Ventricular Conduction Stability Test: A method to identify and quantify changes in whole heart activation patterns during physiological stress
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Abbreviation List: 
BrS 	– Brugada Syndrome
ECGI 	– Electrocardiographical Imaging
EGM 	– Electrogram
iVF 	– Idiopathic Ventricular Fibrillation
LAT 	– Local activation times
SCD 	– Sudden Cardiac Death
V-CoS – Ventricular Conduction Stability

























[bookmark: _GoBack]Introduction
Rate-adaptation of the cardiac action potential is a fundamental property of myocardial tissue that ensures that cardiac activation remains uniform and stable at varying heart rates 1,2. At resting heart rates, it would be expected that every consecutive beat would have the same activation pattern so all electrograms would have the same relative local activation time (LAT) compared to all other electrograms between consecutive beats. However, at higher heart rates or during premature beats some areas of myocardium may not rate adapt uniformly resulting in regions of conduction slowing and block. This will result in a different activation pattern and the relative LATs between electrograms will have changed as compared to baseline activation.  Locating the differences on the 3D geometry of the chamber would identify regions of reduced rate adaptation or increased spatial discordance which is pro-arrhythmic. 
Conventional activation mapping has been applied to 3D reconstructions of cardiac anatomy to facilitate the diagnosis of complex arrhythmias 3-5. Similar techniques have been used to characterise the functional properties of a cardiac chamber using information from the amplitude and morphology of individual electrograms such as bipolar voltage maps and fractionated electrogram maps 6,7. Current approaches to functional mapping, using sequential point-collection from a roving mapping catheter, assume that the electrogram at each point is stable and remains unchanged over the data collection period. Such methods cannot be used to characterise properties that change due to the effects of modifying heart rate such as rate adaptation or the response to premature ectopic beats. Global mapping systems such as the ECGI system or endocardial multi-electrode basket catheters can generate beat-by-beat 3D activation maps and could potentially be used to map dynamic changes in cardiac function by performing comparisons of activation maps between beats 8,9.
We developed a technique, Ventricular Conduction Stability Test (V-CoS Test) for performing this analysis to study the effects of rate adaptation using the ECGI system. This has the further benefit of being non-invasive and enables the study of the effects of rate adaptation during physiological stress to be undertaken.
[bookmark: OLE_LINK2]We used the method to test the hypothesis that patients with structurally normal hearts would have uniform stable activation between beats at rest and at peak exercise but would be abnormal in patients with channelopathies or history of aborted sudden cardiac death. 
Methods
Data Acquisition
Body surface potential data obtained via a 252 electrode vest (Fig 1 (i)) is combined with patient specific heart-torso geometry derived from a thoracic CT scan (Fig 1 (ii-iv)). The ECGI system reconstructs >1200 simultaneous epicardial unipolar electrograms (EGM) from a single sinus beat which may be visualised on a digitised image of the patient’s heart as a 3-dimensional panoramic activation map (Fig 1 (v)) using local activation time (Fig 1 (vi)). The ECGI methodology has been previously described in detail and validated 8-11. ECGI recordings were performed during physiological stress testing, and raw EGM signal data was subsequently processed and analysed as described. The ventricles and left anterior descending artery (LAD) were also segmented from the cardiac CT scan using the in-built programme within the ECGI system. Data encoding the ventricle shell and LAD was also extracted and processed.

Physiological Stress Tests
Exertional and orthostatic stress testing were used to elicit physiological changes in heart rate. Patients had the ECGI vest fitted and underwent exercise treadmill and tilt table testing on the same day. The Bruce protocol was employed and stopped when maximal exertion was achieved. This was defined as reaching and sustaining maximum target heart rate adjusted for age, or cessation owing to fatigue after achieving a minimum of 85% of their maximum target heart rate. Patients were immediately returned to the supine position where ECGI recordings were performed for a 10 minute recovery period. 

Continuous ECGI recordings were also obtained during the tilt table test. A resting baseline recording was obtained for a 5 minute period in the supine position prior to upright tilt to a 60 degree position. Cessation of the test, marked by the downward tilt to the resting supine position, occurred in the event of syncope or completion of the upright tilt phase without syncope. The study protocol was reviewed and approved by the National Research Ethics Committee - London (ref:14/LO/1318).

Signal Processing and Visualisation with the V-CoS test
[bookmark: _Hlk500602268]V-CoS allows the rapid comparison of left and right ventricular activation patterns between two different beats. A sinus beat from a reference phase (e.g. resting baseline) and one from a test phase (e.g. peak exertion) were selected and identified using the ECGI system. Computational analysis of the raw signal EGM data of these beats was subsequently performed using the V-CoS software. The key-decision making processes of the V-CoS programme are summarised in supplemental figure 1.

Firstly, EGMs from the two test phases were paired for comparison according to their known spatial location relative to one another on the epicardial surface. To ensure that the vest electrodes remained in a similar position between the two test phases, additional adhesive was applied to secure the vest on to the torso. For the exercise stress test, data recordings were taken only in the supine position before and following peak exertion. To correct for any potential movement of the vest electrodes and heart between two time points, each EGM (at the reference time point) was additionally cross-correlated with a group of EGMs (at the test time point) expected to be within a 1 centimetre diameter of that EGM location on the epicardial surface. EGMs with the highest correlation in position and morphology were selected and paired for analysis. 

In the second stage, a further calculation was performed between the paired reference and test electrograms to determine their relative offset or delay. This relative delay was defined as the interval between the LAT of the reference and test EGMs, where LAT is the maximum negative derivative of the unipolar EGM QRS complex. The median relative delay of all the paired EGMs were then calculated and subtracted from all the calculated delays to produce a map of the relative change in the activation sequence across the heart between the reference and test state. For rapid visualisation of where changes in activation sequence were occurring, a 2D representation of the heart was made; treating it effectively as a globe by placing the LAD, identified from the segmentation process in the ECGI system, as the Prime Meridian, and using the standard McBryde-Thomas Flat Polar Quartic projection 12. Each EGM is represented by a dot, with a gradient of colour indicating the relative change in the activation sequence, with white representing 0 or no change, red a relative delay, and blue a relative advancement. 

The calculations described in these first two stages were automatically computed by the V-CoS programme. In a final review phase, the interface also allowed the paired EGMs to be reviewed by the operator, to ensure poor quality or noisy EGM signals were rejected from further analysis. To provide a measure of conduction stability, or a surrogate measure of an appropriate rate adaptive response, a V-CoS score was automatically derived. This indicated the percentage of epicardial electrograms across the ventricular surface where no significant changes in local activation timing (less than 10ms) occurred between the reference and test phases. A higher percentage or score denoted greater conduction stability or a normal rate adaptive mechanism.

Study population
Individuals with structurally normal hearts at risk of SCD have potentially abnormal activation patterns that manifest or are augmented with physiological stress 13,14. The V-CoS test was applied to individuals of varying degrees of SCD risk with and without a known channelopathy. The first group were patients at high risk of SCD - comprising those with a history of aborted SCD with and without a known channelopathy and had subsequent normal investigations which included coronary angiography, echocardiography and cardiac magnetic resonance imaging. These individuals were considered to have an electrophysiological substrate in which rate adaptive mechanisms of the action potential had failed to prevent VF being triggered (SCD group). A second group of patients comprised of those with a known channelopathy but no history of SCD. These were patients with Brugada syndrome and structurally normal hearts who were deemed to be at low-intermediate risk for SCD based on current guidelines, and were recruited as having a channelopathy with an abnormal electrophysiological substrate but with rate adaptive mechanism that still protected from triggering VF (BrS group) 15. The lowest risk group was the third group of patients with structurally normal hearts who were undergoing clinical EP studies for palpitations during which an ECGI vest was being used for mapping (Control group).

Reproducibility V-CoS scores
Inter-observer reproducibility was also assessed. The first observer performed the initial V-CoS scores at 0, 2, 5, and 10 mins following exercise in all patients. The second observer was blinded to the original scores obtained and underlying aetiologies. Beat-to-beat variability was also assessed over 10 consecutive beats at 0 and 10-minutes post-exercise in a control and an SCD patient. To assess test-retest reproducibility one patient underwent a repeat exercise treadmill test with ECGI recordings. V-CoS scores were derived at different heart rates during the first exercise test, and corresponding heart-rate matched beats during the second exercise test.

Data analysis 
For the exercise protocol the V-CoS score was calculated at 0, 2, 5, and 10 minutes into the recovery period. To minimise the artefact introduced by movement or loss of contact of the ECGI surface electrodes with exercise, V-CoS scores were determined with reference to the end of the 10-minute recovery period rather than at resting baseline before exercise in all patients. 

During tilt table testing, V-CoS scores were derived at baseline, during the tilt up phase (at 0, 2, 5, 10, 15, 20 minute points), and at point of the downward tilt for each patient. All scores were computed in reference to the resting baseline. Mean V-CoS scores were calculated for each group and compared at each time point following exercise and tilt table testing.

Statistical Analysis
All values presented are as a pooled mean and standard deviation for each group unless stated otherwise. Differences in continuous variables between groups were compared by one-way ANOVA. Post-hoc testing was performed with the Tukey Honest Significant Difference. Intra-observer, inter-observer, and test-retest reproducibility was assessed using the Bland-Altman limit of agreement. Beat-to-beat variability was assessed using standard deviations.

Software Utilised
Computational analysis was performed using Python (v3.1 Python Software Foundation), an open source software package. Statistical analysis was performed in “R” with the “ggplot2” plotting package 16.

Results
31 patients were enrolled in this study (Table 1). All patients underwent the exercise study protocol, and 29 completed tilt-testing. The SCD group comprised of 11 survivors of documented VF (mean age 42±8 yrs, 10 male) who did not have underlying ischaemic or structural pathology. 4 of the SCD survivors were found to have Brugada Syndrome (BrS-SCD) following ajmaline challenge, with the remaining 7 deemed to have an idiopathic cause (iVF-SCD). The BrS group comprised 10 patients without any prior evidence of transient or other loss of consciousness and a Type 1 BrS pattern on ECG revealed only after ajmaline administration (mean age 49±12 yrs, 8 males).  There were 10 pts included in the Control group (mean age 37±12 yrs, 4 males). All 31 patients had structurally normal hearts (determined as part of their clinical evaluation). One patient (with SCD) did not discontinue their medication, and remained on a low dose of beta blockers throughout. There were no significant differences in age between the groups.

Whole heart epicardial ventricular activation and EGMs at select points during a single sinus beat produced by ECGI is presented in Figure 1. The epicardial breakthrough pattern is consistent with what has been described previously where earliest breakthrough occurs in the anterior RV wall followed by activation of the RV then LV 8,17. Changes in activation sequence following exertion in individuals with an underlying channelopathy have also been previously described using the ECGI system 13,14. 

Figure 2 provides an example of an SCD survivor with underlying BrS. In the top panel, two activation maps (Fig 2a (i)) of sinus beats taken 5 minutes apart during the baseline phase are shown. These show identical activation patterns and comparison of electrograms at the same location show that the morphology and activation times are unchanged (Fig 2a (ii)). The V-CoS map performs a comparison of the whole heart between the two beats (Fig 2a (iii)). Both the 3D and 2D V-CoS maps are composed primarily of white dots indicating minimal difference in activation between the two maps. The lower panel (Figure 3b) illustrates a comparison between activation maps at rest and post exertion. Conduction slowing is observed in the RVOT at peak exercise (Fig 2b (i)). There is a corresponding change in electrogram morphology and LATs (Fig 2b (ii)).  The V-CoS Map shows the area of delay as a red patch (Fig 2b (iii)).  The V-CoS map can also be used to give a score to represent the degree of change between the two selected beats. In this case, the V-CoS score at baseline was 99.9% which reduced to 90.9% at peak exertion.

In contrast, activation patterns following exertion in a ‘normal’ patient undergoing treatment for atrio-ventricular nodal reentry tachycardia is shown in Figure 3. Activation patterns did not significantly alter in between beats at baseline as indicated by the V-CoS maps (V-CoS score – 99.6%) (Figure 3a). However, activation maps also remained similar following exercise as seen in the lower panel (V-CoS score – 99.6%) (Figure 3b). 

Figure 4 provides further examples of the differences in V-CoS maps from peak exertion to resting baseline between SCD (n=2), BrS without SCD (n=2) and controls (n=2). In each case a V-CoS map is shown at peak exercise, 5min into recovery and 10mins into recovery. It can be seen that the V-CoS maps in low risk Brugada and control appear very similar through peak exertion through to full recovery. This provides evidence that the technique is able to take account of the any artefact related to rapid breathing post exercise - indicating the marked changes (red/blue) in the SCD patients are real changes in activation and not artefact. Furthermore, the complete resolution of these changes after recovery is further evidence that the abnormal conduction is an effect of exercise and not artefactual.
Reproducibility of V-CoS score
Patients were randomly selected for reproducibility assessment (3 control, 2 BrS and 5 SCD) with a second person determining V-CoS scores from the raw data (Figure 5a). The inter-observer variability was low (Bland Altman 95% limits of agreement 0.62 (-1.2 to 2.4). Beat-to-beat variability of the V-CoS score over 10 consecutive beats was also assessed in a control and an SCD patient. The standard deviation (as assessed by square root of the mean variance) was small in both cases (Supplemental Table 1). Finally, in one patient, the test-retest variability was assessed on repeat exercise-test. Several beats were selected at varying RR intervals in the 1st and 2nd exercise test, and showed good agreement (Bland Altman 95% limits of agreement -1.8 to 0.4, Figure 5b).
Change in V-CoS Score following exercise
Following exercise, the V-CoS Score fell in all three cohorts of patients (Figure 6a). It returned to normal over the following 10 minutes of recovery in all three cohorts. The changes between the four time points following exercise was different for each group (SCD: 92±5 vs 93±3 vs 97±3 vs 99±2, P=0.018 ANOVA) (BrS: 95±4 vs 97±3 vs 98±2 vs 99±1, P=0.0082 ANOVA) (Control: 97±1 vs 98±1 vs 99±1 vs 99±1, P=0.0001 ANOVA). Differences in V-CoS scores were observed between groups at 0 (92±5 vs 95±4 vs 97±51; P=0.018 ANOVA) and 2 minutes of recovery (93±3 vs 97±3 vs 98±1; P=0.0007 ANOVA) (Figure 6a). Patients with a history of SCD had a greater fall in their V-CoS Score at 0 and 2 minutes as compared to the control (mean difference at 0 minutes: -4.9, p=0.01; 2 minutes: -5.0, p=0.0005) and BrS cohorts (mean difference at 0 minutes: -4.9, p=0.19; 2 minutes: -3.1, p=0.03). By 5 and 10 minutes into recovery there was no significant difference between the three groups (p=0.2 and 0.5 respectively, ANOVA). All patients reached their target heart-rate. No significant differences were seen in the RR interval between the cohorts at 0, 2, 5, and 10 minutes into recovery (Supplemental Table 2).
Change in V-CoS Score following tilt
During Tilt testing V-CoS Scores fell in all three groups (Figure 6b). There was no significant difference between the three groups at any time point (0 min: p=0.3, 2 min: p=0.5, 5 min: p=0.4, 10 min: p=0.7, 15 min: p=0.5, 20 min: p=0.2, tilt-down: p=0.6, ANOVA). There was no significant difference between the groups in heart rate throughout the tilt-test (Supplemental Table 2). We also examined the relationship in the lowest V-CoS scores produced by exertion and tilt testing and found no significant correlation between the two stressors and effects on conduction heterogeneity (rho=-0.2, p=0.3). 

Discussion
In this study, we have shown that it is possible to map beat-to-beat changes in activation at rest and at peak physiological stress using the ECGI system. Using custom mapping algorithms we could assign a V-CoS score to activation at peak stress compared to rest. This was used to confirm our hypothesis that patients with prior cardiac arrest were more likely to have lower conduction stability scores indicating a propensity to heterogenous conduction from abnormal rate adaptation. The finding that patients with prior cardiac arrests had evidence of abnormal rate-adaptation and yet had ‘normal hearts’ by conventional cardiac investigations raises the possibility that there may be clinical applications for V-CoS testing.

Although determination of the LAT in a unipolar EGM signal by the ECGI system is taken as the time instant at which the maximum negative deflection (-dV/dt) occurs, subtle changes in EGM morphology in biphasic or polyphasic signals may result in an abrupt shift in LAT based on such criteria. This results in apparent conduction delay or regions of block which are likely to be spurious or false as illustrated in figure 7 i & ii. To overcome this, V-CoS aligns the pre-stimulus (reference) and post-stimulus (test) biphasic EGMs according to its morphology and determines the time interval between corresponding polyphasic components of these EGMs (Figure 7iii). 

[bookmark: _Hlk534246589][bookmark: _Hlk534246844]Conduction slowing within the right ventricular outflow tract in BrS at faster heart rates has been previously demonstrated 13,14,18. In BrS and those with idiopathic ventricular fibrillation, this has been attributed to the presence of underlying fibrosis and/or specific channelopathy causing delayed initiation of the action potential at faster heart rates 13,18,19. Repolarization abnormalities also have an important role as previous models of arrhythmogenesis predict that dispersion of refractoriness promotes ventricular fibrillation 20. In previous work investigating the onset of ventricular fibrillation in ex-vivo mammalian hearts, investigators had observed the development of spatial heterogeneities in conduction prior to the onset of VF and demonstrated that these heterogeneities in conduction could also be induced from an increased dispersion of the action potential duration across the myocardium at faster heart rates. 21 It stands to reason, that the lowest V-CoS scores found in the SCD survivor group may be due to inherent abnormalities in conduction and/or due to the development of greater dispersion of repolarization across the myocardium which have been previously observed and described. 14  

Various autonomic stressors have been implicated in the arrhythmogenic mechanisms of SCD in the IAS and we sought to explore the effects of another physiological stressor on conduction 15. Tilt table testing exerts a physiological orthostatic stress response with a heightened amount of sympathetic tone during the tilt up phase and reflex parasympathetic response during the tilt down phase. However, little difference in the V-CoS scores was observed between the groups at any point of the tilt up or down phases. The differences observed with peak exertion and recovery may be due to the differential responses sympathetic and parasympathetic drive exertional stress has over orthostatic stress. This is evidenced by the greater rise in heart rate during exercise than during tilt testing. Whether this simply relates to the effects of increased heart rate on its own is of interest but cannot be answered with the current design of the study and needs to be explored further. 

The current study was primarily designed as a feasibility study to evaluate the reproducibility of V-CoS score and the potential for it to be used as a clinical risk stratification tool. Although we have applied V-CoS scores to patients with idiopathic VF and Brugada syndrome for validation purposes, the principle of abnormal conduction at peak stress being associated with sudden cardiac death could be a common phenomenon irrespective of underlying cardiac pathology. This requires further investigation, but it is also important to understand whether populations with normal life expectancy have V-CoS scores >95.
Limitations
[bookmark: _Hlk500432386][bookmark: _Hlk534381274]We do not know that the low-risk patients are truly low-risk, or they have not manifest yet. Conversely, we do not know if the high-risk have a truly high-risk substrate, or, they have been stochastically unlucky. We only investigate changes in activation and have not made direct measures of repolarisation where we know there are important changes 13,14,22. Although measures of repolarization using ECGI have been previous described 13,14,22, identification of regions with steep repolarization gradients/abnormality requires expert interpretation and analysis of the ECGI maps which limit the utility of such measures as risk stratifiers and for widespread use. In this study, we infer that changes in activation can be secondary to repolarization changes based on previous work in the field. 20,21 We are also aware important changes may also occur within the epi-endocardial layer, but this is not characterizable with ECGI. It is assumed ECGI provides a true reflection of epicardial activation patterns at different time points based on previous validation work8-10, but as we are comparing the magnitude of change we believe this is less important. Furthermore, this has been investigated in a small population of patients which may explain the wide confidence intervals seen and validation in a larger cohort is needed. Currently, we also do not know what effect medications or different clinical conditions have on the V-CoS score (such as atrial fibrillation or those with previous myocardial infarction), as this study was designed to investigate the electrophysiological substrate, unaffected by medications or concurrent cardiac pathology, in this cohort of patients.
Conclusion
V-CoS score provides an automated, reproducible assessment of the relative changes in electrical activation between a baseline and a test period (such as post-exercise in this case). It generates a map of these relative changes to assess the spatial heterogeneity of conduction and provides a surrogate measure for conduction stability. This technique may be able to characterise the arrhythmic substrate that predisposes to sudden cardiac death and assist in risk stratification decisions.












Core Clinical Competencies
The development of conduction slowing or heterogeneities in conduction is a key pre-requisite for re-entry and the development of ventricular arrhythmias. Non-invasive electrocardiographical imaging has been employed to characterise whole heart activation patterns within a single heartbeat, and has the added advantage over conventional mapping technologies to perform this during states of physiological stress such as exercise, where sudden cardiac death events have a propensity to occur in the inherited arrhythmic syndromes.
 
Translational outlook
Although such changes may be visualised with current mapping technologies of the cardiac chamber, there are no adjunctive tools present to rapidly quantify and localise these changes. Quantifying the development of heterogeneities in conduction during physiological stress may provide a surrogate marker of arrhythmic risk which will require further validation in larger cohorts.  
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Table 1: Patient Characteristics

	
	Control
	Low-risk
(BrS)
	High-risk
(SCD survivors)

	Number of subjects
	10
	10
	11

	Male:Female
	4:6
	8:2
	10:1

	Age (mean ± sd)
	37±12
	49±12
	42±8

	Clinical Diagnoses
	7 Ectopy
3 AVNRT
	10 BrS
	4 BrS
7 iVF

	Clinical History
	
	
	

	Documented VF
	0
	0
	11 (100%)

	Prior Syncope
	0
	0
	0

	Family history of ICC
	0
	5 (50%)
	0

	Family history of SCD
	0
	0
	1 (9%)

	12 lead surface ECG
	
	
	

	Narrow QRS
	7 (70%)
	8 (80%)
	9 (82%)

	RBBB/LBBB
	2 (20%)
	2 (20%)
	1 (9%)

	Early repolarization
	1 (10%)
	0
	1 (9%)

	Long QT interval
	0
	0
	0

	Spontaneous 
Type 1 BrS pattern
	0
	0
	0

	Clinical Investigations
	
	
	

	No evidence of ischaemia (angiography/functional stress testing)
	10 (100%)
	10 (100%)
	11 (100%)

	Structurally normal heart (Echocardiography/MRI)
	10 (100%)
	10 (100%)
	11 (100%)

	Positive Ajmaline challenge
	n/a
	10 (100%)
	4 (40%)



AVNRT – atrioventricular nodal reentry tachycardia; BrS – Brugada Syndrome; ICC – inherited cardiac condition; iVF – idiopathic ventricular fibrillation; SCD – sudden cardiac death; MRI – cardiac magnetic resonance imaging with late gadolinium. Absolute number (percentages) presented. 

Figure Legends

Figure 1 – Patient wears a 252 electrode vest (i) that generates body surface potentials (ii), which are combined with the low-resolution CT (iii) that can create a heart-torso-geometry (iv). Proprietary algorithms reconstruct a 3D cardiac activation map (v) from epicardial unipolar electrograms (vi).

Figure 2 – Activation maps of two beats of sinus rhythm at rest (a) (i) in a patient with aborted sudden cardiac death. These maps are similar as are randomly selected electrograms from the same location in each map (a)(ii). The similarity between the two beats objectively confirmed by the V-CoS maps (a) (iii) that are white throughout indicating minimal change. However when a beat of sinus rhythm is compared with one at peak exercise, the activation maps (b)(i) are dramatically different. This is reflected in changes in electrogram morphology and activation timing (b)(ii). The corresponding V-CoS maps shows an area of conduction delay coloured red (b)(iii). Note there are no discernible difference on the surface ECG. LAD – left anterior descending artery; RVOT – right ventricular outflow tract; MV – mitral valve; TV – tricuspid valve.

Figure 3 – In a patient undergoing AVNRT ablation, Panel (a)(i) shows activation maps of two beats of sinus rhythm with examples of electrograms at the same locations (a)(ii). The V-CoS maps comparing two beats of sinus rhythm are mostly white indicating minimal change between the two beats. Similarly at peak exercise, activation maps ((b)(i)) and electrograms ((b)(ii)) comparing sinus rhythm beat at rest and peak exercise shows no change. The resulting V-CoS map is also mostly white representing minimal change. LAD – left anterior descending artery; RVOT – right ventricular outflow tract; MV – mitral valve; TV – tricuspid valve.

Figure 4 –V-CoS maps illustrating the ‘return to normal’ after exercise in aborted SCD patients compared to minimal changes observed throughout recovery in BrS and control patients.

Figure 5a – Inter-operator reproducibility was confirmed with a second operator interpreting the raw ECGI data using custom software.

Figure 5b – Correlation and agreement between the V-CoS Scores obtained during the 1st and 2nd exercise stress test at a range of heart rates.

Figure 6a –Changes (mean ± 95% CI) in V-CoS Score during recovery.  *p<0.05  ***p<0.001

Figure 6b - Changes (mean ± 95% CI) in V-CoS Score during Tilt testing.

Figure 7 – The LAT, defined as the maximum -dV/dt, differs greatly within the reference and test electrograms in-spite of only a subtle change in EGM morphology as shown in scenarios i and ii. As such a change in LAT between the reference and test EGMs is likely to be implausible, V-CoS aligns or matches the paired EGMs based on morphology to calculate the time delay between these EGMs (scenario iii).
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