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In cardiovascular magnetic resonance, late gadolinium enhancement (LGE) has become the cornerstone of myocardial tis-
sue characterization. It is widely used in clinical routine to diagnose and characterize the myocardial tissue in a wide range
of ischemic and nonischemic cardiomyopathies. The recent growing interest in imaging left atrial fibrosis has led to the
development of novel whole-heart high-resolution late gadolinium enhancement (HR-LGE) techniques. Indeed, conven-
tional LGE is acquired in multiple breath-holds with limited spatial resolution: ~1.4-1.8 mm in plane and 6-8 mm slice
thickness, according to the Society for Cardiovascular Magnetic Resonance standardized guidelines. Such large voxel size
prevents its use in thin structures such as the atrial or right ventricular walls. Whole-heart 3D HR-LGE images are acquired
in free breathing to increase the spatial resolution (up to 1.3 x 1.3 x 1.3 mm?) and offer a better detection and depiction
of focal atrial fibrosis. The downside of this increased resolution is the extended scan time of around 10 min, which ham-
pers the spread of HR-LGE in clinical practice. Initially introduced for atrial fibrosis imaging, HR-LGE interest has evolved
to be a tool to detect small scars in the ventricles and guide ablation procedures. Indeed, the detection of scars, nonvisible
with conventional LGE, can be crucial in the diagnosis of myocardial infarction with nonobstructed coronary arteries, in the
detection of the arrhythmogenic substrate triggering ventricular arrhythmia, and improve the confidence of clinicians in
the challenging diagnoses such as the arrhythmogenic right ventricular cardiomyopathy. HR-LGE also offers a precise visu-
alization of left ventricular scar morphology that is particularly useful in planning ablation procedures and guiding them
through the fusion of HR-LGE images with electroanatomical mapping systems. In this narrative review, we attempt to
summarize the technical particularities of whole-heart HR-LGE acquisition and provide an overview of its clinical applica-
tions with a particular focus on the ventricles.
Evidence Level: 2
Technical Efficacy Stage: 2
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BACKGROUND ability to detect myocardial fibrosis makes it a powerful tool for
Cardiovascular magnetic resonance (CMR) is the gold standard  the diagnosis of myocardial infarction (MI) as well as a wide
modality for characterizing myocardial tissue properties. Over range of nonischemic cardiomyopathies that exhibit different
the past decades, late gadolinium enhancement (LGE) has patterns of enhancement. More recently, a growing interest in
established itself as the cornerstone of this characterization. Its LA fibrosis has arisen with the aim to guide ablation procedures
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and to predict the recurrence of atrial fibrillation. "> However,
one of the challenges of current LGE techniques is the limited
spatial resolution and the resulting partial volume effect.
Indeed, the spatial resolution of conventional LGE sequences
remains limited by breath-hold durations (<15-20 sec). The
Society of Cardiovascular Magnetic Resonance (SCMR) rec-
ommends a spatial resolution of ~1.6-1.8 mm in-plane and
6-8 mm slice thickness to assess LGE in the left ventricle
(LV)3 Asa comparison, the LA wall is 2-4 mm thick, under-
lining the need for higher spatial resolution.*

To overcome this limitation, novel free-breathing three-
dimensional (3D) high-resolution LGE (HR-LGE) sequences
have emerged with the ability to detect fibrosis in thin-walled
chambers.’ Despite the extended scan time, HR-LGE imaging
gained significant momentum with the DECAAF multicentric
study (Delayed-Enhancement MRI Determinant of Successful
Radiofrequency Catheter Ablation of Atrial Fibrillation), which
investigated the association between LA fibrosis and arrhythmia
recurrence after ablation. An important feature of HR-LGE is
the whole-heart coverage that offers the ability to reconstruct
any desirable views. As clinicians examined these new images, it
appeared HR-LGE was also valuable in the right ventricle
(RV) and the LV to detect small scars otherwise that were invis-
ible with conventional LGE due to partial volume effect.

This narrative review gives insights into the established
methodology of the HR-LGE sequence with its technical particu-
larities as compared with conventional LGE. We highlight the
clinical value of using HR-LGE in other chambers than LA, after
shortly summarizing actual clinical implications of LA fibrosis
imaging. Finally, we describe the latest HR-LGE developments
made to bring this technique closer to widespread clinical use.

LATE GADOLINIUM ENHANCEMENT IN
CLINICAL ROUTINE

The Principle of LGE

LGE techniques rely on the intravenous injection of a
gadolinium-based contrast agent that is distributed in the extra-
cellular space of the myocardium.® The gadolinium rapidly
washes out of normal tissues, while it is retained in pathological
tissues where the extracellular space is increased such as fibrosis,
edema, or amyloid deposition. LGE was historically validated
on MI, where the extracellular volume is increased in the acute
phase with cell membrane ruptures, and in the chronic phase
with the cells replaced by collagen. The gadolinium shortens
the longitudinal relaxation T1. LGE images are T1-weighted
and pathological tissues appear enhanced as compared to
healthy myocardium. Recent guidelines recommend to acquire
LGE at least 10 min after injection.3

Conventional LGE Technique
The clinical standard of LGE is a two-dimensional (2D) multislice
acquisition with a typical spatial resolution of ~1.4-1.8 mm in
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plane, a slice thickness of 6-8 mm, with or without gap, as rec-
ommended by the SCMR.> Inversion-recovery segmented
gradient-echo is the most widely used sequence.® The sequence is
usually repeated in long-axis (two, three, and four-chamber) and
short-axis views. In clinical routine, conventional LGE focuses on
the left ventricle due to its limited spatial resolution.

The scan is synchronized to the patient’s electrocardio-
gram (ECG) at end-diastole to minimize cardiac motion. Ide-
ally, the acquisition is performed every other heartbeat (2-RR
triggering) to allow for more complete magnetization recovery
and thus, a better signal intensity. However, in clinical rou-
tine, single heartbeat triggering (1-RR triggering) is some-
times used to save half the scan time.

To avoid image artifacts, the breathing motion is paused
using multiple breath-holds per view. A single breath-hold
3D LGE acquisition is also possible with a similar moderate
spatial resolution (1.5 x 1.5 x 8 mm?) and longer breath-
holds (~20-25 sec with 1-RR triggering) than 2D LGE/
This technique ensures a significantly reduced acquisition
time compared to 2D with similar image quality and fibrosis
quantification.*”"" One should note that 3D acquisition is
not a synonym of high spatial resolution, as the voxel size
is similar to that of 2D multislice acquisition.

In LGE imaging, the inversion time is a critical parameter
that needs to be tuned for each acquisition. It is set to null the
healthy myocardium and ensure the best contrast between
healthy and abnormal tissue. A scout sequence is usually per-
formed right before LGE to determine the adequate inversion
time (typically 250-300 msec).® However, the inversion time
increases with gadolinium wash-out and needs to be adjusted
accordingly during the CMR exam. Phase-sensitive inversion-
recovery (PSIR) is an alternative technique that makes myocar-
dial nulling less sensitive to the precise choice of inversion time.'*
PSIR reconstruction requires the acquisition of a reference image
every other heartbeat and is therefore only compatible with 2-RR
triggered LGE sequences. This prerequisite makes PSIR imprac-
tical with single breath-hold 3D LGE acquisition, as it would
double the breath-hold duration to more than 40 sec.

Despite improvement in scar detection with PSIR, the
visualization of scars adjacent to the blood pool remains chal-
lenging due to a low scar-to-blood contrast. Several approaches
for suppressing signal from blood pool have been proposed over
the last decade. Magnetization preparation pulses have been
inserted before,'>™" or after'®™" the inversion recovery pulse, to
achieve a simultaneous nulling of the healthy myocardium and
the blood pool. If dark-blood LGE improves reader confidence
particularly for subendocardial scars compared with conventional
LGE, this technique is not widely available on clinical scanners
yet. Of note, scar-to-blood contrast can also be improved with-
out additional magnetization preparation by nulling the blood
pool instead of the healthy myocardium in conventional LGE
with PSIR.*' However, conventional “bright-blood” LGE
remains today the commonly used technique in clinical routine.
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The Importance of LGE in Clinical Routine

First, LGE is a crucial diagnostic tool to diagnose various
myocardial diseases. Indeed, subendocardial or transmural
LGE is characteristic of ischemic heart disease, while sub-
epicardial or midmyocardial LGE suggests nonischemic heart
disease.”” Within nonischemic heart diseases, analysis of the
LGE location and distribution can often allow the clinician

hypertrophic or
25

to distinguish myocarditis, sarcoidosis,*
dilated  cardiomyopathies,”* amyloidosis, and others.
Second, the analysis of LGE transmurality predicts myocar-
dial viability after MI and is used to select patients who
would benefit the most from revascularization. Finally, LGE
is a powerful independent prognostic factor for predicting car-
diovascular events in both ischemic and nonischemic heart

. 26,27
diseases.

HIGH-RESOLUTION LATE GADOLINIUM
ENHANCEMENT

The HR-LGE sequence is an axial volume that covers the
whole heart. The sequence settings are mostly identical for
atrial and ventricular HR-LGE, except that 1) the volume

Conventional LGE

Breath-holding

Toupin et al.: High-Resolution Late Gadolinium Enhancement

positioning that should be centered on the region-of-interest
in head-feet direction and 2) the acquisition window should
be set to atrial or ventricular diastole, according to the studied
chambers.?®

From Conventional LGE to HR-LGE
As clinicians’ interest in atrial LGE imaging increased, the
demand for higher spatial resolution increased (Fig. 1).
Indeed, for detecting scars in thin-walled atria, smaller voxels
became necessary to reduce the partial volume effect. How-
ever, increasing the spatial resolution results in noisier images
and longer scan times. The lack of signal can be addressed by
using 3D rather than 2D acquisition schemes. However, the
associated longer scan time makes the acquisition incompati-
ble with breath-holds. Therefore, a free-breathing approach is
necessary, with a dedicated strategy to avoid motion artifacts.
Two major free-breathing LGE techniques are currently
available in clinical routine: 1) single-shot acquisition com-
bined with in-plane motion compensation and averaging29’30
and 2) respiratory-gated acquisition.’”** The motion-
corrected  single-shot strategy provides comparable image
quality than conventional LGE with similar spatial resolution.

High-resolution LGE

A :
— Free-breathing

iNAV

Diaphragmatic
navigator

Whole-heart volume

FIGURE 1: Technical differences between conventional and high-resolution LGE acquisitions. Conventional LGE is acquired with
several successive breath-holds in short-axis, two- and four-chamber views and a moderate spatial resolution. High-resolution LGE is
acquired with free-breathing using an echo-navigator to track the respiratory motion and restrict the acquisition to the expiratory
phase. Any desired plane can be reconstructed from the whole-heart volume with multiplanar reformatting.
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It is particularly useful in vulnerable patients in whom con-
ventional breath-hold LGE is prone to artifacts.>>** How-
ever, the single-shot feature of this technique makes it only
compatible with 2D imaging and moderate spatial resolution.

On the other hand, the respiratory-gating strategy is com-
patible with 3D imaging and high spatial resolution which makes
it the suitable solution for free-breathing HR-LGE in dlinical rou-
tine. The breathing motion is tracked in real-time using an echo-
navigator made of additional MR pulses.”"** This echo-navigator
is manually placed on the liver dome to restrict data acquisition
to the expiratory phase and reject the rest of the respiratory cycle.
The echo-navigator efficiency, which refers to the percentage of
respiratory cycle from which data is acquired, is typically in the
range of 30—40%. As a result, the scan duration is prolonged and
depends heavily on the cardiac and respiratory rates.

As conventional LGE, HR-LGE acquisition is synchro-
nized to patient’s ECG. If PSIR reconstruction is compatible
with 2-RR triggered HR-LGE,” 1-RR triggering is usually
preferred not to double the scan time. Therefore, the inver-
sion time of HR-LGE needs to be carefully chosen, due to
the absence of PSIR reconstruction. However, the extended
scan duration makes the inversion time more challenging to
determine, as it continues to increase with gadolinium wash-
out.”®> Consequently, the HR-LGE contrast may be sub-
optimal with a normal myocardium not perfectly nulled. For
that reason, the most widely used strategy is to add an empiri-
cal offset to the inversion time (typically by adding 20-
30 msec at 1.5 T and 50-80 msec at 3 T).>°>® In the future,
the development of PSIR techniques without the need for a
reference image every other heartbeat may allow for HR-LGE
with PSIR with the same acquisition time as HR-LGE with-

out PSIR, and less sensitivity to the inversion time,>*4°

The technical specifications of conventional LGE and
HR-LGE sequences are summarized in Table 1.

Advantages and Limitations of HR-LGE

HR-LGE provides finer details and allows for a better charac-
terization of the scar morphology. The clinical applications of
such a high resolution will be covered in the related
section of this review. Moreover, the free-breathing technique
is particularly valuable for patients with poor compliance, for
whom repeated breath-holds are cumbersome. Indeed, respi-
ratory motion during conventional LGE leads to low-quality
images with blurring and ghost artifacts. Finally, clinicians
can reconstruct any desired orientation of the HR-LGE
whole-heart volume, using multiplanar reformaltting,31 while
conventional LGE is limited to the prescribed long-axis and
short-axis views.

Nonetheless, free-breathing HR-LGE suffers from sev-
eral limitations. First, it is a time-consuming sequence, which
may not be compatible with most clinical workflows. The
average scan time is around 10 min ([min,max] = [5,16]
minutes).‘%f‘%g‘m‘45 47 As a comparison, conventional breath-
hold LGE lasts 5 min on average ([min,max] = [3,8] min) to
complete the all views.”' Second, HR-LGE acquisition may
fail or be considered nondiagnostic: ~17% for atrial HR-
LGE,”® and ~8% (from 3% to 24%) for ventricular HR-
LGE.30-3436:37:45,4651 This discrepancy between atrial and
ventricular HR-LGE may be explained by the thinness of the
LA wall that can be more prone to blurring. The main
reported causes are motion artifacts due to inconsistent
breathing patterns, respiratory drift, low echo-navigator effi-
ciency, arrthythmia or poor ECG-gating, bad contrast due to
a poor inversion time, and claustrophobia. Conventional

Conventional LGE

Sequence type Inversion-recovery gradient-echo

1.4-1.8 mm in plane
6—8 mm slice thickness
with or without gap3

2D/3D
Breath-hold

Spatial resolution

Acquisition scheme

Motion compensation
technique

51

Scan time 5 min [3 min — 8 min]

mean [min max]
Views Repeated acquisition for each view

*Average value from available data from references 36-38,41,45—47.
HR = high-resolution; LGE = late gadolinium enhancement.

TABLE 1. Technical Specifications of Conventional LGE and High-Resolution LGE Sequences

HR-LGE

1.3—1.4 mm iso at 3 T30-3841-44
1.5 X 1.5% 2.5 mm at 1.5 T#™°

3D
Free-breathing with echo-navigator end-expiratory gating

10 min®

[5 min — 16 mm] 36-38,41,45-47

Whole-heart volume enabling
reformatting in any view
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LGE may also lead to nondiagnostic image quality due to
poor breath-holding or arrhythmia, but compared to HR-
LGE, acquisitions can be easily repeated with other strategies
less prone to artifacts, such as single-shot with or without

motion compensation.33

Quantitative Image Quality Comparison Between
Conventional and HR-LGE in the Left Ventricle
Bizino et al demonstrated that increasing the LGE spatial res-
olution from 1.5 x 1.5 x 10 mm’ to 1.7 x 1.7 x 1.7 mm’
allows for improved sharpness and thus a better delineation of
the scar.”” Smaller, scattered lesions can be revealed by HR-
LGE while conventional LGE would be negative.35’47 It has
been shown that the scar mass can be overestimated by conven-
tional LGE.*>* The contrast-to-noise ratio between the myo-
cardium and enhancement is decreased with HR-LGE, while
the contrast between the lesions and LV blood pool is
increased.”” The latter could be explained by the longer delay
between the injection and the acquisition of HR-LGE when
compared with conventional LGE, resulting in a relatively larger
wash-out of the gadolinium in the blood pool.

Step 1: Acquire axial views of left atrium

Single center

Step 3: Quantify enhancement

Single center

Toupin et al.: High-Resolution Late Gadolinium Enhancement

CLINICAL INDICATIONS FOR HR-LGE
IMAGING ON THE ATRIA

Atrial fibrosis is a common pathophysiological factor to the
onset and maintenance of atrial fibrillation (AFib) (Fig. 2).
Over the last decade, HR-LGE imaging has allowed for a bet-
ter understanding of the mechanisms involved in the patho-
physiology of AFib.>>>* Atrial HR-LGE has been proposed
in several clinical indications: 1) to identify patients at risk for
incident AFib, 2) to predict the risk of cardiovascular event in
patients with AFib, 3) to predict postablation arrhythmia
recurrence, 4) and to guide AFib ablation, and 5) to map
postablation scar and guide repeat ablation procedures.

In patients without history of AFib, quantification of LA
fibrosis using HR-LGE may identify patients at higher risk for
incident AFib before the initiation of the arrhythmia. Indeed,
significant differences in LA fibrosis extent have been described
between patients without structural heart disease or AFib,
patients with structural heart disease but without AFib, patients
with paroxysmal AFib and patients with persistent AFib.”
These results are in line with a recent study reporting significant
extent of LA fibrosis in non-AFib patients highlighting that
structural fibrosis may precede AFib onset.’® Quail et al

Step 2: Isolate and identify left atrial wall

Fibrotic
[ .

Healthy tissue

FIGURE 2: Atrial HR-LGE workflow. The following color coding is used: healthy tissue is depicted as blue, whereas any tissue with
LGE is depicted as green. LGE = late gadolinium enhancement; MRI = magnetic resonance imaging. Reprinted from reference 28

with permission from Elsevier.
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reported that a LA fibrosis extent >10% on HR-LGE was asso-
ciated with an increase rate of new-onset AFib.>”

Beyond predicting incident AFib, the quantification of
LA fibrosis may play a prognostic role in patients already in
AFib. Indeed, a study assessing 387 patients with AFib has
shown that patients with previous ischemic stroke had a sig-
nificantly higher extent of LA fibrosis.”® Likewise, in a retro-
spective study of 1228 patients with AFib assessed by HR-
LGE, a greater extent of LA fibrosis was associated with a
higher occurrence of MACE, driven primarily by increased
risk of stroke or transient ischemic attack.”” Therefore, quan-
tification of LA fibrosis could represent a helpful tool to strat-
ify the risk of stroke additionally to the current clinical scores
in patients with AFib.%¢!

The analysis of LA fibrosis has also the potential to
improve outcomes after AFib ablation procedures.”® The
DECAAF trial conducted across 15 clinical centers has shown
that LA fibrosis quantified by HR-LGE was independently
associated with recurrent arrhythmia after catheter ablation.”
The authors introduced a staging approach (Utah classifica-
tion) to assess the extent of LA fibrosis into four stages: stage
1 (<10% of the atrial wall), 2 (10%-20%), 3 (20%-30%),
and 4 (230%).> The cumulative incidence of recurrent
arrthythmia after 1 year was for stages 1-4: 15.3%, 32.6%,
45.9%, and 51.1%, respectively. This approach may allow
for an improved selection of catheter ablation candidates, as
patients in early Utah stages appear to have a more favorable
LA structural and functional reverse remodeling, and higher
long-term success.®? In contrast, a conservative approach may
be considered for patients with higher LA fibrosis burden
assessed by CMR, due to the high risk of recurrent arrhyth-
mia after catheter ablation.®*®* In addition to patient selec-
tion, atrial fibrosis imaging may also play a role in improving
the definition of catheter ablation targets. This aspect will
soon be clarified by the ongoing DECAAF II trial, a random-
ized study comparing conventional AFib ablation (pulmonary
vein isolation) with fibrosis-guided ablation (pulmonary vein
isolation with additional of CMR-defined
fibrosis).®>

In addition to atrial fibrosis imaging before catheter
ablation, HR-LGE imaging has also been applied to the map-
ping and quantification of postablation scar. Postablation out-

targeting

come was shown to be related to scar burden.’® The
approach can be valuable to assess the impact of novel abla-
tion technologies on the atrial wall®” and/or on adjacent
structures potentially at risk for collateral damage such as the
esophagus.®®®” Some authors even suggested using HR-LGE
to guide repeat ablation procedures on scar gaps as assessed
by imaging,”® This approach remains debated, because cur-
rently available CMR methods may not have sufficient spatial
resolution to accurately describe the continuity of scar across
the pulmonary vein circumference and throughout the trans-
murality of the thin atrial wall.®””

972

It is important to note however that despite promising
research results, atrial fibrosis imaging has not yet lived up to
its full clinical potential. After a decade of research, atrial
LGE is still not part of recommended imaging protocols and
patient management algorithms in patients with AFib.
Indeed, the method is still hampered by a limited availability,
a suboptimal feasibility (particularly in patients scanned in
AFib), and by the insufficient reproducibility and lack of
standard for robust LGE quantification on the atria (see dedi-
cated section below).”?

VENTRICULAR HIGH-RESOLUTION LATE
GADOLINIUM ENHANCEMENT

HR-LGE offers an improved spatial resolution at the expense
of an extended acquisition time, which does not make it com-
patible with most clinical workflows. In the LV, conventional
LGE remains the established gold standard, and HR-LGE
should be added to traditional routine for specific patients
who would benefit the most from it. In this section, we detail
the applications in which ventricular HR-LGE showed a clin-
ical value (Table 2). An illustration of the interest of ventricu-
lar HR-LGE is shown in patients in Fig. 3 in direct
comparison with conventional LGE.

Ventricular Arrhythmia

DETECTION OF THE VENTRICULAR ARRHYTHMOGENIC
SUBSTRATE. In patients with ventricular arrhythmias, focal
scar detection may have a direct impact on therapeutic
decision, potentially leading to the introduction of antiar-
thythmic drugs or specific recommendations for exercise
HR-LGE

arrhythmogenic substrate at a higher spatial resolution. In

practice. allows for the detection of the
a study investigating 157 patients with ventricular arrhyth-
mia, HR-LGE was shown to significantly improve the
diagnostic yield of CMR,** allowing for the detection of
small nontransmural scars undetected with conventional
LGE, associated with the diagnosis of nonischemic cardio-
myopathy in 70% of patients, ischemic cardiomyopathy in
20%, and arrhythmogenic right ventricular cardiomyopa-
thy (ARVC) in 10%. In all cases, electroanatomical map-
ping (EAM) confirmed that the detected scars were the
origin of the arrhythmia. The addition of HR-LGE was
particularly useful in patients with no prior history of
structural heart disease and with negative findings on echo-
cardiography, coronary angiography, and conventional
CMR methods.

Of note, this study showed that HR-LGE can be instru-
mental in confirming the diagnosis of ARVC, by revealing
RV LGE co-localized with borderline wall motion abnormali-
ties on cine images (Fig. 4). In the current Task Force recom-
mendations, LGE is not part of the ARVC diagnostic
criteria.””> Indeed, RV LGE cannot be reliably detected by
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FIGURE 3: Late gadolinium enhancement (LGE) images from conventional LGE (top row) and high-resolution LGE (bottom row) in
patients with myocardial infarction defined by sub-endocardial LGE (a), myocarditis with sub-epicardial LGE (b), arrhythmogenic right
ventricular cardiomyopathy (c), and repaired tetralogy of Fallot with LGE at the surgical scar (d) (for all, LGE is designated by the
yellow arrows). These images are adapted from references 11,12,16 with the courtesy of Prof. Cochet.

FIGURE 4: Example of ARVC diagnosis using HR-LGE sequence. A 20-year-old man with family history of premature sudden death in the
brother. Cine images showed preserved RV ejection fraction, mild RV dilatation, and borderline wall motion abnormality (a and b). Conventional
LGE images were considered normal (c). HR-LGE showed focal fibrosis on infero-basal and laterobasal RV as well as on RV outflow track (arrows
in d). The colocalization between fibrosis and the suspected wall motion abnormality was instrumental in retaining a minor Task Force Criterion
for ARVC, fulfilling the criteria for definite ARVC diagnosis. ARVC = arrhythmogenic right ventricular cardiomyopathy; LGE = late gadolinium
enhancement; HR = high resolution. Reprinted from reference 45 with permission from Oxford University Press.

conventional LGE.”*7> However, due to its higher resolu- complex interpretation of RV regional wall motion abnormal-
tion, HR-LGE may become an important adjunct tool to ities. Further studies with larger samples are necessary to con-
cine imaging, potentially improving reader confidence in the firm these observations.
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CHARACTERIZATION OF MYOCARDIAL SCAR
HETEROGENEITY AND RISK STRATIFICATION OF
CARDIOVASCULAR EVENTS. Myocardial scar can be hetero-
geneous with surviving bundles of myocytes mixed with
fibrotic tissue, and this specific tissue is the substrate on
which reentrant ventricular tachycardia (VT) can develop.
This “border zone,” also called “grey zone,” can be identified
by LGE, based on its intermediate signal intensity as com-
pared to the dense hypersignal of the scar core. The border
zone comprises both the “peri-infarct zone,” that is, the tran-
sition between dense scar tissues and the surrounding healthy
tissue at the scar periphery, and the “conducting channels,”
that is, corridors of viable tissue penetrating within the scar.
The quantification of the grey zone by conventional LGE has
been shown to predict long-term mortality, the inducibility
of ventricular arthythmia and appropriate implantable
cardioverter-defibrillator therapy defined as the occurrence of
anti-tachycardia pacing or shocks delivered for VT.”*7%
These findings have been very recently confirmed in a larger
cohort of 979 patients with coronary artery disease for the
prediction of sudden cardiac death.”” In this study, a grey
zone >5 g was superior to left ventricular ejection fraction
<35% to predict sudden cardiac death.

The smaller voxels of HR-LGE offer a better characteri-
zation of the scar complexity by reducing the partial volume
effect and the strong voxel anisotropy.®® Indeed, Dzyubachyk
et al demonstrated in postinfarction patients that conven-
tional LGE overestimated grey zones compared to an interpo-
lated HR-LGE volume, with EAM as gold standard.®!
Furthermore, HR-LGE allows the reconstruction of complex
3D scar architecture using dedicated software. A color-coded
representation of the different types of tissue (normal, scar

core and border zone) is provided at different depths inside
the ventricular walls (Fig. 5).82 HR-LGE was compared to
EAM as a gold standard, to confirm its ability to identify the
arrthythmogenic substrate, and to define the best cutoff value
in LGE signal intensity to distinguish border zones from the
scar core. In some preliminary studies, 70-81% of EAM con-
ducting channels could be identified on HR-LGE, using a
spatial resolution of 1.4 x 1.4 x 1.4 mm’ at 3 T.3¢3%8
A good agreement was also found at 1.5 T between low volt-
age areas and HR-LGE with a spatial resolution of
1.25 x 1.25 x 2.5 mm>*® Finally, HR-LGE was shown to
identify more conducting channels in correlation with EAM
than conventional LGE,”® emphasizing the need for a high
spatial resolution to well characterize the scar geometry and
quantify the border zones.

Recenty, HR-LGE (1.5 x 1.5 x 1.5 mm?) was used
in infarct animal model to highlight the limitations of EAM
at identifying scar.®* Indeed, voltage maps only reflect tissue
characteristics within few millimeters at the vicinity of the
catheter tip, limiting its sensitivity to detect mid-myocardial
scar. In particular, EAM mismatched with HR-LGE in pre-
served wall thickness with extended scar from subendocardial
to epicardium regions. This discordance advocates the use of
HR-LGE in combination with EAM in patients undergoing
VT ablation.

The presence, extension, heterogeneity, and distribution
of border zones were independent predictors of an additional
risk of life-threatening ventricular arrhythmia and sudden car-
diac death in 217 patients with cardiac resynchronization
therapy, over a follow-up period of 3 years.*> This study
suggested that the conducting channels were more closely
related to arrhythmic events than peri-infarct zones. These

FIGURE 5: Detection of arrhythmogenic sites within post-infarction scar using HR-LGE. The transversal acquisition volume can be
reformatted in any orientation (a: 4-chamber, b: 2-chamber, c: short axis). Intensity signal analysis can distinguish the grey zone (d,
yellow) from dense scar (d, red). In order to guide the catheter ablation of ventricular tachycardia, the HR-LGE dataset can be
segmented to generate a patient-specific 3D model displaying myocardial scar geometry and heterogeneity embedded within a
highly detailed cardiac anatomy (e, anterior view). The color-coded map shows scar density at 20% transmurality (purple: remote
myocardium, green to yellow: grey zone, red: dense scar). A channel of grey zone penetrating a dense scar can be seen in the
anteroseptal area (d and e, white arrows). HR-LGE = high-resolution late gadolinium enhancement.
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FIGURE 6: Acquisition and reconstruction concepts for accelerated whole-heart HR-LGE. (a) Acquisition is performed using an
inversion pulse to null the healthy-myocardium signal, an echo-navigator to track and correct the respiratory motion of the heart and
an undersampled variable-density Poisson-like 3D trajectory to accelerate the scan time. (b) For image reconstruction, similar
patches in the image are first selected, vectorized and concatenated in a matrix. This matrix, being low-rank in a mathematical
sense, can be decomposed into a noisy matrix and a clean matrix using a high-order tensor decomposition (HD-PROST) or a 3D fast
Fourier transform (LOST) with a shrinkage of the coefficients. Only the clean matrix is kept, and denoised patches are placed back in
their original position via patch aggregation. These steps are repeated for all patches in the image, and a denoised 3D volume is
eventually obtained. IR = inversion recovery; iINAV = image-based navigator; dNAV = diaphragmatic-based navigator.

results highlight the potential of HR-LGE to improve myo-
cardial scar tissue characterization, and thus the risk stratifica-
tion of cardiovascular events.

VENTRICULAR TACHYCARDIA ABLATION GUIDANCE.
Substrate-based VT ablation relies on the elimination of excitable
conducting channels to block VT circuits. The identification of
the substrate is usually performed via point-by-point voltage map-
ping, which can be time-consuming and hampered by low resolu-
tion or low catheter/wall contact. The integration of HR-LGE
images into EAM navigation systems to guide substrate-based VT
ablation is feasible and compatible with clinical practice®®%*%
(Fig. 5), producing a direct impact on procedural management.
Indeed, HR-LGE has been shown to improve the localization of
the target ablation sites and motivates the electrophysiologist to
perform additional mapping points.*>** Furthermore, the detailed
scar location influences the ablation strategy and the optimal
approach: endocardial, epicardial, or combined. This is of particu-
lar value in patients with transmural MI or subepicardial

43,50

postmyocarditis  scar, in whom epicardial or combined

approaches may be considered. The impact of HR-LGE

April 2022

integration was assessed in a prospective nonrandomized
study of 159 patients undergoing VT ablation, in which
54 patients had HR-LGE image integration.** This study
reported the use of HR-LGE minimized the number of radio-
frequency applications and radiofrequency delivery time and
was associated with a higher rate of acute success, defined as
noninducibility of any sustained VT at the end of the proce-
dure. Consequently, the HR-LGE group had a lower ventric-
ular arrhythmia recurrence rate than the control group over a
mean follow-up of 1.7 & 1.6 years, suggesting a more com-
plete ablation of the arrhythmogenic substrate. In a subset of
patients, some conducting channels only identified with HR-
LGE and not with EAM were not ablated. These patients
had a higher recurrence rate of VT at follow-up, suggesting
that HR-LGE could identify an arrhythmogenic substrate not
visible with EAM. These promising findings need to be con-
firmed by a prospective randomized study.

Congenital Heart Disease
The lifespan of adults with adult
disease (ACHD) has dramatically improved with advances in

congenital  heart
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2D LGE

3D LGE

FIGURE 7: Whole-heart HR-LGE with fat-water separation. Visual comparison between conventional LGE and HR-LGE images
showing small subendocardial infarction that can be observed in the mid-anterior wall (red arrow) in both sets of images, with a
better depiction in the long axis in the case of the conventional LGE images; and a good depiction in both long and short axis views
in the 3D HR-LGE images. Reprinted from reference 107 with permission from BMC.

cardiac surgery. In 2010, this population was estimated to be
1.4 million in the United States.” The management and
imaging of these patients may be challenging because of the
heterogeneity of ACHD, the complexity of anatomical abnor-
malities, pre- and post-surgery, and long-term complications,
such as heart failure, arrhythmia and associated sudden car-
diac death.®® The risk stratification of these patients is diffi-
cult due to a poorly understood disease progression. Complex
ACHD examples include tetralogy of Fallot (TOF), transposi-
tion of the great arteries, Ebstein’s anomaly, and single ventri-
cle congenital heart disease. In these diseases, myocardial

fibrosis is a common finding in surgical sites, as expected, but
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also in remote locations such as the RV.*” LGE imaging is
crucial to assess the prognosis and tailor therapy.*® The use of
conventional LGE leads to frequent false positives in the
thin-walled RV, in which voxels may be contaminated by epi-
cardial fat.*® In this context, HR-LGE has been successfully
used to characterize surgical scarring and fibrosis in patients
with repaired TOF.*"*® Interestingly, the HR-LGE focal scar
size has been shown to correlate with biventricular systolic
dysfunction and ventricular arthythmia.*® This technique
may help identify applications to better characterize the
arrthythmogenic substrate and guide the ablation procedure,
as previously described.
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FIGURE 8: Comparison of (a) HR-LGE with fat-water separation (DIXON) and (b) conventional 2D LGE in a female patient with
pericarditis. DIXON-based fat suppression enables excellent delimitation of the enhanced pericardium against the epicardial fat. In
direct comparison, the pericardium can hardly be identified in several areas in the HR-LGE views and worse in the conventional LGE
views (thin arrows: eg, along the right ventricle, close to the apex). Moreover, 3D water LGE imaging allows for excellent depiction
of small details such as the trabeculae of the right ventricle (bold arrows). Reprinted from reference 108 with permission from
Springer.

Myocardial Infarction With Nonobstructed
Coronary Arteries

Identifying the underlying etiology of MINOCA is a major
challenge in clinical practice. CMR plays a pivotal role in dis-
tinguishing patients with actual MI from patients with non-
ischemic causes of acute coronary syndrome (myocarditis,
Takotsubo, and other cardiomyopathies).*” However, in
21%-26% of patients, CMR is normal or inconclusive, lead-
ing to a management dilemma.*””° Lintingre et al very
recently investigated the diagnostic value of adding HR-LGE

April 2022

to the CMR protocol in 172 patients with MINOCA, when
conventional LGE was inconclusive (i.e., negative or compati-
ble with several diagnoses).”” Interestingly, HR-LGE led to a
change in final diagnosis in 26% of the patients. In two-
thirds of these patients, the diagnostic change occurred when
conventional LGE was compatible with several diagnoses.
The remaining patients had small myocardial lesions in the
LV and RV only revealed via HR-LGE while conventional
LGE was negative. This study highlights the fact that small

myocardial injuries may be missed by conventional LGE, due
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to a lack of spatial resolution.’ Detecting LGE has major
implications for the therapeutic management of patients with
MINOCA, advocating for the use of the HR-LGE sequence

when conventional LGE is negative or uncertain.

HR-LGE SEGMENTATION AND
QUANTIFICATION

Quantitative measurements of conventional LGE are usually
based on signal intensity thresholding of a manually seg-
mented region of interest (ROI) of the myocardial borders.”!
The two main approaches are the n-SD technique (with
n=2, 34,5, 6...) and the “full width half maximum”
(FWHM) technique. They both rely on the manual outlining
of endocardial and epicardial borders. In the n-SD technique,
a threshold between normal myocardium is determined above
the standard deviation (SD) of the manually selected remote
(dark) myocardium.92 There is no established cut-off, but
5-SD is recommended for myocardial infarction as a starting
point before manual adjustment.” In the FWHM technique,
half the maximal signal within the scar is the threshold
between normal myocardium and LGE.”**® However, these
two strategies rely on the manual segmentation of myocardial
borders, which are subject to high inter- and intra-observer
variability.”> The lack of consistency and the labor-intensive
nature of these techniques hinder their wide adoption in clin-
ical routine. Nowadays, conventional LGE extent is visually
assessed using American Heart Association 17-segment
model®* along with the transmurality (0%, 1-25%, 26-50%,
51-75% and 76-100%). Multiple methods for quantifying
the extent of grey zones have been reported: between 35%
and —50% of maximal LGE intensity using the FWHM
or signal intensity above the maximal intensity
7680 or finally between 2-SD and

technique,””
of the remote myocardium,
3-SD of remote myocardium intensity.” Recently, the tech-
nique between 2-SD and 3-SD was shown to be the most
associated with sudden cardiac death in patients with coro-
nary artery disease, compared to FWHM method.”” How-
ever, due to the strong impact of partial volume effect with
conventional LGE, the 2020 SCMR Task Force on Standard-
ized Post-Processing does not support any specific evaluation
technique.®>”!

An accurate segmentation of whole-heart HR-LGE is
one the key aspect of CMR-guided ablation procedures in the
LA and the ventricles. Indeed, as already mentioned, HR-
LGE was first initially developed to better visualize and quan-
tify LA fibrosis to guide AFib ablation. However, LA fibrosis
segmentation is particularly challenging due to the thin atrial
wall nearby surrounding structures such as the aortic wall and
valves. The majority of the centers participating to DECAAF
study used manual or semimanual segmentation with thresh-
olds adjusted by an expert operator (usually >2-SD or >4-SD
above the mean intensity of the normal

signal
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myocardium)."*®

Another approach consisted in normalizing
the intensity of the LA wall by the mean value of the blood
pool signal.”® However, there is no agreement on what
threshold value should be used to identify fibrosis. The dis-
crepancy of LA fibrosis segmentation methods between
groups may be explained by patient-specific factors (anatomy,
contrast clearance rate, heterogeneity of the myocardial scar)
and by factors impacting HR-LGE images (field strength,
spatial resolution, signal-to-noise ratio, inversion time,
artifacts, etc).

Segmentation of left ventricular LGE is also crucial for
image integration in EAM systems for VT ablation guidance.
Segmentation of scar core, grey zones, and normal myocar-
dium in the left ventricle usually relies on a fixed threshold
relative to the peak LGE intensity (FWHM technique).
Fernandez et al classified voxels >60% of maximal intensity as
scar core, and 40%-60% as grey zone,”® while Cochet et al
used >50% and 35%-50% for scar core and grey zone,
respectively.*® This discrepancy can be explained by different
field strength (3 T vs. 1.5 T, respectively), spatial resolution
(1.4 x 1.4 x 1.4 mm> vs. 1.25 x 1.25 x 2.5 mm>, respec-
tively) among other factors influencing HR-LGE signal
intensities.

Opverall, the segmentation of HR-LGE either for LA or
LV fibrosis is a time-consuming, tedious, and error-prone
process with limited robustness and reproducibility. In addi-
tion, the use of thresholding methods relies on a user-
dependent delineation of myocardial borders and there is no
consensus on threshold cutoff values. To alleviate the burden
of HR-LGE segmentation, artificial intelligence, particularly
deep learning, will undoubtedly provide alternative solutions
to automate this task and improve accuracy and reproducibil-
ity. To this regard, benchmarking of algorithms is crucial to
evaluate how novel segmentation methods perform relative
to other existing state-of-the-art algorithms. The “Left Atrium
Segmentation Challenge” was organized during the 2018
MICCAI conference using 154 HR-LGE annotated datasets.
A remarkable Dice accuracy score of 93.2% was achieved
using the most popular conventional neural networks (CNN)
architecture in medical imaging segmentation, the U-net, sig-
nificantly outperforming state-of-the-art algorithms.”” ™ Par-
ticularly, a two-stage 3D CNN method was employed to 1)
crop the HR-LGE volume to address the severe class imbal-
ance between the under-represented LA and the over-
represented background noise and 2) to locally segment the
targeted area. To ensure further clinical deployment, larger
multi-center datasets should be built to encounter for multi-
ple scanner vendors and the variability of HR-LGE image
quality. Contrary to atrial HR-LGE, no benchmarking or
“challenge” have been implemented yet for ventricular HR-
LGE, as it already exists with conventional LGE.”* However,
the feasibility of fully automated segmentation has been dem-
onstrated by Kurzendorfer et al who achieved a Dice accuracy
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score of ~80% on 30 HR-LGE datasets from two centers
using texture-based analysis.'®® More recently, using a train-
ing dataset of only 34 HR-LGE, a deep learning approach
was developed using several U-Nets and yielded Dice score of
83%. """

In the future, the clinical availability of such fully auto-
mated algorithms for HR-LGE segmentation will enrich the
robustness and reproducibility of LA and LV fibrosis quantifi-
cation. The implications are not only for MR-guided ablation
procedures but also for cardiovascular events risk stratifica-
tion. Indeed, LA fibrosis and LV grey zones are associated
with adverse outcomes, and their precise quantification
allowed by HR-LGE, would be helpful to personalize patient

management. 597779

FUTURE DEVELOPMENTS OF HR-LGE

The long HR-LGE scan duration limits its wide clinical
adoption. Technical progress has been made to accelerate
HR-LGE 1) by acquiring less data using innovative acquisi-
tion techniques and 2) by improving the respiratory motion
compensation efficiency (Table 3).

Acquisition and Reconstruction Strategies

The feasibility of accelerated HR-LGE has been demonstrated
by acquiring fewer k-space samples and exploiting their com-
pressibility using compressed-sensing approaches'®>!!! =114
(Fig. 6). Advanced undersampling strategies have to be con-
sidered and such state-of-the-art techniques often rely on
pseudo-random Cartesian trajectories such as variable-density
Poisson-like samplings.'®>'°*'%” In order to recover images
with good image quality from undersampled acquisitions,
iterative reconstruction frameworks have been based on
exploiting the similarity of small local patches in the 3D
images through low-rank decomposition to increase SNR and
reduce undersampling artifacts. These reconstruction tools,
known as LOST for single-contrast CMR'®* and HD-
PROST for multicontrast CMR,""” have shown promising
results in being able to increase the spatial resolution and
accelerate the scan time of free-breathing whole-heart images.
Basha et al assessed the clinical feasibility of this strategy on
270 patients (1.4 x 1.4 x 1.4 mm’, 5-fold acceleration,
~4 min scan time) and concluded that an acceptable image
quality could be achieved in most patients.'%*

Recently, Pennig et al combined regular compressed
sensing technique with parallel imaging to accelerate HR-
LGE (1.4 x 1.4 x 1.4 mm®, 5-fold acceleration, 4 min
30 sec average scan time) and achieved a good to excellent
image quality in 80% of patients with decreased overall scan
time as compared to conventional LGE."® Direct compari-
son between HR-LGE and conventional LGE showed an
improved depiction of small and particularly nonischemic
lesions, further confirming the usefulness of HR-LGE.
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Respiratory Motion Compensation

The diaphragmatic echo-navigator imposes a long and
unpredictable scan time, as only 30-40% of the heartbeats
are used. Moreover, irregular breathing patterns may worsen
the navigator efficiency to less than 10%, leading to non-
diagnostic images or acquisition failure. Novel developments
have been recently introduced to allow for 100% efficiency
(no rejected data) and thus, a predictable and reduced scan
time.''® The diaphragmatic echo-navigator is replaced by a
more sophisticated 2D image-based echo-navigator (iNAV)
that directly tracks the heart motion and allows for more
complex motion compensation, such as non-rigid motion.
The feasibility of 3D iINAV HR-LGE has been recently dem-
onstrated with a similar image quality to conventional LGE
in 22 patients, with a reduced scan time of 4 min.'%”> Another
strategy is to detect heart motion directly from the imaging
data itself without any echo-navigator.'®® Self-navigated HR-
LGE was successfully used in patients with a radial acquisi-
tion of 1.15 x 1.15 x 1.15 mm® isotropic resolution, pro-
ducing improved image sharpness compared to conventional
LGE. However, the self-navigated HR-LGE acquisition lasts
around 8 min and has a risk of streaking artifacts. Non-
Cartesian stack-of-radial HR-LGE was also reported without
the need of motion compensation and thus a significant scan
time reduction (<3 min with 1.25 x 1.25 x 2.5 mm” spatial
resolution).'' However, the evaluation was limited to five
patients and further studies are needed to confirm the diag-
nostic performance of such approach.

Similarly to developments in conventional LGE,
advances in HR-LGE contrast have also been developed, such
as black-blood HR-LGE with simultaneous whole-heart coro-
nary angiography,'® and wide-band HR-LGE to reduce the
artifacts caused by implantable devices."'” DIXON HR-LGE
has also been proposed recently to improve the suppression of
the epicardial fat (Fig. 7)."%'®"'% This new approach
improved the confidence in diagnosis of subepicardial LGE
compared to conventional 3D single breath-hold LGE.'"
DIXON fat suppression may also improve the evaluation of
the extent of pericardial involvement by HR-LGE in patients
suspected with pericarditis (Fig. 8).19% The diagnostic perfor-
mance of all these advanced techniques in clinical routine
needs to be assessed in further studies.

CONCLUSIONS

Over the last decade, the technical development of HR-LGE
imaging has allowed for accurate identification and efficient
quantification of LA fibrosis. The clinical applications of LA
fibrosis imaging are numerous and steadily increasing, ranging
from early identification of patients at risk of incident AFib
to prediction of the risk of stroke or arrhythmia recurrence in
patients with AFib, for guiding the catheter ablation. How-
ever, while this MR sequence was initially developed to
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characterize LA fibrosis, it presents a significant interest in the
ventricles as well. As compared to conventional LGE, ventric-
ular HR-LGE imaging appears to be a valuable tool that
could significantly impact decision-making in clinical routine.
Indeed, the use of HR-LGE can lead to diagnostic changes,
based on the detection of small scars, which are nonvisible
with conventional LGE. This proved to be particularly help-
ful in patients with MINOCA or ventricular arrthythmia of
an unknown etiology when the conventional LGE is negative
or inconclusive. In addition, 3D HR-LGE images can now
be integrated in EAM systems to guide ablations, producing a
direct impact on procedure management. Based on detailed
scar visualization, a need for an epicardial approach can be
anticipated, and the targeted tissue can be more accurately
identified. Initial results suggesting a decrease in VT-
recurrence due to more complete ablations with HR-LGE
need to be confirmed by randomized studies. Finally, the RV
fibrosis visualization by HR-LGE might be of great interest
to improve the clinician confidence in the challenging diagno-
sis of ARVC and to better characterize patients with ACHD,
such as a repaired tetralogy of Fallot. Considering the
extended scan time of ventricular HR-LGE, the challenge is
to select the patients who would benefit the most from
it. Future studies will be needed to explore the previously
mentioned indications of ventricular HR-LGE. Regarding the
lefc atrial HR-LGE, the ongoing DECAAF 1I trial will help
define the best technical approach to catheter ablation of per-
sistent AFib and precise the selection criteria for ablation.
The new technical developments currently made to accelerate
HR-LGE are promising for a more widespread use of this

sequence.
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