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Abstract
Purpose of review  Ventricular arrhythmias, including ventricular tachycardia (VT), ventricu-
lar fibrillation (VF), and premature ventricular complexes (PVCs), may occur in structur-
ally normal hearts and in the context of structural heart disease. In those patients with 
recurrent arrhythmias despite medical therapy, catheter ablation may be considered. To 
successfully suppress ventricular arrhythmias, an understanding of the substrate for the 
arrhythmias is crucial. 
Recent findings  Advances in cross-sectional imaging used prior to VT ablation permit 
accurate localisation of fibrosis that represents the substrate for VT, allowing an operator 
to focus the electrophysiologic assessment during a procedure and effectively target all 
relevant parts of the substrate. In addition, the use of imaging during a procedure allows 
registration of pre-procedural cross-sectional imaging as well as real-time substrate assess-
ment and allows the operator to visualise tissue-catheter contact for the most effective 
lesion delivery.
Summary  In this review, the role of pre-procedural cardiac computed tomographic (CCT) 
imaging and cardiovascular magnetic resonance (CMR) imaging and the peri-procedural 
use of intra-cardiac echocardiography (ICE) are discussed.
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Opinion statement

Ventricular arrhythmias may occur in structurally normal 
hearts or those with structural abnormalities which may 
range from minor abnormalities to advanced cardiomy-
opathies. Fibrotic change within the heart is the most 
common structural abnormality that is associated with 
ventricular arrhythmias. Where fibrosis is identified, it 
may be distributed in any pattern. Ventricular structures 
also demonstrate significant variability from cavity shape 
and size to the location and distribution of intra-cavity 
structures. These considerations represent challenges 
when attempting to localise the source of VT, navigate 
to that source, and effectively deliver treatment. Contem-
porary cross-sectional imaging permits the detailed pre-
procedural characterisation of both the structure of the 
ventricles and the distribution of fibrosis, allowing elec-
trophysiologists to approach ablation procedures with 
a greater than ever understanding of the anatomic sub-
strate for the arrhythmia. Pre-procedural understanding 
of the substrate should permit the operator to carefully 

plan chamber access, likely targets, and ablation energies 
effectively. The effective combination of pre-procedural 
and peri-procedural information allows the operator to 
leverage detailed substrate information from scar imag-
ing in the same image space as the electrophysiologic 
information. This provides the operator with real-time 
insight into the structure of the tissue being assessed and 
treated. In addition, it develops the operator’s under-
standing of the relationship between the structural and 
electrophysiologic data, important for both treating 
individual patients and also advancing our understand-
ing of this relationship in a broader sense. With these 
considerations in mind, the use of high-fidelity pre- and 
peri-procedural cardiac imaging is an invaluable tool in 
the advancement of treatment of ventricular arrhythmias, 
and the expanded use of these imaging tools will contrib-
ute to the development of understanding the complex 
interaction between substrate and arrhythmia.

Introduction

Sudden cardiac death (SCD) accounts for approximately half of all cardio-
vascular deaths worldwide, of which a significant proportion is secondary to 
malignant ventricular arrhythmias (VA) [1]. VA including premature ventricu-
lar complexes (PVC), ventricular tachycardia (VT), and ventricular fibrillation 
(VF) most often occur in the setting of structural heart disease (SHD) but can 
also occur in structurally normal hearts. Patients resuscitated from SCD and 
those considered at high risk of it may be offered implantable cardioverter-
defibrillators (ICDs) [2], and in those who experience recurrent ICD thera-
pies despite the use of anti-arrhythmic drugs, catheter ablation (CA) may 
be considered. Prior to undertaking interventional procedures to target VA, 
it is valuable to gather as much diagnostic information about the substrate 
as possible, as this may inform the ablation strategy, access considerations, 
and pre-procedural counselling. A wide variety of imaging techniques are 
available pre-procedurally to identify the presence of SHD and, in the case of 
structurally abnormal hearts, to identify the location of myocardial fibrosis, 
which represents the tissue substrate for the majority of VA. Making full use of 
the value of pre-procedural imaging allows an operator to plan a procedural 
approach best suited to the location and extent of any substrate identified. 
With the emergence of non-invasive ablation modalities, including cardiac 
stereotactic body radiation (cSBRT) therapy, where it may be necessary to 
plan therapy without the benefit of invasive electrophysiologic information, 
substrate delineation is of critical importance. In this review, the indications, 
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benefits, and limitations of cardiovascular magnetic resonance (CMR), car-
diac computed tomographic (CCT), and intra-cardiac echocardiography (ICE) 
will be discussed with specific reference to their application as pre- and peri-
procedural imaging modalities.

Cardiovascular magnetic resonance

Ventricular CMR imaging is the reference standard non-invasive technique for 
assessment of cardiac chamber volumes, systolic function, and tissue char-
acterisation. Late-gadolinium enhancement (LGE)-CMR is the most widely 
used tissue characterisation application for ventricular myocardium and has a 
central role in the identification of myocardial scar [3]. CMR does not expose 
the patient to ionising radiation or iodine-based contrast agents. In a canine 
model of myocardial infarction, when compared against a nuclear viability 
tracer, a gadolinium-based contrast agent (GBCA) accumulated in non-viable 
areas of infarcted myocardium when assessed using ex vivo CMR [4]. In vivo, 
LGE-CMR in rat [5], rabbit [6], and canine [7] models have also validated the 
use of LGE-CMR to identify regions corresponding to histological scar tissue. 
LGE-CMR has been assessed using ultra-high resolution ex vivo imaging, 
which demonstrates that GBCA localise to post-myocardial infarction (MI) 
scar at a near cellular level [8]. The utility of LGE-CMR in the identification of 
myocardial scar has also been comprehensively demonstrated in clinical use, 
where it can satisfactorily distinguish viable and non-viable myocardium [9, 
10], and has become widely used to guide revascularization decisions [11].

Pre-procedural imaging prior to VT ablation offers a range of benefits 
including prognostic information [12], diagnostic refinement in patients with 
VA [13], localisation of substrate to guide procedural access [14], identifica-
tion of global markers of susceptibility to arrhythmia [15, 16], and the ability 
to identify specific regions harbouring arrhythmogenic features that can be 
targeted for ablation [17].

The presence of ventricular scar identified using LGE-CMR is associated 
with an increased risk of SCD, recurrent VT, and appropriate ICD discharge in 
patients with impaired LV systolic function, regardless of aetiology [12, 18]. 
LGE-CMR accurately identifies fibrosis in both ischaemic and non-ischaemic 
cardiomyopathies, and the distribution of scar may be diagnostic for disease 
process [19].

In addition to providing information about the overall susceptibility to 
arrhythmias, CMR has been applied to compare local tissue characteristics 
and specific components of electrophysiologically defined re-entrant VT cir-
cuits. Critical isthmus sites are typically found close (< 5 mm) to areas of 
LGE-CMR defined scar of > 75% transmurality and to the transition between 
heterogeneous tissue (HT) and dense scar (defined according to 35% and 
50% of maximum signal intensity, respectively) [20]. Other reports have 
localised critical sites of the VT circuit (defined as entrance, central, and exit) 
to areas of > 25% transmurality and central isthmus sites to areas of > 75% 
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transmurality on LGE-CMR as well as having localised isthmus sites to areas 
of decreased wall thickness [17]. Higher resolution LGE-CMR has been 
reported to demonstrate the close correspondence between areas of HT on 
LGE-CMR and conducting channels identified on electro-anatomic mapping 
(EAM) [21].

The identification of ‘conducting channels’ (CC) from LGE-CMR as an 
adjunct to VT ablation has been pioneered in Barcelona [22]. The approach 
involves the classification of myocardial tissue as a scar, heterogeneous 
tissue (HT), or non-scar by application of a variable signal-intensity (SI) 
threshold algorithm (60 ± 5/40 ± 5% of total SI window within the image) 
to identify dense scar and HT, respectively. Regions of preserved viability 
are then filtered according to their relationship to other regions of pre-
served viability to identify areas of non-transmural scar, which harbour 
anatomic connections between healthy tissue. On a segmental basis, such 
an approach has not only successfully identified up to 80% of intermedi-
ate voltage-defined [22] conducting channels [22] and 74% of VT isthmus 
locations [21], but its implementation into a clinical programme of VT 
ablation (as an adjunct to electrophysiologically guided ablation rather 
than as the primary guide to delivery of ablation therapy) facilitated the 
delivery of less RF while improving procedural and medium term end-
points following VT ablation [23]. By separation of the myocardial wall 
into discrete layers (10–25%, 25–50%, 50–75%, and 75–90%), the intra-
mural location of the conducting channels has been defined, which has 
contributed information about the location within the myocardial wall 
of the structural substrate responsible for clinical post-MI VT [21]. Taking 
non-transmural scar/HT as the marker for arrhythmogenic tissue, the imag-
ing acquired in this experiment identified that more than 80% of diastolic 
isthmus locations were situated in regions of non-transmural scar/HT on 
a point-by-point basis.

While CMR is the reference standard for scar imaging in the ventricle, 
the diagnostic utility is often limited by the presence of cardiac implant-
able electrical devices (CIED), which the majority of patients undergoing VT 
ablation have in situ. While the safety concerns regarding CMR imaging of 
patients with CIEDs have been largely overcome with the use of particular 
protocols and empiric evidence of the safety of acquiring such imaging [24, 
25], as well as the emergence of CIEDs designed with consideration of the 
MR environment [26], the artefact caused by the presence of devices con-
tinues to represent a barrier to comprehensive diagnostic ventricular imag-
ing in some patients. These considerations motivated the development of 
dedicated ‘wide-band’ CMR techniques, which are specifically designed to 
minimise the artefact caused by the presence of CIEDs [27]. These techniques 
have improved the ability of CMR imaging to provide diagnostic information 
regarding ventricular fibrosis in patients with CIED, and the utility of such 
imaging in identifying the electrophysiologically relevant substrate has been 
demonstrated (Fig. 1) [28]. An example of a 3D model derived from 3D LGE-
CMR indicating scar transmurality is shown in Fig. 2.
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LGE-CMR is the reference standard modality for ventricular tissue characterisa-
tion and has been shown to be a valuable tool for guiding VT ablation procedures. 
The image quality is  vulnerable to artefact in the near-ubiquitous presence of 
CIED in the population of patients undergoing VT ablation in the context of SHD 
(Fig. 1D). To some extent, this limitation may be overcome through the use of 
wide-band inversion pulses, increased receiver bandwidth, and the use of spoiled 
gradient echo rather than balanced steady-state precession sequences to reduce 
this artefact. Further experience with these sequences and increased availability 
of this technology may allow the benefit of LGE-CMR to be extended further in 
the future.

Fig. 1   In vivo late gadolinium enhancement (LGE) cardiovascular magnetic resonance (CMR) imaging. A–C Short (A) and 
long (B/C) axis views of 3D LGE-CMR showing heterogeneity within scar tissue including areas of sub-endocardial, mid-
myocardial, and sub-epicardial preserved viability. There is no ICD present in this patient which facilitated artefact-free 
imaging. D 2D 4-chamber LGE-CMR in a patient with a subcutaneous ICD present. The mid to apical septum and lateral walls 
of the left ventricle are not diagnostically imaged due to artefact from the device. E Wide-band LGE-CMR from the same 
patient as panel demonstrating much-reduced artefact from device and permitting greater extent of diagnostic imaging. 
F–H 3D wide-band LGE CMR in the same patient as D/F demonstrating ring pattern epicardial to mid-wall fibrosis within 
minimal residual device-associated artefacts. Yellow, blue, and red lines indicate the multi-planar reconstruction planes in 
this imaging.
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Cardiac CT

Cardiac computed tomographic (CCT) imaging is a widely available tool that 
may provide structural information that is valuable when planning invasive 
ablation procedures [29]. CCT typically offers a higher spatial resolution 
in comparison to CMR and isotropic imaging, however, provides a lower 
contrast-to-noise ratio for soft-tissue differentiation, and exposes the patient 
to ionising radiation and potentially nephrotoxic iodine-based contrast 
agents [30]. CCT angiography may accurately delineate the course of the 
coronary vessels and identify coronary stenoses that may be a relevant trigger 
for arrhythmia, which when identified may prompt consideration of revascu-
larization as a strategy to control ventricular arrhythmia [31]. Furthermore, an 
appreciation of the coronary anatomy is crucial prior to epicardial procedures, 
and an epicardial access strategy may be directly planned following a review 
of extra-cardiac anatomy derived from CT [32]. CT imaging can be integrated 
into electro-anatomic mapping (EAM) systems to allow real-time apprecia-
tion of the anatomical relationships between critical cardiac and extra-cardiac 
structures to ablation targets [33, 34].

Fig. 2   A Short-axis late gadolinium enhancement-cardiovascular magnetic resonance (LGE-CMR) imaging at 4 short-axis 
levels indicating anteroseptal scar of heterogeneous transmurality. B 3D endocardial shell derived from 3D LGE-CMR imaging 
colour-coded according to scar transmurality. Planes indicate the level of CMR imaging from A.
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In addition to the coronary anatomy, advanced CCT techniques may also 
identify the location and extent of substrate amongst patients undergoing VT 
ablation in the context of SHD. Prior myocardial infarction is readily identi-
fied  as regions of wall thinning and regional wall motion abnormalities, 
which may be appreciated, along with accurate chamber volume and systolic 
function, with the use of full retrospective, ECG-gated CCT, which further 
complements the identification of scar (Fig. 3) [35]. In addition, infarcts 
may be appreciated as regions of hypoperfusion within the myocardium, 
identified as regions of reduced attenuation (quantified in the Hounsfield 
Units) compared to surrounding myocardium [36]. Furthermore, regions of 
fatty metaplasia and calcification within historic infarcts are readily appreci-
ated with CCT, which may differentiate these particular types of ventricular 
remodelling with greater sensitivity than CMR [37]. Wall thinning (typi-
cally assessed at 2 or 5-mm thresholds) has been shown to co-localise with 
regions of electrophysiologically defined substrate on EAM during invasive 
procedures (examples Fig. 3A, B) [38]. This may allow operators to focus 
electrophysiologic assessment on the regions of CCT identified scar and 
potentially reduce procedural duration. Furthermore, regions of preserved 

Fig. 3   Cardiac CT imaging and potential utility in VT ablation with corresponding electrophysiological assessment. A and 
B Cardiac CT imaging demonstrating wall thinning in the basal to mid-infero- and anterolateral and apical lateral walls. C 
Polar plot showing the distribution of hypoperfusion defined on CCT according to a 17-segment model as a binary mask 
with the colour red indicating areas segmented as demonstrating reduced perfusion and labelled as a scar. D Left anterior 
oblique (LAO) view of bipolar voltage map during RV pacing and demonstrating a large bipolar voltage deficit in the infe-
rolateral left ventricular endocardial wall. E Local activation time (LAT) map demonstrating late activation within bipolar 
deficit and corresponding late bipolar signals in this region. F Late potentials, representing electrophysiologic substrate for 
VT, identified on multi-polar mapping catheter at a position shown in E, within the region of imaging defined fibrosis (C) 
and low voltage region (D).
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tissue thickness  surrounded by thinned tissue, sensitively (although less spe-
cifically), identified isthmuses of conduction supporting post-infarction VT 
[39–41]. Wall thinning is a less sensitive parameter for identifying arrhythmo-
genic channels of conduction in non-ischemic cardiomyopathy (NICM) [42]. 
In this context, direct tissue characterisation using late-iodine enhancement 
(LIE) CCT imaging may be more helpful [43]. LIE CCT was developed from 
the same principle as LGE-CMR. Briefly, in the late phase following injection 
of iodine-based contrast media, contrast is distributed throughout the extra-
cellular space. Regions of fibrosis, in which there is an increased proportion 
of extra-cellular space within a given volume of tissue when compared to 
healthy tissue, will therefore contain more iodine per unit volume of tissue, 
resulting in differential photon-absorption behaviour, which can therefore be 
used to differentiate between tissue types. Regions of fibrosis therefore show 
greater enhancement than neighbouring healthy tissue. This has been shown 
to be useful in the identification of regions of fibrosis in both the ischemic 
[44, 45] and non-ischemic [46•] cardiomyopathies and again has the benefit 
of allowing the operator to carefully plan an ablation strategy to best access 
the substrate during the procedure (example Fig. 3C). In an attempt to more 
precisely and objectively characterise regions of fibrosis, techniques to quan-
titatively assess density of fibrosis have been developed, which estimate the 
extra-cellular tissue volume [47, 48]. This has the value of identifying the 
myocardial level (subendocardial, mid-myocardial, or sub-epicardial) of the 
substrate as well as the detection of diffuse fibrosis suggestive of generalised 
cardiomyopathic states, which will provide important prognostic information 
relevant to accurate pre-procedural counselling [49]. This strategy represents 
an important development, as a binary classification strategy labelling tissue 
as scar or healthy does not reflect the biological reality. In addition, the goal 
of quantitative measures of tissue composition will permit objective compari-
son between imaging techniques and their reproducibility. Future work will 
develop the experience of quantitative techniques of tissue characterisation 
and establish whether they bring additional value beyond standard LIE-CCT.

The precise localisation of myocardial substrate for VT with CCT has raised 
the possibility of using a purely image-guided VT ablation strategy, which 
would potentially widen access to VT ablation and increase procedural effi-
ciency. Such an approach is being assessed in an ongoing randomised con-
trolled trial [50].

CCT techniques continue to progress, and recent developments suggest 
the diagnostic utility of CCT for the assessment of substrate for ventricular 
arrhythmias will continue to increase. Advances in tissue characterisation 
may focus on the quantitative assessment of fibrosis through the assessment 
of ECV and the identification of epicardial adipose tissue and its relation-
ship to arrhythmogenic substrate [51] as well as novel strategies for tissue 
characterisation including tissue heterogeneity which has been assessed 
in arrhythmogenic right ventricular cardiomyopathy [52]. The use of posi-
tron emission tomography (PET) CT may play a role in the identification of 
arrhythmias secondary to cardiac inflammation which may be best suited 
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to management with anti-inflammatory medications as opposed to invasive 
ablation strategies [53•]. Photon-counting CT (PCCT) represents a technical 
advance in CT image acquisition, offering higher spatial resolution and better 
soft-tissue contrast, which may enable more precise tissue characterisation, 
as well as being less susceptible to blooming and beam-hardening artefact 
[54] which may be seen when imaging patients with ICD leads and areas of 
extensive calcification. In addition, PCCT may permit the use of novel con-
trast agents of particular relevance to patients with chronic kidney disease 
who cannot tolerate iodine-based contrast [55]. This imaging technique has 
now been used to acquire CCTA with encouraging results [56••]. Further 
studies will delineate the incremental benefit of higher-resolution imaging 
in defining the arrhythmogenic substrate in more detail. Finally, the detailed 
characterisation of arrhythmogenic substrate using CCT imaging represents 
an important research tool that has provided an independent method of tis-
sue characterisation used to interpret the utility of novel electrophysiologic 
parameters [38, 41, 52, 57]. This represents a crucial role for advanced imag-
ing modalities. Appreciation of the pathophysiologic differences between 
electrophysiologic substrate encountered in different disease processes has 
recently developed further [58]. As more data is collected about the specific 
characteristics of different disease processes, there is a crucial mutualistic 
relationship between clinical information, electrophysiologically observed 
parameters, and the structural substrate for which histological information is 
rarely available and therefore relies on non-invasive imaging to characterise.

Fig. 4   Intra-cardiac echocardiography during VT ablation. A An intra-cardiac echocardiography showing the inferolateral wall 
of the left ventricle (corresponding electro-anatomic map in B) in a patient undergoing ablation for ventricular tachycar-
dia occurring in the context of a mixed ischaemic and non-ischaemic cardiomyopathy. White arrows indicate sub-epicardial 
hyper-echoic areas consistent with a non-ischaemic scar that was also identified on cardiac magnetic resonance imaging. 
Green arrows indicate a sub-endocardial scar that was the result of an embolic myocardial infarction. The yellow star indi-
cates the ablation catheter. B Electro-anatomic map of the left ventricle with colour scale according to bipolar voltage show-
ing the inferolateral wall of the left ventricle. There is a relatively discrete bipolar voltage abnormality in the region of the 
sub-endocardial scar only, while the unipolar voltage abnormality extended more widely.
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Intra‑cardiac echocardiography

Intra-cardiac echocardiography (ICE) is a tool that allows real-time cardiac imag-
ing during a VT ablation procedure (Fig. 4). This has become an invaluable 
tool that has promoted the development of a clear understanding of anatomy 
relevant to contemporary electrophysiology procedures [59]. ICE may be used as 
a standalone tool with which to visualise cardiac (and extra-cardiac) structures 
or within the CartoSound module of the Carto3 (Biosense Webster, Diamond 
Bard, CA, USA) EAM system [60]. CartoSound permits the segmentation of 
structures in the same image space as the EAM data, which can provide both 
a 3D representation of the anatomic structures and their relationships as well 
as providing fiducial points which can be used to register pre-acquired cross-
sectional imaging. There may be particular value in the use of ICE and the 
CartoSound segmentation module in the context of uncommon anatomical 
variants, which may be frequently encountered in the context of congenital 
heart disease [60].

Within standard anatomic configurations, the value of ICE is most consist-
ently evident when treating arrhythmias arising from the outflow tracts [61] and 
intra-cavity structures, including the LV papillary muscles [62, 63] and the right 
ventricular papillary muscle-moderator band complex (PM-MB) [64, 65]. In the 
outflow tract, safety considerations relate to the proximity of the coronary arter-
ies to ablation targets. The ostia of the coronary arteries can be directly visualised 
with ICE and the proximity to an ablation target assessed. These structures may 
also be tagged or segmented in CartoSound such that their relationship to an 
ablation catheter or target can be demonstrated within the EAM system.

When arrhythmias arise from intra-cavity structures such as the papillary mus-
cles (PM) of the left ventricle or the right ventricular PM-MB complex, assess-
ment of contact with this structure may be greatly assisted by direct visualisation 
with ICE [65]. Common challenges encountered when ablating PM or MB-PM 
arrhythmias include achieving adequate contact and stability. This may be moni-
tored during RF application and in the event of difficulties prompt consideration 
of alternative energy sources to overcome these challenges [62, 66, 67].

While not as sensitive for the comprehensive identification of substrate as 
CMR or CCT, ICE may be effective to identify fibrosis (Fig. 4A), which may 
appear as hyper-echoic tissue, and be identified in ischemic [68] and non-
ischemic [69] cardiomyopathies, providing a real-time image of the substrate 
and its relationship to an ablation catheter.

The successful use of 4D echocardiography has been demonstrated in 
human subjects [70] and may be more widely available in the future. Artifi-
cial intelligence-driven automatic segmentation tools have been used widely in 
echocardiography [71] and when implemented in ICE systems may reduce the 
time needed for the acquisition of a 3D surface anatomy to guide ablation pro-
cedures. ICE is a versatile tool that represents the modality that offers the greatest 
anatomic detail in real-time during ablation procedures and as such has become 
an invaluable adjunct during catheter ablation of ventricular arrhythmias.
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Image integration

In addition to the use of pre-procedural imaging for planning ablation pro-
cedures, the use of image integration software during ablation procedures is 
increasing. This may then permit operators to directly explore the imaging-
identified substrate. This requires several steps in order to be successfully per-
formed. Firstly, segmentation of the imaging is required. There are a number 
of tools available that may be used for this, and they typically use a combi-
nation of manual segmentation which may then be combined with artificial 
intelligence-based tools [72, 73]. An accurate segmentation of cross-sectional 
imaging is a necessary condition for the imaging to be helpfully integrated 
during an ablation procedure. Some tools which are commercially available 
include inHeart [74], ADAS3D [75], and CartoSeg [73]. In addition, there are 
open-source tools for manual or semi-automatic segmentation that can be 
used for this purpose [76]. Following segmentation of the imaging, a derived 
model can then be imported into a mapping system. Following import, this 
model must be registered with the EAM data. This again is a crucial step in 
order for the full value to be derived from the imaging and requires identifica-
tion of fiducial landmarks which can be reliably identified in the segmenta-
tion and the EAM system. The use of  ICE within the CartoSound module 
allows for the identification of fiducial landmarks (including coronary cusps, 
coronary vessels, and LV endocardial contours) within the EAM image space, 
which may therefore be used to register segmentations. In the absence of 
ultrasound, other strategies to identify fiducial landmarks may be used. While 
there are multiple steps required to successfully and accurately import an 
imaging-derived model into an EAM system, the ability to directly compare 
imaging and electrophysiological data during an ablation procedure permits 
a comprehensive assessment of data, which may be valuable in identifying 
an appropriate ablation target.

Conclusions

CMR, CCT, and ICE are complementary imaging modalities each of which 
have enhanced  the operator’s ability to define the substrate for ventricular 
arrhythmias prior to and during ablation procedures. CMR offers the best 
soft-tissue contrast but is susceptible to artefact from CIED; CCT has the 
highest resolution and is relatively robust to artefact but is limited by lower 
soft-tissue contrast. All pre-procedural cross-sectional imaging depends on 
accurate registration if they are to be used for the purposes of direct image 
guidance during a procedure. Conformational changes in cardiac shape 
between the acquisition of imaging and the time of ablation present absolute 
limitations to the accuracy of any registration that is undertaken. To minimise 
further error, the use of fiducial landmarks from ICE is of significant value. 
ICE has the additional unique feature of offering real-time imaging during an 
ablation, which is helpful in patients who have not undergone pre-procedural 
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imaging, in whom there have been significant conformational changes in the 
ventricle between imaging and ablation and when targeting intra-cavity struc-
tures. ICE may also identify the arrhythmic substrate, although it is less sensi-
tive to the identification of fibrosis than CMR and CCT. Significant advances 
have been made in each modality. The introduction of wide-band imaging 
addressing the limitation of artefact from CIED in CMR, photon counting 
CCT to improving soft-tissue contrast, and the development of objective and 
quantitative measures of myocardial fibrosis through the use of ECV and the 
introduction of 4D ICE with automatic segmentation strategies represents 
important recent technological advances. A comprehensive ventricular sub-
strate assessment may benefit from the use of each or all of these modalities 
in different circumstances.
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