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Abstract of Thesis

Accurate prediction of individuals at risk of ventricular arrhythmia and sudden cardiac
death remains a major challenge. Beat-to-beat variability of ventricular action potential
duration (APD) has long been proposed as a potential mechanism of arrhythmogenesis,
however, studies examining the dynamics of this metric in humans are lacking and to date
have been dependent largely on assessment of the QT interval. We hypothesised that
increased beat-to-beat variability of APD would be seen in patients experiencing
ventricular arrhythmia and that autonomic tone would play a significant role in the
modulation of beat-to-beat variability of APD. These hypotheses were tested in a series

of human experiments.

In patients with heart failure and implanted cardiac resynchronization therapy
defibrillator devices we demonstrated for the first time that increased left ventricular beat-
to-beat variability of APD was associated with an increased risk of ventricular

tachyarrhythmia.

Subsequently, through invasive electrophysiology studies we compared the behavior of
local right and left ventricular APD with global body surface QT intervals. These results
highlighted that although the body surface QT interval is representative of global
repolarization, subtle regional inhomogeneity of repolarization would be missed by QT

interval assessment alone.

Finally, a sequence of experiments in patients with heart failure and patients with
structurally normal hearts demonstrated for the first time the ability of a sympathetic

stimulus to increase the beat-to-beat variability of human ventricular APD, and the



potentially important role of beta-adrenergic blocking agents in the suppression of this

Increase.
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Thesis outline

Chapter 1 provides an introduction into the burden of ventricular arrhythmia and
discusses potential mechanisms of arrhythmogenesis, in particular the beat-to-beat

variability of the ventricular action potential.

Chapter 2 explores the potential of the ventricular action potential as a risk marker for

patients at risk of ventricular tachyarrhythmia.

Chapter 3 takes the most widely accepted surface marker of repolarization (the QT

interval) and compares this to the localized ventricular action potential duration.

Chapter 4 assesses the impact of autonomic modulation by means of a Valsalva maneuver
on the beat-to-beat variability of the ventricular action potential duration in patients with
heart failure. It addresses the impact of beta-adrenergic blockade on repolarization

instability.

Chapter 5 examines in greater detail the frequency domains of action potential duration
oscillation. In particular this looks closer at the impact of an autonomic stimulus on the

low frequency oscillation (sympathetic) of the ventricular action potential duration.
Chapter 6 explores the impact of beta-adrenergic blockade on the low frequency

oscillation of the ventricular action potential in normal hearts and its potential impact on

the beat-to-beat variability of repolarization.
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Chapter 7 is a synthesis and summary of the previous chapter findings. It draws the final
conclusions and details suggestions for future development of the use of beat-to-beat

variability of the ventricular action potential duration in the clinical setting.
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Chapter 1: Introduction
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1.1 General Introduction

Sudden cardiac death from cardiac arrhythmia claims the lives of over 70,000 people per
year in the UK, and approximately 300,000 people per year in the USA. The majority of
these deaths are due to ventricular tachyarrhythmia (Zheng et al., 2001; Papadakis et al.,

2009).

Direct current cardioversion of ventricular tachyarrhythmia is highly effective at restoring
normal cardiac rhythm, and the introduction of the implantable cardioverter-defibrillator
(ICD) stands as one of the major advances in clinical cardiology over the last 30 years
(Moss et al., 1996; AVID Investigators 1997; Buxton et al., 1999; Moss et al., 2002).
However, preventative medical therapies have been disappointing. Both the CAST trial
(C. A.S. T. (CAST) Investigators, 1989) and the SWORD trial (Waldo et al., 1996) were
stopped early due to an excess of deaths in the antiarrhythmic assigned cohort, and the
sudden cardiac death in heart failure (SCD-HeFT) trial showed amiodarone to be
equivalent to placebo and inferior to ICD therapy in preventing death for patients with
heart failure (Bardy et al., 2005). To date, only beta-adrenergic receptor blockade has
demonstrated a benefit in preventing sudden death in randomized clinical trials

(Hjalmarson et al., 2000).

Whilst ICD implantation is effective, patient selection is complex and accurate prediction
of individuals at risk of ventricular arrhythmia and sudden cardiac death remains a major
challenge (Keber et al., 2016). Attempts to provide reliable indicators of sudden cardiac
death has fueled one of the most active areas of investigation in arrhythmology during
recent decades (Goldberger et al., 2014). The increasing appreciation of the long-term

risk of complications from ICD implantation, i.e. device infection and inappropriate
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therapy delivery (Tolosana et al., 2009; Sakhuja et al., 2009; Duncan et al., 2010), again

emphasises the need for improvement in our assessments of patient risk.

Approximately 50% of sudden cardiac deaths occur in individuals without prior
documented history of heart disease, but with most of these sufferers living with
undiagnosed ischaemic heart disease (Myerburg et al., 1992). As a consequence, the most
effective prevention of sudden cardiac death in the general population has been through
application of risk score charts and subsequent control of risk factors associated with the

development of ischaemic heart disease (Lloyd-Jones et al., 2004; Graham et al., 2017).

Several studies (Friedlander et al., 1998; Jouven et al., 1999; Dekker et al., 2006;
Kaikkonen et al., 2006; Bezzina et al., 2010) have demonstrated evidence that there is a
genetic predisposition to die suddenly. The Paris prospective study demonstrated
evidence that a parental history of sudden death was associated with an increased relative
risk of sudden death (Jouven et al., 1999). Similarly results from the Framingham study
demonstrated an increased relative risk in the context of a family history of sudden cardiac
death (Friedlander et al., 1998). Dekker et al highlighted that familial sudden death
occurred more frequently in individuals resuscitated from primary VF than in controls
(Dekker et al., 2006). This has led the way for studies searching for single nucleotide
polymorphisms that predict sudden cardiac death in the general population. Although
results are promising these tests are not yet ready for the clinical setting (Bezzina et al.,

2010; Cupples et al., 2011).

Spanning more than two decades investigators have searched for metrics to predict

sudden cardiac death. In patients with ischaemic heart disease, numerous non-invasive

metrics demonstrated early promise, among them, heart rate variability, baroreflex
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sensitivity, QT interval dispersion, and microvolt T-wave alternans. However, none of
these have since gone on to influence clinical practice. Furthermore, invasive assessment
of electrophysiology has been repeatedly demonstrated to have little if any clinical role
in risk stratification (Buxton et al., 2000). As a consequence, risk stratification tools
developed to predict ventricular tachyarrhythmia have resorted to using a general
assessment of contractile function (left ventricular ejection fraction) as the best predictor
to guide the use of ICD’s for primary prevention of sudden cardiac death (Moss et al.,
1996; Moss et al., 2002; Bardy et al., 2005). The Danish Study to Assess the Efficacy of
ICDs in Patients with Non-ischemic Systolic Heart Failure on Mortality (DANISH) has

recently highlighted the shortcomings of the use of this metric alone (Keber et al., 2016).

Where assessment of electrical function has shown promise is in the use of dynamic
markers. The potential for risk stratification of individuals at risk of ventricular
tachyarrhythmia using markers of beat-to-beat variability of repolarization has been
demonstrated using both surface and intracardiac QT intervals (Atiga et al., 1998;
Haigney et al., 2004; Tereshchenko et al., 2009; Hinterseer et al., 2010; Oosterhoff et al.,
2011; Tereshchenko et al., 2011). These findings pointing to instability of repolarization
as a key factor would be in keeping with a cellular mechanism such as proposed by
Johnson et al (Johnson et al., 2013), who also observed dissociation between action
potential duration (APD) wvariability and basic APD under certain conditions.
Spontaneous beat-to-beat fluctuation in repolarization is an inherent property of
ventricular myocardium (Baumert et al., 2016), and although influenced by cycle length
(Boyett and Jewell, 1978) is largely due to variation in APD (Zaniboni et al., 2000). An
assessment of beat-to-beat variability at the level of the ventricular APD in vivo, and what

this represents clinically, is required.
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The presented work attempts to translate basic measurements of cardiac
electrophysiology to clinical arrhythmias, concentrating at the level of the ventricular

APD in the human heart in vivo.

1.2 The cardiac action potential and its ionic

contributions

The cardiac action potential was first described in 1880 (Burdon-Sanderson and Page,
1882). Its distinctive spike-and-plateau shape results from its ionic basis; first described
by Hodgkin and Huxley (Hodgkin and Huxley, 1952) with further redefinition over time
(Noble, 1962; Noble, 2007), its sharp activation allows rapid conduction and activation
and the relatively drawn-out plateau allows for contraction of cardiac muscle (Grant,
2009). Figure 1-1 demonstrates the phases of the cardiac ventricular action potential and

the contributing ionic currents.
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Figure 1-1 The normal cardiac ventricular action potential in humans

Currents are shown with their molecular correlates.

In the human heart the cardiac action potential has five distinct phases (0 to 4). A minor
depolarization brings the membrane potential to threshold, opening the voltage-activated
sodium channels (Ina) (Kunze, 2004) and allowing sodium ions to diffuse down their
electrochemical gradient from the extracellular space, across the membrane and into the
cell. Through a positive feedback loop further sodium channels open, and depolarization
of the membrane proceeds until the sodium Nernst potential is reached or inactivation of
the channels occurs. The resultant fast sodium current is responsible for the rapid upstroke

of the action potential (phase 0).

In phase 1, fast and slow transient outward potassium currents (Iw,r and lio,s) are activated
causing early rapid repolarization. A prolonged plateau (phase 2) then ensues due to a
balance between the inward currents of the voltage-gated L-type calcium channel (Icar)

and sodium-calcium exchanger (Incx), and the outward currents of the voltage-gated
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rapid, slow delayed rectifier potassium channels (Ik:, Iks, respectively) and inward
rectifying potassium channel (and Ix;) (Carmeliet, 2017). A large difference between the
membrane potential and the potassium Nernst potential maintains high potassium efflux
during the plateau phase. As calcium channels inactivate, the outward potassium currents
begin to dominate, and further repolarization brings the membrane potential towards the

potassium equilibrium potential (phase 3).

Following full repolarization, the cardiac cell membrane potential returns to its resting,
non-excited state (phase 4), maintaining a voltage gradient of between -80 to -64 mV
(Amos et al., 1996). This resting state is maintained by the inward rectifier potassium
current (Ix1) and the ATP-regulated potassium current (Ixatp). Restoration of the
membrane potential marks the end of cellular refractoriness, and the cell will once again

respond to electrical stimuli (Pond and Nerbonne, 2001; Noble, 2007).

The above generalisation of cellular electrophysiology introduces the ionic basis of
cardiac cellular activation and repolarization. Variation in the action potential is seen
between species, between cardiac chambers, and in vitro has been demonstrated to vary
between cell layers. The ionic nature of the cardiac action potential can be influenced by
insults e.g. cellular ischaemia or disturbances in the cellular ionic environment, and also
by physiological changes e.g. changes in autonomic tone or cardiac rate (Chien Suu and
Surawicz, 1976). This highlights an important aspect of the cardiac action potential; the

cardiac action potential is dynamic.
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1.3 Beat-to-beat variability of repolarization and

arrhythmogenesis

Beat-to-beat variability of APD may be arrhythmogenic either by the development of
early or delayed afterdepolarizations (Johnson et al., 2013) or by enhanced dispersion of
repolarization facilitating re-entry. Common to both of these modes of arrhythmogenesis

is the concept of interactions between activation and repolarization.

1.3.1 Early and delayed afterdepolarization and triggered activity

Afterdepolarizations are depolarizations triggered by one or more preceding action
potentials, which prematurely activate cardiac tissues. This is known as triggered activity

(Cranefield, 1977; January et al., 2012).

Early afterdepolarization can develop before full repolarization in phase 2 or 3 of the
cardiac action potential. They can be associated with prolonged or shortened APDs.
Prolonged APDs occur when the inward current is greater in amplitude than the outward
current. This can result from increases in the late sodium current (Ina), the voltage-gated
L-type calcium channel current (Icar), the sodium-calcium exchanger (Incx), or decreases
in the repolarizing potassium currents (Ik:, Iks, Ix1) (January and Riddle, 1989; Szabo et
al., 1994; Xie et al., 2013). Shortened APDs permit normal calcium release from the
sarcoplasmic reticulum which can in turn activate the sodium-calcium exchanger (Incx)
and result in late early afterdepolarizations in phase 3 of the action potential (Patterson et
al., 2006). Whether due to prolonged or shortened APDs, if the early afterdepolarization
causes a significant change in membrane potential then activation of the late sodium

current (Ina) occurs and results in triggered activity. This type of triggered activity is
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thought to explain the arrhythmogenesis observed in heart failure and long QT syndromes

(Maruyama et al., 2011).

Delayed afterdepolarizations occur after full repolarization during stage 4 of the cardiac
action potential. They were originally described as oscillatory afterpotentials and are
observed under conditions of intracellular calcium overload (Guinamard et al., 2004). It
is suspected that high levels of intracellular calcium results in spontaneous calcium
release from the sarcoplasmic reticulum which in turn activates calcium-sensitive
currents responsible for membrane depolarization. As with early afterdepolarizations, if
the depolarization produced by the delayed afterdepolarization is significant, late sodium
current (Ina) activation occurs, resulting in triggered activity. Delayed
afterdepolarizations are considered important in the arrhythmogenesis seen in
catecholaminergic polymorphic ventricular tachycardia and other conditions causing

calcium overload e.g. digitalis toxicity (Priori et al., 2001).

1.3.2 Enhanced dispersion of repolarization facilitating re-entry

The pioneering work of George Mines (Mines, 1914) established the concept of re-entry
and to this day remains influential in contemporary understanding of arrhythmogenesis.
Re-entry arises when an action potential reactivates a region that has recovered from
refractoriness and subsequently results in a propagating wave of activation (Janse and
Wit, 1989). Increased beat-to-beat variability of APD creates enhanced dispersion of
repolarization allowing propagation of action potentials from areas where they are
maintained to areas where they are abolished (Krishnan and Antzelevitch, 1993; Di Diego

and Antzelevitch, 1993; Lukas and Antzelevitch, 1996).
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1.3.3 Arrhythmogenesis in the clinical setting

There remains a gap in understanding between the cellular electrophysiology described
above and the temporal promotion of arrhythmia, i.e. why should an individual develop
a specific arrhythmia at a particular time? In some cases, a clear systemic upset can be
held responsible e.g. myocardial ischaemia, electrolyte imbalance or pharmacological
toxicity. However, at the onset of many clinical arrhythmias no specific acute structural
or functional change is ever identified. A prime suspect for the apparent randomness of
events is the autonomic nervous system. By causing transient changes in the excitable
properties of cardiac tissue the autonomic nervous system is thought to play a key role in
the modulation of cellular activation and repolarization and therefore in both the

promotion and suppression of clinical arrhythmia.

1.4 The autonomic nervous system

A wealth of evidence points to the importance of the autonomic nervous system on
clinical arrhythmogenesis. The CAST trial (C. A. S. T. (CAST) Investigators, 1989)
demonstrated a reduction in arrhythmic death in patients post myocardial infarction
treated with beta-blockade, and both the Multicenter Unsustained Tachycardia Trial
(MUST) (Buxton et al., 1999; Ellison et al., 2002) and the Metoprolol CR/XL
Randomised Intervention Trial in Congestive Heart Failure (MERIT-HF) (Hjalmarson et
al., 2000) showed decreased mortality in those on beta-blockade. Inhibition of cardiac
beta-receptors has remained a mainstay of current antiarrhythmic therapy (Priori et al.,

2015).
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Again, evidence of the influence of the autonomic nervous system on arrhythmogenesis
is highlighted by observations of increased arrhythmia occurrence coinciding with major
psychological stress. Examples include natural disasters (Voridis et al., 1983;
Trichopoulos et al., 1983; Huang et al., 2001; Leor et al., 2002), war (Meisel et al., 1991),
terrorist attacks (Steinberg et al., 2004), sport (Wilbert-Lampen et al., 2008) and the

phenomenon of Voodoo death (Samuels, 1997).

In the laboratory, animal work has demonstrated increased arrhythmogenicity under
induced stress (Parker et al., 1987, 1990). In the clinical setting in humans, the impact of
psychometric tests (including mental arithmetic and anger recall) on cardiac
repolarization at the level of the body surface ECG has been well studied (Lampert et al.,
2000, 2005, 2009; Abisse et al., 2011), and increased periods of stress have been
associated with increased ICD anti-tachycardia therapies in patients with ischaemic heart
disease (Lampert et al., 2002). Similarly, in patients with known long QT syndromes, a
history of frequent stressful life events has been associated with an increased frequency

of ventricular arrhythmia (Hintsa et al., 2010).

Studies into the effects of sympathomimetic agents on cardiac electrophysiology have
been conducted in animals (Mantravadi et al., 2007) and humans (Taggart et al., 2003).
Observations include shortening of APD and steepening of the APD restitution curve.
Animal work has also described the impact of direct sympathetic and vagus nerve
stimulation on the cardiac APD (Ng et al., 2007). This study demonstrated again how
sympathetic stimulation steepened the APD restitution curve but also importantly how it
decreased both the effective refractory period and VF threshold. Vagus nerve stimulation

had the opposite effect. Work in dogs has also highlighted the beneficial effects of vagal
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stimulation in the reduction of VF witnessed during acute coronary occlusion (Myers et

al., 1974).

Despite these large volumes of work, major questions remain on the precise impact of

autonomic modulation on the beat-to-beat variability of APD in humans in vivo.

1.5 Conclusion and hypotheses

Prediction of individuals at risk of ventricular arrhythmias is imperfect.
Electrophysiological risk predictors are numerous but a risk predictor at the level of the
ventricular APD has not previously been demonstrated. Furthermore, studies translating
human APD to body surface electrophysiology could help examine the weaknesses of

electrophysiological risk predictors.

Whilst beat-to-beat variability of ventricular APD has been proposed as a mechanism of
arrhythmogenesis, no studies of the dynamics of this metric exist in man. In particular,
data is lacking on the impact of autonomic modulation on the beat-to-beat variability of

APD in humans in vivo.

The body of this work presented addresses the following major hypotheses:

1) Increased beat-to-beat variability of APD will be seen in patients experiencing
ventricular arrhythmia.
2) The behaviour of APD dynamics and body surface repolarization dynamics will

be similar.
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3) Autonomic modulation will impact beat-to-beat variability of APD in humans.

4) This impact will be suppressed by beta-adrenergic blockade
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Chapter 2: Action potential duration
variability as a predictor of ventricular

tachyarrhythmia

33



This section has been adapted from Left ventricular activation-recovery interval
variability predicts spontaneous ventricular tachyarrhythmia in heart failure patients

(Porter et al., 2018a).

2.1 Introduction

Accurate prediction of individuals at risk of ventricular tachyarrhythmia and sudden
cardiac death remains a major challenge. Exaggerated beat-to-beat variability of
repolarization is known to be associated with arrhythmogenesis in animal models
(Thomsen et al., 2004; Gallacher et al., 2007; Abi-Gerges, Valentin, and Pollard, 2009;
Jacobson, Carlsson, and Duker, 2011) and humans (Atiga et al., 1998; Haigney et al.,
2004; Tereshchenko et al., 2009; Hinterseer et al., 2010; Tereshchenko et al., 2011;

Oosterhoff et al., 2011) and has been proposed as a potential risk marker.

The activation-recovery interval (ARI) is well validated (Haws and Lux, 1990; Coronel
et al., 2006; Potse et al., 2009). In vivo it can be obtained from pacing leads in ambulatory
patients, invasively during electrophysiology studies, and more recently has been derived
from non-invasive cardiac electrophysiology mapping techniques (Andrews et al., 2017).
As such it is readily available for the assessment of ventricular repolarization and therefor
a potential adjunct in the prediction of patients at risk of ventricular tachyarrhythmia.
Recent animal studies have demonstrated significant increases in the beat-to-beat
variability of ARI prior to the onset of Torsades de pointes and have highlighted its
potential for integration into implantable cardiac devices to monitor arrhythmia risk

(Wijers et al., 2018).

34



This chapter explores the potential of the ventricular action potential as a risk marker for
patients at risk of ventricular tachyarrhythmia. We have recorded left ventricular (LV)
unipolar electrograms, while pacing from the right ventricular (RV) lead to maintain a
constant cycle length in patients with heart failure. From these electrograms we have
calculated ARI variability (ARIV). We hypothesized that higher baseline ARIV would
be seen in patients experiencing ventricular tachycardia/fibrillation (VT/VF) during

follow-up.
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2.2 Methods

2.2.1 Ethical Approval

The study was approved by the local research ethics committee and conformed to the
Declaration of Helsinki (latest revision: 64" WMA General Assembly) standard.

Informed consent was obtained in writing from all subjects.

2.2.2 Study population and data acquisition

We retrospectively analyzed the prospectively collected data of 43 consecutive patients
who underwent electrogram recordings to study basic ARI within a heart failure
population. The study enrolled patients with St. Jude Medical cardiac resynchronization
therapy defibrillator (CRT-D) devices for primary or secondary indications of sudden
cardiac death. Patients of either sex, >18 years of age and undergoing CRT-D follow-up
at our institution were eligible. During a routine follow-up visit LV unipolar electrogram
recordings were made via the device programmer (Merlin, St. Jude Medical Inc., St Paul,
MN). Effects of heart rate variability on repolarization dynamics were removed by
establishing fixed cycle length with steady-state pacing (DDD-RV for sinus rhythm or
VVI-RV for atrial fibrillation) (Bueno-Orovio et al., 2014). A constant rate of 10 beats
above the patient’s intrinsic heart rate was chosen with a minimum adaptation period of
2 minutes (Franz et al., 1988). A 30 second recording of LV unipolar electrogram was
made using the device programmer at a sampling frequency of 512 Hz and extracted for
off-line analysis (Hanson et al., 2014; Chen et al., 2016). Figure 2-1 shows examples of
raw digital unipolar electrograms. Occurrence of ventricular tachyarrhythmia therapy
with either ATP or shock therapy was assessed by CRT-D checks and served as the

endpoint. Programming of the CRT-D device was based on clinical evaluation of the
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attending electrophysiologist. CRT-D interrogation data of recorded events was evaluated

by an electrophysiologist blinded to the outcome of the LV unipolar electrogram data.

Figure 2-1. Left ventricular unipolar electrograms
Unipolar electrograms recorded from the left ventricular lead of 3 separate patients

demonstrating local activation (star) and repolarization (square).

2.2.3 Repolarization variability analysis

Raw digital LV unipolar electrogram traces were analysed off-line using custom built
MATLAB software (MathWorks Inc, Natick, Mass). Recordings were separately low
pass filtered at both 80 and 30 Hz for calculation of activation times (ATs) and
repolarization times (RTs), respectively. The choice of two separate frequencies for AT
and RT calculation allowed us to maintain the sharp activation gradients required to
identify ATs, whilst also successfully preserving the morphology of the slower T-wave
to identify RTs. Consecutive ARIs were calculated by identifying AT and RT for each

beat using the Wyatt method (Wyatt et al., 1981; Coronel et al., 2006; Potse et al., 2009;
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Hanson et al., 2012; Hanson et al., 2014). Automated identification of ATs and RTs
removed any observer variability. Figure 2-1 shows examples of the identification of
ATs and RTs and the resultant ARI across various morphologies of unipolar electrogram.

ARIV over the full 30s recording was then computed as.

ARy = Zisi |ARI, — ARI|
( ‘/2_ X nbeats)

where n beats is the number of beats contained within the 30s period (Pueyo et al., 2016a).
To account for the possibility that the magnitude of beat-to-beat changes may depend on
the intrinsic ARI duration we introduced the ARIV index. The ARIV index provides a
normalized value of the ARIV relative to the mean ARI duration for each patient. The

ARIV index was computed as.

Npeats—1

. 1 Xt |ARI;4+1—ARIj|

ARIV index = x 2i=l ' '
ARImean (V2 X npeqts)

n
Z_beatSARIl
where ARImean = l_;bT

2.2.4 Statistical Analysis

Results are presented as mean+standard deviation for normally distributed variables and
as median and interquartile range (IQR) for non-normally distributed variables. The
independent-samples t-test was used to compare normally distributed continuous

variables; otherwise the Mann-Whitney U test was used. Categorical variables were
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compared using Fisher’s exact test. ROC analysis was performed using Youden’s index
to determine the variable cut-off levels with optimal sensitivity and specificity for the
endpoint. The estimated cutoff values were retrospectively used to reclassify and
dichotomize the study subjects into high and low-risk categories. Kaplan-Meier survival
analysis was used to address our hypothesis testing the association between increased
ARIV and probability of first appropriate defibrillator therapy for VT/VF. Cox
proportional hazards analyses were performed separately for each variable of interest
(Mean ARI, ARIV and ARIV index). A P value of <0.05 was considered to be statistically
significant for all tests. All statistical analyses were performed using SPSS (IBM

Switzerland, Switzerland) and Prism (GraphPad Software Inc., California, USA).
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2.3 Results

2.3.1 Data eligibility

A total of 43 ambulatory heart failure patients underwent unipolar electrogram
recordings. Of these, six patients were excluded from the ARIV analysis: two due to a
>15% ectopy burden during recordings, three due to significant electrogram fractionation
(Figure 2-2A), one due to absence of a well-defined T-wave such that no positive
gradient could be identified during repolarization (Figure 2-2B). ARIV analysis was
performed in the remaining 37 patients. T-wave morphology remained constant and there
were no AV conducted beats throughout the recordings. The median RV pacing rate used
during LV unipolar electrogram recordings was 85 bpm (IQR, 80 to 95). As expected,
significant correlation was seen between the pacing rate and mean ARI (r = -0.725, p <
0.001). However, there was no correlation between mean ARI and ARIV (r = 0.045, p =

0.792), nor the pacing rate and ARIV (r =-0.150, p = 0.377).

1800 2000 2200 240( 200 400 600 800

Figure 2-2. Pitfalls of ARI analysis
Two pitfalls of ARIV analysis: (A) fractionation, (B) neutral gradient during

repolarization.
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2.3.2 Study population

Of those eligible for ARIV analysis (Table 2-1), 30 were men (81.1%) and 7 women
(18.9%) who had undergone CRT-D implantation for primary (29 patients, 78.4%) or
secondary (8 patients, 21.6%) prevention of sudden cardiac death. The patients were
enrolled in the study in median time 6.9 months after CRT-D implantation (range, 5.3 to
31.9 months). At the time of data acquisition, no patients had decompensated heart
failure. All patients had electrolytes within ranges unexpected to disturb repolarization
prior to unipolar electrogram recordings (sodium 138.1 3.2 mEq/L, potassium 4.7 £ 0.5
mEq/L). During follow-up no patients were initiated on class I or III antiarrhythmic
agents, nor underwent coronary intervention/VT ablation prior to meeting the study

endpoint or before conclusion of study follow-up.

41



Table 2-1. Baseline characteristics of patients with and without subsequent
appropriate ICD therapy for VI/VF.

NYHA, New York Heart Association.

Variables No  VT/VF | VI/VF events | P value

event (n=26) at follow-up

(n=11)

Age (IQR), years 68 (63 -77) 63 (52-66.5) | 0.059
Male, n (%) 19 (73.1) 11 (100) 0.080
Ischemic cardiomyopathy, n (%) 12 (46.2) 4 (36.4) 0.723
Ejection fraction + SD, % 389+£11.7 26+11.2 0.004
NYHA class > 2, n (%) 16 (61.5) 9 (81.8) 0.279
Secondary prevention ICD, n (%) 6 (23.1) 2 (18.2) 1
Diabetes mellitus, n (%) 8 (30.8) 4 (36.4) 1
Hypertension, n (%) 8 (30.8) 5(45.9) 0.465
Atrial fibrillation, n (%) 6 (23.1) 4 (36.4) 0.442
Beta-blockade, n (%) 21 (80.8) 11 (100) 0.295
ACE inhibitor, n (%) 24 (92.3) 11 (100) 1
Aldosterone antagonists, n (%) 15 (57.7) 4 (36.4) 0.295
Digoxin, n (%) 4 (15.4) 3(27.3) 0.403
Amiodarone, n (%) 3(1L5) 0(0) 0.540
Biventricular pacing percentage (IQR), % 99 (97 - 99) 98 (94 - 99) 0.377
Pacing rate for unipolar electrogram recording | 80 (80 - 95) 90 (825 - 0.780
(IQR), bpm 92.5)

Comparing patients with ischemic and non-ischemic cardiomyopathy, there was no
difference in mean ARI (257.69 £26.6 ms vs. 251.21 +35.27 ms, p = 0.554), ARIV (3.44
+ 1.32 ms vs. 2.67 = 0.98 ms, p = 0.055), nor the ARIV index (1.37 £ 0.6% vs. 1.07 £

0.36%, p = 0.115). LV ejection fraction (LVEF) showed no correlation with mean ARI
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(rs=0.021, p=0.901), ARIV (rs = 0.020, p = 0.907) nor the ARIV index (rs = 0.039, p =
0.818). Between patients with primary and secondary prevention indications for CRT-D
there was no difference in mean ARI (257.34 £+ 32.35 ms vs. 241.97 £ 26.99 ms, p =
0.207). Differences in ARIV approached significance (2.83 £ 1.21 ms vs. 3.62 + 0.94 ms,
p =0.051), and a significantly higher ARIV index was seen in the secondary prevention
group (1.12£0.5% vs. 1.49+0.34 %, p = 0.021). 23 of the patients were CRT responders
and 14 non-responders (a CRT responder was defined as a >5% improvement in LVEF
from pre-implant). Between responders and non-responders there was no observed
difference in mean ARI (253.26 + 35.24 ms vs. 255.26 + 25.61 ms, p = 0.865), ARIV
(294 £ 1.14 ms vs. 3.11 £ 1.3 ms, p = 0.699) nor ARIV index (1.18 £0.48 % vs. 1.23 +

0.53 %, p = 0.817).

2.3.3 Implantable cardioverter-defibrillator therapy

Following LV unipolar electrogram recordings, a mean follow-up of 23.6 + 13.6 months
took place. During follow-up 11 patients of 37 reached the endpoint of appropriate ICD
therapy for VI/VF. ATP was attempted and successful in 9 patients with VT. One patient
with VT had successful rescue shock therapy. One patient experienced VF with
successful shock therapy. One patient died from heart failure before reaching the
endpoint. Table 2-1 shows a comparison of clinical characteristic of patients with and

without subsequent appropriate ICD therapy for VI/VF.

ARIV was significantly greater in patients with subsequent VT/VF events vs. those
without VT/VF events (3.55 = 1.3 ms vs. 2.77 = 1.09 ms, p = 0.047). The ARIV index
was also significantly greater in patients with subsequent VT/VF events vs. those without
VT/VF events (1.43 £0.5% vs. 1.1+ 0.47 %, p =0.036). No observed difference between

groups was found in mean ARI (249.34 + 27.91 % vs. 256 + 33.31 %, p = 0.618).
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Receiver operating characteristic (ROC) curve analysis (Figure 2-3) suggested cut-off
levels for ARIV of >2.52 ms with 82% sensitivity (95% CI, 48-98%) and 58% specificity
(95% CI, 37-77%) (AUC 0.71; 95% CI, 0.53-0.89; p = 0.046) and ARIV index of >1.14%
with 64% sensitivity (95% CI, 31-89%) and 65% specificity (95% CI, 44-83%) (AUC
0.72; 95% (I, 0.55-0.9; p = 0.036) to dichotomize into high/low risk for the endpoint of

appropriate ICD therapy.
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Figure 2-3. Receiver operating characteristic analysis for (1) ARIV and (B) ARIV
index to predict VI/VF

Optimal cut-off levels determined by Youden's index.
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Table 2-2 shows the clinical characteristics of patients with ARIV dichotomized at high
and low risk of VI/VF. When comparing subjects in the high-risk group for ARIV, 45%
experienced an episode of VI/VF by 3 years, compared with 11.8% in the low-risk group.
Figure 2-4A demonstrates the separation of the Kaplan-Meier curves at the variable cut-
off for ARIV (Mantel-Cox log-rank test, p = 0.028). When comparing subjects in the
high-risk group for ARIV index, 43.8% experienced an episode of VI/VF by 3 years,
compared with 19.0% in the low-risk group. Figure 2-4B demonstrates the separation of
the Kaplan-Meier curves at the variable cut-off for ARIV index (Mantel-Cox log-rank

test, p = 0.079).
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Table 2-2. Clinical characteristics of patients with ARIV dichotomized as per ROC
suggested optimal cut-off values.

NYHA, New York Heart Association.

Variables ARIV low-risk | ARIV high-risk | P value
(n=17) (n=20)
Age (IQR), years 68 (62 - 76) 66 (56 - 75) 0.279
Male, n (%) 12 (70.6) 18 (90) 0.212
Ischemic cardiomyopathy, n (%) 5(29.4) 11 (55) 0.185
Ejection fraction + SD, % 355+£13.6 348+12.5 0.857
NYHA class > 2, n (%) 10 (58.8) 15 (75) 0.482
Secondary prevention ICD, n (%) 1(5.9) 7 (35) 0.048
Diabetes mellitus, n (%) 7(41.2) 529 0.482
Hypertension, n (%) 2(11.8) 11 (55) 0.014
Atrial fibrillation, n (%) 6 (35.3) 4 (20) 0.460
Beta-blockade, n (%) 14 (82.4) 18 (90) 0.644
ACE inhibitor, n (%) 16 (94.1) 19 (95) 1
Aldosterone antagonists, n (%) 11 (64.7) 8 (40) 0.191
Digoxin, n (%) 5(29.4) 2 (10) 0.212
Amiodarone, n (%) 0(0) 3(1%5) 0.234
Biventricular pacing percentage + SD, % 99 (98 - 99) 98 (94 - 99) 0.368
Pacing rate for unipolar electrogram recording + | 90 (80 - 100) 80 (80 -90) 0.148
SD, bpm
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Figure 2-4. Kaplan-Meier survival curves
Kaplan-Meier curves for freedom from VI/VF events in patients dichotomized by receiver
operating characteristic curve analysis—derived optimal cut-off values for (A) activation-

recovery interval variability (ARIV) and (B) ARIV index.
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Mean ARI, ARIV and the ARIV index were tested separately in the multivariate Cox
proportional-hazards regression model for all VT/VF events, with the significant clinical
covariate LVEF. Low LVEF remained a significant predictor of appropriate ICD therapy
for VT/VF in all models tested. Mean ARI was not predictive (HR, 0.997; 95% CI, 0.977-
1.017; p = 0.758). ARIV (HR, 1.623; 95% CI, 1.1-2.393; p = 0.015) and the ARIV index
(HR, 3.256; 95% CI, 1.222-8.676; p = 0.018) were independent predictors of VI/VF
(Figure 2-5). After exclusion of patients with secondary indications for ICD therapy both
ARIV (HR, 1.518; 95% CI, 1.009-2.285; p = 0.045) and the ARIV index (HR, 2.87; 95%
CI, 1.033-7.975; p = 0.043) remained independent predictors of VI/VF. After exclusion
of patients on amiodarone both ARIV (HR, 1.625; 95% CI, 1.114-2.371; p = 0.012) and
the ARIV index (HR, 3.259; 95% CI, 1.262-8.411; p = 0.015) remained independent

predictors of VI/VF.
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Figure 2-5. Predictors of ventricular tachyarrhythmia

Hazard ratios (adjusted for left ventricular ejection fraction) for the association of mean
activation-recovery interval (ARI), ARI variability (ARIV) and ARIV index with
appropriate implantable cardioverter-defibrillator therapy for ventricular tachycardia

or ventricular fibrillation. CI = confidence interval.
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2.4 Discussion

To our knowledge, the work in this chapter demonstrates for the first time, an association
between increased LV beat-to-beat variability of repolarization and risk of ventricular
tachyarrhythmia. The main findings were: 1) increased ARIV was associated with an
independent risk for VI/VF; 2) increased ARIV index (ARIV normalized to mean ARI)
remained an independent predictor for VI/VF; 3) there was no association between mean

ARI and VT/VF risk.

2.4.1 Relation to prior work on repolarization variability

The potential for stratification of individuals at risk of ventricular tachyarrhythmia by
means of repolarization instability has been demonstrated with QT intervals from the
surface ECG and RV intracardiac electrograms (Atiga et al., 1998; Haigney et al., 2004;
Tereshchenko et al., 2009; Hinterseer et al., 2010; Tereshchenko et al., 2011; Oosterhoff
et al., 2011). Our findings of higher values of beat-to-beat variability of ARI in heart
failure patients experiencing VT/VF extends these observations to the level of the
ventricular APD and to the assessment of LV beat-to-beat variability of repolarization.
The ROC analysis found ARIV to be more sensitive than the ARIV index in the prediction
of ICD therapies. This was highlighted again in the Kaplan-Meier analysis showing less
separation in the curves for ARIV index when compared to ARIV. These results would
suggest that use of beat-to-beat variability of ARI to assess risk of VI/VF is more reliable

without adjustment for basic ARI.

A major component of QTV is heart rate variability and both the QT interval and APD

are strongly cycle length dependent (Boyett and Jewell, 1978; Zaza et al., 1991). As the
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majority of QTV studies occurred in the absence of controlled cycle length it is
technically challenging to separate heart rate driven QTV from actual fluctuations in the
QT interval. RV pacing to obtain cycle length control as employed in our study removes

the component of beat-to-beat variability of repolarization due to heart rate variability.

It is accepted that the QT interval in a given ECG lead measures the interval between the
earliest depolarization and latest repolarization as projected onto the axis of that lead
(Baumert et al., 2016). Given its spatial heterogeneity the use of multi-lead ECG
recordings to assess QTV has been suggested but warrants further investigation (Baumert
et al., 2016). The in vivo dispersion of ARIV and correlations to various body surface
ECG repolarization indices should be studied and could be invaluable in our

understanding of both QTV and ARIV.

2.4.2 Relation to prior work on basic APD and QT interval

measurements

In the present study, basic ARI in heart failure patients was not predictive of VI/VF
events. This is consistent with several studies reporting QT variability as a stronger
predictor of arrhythmia than QT prolongation (Thomsen et al., 2004; Haigney et al., 2004;
Gallacher et al., 2007; Hinterseer et al., 2010; Jacobson et al., 2011). These findings
pointing to instability of repolarization as a key factor would be in keeping with a cellular
mechanism such as proposed by Johnson et al (Johnson et al., 2013), who also observed

dissociation between APD variability and basic APD under certain conditions.

Shortening of basic APD occurs in responders to CRT, whilst lengthening of basic APD

occurs in non-responders (Chen et al., 2016). In vivo electrical remodelling in heart
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failure at the level of beat-to-beat variability of APD needs to be studied prospectively

and may offer insight into the impact of CRT on ventricular tachyarrrhythmias.

2.4.3 Mechanisms of beat-to-beat variability of repolarization

Several mechanisms have been proposed for the cellular basis of beat-to-beat variability
of APD. Its apparently random nature suggests the involvement of a stochastic process.
Stochastic variation of fast sodium current (Ina), L-type calcium current (Icar), transient
outward current (Iy,), rapid delayed rectifier (Ix;) and slow delayed rectifier (Ixs) potassium
currents has been shown to influence beat-to-beat variability of APD (Tanskanen et al.,
2005; Heijman et al., 2013; Pueyo et al., 2016a) with considerable interdependence
between individual channels (Pueyo et al., 2016a). Spontaneous calcium release from the
sarcoplasmic reticulum exhibits beat-to-beat variability and in the presence of calcium
overload has been shown experimentally and in silico to generate beat-to-beat variability
of APD (Johnson et al., 2013). This mechanism was due to spontaneous calcium release
from the sarcoplasmic reticulum in late diastole reducing the subsequent calcium transient
and hence reducing Ica. deactivation and prolonging the APD. However, the extent to
which these effects seen in isolated cells may be operative in the whole heart where cells
are well coupled is uncertain due to electrotonic interaction between cells (Zaniboni et
al., 2000). Nevertheless, under conditions of calcium overload or reduced repolarization
reserve, the effect of stochasticity on channel behavior may be enhanced suggesting that
these effects may become operative in pathological conditions. Beat-to-beat variability of
APD may be arrhythmogenic either by the development of early or delayed
afterdepolarizations (Johnson et al., 2013) or by enhanced dispersion of repolarization

facilitating re-entry.
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2.4.4 Clinical implications and future work

Risk stratification of patients at high risk of sudden cardiac death remains a major
challenge. In view of the multiple mechanisms involved it is unlikely that a single test
would prove sufficient and that a combination of clinical characteristics with a selection
of stratification tools may be more appropriate (Dagres and Hindricks, 2013). In this
context, our study builds on the body of evidence highlighting the potential for assessment
of baseline beat-to-beat variability of repolarization to form part of the risk stratification

tool.

Wijers et al (Wijers et al.,, 2018) have highlighted the significance of the temporal
behavior of ARI prior to the onset of ventricular tachyarrhythmia in dogs. Furthermore,
this work demonstrated comparable short-term variability of ARI between RV and LV.
The potential for automated continuous real-time monitoring of ARIV offers a novel
future application for ICDs. However, the optimal recording location is unknown and
further work is needed to compare ARIV across multiple simultaneous recording sites
within the heart. Paroxysmal atrial arrhythmias may result in variable ventricular filling
in biventricular paced patients and as such their influence on the ventricular ARI within

a CRT population should be studied.

2.4.5 Limitations

The study population was relatively small and as a single tertiary centre study the patient
group may not be representative of the usual CRT-D population. These results should be
validated in a larger multicenter prospective study of a primary prevention ICD indication
cohort. As ischemia testing was not conducted as part of the protocol we are unable to

determine the influence of ischemia on beat-to-beat variability of ARI. Our observations
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are confined to a single LV epicardial site. Regional variation of the electrophysiological
properties throughout the ventricular myocardium makes it possible that other regions
may have demonstrated differing results. Short and long-term variation in ARIV should
be studied in order to determine the optimal duration and frequency of recordings for its
use as a predictor of ventricular tachyarrhythmia (Guduru et al., 2013). Whilst strategies
to analyze fractionated electrograms have been proposed (Ellis et al., 1996), a clear
consensus in their interpretation does not exist. In the context of the assessment of beat-
to-beat variability of repolarization this could prove a challenge. Furthermore, the
presence of a high ectopy burden or the lack of a gradient to define repolarization time
could exclude some patients altogether. In our study 14% of patients were excluded due

to these limitations thus highlighting an area for future work.
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2.5 Conclusions

In patients with heart failure, increased ARIV is associated with increased risk of
spontaneous VT/VF. These results accord with observations in QTV and extend
observations to assessment of LV beat-to-beat variability of repolarization and
specifically to the level of ventricular APD. Our findings are supportive of the possible
utility of beat-to-beat variability of repolarization as an adjunct to risk stratification of

patients at risk of ventricular arrhythmia.
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Chapter 3: QT interval tracks temporal
behavior of ventricular action potential
duration at single and multiple
intracardiac sites during steady-state

adaptation
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3.1 Introduction

The QT interval of the body surface ECG is widely used as a non-invasive measure of
the time interval between the onset of ventricular activation and the end of ventricular
repolarization. It is commonly used clinically to identify and characterize a number of
proarrhythmic states related to APD. The temporal behavior of APD is well known to be
an important predictor of arrhythmias. In animal models and in humans these are usually
recordings obtained from a single or a limited number of selected ventricular sites
(Thomsen et al., 2004; Gallacher et al., 2007; Abi-Gerges et al., 2010; Jacobson et al.,
2011). However, information on the relation of these single site recordings of APD to the
QT interval in the body surface ECG is scant. Several studies have reported a good
correspondence between RV electrograms and the body surface ECG (Paz et al., 2006;
Sandhu et al., 2008; Tereshchenko et al., 2009). However, none of these provide a specific
measure of APD. Studies of the relationship of local ventricular APD recordings in
humans are therefore important to underpin experimental models and to facilitate

extrapolation to the in situ beating human heart.

We have recorded ARIs from unipolar electrograms, an established validated measure of
APD (Haws and Lux, 1990; Coronel et al., 2006; Potse et al., 2009), from 10 RV and 10
LV endocardial sites in patients with normal ventricles. APD (ARI) values from the 20
sites were compared singly and in various combinations with QT intervals from
simultaneous body surface lead II ECGs during RV pacing. In order to obtain a range of
APD and QT values we studied a two-minute adaptation period following an abrupt

change by RV pacing.
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3.2 Methods

3.2.1 Ethical approval

The study was approved by the ethics committee of Guy’s and St Thomas’ Hospitals and
conformed to the standards set by the Declaration of Helsinki (latest revision: 59th WMA

General Assembly). All patients gave written informed consent.

3.2.2 Subjects

Studies were performed in 12 patients (10 males, 2 females, age 41 - 70, median 62)
during the course of routine clinical radiofrequency ablation procedures for atrial
fibrillation (AF). Three patients had paroxysmal AF and 9 persistent AF. All patients had
normal ventricular function and were otherwise apparently healthy. No subject was
known to have ventricular scar or disordered conduction due to bundle branch
abnormality. The studies were conducted in the cardiac catheterization suite at St
Thomas’ Hospital prior to the routine clinical procedure in the un-sedated state as
described previously (Taggart et al., 2003; Hanson et al., 2009). Cardioactive medications

were discontinued for 5 days prior to the study.

3.2.3 Measurements

Synchronous measurements were made of the unipolar electrograms and body surface
lead II ECG sampled at 1200Hz and analyzed off-line. Unipolar electrograms were
measured using two decapolar electrode catheters (St Jude Medical (St. Paul, MN, USA)
6F Livewire™ Steerable Catheter model 401915 with 2-5-2mm spacing, 35 mm total

span). One electrode catheter was introduced from the femoral vein into the LV (via an
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atrial trans-septal approach) and positioned on the infero-posterior endocardial wall in a
base-apex orientation. The other electrode catheter was introduced into the RV and
positioned on the anterior septal wall in a base-apex orientation. The electrode arrays
were positioned over the mid and lower third of the LV and RV endocardial wall. Both
electrodes were referenced to a large skin surface electrode (100 x 150 mm) on the
abdomen at the level of the naval such that distance to each individual electrode was
considered to be approximately equal. The position of the recording and pacing electrodes
are shown in Figure 3-1. Cine imaging fluoroscopy was used to verify secure positioning
of the catheters throughout the cardiac and respiratory cycles. This has previously been

established in detail for catheters in these positions (Hanson et al., 2012).

Pacing 10-pole 10-pole
catheter catheter in catheter in
RV LV

Figure 3-1. Fluoroscopic image showing the position of the two 10-pole recording

catheters located in the left ventricle (LV) and right ventricle (RV)
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3.2.4 Protocol

Subjects were paced from the RV apex using a Biotronik (Berlin, Germany) stimulator
(model UHS 3000) at 2 x diastolic threshold and 2 ms pulse width, at a cycle length >20
beats per minute (bpm) faster than the intrinsic AF rate (median 500ms) to avoid
breakthrough intrinsic beats. The first 2-minute period following initiation of pacing was
used for comparison of QT with ARI as a model previously described in the literature
(Franz et al., 1988). Synchronous recordings of lead II ECG, RV and LV unipolar

electrograms were made.

3.2.5 Data analysis

Ventricular APDs at each recording site were estimated from the unipolar electrogram by
measuring ARIs using the Wyatt method (Wyatt et al., 1981). This method has been
validated in theoretical, computational and experimental studies (Millar et al., 1985;
Haws and Lux, 1990; Coronel et al., 2006; Potse et al., 2009; Western et al., 2015).
According to this method, activation is measured at the moment of minimum dV/dt of the
QRS complex of the unipolar electrogram and repolarization at the moment of maximum
dV/dt of the T-wave. The relationship between APD and ARI has been illustrated
previously. In this work, ARI was measured semi-automatically using a custom algorithm
written in MATLAB (MathWorks Inc, Natick, Mass). QT was measured from the lead II
surface ECG. The R-wave peak was detected using a derivative-threshold algorithm with
parabolic fitting on the R apex (Baumert et al., 2012; Porta et al., 2015). T-wave end was
determined using the tangent method (Xue and Reddy, 1998). An example of ARI

adaption over the two-minute period is shown in Figure 3-2.
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Figure 3-2. An example of ARI adaption over the two-minute period with individual

ARIs highlighting its gradual shortening.

Beat-by-beat combined RV and LV ARI (ARIcombined 20 electrodes), RV ARI (ARIry, 10
electrodes) and LV ARI (ARILy, 10 electrodes) were determined by averaging the ARI

for each beat using data from all the corresponding electrograms.

Heuristic-based screening was used to identify and discount any cases where the T-wave

(ECG and unipolar electrogram) was indistinct or corrupt. To establish evenly-sampled

series, any beats for which ARI and/or QT measurement could not be determined were
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replaced by linear interpolation between the surrounding beats. If these surrogate beats

constituted more than 15% of any series, the series was rejected.

3.2.6 Statistical Analysis

Results are presented as mean+standard deviation for normally distributed variables and
as median and interquartile range (IQR) for nonnormally distributed variables. The
Shapiro-Wilk test was used to determine normality for continuous variables. Continuous
variables were then compared using the paired t test or Wilcoxon matched-pairs signed
rank test for related observations depending on normality. Correlation between variables
was expressed using the Spearman correlation coefficient (rs). Linear regression was used
to assess the relationship in magnitude between continuous variables. A P value of <0.05
was considered to be statistically significant for all tests. All statistical analyses were
performed using SPSS Statistics version 24 (IBM Switzerland, Zurich, Switzerland) and

Prism version 7 software (GraphPad Software Inc., La Jolla, California, USA).
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3.3 Results

3.3.1 Study population and data eligibility

In one patient, there were no RV electrogram recordings. A total of 230 electrograms
were available. Of these, 38 where the T-wave was indistinct or corrupt were excluded.

The remaining 192 electrograms were included in the analysis.

3.3.2 QT interval / endocardial ARI (APD) relationship

Lead II QT demonstrated highly significant positive correlations with RV and LV
endocardial ARI (rs of 0.786+0.253 and 0.795+0.287 respectively). In order to enable
comparisons to be made between QT and ARI values at each electrode site, recordings
were made during a 2-minute period following a pacing induced abrupt alteration in cycle
length. The adaptation of APD, due to the cycle length dependence of APD, thereby
providing a range of values as both QT and ARI shortened to a new steady state. An
example is shown for one patient in Figure 3-3 demonstrating QT vs. ARI values at all
10 RV and all 10 LV electrode recording sites. For all electrodes the slope of the

regression line was close to unity.
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Figure 3-3. Example of one patient’s scatter plots showing the strong correlations

between body surface lead II QT vs. ARI values at all 10 right ventricular and left

ventricular electrode recording sites.
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To confirm that the strength of the correlation in temporal behavior was not dependent
on signal quality the signal-to-noise ratios of both the body surface ECG and the
endocardial signals were calculated. There was no relationship between the strength of
QT to ARI correlations with the signal-to-noise ratio of the electograms (rs=-0.252,

p=0.426), nor the signal-to-noise ratio of the surface ECG (rs=0.336, p=0.283).

Combining electrogram data demonstrated that the correlation coefficient was strongest
for QT vs ARlcombined (1s=0.88+0.116, all p<0.001), intermediate for QT vs. ARIrv
(rs=0.822+0.236, all p<0.001) and QT vs. ARILv (rs=0.818+0.3, one case p=ns, all others
p<0.001), and slightly less for QT vs. ARI when compared to the average correlation
coefficient of individual unipolar electrode sites (rs=0.807+0.2). ARIcombined correlated
significantly more with lead II QT than the average single electrogram (p=0.019). Data

for all patients is summarized in Figure 3-4.
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Figure 3-4. Demonstration of the improvement in correlation strength between QT and
ARI as ARI is derived from increasing electrogram recording sites.

Highlighting how lead II QT is representative of global repolarization. ARICombined,
mean beat-by-beat ARI from all poles (LV & RV); ARIryv, mean beat-by-beat ARI from all

LV sites; ARIry, mean beat-by-beat ARI from all RV sites.
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For an inter-patient assessment, near steady state values of QT and ARI, obtained by
averaging over the last 30 seconds of the 2-minute rate adaptation period, were compared.
Mean steady state paced QT was 266+24.54 ms, mean ARIrv was 194.6+21.96 ms, and
mean ARILy was 199.4+23.4 ms. Inter-patient QT correlated significantly with mean

steady state ARIrv (1s=0.611, p=0.025) and mean steady state ARILv (rs=0.522, p=0.042).

3.3.3 Magnitude of change of ARI and QT

The linear regression slope was used to assess the relationship in magnitude (ms change
in ARI for every ms change in QT) between body surface QT and endocardial ARI.
Figure 3-5 demonstrates this relationship for all LV and RV electrograms. The beat-to-
beat change in magnitude of the LV ARI closely followed the beat-to-beat change in body
surface QT intervals with a 1.02+0.03 ms change in LV ARI for every 1 ms change in
QT. The beat-to-beat change in magnitude of the RV ARI was less than that seen in the
beat-to-beat change in body surface QT with a 0.76+0.06 ms change in RV ARI for every
1 ms change in body surface QT. When comparing LV 1 to RV 1, LV 2 to RV 2, etc., the
mean beat-to-beat change in LV ARI was significantly higher than that of RV ARI

(»<0.001) for each ms change in QT.
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Figure 3-5. Slope results from the linear regression analysis showing the relationship
in magnitude (ms change in ARI for every ms change in QT) between body surface
lead II QT and ARI at all 10 right ventricular and left ventricular endocardial electrode

recording sites.
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3.4 Discussion

To our knowledge, this is the first study to investigate the in vivo relationship between
body surface QT intervals and intracardiac ARIs in humans during steady-state
adaptation. We studied patients undergoing routine electrophysiological procedures with
normal ventricles. Body surface ECG lead II was recorded together with intracardiac
unipolar electrograms from 10 RV and 10 LV sites from which ARIs were derived as a
conventional surrogate for APD. The main findings were: (1) the temporal behavior of
the body surface ECG lead II measured over a range of cycle lengths correlated with the
temporal behavior of local APD measured as ARIs at 10 RV and 10 LV sites; (2) The
correlation was strongest for QT vs. all LV and RV sites combined, intermediate for QT
vs. LV and QT vs. RV, and slightly less but still significant for QT vs. individual electrode
sites; (3) The magnitude of beat-to-beat change in QT intervals were near equal to the
magnitude of beat-to-beat change in LV ARI; (4) The magnitude of beat-to-beat change
in RV ARI was lower than that seen in the magnitude of beat-to-beat change in body

surface QT and LV ARIL

Relatively little information has been available to date on the relationship of ARI
measurements of ventricular APD to the QT interval of the body surface ECG. Several
studies have demonstrated a good correspondence between repolarization waveforms
derived from endocardial signals with the body surface ECG (Paz et al., 2006; Sandhu et
al., 2008; Tereshchenko et al., 2009). In patients with implantable cardioverter
defibrillators (ICD), T-wave amplitude obtained from a variety of different electrode
combinations between tip, can and coil correlated well with T-wave alternans on the body
surface ECG (Paz et al., 2006). In patients undergoing routine electrophysiological

procedures recordings obtained from a RV quadripolar catheter during pacing induced
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alternans showed a good correspondence between T-wave alternans in unipolar
electrograms and microvolt T-wave alternans in the ECG (Sandhu et al., 2008). In ICD
patients QT variability index in the ECG correlated well with measurements derived from
both near field and far field RV electrograms recorded from the device (Tereshchenko et
al., 2009). In the present study we have used ARI calculated from a unipolar electrogram
which is an established validated surrogate measure of APD (Millar et al., 1985; Haws

and Lux, 1990; Coronel et al., 2006; Potse et al., 2009; Western et al., 2015).

It must be emphasized that this study does not in any way attempt to characterize the
exact relationship between the body surface lead II QT interval and the local intracardiac
APD. Such a comparison would require multiple global recording sites together with
highly complex computation in relation to measurements of cardiac/torso geometry and
has been the subject of extensive study. In the present studies we show a good
correspondence between changes in local single site and multiple site recordings of
endocardial APD measured as ARI, and changes in the QT interval in lead II of the body
surface ECG in patients with normal ventricles. A number of factors might modify our
results. Factors which increase the contribution of ventricular activation time to the QT
interval or alter the sequence of activation might be expected to reduce the degree of
correspondence with APD that we observe. Conversely factors which increase the
contribution of APD to the QT interval might be expected to increase it. The presence of
pathology and increased electrophysiological inhomogeneity might similarly be expected

to reduce the degree of correspondence between QT and endocardial APD.

Our results may be particularly pertinent to beat-to-beat QT interval variability in the

body surface ECG (QTV). Enhanced QTV is strongly associated with increased

arrhythmia risk and has been advocated for ICD risk stratification (Baumert et al., 2016).
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At a constant heart rate QTV is generally considered to comprise beat-to-beat variation
in ventricular activation and APD (Baumert et al., 2016). Investigation of underlying
mechanisms has usually focused on APD using monophasic action potentials in animal
models, ARIs in humans and transmembrane recordings in single cells and wedge
preparations (Thomsen et al., 2004; Nanasi et al., 2017; Porter et al., 2018b). Several
mechanisms have been identified which enhance beat-to-beat variability of APD
including spontaneous sarcoplasmic calcium release, stochastic behavior of ion channels
and stretch activated channels (Tanskanen et al., 2005; Johnson et al., 2013; Stams et al.,
2016). Our results demonstrating a good correspondence between changes in APD and
changes in QT interval help underpin the extrapolation of mechanistic research on APD

to clinical QT measurements.

In our study, whilst the temporal behavior of the body surface QT interval followed both
the LV ARI and RV ARI, the magnitude of beat-to-beat change was closer between the
QT interval and the LV ARI than the RV ARI. Following a pacing induced rate increase
it has been shown that LV ARI adapts more slowly than RV ARI (Bueno-Orovio et al.,
2012), and has been proposed as a potential pro-arrhythmic mechanism (Bueno-Orovio
et al., 2014). In our analysis, more marked adaption in magnitude was seen in the LV than
the RV. A combination of slower adaption and greater change in magnitude in the LV

over RV would lead to considerable heterogeneity under times of heart rate acceleration.

In dogs, higher beat-to-beat variability of ARI was demonstrated in the LV than the RV
(Wijers et al., 2018), with our results echoing this in humans. A proposed explanation is
the difference in distribution of repolarizing ion channels; in the RV there are more
transient outward (I,) and slow delayed rectifier (Ixs) potassium currents. This has

important implications in the use of beat-to-beat variability of ARI clinically as whilst
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increases in beat-to-beat variability of ARI have been seen prior to ventricular arrhythmia
in dogs (Wijers et al., 2018), it is possible that some site specificity may exist with regard
to beat-to-beat variability of ARI as a risk predictor. Longitudinal studies are needed to
assess the temporal behavior of ARI across recording locations and its relation to

ventricular arrhythmia in humans.

3.4.1 Clinical implications

Our study provides evidence that the temporal behavior of the ECG QT interval correlates
with the temporal behavior of local APD and supports extrapolation of mechanistic
insight derived from APD measurements to the clinical application of the QT interval.
Importantly, misadaptation of APD and repolarization to changing cycle length (such as
in premature beats) are well known to affect stability of the electrophysiology. Our results
support the clinical application of the temporal dynamics of the QT interval for assessing
cardiac electrophysiology as the temporal behavior of the QT interval correlates well with

that of local APD during a sudden change in cycle length.

3.4.2 Translational outlook

Numerous indices of repolarization from both the body surface ECG and intracardiac
electrograms have been demonstrated to be predictive of risk of ventricular arrhythmia.
None of these markers have been 100% sensitive. This is likely to be in part due to
discreet localized regional variation not detected on the global QT interval or the single
more localized electrogram. Pathologies resulting in localized injury may not have
repolarization abnormalities detected within the global or localized recording and may
require assessment of repolarization within or around the pathological tissue to improve

sensitivity. Furthermore, recent work has demonstrated the novel potential application of
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real time assessment of arrhythmic risk by continuous monitoring of repolarization from
implanted devices. Further exploration of inhomogeneity within the diseased heart is

needed to help determine the optimal recording site/s.

3.4.3 Limitations

Recordings were obtained using decapolar catheters on the endocardium of both the RV
and LV and whilst location was similar for all patients this is an approximation and the
precise anatomical position could vary. Furthermore, recordings were limited to 20
endocardial sites and whereas our results are interpreted as being representative of the

endocardium it is possible that other locations may have given different results.
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3.5 Conclusions

In patients with normal ventricles changes in APD (measured as ARI) at single or multiple
RV and LV endocardial sites correlated strongly with changes in QT interval in ECG lead
II. The correlation was strongest for all endocardial RV and LV sites combined,
intermediate for all RV and all LV sites and slightly less but significant for individual
sites. The magnitude of beat-to-beat change in QT interval was near equal with that of
LV APD (ARI) whilst RV APD demonstrated smaller changes. These results may be
important in integrating the clinical application of QT interval with mechanistic insight

based on APD electrophysiology.
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Chapter 4: Autonomic Modulation of
Beat-to-Beat Variability of Ventricular
Action Potential Duration in patients

with heart failure
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This section has been adapted from Autonomic modulation in patients with heart failure
increases beat-to-beat variability of ventricular action potential duration (Porter et al.,

2017).

4.1 Introduction

Exaggerated beat-to-beat variability of repolarization is strongly associated with pro-
arrhythmia and is modulated by sympathetic activity (Shen and Zipes, 2014; Baumert et
al., 2016). Beat-to-beat variability of repolarization is an intrinsic property of cardiac
myocytes and can be observed at all levels from the ventricular action potential in the
single cardiac cell to the QT interval in the ECG (Tereshchenko et al., 2010; Heijman et
al., 2013; Zaniboni et al., 2017). A growing body of experimental and computational work
is providing insight into the potential mechanisms underlying beat-to-beat variability of
repolarization and the modulatory role of sympathetic stimulation at the level of the
ventricular APD (Heijman et al., 2013; Johnson et al., 2013; Pueyo et al., 2016a, 2016b).
However, information on ventricular APD behaviour in humans at present relies largely
on QT interval measurements from the body surface ECG (Piccirillo et al., 2001;
Piccirillo et al., 2006; Malik, 2008; Porta et al., 2011). While QT measurements have
provided a great deal of valuable information, direct extrapolation to APD is not possible
from these global recordings. Furthermore, such measurements are usually made with
uncontrolled cycle length which complicates interpretation in view of the strong cycle

length dependence of APD (Boyett and Jewell, 1978).

In this chapter we explore the impact of an autonomic stimulus on the beat-to-beat

variability of left ventricular APD in patients with heart failure and CRT. Studies were
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performed during controlled cycle length through right ventricular pacing, and both with

and without beta-adrenergic blockade.
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4.2 Methods

4.2.1 Ethical Approval

The study was approved by the West London Ethics Committee and conformed to the
standards set by the Declaration of Helsinki (latest revision: 64th WMA General

Assembly). Informed consent was obtained in writing from all subjects.

4.2.2 Subjects

Studies were performed in 11 ambulatory heart failure patients (all male, age 58—76) who
were recipients of a CRT-D device (Quadra Assura MP™ CRT-D, St. Jude Medical).

Patient characteristics are shown in Table 4-1.
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Table 4-1. Patient characteristics.

ICM, Ischaemic cardiomyopathy; NICM, Non-ischaemic cardiomyopathy.

Subject gfgefirs) Gender Aetiology lg?;gA i]?:ccttil(?: Bisoprolol dose
(%)

1 75 M ICM 1 34 10mg

2 75 M ICM 2 33 10mg

3 58 M NICM 2 44 nil

4 64 M ICM 3 19 3.75mg

5 61 M ICM 2 22 7.5mg

6 64 M NICM 2 41 Smg

7 69 M ICM 2 40 Smg

8 65 M NICM 3 35 1.25mg

9 76 M NICM 1 63 nil

10 71 M NICM 2 42 7.5mg

11 70 M ICM 2 15 nil

Range 58-76 1-3 15-63

Mean+SD | 68 +6 35+13

4.2.3 Physiological Recordings

Heart rate was fixed by constant RV pacing using their implanted CRT device. The rate
was chosen as the minimum rate required to maintain continuous capture at a fixed cycle
length. A minimum adaptation period of 10 min took place prior to any recordings. The
cycle length remained constant throughout the entire study and the same cycle length was
chosen when studies were repeated on beta-blockade. The LV epicardial lead was used
to record unipolar electrograms, sampled at 512 Hz (Figure 4-1). The pacing programmer
used to alter the pacing settings in this study allowed storage of five separate recordings

of 30s duration.
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'RV pacing electrode

Figure 4-1. Exporting left ventricular unipolar electrograms
Biventricular pacing device (CRT) programmed to pace from the right ventricular lead

(solid line) and record a local electrogram from the left ventricular lead (dashed line).

Arterial blood pressure was measured non-invasively using a finger cuff (Finometer pro,
Finapres Medical Systems B.V., Amsterdam, The Netherlands). The signals were
digitized by the MP150 System using AcqKnowledge software (Goleta, CA) and sampled

at 1 kHz.

In addition, sympathetic nerve activity (SNA) recordings were made using a novel
method from a pair of bipolar skin electrodes in the Lead II position as by Doytchinova
et al. (Jiang et al., 2015; Doytchinova et al., 2017) . In this method the typical low-pass

filters applied during the recording of the body surface ECG are removed and the raw
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unfiltered signals are obtained. This allows application of separate filters at the analysis
stage to remove the ECG signal and reduce signal noise as described later. The signals
were digitized by the MP150 System using AcqKnowledge software (Goleta, CA) and

sampled at 10 kHz.

4.2.4 Protocol 1

Recordings were made with the subject seated upright. Physiological recordings were
made simultaneously using multiple recording channels. Beta-adrenergic blocking agents
(bisoprolol) were discontinued for 5 days prior to the study, which was sufficient wash-

out time for all drugs in this population (see Table 4-1 for patient-specific dosage).

Subjects were asked to perform the Valsalva maneuver (forced expiration against a fixed
resistance (Doytchinova et al., 2017)) for 10 s. Physiological recordings were made
continuously before, during and after the procedure. Following a 10 min recovery period

a second Valsalva maneuver was performed and recordings were made as per the first.

4.2.5 Protocol 2

Eight subjects returned to repeat the same protocol as above but without discontinuing
their beta-blockers (Bisoprolol in all 8). Three patients could not be included as beta-

blockers were not part of their regular medication.

4.2.6 Analysis of Data

ARI Analysis
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Each 30s output from the CRT device was digitized and truncated to form one long data
sequence of ~150 s in length. Any possible overlap between successive 30s sequences
was found by searching for matching traces at the start/end of successive traces and was
removed. Raw, digitized unipolar electrogram traces were then lowpass filtered at 80 Hz
which removed high-frequency noise but maintained the sharp activation gradients
required to identify activation times. Figure 4-2 shows the fidelity of the unipolar
electrogram traces, showing both the raw trace (top) and the filtered trace (bottom).
Figure 4-3A shows an example of the digitized unipolar electrogram trace during a 20 s

period of rest showing multiple beats.

J * * x
x

Figure 4-2: Fidelity of the unipolar electrogram traces

Unipolar electrograms recorded from the left ventricular lead demonstrating the good
quality of the signals. Both the raw trace (top) and filtered trace (bottom) is shown
demonstrating the lack of any significant distortion of the signal by filtering. The moment

of local activation (star) and of local repolarization (square) are shown.
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Figure 4-3. Calculation of beat-to-beat variability

A: Example of the digitized electrogram trace during a 20 second period of rest. B:
Computed activation-recovery interval (ARI) values for the same electrogram trace. C:
Magnitude of the beat-to-beat variation in ARIs during the example 20 second period of

rest. APD = action potential duration, STV = short-term variability
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Activation times (ATs) were defined as the point of maximum negative downslope of the
unipolar electrogram following the R-wave. Repolarization time (RT) was defined using
the Wyatt method as the point of maximum upslope of the T-wave (Wyatt et al., 1981;
Coronel et al., 2006; Potse et al., 2009; Hanson et al., 2014). ARIs for each (ith) beat were

then computed as.
ARl = RTi — ATi

Figure 4-2 shows the identification of the AT (star) and RT (square) for a single ARI.
Figure 4-3B shows the computed ARI values for the corresponding unipolar electrogram
trace in Figure 4-3A. The magnitude of the mean beat-to-beat change in ARI during
resting recordings was in line with previous studies (Hanson et al., 2014). Figure 4-3C
shows the corresponding magnitude of the beat-to-beat variation in ARIs during the

example 20 s period of rest.

To quantify the variation in ARIs between beats and examine how this may change during
sympathetic stimulation, short-term variability (STV) of ARIs was computed, as
previously defined (Johnson et al., 2013). Specifically, a 10-beat moving window was

defined throughout the recordings and STV at the beat ith computed as.

Y35 |ARI j41 — ARl |

STV, =
l n\/f
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where ARI; is the ARI of the ith beat and »n is the number of beats. A schematic

representation is shown in Figure 4-3C.

Blood Pressure Data

Raw BP signals were filtered using a lowpass filter of 40 Hz. Systolic peaks were then
located in the filtered BP traces. Systolic BP during the Valsalva was then computed by
visually identifying the different phases of the systolic BP signal as described by
Palamarchuk et al (Palamarchuk et al., 2016). Pressure recovery time (PRT) and systolic
overshoot from baseline were calculated allowing assessment of established indices of

sympathetic activity (Vogel et al., 2005).

A typical blood pressure response to the Valsalva maneuver is shown in Figure 4-4. The
subject exhales forcibly against a fixed resistance for 10 s which increases intrathoracic
and abdominal pressures thereby impeding venous return, reducing ventricular filling,
and reducing LV systolic pressure. An initial increase in blood pressure occurs mainly
due to the direct effect of increased intrathoracic pressure (Phase 1). This is followed by
a fall in blood pressure due to impeded venous return which reaches a plateau (early phase
II) or increases slightly due to reflex sympathetically mediated peripheral
vasoconstriction and increased inotropic state of the myocardium (late phase II).
Following release of the forced expiration intrathoracic pressure returns to normal and
refilling of the pulmonary vascular bed results in a further transient fall in blood pressure
(Phase III). As venous return and ventricular filling are restored blood pressure rises and

may overshoot due to persisting increased sympathetic tone (Phase IV).
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Figure 4-4. Typical blood pressure response to the Valsalva maneuver
A: Typical blood pressure response during a Valsalva maneuver. B: Systolic blood
pressure trace demonstrating phases of the Valsalva, blood pressure drop between phase

1 and 11, pressure recovery time (PRT) and phase IV systolic overshoot.

Sympathetic Nerve Activity

Raw SNA signals were bandpass filtered between 500 and 1,000 Hz as in Doytchinova
et al. (Doytchinova et al., 2017), to remove noise from muscle nerve activity and hence
improve signal to noise ratio. In contrast to Doytchinova et al. (Doytchinova et al., 2017),
patients in this study were paced from the CRT devices. Consequently, much larger
pacing artifacts were present in the SNA which were only attenuated (and not fully
removed) by the bandpass filtering. More aggressive filtering in the lower range was seen

to significantly lower the SNA trace itself, increasing signal-to-noise. Thus, in the cases
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where residual ECG signal was still present in the signals after filtering, the numerical
contribution of the ECG was estimated and removed from the computations involving
SNA values. Specifically, this involved not including SNA data within £20 ms of the

pacing spikes.

Changes in SNA during sympathetic stimulation were quantified as in Doytchinova et al.
(Doytchinova et al., 2017) by computing average values of (filtered) SNA signals
occurring within a given temporal window (SNAav). Here, SNAav values were computed

over a 20 s window during the Valsalva and during a corresponding 20 s period of rest.

Statistical Analysis

For all subjects mean values of Systolic BP, SNA, and STV were averaged across both
Valsalva maneuvers. Change following stimulus and comparison between off and on
beta-blocker was assessed using two-tailed, paired, 7-tests. Results were considered

significant at P < 0.05.
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4.3 Results

In the absence of beta-blockade mean baseline systolic blood pressure prior to the
Valsalva was 129.6 + 19.2 mmHg. Mean systolic blood pressures during each phase of
the Valsalva were: Phase I = 152.3 + 23.3 mmHg, Early Phase II = 92.7 + 25.9 mmHg,
Late Phase II = 97.5 +25.7 mmHg, Phase III = 65.9 = 17.3 mmHg, Phase IV 142.8 +£23.5
mmHg. Analysis of indices of sympathetic function demonstrated a mean overshoot in

phase IV from baseline of 13.2 + 11.1 mmHg and mean PRT of 5.26 + 4.08 s.

Without beta-blockade all 11 participants demonstrated an increase in mean STV of ARI
following the Valsalva. Mean STV increased from 4 + 1.22 ms at rest to 5.25+ 0.9 ms (p
< 0.01). Mean SNA increased from a resting value of 2.3 £ 1-3.7 £ 1.7 uV (p < 0.01).
Individual blood pressure responses and changes in STV of ARI are presented in Table

4-2.
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Table 4-2. Individual systolic blood pressure responses and changes in short-term

variability (STV) of activation-recovery intervals.
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1 OFF 114.7 144.8 78.1 85.3 74 128.2 66.7 6.8 13.5 2.99 2.86 6.41
1 ON 130.5 164.4 102.7 101.3 71 135.1 61.7 0 4.6 8.485 4.27 4.89
2 OFF 155.1 181.2 129.1 136 59.3 159.4 52.1 6.9 4.3 5.07 1.58 4.79
2 ON 126.2 139.6 111.7 113.7 78.5 124.5 279 2 0 4.895 2.69 4.14
3 OFF 158.4 186.4 125.8 125.1 83.3 175 60.6 0 16.6 2.79 4.04 4.66
4 OFF 137.5 153.3 117.4 120.5 84.5 145.5 359 3.1 8 2.715 3.48 3.82
4 ON 112 122.2 101.2 101.5 84.5 120.5 21 03 8.5 3.48 2.8 3.84
5 OFF 125.3 132 90.3 103.2 79.1 142.4 41.7 12.9 17.1 2.32 4.5 4.51
5 ON 125.5 131.6 65.2 66.4 48.8 115.9 66.4 1.2 0 6.56 4.7 4.15
6 OFF 132.5 175.1 88.6 88.5 54.5 167 86.5 0 345 3.585 4.13 5.97
6 ON 126.3 150.2 75 86.5 67.5 134.5 75.2 11.5 8.2 6.2 4.84 6.01
7 OFF 103.8 123 72 73 44.6 108.1 51 1 4.3 245 4.84 5.55
7 ON 96.5 128 97.6 97.3 51.7 103.6 304 0 7.1 543 4.49 3.76
8 OFF 126 147.5 75.2 87.1 67.5 133.5 72.3 11.9 7.5 6.735 5.62 6.7
8 ON 145.4 174.6 81.2 81.5 61.6 149 93.4 03 3.6 7.53 6.05 6.27
9 OFF 100.7 114 424 454 30.5 100.5 71.6 3 0 13.31 5.23 5.42
10 OFF 148.2 156.9 106.2 110.2 80.4 156.4 50.7 4 8.2 12.86 2.83 4.39
10 ON 166.4 188.9 116.4 119.6 90.6 161.5 72.5 3.2 0 11.835 | 3.39 3.87
11 OFF 123.5 161.5 94.1 98.3 67.5 154.9 67.4 4.2 314 3.045 4.95 5.53

A sub-group of eight participants additionally undertook repeated studies during
established beta-blockade (Bisoprolol in all 8). Direct comparison of phases of the blood

pressure response and indices of beta-adrenergic function are shown in Table 4-3.
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Table 4-3. Off and on bisoprolol comparison showing mean systolic blood pressure
by phases of the Valsalva, indices of beta-adrenergic function, and changes in short-

term variability (STV) of activation-recovery intervals.

OFF ON P value
beta-blocker beta-blocker

Baseline (mmHg) 130.4 £16.8 128.6 £20.8 0.8
Max phase I (mmHg) 151.7 £19.7 149.9 £24 0.86
Early phase II (mmHg) 94.6 £20.9 93.9£18.2 0.92
Late phase I (mmHg) 100.5 £20 96 £17.3 0.56
Phase III (mmHg) 68 £14.1 19 +£15 0.82
Phase IV (mmHg) 142.6 +£19.1 130.6 £18.6 0.13
Systolic drop (mmHg) 57.1£16.8 56.1 £26.3 0.89
Rise during Phase II (mmHg) 5.8+4.7 23439 0.22
Overshoot from baseline (mmHg) 12.2 £10 4+3.7 0.05
PRT (seconds) 4.84 £3.58 6.8 £2.55 0.04
Increase in STV (ms) 1.54 +1.29 0.46 +0.78 0.02

Both beta-adrenergic measures of the Valsalva (systolic overshoot in Phase IV and PRT)
demonstrated a statistically significant difference off compared to on bisoprolol (p =0.05
and 0.04 respectively) (Figure 4-5). This is in keeping with a reduced beta-adrenergic
response to the Valsalva when beta-blocked. In the absence of beta-blockade mean STV
following the Valsalva increased from 3.73 £+ 1.3 ms at rest to 5.27 + 1.04 ms (p = 0.01).
When repeated on established bisoprolol mean STV of ARI demonstrated a smaller
magnitude of increase from 4.15 = 1.14 ms at rest to 4.62 = 1 ms (p = 0.14) following the
Valsalva, which is also noted to be statistically non-significant. Figure 4-6 demonstrates

changes in STV of ARI off and on bisoprolol. Mean rest SNA off beta-blockers was 2.4
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+ 1 uV which increased to 4.4 = 1.9 uV (p = 0.04). When repeated on bisoprolol mean

rest SNA was 1.9 £ 0.8 uV and increased to 2.6 = 0.8 uV (p = 0.05).
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Figure 4-5: Beta-adrenergic measures of the Valsalva off and on beta-blockade
Pressure recovery time (PRT), phase 1V systolic overshoot and systolic drop from Phase

1 to Il off vs. on bisoprolol (BB). Error bars represent + 1 standard error of the mean.
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Figure 4-6. Effect of beta-blockade on Valsalva induced increase in beat-to-beat
variability of APD
Mean short-term variability (STV) of activation-recovery intervals at rest and following

Valsalva, off and on bisoprolol. Error bars represent = 1 standard error of the mean.

Any relative reductions in the magnitude of the changes when on (compared to when off)
beta-blockers were specifically analyzed by performing a direct pair-wise comparison of
changes from rest during the Valsalva. Following the Valsalva a significantly greater
increase in STV of ARI was seen when off beta-blockade (1.54 £+ 1.29 ms) compared to
when on bisoprolol (0.46 = 0.78 ms) (p = 0.02). Although the observed increases in SNA
were higher whilst off beta-blocker (2 + 1.1 uV) compared to on bisoprolol (0.7 £ 0.4 uV)
this was not statistically significant (p = 0.07). Figure 4-7 demonstrates corresponding

changes in STV of ARI, and SNA.
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Figure 4-7. Example of corresponding increases in beat-to-beat variability of
ventricular action potential duration and sympathetic nerve activity

SNA = sympathetic nerve activity, stimulus onset = start of Valsalva.
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4.4 Discussion

The studies in this chapter employed a novel methodology whereby ventricular APD was
measured directly from the epicardium (as ARIs) in ambulatory patients with heart failure
during an autonomic challenge induced by the Valsalva maneuver. The main findings
were (1) The Valsalva was associated with an increase in beat-to-beat variability of APD;
(2) The haemodynamic indices were consistent with increased sympathetic activity as is
characteristic of the Valsalva; (3) The Valsalva increased SNA in skin recordings in
keeping with a recent validation study (Doytchinova et al., 2017); (4) Beta-blockade with

bisoprolol reduced but did not eliminate the increase in beat-to-beat variability of APD.

The Valsalva maneuver is an established method of increasing sympathetic activity
whereby forced expiration impedes venous return resulting in a reduction in ventricular
pressure and volume, and a baroreflex increase in sympathetic activity (Booth etal., 1962;
Korner et al., 1976; Smith et al., 1987). Sympathetic activity has been shown to be greatly
enhanced during the strain phase of the Valsalva maneuver in healthy control subjects in
studies using microneurographical recordings of muscle sympathetic nerve discharges
(Schrezenmaier et al., 2007). Indices of baroreflex sensitivity have been established to
separately evaluate the vagal and adrenergic components (Vogel et al., 2005;
Schrezenmaier et al., 2007). Patients with severe heart failure may show an altered BP
response to the Valsalva with no fall in blood pressure during the strain phase resulting
in a “square wave” blood pressure response (Felker et al., 2006). None of our patients
exhibited this behaviour, all showing a substantial blood pressure drop in phase II (57.1

+ 16.8 mmHg. Mean + SD).
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Recent studies have shown that high frequency recordings from skin electrodes reflect
stellate ganglion sympathetic nerve activity. These results have been demonstrated in
animal models and humans (Jiang et al., 2015; Doytchinova et al., 2017), and have shown
that episodes of ventricular tachycardia were preceded by increased skin sympathetic
nerve activity within 30s of onset. Recent studies from Doytchinova et al. (Doytchinova
et al., 2017) demonstrated an increased skin SNA response to the Valsalva. Whilst further
studies are required to elucidate the underlying physiology and utility of skin sympathetic

efferent nerve recordings, our results are nevertheless in line with theirs.

To the best of our knowledge this is the first study to demonstrate that beat-to-beat
variability of APD is increased during enhanced sympathetic stimulation in humans, and
in particular in humans with heart failure. This is important in view of the known
association between increased beat-to-beat variability of repolarization and ventricular
arrhythmia and the adverse effects of sympathetic stimulation (Shen and Zipes, 2014;
Baumert et al., 2016). Several studies have examined QT interval variability (QTV) in
patients with heart failure. Patients with heart failure have a higher QTV compared to age
matched controls (Piccirillo et al., 2013). Heart failure patients show a marked circadian
variation with an increase in QTV during the daytime (Dobson et al., 2009). Enhanced
sympathetic activity by tilt table testing in heart failure patients is associated with an
increased QTV although the increase may be impaired in comparison to normal subjects
(Desai et al., 2004; Piccirillo et al., 2006). Heart failure patients with a history of
ventricular tachycardia (VT) show higher baseline values of QTV compared to those
without VT and compared to normal subjects (Nayyar et al., 2013). In the latter study
Isoprenaline increased QTV in normal subjects but not in the heart failure-VT group,
highlighting the limited autonomic modulation of QTV in heart failure patients (Nayyar

et al., 2013).
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Beta blockade has shown mixed effects on QTV. For example, no effect at rest (Piccirillo
etal.,2001; Nayyar et al., 2013); a reduction during atrial pacing in normal subjects (Mine
et al., 2008); no effect on head up tilt increase in QTV in heart failure patients (Nayyar et
al., 2013); and reduction of QTV increase during anger recall in post MI patients (Magri
et al., 2012). Circadian variation of QTV is abolished by beta blockade (Furukawa et al.,

2006).

The eight patients who were studied on a second occasion whilst on their bisoprolol
showed a lessened increase in beat-to-beat variability of APD during sympathetic
stimulation compared to when their bisoprolol had been discontinued, although still
showing an increase. This could be due to incomplete beta-blockade or to the contribution
of an additional mechanism. Such a possibility is mechano-electric feedback in response
to the large pressure volume changes during the Valsalva. The effect of mechanical
perturbation on APD is complex depending on multiple variables including the type of
preparation, the type of stretch e.g., isotonic vs. isometric, and the timing of the stretch in
relation to the timing of action potential repolarization. Cellular mechanisms involve
stretch activated channels and calcium cycling (Kohl, 1998; Quinn and Kohl, 2016).
Future studies might address the possibility of a role of mechano-electric feedback in

beat-to-beat variability of APD.

Heart rate variability is a major component of QTV. Both APD and the QT interval are
strongly cycle length dependent (Boyett and Jewell, 1978; Zaza et al., 1991). Rapid and
slow processes are involved with hysteresis effects all of which vary between individuals.
Since the majority of QTV studies are conducted in the presence of uncontrolled cycle

length, separating rate driven QTV from actual fluctuations in QT interval is technically
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challenging. Cycle length control by pacing as employed in the present studies avoids

these difficulties and removes the component of QTV due to heart rate variability.

A number of factors influence beat-to-beat variability of repolarization at the cellular
level including ion channel stochasticity, APD, restitution properties and calcium
handling (Zaniboni et al., 2000; Heijman et al., 2013; Johnson et al., 2013; Baumert et
al., 2016; Pueyo et al., 2016a). Furthermore, electrophysiological remodeling during heart
failure is known to influence a wide range of electrophysiological processes and the
molecular mechanisms remain somewhat controversial despite extensive investigation
(Nattel et al., 2007; Cho et al., 2012; Kirk and Kass, 2013). At present it is unclear to
what extent these factors may interact and be contributory to beat-to-beat variability of
repolarization at the whole heart level, and how it is governed by autonomic stimulus,
where electrophysiological changes in individual cells may have a limited effect due to
electrotonic coupling in the syncytium. Here, we have shown that sympathetic stimulation
directly changes ventricular APDs at the whole heart (coupled tissue) level in the context
of heart failure. Additional measurements in future studies of ARI changes in different
locations, perhaps with measurements of local strain patterns, as well as changes in
conduction velocity may help to further elucidate the driving electrophysiological

mechanism at the cellular level.

4.4.1 Limitations

A limitation of recording from the CRT device is that it is only possible to record from
one epicardial electrode while pacing from the RV electrode. Consequently, our
observations are confined to a single LV site. In view of the well-known regional

variation of electrophysiological properties throughout the ventricular myocardium it is
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possible that other regions may have responded differently. An unavoidable phenomenon
of pacing studies is the latency period between the stimulus from the pacing lead and
myocardial capture. As a result, there is a potential for variability in the cycle length.
Analysis of successive activation times demonstrated a maximum variation in heart rate
of £0.3 BPM which was consistent between protocols. This would not be expected to

significantly influence our results.

The SNA recordings use skin electrodes as per Doytchinova et al. (Doytchinova et al.,
2017). These recordings might simultaneously detect both skin and muscle sympathetic
nerve activities. In contrast, microneurography can selectively record from muscle and
skin sympathetic nerves. Further studies incorporating both microneurography and SNA

recordings are needed.

An additional unavoidable limitation was the inability to study a control population of
normal subjects on account of the necessary requirement of an implanted biventricular
pacing device. This would have been of interest on account of the known attenuation of
sympathetic responses in heart failure patients. Our study findings are therefore only
applicable to patients with heart failure. Finally, this study only involved the use of
bisoprolol for beta-blockade. Future investigations may involve assessing how the
findings from our study related to other forms of beta-blockade and the dose-response

relationship in a larger clinical trial.
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4.5 Conclusions

In patients with heart failure (New York Heart Association (NYHA) class I-I11) beat-to-
beat variability of ventricular APD was increased during an autonomic challenge
associated with increased sympathetic activity. These results accord with observations on
ECG QT variability and provides insight on mechanisms of known importance in the

genesis of serious and fatal ventricular arrhythmias.
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Chapter S: Beat-to-beat variability of
ventricular action potential duration
oscillates at low frequency during

sympathetic provocation in humans
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This section has been adapted from Beat-to-beat variability of ventricular action potential

duration oscillates at low frequency during sympathetic provocation in humans (Porter

et al., 2018b)

5.1 Introduction

Factors which modulate or destabilize ventricular repolarization are of fundamental
importance in arrhythmogenesis. Spontaneous beat-to-beat fluctuation in repolarization
is an inherent property of ventricular myocardium (Baumert et al., 2016). Beat-to-beat
variability of repolarization although influenced by cycle length (Boyett and Jewell,
1978) is largely due to variation in APD (Zaniboni et al., 2000) and usually measured in
humans as QT interval variability (Tereshchenko et al., 2009; Hinterseer et al., 2010).
Enhanced beat-to-beat variability has been shown to be associated with arrhythmia in a
range of animal models (Thomsen et al., 2004; Gallacher et al., 2007; Abi-Gerges et al.,
2010; Jacobson et al., 2011) and humans (Atiga et al., 1998; Haigney et al., 2004;
Tereshchenko et al., 2009; Hinterseer et al., 2010; Sredniawa et al., 2012) and has been
proposed as an adjunct to clinical assessment for implantable cardioverter defibrillator

(ICD) implantation (Baumert et al., 2016).

Provocations which increase sympathetic activity have been shown to enhance beat-to-
beat variability of repolarization (Desai et al., 2004; Piccirillo et al., 2006; Johnson et al.,
2013; Porter et al., 2017). In neural signals information is coded simultaneously using
two different modalities, i.e. amplitude strength or “tonic activity” and the discharge
pattern, i.e. oscillation or phasic patterning (Gerstner et al., 2002; Coote, 2001; Montano

et al., 2009). Recently attention has been drawn to both the physiological and clinical
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importance of the phasic nature of sympathetic nerve activity in arrhythmogenesis (Rizas
et al., 2014, 2016, 2017). Sympathetic nerve activity is organized in a series of low
frequency bursts and it has been shown that low frequency rhythmic modulations of
repolarization can be identified from the T-wave vector in the ECG which are associated
with sympathetic activity (Rizas et al., 2014, 2016). When pronounced, these oscillations
have been shown to be one of the strongest predictors of ventricular arrhythmia and
sudden cardiac death in post myocardial infarction patients (Rizas et al., 2017). These
oscillations are considered to reflect oscillations of ventricular APD. We have identified
oscillations of ventricular APD in the low frequency range in humans under conditions
of enhanced sympathetic activity (Hanson et al., 2014); under conditions of calcium load
and reduced potassium currents common in pathological hearts, such oscillations may be
arrhythmogenic by the generation of afterdepolarizations (Pueyo et al.,, 2016a). In
addition, increased beat-to-beat variability may further contribute to destabilization of

repolarization that may facilitate re-entry arrhythmias.

In this chapter, we have examined the hypothesis that in heart failure patients an acute
sympathetic challenge may not only induce low frequency oscillatory behaviour of
ventricular APD but that by inducing low frequency oscillations there is a resultant
increase in the magnitude of APD variability. We hypothesised that these changes would
be accompanied by similar changes in the low frequency behaviour of arterial blood

pressure (Mayer waves (Julien, 20006)).
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5.2 Methods

5.2.1 Ethical Approval

The study was approved by the West London Ethics Committee and conformed to the
standards set by the Declaration of Helsinki (latest revision: 64" WMA General

Assembly). Informed consent was obtained in writing from all subjects.

5.2.2 Subjects

Studies were performed in 11 ambulatory heart failure patients (all male, age 58-76) who
were recipients of a CRT-D device (Quadra Assura MP™ CRT-D, St. Jude Medical).
Patient characteristics are shown in Table 5-1. Exclusion criteria were inherited

channelopathies, hypertrophic cardiomyopathy and use of Class I or III antiarrhythmics.

Table 5-1. Patient characteristics.

NYHA = New York Heart Association

Characteristics

Ischaemic cardiomyopathy, n (%) 6 (54.5)
Ejection fraction + SD, % 353+134
NYHA class 1, n (%) 2 (18.2)
NYHA class 2, n (%) 7 (63.6)
NYHA class 3, n (%) 2 (18.2)
Diabetes mellitus, n (%) 2 (18.2)
Atrial fibrillation, n (%) 2 (18.2)
Beta-blockade, n (%) 8 (72.7)
ACE inhibitor, n (%) 9 (81.8)
Aldosterone antagonist, n (%) 7 (63.6)
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5.2.3 Physiological recordings

The implanted CRT-D device was used to record unipolar electrograms from the LV
epicardial lead, sampled at 512Hz (Figure 5-1) (Hanson et al., 2014; Chen et al., 2016).
The devices used in this study allowed storage of five separate recordings of unipolar
electrograms at 30 seconds duration. Synchronised simultaneous recordings of arterial
blood pressure were made non-invasively using a finger cuff (Finometer pro, Finapres
Medical Systems B.V., Amsterdam, The Netherlands) (Imholz et al., 1988). The signals
were digitized by the MP150 System using AcqKnowledge software (Goleta, CA) and
sampled at 1kHz. Simultaneous breathing activity was recorded using a respiration
transducer and respiration pneumogram amplifier (TSD201 and RSP100C, Biopac
Systems Inc, Goleta, CA). The respiration signal was used to confirm the end of the
Valsalva and the absence of low frequency respiration which if present could potentially

generate low frequency oscillation in ARI (Hanson et al., 2012).
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Figure 5-1. Example unipolar electrogram recorded from the left ventricular lead and
the computed ARI values for the same electrogram trace.
Identification of the activation time (circle), repolarization time (square) and resultant

activation-recovery interval (ARI) for each complex.
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5.2.4 Protocol

Following recruitment to the study, beta-adrenergic blocking agents (bisoprolol) were
discontinued for 5 days prior to the start of the protocol to allow for a sufficient wash-out
period (Leopold et al., 1986). Whilst seated upright the following stages took place:
1. Fixed cycle length was achieved through RV pacing using their implanted CRT-
D device. RV pacing was chosen over atrial pacing to account for a high
prevalence of AF within our heart failure population and therefore standardize
protocols between patients (Bueno-Orovio et al., 2014). The rate was chosen as
the minimum rate required to maintain continuous capture at a fixed cycle length.
A minimum adaptation period of 10 minutes took place prior to any recordings
(Franz et al., 1988).
2. With the patient at rest, recordings of unipolar electrogram, blood pressure and
respiration took place. Unipolar electrogram data was then extracted from the
device programmer to allow further recordings in step 3.
3. Subjects were asked to perform the Valsalva maneuver (forced expiration against
a fixed resistance (Doytchinova et al., 2017)) for 10 seconds. The maneuver was
conducted approximately 35 seconds into the second batch of unipolar
electrogram recordings. Blood pressure and respiration recordings were made

continuously before, during and after the procedure.

The Valsalva maneuver is an established method of increasing sympathetic activity
whereby forced expiration impedes venous return resulting in a reduction in ventricular
pressure and volume, and a baroreflex increase in sympathetic activity (Booth etal., 1962;
Korner et al., 1976; Smith et al., 1987). Sympathetic activity has been shown to be greatly
enhanced during the strain phase of the Valsalva maneuver in healthy control subjects in

studies using microneurographical recordings of muscle sympathetic nerve discharges
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(Schrezenmaier et al., 2007). Indices of baroreflex sensitivity have been established to
separately evaluate the vagal and adrenergic components (Vogel et al., 2005;

Schrezenmaier et al., 2007).

5.2.5 Analysis of data

Raw data

Raw digital unipolar electrogram traces were analysed off-line using custom built
MATLAB software (MathWorks Inc, Natick, Mass) as described previously (Chen et al.,
2013, 2016). Each 30 second output from the CRT-D device was truncated to form one
long data sequence of approximately 150 seconds in length. Any possible overlap
between successive 30 second sequences was found by searching for matching traces at
the start/end of successive traces and was removed. ARIs were measured from the time
of minimum dV/dt of the electrogram QRS complex, representing local activation time
(AT), to the time of maximum dV/dt of the subsequent T-wave, representing local
repolarization time (RT) (Wyatt et al., 1981; Haws and Lux, 1990; Coronel et al., 2006;
Potse et al., 2009; Hanson et al., 2012, 2014). Blood pressure recordings were analysed
for systolic blood pressure (SBP) and the maximum rate of systolic pressure increase
(dP/dtmax) for each beat using a script written in MATLAB (MathWorks Inc, Natick,
Mass). Ectopic beats (0.6+£0.8% of beats across all recordings) were removed from

analysis together with the successive beat.

Beat-to-beat variability analysis

We have previously demonstrated a transient temporal increase in the short-term
variability of ARI immediately following the Valsalva using a 10-beat moving window
(Porter et al., 2017). Here our analysis focusses on longer time periods of recording to

allow for frequency domain analysis. As such the immediate 60 seconds following
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termination of the Valsalva was compared with the resting recordings taken prior to the
onset of the Valsalva. The respiration recordings were used to determine the timing of the

termination of the Valsalva.

Beat-to-beat variability of ARI was computed over the entire 60 second period as per
established QT wvariability measures (Baumert et al., 2016). The standard deviation of

ARI (SDARI) was computed as:

1
SDARI = NE(ARIn — ARl poan)?

the ARI variance normalised to the square mean ARI (nSDARI) was computed as:

SDARI*

nSDARI = >
ARImean

the standard deviation of SBP (SD-SBP) and dP/dtmax (SD-dP/dtmax), and the normalized
variability values of SBP (nSD-SBP) and dP/dtmax (nSD-dP/dtmax) were computed with
the same formula as for ARI. The same formula was applied to AT-AT intervals to assess

for any evidence of a change in conduction variability generated by the Valsalva.

Spectral analysis

Spectral analysis was performed over the same 60 second recordings used to compute
beat-to-beat variability measures. Before spectral analysis was performed, linear
interpolation was applied to fill in missing AT-AT interval, ARI or blood pressure values

(Malik, 1996). An auto-regressive model fitted to each AT-AT interval, ARI and blood
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pressure segment was computed using the Yule—Walker method. Following the
recommendation of Kay (Kay, 1999), model orders were tested in the range L/3 to L/2,
with L the number of beats. The optimal model order was chosen as that which minimized
Akaike’s Information Criterion (Akaike, 1974) and the residuals were required to pass
whiteness test. The low and high frequency variability in AT-AT interval, ARI, SBP and
dP/dtmax were then calculated by integrating the band power across the bandwidth 0.04—
0.15 Hz for low frequency and 0.15-0.4 Hz for high frequency. The normalized low
frequency and high frequency variability were also calculated by dividing the low
frequency and high frequency variability by the total power in the range above 0.04 Hz
(‘normalization power’), as recommended by Malik (Malik, 1996). Both markers
represent the power of the low frequency and high frequency component relative to the
total power of the spectrum. As sympathetic activity is organised in a series of low
frequency bursts, the low frequency and normalised low frequency are used to expose
changes in sympathetic activity. Figure 5-2 shows the construction of the low frequency
and high frequency band in the spectrum and the corresponding changes in low frequency

and high frequency power in the ARI series of one patient following Valsalva.
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Figure 5-2. Power spectral analysis of low-frequency (0.04-0.15Hz7) and high-
frequency (0.15-0.4Hz) variability.

This example shows a clear increase of low frequency variability of ARI in one patient
following the Valsalva. PSD = Power spectrum density, Prr = low frequency power, Prr

= high frequency power.

5.2.6 Statistical Analysis

Results are presented as mean+standard deviation for normally distributed variables and
as median and interquartile range (IQR) for nonnormally distributed variables.
Continuous variables were compared using the Wilcoxon signed-rank test or Mann-
Whitney U test for related or independent observations, respectively. Correlation between
variables was expressed using the Spearman correlation coefficient (rs). A P value of

<0.05 was considered to be statistically significant for all tests.
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5.3 Results

All unipolar electrogram recordings and respiratory recordings were analysable. 3 blood
pressure recordings were inadequate to allow analysis throughout the entire 60 seconds
(2 during the resting period and 1 in the 60 seconds following termination of the
Valsalva). A total of 22 unipolar electrogram, 22 respiratory recordings, and 19 blood
pressure recordings were analysed. Throughout the protocol the pacing cycle length

remained constant for all patients. The mean pacing cycle length used was 703+80 ms.

5.3.1 Activation-recovery interval and blood pressure variability.

Mean ARI, SBP and dP/dtmax measurements during rest and following the Valsalva are
reported in Table 5-2. Mean SDARI increased significantly following the Valsalva
compared to the control period (p=0.019). Mean nSDARI also increased significantly
(»=0.032). Figure 5-3 shows individual values of SDARI and nSDARI during control
and following the Valsalva. As expected, mean ARI did not change between control and
following stimulus (p=0.147). There was no evidence of an increase in conduction
variability following the Valsalva as assessed by AT-AT interval variability: AT-AT
interval variability at rest (4.42+0.41 ms) and following the Valsalva (4.52+0.57 ms) was

similar (p=0.7).
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Table 5-2. Mean activation-recovery interval (ARI) and blood pressure
measurements at rest and following the Valsalva.
SD = Standard deviation, nSD = Normalised SD, SBP = Systolic blood pressure, dP/dtmax

= maximum rate of systolic pressure increase. Values are shown as means (£SD).

Control Post Valsalva P Value
Mean ARI, ms 245.95 (£32.94) 244.75 (£33.63) 0.147
SDARI, ms 4.57 (£1.23) 5.52 (+0.99) 0.019
nSDARI, nu 4.06x10* (£3.36x10™) | 5.59x107*(+2.82x10™) 0.032
Mean SBP, mmHg 113.42 (£19.13) 115.96 (£28.84) 0.426
SD-SBP, mmHg 4.99 (£2.80) 18.74 (+4.35) 0.004
nSD-SBP, nu 2.31x107 (i2.05x10'3) 3.74x10 (i3.05x10'2) 0.004
Mean dP/dt max, mmHg/s 959.11 (+471.54) 925.73 (£311.25) 0.652
SD-dP/dt max, mmHg/s 82.29 (+£54.86) 276.96 (£58.17) 0.004
nSD-dP/dt max, nu 8.47x1073 (i6.34x10'3) 11.3 x10? (i6.34x10'2) 0.004
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Figure 5-3. Individual beat-to-beat variability measures of activation-recovery
intervals (ARIs) at rest and following the Valsalva

SD = Standard deviation, nSD = Normalised SD

Mean SD-SBP increased following the Valsalva (p=0.004). Mean nSD-SBP also
significantly increased (p=0.004). Figure 5-4A shows individual values of SD-SBP and

nSD-SBP during control and following the Valsalva. Mean SD-dP/dtmax increased
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following the Valsalva (p=0.004). Mean nSDdP/dtmax also significantly increased
(p=0.004). Figure 5-4B shows individual values of SD-dP/dtmax and nSD-dP/dtmax during
control and following the Valsalva. As per the behaviour observed in mean ARI, there

was no change in mean SBP (p=0.426) nor mean dP/dtmax (p=0.652).
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Figure 5-4. Individual beat-to-beat variability measures of (A) systolic blood pressure
(SBP) and (B) the maximum rate of systolic pressure increase (dP/dtm..) at rest and
following the Valsalva.

SD = Standard deviation, nSD = Normalised SD

Evaluation of the heart rate response for assessment of individuals autonomic response to
the Valsalva was not possible due to the fixed paced cycle length. It has also been

documented that heart failure patients may show an altered blood pressure response to
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the Valsalva without a fall in blood pressure during the strain phase known as a ‘square
wave’ blood pressure response (Felker et al., 2006). None of our patients exhibited this
behaviour (including the 2 patients with NYHA 3 class heart failure), all showing a
substantial blood pressure drop in phase II of the Valsalva (Porter et al., 2017). To
determine the significance of this blood pressure drop on the beat-to-beat variability of
ARI in individual patients, a correlation analysis with the individual change from rest in
SDARI and nSDARI was performed. A SDARI and A nSDARI showed no correlation

with the degree of mechanical blood pressure drop (p=0.958 and p=0.689 respectively).

The behaviour of SDARI in patients with ischaemic cardiomyopathy (ICM) (n=6) vs.
non-ischaemic cardiomyopathy (NICM) (n=5) was similar. There was no observed
difference in resting SDARI (4.15+0.78 ms vs. 5.08+1.56 ms, p=0.537), nor SDARI post

Valsalva (5.41+£0.76 ms vs. 5.65+1.3 ms, p=0.537) between patients with ICM vs. NICM.

5.3.2 Frequency analysis

The respiratory frequency at rest (0.28+0.08 Hz) and following termination of the
Valsalva (0.26+£0.11 Hz) was similar (p=0.473). This excluded the possibility of low
frequency respiration producing associated low frequency changes in blood pressure and

ARI at rest and post Valsalva.

Mean spectral energy measurements of ARI, SBP and dP/dtmax during rest and following
the Valsalva are reported in Table 5-3. Mean LF power of ARI (LF-ARI) significantly
increased following the Valsalva (p=0.002). When normalised the mean LF power of ARI
continued to demonstrate a significant increase during the 60 seconds following the
Valsalva when compared to control (p=0.019). Figure 5-5 demonstrates the individual

values of LF and nLF power of ARI during control and following the Valsalva. The
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Valsalva did not produce significant increases in the LF power of AT-AT intervals (rest:
0.73+0.57 vs. post Valsalva: 2.76+4.57, p=0.365), nor in the normalised LF power of AT-

AT intervals (rest: 0.04%0.05 vs. post Valsalva: 0.13+0.2, p=0.365).

Table 5-3. Mean spectral analysis measurements of activation-recovery interval
(ARI), systolic blood pressure (SBP) and the maximum rate of systolic pressure
increase (dP/dtmax) at rest and following the Valsalva.

HF = high frequency power, nHF = normalized HF power, LF = low frequency power,

nLF = normalized LF power. Values are shown as means (£SD).

Control Post Valsalva P Value
HF-ARI, ms’ 10.61 (+6.52) 14.15 (+8.69) 0.007
nHF-ARI, nu 0.53 (£0.16) 0.51 (£0.2) 0.765
LF-ARI, ms? 2.65 (+1.7) 7.37 (£5.1) 0.002
nLF-ARI, nu 0.15 (£0.09) 0.28 (£0.19) 0.019
HF-SBP, mmHg’ 7.88 (+7.04) 36.73 (£27.17) 0.004
nHF-SBP, nu 0.46 (£0.19) 0.17 (£0.12) 0.004
LF-SBP, mmHg? 9.45 (+9.15) 244.11 (+175.83) 0.004
nLF-SBP, nu 0.49 (£0.17) 0.84 (£0.11) 0.004
HF-dP/dtmax, mranz/s2 2794.07 (£3354.78) 4403.17 (£2730.79) 0.129
nHF-dP/dtmax, nu 0.46 (£0.2) 0.15 (£0.1) 0.004
LF-dP/dtmax, mmHg?/s? 2174.1 (£2626.31) 31417.85 (£19097.79) 0.004
nLF-dP/dtmax, nu 0.41 (£0.18) 0.82 (£0.12) 0.004
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Figure 5-5. Effect of Valsalva on low frequency (LF) power and normalised LF (nLF)

power of activation-recovery intervals (ARIs) at rest and following the Valsalva

The Valsalva produced the same modulation of spectral energy measurements of blood
pressure with that seen in ARI. Mean LF and nLF power of SBP and dP/dtmax significantly
increased following the Valsalva (p=0.004). Figure 5-6A and 5-6B demonstrate the
individual values of LF and nLF power of SBP and dP/dtmax during control and following

the Valsalva.
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Figure 5-6. Effect of Valsalva on low frequency (LF) power and normalised LF (nLF)
power of (A) systolic blood pressure (SBP) and (B) the maximum rate of systolic

pressure increase (dP/dtma) at rest and following the Valsalva

The behaviour of LF-ARI in patients with ICM vs. NICM was similar. There was no
observed difference in resting LF-ARI (1.98+1.44 ms? vs. 3.47+1.77 ms?, p=0.247), nor
LF-ARI post Valsalva (6.98+5.48 ms? vs. 7.84+5.18 ms?, p=0.792) between patients with

ICM vs. NICM.

A very strong positive correlation was found between LF-SBP and LF-dP/dtmax (rs=.933,

n=19, p<0.001) (Figure 5-7). A positive correlation was also found between LF-ARI and
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LF-SBP (rs=.681,n=19, p=0.001) and between LF-ARI and LF-dP/dtmax (1= .623, n=19,

1=0.004).

There was a strong positive correlation between SDARI and LF-ARI (1= .679, n=22,
p<0.001) (Figure 5-8). Importantly there was no apparent association between the
haemodynamic response to the Valsalva (assessed by the blood pressure drop in phase II)
and the increases in the individual oscillatory behaviour of APD: A LF-ARI showed no

correlation with the degree of mechanical blood pressure drop (p=0.235).
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Figure 5-7. Scatterplot demonstrating the significant correlation between low
frequency (LF) power of systolic blood pressure (SBP) and the LF power of the

maximum rate of systolic pressure increase (dP/dtmax)
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5.4 Discussion

The work in this chapter has investigated the oscillatory behaviour of ventricular
repolarization in the low frequency range (0.04-0.15Hz) in response to a standard
autonomic challenge (Valsalva maneuver). ARIs as a conventional surrogate for APD
were recorded from the LV epicardial lead of an implanted biventricular pacing device
while pacing from the RV lead. The main findings were: (1) beat-to-beat variability of
APD (ARI) increased associated with an increase in beat-to-beat variability of systolic
blood pressure and dP/dtmax of systolic pressure, (2) the low frequency power of APD
increased also associated with an increase in the low frequency power of systolic blood
pressure and dP/dtmax, (3) the increase in beat-to-beat APD variability correlated with

increasing low frequency power of APD.

Sympathetic nerve activity is organized in bursts in a range of frequencies including the
so called low frequency range in the region of 0.04-0.15 Hz, i.e. approximately one every
10 seconds in humans (Pagani et al., 1986; Malliani et al., 1991; Pagani et al., 1997;
Furlan et al., 2000; Coote, 2001; Montano et al., 2009). Spectral analysis of blood
pressure usually reveals a low frequency component. Fluctuations in blood pressure at
this frequency (Mayer waves (Julien, 2006)) are generally attributed to the response of
peripheral vascular resistance to phasic sympathetic nerve input. Beat-to-beat variability
of heart rate also exhibits a low frequency component although the contribution of
sympathetic activity remains a subject of discussion. Recently attention has been drawn
to the presence of oscillations in the morphology of the T wave on the ECG in humans at
approximately the 0.1 Hz frequency which are enhanced by sympathetic provocation
(orthostatic challenge, exercise) and reduced by beta-adrenergic blockade (Rizas et al.,

2014, 2016). These T wave oscillations have been attributed to oscillations in ventricular
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repolarization in response to low frequency sympathetic nerve input and assumed to
reflect corresponding oscillations in ventricular APD. We have recently demonstrated the
presence of low frequency oscillations of ventricular APD in humans (Hanson et al.,
2014). In the present study we confirm the presence of these low frequency APD
oscillations and demonstrate an increase following a conventional sympathetic
provocation maneuver consistent with the findings of Rizas and colleagues on the ECG

T wave (Rizas et al., 2014, 2016).

Extrapolation from our findings on beat-to-beat variability of APD with cycle length
maintained constant to studies of QT variability is not straightforward. In physiological
conditions QT variability is substantially influenced by heart rate variability due to the
rapid and slow components of the cycle length dependence of APD (Franz et al., 1988;
Zazaetal., 1991; Cabasson et al., 2012). QT variability when cycle length is held constant
is considered to be due to both variation in APD and variation in activation pattern and
hence conduction time (Baumert et al., 2016). In our studies, the Valsalva did not induce
changes in the variability of conduction time nor in the low frequency oscillatory

behaviour of conduction.

Beat-to-beat variability of repolarization has been demonstrated in a range of
experimental models and humans (Zaniboni et al., 2000; Tereshchenko et al., 2010;
Hinterseer et al., 2010). Exaggerated beat-to-beat variability of repolarization is known
to be associated with arrhythmogenesis in animal models (Thomsen et al., 2004;
Gallacher et al., 2007; Abi-Gerges et al., 2010; Jacobson et al., 2011) and in humans
(Atiga et al., 1998; Haigney et al., 2004; Tereshchenko et al., 2009; Hinterseer et al.,
2010; Sredniawa et al., 2012) and increase in the normal beat-to-beat variability in the

timing of repolarization is associated with pro-arrhythmia (Baumert et al., 2016).
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Enhanced sympathetic activity has been shown to increase beat-to-beat variability of
repolarization in canine ventricular myocytes (Johnson et al., 2013), the QT interval
(Desai et al., 2004; Piccirillo et al., 2006) and recently of ventricular APD in humans
(Porter et al., 2017). A previous study in normal subjects using spectral analysis of QT
interval variability showed an increase in low frequency oscillation during both mental
stress and exercise. This was attributed to a combined effect of increased sympathetic
activity on RR interval variability and a direct effect on ventricular myocardium
(Negoescu et al., 1993). A subsequent study using atrial pacing at a constant rate to
eliminate RR interval variability confirmed that mental stress increased the low frequency
power of QT variability. These results suggested a direct rate independent effect of
enhanced sympathetic activity (Negoescu et al., 1997). The present study during constant
steady state pacing extends these observations to the level of the ventricular action
potential. We show that not only does a sympathetic challenge increase beat-to-beat
variability of APD but also imparts a low frequency oscillation such that the beat-to-beat

variability of APD waxes and wanes over a roughly 10 second cycle.

5.4.1 Mechanisms

Oscillations of ventricular repolarization in the low frequency range independent of RR
interval have been demonstrated in human endocardium (Hanson et al., 2014), body
surface ECG recordings of the T-wave vector (Rizas et al., 2014, 2016, 2017) and in in-
silico modelling studies (Pueyo et al., 2016a). These rhythmic fluctuations are increased
by enhanced sympathetic activity and reduced by beta-adrenergic blockade and occur in
the spectral range of oscillations characteristic of sympathetic nerve activity (0.04-0.15
Hz). Modelling studies of the dynamics of the ventricular APD (Pueyo et al., 2016a)
suggest that the phasic nature of amplification with sympathetic stimulation is related to

the different phosphorylation kinetics in response to beta-adrenergic stimulation of
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inward depolarizing calcium current (ICaL) and outward repolarizing potassium current
(IKs) (Liu et al., 2012; Xie et al., 2013; Ruzsnavszky et al., 2014). The oscillatory
behaviour was markedly enhanced by incorporating interaction with beta adrenergic
effects on myocardial stretch by calcium mechanisms and stretch activated channels, and
also by incorporating calcium overload and downregulation of potassium channels, both
of which are characteristic features of pathological hearts and remodelling and both
known to promote the development of after-depolarizations and arrhythmias (Weiss et

al., 2015).

Our study showing a correlation between the increase in low frequency patterning of APD
and the increase in beat-to-beat variability of APD suggests a possible interaction between
the underlying mechanisms. While a number of mechanism have been proposed as the
cellular basis for beat-to-beat variability of repolarization, it is likely that spontaneous
sarcoplasmic calcium release plays a fundamental role (Li et al., 2012; Kim et al., 2013;
Johnson et al., 2013; Baumert et al., 2016). Calcium release from the sarcoplasmic
reticulum varies on a beat-to-beat basis and in calcium overloaded cells may generate
beat-to-beat variability of APD (Johnson et al., 2013). The apparently random nature of
beat-to-beat variability favours a stochastic process, and stochastic variation in gating of
a wide range of ion channels has been shown to influence beat-to-beat variability
(Tanskanen et al., 2005; Johnson et al., 2013; Heijman et al., 2013). It is at present
uncertain to what extent these effects observed in isolated cells may be operative in the
whole heart due to electrotonic interaction between cells (Zaniboni et al., 2000; Baumert
et al., 2016). However, in pathological hearts where cell coupling is reduced and in the
presence of calcium overload and reduced repolarization reserve beat-to-beat variability
may be arrhythmogenic by inducing early or late after-depolarizations or initiating re-

entry. Modelling studies exploring the mechanisms of sympathetic enhancement of low
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frequency oscillation of APD showed an important contribution of accompanying
mechanical changes mediated by stretch activated channels (Pueyo et al., 2016a). Recent
work in a canine model of chronic atrioventricular block and reduced repolarization
reserve has shown that beat-to-beat variability in preload enhanced beat-to-beat
variability of repolarization and was proarrhythmic. This effect was blocked by
streptomycin therefore strongly suggesting a role of stretch activated channels in the

modulation of beat-to-beat variability of APD (Stams et al., 2016).

5.4.2 Clinical perspective

Risk stratification for the identification of patients at high risk of sudden cardiac death,
particularly post MI, remains a major challenge. In view of the multiple mechanisms
involved it is unlikely that a single test would prove sufficient and a combination of
clinical characteristics with a selection of stratification tools may be more appropriate
(Dagres and Hindricks, 2013). Oscillation of ventricular repolarization related to
sympathetic activity, referred to as periodic repolarization dynamics (PRD) has been
identified as a strong predictor of sudden cardiac death (Rizas et al., 2014, 2017) and is
currently involved in a randomized prospective multicentre trial in 17 centres in Germany
(Hamm et al,, 2017). However, the mechanisms underlying PRD remain poorly
understood. PRD provides incremental prognostic information to exercise induced T
wave alternans (TWA) and is capable of detecting patients not identified by TWA (Rizas
et al., 2014). The two may be complementary acting through different mechanism, PRD
probably relates to low frequency sympathetic activity and TWA to high frequency
oscillations related to calcium handling (Narayan et al., 2008). PRD may be obtained at
rest whereas TWA requires exercise or invasive procedures to induce a heart rate increase
to the region of 2 Hz. We have previously demonstrated the presence of oscillation of the

ventricular APD at the sympathetic nerve frequency in humans (Hanson et al., 2014) and
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modelling studies identified a cellular mechanism related to the phosphorylation kinetics
of ion channels (Pueyo et al., 2016a). The present study extends our knowledge on
mechanisms underlying the oscillatory behaviour of repolarization at the level of the
ventricular action potential oscillation in humans and a possible interaction with beat-to-
beat variability of APD, an important proarrhythmic mechanism. Further studies
investigating the oscillatory behaviour of electrophysiological properties at the intact
heart, tissue and cellular level may help refine its potential use in risk stratification as

well as pointing toward novel therapeutic modalities.

5.4.3 Limitations

An implanted biventricular pacing device was a basic requirement for the study which
negated the possibility of incorporating a control group of subjects. Consequently, our
findings are only directly applicable to patients with heart failure as we have not been
able to study a population of patients with normal hearts. Similar studies of normal hearts
would be of high importance to fully determine the significance of the observed changes
in beat-to-beat variability of APD. Our study includes both patients with ischaemic and
non-ischaemic cardiomyopathy. Although we observed changes in beat-to-beat
variability of APD and also the low frequency behaviour of APD in both groups, our
study is underpowered to determine whether subtle differences in behaviour exist
between these populations. Although all of our patients had a typical haemodynamic
response to the Valsalva, this may not be representative of the spectrum of NYHA classes
of heart failure. Our study is underpowered to observe differences in behaviour between
various functional classes of heart failure. Our observations are confined to a single LV
epicardial site as it was only possible to record from one epicardial electrode whilst
maintaining a constant cycle length through RV pacing. In view of the regional variation

in electrophysiological properties throughout the myocardium other regions may have

125



yielded different results. Recordings were made during free breathing and respiration is
known to affect repolarization lability. Due to a high prevalence of atrial fibrillation
amongst our population of heart failure patients we chose RV pacing over atrial pacing
to achieve fixed cycle length. Future studies would assess ARI variability during atrial
pacing for further validation. Due to the fixed paced cycle length that is established
throughout the protocol it is not possible to evaluate the heart rate response to the Valsalva
and we are therefore not able to determine the Valsalva ratio which is a well-established

measurement of the autonomic response.
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5.5 Conclusions

In patients with heart failure and implanted CRT-D devices physiological provocation to
increase sympathetic activity induced oscillations of LV APD in the low frequency range
(0.04-0.15 Hz). Coherence analysis suggested an interaction between the low frequency
oscillatory behaviour of APD and the beat-to-beat variability. These observations provide
insight at the level of the ventricular action potential into mechanisms underlying low
frequency oscillation of repolarization derived from the ECG T-wave which have been
shown to be exaggerated by sympathetic stimulation and are strongly predictive of sudden
cardiac death in post MI patients. Further work aimed at unravelling mechanisms at the
cellular level may help to elucidate the link to arrhythmogenesis and possibly point to

therapeutic targets.
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Chapter 6: Complex interaction between
low-frequency APD oscillations and beat-
to-beat APD variability in humans is
governed by the sympathetic nervous

system
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6.1 Introduction

Factors which influence the stability of ventricular repolarization are important in
arrhythmogenesis. Enhanced oscillation of ventricular repolarization in the low frequency
range and increased beat-to-beat variability of ventricular repolarization are two of the
strongest predictors of arrhythmia and sudden cardiac death (Atiga et al., 1998; Thomsen
et al., 2004; Haigney et al., 2004; Gallacher et al., 2007; Larisa G Tereshchenko et al.,
2009; Hinterseer et al., 2010; Abi-Gerges et al., 2010; Jacobson et al., 2011; Sredniawa
etal.,2012; Baumert etal., 2016; Rizas et al., 2014, 2016, 2017, 2019). Both are enhanced
by sympathetic stimulation and recent studies suggest a possible interactive mechanism
(Porter et al., 2018b). However, the mechanisms underlying the effect of beta-adrenergic
stimulation on LF oscillations of repolarization and beat-to-beat variability of

repolarization remain unclear.

Oscillations of ventricular repolarization measured from the ECG T-wave vector referred
to as periodic repolarization dynamics (PRD) have been attributed to oscillations in APD
at the frequency of the sympathetic nerves (approx. 0.05-0.1 Hz). Ventricular APD
measured as ARIs has recently been shown to oscillate in this frequency range (Hanson
et al., 2014). The LF power of APD has been shown to be increased by sympathetic
provocation (Porter et al., 2018b). The recent finding of LF oscillations in short term
variability of ventricular APD (Porter et al., 2018b) raises the possibility of an association

between LF oscillations of APD and beat-to-beat variability.

Computational modelling has provided early insight into the mechanisms underlying
these oscillations of APD, the effect of beta-adrenergic stimulation and their relationship

to the initiation of ventricular arrhythmias (Pueyo et al., 2016a, 2016b). More recent
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studies on the effect of beta-adrenergic blockade suggest that the cellular mechanisms
underlying modulation of LF APD and beat-to-beat variability of APD are strongly
influenced by the initial conditions on APD (Sampedro-Puente et al., 2019). The purpose

of the present study was to examine this hypothesis in humans in vivo.

We have studied 12 patients during cardiac catheterisation allowing us to measure ARIs
as an approximation for APD at 10 RV and 10 LV endocardial sites in order to investigate
the effect of acute beta-adrenergic blockade on LF oscillations of ventricular APD and on
beat-to-beat variability of APD, and the possible interaction between the two. Cycle
length was held constant with RV pacing to avoid confounding effects due to the cycle

length dependency of APD.
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6.2 Methods

6.2.1 Ethical approval

The study was approved by the ethics committee of Guy’s and Thomas’ Hospitals and
conformed to the standards set by the Declaration of Helsinki (latest revision: 59th World

Medical Association General Assembly). All patients gave written, informed consent.

6.2.2 Subjects

Studies were performed in 12 patients (10 males, 2 females, aged 41-69, median 61)
during the course of routine clinical radiofrequency ablation procedures for atrial
fibrillation. Four patients had paroxysmal atrial fibrillation, and eight patients had
persistent atrial fibrillation. All subjects had normal biventricular function and none of
them were known to have ventricular scar or disordered conduction due to bundle branch
abnormalities. Studies were performed in the un-sedated state and cardio-active

medications were discontinued for 5 days before the study.

6.2.3 Protocol

Subjects were paced from the right ventricular apex using a Biotronik (Berlin, Germany)
stimulator (model UHS 3000) at 2x diastolic threshold and 2 ms pulse width, at a cycle
length >20 beats/min faster than the intrinsic AF rate (median, 500 ms) to avoid
breakthrough intrinsic beats. Figure 6-1 shows the set-up of both recording decapolar
catheters and the pacing catheter. A 2-min period of adaptation to the paced cycle length

was applied before starting a controlled breathing protocol. Breathing was controlled
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throughout the protocol at 0.25Hz and 0.5Hz. Recordings took place for 90s during each
controlled breathing cycle. First, a control period was established with the breathing
protocol performed in absence of any autonomic blocking agents. Pacing was then
stopped and the subject received metoprolol at a dose sufficient to reduce the intrinsic
heart rate by 10 beats/min (iv; dose range, 2—10 mg), and after a further 10 minutes for
equilibration the pacing (at the same paced cycle length as the control) and breathing

protocol was repeated as above.

Pacing 10-pole 10-pole
catheter catheter in catheter in
RV LV

Figure 6-1. Fluoroscopic image of the right ventricular (RV) and left ventricular (LV)

decapolar catheter electrodes and the RV pacing catheter.
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6.2.4 Measurements

Continuous synchronous recordings of femoral arterial blood pressure and unipolar
electrograms at 10 endocardial RV and 10 endocardial LV sites were obtained before
routine clinical radiofrequency ablation procedures for atrial fibrillation in the cardiac
catheterization lab at St Thomas’ Hospital in London, as described previously (Hanson et
al., 2012; van Duijvenboden et al., 2015). Unipolar electrograms and blood pressure
recordings were digitized at 1,200 Hz (Ensite 3000; Endocardial Solutions) and analyzed

offline.

6.2.5 Data analysis

Unipolar electrograms were analyzed for ventricular APDs at each recording site by
measuring ARIs using the Wyatt method (Wyatt et al., 1981). This method has been
validated in theoretical, computational, and experimental studies (Wyatt et al., 1981;
Haws and Lux, 1990; Coronel et al., 2006; Potse et al., 2009). According to this method,
activation is measured at the moment of minimum dV/dt of the QRS complex of the
unipolar electrogram and repolarization at the moment of maximum dV/dt of the T-wave.
ARIs were measured automatically using in house developed algorithms. Heuristic-based
screening was used to identify and discount any cases where the T-wave was indistinct
or corrupt. Blood pressure recordings were analyzed for SBP and dP/dtmax as a measure

of myocardial contractility.

To establish evenly-sampled series, any beats for which ARI, SBP or dP/dtmax
measurements could not be determined were replaced by linear interpolation between the
surrounding beats. Recordings were rejected from the analysis if these surrogate beats

constituted more than 10% of any series.
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The low frequency (LF) power in each ARI series was estimated by calculating the
bandpower in the low-frequency band (0.04-0.15Hz) using the Thomson’s multitaper
method with three Slepian tapers, which is known to be robust against noise (Thomson,
1982). The same was applied to the calculate the high frequency (HF) power in the high-
frequency band (0.25-0.5 Hz). The LF and HF powers were then averaged for RV and LV
poles. Figure 6-2 shows the construction of the LF and HF band in the spectrum and the
corresponding changes in LF and HF power in the ARI series of one patient following

introduction of beta-blockade.

134



Control, nSD = 0.026 190Beta blocker, nSD = 0.017

190

160 160
0 20 40 60 80 0 20 40 60 80
Time [s] Time [s]
200 200
N 150 N 150
T T
Ny Ny
£ 100 € 100
o [a)
¥ 50t L 50
0 0.2 0.4 0.6 0 0.2 0.4 0.6

Freq. [Hz] Freq. [Hz]

Figure 6-2. Power spectral analysis of low-frequency (0.04-0.15Hz) and high-
frequency (0.25-0.5Hz) variability during control and following beta-blockade.

This example shows a clear decrease of low frequency power of ARI in one patient
following the introduction of beta-blockade. This is coupled with a reduction in the
normalised standard deviation (nSD) of activation-recovery intervals (ARIs).

PSD = Power spectrum density.

Beat-to-beat variability of ARI was computed for each endocardial recording site over
the entire recording as per established QT variability measures (Baumert et al., 2016).

The standard deviation of ARI (SDARI) was computed as:

1
SDARI = Nz(ARIn — AR ppan)?
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the ARI variance normalised to the square mean ARI (nSDARI) was computed as:

SDARI?
nSDARI = ————

Imean

Similar to the LF power, we computed the average SDARI across LV and RV poles. The
normalized variability values of SBP (nSD-SBP) and dP/dtmax (nSD-dP/dtmax) were

computed with the same formula as for ARI.

6.2.6 Statistical analysis

Results were averaged across the two separate breathing cycles for both control
recordings and following introduction of beta-blockade. Results are presented as
meantstandard deviation for normally distributed variables and as median and
interquartile range (IQR) for nonnormally distributed variables. The effect of beta-
blockade on LF power for ARI, SBP and dP/dtmax was tested for statistical significance
using the two-tailed paired Wilcoxon signed-rank test. Results were considered

significant at p <0.05.
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6.3 Results

6.3.1 Effect of beta blockade on group data

Beta-blockade resulted in a significant reduction of LF power of ARI (8.6 + 4.5 ms? vs.
5.5 + 3.5 ms?, p =0.027) (Figure 6-3A) and the LF power of SBP (1.4 x10 £+ 1.2 x107?
mmHg? vs. 0.4 x103 + 0.5 x10° mmHg?, p = 0.027) (Figure 6-3B). A trend to reduction
was observed for the LF power of dP/dtmax (0.7 x10°+ 1 x10°vs. 0.1 x10°+ 0.2 x10°

mmHg?/s?, p = 0.129) (Figure 6-3C).
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Figure 6-3. Effect of beta-blockade on the low frequency (LF) power of (A) activation-
recovery intervals (ARIs), (B) systolic blood pressure (SBP) and (C) the maximum rate

of systolic pressure increase (dP/dtm.x).

No effect of beta-blockade was seen on the HF power of ARI (6.5 x1073 + 3 x10” ms? vs.
6.1 x107% + 3.4 x103 ms?, p = 0.91), SBP (1.9 x10 + 1 x10 mmHg? vs. 1.7 x10 + 1
x10* mmHg?, p = 0.424), nor dP/dtmax (7.6 x107 + 7.4 x107 mmHg?/s? vs. 3.2 + 3.9

mmHg?/s?, p = 0.052).
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No immediate effect of beta-blockade was seen on the beat-to-beat variability of ARI
(nSD-ARI: 0.04 £ 0.01 nuvs. 0.03 £0.01 nu, p =0.733), SBP (nSD-SBP: 0.07 + 0.03
nu vs. 0.05 £0.02 nu, p = 0.151), nor dP/dtmax (nSD-dP/dtmax: 0.23 = 0.15 nu vs. 0.16 +

0.08 nu, p = 0.266).

6.3.2 Influence of initial values on the response to beta-blockade

The effect of beta-adrenergic blockade on the group data was small. However, a wide
range of control values was evident and when our results were expressed in relation to
control values a highly significant effect of beta blockade was apparent. Subjects in whom
the initial control values of LF of ARI were large showed a greater change in the
magnitude of the oscillations following beta-blockade compared to subjects in whom the
initial values were low. When control oscillations of ARI were large beta-blockade
reduced their magnitude. When control oscillations were small the response to beta-
blockade was minimal or variable (rs = 0.62, p = 0.037) (Figure 6-4A). A similar
relationship was observed for beat-to-beat variability of ARI (rs = 0.79, p = 0.003)
(Figure 6-4B), and the LF power of SBP and dP/dtmax (rs = 0.78, p = 0.004 and rs = 0.84,

p = 0.001 respectively) (Figures 6-4C, 6-4D).
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Figure 6-4. Scatterplots demonstrating the significant relationship between baseline
values and the reduction seen following beta-blockade in: (A) LF power of ARI, (B)
beat-to-beat variability of ARI (nSDARI), (C) LF power of systolic blood pressure

(SBP), and (D) the LF power of the maximum rate of systolic pressure increase

(dP/dtmax).

6.3.3 Relationship between low frequency power and beat-to-beat

variability of activation-recovery intervals

There was a strong relationship between the reduction in LF power of ARI and the
reduction of beat-to-beat variability of ARI in response to beta-blockade (rs= 0.9, p <
0.001) (Figure 6-5). There was no significant relationship between the change in HF
power of ARI and the reduction of beat-to-beat variability of ARI (rs= 0.55, p < 0.07).

Similar relationships were observed between the reduction in LF power and the reduction
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in beat-to-beat variability of both SBP (r;= 0.727, p < 0.007) and dP/dtmax (rs=0.72, p <

0.008).
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Figure 6-5. Scatterplot demonstrating the significant relationship between the beta-
blockade induced reduction in the LF power of ARI and the witnessed reduction in the

beat-to-beat variability of ARI (nSDARI).
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6.4 Discussion

This chapter presents studies exploring the effect of acute beta-adrenergic blockade on
low frequency oscillations of ventricular APD (approximated by ARI) and on beat-to-
beat APD variability at 10 RV and 10 LV endocardial sites in patients with normal
ventricles. Cycle length was maintained constant with right ventricular pacing to
eliminate confounding effects of cycle length dependency and breathing was controlled
throughout the protocol at 0.25Hz and 0.5Hz. Our main findings were: (1) we observed a
wide variation of control values of LF power and beat-to-beat variability of ARI, SBP
and dP/dtmax; (2) beta-adrenergic blockade was associated with a significant reduction of
LF power of ARI and SBP, (3) individually no clear impact of beta-blockade on the beat-
to-beat variability of ARI, SBP and dP/dtmax was demonstrated, however (4) there was a
strong correlation between the reduction seen in the LF power of ARI, SBP and dP/dtmax

following beta-blockade, and the reduction in beat-to-beat variability.

Whereas oscillations in heart rate variability have long been recognised and the
underlying mechanisms the subject of much debate (Parati et al., 2006), oscillations of
ventricular APD at the low frequency have only relatively recently been identified
(Hanson et al., 2014). These LF APD oscillations identified in humans using ARI
recordings from the ventricular myocardium, are independent of variation in R-R interval
and independent of respiration (Hanson et al., 2014). They frequently occur in association
with LF oscillations in blood pressure (Mayer waves) (Julien, 2006). Oscillation of
ventricular repolarization at the low frequency has recently been identified from the body
surface ECG T-wave vectors and these are also independent of R-R interval variability
and respiration and are attributed to LF oscillation of ventricular APD (Rizas et al., 2014).

When enhanced these oscillations are strongly predictive of arrhythmia and sudden
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cardiac death (Rizas et al., 2014, 2016, 2017, 2019; Hamm et al., 2017). The magnitude
of both ARI and T-wave vector oscillations are increased during sympathetic stimulation
(Porter et al., 2017, 2018b; Rizas et al., 2014) and it has been suggested they may be

related to the intrinsic low frequency oscillation of sympathetic nerve activity.

Recently it has been observed that the intrinsic beat-to-beat variation in APD also exhibits
phasic variation at the low frequency, which is enhanced during increased sympathetic
stimulation (Porter et al., 2018b). This raises the question of a possible interaction
between LF ARI and intrinsic beat-to-beat variation in ARI. Enhanced beat-to-beat
variability of repolarization, measured clinically as QT variability or experimentally as
APD variability, is well known to predispose to malignant ventricular arrhythmias (Atiga
et al., 1998; Haigney et al., 2004; Thomsen et al., 2004; Gallacher et al., 2007;
Tereshchenko et al., 2009; Hinterseer et al., 2010; Abi-Gerges et al., 2010; Jacobson et
al., 2011; Sredniawa et al., 2012; Baumert et al., 2016) and a possible interaction may

have important mechanistic implications in this context.

It has been shown that sympathetic provocation increases LF power of the QT interval
(Baumert et al., 2016). Paradoxically studies using beta-adrenergic blockade have shown
a mixed response of beat-to-beat variability of the QT interval with either no change or
an increase or decrease (Baumert et al., 2016). It is generally agreed that QT variability
is influenced by R-R variability which may be relevant. Our observations that the
response of APD variability to beta-blockade during clamped heart rate is strongly

influenced by initial conditions may in part provide an explanation.

Recent computational research has shown that the major ionic contributors to inter-

individual differences in LF oscillations of APD and beat-to-beat APD variability are Ik,
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Icar and Ik1 (Sampedro-Puente et al., 2019). In this study, a set of stochastic human
ventricular action potential models was developed by individually varying the ionic
conductance of Ik:, Ica and Ik; from their nominal values in the O’Hara-Virag-Varr6-
Rudy (ORd) action potential model (O’Hara et al., 2011). Beta-adrenergic and
mechanical stretch effects were included in the models to simulate sympathetic
modulation of ventricular electrophysiology at the cell level (Pueyo et al., 2016b;
Sampedro-Puente et al., 2019). For each of the simulated models, normalized measures
of LF oscillation magnitude of APD (nmLF) and beat-to-beat APD variability (nSD-
APD) were computed before and after beta-blockade. In accordance with the clinical
observations of this study, beta-blockade in these simulated cells led to a remarkable
reduction in nmLF and also in nSD-APD. Importantly, these simulations showed a wide
range of nmLF and nSD-APD initial values as well as of their changes in response to
beta-blockade. In line with the presented clinical data, higher nmLF and nSD-APD initial
values were associated with larger beta-blockade-induced decreases in the magnitudes of
both markers. A strong correlation was observed between the effects of beta-blockade on

nmLF and nSD-APD.

The reduction in nmLF in response to beta-blockade, which could be observed to a greater
or lesser extent in all the virtual cells, can be explained on the basis of beta-adrenergic
stimulation enhancing LF oscillations of APD via differential phosphorylation and
dephosphorylation kinetics of cellular PKA targets (mainly Ica. and Iks) (Pueyo et al.,
2016b; Sampedro-Puente et al., 2019). For nSD-APD, the reduction induced by beta-
blockade is justified by the fact that beta-adrenergic stimulation modulates, on the one
hand, the LF oscillations of APD and, on the other hand, the stochastic gating of ionic

currents active during the repolarization phase (Sampedro-Puente et al., 2019).
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Mechanoelectric feedback (MEF) has been suggested to contribute to the development of
LF oscillations and beat-to-beat variability of APD in humans in vivo [Hanson et al, 2014]
and by computational simulation, these adrenergic and mechanical actions have been
shown to synergistically potentiate the oscillatory behavior and temporal variability of
cellular ventricular repolarization (Pueyo et al., 2016b; Sampedro-Puente et al., 2019), in
accord with the well-known potentiation of MEF effects by beta-adrenergic stimulation
(Horner et al., 1996; Puglisi et al., 2013). The role of MEF, possibly through stretch-
activated channels, in contributing to beat-to-beat variability of ventricular repolarization
is supported by experimental evidence in the chronic atrioventricular-block dog model,
where beat-to-beat preload changes have been shown to increase short-term variability of

monophasic APD (Stams et al., 2016).

6.4.1 Limitations

The study population were patients with ostensibly normal ventricles undergoing routine
ablation procedures for supraventricular arrhythmias. 8 of the 12 patients had persistent
atrial fibrillation and therefore the possibility of some ventricular remodelling cannot be
excluded. Recordings were made from 20 localised right and left ventricular endocardial

sites and it is possible that other regions may have yielded different results.

6.4.2 Clinical implications

Understanding the mechanisms underlying the interaction between beta-adrenergic
stimulation, the LF oscillatory behaviour of APD and beat-to-beat APD variability is
important for the development of therapeutic strategies for the prevention of arrhythmia
and sudden cardiac death. Enhanced oscillations of ventricular repolarization in the LF

range measured from the ECG T-wave vector and referred to as periodic repolarization
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dynamics (PRD) have emerged as one of the strongest predictors of arrhythmia and
sudden cardiac death in cardiac patients and are the subject of ongoing clinical trials
(Rizas et al., 2014, 2016, 2017, 2019; Hamm et al., 2017). The present work identifies
several specific features of the interaction between beta-adrenergic stimulation, the LF
oscillatory behaviour of APD and beat-to-beat APD variability that are reproducible by
computational modelling which enables mechanistic insight to be gained at the cellular

level.
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6.5 Conclusions

In patients with normal ventricles acute beta-adrenergic blockade modulated LF
oscillatory behaviour of ventricular APD (measured as ARIs) and beat-to-beat variability
of APD in a manner that was dependent on initial APD values. A strong correlation was
present between the effect of beta-adrenergic stimulation on LF oscillation of APD and
beat-to-beat variability of APD. These findings are discussed in relation to computational
modelling which reproduced the clinical findings and investigated cellular mechanisms.
These observations provide valuable insight into the strong association of LF oscillations
of ventricular repolarization and arrhythmic and sudden cardiac death. Further work is

warranted to improve our understanding in order to develop therapeutic strategies.
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Chapter 7: Conclusion
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The overall aim of this thesis was to explore in vivo human repolarization at the level of

the ventricular APD. The main objectives were:

1)

2)

3)

4)

To explore the association between increased repolarization instability and increased

risk of ventricular tachyarrhythmia at the level of the ventricular APD.

To compare the behaviour of the ventricular APD with body surface repolarization
and in doing so explore the limitations of repolarization instability as a marker of

arrhythmic risk.

To demonstrate the influence of an autonomic stimulus on the beat-to-beat variability

of ventricular APD.

To assess the potential beneficial action of beta-adrenergic blockade in the
stabilization of beat-to-beat variability of repolarization at the level of ventricular

APD.

7.1 Original contributions

1y

Whilst numerous studies exist looking at various metrics of repolarization, Chapter 2
represents the first demonstration of the association between increased LV beat-to-
beat variability of APD and increased incidence of ventricular tachyarrhythmia in
patients with heart failure. These findings are supportive of the possible utility of beat-

to-beat variability of repolarization as an adjunct to risk stratification.

148



2)

3)

4)

5)

In Chapter 3 the temporal behaviour of body surface ECG QT intervals is shown to
correlate significantly with that of the temporal behaviour of RV and LV APD. Whilst
correlations were significant they were not perfect. These results highlight that the
QT interval is a strong marker of both LV and RV repolarization. However, as
enhanced dispersion of repolarization is mechanistic in arrhythmogenesis these
results likely highlight the accepted flaws in the body surface QT interval. The body
surface QT interval is representative of global repolarization and subtle regional

inhomogeneity of repolarization would be missed by QT interval assessment alone.

In Chapter 4 an autonomic stimulus (Valsalva) produced increases in beat-to-beat
variability of ventricular APD in patients with heart failure. This was associated with
increases in haemodynamic indices supportive of increased sympathetic activity.
These findings provide insight into the mechanisms behind the interplay of the

autonomic nervous system with the genesis of ventricular tachyarrhythmia.

In Chapter 5 the oscillatory behaviour of ventricular APD following an autonomic
stimulus was investigated. These findings show for the first time how the low
frequency oscillations of APD increase in response to an autonomic challenge.
Furthermore, the individual increase in low frequency oscillation of APD following
the stimulus correlated significantly with the witnessed increase in beat-to-beat
variability of APD. These observations provide insight at the level of the ventricular
APD into mechanisms underlying low frequency oscillation of repolarization which

is known to be strongly predictive of sudden cardiac death.

Chapters 4 and 6 explore the impact of beta-adrenergic blockade on APD variability.

Chapter 4 shows for the first time the ability of beta-adrenergic blockade to suppress
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the resultant increase in beat-to-beat variability of APD following an autonomic
challenge. Chapter 6 presents the impact of beta-adrenergic blockade on low
frequency oscillatory behaviour of APD during resting conditions. It demonstrates for
the first time the ability of beta-adrenergic blockade to suppress the low frequency
oscillatory behaviour of APD and again how this reduction in low frequency

oscillation correlates with the reduction in beat-to-beat variability of APD.

7.2 Future work

Risk stratification of patients at high risk of sudden cardiac death remains a major
challenge and it is unlikely that one single test will ever prove 100% sensitive. Chapter 2
demonstrates a novel risk marker in the prediction of spontaneous ventricular
tachyarrhythmia, however, Chapter 3 highlights inhomogeneity of behaviour between
regional local APD and also between local APD and a global measure of repolarization.
Prospective studies incorporating global and regional repolarization variability may help
improve the sensitivity and specificity of these markers by determining an individual’s

propensity to increased dispersion of repolarization.

Increases of beat-to-beat variability of APD prior to the onset of ventricular
tachyarrhythmia have been demonstrated in animals (Wijers et al., 2018). This work
highlights the potential for real-time analysis of beat-to-beat variability of ARI using
implanted cardiac devices with pre-emptive delivery of overdrive pacing to stabilize the
electrophysiology during times of increased repolarization instability. However, these
findings remain to be demonstrated in humans. Further work should investigate the

temporal behavior of APD variability prior to the onset of ventricular tachyarrhythmia in
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man. Given the findings of Chapter 3, this work should incorporate regional and global

measures of repolarization instability.

Chapters 4 and 6 demonstrate the benefit of beta-adrenergic blockade during times of rest
and times of autonomic stress. However, these studies were unable to assess various
forms of beta-blockade or investigate for a dose-response relationship which may help in
the direction of therapeutic targets in clinical practice. A larger clinical trial should be

conducted to study this.

Studies have previously highlighted shortening of basic APD in response to favorable
reverse remodeling in patients with CRT. The impact of ventricular remodeling and
reverse remodeling on beat-to-beat variability of APD requires further investigation. A
prospective study incorporating recordings of APD variability before CRT implant and
again during assessment of response to CRT should be conducted. These findings could
have many implications including an understanding of possible further advantages or

disadvantages to CRT.
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1y

2)

3)

15 Author publications, arising from

thesis work

Porter, B. et al. Autonomic modulation in patients with heart failure increases beat-

to-beat variability of ventricular action potential duration. Front. Physiol. 8, (2017).

Porter, B. et al. Beat-to-Beat Variability of Ventricular Action Potential Duration
Oscillates at Low Frequency During Sympathetic Provocation in Humans. Front.

Physiol. 9, 12-77 (2018).

Porter, B. et al. Left ventricular activation-recovery interval variability predicts
spontaneous ventricular tachyarrhythmia in heart failure patients. Heart Rhythm

(2018).
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2)

3)

4)

1% Author conference presentations,

arising from thesis work

Porter, B. et al. Ventricular action potential duration variability is enhanced in heart
failure patients with spontaneous ventricular tachycardia or fibrillation. EHRA-

Congress, Barcelona, Spain. 2018

Porter, B. et al. Prediction Of Ventricular Tachyarrhythmias By Intracardiac

Activation Recovery Interval Variability. Heart Rhythm Sessions, Boston, USA. 2018

Porter, B. et al. Myocardial fibrosis in non-ischaemic dilated cardiomyopathy is
associated with increased activation recovery interval variability. EHRA-Congress,

Lisbon, Portugal. 2019

Porter, B. et al. Presence of myocardial fibrosis is associated with increased
activation-recovery interval variability. Heart Rhythm Sessions, San Francisco, USA.

2019
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Appendix

Table 8-1. Demographics and protocol involvement for patients taking part in the
invasive catheter lab protocols described in chapters 3 and 6.
Protocol 1 = protocol described in chapter 3

Protocol 2 = protocol described in chapter 6

Patient | Protocol 1 | Protocol 2 | Gender | Age | AF classification
1 X X F 65 Persistent

2 X X M 64 Persistent

3 X X M 60 Persistent

4 X X M 60 Paroxysmal
5 X X M 63 Persistent

6 X X M 61 Persistent

7 X X M 62 Paroxysmal
8 X X M 59 Paroxysmal
9 X X M 41 Persistent
10 X X M 48 Persistent
11 X M 69 Persistent
12 X F 55 Paroxysmal
13 X M 70 Persistent
14 X F 68 Persistent
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