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Graphical Abstract

Late gadolinium enhancement imaging and sudden cardiac death

Presence as well as extent of
myocardial fibrosis and grey-zone
fibrosis predict risk of SCD

Absence of fibrosis has a high
negative predictive value for SCD

Addition of LGE-CMR improves

discrimination of HCM SCD risk models reconstructions, T1 mapping combined with
other biomarkers shed mechanistic insights and
Consider ICD therapy if >15% scar burden outperform current risk prediction models

Presence, location, and extent
of fibrosis predict SCD

LGE outperforms LVEF
for SCD risk prediction

Computational models of LGE

Late gadolinium enhancement cardiac magnetic resonance and sudden cardiac death in cardiomyopathies. CAD, coronary artery disease; CMR, car-
diac magnetic resonance; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; ICD, implantable cardioverter defibrillator; LGE, late

gadolinium enhancement; LVEF, left ventricular ejection fraction; SCD, sudden cardiac death.
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Abstract

The prediction and management of sudden cardiac death risk continue to pose significant challenges in cardiovascular care despite advances in therapies

over the last two decades. Late gadolinium enhancement (LGE) on cardiac magnetic resonance—a marker of myocardial fibrosis—is a powerful non-

invasive tool with the potential to aid the prediction of sudden death and direct the use of preventative therapies in several cardiovascular conditions.

In this state-of-the-art review, we provide a critical appraisal of the current evidence base underpinning the utility of LGE in both ischaemic and

non-ischaemic cardiomyopathies together with a focus on future perspectives and the role for machine learning and digital twin technologies.

Sudden cardiac death « Late gadolinium enhancement ¢ Cardiac magnetic resonance ¢ Cardiomyopathy * Outcomes

Keywords

Introduction: sudden cardiac death
and fibrosis

Sudden cardiac death (SCD) affects around 50 to 100 per 100 000 of
the population and accounts for up to 50% of all cardiovascular
deaths."? Despite a decline in incidence of SCD, the identification
and prevention of SCD continues to present a significant challenge
with as yet no clear strategy for mass screening in the general popu-
lation.>* Several markers have been shown to associate with the risk
of sudden death in cardiovascular disease. Whilst not validated in
whole population screening, late gadolinium enhancement (LGE) car-
diac magnetic resonance (CMR) for characterizing fibrosis, is one
powerful imaging technique shown to independently predict the
risk of SCD in cardiovascular disease (Graphical Abstract). In this art-
icle, we present a state-of-the-art review of the evidence underpin-
ning the role of LGE in SCD prediction in various cardiovascular
disease states.

Fibrosis and late gadolinium enhancement
A characteristic pathological feature often seen in patients with cardiac dis-
ease is the presence of myocardial fibrosis which results from an increase in
collagen formation in the extracellular matrix and myocyte cell death.
Three forms of fibrosis have been identified on histopathological analysis.
Replacement fibrosis represents areas of myocardial scarring because of
myocyte cell death whereas interstitial fibrosis represents a net accumula-
tion of extracellular matrix proteins in the absence of significant cardio-
myocyte loss. A third type known as perivascular fibrosis describes the
expansion of the microvascular adventitia.> The activation of the renin—
angiotensin—aldosterone system and the beta-adrenergic axis in heart fail-
ure syndromes, myocardial injury, and various genetic and environmental
insults lead to the activation of the inflammatory cascade resulting in myo-
fibroblast activation, production of collagen and myocyte cell death.>® The
resultant fibrosis and the grey-zone surrounding areas of fibrosis containing
a heterogeneous mixture of viable and non-viable myocardium are thought
to provide the substrate for ventricular arrhythmia through abnormal
automaticity, triggered activity, and re-entry.” '

LGE on CMR affords the ability to non-invasively identify areas of car-
diac fibrosis with high spatial resolution and serves as the reference
standard for myocardial tissue characterization."" Since its development
in the 1980s, LGE-CMR has become the gold standard in the non-invasive
diagnosis of a range of ischaemic and non-ischaemic cardiomyopathies.'?
Numerous studies and meta-analyses have underlined the clinical signifi-
cance and prognostic ability of LGE as a powerful predictor of SCD and
ventricular arrhy‘thmia.”’16

Sudden cardiac death and late
gadolinium enhancement in
coronary artery disease

Coronary artery disease (CAD) remains the largest cause for SCD ac-
counting for more than 75% of the cases.”” " Guidelines for primary
prevention implantable cardioverter-defibrillators (ICD) recommend
using a left ventricular ejection fraction (LVEF) cut-off value of 35%
or less for ischaemic aetiology with a class IA recommendation®2°
based on historical trials conducted over two decades ago®'~>* and sup-
ported by more recent registry data.?> This method has several limita-
tions. First, in terms of absolute numbers, more patients with mild or
moderate left ventricular (LV) impairment suffer SCD as compared
with patients with severe LV impairment.?® Second, severe LV impair-
ment is a risk factor for both sudden and non-sudden death.”” Third,
only a small proportion of patients with primary prevention ICD
ever need therapy,*® therefore, requiring high numbers needed to treat
to prevent one sudden death and presenting the challenges of device
complications, reintervention, infection, economic cost and psycho-
logical burden of inappropriate shocks. In a large pooled analysis of
20 data sets comprising of 140 204 patients post-myocardial infarction
by the PROFID (Prevention of SCD after myocardial infarction by de-
fibrillator implantation) group, LVEF was shown to be a poor predictor
of sudden death, reporting an area under the receiver operating char-
acteristic curve between 0.50 and 0.56.%°

A number of studies have shown fibrosis detected by LGE on CMR
to be a better predictor of sudden death in ischaemic cardiomyopathy
when compared with LVEF (Table 1).3°7* In a large study by Zegard
et al. (979 patients with CAD, 29 SCDs, 80 arrhythmic endpoints; aver-
age follow-up 5.8 years), both myocardial fibrosis (hazard ratio [HR]
10.1, 95% confidence interval [CI] 1.42-1278.9) as well as grey-zone fi-
brosis (using 3 standard deviation [SD] method>50g sub-
distribution HR 10.8; 95% Cl 3.74-30.9) were better predictors of
SCD as compared with LVEF (LVEF <35% and SCD; sub-distribution
HR 2.99, 95% Cl 1.42-6.31). In addition, the absence of myocardial fi-
brosis had high negative predictive value for SCD and arrhythmic end-
points approaching 100% sensitivity.>”

There is also evidence that quantification of core and grey-zone or
peri-infarct zone fibrosis in CAD are independently associated with
SCD and overall mortality.>*= In a study by Jones et al,, in 437 patients
with stable CAD (median follow-up 6.3 years, 49 SCD, or aborted SCD
events) who underwent comprehensive CMR, incrementally, core infarct
mass and grey-zone mass were independently associated with SCD or
aborted SCD (per gram HR 1.07, 95% Cl 1.02-1.12; P = .002).%°
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Table 1 Studies of LGE and SCD in ICM

Actiology

Results

Conclusions

Study N Design Follow-up,
years
(median/
mean)
Jones et al>® 437 Single centre, Prospective 6.3 ICM
registry
Pontone 861 Multi-centre registry 128 ICM
et al®
Leyva et al*®> 700 Single centre, prospective 6.93
registry of patients and
undergoing CIED implants
Zegard 979 Single centre, 5.82 ICM
et al.*? retrospective registry
Haghbayan 1518 Meta-analysis 3.6 ICM
et al® of 20 studies
Klem et al>* 137 Single centre, 2 ICM
prospective

ICM (58.3%)

NIDCM
(41.7%)

LGE mass (per gram) and
SCD/aSCD

PIZ
HR 1.07 (95% CI 1.02-1.12;
P =.002)

Core infarct
HR: 1.03 (95% Cl 1.01-1.05;
P=.01)

LGE mass and MAACE
(composite SCD/aSCD/
sustained VT)

HR 1.010 (95% Cl 1.002—
1.018; P=.015)

MF and SCD

HR 26.3 (95% Cl 3.7-3337)

NPV: 100%
GZF 1ass and SCD

HR 44.6 (95% Cl 6.12-5685)

MF and SCD
HR 10.1 (95% ClI
1.42-1278.9)

PIZ mass and core infarct mass were
independently associated with the
primary outcome

LGE mass was one of the independent
predictors of MAACE

In CIED recipients, MF and GZFssp mass
were strong predictors in relation to
SCD and the arrhythmic endpoint

MF on visual assessment and quantified
GZF35p mass were strongly
associated with SCD and VAs

PIZ and appropriate ICD Quantification of the PIZ predicted
long-term mortality and appropriate

ICD therapy

therapy
(5 studies; n=361) HR 1.31/
10 g (95% Cl 1.17-1.47)

Scar size >5% and death/
appropriate ICD discharge
for sustained VT
HR 5.2 (95% Cl 2.0-13.3)

Scar was an independent predictor of
adverse outcomes

aSCD, aborted sudden cardiac death; Cl, confidence interval; CIED, cardiac implantable electronic device; GZF, grey-zone fibrosis; HR, hazard ratio; ICD, implantable cardioverter
defibrillator; ICM, ischaemic cardiomyopathy; LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction; MAACE, major arrhythmic adverse cardiovascular event; MF,
myocardial fibrosis; NIDCM, non-ischaemic dilated cardiomyopathy; NPV, negative predictive value; PIZ, peri-infarct zone; SCD, sudden cardiac death; SD, standard deviation; VA,

ventricular arrhythmia; VT, ventricular tachycardia.

ICD implants in CAD

Although LGE on CMR is emerging as a strong predictor of outcomes,
many factors contribute to the risk of sudden death in CAD and no one
parameter is likely to capture all risk. This is further complicated by the
observation that patients with ischaemic heart disease are likely to be
older with multiple other comorbidities and therefore have competing
risk of death from non-sudden causes. The decision for ICD implant in
these patients needs to move away from dichotomous LVEF measure-
ments and incorporate other prognostic variables. Younis et al. have de-
veloped a risk score (MADIT-ICD benefit score) based on data from
4531 patients (two-thirds with ischaemic cardiomyopathy; mean
LVEF 25+ 6%) enrolled in the MADIT trials. In their analysis, the
3-year predicted risk of ventricular tachycardia (VT)/ventricular fibrilla-
tion was three-fold higher than the risk of non-arrhythmic mortality
(20% vs. 7%, P < .001) in the highest benefit group.® This probabilistic
analysis has limitations which include retrospective analysis of historical

trial data (rather than real world, community level data), lack of availabil-
ity of LGE or genetic factors and lack of independent external valid-
ation. The evidence base upon which ICD recommendations are
prescribed in the guidelines is over 20 years old and currently, risk pre-
diction models are not in clinical use due to lack of robust prospective
external validation in a randomized controlled trial setting.

Sudden cardiac death, LGE, and
hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM), defined as the presence of in-
creased LV wall thickness or mass not explained by abnormal loading
conditions, has a prevalence of around 1 in 500 and is one of the leading
causes of sudden death in young adults.>*~*? In about 30%—40% of
cases, a sarcomeric genetic variant is identified.** The annual incidence
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Table 2 Meta-analyses of LGE and SCD in HCM

N No.of Follow-up, years Results Conclusion
studies  (median/mean)

Abdelfattah et al.>® 4519 8 34 SCD (LGE +) The absence of LGE was associated with a low
HR 5.00 (95% Cl 3.21-7.78; P <.001) annual risk for SCD events

Kiaos et al.®® 5550 11 5.2 LGE extent and SCD All quantification techniques were comparable.
pooled OR 4.93 (95% Cl 3.75-6.47) With six SD technique, LGE 10% was the optimal

cut-off to effectively re-stratify
intermediate-risk patients

Kamp et al.’ 3808 8 32 LGE and: LGE on CMR was a strong predictor of
SCD arrhythmic outcomes including SCD, aborted
OR 1.69 (95% Cl 1.03-2.78) SCD, and appropriate ICD therapy.
SCD or aborted SCD
OR 2.32 (95% Cl 1.56-3.43)

Fortuni et al.t> 3351 7 297 LGE and: Presence of LGE at CMR in patients with HCM
SCD/aborted SCD had a substantial prognostic value for fatal
OR 3 .34 (95% Cl 1.97-5.69; P <.001) events and, in particular, for SCD.

He et al.®? 3770 9 29 SCD/aborted SCD in LGE (+) vs. LGE (=) LGE was significantly associated with SCD/
OR 3.40 (95% Cl 1.90-6.08; P <.001) aborted SCD risk in patients with HCM.

Weng et al.®* 2993 5 3.1 LGE and SCD Quantitative LGE by CMR exhibited a substantial
OR 3.41 (95% Cl 1.97-5.94; P < .001) prognostic value in SCD events prediction,
Extent of LGE and SCD independent of baseline characteristics
HR 1.56/10% LGE (95% Cl 1.33-1.82;

P <.0001)

Briasoulis et al.®> 3067 6 3.05 SCD and LGE (+) vs. LGE (-) LGE was significantly associated with SCD risk
OR 2.52 (95% Cl 1.44-4.4; P=.001)

Green et al.®® 1063 4 31 LGE and SCD/aborted SCD LGE was associated with increased risk of SCD/

pooled OR 2.39 (95% Cl 0.87-6.58;

aSCD

P=.091)

Cl, confidence interval; CMR, cardiac magnetic resonance; HCM, hypertrophic cardiomyopathy; HR, hazard ratio; ICD, implantable cardioverter-defibrillator; LGE, late gadolinium

enhancement; OR, odds ratio; SCD, sudden cardiac death; SD, standard deviation.

of sudden death and aborted sudden death is reported to be around
0.8% but this varies widely depending on risk profile.***~*¢ Multiple fac-
tors have been implicated in pathophysiology of arrhythmogenesis in
HCM. Markedly hypertrophied regions correspond to disorganized
cardiomyocyte architecture with fibrosis and collagen matrix depos-
ition on histological studies.*” These changes can lead to local conduc-
tion delay or block, abnormally fractionated and prolonged endocardial
bipolar electrograms with reduced voltage amplitudes.48 Ischaemia
both due to remodelled intramural coronary arteries*”*® and micro-
vascular dysfunc‘cion51 as well as abnormal handling of calcium homeo-
stasis in pre-clinical studies have also been implicated.”*>*
Identification of individuals at risk of sudden death who would most
benefit from primary ICD is challenging. A 5-year SCD risk stratification
score based on seven factors (age, LV wall thickness, left atrial size, LV
outflow tract gradient, non-sustained VT, unexplained syncope, and
family history of SCD) was developed>* and has been externally vali-
dated.>>*® A 5-year SCD score of 6% or more is considered high risk
leading to a class lla recommendation for ICD implantation whereas
a score of <4% is considered low risk and in between (>4% to <6%)
considered intermediate risk. Given the emerging role of imaging in
SCD risk stratification, some data suggest that this risk scoring based
on clinical parameters alone lacks sufficient discriminatory power.57'58

LGE is seen in about 60% of patients with a confirmed HCM diagnosis.
A large number of HCM studies and their meta-analyses have shown a
strong association of fibrosis as assessed by LGE on CMR and malignant
ventricular arrhythmia, sudden death, and aborted sudden death
(Table 2), suggesting LGE assessment to be an important additive par-
ameter in prognostic modelling when assessing SCD risk and preventive
ICD therapies.®>®’ These findings also extend to the adolescent age
group.?® In a multi-centre study of 493 patients (23 events; median
follow-up 3.4 years), LGE on CMR outperformed both ESC HCM
Risk-SCD score and the ACCF/AHA criteria (C-statistic 0.84, 95% Cl
0.76—0.91).69 Moreover, in a recent pooled meta-analysis of eight ob-
servational studies (n=4519), the absence of LGE was associated
with a low annual risk of SCD (0.34%/year) equating to 80% lower
risk as compared with LGE positive patients over a 10 year follow-up
period.>® Of note, although there is evidence to suggest a strong nega-
tive predictive value, absence of LGE does not preclude the risk of SCD.

LGE quantification and SCD in
hypertrophic cardiomyopathy

Quantification and not merely the binary presence of LGE has also been
shown in a number of studies to portend prognostic value 60676270
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In a study of low and intermediate risk patients (n = 1423; SCD/aborted
SCD events 60 [4%]; mean follow-up 4.7 years), on quadratic spline ana-
lysis, LGE >15% was associated with increased risk of composite events
and addition of LGE >15% to the ESC 5-year SCD risk score improved
the log likelihood ratios from —227.85 to —219.14 (x* 17).”" There is
some debate about the utility of quantitative LGE on CMR as no consen-
sus exists on the optimal quantification method. In a recent meta-analysis
of 11 studies of quantitative LGE in HCM (n = 5550, median follow-up
5.2 years; consisting of 4 methods of quantification) all methods had com-
parable accuracy in predicting SCD and LGE 10% cut-off using 6 SD tech-
nique was able to risk stratify in intermediate cases (sensitivity 0.73 and
specificity 0.67).°° Acknowledging the key role of LGE in risk stratifica-
tion, both the latest European and American guidelines recommend con-
sidering ICD therapy in patients with LGE of >15% (ESC) or ‘extensive’
LGE (ACCF/AHA), especially in borderline or intermediate risk cases. >’
The cut-off value of 15% has been questioned by recent studies as
thresholds of 5% and 10% have also been shown to associate with higher
SCD events as compared with LGE below 5% after multi-variable adjust-
ment.®%”3 Additional factors of interest in predicting sudden death in this
patient population include LV apical aneurysms, LV systolic dysfunction
and presence of sarcomeric mutations.”

LGE on CMR is emerging as a powerful tool in aiding the decision for
ICD therapy in patients with HCM, in particular those that fall in the
more clinically challenging low and intermediate risk categories.
However, given the heterogeneous nature of the disease, the use of
multiple variables reflecting different aspects of the disease may be ne-
cessary to provide an accurate estimate of prognosis. Furthermore, the
use of LGE to guide ICD therapy in HCM needs to be evaluated pro-
spectively in a randomized controlled trial.”*

LGE and SCD in dilated
cardiomyopathy

Dilated cardiomyopathy (DCM) is characterized by LV dilatation and re-
duced systolic function in the absence of coronary disease or abnormal
loading conditions. The true prevalence of DCM is likely underestimated
and is thought to be around 1in 2507° making it one of the most common
cardiomyopathies, carrying a 20% 5-year mortality.”®”” The reported in-
cidence of SCD in DCM varies ranging from 0.1% to 4% annuallly.77*79

Guidelines currently recommend ICDs to reduce the risk of SCD in
symptomatic DCM patients (New York Heart Association class II-Ill)
with a LVEF <35% (class Ila recommendation).”** Evidence for LVEF
based stratification comes from meta-analysis of the five trials that have
evaluated ICD therapy in patients with DCM and severely impaired LV
function®%8" In the DANISH trial, the largest trial including patients
with DCM investigating ICD therapy vs. optical medical therapy, all-cause
mortality was not lower in patients with ICDs (HR 0.87, 95% CI 0.68—
1.12; P =.28); however, SCD was reduced (HR 0.50, 95% Cl 0.31-0.82;
P = .005).8% This discrepancy might be explained in part by the competing
risk from non-sudden causes of death.2*8

A number of studies have shown that LVEF-based risk stratification
for ICD implantation is imprecise as the majority of devices implanted
never need to deliver therapy (11.5% appropriate shock in DANISH
trial over 5.6-year follow-up)®? and a cohort of patients with a LVEF
>35% go on to suffer SCD.”*%°

Extent and location of LGE in DCM

Characteristic mid-wall LGE occurs in up to one third of DCM patients.
Both the presence and specific location of LGE act as substrates for

ventricular arrhythmias associating with a five- to nine-fold increased
risk of SCD.”##¢8% Septal LGE carries a higher risk than lateral wall fibrosis
alone.® In patients with DCM and an LVEF >40%, mid-wall LGE identifies
a subset at increased risk of SCD and a low risk of non-sudden death (HR
4.8,95% Cl 1.7-13.8; P = .003).28 Even in patients with normal LV function
by echocardiogram and frequent pre-mature ventricular contractions, a
non-ischaemic ring-like mid-wall, LV scar pattern predicted more than
twice the risk of a composite of death and major arrhythmic events during
follow-up compared with those patients with a non-ring like LGE pattern
likely to reflect a higher prevalence of high-risk genetic |:>henoty|:>es.90 In
patients with sustained VT in the setting of DCM, despite a diffuse de-
crease in LV function, the areas of replacement fibrosis and in turn the re-
gions of LGE on magnetic resonance imaging that correlate with the VT
substrate during electroanatomic mapping are located predominantly in
the basal and typically perivalvular septum and/or LV free wall.”"*>

Similar to the role of LGE quantification in HCM, there is emerging evi-
dence for its prognostic role in DCM. In a recent study of two large UK
tertiary centres, using competing risk analyses, quantification of both to-
tal fibrosis and grey-zone fibrosis in patients with DCM added incremen-
tal value in predicting the risk of SCD or ventricular arrhythmia. Total
fibrosis mass of >10 g was associated with the highest risk (HR 9.17,
95% Cl 4.64—18.1) compared with patients with no visual fibrosis.”

Multiple meta-analyses have shown LGE on CMR to associate with
the risk of SCD in DCM (Table 3)."*'¢?>71% | the most up to date
and largest meta-analysis of 103 studies (n =29 687) LGE presence
and extent (per 1%) were associated with higher arrhythmic endpoints
(HR 2.69, 95% Cl 2.20-3.30; P <.001 and HR 1.07, 95% CI 1.03-1.12;
P =.004) in addition to associating with higher all-cause mortality, car-
diovascular mortality, and heart failure events. On the contrary, LVEF
did not predict mortality or arrhythmic endpoints.”

Genetic profile and SCD in DCM

The genetic architecture also confers risk. A familial cause is implicated
in about 20%-35% of DCM cases.'®" Carriers of specific genetic var-
iants associated with DCM, for instance desmosomal, lamin A/C, filamin
C, and titin-truncating variants, carry an increased risk of SCD, 102103
This may in part be explained by the varying distribution pattern of
LGE underlying the genetic substrate. In a recent large study of 577 pa-
tients with DCM across 20 Spanish centres by de Frutos et al. (causative
genetic variant = 38%; LGE-positive 25.5%), patients with LGE had a
higher genetic yield of pathogenic and likely pathogenic genetic variants
(30%—-50%) as compared with patients with no LGE (27.3%). At a median
follow-up of 2.7 years, distinct patterns of LGE (sub-epicardial, mid-wall
linear, transmural, and right ventricular insertion) were associated with
higher risk of major ventricular arrhythmias (SCD or aborted SCD, sus-
tained VT, and appropriate ICD interventions) as compared with no
LGE, the highest risk group being those with a combination of these
patterns (HR 18.2, 95% Cl 5.1-64.4; P < 001)."® On the other hand,
sub-endocardial and patchy LGE did not associate with major ventricular
arrhythmia in this study. This along with other published literature suggests
that the pattern of LGE has a significant prognostic role in DCM.81%>

Risk stratification for ICD in DCM

There is a pressing need for improved risk stratification for SCD in
DCM patients, to ensure ICDs are implanted in those most likely to
benefit and avoided in others. This is important as ICDs are expensive.
An economic analysis by National Institute for Health and Care
Excellence, UK in the financial year 2011 reported a cost of £9692
per systemm6 whilst carrying a 5% risk of infection, a 2% risk of
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Table 3 Meta-analyses of LGE and clinical outcomes in DCM

Study N No. of studies  Follow-up, years
(median/mean)
Eichhorn et al.” 29 687 103 3.1
Theerasu- 15217 60 3
wipakorn et al."*
Di Marco et al.'® 2948 29 3
Wang et al.”® 1827 7 3
Disertori et al.”’ 2850 19 (both ICM 2.8
and NICM)
Becker et al.”” 4554 34 3
Kuruvilla et al.'® 1488 9 2.5

LGE and VA:
HR 2.69 (95% Cl 2.20-3.30;
P <.001)

LGE and VA
pooled OR: 3.99 (95% Cl 3.08—
5.16)

Weighted rate difference

LGE (+) and LGE (-)

4% (95% Cl 2.6% to 5.5%;
P <.001)

pooled OR 4.3 (P <.001)

Pooled OR of mid-wall fibrosis
and:

SCD/aborted SCD

2.25 (95% Cl 1.16-3.16)

Overall population,
LGE (+) vs.
LGE (-) and VA

Pooled OR 5.62 (95% Cl 4.20—
7.51)

LGE (+) vs.
LGE (-)

VA
OR 452 (95% Cl 3.41-5.99)

Conclusion

Presence and extent of LGE were
associated with arrhythmic
endpoints in NICM

Real-world evidence suggested that
the presence of LGE on CMR was
a strong predictor of adverse
long-term outcomes in patients
with NICM

The presence of LGE was associated
with significantly higher
occurrence of arrhythmic
endpoints including in patients
with LVEF > 35%

The presence of LV mid-wall fibrosis
on LGE is a significant
prognosticator of adverse events
in NICM patients

LGE was a powerful predictor of
ventricular arrhythmic risk in
patients with ventricular
dysfunction, irrespective of
aetiology

The presence of LGE on CMR
substantially worsens prognosis
for adverse cardiovascular events
in DCM patients

LGE (+) vs. LGE in patients with NICM is

LGE (-) associated with increased risk of
SCD/aborted SCD SCD

OR 5.32

(P <.00001)

CMR, cardiac magnetic resonance; DCM, dilated cardiomyopathy; HR, hazard ratio; ICM,

cardiomyopathy; OR, odds ratio; SCD, sudden cardiac death; VA, ventricular arrhythmia.

pneumothorax and a 6% risk of inappropriate shocks over 5 years with
substantial impact on quality of life.2> Acknowledging these gaps, in the
current era of improved outcomes secondary to modern guideline-
directed heart failure therapy, the recently published cardiomyopathy
guidelines from the ESC conclude that an optimized strategy for sudden
death prevention in DCM remains unsolved highlighting the need for
better risk stratification when offering ICD implantation.*?

LV ring-like LGE and SCD

Ina subset of patients, on LGE-CMR, a ring-like scar pattern is seen with
extensive mid-wall/sub-epicardial fibrosis affecting at least three con-
tiguous segments in the same short-axis slice. Although it appears to
correlate with a genetic cause for DCM and in particular with desmo-
somal and filamin C gene variants'®® in about 15% of cases, an inflam-
matory cardiomyopathy is diagnosed."” It is associated with an
elevated risk of malignant arrhythmias. In a multi-centre study of 686
patients, those with ring-like scarring (4% of the cohort) had a 50%
rate of adverse outcomes (death, cardiac arrest, or appropriate ICD

ischaemic cardiomyopathy; LGE, late gadolinium enhancement; NICM, non-ischaemic

therapy) over 5 years, compared with 19% in non-ring-like scarring
and 0.3% in LGE-negative patients. After multi-variable adjustment,
the presence of LGE with ring-like pattern remained independently as-
sociated with increased risk of the composite endpoint (HR 68.98, 95%
Cl 14.67-324.39; P <.01).”° Similarly, in another multi-centre study,
ring-like LGE in 115 patients and the presences of at least one other
high-risk feature (pathogenic/likely pathogenic genetic variant, family
history for cardiomyopathy or arrhythmogenic cardiomyopathy diag-
nosis) was associated with a high burden of life-threatening arrhythmia
(3.8 events/100 patients/year; median follow-up 4.6 years). On multi-
variable analysis, anterior Q-waves, QRS width, and LV end-diastolic
volume index were independently associated with life-threatening ar-
rhythmias (Harrell’s C-index = 0.796)."%®

LGE and other pathologies

LGE has implications in many other cardiac pathologies. A number of
studies have shown a strong association between LGE and SCD in
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patients with valvular heart disease, in particular aortic stenosis (AS)
and mitral valve prolapse (MVP) with mitral annular disjunction (MAD).

LGE and aortic stenosis

The annual incidence of SCD in AS is reported to be around 1.8% per
annum in symptomatic patients and 0.39% to 1.4% in asymptomatic in-
dividuals."®®""° Fibrosis as detected via LGE on CMR has been shown
to precede symptom development indicating irreversible damage and
strongly associates with mortality."”"=""* In a recent meta-analysis of
13 studies (n = 2430; follow-up 6—67.2 months), LGE in patients with
AS was also shown to associate with a composite outcome of major
adverse cardiovascular events which included SCD (pooled relative
risk 1.649, 95% Cl 1.23-2.22, P =.001)."" The latest EVOLVED rando-
mized trial of intervention in asymptomatic severe AS with myocardial
fibrosis, there was no significant difference in the primary composite
endpoint of all-cause death or unplanned AS-related hospitalization
in patients randomized to receive early intervention vs. patients rando-
mized to receive guideline-directed conservative management.''® Low
event rates, lack of long-term follow-up and a paucity of data on SCD in
patients with AS means no firm conclusions can be drawn on the prog-
nostic relevance of LGE in risk stratification for SCD in patients with AS.

LGE and mitral valve prolapse

MAD, a term which describes a distinct separation of the mitral valve
annulus and left atrial wall continuum, often occurs in conjunction
with MVP and has been shown to associate with ventricular arrhythmia
and SCD.""”"""? There is emerging evidence that LGE has a prognostic
role in this cohort, in particular, myocardial fibrosis affecting both the
infero-basal LV free wall and the papillary muscles has been recog-
nized.'® Investigators from 15 tertiary European centres (n=474;
mean follow-up 3.3 years) reporting outcomes in patients with MVP
found that LGE (HR 4.2; P=.006) and the extent of LGE (HR 1.2 per
1% increase; P=.006) predicted more adverse events (sustained VT,
SCD, and unexplained syncope) as compared with MAD (P=89).'*'
Moreover, LGE-positive patients are more likely to have longer MAD dis-
tance, which in itself is an adverse prognostic marker when it comes to
malignant arrhythmias.'®"~"?* Based on current evidence, LGE on CMR
has been recognized as a potential factor in risk stratification of the ‘ar-
rhythmic MVP syndrome’ in the latest guidelines.?

LGE and sarcoidosis

Sarcoidosis, which is a multi-system inflammatory condition, can lead to
fibrosis in the heart pre-disposing patients to malignant ventricular ar-
rhythmias."* LGE detection of fibrosis in cardiac sarcoidosis has been
shown to strongly associate with ventricular arrhythmia in a number of
studies and confirmed in a recent meta-analysis of 13 studies with the
highest odds ratio of risk seen when biventricular scarring is noted.'*> A
separate meta-analysis suggests the presence of LGE is associated with
a nine fold increased risk of life-threatening ventricular arrhythmias.'*®
Risk increases with biventricular disease.'” Current guidelines recom-
mend an ICD for patients with cardiac sarcoidosis and ‘extensive’ LGE
on CMR with a class lla recommendation.?

Cardiac amyloidosis caused by misfolded precursor proteins leading
to deposits in heart is mainly related to light-chain amyloid or transthyr-
etin amyloid. A characteristic LGE pattern is seen in cardiac amyloidosis;
typically, of global sub-endocardial LGE, coupled with abnormal myo-
cardial and blood pool gadolinium kinetics."*® Mode of death in the dis-
ease is mostly progressive heart failure and there is uncertainty about
the benefit of ICD therapy in this setting.'*’

LGE and myocarditis

Myocarditis has an annual incidence of 4-14 per 100 000 people with
variable consequences ranging from mild LV dysfunction to severe im-
pairment, heart block and life-threatening arrhythmia."*®"*" In up to
12% of SCD cases, myocarditis is implicated on autopsy.">*'3? LGE
plays a prognostic role when it comes to sudden death and major ven-
tricular arrhythmia in myocarditis.">® In one study analysing 156 pa-
tients with a diagnosis of myocarditis and life-threatening arrhythmia,
LGE (>2 myocardial segments) was a strong predictor of SCD (HR
4.51,95% Cl 2.39-8.53)."** In another study, individuals with an acute
myocarditis presentation (n = 97) and desmosomal gene variants (n =
36) were shown to have more LGE segments and higher ventricular ar-
rhythmia compared with myocarditis patients without a desmosomal
variant.'®
prognostic role in sudden death or ventricular arrhythmia include
neuromuscular disorders,'3® Chagas disease,” and arrhythmogenic
cardiomyopathy."®

Other conditions in which LGE has been shown to have

Interstitial fibrosis and risk of
sudden death

In addition to replacement fibrosis, there is also evidence to suggest
interstitial fibrosis also has a role in the generation and maintenance
of malignant arrhythmias and therefore SCD."*® Using T1 mapping
on CMR, the longitudinal relaxation time of tissues is mapped on a
pixel-wise map allowing quantification of myocardial tissue characteris-
tics. This enables assessment of diffuse myocardial changes, in particular
fibrosis."**"*! A number of studies have shown an association of native
T1 values on CMR with SCD in both ischaemic and non-ischaemic car-
diomyopathies. %14~
LGE undergoing catheter ablation of VT, diffuse fibrosis estimated by
using post-contrast T1 mapping was found to correlate with the uni-
polar > bipolar voltage abnormality at electroanatomic mapping and
shorter post-contrast T1 time was associated with an increased risk
of VT recurrence."*® Whilst the body of evidence is growing and com-
pelling, there remains some uncertainty as to whether T1 mapping pro-
vides additional value to LGE in SCD prediction. Further studies are also

required to ascertain if T1 mapping is superior to extracellular volume
147,148

5 In patients with DCM and no evidence of

measurement.

LGE to guide ablation of persistent
ventricular tachycardia

CMR, particularly with LGE, has established itself as a cornerstone in
non-invasive VT substrate identification, providing crucial information
on dense scar tissue and the adjacent ‘border zones’, which often con-
tain VT isthmuses.'**1>° Radiofrequency catheter ablation is an estab-
lished treatment method for VT and has been shown to reduce ICD
therapy and VT burden by 50%-75%.""

In patients with DCM, pre-ablation procedure imaging to identify
the anticipated location of the VT substrate and the typical midsep-
tal vs. LV free wall lateral and frequently sub-epicardial LGE is rou-
tinely performed to optimize procedural planning and approach to
electroanatomic mapping.'>? Integration of CMR with electroana-
tomic mapping systems presents a robust approach for guiding cath-
eter ablation procedures, allowing for comprehensive assessment of
scar-related VT substrates. Studies have shown LGE-guided elimin-
ation of critical VT isthmus sites predicted by the presence of
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imaging defined channels or corridors and have suggested compar-
able VT ablation outcome even without induction and mapping of
the tachycardia,'*®"**">* thereby underpinning the value of LGE
guidance in identifying and targeting VT substrates particularly in
the setting of CAD. Software advances allow for detailed scar seg-
mentation and identification of three-dimensional conducting chan-
nels or corridors that can facilitate targeting of potential VT
isthmus sites from adjacent endocardial and/or epicardial sites.
VOYAGE (ClinicalTrials.gov NCT04694079) is a multi-centre, ran-
domized controlled trial designed to compare CMR-guided VT abla-
tion with the standard electroanatomic mapping-guided approach
with respect to procedural and 12-month follow-up outcome, asses-
sing efficacy, safety, and procedural duration."

LGE and randomized controlled
trial evidence

Current guideline recommendations for using CMR-LGE rely on obser-
vational data. Whilst risk scores exist to guide ICD implant decisions,
these have not been tested prospectively in randomized controlled
trials. However, a number of randomized controlled trials are currently
recruiting to bridge this gap in evidence. The PROFID consortium is
currently recruiting for the PROFID EHRA trial (ClinicalTrials.gov
NCT05665608), which will seek to randomize 3595 patients with is-
chaemic heart disease into ICD plus contemporary medical therapy
vs. medical therapy alone.'®®

Supported by a large body of observational data suggesting a strong
correlation between LGE and SCD events in DCM, two randomized
controlled trials, BRITISH (NCT05568069)">” and CMR-GUIDE
(NCTO0191 8215),158 are currently underway to evaluate LGE-guided
ICD implantation. The results of these trials may prove crucial in pivot-
ing away from LVEF based risk stratification when it comes to offering
ICD therapy in DCM.

Guidelines recommendations for
LGE in sudden death risk
stratification

Both European and American guidelines have recommendations to
incorporate LGE in aiding diagnosis and risk stratification. In the
most recent ESC cardiomyopathy management guidelines, in inter-
mediate risk category patients with HCM, extensive LGE (>15%
of LV mass) has been recommended as a consideration in offering
prophylactic ICD implant with a class Ilb recommendation, acknow-
ledging the lack of robust data, the variability and lack of consensus
in quantification methods (level of evidence B).** Similarly, ‘exten-
sive’ LGE, in the absence of other high-risk features, carries a level
2b recommendation for primary ICD implant in the AHA/ACC
guidelines for the management of HCM.*' For DCM, broadly the
guideline recommendations for ICD implants are based around
the ejection fraction. However, in those patients without severe
LV impairment, the European guidelines recommend offering an
ICD (if LVEF is below 50%) when LGE is present in addition to
one other major risk factor (class lla),” which downgrades to a class
IIb (level of evidence C) when no other high-risk features are pre-
sent.*? These guidelines are likely to evolve given ongoing rando-
mized controlled trials testing LGE-guided interventions.

Future advances

The field of radiomics assessing shape and texture features derived
from CMR scans including LGE heterogeneity appears promising with
incremental utility to existing risk scores for SCD although still warrants
further validation."’

Computational in silico modelling and artificial intelligence is trans-
forming many aspects of biomedicine, with cardiology being a particular
area of focus."®®"®" Whilst LGE-CMR provides important anatomical
information regarding tissue remodelling and fibrosis deposition, perso-
nalized (‘digital twin’) in silico modelling approaches have the ability to
probe the functional consequences of such structural changes. Most of-
ten reconstructed directly from LGE-CMR data, these personalized
image-based models are typically combined with virtual induction
stimulation protocols to attempt to assess patient-specific arrhythmia
vulnerability.

In the original study from Arevalo et al.,'®* personalized models were
created from 41 myocardial infarction ICD recipients (Figure 1).
Application of a subsequent in silico assessment of arrhythmic risk (as
a binary metric) was shown to be strongly associated with ICD events
in follow-up (HR 4.05, 95% Cl 1.20-13.8; P = .03), outperforming con-
ventional clinical metrics such as LVEF (HR 0.95, 95% CI 0.90-1.01;
P =.12) as well as image-based metrics such as scar volume (HR 1.02,
95% Cl 0.99-1.04; P=.16). This approach was later interestingly
adapted in a smaller HCM cohort (n = 26); whereby, LGE information
was combined with T1 mapping to represent both focal and diffuse fi-
brosis within the personalized models.'®3 Here, the virtual induction
protocol successfully categorized patients with ventricular arrhythmias
achieving sensitivity 84.6%, specificity 76.9%, and accuracy 80.1%, out-
performing current clinical risk predictors. Zhao et al. have developed a
machine learning (ML) approach integrating CMR imaging and clinical
characteristics in 758 patients with HCM showing that such a model
outperformed the classic HCM Risk-SCD model with an improvement
of 22.7% in the area under the curve (AUC)."* Shade et al.'®” later de-
monstrated the utility of combining simulation-derived metrics from
the induced arrhythmias in personalized models with both clinical me-
trics and imaging biomarkers within a supervised ML classifier. In a co-
hort of 45 cardiac sarcoidosis patients, they showed an AUC of 0.754 in
the receiver operating characteristic analysis for this combined
simulation-ML approach, outperforming clinical metrics alone. An alter-
native use of simulations in this context was presented by Balaban
et al."®® in a much larger cohort of 156 non-ischaemic DCM patients.
Here, the authors showed, not only could simulation outcomes
themselves be used directly to confer arrhythmic risk (HR 1.40, 95%
Cl 1.23-1.59; P<.01), but simulations also demonstrated valuable
mechanistic insight to help explain the uncovered association of the no-
vel LGE biomarker scar-interface length (HR 1.75, 95% ClI 1.24-2.47,
P =.001) with arrhythmia occurrence.

These early studies demonstrated the exciting possibility of using
digital twin CMR-derived computational models, including recon-
structed scar anatomy from LGE data and mean entropy from T1 map-
ping data, to predict arrhythmia risk in a range of cardiomyopathies.
Applications to significantly larger cohorts, along with rigorous external
validation, is now imperative in order to galvanize clinical confidence in
these digital approaches.'®” However, with such virtual protocols tak-
ing 1-2 days per patient on a specialized high-performance computing
facility, such analysis of larger cohorts necessitates the use of novel near
real-time simulation tools to enable practical computation of results.'®®
Such novel approaches are based on topological path-finding algorithms
which attempt to uncover potential pro-arrhythmic circuits through
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showing the procedure of creating patient-specific anatomical models from late gadolinium enhance-

ment (LGE)-cardiac magnetic resonance (CMR) data and conducting a virtual stimulation induction protocol to uncover arrhythmia vulnerability

the 3D reconstructed scar substrate within LGE-based models. Early
studies, albeit in small cohorts (<40) have shown utility of such a
near real-time approach in identifying VT recurrence following abla-
tion'®” and appropriate ICD therapy.'”®

One primary limitation of any biomarker for risk assessment based
on LGE segmentations, or indeed a computational model derived
from these images, is the necessary choice of segmentation method,
along with possible thresholds or associated parameters that define
the binary LGE segmented image, which have been shown to directly
affect risk prediction.'”" Whilst such choices are far from standardized,
some studies have indeed demonstrated consistent findings independ-
ent of the segmentation method used.*

However, in a recent study by Popescu et al,"’? they attempted to
remove the segmentation process entirely, instead training a deep
learning (DL) model directly on the raw LGE images themselves, with
the addition of clinical covariates (Figure 2). The DL-predicted survival
curves, which included uncertainty, outperformed standard ap-
proaches. As greater volumes of training data become increasingly avail-
able, DL-approaches such as these will likely increase further in their
accuracy. It is likely that these methods, potentially augmented by digital
twin simulations, are integrated into clinical workflows to risk stratify
patients.

Conclusion and areas of unmet
need

LGE-enabled tissue characterization has transformed clinical practice in
the last 30 years. A formidable body of evidence shows a strong asso-
ciation of LGE with malignant arrhythmia and SCD in both ischaemic
and non-ischaemic cardiomyopathies. Current guidelines advocate
the use of LGE CMR for risk stratification, particularly in intermediate
risk cases to guide life altering therapy decisions. However, challenges
remain. Most studies lack broad demographic representation and no
consensus exists in the current quantification methods. In addition,
many stratification risk scores for SCD were developed historically
based on clinical parameters, excluding modern imaging techniques.
There is the unmet need to develop robust risk scoring algorithms de-
rived and validated in multi-ancestry populations including under repre-
sented cohorts such as children, women and elderly patients. Despite
the update in the guidelines, randomized controlled trials have yet to
validate the use of a modern risk scoring system that incorporates
LGE assessment on CMR to guide therapy decisions, although ongoing
trials are seeking to bridge this gap in knowledge. Lastly, the inexorable
rise of ML and digital twin technologies present unique opportunities to
further transform the field and patient lives.
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Figure 2 Procedure for generating deep learning (DL) predicted survival curves proposed by Popescu et al. (unedited figure)'’? by integrating DL
networks trained on raw late gadolinium enhancement (LGE) images with other clinical covariates
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Declarations

Disclosure of Interest
All authors declare no disclosure of interest for this contribution.

Data Availability

No data were generated or analysed for or in support of this paper.

Funding

Research funding has been received by the British Heart Foundation,
Medical Research Council UK, Alexander Jansons Myocarditis UK,
Royal Brompton & Harefield Hospitals Charity and Rosetrees Trust

References
1. Fishman GI, Chugh SS, DiMarco JP, Albert CM, Anderson ME, Bonow RO, et al.
Sudden cardiac death prediction and prevention: report from a national heart, lung,
and blood institute and heart rhythm society workshop. Circulation 2010;122:
2335-48. https:/doi.org/10.1161/CIRCULATIONAHA.110.976092
2. Zeppenfeld K, Tfelt-Hansen J, de Riva M, Winkel BG, Behr ER, Blom NA, et al. 2022
ESC Guidelines for the management of patients with ventricular arrhythmias and

920z AINF ¥1 uo 1s9nB AQ 0G0£0Z8/SSSE/IE/9T/PI0IME/IEaYINS/WO0"dNO"dIWapEoE//:SARY WOJ) papeojumoq


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaf464#supplementary-data
https://doi.org/10.1161/CIRCULATIONAHA.110.976092

LGE imaging and SCD

3565

w

4.

o

~

oo

0

10.

11.

13.

15.

20.

21.

22.

23.

24,

25.

the prevention of sudden cardiac death. Eur Heart | 2022;43:3997—4126. https:/doi.
org/10.1093/eurheartj/ehac262

. Lindholt JS, Segaard R, Rasmussen LM, Mejldal A, Lambrechtsen ], Steffensen FH, et al.

Five-year outcomes of the Danish cardiovascular screening (DANCAVAS) trial. N Engl
J Med 2022;387:1385-94. https:/doi.org/10.1056/NE|M0a2208681

Jorgensen T, Jacobsen RK, Toft U, Aadahl M, Glumer C, Pisinger C. Effect of screening
and lifestyle counselling on incidence of ischaemic heart disease in general population:
inter99 randomised trial. BMJ 2014;348:g3617. https:/doi.org/10.1136/bmj.g3617

. Frangogiannis NG. Cardiac fibrosis. Cardiovasc Res 2021;117:1450-88. https:/doi.org/

10.1093/cvr/cvaa324

. Liu T, Song D, Dong J, Zhu P, Liu J, Liu W, et al. Current understanding of the patho-

physiology of myocardial fibrosis and its quantitative assessment in heart failure. Front
Physiol 2017,8:238. https:/doi.org/10.3389/fphys.2017.00238

Nguyen M-N, Kiriazis H, Gao X-M, Du X-J. Cardiac fibrosis and arrhythmogenesis.
Compr Physiol 2017;7:1009—49. https:/doi.org/10.1002/cphy.c160046.

. Disertori M, Maseé M, Ravelli F. Myocardial fibrosis predicts ventricular tachyarrhythmias.

Trends Cardiovasc Med 2017;27:363-72. https:/doi.org/10.1016/j.tcm.2017.01.011

. Verheule S, Schotten U. Electrophysiological consequences of cardiac fibrosis. Cells

2021;10:3220. https:/doi.org/10.3390/cells 10113220

Sramko M, Hoogendoorn JC, Glashan CA, Zeppenfeld K. Advancement in cardiac im-
aging for treatment of ventricular arrhythmias in structural heart disease. Europace
2019;21:383-403. https:/doi.org/10.1093/europace/euy150

Kramer CM, Barkhausen J, Bucciarelli-Ducci C, Flamm SD, Kim R}, Nagel E. Standardized
cardiovascular magnetic resonance imaging (CMR) protocols: 2020 update. | Cardiovasc
Magn Reson 2020;22:17. https:/doi.org/10.1186/s12968-020-00607-1

. McCrohon JA, Moon JCC, Prasad SK, McKenna WJ, Lorenz CH, Coats AJS, et al.

Differentiation of heart failure related to dilated cardiomyopathy and coronary artery
disease using gadolinium-enhanced cardiovascular magnetic resonance. Circulation
2003;108:54-9. https:/doi.org/10.1161/01.CIR.0000078641.19365.4C

Ganesan AN, Gunton J, Nucifora G, McGavigan AD, Selvanayagam |B. Impact of Late
Gadolinium Enhancement on mortality, sudden death and major adverse cardiovascular
events in ischemic and nonischemic cardiomyopathy: a systematic review and
meta-analysis. Int | Cardiol 2018;254:230-7. https:/doi.org/10.1016/}.jcard.2017.10.094

. Theerasuwipakorn N, Chokesuwattanaskul R, Phannajit J, Marsukjai A, Thapanasuta M,

Klem |, et al. Impact of late gadolinium-enhanced cardiac MRI on arrhythmic and mortal-
ity outcomes in nonischemic dilated cardiomyopathy: updated systematic review and
meta-analysis. Sci Rep 2023;13:13775. https:/doi.org/10.1038/s41598-023-41087-4

Di Marco A, Brown P, Mateus G, Faga V, Nucifora G, Claver E, et al. Late gadolinium
enhancement and the risk of ventricular arrhythmias and sudden death in NYHA class |
patients with non-ischaemic cardiomyopathy. Eur | Heart Fail 2023;25:740-50. https:/
doi.org/10.1002/ejhf.2793

. DiMarco A, Anguera |, Schmitt M, Klem |, Neilan TG, White JA, et al. Late gadolinium

enhancement and the risk for ventricular arrhythmias or sudden death in dilated car-
diomyopathy: systematic review and meta-analysis. JACC Heart Fail 2017;5:28-38.
https:/doi.org/10.1016/}.jchf.2016.09.017

. Davies MJ. Anatomic features in victims of sudden coronary death. Coronary artery

pathology. Circulation 1992;85:119-24.

. Dudas K, Lappas G, Stewart S, Rosengren A. Trends in out-of-hospital deaths due to

coronary heart disease in Sweden (1991 to 2006). Circulation 2011;123:46-52. https:/
doi.org/10.1161/CIRCULATIONAHA.110.964999

. Waldmann V, Karam N, Bougouin W, Sharifzadehgan A, Dumas F, Narayanan K, et al.

Burden of coronary artery disease as a cause of sudden cardiac arrest in the young. |
Am Coll Cardiol 2019;73:2118-20. https:/doi.org/10.1016/j.jacc.2019.01.064
Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant W, Callans D), Curtis AB, et al.
2017 AHA/ACC/HRS guideline for management of patients with ventricular arrhyth-
mias and the prevention of sudden cardiac death: a report of the American College of
Cardiology/American Heart Association task force on clinical practice guidelines and
the heart rhythm society. Circulation 2018;138:€272-391. https:/doi.org/10.1161/
CIR.0000000000000549

Moss A, Hall W/, Cannom DS, Daubert JP, Higgins SL, Klein H, et al. Improved survival
with an implanted defibrillator in patients with coronary disease at high risk for ven-
tricular arrhythmia. Multicenter automatic defibrillator implantation trial investigators.
N Engl ] Med 1996;335:1933—40. https:/doi.org/10.1056/NEJM199612263352601
Buxton AE, Lee KL, Fisher D, Josephson ME, Prystowsky EN, Hafley G. A randomized
study of the prevention of sudden death in patients with coronary artery disease.
Multicenter unsustained tachycardia trial investigators. N Engl | Med 1999;341:
1882-90. https://doi.org/10.1056/NEJM199912163412503

Moss AJ, Zareba W, Hall W], Klein H, Wilber DJ, Cannom DS, et al. Prophylactic im-
plantation of a defibrillator in patients with myocardial infarction and reduced ejection
fraction. N Engl | Med 2002;346:877-83. https:/doi.org/10.1056/NEJM0a013474
Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R, et al. Amiodarone or an
implantable cardioverter—defibrillator for congestive heart failure. N Engl | Med 2005;
352:225-37. https:/doi.org/10.1056/NEJMoa043399

Zabel M, Willems R, Lubinski A, Bauer A, Brugada J, Conen D, et al. Clinical effective-
ness of primary prevention implantable cardioverter-defibrillators: results of the

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

EU-CERT-ICD controlled multicentre cohort study. Eur Heart | 2020;41:3437-47.
https:/doi.org/10.1093/eurheartj/ehaa226

Myerburg R], Junttila MJ. Sudden cardiac death caused by coronary heart disease.
Circulation  2012;125:1043-52.  https:/doi.org/10.1161/CIRCULATIONAHA.111.
023846

Wellens HJJ, Schwartz PJ, Lindemans FW, Buxton AE, Goldberger JJ, Hohnloser SH,
et al. Risk stratification for sudden cardiac death: current status and challenges for
the future. Eur Heart | 2014;35:1642-51. https:/doi.org/10.1093/eurheartj/ehu176
Sabbag A, Suleiman M, Laish-Farkash A, Samania N, Kazatsker M, Goldenberg |, et al.
Contemporary rates of appropriate shock therapy in patients who receive implantable
device therapy in a real-world setting: from the Israeli ICD registry. Heart Rhythm 2015;
12:2426-33. https:/doi.org/10.1016/j.hrthm.2015.08.020

Peek N, Hindricks G, Akbarov A, Tijssen JGP, Jenkins DA, Kapacee Z, et al. Sudden
cardiac death after myocardial infarction: individual participant data from pooled co-
horts. Eur Heart | 2024;45:4616-26. https:/doi.org/10.1093/eurheartj/ehae326
Jones RE, Zaidi HA, Hammersley D), Hatipoglu S, Owen R, Balaban G, et al.
Comprehensive phenotypic characterization of late gadolinium enhancement predicts
sudden cardiac death in coronary artery disease. JACC Cardiovasc Imaging 2023;16:
628-38. https:/doi.org/10.1016/j.jcmg.2022.10.020

Pontone G, Guaricci Al, Fusini L, Baggiano A, Guglielmo M, Muscogiuri G, et al. Cardiac
magnetic resonance for prophylactic implantable-cardioverter defibrillator therapy in
ischemic cardiomyopathy: the DERIVATE-ICM international registry. JACC Cardiovasc
Imaging 2023;16:1387-400. https:/doi.org/10.1016/j.jcmg.2023.03.015

Zegard A, Okafor O, de Bono J, Kalla M, Lencioni M, Marshall H, et al. Myocardial fi-
brosis as a predictor of sudden death in patients with coronary artery disease. | Am Coll
Cardiol 2021;77:29—41. https://doi.org/10.1016/j.jacc.2020.10.046

Leyva F, Zegard A, Okafor O, Foley P, Umar F, Taylor R}, et al. Myocardial fibrosis pre-
dicts ventricular arrhythmias and sudden death after cardiac electronic device implant-
ation. | Am Coll Cardiol 2022;79:665-78. https://doi.org/10.1016/j.,jacc.2021.11.050
Klem I, Weinsaft JW, Bahnson TD, Hegland D, Kim HW, Hayes B, et al. Assessment of
myocardial scarring improves risk stratification in patients evaluated for cardiac defib-
rillator implantation. /| Am Coll Cardiol 2012;60:408-20. https:/doi.org/10.1016/j.jacc.
2012.02.070

Haghbayan H, Lougheed N, Deva DP, Chan KKW, Lima JAC, Yan AT. Peri-infarct
quantification by cardiac magnetic resonance to predict outcomes in ischemic cardio-
myopathy: prognostic systematic review and meta-analysis. Circ Cardiovasc Imaging
2019;12:e009156. https:/doi.org/10.1161/CIRCIMAGING.119.009156

Kwon DH, Asamoto L, Popovic ZB, Kusunose K, Robinson M, Desai M, et al. Infarct
characterization and quantification by delayed enhancement cardiac magnetic reson-
ance imaging is a powerful independent and incremental predictor of mortality in pa-
tients with advanced ischemic cardiomyopathy. Circ Cardiovasc Imaging 2014,7:
796-804. https:/doi.org/10.1161/CIRCIMAGING.114.002077

Yan AT, Shayne AJ, Brown KA, Gupta SN, Chan CW, Luu TM, et al. Characterization
of the peri-infarct zone by contrast-enhanced cardiac magnetic resonance imaging is a
powerful predictor of post-myocardial infarction mortality. Circulation 2006;114:
32-9. https:/doi.org/10.1161/CIRCULATIONAHA.106.613414

Younis A, Goldberger J], Kutyifa V, Zareba W, Polonsky B, Klein H, et al. Predicted
benefit of an implantable cardioverter-defibrillator: the MADIT-ICD benefit score.
Eur Heart | 2021;42:1676-84. https:/doi.org/10.1093/eurheartj/ehaal057

Maron BJ. Clinical course and management of hypertrophic cardiomyopathy. N Engl |
Med 2018;379:655-68. https:/doi.org/10.1056/NEJMra1710575

Authors/Task Force members; Elliott PM, Anastasakis A, Borger MA, Borggrefe M,
Cecchi F, et al. 2014 ESC Guidelines on diagnosis and management of hypertrophic
cardiomyopathy. Eur Heart | 2014;35:2733-79. https:/doi.org/10.1093/eurheartj/
ehu284

Ommen SR, Ho CY, Asif IM, Balaji S, Burke MA, Day SM, et al. 2024 AHA/ACC/
AMSSM/HRS/PACES/SCMR  Guideline for the Management of Hypertrophic
Cardiomyopathy: a report of the American Heart Association/American College of
Cardiology Joint Committee on Clinical Practice Guidelines. Circulation 2024;149:
€1239-311. https:/doi.org/10.1161/CIR.0000000000001250

Arbelo E, Protonotarios A, Gimeno JR, Arbustini E, Barriales-Villa R, Basso C, et al.
2023 ESC Guidelines for the management of cardiomyopathies. Eur Heart | 2023;
44:3503-626. https://doi.org/10.1093/eurheartj/ehad194

Ho CY, Day SM, Ashley EA, Michels M, Pereira AC, Jacoby D, et al. Genotype and life-
time burden of disease in hypertrophic cardiomyopathy: insights from the sarcomeric
human cardiomyopathy registry (SHaRe). Circulation 2018;138:1387-98. https:/doi.
org/10.1161/CIRCULATIONAHA.117.033200

Lorenzini M, Anastasiou Z, O’Mahony C, Guttman OP, Gimeno JR, Monserrat L, et al.
Mortality among referral patients with hypertrophic cardiomyopathy vs the general
European population. JAMA Cardiol 2020;5:73. https:/doi.org/10.1001/jamacardio.
2019.4534

Maurizi N, Olivotto |, Maron MS, Bonacchi G, Antiochos P, Tomberli B, et al. Lifetime
clinical course of hypertrophic cardiomyopathy: outcome of the historical florence co-
hort over 5 decades. JACC Adv 2023;2:100337. https:/doi.org/10.1016/j.jacadv.2023.
100337

920z AInr 71 uo 3senb Aq 0G0£0Z8/SSSE/9E/9Y/aI01ME/[LESYINS/WOD dNO"dlWSPEdE//:SURY WO} PEPEOJUMOQ


https://doi.org/10.1093/eurheartj/ehac262
https://doi.org/10.1093/eurheartj/ehac262
https://doi.org/10.1056/NEJMoa2208681
https://doi.org/10.1136/bmj.g3617
https://doi.org/10.1093/cvr/cvaa324
https://doi.org/10.1093/cvr/cvaa324
https://doi.org/10.3389/fphys.2017.00238
https://doi.org/10.1002/cphy.c160046
https://doi.org/10.1016/j.tcm.2017.01.011
https://doi.org/10.3390/cells10113220
https://doi.org/10.1093/europace/euy150
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1161/01.CIR.0000078641.19365.4C
https://doi.org/10.1016/j.ijcard.2017.10.094
https://doi.org/10.1038/s41598-023-41087-4
https://doi.org/10.1002/ejhf.2793
https://doi.org/10.1002/ejhf.2793
https://doi.org/10.1016/j.jchf.2016.09.017
https://doi.org/10.1161/CIRCULATIONAHA.110.964999
https://doi.org/10.1161/CIRCULATIONAHA.110.964999
https://doi.org/10.1016/j.jacc.2019.01.064
https://doi.org/10.1161/CIR.0000000000000549
https://doi.org/10.1161/CIR.0000000000000549
https://doi.org/10.1056/NEJM199612263352601
https://doi.org/10.1056/NEJM199912163412503
https://doi.org/10.1056/NEJMoa013474
https://doi.org/10.1056/NEJMoa043399
https://doi.org/10.1093/eurheartj/ehaa226
https://doi.org/10.1161/CIRCULATIONAHA.111.023846
https://doi.org/10.1161/CIRCULATIONAHA.111.023846
https://doi.org/10.1093/eurheartj/ehu176
https://doi.org/10.1016/j.hrthm.2015.08.020
https://doi.org/10.1093/eurheartj/ehae326
https://doi.org/10.1016/j.jcmg.2022.10.020
https://doi.org/10.1016/j.jcmg.2023.03.015
https://doi.org/10.1016/j.jacc.2020.10.046
https://doi.org/10.1016/j.jacc.2021.11.050
https://doi.org/10.1016/j.jacc.2012.02.070
https://doi.org/10.1016/j.jacc.2012.02.070
https://doi.org/10.1161/CIRCIMAGING.119.009156
https://doi.org/10.1161/CIRCIMAGING.114.002077
https://doi.org/10.1161/CIRCULATIONAHA.106.613414
https://doi.org/10.1093/eurheartj/ehaa1057
https://doi.org/10.1056/NEJMra1710575
https://doi.org/10.1093/eurheartj/ehu284
https://doi.org/10.1093/eurheartj/ehu284
https://doi.org/10.1161/CIR.0000000000001250
https://doi.org/10.1093/eurheartj/ehad194
https://doi.org/10.1161/CIRCULATIONAHA.117.033200
https://doi.org/10.1161/CIRCULATIONAHA.117.033200
https://doi.org/10.1001/jamacardio.2019.4534
https://doi.org/10.1001/jamacardio.2019.4534
https://doi.org/10.1016/j.jacadv.2023.100337
https://doi.org/10.1016/j.jacadv.2023.100337

3566

Prasad et al.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Minhas AMK, Wyand RA, Ariss RW, Nazir S, Shahzeb Khan M, Jia X, et al.
Demographic and regional trends of hypertrophic cardiomyopathy-related mortality
in the United States, 1999 to 2019. Circ Heart Fail 2022;15:009292. https:/doi.org/
10.1161/CIRCHEARTFAILURE.121.009292

Shirani J, Pick R, Roberts WC, Maron BJ. Morphology and significance of the left ven-
tricular collagen network in young patients with hypertrophic cardiomyopathy and
sudden cardiac death. | Am Coll Cardiol 2000;35:36—44. https:/doi.org/10.1016/
S0735-1097(99)00492-1

Schumacher B, Gietzen FH, Neuser H, Schimmelfeder ], Schneider M, Kerber S, et al.
Electrophysiological characteristics of septal hypertrophy in patients with hypertroph-
ic obstructive cardiomyopathy and moderate to severe symptoms. Circulation 2005;
112:2096—-101. https:/doi.org/10.1161/CIRCULATIONAHA.104.515643

Coleman JA, Ashkir Z, Raman B, Bueno-Orovio A. Mechanisms and prognostic impact
of myocardial ischaemia in hypertrophic cardiomyopathy. Int | Cardiovasc Imaging 2023;
39:1979-96. https://doi.org/10.1007/s10554-023-02894-y

Maron MS, Olivotto |, Maron BJ, Prasad SK, Cecchi F, Udelson JE, et al. The case for
myocardial ischemia in hypertrophic cardiomyopathy. | Am Coll Cardiol 2009;54:
866—-75. https:/doi.org/10.1016/j.jacc.2009.04.072

Petersen SE, Jerosch-Herold M, Hudsmith LE, Robson MD, Francis JM, Doll HA, et al.
Evidence for microvascular dysfunction in hypertrophic cardiomyopathy: new insights
from multiparametric magnetic resonance imaging. Circulation 2007;115:2418-25.
https:/doi.org/10.1161/CIRCULATIONAHA.106.657023

Shen H, Dong S-Y, Ren M-S, Wang R. Ventricular arrhythmia and sudden cardiac death
in hypertrophic cardiomyopathy: from bench to bedside. Front Cardiovasc Med 2022;9:
949294. https:/doi.org/10.3389/fcvm.2022.949294

Moore B, Semsarian C, Chan KH, Sy RW. Sudden cardiac death and ventricular ar-
rhythmias in hypertrophic cardiomyopathy. Heart Lung Circ 2019;28:146-54. https:/
doi.org/10.1016/j.h1c.2018.07.019

O’Mahony C, Jichi F, Pavlou M, Monserrat L, Anastasakis A, Rapezzi C, et al. A novel
clinical risk prediction model for sudden cardiac death in hypertrophic cardiomyop-
athy (HCM Risk-SCD). Eur Heart | 2014;35:2010-20. https:/doi.org/10.1093/
eurheartj/eht439

O’'Mahony C, Jichi F, Ommen SR, Christiaans |, Arbustini E, Garcia-Pavia P, et al.
International external validation study of the 2014 European society of cardiology
guidelines on sudden cardiac death prevention in hypertrophic cardiomyopathy
(EVIDENCE-HCM).  Circulation ~ 2018;137:1015-23.  https:/doi.org/10.1161/
CIRCULATIONAHA.117.030437

Vriesendorp PA, Schinkel AFL, Liebregts M, Theuns DAMJ, van Cleemput J, ten Cate FJ,
et al. Validation of the 2014 European Society of Cardiology guidelines risk prediction
model for the primary prevention of sudden cardiac death in hypertrophic cardiomy-
opathy. Circ Arrhythm Electrophysiol 2015;8:829-35. https:/doi.org/10.1161/CIRCEP.
114.002553

Maron BJ, Casey SA, Chan RH, Garberich RF, Rowin EJ, Maron MS. Independent as-
sessment of the European Society of Cardiology sudden death risk model for hyper-
trophic cardiomyopathy. Am | Cardiol 2015;116:757-64. https:/doi.org/10.1016/j.
amijcard.2015.05.047

Leong KMW, Chow ), Ng FS, Falaschetti E, Qureshi N, Koa-Wing M, et al. Comparison
of the prognostic usefulness of the European Society of Cardiology and American
Heart Association/American College of Cardiology foundation risk stratification sys-
tems for patients with hypertrophic cardiomyopathy. Am | Cardiol 2018;121:
349-55. https:/doi.org/10.1016/j.amjcard.2017.10.027

Abdelfattah OM, Jacquemyn X, Aglan A, Rowin E, Maron M, Martinez MW. Clinical
outcomes in hypertrophic cardiomyopathy and no late gadolinium enhancement:
kaplan-meier meta-analysis. JACC Cardiovasc Imaging 2024;11:1387-8. https:/doi.org/
10.1016/j.jcmg.2024.06.004

Kiaos A, Daskalopoulos GN, Kamperidis V, Ziakas A, Efthimiadis G, Karamitsos TD.
Quantitative late gadolinium enhancement cardiac magnetic resonance and sudden
death in hypertrophic cardiomyopathy: a meta-analysis. JACC Cardiovasc Imaging
2024;17:489-97. https://doi.org/10.1016/j.jcmg.2023.07.005

Kamp NJ, Chery G, Kosinski AS, Desai MY, Wazni O, Schmidler GS, et al. Risk strati-
fication using late gadolinium enhancement on cardiac magnetic resonance imaging in
patients with hypertrophic cardiomyopathy: a systematic review and meta-analysis.
Prog Cardiovasc Dis 2021;66:10—6. https:/doi.org/10.1016/j.pcad.2020.11.001

Fortuni F, Angelini F, Abete R, Raineri C, Sclesi L, Turco A, et al. The prognostic value of late
gadolinium enhancement in hypertrophic cardiomyopathy: an updated meta-analysis. Eur |
Prev Cardiol 2020;27:1902-5. https:/doi.org/10.1177/2047487319874352

He D, Ye M, Zhang L, Jiang B. Prognostic significance of late gadolinium enhancement
on cardiac magnetic resonance in patients with hypertrophic cardiomyopathy. Heart
Lung 2018;47:122-6. https://doi.org/10.1016/j.hrting.2017.10.008

Weng Z, Yao J, Chan RH, He J, Yang X, Zhou Y, et al. Prognostic value of LGE-CMR in
HCM: a meta-analysis. JACC Cardiovasc Imaging 2016;9:1392—402. https:/doi.org/10.
1016/}.jemg.2016.02.031

Briasoulis A, Mallikethi-Reddy S, Palla M, Alesh |, Afonso L. Myocardial fibrosis on cardiac
magnetic resonance and cardiac outcomes in hypertrophic cardiomyopathy: a
meta-analysis. Heart 2015;101:1406—11. https:/doi.org/10.1136/heartjnl-2015-307682

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Green J), Berger JS, Kramer CM, Salerno M. Prognostic value of late gadolinium en-
hancement in clinical outcomes for hypertrophic cardiomyopathy. JACC Cardiovasc
Imaging 2012;5:370—7. https://doi.org/10.1016/}.jcmg.2011.11.021

Chan RH, Maron BJ, Olivotto |, Pencina M), Assenza GE, Haas T, et al. Prognostic value
of quantitative contrast-enhanced cardiovascular magnetic resonance for the evalu-
ation of sudden death risk in patients with hypertrophic cardiomyopathy. Circulation
2014;130:484-95. https:/doi.org/10.1161/CIRCULATIONAHA.113.007094

Chan RH, van der Wal L, Liberato G, Rowin E, Soslow ], Maskatia S, et al. Myocardial
scarring and sudden cardiac death in young patients with hypertrophic cardiomyop-
athy: a multicenter cohort study. JAMA Cardiol 2024;9:1001-8. https:/doi.org/10.
1001/jamacardio.2024.2824

Freitas P, Ferreira AM, Arteaga-Fernandez E, De Oliveira Antunes M, Mesquita ],
Abecasis J, et al. The amount of late gadolinium enhancement outperforms current
guideline-recommended criteria in the identification of patients with hypertrophic car-
diomyopathy at risk of sudden cardiac death. | Cardiovasc Magn Reson 2019;21:50.
https:/doi.org/10.1186/s12968-019-0561-4

Hinojar R, Zamorano JL, Gonzalez Gémez A, Plaza Martin M, Esteban A, Rincén LM,
et al. ESC sudden-death risk model in hypertrophic cardiomyopathy: incremental value
of quantitative contrast-enhanced CMR in intermediate-risk patients. Clin Cardiol 2017;
40:853-60. https:/doi.org/10.1002/clc.22735

Mentias A, Raeisi-Giglou P, Smedira NG, Feng K, Sato K, Wazni O, et al. Late gadolinium
enhancement in patients with hypertrophic cardiomyopathy and preserved systolic
function. | Am Coll Cardiol 2018;72:857-70. https:/doi.org/10.1016/jjacc.2018.05.060
Gersh B, Maron BJ, Bonow RO, Dearani JA, Fifer MA, Link MS, et al. 2011 ACCF/AHA
guideline for the diagnosis and treatment of hypertrophic cardiomyopathy: executive
summary: a report of the American College of Cardiology foundation/American Heart
Association task force on practice guidelines. | Thorac Cardiovasc Surg 2011;142:
1303-38. https:/doi.org/10.1016/j.jtcvs.2011.10.019

Wang ], Yang S, Ma X, Zhao K, Yang K, Yu'S, et al. Assessment of late gadolinium en-
hancement in hypertrophic cardiomyopathy improves risk stratification based on cur-
rent guidelines. Eur Heart | 2023;44:4781-92. https:/doi.org/10.1093/eurheartj/
ehad581

Maron BJ, Rowin EJ, Maron MS. Paradigm of sudden death prevention in hypertrophic
cardiomyopathy. Circ Res 2019;125:370-8. https:/doi.org/10.1161/CIRCRESAHA.
119.315159

McNally EM, Mestroni L. Dilated cardiomyopathy: genetic determinants and mechan-
isms. Circ Res 2017;121:731-48. https:/doi.org/10.1161/CIRCRESAHA.116.309396
Merlo M, Stolfo D, Caiffa T, Pivetta A, Sinagra G. Clinical presentation, spectrum of
disease, and natural history, Dilated Cardiomyopathy. Cham: Springer International
Publishing, 2019, 71-82.

Merlo M, Cannata A, Pio Loco C, Stolfo D, Barbati G, Artico , et al. Contemporary
survival trends and aetiological characterization in non-ischaemic dilated cardiomyop-
athy. Eur | Heart Fail 2020;22:1111-21. https:/doi.org/10.1002/ejhf.1914

Akhtar M, Elliott PM. Risk stratification for sudden cardiac death in non-ischaemic di-
lated cardiomyopathy. Curr Cardiol Rep 2019;21:155. https:/doi.org/10.1007/s11886-
019-1236-3

DiMarco A, Brown PF, Bradley J, Nucifora G, Claver E, de Frutos F, et al. Improved risk
stratification for ventricular arrhythmias and sudden death in patients with nonis-
chemic dilated cardiomyopathy. | Am Coll Cardiol 2021;77:2890-905. https:/doi.org/
10.1016/j.jacc.2021.04.030

Golwala H, Bajaj NS, Arora G, Arora P. Implantable cardioverter-defibrillator for non-
ischemic cardiomyopathy: an updated meta-analysis. Circulation 2017;135:201-3.
https:/doi.org/10.1161/CIRCULATIONAHA.116.026056

Desai AS, Fang JC, Maisel WH, Baughman KL. Implantable defibrillators for the preven-
tion of mortality in patients with nonischemic cardiomyopathy: a meta-analysis of ran-
domized controlled trials. JAMA 2004;292:2874-9. https:/doi.org/10.1001/jama.292.
23.2874

Kgber L, Thune JJ, Nielsen JC, Haarbo |, Videbaek L, Korup E, et al. Defibrillator im-
plantation in patients with nonischemic systolic heart failure. N Engl | Med 2016;
375:1221-30. https:/doi.org/10.1056/nejmoa1608029

Halliday BP, Cleland JGF, Goldberger J), Prasad SK. Personalizing risk stratification for
sudden death in dilated cardiomyopathy: the past, present, and future. Circulation 2017;
136:215-31. https:/doi.org/10.1161/CIRCULATIONAHA.116.027134

Shen L, Jhund PS, Petrie MC, Claggett BL, Barlera S, Cleland JGF, et al. Declining risk of
sudden death in heart failure. N Engl | Med 2017;377:41-51. https:/doi.org/10.1056/
nejmoa1609758

Pannone L, Falasconi G, Cianfanelli L, Baldetti L, Moroni F, Spoladore R, et al. Sudden
cardiac death in patients with heart disease and preserved systolic function: current
options for risk stratification. | Clin Med 2021;10:1823. https:/doi.org/10.3390/
jcm10091823

Gulati A, Jabbour A, Ismail TF, Guha K, Khwaja |, Raza S, et al. Association of fibrosis
with mortality and sudden cardiac death in patients with nonischemic dilated cardio-
myopathy. JAMA 2013;309:896—908. https:/doi.org/10.1001/jama.2013.1363
Halliday BP, Baksi AJ, Gulati A, Ali A, Newsome S, Izgi C, et al. Outcome in dilated car-
diomyopathy related to the extent, location, and pattern of late gadolinium

920z AInr 71 uo 3senb Aq 0G0£0Z8/SSSE/9E/9Y/aI01ME/[LESYINS/WOD dNO"dlWSPEdE//:SURY WO} PEPEOJUMOQ


https://doi.org/10.1161/CIRCHEARTFAILURE.121.009292
https://doi.org/10.1161/CIRCHEARTFAILURE.121.009292
https://doi.org/10.1016/S0735-1097(99)00492-1
https://doi.org/10.1016/S0735-1097(99)00492-1
https://doi.org/10.1161/CIRCULATIONAHA.104.515643
https://doi.org/10.1007/s10554-023-02894-y
https://doi.org/10.1016/j.jacc.2009.04.072
https://doi.org/10.1161/CIRCULATIONAHA.106.657023
https://doi.org/10.3389/fcvm.2022.949294
https://doi.org/10.1016/j.hlc.2018.07.019
https://doi.org/10.1016/j.hlc.2018.07.019
https://doi.org/10.1093/eurheartj/eht439
https://doi.org/10.1093/eurheartj/eht439
https://doi.org/10.1161/CIRCULATIONAHA.117.030437
https://doi.org/10.1161/CIRCULATIONAHA.117.030437
https://doi.org/10.1161/CIRCEP.114.002553
https://doi.org/10.1161/CIRCEP.114.002553
https://doi.org/10.1016/j.amjcard.2015.05.047
https://doi.org/10.1016/j.amjcard.2015.05.047
https://doi.org/10.1016/j.amjcard.2017.10.027
https://doi.org/10.1016/j.jcmg.2024.06.004
https://doi.org/10.1016/j.jcmg.2024.06.004
https://doi.org/10.1016/j.jcmg.2023.07.005
https://doi.org/10.1016/j.pcad.2020.11.001
https://doi.org/10.1177/2047487319874352
https://doi.org/10.1016/j.hrtlng.2017.10.008
https://doi.org/10.1016/j.jcmg.2016.02.031
https://doi.org/10.1016/j.jcmg.2016.02.031
https://doi.org/10.1136/heartjnl-2015-307682
https://doi.org/10.1016/j.jcmg.2011.11.021
https://doi.org/10.1161/CIRCULATIONAHA.113.007094
https://doi.org/10.1001/jamacardio.2024.2824
https://doi.org/10.1001/jamacardio.2024.2824
https://doi.org/10.1186/s12968-019-0561-4
https://doi.org/10.1002/clc.22735
https://doi.org/10.1016/j.jacc.2018.05.060
https://doi.org/10.1016/j.jtcvs.2011.10.019
https://doi.org/10.1093/eurheartj/ehad581
https://doi.org/10.1093/eurheartj/ehad581
https://doi.org/10.1161/CIRCRESAHA.119.315159
https://doi.org/10.1161/CIRCRESAHA.119.315159
https://doi.org/10.1161/CIRCRESAHA.116.309396
https://doi.org/10.1002/ejhf.1914
https://doi.org/10.1007/s11886-019-1236-3
https://doi.org/10.1007/s11886-019-1236-3
https://doi.org/10.1016/j.jacc.2021.04.030
https://doi.org/10.1016/j.jacc.2021.04.030
https://doi.org/10.1161/CIRCULATIONAHA.116.026056
https://doi.org/10.1001/jama.292.23.2874
https://doi.org/10.1001/jama.292.23.2874
https://doi.org/10.1056/nejmoa1608029
https://doi.org/10.1161/CIRCULATIONAHA.116.027134
https://doi.org/10.1056/nejmoa1609758
https://doi.org/10.1056/nejmoa1609758
https://doi.org/10.3390/jcm10091823
https://doi.org/10.3390/jcm10091823
https://doi.org/10.1001/jama.2013.1363

LGE imaging and SCD

3567

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

enhancement. JACC Cardiovasc Imaging 2019;12:1645-55. https:/doi.org/10.1016/j.
jemg.2018.07.015

Halliday BP, Gulati A, Ali A, Guha K, Newsome S, Arzanauskaite M, et al. Association
between midwall late gadolinium enhancement and sudden cardiac death in patients
with dilated cardiomyopathy and mild and moderate left ventricular systolic dysfunction.
Circulation 2017;135:2106—15. https:/doi.org/10.1161/CIRCULATIONAHA.116.026910
Castrichini M, De Luca A, De Angelis G, Neves R, Paldino A, Dal Ferro M, et al.
Magnetic resonance imaging characterization and clinical outcomes of dilated and ar-
rhythmogenic left ventricular cardiomyopathies. | Am Coll Cardiol 2024;83:1841-51.
https:/doi.org/10.1016/j.jacc.2024.02.041

Muser D, Nucifora G, Muser D, Nucifora G, Pieroni M, Castro SA, et al. Prognostic
value of nonischemic ringlike left ventricular scar in patients with apparently idiopathic
nonsustained ventricular arrhythmias. Circulation 2021;143:1359-73. https:/doi.org/
10.1161/CIRCULATIONAHA.120.047640

Hsia HH, Callans D), Marchlinski FE. Characterization of endocardial electrophysio-
logical substrate in patients with nonischemic cardiomyopathy and monomorphic ven-
tricular tachycardia. Circulation 2003;108:704-10. https:/doi.org/10.1161/01.CIR.
0000083725.72693.EA

Haqgqgani HM, Tschabrunn CM, Tzou WS, Dixit S, Cooper JM, Riley MP, et al. Isolated
septal substrate for ventricular tachycardia in nonischemic dilated cardiomyopathy: in-
cidence, characterization, and implications. Heart Rhythm 2011;8:1169-76. https:/doi.
org/10.1016/j.hrthm.2011.03.008

Piers SRD, Tao Q, van Huls van Taxis CFB, Schalij M), Van Der Geest R}, Zeppenfeld K.
Contrast-enhanced MRI-derived scar patterns and associated ventricular tachycardias
in nonischemic cardiomyopathy: implications for the ablation strategy. Circ Arrhythm
Electrophysiol 2013;6:875-83. https:/doi.org/10.1161/CIRCEP.113.000537
Hammersley D), Zegard A, Androulakis E, Jones RE, Okafor O, Hatipoglu S, et al.
Arrhythmic risk stratification by cardiovascular magnetic resonance imaging in patients
with nonischemic cardiomyopathy. | Am Coll Cardiol 2024;84:1407-20. https:/doi.org/
10.1016/j.jacc.2024.06.046

Eichhorn C, Koeckerling D, Reddy RK, Ardissino M, Rogowski M, Coles B, et al. Risk strati-
fication in nonischemic dilated cardiomyopathy using CMR imaging: a systematic review
and meta-analysis. JAMA 2024;332:1535-50. https:/doi.org/10.1001/jama.2024.13946
Wang J, Yang F, Wan K, Mui D, Han Y, Chen Y. Left ventricular midwall fibrosis as a
predictor of sudden cardiac death in non-ischaemic dilated cardiomyopathy: a
meta-analysis. ESC Heart Fail 2020;7:2184-92. https:/doi.org/10.1002/ehf2.12865
Disertori M, Rigoni M, Pace N, Casolo G, Masé M, Gonzini L, et al. Myocardial fibrosis
assessment by LGE is a powerful predictor of ventricular tachyarrhythmias in ischemic
and nonischemic LV dysfunction: a meta-analysis. JACC Cardiovasc Imaging 2016;9:
1046-55. https://doi.org/10.1016/j.jcmg.2016.01.033

Alba AC, Gaztafiaga J, Foroutan F, Thavendiranathan P, Merlo M, Alonso-Rodriguez D,
et al. Prognostic value of late gadolinium enhancement for the prediction of cardiovas-
cular outcomes in dilated cardiomyopathy: an international, multi-institutional study of
the MINICOR group. Circ Cardiovasc Imaging 2020;13:e010105. https:/doi.org/10.
1161/CIRCIMAGING.119.010105

Becker MA|, Cornel JH, van de Ven PM, van Rossum AC, Allaart CP, Germans T. The
prognostic value of late gadolinium-enhanced cardiac magnetic resonance imaging in
nonischemic dilated cardiomyopathy: a review and meta-analysis. JACC Cardiovasc
Imaging 2018;11:1274-84. https://doi.org/10.1016/}.jcmg.2018.03.006

Kuruvilla S, Adenaw N, Katwal AB, Lipinski MJ, Kramer CM, Salerno M. Late gadolinium
enhancement on cardiac magnetic resonance predicts adverse cardiovascular out-
comes in nonischemic cardiomyopathy: a systematic review and meta-analysis. Circ
Cardiovasc Imaging 2014;7:250-8. https:/doi.org/10.1161/CIRCIMAGING.113.001144
Sweet M, Taylor MRG, Mestroni L. Diagnosis, prevalence, and screening of familial di-
lated cardiomyopathy. Expert Opin Orphan Drugs 2015;3:869-76. https:/doi.org/10.
1517/21678707.2015.1057498

Gigli M, Merlo M, Graw SL, Barbati G, Rowland T}, Slavov DB, et al. Genetic risk of ar-
rhythmic phenotypes in patients with dilated cardiomyopathy. | Am Coll Cardiol 2019;
74:1480-90. https:/doi.org/10.1016/j.jacc.2019.06.072

Corden B, Jarman |, Whiffin N, Tayal U, Buchan R, Sehmi J, et al. Association of titin-
truncating genetic variants with life-threatening cardiac arrhythmias in patients with di-
lated cardiomyopathy and implanted defibrillators. JAMA Netw Open 2019;2:196520.
https:/doi.org/10.1001/jamanetworkopen.2019.6520

de Frutos F, Ochoa JP, Fernandez Al, Gallego-Delgado M, Navarro-Pefialver M, Casas
G, et al. Late gadolinium enhancement distribution patterns in non-ischaemic dilated
cardiomyopathy: genotype—phenotype correlation. Eur Heart | Cardiovasc Imaging
2024;25:75-85. https:/doi.org/10.1093/ehjci/jead 184

Augusto B, Eiros R, Nakou E, Moura-Ferreira S, Treibel TA, Captur G, et al. Dilated
cardiomyopathy and arrhythmogenic left ventricular cardiomyopathy: a comprehen-
sive genotype-imaging phenotype study. Eur Heart | Cardiovasc Imaging 2020;21:
326-36. https:/doi.org/10.1093/ehjci/jez188

NICE. Implantable cardioverter defibrillators and cardiac resynchronisation therapy
for arrhythmias and heart failure [Internet]. Technology appraisal guidance
Reference number:TA314. June 2014. https:/www.nice.org.uk/guidance/ta314 (5
May 2025, date last accessed).

107.

108.

109.

110.

111

112

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124

125.

126.

127.

128.

129.

130.

Filomena D, Vandenberk B, Dresselaers T, Willems R, Masci PG, Robyns T, et al.
Cardiac diagnoses and long-term outcomes in ring-like late gadolinium enhancement
evaluated by cardiac magnetic resonance. Eur Heart | Cardiovasc Imaging 2025;26:
841-52. https:/doi.org/10.1093/ehjci/jeaf055

Parisi V, Graziosi M, Lopes LR, De Luca A, Pasquale F, Tini G, et al. Arrhythmic risk
stratification in patients with left ventricular ring-like scar. Eur | Prev Cardiol 2024;31:
zwae353. https://doi.org/10.1093/eurjpc/zwae353

Minners ], Rossebo A, Chambers |B, Gohlke-Baerwolf C, Neumann FJ, Wachtell K,
et al. Sudden cardiac death in asymptomatic patients with aortic stenosis. Heart
2020;106:1646-50. https:/doi.org/10.1136/heartjnl-2019-316493

Taniguchi T, Morimoto T, Shiomi H, Ando K, Kanamori N, Murata K, et al. Sudden
death in patients with Severe Aortic Stenosis: observations from the CURRENT AS
registry. | Am Heart Assoc 2018;7:e008397. https:/doi.org/10.1161/JAHA.117.008397
Balciunaite G, Skorniakov V, Rimkus A, Zaremba T, Palionis D, Valeviciene N, et al.
Prevalence and prognostic value of late gadolinium enhancement on CMR in aortic stenosis:
meta-analysis. Eur Radiol 2020;30:640-51. https:/doi.org/10.1007/s00330-019-06386-3
Chen H, Zeng J, Liu D, Yang Q. Prognostic value of late gadolinium enhancement on
CMR in patients with severe aortic valve disease: a systematic review and meta-analysis.
Clin Radiol 2018;73:983.e7—e14. https:/doi.org/10.1016/j.crad.2018.07.095
Papanastasiou CA, Kokkinidis DG, Kampaktsis PN, Bikakis I, Cunha DK, Oikonomou
EK, et al. The prognostic role of late gadolinium enhancement in aortic stenosis: a sys-
tematic review and meta-analysis. JACC Cardiovasc Imaging 2020;13:385-92. https:/doi.
org/10.1016/j.jcmg.2019.03.029

Musa TA, Treibel TA, Vassiliou VS, Captur G, Singh A, Chin C, et al. Myocardial scar
and mortality in severe aortic stenosis. Circulation 2018;138:1935-47. https:/doi.
org/10.1161/CIRCULATIONAHA.117.032839

Zhang C, Liu J, Qin S. Prognostic value of cardiac magnetic resonance in patients with
aortic stenosis: a systematic review and meta-analysis. PLoS One 2022;17:¢0263378.
https:/doi.org/10.1371/journal.pone.0263378

Loganath K, Craig NJ, Everett R|, Bing R, Tsampasian V, Molek P, et al. Early interven-
tion in patients with asymptomatic severe aortic stenosis and myocardial fibrosis: the
EVOLVED randomized clinical trial. JAMA 2025;333:231-21. https:/doi.org/10.1001/
jama.2024.22730

Dejgaard LA, Skjglsvik ET, Lie @H, Ribe M, Stokke MK, Hegbom F, et al. The mitral
annulus disjunction arrhythmic syndrome. | Am Coll Cardiol 2018;72:1600-9. https:/
doi.org/10.1016/j.jacc.2018.07.070

Bennett S, Thamman R, Griffiths T, Oxley C, Khan N, Phan T, et al. Mitral annular dis-
junction: a systematic review of the literature. Echocardiography 2019;36:1549-58.
https:/doi.org/10.1111/echo.14437

Nalliah CJ, Mahajan R, Elliott AD, Haqqani H, Lau DH, Vohra JK, et al. Mitral valve pro-
lapse and sudden cardiac death: a systematic review and meta-analysis. Heart 2019;
105:144-51. https:/doi.org/10.1136/heartjnl-2017-312932

Basso C, Perazzolo Marra M, Rizzo S, De Lazzari M, Giorgi B, Cipriani A, et al.
Arrhythmic mitral valve prolapse and sudden cardiac death. Circulation 2015;132:
556—66. https:/doi.org/10.1161/CIRCULATIONAHA.115.016291

Figliozzi S, Georgiopoulos G, Lopes PM, Bauer KB, Moura-Ferreira S, Tondi L, et al.
Myocardial fibrosis at cardiac MRI helps predict adverse clinical outcome in patients with
mitral valve prolapse. Radiology 2023;306:112-21. https:/doi.org/10.1148/radiol. 220454
Perazzolo Marra M, Basso C, De lazzari M, Rizzo S, Cipriani A, Giorgi B, et dl
Morphofunctional abnormalities of mitral annulus and arrhythmic mitral valve prolapse. Circ
Cardiovasc Imaging 2016;9:¢005030. https:/doi.org/10.1161/CIRCIMAGING.116.005030
Gulati A, Gulati V, Hu R, Rajiah PS, Stojanovska J, Febbo J, et al. Mitral annular disjunc-
tion: review of an increasingly recognized mitral valve entity. Radiol Cardiothorac
Imaging 2023;5:230131. https:/doi.org/10.1148/ryct.230131

Birnie DH, Kandolin R, Nery PB, Kupari M. Cardiac manifestations of sarcoidosis: diag-
nosis and management. Eur Heart | 2017;38:2663-70. https:/doi.org/10.1093/
eurheartj/ehw328

Stevenson A, Bray JJH, Tregidgo L, Ahmad M, Sharma A, Ng A, et al. Prognostic value of late
gadolinium enhancement detected on cardiac magnetic resonance in cardiac sarcoidosis.
JACC Cardiovasc Imaging 2023;16:345-57. https:/doi.org/10.1016/jjcmg.2022.10.018
Magnocavallo M, Vetta G, Polselli M, Cauti FM, Parlavecchio A, Caminiti R, et al.
Function follows form”: role of cardiac magnetic resonance for ventricular arrhythmia
risk stratification in patients with cardiac sarcoidosis. | Cardiovasc Electrophysiol 2023;
34:1781-4. https:/doi.org/10.1111/jce.16020

Al-Sadawi M, Henriques M, Tao M, Gier C, Kim P, Aslam F, et al. Prognostic value of late-
gadolinium enhancement on cardiac magnetic resonance in patients with cardiac sar-
coidosis. Pacing Clin Electrophysiol 2023;46:657—64. https:/doi.org/10.1111/pace.14722
Guo Y, Li X, Wang Y. State of the art: quantitative cardiac MRI in cardiac amyloidosis. |
Magn Reson Imaging 2022;56:1287-301. https:/doi.org/10.1002/jmri.28314

Kristen AV, Dengler T}, Hegenbart U, Schonland SO, Goldschmidt H, Sack FU, et al.
Prophylactic implantation of cardioverter-defibrillator in patients with severe cardiac
amyloidosis and high risk for sudden cardiac death. Heart Rhythm 2008;5:235-40.
https:/doi.org/10.1016/j.hrthm.2007.10.016

Ammirati E, Moslehi J). Diagnosis and treatment of acute myocarditis: a review. JAMA
2023;329:1098-113. https:/doi.org/10.1001/jama.2023.3371

920z AInr 71 uo 3senb Aq 0G0£0Z8/SSSE/9E/9Y/aI01ME/[LESYINS/WOD dNO"dlWSPEdE//:SURY WO} PEPEOJUMOQ


https://doi.org/10.1016/j.jcmg.2018.07.015
https://doi.org/10.1016/j.jcmg.2018.07.015
https://doi.org/10.1161/CIRCULATIONAHA.116.026910
https://doi.org/10.1016/j.jacc.2024.02.041
https://doi.org/10.1161/CIRCULATIONAHA.120.047640
https://doi.org/10.1161/CIRCULATIONAHA.120.047640
https://doi.org/10.1161/01.CIR.0000083725.72693.EA
https://doi.org/10.1161/01.CIR.0000083725.72693.EA
https://doi.org/10.1016/j.hrthm.2011.03.008
https://doi.org/10.1016/j.hrthm.2011.03.008
https://doi.org/10.1161/CIRCEP.113.000537
https://doi.org/10.1016/j.jacc.2024.06.046
https://doi.org/10.1016/j.jacc.2024.06.046
https://doi.org/10.1001/jama.2024.13946
https://doi.org/10.1002/ehf2.12865
https://doi.org/10.1016/j.jcmg.2016.01.033
https://doi.org/10.1161/CIRCIMAGING.119.010105
https://doi.org/10.1161/CIRCIMAGING.119.010105
https://doi.org/10.1016/j.jcmg.2018.03.006
https://doi.org/10.1161/CIRCIMAGING.113.001144
https://doi.org/10.1517/21678707.2015.1057498
https://doi.org/10.1517/21678707.2015.1057498
https://doi.org/10.1016/j.jacc.2019.06.072
https://doi.org/10.1001/jamanetworkopen.2019.6520
https://doi.org/10.1093/ehjci/jead184
https://doi.org/10.1093/ehjci/jez188
https://www.nice.org.uk/guidance/ta314
https://doi.org/10.1093/ehjci/jeaf055
https://doi.org/10.1093/eurjpc/zwae353
https://doi.org/10.1136/heartjnl-2019-316493
https://doi.org/10.1161/JAHA.117.008397
https://doi.org/10.1007/s00330-019-06386-3
https://doi.org/10.1016/j.crad.2018.07.095
https://doi.org/10.1016/j.jcmg.2019.03.029
https://doi.org/10.1016/j.jcmg.2019.03.029
https://doi.org/10.1161/CIRCULATIONAHA.117.032839
https://doi.org/10.1161/CIRCULATIONAHA.117.032839
https://doi.org/10.1371/journal.pone.0263378
https://doi.org/10.1001/jama.2024.22730
https://doi.org/10.1001/jama.2024.22730
https://doi.org/10.1016/j.jacc.2018.07.070
https://doi.org/10.1016/j.jacc.2018.07.070
https://doi.org/10.1111/echo.14437
https://doi.org/10.1136/heartjnl-2017-312932
https://doi.org/10.1161/CIRCULATIONAHA.115.016291
https://doi.org/10.1148/radiol.220454
https://doi.org/10.1161/CIRCIMAGING.116.005030
https://doi.org/10.1148/ryct.230131
https://doi.org/10.1093/eurheartj/ehw328
https://doi.org/10.1093/eurheartj/ehw328
https://doi.org/10.1016/j.jcmg.2022.10.018
https://doi.org/10.1111/jce.16020
https://doi.org/10.1111/pace.14722
https://doi.org/10.1002/jmri.28314
https://doi.org/10.1016/j.hrthm.2007.10.016
https://doi.org/10.1001/jama.2023.3371

3568

Prasad et al.

131,

132.

133.

134,

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Ammirati E, Cipriani M, Moro C, Raineri C, Pini D, Sormani P, et al. Clinical presenta-
tion and outcome in a contemporary cohort of patients with acute myocarditis: multi-
center Lombardy registry. Circulation 2018;138:1088-99. https:/doi.org/10.1161/
CIRCULATIONAHA.118.035319

Fu M, Kontogeorgos S, Thunstrém E, Zverkova Sandstrém T, Kroon C, Bollano E, et al.
Trends in myocarditis incidence, complications and mortality in Sweden from 2000 to
2014. Sci Rep 2022;12:1810. https:/doi.org/10.1038/s41598-022-05951-z

Schumm J, Greulich S, Wagner A, Grin S, Ong P, Bentz K, et al. Cardiovascular mag-
netic resonance risk stratification in patients with clinically suspected myocarditis. |
Cardiovasc Magn Reson 2014;16:14. https:/doi.org/10.1186/1532-429X-16-14
Gentile P, Merlo M, Peretto G, Ammirati E, Sala S, Della Bella P, et al. Post-discharge
arrhythmic risk stratification of patients with acute myocarditis and life-threatening
ventricular tachyarrhythmias. Eur | Heart Fail 2021;23:2045-54. https:/doi.org/10.
1002/ejhf.2288

Ammirati E, Raimondi F, Piriou N, Sardo Infirri L, Mohiddin SA, Mazzanti A, et al. Acute
myocarditis associated with desmosomal gene variants. JACC Heart Fail 2022;10:
714-27. https://doi.org/10.1016/j.jchf.2022.06.013

Petri H, Ahtarovski KA, Vejlstrup N, Vissing J, Witting N, Keber L, et al. Myocardial fi-
brosis in patients with myotonic dystrophy type 1: a cardiovascular magnetic resonance
study. | Cardiovasc Magn Reson 2014;16:59. https:/doi.org/10.1186/s12968-014-0059-z
Senra T, lanni BM, Costa ACP, Mady C, Martinelli-Filho M, Kalil-Filho R, et al.
Long-term prognostic value of myocardial fibrosis in patients with chagas cardiomyop-
athy. | Am Coll Cardiol 2018;72:2577-87. https://doi.org/10.1016/j.jacc.2018.08.2195
Liu'Y, Yu, Liu J, Wu B, Cui Q, Shen W, et al. Prognostic value of late gadolinium en-
hancement in arrhythmogenic right ventricular cardiomyopathy: a meta-analysis. Clin
Radiol 2021;76:628.e9—e15. https:/doi.org/10.1016/j.crad.2021.04.002

Di Marco A, Brown PF, Bradley J, Nucifora G, Anguera |, Miller CA, et al. Extracellular
volume fraction improves risk-stratification for ventricular arrhythmias and sudden
death in non-ischaemic cardiomyopathy. Eur Heart | Cardiovasc Imaging 2023;24:
512-21. https:/doi.org/10.1093/ehjci/jeac142

Robinson AA, Chow K, Salerno M. Myocardial T1 and ECV measurement: underlying
concepts and technical considerations. JACC Cardiovasc Imaging 2019;12:2332—44.
https:/doi.org/10.1016/}.jcmg.2019.06.031

Bull S, White SK, Piechnik SK, Flett AS, Ferreira VM, Loudon M, et al. Human non-
contrast T1 values and correlation with histology in diffuse fibrosis. Heart 2013;99:
932-7. https://doi.org/10.1136/heartjnl-2012-303052

Nakamori S, Ngo LH, Rodriguez J, Neisius U, Manning W/, Nezafat R. T1 mapping tis-
sue heterogeneity provides improved risk stratification for ICDs without needing
gadolinium in patients with dilated cardiomyopathy. JACC Cardiovasc Imaging 2020;
13:1917-30. https:/doi.org/10.1016/j.jcmg.2020.03.014

Xu |, Zhuang B, Sirajuddin A, Li S, Huang, Yin G, et al. MRI t1 mapping in hypertrophic
cardiomyopathy: evaluation in patients without late gadolinium enhancement and
hemodynamic obstruction. Radiology 2020;294:275-86. https:/doi.org/10.1148/
radiol.2019190651

Chen Z, Sohal M, Voigt T, Sammut E, Tobon-Gomez C, Child N, et al. Myocardial tis-
sue characterization by cardiac magnetic resonance imaging using T1 mapping predicts
ventricular arrhythmia in ischemic and non-ischemic cardiomyopathy patients with im-
plantable cardioverter-defibrillators. Heart Rhythm 2015;12:792-801. https:/doi.org/
10.1016/j.hrthm.2014.12.020

Pan JA, Kerwin M), Salerno M. Native T1 mapping, extracellular volume mapping, and
late gadolinium enhancement in cardiac amyloidosis: a meta-analysis. JACC Cardiovasc
Imaging 2020;13:1299-310. https:/doi.org/10.1016/j.jcmg.2020.03.010

Muser D, Nucifora G, Castro SA, Enriquez A, Chahal CAA, Magnani S, et al. Myocardial
substrate characterization by CMR T1 mapping in patients with NICM and no LGE
undergoing catheter ablation of VT. JACC Clin Electrophysiol 2021;7:831-40. https:/
doi.org/10.1016/j.jacep.2020.10.002

YuT,CaiZ Yang Z, Lin W, Su Y, Li}, et al. The value of myocardial fibrosis parameters
derived from cardiac magnetic resonance imaging in risk stratification for patients with
hypertrophic cardiomyopathy. Acad Radiol 2023;30:1962-78. https:/doi.org/10.1016/
j-acra.2022.12.026

Qin L, Min J, Chen C, Zhu L, Gu S, Zhou M, et dl. Incremental values of T1 mapping in
the prediction of sudden cardiac death risk in hypertrophic cardiomyopathy: a com-
parison with two guidelines. Front Cardiovasc Med 2021;8:661673. https:/doi.org/10.
3389/fcvm.2021.661673

Ghannam M, Bogun F. Improving outcomes in ventricular tachycardia ablation using
imaging to identify arrhythmic substrates. Card Electrophysiol Clin 2022;14:609-20.
https:/doi.org/10.1016/j.ccep.2022.06.009

Andreu D, Ortiz-Pérez T, Boussy T, Fernandez-Armenta J, De Caralt TM, Perea R,
et al. Usefulness of contrast-enhanced cardiac magnetic resonance in identifying the
ventricular arrhythmia substrate and the approach needed for ablation. Eur Heart |
2014;35:1316-26. https:/doi.org/10.1093/eurheartj/eht510

Burger JC, Hopman LHGA, Kemme MJB, Hoeksema W, Takx RAP, Figueras |, et al.
Optimizing ventricular tachycardia ablation through imaging-based assessment of ar-
rhythmic substrate: a comprehensive review and roadmap for the future. Heart
Rhythm 02 2024;5:561-72. https:/doi.org/10.1016/j.hr00.2024.07.001

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

17

=

172.

Piers SRD, Tao Q, De Riva Silva M, Siebelink HM, Schalij M), van der Geest R|, et al.
CMR-based identification of critical isthmus sites of ischemic and nonischemic ven-
tricular tachycardia. JACC Cardiovasc Imaging 2014;7:774-84. https://doi.org/10.1016/
jjcmg.2014.03.013

Andreu D, Penela D, Acosta ], Fernandez-Armenta ], Perea R|, Soto-Iglesias D, et al.
Cardiac magnetic resonance—aided scar dechanneling: influence on acute and long-term
outcomes. Heart Rhythm 2017;14:1121-8. https:/doi.org/10.1016/j.hrthm.2017.05.018
Soto-Iglesias D, Penela D, Jauregui B, Acosta J, Fernandez-Armenta J, Linhart M, et al.
Cardiac magnetic resonance-guided ventricular tachycardia substrate ablation. JACC
Clin Electrophysiol 2020;6:436—47. https://doi.org/10.1016/j.jacep.2019.11.004

Lilli A, Parollo M, Mazzocchetti L, De Sensi F, Rossi A, Notarstefano P, et al. Ventricular
tachycardia ablation guided or aided by scar characterization with cardiac magnetic
resonance: rationale and design of VOYAGE study. BMC Cardiovasc Disord 2022;22:
169. https:/doi.org/10.1186/s12872-022-02581-1

Dagres N, Peek N, Leclercq C, Hindricks G. The PROFID project. Eur Heart | 2020;41:
3781-2. https:/doi.org/10.1093/eurheartj/ehaa645

Flett A, Cebula A, Nicholas Z, Adam R, Ewings S, Prasad S, et al. Rationale and study
protocol for the BRITISH randomized trial (using cardiovascular magnetic resonance
identified scar as the benchmark risk indication tool for implantable cardioverter defi-
brillators in patients with nonischemic cardiomyopathy and severe systolic heart fail-
ure). Am Heart | 2023;266:149-58. https:/doi.org/10.1016/j.ahj.2023.09.008
Selvanayagam JB, Hartshorne T, Billot L, Grover S, Hillis GS, Jung W, et al. Cardiovascular
magnetic resonance-GUIDEd management of mild to moderate left ventricular systolic
dysfunction (CMR GUIDE): study protocol for a randomized controlled trial. Ann
Noninvasive Electrocardiol 2017;22:e12420. https:/doi.org/10.1111/anec.12420

Fahmy AS, Rowin EJ, Jaafar N, Chan RH, Rodriguez |, Nakamori S, et al. Radiomics of late
gadolinium enhancement reveals prognostic value of myocardial scar heterogeneity in
hypertrophic cardiomyopathy. JACC Cardiovasc Imaging 2024;17:16-27. https:/doi.org/
10.1016/}.jcmg.2023.05.003

Niederer SA, Lumens J, Trayanova NA. Computational models in cardiology. Nat Rev
Cardiol 2019;16:100-11. https:/doi.org/10.1038/s41569-018-0104-y

Corral-Acero J, Margara F, Marciniak M, Rodero C, Loncaric F, Feng Y, et al. The “digital
twin” to enable the vision of precision cardiology. Eur Heart | 2020;41:4556—64. https:/
doi.org/10.1093/eurheartj/ehaal59

Arevalo HJ, Vadakkumpadan F, Guallar E, Jebb A, Malamas P, Wu KC, et al. Arrhythmia
risk stratification of patients after myocardial infarction using personalized heart mod-
els. Nat Commun 2016;7:11437. https://doi.org/10.1038/ncomms11437

O’hara RP, Binka E, Prakosa A, Zimmerman SL, Cartoski MJ, Abraham MR, et al.
Personalized computational heart models with T1-mapped fibrotic remodeling predict
sudden death risk in patients with hypertrophic cardiomyopathy. Elife 2022;11:
e73325. https://doi.org/10.7554/eLife.73325

Zhao K, Zhu Y, Chen X, Yang S, Yan W, Yang K, et al. Machine learning in hypertrophic
cardiomyopathy: nonlinear model from clinical and CMR features predicting cardiovascu-
lar events. JACC Cardiovasc Imaging 2024;17:880-93. https:/doi.org/10.1016/jjcmg.2024.
04.013

Shade JK, Prakosa A, Popescu DM, Yu R, Okada DR, Chrispin J, et al. Predicting risk of
sudden cardiac death in patients with cardiac sarcoidosis using multimodality imaging
and personalized heart modeling in a multivariable classifier. Sci Adv 2021;7:eabi8020.
https:/doi.org/10.1126/sciadv.abi8020

Balaban G, Halliday BP, Porter B, Bai W, Nygédard S, Owen R, et al. Late-gadolinium
enhancement interface area and electrophysiological simulations predict arrhythmic
events in patients with nonischemic dilated cardiomyopathy. JACC Clin Electrophysiol
2021;7:238-49. https://doi.org/10.1016/}.jacep.2020.08.036

Wang ], Zhang ], PuL, QiW, XuY, WanK, et al. The prognostic value of left ventricular
entropy from t1 mapping in patients with hypertrophic cardiomyopathy. JACC Asia
2024;4:389-99. https://doi.org/10.1016/}.jacasi.2024.01.005

Campos FO, Neic A, Mendonca Costa C, Whitaker J, O’Neill M, Razavi R, et al. An
automated near-real time computational method for induction and treatment of scar-
related ventricular tachycardias. Med Image Anal 2022;80:102483. https:/doi.org/10.
1016/j.media.2022.102483

Bhagirath P, Campos FO, Zaidi HA, Chen Z, Elliott M, Gould J, et al. Predicting post-
infarct ventricular tachycardia by integrating cardiac MRI and advanced computational
reentrant pathway analysis. Heart Rhythm 2024;21:1962-9. https:/doi.org/10.1016/j.
hrthm.2024.04.077

Bhagirath P, Campos FO, Postema P, Kemme MJB, Wilde AAM, Prassl A, et al.
Arrhythmogenic vulnerability of re-entrant pathways in post-infarct ventricular tachy-
cardia assessed by advanced computational modelling. Europace 2023;25:euad198.
https:/doi.org/10.1093/europace/euad198

. Bhagirath P, Campos FO, Costa CM, Wilde AAM, Prassl A, Neic A, et al. Predicting ar-

rhythmia recurrence following catheter ablation for ventricular tachycardia using late
gadolinium enhancement magnetic resonance imaging: implications of varying scar
ranges. Heart Rhythm 2022;19:1604-10. https:/doi.org/10.1016/j.hrthm.2022.05.021
Popescu DM, Shade JK, Lai C, Aronis KN, Ouyang D, Moorthy MV, et al. Arrhythmic
sudden death survival prediction using deep learning analysis of scarring in the heart.
Nat Cardiovasc Res 2022;1:334-43. https:/doi.org/10.1038/s44161-022-00041-9

920z AInr 71 uo 3senb Aq 0G0£0Z8/SSSE/9E/9Y/aI01ME/[LESYINS/WOD dNO"dlWSPEdE//:SURY WO} PEPEOJUMOQ


https://doi.org/10.1161/CIRCULATIONAHA.118.035319
https://doi.org/10.1161/CIRCULATIONAHA.118.035319
https://doi.org/10.1038/s41598-022-05951-z
https://doi.org/10.1186/1532-429X-16-14
https://doi.org/10.1002/ejhf.2288
https://doi.org/10.1002/ejhf.2288
https://doi.org/10.1016/j.jchf.2022.06.013
https://doi.org/10.1186/s12968-014-0059-z
https://doi.org/10.1016/j.jacc.2018.08.2195
https://doi.org/10.1016/j.crad.2021.04.002
https://doi.org/10.1093/ehjci/jeac142
https://doi.org/10.1016/j.jcmg.2019.06.031
https://doi.org/10.1136/heartjnl-2012-303052
https://doi.org/10.1016/j.jcmg.2020.03.014
https://doi.org/10.1148/radiol.2019190651
https://doi.org/10.1148/radiol.2019190651
https://doi.org/10.1016/j.hrthm.2014.12.020
https://doi.org/10.1016/j.hrthm.2014.12.020
https://doi.org/10.1016/j.jcmg.2020.03.010
https://doi.org/10.1016/j.jacep.2020.10.002
https://doi.org/10.1016/j.jacep.2020.10.002
https://doi.org/10.1016/j.acra.2022.12.026
https://doi.org/10.1016/j.acra.2022.12.026
https://doi.org/10.3389/fcvm.2021.661673
https://doi.org/10.3389/fcvm.2021.661673
https://doi.org/10.1016/j.ccep.2022.06.009
https://doi.org/10.1093/eurheartj/eht510
https://doi.org/10.1016/j.hroo.2024.07.001
https://doi.org/10.1016/j.jcmg.2014.03.013
https://doi.org/10.1016/j.jcmg.2014.03.013
https://doi.org/10.1016/j.hrthm.2017.05.018
https://doi.org/10.1016/j.jacep.2019.11.004
https://doi.org/10.1186/s12872-022-02581-1
https://doi.org/10.1093/eurheartj/ehaa645
https://doi.org/10.1016/j.ahj.2023.09.008
https://doi.org/10.1111/anec.12420
https://doi.org/10.1016/j.jcmg.2023.05.003
https://doi.org/10.1016/j.jcmg.2023.05.003
https://doi.org/10.1038/s41569-018-0104-y
https://doi.org/10.1093/eurheartj/ehaa159
https://doi.org/10.1093/eurheartj/ehaa159
https://doi.org/10.1038/ncomms11437
https://doi.org/10.7554/eLife.73325
https://doi.org/10.1016/j.jcmg.2024.04.013
https://doi.org/10.1016/j.jcmg.2024.04.013
https://doi.org/10.1126/sciadv.abi8020
https://doi.org/10.1016/j.jacep.2020.08.036
https://doi.org/10.1016/j.jacasi.2024.01.005
https://doi.org/10.1016/j.media.2022.102483
https://doi.org/10.1016/j.media.2022.102483
https://doi.org/10.1016/j.hrthm.2024.04.077
https://doi.org/10.1016/j.hrthm.2024.04.077
https://doi.org/10.1093/europace/euad198
https://doi.org/10.1016/j.hrthm.2022.05.021
https://doi.org/10.1038/s44161-022-00041-9

	Late gadolinium enhancement imaging and sudden cardiac death
	Introduction: sudden cardiac death and fibrosis
	Fibrosis and late gadolinium enhancement

	Sudden cardiac death and late gadolinium enhancement in coronary artery disease
	ICD implants in CAD

	Sudden cardiac death, LGE, and hypertrophic cardiomyopathy
	LGE quantification and SCD in hypertrophic cardiomyopathy

	LGE and SCD in dilated cardiomyopathy
	Extent and location of LGE in DCM
	Genetic profile and SCD in DCM
	Risk stratification for ICD in DCM
	LV ring-like LGE and SCD

	LGE and other pathologies
	LGE and aortic stenosis
	LGE and mitral valve prolapse
	LGE and sarcoidosis
	LGE and myocarditis

	Interstitial fibrosis and risk of sudden death
	LGE to guide ablation of persistent ventricular tachycardia
	LGE and randomized controlled trial evidence
	Guidelines recommendations for LGE in sudden death risk stratification
	Future advances
	Conclusion and areas of unmet need
	Supplementary data
	Declarations
	Disclosure of Interest
	Data Availability
	Funding

	References




