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Aims Lethal arrhythmias in hypertrophic cardiomyopathy (HCM) are widely attributed to myocardial ischaemia and fibrosis. How these 
factors modulate arrhythmic risk remains largely unknown, especially as invasive mapping protocols are not routinely used in these 
patients. By leveraging multiscale digital twin technologies, we aim to investigate ischaemic mechanisms of increased arrhythmic risk 
in HCM.

Methods 
and results

Computational models of human HCM cardiomyocytes, tissue, and ventricles were used to simulate outcomes of Phase 1A acute 
myocardial ischaemia. Cellular response predictions were validated with patch-clamp studies of human HCM cardiomyocytes 
(n = 12 cells, N = 5 patients). Ventricular simulations were informed by typical distributions of subendocardial/transmural ischaemia 
as analysed in perfusion scans (N = 28 patients). S1-S2 pacing protocols were used to quantify arrhythmic risk for scenarios in which 
regions of septal obstructive hypertrophy were affected by (i) ischaemia, (ii) ischaemia and impaired repolarization, and (iii) ischae
mia, impaired repolarization, and diffuse fibrosis. HCM cardiomyocytes exhibited enhanced action potential and abnormal effective 
refractory period shortening to ischaemic insults. Analysis of ∼75 000 re-entry induction cases revealed that the abnormal HCM 
cellular response enabled establishment of arrhythmia at milder ischaemia than otherwise possible in healthy myocardium, due to 
larger refractoriness gradients that promoted conduction block. Arrhythmias were more easily sustained in transmural than sub
endocardial ischaemia. Mechanisms of ischaemia–fibrosis interaction were strongly electrophysiology dependent. Fibrosis enabled 
asymmetric re-entry patterns and break-up into sustained ventricular tachycardia.

Conclusion HCM ventricles exhibited an increased risk to non-sustained and sustained re-entry, largely dominated by an impaired cellular re
sponse and deleterious interactions with the diffuse fibrotic substrate.
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1. Introduction
Hypertrophic cardiomyopathy (HCM) is one of the most common genetic 
heart diseases and a leading cause of sudden cardiac death (SCD) in the 
young, with most SCDs being unpredicted.1 Acute myocardial ischaemia 
is acknowledged as a cause of ventricular arrhythmias in clinical guidelines2

and is considered a key cause of SCD in young patients without major 
structural remodelling.3 Despite ischaemia being a predictor of adverse 
cardiovascular events in some studies,4 the HCM-specific mechanisms 
underlying ischaemia-induced arrhythmias are not fully understood, nor 
how acute ischaemia interacts with other pathological features of HCM 
such as diffuse fibrosis and chronic ionic remodelling.

In the general population, acute myocardial ischaemia is well character
ized as a substrate and trigger for lethal arrhythmias, with coronary artery 
disease remaining the major cause of SCD. However, in HCM ventricles, 
there is a tendency for ischaemia to colocalize with hypertrophy,4 which 
generally does not relate to coronary artery territories. Despite being dis
tinct from coronary artery disease, myocardial ischaemia in HCM can still 
cause acute myocardial infarction,5 through several pro-ischaemic mechan
isms including diffuse small vessel disease, energetic impairment of the 
sarcomere, increased muscle mass, reductions in capillary density, exces
sive extravascular compression, and left ventricular (LV) outflow tract 
obstruction.4

Repolarization abnormalities secondary to ionic remodelling, manifesting 
as action potential (AP) prolongation in regions of hypertrophy, are com
mon in HCM and are understood to promote ectopic triggers.6 Yet, how 
the HCM-mediated ionic remodelling may modulate the ischaemic arrhyth
mic substrate remains unknown, despite evidence of pro-arrhythmic hyper
trophy–ischaemia interactions in the general population.7 Repolarization 
impairment in HCM is of clinical importance because it is an arrhythmic 
substrate modifier that is detectable on the electrocardiogram8 and could 
be amenable to pharmacologic therapy.9

In addition, diffuse and replacement fibrosis are common in HCM in re
gions of hypertrophy,10 with extensive fibrosis and scarring identified by 
late gadolinium enhancement (LGE) imaging being a SCD risk factor recog
nized in clinical guidelines. However, as LGE is closely related to perfusion 
impairment, disentangling independent contributions to arrhythmic risk by 
ischaemia vs. fibrosis is challenging in HCM, as both factors are commonly 
present and overlap substantially on imaging.4 Moreover, investigating ar
rhythmia mechanisms from ischaemia and fibrosis either in vivo or in vitro 
becomes infeasible in HCM, not only due to scarcity in human data but 
also because of the absence of relevant animal models and the impossibility 
of performing invasive mapping protocols in this group of high-risk patients.

To overcome such limitations, in this study, a multiscale digital twin ap
proach is exploited in synergy with clinical perfusion imaging and human 
cardiomyocyte patch-clamp experiments to identify disease-specific 
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mechanisms of ischaemic arrhythmic risk in HCM and to investigate its 
modulation by ionic remodelling and fibrosis.11 The hypothesis is that, be
cause gradients of refractoriness are common precursors of conduction 
block and subsequent re-entry in myocardial ischaemia,12 increased refrac
toriness heterogeneity secondary to chronic ionic remodelling in hypertro
phied regions will increase vulnerability to conduction block and hence 
arrhythmic risk. It was further hypothesized that exacerbation of ischaemic 
conduction delay by diffuse fibrosis enables increasingly sustained arrhyth
mias during myocardial ischaemia in HCM.

2. Methods
2.1 Cellular electrophysiology response to 
ischaemia
The HCM cellular electrophysiological response to acute ischaemic effects 
was investigated using the ToR-ORd AP model, which is a computational 
tool used to simulate human ventricular cardiomyocyte electrophysiology,13

with biophysically detailed ion channel behaviours that produce validated 
AP and Ca2+ transient biomarkers. Under baseline conditions, cellular 
repolarization is impaired in the diseased myocardium of HCM patients 
due to remodelling in ion channels (primarily upregulation of late Na+ and 
downregulation of K+ channels) and intracellular Ca2+ handling, as character
ized in vitro in surgical myectomy samples.6 This ionic remodelling pattern 
reported experimentally was introduced in silico, by remodelling ion channel 
conductances (see Supplementary material online, Table S1) as in previous 
work.14

Inter-subject electrophysiological variability was considered by repeating 
cellular simulations for populations of cardiomyocyte AP models, where 
1000 candidate AP models were initially generated by uniformly random
izing ion channel conductances in the range [−50%, +50%] of their default 
value, and then 228 AP models were included in the final AP population on 
the basis that their AP biomarkers fell within human experimental ranges.14

This resulted in 228 control human AP models, paired to 228 HCM human 
AP models (where ionic remodelling has been applied to each respective 
control model), as shown in Figure 1A.

The populations of control and HCM human AP models were identically 
subjected to Phase 1A ischaemia, the early reversible stage of infarction 
characterized by high arrhythmic risk. Phase 1A ischaemia was modelled 
considering an increased extracellular K+ concentration (Ko; hyperkalae
mia), ATP-sensitive K+ channel (IKATP) activation by a scaling factor fKATP 

(hypoxia), and pH-induced impairment of L-type Ca2+ and Na+ channels 
(acidosis), as in previous work.12,15–17 The populations of AP models 
were subjected to these individual effects of ischaemia and to its combined 
effects. Hyperkalaemic severity (modelled for Ko = [7, 8, 9] mM) was 
informed by measurements of Ko from in situ pigs, in which peak Ko of 
7–9 mM was reported in the central ischaemic zone during 3–10 min of 
initial LAD occlusion.18 Activation of IKATP, reported experimentally during 
Phase 1A ischaemia,19–21 was informed by previous comparisons between 
computational electrophysiology models and experimental measurements 
in ischaemic human ventricles of AP duration (APD)22 and fibrillation dom
inant frequency behaviour.23 These analyses found reasonable agreement 
with experimental recordings for activation fractions equivalent to 
fKATP = [0.0, 0.038, 0.075, 0.11, 0.15]22 and fKATP = [0.0030, 0.023, 
0.35],23 where differences in maximal channel conductance were adjusted 
for. Activation of IKATP was modelled for fKATP = [0.0, 0.030, 0.060, 0.090]. 
Acidotic impairment of L-type Ca2+ and Na+ channels was introduced as a 
fixed 25% reduction in the maximal channel conductances.16,24–26 In tissue 
simulations, a hyperkalaemia/hypoxia sensitivity analysis was performed ra
ther than explicitly modelling different time points in acute ischaemia,17

because there may be differences in K+ accumulation rate in HCM21 and 
whether widespread impairment of K+ channels extends to IKATP channels 
is unknown.6

AP models were paced for 100 beats with a cycle length of 1000 ms. To 
quantify the cellular response to ischaemia, AP biomarkers including APD 
and effective refractory period (ERP; ERP methodology detailed in 

Supplementary material online, Section S1.2) were measured under basal 
and various acute ischaemic conditions, for the control and HCM AP 
populations.

2.2 Characterizing arrhythmic risk during 
ischaemia in HCM
Simulations were extended to 2D tissue and 3D biventricular human mod
els of regional acute myocardial ischaemia to characterize the contribution 
of ionic remodelling and diffuse fibrosis to ischaemic arrhythmic risk. To 
test the hypothesis that HCM ionic remodelling increases arrhythmic 
risk during ischaemia, scenarios were considered where (i) regional acute 
myocardial ischaemia colocalizes with baseline impaired repolarization 
due to HCM ionic remodelling and (ii) regional acute myocardial ischaemia 
occurs under control electrophysiology. To test the hypothesis that fibro
sis modulates arrhythmic risk during ischaemia in HCM, simulations were 
conducted where (iii) regional acute myocardial ischaemia colocalizes 
with baseline impaired repolarization and diffuse fibrosis and compared 
with scenario (i).

2.2.1 Tissue and biventricular models of ischaemia 
and fibrosis
Regional acute myocardial ischaemia was modelled in human 2D and 3D 
tissues including the (i) core ischaemic zone (CZ), (ii) lateral border zone 
(BZ), and (iii) endocardial BZ.15 Ischaemia was modelled as circular/ 
spherical with a diameter of 5 cm (including CZ and BZ),12,15,16,27 consist
ent with reported concentric perfusion defects in HCM,28 which are 
frequently >3 cm in extent.29 The lateral BZ was modelled as 0.5 cm in 
width, and the endocardial BZ was modelled as 0.06 cm in width.15,30,31

In 3D, both subendocardial and transmural ischaemia were modelled as 
reported clinically,4 where subendocardial and transmural ischaemia 
were considered to affect 50 and 100% of the LV wall transmurally, 
respectively. Subendocardial and transmural ischaemia corresponded to 
11 and 33% of LV volume affected, respectively, comparable to the 
reported 2–35% LV range of perfusion defect sizes reported in HCM.32

Myocardial fibrosis was modelled by setting a fraction of mesh elements 
as unexcitable, assigned stochastically using a uniform probability density 
function. Arrhythmic risk in fibrotic HCM tissue was measured for 10, 
20, and 30% fibrotic densities, for 10 randomized distributions at each va
lue. Arrhythmic risk in fibrotic human HCM ventricles was measured at 
30% fibrotic density, for one randomized distribution.

Human tissue simulations used a square domain. Simulations in tissue 
were repeated using 50 different AP models randomly sampled from the 
AP populations to account for inter-subject variability in disease 
expression.

Human biventricular simulations used a hexahedral mesh derived from 
an HCM patient with septal hypertrophy. This incorporated transmural 
heterogeneity (70% endocardial, 30% epicardial cells) and human conduc
tion velocities.8 Apex-to-base gradients in APD were further included by 
rescaling the maximal IKs conductance in the range [0.2, 5], scaled with 
an exponential gradient in distance from a point defined at the apex.8

Fibre, sheet, and normal directions and human conductivity anisotropy 
were also modelled.8 All simulations were performed using the 
MonoAlg3D cardiac electrophysiology simulator33 coupled to the 
ToR-ORd human ventricular AP model13 and used a spatial discretization 
of 250 or 300 μm.

2.2.2 Ectopic S1-S2 pacing protocol
Arrhythmic risk was quantified in tissue and biventricular models using an 
ectopic S1-S2 pacing protocol to attempt to induce arrhythmia in each dis
ease scenario. After AP model stabilization, the S1-S2 protocol consisted 
of two sinus rhythm beats (S1) at a cycle length of 1000 ms, followed by 
an ectopic stimulus (S2). For each arrhythmic substrate, whether arrhyth
mia can be induced, and the duration of the resulting arrhythmias, gauges 
the arrhythmic risk.
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In tissue models, the S1 stimulus was simulated as a planar wavefront ap
plied to an edge of the square domain. In the biventricular model, a human 
physiological activation sequence was used as S1, as in previous work.8,34

Briefly, seven root nodes were defined on the endocardium, based on sites 
of earliest activation resulting from the human trifascicular conduction sys
tem. Each endocardial surface node was then assigned a stimulus time pro
portional to its distance to its closest root node, as computed with 
Dijkstra’s algorithm.

In tissue and biventricular models, the S2 stimulus was applied in the lat
eral BZ of the ischaemic region, approximating experiments in which 

premature beats emerged from the NZ directly adjacent to the BZ and in
duced re-entries.35 In tissue models, S2 was applied mid-BZ proximal to 
the side of S1. In biventricular models, to account for the non-planar S1 ac
tivation, experiments were repeated for six different S2 positions to suffi
ciently cover the ischaemic BZ in the apico–basal and anterior–posterior 
planes, applied endocardially mid-BZ and equispaced around the region 
of ischaemia.

Experiments were repeated in tissue and biventricular models for a 
range of S1-S2 time intervals. In tissue models, S1-S2 time intervals were 
varied in 5 ms increments in the range [ERPNZ − 20, ERPCZ + 120] where 

Figure 1 Cellular HCM response to ischaemia. (A) Simulated populations of non-ischaemic control (n = 228) and HCM (n = 228) human AP models. 
(B) ERPs among the populations under basal, hyperkalaemic (Ko = 8 mM), and hypoxic ( fKATP = 0.09) conditions, showing abnormal hyperkalaemic and en
hanced hypoxic ERP shortening in HCM. (C ) Representative simulated AP traces during hyperkalaemia (Ko = 8 mM; solid) compared to basal conditions 
(dashed). Arrows denote change in ERP due to hyperkalaemia. (D) Representative simulated AP traces during hypoxia ( fKATP = 0.09; solid) compared to basal 
conditions (dashed). Arrows denote change in ERP due to hypoxia. (E) Representative simulated AP traces with HCM remodelling except in INaL and IKr during 
ischaemia (hyperkalaemia, hypoxia, and acidosis; solid) compared to basal conditions (dashed). Arrow denotes change in ERP due to hyperkalaemia. (F ) The 
difference in ERP during ischaemia with respect to basal conditions (ΔERP) among populations with full HCM ionic remodelling, HCM except INaL upregulation, 
HCM except IKr downregulation, HCM except both INaL and IKr remodelling, and control electrophysiology. (G) Representative patch-clamp human AP traces 
during hyperkalaemia (Ko = 9 mM; solid) compared to basal conditions (dashed) paced at 0.5 Hz (n = 12 HCM cells from N = 5 patients; n = 7 control cells 
from N = 3 patients). (H ) The difference in APD90 during hyperkalaemia (Ko = 9 mM) with respect to basal conditions (ΔAPD90) vs. basal APD90 in patch- 
clamp experiments, compared to the simulated AP models paced at 0.5 Hz. Patch-clamp experiments confirmed the relationship between basal APD and 
hyperkalaemic APD decreases in control and HCM (both P < 0.001).
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ERPNZ and ERPCZ are the ERPs of the normal and CZs of each AP model. 
In some AP models, the range of S1-S2 intervals was extended to ensure 
that a minimum of 10 S1-S2 coupling intervals were simulated. In biventri
cular models, a minimum of 10 S1-S2 intervals were considered, in 5 ms 
increments following the minimum S1-S2 interval for which S2 
propagated.12

2.3 Patch-clamp
Briefly, viable single myocytes (n = 12) were obtained from septal samples 
from HCM patients (N = 5) who underwent septal myectomy and were 
compared to control myocytes (n = 7) from non-failing non-hypertrophic 
aortic stenosis patients (N = 3) with bulging septa who underwent myect
omy. Of note, these control cells had slightly longer basal APD than totally 
healthy myocytes. APs were measured in these myocytes at stimulation 
frequencies of 0.2 and 0.5 Hz, for extracellular K+ concentrations of 
Ko = 5 mM and Ko = 9 mM. The studies were approved by the local 
Ethics Committee, and written informed consent was obtained from all 
participants. This investigation conforms to the principles outlined in the 
Declaration of Helsinki (see Supplementary material online, Section S1.3, 
for full patch-clamp experimental methods).

2.4 Perfusion imaging
Twenty-eight HCM patients (see Supplementary material online, Table S2) 
were prospectively enrolled from the inherited cardiac condition (ICC) 
clinic at the John Radcliffe Hospital in Oxford, UK. All participants provided 
informed written consent. The CMR study was approved by the National 
Research Ethics Committee (REC ref 12/LO/1979).

After appropriate clinical screening, HCM patients underwent adeno
sine vasodilator stress cardiac magnetic resonance (CMR) imaging at 
3 Tesla (Trio, Siemens Healthcare, Erlangen, Germany). The CMR protocol 
included adenosine vasodilator stress and rest first-pass perfusion imaging 
to assess for perfusion abnormalities. Adenosine vasodilator stress perfu
sion was performed at a standard 140 μg/kg/min, and in non-responders, it 
was up-titrated as previously described.36 For perfusion analysis, myocar
dial perfusion reserve index (MPRI) was measured from stress and rest sig
nal intensity curves as previously described.37

2.5 Statistical methods
Data are expressed as mean ± SD; t-tests were applied to compare MPRI 
measurements in each LV segment between patients with and without a 
history of ventricular tachycardia using the scipy.stats Python library. In 
patch-clamp experiments, the relationship between basal APD and the hy
perkalaemic change in APD was assessed using the MATLAB corrcoef() 
function. Values of P < 0.05 were considered statistically significant.

3. Results
3.1 Cellular electrophysiology response to 
ischaemia in HCM
The populations of human AP models (228 controls paired to 228 HCMs) 
under basal conditions are shown in Figure 1A. Consistent with experimen
tal evidence,6 the HCM AP models were characterized by markedly pro
longed AP prolongation and increased ERP, as shown in Figure 1B. 
Hyperkalaemia caused APD decreases, post-repolarization refractoriness, 
and made resting membrane potentials less negative in both populations 
(Figure 1C), as is typical of hyperkalaemia.22 AP shortening typical of hyp
oxia also occurred in both populations (Figure 1D). Acidosis led to an ex
pected 10% reduction in conduction velocity in both control and HCM AP 
models (see Supplementary material online, Figure S1).24

However, marked differences were observed in the response of ERP to 
ischaemia between control and HCM AP models. In control models, ERP 
increased slightly during hyperkalaemia from 330 ± 60 to 340 ± 50 ms 
while instead significantly decreased in HCM models from 600 ± 80 to 
520 ± 80 ms (Figure 1B and C). In control models, ERP decreased during 

hypoxia to 260 ± 40 ms whereas it decreased by a larger extent in HCM 
models to 460 ± 60 ms (Figure 1B and D).

Components of the HCM ionic remodelling were selectively removed 
to identify the cause of these abnormalities, which showed that remodel
ling of the late sodium (INaL) and the rapid delayed rectifier K+ (IKr) currents 
were responsible (Figure 1E and F ). Specifically, resting membrane poten
tials becoming less negative during hyperkalaemia led to reduced late so
dium current availability, due to the voltage dependence of late sodium 
inactivation gating (see Supplementary material online, Figure S2). This ef
fect was magnified in HCM where late sodium channels are overexpressed, 
leading to enhanced reductions in APD during ischaemia relative to control 
cardiomyocytes.

The degree of hyperkalaemic AP shortening in HCM (Figure 1C) under
lying the hyperkalaemic ERP decreases predicted by the simulation study 
was experimentally confirmed in patch-clamp experiments of human 
HCM cardiomyocytes (Figure 1G and H ). An increase in extracellular K+ 

concentration from Ko = 5 mM to Ko = 9 mM led to an APD decrease of 
210 ± 70 ms experimentally in human HCM cardiomyocytes, comparable 
to the decrease of 200 ± 40 ms identified in simulations. In patch-clamp ex
periments, longer basal APDs were associated with greater hyperkalaemic 
APD shortening in control and HCM (P < 0.001 both; Figure 1H). Although 
the control cells were from aortic stenosis patients with slightly longer ba
sal APDs than simulated control myocytes, the degree of hyperkalaemic 
APD shortening was consistent between simulations and patch-clamp 
experiments.

The response of HCM-remodelled cardiomyocytes to ischaemia was 
therefore characterized by (i) an opposite ERP response to hyperkalaemia 
(shortening) and (ii) enhanced AP shortening by hypoxia and hyperkalae
mia, when compared with control cardiomyocytes.

Effects on Ca2+ transient biomarkers are further shown in 
Supplementary material online, Figure S3, where myocardial ischaemia 
led to similar changes in both populations. Of note, Ca2+ transient dura
tions in HCM remained prolonged at 570 ± 30 ms compared to controls 
at 440 ± 50 ms during ischaemia. This contrasts with the significant ischae
mic APD decreases observed in HCM models, which may have implications 
for cellular arrhythmias in HCM. The sensitivity of AP biomarkers to add
itional ischaemic effects in INaK, INaL, and INCX was investigated in 
Supplementary material online, Figure S4.

3.2 Arrhythmic risk characterized in tissue
The cellular investigations motivated an in-tissue sensitivity analysis to in
vestigate how the degree of hypoxia/hyperkalaemia modulates arrhythmic 
risk differently in control and HCM-remodelled myocardium. The degree 
of acidosis was fixed in the sensitivity analysis because it had negligible ef
fects on refractoriness and identical effects on conduction velocities be
tween control and HCM AP models (see Supplementary material online, 
Figure S1).

3.2.1 Re-entry emerges earlier in the onset of 
ischaemia in HCM tissue
Arrhythmic risk studies were performed for 900 in-tissue scenarios, spread 
across 50 human control and HCM AP models randomly sampled from the 
populations, for 9 parameter combinations of hyperkalaemia and hypoxia. 
This consisted of ectopic S1-S2 protocols applied to tissue models of acute 
regional myocardial ischaemia (Figure 2A) for a range of coupling intervals, 
totalling 28 040 simulations of re-entry inducibility. Analysis of the arrhyth
mic risk studies highlighted that ischaemia-induced re-entry can emerge at a 
much lesser ischaemic extent under conditions of HCM ionic remodelling 
than in non-diseased myocardium.

The summary statistics of arrhythmic risk in Figure 2B show that only 
0–2% of control models enabled re-entry at low hyperkalaemic extent 
(Ko = 7 mM) compared to 66–100% of models affected by HCM ionic re
modelling. Moreover, the range of S1-S2 time intervals at which re-entry 
occurred (the vulnerable window) at low hyperkalaemic extent was also 
markedly greater in HCM, ranging between 12.5 and 29.4 ms compared 
to 0–0.1 ms in controls. These considerations also held at intermediate 
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hyperkalaemic extent (Ko = 8 mM). Ischaemia in control tissue models only 
became relatively pro-arrhythmic at high hyperkalaemic concentrations 
(Ko = 9 mM), for which the HCM-remodelled region failed to support 
retrograde propagation.

Differences in re-entry inducibility are explained by differences in ERP 
between ischaemic control and HCM tissue (Figure 1B) and the depend
ence that figure-of-eight re-entry has on ERP gradients. Figure-of-eight re- 
entry requires that (i) S2 propagates in the NZ; (ii) S2 is blocked at the CZ; 
(iii) retrograde propagation occurs in the CZ; and (iv) retrograde propaga
tion can re-excite the NZ.

Conditions (i) and (ii) approximately require that ERPCZ > ERPNZ, a 
condition which was already satisfied by the regional HCM ionic remodel
ling without ischaemia (Figures 1B and 2C). The contribution of ischaemia to 
arrhythmic risk in 2D HCM models is that, through shortening of ERPCZ 

and conduction velocity, conditions (iii) and (iv) can be satisfied in an ischae
mic region of realistic size. Conversely, in control models, the condition 
that ERPCZ > ERPNZ requires a threshold extent of hyperkalaemia above 
which the ERP is prolonged (and above which this outweighs hypoxic 
ERP shortening). Specifically, at Ko = 7 mM, there are sufficient reductions 
in the conduction velocity and ERPCZ to enable re-entry in HCM models, 

Figure 2 In-tissue characterization of HCM ischaemic arrhythmic risk. (A) Schematics of in-tissue acute myocardial ischaemia domains, with control elec
trophysiology (left) and regional HCM electrophysiology (right), for which arrhythmic risk was measured in 50 randomly sampled AP models. Domains consist 
of a CZ subject uniformly to the full extent of ischaemia, a BZ where ischaemic parameters (Ko, fKATP, and ICaL, INa inhibition) are linearly varied towards baseline 
values away from the CZ (left-hand side diagrams), and a normal zone (NZ) unaffected by ischaemia. The positions of sinus rhythm activation (S1) and the 
ectopic stimulus (S2) are denoted. (B) Summary statistics of arrhythmic risk over the hypoxia/hyperkalaemia parameter space for the 50 AP models in tissue, 
as characterized using ectopic S1-S2 pacing protocols. (C ) Representative in-tissue simulations at Ko = 7 mM and fKATP = 0.06 following application of S2 dem
onstrate how conduction block is infrequent in ischaemic control myocardium (left), but common in ischaemic HCM myocardium (right) due to repolarization 
impairment. Subsequent re-entries occur in HCM. The circular ischaemic region has visibly less negative resting membrane potential. Arrows and crosses in
dicate direction of wavefront propagation and locations of conduction block, respectively. Time elapsed (ms) following S2 is denoted in each frame. Ko, extra
cellular K+ concentration (mM); fKATP, fraction of activated K-ATP channels; ICaL, INa, L-type Ca2+ and fast Na+ currents.
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whereas in control models, ERPCZ is only sufficiently prolonged beyond a 
threshold Ko = 8 mM.

It is notable that, although arrhythmic risk decreased as ischaemia pro
gressed from mild to severe extents of hyperkalaemia and hypoxia in HCM 
models (Figure 2B), arrhythmic risk for Ko = 7–8 mM was significantly 
greater than that under non-ischaemic conditions (where only 16% of 
models enabled re-entry). Even under control electrophysiology, a de
crease in arrhythmic risk for progression to severe ischaemic parameters 
is frequently observed in computational models,16,17 and the high arrhyth
mic risk occurring at an intermediate degree of ischaemia17 may also apply 
to HCM. This is because for hyperkalaemia Ko > 10 mM, total conduction 
block often occurs.24 Indeed, the failure of re-entries to emerge in HCM 
tissue models at high hyperkalaemic extent (Ko = 9 mM) was typically 
caused by retrograde propagation failure. Ionic remodelling in HCM in
cludes Na+/K+ pump impairment,14 which made resting membrane poten
tials even less negative and constrained sodium current availability for AP 
propagation (see Supplementary material online, Figure S5). Retrograde 
propagation typically involved thin wavefronts that were unable to over
come this effect.

The dependence of arrhythmic risk during myocardial ischaemia in- 
tissue on the extent of regional HCM baseline repolarization impairment 
was further analysed in Supplementary material online, Figure S6. These 
findings suggest that, in the early stages of HCM, arrhythmic risk may in
crease as ionic remodelling develops, but that in the later stages, marked 
ERP prolongation may preclude re-entries. The sensitivity of in-tissue ar
rhythmic risk to additional ischaemic effects in INaK, INaL, and INCX was in
vestigated in Supplementary material online, Figure S7, showing that these 
components had minor consequences for arrhythmic risk. In a subset of 
in-tissue simulations, sensitivity of the in-tissue arrhythmic risk to hypoxic 
BZ gradient steepness and spatial resolution was investigated in 
Supplementary material online, Figures S8 and S9, respectively, showing 
only modest sensitivity to these factors.

3.2.2 Multiple mechanisms of in-tissue ischaemia– 
fibrosis interaction
Arrhythmic risk modulation by ischaemia–fibrosis interactions was investi
gated for 450 HCM tissue scenarios, spread across 15 human HCM AP 
models, for the 3 fibrotic extents in 10, 20, and 30%, where randomized 
distributions of fibrosis were sampled 10 times at each fibrotic density. 
Ectopic stimulus protocols were applied to tissue models of acute regional 
myocardial ischaemia with diffuse fibrosis, for a range of coupling intervals 
totalling 16 950 simulations of re-entry inducibility. Informed by our results 
on ischaemic burden in HCM, episodes of ischaemia were simulated using 
the hyperkalaemia and hypoxia parameters Ko = 7 mM and fKATP = 0.06. 
The 15 human HCM AP models were chosen from the HCM population 
such as to include a set of AP models exhibiting variability in arrhythmic 
risk in the prior non-fibrotic scenarios. Specifically, no re-entry vs. induced 
re-entry emerged in 8 and 7 AP models, respectively, in the non-fibrotic 
case.

Analysis of in-tissue arrhythmic risk simulations identified that mechan
isms of ischaemia–fibrosis interaction are strongly dependent on the 
underlying electrophysiology. Among some AP models, fibrosis had a net 
antiarrhythmic effect (Figure 3A) by interrupting retrograde propagation 
through slowing or impairing conduction in the core zone. In the example 
shown in Figure 3A, retrograde propagation was able to complete with no 
fibrosis (0%) or mild fibrotic infiltration (10%), but with further impaired 
conduction from greater fibrosis content (20%), total conduction block oc
curred. In other AP models, fibrosis had a pro-arrhythmic effect by delaying 
core zone conduction enough for timely normal zone recovery. As shown 
in Figure 3B, retrograde propagation with no fibrosis (0%) or mild fibrotic 
infiltration (10%) allowed re-excitation of the core zone shortly after the 
ectopic stimulus. With greater fibrosis content (20%), core zone conduc
tion was impaired such that retrograde propagation was delayed enough 
for the normal zone to recover excitability, which allowed re-entry.

Some patterns of fibrosis enabled re-entrant wavefronts to emerge 
asymmetrically, such that they interacted with the wavetail of previous 

re-entrant cycles, promoting sustained break-up (Figure 3C). In this case, 
clockwise propagation was blocked by a refractory wavetail, while anti
clockwise propagation persisted. This formed a stable rotor anchored to 
the ischaemic–fibrotic region. These results suggest that breaking the sym
metry of figure-of-eight re-entries is one mechanism by which fibrosis in
creases arrhythmia sustainability in HCM. The circuit length of a single 
asymmetric rotor is greater than that of each of two symmetric re-entries 
in a figure-of-eight; hence, they are less easily interrupted by fluctuations in 
cycle-to-cycle activation and ERP.

AP models in which fibrosis increased arrhythmic risk during ischaemia 
tended to have a higher Na+ conductance and lower ERP in the ischaemic 
core zone of affected HCM myocardium. This is because, with higher Na+ 

conductance, fibrosis delayed conduction but was unable to block retro
grade propagation entirely. In these models, the ERP in the core zone 
was too low to block conduction long enough for ERP in the external nor
mal zone to recover excitability (Figure 3B) unless fibrosis was present to 
delay retrograde propagation. When fibrosis promoted re-entry, it was 
more likely to be sustained because ERP in the core zone was short in these 
cases. These findings suggest that fibrosis may play a pro-arrhythmic role in 
less diseased HCM states (lesser degree of ionic remodelling and healthy 
conduction), but antiarrhythmic later (greater ionic remodelling and im
paired conduction). Interactions between the density of fibrosis and the 
ERP during hypoxia have been explored in previous computational 
modelling,38 and the present study shows that similar effects may be 
relevant in HCM due to further ERP modulation by ionic remodelling.

3.3 Arrhythmic risk characterized in HCM 
ventricles
3.3.1 Clinically informed ischaemia and fibrosis 
distributions
Biventricular simulations of acute myocardial ischaemia in HCM were in
formed by segmental mid-slice LV measurements of MPRI from n = 28 
HCM mutation carriers with LV hypertrophy, acquired with stress perfu
sion CMR imaging.

In this cohort, hypertrophy was primarily septal (Figure 4A), whereas the 
distribution of severe impairment of the MPRI (MPRI < 1) was highly vari
able (Figure 4B), reflecting diffuse small vessel disease in HCM. Although a 
diffuse phenomenon, the most frequently affected segment with severe 
MPRI impairment was anteroseptal (Figure 4B). Patients with ventricular 
tachycardia had lower inferoseptal MPRI compared to those without 
(0.8 ± 0.2 vs. 1.3 ± 0.4, P < 0.01), as in Figure 4C. As ionic remodelling 
and LGE in HCM are hypertrophy associated,4,6,8 combinations of repolar
ization impairment, ischaemia, and fibrosis are most likely to occur in the 
septum; hence, all combinations of disease factors were modelled as septal.

Modelling ischaemia as septal is reinforced by the evidence that septal 
ischaemia in HCM is particularly common in previous works.39–41

Specifically, visual examples of large perfusion defects involving the septum 
of HCM patients can be seen in these other studies.40,42 Perfusion impair
ment is associated with hypertrophy,4 further motivating the inclusion of 
ischaemia in the region of septal hypertrophy in our reconstruction of hu
man HCM ventricles.

3.3.2 Transmural extent of ischaemia modulates 
arrhythmic risk in HCM ventricles
Arrhythmic risk simulations in human ventricles were conducted in nine 
scenarios, spread across subendocardial and transmural ischaemia for con
trol and HCM electrophysiology. Transmurally ischaemic HCM scenarios 
were further simulated under the effects of mid-wall and transmural fibro
sis. Ectopic stimulus protocols were applied to these ventricular scenarios 
for six ectopic positions at 10 coupling intervals, for a total of 540 simula
tions of re-entry inducibility.

Extending upon the in-tissue investigations in Figure 2, arrhythmia 
inducibility studies in anatomical reconstructions of the human HCM 
ventricles identified the transmural extent of ischaemia as a key determin
ant of arrhythmia sustainability. Vulnerable windows to re-entry in 
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subendocardially and transmurally ischaemic HCM biventricular models 
are shown in Figure 5A, showing how non-sustained and sustained re- 
entries may be induced with appropriately timed S1-S2 coupling intervals, 
for six ectopic stimulus positions sufficiently covering the ischaemic BZ. 
Multiple cycles of re-entry only emerged in full transmural ischaemia, 
whereas only single re-entries were observed in subendocardial ischaemia. 
This is because prolonged repolarization in the region of HCM ionic re
modelling unaffected by subendocardial ischaemia (right ventricle septal 
side) typically interrupted further re-entrant cycles (Figure 5B), whereas 
transmural ischaemia led to ERP shortening in this region that enabled fur
ther excitation and re-entry formation (Figure 5C). Conversely, subendo
cardial ischaemia manifested a greater inducibility of single re-entries. 
This was because the slow repolarizing non-ischaemic segment with ionic 
remodelling adjacent to the ischaemic subendocardium caused conduction 
block to occur at a wider range of S1-S2 coupling intervals. However, the 
region with ionic remodelling was unable to sustain re-entry due to its long 
ERP. This exemplifies competing effects of increased ERP on arrhythmic 
risk (further explored in Supplementary material online, Figure S6).

Moreover, comparisons of arrhythmic risk simulations in ischaemic 
HCM ventricles with control ventricles identified that at a mild ischaemic 
extent (Ko = 7 mM and fKATP = 0.06), arrhythmia was only inducible in ven
tricles affected by HCM ionic remodelling. This corroborates the in-tissue 
findings, because again ERP was not prolonged sufficiently by ischaemia to 
produce conduction block unless ionic remodelling was present, even in 
the 3D human biventricular anatomy.

3.3.3 Multiple types of fibrosis–ischaemia interaction 
in HCM ventricles
The dependence of fibrosis–ischaemia interaction on the underlying HCM 
cellular electrophysiology, as identified in tissue (Figure 3), is further exem
plified in the transmurally ischaemic HCM ventricles (Figure 6A and B), 
where arrhythmic risk was investigated with contributions from mid-wall 
and transmural fibrosis in HCM ventricles. To facilitate comparison with 
non-fibrotic simulations, Figure 6A uses the same AP model used in 
Figure 5. To compare with the ischaemia–fibrosis interactions identified 

Figure 3 Diffuse fibrosis modulates arrhythmic risk during ischaemia in HCM. Representative in-tissue simulations following application of S2 demonstrate 
how the presence of diffuse fibrosis affects re-entry inducibility in ischaemic HCM myocardium, through three different mechanisms. Conduction impairment 
at increased fibrosis density leads to (A) retrograde propagation block at the CZ, preventing re-entrant cycles, or (B) retrograde propagation delay at the CZ, 
enabling re-entrant cycles by allowing NZ to recover excitability. (C ) The fibrotic microstructure leads to asymmetric retrograde propagation, such that the 
re-entrant wavefront interacts with the refractory wavetail and forms a stable rotor, anchored to the ischaemic–fibrotic region. Arrows and crosses indicate 
direction of wavefront propagation and locations of conduction block, respectively. Time elapsed (ms) following S2 is denoted in each frame.
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in tissue, Figure 6B uses the same AP model as in Figure 3C. To characterize 
the effect of increasing transmural extents of fibrosis, diffuse fibrosis was 
simulated in mid-wall and transmural distributions.

In the first scenario (Figure 6A), both mid-wall and transmural fibrosis 
were sufficient to interrupt the multiple cycles of re-entry that were pre
viously possible in the non-fibrotic case (Figure 5A). This was possible 
through the blocking of repeated retrograde excitation, as illustrated 
earlier in Figure 3A. Fibrosis may therefore not always increase arrhythmic 
risk: failure to sustain early re-excitation in the affected region can be 
protective. Interestingly, transmural septal fibrosis (Figure 6A, right-hand 
side) increased vulnerability to single re-entries through promoting 
conduction block at a wider range of S1-S2 coupling intervals, in agreement 
with Figure 3B.

For the alternative AP model (Figure 6B), for which arrhythmia was not 
inducible without diffuse fibrosis in either tissue (Figure 3C) or ventricular 
simulations, sustained rotors became possible for both mid-wall and trans
mural fibrosis. As in Figure 3B, fibrosis had the effect of delaying retrograde 
propagation in 3D. However, the distribution of fibrosis affected the axis 
along which conduction was delayed, such that sustained re-entries were 
enabled for ectopic stimuli at different positions for mid-wall and trans
mural fibrosis (Figure 6B). Sustained rotors were initiated by asymmetry 
in the retrograde propagation during re-entry caused by the fibrotic micro
structure, leading to one side of the figure-of-eight re-entry being blocked 
by the refractory wavetail, such that a rotor formed around the ischaemic– 
fibrotic region (Figure 6C). As observed before in tissue (Figure 3C), this lar
ger configuration of re-entry did not self-terminate, because its long circuit 
length facilitated an excitable gap that rendered the arrhythmia insensitive 
to cycle-to-cycle fluctuations in ERP.

4. Discussion
Prevention of SCD remains a key challenge in the management of HCM 
patients, complicated by a limited understanding of SCD causal 

mechanisms. This study sought to investigate how ionic remodelling and fi
brosis can interact with ischaemia in HCM to modulate arrhythmic risk. 
The principal findings are that (i) during ischaemia, there was a reduction 
of the ERP and enhanced APD shortening in human HCM cells; (ii) ionic 
remodelling in HCM enabled re-entry to emerge at a less severe extent 
of ischaemia; (iii) an increased transmural extent of ischaemia enabled in
creased arrhythmia sustainability in HCM; and (iv) there were multiple 
electrophysiology-dependent mechanisms of fibrosis–ischaemia inter
action, including the propensity for fibrosis to change figure-of-eight re- 
entries into more stable patterns of re-entry.

Ischaemic ERP shortening in HCM due to chronic ionic remodelling is 
not well documented in previous works. However, hyperkalaemic reduc
tions in ERP under conditions of IKr block43 (a component of HCM ionic 
remodelling) have been reported, as opposed to increases in ERP with nor
mal electrophysiology.44 In the present study, ischaemic ERP shortening in 
HCM always occurred concomitantly with enhanced APD shortening (see 
Supplementary material online, Figure S10). Indeed, both enhanced ischae
mic ERP45,46 and APD21,45–47 shortening, and APD dispersion,48 have been 
reported in various hypertrophied animal models. Interestingly, one study 
instead reported enhanced ischaemic ERP prolongation in hypertrophied 
rats.47 These accentuated responses to ischaemia may in part be explained 
by faster K+ accumulation in regions of hypertrophy,21 but the present 
study identified enhanced ischaemic ERP and APD responses even with 
the same increase in extracellular K+. Although distinct from HCM, LV 
hypertrophy often manifests prolonged APD at baseline,7 and the ischae
mic repolarization response is markedly aggravated in these patients,49

which may reflect the enhanced cellular response identified in the present 
study. This aggravated repolarization response could also explain ischaemic 
T wave pseudonormalization,50 whereas the concomitant ischaemic 
changes to refractoriness may have implications for arrhythmic risk in 
HCM.

The association of LV hypertrophy with an increased risk of arrhythmias,7

and reports that HCM patients with electrocardiographic abnormalities in 
the S-T complex (evidence of ionic remodelling) have an increased risk of 
arrhythmias,51 may be partially explained by hypertrophy–ischaemia interac
tions. In one study, canines with LV hypertrophy had a higher rate of SCD 
during ischaemia compared to their non-hypertrophic counterparts.52

Moreover, in rats undergoing ischaemia, ventricular fibrillation susceptibility 
may be increased in those with LV hypertrophy,53 particularly when the 
ischaemia and hypertrophy coincide.53 In the present study, electrophysio
logical interactions between hypertrophy-associated ionic remodelling and 
ischaemia increased arrhythmia susceptibility early in ischaemic onset. This 
is relevant because the severity of demand ischaemia may be self-limiting 
through dyspnoea and angina in HCM, and ATP levels may be better 
maintained in demand ischaemia.54 Of clinical importance, arrhythmic risk 
contributions from repolarization impairment in HCM motivate investiga
tion of pharmacologic amelioration of ionic remodelling, through K+ channel 
enhancement or late Na+ block. Ranolazine has already shown effect in 
reducing ectopy burden in HCM,55 and this antiarrhythmic effect may 
extend to the arrhythmic substrate. Aside from the ionic remodelling, it is 
notable that LV hypertrophy may directly modulate arrhythmic risk through 
mechanisms akin to the critical mass hypothesis,56 and the contribution of 
this factor relative to the ionic remodelling may be of interest for further 
study.

Simulations of acute myocardial ischaemia in non-HCM ventricles have 
demonstrated that multiple re-entrant cycles are more inducible in trans
mural than subendocardial ischaemia,12 a finding reinforced by the present 
study with HCM ionic remodelling at a lesser extent of ischaemia. The 
pro-arrhythmic interactions that occur when transmural ischaemia affects 
HCM-remodelled myocardium may in part explain why adults with both 
HCM and epicardial coronary artery disease have rates of death that signifi
cantly exceed those of patients with just epicardial coronary artery 
disease.57

In previous work that investigated interactions between hypoxia and fi
brosis, a deleterious interaction was observed in which hypoxic ERP reduc
tions enabled micro-anatomical re-entries to form in fibrotic 
myocardium.38 However, the present study identified that under 

Figure 4 Clinical perfusion imaging data from HCM patients. 
(A) Number of segments with wall thickness >15 mm, demonstrating pre
dominant septal involvement of hypertrophy. (B) Number of segments 
with MPRI < 1, showing that perfusion impairment is diffuse in HCM. 
(C ) Comparison of MPRI between patients with and without a history 
of ventricular tachycardia (n = 5, 23 respectively), where an association 
was observed between inferoseptal perfusion impairment and ventricular 
tachycardia (P < 0.01). (D) Colour perfusion scan showing large septal 
perfusion defects in an HCM patient. MPRI, myocardial perfusion reserve 
index; VT, ventricular tachycardia.
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conditions of full ischaemia, the net effect on ERP is dependent on the bal
ance of hyperkalaemic and hypoxic severity. When considering hyperkalae
mia (and the ionic remodelling in HCM), regional ERP increases are 
possible. Although ERP increases further precluded micro-anatomical re- 
entries in the fibrotic simulations, it was identified that in the onset of is
chaemia, the increase in ERP heterogeneity instead enabled figure-of-eight 
re-entries around the affected region. Moreover, in the present study, the 
impact of fibrosis on arrhythmic risk was critically dependent on its density 
and fast Na+ channel availability, where conduction impairment was initially 
pro-arrhythmic but became antiarrhythmic as tissue became unexcitable. 
This effect, identified in previous modelling,58 is therefore also relevant 
in HCM. Additionally, the present study identified that diffuse fibrosis 
can change re-entry patterns by inducing asymmetric retrograde propaga
tion, breaking the symmetry of figure-of-eight patterns and leading to 
stable rotor formation.

This study did not investigate how patient-specific geometries and distri
butions of ischaemia/ionic remodelling, or genotype influence on ionic re
modelling, may modulate arrhythmic risk. The region of ischaemia 
simulated was informed by mid-slice LV perfusion reserve measurements 
only. Perfusion imaging suggests that there are also patchy distributions of 

ischaemia in HCM, which would be intricately related to the distribution of 
ionic remodelling and in many cases not perfectly coinciding. Other types 
and distributions of fibrosis may also be present in HCM, which may har
bour different interactions with ischaemia. The ischaemic BZ was addition
ally assumed to be identical in width for all components of ischaemia, but 
differences in the size of the hyperkalaemic and hypoxic borders have been 
reported. Additionally, we did not investigate possible biphasic patterns of 
ischaemic K+ accumulation in the BZ, where K+ concentrations have been 
reported to decrease in canine59 or porcine60 models of coronary ligation 
under longer timescales than the ones considered in this study. The mesh 
used in all biventricular simulations was derived from an HCM patient 
with septal hypertrophy; thus, arrhythmic risk modulation by structure 
(e.g. due to increased muscle mass61) was not considered, which may fur
ther affect hypertrophy–ischaemia interactions. Conduction velocity in 
hypertrophied regions was considered as normal based on invasive mea
surements in the hypertrophied interventricular septum of obstructive 
HCM patients.62 Differences in arrhythmic risk attributable to possible 
hypertrophy-associated differences in conduction velocity were not con
sidered in the present study. Importantly, despite using a populations of 
models approach, this study only used the ToR-ORd AP model, and 

Figure 5 Transmural extent of ischaemia modulates arrhythmic risk in HCM. (A) Outcomes (either ectopic failure, no re-entry induced, single re-entry, or 
multiple cycles of re-entry) of the S1-S2 pacing protocol applied to the ischaemic biventricular HCM mesh, for the range of S1-S2 time intervals tested, with the 
minimum and maximum S1-S2 time denoted for each of the six ectopic positions. Subendocardial ischaemia (left) enabled wider windows of vulnerability to 
single re-entries, whereas transmural ischaemia (right) promoted increasingly sustained arrhythmia in HCM. At this low extent of ischaemia, re-entry was only 
inducible with regional HCM repolarization impairment. (B) Representative single cycle of re-entry in subendocardial ischaemia following the application of S2, 
compared with (C ) multiple cycles of re-entry in transmural ischaemia, as viewed from the right ventricular cavity. Arrows and crosses indicate direction of 
wavefront propagation and locations of conduction block, respectively. Time elapsed (ms) following S2 is denoted in each frame.

Ischaemic arrhythmic risk in HCM                                                                                                                                                                           923
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/120/8/914/7655717 by guest on 07 N
ovem

ber 2024



possible dependence of the findings on the choice of baseline AP model 
was not investigated. This study assumed that ectopic stimuli emerge in 
the ischaemic BZ as in experimental studies of non-HCM ischaemia; 
however, there are additional causes of ectopy in HCM that were not 
considered.14 Ectopy and alternans related to Ca2+ handling are further 
expected to be modulated by ischaemic impairment of the SERCA and 
sarcolemmal Ca2+ pumps, despite negligible effects on AP biomarkers 
(see Supplementary material online, Figure S11). Myocardial fibrosis was 

modelled as unexcitable mesh elements; thus, whether the mechanisms 
identified in the present study are affected by electrotonic fibroblast– 
myocyte coupling was not investigated. This study also did not investigate 
the role that mechanoelectric feedback or the Purkinje system may have 
on arrhythmogenesis during ischaemia, but the Purkinje system has a minor 
role in ischaemic re-entries in other computational works.17 Further elec
trophysiological mechanisms are expected to mediate the transition from 
ischaemia-induced ventricular tachycardia to ventricular fibrillation.

Figure 6 Effect of fibrosis on arrhythmic risk during ischaemia is electrophysiology dependent in HCM. Outcomes (either ectopic failure, no re-entry in
duced, single re-entry, or multiple cycles of re-entry) of the S1-S2 pacing protocol applied to the transmurally ischaemic biventricular HCM mesh with mid-wall 
(left) and transmural (right) diffuse fibrosis, for the range of S1-S2 time intervals tested, with the minimum and maximum S1-S2 time denoted for each of the six 
ectopic positions. (A) When using the default ToR-ORd AP model, multiple re-entrant cycles that were previously possible in the non-fibrotic case were inter
rupted by both mid-wall and transmural fibrosis by bidirectional conduction block. (B) In an alternative AP model from the populations, for which re-entry was 
not inducible under non-fibrotic conditions, mid-wall and transmural fibrosis enabled sustained re-entries to be induced by delaying conduction. 
(C ) Representative sustained re-entry formation following the application of S2 for the alternative AP model in the transmurally ischaemic and fibrotic biven
tricular HCM mesh, where fibrosis forces a re-entry to emerge asymmetrically, which sets up a large sustained rotor anchored to the diseased myocardium. 
Arrows and crosses indicate direction of wavefront propagation and locations of conduction block, respectively. Time elapsed (ms) following S2 is denoted in 
each frame.
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5. Conclusions
Combined cardiac electrophysiology simulations and patch-clamp experi
ments showed that ionic remodelling in HCM causes an accentuated repo
larization response and opposite ERP response to acute ischaemia, 
compared to non-remodelled cells. In tissue and biventricular models, 

potential deleterious interactions were identified between myocardial 
ischaemia, repolarization impairment, and diffuse fibrosis. Such 
mechanisms may be relevant to the occurrence of lethal arrhythmias 
in patients with mild HCM phenotypic expression, such as in juvenile 
patients3 with no replacement fibrosis63 and limited hypertrophic 
remodelling.64

Translational perspective
Myocardial ischaemia is a common finding in HCM patients. This study identified an abnormal electrophysiological response of diseased HCM cardi
omyocytes to myocardial ischaemia, which manifests as a significantly higher risk substrate for non-sustained ventricular tachycardia, particularly when 
transmural ischaemia is present in the ventricles. Alteration of ischaemia-induced re-entry patterns by the fibrotic microstructure may induce sustained 
ventricular tachycardia. Altogether, different interactions between disease factors may increase arrhythmic risk at different stages of the disease: in 
early disease, ischaemia and repolarization impairment may adversely interact, and then in late disease, there may be further pro-arrhythmic interac
tions with diffuse fibrosis.
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Supplementary material is available at Cardiovascular Research online.

Authors’ contributions
J.A.C., R.D., B.R., and A.B.-O. developed the key ideas. J.A.C. performed the 
in silico cellular, tissue, and biventricular simulations with support from 
R.D., R.S., and A.B.-O. R.S. provided updates to MonoAlg3D to facilitate 
the in silico study. B.R. and Z.A. performed the clinical imaging and write-up 
of clinical imaging methods. R.C. performed the in vitro cellular patch-clamp 
experiments and write-up of in vitro methods. H.W., B.R., and Z.A. pro
vided critical clinical insight. B.R. and A.B.-O. served as joint senior authors. 
All authors gave critical feedback and revised the manuscript.

Acknowledgements
We thank Prof Stefan Neubauer for providing access to CMR scans and 
proofreading of the article.

Conflict of interest: none declared.

Funding
This work was supported by the Engineering and Physical Sciences 
Research Council (2421745 to J.A.C.) and the British Heart Foundation 
(FS/CRTF/21/24144 to Z.A., RE/18/3/34214 to B.R., FS/17/22/32644 to 
A.B.O., RE/13/1/30181). The authors acknowledge additional support 
from the Partnership for Advanced Computing in Europe for access to 
Piz Daint at the Swiss National Supercomputing Centre, Switzerland 
(ICEI-PRACE grants icp005, icp013, and icp019) and the use of the 
University of Oxford Advanced Research Computing (ARC) facility 
(https://doi.org/10.5281/zenodo.22558). For the purpose of open access, 
the authors have applied a CC BY public copyright licence to any 
Author Accepted Manuscript (AAM) version arising from this submission.

References
1. Maron MS, Rowin EJ, Wessler BS, Mooney PJ, Fatima A, Patel P, Koethe BC, Romashko M, 

Link MS, Maron BJ. Enhanced American College of Cardiology/American Heart Association 
strategy for prevention of sudden cardiac death in high-risk patients with hypertrophic car
diomyopathy. J Am Coll Cardiol 2019;4:644–657.

2. Arbelo E, Protonotarios A, Gimeno JR, Arbustini E, Barriales-Villa R, Basso C, Bezzina CR, 
Biagini E, Blom NA, de Boer RA, De Winter T, Elliott PM, Flather M, Garcia-Pavia P, 
Haugaa KH, Ingles J, Jurcut RO, Klaassen S, Limongelli G, Loeys B, Mogensen J, Olivotto I, 
Pantazis A, Sharma S, Van Tintelen JP, Ware JS, Kaski JP, ESC Scientific Document Group. 
2023 ESC Guidelines for the management of cardiomyopathies: developed by the task force 

on the management of cardiomyopathies of the European Society of Cardiology (ESC). Eur 
Heart J 2023;44:3503–3626.

3. Conway J, Min S, Villa C, Weintraub RG, Nakano S, Godown J, Tatangelo M, Armstrong K, 
Richmond M, Kaufman B, Lal AK, Balaji S, Power A, Baez Hernandez N, Gardin L, Kantor PF, 
Parent JJ, Aziz PF, Jefferies JL, Dragulescu A, Jeewa A, Benson L, Russell MW, Whitehill R, 
Rossano J, Howard T, Mital S. The prevalence and association of exercise test abnormalities 
with sudden cardiac death and transplant-free survival in childhood hypertrophic cardiomy
opathy. Circulation 2022;147:718–727.

4. Coleman JA, Ashkir Z, Raman B, Bueno-Orovio A. Mechanisms and prognostic impact of 
myocardial ischaemia in hypertrophic cardiomyopathy. Int J Cardiovasc Imaging 2023;39: 
1979–1996.

5. Wu VC-C, Chen T-H, Wu M, Chen S-W, Chang C-H, Chang C-W, Chen C-C, Wu KP-H, 
Hsieh M-J, Wang C-Y, Chang S-H, Lin F-C, Hsieh I-C, Chu P-H, Wen M-S. Outcomes of pa
tients with hypertrophic cardiomyopathy and acute myocardial infarction: a propensity 
score-matched, 15-year nationwide population-based study in Asia. BMJ Open 2018;8: 
e019741.

6. Coppini R, Ferrantini C, Yao L, Fan P, Del Lungo M, Stillitano F, Sartiani L, Tosi B, Suffredini S, 
Tesi C, Yacoub M, Olivotto I, Belardinelli L, Poggesi C, Cerbai E, Mugelli A. Late sodium cur
rent inhibition reverses electromechanical dysfunction in human hypertrophic cardiomyop
athy. Circulation 2013;127:575–584.

7. Wolk R. Arrhythmogenic mechanisms in left ventricular hypertrophy. Europace 2000;2: 
216–223.

8. Lyon A, Bueno-Orovio A, Zacur E, Ariga R, Grau V, Neubauer S, Watkins H, Rodriguez B, 
Mincholé A. Electrocardiogram phenotypes in hypertrophic cardiomyopathy caused by dis
tinct mechanisms: apico-basal repolarization gradients vs. Purkinje-myocardial coupling ab
normalities. Europace 2018;20(suppl_3):iii102–iii112.

9. Coppini R, Ferrantini C, Pioner JM, Santini L, Wang ZJ, Palandri C, Scardigli M, Vitale G, 
Sacconi L, Stefàno P, Flink L, Riedy K, Pavone FS, Cerbai E, Poggesi C, Mugelli A, 
Bueno-Orovio A, Olivotto I, Sherrid MV. Electrophysiological and contractile effects of dis
opyramide in patients with obstructive hypertrophic cardiomyopathy. JACC Basic Transl Sci 
2019;4:795–813.

10. Varnava AM, Elliott PM, Sharma S, McKenna WJ, Davies MJ. Hypertrophic cardiomyopathy: 
the interrelation of disarray, fibrosis, and small vessel disease. Heart 2000;84:476–482.

11. Corral-Acero J, Margara F, Marciniak M, Rodero C, Loncaric F, Feng Y, Gilbert A, Fernandes 
JF, Bukhari HA, Wajdan A, Martinez MV, Santos MS, Shamohammdi M, Luo H, Westphal P, 
Leeson P, DiAchille P, Gurev V, Mayr M, Geris L, Pathmanathan P, Morrison T, Cornelussen 
R, Prinzen F, Delhaas T, Doltra A, Sitges M, Vigmond EJ, Zacur E, Grau V, Rodriguez B, 
Remme EW, Niederer S, Mortier P, McLeod K, Potse M, Pueyo E, Bueno-Orovio A, 
Lamata P. The ‘digital twin’ to enable the vision of precision cardiology. Eur Heart J 2020; 
41:4556–4564.

12. Martinez-Navarro H, Mincholé A, Bueno-Orovio A, Rodriguez B. High arrhythmic risk in 
antero-septal acute myocardial ischemia is explained by increased transmural reentry occur
rence. Sci Rep 2019;9:16803.

13. Tomek J, Bueno-Orovio A, Passini E, Zhou X, Minchole A, Britton O, Bartolucci C, Severi S, 
Shrier A, Virag L, Varro A, Rodriguez B. Development, calibration, and validation of a novel 
human ventricular myocyte model in health, disease, and drug block. Elife 2019;8:e48890.

14. Passini E, Mincholé A, Coppini R, Cerbai E, Rodriguez B, Severi S, Bueno-Orovio A. 
Mechanisms of pro-arrhythmic abnormalities in ventricular repolarisation and anti- 
arrhythmic therapies in human hypertrophic cardiomyopathy. J Mol Cell Cardiol 2016;96: 
72–81.

Ischaemic arrhythmic risk in HCM                                                                                                                                                                           925
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/120/8/914/7655717 by guest on 07 N
ovem

ber 2024

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae086#supplementary-data
https://doi.org/10.5281/zenodo.22558


15. Dutta S, Mincholé A, Zacur E, Quinn TA, Taggart P, Rodriguez B. Early afterdepolarizations 
promote transmural reentry in ischemic human ventricles with reduced repolarization re
serve. Prog Biophys Mol Biol 2016;120:236–248.

16. Ferrero JM, Trenor B, Saiz J, Montilla F, Hernandez V. Electrical activity and reentry in acute 
regional ischemia: insights from simulations. Conf Proc IEEE Eng Med Biol Soc 2003;1:17–20.

17. Carpio EF, Gomez JF, Rodríguez-Matas JF, Trenor B, Ferrero JM. Analysis of vulnerability to 
reentry in acute myocardial ischemia using a realistic human heart model. Comput Biol Med 
2022;141:105038.

18. Fleet WF, Johnson TA, Graebner CA, Gettes LS. Effect of serial brief ischemic episodes on 
extracellular K+, pH, and activation in the pig. Circulation 1985;72:922–932.

19. Yao Z, Cavero I, Gross GJ. Activation of cardiac KATP channels: an endogenous protective 
mechanism during repetitive ischemia. Am J Physiol 1993;264(2 Pt 2):H495–H504.

20. Wilde AA, Escande D, Schumacher CA, Thuringer D, Mestre M, Fiolet JW, Janse MJ. 
Potassium accumulation in the globally ischemic mammalian heart. A role for the 
ATP-sensitive potassium channel. Circ Res 1990;67:835–843.

21. Vermeulen JT, Tan HL, Rademaker H, Schumacher CA, Loh P, Opthof T, Coronel R, Janse 
MJ. Electrophysiologic and extracellular ionic changes during acute ischemia in failing and 
normal rabbit myocardium. J Mol Cell Cardiol 1996;28:123–131.

22. Dutta S, Mincholé A, Quinn TA, Rodriguez B. Electrophysiological properties of computa
tional human ventricular cell action potential models under acute ischemic conditions. Prog 
Biophys Mol Biol 2017;129:40–52.

23. Clayton RH, Nash MP, Bradley CP, Panfilov AV, Paterson DJ, Taggart P. Experiment-model 
interaction for analysis of epicardial activation during human ventricular fibrillation with glo
bal myocardial ischaemia. Prog Biophys Mol Biol 2011;107:101–111.

24. Shaw RM, Rudy Y. Electrophysiologic effects of acute myocardial ischemia. A mechanistic 
investigation of action potential conduction and conduction failure. Circ Res 1997;80: 
124–138.

25. Yatani A, Brown AM, Akaike N. Effect of extracellular pH on sodium current in isolated, sin
gle rat ventricular cells. J Membr Biol 1984;78:163–168.

26. Irisawa H, Sato R. Intra- and extracellular actions of proton on the calcium current of iso
lated guinea pig ventricular cells. Circ Res 1986;59:348–355.

27. Ferrero JM, Gonzalez-Ascaso A, Matas JFR. The mechanisms of potassium loss in acute myo
cardial ischemia: new insights from computational simulations. Front Physiol 2023;14: 
1074160.

28. Kim EK, Lee S-C, Chang S-A, Jang S-Y, Kim SM, Park S-J, Choi J-O, Park SW, Jeon E-S, Choe 
YH. Prevalence and clinical significance of cardiovascular magnetic resonance adenosine 
stress-induced myocardial perfusion defect in hypertrophic cardiomyopathy. J Cardiovasc 
Magn Reson 2020;22:30.

29. Takata J, Counihan PJ, Gane JN, Doi Y, Chikamori T, Ozawa T, McKenna WJ. Regional 
thallium-201 washout and myocardial hypertrophy in hypertrophic cardiomyopathy and 
its relation to exertional chest pain. Am J Cardiol 1993;72:211–217.

30. Janse MJ, Cinca J, Moréna H, Fiolet JW, Kléber AG, de Vries GP, Becker AE, Durrer D. The 
‘border zone’ in myocardial ischemia. An electrophysiological, metabolic, and histochemical 
correlation in the pig heart. Circ Res 1979;44:576–588.

31. Wilensky RL, Tranum-Jensen J, Coronel R, Wilde AA, Fiolet JW, Janse MJ. The subendocar
dial border zone during acute ischemia of the rabbit heart: an electrophysiologic, metabolic, 
and morphologic correlative study. Circulation 1986;74:1137–1146.

32. Moon J, Cho IJ, Shim CY, Ha J-W, Jang Y, Chung N, Rim S-J. Abnormal myocardial capillary 
density in apical hypertrophic cardiomyopathy can be assessed by myocardial contrast echo
cardiography. Circ J 2010;74:2166–2172.

33. Sachetto Oliveira R, Martins Rocha B, Burgarelli D, Meira W Jr, Constantinides C, Weber 
dos Santos R. Performance evaluation of GPU parallelization, space-time adaptive algo
rithms, and their combination for simulating cardiac electrophysiology. Int J Numer 
Method Biomed Eng 2018;34:e2913.

34. Cardone-Noott L, Bueno-Orovio A, Mincholé A, Zemzemi N, Rodriguez B. Human ven
tricular activation sequence and the simulation of the electrocardiographic QRS complex 
and its variability in healthy and intraventricular block conditions. Europace 2016; 
18(suppl_4):iv4–iv15.

35. Janse MJ, van Capelle FJ, Morsink H, Kléber AG, Wilms-Schopman F, Cardinal R, 
d’Alnoncourt CN, Durrer D. Flow of ‘injury’ current and patterns of excitation during early 
ventricular arrhythmias in acute regional myocardial ischemia in isolated porcine and canine 
hearts. Evidence for two different arrhythmogenic mechanisms. Circ Res 1980;47:151–165.

36. Raman B, Tunnicliffe EM, Chan K, Ariga R, Hundertmark M, Ohuma EO, Sivalokanathan S, 
Tan YJG, Mahmod M, Hess AT, Karamitsos TD, Selvanayagam J, Jerosch-Herold M, 
Watkins H, Neubauer S. Association between sarcomeric variants in hypertrophic cardio
myopathy and myocardial oxygenation: insights from a novel oxygen-sensitive cardiovascu
lar magnetic resonance approach. Circulation 2021;144:1656–1658.

37. Raman B, Ariga R, Spartera M, Sivalokanathan S, Chan K, Dass S, Petersen SE, Daniels MJ, 
Francis J, Smillie R, Lewandowski AJ, Ohuma EO, Rodgers C, Kramer CM, Mahmod M, 
Watkins H, Neubauer S. Progression of myocardial fibrosis in hypertrophic cardiomyopathy: 
mechanisms and clinical implications. Eur Heart J Cardiovasc Imaging 2019;20:157–167.

38. Sachetto R, Alonso S, Dos Santos RW. Killing many birds with two stones: hypoxia and fi
brosis can generate ectopic beats in a human ventricular model. Front Physiol 2018;9:764.

39. Villa A, Bettencourt N, Zarinabad N, Baydes RH, Nagel E, Chiribiri A. Stress perfusion CMR 
in hypertrophic cardiomyopathy: comparison with late gadolinium enhancement. 
J Cardiovasc Magn Reson 2014;16:P324.

40. Hughes RK, Camaioni C, Augusto JB, Knott K, Quinn E, Captur G, Seraphim A, Joy G, Syrris 
P, Elliott PM, Mohiddin S, Kellman P, Xue H, Lopes LR, Moon JC. Myocardial perfusion de
fects in hypertrophic cardiomyopathy mutation carriers. J Am Heart Assoc 2021;10:e020227.

41. Peteiro J, Bouzas-Mosquera A, Fernandez X, Monserrat L, Pazos P, Estevez-Loureiro R, 
Castro-Beiras A. Prognostic value of exercise echocardiography in patients with hyper
trophic cardiomyopathy. J Am Soc Echocardiogr 2012;25:182–189.

42. Hernandez LE. Myocardial stress perfusion magnetic resonance in children with hypertroph
ic cardiomyopathy. Cardiol Young 2018;28:702–708.

43. Baskin EP, Lynch JJ Jr. Comparative effects of increased extracellular potassium and pacing 
frequency on the class III activities of methanesulfonanilide IKr blockers dofetilide, 
D-sotalol, E-4031, and MK-499. J Cardiovasc Pharmacol 1994;24:199–208.

44. Sutton PM, Taggart P, Opthof T, Coronel R, Trimlett R, Pugsley W, Kallis P. Repolarisation 
and refractoriness during early ischaemia in humans. Heart 2000;84:365–369.

45. Hicks MN, McIntosh MA, Kane KA, Rankin AC, Cobbe SM. The electrophysiology of rabbit 
hearts with left ventricular hypertrophy under normal and ischaemic conditions. Cardiovasc 
Res 1995;30:181–186.

46. Kohya T, Kimura S, Myerburg RJ, Bassett AL. Susceptibility of hypertrophied rat hearts to 
ventricular fibrillation during acute ischemia. J Mol Cell Cardiol 1988;20:159–168.

47. Bélichard P, Pruneau D, Rouet R, Salzmann JL. Electrophysiological responses of hypertro
phied rat myocardium to combined hypoxia, hyperkalemia, and acidosis. J Cardiovasc 
Pharmacol 1991;17 Suppl 2:S141–S145.

48. Wolk R, Sneddon KP, Dempster J, Kane KA, Cobbe SM, Hicks MN. Regional electrophysio
logical effects of left ventricular hypertrophy in isolated rabbit hearts under normal and is
chaemic conditions. Cardiovasc Res 2000;48:120–128.

49. Rubulis A, Jensen J, Lundahl G, Tapanainen J, Bergfeldt L. Ischemia induces aggravation of 
baseline repolarization abnormalities in left ventricular hypertrophy: a deleterious inter
action. J Appl Physiol 2006;101:102–110.

50. Coleman JA, Doste R, Beltrami M, Coppini R, Olivotto I, Raman B, Bueno-Orovio A. 
Electrophysiological mechanisms underlying T wave pseudonormalisation on stress ECGs 
in hypertrophic cardiomyopathy. Comput Biol Med 2024;169:107829.

51. Güner A, Kalçık M, Çelik M, Uzun F, Çizgici AY, Ağuş HZ, Aslan S, Güner EG, Ulutaş AE, 
Bayam E, Kalkan ME. Impaired repolarization parameters may predict fatal ventricular 
arrhythmias in patients with hypertrophic cardiomyopathy (from the CILICIA Registry). 
J Electrocardiol 2020;63:83–90.

52. Koyanagi S, Eastham C, Marcus ML. Effects of chronic hypertension and left ventricular 
hypertrophy on the incidence of sudden cardiac death after coronary artery occlusion in 
conscious dogs. Circulation 1982;65:1192–1197.

53. Shimada Y, Avkiran M. Susceptibility to ischemia and reperfusion arrhythmias in myocardial 
hypertrophy. Jpn Heart J 2003;44:989–1004.

54. Kroll K, Martin GV. Comparison of myocardial ATP, blood flow, and cytosolic adenosine in 
demand ischemia and coronary occlusion. Am J Physiol 1995;269(3 Pt 2):H819–H828.

55. Olivotto I, Camici PG, Merlini PA, Rapezzi C, Patten M, Climent V, Sinagra G, Tomberli B, 
Marin F, Ehlermann P, Maier LS, Fornaro A, Jacobshagen C, Ganau A, Moretti L, 
Hernandez Madrid A, Coppini R, Reggiardo G, Poggesi C, Fattirolli F, Belardinelli L, 
Gensini G, Mugelli A. Efficacy of ranolazine in patients with symptomatic hypertrophic car
diomyopathy: the RESTYLE-HCM randomized, double-blind, placebo-controlled study. Circ 
Heart Fail 2018;11:e004124.

56. Hartley A, Shalhoub J, Ng FS, Krahn AD, Laksman Z, Andrade JG, Deyell MW, Kanagaratnam 
P, Sikkel MB. Size matters in atrial fibrillation: the underestimated importance of reduction of 
contiguous electrical mass underlying the effectiveness of catheter ablation. Europace 2021; 
23:1698–1707.

57. Sorajja P, Ommen SR, Nishimura RA, Gersh BJ, Berger PB, Tajik AJ. Adverse prognosis of 
patients with hypertrophic cardiomyopathy who have epicardial coronary artery disease. 
Circulation 2003;108:2342–2348.

58. Campos FO, Whitaker J, Neji R, Roujol S, O’Neill M, Plank G, Bishop MJ. Factors promoting 
conduction slowing as substrates for block and reentry in infarcted hearts. Biophys J 2019; 
117:2361–2374.

59. David D, Michelson EL, Naito M, Dreifus LS. Extracellular potassium dynamics in the border 
zone during acute myocardial ischemia in a canine model. J Am Coll Cardiol 1988;11:422–430.

60. Coronel R, Fiolet JW, Wilms-Schopman FJ, Schaapherder AF, Johnson TA, Gettes LS, Janse 
MJ. Distribution of extracellular potassium and its relation to electrophysiologic changes 
during acute myocardial ischemia in the isolated perfused porcine heart. Circulation 1988; 
77:1125–1138.

61. Qu Z. Critical mass hypothesis revisited: role of dynamical wave stability in spontaneous ter
mination of cardiac fibrillation. Am J Physiol Heart Circ Physiol 2006;290:H255–H263.

62. Van Dam RT, Roos JP, Durrer D. Electrical activation of ventricles and interventricular sep
tum in hypertrophic obstructive cardiomyopathy. Br Heart J 1972;34:100–112.

63. Gaspari M, Basso C, Perazzolo Marra M, Elia S, Bueno Marinas M, Angelini A, Thiene G, Rizzo 
S. Small vessel disease: another component of the hypertrophic cardiomyopathy phenotype 
not necessarily associated with fibrosis. J Clin Med 2021;10:575.

64. Varnava AM, Elliott PM, Mahon N, Davies MJ, McKenna WJ. Relation between myocyte dis
array and outcome in hypertrophic cardiomyopathy. Am J Cardiol 2001;88:275–279.

926                                                                                                                                                                                                 J.A. Coleman et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/120/8/914/7655717 by guest on 07 N
ovem

ber 2024


	Mechanisms of ischaemia-induced arrhythmias in hypertrophic cardiomyopathy: a large-scale computational study
	1. Introduction
	2. Methods
	2.1 Cellular electrophysiology response to ischaemia
	2.2 Characterizing arrhythmic risk during ischaemia in HCM
	2.2.1 Tissue and biventricular models of ischaemia and fibrosis
	2.2.2 Ectopic S1-S2 pacing protocol

	2.3 Patch-clamp
	2.4 Perfusion imaging
	2.5 Statistical methods

	3. Results
	3.1 Cellular electrophysiology response to ischaemia in HCM
	3.2 Arrhythmic risk characterized in tissue
	3.2.1 Re-entry emerges earlier in the onset of ischaemia in HCM tissue
	3.2.2 Multiple mechanisms of in-tissue ischaemia–fibrosis interaction

	3.3 Arrhythmic risk characterized in HCM ventricles
	3.3.1 Clinically informed ischaemia and fibrosis distributions
	3.3.2 Transmural extent of ischaemia modulates arrhythmic risk in HCM ventricles
	3.3.3 Multiple types of fibrosis–ischaemia interaction in HCM ventricles


	4. Discussion
	5. Conclusions
	Supplementary material
	Authors’ contributions
	Acknowledgements
	Funding
	References




