®
Due to lack of evidence, no advice can be given for the use of MRl in
vascular and pericardial access-related complications.

6.9. Important considerations for the use
of computed tomography and magnetic
resonance in the diagnosis and
management of vascular and epicardial
access complications

(1) In patients with suspected haemorrhagic complication related to vas-
cular access, contrast CT can detect the active source and extent of

haematoma. Routine imaging to rule out vascular complications is
not advised.

(2) Inthe case of haemodynamic instability and in the absence of relevant
pericardial effusion after pericardial access, a contrast CT scan of the
chest and abdominal region is advised to identify or rule out
intra-abdominal or chest bleeding. In rare cases, damage to the epicar-
dial coronary arteries or thoracic vasculature may complicate anterior
pericardial puncture. The posterior access route has a higher inci-
dence of complications as the abdominal space is punctured.'®®
Liver haemorrhage or damage may result from inadvertent puncture,
especially in the case of right heart failure.

7. Future aspects, studies, and
concepts

In order to avoid the inherent inaccuracy, when imaging information is
exported into another modality (3D mapping system) and the CCT/
CMR maps have to be integrated (‘fused’) with landmarks in the 3D
mapping, the next step has been to acquire image information in MRI
and to perform the ablation within the MR scanner (Figure 14). This
can be performed by interacting between a conventional EP lab and
an MRI scanner (MRl suite) or entirely in an ‘interventional CMR lab’.
Multiple hardware and software components of EP systems including
diagnostic and ablation catheters were manufactured to fit the MR en-
vironment and have been tested in entirely CMR-guided procedures
specifically for ablation to treat typical atrial flutter,”®” but clinical bene-
fit has to be proven. In an experimental set-up also, imaging and ablation
for VTs have been reported showing the impressive possibilities that
MRl is offering to the electrophysiologist like online lesion monitoring
or thermometry as a tool to titrate energy delivery in different areas
of the heart.’’

Registration of multiple imaging modalities into the same mapping
system may add benefit in some entities. In addition, novel imaging
strategies and higher-resolution images may allow imaging of so far
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invisible structures that may gain importance as treatment targets (like
myocardial fibre orientation or cardiac autonomic innervation). Also,
the concept of imaging being used to follow-up and evaluate effect of
atrial and ventricular ablations is interesting for future studies. We
are facing a fascinating world of new insights and options including im-
plementation of artificial intelligence as tool for future innovations.

Acknowledgements

The authors thank the EHRA Scientific Documents Committee:

Prof. Katja Zeppenfeld, Prof. Jens Cosedis Nielsen, Dr. Alireza Sepehri
Shamloo, Prof. Kristina Hermann Haugaa, Prof. Isabel Deisenhofer, Prof.
Silvia Priori, Prof. Markus Stiihlinger, Prof. Christian Meyer, Prof. Petr
Peichl, Dr. Daniel Keene, Prof. Jacob Tfelt Hansen, Dr. Luigi di Biase, and
Prof. Arthur Wilde.

Conflict of interest: none declared.

Data availability

There was no data used to generate the manuscript as it is a consensus
statement. All authors though have had complete access to the manuscript
and all statements/advise generated in the manuscript was consented
through all authors.

References

. Soto-Iglesias D, Penela D, Jauregui B, Acosta |, Fernandez-Armenta J, Linhart M et al.
Cardiac magnetic resonance-guided ventricular tachycardia substrate ablation. JACC
Clin Electrophysiol 2020;6:436—47.

Andreu D, Penela D, Acosta J, Ferndndez-Armenta |, Perea R|, Soto-Iglesias D et al.

Cardiac magnetic resonance-aided scar dechanneling: influence on acute and long-

term outcomes. Heart Rhythm 2017,14:1121-8.

. Flohr T, Schmidt B, Ulzheimer S, Alkadhi H. Cardiac imaging with photon counting CT.

Br J Radiol 2023;96:20230407.

Glikson M, Wolff R, Hindricks G, Mandrola J, Camm A, Lip GYH et al. EHRA/EAPCI

expert consensus statement on catheter-based left atrial appendage occlusion—an

update. Europace 2019;15:1133-80.

. Komatsu Y, Cochet H, Jadidi A, Sacher F, Shah A, Derval N et al. Regional myocardial
wall thinning at multidetector computed tomography correlates to arrhythmogenic
substrate in postinfarction ventricular tachycardia: assessment of structural and elec-
trical substrate. Circ Arrhythm Electrophysiol 2013;6:342-50.

. Toia P, La Grutta L, Sollami G, Clemente A, Gagliardo C, Galia M et al. Technical de-

velopment in cardiac CT: current standards and future improvements—a narrative re-

view. Cardiovasc Diagn Ther 2020;10:2018-35.

Toupin S, Pezel T, Bustin A, Cochet H. Whole-heart high-resolution late gadolinium

enhancement: techniques and clinical applications. | Magn Reson Imaging 2022;55:

967-87.

. Gimelli A, Achenbach S, Buechel RR, Edvardsen T, Francone M, Gaemperli O et al.
Strategies for radiation dose reduction in nuclear cardiology and cardiac computed
tomography imaging: a report from the European Association of Cardiovascular
Imaging (EACVI), the cardiovascular committee of European Association of Nuclear
Medicine (EANM), and the European Society of Cardiovascular Radiology (ESCR).
Eur Heart | 2017;39:286-96.

. Padmanabhan D, Shankar S, Chandrashekharaiah A, Deshpande S. Strategies to reduce
radiation exposure in electrophysiology and interventional cardiology. US Cardiology
Review 2019;13:117-22.

10. Assen MV, Vonder M, Pelgrim GJ, Von Knebel Doeberitz PL, Vliegenthart R.
Computed tomography for myocardial characterization in ischemic heart disease: a
state-of-the-art review. Eur Radiol Exp 2020;4:36.

11. Stocker T), Deseive S, Leipsic |, Hadamitzky M, Chen MY, Rubinhtein R et al. Reduction
in radiation exposure in cardiovascular computed tomography imaging results from
the PROspective multicenter registry on radiaTion dose Estimates of cardiac CT
anglOgraphy iN daily practice in 2017 (PROTECTION VI). Eur H | 2018;39:3715-23.

12. Esposito A, Palmisano A, Antunes S, Maccabelli G, Colantoni C, Rancointa PMV et al.
Cardiac CT with delayed enhancement in the characterization of ventricular tachycar-
dia structural substrate. | Am Coll Cardiol Img 2016;9:822-32.

13. Aikawa T, Oyama-Manabe N, Naya M, Ohira H, Sugimoto A, Tsujino | et al. Delayed
contrast-enhanced computed tomography in patients with known or suspected car-
diac sarcoidosis: a feasibility study. Eur Radiol 2017;27:4054-63.

14. Ohta Y, Kitao S, Yunaga H, Fujii S, Mukai N, Yamamoto K et al. Myocardial delayed en-
hancement CT for the evaluation of heart failure: comparison to MRI. Radiology 2018;
288:682-91.

15. Haugaa KH, Basso C, Badano LP, Bucciarelli-Ducci C, Cardim N, Gaemperli O

et al.Comprehensive multi-modality imaging approach in arrhythmogenic

N

w

B

(%

o

~

oo

0

cardiomyopathy-an expert consensus document of the European Association of
Cardiovascular Imaging. Eur Heart | Cardiovasc Imaging 2017;18:237-53.

16. Venlet |, Tao Q, de Graaf MA, Glashan CA, de Riva Silva M, van der Geest R et al. RV
tissue heterogeneity on CT: a novel tool to identify the VT substrate in ARVC. JACC
Clin Electrophysiol 2020;6:1073—-85.

17. Ko SM, Kim TH, Chun EJ, Kim JY, Hwang SH. Assessment of left ventricular myocardial
diseases with cardiac computed tomography. Korean | Radiol 2019;20:333-51.

18. de Riva M, Naruse Y, Ebert M, Watanabe M, Scholte AJ, Wijnmaalen AP et al.
Myocardial calcification is associated with endocardial ablation failure of post-
myocardial infarction ventricular tachycardia. Europace 2021;23:1275-84.

19. Weinreb JC, Rodby RA, Yee J, Wang CL, Fine D, McDonald R] et al. Use of intravenous
gadolinium-based contrast media in patients with kidney disease: consensus state-
ments from the American College of Radiology and the National Kidney
Foundation. Radiology 2021;298:28-35.

20. Blomstrém Lundqvist C, Auricchio A, Brugada J, Boriani G, Bremerich ], Cabrera JA
et al. The use of imaging for electrophysiological and devices procedures: a report
from the first European Heart Rhythm Association Policy Conference, jointly orga-
nized with the European Association of Cardiovascular Imaging (EACVI), the
Council of Cardiovascular Imaging and the European Society of Cardiac Radiology.
Europace 2013;15:927-36.

21. Messroghli DR, Moon |C, Ferreira VM, Grosse-Wortmann L, He T, Kellman P et al.
Clinical recommendations for cardiovascular magnetic resonance mapping of T1,
T2, T2* and extracellular volume: a consensus statement by the Society for
Cardiovascular Magnetic Resonance (SCMR) endorsed by the European Association
for Cardiovascular Imaging (EACVI). | Cardiovasc Magn Reson 2017;19:75.

22. Muser D, Nucifora G, Castro SA, Enriquez A, Chahal CAA, Magnani S et al. Myocardial
substrate characterization by CMR T(1) mapping in patients with NICM and no LGE
undergoing catheter ablation of VT. JACC Clin Electrophysiol 2021;7:831-40.

23. Sramko M, Abdel-Kafi S, Wijnmaalen AP, Tao Q, van der Geest RJ, Lamb H] et al.
Head-to-head comparison of T1 mapping and electroanatomical voltage mapping in
patients with ventricular arrhythmias. JACC Clin Electrophysiol 2023;9:740-8.

24. Jhooti P, Keegan J, Firmin DN. A fully automatic and highly efficient navigator gating
technique for high-resolution free-breathing acquisition: continuously adaptive win-
dowing strategy. Magn Reson Med 2010;64:1015-26.

25. Rao S, Tseng SY, Pednekar A, Siddiqui S, Kocaoglu M, Fares M et al. Myocardial para-
metric mapping by cardiac magnetic resonance imaging in pediatric cardiology and
congenital heart disease. Circ Cardiovasc Imaging 2022;15:012242.

26. Donal E, Lip GY, Galderisi M, Goette A, Shah D, Marwan M et al. EACVI/EHRA expert
consensus document on the role of multi-modality imaging for the evaluation of pa-
tients with atrial fibrillation. Eur Heart | Cardiovasc Imaging 2016;17:355-83.

27. Althoff TF, Garre P, Caixal G, Perea R, Prat S, Tolosana JM et al. Late gadolinium
enhancement-MRI determines definite lesion formation most accurately at 3 months
post ablation compared to later time points. Pacing Clin Electrophysiol 2022;45:72-82.

28. Fochler F, Yamaguchi T, Kheirkahan M, Kholmovski EG, Morris AK, Marrouche NF.
Late gadolinium enhancement magnetic resonance imaging guided treatment of
post-atrial fibrillation ablation recurrent arrhythmia. Circ Arrhythm Electrophysiol
2019;12:e007174.

29. Dinov B, Oebel S, Hilbert S, Loebe S, Arya A, Bollmann A et al. Characteristics of the
ablation lesions in cardiac magnetic resonance imaging after radiofrequency ablation of
ventricular arrhythmias in relation to the procedural success. Am Heart | 2018;204:
68-75.

30. lig K, Baman TS, Gupta SK, Swanson S, Good E, Chugh A et al. Assessment of radio-
frequency ablation lesions by CMR imaging after ablation of idiopathic ventricular ar-
rhythmias. JACC Cardiovasc Imaging 2010;3:278-85.

31. Mukherjee RK, Costa CM, Neji R, Harrison JL, Sim |, Williams SE et al. Evaluation of a
real-time magnetic resonance imaging-guided electrophysiology system for structural
and electrophysiological ventricular tachycardia substrate assessment. Europace 2019;
21:1432-41.

32. Pennig L, Zopfs D, Gertz R, Bremm J, Zaeske C, GroBe Hokamp N et al. Reduction of
CT artifacts from cardiac implantable electronic devices using a combination of virtual
monoenergetic images and post-processing algorithms. Eur Radiol 2021;31:7151-61.

33. Paterson DI, White JA, Butler CR, Connelly KA, Guerra PG, Hill MD et al. 2021 update
on safety of magnetic resonance imaging: joint statement from Canadian
Cardiovascular Society/Canadian Society for Cardiovascular Magnetic Resonance/
Canadian Heart Rhythm Society. Can | Cardiol 2021;37:835-47.

34. Shah AD, Morris MA, Hirsh DS, Warnock M, Huang Y, Mollerus M et al. Magnetic res-
onance imaging safety in nonconditional pacemaker and defibrilator recipients: a
meta-analysis and systematic review. Heart Rhythm 2018;15:1001-8.

35. Nazarian S, Hansford R, Roguin A, Goldsher D, Zviman MM, Lardo AC et al. A pro-
spective evaluation of a protocol for magnetic resonance imaging of patients with im-
planted cardiac devices. Ann Intern Med 2011;155:415-24.

36. Do DH, Eyvazian V, Bayoneta AJ, Hu P, Finn JP, Bradfield JS et al. Cardiac magnetic res-
onance imaging using wideband sequences in patients with nonconditional cardiac im-
planted electronic devices. Heart Rhythm 2018;15:218-25.



24

T. Deneke et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fluschnik N, Tahir E, Erley }, Mullerleile K, Metzner A, Wenzel JP et al. 3 Tesla magnetic
resonance imaging in patients with cardiac implantable electronic devices: a single cen-
tre experience. Europace 2023;25:571-7.

Stiihlinger M, Burri H, Vernooy K, Garcia R, Lenarczyk R, Sultan A et al. EHRA consen-
sus on prevention and management of interference due to medical procedures in pa-
tients with cardiac implantable electronic devices. Europace 2022;24:1512-37.
Mangini F, Samar H, Gevenosky L, Williams RB, Shah M, Doyle M et al. Where do we
go from here? Beyond the MagnaSafe trial: a focus beyond a ‘safety-first’ notion. An
MRI study in 500 consecutive patients. Int | Cardiol 2021;336:113-20.

Russo RJ, Costa HS, Silva PD, Anderson JL, Arshad A, Biederman RW et al. Assessing
the risks associated with MRl in patients with a pacemaker or defibrillator. N Engl | Med
2017;376:755-64.

Nazarian S, Hansford R, Rahsepar AA, Weltin V, McVeigh D, Gucuk Ipek E et al. Safety
of magnetic resonance imaging in patients with cardiac devices. N Engl ] Med 2017;377:
2555-64.

Rajiah P, Kay F, Bolen M, Patel AR, Landeras L. Cardiac magnetic resonance in patients
with cardiac implantable electronic devices: challenges and solutions. | Thorac Imaging
2020;35:W1-W17.

Seewéster T, Loébe S, Hilbert S, Bollmann A, Sommer P, Lindemann F et al.
Cardiovascular magnetic resonance imaging in patients with cardiac implantable elec-
tronic devices: best practice and real-world experience. Europace 2019;21:1220-8.
Schaller RD, Brunker T, Riley MP, Marchlinski FE, Nazarian S, Litt H. Magnetic reson-
ance imaging in patients with cardiac implantable electronic devices with abandoned
leads. JAMA Cardiol 2021;6:549-56.

Padmanabhan D, Kella DK, Mehta R, Kapa S, Deshmukh A, Mulpuru S et al. Safety of
magnetic resonance imaging in patients with legacy pacemakers and defibrillators and
abandoned leads. Heart Rhythm 2018;15:228-33.

Whitlock M, Garg A, Gelow J, Jacobson T, Broberg C. Comparison of left and right
atrial volume by echocardiography versus cardiac magnetic resonance imaging using
the area-length method. Am J Cardiol 2010;106:1345-50.

Wen Z, Zhang Z, Yu W, Fan Z, Du J, Lv B. Assessing the left atrial phasic volume and
function with dual-source CT: comparison with 3T MRI. Int | Cardiovasc Imaging 2010;
26:83-92.

Di Biase L, Santangeli P, Anselmino M, Mohanty P, Salvetti |, Gili 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. /| Am Coll Cardiol 2012;60:531-8.
Kitkungvan D, Nabi F, Ghosn MG, Dave AS, Quinones M, Zoghbi WA et al. Detection
of LA and LAA thrombus by CMR in patients referred for pulmonary vein isolation.
JACC Cardiovasc Imaging 2016;9:809—18.

Ang R, Hunter R], Baker V, Richmond L, Dhinoja M, Sporton S et al. Pulmonary vein
measurements on pre-procedural CT/MR imaging can predict difficult pulmonary
vein isolation and phrenic nerve injury during cryoballoon ablation for paroxysmal at-
rial fibrillation. Int | Cardiol 2015;195:253-8.

Horton R, Di Biase L, Reddy V, Neuzil P, Mohanty P, Sanchez | et al. Locating the right
phrenic nerve by imaging the right pericardiophrenic artery with computerized tomo-
graphic angiography: implications for balloon-based procedures. Heart Rhythm 2010;7:
937-41.

Lemola K, Sneider M, Desjardins B, Case |, Han |, Good E et al. Computed tomographic
analysis of the anatomy of the left atrium and the esophagus: implications for left atrial
catheter ablation. Circulation 2004;110:3655-60.

Wong CX, Ganesan AN, Selvanayagam JB. Epicardial fat and atrial fibrillation: current
evidence, potential mechanisms, clinical implications, and future directions. Eur Heart |
2017;38:1294-302.

Mahajan R, Kuklik P, Grover S, Brooks AG, Wong CX, Sanders P et al. Cardiovascular
magnetic resonance of total and atrial pericardial adipose tissue: a validation study and
development of a 3 dimensional pericardial adipose tissue model. | Cardiovasc Magn
Reson 2013;15:73.

Kato S, Foppa M, Roujol S, Basha T, Berg S, Kissinger KV et al. Left ventricular native T1
time and the risk of atrial fibrillation recurrence after pulmonary vein isolation in pa-
tients with paroxysmal atrial fibrillation. Int | Cardiol 2016;203:848-54.

Suksaranjit P, Akoum N, Kholmovski EG, Stoddard G, Chang L, Damal K et al.
Incidental LV LGE on CMR imaging in atrial fibrillation predicts recurrence after abla-
tion therapy. JACC Cardiovasc Imaging 2015;8:793-800.

Neilan TG, Mongeon FP, Shah RV, Coelho-Filho O, Abbasi SA, Dodson JA et al.
Myocardial extracellular volume expansion and the risk of recurrent atrial fibrillation
after pulmonary vein isolation. JACC Cardiovasc Imaging 2014;7:1-11.

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

Finlay MC, Hunter R}, Baker V, Richmond L, Goromonzi F, Thomas G et al. A rando-
mised comparison of Cartomerge vs. NavX fusion in the catheter ablation of atrial fib-
rillation: the CAVERN trial. | Interv Card Electrophysiol 2012;33:161-9.

Della Bella P, Fassini G, Cireddu M, Riva S, Carbucicchio C, Giraldi F et al. Image
integration-guided catheter ablation of atrial fibrillation: a prospective randomized
study. | Cardiovasc Electrophysiol 2009;20:258-65.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Caponi D, Corleto A, Scaglione M, Blandino A, Biasco L, Cristoforetti Y et al. Ablation
of atrial fibrillation: does the addition of three-dimensional magnetic resonance im-
aging of the left atrium to electroanatomic mapping improve the clinical outcome?:
a randomized comparison of Carto-Merge vs. Carto-XP three-dimensional mapping
ablation in patients with paroxysmal and persistent atrial fibrillation. Europace 2010;
12:1098-104.

Mammadli A, Demirtola Al, Diker E. Impact of image integration on clinical and pro-
cedural outcomes of radiofrequency catheter ablation of atrial fibrillation: a
meta-analysis of randomized controlled trials. | Arrhythm 2021;37:550-5.

Sohns C, Marrouche NF. Atrial fibrillation and cardiac fibrosis. Eur Heart | 2020;41:
1123-31.

Swartz MF, Fink GW, Sarwar MF, Hicks GL, Yu Y, Hu R et al. Elevated pre-operative
serum peptides for collagen | and Il synthesis result in post-surgical atrial fibrillation.
J Am Coll Cardiol 2012;60:1799-806.

Badger TJ, Daccarett M, Akoum NW, Adjei-Poku YA, Burgon NS, Haslam TS 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;3:249-59.

Jefairi NA, Camaioni C, Sridi S, Cheniti G, Takigawa M, Nivet H et al. Relationship be-
tween atrial scar on cardiac magnetic resonance and pulmonary vein reconnection
after catheter ablation for paroxysmal atrial fibrillation. | Cardiovasc Electrophysiol
2019;30:727-40.

Akoum N, Wilber D, Hindricks G, Jais P, Cates |, Marchlinski F et al. MRI assessment of
ablation-induced scarring in atrial fibrillation: analysis from the DECAAF study.
J Cardiovasc Electrophysiol 2015;26:473-80.

Marrouche NF, Wilber D, Hindricks G, Jais P, Akoum N, Marchlinski F et al. Association
of atrial tissue fibrosis identified by delayed enhancement MRI and atrial fibrillation
catheter ablation: the DECAAF study. JAMA 2014;311:498-506.

King JB, Azadani PN, Suksaranijit P, Bress AP, Witt DM, Han FT et al. Left atrial fibrosis
and risk of cerebrovascular and cardiovascular events in patients with atrial fibrillation.
J Am Coll Cardiol 2017;70:1311-21.

Khurram IM, Habibi M, Gucuk Ipek E, Chrispin J, Yang E, Fukumoto K et al. Left atrial
LGE and arrhythmia recurrence following pulmonary vein isolation for paroxysmal and
persistent AF. JACC Cardiovasc Imaging 2016;9:142-8.

Margulescu AD, Nunez-Garcia M, Alarcon F, Benito EM, Enomoto N, Cozzari | et al.
Reproducibility and accuracy of late gadolinium enhancement cardiac magnetic reson-
ance measurements for the detection of left atrial fibrosis in patients undergoing atrial
fibrillation ablation procedures. Europace 2019;21:724-31.

Marrouche NF, Wazni O, McGann C, Greene T, Dean JM, Dagher L et al. Effect of
MRI-guided fibrosis ablation vs conventional catheter ablation on atrial arrhythmia re-
currence in patients with persistent atrial fibrillation: the DECAAF Il randomized clin-
ical trial. JAMA 2022;327:2296-305.

Padilla-Cueto D, Ferro E, Garre P, Prat S, Guichard ]B, Perea R] et al. Non-invasive as-
sessment of pulmonary vein isolation durability using late gadolinium enhancement
magnetic resonance imaging. Europace 2023;25:360-5.

Nakatani Y, Sridi-Cheniti S, Cheniti G, Ramirez FD, Goujeau C, André C et al. Pulsed
field ablation prevents chronic atrial fibrotic changes and restrictive mechanics after
catheter ablation for atrial fibrillation. Europace 2021;23:1767-76.

Faggioni L, Zampa V, Ortori S, Picano E, De Lucia R, Soldati E et al. Time-resolved
contrast-enhanced magnetic resonance angiography (CEMRA) of the left atrium-
pulmonary veins complex with half dose of intravenous gadolinium-based contrast
agent. Technical feasibility and comparison with a conventional CEMRA, full contrast
dose protocol. Eur | Radiol 2012;81:250-6.

Ferro E, Perez N, Althoff T, Guasch E, Prat S, Doltra A et al. Magnetic reson-
ance detection of advanced atrial cardiomyopathy increases the risk for atypical
atrial flutter occurrence following atrial fibrillation ablation. Europace 2023;25:
euad276.

Marrouche NF, Greene T, Dean JM, Kholmovski EG, Boer LM, Mansour M et al.
Efficacy of LGE-MRI-guided fibrosis ablation versus conventional catheter ablation
of atrial fibrillation: the DECAAF Il trial: study design. | Cardiovasc Electrophysiol
2021;32:916-24.

Assaf A, Mekhael M, Noujaim C, Chouman N, Younes H, Feng H et al. Effect of fibrosis
regionality on atrial fibrillation recurrence: insights from DECAAF II. Europace 2023;
25:euad199.

Takigawa M, Duchateau J, Sacher F, Martin R, Vlachos K, Kitamura T et al. Are wall
thickness channels defined by computed tomography predictive of isthmuses of post-
infarction ventricular tachycardia? Heart Rhythm 2019;16:1661-8.

Roca-Luque |, Van Breukelen A, Alarcon F, Garre P, Tolosana JM, Borras R et al.
Ventricular scar channel entrances identified by new wideband cardiac magnetic res-
onance sequence to guide ventricular tachycardia ablation in patients with cardiac de-
fibrillators. Europace 2020;22:598-606.

Weinsaft JW, Kim HW, Shah D}, Klem |, Crowley AL, Brosnan R et al. Detection of left
ventricular thrombus by delayed-enhancement cardiovascular magnetic resonance
prevalence and markers in patients with systolic dysfunction. | Am Coll Cardiol 2008;
52:148-57.



Pre- and post-procedural cardiac imaging (CT and MRI) in electrophysiology

25

8

N

8

w

84.

85.

8

o

8

~N

88.

89.

90.

9

=

92.

9

w

94.

9

v

96.

97.

98.

9

Nel

100.

101.

. Weinsaft W, Kim R], Ross M, Krauser D, Manoushagian S, LaBounty TM et al.

Contrast-enhanced anatomic imaging as compared to contrast-enhanced tissue char-
acterization for detection of left ventricular thrombus. JACC Cardiovasc Imaging 2009;2:
969-79.

. Goldstein JA, Schiller NB, Lipton M), Ports TA, Brundage BH. Evaluation of left ven-

tricular thrombi by contrast-enhanced computed tomography and two-dimensional
echocardiography. Am | Cardiol 1986;57:757-60.

Piers SR, van Huls van Taxis CF, Tao Q, van der Geest R}, Askar SF, Siebelink HM et al.
Epicardial substrate mapping for ventricular tachycardia ablation in patients with non-
ischaemic cardiomyopathy: a new algorithm to differentiate between scar and viable
myocardium developed by simultaneous integration of computed tomography and
contrast-enhanced magnetic resonance imaging. Eur Heart | 2013;34:586-96.

van Huls van Taxis CF, Wijnmaalen AP, Piers SR, van der Geest R], Schalij M,
Zeppenfeld K. Real-time integration of MDCT-derived coronary anatomy and epicar-
dial fat: impact on epicardial electroanatomic mapping and ablation for ventricular ar-
rhythmias. JACC Cardiovasc Imaging 2013;6:42-52.

. Dickfeld T, Tian J, Ahmad G, Jimenez A, Turgeman A, Kuk R et al. MRI-Guided ventricu-

lar tachycardia ablation: integration of late gadolinium-enhanced 3D scar in patients
with implantable cardioverter-defibrillators. Circ Arrhythm Electrophysiol 2011;4:
172-84.

. Piers SR, Tao Q, de Riva Silva M, Siebelink HM, Schalij M), van der Geest R| et al.

CMR-based identification of critical isthmus sites of ischemic and nonischemic ven-
tricular tachycardia. JACC Cardiovasc Imaging 2014,7:774-84.

Perez-David E, Arenal A, Rubio-Guivernau JL, del Castillo R, Atea L, Arbelo E et al.
Noninvasive identification of ventricular tachycardia-related conducting channels using
contrast-enhanced magnetic resonance imaging in patients with chronic myocardial in-
farction: comparison of signal intensity scar mapping and endocardial voltage mapping.
J Am Coll Cardiol 2011;57:184-94.

Desjardins B, Crawford T, Good E, Oral H, Chugh A, Pelosi F et al. Infarct architecture
and characteristics on delayed enhanced magnetic resonance imaging and electroana-
tomic mapping in patients with postinfarction ventricular arrhythmia. Heart Rhythm
2009;6:644-51.

Wijnmaalen AP, van der Geest R|, van Huls van Taxis CF, Siebelink HM, Kroft LJ, Bax JJ
et al. Head-to-head comparison of contrast-enhanced magnetic resonance imaging
and electroanatomical voltage mapping to assess post-infarct scar characteristics in pa-
tients with ventricular tachycardias: real-time image integration and reversed registra-
tion. Eur Heart | 2011;32:104-14.

. Sasaki T, Miller CF, Hansford R, Yang ], Caffo BS, Zviman MM et al. Myocardial struc-

tural associations with local electrograms: a study of postinfarct ventricular tachycardia
pathophysiology and magnetic resonance-based noninvasive mapping. Circ Arrhythm
Electrophysiol 2012;5:1081-90.

Yamashita S, Cochet H, Sacher F, Mahida S, Berte B, Hooks D et al. Impact of new tech-
nologies and approaches for post-myocardial infarction ventricular tachycardia abla-
tion during long-term follow-up. Circ Arrhythm Electrophysiol 2016;9:¢003901.

. Glashan CA, Tofig BJ, Tao Q, Blom SA, Jongbloed MRM, Nielsen JC et al. Multisize elec-

trodes for substrate identification in ischemic cardiomyopathy: validation by integra-
tion of whole heart histology. JACC Clin Electrophysiol 2019;5:1130—40.

Cochet H, Komatsu Y, Sacher F, Jadidi AS, Scherr D, Riffaud M et al. Integration of
merged delayed-enhanced magnetic resonance imaging and multidetector computed
tomography for the guidance of ventricular tachycardia ablation: a pilot study.
J Cardiovasc Electrophysiol 2013;24:419-26.

. Esposito A, Palmisano A, Antunes S, Maccabelli G, Colantoni C, Rancoita PMV et al.

Cardiac CT with delayed enhancement in the characterization of ventricular tachycar-
dia structural substrate: relationship between CT-segmented scar and electro-
anatomic mapping. JACC Cardiovasc Imaging 2016;9:822-32.

Ghannam M, Cochet H, Jais P, Sermesant M, Patel S, Siontis KC et al. Correlation be-
tween computer tomography-derived scar topography and critical ablation sites in
postinfarction ventricular tachycardia. | Cardiovasc Electrophysiol 2018;29:438—45.
Yamashita S, Sacher F, Hooks DA, Berte B, Sellal M, Frontera A et al. Myocardial wall
thinning predicts transmural substrate in patients with scar-related ventricular tachy-
cardia. Heart Rhythm 2017;14:155-63.

Alyesh DM, Siontis KC, Sharaf Dabbagh G, Yokokawa M, Njeim M, Patel S et al.
Postinfarction myocardial calcifications on cardiac computed tomography: implica-
tions for mapping and ablation in patients with nontolerated ventricular tachycardias.
Circ Arrhythm Electrophysiol 2019;12:e007023.

. Cheniti G, Sridi S, Sacher F, Chaumeil A, Pillois X, Takigawa M et al. Post-myocardial

infarction scar with fat deposition shows specific electrophysiological properties and
worse outcome after ventricular tachycardia ablation. /| Am Heart Assoc 2019;8:
€012482.

Takigawa M, Martin R, Cheniti G, Kitamura T, Vlachos K, Frontera A et al. Detailed
comparison between the wall thickness and voltages in chronic myocardial infarction.
J Cardiovasc Electrophysiol 2019;30:195-204.

Soto-Iglesias D, Acosta J, Penela D, Ferndndez-Armenta J, Cabrera M, Martinez M et al.
Image-based criteria to identify the presence of epicardial arrhythmogenic substrate in
patients with transmural myocardial infarction. Heart Rhythm 2018;15:814-21.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

112

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Berte B, Cochet H, Dang L, Mahida S, Moccetti F, Hilfiker G et al. Image-guided ablation
of scar-related ventricular tachycardia: towards a shorter and more predictable pro-
cedure. | Interv Card Electrophysiol 2020;59:535-44.

Vazquez-Calvo S, Mas Casanovas J, Garre P, Sanchez-Somonte P, Falzone PV, Uribe L
et al. Non-invasive detection of slow conduction with cardiac magentic resonance im-
aging for ventricular tachycardia ablation. Europace 2024;26:euae025.
Sanchez-Somonte P, Garre P, Vasquez-Calvo S, Quinto L, Borras R, Prat S et al. Scar
conducting channel characterization to predict arrhythmogenicity during ventricular
tachycardia ablation. Europace 2023;25:989-99.

Berruezo A, Penela D, Jauregui B, de Asmundis C, Peretto G, Marrouche N et al.
Twenty-five years of research in cardiac imaging in electrophysiology procedures
for atrial and ventricular arrhythmias. Europace 2023;25:euad183.
Ferndndez-Armenta ], Berruezo A, Andreu D, Camara O, Silva E, Serra L et al.
Three-dimensional architecture of scar and conducting channels based on high reso-
lution ce-CMR: insights for ventricular tachycardia ablation. Circ Arrhythm
Electrophysiol 2013;6:528-37.

Hennig A, Salel M, Sacher F, Camaioni C, Sridi S, Denis A et al. High-resolution three-
dimensional late gadolinium-enhanced cardiac magnetic resonance imaging to identify
the underlying substrate of ventricular arrhythmia. Europace 2018;20:f179—91.
Donal E, Delgado V, Bucciarelli-Ducci C, Galli E, Haugaa KH, Charron P et al.
Multimodality imaging in the diagnosis, risk stratification, and management of patients
with dilated cardiomyopathies: an expert consensus document from the European
Association of Cardiovascular Imaging. Eur Heart | Cardiovasc Imaging 2019;20:
1075-93.

Arbelo E, Protonotarios A, Gimeno JR, Arbustini E, Barriales-Villa R, Basso C et al.
2023 ESC guidelines for the management of cardiomyopathies. Eur H | 2023;44:
3503-626.

Kumar S, Barbhaiya C, Nagashima K, Choi EK, Epstein LM, John RM et al. Ventricular
tachycardia in cardiac sarcoidosis: characterization of ventricular substrate and out-
comes of catheter ablation. Circ Arrhythm Electrophysiol 2015;8:87-93.

Al-Khatib SM, Stevenson WG, Ackerman M), Bryant W), Callans D}, Curtis AB et al.
2017 AHA/ACC/HRS guideline for management of patients with ventricular arrhyth-
mias and the prevention of sudden cardiac death: executive summary: a report of the
American College of Cardiology/American Heart Association Task Force on Clinical
Practice Guidelines and the Heart Rhythm Society. Circulation 2017;138:¢210-71.

A joint procedural position statement on imaging in cardiac sarcoidosis: from the
Cardiovascular and Inflammation & Infection Committees of the European
Association of Nuclear Medicine, the European Association of Cardiovascular
Imaging, and the American Society of Nuclear Cardiology. Eur Heart | Cardiovasc
Imaging 2017;18:1073-89.

Garcia FC, Bazan V, Zado ES, Ren JF, Marchlinski FE. Epicardial substrate and outcome
with epicardial ablation of ventricular tachycardia in arrhythmogenic right ventricular
cardiomyopathy/dysplasia. Circulation 2009;120:366-75.

Bogun FM, Desjardins B, Good E, Gupta S, Crawford T, Oral H et al
Delayed-enhanced magnetic resonance imaging in nonischemic cardiomyopathy: utility
for identifying the ventricular arrhythmia substrate. | Am Coll Cardiol 2009;53:1138-45.
DiMarco A, Brown PF, Bradley ], Nucifora G, Claver E, de Frutos F et al. Improved risk
stratification for ventricular arrhythmias and sudden death in patients with nonis-
chemic dilated cardiomyopathy. | Am Coll Cardiol 2021;77:2890-905.

Leonardi S, Raineri C, De Ferrari GM, Ghio S, Scelsi L, Pasotti M et al. Usefulness of
cardiac magnetic resonance in assessing the risk of ventricular arrhythmias and sudden
death in patients with hypertrophic cardiomyopathy. Eur Heart | 2009;30:2003—-10.
Aitken M, Davidson M, Chan MV, Urzua Fresno C, Vasquez LI, Huo YR et dl.
Prognostic value of cardiac MRl and FDG PET in cardiac sarcoidosis: a systematic re-
view and meta-analysis. Radiology 2023;307:222483.

Torri F, Czimbalmos C, Bertagnolli L, Oebel S, Bollmann A, Paetsch | et al. Agreement
between gadolinium-enhanced cardiac magnetic resonance and electro-anatomical
maps in patients with non-ischaemic dilated cardiomyopathy and ventricular arrhyth-
mias. Europace 2019;21:1392-9.

Shanbhag SM, Greve AM, Aspelund T, Schelbert EB, Cao JJ, Danielsen R et al.
Prevalence and prognosis of ischaemic and non-ischaemic myocardial fibrosis in older
adults. Eur Heart | 2019;40:529-38.

Zghaib T, Ipek EG, Hansford R, Ashikaga H, Berger RD, Marine JE et al. Standard ab-
lation versus magnetic resonance imaging-guided ablation in the treatment of ventricu-
lar tachycardia. Circ Arrhythm Electrophysiol 2018;11:¢005973.

Piers SR, Leong DP, van Huls van Taxis CF, Tayyebi M, Trines SA, Pijnappels DA et al.
Outcome of ventricular tachycardia ablation in patients with nonischemic cardiomy-
opathy: the impact of noninducibility. Circ Arrhythm Electrophysiol 2013;6:513-21.
Njeim M, Yokokawa M, Frank L, Crawford T, Good E, Morady F et al. Value of cardiac
magnetic resonance imaging in patients with failed ablation procedures for ventricular
tachycardia. | Cardiovasc Electrophysiol 2016;27:183-9.

Ghannam M, Siontis KC, Kim HM, Cochet H, Jais P, Juhoor M et al. Stepwise approach
for ventricular tachycardia ablation in patients with predominantly intramural scar.
JACC Clin Electrophysiol 2020;6:448-60.



26

T. Deneke et al.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Andreu D, Ortiz-Pérez T, Boussy T, Fernandez-Armenta J, de Caralt TM, Perea R|
et al. Usefulness of contrast-enhanced cardiac magnetic resonance in identifying the
ventricular arrhythmia substrate and the approach needed for ablation. Eur Heart |
2014;35:1316-26.

Njeim M, Desjardins B, Bogun F. Multimodality imaging for guiding EP ablation proce-
dures. JACC Cardiovasc Imaging 2016;9:873-86.

Glashan CA, Androulakis AFA, Tao Q, Glashan RN, Wisse LJ, Ebert M et al. Whole
human heart histology to validate electroanatomical voltage mapping in patients
with non-ischaemic cardiomyopathy and ventricular tachycardia. Eur Heart | 2018;
39:2867-75.

Pontone G, Rossi A, Guglielmo M, Dweck MR, Gaemperli O, Nieman K et al. Clinical
applications of cardiac computed tomography: a consensus paper of the European
Association of Cardiovascular Imaging—part Il. Eur Heart | Cardiovasc Imaging 2022;
23:e136-61.

Pontone G, Rossi A, Guglielmo M, Dweck MR, Gaemperli O, Nieman K et al. Clinical
applications of cardiac computed tomography: a consensus paper of the European
Association of Cardiovascular Imaging—part |. Eur Heart | Cardiovasc Imaging 2022;
23:299-314.

Santangeli P, Hamilton-Craig C, Dello Russo A, Pieroni M, Casella M, Pelargonio G
et al. Imaging of scar in patients with ventricular arrhythmias of right ventricular origin:
cardiac magnetic resonance versus
Electrophysiol 2011;22:1359-66.

Xie S, Desjardins B, Kubala M, Liang J, Yang ], van der Geest R| et al. Association of re-
gional epicardial right ventricular electrogram voltage amplitude and late gadolinium

electroanatomic  mapping. | Cardiovasc

enhancement distribution on cardiac magnetic resonance in patients with arrhythmo-
genic right ventricular cardiomyopathy: implications for ventricular tachycardia abla-
tion. Heart Rhythm 2018;15:987-93.

Zghaib T, Ghasabeh MA, Assis FR, Chrispin J, Keramati A, Misra S et al. Regional strain
by cardiac magnetic resonance imaging improves detection of right ventricular scar
compared with late gadolinium enhancement on a multimodality scar evaluation in pa-
tients with arrhythmogenic right ventricular cardiomyopathy. Circ Cardiovasc Imaging
2018;11:e007546.

Cochet H, Denis A, Komatsu Y, Jadidi AS, Ait Ali T, Sacher F et al. Automated quan-
tification of right ventricular fat at contrast-enhanced cardiac multidetector CT in ar-
rhythmogenic right ventricular cardiomyopathy. Radiology 2015;275:683-91.

Berte B, Denis A, Amraoui S, Yamashita S, Komatsu Y, Pillois X et al. Characterization
of the left-sided substrate in arrhythmogenic right ventricular cardiomyopathy. Circ
Arrhythm Electrophysiol 2015;8:1403—12.

Komatsu Y, Jadidi A, Sacher F, Denis A, Daly M, Derval N et al. Relationship between
MDCT-imaged myocardial fat and ventricular tachycardia substrate in arrhythmogenic
right ventricular cardiomyopathy. | Am Heart Assoc 2014;3:e000935.

Francone M, Carbone |, Danti M, Lanciotti K, Cavacece M, Mirabelli F et al. ECG-gated
multi-detector row spiral CT in the assessment of myocardial infarction: correlation
with non-invasive angiographic findings. Eur Radiol 2006;16:15-24.

Zeng H, Zhang MC, He YQ, Liu L, Tong YL, Yang P. Application of spectral computed
tomography dual-substance separation technology for diagnosing left ventricular
thrombus. J Int Med Res 2016;44:54—66.

Marwan M, Koenig S, Schreiber K, Ammon F, Goeller M, Bittner D et al. Quantification
of epicardial adipose tissue by cardiac CT: influence of acquisition parameters and con-
trast enhancement. Eur | Radiol 2019;121:108732.

Wang Y/, Liu L, Zhang MC, Sun H, Zeng H, Yang P. Imaging of pericardiophrenic bun-
dles using multislice spiral computed tomography for phrenic nerve anatomy.
J Cardiovasc Electrophysiol 2016;27:961-71.

Nacif MS, Kawel N, Lee J], Chen X, Yao |, Zavodni A et al. Interstitial myocardial fibrosis
assessed as extracellular volume fraction with low-radiation-dose cardiac CT.
Radiology 2012;264:876-83.

Bandula S, White SK, Flett AS, Lawrence D, Pugliese F, Ashworth MT et al.
Measurement of myocardial extracellular volume fraction by using equilibrium
contrast-enhanced CT: validation against histologic findings. Radiology 2013;269:
396-403.

Kim D, Gilson WD, Kramer CM, Epstein FH. Myocardial tissue tracking with two-
dimensional cine displacement-encoded MR imaging: development and initial evalu-
ation. Radiology 2004;230:862—71.

McCrohon JA, Moon JC, Prasad SK, McKenna W], Lorenz CH, Coats AJ et al.
Differentiation of heart failure related to dilated cardiomyopathy and coronary artery
disease using gadolinium-enhanced cardiovascular magnetic resonance. Circulation
2003;108:54-9.

Tandri H, Macedo R, Calkins H, Marcus F, Cannom D, Scheinman M et al. Role of mag-
netic resonance imaging in arrhythmogenic right ventricular dysplasia: insights from the
North American arrhythmogenic right ventricular dysplasia (ARVD/C) study. Am
Heart | 2008;155:147-53.

Soler R, Rodriguez E, Monserrat L, Méndez C, Martinez C. Magnetic resonance imaging
of delayed enhancement in hypertrophic cardiomyopathy: relationship with left ven-
tricular perfusion and contractile function. | Comput Assist Tomogr 2006;30:412-20.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Tilz RR, Schmidt V, Pirerfellner H, Maury P, Chun K, Martinek M et al. A worldwide
survey on incidence, management, and prognosis of oesophageal fistula formation fol-
lowing atrial fibrillation catheter ablation: the POTTER-AF study. Eur Heart | 2023;44:
2458-69.

Dagres N, Kottkamp H, Piorkowski C, Doll N, Mohr F, Horlitz M et al. Rapid detection
and successful treatment of esophageal perforation after radiofrequency ablation of
atrial fibrillation: lessons from five cases. | Cardiovasc Electrophysiol 2006;17:1213-5.
Chavez P, Messerli FH, Casso Dominguez A, Aziz EF, Sichrovsky T, Garcia D et al.
Atrioesophageal fistula following ablation procedures for atrial fibrillation: systematic
review of case reports. Open Heart 2015;2:e000257.

Calkins H, Hindricks G, Cappato R, Kim YH, Saad EB, Aguinaga L et al. 2017 HRS/
EHRA/ECAS/APHRS/SOLAECE expert consensus statement on catheter and surgical
ablation of atrial fibrillation. Europace 2018;20:e1-160.

Han HC, Ha FJ, Sanders P, Spencer R, Teh AW, O’Donnell D et al. Atrioesophageal
Fistula: clinical presentation, procedural characteristics, diagnostic investigations, and
treatment outcomes. Circ Arrhythm Electrophysiol 2017;10:€005579.

Barbhaiya CR, Kumar S, John RM, Tedrow UB, Koplan BA, Epstein LM et al. Global sur-
vey of esophageal and gastric injury in atrial fibrillation ablation: incidence, time to pres-
entation, and outcomes. | Am Coll Cardiol 2015;65:1377-8.

Eitel C, Rolf S, Zachdus M, John S, Sommer P, Bollmann A et al. Successful nonsurgical
treatment of esophagopericardial fistulas after atrial fibrillation catheter ablation: a
case series. Circ Arrhythm Electrophysiol 2013;6:675-81.

Baher A, Kheirkhahan M, Rechenmacher S}, Marashly Q, Kholmovski EG, Siebermair |
et al. High-power radiofrequency catheter ablation of atrial fibrillation: using late gado-
linium enhancement magnetic resonance imaging as a novel Index of esophageal injury.
JACC Clin Electrophysiol 2018;4:1583-94.

Badger TJ, Oakes RS, Daccarett M, Burgon NS, Akoum N, Fish EN et al. Temporal left
atrial lesion formation after ablation of atrial fibrillation. Heart Rhythm 2009;6:161-8.
Halbfass P, Lehmkuhl L, Foldyna B, Berkovitz A, Sonne K, Nentwich K et al. Correlation
of magnetic resonance imaging and post-ablation endoscopy to detect oesophageal
thermal injury in patients after atrial fibrillation ablation: MRI-EDEL-study. Europace
2020;22:1009-16.

Fender EA, Widmer R}, Hodge DO, Cooper GM, Monahan KH, Peterson LA et al.
Severe pulmonary vein stenosis resulting from ablation for atrial fibrillation: presenta-
tion, management, and clinical outcomes. Circulation 2016;134:1812-21.

Burgstahler C, Trabold T, Kuettner A, Kopp AF, Mewis C, Kuehlkamp V et al.
Visualization of pulmonary vein stenosis after radio frequency ablation using multi-slice
computed tomography: initial clinical experience in 33 patients. Int | Cardiol 2005;102:
287-91.

Purerfellner H, Cihal R, Aichinger ], Martinek M, Nesser H). Pulmonary vein stenosis by
ostial irrigated-tip ablation: incidence, time course, and prediction. | Cardiovasc
Electrophysiol 2003;14:158—64.

Dong J, Vasamreddy CR, Jayam V, Dalal D, Dickfeld T, Eldadah Z et al. Incidence and
predictors of pulmonary vein stenosis following catheter ablation of atrial fibrillation
using the anatomic pulmonary vein ablation approach: results from paired magnetic
resonance imaging. | Cardiovasc Electrophysiol 2005;16:845-52.

Raeisi-Giglou P, Wazni OM, Saliba WI, Barakat A, Tarakji KG, Rickard | et al. Outcomes
and management of patients with severe pulmonary vein stenosis from prior atrial fib-
rillation ablation. Circ Arrhythm Electrophysiol 2018;11:€006001.

Packer DL, Keelan P, Munger TM, Breen JF, Asirvatham S, Peterson LA et al. Clinical
presentation, investigation, and management of pulmonary vein stenosis complicating
ablation for atrial fibrillation. Circulation 2005;111:546-54.

Saad EB, Rossillo A, Saad CP, Martin DO, Bhargava M, Erciyes D et al. Pulmonary vein
stenosis after radiofrequency ablation of atrial fibrillation: functional characterization,
evolution, and influence of the ablation strategy. Circulation 2003;108:3102-7.

Kato R, Lickfett L, Meininger G, Dickfeld T, Wu R, Juang G et al. Pulmonary vein anat-
omy in patients undergoing catheter ablation of atrial fibrillation: lessons learned by use
of magnetic resonance imaging. Circulation 2003;107:2004—-10.

Fender EA, Widmer RJ, Hodge DO, Packer DL, Holmes DR Jr. Assessment and man-
agement of pulmonary vein occlusion after atrial fibrillation ablation. JACC Cardiovasc
Interv 2018;11:1633-9.

Deshmukh A, Patel NJ, Pant S, Shah N, Chothani A, Mehta K et al. In-hospital compli-
cations associated with catheter ablation of atrial fibrillation in the United States be-
tween 2000 and 2010: analysis of 93 801 procedures. Circulation 2013;128:2104-12.
Santangeli P, Di Biase L, Horton R, Burkhardt |D, Sanchez ], Al-Ahmad A et al. Ablation
of atrial fibrillation under therapeutic warfarin reduces periprocedural complications:
evidence from a meta-analysis. Circ Arrhythm Electrophysiol 2012;5:302—11.
Ogunbayo GO, Charnigo R, Darrat Y, Shah J, Patel R, Suffredini ] et al. Comparison of
complications of catheter ablation for ventricular arrhythmias in adults with versus
without structural heart disease. Am | Cardiol 2018;122:1345-51.

TungR, Vaseghi M, Frankel DS, Vergara P, Di Biase L, Nagashima K et al. Freedom from
recurrent ventricular tachycardia after catheter ablation is associated with improved
survival in patients with structural heart disease: an International VT Ablation
Center Collaborative Group study. Heart Rhythm 2015;12:1997-2007.



Pre- and post-procedural cardiac imaging (CT and MRI) in electrophysiology

27

168.

169.

170.

171.

172.

173.

174.

175.

176.

Kosiuk J, Kornej J, Bollmann A, Piorkowski C, Myrda K, Arya A et al. Early cerebral
thromboembolic complications after radiofrequency catheter ablation of atrial fibrilla-
tion: incidence, characteristics, and risk factors. Heart Rhythm 2014;11:1934-40.
Whitman IR, Gladstone RA, Badhwar N, Hsia HH, Lee BK, Josephson SA et al. Brain
emboli after left ventricular endocardial ablation. Circulation 2017;135:867-77.

Gaita F, Caponi D, Pianelli M, Scaglione M, Toso E, Cesarani F et al. Radiofrequency
catheter ablation of atrial fibrillation: a cause of silent thromboembolism? Magnetic
resonance imaging assessment of cerebral thromboembolism in patients undergoing
ablation of atrial fibrillation. Circulation 2010;122:1667-73.

Herrera Siklédy C, Deneke T, Hocini M, Lehrmann H, Shin DI, Miyazaki S et al.
Incidence of asymptomatic intracranial embolic events after pulmonary vein isolation:
comparison of different atrial fibrillation ablation technologies in a multicenter study.
J Am Coll Cardiol 2011;58:681-8.

Verma A, Debruyne P, Nardi S, Deneke T, DeGreef Y, Spitzer S et al. Evaluation and
reduction of asymptomatic cerebral embolism in ablation of atrial fibrillation, but high
prevalence of chronic silent infarction: results of the evaluation of reduction of asymp-
tomatic cerebral embolism trial. Circ Arrhythm Electrophysiol 2013;6:835—42.

Deneke T, Jais P, Scaglione M, Schmitt R, Biase L DI, Christopoulos G et al. Silent cere-
bral events/lesions related to atrial fibrillation ablation: a clinical review. | Cardiovasc
Electrophysiol 2015;26:455-63.

von Bary C, Deneke T, Arentz T, Schade A, Lehrmann H, Eissnert C et al. Silent cere-
bral events as a result of left atrial catheter ablation do not cause neuropsychological
sequelae—a MRI-controlled multicenter study. | Interv Card Electrophysiol 2015;43:
217-26.

De Greef Y, Dekker L, Boersma L, Murray S, Wieczorek M, Spitzer SG et al. Low rate
of asymptomatic cerebral embolism and improved procedural efficiency with the no-
vel pulmonary vein ablation catheter GOLD: results of the PRECISION GOLD trial.
Europace 2016;18:687-95.

Kege F, Bruggemans EF, de Riva M, Alizadeh Dehnavi R, Wijnmaalen AP, Meulman T]
et al. Incidence and clinical significance of cerebral embolism during atrial fibrillation ab-
lation with duty-cycled phased-radiofrequency versus cooled-radiofrequency: a ran-
domized controlled trial. JACC Clin Electrophysiol 2019;5:318-26.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Anselmino M, Matta M, Saglietto A, Calo L, Giustetto C, Scaglione M et al. Transseptal
or retrograde approach for transcatheter ablation of left sided accessory pathways: a
systematic review and meta-analysis. Int | Cardiol 2018;272:202—7.

Bohnen M, Stevenson WG, Tedrow UB, Michaud GF, John RM, Epstein LM et al.
Incidence and predictors of major complications from contemporary catheter ablation
to treat cardiac arrhythmias. Heart Rhythm 2011;8:1661-6.

Tonolini M, lerardi AM, Carrafiello G, Lagana D. Multidetector CT of iatrogenic and
self-inflicted vascular lesions and infections at the groin. Insights Imaging 2018;9:
631-42.

Kupo P, Pap R, Saghy L, Tenyi D, Balint A, Debreceni D et al. Ultrasound guidance for
femoral venous access in electrophysiology procedures—systematic review and
meta-analysis. | Interv Card Electrophysiol 2019;59:407-14.

Wang TKM, Wang MTM, Martin A. Meta-analysis of ultrasound-guided vs convention-
al vascular access for cardiac electrophysiology procedures. | Arrhythm 2019;35:
858-62.

Ishikawa E, Miyazaki S, Mukai M, Aoyama D, Nodera M, Hasegawa K et al. Femoral vas-
cular complications after catheter ablation in the current era: the utility of computed
tomography imaging. | Cardiovasc Electrophysiol 2020;31:1385-93.

Aryana A. Tung R, d’Avila A. Percutaneous epicardial approach to catheter ablation of
cardiac arrhythmias. JACC Clin Electrophysiol 2020;6:1-20.

Romero ], Cerrud-Rodriguez RC, Di Biase L, Diaz JC, Alviz |, Grupposo V et al.
Combined endocardial-epicardial versus endocardial catheter ablation alone for ven-
tricular tachycardia in structural heart disease: a systematic review and meta-analysis.
JACC Clin Electrophysiol 2019;5:13-24.

Subramanian M, Ravilla VV, Yalagudri S, Saggu DK, Rangaswamy VV, d’Avila A et al.
CT-guided percutaneous epicardial access for ventricular tachycardia ablation: a
proof-of-concept study. | Cardiovasc Electrophysiol 2021;32:2665-72.

Mathew S, Feickert S, Fink T, Rillig A, Reissmann B, Rottner L et al. Epicardial access for
VT ablation: analysis of two different puncture techniques, incidence of adhesions and
complication management. Clin Res Cardiol 2021;110:810-21.

Paetsch I, Sommer P, Jahnke C, Hilbert S, Loebe S, Schoene K et al. Clinical workflow
and applicability of electrophysiological cardiovascular magnetic resonance-guided
radiofrequency ablation of isthmus-dependent atrial flutter. Eur Heart | Cardiovasc
Imaging 2019;20:147-56.



	Pre- and post-procedural cardiac imaging (computed tomography and magnetic resonance imaging) in electrophysiology: a clinical consensus statement of the European Heart Rhythm Association and European Association of Cardiovascular Imaging of the European Society of Cardiology
	1. Introduction
	2. Basic concepts of computed tomography and magnetic resonance imaging
	2.1. Cardiac computed tomography
	2.1.1. Tissue imaging
	2.1.2. Post-procedural lesion imaging

	2.2. Cardiac magnetic resonance
	2.2.1. Tissue imaging
	2.2.1.1. Specific consideration of cardiac magnetic resonance sequences
	2.2.1.1.1. T1-weighted imaging
	2.2.1.1.2. T2-weighted imaging
	2.2.1.1.3. Extracellular volume
	2.2.1.1.4. First-pass gadolinium perfusion imaging
	2.2.1.1.5. Late gadolinium enhancement imaging


	2.2.2. Lesion imaging

	2.3. Workflow of image integration

	3. Magnetic resonance imaging in active device patients
	3.1. Safety
	3.2. Image quality

	4. Computed tomography and magnetic resonance imaging for atrial fibrillation ablation
	4.1. Pre-procedural imaging
	4.2. Association between imaging and AF ablation outcomes
	4.3. Intraprocedural image integration: role of CCT and CMR to aid/guide AF ablation procedures
	4.4. Left atrial and left atrial appendage fibrosis detection
	4.5. Optimal computed tomography imaging modalities for patients with atrial fibrillation
	4.6. Optimal cardiac magnetic resonance imaging modalities for patients with atrial fibrillation
	4.7. Important considerations for the use of cardiac computed tomography and cardiac magnetic resonance in patients with atrial fibrillation and procedures

	5. Computed tomography/magnetic resonance for ventricular tachycardia procedures
	5.1. Role of cardiac computed tomography and magnetic resonance imaging in ventricular tachycardia ablation
	5.1.1. General recommendations
	5.1.2. Epicardial mapping and ablation

	5.2. Post-myocardial infarction cardiomyopathy ventricular tachycardia ablation
	5.2.1. Scar detection
	5.2.2. Real-time integration of imaging-derived scar
	5.2.3. Cardiac imaging of ventricular tachycardia channels

	5.3. Non-ischaemic cardiomyopathy ventricular tachycardia ablation
	5.3.1. Pre-procedural imaging/planning
	5.3.2. Real-time integration of imaging-derived scar
	5.3.3. Cardiac imaging for substrate-based ablation

	5.4. Arrhythmogenic right ventricular cardiomyopathy ventricular tachycardia ablation
	5.4.1. Pre-procedural planning
	5.4.2. Real-time integration of imaging-derived fibrofatty areas

	5.5. Optimal computed tomography imaging modalities for patients with ventricular tachycardia
	5.6. Optimal cardiac magnetic resonance imaging modalities for patients with ventricular tachycardia
	5.7. Important considerations for the use of cardiac computed tomography and cardiac magnetic resonance in ischaemic ventricular tachycardia ablation procedures
	5.8. Important considerations for the use of cardiac computed tomography and cardiac magnetic resonance in non-ischaemic ventricular tachycardia ablation procedures

	6. Imaging for detection of ablation-related complications
	6.1. Oesophageal perforation after atrial fibrillation ablation
	6.2. Important considerations for the use of computed tomography and magnetic resonance in the diagnosis and management of oesophageal perforation
	6.3. Pulmonary vein stenosis after atrial fibrillation ablation
	6.4. Important considerations for the use of computed tomography and magnetic resonance in the diagnosis and management of pulmonary vein stenosis
	6.5. Neurological complications (stroke, Transient Ischemic Attack, and silent cerebral event/silent cerebral lesion) after ablation procedures
	6.6. Important considerations for the use of computed tomography and magnetic resonance in the diagnosis and management of neurological complications
	6.7. Complications related to vascular access
	6.8. Complications related to epicardial access
	6.9. Important considerations for the use of computed tomography and magnetic resonance in the diagnosis and management of vascular and epicardial access complications

	7. Future aspects, studies, and concepts
	Acknowledgements
	Data availability
	References




