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Abstract 

 

Background: Anti-tachycardia pacing (ATP), which may avoid unnecessary ICD shocks, does not always 

terminate ventricular arrhythmias (VAs). Mean entropy calculated using cardiac magnetic resonance texture 

analysis (CMR-TA) has been shown to predict appropriate ICD therapy. We examined whether scar 55 

heterogeneity, quantified by mean entropy, is associated with ATP failure and explore potential mechanisms 

using computer modelling. 

 

Methods: A sub-analysis of 114 patients undergoing CMR-TA where the primary endpoint was delivery of 

appropriate ICD therapy (ATP or shock therapy) was performed. Patients receiving appropriate ICD therapy 60 

(n=33) were dichotomized into ‘successful ATP’ versus ‘shock therapy’ groups. In silico computer modelling 

was used to explore underlying mechanisms. 

 

Results: A total of 16/33 (48.5%) patients had successful ATP to terminate VA and 17/33 (51.5%) required 

shock therapy. Mean entropy was significantly higher in the shock versus successful ATP group (6.1±0.5 vs. 65 

5.5±0.7, p=0.037). Analysis of patients receiving ATP (n=22) showed significantly higher mean entropy in the 

6/22 patients that failed ATP (followed by rescue ICD shock) compared to 16/22 that had successful ATP 

(6.3±0.7 vs. 5.5±0.7, p=0.048). Computer modelling suggested inability of the paced wavefront in ATP to 

successfully propagate from the electrode site through patchy fibrosis as a possible mechanism of failed ATP. 

 70 

Conclusions: Our findings suggest lower scar heterogeneity (mean entropy) is associated with successful ATP 

whereas higher scar heterogeneity is associated with more aggressive VAs unresponsive to ATP requiring 

shock therapy which may be due to inability of the paced wavefront to propagate through scar and terminate 

the VA circuit. 

 75 
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Introduction 80 

Implantable cardioverter-defibrillators (ICDs) reduce mortality from ventricular arrhythmias (VAs) but are 

associated with complications including inappropriate shocks.1 Mortality rates are higher in patients 

receiving ICD shock therapy2,3 and may lead to heart failure progression.4 A recent large meta-analysis 

including almost 200,000 patients demonstrated mortality was greater for appropriate compared to 

inappropriate shock therapy but both were associated with reduced survival with multiple shocks predicting 85 

worse outcomes.3,5 Anti-tachycardia pacing (ATP) may terminate ventricular tachycardia (VT) avoiding shock 

therapy and represents an effective treatment of some but not all VA.6 ATP has been shown to reduce 

unnecessary shocks and inappropriate shocks2 and is therefore important in preserving ICD battery longevity 

and reducing the psychological impact of ICD shocks.7 Furthermore,  Sweeney et al. demonstrated ATP failure 

with subsequent ICD shocks was 18 times higher in patients who died at follow-up suggesting failed ATP 90 

therapy may be a marker of substrate severity.5,8 Predicting patients more likely to have failed ATP and 

require shock therapy may therefore be of significant benefit in pre-counselling patients, ICD selection and 

programming. Quantifying microchannels within surviving areas of scar tissue (responsible for re-entrant VA) 

may be possible using cardiac magnetic resonance texture analysis (CMR-TA) to quantify scar heterogeneity 

from late gadolinium enhancement (LGE) imaging.9 We previously demonstrated mean entropy, calculated 95 

using CMR-TA, predicts appropriate ICD therapy in patients undergoing ICD implantation.9 In this current 

work, we hypothesized that scar heterogeneity (mean entropy) would be higher in patients that received 

appropriate ICD shock therapy compared to those that received successful ATP. We used scar heterogeneity 

analysis to predict ICD shock therapy by performing a sub-analysis on patients with mixed etiology 

cardiomyopathy that received appropriate ICD therapy (ATP or shock therapy). Additionally, we hypothesized 100 

that scar heterogeneity would be higher in patients with failed ATP compared to those receiving successful 

ATP and used in silico modelling based on CMR-derived scar geometry to explore potential mechanisms why 

ATP might fail. 
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Methods 

Study population 

Between May 2011-January 2013, consecutive patients undergoing primary and secondary prevention ICD 

implantation were prospectively enrolled from two tertiary centers. We previously reported the utility of 110 

mean entropy to predict appropriate ICD therapy (combined ATP/shock therapy) in this cohort.9 All patients 

had heart failure and/or antiarrhythmic therapies optimized and underwent coronary angiography and CMR 

assessment prior to device implantation. Standard criteria defined ischemic cardiomyopathy (ICM); prior 

myocardial infarction; epicardial coronary artery stenosis >75%; or coronary revascularization with a scar 

pattern consistent with myocardial infarction on CMR. Absence of these criteria defined non-ischemic 115 

cardiomyopathy NICM. Primary prevention was defined as ICD implantation to reduce sudden cardiac death 

in at-risk individuals who had not yet experienced a life-threatening VA or aborted cardiac arrest. Secondary 

prevention implants were in those patients who had already experienced a life-threatening VA or aborted 

cardiac arrest where no reversible cause was identified or treatable. The study protocol was approved by the 

South East London Research Ethics Committee and conducted in accordance with the Declaration of Helsinki. 120 

 

CMR protocol and analysis 

Our CMR protocol has been previously detailed.9–11 CMR imaging was performed using a 1.5 Tesla (T) scanner 

with a 32-channel cardiac phased array surface coil (Philips Healthcare, Best, The Netherlands). Following a 

look-locker acquisition to identify optimum inversion time, an inversion-recovery gradient-echo pulse 125 

sequence was used to acquire a stack of short axis slices 10-15 minutes after Gadobutrol 0.2mmol/kg body 

weight contrast injection (Bayer-Schering Pharma, Berlin, Germany) for LGE assessment from which CMR-TA 

was performed. Two independent CMR experts blinded to the study endpoint evaluated the LGE images 

separately and resolved any discrepancies mutually. 

 130 

Cardiac Magnetic Resonance Tissue Analysis (CMR-TA) 

We have previously described our CMR-TA methodology.9,12 Patients without visible scar were excluded from 

analysis. All areas of visible scar throughout the short axis left ventricular (LV) stack were manually 

segmented and analysed using TexRAD research software (Feedback Medical LTD, Cambridge, UK). Manual 



segmentation was performed by a CMR-trained cardiologist blinded to patient identifiers and study 135 

endpoints. CMR-TA was performed as previously described with regions of interest drawn around all visible 

LGE, carefully incorporating scar borders and excluding surrounding myocardium.9,12 CMR-TA was performed 

using a Laplacian of Gaussian band-pass filter to extract and augment image features corresponding to a 

medium scar texture (spatial scale filter of 4mm radius), from which histogram analysis of pixel intensity 

calculated mean entropy as previously described.9,12  140 

 

Follow-up and primary endpoint 

All patients underwent implantation of an ICD or cardiac resynchronization therapy defibrillator (CRT-D). A 

standardized program for appropriate VA detection and ICD therapy with ATP or shock therapy was used as 

previously described.9–11 VAs >170 beats/minute (detection count >16 intervals) were treated with ATP 145 

initially (x3 burst escalating to x3 ramp protocols where required), followed by shock therapy for unsuccessful 

ATP. First-line shock therapy was used for VAs >210 beats/min (detection count 24/30 intervals). Patients 

were followed up at three-month intervals by experienced cardiac physiologists who evaluated recorded 

events with an electrophysiologist, both blinded to the CMR data. 

 150 

A total of 114 patients underwent CMR-TA in the original study where the primary endpoint was delivery of 

appropriate ICD therapy. In the present study, we performed a retrospective sub-analysis of the 33 patients 

receiving appropriate ICD therapy and dichotomized patients into those that received appropriate ICD shock 

therapy versus successful ATP (without shock therapy) and evaluated whether mean entropy predicted ICD 

shock therapy. We also evaluated whether mean entropy values were higher in patients that received 155 

unsuccessful ATP (and required rescue shock therapy) versus those that received successful ATP. 

 

Computer modelling of left ventricular scar 

In silico computer modeling was performed to explore potential mechanistic explanations underlying the 

clinical findings using a simplified two-dimensional finite element geometry representing an idealized scar 160 

with a protected diastolic isthmus with mesh resolution 200um (Figures 1A,1D). The infarct region comprised 

two semi-circular segments representing necrotic scar, transcended by a 4mm wide conducting isthmus. The 



necrotic scar was set to be insulating with no-flux boundary conditions on the intracellular potential. Patchy 

fibrosis, of variable density, was included in the protected isthmus by randomly replacing myocytes by non-

conducting fibrotic tissue. For each density (dFib), 10 different topologies, with slightly different (random) 165 

fibrosis distributions were generated. Figure 1 shows one specific topology of fibrosis distribution for an 

isthmus containing 10%(A) and 50%(D) fibrosis. Tissue electrophysiology was represented by the 

monodomain model, with cellular dynamics represented by the ten Tusscher ventricular cell model.13 

Additional simulations with impaired excitability in the isthmus were conducted by reducing the maximum 

channel conductance of the fast sodium current (INa). Simulations were conducted using Cardiac Arrhythmia 170 

Research Package.14 Tissue was stimulated in silico at a site proximal to the isthmus mouth (entry site of 

potential VT re-entry circuit), as shown in Figure 1B. Three steady-state stimuli were delivered at a basic cycle 

length of 500ms; followed by a premature stimulus at a coupling interval of 320ms delivered at the same 

location. The standard definition of Shannon entropy was used to define an effective entropy score within 

the isthmus region for the cases of differing fibrosis densities. 175 

 

 

Statistical analysis 

Discrete data are presented as n values with corresponding percentages in parentheses and continuous data 

as mean±1SD. Time to events are shown as median[interquartile range]. Discrete demographic variables 180 

were compared using Fisher’s exact test. Normally distributed data were compared with an independent 

samples t-test. Non-normally distributed data were compared using Wilcoxon signed-rank testing. The first 

episode of appropriate ICD therapy defined the index event. Univariable and multivariable Cox proportional 

hazard regression models were performed to determine predictors of ICD shock therapy in patients receiving 

appropriate ICD therapy. Statistically significant variables at univariable analysis and important clinical 185 

covariates were used as the basis for multivariable analysis. To avoid overfitting, multivariable analysis was 

restricted to four variables. Hazard ratios for continuous variables represent the relative increased risk of 

endpoint per unit increase (e.g. per one unit increase in mean entropy). For all tests, p≤0.05 was considered 

statistically significant. Statistical analysis was performed using Statistical Package for Social Sciences 

(Macintosh V 24.0.0.1, 2017, Armonk, NY, IBM Corporation). 190 



Results 

Of the 33 patients receiving appropriate ICD therapy, 17/33 (51.5%) received successful ICD shock therapy 

and 16/33 (48.5%) had successful ATP without requiring shocks. Median time to first appropriate ICD therapy 

was 329[116-529] days and was similar between those that received shock therapy vs. successful ATP therapy 

(290[89-357] vs. 388[143-593], p=0.154). Patients receiving appropriate ICD shock therapy had a significantly 195 

higher mean entropy value compared to those that had successful ATP only (6.1±0.5 vs. 5.5±0.7, p=0.037). 

Otherwise, patient characteristics were balanced between groups (Table 1). In the group that received 

successful shock therapy (n=17), 11 patients were treated for ventricular fibrillation (VF), 4 patients had failed 

ATP during charging for fast VT in the VF zone and a further 2 patients had failed ATP for VT at 190bpm and 

210 bpm respectively. In the successful ATP group (n=16), VAs fell within the device VT zone. 200 

 

Predictors of ICD shock therapy 

Univariable analysis showed only secondary prevention and mean entropy were associated with ICD shock 

therapy (Figure 2A). In a multivariable Cox proportional hazard regression model adjusting for significant and 

important clinical covariates (LV ejection fraction£35%, ICM and secondary prevention), mean entropy was 205 

an independent predictor of ICD shock therapy (HR 3.50, 95% CI 1.29-9.54, p=0.014) as was secondary 

prevention (Figure 2B). 

 

Analysis of patients receiving ATP therapy 

A total of 22 patients received initial ATP for their index event with 16/22 of these patients receiving 210 

successful ATP without requiring shock therapy. In the remaining 6 patients receiving failed ATP prior to the 

delivery of a successful ICD shock, mean entropy values were significantly higher compared to the successful 

ATP therapy group (6.3 ± 0.7 vs. 5.5 ± 0.7, p = 0.048) (Figure 3). Patient characteristics were balanced between 

those receiving successful ATP compared to those receiving ‘failed ATP’ (Table 2). 

 215 

In silico modelling results 

Computational simulations using the idealized infarct model were used to explore the clinical findings 

reported in Figure 3. We modelled how penetration of the re-entrant circuit was affected by the fibrotic 



tissue texture forming the protected isthmus. With a high degree of patchy fibrosis (50%) at slower pacing 

rates, the ATP pacing stimulus was able to successfully penetrate the isthmus (Figure 1E) albeit with reduced 220 

conduction velocity due to the tortuous course taken around the fibrotic regions.15 At more rapid pacing 

rates (similar to VT cycle lengths) activation failed to penetrate the isthmus blocking at its mouth (Figure 1F). 

Notably with lower degrees of fibrosis (10% fibrosis within the isthmus) the paced activation wavefront was 

able to penetrate the isthmus at both slow (Figure 1B) and fast (Figure 1C) pacing rates. Shannon entropy 

was seen to peak at a level of 50% fibrosis (0.35) and fall to 0.21 for 10% fibrosis. The probability of 225 

conduction blocking at the mouth of the isthmus (corresponding with the entry site of VA) was also seen to 

be a function of excitability of the surviving tissue within the isthmus itself as well as fibrosis density, 

evidenced by the fact that as excitability was further impaired (by blocking INa) the probability of rate-

dependent conduction block increased for all levels of fibrosis (Figure 1G). 

 230 

 

  



Discussion 

The results of the present study build upon our previous findings that mean entropy predicts appropriate ICD 

therapy (ATP or shock therapy) in patients with ICM or mixed etiology cardiomyopathy undergoing ICD 235 

implantation.9 To the best of our knowledge, this is the first analysis demonstrating the novel finding that 

scar heterogeneity, quantified by mean entropy, predicts ICD shock therapy compared to those receiving 

successful ATP. Furthermore, patients receiving unsuccessful ATP prior to the delivery of a successful ICD 

shock had significantly higher mean entropy values compared to those receiving successful ATP. This may be 

of particular clinical importance as it implies that a higher degree of scar heterogeneity (quantified by a higher 240 

mean entropy) may be associated with a more aggressive VA requiring shock therapy to terminate. Our in 

silico computer modelling provides a physiologically plausible mechanism to explain our results i.e. ATP 

failure in the presence of greater scar heterogeneity/fibrosis due to inability of the paced wavefront to 

propagate into the critical VT isthmus especially at more rapid pacing rates that are generally required for 

pace termination of VAs. 245 

 

In addition, secondary prevention was predictive of appropriate ICD therapy (ATP or shock therapy) 

supporting the consensus that this cohort of patients are at high risk of further ventricular arrhythmias. This 

consensus is based on historical trials including Antiarrhythmic Versus Implantable Defibrillators (AVID),16 

Cardiac Arrest Study Hamburg (CASH)17 and Canadian Implantable Defibrillator (CIDS)18 which demonstrated 250 

the effectiveness of ICD therapy in secondary prevention of sudden arrhythmic death and is in keeping with 

current AHA/ACC/HRS (2017)19 and ESC (2015)20 clinical guidelines. 

 

Potential mechanistic explanations for ATP failure 

The reasons why higher mean entropy values predict a more aggressive VA requiring shock therapy may lie 255 

in the mechanistic differences in arrhythmogenesis between varying scar heterogeneity. A higher degree of 

myocardial scar tissue heterogeneity (higher mean entropy) may support a greater number of microchannels 

within scar facilitating micro re-entry circuits stable enough to form sustained VT or VF that do not 

spontaneously abort and are more difficult to terminate with ATP requiring shock therapy to restore a stable 

heart rhythm. For ATP to be successful, the stimulus from the pacing electrode must successfully reach and 260 



penetrate the reentrant circuit, closing-down the excitable gap.21 The re-entrant circuit in sustained 

monomorphic VT often contains regions of patchy fibrosis, particularly in the diastolic isthmuses through 

which conduction is known to be impaired and which directly contribute to the arrhythmogenic substrate 

within the infarcted region. Thus, an important aspect of ATP success may be the ability of the paced 

wavefront to successfully propagate through patchy fibrosis within the isthmus, rendering it unexcitable 265 

when the reentrant wave subsequently arrives. It has been shown that activation propagating through patchy 

fibrotic regions is susceptible to rate-dependent conduction block15 with the wavefronts forced to take 

convoluted and tortuous pathways as they attempt to navigate their way through the patchy fibrotic regions, 

undergoing frequent rapid tissue expansions and experiencing significant electrotonic source-sink 

mismatches. Under steady-state conditions, tissue is sufficiently excitable to allow propagation to traverse 270 

such regions, albeit with a modulated conduction velocity.22 However, during rapid pacing, tissue has 

impairing excitability, and thus electrotonic current source-sink mismatches may reach a threshold to 

prevent downstream activation, causing unidirectional block. Our computer modelling confirms that high 

levels of patchy fibrosis within the diastolic isthmus may be susceptible to rate-dependent unidirectional 

conduction block, which may play an important role in preventing an ATP-paced wavefront from penetrating 275 

the critical reentrant channels within the infarct. Such a mechanism, driven by the electronic source-sink 

mismatch within the patchy fibrotic areas, may be exacerbated during compromised excitability at more 

rapid pacing rates. This is further supported by the augmentation of unidirectional block seen in situations 

where excitability (via INa) was further directly compromised (Figure 1G). The amount of patchy fibrosis in a 

given region, as detected on an LGE image, is related to the level of entropy i.e. quantifying the degree of 280 

disorder, or how dissimilar a particular voxel is from its neighbor. Our in silico results suggest that regions 

with moderate patchy fibrosis levels (approximately 50%) have correspondingly higher entropy scores, 

compared to areas with lower fibrosis levels and provides a physiologically plausible mechanism for how 

infarcts with lower entropy scores may be more susceptible to successful ATP therapy whereas higher 

entropy regions may be more susceptible to ATP failure due to rate-dependent block. 285 

 

Comparison with previous studies 



Previous work on entropy and LGE is limited and has focussed on predicting appropriate ICD therapy 

(combined ATP or shock therapy). Androulakis et al. (2019) recently reported LV entropy as a measure of scar 

heterogeniety in post myocardial infarction patients and found that high entropy within scar was associated 290 

with ICD therapy (ATP or shock therapy for monomorphic VT or VF),23 and in keeping with our previous 

findings.9 Androulakis et al. found entropy of the entire LV myocardium was not a predictor of appropriate 

ICD therapy23 in contrast to the findings of Muthalaly et al. (2018) who found it was a predictor of ICD therapy 

in 130 patients with dilated cardiomyopathy.24 There is no standardized method for scar segmentation to 

derive entropy, although in the ICM population, segmenting all visible scar or a selection of visible scar seems 295 

appropriate. The findings from these recent studies suggest entropy of LV scar is useful in predicting ICD 

therapy in patients with ICM and entropy of the entire LV myocardium is useful in predicting ICD therapy in 

patients with NICM. Notably, Androulakis et al. identified that high entropy of the entire LV myocardium was 

associated with mortality which may reflect a fibrosis pattern associated with adverse remodelling. Similarly, 

we have previously shown that T1-native values derived from the mid-septum outside of visible scar are 300 

predictive of appropriate ICD therapy in patients with NICM, supporting the use of T1-native values as an 

inherent tissue-specific index that is effective in differentiating healthy myocardium from diffusely diseased 

tissue.9–11 

 

Clinical importance 305 

Our work supports the hypothesis that patients with greater scar heterogeneity are at higher risk of 

malignant VAs that may ultimately require shock therapy to restore a stable heart rhythm. Furthermore, 

these findings substantiate previous computer modelling work that correlates the risk of VAs occurring with 

increasing heterogeneity of fibrosis.25 Predicting which patients are at higher risk of receiving ICD shocks may 

be of significant benefit in counselling of ICD patients (helping to quantify the risk of shock therapy), device 310 

programming (using more aggressive ATP therapy in those likely to respond and less in those unlikely to 

respond) and also in device selection. Greater use of stand-alone subcutaneous ICDs (that are currently 

unable to deliver ATP) in patients unlikely to benefit or respond to ATP therapy may reduce the transvenous 

and mediastinal lead burden and subsequently reduce morbidity and mortality from systemic infection from 

indwelling leads in the circulation/mediastinum as well as from transvenous lead extraction, offering 315 



additional long-term economic benefits to healthcare systems. Another potential application is the 

development of novel lead technologies to deliver ATP. If, as our results suggest, ATP success is dependent 

on local myocardial properties/degree of fibrosis in relation to the stimulus location relative to the re-entrant 

circuit, then delivery of ATP at potentially more favourable sites could be achieved with guided lead 

placement or multipolar leads that may offer an advantage over current techniques to deliver ATP. Since 320 

CMR-TA has the potential to identify patients at high risk of ATP failure and ICD shock therapy, it may also be 

useful in guiding prophylactic VT ablation in high-risk patients. 

 

Limitations 

The results of this study are subject to the innate limitations of non-randomized controlled studies. 325 

Furthermore, the sample size is insufficient to draw firm conclusions and larger randomized multicentre 

studies are required to further evaluate our findings. The morphology and cycle length of VT was not 

captured in the prospective database which may have provided further mechanistic insights allowing 

evaluation of the differences in the type of VT responding to ATP versus shock therapy. A standardized device 

therapy protocol was used according to our institutional guidelines at the time when the study began. The 330 

subsequent findings of the MADIT-RIT analysis showed optimized ICD programming which may potentially 

have reduced the event rate in this study.2 However, given the standardisation of our ICD programming, it is 

unlikely that device programming would have introduced systemic bias in the associations studied. We also 

acknowledge that there may be other potential mechanisms related to higher entropy in infarcted regions 

which could explain our findings that were not investigated with our computer modelling. Primarily, more 335 

complex scar (with additional bystander channels) could result in a more complex VT circuit that is harder to 

treat with bystander channels being responsible for VT sustenance upon interaction with the paced ATP 

wavefront that could facilitate the degeneration into more complex VT/VF. Three-dimensional patient 

specific models of the subjects in this cohort to investigate VA circuits in relation to scar heterogeneity was 

not possible, due to the coarse out-of-plane resolution of the CMR data, meaning that full 3D realization of 340 

the infarct anatomy, including microscopic channels that might support VT, was not possible. Finally, 

correlation with histopathologic specimens in future studies would also be important to validate our findings. 

 



 

Conclusion 345 

A higher degree of scar heterogeneity, quantified by mean entropy, predicts ICD shock therapy in a high-risk 

group of ICD recipients. Our novel findings suggest that high mean entropy may be associated with more 

aggressive VAs unresponsive to ATP requiring shock therapy. Furthermore, our in silico computer modelling 

proposes a physiologically plausible mechanism to explain ATP failure in the presence of greater scar 

heterogeneity that may aid clinical decision making in patients more likely to benefit from early shock therapy. 350 
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Figure legends 420 

 

Figure 1: A specific topology example of fibrosis distribution for an isthmus containing 10%(A) and 50%(D) 

fibrosis. The tissue was stimulated at a lower site proximal to the isthmus mouth(B, C, E & F). With 10% 

fibrosis within the isthmus, the paced activation wavefront is able to penetrate the isthmus at both slow(B) 

and fast(C) pacing rates. With 50% patchy fibrosis within the diastolic isthmus, activation at slow pacing rates 425 

is able to successfully penetrate the isthmus(E). At more rapid pacing rates, similar to VT cycle lengths, 

activation fails to penetrate the isthmus, blocking at its mouth(F). The probability of conduction blocking at 

the mouth of the isthmus was also seen to be a function of both the fibrosis density and also the excitability 

of the surviving tissue within the isthmus itself(G). 
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Figure 2: Univariable(A) and multivariable(B) Cox regression analyses to determine predictors of appropriate ICD 

shock therapy for patients (n=33) receiving appropriate ICD therapy (ATP or shock therapy). 

AF=atrial fibrillation; LVEF=left ventricular ejection fraction; CRT=cardiac resynchronization therapy; 

MI=myocardial infarction; ICM=ischemic cardiomyopathy; CAD=coronary artery disease. 
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Figure 3: Box and whisker plots showing difference in ‘mean entropy’ between patients receiving successful ATP 

(no shock therapy) versus failed ATP (with rescue ICD shock). 

+ = mean values of ‘mean entropy’ 

Whiskers represent minimum and maximum absolute values of ‘mean entropy’ 


