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Abstract

Introduction: Sudden Cardiac Death (SCD) risk assessment is limited, particularly in patients with non-ischemic cardiomy-
opathies. This is the first application, in patients with non-ischemic cardiomyopathies, of two novel risk markers, Regional
Restitution Instability Index (R2I2) and Peak Electrocardiogram Restitution Slope (PERS), which have been shown to be
predictive of ventricular arrhythmias (VA) or death in ischemic cardiomyopathy patients. Methods and Results: Blinded ret-
rospective study of 50 patients: 33 dilated cardiomyopathy and 17 other; undergoing electrophysiological study (EPS) for SCD
risk stratification, and 29 controls with structurally normal hearts undergoing EPS. R2I2 was calculated from an EPS using
ECG surrogates for action potential duration and diastolic interval. Cut-offs for high and low R2I2/PERS were predefined.
R2I2 was significantly higher in study than control patients (0.99±0.05 vs. 0.63±0.04, <0.001). PERS showed a trend to higher
values in the study group (1.18[0.63] vs. 1.09[0.54], p=0.07). During median follow up of 5.6 years [IQR 1.9 years] 9 study pati-
ents reached the endpoint of ventricular arrhythmia(VA)/death. Patients who experienced VA/death showed trends to higher
mean R2I2 (1.14±0.07vs.0.95±0.05, p=0.12) and PERS (1.46[0.49] vs. 1.13[0.62], p=0.22). A Cox proportional hazards model
using grouped markers: R2I2<1.03+PERS<1.21 / either R2I2[?]1.03 or PERS[?]1.21 / R2I2[?]1.03+PERS[?]1.21; significantly
predicted VA/death (p=0.02) with a hazard ratio per positive component of 3.2 (95% confidence interval 1.2 to 8.8). Conclusion:
R2I2[?]1.03+PERS[?]1.21 predict VA/death in patients with non-ischemic cardiomyopathies. R2I2[?]1.03+PERS[?]1.21 have
the potential to play an important role in SCD risk stratification in non-ischemic cardiomyopathies but their validity should be
confirmed in a larger study.

INTRODUCTION

Sudden cardiac death (SCD) is a major cause of preventable mortality, estimated to be responsible for
over 6 million deaths per year worldwide.1{{86 Myerburg, M Risk stratification of patients for implantable
cardioverter defibrillator (ICD) therapy has major limitations, particularly for patients at risk due to a
non-ischemic cardiomyopathy, who make up 20% of SCD cases.2 Current electrophysiological (EP) and
non-invasive predictive methods for the identification of non-ischemic patients at high risk for SCD have
been shown to be inaccurate.3 The recent DANISH study has further highlighted the need for better risk
stratification in this patient group.4

Action potential duration (APD) restitution describes the property that myocardial APD is determined by
the length of the preceding diastolic interval (DI). In silico models suggest that abnormal APD restitution
is arrhythmogenic through two mechanisms: increased heterogeneity of APD restitution and increased APD
restitution slope steepness.5–8 Body surface electrocardiogram (ECG) surrogates for APD and DI have been
used to successfully plot APD restitution in dog and swine models and have been shown to correlate with
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epicardial unipolar electrograms.9,10 Our research group has developed two novel, independent, high resolu-
tion 12-lead ECG measures of APD restitution pathology: Regional Restitution Instability Index (R2I2, a
measure of APD restitution heterogeneity) and Peak Electrocardiogram Restitution Slope (PERS, a measure
of APD restitution slope).11 R2I2 and PERS have been shown to be predictive of ventricular arrhythmia
(VA)/death in three cohorts of patients with ischemic cardiomyopathy, and to be independent of standard
risk markers.11,12 The aim of this study was to explore the application of R2I2 and PERS as risk stratification
markers in a cohort of patients with non-ischemic cardiomyopathy.

METHODS

Ethical approval for this study was sought but deemed unnecessary by the Leicestershire Research Ethics
Committee, and the study protocol was approved by the Research and Development Office of the Univer-
sity Hospitals of Leicester National Health Service Trust. The study group was identified by screening the
University Hospitals of Leicester NHS Trust Cardiology Department’s audit databases for patients who had
undergone an electrophysiology study (EPS) with programmed electrical stimulation as part of clinical risk
stratification for ICD implantation between 1st January 2004 and 31stJuly 2009. Patients were excluded if
they had a history of ischemic heart disease or Brugada syndrome (these patients are being investigated in
a separate study). This identified 53 suitable patients, 3 of whom were later excluded because of insufficient
data due to breakthrough / non-captured beats, providing a final cohort of 50 patients: 33 with dilated
cardiomyopathy (DCM) and 17 with ‘other conditions’ – 5 with myotonic dystrophy, 5 with non-compaction
cardiomyopathy, 3 with arrhythmogenic right ventricular dysplasia, 1 cardiac sarcoidosis, 1 hypertrophic
cardiomyopathy, 1 cardiac amyloidosis and 1 apparently normal heart ventricular tachycardia.

A 30 patient control group was selected from patients undergoing an EPS for clinical management of supra-
ventricular tachycardia in 2010. Controls were excluded prior to analysis if they had: insufficient surface ECG
data recorded, an abnormal echocardiogram, family history of SCD or diabetes mellitus (because of potential
for associated autonomic dysfunction and silent ischemic heart disease). During data analysis one control
patient was excluded because the quadripolar catheter became displaced from the right ventricular apex
during the study. All control subjects had normal left ventricular function as judged by visual assessment
of 2D transthoracic echocardiograms. Endpoints were assigned by an independent three member committee
with access to clinical records.

The EP studies for both cohorts of patients were conducted according to standard departmental protocol.
Subjects were fasted and antiarrhythmic drugs withheld 4-5 half-lives prior to the procedure. The proce-
dure was performed under minimal sedation. Catheters were positioned as was appropriate for the clinical
procedure, and the study pacing protocol delivered through a 6F quadripolar catheter advanced via femoral
transvenous access to the right ventricular apex. Standard 12-lead ECGs were recorded using Labsystem Pro
(BARD, Lowell) at a 1kHz sampling rate with a high pass filter set at 0.01 Hz and a low pass filter set to 50
Hz. The EPS protocol consisted of a single extrastimulus programmed ventricular stimulation with 8 or 10
beat trains at drive cycle lengths (DCL)s of 600ms/400ms; reduced as necessary due to breakthrough beats.
The extrastimulus was started at 500ms or 360ms followed by decrements of 20ms to the effective refractory
period. The S1S2 coupling interval describes the interval between the last beat of the drive train and the
first extrastimulus. Measurements taken from the final S1 and the S2 beats for each drive train are used to
calculate the R2I2/PERS.

Calculation of R2I2 and PERS has been described in full previously.11 Surface ECG recordings taken during
the study were exported from Labsystem Pro (BARD, Lowell) at 16-bit resolution. Recordings were then
analysed using custom software written by WBN using MATLAB (Mathworks, Natick, MA, USA) with
further work to refine the software by Madeiro et al. 13 All points were manually verified and corrected
where appropriate by MIS and WBN. The T wave peak (Tp) was preselected as the body surface surrogate
for the end of the APD as has been previously used for R2I2 and PERS.12 The diastolic interval was
represented by the period from the Tp of the last S1 beat to the QRS onset (QRSo) of the S2 beat (T
wave peak to QRS onset - TpQ), while the APD was taken as the interval between the QRSo and Tp (QRS
onset to T wave peak - QTp) of the S2 beat. Individual APD restitution slopes for all 12 ECG leads were
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calculated using the technique of Taggart et al. 14 R2I2 was taken as the mean of the standard deviations of
the difference from the mean slope for all of the leads. PERS was calculated by taking the mean restitution
curve slope at each S1–S2 coupling interval across the 12 ECG leads with the maximum value defined as
PERS.

It was necessary to censor out some data points according to predetermined rules: 1. Breakthrough beat
occurring within the last 3 beats of the drive train (122/929 censored), 2. Point measurement being inde-
terminate because of artefact, unclear morphology or baseline wander (298/10081). Points that have near
or identical TpQ measurements across multiple QTp intervals produce extremely steep, non-physiological
gradients. To avoid skewing of the data, gradients exceeding ± 10 were censored from analysis (1.6% of
gradients).

Example QTp/TpQ plots for study and control patients with low and high values are shown in Figure 1.
Figure 1A is a control patient with low R2I2 and PERS, all 12 ECG leads are seen to follow relatively
homogenous, shallow restitution slopes. Figure 1B is a second control patient, PERS is high and R2I2
is moderately low in this patient reflecting the steep but relatively uniform course of the patient’s ECG
restitution slopes. Figure 1C is from a patient with non-ischemic cardiomyopathy and low R2I2 and PERS
who did not reach the endpoint of VA/death; this patient’s ECG restitution slopes are less homogenous than
Figure 1A but contrast with Figure 1D a non-ischemic cardiomyopathy patient with high R2I2 and PERS
who reached the endpoint of VA/death and whose ECG restitution slopes follow markedly contrasting paths.

The study group sample size was informed by a two-sample t-test power calculation using the Satterthwaite
approximation for unequal variances and assuming that study patients would have R2I2 values in keeping
with our previous retrospective study of patients with ischemic cardiomyopathy (R2I2 in VA/death group
compared with No VA/death group (mean±SD: 1.30±0.25 vs 1.03±0.27)).12 To achieve 80% power at a
5% significance level, to show that R2I2 was significantly higher in study patients reaching the endpoint of
VA/death versus those not, required 10 patients reaching endpoint. Screening of departmental electrophy-
siology audit databases captured all available, appropriate patients but because event rates were lower than
anticipated, 9 patients reached the endpoint of VA/death over median follow up of 5.6 years [IQR 1.9 years].
Hence this study is underpowered for the primary endpoint.

The predefined cut-off for a positive R2I2 test was set at [?]1.03 (no units) and the cut-off for a positive
PERS test was [?]1.21 (no units) as has been used in previous studies.11,12 Previously it has been found
that the best discrimination of patients reaching an endpoint of VA/SCD was achieved using a combined
R2I2+PERS marker: patients positive for both R2I2 and PERS, patients positive for either R2I2/PERS,
patients negative for both R2I2 and PERS.

Parametric data are expressed as mean+- standard error of the mean (SEM) and were analysed with the
Student t-test; nonparametric data are expressed as median [interquartile range (IQR)] and were analysed
with the Mann-Whitney U test. Proportions were analysed using a two-sided Fisher’s exact test or chi-
squared test as appropriate. A receiver operator characteristic curve using R2I2 and PERS singly and
combined was constructed in the study cohort and the area under the curve calculated. Kaplan–Meier
survival curves were constructed for patient subgroups partitioned by R2I2[?]1.03, PERS[?]1.21 and combined
R2I2+PERS; comparison of cumulative endpoints was based on logarithmic transformations. Survival was
recorded as time to first VA / death or the end of follow-up, which was capped at 6 years in view of
the potential for arrhythmia substrate to change over time. In the study group Cox proportional hazards
models were used to estimate hazard ratios for R2I2[?]1.03 and PERS[?]1.21 and to look for independence
of combined R2I2+PERS from aetiology; independence from aetiology was chosen for multivariate analysis
because of the preponderance of events in the ‘other conditions’ group. Spearman’s rank correlation was used
to look for correlation between parametric and non-parametric data. P<0.05 was considered statistically
significant. All analyses were performed using STATA (StataCorp LP, College Station, TX, USA).

RESULTS

The main clinical characteristics, R2I2 and PERS values, for the 50 study and 29 control subjects are
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summarised in Table 1. Controls had higher LVEF than study patients. R2I2 was significantly higher in
study than in control patients both as a continuous and binary variable (0.99+-0.05 vs. 0.63+-0.04, <0.001).
PERS showed a non-significant trend to higher values in the study group, particularly when used as a
continuous variable (1.18[0.63] vs. 1.09[0.54], p=0.07). Moderate positive correlation was seen between R2I2
and PERS in controls (Figure 2; r=0.71, p<0.01). No correlation was seen between R2I2 and PERS in study
patients (r=0.20, p=0.17).

Median follow up in the study group was 5.6 years [IQR 1.9 years] during which 9 patients reached the
endpoint of VA/death: 6 VA and 5 deaths (2 patients had successful ICD therapy for VA and subsequently
died). ICDs were implanted in 16/50 study patients. Three endpoints occurred in the 34 study group
patients who did not have ICDs, 1 patient survived a VF arrest and 2 died. Characteristics of the study
patients partitioned on the basis of the primary endpoint of VA/death are shown in Table 2. Patients
who experienced VA/death showed non-significant trends to higher mean R2I2 (1.14+-0.07 vs. 0.95+-0.05,
p=0.12) and PERS (1.46[0.49] vs. 1.13[0.62], p=0.22) than those that did not. Combined R2I2+PERS was
a significant predictor of the primary endpoint (p=0.01). Comparison of primary endpoint prediction in
patients positive for both R2I2 and PERS with patients negative for both R2I2 and PERS gave sensitivity
100%, specificity 74%, positive predictive value 40% and negative predictive value 100%.

Kaplan-Meier survival curves were constructed using the pre-defined R2I2 value of 1.03, the predefined
PERS value of 1.21 and combined R2I2+PERS to partition patients into high and low risk groups as shown
in Figure 3.11 Individually a trend to higher rates of VA/death was seen in patients positive for R2I2[?]1.03
(p=0.08) and PERS[?]1.21 (p=0.06) compared to negative patients. In combination, patients positive for
either/both R2I2[?]1.03+PERS[?]1.21 had significantly higher rates of VA/death than negative patients (7%
annual incidence vs. 0% annual incidence, p<0.05). A receiver operating characteristic analysis found that
R2I2 significantly discriminated between those experiencing VA/death and those not during follow up (area
under curve of 0.70, Figure 4). Further receiver operating characteristic analysis of PERS found a trend
to discrimination of patients experiencing VA/death from those without (area under curve of 0.61) and no
significant additional benefit from combination of R2I2 and PERS (area under curve of 0.71).

Cox proportional hazards analysis found trends to higher rates of VA/death in patients with R2I2[?]1.03
(hazard ratio 3.3, p=0.09) and PERS[?]1.21 (hazard ratio 4.0, p=0.08) compared to those with negative val-
ues. In a Cox proportional hazards model combined R2I2+PERS significantly predicted VA/death (p=0.02)
with a hazard ratio per positive component (i.e. R2I2 positive / PERS positive) of 3.2 (95% confidence
interval 1.2 to 8.8). Aetiology other than DCM compared with DCM was also associated with VA/death
(hazard ratio 4.5, p=0.04). In multivariate analysis using a Cox proportional hazards model of combined
R2I2+PERS and aetiology, only R2I2+PERS remained independently predictive of VA/death (hazard ratio
2.7, p=0.04).

Characteristics of the study patients partitioned on the basis of the aetiology are shown in Table 3. There
were significant differences in in age, left ventricular ejection fraction and medications usage between the
cohort of patients with dilated cardiomyopathy compared with those with other diagnoses. R2I2 was higher
in DCM patients versus controls (1.00+-0.06 vs. 0.63+- 0.04, p<0.001) and ‘other conditions’ versus controls
(0.96+-0.08 vs. 0.63+-0.04, p<0.001). PERS showed a trend to higher values in DCM patients versus controls
(1.25+-0.10 vs. 1.06+-0.09, p=0.18) and in ‘other conditions’ versus controls (1.36+-0.14 vs. 1.06+-0.09,
p=0.07). Study aetiology subgroup analysis of VA/death showed non-significant trends to higher R2I2/PERS
values in patients reaching the endpoint of VA/death compared with those not. A preponderance of endpoints
occurred in the ‘other conditions’ subgroup (6/17 patients) compared to the dilated cardiomyopathy subgroup
(3/33 patients, p=0.05).

DISCUSSION

In this paper, we report the first data for use of R2I2 and PERS as markers of VA/death in patients with non-
ischemic cardiomyopathy and we also report the first data for PERS values in a normal control population.
As has been found previously, combining R2I2+PERS offered the greatest discrimination of endpoint in this
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study population, predicting VA/death (p=0.02) with a hazard ratio per positive component marker of 3.2.11
R2I2 and PERS separately show trends towards significantly higher values in patients reaching the endpoint
of VA/death than those not. This replicates the findings of our previous work in ischemic cardiomyopathy
using the same technique and cut-offs for R2I2/PERS analysis and the same endpoints.11,12R2I2 and PERS
appear to perform favourably compared to other surface ECG markers, such as T wave alternans, QRS
fragmentation, signal averaged ECG and QRS-T angle, all of which have been shown to have a poor positive
predictive value.15

The underlying aetiology of the cohort was heterogeneous and significantly more endpoints occurred in the
‘other conditions’ subgroup compared to the dilated cardiomyopathy subgroup. Combined R2I2+PERS, was
independent of aetiology in predicting VA/death (p=0.04) with a hazard ratio of 2.7 per positive component.
This suggests that R2I2+PERS are applicable to both dilated cardiomyopathy patients and patients with
‘other conditions’ but larger studies are needed to confirm the relationship. In Kaplan Meier analysis (Figure
3) the rate of VA/death at 5 years in patients positive for both R2I2[?]1.03+PERS[?]1.21 was 41%, compared
with 23% for patients positive for either, and 0% for patients negative for both.

R2I2 was developed to quantify heterogeneity in APD restitution as a measure of electrical instabil-
ity. In silico modelling has shown that heterogeneity of APD restitution leads to increased disper-
sion of depolarisation and repolarisation times leading to wavebreak and the substrate for ventricular
arrhythmogenesis.5Heterogeneity in APD restitution has been clinically demonstrated with both endocar-
dial and epicardial approaches; using intracardiac catheters and also with an epicardial sock of electrodes in
patients undergoing cardiac surgery, with significant differences seen between patients with ischemic heart
disease and aortic valve disease.16–18PERS is based on the original ‘restitution hypothesis’: a maximum APD
restitution curve gradient >1 magnifies oscillations of APD/DI leading to wavebreak and ventricular fibril-
lation. Steep APD restitution curves have been shown in silico and in animal studies to convey increasing
risk of VA.8,19,20

It is important and expected that R2I2 and PERS could be applied successfully to patients without ischemic
heart disease. Differences in APD restitution heterogeneity have been demonstrated in studies in cohorts of
hypertrophic cardiomyopathy, Brugada syndrome, dilated cardiomyopathy, valvular heart disease, cardiac
sarcoidosis and ARVC when compared to healthy controls.21–23 The successful application to a non-ischemic
population suggests that R2I2 and PERS measure a common underlying arrhythmogenic mechanism (i.e.
electrical restitution) rather than, for example, the effect of infarction on ECG morphology.

R2I2 was found to be significantly higher in the study cohort compared to the controls. PERS showed a
non-significant trend to higher values in the study group compared to controls. Both the DCM and the ‘other
conditions’ subgroups also had a significantly higher mean R2I2 than controls with trends to higher PERS
values. The study was underpowered to test for a difference in R2I2/PERS values in relation to VA/death
in the study group aetiology subgroups but found trends to higher values. Moderate positive correlation was
seen between R2I2 and PERS values in control patients. No correlation was seen between R2I2 and PERS
values in study patients.

It is of interest that correlation was seen between R2I2 and PERS in the control group but not in the
study group. Our previous study of R2I2 and PERS found no correlation between the two parameters in
an ischemic cardiomyopathy population and this is anticipated since they are intended to measure different
APD restitution properties.11 The R2I2 calculation uses mean and standard deviations; it is a staple of the
APD restitution research to calculate mean and standard deviations of APD restitution slopes. However, as
the gradient of a slope steepens it increases exponentially and hence the standard deviation of a steep slope
is likely to be higher than that of a shallow slope. It is possible that in a control population with homogenous
APD restitution this effect leads to a relationship between PERS and R2I2 while in a population with high
APD restitution heterogeneity the heterogeneity effect predominates over the standard deviation effect.

This study provides proof-of-principle that clinically relevant biomarkers of electrical restitution curve het-
erogeneity and peak electrical restitution curve slope can be measured using the 12 lead ECG and be applied
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to a broad spectrum of patients at risk of sudden cardiac death with a range of underlying etiologies. The
annual incidence of VA/death in patients with either/both R2I2[?]1.03/PERS[?]1.21 was over 7% and all
patients experiencing VA/death were positive for either R2I2/PERS/both. A current limitation to wider use
of R2I2 and PERS is that their measurement requires a 5 min programmed stimulation protocol delivered by
transvenous pacing at the right ventricular apex, limiting its use to patients in whom such a protocol can be
instigated. Although in the majority of patients, this currently requires an invasive study, R2I2 and PERS
can be investigated non-invasively in patients with ICDs or pacemakers. This is currently being tested in a
large prospective multicentre trial of patients with ischaemic cardiomyopathy (ClinicalTrials.gov Identifier:
NCT03022487). We are also exploring fully non-invasive methods of obtaining a spectrum of heart rates,
such as exercise and chronotropic medication to see if these methods provide the same information as that
from pacing.24

Amongst the limitations of this study was that the aetiology of the study group was heterogeneous containing
patients with dilated cardiomyopathy and a range of other conditions. Importantly R2I2[?]1.03+PERS[?]1.21
were independent of aetiology in predicting VA/death but larger studies of homogenous populations are
needed to support the application of R2I2 and PERS in specific cohorts. This study was marginally under-
powered to find a difference in R2I2, reflected in the non-significant trends seen; the results fit expectations
from previous work.11 Also, VA/death does not equate to SCD, the combined endpoint is heterogeneous.
The study is a single-centre study, and before any clinical application, the association of the ECG markers
with VA/death should be replicated in a broader multicentre clinical trial.

This study offers the first evidence to support application of two novel electrical restitution markers
R2I2[?]1.03+PERS[?]1.21 in assessment of sudden cardiac death risk in patients with non-ischemic heart
disease. R2I2 and PERS have the potential to play an important role in SCD risk stratification but their
validity should be confirmed in a larger multi-centre study before clinical trials are undertaken.
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Table 1. Main characteristics of the study and control groups.

Cohort Control (n=29) Study (n=50) P Value

Age (years) 45.3±2.5 50.6±2.2 0.13
Gender (male) – number (%) 17 (59) 45 (90) 0.21
LVEF (%) 64.4±1.0 39±2.0 <0.001
QRSD 104±3.7 121±5.9 0.051
R2I2 0.63±0.04 0.99±0.05 <0.001
R2I2[?]1.03 – number (%) 0 (0) 19 (38) <0.001
PERS 1.09[0.54] 1.18[0.63] 0.07
PERS[?]1.21 – number (%) 10 (34) 24 (48) 0.35

Parametric data are expressed as mean± SEM, non-parametric data are expressed as median [IQR]. Abbre-
viations: QRSD QRS duration, LVEF left ventricular ejection fraction, R2I2 Regional Restitution Instability
Index, PERS Peak Electrocardiogram Restitution Slope.

Table 2. Study group patient characteristics split by primary endpoint.

Variable No VA/death (n=41) VA/death (n=9) p

Age (years) 51±2.4 47±5.4 0.49
Gender (male) - no.(%) 31(76) 6(67) 0.58
Etiology – DCM - no.(%) 30(73) 3(33) 0.02
QRS duration (ms) 113±5.6 152±18 0.01
NYHA Class I - no.(%)* 20(49) 1(13)
II - no.(%) 17(41) 4(50) 0.03
III - no.(%) 4(10) 2(13)
IV - no.(%) 0 (0) 1 (13)
LVEF (%) 39±2.2 39±4.7 0.91
Diabetes Mellitus - no.(%) 2(5) 0(0) 0.50
Atrial fibrillation - no.(%) 12(29) 3(33) 0.81
Syncope - no.(%) 14(34) 3(33) 0.96
Amiodarone - no.(%) 3(7) 2(22) 0.18
Beta blocker - no.(%) 23(56) 6(67) 0.56
ACE/ARB - no.(%) 26(63) 7(78) 0.41
Aldosterone antagonist - no.(%) 7(17) 0(0) 0.18
R2I2 0.95±0.05 1.14±0.07 0.12
R2I2[?]1.03 - no.(%) 13(32) 6(67) 0.07
PERS 1.13[0.62] 1.46[0.49] 0.22
PERS[?]1.21 - no.(%) 17(41) 7(78) 0.07
Negative R2I2+PERS - no.(%) 17(41) 0(0)
Either R2I2/PERS - no.(%) 18(44) 5(56) 0.01
Positive R2I2+PERS - no.(%) 6(15) 4(44)
Follow up time (years) 5.67[1.0] 3.67[3.2] 0.16
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Parametric data are expressed as mean±standard error mean. (Abbreviations: VA ventricular arrhythmia,
DCM Dilated Cardiomyopathy, NYHA New York Heart Association, LVEF left ventricular ejection frac-
tion, ACE/ARB angiotensin converting enzyme inhibitor / angiotensin II receptor blocker, R2I2 regional
restitution instability index, PERS peak ECG restitution slope). *NYHA data not available for 1 patient.

Table 3. Study group patient characteristics split by etiology.

Variable DCM (n=33) Other (n=17) p

Age (years) 54±2.5 44±3.9 0.03
Gender (male) - no.(%) 26(79) 11(65) 0.28
QRS duration (ms) 123±7.3 117±10 0.61
NYHA Class I - no.(%)* 13(41) 8(47)
II - no.(%) 15(47) 6(35) 0.51
III - no.(%) 4(13) 2(12)
IV - no.(%) 0 (0) 1 (6)
LVEF (%) 33±1.8 51±3.1 <0.001
Diabetes Mellitus - no.(%) 2(6) 0(0) 0.30
Atrial fibrillation - no.(%) 11(33) 4(24) 0.47
Syncope - no.(%) 11(33) 6(35) 0.89
Amiodarone - no.(%) 3(9) 2(12) 0.77
Beta blocker - no.(%) 22(67) 7(41) 0.08
ACE/ARB - no.(%) 26(79) 7(41) 0.008
Aldosterone antagonist - no.(%) 6(18) 1(6) 0.24
R2I2 1.00±0.06 0.96±0.08 0.67
R2I2[?]1.03 - no.(%) 13(39) 6(35) 1.00
PERS 1.13[0.58] 1.39[0.93] 0.20
PERS[?]1.21 - no.(%) 14(42) 10(59) 0.37
Negative R2I2+PERS - no.(%) 11(33) 6(35)
Either R2I2/PERS - no.(%) 17(52) 6(35) 0.41
Positive R2I2+PERS - no.(%) 5(15) 5(30)
Follow up time (years) 5.80[1.0] 5.05[2.2] 0.22

Parametric data are expressed as mean±standard error mean. (Abbreviations: VA ventricular arrhythmia,
DCM Dilated Cardiomyopathy, NYHA New York Heart Association, LVEF left ventricular ejection frac-
tion, ACE/ARB angiotensin converting enzyme inhibitor / angiotensin II receptor blocker, R2I2 regional
restitution instability index, PERS peak ECG restitution slope). *NYHA data not available for 1 patient.

FIGURE LEGENDS

Figure 1. Example QTp/TpQ plots for 4 patients .

A. Control patient with low R2I2 and Low PERS. B. Control patient with low R2I2 and high PERS. C. Non-
ischemic cardiomyopathy (N-ICM) patient with low R2I2 and low PERS. D. Non-ischemic cardiomyopathy
patient with high R2I2 and high PERS.

For each example patient the 12 ECG leads have separate lines colour coded by ECG region. The lines
are drawn point-to-point rather than as gradients to allow differentiation of the ECG leads (see online
supplementary file for a gradient plot example). R2I2 is higher in the patients whose ECG leads follow
dissonant QTp/TpQ paths. PERS reflects the steepest restitution curve gradient taken as a mean for all 12
ECG leads; moderately high PERS values may be seen in control patients.

Figure 2. Plot of Regional Restitution Instability Index (R2I2) against Peak Electrocardiogram
Restitution Slope (PERS).
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Lines are drawn at the preselected cut-off values for R2I2 and PERS. Spearman rank correlation analysis
shows correlation between R2I2 and PERS in controls (r=0.71,p<0.01), but not in non-ischemic cardiomy-
opathy patients (r=0.20,p=0.17).

Figure 3. Kaplan-Meier curve for VA/death

Patients partitioned by: R2I2<1.03 and PERS<1.21 / either R2I2[?]1.03 or PERS[?]1.21 / both R2I2[?]1.03
and PERS[?]1.21 (p<0.05, log rank).

Figure 4. Receiver operating characteristic curve for Regional Restitution Instability Index
(R2I2), Peak Electrocardiogram Restitution Slope (PERS) and both parameters combined .

VA/death versus event free survival. (Area under curve: PERS = 0.61, R2I2=0.70, R2I2+PERS=0.71).

Figure 1. Example QTp/TpQ plots for 4 patients .

Figure 2. Plot of Regional Restitution Instability Index (R2I2) against Peak Electrocardiogram
Restitution Slope (PERS).
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Figure 3. Kaplan-Meier curve for VA/death

Figure 4. Receiver operating characteristic curve for Regional Restitution Instability Index
(R2I2), Peak Electrocardiogram Restitution Slope (PERS) and both parameters combined .
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