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Aetiology and prognostic significance of non-infarct pattern late 

gadolinium enhancement in patients with coronary artery disease: a 

cardiovascular magnetic resonance prospective outcomes study 

Introduction 

Current tools to identify patients at high risk of sudden cardiac death (SCD) are 

limited. Specifically, left ventricular ejection fraction (LVEF) is an imprecise metric 

and innovative approaches are required to identify arrhythmogenic substrate beyond 

this measure. SCD risk prediction is of notable importance for patients with coronary 

artery disease (CAD) as these individuals are already in an intermediate risk group.1 It 

is therefore appropriate to evaluate the utility of novel prediction tools to identify 

high-risk patients within this cohort.  

In patients with chronic CAD, re-entrant ventricular tachycardia (VT) is the 

presumed mechanism underpinning the majority of SCD cases. Septa of replacement 

extracellular fibrosis (resultant from necrosing myocytes) perforating bundles of 

surviving myocytes can provide an arrhythmogenic milieu capable of facilitating the 

re-entry circuit.2 These areas of heterogenous tissue, more recently termed the ‘peri-

infarct’ or ‘gray’ zone, are typically located at the transition point between viable 

myocardium and compact scar and are hypothesised to contain the substrate for slow 

conduction and fixed/functional block that initiate and maintain VT.3 Implantable 

cardioverter defibrillators (ICD) can treat re-entrant arrhythmia and have been shown 

to protect against a high proportion of SCD.4 Decisions regarding primary prevention 

ICD implantation centre around evaluation of NYHA class alongside dichotomous 

assessment of LV systolic function using a LVEF cut-off of 30-35%. Typically 
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assessed at a solitary timepoint, this fails to take into account the dynamic nature of 

the variable.5,6  

Late Gadolinium Enhancement on Cardiac Magnetic Resonance (LGE-CMR) 

non-invasively identifies myocardial fibrosis with high spatial resolution and has good 

histological correlation in CAD models.7 Additionally, quantification of core infarct 

and the adjacent peri-infarct zone (PIZ) has been shown to associate with ventricular 

arrhythmia and all-cause mortality in CAD cohorts.8,9 More recently, LGE-CMR has 

been used to evaluate complex scar geometry, predominantly in tandem with 

electroanatomical voltage mapping (EAVM) or computational modelling 

techniques.3,10,11 Despite recent advances however, important questions remain on the 

utility of advanced scar characterisation by CMR to predict SCD, particularly in 

prospectively recruited cohorts. We performed LGE quantification, in combination 

with bespoke computational analysis of shape-based scar features, to provide novel 

mechanistic insight into the drivers of SCD in prospectively investigated patients with 

CAD.  
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Methods  

Study design 

Patients referred for evaluation of ischaemic heart disease with LGE-CMR 

were prospectively recruited into a registry between August 2009 and January 2016. 

The registry complied with the Declaration of Helsinki and the Southampton & South 

West Hampshire Research Ethics Committee approved the protocol. All patients 

provided informed written consent. CMR was undertaken on a 1.5 Tesla scanner 

(Sonata/Avanto, Siemens). Steady-state free precession sequences were performed to 

produce long and short-axis cine images. Gadolinium-based contrast agent was 

injected intravenously and an inversion recovery gradient echo sequence was 

undertaken to acquire the LGE datasets at ~10mins, typically in two phase encoding 

directions. The LGE images were obtained in the long axis planes and then in 

continuous short slices to cover the entire left ventricle (LV). The LGE image slice 

thickness was 8mm with a 2mm gap, resulting in an in-plane resolution of ~2.2mm x 

~1.6mm. 

The inclusion criteria for the study were severe epicardial CAD, prior coronary 

revascularisation or documented history of prior myocardial infarction (confirmed on 

CMR). Severe epicardial CAD was defined as ≥75% stenosis in the left main 

stem/proximal left anterior descending artery or ≥75% in 2 epicardial coronary 

arteries. Exclusion criteria included Class I indication for a secondary prevention ICD, 

myocardial infarction (MI) within 40 days prior to CMR, severe primary valvular 

disease, previous valvular intervention or high suspicion of concomitant hypertrophic 

or infiltrative cardiomyopathy. 
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Cardiovascular Magnetic Resonance analysis 

Biventricular volumes and LV mass were determined using CMRtools 

(Cardiovascular Imaging Solutions, London, United Kingdom). LGE quantification 

(including PIZ analysis) was performed by a Level 3 accredited CMR operator 

blinded to the clinical outcomes. Infarct analysis was undertaken using the full width 

at half maximum (FWHM) method on specialised software (CVI42, Circle 

Cardiovascular Imaging Inc, Calgary, Canada). Epicardial and endocardial contours 

were drawn from the short-axis LGE slices and a region of interest was created within 

an area of core infarct. The PIZ was then defined as signal intensity (SI) between 

35%-49% of the core infarct. 

Evaluation of scar microstructure 

We aimed to identify key relationships and microstructure features within the 

myocardial fibrosis to gain mechanistic insight into the drivers of life-threatening 

ventricular arrhythmia. Linked anonymised LGE slices were optimised for 

computational analysis. Harnessing both the raw LGE images and corresponding 

FWHM slice masks, we extracted data relating to 7 groups of morphological and 

texture related scar features (Table 1).10,12 The scar features were computed for each 

individual slice and then aggregated across the short-axis stack to better represent 

LGE topology throughout the LV where applicable.  

 

Clinical endpoints and follow up data collection  

Patients were followed up using health questionnaires alongside primary and 

secondary care documentation. ICD reports, death certificates and post-mortem results 
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were requested as necessary. Survival status was confirmed via the UK NHS Digital 

service to ensure that no deaths were omitted. The duration of follow-up was 

determined from the date of CMR prior to consent until an endpoint was confirmed or 

until the most recent patient contact date. Event times were calculated from the date of 

the preceding CMR up until a maximum of 10 years. All clinical outcomes were 

adjudicated by an independent panel of experienced cardiologists blinded to the LGE 

data. The a priori primary endpoint was a composite of sudden cardiac death or 

aborted sudden cardiac death. Sudden cardiac death was defined as a death that 

occurred unexpectedly, including scenarios where symptom duration was ≤1hr, 

following an identified arrhythmia/unsuccessful resuscitation or in circumstances 

where the patient was witnessed alive ≤24hr prior to death and without another 

identifiable cause of death.13 Aborted SCD was defined as appropriate ICD shock for 

a ventricular tachyarrhythmia, effective resuscitation following ventricular fibrillation 

or haemodynamically unstable VT requiring electrical cardioversion.14 The 

prespecified secondary endpoints included: i) major heart failure (HF) composite of 

HF hospitalisation (admission to hospital of ≥24hr/encompassing 1 calendar day 

requiring initiation or escalation of HF therapies), HF death (in the context of 

progressive clinical features of HF), or cardiac transplantation/left ventricular assist 

device insertion, ii) all-cause mortality and iii) SCD or aborted SCD in patients with a 

LVEF ≥35%. 
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Statistical analysis 

Baseline characteristics were summarised in the total cohort as frequency (%) 

for categorical variables and mean (standard deviation, σ) or median (interquartile 

range, IQR) where appropriate for continuous variables. Characteristics were 

compared between patients with a PIZ mass <median versus those with a PIZ mass 

≥median using 2-sample t-tests or Mann-Whitney U tests for continuous variables and 

χ2 test or Fisher’s exact tests for categorical variables.  

Kaplan-Meier curves were plotted to describe the cumulative incidence of the primary 

outcome by tertiles of PIZ mass and core infarct mass over follow-up, compared using 

the logrank test. Univariable and multivariable analyses of the primary and secondary 

outcomes were performed using Cox regression modelling. To investigate the utility 

of LGE quantification in the prediction of the primary outcome, two multivariable 

models were generated. First, to mirror current clinical guidelines for ICD 

implantation, a model using binary cut-offs of LVEF <35% and NYHA class >1 was 

generated (Model 1). Second, a model was fitted using baseline covariates associated 

with the primary outcome (Model 2). To select this model, a forward stepwise 

procedure was applied with p<0.10 as the criterion for inclusion, forcing in known 

predictors of the outcome from existing literature (age, sex and LVEF). In both 

Models 1 and 2, core infarct mass and PIZ mass were then simultaneously added to 

assert whether either metric was independently associated with the primary outcome. 

Model performance was assessed using the Harrel’s C-statistic. Additionally, 

competing risk analysis was performed using Fine-Gray subdistribution hazard 

modelling. The non-arrhythmic secondary endpoints were assessed using the 
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multivariable approach described in Model 2 and subgroup analysis of patients with 

LVEF ≥35% were adjusted for age, sex and LVEF. A P-value of ≤0.05 was taken as 

significant. Statistical analysis was performed on Stata version 17 (StatCorp) and 

Python v3.7.4. 
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Results  

734 patients were assessed for eligibility with the final cohort consisting of 437 

patients. The mean age was 64 (σ 9.9 years), mean LVEF 47% (σ 16.8%) and 95% of 

patients had severe CAD or had previously undergone coronary revascularisation. All 

25 (5%) patients without evidence of severe CAD had a history of prior myocardial 

infarction, confirmed on CMR. Baseline characteristics are described in Table 2. The 

median PIZ mass was 8.8g (IQR: 4.2g-14.4g) and core mass was 17.6g (IQR: 6.5g-

30.2g). Patients with a PIZ mass above the median were more likely to be men 

(P=0.004), current smokers (P=0.01), have significant CAD (P<0.001), have a history 

of prior MI (P<0.001) and be prescribed diuretic therapy or medications acting on the 

renin-angiotensin aldosterone system (P<0.001).  

Primary endpoint 

Utility of core infarct mass and PIZ mass to predict the composite of SCD or SCD. 

At 10 years follow up, 49 patients (11.2%) had experienced the primary 

outcome (29 patients experiencing aborted SCD and 20 patients experiencing SCD). 

Autopsy data was available for 12 of the deaths assigned as SCD. Cumulative 

incidence of the primary outcome by tertiles of PIZ mass suggest that patients in 

higher tertiles had an increased risk of the primary outcome (10-year risk 0.7%, 24.0% 

and 37.8% for patients with PIZ mass <5.66g, 5.66-12.28g and ≥12.29g respectively, 

P<0.001, Fig.1). Similarly, patients in the higher tertiles of core mass had an increased 

risk of the primary outcome (10-year risk 3.7%, 24.0% and 34.6% for patients with 

core mass <9.39, 9.39-25.21g and ≥25.22g respectively, P<0.001, Fig.1). On 

univariable analysis, an increase in PIZ mass and core infarct mass was significantly 
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associated with an increased risk of the primary outcome (per gram: HR 1.12, 95% CI 

1.09-1.15, P<0.001 and HR 1.05, 95% CI 1.04-1.06, P<0.001 respectively).  

After adjustment for the variables in Model 1 (LVEF <35% and NYHA Class II,III or 

IV), both PIZ mass and core infarct mass remained independently associated with the 

primary outcome (per gram: HR 1.07, 95% CI 1.02-1.12, P=0.002 and HR 1.03, 95% 

CI 1.01-1.05, P=0.01 respectively, Fig.2) and improved the ability of the model to 

predict the primary endpoint of SCD or aborted SCD (C-statistic from 0.64 to 0.79). 

Severely impaired LVEF was not associated with the primary endpoint on 

multivariable analysis (HR 1.65, 95% CI 0.90-3.03, P=0.11, Fig.2). Additionally, PIZ 

mass and core infarct mass remained independently associated with the primary 

endpoint after adjusting for non-sudden death on competing risk analysis (per gram: 

subdistribution HR 1.07, 95% CI 1.03-1.12, P=0.001 and subdistribution HR 1.03, 

95% CI 1.01-1.04, P=0.003 respectively, Fig.3).  

Using Model 2, PIZ mass and core infarct remained independently associated with the 

primary outcome after adjusting for baseline covariates (per gram: HR 1.07, 95% CI 

1.02-1.12, P=0.005 and HR 1.02, 95% CI 1.00-1.05, P=0.03 respectively, Fig.4) and 

improved the discrimination of the model to predict the primary endpoint (C-statistic 

0.76 to 0.82). Again, LVEF was not associated with the primary endpoint on 

multivariable analysis (per %: HR 0.99, 95% CI 0.0.97-1.02, P=0.63, Fig.4). 

Utility of scar microstructure analysis to predict the composite of SCD or SCD 

In examining the PIZ and core infarct microstructure, we identified 28 

individual features that remained significantly associated with the primary endpoint on 

multivariable analysis (Table 3). These were catalogued according to the central 
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microstructure component with the 6 groups containing features that remained 

significantly associated with the primary endpoint on multivariable analysis, Fig. 5. 

The best performing model in each group included the following features; PIZ 

gradient, number of PIZ components, core infarct radiality, core infarct interface area, 

core infarct entropy and variation in core infarct transmurality (Fig.6). No individual 

scar feature remained significantly associated with the primary endpoint when 

absolute core infarct mass and PIZ mass were added to the multivariable model.  

Secondary endpoints 

Major heart failure event 

During follow-up, 78 (17.9%) patients experienced a major heart failure event. 

On univariable analysis, both PIZ and core infarct mass were significantly associated 

with the outcome (per gram: HR 1.06, 95% CI 1.03-1.08, P<0.001 and HR 1.02, 95% 

CI 1.01-1.04, P<0.001 respectively). On multivariable analysis however, there was no 

significant association between either scar metric and this secondary endpoint (PIZ 

mass per gram: HR 1.02, 95% CI 0.98-1.06, P=0.35 and core infarct mass per gram 

HR 1.00, 95% CI 0.98-1.02, P=0.77, Figure ). 

All-cause mortality  

There were 138 (31.6%) deaths during the follow-up period (92 cardiovascular 

deaths, 46 non-cardiovascular deaths). On univariable analysis, PIZ and core infarct 

mass were significantly associated with the endpoint (per gram: HR 1.05, 95% CI 

1.03-1.07, P<0.001 and HR 1.02, 95% CI 1.01-1.03, P<0.001 respectively). On 

multivariable analysis, PIZ mass remained independently associated with mortality 
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(per gram: HR 1.04, 95% CI 1.01-1.08, P=0.02, Fig.8) and marginally improved the 

discrimination ability of the model to predict the outcome (C-statistic 0.74 to 0.75). 

Core infarct mass was not significantly associated with the endpoint when both scar 

metrics were included in the model (per gram: HR 1.00, 95% CI 0.98-1.02, P=0.96, 

Fig.8).  

Composite of sudden cardiac death or aborted sudden cardiac death in patient with 

LVEF ≥35%. 

25 out of 319 patients with LVEF ≥35% experienced a SCD or aborted SCD. 

On univariable analysis, both PIZ mass and core infarct mass were associated with the 

endpoint (per gram: HR 1.09, 95% CI 1.04-1.14, P<0.001 and HR 1.04, 95% CI 1.02-

1.06, P<0.001 respectively). Neither PIZ mass or core infarct mass remained 

significantly associated with the primary endpoint when both scar metrics were 

included in the model (per gram: HR 1.03, 95% CI 0.94-1.11, P=0.56 and HR 1.03, 

95% CI 0.99-1.07, P=0.11 respectively, Fig.9).  Computational analysis of the LGE 

images in patients with LVEF ≥35% highlighted 4 specific scar features that were 

significantly associated with the primary endpoint on multivariable analysis (adjusted 

for age, sex and LVEF); standard deviation of core infarct transmurality, PIZ entropy, 

core infarct entropy and the combined entropy from both the PIZ and core infarct. 
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Discussion  

To our knowledge, this is the first prospective study assessing the utility of 

multiscale myocardial fibrosis characterization by CMR to predict SCD in 

prospectively investigated patients with CAD. The principal findings are: i) PIZ mass 

and core infarct mass independently predict SCD after adjusting for clinical 

parameters used in ICD implantation decisions; ii) Reduced LVEF does not predict 

SCD when LGE parameters are included in the multivariable models; iii) Neither scar 

metric associates with major heart failure events on multivariable analysis; iv) 

Bespoke computational analysis identified a group of clinically plausible scar 

microstructure features that associate with SCD. 

LGE-CMR predictors of SCD in stable CAD 

Multiple observational studies in CAD cohorts have demonstrated the role of 

PIZ quantification by LGE-CMR to identify patients at increased risk of all-cause 

mortality15, inducibility of VT during electrophysiology study16 and appropriate ICD 

therapy.17 The majority of these studies either restricted recruitment to patients with 

impaired LVEF or those with prior ICD insertion. Additionally, these studies typically 

included individuals with an existing secondary prevention ICD indication and thus 

novel CMR metrics were unlikely to alter management decisions. Zegard et al 

recently published a large study assessing the association between LGE and SCD in a 

cohort of CAD patients with a broad range of LVEF.18 Although retrospective, their 

results were notably similar to our findings and demonstrate the value of myocardial 

fibrosis quantification to predict SCD in patients with CAD. As with their study, we 

also demonstrate that PIZ mass has a stronger association with the primary endpoint 
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as compared to core infarct mass. This growing body of work continues to support the 

hypothesis that the PIZ contains myocardial substrate capable of initiating and 

maintaining lethal ventricular arrhythmia. In our study, reduction in LVEF did not 

predict the primary endpoint following addition of the scar metrics to either 

multivariable model. This is clinically relevant as LVEF calculation remains the 

central measure used in ICD implantation decisions, driven by inclusion criteria of the 

seminal trials assessing the utility of primary prevention ICD therapy.19,20 It is well 

appreciated however that impaired LVEF does not directly identify arrhythmogenic 

myocardial substrate. Up to 70% of SCD cases in CAD populations occur in subjects 

without severely reduced LVEF21 and there remains a paucity of evidence identifying 

a convincing causal relationship between LVEF and SCD.22 Conversely, myocardial 

fibrosis is a mechanistically plausible metric in SCD prediction and may also 

represent a relatively static parameter in patients who do not suffer a subsequent MI. 

Neither scar metric predicted major heart failure events on multivariable analysis. 

Additionally, competing risk analysis demonstrated the association between both scar 

metrics and the primary endpoint after adjusting for non-sudden death. These results 

highlight the potential utility of LGE quantification as a precision tool in event 

prediction; hypothetically targeting ICD implantation to CAD patients with high 

future arrhythmic risk and lower future non-arrhythmic event risk. Individuals without 

severely reduced LVEF represent the largest cohort of SCD patients and yet are not 

captured in primary prevention ICD guidelines. We showed that in patients with 

preserved LV systolic function, LGE quantification predicted SCD on univariable 

analysis. The lack of the statistical significance when both PIZ mass and core infarct 
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mass were added to the multivariable model likely pertains to being underpowered for 

this subgroup analysis. 

Computational analysis of the LGE images 

The computational analysis of the LGE images permitted mechanistic 

interrogation into the key morphological and texture-based scar features driving the 

primary outcome, providing an additional layer of granularity above the raw 

quantification data. The majority of these features already have a considerable 

evidence base detailing their association with ventricular arrhythmia, predominantly 

from studies harnessing EAVM in combination with CMR.  First, a key feature that 

associated with the primary endpoint was LGE interface area. This metric describes 

the extent of the border between LGE and adjacent tissue, typically the PIZ. This 

parameter has been found to associate with major arrhythmic events in dilated 

cardiomyopathy with simulation modelling describing a plausible mechanism of 

action to promote unidirectional conduction block.10 Furthermore, in a mixed cohort 

of ischaemic and non-ischaemic heart disease, scar borderzone has been found to 

harbor critical VT isthmus sites.23 Second, multiple aggregates pertaining to core scar 

transmurality and radiality were associated with the primary endpoint on multivariable 

analysis. Core scar transmurality on CMR has been associated with reduction in 

electrogram voltages on EAVM.24 Furthermore, critical VT isthmus sites have been 

found in close proximity to areas of increasingly transmural scar.23 LGE radiality has 

previously been investigated in non-ischaemic cohorts but was not significantly 

associated with major arrhythmic events.10 Third, recent studies have assessed the 

utility of scar entropy to predict life threatening arrhythmia. Scar entropy describes the 
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level of disorder or heterogeneity within a region of myocardial fibrosis25. 

Androulaskis et al demonstrated an association between high myocardial fibrosis 

entropy and ventricular arrhythmia in patients post myocardial infarction.26 Forth, the 

PIZ gradient represents another texture related feature that associated with our 

primary endpoint. This feature details the rate in change of SI within a region of 

interest and a high LGE gradient, representing an extreme change in SI, has 

previously been shown to associate with patients deemed at high risk of life-

threatening arrhythmia.27 Finally, a high number of PIZ components per LGE slice 

was associated with our primary endpoint. A correlate of this feature, PIZ channels, 

has recently been shown to associate with appropriate ICD therapy.28 Additionally, the 

number of LGE components was found to be associated with functional block and 

reentry on paced simulation models in patients with dilated cardiomyopathy.12 In 

summary, there is growing body of evidence describing the association between 

complex scar analysis on CMR and either ventricular arrhythmia or crucial VT sites 

on EAVM. We have described for the first time the association between numerous 

complex shape-based scar features and SCD in prospectively investigated patients 

with stable CAD.  
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Limitations 

This study is a single center study in patients referred to a tertiary 

cardiovascular hospital. As such, the generalizability of the results may be questioned 

and the potential for referral bias is introduced. Our results are similar however to 

previous studies15,18 and our patient cohort were referred from a broad base of 

secondary and tertiary hospitals. We do appreciate that our study contains a high 

percentage of male and caucasian patients and thus the results may not be applicable 

to female patients and non-caucasian populations. Concerns regarding the ability of 2-

dimensional LGE to accurately characterise the PIZ have been raised. This principally 

surrounds the issue of partial voluming where imaged voxels contain both cleanly 

demarcated core scar and adjacent normal myocardium. This results in an intermediate 

signal due to the limited spatial resolution and not because of a region of viable 

myocytes interspersed with collagen. Future studies harnessing 3-dimensional LGE 

would allow for whole-heart coverage with reduced voxel dimensions and improved 

spatial resolution.  The elimination of slice gaps would permit more detailed 

characterization of the relationship of LGE features along the slice direction (e.g. 

increasing the confidence to describe potential VT conduction channels). We 

appreciate that we only performed LGE quantification by the FWHM method and 

recent studies have highlighted increased association with SCD using standard 

deviation approaches.18 FWHM has however been found to be the most reproducible 

technique29 and the majority of studies assessing PIZ quantification and long-term 

clinical outcomes have harnessed this methodology.15 
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Conclusions 

SCD is a prevalent and tragic event afflicting patient with CAD and current 

risk stratification approaches remain insensitive and nonspecific.30 Our study provides 

novel prospective data demonstrating the value of myocardial fibrosis characterization 

by CMR to predict SCD in a cohort of stable CAD patients. We also highlight the 

limitation of LVEF calculation in SCD risk prediction. Multicenter trials should now 

be considered utilizing appropriate cut-offs for these LGE metrics above which 

patients are randomized to ICD implantation or conventional medical therapy. Such 

trials would be most impactful in cohorts not captured by current ICD guidelines, 

notably patients with mild to moderate LV systolic impairment.   
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Tables 

Table 1: Scar microstructure features. 

Scar feature Feature description 

Transmurality The extent of spread of LGE emanating outwards from the endocardium to 

epicardium, calculated using a ray tracing method. 

Radiality 

 

Quantification of the angular variance of LGE in relation to the centre of the 

LV blood pool. 

PIZ islets 

 

Regions of PIZ contained within core scar or an area of PIZ encapsulated by 

core scar and either endocardial or epicardial boundaries. 

Number of 

components 

The degree of connectivity between LGE across the LV. 

Interface area The extent of the border between myocardium and LGE. 

Entropy The level of disorder within the LGE. Calculated by applying standard 

Shannon entropy26 

Gradient The rate of change in LGE intensity. 

 
The 7 groups of morphological (top 5 rows) and texture (bottom 2 rows) related scar features 
that were extracted from the LGE images. 
LGE = late gadolinium enhancement; LV = left ventricle; PIZ = peri-infarct zone 

 

 



 26 

Table 2: Baseline characteristics. 

Variable 

N (%)/mean 

(SD)/median 

(IQR) PIZ<8.76g PIZ≥8.76g P-value 

Demographics         

Age (years) 64.4 (9.9) 65.2 (9.5) 63.6 (10.2) 0.10 

Female 61 (14.0) 41 (18.8) 20 (9.1) 0.004 

Caucasian 357 (81.7) 178 (81.7) 179 (81.7) 0.98 

BMI (kg/m2) 27.8 (5.0) 27.6 (4.7) 28.0 (5.2) 0.34 

Heart rate (bpm) 69.3 (13.3) 69.4 (14.1) 69.3 (12.6) 0.92 

SBP (mmHg) 126.5 (19.3) 130.8 (19.4) 122.5 (18.3) <0.001 

DBP (mmHg) 73.3 (11.7) 75.3 (11.5) 71.4 (11.7) <0.001 

Significant CAD* 412 (95.4) 198 (91.2) 214 (99.5) <0.001 

CAD type       0.15 

Single vessel 131 (31.8) 72 (36.4) 59 (27.6)   

2 vessels 117 (28.4) 51 (25.8) 66 (30.8)   

3 vessels 164 (39.8) 75 (37.9) 89 (41.6)   

Prior MI 316 (72.3) 141 (64.7) 175 (79.9) <0.001 

History of PCI 225 (51.5) 119 (54.6) 106 (48.4) 0.20 

History of CABG 121 (27.7) 58 (26.6) 63 (28.8) 0.61 

Hypertension 231 (52.9) 116 (53.2) 115 (52.5) 0.88 

Diabetes mellitus 128 (29.3) 59 (27.1) 69 (31.5) 0.31 

Documented 

hypercholesterolemia 356 (81.5) 171 (78.4) 185 (84.5) 0.10 

Documented family 

history of premature 

CAD 95 (21.7) 50 (22.9) 45 (20.5) 0.54 
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Smoking status       0.01 

Yes 45 (10.3) 19 (8.8) 26 (11.9)   

Ex-smoker 242 (55.5) 109 (50.2) 133 (60.7)   

No 149 (34.2) 89 (41.0) 60 (27.4)   

Baseline AF 73 (16.7) 33 (15.1) 40 (18.3) 0.38 

NYHA functional 

class       0.17 

I 145 (33.3) 81 (37.3) 64 (29.4)   

II 197 (45.3) 95 (43.8) 102 (46.8)   

III or IV 93 (21.4) 41 (18.9) 52 (23.9)   

Medications         

Antithrombotic 

therapy 420 (96.1) 210 (96.3) 210 (95.9) 0.81 

Diuretic 204 (46.7) 72 (33.0) 132 (60.3) <0.001 

Beta-blocker 338 (77.3) 158 (72.5) 180 (82.2) 0.02 

ACEi/ARB 368 (84.2) 168 (77.1) 200 (91.3) <0.001 

Lipid-lowering drug 386 (88.3) 188 (86.2) 198 (90.4) 0.17 

Aldosterone 

antagonist 108 (24.7) 31 (14.2) 77 (35.2) <0.001 

CMR volumetric 

measurements         

LVEF (%) 47.2 (16.8) 55.2 (16.0) 39.2 (13.3) <0.001 

LV mass indexed 

(g/m2) 79.1 (24.6) 72.1 (20.9) 86.0 (26.0) <0.001 

LVEDVi (ml/m2) 106.5 (40.8) 89.1 (28.9) 123.7 (43.5) <0.001 

RVEF (%) 58.1 (12.7) 59.4 (11.2) 56.8 (13.9) 0.03 
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RVEDVi (ml/m2), 

median (IQR) 73.1 (62.2-85.6) 

73.3 (64.0-

83.8) 

73.0 (61.0-

86.9) 0.76 

CMR LGE 

characteristics         

Infarct pattern LGE 378 (86.5) 159 (72.9) 219 (100.0) <0.001 

Predominant territory       0.010 

Anterior 172 (45.5) 60 (37.7) 112 (51.1)   

Lateral 54 (14.3) 31 (19.5) 23 (10.5)   

Inferior 152 (40.2) 68 (42.8) 84 (38.4)   

Multi-territory infarct 120 (31.7) 22 (13.8) 98 (44.7) <0.001 

No. infarcted 

segments, median 

(IQR) 5.0 (2.0-7.0) 3.0 (0.0-5.0) 7.0 (5.0-9.0) <0.001 

PIZ mass (g), median 

(IQR) 8.8 (4.2-14.4) NA NA NA 

Infarct core mass (g), 

median (IQR) 17.6 (6.5-30.2) 6.4 (0.0-12.8) 

29.0 (20.8-

39.6) <0.001 

 

ACEi = angiotensin-converting enzyme inhibitor; AF = atrial fibrillation; ARB = 
angiotensin II receptor blocker; BMI = body mass index; CABG = coronary artery bypass 
graft CAD = coronary artery disease; CMR = cardiovascular magnetic resonance; DBP = 
diastolic blood pressure; ECG = electrocardiogram; IQR = interquartile range; LVEDVi = 
indexed left ventricular end-diastolic volume; LVEF = Left ventricular ejection fraction; MI 
= myocardial infarction; NA = not applicable; NYHA = New York Heart Association; 
RVEDVi = indexed right ventricular end-systolic volume; PIZ = peri-infarct zone; PCI = 
percutaneous coronary intervention; SBP = systolic blood pressure. *includes patients with 
prior coronary revascularisation. 
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Table 3: Performance of scar microstructure features  

Scar feature Scar feature description Model C-statistic Scar feature HR 

and 95% CI 

Scar feature 

P-value 

sum core entropy Sum of core infarct entropy score from all LGE 

slices 

0.74 1.68 (1.27 - 2.21) <0.001 

sum core SD 

transmurality 

Sum of core infarct transmurality SD from all 

LGE images 

0.73 2.03 (1.44 - 2.86) <0.001 

sum PIZ entropy Sum of the PIZ entropy score from all LGE slices 0.73 2.03 (1.43 - 2.88) 0.001 

sum core 

transmurality 

Sum of core infarct transmurality from all LGE 

slices 

0.723 1.65 (1.22 - 2.23) <0.001 

sum core & PIZ 

combined entropy 

Sum of the combined entropy score from core 

infarct and the PIZ from all LGE slices 

0.72 2.23 (1.52 - 3.27) <0.001 

sum core 

transmurality LC 

sum of the core infarct transmurality of the LC 

from all LGE slices 

0.71 1.65 (1.23 - 2.21) <0.001 

core interface area Border zone area of the core infarct and adjacent 

tissue 

0.70 1.62 (1.23 - 2.12) 0.001 

mean core 

transmurality LC 

Mean transmurality of core infarct in the LC 

across all LGE slices 

0.69 1.74 (1.24 - 2.44) 0.004 

sum PIZ 

components 

Sum of the number of PIZ components from all 

LGE slices 

0.69 1.32 (1.03 - 1.7) 0.01 

core & PIZ 

combined 

interface area LC 

Combined border zone area of the core infarct 

and PIZ in the LC 

0.69 1.52 (1.17 - 1.96) 0.001 

mean core SD 

transmurality 

Mean SD of the core infarct transmurality across 

all LGE slices 

0.69 1.75 (1.23 - 2.5) 0.001 

core & PIZ 

combined 

interface area  

Combined border zone area of the core infarct 

and PIZ 

 

0.69 1.44 (1.11 - 1.86) 0.006 

sum core radiality Sum core infarct radiality across from LGE slices 0.69 1.53 (1.14 - 2.06) 0.006 

PIZ interface area Border zone area between the PIZ and adjacent 

tissue  

0.68 1.56 (1.19 - 2.05) <0.001 

PIZ interface area 

LC 

Border zone area of the PIZ and adjacent tissue in 

the LC 

0.68 1.45 (1.12 - 1.89) 0.004 
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mean PIZ entropy Mean entropy score of the PIZ across all LGE 

slices 

0.68 1.87 (1.26 - 2.75) 0.003 

core interface area 

LC 

Border zone area between core infarct and 

adjacent tissue in the LC 

0.68 1.63 (1.26 - 2.1) <0.001 

sum PIZ gradient Sum of the PIZ gradient from all LGE slices 0.68 1.62 (1.2 - 2.21) 0.011 

sum core 

components 

Sum of the number of core infarct components 

from all LGE slices 

0.68 1.38 (1.07 - 1.78) 0.016 

mean core entropy Mean entropy score of the core infarct across all 

LGE slices 

0.68 1.93 (1.29 - 2.88) <0.001 

mean core 

transmurality 

Mean core infarct transmurality across all LGE 

slices 

0.67 1.64 (1.19 - 2.28) 0.005 

mean core & PIZ 

combined entropy 

Combined mean entropy score of the core infarct 

and PIZ across all LGE slices 

0.67 1.91 (1.26 - 2.9) 0.001 

mean core 

radiality 

Mean core infarct radiality across all LGE slices 0.66 1.33 (1.0 - 1.78) 0.005 

SD core 

transmurality 

SD of the core infarct transmurality 

 

0.66 1.36 (0.96 - 1.93) 0.03 

sum core radiality 

LC 

Sum core infarct radiality from all LGE slices 0.66 1.33 (1.04 - 1.71) 0.02 

sum core & PIZ 

combined 

components 

Sum of the number of core infarct and PIZ 

components from all LGE slices 

0.65 1.22 (0.96 - 1.56) 0.009 

mean core 

radiality LC 

Mean core infarct radiality in the LC across all 

LGE slices 

0.65 1.31 (1.04 - 1.65) 0.046 

mean PIZ gradient Mean PIZ gradient across all LGE slices 0.64 1.46 (1.06 - 2.01) 0.043 

 
Performance of all scar features significantly associated with the primary endpoint after adjustment LVEF <35% 
and NYHA >1. LC = largest component; LGE = late gadolinium enhancement; ICD = implantable cardioverter 
defibrillator; SD = standard deviation; PIZ = peri-infarct zone 
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Figures 

Figure 1: Kaplan-Meier plots of the primary endpoint by tertiles of LGE metric. 

Top row: Kaplan-Meier plots of the primary endpoint by tertiles of peri-infarct zone mass.  
Bottom row: Kaplan-Meier plots of the primary endpoint by tertiles of core infarct mass. ASCD = 
aborted SCD; SCD = sudden cardiac death. 
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Figure 2: Multivariable Model 1 for the primary endpoint with subsequent addition of LGE 
metrics. 

Top row: To mirror current clinical guidelines for ICD implantation, a multivariable model using 
binary cut-offs of LVEF <35% and NYHA class >1 was generated with subsequent addition of the 
LGE quantification data.  
Bottom row: Forest plot of the final multivariable model presented using LGE results per 10grams.  
CI = confidence interval; HR = hazard ratio; LVEF = Left ventricular ejection fraction; PIZ = peri-
infarct zone. 
 
 
 

 

Variable HR (95% CI) P-value 

LVEF<35% 3.09 (1.75, 5.45) <0.001 

NYHA 2, 3 or 4 1.33 (0.70, 2.52) 0.39 

Harrell's C-statistic = 0.64 

 

 

Variable HR (95% CI) P-value 

PIZ mass (per g) 

PIZ mass (per 10g) 

1.07 (1.02, 1.12) 

1.95 (1.28, 2.98) 
0.002 

Infarct core mass (per g) 

Infarct core mass (per 10g) 

1.03 (1.01, 1.05) 

1.28 (1.06, 1.56) 
 

0.01 

LVEF<35% 1.65 (0.90, 3.03) 0.11 

NYHA 2, 3 or 4 1.20 (0.63, 2.30) 0.58 

Harrell's C-statistic = 0.79 

 

Figure 3: Competing risk analysis.  

Competing risk survival analysis for the primary endpoint; SCD/aborted SCD versus other cause of 
death. CI = confidence interval; sHR = subdistribution hazard ratio; LVEF = left ventricular ejection 
fraction; NYHA = New York Heart Association; PIZ = peri-infarct zone. 

Variable sHR (95% CI) P-value 

LVEF<35% 2.66 (1.51, 4.69) 0.001 

NYHA 2, 3 or 4 1.20 (0.64, 2.27) 0.57 
 

Variable sHR (95% CI) P-value 

PIZ mass (g) 1.07 (1.03, 1.12) 0.001 

Infarct core mass (g) 1.03 (1.01, 1.04) 0.003 

LVEF<35% 1.42 (0.80, 2.53) 0.23 

NYHA 2, 3 or 4 1.09 (0.56, 2.11) 0.80 
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Figure 4: Multivariable Model 2 for the primary endpoint with subsequent addition of LGE 
metrics. 

Top row: To select this model, a forward stepwise procedure was applied with p<0.10 as the criterion 
for inclusion, forcing in recognised predictors of the outcome (age, sex and LVEF) with simultaneous 
addition of LGE quantification data.  
Bottom row: Forest plot of the final multivariable model presented using LGE results per 10grams.  
 

Variable HR (95% CI) P-value 

Age (per 10 years) 0.76 (0.57, 1.02) 0.07 

Female 0.31 (0.07, 1.28) 0.11 

LVEF (%) 0.96 (0.95, 0.98) <0.001 

ACE-i/ARB 6.32 (0.87, 46.15) 0.07 

Smoking status   0.04 

Non-smoker Reference group   

Ex-smoker 1.57 (0.77, 3.17)   

Current smoker 2.61 (1.05, 6.44)   

Atrial fibrillation 1.98 (1.01, 3.90) 0.05 

Harrell's C-statistic = 0.76 
 
 
 

Variable HR (95% CI) P-value 
PIZ mass (per g) 
PIZ mass (per 10 g)  

1.07 (1.02, 1.12) 
1.93 (1.22, 3.06) 0.005 

Infarct core mass (per g) 
Infarct core mass (per 10g)  

1.02 (1.00, 1.05) 
1.27 (1.03, 1.58) 0.03 

Age (per 10 years) 0.96 (0.71, 1.29) 0.78 

Female 0.33 (0.08, 1.39) 0.13 

LVEF (%) 0.99 (0.97, 1.02) 0.63 

ACE-i/ARB 4.70 (0.64, 34.57) 0.13 

Smoking status   0.04 

Non-smoker Reference group  

Ex-smoker 1.30 (0.64, 2.65)  

Current smoker 2.71 (1.08, 6.80)  

Atrial fibrillation 2.37 (1.19, 4.75) 0.02 

Harrell's C-statistic = 0.82 
 

 

 

 

 

 

 
 
 

Atrial fibrillation

Current smoker

ACEi/ARB
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Female
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Figure 5: Significant scar feature groups on computational analysis  

Example LGE-CMR images demonstrating the 6 groups containing features that were significantly 
associated with the primary outcome on multivariable analysis. Top row: High feature value.  
Bottom row: Low feature value. Core scar demonstrated in red and the PIZ in pink in images 1-4. 1. 
Interface area, a measure of the boundary length between LGE and adjacent tissue (yellow line); 2. 
Scar transmurality, a measure describing the extent of spread of LGE from the endocardium to 
epicardium; 3. Scar radiality, a measure of the circumferential radiation of the LGE taken from the 
centre of the left ventricular blood pool; 4. No. components, the amount of connectivity between LGE 
across the LV; 5. Entropy, a measure of the disorder within the LGE. Calculated by applying standard 
Shannon entropy; 6. Gradient, the rate of change in LGE intensity. 
CMR = cardiovascular magnetic resonance; LGE = late gadolinium enhancement; PIZ = peri-infarct 
zone. 
 

 

 

Figure 6: Multivariable analysis of specific scar microstructure features. 

Best performing scar microstructure models within each group, each model adjusted for LVEF <35% 
and NYHA Class II, III, or IV. PIZ = peri-infarct zone. 

 



 35 

Figure 7: Multivariable Model 2 for major heart events with subsequent addition of LGE 
metrics 

Top row: Multivariable model for the primary endpoint using a forward stepwise procedure, applying 
p<0.10 as the criterion for inclusion, forcing in recognised predictors of the outcome (age, sex and 
LVEF).  
Bottom row: Forest plot of the final multivariable model presented using LGE results per 10grams.  
BMI = body mass index; CI = confidence interval; HR = hazard ratio; LVEF = Left ventricular 
ejection fraction; PIZ = peri-infarct zone 
 

 

 

 

Variable HR (95% CI) P-value 

Age (per 10 years) 1.42 (1.07, 1.87) 0.01 

Female 1.35 (0.70, 2.61) 0.37 

LVEF (%) 0.95 (0.93, 0.96) <0.001 

Diabetes 1.93 (1.20, 3.11) 0.007 

Atrial fibrillation 1.98 (1.20, 3.25) 0.007 

BMI (kg/m2) 1.06 (1.01, 1.11) 0.01 

Prior revascularisation 1.94 (1.14, 3.30) 0.02 

Harrell's C-statistic = 0.79 

Variable HR (95% CI) P-value 

PIZ mass (per g) 

PIZ mass (per 10g) 
 

1.02 (0.98, 1.06) 

1.22 (0.81, 1.82) 
0.35 

Infarct core mass (per g) 

Infarct core mass (per 10g) 

1.00 (0.98, 1.02) 

1.03 (0.85, 1.25) 
0.77 

Age (per 10 years) 1.49 (1.12, 1.97) 0.006 

Female 1.37 (0.71, 2.64) 0.35 

LVEF (%) 0.95 (0.93, 0.97) <0.001 

Diabetes 1.93 (1.20, 3.11) 0.007 

Atrial fibrillation 2.04 (1.23, 3.38) 0.006 

BMI (kg/m2) 1.05 (1.01, 1.10) 0.02 

Prior revascularisation 1.87 (1.10, 3.18) 0.02 

Harrell's C-statistic = 0.79 
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Figure 8: Multivariable Model 2 for all-cause mortality with subsequent addition of LGE 
metrics 

Top row: Multivariable model for all-cause mortality using a forward stepwise procedure, applying 
p<0.10 as the criterion for inclusion, forcing in recognised predictors of the outcome (age, sex and 
LVEF).   
Bottom row: Forest plot of the final multivariable model presented using LGE results per 10grams. 
CI = confidence interval; HR = hazard ratio; LVEF = Left ventricular ejection fraction; PIZ = peri-
infarct zone. 
 

Variable HR (95% CI) P-value 

Age (per 10 years) 1.64 (1.34, 2.00) <0.001 

Female 0.93 (0.56, 1.56) 0.79 

LVEF (%) 0.97 (0.96, 0.98) <0.001 

Diabetes 1.87 (1.32, 2.64) <0.001 

Atrial fibrillation 1.53 (1.04, 2.24) 0.03 

Harrell's C-statistic = 0.74 

 

 

 

Variable HR (95% CI) P-value 

PIZ mass (per g) 

PIZ mass (per 10g) 

1.04 (1.01, 1.08) 

1.50 (1.08, 2.09) 
 

0.02 

Infarct core mass (per g) 

Infarct core mass (per 10g) 
 

1.00 (0.98, 1.02) 

1.00 (0.84,1.18) 
 

0.96 

Age (per 10 years) 1.79 (1.45, 2.20) <0.001 

Female 0.99 (0.59, 1.66) 0.98 

LVEF (%) 0.98 (0.96, 0.99) <0.001 

Diabetes 1.86 (1.32, 2.64) <0.001 

Atrial fibrillation 1.55 (1.05, 2.28) 0.03 

Harrell's C-statistic = 0.75 
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Figure 9:  

Multivariable models for the primary endpoint in patients with LVEF ≥35% with subsequent addition 
of LGE metrics 
CI = confidence interval; HR = hazard ratio; LVEF = Left ventricular ejection fraction; PIZ = peri-
infarct zone. 

Variable HR (95% CI) P-value 

Age (per 10 years) 0.89 (0.59, 1.33) 0.57 
Female 0.25 (0.03, 1.83) 0.17 

LVEF (%) 0.95 (0.91, 0.98) 0.003 

Harrell's C-statistic = 0.69 
 

Variable HR (95% CI) P-value 

PIZ mass (g) 1.02 (0.94, 1.11) 0.58 
Infarct core mass (g) 1.03 (0.99, 1.07) 0.13 

Age (per 10 years) 1.07 (0.70, 1.65) 0.76 
Female 0.26 (0.03, 1.90) 0.18 

LVEF (%) 0.98 (0.93, 1.03) 0.38 

Harrell's C-statistic = 0.76 
 

 

 

 

 

 

 

 

 

 


