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Abstract

Catheter ablation has been widely used to manage recurrent atrial and ventricular arrhythmias. It
has been established that contrast-enhanced magnetic resonance can accurately characterize the
myocardium. In this review, we summarize the role of cardiac magnetic resonance in
identification of arrhythmogenic substrates, and the potential utility of cardiac magnetic resonance
for catheter ablation of complex atrial and ventricular arrhythmias.

Introduction

Catheter ablation is a well-established therapeutic strategy for patients with recurrent
arrhythmia. Scar related sustained monomorphic ventricular tachycardia (VT) is most
commonly seen after myocardial infarction. Although implantable cardioverter defibrillators
offer the best protection against sudden cardiac death, catheter ablation for VT suppression
is occasionally required. Atrial fibrillation (AF), the most common cardiac arrhythmia, is
also amenable to catheter ablation. Together, these arrhythmias offer the most complex and
gratifying challenges for electrophysiologists today.

Successful ablation requires the correct identification of underlying critical arrhythmogenic
substrates. In the commonly used technique of electroanatomic mapping, substrates are
identified indirectly, by collecting local voltage amplitudes as a surrogate of the state of
nearby myocardium. This method is time consuming, lacks sensitivity for scar substrates
deep to the surface being mapped, and lacks specificity for scar especially in the setting of
poor catheter contact or thinner myocardium. Therefore, development of improved strategies
to define arrhythmogenic scar substrates is warranted.

Cardiovascular magnetic resonance (CMR) is a noninvasive imaging modality with high
contrast resolution that lacks ionized radiation. CMR has been used extensively in the recent
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decade due to its ability to characterize cardiac anatomy and function. As validated
histopathologically, CMR can visualize fibrosis by delayed imaging of gadolinium-based
contrast agents that accumulate within the extracellular space and have slower washout from
scar than from healthy myocardium (1).

Today, with the help of evolving mapping technologies, CMR images can be merged with
electrograms derived from the electrophysiologic study, thus creating an anatomic roadmap
for the electrophysiologist (2). Myocardial scar, the most common substrate for reentrant
arrhythmias, can be easily displayed by late gadolinium enhanced (LGE) CMR (3).
Incorporation of the LGE derived scar anatomy shortens the procedure time devoted to
substrate identification and enables ventricular tachycardia (VT) ablation in the setting of
hemodynamic instability that precludes conventional electrophysiologic mapping and dense
point-by-point voltage mapping. However, the technique of LGE CMR promises to do more
than that. A thorough understanding of the physiologic conduction characteristics associated
with various anatomic scar substrates may improve patient selection for arrhythmia therapies
and facilitate ablation even in cases that are amenable to conventional electrophysiologic

mapping.

In this review, we summarize the role of CMR in prediction of arrhythmogenic substrates,
focusing on two arrhythmias: Scar related VT and atrial fibrillation (AF).

Ventricular tachycardia

Despite significant advances in technology and therapeutics; cardiac disease is still the
leading cause of mortality in the industrialized world. Many deaths are attributable to
ventricular arrhythmia, especially in patients with structural heart disease. Scar related
sustained monomorphic VT is a common arrhythmia after myocardial infarction. Although
mortality is best prevented with implantable defibrillators in such patients, many require
catheter ablation for VT suppression. Due to continuing improvements in electrophysiology
techniques, catheter ablation is now a validated option for treatment of scar related VT to
reduce the morbidity associated with structural heart disease. A crucial step for successful
VT ablation is detailed characterization of the underlying arrhythmogenic substrate.

Josephson and colleagues’ early fundamental studies showed that surgical resection of
critical regions of the endocardium and subendocardium could terminate sustained VT (4,5).
Post-myocardial infarct related VVTs that were resistant to medical therapy, were successfully
treated by resecting fibrotic endocardial tissue and infarct border zone regions. Patients that
underwent such daring procedures were VT free during a follow-up period of 6 to 24 months
(5). These findings inspired the consequent histopathological studies, which evaluated the
resected endocardium and subendocardium specimens as a potential substrate for VT (6,7).

Fenoglio et al. defined the morphologic characteristics of arrhythmogenic substrates derived
from surgical resections of the endocardium in patients with recurrent VT (6). In the
resected specimens, bundles of viable myocardial fibers within dense fibrous tissue extended
to the margins of the surgical resection. The authors concluded that the abnormal structure
and arrangement of the surviving cardiac fibers in the endocardium might be the critical
substrate for VT. A following study by de Bakker et al. included subjects with sustained VT,
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to describe the electrophysiologic and histologic findings in the resected endocardium of
patients with previous myocardial infarction (7). The electrophysiologic signs of
arrhythmogenic substrates such as fractionated electrograms and slow conduction were
detected in areas where viable muscle fibers and fibrous tissue were mixed heterogeneously;
and where muscle fibers were organized and isolated by connective tissue. Presystolic
activity was located intramurally and subendocardially, supporting the concept that reentry
occurred via isolated bundles of surviving myocytes within the infarct and the larger
subendocardial muscle mass.

After validation of LGE for identification of scarred myocardium, numerous studies have
sought to define VT substrates noninvasively (2,3). Peri-infarct zones are located between
normal and infarcted tissue, surrounding the core scar. They appear as regions of
intermediate intensity on LGE CMR, thus also referred to as gray or heterogeneous zones.
Although some intermediate intensity regions may represent volume averaging of adjacent
regions with dense scar and viable tissue, histological studies have verified that intermediate
intensity regions usually represent a mixture of viable myocardium and scar (8). It has been
shown that the extent of the heterogeneous zone is associated with spontaneous and
inducible VT, and predicts mortality after myocardial infarction (9-11). In a study that
enrolled 235 ischemic and nonischemic cardiomyopathy patients, the extent of the
heterogeneous zone was independently associated with appropriate implantable defibrillator
shocks for ventricular arrhythmias or cardiac death (12). Additionally, Perez-David et al.
showed that post-infarction VT conducting channels were associated with heterogeneous
zones detected by LGE CMR (13).

To understand the pathophysiologic basis of these observations, Estner et al. used LGE
CMR in animal studies to show that heterogeneous zones were located at successfully
ablated VT sites, and that incomplete ablation of these zones was associated with VT
recurrence (14). Ashikaga et al. also studied swine hearts and defined arrhythmogenic
substrates by using LGE CMR. Critical VT sites were identified as viable myocardial fibers
adjacent to the scar tissue in the peri-infarct region (15). Other studies based on
electroanatomic substrate mapping, have found that successful ablation of scar related VTs
can be performed from the scar border zone (16). Animal based CMR studies and previous
surgical studies indicate that the infarct border contains viable tissue, and close contact of
normal and abnormal conduction pathways as well as viable and fibrotic tissue interactions
may form the VT substrate (6-8,14,15).

On the other hand, several studies point to the scar core on CMR as the substrate for VT.
Desjardins et al. performed electroanatomic mapping and LGE CMR in patients post
myocardial infarction. The authors found that critical VT cites were located predominantly
within the core infarct region (17). Sasaki et al. from our group performed LGE CMR in
patients with ischemic cardiomyopathy prior to catheter ablation for VT (18). In this study,
all critical VT sites were located in regions with >25% scar transmurality, but central
pathway sites were located in regions with >75% scar transmurality. Many sites that
exhibited isolated potentials and were identified as central circuit sites via entrainment
mapping resided in regions with 100% transmural scar by LGE CMR (Figure 1). These
findings are in agreement with the early surgical work by Fenoglio et al. that defined the
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arrhythmogenic VT substrates as bundles of viable myocardial fibers within dense fibrous
tissue (6). A recent article from Piers and colleagues also evaluated the characteristics of VT
substrates with LGE CMR in ischemic and nonischemic patients who underwent VT
ablation (19). Critical VT sites were associated with high scar transmurality and the majority
of the critical VT sites were located within 5 mm distance from >75% transmural scar and
from the core-borderzone transition. Central pathway sites had higher scar transmurality and
signal intensity than the average of the entire scar. The findings of these studies suggest that
the degree of transmurality and proximity to the scar core are indicators of arrhythmogenic
substrates in patients with VT, and that central pathway sites tend to exist within relatively
dense and transmural scar.

Reentry is the mechanism responsible for the great majority of scar related VTs. Slow
conduction, unidirectional block, and an initiating mechanism are the main requirements for
reentry. In scar related VVTs, fibrosis causes the electrophysiologic and anatomic alterations
that yield the necessary environment for reentry. Dense fibrosis with minimal surviving
bundles sets up the environment for unidirectional block and directs the arrhythmic circuit.
Viable myocyte bundles along the infarct border-zone and within the scar form channels
with slow conduction properties. With an initiating factor, the reentry cycle starts, passes
through slow conduction channels, and completes the circuit around the dense scar (20).
Therefore, both sets of studies described above are likely correct: portions of the
heterogeneous border-zone are involved in VT circuits, most commonly as entrance or exit
sites. Viable myocytes within the infarct core are also involved and form the slow
conduction central circuit zones necessary for VT maintenance. The latter sites are harder to
detect by the current resolution of CMR, but typically represent the more efficacious target
for ablation.

Although there are conflicting results in the literature regarding the critical VT cites derived
from LGE CMR, the basic reentry mechanisms suggest that both dense scar and infarct
border zones contribute to the substrate for scar related VTs (9-11,16,17,21). In our opinion,
fully transmural scar on LGE CMR often contains the critical substrate for VT circuits,
where ablation is more effective and less detrimental to cardiac remodeling. Future
availability of LGE sequences with higher resolution will likely enable more effective CMR
substrate mapping for scar related VTs.

Electroanatomic Mapping for VT and Correlations with LGE CMR

Three-dimensional reconstructions of cardiac anatomy combined with electrophysiological
information facilitate mapping and ablation procedures for VT. The integration of LGE
CMR into electroanatomic mapping systems is particularly helpful in the presence of
reentrant arrhythmias involving scar tissue. Initial studies have shown that three-dimensional
scar segmentations can be obtained from LGE CMR and registered within electroanatomic
mapping systems to guide VT ablation in patients with ischemic cardiomyopathy (22).
Desjardins et al. confirmed these findings by reporting an integrated system that combines
preprocedural scar mapping from LGE images and intraprocedural voltage mapping (17).
Additionally, pre-procedural scar segmentation and incorporation into electroanatomic
mapping systems can expedite the targeting of arrhythmogenic substrates in patients with
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non-ischemic cardiomyopathy, where the substrate is often deep to the surface and difficult
to identify with surface voltage mapping (23).

Various studies have confirmed that low voltage corresponds to LGE CMR derived scar.
Wijnmaalen et al. reported that in post-MI patients undergoing VT ablation, LGE CMR
could be successfully integrated with electroanatomic mapping and that the scar information
derived from LGE CMR is correlated with voltage mapping. Codreanu et al compared
electroanatomic mapping with LGE CMR data for delineation of post-infarct scars in
patients who underwent post-infarct VT ablation (24). This study confirmed that bipolar
electroanatomic mapping could reliably differentiate scar from healthy tissue. We have also
shown close associations between unipolar and bipolar voltage mapping and areas of scar
identified by LGE-CMR in patients with both ischemic and non-ischemic cardiomyopathy
(18, 25). These results, which generally apply to the left ventricle and interventricular
septum, however, cannot be applied to the right ventricle. Right ventricular imaging with
LGE CMR is challenging due to the thin walled structures and motion artifacts. It has been
suggested that the inversion time required for optimal nulling of the myocardium differs
between right and left ventricles (26). Partial-volume effects of bright blood next to right
ventricular trabeculations may also lead to inaccurate measurements. In a study that
compared LGE CMR and electroanatomic mapping in ARVD patients, LGE CMR was less
sensitive than electroanatomic mapping in identifying right ventricular scar (27).
Additionally, a recent study comparing LGE CMR with electroanatomic mapping in patients
with right ventricular disease (ARVD and myocarditis) and right-sided VT showed that LGE
CMR overlooked small scars and could not identify right ventricular substrates in the
majority of cases (28).

Atrial fibrillation

Atrial fibrillation (AF) is the most common arrhythmia, reaching the highest prevalence in
the elderly population. The high recurrence rate and associated morbidity and mortality of
AF, as well as the ineffectiveness and side effects of antiarrhythmic drugs have resulted in
efforts to develop new management strategies for AF. Today, catheter ablation is a
commonly used option for patients with recurrent and symptomatic AF despite anti-
arrhythmic drug therapy. Although the success of the procedure has been improved in recent
years, post-ablation recurrence rates remain high. Selecting appropriate patients for the
procedure is essential given the high recurrence rate and the possibility of ablation related
complications.

AF is typically initiated from focal triggered activity within the pulmonary veins. Initial
bursts of AF, lead to sustained episodes overtime as electrical alterations take form. Once
AF is established, structural alterations occur throughout the atrium. However, the electrical
and structural alterations that favor AF are not only caused by the presence of the arrhythmia
but also by other co-morbidities that favor AF and may precede the arrhythmia. Electrical
alterations include reduction of the action potential duration and refractory period, as well as
myocardial voltage (29, 30). Structural alterations primarily consist of fibrosis, a suitable
substrate for reentry. Fibrosis also causes inhomogeneity in atrial conduction and stabilizes
the reentry waves, thus enabling AF perpetuation (31).
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Frustaci and colleagues obtained endomyocardial atrial septal biopsies to examine
histopathologic changes in patients with lone AF. They demonstrated abnormalities
including inflammation, necrosis, and patchy fibrosis in all patients, suggesting that these
histological abnormalities could serve as organic substrates for paroxysmal AF (32). Swartz
et al. analyzed atrial tissue specimens that were resected during cardiac surgery from
patients without prior AF (33). The authors observed greater atrial fibrosis in subjects with
subsequent post-operative AF. Recently, Platonov and colleagues evaluated the extent of
fibrosis in a post-mortem study (34). Histopathologic examination revealed that fibrosis of
the left atrial myocardium and major atrial conduction pathways was significantly higher in
patients with AF compared to those in the control group. Importantly, this association was
independent of age. Additionally, patients with permanent AF had more extensive fibrosis
than patients with paroxysmal AF.

Myocardial scar assessment by contrast enhanced CMR is a well-established method for the
ventricle. Despite the current limitations in atrial wall imaging such as the thin wall
thickness near the spatial resolution of CMR and irregular QRS complexes which challenge
prospective ECG triggering techniques for imaging, recent advances in CMR technology
have provided the opportunity for non-invasive assessment of atrial arrhythmogenic
substrates. There is growing evidence that the presence and extent of the atrial LGE can be
characterized by CMR (35), and that atrial LGE corresponds to regions with reduced bipolar
voltage (36, 37).

Peters and colleagues initially reported the feasibility of atrial LGE CMR. The authors found
no evidence of LGE in 23 AF patients who underwent CMR prior to ablation. Post-ablation,
however, LGE was detected in all patients (38). Oakes and colleagues later examined left
atrial LGE in patients with paroxysmal and persistent AF and compared the extent of LGE
with invasive electroanatomic mapping (39). The regions with low voltage on invasive
mapping matched regions of increased left atrial LGE. In healthy volunteers, the atrial
myocardium revealed no LGE. In AF patients, the extent of LGE was strongly associated
with persistent AF, and arrhythmia recurrence. Similarly, Spragg et al. from our group
demonstrated that low-voltage areas by endocardial mapping were associated with left atrial
LGE (36). The sensitivity and positive predictive value of LGE for identification of low
voltage regions were 0.84 and 0.80, respectively. The specificity and negative predictive
value LGE for identification of normal voltage regions were 0.68 and 0.73, respectively. In
contrast, McGann and colleagues examined left atrial wall biopsies that were obtained
during cardiac surgery and examined the association of histopathologic abnormalities with
atrial LGE (40). Regions with left atrial LGE were associated with tissue fibrosis, while no
LGE was seen in normal tissue. While stronger discriminative ability has been reported by
the Utah group, our findings suggest that caution is warranted in accepting a direct
association between atrial LGE and reduced voltage when using conventional LGE analysis
methods (36). Additionally, reduced atrial bipolar voltage on invasive mapping may indicate
thinner walls, inflammation, as well as poor catheter contact or a perpendicular bipole angle
to the myocardial surface. Therefore, reduced voltage is not specific to fibrosis and
additional studies of atrial LGE are warranted to properly denote the characteristics of LGE
in association with various left atrial regions and processes.
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The Utah investigators have proposed a staging algorithm to categorize the extent of left
atrial LGE (35). In their studies patients are classified into 4 groups according to the
percentage of left atrial LGE: Stage | (<5%), stage Il (>5% to <20%), stage 111 (>20% to
<35%), and stage 1V (>35%). Catheter ablation success was significantly associated with the
extent of the left atrial LGE; no recurrence was observed in patients with stage | while the
recurrence rate was as high as 96% among patients with stage IV atrial LGE. The extent of
the enhancement was independent of comorbidities or AF type. Another study by the same
research group defined the percentage of the left atrial LGE with a modified staging
algorithm: Stage 1 (<10%), stage Il (>10% to <20%), stage 111 (>20% to <30%), and stage
IV (>30%) (40). The amount of left atrial LGE was strongly associated with AF ablation
outcome, and recurrence rates were significantly higher in the setting of pre-procedural stage
IV fibrosis. A multicenter prospective study by the same group has again confirmed these
findings. The study observed a graded increase in recurrence rates among groups, ranging
from 14% at stage | to 65% at stage IV after adjusting for potential confounders (41). These
results suggest that left atrial LGE CMR may improve patient selection for AF catheter
ablation.

Besides pre-procedural implications for catheter ablation, LGE CMR has also been proposed
for integration with navigation systems and for scar recognition during the ablation
procedure. We have developed a novel technique for displaying LGE, voltage, and atrial
anatomy on the same image (36). Bisbal and colleagues also successfully integrated LGE
CMR into electroanatomic mapping systems for ablation of recurrent AF (42). Vergara et al.
later demonstrated the feasibility and safety of real-time CMR guidance, as well as
visualization of lesion formation in a study conducted on animal models (43). Lesion
locations determined by CMR were qualitatively associated with locations on ex vivo gross
examination of the heart.

LGE CMR has been also used to assess ablation related scar during the follow-up period.
The amount of post-ablation scar and complete circumferential scarring of the pulmonary
veins has been associated with better clinical outcomes (44, 45). McGann and colleagues
have reported reduced recurrence rates in patients with a greater degree of scar formation at
3 months post-ablation (46). In the same study, authors also performed contrast enhanced
CMR immediately after ablation, and reported that ablation related lesions were
heterogeneous, including hyper-enhanced and non-enhanced core regions which likely
indicate micro-vascular obstruction. The non-enhanced lesions were associated with LGE at
3 months post-ablation.

The inverse association between ablation related LGE and AF recurrence might be
explained by a direct association between incomplete isolation of the pulmonary veins and
larger LGE gaps around the pulmonary vein antra. Badger et al. demonstrated that AF
recurrences following ablation were associated with gaps between lesions that can be
identified by atrial LGE. In their hands, these gaps were correlated with the recovery of
electric conduction (45). Similarly, Bisbal et al. reported that all of the electrically
reconnected sites had gaps on LGE and that gaps matched with reconnection sites in the
majority of the pulmonary veins (42). In this study, LGE CMR was integrated into
navigation system for guidance of the ablation procedure and led to reduced RF ablation, but
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not total procedure time. In contrast, we have found that while some electrical gaps
correspond to gaps on LGE, the current resolution of atrial CMR is insufficient for
identification of many pulmonary vein reconnection sites (36).

These findings confirm that contrast enhanced CMR is a potentially valuable tool for pre-
procedural patient selection, guidance of ablation procedures, and post-ablation follow-up.
In cases with extensive LGE, a more extensive ablation strategy in addition to isolation of
the pulmonary veins may be necessary. In repeat procedures, the procedure might be guided
by atrial LGE maps. Most importantly, atrial LGE CMR may allow improved patient
selection so that unnecessary procedures are avoided and patients with little chance of
procedural benefit are spared the costs and risks of AF ablation. However, additional studies
are needed before such strategies are adopted for routine clinical practice.

Limitations of Atrial LGE CMR

Despite advances in LGE CMR technology over the past decade, left atrial imaging has
several technical limitations, including motion blurring, flow artifacts and limited image
resolution as well as variations in the scar threshold based on selected inversion time. The
left atrium has thin walls and exhibits significant anatomical complexity. Also, adjacent
structure enhancement (such as valve structure and aortic wall enhancement) on LGE
imaging must be distinguished from left atrial myocardial enhancement.

Previous studies emphasized these limitations. Taclas et al compared RF ablation sites with
location of post-procedural scar formation in the left atrium by LGE CMR (47). In 20% of
the ablation sites, there was no correlation with LGE CMR derived scar. In the following
years, Hunter et al. performed pre and post-ablation LGE CMR in 50 participants with
paroxysmal AF (48). Patients underwent either RF or cryo balloon ablation. In the authors’
hands, sensitivity and specificity for detection of ablation lesions was 60% and 96%,
respectively, on LGE imaging. Sensitivity was higher when the LGE image was fused onto a
segmented atrial surface (88%). The authors concluded that atrial LGE imaging was not yet
sufficiently accurate to identify ablation lesions. More recently, Harrison et al. reported a
weak association between endocardial voltage and LGE CMR signal intensities. Moreover,
LGE CMR could not reliably identify post-ablation gaps (49). Similarly, our group could not
find an association between electrical gaps and LGE discontinuities in AF patients
undergoing repeat pulmonary vein isolation (36). These findings indicate that gap sites
might consist of viable myocardium that is too small to be detected with the current LGE
CMR resolution.

Detecting pre-ablation enhancement is more challenging than detecting post-ablation
enhancement since fibrosis tends to be diffuse with intensity overlaps with normal
myocardium. Peters et al. evaluated ablation related left atrial scar in patients with AF and
identified post-procedural scar formation with LGE CMR in all of the study participants;
however, they could not detect enhancement in pre-ablation images (38). Similarly, a recent
multi-center study showed that segmentation in pre-ablation images is more challenging
than segmentation of the post-ablation images (50).
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Many studies have used electroanatomic mapping as a surrogate of diseased atrial
myocardium but there is not enough histological data regarding the accurate voltage
threshold for identification of diseased atrial myocardium and dense fibrosis. Our group was
the first to underscore the limitations in the discriminative indices of typical LGE image
analysis for identification of low voltage regions in the left atrium (36). In a recent animal
based study, unlike the widely accepted cut-off values, mean atrial bipolar voltage was
found to be 0.6 mV in the middle of the ablation lesion immediately after ablation, and 0.3
mV at post-ablation follow-up (51). Further studies are warranted for tissue validation of
appropriate voltage thresholds as well as validation of the atrial LGE technique.

Another major problem with left atrial scar imaging is the lack of standardized evaluation of
the LGE CMR segmentation and quantification of the enhancement. Although many studies
used techniques that have been validated for the ventricle, the use of such techniques for the
left atrium has not been validated. Identification of a normal region of left atrial myocardium
is required for using techniques typically applied to the ventricle (such as 2-3 standard
deviation intensity thresholds above normal myocardium) and there is no reliable way to
assess the location of normal left atrial myocardium with LGE CMR. Karim et al. compared
different algorithms for segmentation of the left atrial scar imaging in a multi-center
international study and measured the performance of the different algorithms on a common
scale (50). The authors concluded that no algorithm is better than others, emphasizing the
need for algorithmic developments in left atrial scar imaging to standardize the segmentation
methods. Until such limitations are met, and standardized and generalizable protocols for
image acquisition and analysis have been developed, it is hard to advocate the general
clinical use of atrial LGE imaging for management of AF patients.

Most left atrial CMR studies have quantified the extent of LGE based on signal intensity,
which is measured in “arbitrary units.” This technique, however, may not provide objective
thresholds due to the effects of various parameters on contrast intensity measurement such
as surface coil proximity, contrast dose, delay in time of image acquisition after contrast
injection, patient hematocrit, glomerular filtration rate, and body mass index (52). Our group
recently examined a normalized measure of intensity that may overcome these limitations
(37). We defined the image intensity ratio as left atrial signal intensity divided by the mean
atrial blood pool image intensity. We then examined the association of the image intensity
ratio with invasive electroanatomic mapping. Each unit increase in image intensity ratio was
associated with 91.3% decrease in intracardiac bipolar voltage. These results indicated that
the image intensity ratio is a promising measure to detect atrial fibrosis and that it exhibits
improved diagnostic indices for identification of low voltage regions when compared to
conventional analytic methods for detection of LGE (Figure 2).

Conclusion

The capability for non-invasive characterization of the atrial and ventricular myocardium is
rapidly evolving. CMR enables detailed assessments of functional and structural
characteristics without exposing the patient to radiation. The added costs and expertise
required for appropriate image acquisition and analyses, as well as inadequate spatial
resolution in the atrium, limit the routine use of CMR at present. The reproducibility and
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diagnostic ability of the atrial LGE CMR remains controversial. However, with improving
techniques, accurate pre-procedural identification of the arrhythmogenic substrate by CMR
may become an important adjunct for patient selection, procedural planning, and post-
procedural evaluation.
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Figure 1.
The figure illustrates an ischemic inferior scar as a substrate for ventricular tachycardia.

Panel A is a short axis LGE image showing the right ventricle with dark ICD lead
susceptibility artifact in the cavity, and the left ventricle (LV) with a bright inferoseptal
transmural infarct. The red and green lines were drawn as LV endocardial and epicardial
contours, respectively. In Panel B, a segmented image is displayed which shows the 100%
transmural infarction region (grey), LV myocardium (blue), and the ICD lead (red). Panel C
is the corresponding electroanatomic map of the LV viewed from the inferior aspect. Red
regions indicated voltage <0.1 mV and purple regions are healthy with voltage > 1.5 mV.
The yellow balls indicate the position of the His bundle. Many isolated delayed potentials,
suggesting channels with slow conduction (blue balls), were observed within 100%
transmural scar regions on LGE. The basal lateral group of isolated potentials formed the
central circuit sites for the clinical ventricular tachycardia in this patient. Ablation of all
isolated potentials within the dense scar led to VT non-inducibility. The patient has had no
further shocks over 12 months of follow-up to date.

Trends Cardiovasc Med. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ipek and Nazarian

Page 15

Figure 2.
The figure illustrates atrial LGE as a possible substrate for atrial fibrillation. Panel A is an

example of an axial LGE image obtained at the level of the superior pulmonary veins. The
manually drawn endocardial (red) and epicardial (green) contours in panel B allow the
software to highlight high intensity regions, which indicate LGE. Panel C shows a three-
dimensional reconstruction of the LA endocardium with projection of LGE transmurality.
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