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Abstract 

 

 

At the population level, the prevalence of Atrial fibrillation (AF) is escalating. AF burden 

also increases in individuals, due its self-perpetuating, progressive nature. While AF itself has 

been implicated in its self-maintenance, mechanisms responsible are not fully determined.  

 

The efferent arm of the Autonomic nervous system (ANS) alters atrial electrophysiology, 

triggering AF. At the population-level, imbalances of autonomic tone are prospectively 

associated with AF. Whilst it is well known that cardiovascular risk factors promote AF, how 

they interact is uncertain, though there is a potential role of the ANS. AF itself, causes 

autonomic dysfunction, altering atrial innervation and heightening efferent sympathetic 

activity. Thus, a bidirectional relationship is likely between AF and the ANS. Whilst 

considerable effort was placed on the efferent arm of the ANS, the role of the afferent, 

regulatory arm in AF pathophysiology is unknown. Especially cardiovascular reflexes 

regulating blood pressure and volume. Interestingly, blood-volume regulating (low-pressure) 

baroreceptors are co-located in pulmonary vein-atrial tissue, which contain drivers for AF.   

 

This thesis undertakes a series of studies that delineate the role of the afferent arm of the 

ANS in AF. Using a systematic review and meta-analysis, we demonstrate that AF is 

independently associated with falls and syncope in older adults. AF can cause orthostatic 

intolerance (a clinical manifestation of autonomic dysfunction).  
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Next, we examined low-pressure baroreceptor function in paroxysmal or persistent AF 

patients, studied in sinus rhythm (SR), identifying novel blood volume regulating reflex 

abnormalities using Low-level Lower Body Negative Pressure (LBNP).  

 

Then, we performed a series of autonomic reflex tests to delineate the function of low-

pressure volume regulating (LBNP), high-pressure blood pressure regulating baroreceptors 

(Valsalva) and both (Isometric handgrip reflex, IHR). Testing cardiovascular reflexes in the 

presence of AF is challenging, however, we utilised continuous beat-beat haemodynamic 

monitoring and venous occlusion plethysmography to evaluate these in patients with AF 

studied in-AF, and in SR. We demonstrated dysfunction of the volume-regulating LBNP 

reflex in-AF, for the first time and confirmed diminished LBNP reflexes in-SR. IHR was 

diminished in-AF, however blood pressure baroreflexes were preserved. 

 

In subsequent studies, we proceeded to show that cardioversion improved LBNP reflex 

abnormality, as did LLTS (low-level vagal nerve stimulation) a novel neuromodulating 

technique (LLTS), aiding localisation to the afferent level. Further, we tested whether 

catheter ablation of AF might further destroy such afferent receptors in pulmonary veins, not 

having found evidence for this. 

 

Given loss of homeostasis (blood-volume dysregulation) in-AF, we propose an intersect 

between autonomic and anatomic remodelling (atrial dilatation), possibly representing a 

mechanism behind AF progression.  

 

In the last study, we tested the interplay between anatomic and autonomic remodelling in 

Postural tachycardia syndrome (POTS), a known dysautonomia, where the heart is thought 
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normal. We present new evidence of cardiac remodelling, utilising electrocardiogram 

markers (also associated with AF).  

 

AF has several sequelae; falls, syncope, dementia, and heart failure, notwithstanding, its own 

progression, all of which, increase morbidity and all-cause mortality. We open a new 

scientific avenue to explore mechanisms for these and highlight the role of rhythm 

management and neuromodulation to treat AF.
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Chapter 1: Atrial fibrillation & the autonomic nervous system. An introduction & 

literature review 

 

1.1 Atrial fibrillation (AF) 

 

1.11 The burden of AF 

 

The prevalence of atrial fibrillation (AF) has surged over the last two decades, such that it has 

become a significant burden to healthcare.1  From a global perspective, in 2010, it is 

estimated that there were 33.5 million people living with AF of whom 20.9 million were 

males and 12.6 million, women.2 Thus, it is the most common clinical arrhythmia, and is 

associated with both morbidity (including from stroke and heart failure) and mortality.2-4 In 

comparison to estimates of age adjusted prevalence rates from 1990, in 2010, there was an 

increase of +26.7 per 100 000 in males and +13.2 per 100 000 in females. Indeed, it is 

estimated that in 2019, the global burden of AF was 59.7 million people5; just under double 

that in 2010 and increasing at a rate even greater than the already staggering historical 

predictions made regarding the burden of AF by 2050.2  

 

Aside from the astonishing increases in the prevalence of AF, there have been increases in 

both morbidity and mortality associated with AF (approximately 19%) from 1990-2010, as 

estimated by disability-adjusted life-years.2 In Australia, over a 20-year period from 1993-

2013, the annualised increase of hospitalisation with AF was 5.2%.1 More than double that of 

myocardial infarction (2.2% increase per year) or heart failure and, by  2013, AF-related 

hospitalisations had surpassed presentations for either myocardial infarction or heart failure.1 
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Associated with this, the cost of AF-related hospitalisations increased by 479%.1 AF is 

thought to contribute to approximately 1% total health expenditure. Concerningly, 

GARFIELD-AF,3 a large worldwide registry of 17 162 patients with non-valvular AF, 

showed that over a 2-year period, cardiovascular death was more common than ischaemic 

stroke and systemic embolism and this was not abated by anticoagulation. Thus, identifying a 

strong need for comprehensive strategies to manage this epidemic.  

 

Finally, not only is the global prevalence of AF increasing, at an individual level, AF is also 

associated with an escalating burden from time of first diagnosis, due its self-perpetuating, 

progressive nature.6 Therefore, a better understanding of the factors that promote and 

maintain AF, both at a population-level and at an individual-level is critical to addressing this 

global health concern.
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1.12 Risk factors that promote and maintain AF 

 

In several other chronic cardiovascular illnesses, especially coronary artery disease, it is well 

established (and widely understood) that cardiovascular risk factors promote these chronic 

diseases and are modifiable targets that are imperative to treat. In regard to AF, this concept 

is still fairly recent, however there is now compelling evidence to support addressing risk 

factors in the management of AF.7-9 Indeed, management of obesity and associated risk 

factors in affected individuals has received a Class I recommendation in the management of 

AF.10 At the individual level, at the onset of AF, triggering factors (producing ectopy from 

the pulmonary veins11) feature in the genesis of AF, however, over time, modifiable risk 

factors are thought to predominate.12 Risk factors associated with AF are obesity, 

hypertension, physical inactivity (and in some cases extreme physical activity), obstructive 

sleep apnoea, diabetes mellitus, hyperlipidaemia, alcohol and smoking.7 Indeed, the 

prevalence of these risk factors themselves are on the rise.13, 14   

 

The mechanisms by which modifiable risk factors promote AF are incompletely 

understood,12 and therefore this is an important avenue of further research. However, here, 

the main mechanisms responsible for each risk factor’s role in the promotion of AF, aside 

from the role that the Autonomic nervous system (ANS) plays, are summarised. The role of 

the ANS in the link between risk factors and AF requires specific attention and will be 

presented in the next sections of this chapter.  

 

The mechanisms associating obesity to AF are multifactorial.7 Electrophysiologic changes 

such as conduction slowing and heterogeneity and electrical fractionation15, 16, structural 

remodelling (increased left atrial pressure leading to left atrial enlargement and left 
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ventricular hypertrophy),17 and finally, possible paracrine effects of epicardial fat on atrial 

fibrosis due to inflammatory changes, consequently affecting atrial electrophysiology, can all 

contribute to the development of AF.7, 18, 19    

 

Hypertension results in atrial dilatation and remodelling through reduced atrial compliance. It 

also results in higher levels of Angiotensin II, resulting in atrial fibrosis and the development 

of atrial electrophysiologic substrate for AF.7, 13 Physical inactivity can promote AF through 

the development of obesity. Exercise can offset this risk.7, 20  Obstructive sleep apnoea leads 

to large fluctuations in intrathoracic pressure which results in increased atrial filling, 

increased atrial pressure and structural remodelling (enlargement, fibrosis and associated 

electrophysiologic remodelling).7, 12 Diabetes mellitus and alcohol, both, also induce 

electrophysiological remodelling as well as fibrosis.7, 12 Lastly, smoking can induce 

inflammation, thrombosis, oxidative stress, endothelium dysfunction and fibrosis in the atria; 

which could produce electrophysiologic vulnerability to AF.7, 21 
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1.13 The mechanisms of AF 

 

The pathophysiology of AF is complex.12, 22 Aside from risk factors that can promote changes 

in atrial electrophysiology, the ANS plays a role23 (and will be discussed in much more detail 

in subsequent section) and there are genetic variants that can promote AF.22 Additionally, AF 

itself plays a role in its own pathophysiology.24, 25 Each of these interact to produce 

electrophysiologic characteristics in the atria that can trigger and then perpetuate AF. At 

disease onset, there may be triggering factors for AF that arise from the initiation of atrial 

ectopic beats, firing, from the pulmonary veins.11 Then, as AF progresses, the triggers 

become less relevant and there is a shift to substrate development that can maintain AF.6, 12, 24, 

25 Such substrate have been classified according to those that are a. modifiable (from risk 

factors, as discussed above); b. due to AF-related electrophysiologic and structural 

remodelling (which may be amenable to rhythm control interventions); and c. non-modifiable 

risk owing to age, sex and genetic factors.12 Indeed, the presence of multiple co-morbidities 

seem to co-exist with increasing individual burden of AF.6 

 

The triggering mechanisms, from an electrophysiological perspective are generally produced 

by enhanced automaticity, or triggered activity (after depolarisations), which produce focal 

ectopy. Localised re-entry (or micro re-entry) is also a mechanism by which AF can be 

triggered. These can be initiated by a number of factors (including the ANS) that promote 

abnormalities in cellular calcium handling.6, 12  The pulmonary veins are anatomically quite 

susceptible to AF, owing to the disorganised myofiber arrangement of the muscle sleeves 

surrounding the ostia of each pulmonary vein as they enter into the posterior left atrium, thus 

promoting anisotropy. They also possess electrophysiologic characteristics such as shorter 

refractory periods, with differences (heterogeneity) in comparison to the refractoriness of the 
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rest of the atrial tissue, thus promoting AF vulnerability.26 These characteristics can be made 

worse by the ANS, age and other factors that can initiate AF.  

 

Aside from the electrophysiologic changes due to AF itself,24, 25 which will be addressed in 

much more detail subsequently in this chapter, the historical proposed mechanisms for the 

maintenance of AF included re-entrant mechanisms and multiple daughter wavelets.27 The 

atria have rich autonomic innervation; which can trigger automaticity, afterdepolarisations 

(triggered activity) and re-entry facilitating AF.23, 28 The role of the ANS as a trigger of AF is 

highlighted in this thesis and will be presented in more detail in subsequent sections of this 

chapter.  

 

From an electrophysiologic perspective, at the cellular level there are changes in the ion 

channel currents whereby alterations in the balance of potassium channels produce 

automaticity. Strong inward rectifying potassium channel (IK1) activity, in excess of the 

activity of automatic (pacemaker) currents (If) in the pulmonary veins, normally prohibit 

automaticity. These are reversed in AF.29 Prolongation of the atrial action potential duration, 

resulting in inward movement of calcium ions through L-type calcium channels provoke 

early depolarisations within the repolarisation phase.29 Delayed after depolarisation occurs 

through intracellular calcium overload from the sarcoplasmic reticulum; through defective 

function of ryanodine receptors.29 Once again, the ANS can trigger AF via this cellular 

electrophysiologic “interface” and is discussed further below.  

 

The switch from ectopic drivers for AF to more maintained AF arises from 

electrophysiologic substrate in the AF, some of which, as discussed above occur due to AF 

and some through the concomitant presence of modifiable risk factors. Re-entrant 
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mechanisms can maintain AF from the ectopic firing “drivers” in the pulmonary veins and 

can take the form of certain patterns; such as a leading circle or spiral wave fronts.29 These 

rely on atrial substrate to produce certain conditions for re-entry whereby there are functional 

zones of block, recovering or excitable tissue and refractory tissue. These depend on tissue 

properties such as conduction velocity, autonomic tone, ion channels and alterations that 

occur through substrate-based remodelling. Conduction velocity and refractory period 

interact to maintain AF. Thus, shorter refractory periods and diminished conduction velocity 

can produce an increased number of re-entrant circuits, maintaining AF.29 These mechanisms 

can be altered by rhythm controlling (anti-arrhythmic medications) to halt and produce 

conditions that are not favourable for AF. AF can induce electrical ion channel remodelling 

that perpetuate AF.25, 29 Structural remodelling, particularly fibrosis that develops due to the 

presence of modifiable and non-modifiable risk factors for AF, appears to play an important 

role in the maintenance of AF through interference of myocyte electrical coupling (slowing 

conduction velocity through the atrium) and promoting re-entry and ectopy and indeed, this 

may be responsible for a positive feedback mechanism that results in the progression of 

AF.22, 29       

 

Multidimensional electrophysiologic mapping techniques (panoramic mapping) have allowed 

us further insights into the electrophysiologic basis of AF maintenance and substrate-based 

persistence of AF.30 Rotors (rotational activations or micro re-entrant circuits) have been 

thought to be present in patients with persistent AF, however, these are dependent on the type 

of mapping used and have not been universally defined. Additionally, targeting these via 

ablation strategies has yielded mixed results.30 Endo-epicardial dissociation of electrical 

activation with wavefronts that breakthrough from areas other than what was mapped, is 

another mechanism by which AF could persist and indeed, seems to increase in complexity 
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with underlying substrate remodelling.30 The specific factors that influence this and how to 

clinically map and treat this functional mechanism remains to be elucidated. 



 

 33 

1.14 Therapeutic goals in the management of AF  

 

The therapeutic goals of AF management can be divided into 4 “pillars”.13 Namely, risk 

factor management, anticoagulation to reduce stroke risk, rate control or rhythm control. We 

have discussed the importance of risk factor management above, however the mechanisms by 

which these converge to produce AF and therefore, by corollary, how treatment of each risk 

factor, or in combination can reduce AF do require further delineation. We shall present, later 

in this chapter, our review on possible ANS mechanisms that lead to AF from each of these 

risk factors.31 In this thesis, we shall present data that pertains to risk factor management, as 

above as well as ANS factors that occur due to AF and may influence rhythm management 

decisions. Therefore, this section will summarise the current therapeutics available to manage 

AF and highlight the need for new targets, such as the ANS.  

 

Historically, whether one should pursue a rhythm management approach was questioned, 

with two randomised studies showing no reduction in stroke risk or mortality benefit.32, 33 

However, these early studies highlight the limited value of anti-arrhythmic medications used 

to manage rhythm in AF12 and the need for better strategies to maintain rhythm. Rate control 

can manage symptoms, however, in certain conditions such as in concomitant AF and heart 

failure, ß-blockade in the control of rate has not shown to have any mortality effect.12, 34 

Further, there are, as we shall present subsequently, in this chapter as well as in Chapter 2, 

other clinical effects of AF that were not captured in these early studies. In the last few 

decades, a catheter based procedure to manage rhythm has emerged.11 Ablation of the tissue 

in the left atrium, surrounding the pulmonary veins, in order to electrically isolate the drivers 

in these regions that produce and maintain AF (PVI; Pulmonary vein isolation) appears to be 

the most effective of these strategies, although additional lesions sets in the atria have been 
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proposed and investigated.35 Although current guidelines suggest trial of antiarrhythmic 

agents prior to PVI10, 12, novel data from two studies recently, have shown that PVI may be 

more efficacious as a first line strategy, earlier in the course of the disease process,36, 37 

whereas in chronic AF where there is a more established substrate and AF is more persistent, 

catheter ablation is not as effective.30 

 

Finally, aside from an understanding of the role that the ANS plays in AF mechanisms, it is 

potentially a target in risk factor management31 (see below) and may be a therapeutic target in 

reducing the burden of AF in some individuals.38



 

 35 

1.2 The role of Autonomic nervous system (ANS) in AF  

 

It is well known that AF can manifest from autonomic perturbations;39-41 which several risk 

factors of AF could also trigger.42-50 In this section, we discuss the cardiac neuroanatomy, how 

perturbation in the ANS can trigger AF, the population-level data linking the ANS with AF, 

how potential risk factors can promote the development of AF and finally whether AF could 

potentially promote its own progression through the ANS.  
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1.21 Cardiac neuroanatomy  

 

A thorough understanding of the cardiac neuraxis and an appreciation of its complex anatomy 

is paramount. Both adrenergic and cholinergic (efferent, or motor) neurons innervate the 

atrium together with a complex circuitry that involves afferent or regulatory neurons as well 

as intrinsic cardiac (local circuit) neurons.51 These neurons form part of a neural hierarchy 

that serves to provide beat-beat integrative control of cardiac function.52 Although, often 

oversimplified to promote the concept of targeting specific areas of the ANS for specific 

indications, the neuroanatomy of the intrinsic cardiac nervous system (ICNS) promotes a 

rather stochastic operation.51  

 

The best descriptor for the hierarchical control of the heart, from multiple layers of feedback 

loops comes, is the term “nested series of interacting feedback loops”52 These not only 

influence atrial electrophysiology to provide a vulnerability to cardiac arrhythmia (including 

AF), they are also vulnerable to the effect of the dysrhythmia on the ANS (neural 

remodelling).  

 

At the level of the heart, afferent, motor (efferent sympathetic and parasympathetic), 

peptidergic and local circuit neurons (that form part of the ICNS) converge on ganglionated 

plexi that are found in cardiac muscle as well as in epicardial fat pads surrounding the heart  

51-53   

Afferent information is collected from afferent mechano-sensitive or chemo-sensitive 

neurites that are found in abundance in the heart.52 These signals are conveyed to multiple 

neuraxial layers of feedback control loops that are able to interact with each other and then 
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determine the overall extent of efferent outflow (be that sympathetic outflow from 

intrathoracic extracardiac ganglia, such as the stellate ganglia or parasympathetic outflow 

from the vagus nerve) to the heart itself (chronotropy and inotropy), blood vessels 

(vasomotor tone) and neuroendocrine glands (adrenal glands). Thus, there is a beat-beat 

resolution in terms of integrative neural control. Further, these multiple feedback loops 

involve local neurons within the heart, between the heart and surrounding intrathoracic 

ganglionated plexi (cardio-cardiac reflexes), dorsal root ganglia, spinal cord, sympathetic 

ganglia (stellate ganglia); spinal and intrathoracic reflexes and then, finally, feedback loops 

involve higher centres of cardiovascular integrative control in the mid brain (hypothalamus, 

medulla) as well as the telencephalon (forebrain, cortical brain structures). Thus, there is a 

series of feedback “rings” from the heart (and initially only involving cardiac neurons) and 

progressively involving extracardiac loops within the thorax and ultimately encompassing the 

central nervous system. Figure 1A.  
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Figure 1A: “layers” of neural control of the heart 

 

There are multiple layers of feedback control circuits; a. within the heart; b.  

intrathoracic (extracardiac and spinal-level); and c. central layers. Each of these 

integrate afferent with efferent and sympathetic with parasympathetic efferent 

neurons to the heart to regulate its function with every cardiac beat.
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Sensory transduction from the heart (the afferent neurites)  

 

Sensory transduction of mechanical information (i.e., stretch) is the predominant focus of the 

experiments performed as a part of this thesis and thus, it is imperative that the detailed 

neuroanatomy of the afferent neurites is presented. In terms of the literature surrounding the 

influence of the ANS and AF; this important aspect of the ANS has been thus far neglected. 

We will present, in further (experimental) chapters why it is imperative that further work is 

carried out to elucidate a. the effect of AF on afferent neurite function and b. the effect of 

abnormal afferent function on the development (and or maintenance of AF). There is 

precedent for abnormalities of cardiac afferent function in cardiovascular disease from 

studies in hypertension and left ventricular dysfunction54, heart failure55 and after cardiac 

transplantation.56, 57 It is recognised for more than a century that areas in the heart and lungs 

can produce dramatic reflexes that alter heart rate and blood pressure.58 On one hand, 

veratridine, injected into the coronary arteries produces powerful depressor effects (Bezold 

Jarisch reflex)59 and, on the other, Bainbridge showed a reflex tachycardia from the infusion 

of saline.60  

 

Afferent neurons are classified according to the nature of the stimulus: a. mechanosensitive; 

b. chemosensitive and c. both mechano- and chemosensitive.53 Associated somata (cell 

bodies) can be found either; centrally (in the medulla); at the dorsal root ganglion in the 

spinal cord, or nodose ganglia (intrathoracic, extracardiac); or at the level of the heart 

(intrinsic cardiac ganglia).51, 53 A large number of nerve endings respond to both chemical 

substances; such as bradykinin, potassium and hydrogen ions, adenosine, adenosine 

triphosphate, free oxygen radicals and arachidonic acid metabolites as well as mechanical 

stimuli from intense ventricular activity.53, 61 They can generally course within the 
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subendocardial layers and can have either myelinated or unmyelinated fibres.62-64 The reflex 

effects associated with these nerve endings can be abolished by applying (painting) phenol to 

the endocardial surface.65, 66 In general terms, the myelinated endings (A-fibres) have a more 

rapid conduction rate, lower physiological thresholds and higher discharge rates in 

comparison to the unmyelinated C-fibre endings, which are often irregular in their discharge 

patterns.53   

 

Cardiac sympathetic afferent nerves 

There are cardiac sympathetic neurons, which appear to participate in pain and sympathetic-

type responses that have been more difficult to define; however they may participate in the 

development of arrhythmia; particularly lethal ventricular arrhythmias in that they can 

provoke efferent sympathetic cardiac activity.53 “Sympathetic afferents from the heart 

(predominantly from the epicardial surface of the ventricles67) ascend via the dorsal columns, 

spinothalamic and spinoreticular tracts to terminate in the cerebral cortex. 53, 68 They also 

have projections in the mid and hindbrain autonomic regulatory areas (paraventricular 

nucleus69-71 and nucleus tractus solitarius, NTS72, 73). The afferent endings in the heart 

express transient receptor potential vanilloid 1 (TRPV-1).74 The elicited reflexes are often 

termed Cardiac Sympathetic Afferent reflexes, CSAR. Of interest, these cardiac sympathetic 

afferent nerves can depress baroreflex function and heighten chemoreflexes since they share 

input into the central regulatory areas described above (particularly the NTS) with 

baroreceptor and chemoreceptor inputs.72, 73 Under normal conditions, such reflexes are not 

thought to have any significant influence on sympathetic activity.67 

 

However, cardiac sympathetic afferent neurites can be sensitised in cardiac diseases; in which 

there is depressed baroreceptor function together with heightened sympathetic efferent 
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activity (with resultant increases in heart rate, arterial pressure, and cardiac contractility). As 

such, CSAR are provoked by ischaemia, metabolic mediators as well as cardiac enlargement 

(structural remodelling), which can further trigger autonomic remodelling.61, 67, 75-77  

 

In a rodent heart failure model, produced by coronary artery ligation, the potent toxin, 

resiniferatoxin (RTX, 50µg/ml), which is an analogue of capsaicin, was applied on the 

epicardial surface of both ventricles in order to selectively destruct cardiac sympathetic 

afferents, known to express transient receptor potential vanilloid 1 (TRPV-1). TRPV-1 is 

activated by capsaicin; and destroyed by its ultrapotent analogue RTX. The main findings of 

this study75 were near complete abolishment of CSAR, reduced efferent sympathetic activity 

(renal and cardiac nerves), improved baroreflex sensitivity, prevention of elevated left 

ventricular filling pressures, reduction of pulmonary oedema and reversed adverse cardiac 

remodelling (reduction of fibrosis, apoptosis, fibrotic markers such as transforming growth 

factor as well as hypertrophy and finally there was also evidence of a reduction in cardiac 

enlargement. Thus, these autonomic feedback loops can not only alter overall autonomic tone 

via dysregulation of other autonomic pathways, but they can also influence structural 

changes. This may be an important feature in cardiac arrhythmias; where the development of 

atrial dilatation can influence Atrial fibrillation progression and, perhaps, also the 

development of heart failure.  

 

CSAR participate in a positive feedback loop61 and under normal physiological conditions 

there is a fine regulatory balance that ultimately govern cardiovascular physiology on a beat-

beat basis, and which can “prescribe” a certain set of conditions for each haemodynamic 

stressor, dialling down one set of regulatory systems and enhancing another set. In 

cardiovascular disease (and this possibly extends to Atrial fibrillation as well), there is likely 
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a loss of balance in such afferent regulatory processes – whereby neurohormonal activation 

persists, likely due to the predominance of positive feedback loops, such as in heart failure67, 

72, 73, 75 together with a loss of baroreflex control. It is hypothesised that ventricular 

arrhythmias arising from myocardial ischaemia can result from a positive control mechanism 

activating cardiac afferents, resulting in augmentation of sympathetic efferent activity.78 

Importantly, these can be abated by thoracic dorsal rhizotomy79 or stellectomy.80, 81 I am not 

aware of any work that specifically addresses the concept of CSAR dysregulation in Atrial 

fibrillation, and this would be an important avenue to pursue given the overall level of 

heightened sympathetic activity associated with AF82 and our findings (presented in 

subsequent chapters in this thesis).  

 

Arterial (high-pressure) baroreceptors   

The arterial baroreflex is fundamental to our survival as an erect species and it is obligatory 

in blood pressure regulation for cardiac homeostasis.53, 83 Afferent (mechanosensitive) 

neurites that transduce changes in stretch, which are found in the outer walls of the aorta and 

carotid arteries form the information gathering limb of the baroreflex. They input directly to 

the brainstem. They function in two ways; the first is by firing in patterns (and in groups), 

transducing the propagating local arterial pressure wave impulses after each cardiac cycle.53, 

84 This information is preferentially carried by large, myelinated “A” fibres and are thought to 

modulate large or sudden (acute) blood pressure changes.85 The second is by tracking the 

baseline blood pressure via small, myelinated or unmyelinated “C” fibres, possibly providing 

information as to the overall arterial pressures at a certain steady state.85 Owing to their 

central regulation, as well as their operation over the whole arterial waveform, specific 

functions can only be deduced and there is no certainty as to the specific role of each of these 

receptor sub types.85 Nevertheless, it appears that the majority of the fibres in the arterial 
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baroreceptor complex are composed of C fibres.86 These C fibres are able to produce strong 

cardiovascular reflexes with lower discharge frequencies than myelinated receptors.87 The 

central input of arterial high-pressure baroreceptors is the Nucleus tractus solitarius (NTS) 

and it is interesting that whilst each of the fibres converge in similar areas, they converge in 

anatomically distinct areas and therefore, there are likely differential effects of each of these 

arterial baroreceptor forms.88, 89 Within the NTS, there may be second order neurons that 

receive baroreceptor information, and from the NTS, there is signal transduction to other 

central areas such as the nucleus ambiguus and ultimately to the RVLM, the effector for 

sympathetic efferent outflow. The Valsalva manoeuvre is a test of the gross integrity of these 

receptors90 and can be tested during AF, however techniques exist to determine sensitivity or 

gain (more subtle characteristics of arterial baroreceptor function in the context of fluctuating 

blood pressures), though these rely on the presence of sinus rhythm.83, 90-92 Arterial high-

pressure baroreceptors are thought to be structurally very similar to low-pressure 

baroreceptors (see below).93 In general, in the literature, there is much more data regarding 

the structure and function of arterial baroreceptors in comparison to their low-pressure 

cardiopulmonary counterparts.  

 

Arterial chemoreceptors   

Peripheral (arterial) chemoreceptors are located in the carotid and aortic bodies and there are 

also central chemoreceptors processing similar information in the medulla.94, 95 These 

respond to changes in oxygen and carbon dioxide saturation. These receptors are of great 

importance generally, however in they are not of considerable relevance to this thesis and 

thus these have only been mentioned here for the sake of completeness. There is a potential 

role that these chemoreceptors play in the development of AF from obstructive sleep apnoea. 
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This is presented below. There is a layer of integration with baroreceptors of both the high-

pressure arterial type and the low-pressure cardiopulmonary type.53  

 

Cardiopulmonary (low-pressure) baroreceptors   

These low-pressure baroreceptors predominantly sense changes in cardiac volume. Their 

physiologic function has been well-studied through decades of physiologic experiments and 

the techniques used to decrease blood volume and their normal responses have been well-

validated.96 The specific techniques that have been used are presented in this chapter and as 

such form a large part of the scientific background for the experiments contained within this 

thesis. The most pragmatic method by which to determine the physiologic role of these 

receptors is to produce changes (decreases) in central blood volume without altering mean 

arterial pressure.93 The early methods, in animal models were models of haemorrhage, 

whereby blood was withdrawn from the animals, and the function of these receptors 

measured before changes in arterial pressure occurred.93 In humans, a technique to simulate 

the effect of haemorrhage via redistribution of blood from the heart to the peripheries, via 

negative pressure applied to the lower limbs (Lower body negative pressure; LBNP) has been 

able to achieve a similar objective.57, 58, 96, 97 There are multiple effects of LBNP (at varying 

levels) and duration.96 At low-levels, where blood pressure does not fall, this technique can 

be quite useful (especially in addition to the testing of arterial baroreflexes in another way as 

we have done in the experimental chapters of this thesis) to differentiate high-pressure from 

low-pressure baroreceptors. However, it should be duly noted that if interpreted in isolation, 

the differential effects of each of these receptors on LBNP is not absolute.58 At low-levels of 

LBNP, mainly acute neural function is tested. At higher levels, arterial pressure falls, and the 

reflexes involved in severe haemorrhage can be tested. With short durations (as we have 

utilised in our studies), LBNP mainly tests autonomic (acute) nervous reflexes. Longer 
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durations of LBNP can induce neuroendocrine changes.96 LBNP is further discussed in 

Chapter 4, however we have summarised the acute autonomic nervous reflex elicited by low-

level LBNP in humans in Figure 1B. 
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Figure 1B: The acute autonomic (nervous) reflex elicited by low-level, short duration LBNP 

 

In healthy adults, LBNP at low-levels where arterial pressure remains unchanged and 

with short duration produces an acute autonomic neural reflex; whereby offloading 

cardiopulmonary receptors in veno-atrial junctions of the heart results in tonic vagal 

withdrawal and consequently, an increase in central sympathetic outflow (to the heart 

and the blood vessels). The measurable effect of this reflex is peripheral 

vasoconstriction and is discussed in detail in subsequent chapters.
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From a physiologic perspective, the earliest description of the receptors participating in the 

regulation of cardiac volume is probably the curious finding of a reflex tachycardia induced 

by venous filling by Bainbridge.60 Much later, it was subsequent experimental work by 

Linden and Kappagoda who showed that this reflex was initiated by discrete distension (and 

activation) of presumed receptors in the location of pulmonary vein-atrial or vena cava-atrial 

junctions of the heart by the inflation of small balloons in these areas.98-100 Seminal work 

from Paintal101-103 has identified these receptors in the atria by producing single filaments of 

vagal nerve slips and measuring the electrophysiologic properties of these receptors. He 

identified atrial volume as the primary stimulus of these receptors.103 Further convincing data 

comes from Gupta et al.93 who compared the relative contributions of arterial high-pressure 

and atrial low-pressure baroreceptors in response to progressive haemorrhage as well as 

infusion in 15 anaesthetised dogs. They have demonstrated, reasonably conclusively, that 

during moderate changes in volume, arterial receptor discharges remained constant, whereas 

atrial low-pressure receptors increased activity four-fold with a 20% increase in blood 

volume and, decreased activity by 80% following 20% decrease in blood volume (moderate). 

Interestingly, it has been shown that dogs who had a higher blood volume (through ingestion 

of high salt diets) in comparison to dogs with lower atrial volume (from low-salt diets) were 

found to have a higher activity of these atrial receptors, where atrial pressures between the 

groups were similar.104 Indeed, in the dogs with higher atrial receptor activity, sensitisation to 

changes in atrial pressure were also seen.  

 

There has also been some historical work to define the structural appearance of such veno-

atrial receptors. The first histologic description of the receptors that respond to changes in 

atrial stretch arise from work using Cajals staining methods to elucidate cardiac afferent 

arborisations by Nonidez.105 These receptors were initially thought to represent the sensing 
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mechanism for the Bainbridge reflex- whereby an increase in heart rate occurs in response to 

increased caval distension and distension of the heart,60, 105 however, as discussed above, they 

respond to both increases and decreases in cardiac volume. These have been localised to 

veno-atrial junctions in the heart and in particular, the pulmonary vein-atrial junctions, as 

they are found more in the left atrium than in the right.97, 105, 106 Histologically, they appear to 

be myelinated, with a complex receptor ending that is unmyelinated and arborises in the 

endothelium.58, 105 Coleridge et al.107 have provided quite strong evidence to support the 

function of these receptors, by identifying the electrophysiologic characteristics by isolating 

nerve filaments from the vagus nerve, testing atrial mechanotransduction (pressure) and 

associated discharge firing rates of these receptors and then subsequently analysing this area 

histologically and showing histologically that atrial receptors similar to those identified by 

Nonidez105 are responsible for the vagal discharges identified using electrophysiologic 

techniques. Thus this, together with other work, as above, demonstrates the role of these 

identified receptors as low-pressure-sensitive mechanoreceptors (respond to changes in 

volume).58, 106  

 

The structure and function of these receptors in both health and disease states is not 

completely demonstrated. Indeed, in the scientific literature, these seem to mostly have 

become forgotten. The most useful study in terms of correlation of the histology and its 

function in heart failure was performed by Zucker et al.108 In this study, a canine model of 

heart failure was produced by surgical creation of an infra-renal aortocaval fistula. They were 

able to demonstrate that the heart failure dogs, for any change in atrial pressure, had 

depressed low-pressure atrial baroreceptor function and that this was associated with reduced 

atrial compliance as well as histological abnormalities in the unencapsulated receptors 

(Paintal type B, or low-pressure volume-regulating atrial baroreceptors). Specifically, they 
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showed a loss of end arborisation, histologically. This mechanistic data is consistent with the 

finding that humans with heart failure have deficiencies in the reflex response to LBNP.55  

Although there is scant evidence of the function of such atrial receptors in cardiac 

arrhythmia, particularly AF, in one open-chest experiment using dogs, Atrial flutter of 

fibrillation induced by mechanical stimulation, was associated with increased firing 

discharges of these atrial receptors. It was thought to represent the mechanism by which AF 

can induce a reflex diuresis.109 Indeed, there is evidence to indicate that atrial receptor 

stimulation results in decreases in antidiuretic hormone.58 Indeed, conversely, longer, low-

levels of LBNP (offloading atrial receptors) without decreases in blood pressure (or arterial 

high-pressure baroreceptor stimulation), results in an increase in antidiuretic hormone as well 

as renin levels.110    

  

Muscle sympathetic afferent nerves  

These are complex neural systems that transduce both chemical and mechanical information 

in skeletal muscle, integrating these with the autonomic nervous system at multiple “nexus” 

points.53 Their integrative role in cardiovascular regulatory physiology (homeostasis) is 

important in the regulation of cardiac function during activity or exercise. They can act 

preferentially; in one organ system. For example, cardiac sympathetic outflow is increased 

preferentially over peripheral (vasomotor) sympathetic activation.53 These somato-

sympathetic reflexes (as measured by increases blood pressure and heart rate) are 

proportional to the maximal strength rather than the muscle mass or the absolute tension 

produced by muscle contraction. Therefore, small muscle groups (in the digits) can evoke 

similar responses to the larger muscles of the thigh.111 Changes at the level of the muscle due 

to mechanical contraction or chemical changes (decreases in pH and increases in lactic acid, 

potassium ions and hydrogen ions) can activate receptors in the perivascular space that then 
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travel to the spinal cord (group IV afferents) that enter into the spinal cord through the lateral 

division of the dorsal roots, synapsing in the ipsilateral substantia gelatinosa (dorsal horns) of 

the spinal cord. 112, 113 Then the way in which these afferent neurons interconnect at varying 

levels or “nexus points” in the central (supraspinal) structures is less clear and may involve 

areas in the motor cortex, hypothalamus and other areas.53, 111 Nonetheless, it seems critical 

for such afferent information to be conveyed to the Rostral ventrolateral medulla (RVLM) 

where the bulbo-spinal efferent sympathetic outflow neurons leave (preganglionic vasomotor 

neurons) and which are, thus, responsible for the expression of the reflexes.111 Indeed, 

contralateral transection, chemical inactivation of radiofrequency ablative energy delivery 

obliterates these reflexes.114, 115 As final effector pathway, other cardiovascular homeostatic 

reflexes, including the baroreceptor reflexes, which regulate blood pressure and volume, are 

also, thus, produced by the RVLM. This allows for integrative control and thus these somato-

sympathetic reflexes are influenced also by baroreceptor function.111, 116 Isometric handgrip 

exercises are a commonly used technique to measure cardiovascular responses to these 

somato-sympathetic reflexes111, 117 and the combined responses to a variety of tests of the 

integrity of cardiovascular afferent (regulatory) function can assist us in the differentiation of 

where any putative deficits may be in  interpreting baroreceptor responses. This test is further 

detailed in our testing protocol in the experiments presented as part of this thesis.  

 

Renal afferent nerves  

These afferent neurons are both chemo-sensitive and mechanosensitive. Renal mechano-

sensitive neurons are found in the renal parenchyma and the walls of the renal pelvis, 

participating in reno-renal (mediated centrally) reflexes that depress sympathetic efferent 

outflow.118 Chemosensitive neurons are predominantly located in the renal parenchyma and 

pelvis where they participate in spinal-level reflexes that elevate sympathetic efferent 
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outflow.53, 118 These receptors are not relevant to this thesis and are therefore only mentioned 

briefly here.



 

Dr Varun Malik, PhD thesis, 2018 - 2021 

 52 

AUTONOMIC FUNCTION IN ATRIAL FIBRILLATION 

Efferent sympathetic innervation to the heart 

 

The ultimate neural circuitry “end-point” resides with efferent neurons (both sympathetic and 

parasympathetic) terminals innervating cardiac myocytes, coronary and peripheral 

vasculature.53 Also, there is a direct effect of circulating catecholamines (produced in the 

adrenal gland) in the “terminal” portion of cardiovascular output.53, 67 It is imperative to note 

that the historical context was to consider these opposing “sympathies” – activation of either 

one or other (reciprocally). This has been debunked and it is now quite clear that there are a 

multitude of “nexus points”52, 53 that can interact either within or between themselves; that are 

either intracardiac, extracardiac but intrathoracic; central; or a combination of each. These 

hierarchical control circuits can activate either sympathetic neurons; parasympathetic neurons 

or, as is most common; both, at varying levels in order to integrate autonomic physiology 

with cardiovascular homeostasis.53 Put in another way, it is possible for cardiac regulation to 

occur independently (within cardiac/thoracic levels) without involving central brain inputs.52, 

53, 80 and it is also possible to preserve cardiac control with multiple layers of redundancy 

present in the system given the hierarchical neuronal efferent control.119-121 

 

Cardiac sympathetic efferent neurons 

Pre-sympathetic efferent neurons originate in areas of the brainstem and project to cell bodies 

of sympathetic pre-ganglionic neurons in the intermediolateral cell column of the spinal 

cord.122, 123 These cell bodies have axonal inputs to the thoracic ganglia (sympathetic chain 

including the stellate ganglia) that are located paravertebrally.52 The peripheral efferent 

innervation of the heart arises from the cervical levels (C7/C8) up to T423 of the spinal cord 
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and the sympathetic preganglionic neurons that influence efferent vasomotor function 

predominantly arise from the thoracic levels.124  

Tonic activity of sympathetic outflow occurs even in basal states.122 There are three main 

types of sympathetic efferents that innervate the heart and blood vessels; determined by their 

sensitivities; baroreceptor sensitive, glucosensitive and thermosensitive.122  Under basal 

conditions, baroreceptor sensitive afferents, and their tonic inhibitory activity, mostly, 

restrain cardiac sympathetic efferent outflow from the RVLM.53, 122 There are midbrain 

circuits that can regulate central sympathetic outflow too.125-127 There is a degree of laterality, 

however, mostly, innervation to the heart comes from somata in each major ganglion in order 

to maintain control even if one of those areas is compromised.119-121, 128-132 These can 

innervate the extracardiac or intrinsic cardiac ganglia and thereby converge on to the local 

cardiac network of nerves.53   

 

Cardiac parasympathetic efferent neurons 

Cardiac parasympathetic preganglionic neurons have somata within the medulla (mostly 

nucleus ambiguus)133-135 and innervate the multitude of ganglionated plexi in the atria and the 

ventricles.136-138 These intrinsic cardiac ganglia can regulate cardiac function in both the atria 

and ventricles132, 139, 140 in a bilateral manner.121, 141, 142 Indeed, these act as a “collective” to 

control cardiac function.143 This local neuronal circuitry could act independently of central 

control.144-146 A lot of the integrative function is provided by local circuit neurons within 

these cardiac ganglia in the heart.53  

 

Renal efferent nerves  

There are some studies that have evaluated efferent renal denervation in animal models of AF 

and demonstrated reduced AF complexity and atrial autonomic changes after renal 
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denervation.147, 148 There has also been some clinical data to suggest that in hypertensives 

with AF renal sympathetic efferent denervation may be additive in the treatment of AF; 

however, care needs to be exercised in this study owing to the lack of a placebo or sham renal 

denervation arm.149 These neurons are only mentioned here briefly, for the sake of 

completeness and given some limited data in AF. 



 

 55 

1.22 The ANS as a mechanism (trigger) of atrial fibrillation 

 

The question as to whether AF may be related to acute perturbations in the ANS arose from 

early observational data that assessed the time of onset of a paroxysm of AF during a 24 hour 

period and found that there was bimodal distribution strongly resembling the circadian 

rhythm.41 The cardiac ANS comprises of sympathetic and parasympathetic divisions that can 

be afferent/signal processing or efferent nerves together with a large network of interneurons 

that form a plexus often denoted “the little brain on the mammalian heart.”51, 53 Extrinsic 

sympathetic innervation to the heart arise mostly from the extra vertebral sympathetic chain, 

among which, the stellate ganglion is chief.28 However, the vagus nerve (which contains mostly 

parasympathetic nerves) has also been found to augment sympathetic tone, with 

immunohistochemical assessment of the vagus showing adrenergic neuron staining.28 The 

vagus nerve contains a mix of both motor and sensory neurons that innervate structures in the 

heart (sino-atrial and atrio-ventricular nodes, both atrial and ventricular myocardium as well as 

intrinsic cardiac ganglia).28 Afferent (sensory) inputs into the vagus nerve can arise from the 

pulmonary vein- left atrial junctions, sites known to be critical for the pathogenesis of AF.106   

 

The downstream effects of efferent atrial nerves on cellular electrophysiology to cause AF are 

well known and have been detailed previously.23, 28 Adrenergic nerves release noradrenaline, 

which stimulates ß-adrenoreceptors through G-coupled proteins. The principal arrhythmogenic 

effect of adrenergic stimulation comes through its fundamental purpose enhancing myocardial 

calcium handling in order to produce cardiac contractility in the face of a “fight or flight” 

situation. 28 Adrenergic nerve- mediated activity of L-type calcium channels, increases calcium 

influx, resulting in action potential duration changes to enhance early after- depolarization. 

Owing to the increase in intra-cellular calcium, abnormalities in calcium-handling develop. 
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First, there is calcium overload, resulting in the extrusion of calcium from the sarcoplasmic 

reticulum. Second, ryanodine type-2-receptor dysfunction occurs, exacerbating this process. 

The sodium/calcium exchanger ion channel (NCX), owing to its stoichiometry, 

disproportionately offloads 1 calcium ions from the cell in exchange for 3 sodium ions. This 

produces a net inward current responsible for triggering delayed after depolarization. Finally, 

adrenergic stimulation can also enhance automaticity. All these effects can occur at the level 

of the atrium and the pulmonary veins, triggering AF. 23, 28 Cholinergic (parasympathetic) 

stimulation can result in shortening of the atrial effective refractory period by increasing the 

activity of IKACh (acetyl-choline receptor mediated inward rectifying potassium channel). This 

effect is heterogenous owing to the spatial differences in parasympathetic atrial innervation. 23 

The combined contribution of both sympathetic and parasympathetic arms appears to be 

important in the development of AF with some caveats. In younger patients without structural 

heart disease, a spectrum of vagal triggers such as vaso-vagal syncope, after ingestion of a 

meal, at night, or during the recovery phase of exercise, can bring about a paroxysm of AF. 150  
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1.23 Cardiac autonomic dysfunction and the risk of incident Atrial fibrillation 

 

Although there have not been a great number of large-scale studies that have directly addressed 

this question, there is mounting indirect evidence through clinical sequelae of autonomic 

dysregulation to suggest that there is an association between the incidence of AF and cardiac 

autonomic dysfunction. The first indirect evidence from large population level prospective 

cohort studies came from those that assessed whether the presence of orthostatic hypotension 

(OH) was associated with an increased future risk of AF. The first of these studies, a 

prospective analysis of 33 346 community dwellers in the city of Malmö, Sweden151 

demonstrated that the presence of OH; defined as a decrease in systolic blood pressure of ≥ 20 

mmHg  and/or a decrease in diastolic blood pressure of  ≥ 10 mmHg  within 3 minutes of 

standing was independently associated with the risk of AF during approximately 24 years 

follow up. A subgroup analysis indicated that hypertensive individuals with co-existing OH 

drove this effect.  

 

In a prospective analysis of the 12 071 participants of the Atherosclerosis Risks in 

Communities (ARIC) study, there was a substantially increased risk of incident AF in patients 

with OH (18.4%) compared to those without (11.6%), over an 18-year follow up.152 When the 

authors adjusted for age, sex and the presence of concomitant risk factors (which perhaps also 

contribute to autonomic dysfunction), this relationship persisted and was similar in risk to 

either diabetes or hypertension in their multivariate model.   

 

Psychological stress, in particular anger or hostility, is known to produce perturbations in 

autonomic activity.153 Here a surge in sympathetic activity and rise in catecholamines together 

with decreases in vagal activity have been observed in the laboratory setting in humans. In 
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animals, correlated with an increase in catecholamines and reduced heart rate variability, 

protocols that reproduce social stress can trigger arrhythmia.154 In humans recent data by 

Lampert et al. 153  demonstrate that AF was more likely to occur during anger or stress and that 

this association was significantly attenuated on patients on ß-blockers (excluding sotalol). At 

a population level, the Framingham offspring cohort, which included 3873 participants in 

whom psychosocial questionnaires at a baseline visit were completed, showed that the 

incidence of AF at up to 10 years follow up was higher in those with higher anger and hostility 

measures.155    

 

Perhaps the only direct measure of autonomic function at a population level, albeit limited to 

spectral heart rate characteristics (from short 2-minute electrocardiograph recordings) also 

comes from an analysis participants of the Atherosclerosis Risks in Communities (ARIC) study 

by Agarwal et al.156 This large prospective cohort study (11 715 participants) also had a long 

follow up of approximately 20 years. Here, the major finding was that, despite adjustment for 

a variety of variables, lower resting heart rates and a lower overall variability of resting heart 

rate were highly suggestive of cardiac ANS dysfunction being associated with an increased 

risk of incident AF. Power spectral density – frequency domain characteristics of both 

heightened parasympathetic (High Frequency; HF) as well as sympathetic tone (ratio of Low 

frequency: High Frequency = LF:HF) were associated with incident AF. Given that the 

measurements are at rest and predict future incident AF; they are unlikely to implicate simple 

surges in the activity of both arms of the ANS as causative in in the development of AF. Rather, 

it is more likely that there is an underlying dysfunction of the ANS present even during sinus 

rhythm and even at rest. This independent association with future incident AF boosts the 

hypothesis that chronic disturbances of the cardiac ANS, rather than acute shifts, contribute to 

the development of AF. These studies are summarised in Table 1A.   
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Table 1A: Autonomic dysfunction and the incident risk of AF at a population level 

Study  Measure Population  Study size Mean Age Average follow 
up duration 

(years) 

Multivariate adjusted 
risk of the incidence of 

AF 
Direct evidence of autonomic dysfunction  
Agarwal et al.156 Heart Rate Variability  Atherosclerosis Risks in 

Communities (ARIC) 

11, 715 54±6 20 1.14 (CI; 1.08 – 1.21): per 

each SD lower HRV. 

Indirect evidence of autonomic dysfunction  
Fedorowski et al.151 Orthostatic hypotension  Malmö, Sweden 33, 346 46±7 24 1.30 (CI; 1.05 – 1.61) 

Agarwal et al.152 Orthostatic hypotension Atherosclerosis Risks in 

Communities (ARIC) 

12, 071 55±6 18 1.4 (CI; 1.15-1.71) 

Eaker et al.155 Psychosocial: Anger and 

Hostility measures  

Framingham offspring 3873 49±10 10 1.2 (CI; 1.0-1.4): Anger & 

1.3 (1.1-1.5): Hostility 

SD = Standard Deviation. CI = confidence Interval. HRV = Heart Rate Variability (SD normal-normal RR interval)
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1.24 The role of the ANS as the “road to AF” from risk factors 

 

Atrial remodelling due to risk factors for AF has been shown to be reversible; however, the 

mechanisms by which these risk factors interact to produce atrial remodelling and subsequent 

AF are unclear.7 This intersection is critical to the development of strategies to combat this 

disease. The parallel increases in the prevalence of both, the development of AF as well as its 

risk factors may be underpinned by a shared mechanism. Here, we review the potential role 

of the autonomic nervous system (ANS) as an intermediary between risk factors and the 

development of AF.  

 

Obesity  

The role of obesity in the development of AF is well established. Firstly, through a strong 

epidemiological link, second through electrophysiological studies demonstrating atrial 

substrate development in obesity13, 15, 16 and finally, through the finding that weight loss 

together with a comprehensive risk factor management strategy can result in improved freedom 

from AF after catheter ablation9 and may even reverse the progression of AF.157 It is also well 

established that obesity42, 158-162 including visceral obesity50 is associated with an increase in 

sympathetic tone, as assessed by direct muscle sympathetic nerve activity (MSNA). 

Importantly, 10% weight loss after gastric banding procedure in severely obese patients led to 

a reduction in MSNA concomitant with improved cardiac and sympathetic baroreflex 

function.163     

 

Obstructive Sleep Apnoea 

Obstructive sleep apnoea (OSA) has been identified as an independent risk factor for AF.7, 43 

The acute effect of obstruction results in thoracic impedance changes which increase cardiac 
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venous return and left atrial stretch, with associated electrophysiological changes such as 

reduced atrial effective refractory period and consequent AF vulnerability.13, 164 In parallel with 

these acute effects, there is also increased ganglionated plexus activity with reduced 

susceptibility to AF after ganglionated plexi ablation, atropine and vagotomy.13 These 

observations strongly implicate the ANS in the pathophysiology of AF due to OSA. 

Additionally, an acute obstructive event also initiates the diving reflex, hypoxia and arousals 

that induce surges in both parasympathetic and sympathetic activity, which could promote the 

onset of AF.23 Finally, repetitive airway obstruction can result in chronic effects that include 

the development of atrial fibrosis and electrical remodelling, both of which contribute to AF 

maintenance,13 OSA can also result in autonomic remodelling with both sympathetic and 

parasympathetic atrial hyperinnervation, baroreceptor dysfunction, and chronic sympathetic 

activation, all of which can produce AF.165 Interestingly, in addition to ganglionated plexus 

ablation, a variety of strategies to modulate the ANS, such as ß-blockers, renal denervation, 

low-level tragus stimulation and baroreceptor stimulation, have been shown to reduce AF 

vulnerability to OSA in pre-clinical studies.165 Further work is required to determine whether 

neuromodulation can be a useful adjunct in the treatment of OSA, particularly in those 

intolerant or non-adherent to continuous positive airway pressure treatment.   
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Hypertension  

Epidemiological studies have consistently identified hypertension as an important risk factor 

for AF.166, 167 Although, several mechanistic studies have identified a hypertension related atrial 

substrate, there is cumulative evidence that in this group, sympathetic overdrive may be a 

significant contributor to this risk.13, 168-171 The ANS has achieved significant attention in the 

pathogenesis of hypertension.44 Techniques such as sympathetic nerve activity using MSNA, 

the spill-over of noradrenaline and heart rate variability have clearly shown a sympathetic 

“overdrive” that occurs at all severities of elevated blood pressure.44 Additionally, the increase 

in sympathetic activity parallels blood pressure increases; implicating a cause/effect link.172 

Indeed, these findings have been further extended to show that sympathetic over-activity is 

associated with and may be contributory to hypertension related end-organ  damage (vascular 

remodelling, left ventricular hypertrophy, and perhaps even diastolic dysfunction).44  

 

In a small group of pre-hypertensive individuals, MSNA at baseline and at 8 year follow-up 

demonstrated a correlation between MSNA and BP increase.173 In a comparison of young black 

men, who have a raised risk of hypertension, to white men, there was an exaggerated vasomotor 

response to sympathetic activity: where MSNA, itself, was not different between the groups.174 

This suggests factors other than gross sympathetic motor tone are important in mediating the 

role of increased sympathetic nerve activity and high blood pressure. Although arterial 

baroreceptors and chemoreceptor deficits in heart rate control have been well established; there 

is no impairment in baroreceptor control of vasomotor tone.44, 172 Cardiopulmonary receptors; 

found typically in veno-atrial junctions of the heart,108 that respond to changes in blood volume 

and inhibit efferent sympathetic outflow175 have been shown to be reversibly impaired in 

patients with hypertension and left ventricular hypertrophy.54   
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Diabetes 

The epidemiological association of AF with diabetes is well described and it is considered an 

independent risk factor for AF.166, 176, 177 Recent work has demonstrated that in patients 

undergoing catheter ablation for AF, glycaemic management results in significantly improved 

outcomes,178 highlighting the need for suitable targets to optimise (>10% reduction in HbA1c 

and a target of <6.5%).179 Although there are likely a number of responsible mechanisms;179 of 

which none have been clearly elucidated, it has been shown that diabetes (which is well known 

to cause autonomic neuropathy) can result in cardiac autonomic dysfunction; assessed using 

tests such as Valsalva manoeuvre, heart rate variability during deep breathing, heart rate and 

blood pressure responses to standing and the isometric handgrip test.180 It is proposed that 

cardiac autonomic dysfunction can cause tachycardia, reduced exercise capacity, orthostatic 

intolerance (together with peripheral blood vessel sympathetic denervation) and perhaps even 

silent myocardial ischemia. 180  

 

In an animal model of diabetes, atrial refractoriness, atrial conduction velocity and AF 

inducibility were not different to control rats at baseline; however, diabetic rats showed a 

heightened susceptibility to AF from sympathetic stimulation, together with histologic 

evidence of sympathetic nerve remodelling.48 This link has also been demonstrated in humans, 

where the burden of AF in diabetics was strongly correlated with LF/HF ratio, a frequency 

domain spectral characteristic of heart rate variability thought to represent a marker of 

sympathetic activity.181 Overall (time-domain) heart rate variability was not reported in this 

study, which is a significant limitation. Direct measures of sympathetic nerve activity (MSNA 

and noradrenaline spill over) show that diabetes is associated with both an increased central 

sympathetic drive as well as an impairment in the sympathetic responses to a carbohydrate 
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load.49 Therefore, there is modest evidence that implicates autonomic dysfunction as a mediator 

of the elevated risk of AF associated with diabetes.  

 

Alcohol excess  

The role of alcohol as a dose-dependent risk factor for AF is well known.47 A recent meta-

analysis has demonstrated that moderate levels of alcohol consumption are associated with 

increased risk of AF.182 A randomised intervention study has shown that in patients with AF, 

abstinence results in reduced recurrence at 6 months follow up.183  A variety of mechanisms 

have been proposed. However, the direct effect of alcohol as neurotoxin184 resulting in 

autonomic dysfunction is likely to be  important. Acute ingestion of alcohol is associated with 

a decrease in heart rate variability185, 186 and diminished vagal heart rate modulation in healthy 

adults.185 Sympathetic hyperactivity was observed in patients with coronary artery disease186 

and with a history of AF, in whom alcohol ingestion was associated with increased sympathetic 

tone (assessed using heart rate variability) together with increases in ß-adrenergic density.187 

A number of studies also report an increase in MSNA due to alcohol.188  

 

Finally, acute alcohol ingestion, which is a cause of syncope and orthostatic intolerance, is 

associated with an impaired homeostatic reflex response to decreased venous return, elicited 

by a non-invasive technique (Lower Body Negative Pressure; LBNP).188, 189 Whilst under 

normal circumstances, blood pressure is maintained due to vasoconstriction,96 alcohol 

ingestion results in significant decreases in blood pressure and absent vasoconstriction. 

Although this reflex deficit could potentially be confounded by the known vasodilatory effect 

of alcohol, Carter et al.188 showed a concomitant deficit in the MSNA response to LBNP, which 

provides strong evidence to the contrary. Moreover, separate studies report baroreceptor 

dysfunction due to alcohol,190 implicating cardiac afferent neurotoxicity. Therefore, not only 
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can alcohol cause perturbations in autonomic tone and autonomic remodelling, but it may also 

lead to autonomic deficits, thus, providing a pathway to the development of AF.   

 

Smoking 

There is an epidemiologic link between smoking and the long term risk of developing AF, with 

the highest risk in those with the largest intake, and somewhat decreased risk in those who 

quit.191 There is no direct evidence linking the ANS to smoking as a risk factor. The 

pathophysiologic link is presumed to be related to the development of other risk factors in 

smokers – such as inflammation, hypertension, and vascular disease. Nevertheless, there is 

strong evidence that cigarette smoking causes an increase in sympathetic activity.45 

Middlekauff et al.45 provide a comprehensive review of the role of nicotine as well as fine 

particulate matter from tobacco in the development of autonomic dysfunction. Both acute and 

chronic effects result in an increase in sympathetic nerve activity, which can at least partially 

account for the epidemiologic association of smoking with AF.  

 

Smoking causes acute increases in heart rate, blood pressure and contractility due to the effect 

of nicotine to increase noradrenaline from peripheral sympathetic efferent nerve terminals192, 

193 as well as a rise in sympathetic nerve activity. Whilst several mechanisms may be 

responsible for chronic increases in SNA, several studies demonstrate a consistent attenuation 

of afferent nerves, particularly the baroreceptors found in the heart and blood vessels. While 

under normal circumstances, the baroreflex would counter the effect of nicotine on 

sympathoexcitation, smoking results in dysfunction, permitting unchecked sympathetic 

activity.45, 194 This effect appears to be reversible; encouraging the role of smoking cessation 

as a component of risk factor management.  
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Physical inactivity  

Physical activity is associated with a reduced risk of AF in a number of studies and it can offset 

AF risk in obese individuals.195, 196 A sedentary lifestyle is not only strongly linked to both 

cardiovascular disease as well as mortality, it is associated with autonomic dysfunction.46 

Similar to the other risk factors, as described above, physical inactivity is associated with 

sympathetic hyperactivity, and baroreceptor dysfunction owing to an enhanced baroreflex 

initiated sympathetic outflow. More recently, destructive changes in the central nervous system 

centres that control sympathetic outflow (RVLM; Rostral Ventrolateral medulla) have been 

described that result in an increase in sympathetic nerve activity.46 Indeed, it is proposed that 

physical inactivity may contribute to the development of hypertension due to the increased 

sympathetic activity.46  

 

Although the benefits of physical activity, especially in terms of AF risk are widely accepted; 

excessive physical activity, particularly endurance exercise, is also associated with an 

increased risk of AF.197 The mechanisms underlying this association are not well understood; 

although heightened parasympathetic activity that result in electrophysiological changes in the 

atrium (shortening refractory periods) due to acetylcholine dependent potassium channels  may 

play a role.197, 198 A rat model of endurance training has demonstrated a temporal association 

with vagal activation (both efferent atrial effects and baroreceptor augmentation) coupled with 

AF inducibility; that wanes with cessation of excessive physical activity.199  

 

Through a combination of epidemiological association as well as mechanistic studies, there is 

considerable evidence to suggest the concept that the ANS may form an integral link between 

lifestyle-based risk factors and the development of AF. Potentially this relationship may extend 
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to be one of the drivers of disease progression. There is a surprising amount of evidence linking 

autonomic dysfunction due to risk factors to AF and are summarised in Figure 1C.  

 

Therefore, we propose that the role of the ANS is quite literally an important section of the 

“road” that leads to AF. 
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Figure 1C: “All roads lead to AF” 

 

A “map” of the road to risk factors leading to autonomic dysfunction and then to AF. From Malik et al.2020.31   
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1.25 Potential role of the ANS in the progression of AF?   

 

The effect of autonomic tone on atrial electrophysiology, and, as a trigger for AF is fairly 

well established. I have already discussed this concept; which has been reviewed extensively 

by our group; in collaboration with others.23 In this section I aim to discuss the essential 

limitation of prior work in this area; which generally confines the role of the autonomic 

nervous system and its perturbations to the direct, efferent effects of autonomic tone. 

Identification of this knowledge gap; in my opinion is of vital importance in accurately 

determining the role of the ANS in the interplay between risk factors (atrial substrate) as well 

as propensity to progression (atrial remodelling) in the disease process that characterises AF. 

 

The classical experiments performed by Wijffels et al.24 were the first to demonstrate the now 

well-known dictum; “AF begets AF”. 12 goats were prepared by suturing epicardial 

electrodes overlying their atria under general anaesthesia via an open thoracotomy. These 

electrodes were externalised and connected to an electrical stimulator (Medtronic SP3084, 

Minnesota) with long cables attached with springs to the ceiling of the housing for each goat. 

This allowed free movement of the awake animal. The electrical stimulator was used to 

produce a 1s biphasic stimulus (20ms interval at 4 times the diastolic threshold). The system 

was able to easily differentiate AF from sinus rhythm; SR by assessing the local signal 

isoelectric segments (much longer during SR than during AF). AF could therefore be 

accurately determined and maintained as required. The control experiment (single atrial burst 

– 1s, 50Hz) produced short bursts of AF (6 ± 3s); whereas increased duration of artificially 

maintained AF progressively lengthened sustained AF. Artificial atrial fibrillatory activity of 

approximately 7.1 ± 4.8 days in 10 of 11 goats produced sustained (at least >24 hours) of AF. 

Additionally, the atria became more vulnerable to AF development with reduced median 
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fibrillation intervals, enhanced susceptibility of a single atrial extra stimulus to produce AF 

and reduced atrial effective refractory periods. A subsequent experiment by the same group25 

examined what the mechanism for this self-perpetuation may be.  Importantly, they examined 

the effect of autonomic tone as well as other possible mechanisms such as calcium handling, 

acute changes in atrial pressure and atrial ischaemia. Here, they reported the results of 

various pre-treatments in 25 goats prepared in a similar way to the first study24: atropine (to 

block the effects of efferent parasympathetic tone), propanol (b-blockade; efferent 

sympathetic blockade), volume loading (0.5-1L Hemaccel; to raise atrial pressure), atrial 

natriuretic factor (ANF); a-human 1-28 ANF (a direct effect on atrial ion channels or an 

effect via a neurohormonal mechanism), rapid long-term atrial pacing and glibenclamide 

(ATP-regulated K+ channel blocker that was used to test the hypothesis that atrial ischaemia 

was the cause of AF perpetuation. Dosage; 10µmol/kg).  

 

Atropine (0.1, 0.3, 0.6 and 1.0 mg/kg intravenously, cumulatively every 10 minutes; n = 6) 

and propranolol (0.1, 0.3 and 0.6mg/kg; n = 6) were administered before AF induction 

(during sinus rhythm), after 1-3 days of AF (also during sinus rhythm) and once AF was 

sustained. In 3 goats, atropine (0.2mg/kg) and propanol (0.2mg/kg) were co-administered in 

order to produce combined autonomic efferent blockade. Neither atropine (at maximal dose 1 

mg/kg), nor propranolol (at maximal dose 0.6mg/kg) abolished the reduction of atrial 

refractory period seen due to the preceding 24 hours of AF. In this study, the effect of 

sustained AF (during AF) was assessed by measuring Atrial fibrillation Intervals (AFI). 

Whilst profound effects were seen on atrio-ventricular conduction (shortened RR interval 

with atropine and lengthened with propranolol), there was no clear effect on AFI to suggest 

that acute autonomic tone had any effect in modulating the atrial electrophysiologic changes 
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due to perpetuating AF. In this study, autonomic blockade was performed either before any 

or after completion of electrical remodelling. Therefore, the possibility that autonomic tone 

could, over time modulate the decrease the atrial effective refractory periods and therefore 

increase atrial vulnerability to AF induced by AF itself has not been excluded in this study.  

 

Volume loading in 12 normal goats (with a consequent acute rise in both atrial pressure and 

diameter) did not shorten atrial effective refractory periods. Although ANF in plasma rose 

from 42 (baseline) – 99pg/mL at after 1 week and up to 4 weeks of AF (n = 6); administration 

of a-human 1-28 ANF (which causes plasma ANF to rise in the 4 goats in which it was 

administered) did not have any effect on atrial effective refractory periods. However, in this 

study, atrial pressure was studied in normal goats and therefore whether atrial pressure 

contributes to increases in atrial vulnerability at this stage is not known. Nevertheless, any 

substantive effects of ANS mediated ANF effects on atrial effective refractory periods in 

normal goats were ruled out by this experiment. This finding is in contrast to prior 

observations in dogs; where combined vagal and b-adrenergic blockade attenuated the effect 

of ANF infusion on atrial effective refractory periods and monophasic action potential 

durations; which can enhance the susceptibility to developing AF.200  

 

In 10 goats, rapid pacing for a prolonged period (up to 2 days) at a cycle length of 180-

200ms, showed substantial decreases in atrial effective refractory period, and associated 

bursts of AF. Importantly, there was both, an acute decrease in atrial effective refractory 

period with commencement of a rapid pacing protocol (pacing cycle length decrease from 

360ms with 1:1 AV conduction to 180ms atrial pacing with 2:1 AV conduction) with further 

shortening over the subsequent 2 days of rapid atrial pacing (with 2:1 AV block). Thereby, 
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also showing that ventricular response was not relevant in these responses. Finally, with 

resumption of slower atrial pacing (360ms); atrial refractory periods improved over 2 days.  

 

Thus, the main findings of this study were that the AF -induced electrical remodelling 

observed was not due to changes in autonomic tone, acute atrial stretch, atrial ischaemia or 

ANF. High atrial stimulation rates themselves seemed to be a stimulus for a maladaptive 

change in atrial electrophysiology.  

 

The effect of efferent autonomic tone (via combined b-adrenergic blockade with propranolol 

and atropine) was tested in closed-chest, atrial paced dogs.201 Here, combined 

symopathovagal cardiac efferent blockade did not abolish the electrical remodelling changes 

seen with rapid atrial pacing. On the other hand, calcium augmented electrical changes and 

verapamil blocked these changes. Together with these findings, biopsy confirmed calcium 

overload highly suggestive that the electrical remodelling that occurs due to rapid atrial 

pacing is not influenced by acute efferent changes in autonomic tone; instead, these changes 

may occur due to calcium handling in atrial myocytes.  

 

The conclusion from this seminal work is that mechanisms other than the autonomic nervous 

system influence atrial remodelling due to AF itself; however, the role of other regulatory 

aspects of the autonomic nervous system have not been studied, nor considered, in this.   
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1.26 ANS changes attributable to the irregularity of AF: potential mechanism for atrial 

remodelling?  

 

I have already introduced the concept that whilst acute changes in autonomic tone do not 

appear to influence the chronicity or progression of AF (electrical remodelling) – there may 

be changes in autonomic function not previously considered – which may play an important 

role in the perpetuation of AF (as well as result in clinical sequelae associated with 

autonomic dysfunction due to AF). One such potential mechanism may be due to the 

irregularity of the cardiac function (beat-beat variability of heart rate during AF) or indeed 

this is simulated by the encroachment of rapid atrial pacing on the “vulnerable” period of 

atrial myocardial repolarisation – which may induce autonomic changes. This is a simulation 

of short-coupled beats during AF (where the short-coupling would produce beats that occur 

in the vulnerable period as described above).  

 

There is indeed some physiologic evidence in humans that this is likely to occur. In 8 patients 

referred to an electrophysiologist for a cardiac electrophysiologic study; left peroneal nerve 

microneurography was performed during 3 minutes of resting sinus rhythm and induced AF 

(via rapid atrial burst or programmed extra stimulus pacing). 82 This study demonstrated a 

clear increase in peripheral sympathetic nerve activity (SNA) during AF in all patients 

(171±40% from baseline). Further, in 5 patients, a 3-minute protocol of irregular atrial pacing 

was compared to regular atrial pacing. Again, a rise in SNA was seen with irregular pacing 

over regular atrial pacing (124±24% versus 91±20%, respectively; P=0.03); highly 

suggestive that it is the beat-beat irregularity in AF that results in increases in efferent 

sympathetic activity. This is important for several reasons. The most evident is that the 

rhythm itself (AF) can perturb autonomic function inducing an increase in sympathetic 
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activity. The mechanism for this increase is not clear; however, it is evident that acute atrial 

events (3 minutes of AF) can manifest increases in SNA. The mechanism for such a change 

has not been documented. The most likely hypothesis is that perturbations in cardiovascular 

haemodynamics influence overall SNA activity, which in turn would implicate afferent 

autonomic nerves, i.e., those that respond to changes in central volume and blood pressure. 

Another study by Segersen et al.202 in 23 patients who underwent electrophysiology studies 

confirmed these findings and furthered them by demonstrating that the degree of irregularity 

in atrio-ventricular sequential pacing independently influenced the increase in SNA as 

assessed by left peroneal nerve microneurography. For every percentage increase in beat-beat 

irregularity there was a 6.1% increase in SNA: independent of other haemodynamic factors. 

Of interest, in the study by Wasmund et al.82 it was shown that this increase in SNA occurred 

despite increases in central venous pressure (which should load low pressure, volume-

sensitive cardiopulmonary baroreceptors, found in the pulmonary vein-left atrial junction, 

resulting in reflex decreases in SNA). Also, the increase occurred despite a lack of decrease 

in mean blood pressure. The increase in SNA due to beat-beat irregularity was thought 

unlikely to occur due to cardiopulmonary (low pressure) baroreceptors and more likely due to 

input from arterial (high pressure) baroreceptors. The authors further postulated that it was a 

long coupling of the beat-beat variability associated with AF that results in impairment of the 

ANS- manifest by a reflex increase in SNA due to offloading the arterial (high pressure) 

baroreceptors and resultant increase in SNA to achieve homeostasis.203 In prior sections we 

have already suggested the potential role of some cardiovascular risk factors for AF that 

heighten SNA and may therefore contribute to the development of maintenance of AF.  

 

In some patients, a heightened adrenergic state from irregular heartbeats (in AF) could also 

contribute to the development of heart failure. Therefore, the augmentation of SNA from 
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beat-beat irregularity could also promote a clinical sequela of AF. Indeed, in patients with co-

existing AF and heart failure there is higher sympathetic activity than in heart failure patients 

without AF.204 These authors, also support observations made by Wasmund et al.82 that beat-

beat variability and associated haemodynamic effects are responsible for this rise in SNA. 

Catheter ablation for AF in heart failure patients with reduced ejection fraction has been 

shown to improve mortality outcomes as well as reduced hospitalisation for heart failure.205 It 

remains to be seen whether rhythm management could ameliorate autonomic remodelling and 

therefore represent the mechanism underlying the benefit of rhythm management in heart 

failure associated with AF. Further, the role of neuromodulation in the prevention of heart 

failure and associated morbidity and mortality in patients with AF is also undetermined.  

 

Thus, evidence supports autonomic efferent (SNA) activity augmentation due to the 

irregularity of the heartbeat intrinsically associated with AF. Whether or not factors such as 

the coupling intervals of the beats are important or not- this would implicate haemodynamic 

changes (both in terms of cardiac and central volume and pressure) and in turn, therefore, 

reflect the potential importance of the cardiac and cardiovascular afferent (regulating 

autonomic nervous system) in the shift of sympathetic tone due to AF irregularity. 
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1.27 Prior ANS testing efforts in AF: Afferent ANS function  

 

The concept that afferent nervous dysfunction may be associated in patients with AF was first 

investigated in patients with heart failure. A study performed by Gould et al.206 demonstrated 

impaired sympathetic responses in response to a circulatory challenge exerted by Head-Up-

Tilt (HUT) in patients with co-existing AF and heart failure. HUT was performed during AF 

(where it was present for at least 3 months) and the responses were compared to heart failure 

patients with no history of AF (who were therefore studied in sinus rhythm). Specifically, 

there was an attenuated cardiac sympathetic increase (as assessed by trans-cardiac 

noradrenaline spill-over) in response to 10 minutes of 30° HUT, suggestive of an impaired 

baro-receptor reflex response to HUT. Although the authors of this study put their findings 

down to low-pressure baroreceptors found in pulmonary vein- left atrial junctions – HUT is a 

non-discrete test that can affect both low pressure baroreceptors (found in veno-atrial 

junctions and predominantly respond to changes in cardiac (atrial) volume) as well as carotid 

and aortic arch high pressure baroreceptors (which respond to positional changes of these 

receptors in relation to the heart as well as changes in arterial (central) pressure at their level). 

Further, this study tested patients with heart failure and persistent AF, during AF. Whether or 

not these changes represented rhythm only, or a compounding of other co-morbidities, 

especially heart failure in patients with AF (perhaps due to rapid ventricular response) 

remains unknown. Despite the limitations in interpretation of these findings; they indicate 

that, at least in heart failure, AF is likely associated with afferent dysfunction and therefore 

provides early evidence of a potential mechanistic link between the irregularity of heart beats 

during AF and efferent autonomic effects.   
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In patients with AF and without heart failure (which itself could perturb the autonomic 

system); studies of the role of the afferent nervous system are scant. In study of 73 outpatient 

participants with paroxysmal AF, a variety of autonomic tests; baroreflex sensitivity, 

isometric handgrip manoeuvre, deep breathing, posture change (sit-stand, 30:15 ratio) and 

Head-up tilt were performed.207 They found that baroreflex sensitivity was decreased in this 

patient population and that this, together with deficits in some of the other autonomic reflex 

tests (deep breathing, 30:15 ratio) were associated with poor quality of life measures using 

the SF-36 questionnaire. Although Head-up tilt was not associated with poorer quality of life 

measures; a significant proportion (26%) developed hypotension, an abnormal reflex 

haemodynamic response to this reflex test and 12% were positive (with associated 

symptoms).  

 

Another small study203 evaluated high pressure-sensitive baroreceptor function in patients 

with persistent AF who were restored to sinus rhythm by electrical cardioversion. Patients 

older than 18 years of age with AF >30 days who had an indication for cardioversion were 

enrolled. They excluded those with pacemakers, or patients with implantable defibrillators 

who had any bradycardia pacing indication; significant ventricular ectopy which would affect 

baroreceptor sensitivity measurements and if cardiac medication were altered from during 

enrolment. They compared responses in this group to a control group consisting of age and 

left ventricular ejection fraction-matched patients without AF. Although the groups had 

similar rates of hypertension and diabetes mellitus, there were differences in the proportion of 

heart failure as well as the usage of rate and rhythm anti-arrhythmic medications (b-blockers, 

calcium channel blockers, and other rhythm controlling anti-arrhythmics). High pressure 

(arterial) baroreceptor sensitivity was measured in those with AF on the day of their 

cardioversion (after a minimum of 2 hours after sedation was provided for the procedure 
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(propofol) and at 30 days post cardioversion (if successful in maintaining sinus rhythm).  Of 

24 enrolled patients; 14 patients completed the day-30 assessment in sinus rhythm. 24 control 

participants were enrolled and had their baroreflex sensitivity tested once.  

 

The study was performed in two institutions, and, owing to this, there were two methods used 

to evaluate baroreflex sensitivity. At one centre, the modified oxford technique92 was utilised 

and in the other: the sequence method.91 Both methods compare changes in R-R interval as 

an index of changes in systolic blood pressure (SBP) and therefore require stable sinus 

rhythm for the measurement. The unit of the measure (DR-R/DSBP) is ms/mmHg. Briefly, the 

modified oxford method utilises both a potent vasodilator (sodium nitroprusside) and a 

pressor agent (phenylephrine) in order to induce 20-30 mmHg decreases and increases in 

SBP; respectively from which corresponding instantaneous R-R intervals can be measured 

and used to calculate baroreceptor gain. The sequence method utilises spontaneous changes 

in SBP (>1 mmHg/beat for >3 consecutive R-R intervals) followed by >4ms/beat R-R 

lengthening as well as the reverse (progressive decreases in SBP followed by R-R 

shortening). In this study, these sequences were automatically identified using a computer 

algorithm, regression slopes produced and averaged.  

 

The results of this assessment of baroreflex sensitivity in patients with persistent AF 

immediately after cardioversion and at 30 days are of interest. In the control group baroreflex 

gain (BRG) was higher than in the AF group immediately post cardioversion (10.8±5.5 vs 

5.2±3.6 ms/mmHg, P<0.05). At day 30; the BRG increased from 4.1±3.7 to 7±6 ms/mmHg 

(P<0.01) in the n=14 participants with pre and post data.  
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There are several important limitations to the interpretation of this study. There were 

differences in the use of BRG techniques between the groups. The control group all 

underwent the sequence method. The AF group was split; and in those (n=14) that had 

repeated measurements; there was an even split of both methods. Importantly, in the repeated 

group, there was no change in BRG measurement method at the second visit. The continued 

use of medications may have contributed to differences between the control and AF groups. 

There were more AF patients on antiarrhythmic agents (both for rate and rhythm control). 

There was also a higher proportion of heart failure in the AF group; although it is noted that 

this was not statistically significant, there was left ventricular ejection fraction matching and 

other conditions such as hypertension and diabetes mellitus were similar between groups. 

Although, the clinical effects of propofol are very short (< 15 minutes) and the half-life of 

propofol is short (up to 90 mins);208, 209 which is less than the time point chosen in this study, 

there may be persisting effects other than sedation; as the drug us not completely eliminated. 

In both humans and in animals, propofol has been shown to inhibit muscle SNA, decrease 

blood pressure and heart rate and importantly, decrease baroreflex sensitivity210, which could 

explain the decrease in BRG in AF patients studied 2 hours post cardioversion in sinus 

rhythm. Indeed, as Liu et al.210 suggest, there is a variability in both duration and magnitude. 

As the authors203 themselves suggest as a limitation, other factors such as dehydration, acute 

stress from having a procedure may also play a role. Finally, the main limitation to this work 

is that it has been undertaken in sinus rhythm, where really the effect of AF itself on BRG 

was the question. Naturally, any study exploring the effect of baroreflex sensitivity is most 

likely to use the relationship of the R-R interval to SBP owing to its non-invasive nature and 

that it has been validated in most other studies using these measures. An alternative would be 

to use a more direct (invasive) measure of SNA. Nevertheless, it is likely that there may be 

persisting effects even in sinus rhythm on BRG that have been appropriately captured in this 
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study. Furthermore, there is evidence from this study that AF patients who were studied in 

sinus rhythm (30 days following cardioversion) have a decreased BRG (taken under similar 

circumstances to the control subjects) and this adds weight to the findings in this study.  

 

Thus, in summary, this study by Field et al.203 demonstrates the possibility of alterations in 

afferent autonomic function, not previously considered in the study of the ANS and AF and 

therefore represents an important contribution to the literature in this area. Aside from the 

proposed effects of AF on afferent dysfunction of arterial (high pressure) baroreceptor 

function, this study203 as well as the study by van den berg et al.207 on baroreflex sensitivity 

reduction and quality of life in paroxysmal AF patients, presented earlier; show that 

autonomic remodelling that persists even during sinus rhythm in AF patients is highly likely 

and that there may be a gradient of effects (worst during AF) that may partly reverse after 

cardioversion – promoting the concept of a rhythm control strategy for AF.  

 

Finally, dysfunction of arterial (high pressure) baroreceptors reported by Field et al.203 is not 

likely to explain the effects of the irregularity of AF on SNA presented by the same group 

(and corroborated by others), as described in detail above. The postulated mechanism from 

these authors was that it is the arterial (high pressure) baroreceptors rather than low pressure 

(cardiopulmonary receptors) that respond to decreases in arterial pressure owing to long 

coupled beats during AF- with an associated reflex increase in SNA. The finding that BRG is 

abnormal due to AF and persists even during SR to some extent suggests that the reason 

underlying the increased SNA due to AF is complex. Whilst the effects of low volume 

(cardiopulmonary) baroreceptors in the acute increase in SNA due to AF appeared unlikely as 

in these studies, owing to high central venous volumes – the function of these receptors has 

not been tested. Further, their finding that reflex SNA increases due to AF did not accompany 
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changes in mean arterial pressure may be taken to mean that there are acute effects related to 

arterial pressure independent of blood pressure changes or neither baroreceptor alone is 

involved. Whilst the postulated mechanisms implied normal cardiopulmonary function – this 

has not been specifically tested. Indeed, if there were dysfunction of low pressure 

(cardiopulmonary) baroreceptors due to AF- an imbalance of function, irregularities in 

volume handling together with abnormal handling of blood pressure (afferent or regulatory) 

ANS dysfunction could underly reflex autonomic tone changes (increase in SNA), 

particularly if this were a chronic form of autonomic remodelling that occurs due to AF.   

  

Ultimately, there appears to be a direct role that AF plays in the development of an increase 

in sympathetic nerve activity, due to AF itself and these abnormalities may manifest in 

varying severity – possibly worse during AF and present even during sinus rhythm; reflecting 

an underlying (chronic) autonomic remodelling that occurs due to AF. Whether this could 

influence the progression of AF (and indeed of its clinical sequelae such as heart failure) has 

not been uncovered previously and warrants considerable effort.  

 

It is important to appreciate the challenges of assessment of autonomic function in the 

presence of AF. Investigations carried out on baroreflex sensitivity would not be feasible in 

the presence of AF, itself and the effect of AF was presumed from measurements performed 

immediately after cardioversion to restore sinus rhythm.  
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1.28 Atrial ANS remodelling due to AF: Potential autonomic substrate for AF 

 

Atrial fibrillation is associated with several adaptive autonomic changes as seen in animal 

experiments that have studied the effect of rapid atrial pacing induced AF. Most studies have 

assessed autonomic remodelling at the atrial level. Such studies have identified changes in 

both sympathetic and parasympathetic type neurons as well as nerve distribution and growth.  

 

 Electrophysiologic remodelling, characterised by a shortening of refractoriness, spatial 

dispersion of atrial refractoriness and conduction velocity211-217 may be partly mediated by 

changes in autonomic innervation. In the ventricle, there is evidence implicating increases in 

sympathetic innervation in the production of heterogenous refractoriness.218, 219 The first 

evidence of the potential link between heterogenous refractoriness (together with AF) and 

heterogenous sympathetic innervation in Atrial fibrillation arises from a study of 26 dogs 

who had atrial electrophysiologic measurements after either a sham procedure or atrial 

(topical) phenol application; resulting in heterogenous atrial denervation.212  

 

These animals were anaesthetised with isoflurane and intubated.212 Baseline AF inducibility 

was tested using a quadripolar catheter inserted into the right atrium. Programmed 

stimulation (burst) at 50ms cycle length and an output of 10mA for 10s was used to produce 

AF. The same induction was repeated 10 times; and the duration of AF measured, with a 5-

minute break after reversion before the next induction. Immediately after this, they exposed 

the right atrium, performing a thoracotomy and dissecting the visceral pericardium, rendering 

the heart exposed, within a cradle of pericardium. 88% phenol was applied using a cotton 

applicator to the right atrial pericardium in n=15 with n=11 receiving saline. The three right 
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atrial locations (superior and inferior free wall as well as the anterior aspect of the base of the 

right atrial appendage – near Bachmann’s bundle) were standardised. After application of 

either saline (sham) or phenol, the animals were closed and allowed to recover for two weeks.  

 

All animals were then subjected to a repeat electrophysiology study using a quadripolar 

catheter to induce AF in the same manner as described above. Induction of AF >60minutes 

terminated the protocol. In a subset of animals (n=5 in each group) additional 3-D atrial 

epicardial mapping was performed during right atrial pacing (200ms) and during AF using 

placque electrodes (240) placed on the left and right atrial epicardium, which collected 

unipolar signals (at 1Khz). Mean AF cycle length (4 seconds of AF) was used to infer local 

refractoriness during AF and conduction velocities were obtained from isochronal maps 

created during atrial pacing.  

 

In another n=5 in each group; unipolar plunge electrodes (30-guage stainless steel wires) 

were placed in the areas in which either phenol or saline had been applied (4 electrodes) and 

in other right atrial areas (2) and the left atrium (2). Additionally, the cervical vagus and 

thoracic ansae subclaviae nerves were exposed, tied, and ligated. The distal portions were 

then attached to bipolar electrodes attached to a Grass stimulator for efferent nerve 

stimulation. Here, the authors chose stimulation characteristics (voltage and frequency) to 

achieve 50% sinus rate increase (sympathetic stimulation) or decrease (parasympathetic) 

stimulation. In each electrode site, using unipolar pacing, the authors assessed atrial (local) 

effective refractory period at baseline, during sympathetic stimulation, parasympathetic 

stimulation and during combined sympathetic and parasympathetic stimulation. In 2 phenol-

treated animals, action potential duration was measured in tissue obtained from 1 phenol and 

1 non-phenol site after cardioplegia and cardectomy, using microelectrodes.  



 

Dr Varun Malik, PhD thesis, 2018 - 2021 

 84 

AUTONOMIC FUNCTION IN ATRIAL FIBRILLATION 

Finally, in 10 phenol-treated animals, Positron-emission tomography (PET) scanning was 

performed of excised atria using [18F]Fluorodeoxyglucose, FDG for myocardial viability) and 

[11C]hydroxyephedrine (HED; sympathetic nerve endings) and 5-[11C] 

methoxybenzovesamicol (MOBV; parasympathetic nerve endings). Microscopic examination 

also took pace (after tissue were fixed in formalin, cut, embedded in paraffin, sectioned, and 

stained with haematoxylin-eosin).  

 

This thorough experiment, which has been detailed above has yielded several important 

findings. The first is that of AF inducibility with rapid atrial (burst) pacing. No animal had 

>60 minutes of AF at baseline. The sham group (which underwent thoracotomy and saline 

epicardial application) had no change in the duration of AF (longest <1 minute), number of 

attempts required to produce any AF (median of 10 attempts) and no animal had >60 minutes 

(sustained AF). In the phenol group, the majority of animals had sustained AF (14 out 15), 

markedly different to baseline and to the control group. Further, the ease of AF inducibility 

was also markedly greater (median 5 attempts at burst pacing to produce AF). In the 15th 

animal – 50 minutes of AF were produced. 3-D Epicardial mapping showed micro-re-entrant 

wavelengths during AF – with no focal/macro-re-entrant tachycardia arising from areas of 

phenol application. Microelectrode analysis demonstrated normal action potential durations 

in phenol-applied tissue, PET imaging showed normal FDG uptake and histologic assessment 

confirmed normal tissue architecture.  

 

Using PET-HED, phenol-applied tissue demonstrated loss of sympathetic efferent terminals 

(denervation) without any effect on parasympathetic efferent terminals (PET-MOBV). 

Functional electrophysiologic testing at baseline, with either sympathetic, or 

parasympathetic, or both sympathetic and parasympathetic stimulation showed that phenol-
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applied areas had a lower effective refractory period (ERP) than non-phenol areas as well as 

alterations in the autonomic control of ERP. This was correlated with an increased dispersion 

of refractoriness; that likely facilitates the inducibility of AF that was observed in this study 

from the application of phenol (which selectively caused sympathetic denervation). Notably, 

AF was inducible without any autonomic (vagal) stimulation.  

 

Thus, this study ties heterogeneous sympathetic denervation to heterogeneity in atrial 

refractoriness (where the tissue itself is structurally normal) and then to AF inducibility under 

baseline autonomic conductions (without the need for autonomic stimulation).  

 

This study was quite thorough, and the experimental design has addressed most potential 

limitations. Unfortunately, however, it is not completely known whether phenol could affect 

atrial afferent (baroreceptors) and the immense network of other types of nerves that are both 

sympathetic, parasympathetic, or mixed. However, what is clear is that sympathetic 

denervation results in changes in electrophysiologic properties of the atrium (i.e., autonomic 

remodelling) that rendered the animal vulnerable to AF.  

 

This concept was furthered by the same group in dogs with atrial fibrillation produced by 

long term atrial pacing.211 Here, their objective was to identify whether the self-sustaining 

nature of AF (produced by rapid atrial pacing in dogs) resulted in alterations in atrial 

autonomic expression – particularly sympathetic heterogeneity. In this study, 9 animals were 

treated as controls. 6 animals were prepared by implantation of an atrial pacemaker, 

programmed AOO, or asynchronously at 600bpm and 4 times the diastolic threshold for 6 

weeks. At this time, during sustained AF, animals underwent an open chest electrophysiology 

study via median sternotomy, where the heart was exposed within the pericardial cavity using 
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epicardial (custom-made) placque electrodes placed on both left and right atria. Animas were 

anaesthetised using isofluorane. Mapping was undertaken during AF- assessing AF cycle 

length for 4 seconds. Similar to the previous study,212 the cervical (sympathetic) ansae and 

vagus (parasympathetic) nerves were located and transected. As previously described (see 

above) a custom electrode was used to stimulate each nerve to assess the effect of autonomic 

efferent stimulation. PET scan using [11C] HED to label sympathetic efferent terminals was 

performed in all animals. To correct for differences in regional delivery of HED, the authors 

injected [F-18] labelled microspheres of hydroxyapatite to measure atrial perfusion. PET 

studies were performed in explanted atria. Biopsy samples of each atrial appendage was 

collected and analysed for noradrenaline content.  

 

By the fourth week, all 6 animals were in sustained AF. At 6 weeks, pacing was programmed 

off for the open electrophysiology procedure. All control animals were in sinus rhythm with 

similar ventricular rates to the AF group. PET-HED imaging showed an extensive 

redistribution of HED retention (sympathetic innervation) in AF. Mean biatrial retention 

fraction of HED was greater in AF dogs than in controls as was left atrial and right atrial 

individual HED retention fraction. There was also higher tissue noradrenaline content. There 

was no difference in the mean HED retention fraction between left and right atria in either 

group. The variation of sympathetic innervation (spatially) was quantified using a co-efficient 

of the variability of HED retention. It was greater in the AF group than in controls. Moreover, 

there was also higher variability in the right atrium than in the left in AF dogs. The control 

group, however demonstrated similar variability in either atrium. Electrophysiologic studies 

showed shortening of the mean AF cycle length with vagal stimulation. Stellate stimulation 

itself did not change mean AF cycle length; however, propranolol lengthened it. There were 

differences between left and right atria. First, mean AF cycle length was shorter at baseline in 
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the left atrium. Vagal stimulation shortened right atrial cycle length more than the left, where 

sympathetic stimulation did not change AF cycle length in either atrium. Finally, propranolol 

mean AF cycle length increased in both atria. The dispersion of atrial refractoriness 

(determined using the coefficient of variation of the AF cycle length) was measured during 

autonomic modulation. A greater dispersion was seen in the right atrium than in the left (in 

all autonomic states – sympathetic and parasympathetic stimulation as well as propranolol 

injection).  

 

Thus, in this study the authors demonstrate that a canine AF model has enhanced sympathetic 

innervation and sympathetic innervation heterogeneity that correlated with electrophysiologic 

AF cycle length dispersion variability (in the right atrium). In this study, in contrast to 

Wijffels et al.25 lengthening was seen of mean AF cycle length with propranolol. The main 

differences were the fact that in this study the duration of AF was longer (6 weeks vs first 7 

days).  In this study, electrophysiologic changes were correlated with heterogeneity in atrial 

sympathetic innervation rather than changes acute autonomic tone. Further, given the 

differences in the effects of propranolol; and that the effects seem to apply after a longer 

period in AF; it appears that autonomic efferent remodelling due to AF itself may represent a 

structural neural abnormality rather than simply a functional effect of autonomic tone.   

 

These findings have been confirmed by Chang et al.220 who demonstrated that in 6 dogs in 

whom rapid atrial pacing to sustain AF >48 hours (average of 111±76 days pacing) was 

performed, there was histologic evidence of sympathetic hyperinnervation together with 

nerve sprouting. Further, similar to Jayachandran et al.211 both nerve sprouting and 

sympathetic hyper-innervation were higher in the right atrium than the left atrium. They also 

found inhomogeneity of nerves in each tissue. These animals were compared to tissue from a 
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control group of n=6. This study provided histologic evidence (where prior data arose from 

PET imaging). The use of the immunocytochemical stain for Growth Associated Protein- 

(GAP)-43 allowed analysis of nerve sprouting. Here, the authors identified an increase of 

autonomic nerve growth. However, it remains unknown whether this is the effect of AF itself 

or whether it occurs due to rapid atrial pacing. There was also no correlation with functional 

electrophysiologic measures of atrial refractoriness in this study.  

 

In a similar vein – Yu et al.221 measured sympathetic and parasympathetic nerve density in 

the epicardial cardiac ganglia of dogs with AF produced by rapid atrial pacing. In this study, 

n=7 (active group) had an epicardial lead sutured to the left atrial appendage via left 

thoracotomy and attached to a subcutaneously implanted pacing generator. After a week of 

recovery from the implantation of the pacemaker; it was turned on to deliver asynchronous 

pacing (AOO) at 600bpm and digoxin administered to control ventricular rates. Sustained AF 

was defined as >48 hours of AF without need for induction pacing. Once this occurred, hearts 

were explanted for immunocytochemical staining. 7 control animal hearts were explanted for 

staining without pacing procedures. Ventral and dorsal epicardial atrial fat pads together with 

underlying myocardium as well as the interatrial septum were excised and fixed in formalin. 

10µM thick serial sections were analysed using methylene blue to identify cardiac ganglia. 

Then these sections and surrounding serial sections were further analysed with rabbit anti-rat 

Tyrosine Hydroxylase (TH) polyclonal antibody and rabbit anti-rat acetyl choline (Ach) 

polyclonal antibody in order to stain sympathetic and parasympathetic nerves respectively. 

Positive controls were obtained by staining cerebral tissue.  

 

The authors of this study analysed density in cardiac ganglion locations as identified above. 

Each area was submitted to computer analysis to identify the area of stained nerves (brown) 
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to the total area analysed (nerve distribution density). For each slide, three fields with the 

highest nerve density were manually chosen; and their density automatically measured. Then 

these were averaged to provide the nerve density for that slide. There were four consistently 

identified sites; right atrial; ventral left atrial; dorsal atrial (between both atria) and the 

inferior vena cava-inferior right atrial ganglionated plexi – most of which converged at sites 

surrounding the pulmonary veins, vena cavae, cranial atrial and septal locations.  

 

This study showed that there was increased density of sympathetic and parasympathetic 

neurons in the AF dogs compared to control animals.  There were also differences in the 

distribution of TH positive nerves. In the AF group – the left sided plexi had a higher 

distribution of TH+ nerves than other sites. The Ach+ distribution in the AF group was 

similar to TH+ nerves (heterogeneous and more left sided), whereas in the control group 

there was no difference in distribution heterogeneity (all plexi had a similar density). Thus, 

this provides additional data and contributes to the concept that there is neural cardiac 

remodelling in animal models of pacing induced AF. This study is limited by the fact that 

only small areas in ganglionated plexi were chosen – initially manually, based on visual 

appearance of density. Therefore, there is the potential for bias, and it may be that other areas 

would have had a different density. Therefore, it remains difficult to draw conclusions from 

this study regarding distribution of density (heterogeneity) – but the overall data suggesting 

higher density of both TH+ and Ach+ nerves in ganglionated plexi is more convincing, and it 

is consistent with other data. This data and other immunocytochemical staining-derived data 

presented previously should not be overinterpreted. Autonomic neurons, particularly of 

cardiac ganglia, may exhibit both acetylcholine and catecholamines.221-223 Thus, what is 

sympathetic only or parasympathetic only is not well defined. There is cross-innervation of 

both arms of the ANS and multiple interconnecting layers that add to the complexity of 
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neural innervation.52 Nevertheless given that both arms of the ANS contribute to AF 

mechanism28 it is less relevant which “arm” of the ANS is responsible and more important to 

understand and recognise neural control of the cardiac ANS and the effect of AF on this.  

 

Post-mortem isolated cardiac immunohistochemical staining (human tissue) has 

demonstrated differences in those with documented persistent AF compared to those known 

to have been in sinus rhythm.224 In this study, hearts from 39 deceased subjects were isolated 

and fixed within 24 hours. Recorded history and electrocardiographic data showing at least 2 

ECG spaced 6 months apart were required to group into the AF-persistence group. Sections 

were taken from the pulmonary veins (longitudinally) and included 4mm PV-left atrial tissue; 

basal and apical components of the left and right atrial appendage; anterior antrum of 

superior pulmonary veins; and three sites in the posterior left atrium. Elastica-von-giemsa 

staining demonstrated nerve location and density. Specific sympathetic (tyroxine hydroxylase 

antibody) and parasympathetic stains (anti-choline acetyl transferase antibodies) were used 

for immunocytochemical staining of the regions containing nerves. Investigators were 

blinded in their analysis. There were 15 hearts in the AF-persistence group and 24 hearts in 

the reference group. There were no substantial differences in baseline characteristics between 

the groups (similar ages, gender, co-morbidities and left ventricular ejection fraction). There 

was no overall difference in nerve density between the groups. The overall distribution was 

also similar, with the highest nerve density in and around the pulmonary veins with the 

posterior left atrium exhibiting the second highest density. There was, however, a shift in 

adrenergic nerve predominance (14% compared to 5% in controls) and a concomitant 

decrease in parasympathetic nerves (2% compared to 9% in controls).  
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Whilst the last few paragraphs have discussed studies which have demonstrated changes in 

sympathetic innervation in the atria – contributory to AF mechanism, there are also data to 

support changes in parasympathetic atrial innervation. In a canine model of rapid atrial 

pacing,225 16 healthy, and 18 AF dogs (implantation of an atrial chamber pacemaker) 

underwent a variety of analyses. All underwent tissue nerve analysis. 11 of these underwent 

electrophysiology mapping studies in AF with autonomic blockade under general 

anaesthesia. Using high density mapping of the pericardium with placque electrodes with 

2.5mm-5mm interelectrode spacing, the authors assessed a variety of invasive 

electrophysiologic parameters during AF surrounding the organisation and frequency of the 

electrical signals from the left atrium (free wall and posterior left atrial wall) as well as the 

left atrial appendage. Specifically, these characteristics included frequency domain measures 

of a. activation rate (DF), organisational regularity (OI), intervals between deflection on the 

electrocardiogram (FI) which depends on AF cycle length and signal fractionation and finally 

Shannon’s Entropy, a statistical measure of complexity and finally AF cycle length. In the 

AF mapping studies, animals also underwent parasympathetic blockade with atropine only 

(0.04mg/kg) or dual blockade with atropine and propranolol (0.2mg/kg).  

 

Tissue was processed from both RAP and control animals to isolate RNA and obtain 

quantitative PCR. Immunohistochemistry was performed to analyse density and distribution 

of nerve fibres, bundles, and ganglion tissue. Here, the authors excised the hearts and 

performed ice cold cardioplegia with a protease inhibitor to remove any blood traces. The 

atria were excised, and tissue samples obtained from the posterior left atrium, left atrial free 

wall, left atrial appendage as we as the right atrial free wall, appendage, and posterior 

segment of the right atrium. Finally, the left stellate ganglion was excised from the posterior 

chest wall, Samples were either frozen in solution (-80°C) or fixed in 10% formalin and 
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embedded in formalin. Immunohistochemical staining with either anti-mouse antibody for 

acetylcholinesterase (Ache; parasympathetic innervation) or anti-rabbit antibody for 

dopamine β-hydroxylase (DBH; sympathetic innervation) was performed for all the tissue 

excised from the atria and left stellate ganglion.  Using light microscopy, the sections were 

analysed to obtain the area of myocardial tissue, the number, and the area of the nerve 

bundles (parasympathetic, stained brown and sympathetic bundles, stained navy blue). 

Random segments were chosen from each tissue area and the density of nerve bundles in 

relation to myocardial cells was obtained. The atrial tissue was scanned for the presence of 

ganglionated plexi. The area of the neuronal cell body in relation to the total ganglion area 

was calculated. A similar process was undertaken for the left stellate tissue.  

 

In this experiment, after cardioplegia and atrial tissue excision, some atrial tissue was used to 

isolate viable cardiac myocytes after removal of the cardioplegia solution with immersion in 

Tyrode’s solution at 37°C). Beating tissue was either examined in this way, or with electrical 

(in vitro) pacing at 1, 2, 3, or 6 Hz for 8 hours using square wave 5 ms, 18V pulses (or 

alternatively with variable CL (6 Hz with 0, 25%, or 50% variability). After this, RNA was 

extracted for PCR analysis as described above.  

 

Lastly, a complex computational model was used to simulate sympathetic and 

parasympathetic effects on atrial myocardial tissue and thus determine the interplay between 

these two autonomic arms as influencers of atrial electrophysiology as well as to investigate 

the proposed link between autonomic influences on atrial tissue and the changes that occur on 

the pattern of cellular ion activation and simulated wave propagation.  
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There are several important findings from this study. The first is that there are regional 

differences in autonomic nerve distribution in a normal canine left atrium. The posterior left 

atrium (PLA) had the largest nerve bundles of all the areas examined, whereas the left atrial 

appendage (LAA) had the smallest. In contrast, the density was highest in the LAA, with a 

higher parasympathetic nerve density under normal conditions in each of the areas of atrial 

myocardium. In the AF model, there was no difference in the overall autonomic bundle 

density or parasympathetic predominance; however, there were much larger nerve bundles 

present. This was seen most in the PLA. Additionally, the entire atrium had increased 

myocardial nerve fibre density -of both sympathetic and parasympathetic nerve fibres. In the 

AF hearts, there was neuronal hypertrophy of both left stellate ganglion and ganglionated 

plexi (sympathetic and parasympathetic innervation, respectively). This was attributed by the 

authors to increased GAP43 mRNA (neuronal growth cone marker) expression and 

associated nerve sprouting in all areas of the atrium in the AF group. Next, the authors 

suggest that in their study, the co-efficient of variation across the LAA, LAFW and PLA was 

similar in the AF group; however, there were differences in parasympathetic nerve fibre 

innervation density within each area (heterogeneity). They found that the PLA had the 

highest co-efficient of variation in parasympathetic innervation; larger than the LAA. These 

changes (parasympathetic distribution heterogeneity) correlated with electrophysiological 

characteristics of the AF wavefronts in the rapidly paced canine (AF) group in each of these 

atrial regions. Finally, AF becomes slower, less fractionated, and more organized with 

autonomic blockade in each region of the atria, once again, highlighting the influence of both 

atrial autonomic innervation as well as efferent autonomic tone in the electrophysiologic 

characteristics of AF. In the LAA, for instance, where there is a more homogeneous 

parasympathetic distribution, EGM during AF are slower, less fractionated, and more 

organised. Computational modelling data (simulating the action of sympathetic innervation 



 

Dr Varun Malik, PhD thesis, 2018 - 2021 

 94 

AUTONOMIC FUNCTION IN ATRIAL FIBRILLATION 

on calcium-coupling and parasympathetic innervation on inward rectifying acetyl choline 

activated potassium channels (IKAch) suggests that there is an interplay between increased 

sympathetic (efferent tone) and parasympathetic atrial innervation heterogeneity (as 

demonstrated by the immunohistochemical assessment in this study). The combination of 

both provides substrate for wave break and re-entry and thus could provide a mechanism that 

initiates and facilitates AF.  

 

Lastly, the authors investigated whether nerve growth factor (NGF) expression influences 

this interplay between autonomic innervation and AF-sustaining electrophysiology. The AF 

dogs had a 6-fold increase in myocardial NGF expression than controls – highest in the LAA 

where AF is more organised. In controls NGF expression was similar in all atrial tissue areas 

examined. The increase was only modest in either group in ganglionated fat pads. Isolated 

active myocardial cell experiments utilising incremental pacing techniques identified  that 

incremental pacing enhanced NGF expression – much more with regular rather than irregular 

pacing – explaining, in part, why LAA expression of NGF was highest in AF. They propose 

that this may play a part in remodelling of other tissue areas (such as the stellate ganglia) and 

that this may occur due to retrograde neuronal transport of NGF. Thus, the authors, suggest 

that the autonomic nervous system and associated autonomic remodelling could influence AF 

maintenance, particularly in the LAA; which could be important from a clinical standpoint 

and could justify further work to assess the role of LAA isolation (in conjunction with atrial 

appendage occlusion to reduce stroke risk). 

 

Thus, these data show that AF is associated with the development of ANS remodelling with 

both sympathetic and parasympathetic innervation alterations, associated with 

electrophysiological changes which could contribute to the progression of AF.   
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1.29 Clinical ANS dysfunction as a consequence of AF  

 

Prior sections have detailed the effect of autonomic tone in producing AF as well as the effect 

of AF on influencing autonomic remodelling. We have introduced the importance of 

evaluating the “whole” ANS in AF – not only efferent autonomic tone, but also afferent 

(regulatory) autonomic function. We hypothesise that this “missing link” could provide an 

explanation for AF maintenance and progression, and we have undertaken the first 

experimental steps towards this endeavour in the studies (subsequent chapters) that we have 

performed and documented in this thesis.  

 

In this section, we introduce potential clinical scenarios of autonomic dysfunction that could 

occur as a consequence of AF. Herein, lie the possible clinical consequences of AF, which 

could, in part, be attributed to disturbances of regulatory autonomic function. From a 

scientific perspective, these data will serve to illustrate the importance of carrying out 

detailed clinical autonomic (reflex or regulatory) assessments in patients with AF and, thus 

provide some of the rationale as to the experiments that we have performed and presented in 

subsequent chapters of this thesis. Some of the work in this chapter will form part of a meta-

analysis226 (Chapter 3) and therefore will be discussed in much more detail subsequently. It is 

imperative to note that there are several potential explanations for the associations introduced 

here and detailed in subsequent chapters, and, that the link between the ANS (regulatory 

autonomic arm) and AF is not exclusive and that there are likely to be complex interactions 

that produce these sequelae, of which, we propose autonomic dysfunction is a part.  

 

Several, predominantly retrospective data, demonstrate an association between AF and an 

independently increased risk of falls, orthostatic intolerance, and syncope in older adults.226 
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There are also data indicating diminished cerebral blood flow during AF,227 which may 

contribute to the risk of cognitive decline & dementia.228 Thus, abnormalities in cardiac 

volume (afferent) regulation in AF could serve as mechanism for this association of AF with 

dementia. Finally, AF is associated with the development of heart failure229 and elimination 

of AF (rhythm treatment of AF) is associated with improved outcomes, including 

mortality.205 This suggests that the mechanisms that produce and maintain AF could result in 

both heart failure and worsened outcomes from it. A shared abnormality such as loss of 

homeostatic feedback mechanism (owing to dysregulation of cardiac volume) could join 

these two conditions together, from a mechanism point of view and may be quite an 

important avenue to explore in further research.  
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1.3 Bi-directional relationship between AF & ANS: A potential contributor to “AF 

begets AF” 

 

The clinical progression of AF – and the dictum “AF begets AF” is well understood.24 There 

is overwhelming evidence that risk factors for AF may at least partially mediate their impact 

through autonomic dysfunction. Autonomic dysfunction may even potentiate risk factors such 

that cardiovascular disease, including AF may become much more likely in patients with more 

than one risk factor. Similarly, there is a strong link between autonomic dysfunction and the 

development of AF. Therefore, it is with substantial precedent that we hypothesise a 

bidirectional relationship between ANS dysfunction and the incidence of AF. Figure 1D
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Figure 1D: AF & the ANS 

 

The bidirectional relationship of AF and the autonomic nervous system.  
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Traditionally, the role of the ANS in the development of AF has been moulded from the concept 

that acute perturbations in autonomic tone can cause functional (reversible) abnormalities in 

atrial electrophysiologic properties that result in a “bout” of AF.28  

 

As we have presented in prior sections, there is increasing evidence to support chronic changes 

in autonomic function (autonomic remodelling) at the level of the atria due to AF.211, 220, 221 

Animal studies have shown that heterogenous sympathetic denervation results in 

electrophysiological substrate development as well as substantially increased AF 

inducibility.212 In a study of dogs, 6 weeks of pacing induced AF produced hyperinnervation 

of efferent sympathetic nerves.211 Heterogeneity of sympathetic innervation was also seen, 

which correlated with electrophysiological remodelling (atrial refractoriness). Finally, 

propranolol blunted these effects at 6 weeks, whereas others have shown that acutely, ß-

blockade does not. These data suggest that AF itself that promotes atrial autonomic 

remodelling.211 Further evidence of longer term autonomic remodelling (> 6 weeks of pacing 

induced AF in dogs) comes from immunohistochemical assessment of the cardiac intrinsic 

ganglia, which has shown an increase in both sympathetic220, 221 and parasympathetic 

neurons.221 All of these changes can produce atrial electrophysiologic vulnerability to AF.  

 

In patients with heart failure and chronic AF, assessment of single unit MSNA, which provides 

the advantage of detailed assessment of sympathetic activation per cardiac cycle and 

overcomes the limitations of multiunit MSNA recording during AF, has demonstrated an 

increase in sympathetic activity over heart failure patients in sinus rhythm.204 More 

importantly, variability in the R-R interval in AF was found to be associated with changes in 

sympathetic nerve activity. Specifically, lengthening of the R-R interval (with associated 

reduction in diastolic pressure) results in greater single unit MSNA.204 This strongly implicates 
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that AF itself is responsible for the increase in sympathetic activity. Although the precise 

mechanisms by which this occurs has not been extensively evaluated, a longer R-R interval 

could unload arterial baroreceptors; augmenting sympathetic activity.23, 204 Indeed, Gould et 

al.206 have shown impaired sympathetic responses to passive head-up tilt (which unloads 

baroreceptors) in patients with heart failure during AF in comparison to those in sinus rhythm. 

In patients with persistent AF referred for cardioversion, baroreflex abnormalities were 

corrected by restoring sinus rhythm.203  

 

In this thesis, we have sought to study the function of the afferent or regulatory component of 

the ANS in patients with AF. In doing so, we may identify potential mechanisms contributing 

to some clinical sequelae of AF; such as an independently increased risk of falls and 

orthostatic intolerance in older adults,226 diminished cerebral blood flow during AF,227 which 

may contribute to the risk of cognitive decline & dementia228 as well as heart failure.229 Thus, 

we introduce an important the concept upon which the work presented in this thesis builds; 

that the ANS and AF likely share a bidirectional, positive-feedback relationship where the 

ANS (and dysfunction thereof) can trigger AF, and AF can promote alterations (and 

dysfunction) of the ANS.  
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1.4 Clinical implications and perspective for planned research 

 

A thorough understanding of the important role that the ANS plays in the development of 

cardiovascular diseases, particularly AF, could present us more potentially effective methods 

to mitigate AF risk in susceptible individuals as well as halt its progression. Measurement of 

autonomic activity may provide a better marker of risk in individuals with one or more risk 

factors for AF. Strategies to manage risk factors could be refined to better modulate the ANS, 

such as individualised targets of weight loss using sympathetic activity as a guide, management 

of hypertension using agents that dampen down central sympathetic activity, advising 

particular kinds of physical exertion, or psychological techniques such as mindfulness or 

yoga230 to reduce autonomic perturbations that could trigger AF. In patients with established 

AF, neuromodulation techniques, which have already shown to be useful in reducing the 

burden of AF,23, 38 may also delay its progression. Indeed, neuromodulation can also be 

considered in those who are unable to manage their risk factors by lifestyle adjustments or 

during the period in which they are making changes.  

 

Delineating the mechanisms responsible for afferent ANS dysfunction and its integration into 

higher centres to control overall autonomic activity warrants attention. This is an area that has 

been thus far neglected and may provide important insights into the progression of AF; 

specifically, whether this represents an additional mechanism of atrial remodelling and whether 

it could provide a mechanism that links anatomic to structural remodelling, and thus, explain 

the progression of AF where efferent tone could not. Finally afferent autonomic dysregulation 

could represent the mechanistic link between AF and its consequences such as heart failure,205 

falls and orthostatic intolerance,226 cognitive decline and dementia.228 
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In this thesis, we shall examine the effects of AF on clinical features of autonomic dysfunction, 

explore afferent or regulatory function of the ANS, define the effect on the ANS of a variety 

of treatments for AF; cardioversion (to restore sinus rhythm), Pulmonary vein isolation (rhythm 

management strategy) and neuromodulation (using low-level tragus nerve stimulation). 

Finally, given the potential intersect we have defined between anatomic and structural 

remodelling, we shall examine the potential for structural cardiac remodelling in a known 

autonomic disorder.  
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Chapter 2: Atrial fibrillation is associated with syncope and falls in older adults: A 

systematic review and meta-analysis: clinical context to the concept of autonomic 

dysfunction due to Atrial Fibrillation 

 

Background 

 

The prevalence of atrial fibrillation (AF) climbs significantly in older adults with a steep rise 

after the age of 65.231 It is becoming increasingly evident that AF is a significant burden to 

the global community and is associated with rising health care resource utilisation, 

hospitalisations and associated costs.3, 232 Recent data indicates that hospital presentations for 

AF have surpassed that of other common cardiovascular conditions such as heart failure and 

myocardial infarction.233 Apart from the long-established association between AF and heart 

failure, a recent large-scale global population registry (GARFIELD-AF) has unveiled an 

association between AF and increased all-cause mortality at 3.83 per 100 person-years over 

2-year follow-up.3 Notably, about half of the deaths in the GARFIELD-AF registry were not 

related to cardiovascular causes or malignancy, highlighting the many unknown associations 

between AF and other clinical conditions.  

 

There has been increasing focus on the relationship between AF and cognitive impairment, 

dementia, fracture risk, falls and syncope.234, 235 236, 237 238-240 Indeed, the association between 

AF and increased risk of falling in older adults would not be surprising given the 

haemodynamic effects of AF such as reduction in cardiac output and stroke volume, that may 

be responsible for symptoms such as dyspnoea, light headedness, and syncope. These may 

occur in the absence of poor ventricular rate control241 and thus other mechanisms such as 

autonomic insufficiencies attributable to AF could contribute.203, 206 Falls contribute 
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substantially to hospitalisations, are associated with fractures and can cause both significant 

morbidity and mortality in older adults.242 Therefore, it is imperative that we closely examine 

this potential association to AF. Here, we undertook a systematic review and meta-analysis to 

answer the following question: Do older patients with AF have an increased risk of falls or 

syncope in comparison to those without AF?   
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Methods  

 

This systematic review complies with the consensus statement outlined by the Meta-analysis 

of Observational Studies in Epidemiology (MOOSE) group.243 (Table 2A) and has been 

registered in PROSPERO (registration number: CRD4201810721). 



 

Dr Varun Malik, PhD thesis, 2018 - 2021 

 106 

AUTONOMIC FUNCTION IN ATRIAL FIBRILLATION 

Table 2A: MOOSE Checklist 

 Page Comments 
Reporting of background should include 

Problem definition 83  

Hypothesis statement 83  

Description of study outcomes 83,91  

Type of exposure or intervention used 90  

Type of study designs used 90  

Study population 91 Additional material 
presented in Table 2Ca 
& b 

Reporting of search strategy should include 

Qualifications of searchers (e.g., librarians and 
investigators) 

90  

Search strategy, including time period used in 
the synthesis and key words 

89 Additional material 
presented in Figure 2A 

Effort to include all available studies, including 
contact with authors 

90,91  

Databases and registries searched 90  

Search software used, name and version, 
including special features used (e.g., 
explosion) 

89 Additional material 
presented in Figure 2A 

Use of hand searching (e.g., reference lists of 
obtained articles) 

91  

List of citations located and those excluded, 
including justification 

95 Additional material 
presented in Figure 2A 

Method of addressing articles published in 
languages other than English 

89  

Method of handling abstracts and 
unpublished studies 

91  

Description of any contact with authors - Not required 

Reporting of methods should include 

Description of relevance or appropriateness 
of studies assembled for assessing the 
hypothesis to be tested 

91 Additional material 
presented in Table 2Ca 
& b 
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Rationale for the selection and coding of data 
(e.g., sound clinical principles or convenience) 

91  

Documentation of how data were classified 
and coded (e.g., multiple raters, blinding and 
interrater reliability) 

91 Additional material 
presented in Table 2B 

Assessment of confounding (e.g., 
comparability of cases and controls in studies 
where appropriate) 

91 Additional material 
presented in Table 2B 

Assessment of study quality, including 
blinding of quality assessors, stratification, or 
regression on possible predictors of study 
results 

91 Additional material 
presented in Table 2B 

Assessment of heterogeneity 94-106 Additional material 
presented in Figures 2A-
F  

Description of statistical methods (e.g., 
complete description of fixed or random 
effects models, justification of whether the 
chosen models account for predictors of study 
results, dose-response models, or cumulative 
meta-analysis) in sufficient detail to be 
replicated 

94  

Provision of appropriate tables and graphics 94-106  Tables 2A, B, Ca &b, 
and Figures 2A-2H 

Reporting of results should include 

Graphic summarizing individual study 
estimates and overall estimate 

94-106 Figures 2A-G 

Table giving descriptive information for each 
study included 

96-104  Tables Ca &b 

Results of sensitivity testing (e.g., subgroup 
analysis) 

108-111 Figures 2B-F 

Indication of statistical uncertainty of findings 112-113, 115 
& 120  

Figures 2B-F 

Reporting of discussion should include 

Quantitative assessment of bias (e.g., 
publication bias) 

105-106, 112-
113 & 115  

Tables 2B 

Justification for exclusion (e.g., exclusion of 
non-English language citations) 

95  

Assessment of quality of included studies 112-113 Tables 2B, 2Ca &b 

Reporting of conclusions should include 
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Consideration of alternative explanations for 
observed results 

116-121  

Generalization of the conclusions (e.g., 
appropriate for the data presented and within 
the domain of the literature review) 

116-121  

Guidelines for future research 121  

Disclosure of funding source 9  

Transcribed from the original paper within the Support Unit for Research Evidence 

(SURE), Cardiff University, United Kingdom.  February 2011.243  
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Search strategy 

The scientific literature was searched from inception to 31 January 2019 using the 

CENTRAL (Cochrane Central Register of Controlled Trials), PubMed and EMBASE 

databases. The search terms consisted of a series of MeSH or tree headings and keywords 

relating ‘AF’, ‘falls’, ‘syncope’ or ‘postural hypotension’ and was created with the assistance 

of an experienced librarian. The PubMed search was: “Atrial Fibrillation[mh] OR Atrial 

Fibrillation[tiab]” AND “Orthostatic intolerance[mh] OR Orthostatic intolerance[tiab] OR 

postural syncope[tiab] OR syncope[mh] OR syncope[tiab] OR Accidental falls[mh] OR 

fall[tiab] OR falls[tiab] OR falling[tiab]”. Figure 2A contains the exact search terms used for 

each database. Non-English articles were translated using an online service (Google LLC, 

California, United States). The search was undertaken by two independent investigators (VM 

and CG) who independently identified relevant studies, abstracted, and reviewed full texts 

where appropriate and assigned a risk of bias to the studies included in the analysis. 

Retrieved references were exported to the reference manager Endnote X8 (Clarivate 

Analytics, Philadelphia, United States); where duplicate citations were removed. 
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Figure 2A:   Search criteria & PRISMA diagram   

         

Search strategy and PRISMA flow diagram of the literature selection process
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Inclusion and exclusion criteria  

The articles of interest were those describing an association of AF with falls and syncope. 

Studies of both prospective and retrospective design examining the association of falls or 

syncope with AF with a reported odds ratio quantifying this relationship were included for 

review. Studies exploring the effect of falls or syncope on the development of AF were 

excluded. The reference list of relevant studies as well as reviews were hand searched in 

order to identify any relevant citations. Editorials, reviews, and case reports were excluded 

from the analysis. Any identified conference proceedings were not excluded. Falls were 

defined as “any falling event” in which a person inadvertently comes to rest on a lower level, 

such as the ground. Syncope was defined as a “faint”, “blackout” or “loss of consciousness”. 

 

Study selection and data extraction  

Data extracted from each study included: study design, number of participants, mean age of 

participants, date of data collection, ascertainment of AF, ascertainment of falls, syncope and 

orthostatic hypotension, inclusion/exclusion criteria, and results; including information 

regarding adjustment for covariates. Disagreements were resolved by consensus. For each 

study, we summarised the risk of bias using the Newcastle – Ottawa Scale (NOS)244 and 

classified this as low, moderate or high. Table 2B Our outcomes were the association of AF 

to (i) falls; (ii) syncope and (iii) orthostatic intolerance.  
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Table 2B: Newcastle-Ottawa scale risk of bias assessment  

Study Selection Comparability  Exposure: case-control, 
cross-sectional studies 
Outcome: Cohort studies  

Overall risk of 
bias 

FALLS     
Chen et al.245  - - «  High 
O’Neal et al.240 «««« ««  «««  Low  
Jansen et al.238 ««« «« «« Low - Moderate  
Hung et al.246 « «« «« Moderate  
Sanders et al.239 « «« «« Moderate  
Wallace et al.237 ««««  «« « Low - Moderate 
Arita et al.247 ««  «« « Moderate  
SYNCOPE     
Sule et al.248 « «« « High 
Jansen et al.238 ««« «« «« Low - Moderate 
Chen L et al.249 «««« « « Moderate 
ORTHOSTATIC INTOLERANCE     
McNicholas et al.250 ««« «« «« Low - Moderate  
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Statistical analysis 

Continuous variables are presented as the mean ± standard deviation and categorical 

variables as number and percentage. Pooled analyses were performed where there were more 

than two studies addressing an association. The effect of reports with a high risk of bias on 

the overall results was assessed by post-hoc analysis excluding the study from the pooled 

analysis. The I2 statistic and heterogeneity P-value were used as a measure of variability in 

observed effect estimates attributable to heterogeneity between the studies. For the pooled 

analysis, we entered the most adjusted Odds Ratios (OR) and 95% confidence intervals (CI) 

in a Dersimionian and Laird inverse variance random- effects model. OR from either a 

multivariate analysis, or a univariate analysis where a multivariate model was not constructed 

were used. Where possible, a subgroup analysis was performed in order to test the stability of 

the association despite differences in study design (exposure, outcome ascertainment). All 

analyses were undertaken using Review Manager Version 5.3 (Nordic Cochrane Center, 

Copenhagen, Denmark).  
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Results  

 

Search and synthesis of the literature 

We identified 7380 citations. After removing duplicates and screening for studies that were 

relevant to the topic, we identified 10 full reports that met the inclusion and exclusion 

criteria. The rate of chance -adjusted agreement was 0.9-1.0 between VM and CG. There 

were three small studies which reported the presence of Atrial fibrillation assessed using 

implantable loop recorders which were implanted for unexplained palpitations or syncope. 

None of these quantified any association with either syncope or falls and AF251-253 Thus, a 

total of 10 references with 47 621 patients were included in the analysis – seven studies 

relating to falls237-240, 245, 246, 254; one of the studies reporting falls238 also reported on syncope 

in the same patients. There were two additional studies relating to syncope.248, 249 and one 

study relating to orthostatic intolerance.250 Figure 2A 

 

Ascertainment of AF in reported studies  

The ascertainment of AF in the included studies varied; from a combination of 

electrocardiogram (ECG) data and patient history (documented AF from hospital records 246, 

254, Medicare data237 or self-report of a physician diagnosis of AF)240 to patient history 

assessment (obtained from medical records) without ECG data239 or from ECG data only.238, 

250 In the case of the four studies that utilised both patient history and ECG data; two studies 

had central reading centres237, 240. In one study, the authors adjudicated AF, themselves246. It 

was unclear how AF was ascertained in the study by Chen et al.245 reporting on falls and in 

two syncope studies.248, 249 Study characteristics are listed in Table 2Ca and Table 2Cb. 
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TABLE 2Ca: Studies included studies in the systematic review: study characteristics (Part 1) 

Author 
(reference 
number), year 

Mean 
age 

Patient 
number  

Study design 
Study population 

Follow 
up  

AF ascertainment   Outcome ascertainment  

FALLS       
Chen et al.245, 
2011 

80±10 408 Retrospective case-control; single 
centre. Review of in- hospital 
incident report database for falls 
in aged care wards. 3 groups 
identified: 1 in- hospital fall. ≥ 2 
in- hospital falls and 3. Control 
sample from the same wards.  

- Unclear   Reported incidence in a hospital 
incident management system 

Hung et al.246, 
2013 

82±0.2 401 Cross-sectional; single centre  
Age ≥ 75; Admitted in-patients for 
geriatric syndromes. Completed 
comprehensive geriatric 
assessments 

- Review by study 
personnel of 
medical records and 
ECG 

Documented in medical records 
or in a geriatric unit database  

Jansen et 
al.238, 2015 

62±8 4888 Cross-sectional. Irish Longitudinal 
Study on Ageing (TILDA; a 
prospective cohort) Age ≥ 50; 
community dwelling older adults   

- 10-minute ECG only  Self-reported  

O’Neal et 
al.240, 2015 

65±9 24117 Cross-sectional 
Community dwelling residents 
No age criteria for inclusion  

- ECG (read at central 
reading centre; 
blinded physicians) 
and self-reported 
history.  

Self-reported  

Sanders et 
al.239, 2012  

80±8 442 Retrospective cohort; single 
centre  

- History from 
documented 
medical records  

Physician adjudicated. 
Accidental falls defined as: 
slipping, tripping, stumbling; 
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Emergency department 
presentations with fall as chief 
complaint. Presentations for 
syncope excluded.  
Non-accidental compared to 
accidental falls. Age ≥ 65.  

catching feet or assistive devices 
on objects; twisting of joint/ fall 
due to activity). Non-accidental 
fall: absence of above criteria.   

Wallace et 
al.237, 2017  

74±5 4258 Prospective cohort  
Cardiovascular health study 
longitudinal cohort  
(Random sample of Medicare 
beneficiaries from 4 united states 
communities). Age ≥ 65. 

1991- 
1999 
(mean 
6.3 
years) 

Annual study ECG 
(central reading 
centre), hospital 
discharge diagnosis 
or physician 
diagnosis (Medicare 
data) 

Self-reported 

Arita et al.254, 
2018 

70±12 1930 Prospective cohort, single centre  
Patients enrolled from a database 
of admissions to a cardiovascular 
hospital for any reason.  Stratified 
into Age <75 and >75 years.  

3 years 
(mean 
1.5 
years) 

Baseline physician 
assessment of 
history, ECG, and 
symptoms.  

Self-reported  
Correlation to admissions for 
falls related injuries   

SYNCOPE       
Sule et al.248, 
2011  

66±17 325 Prospective cohort; single centre  
Consecutive patients hospitalised 
with syncope  

27 
months 

Unclear   Hospital records demonstrating 
re-presentation for syncope  

Jansen et 
al.238, 2015 

62±8 4888 Cross-sectional. Irish Longitudinal 
Study on Ageing (TILDA; a 
prospective cohort). Age ≥ 50; 
community dwelling older adults   

- 10-minute ECG only Self-reported 

Chen l et al.249, 
2000  

67±15 1556 Nested case-control. Framingham 
(original) and offspring cohorts. 

- Unclear. Physician verified patient report 
of any loss of consciousness 
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No age criteria for inclusion. 
Syncope cases identified and 
verified. Age, sex, and 
examination period matched 
controls from the study cohort 
(nested).   

History of AF from 
study   

during study medical 
examination (fainting, seizure, 
stroke, and 
transient ischemic attack. Head 
trauma excluded). Repeat 
verification with review of study 
notes and available health 
records (office or hospital 
attendances)  

ORTHOSTATIC 
INTOLERANCE  

      

McNicholas et 
al.250, 2017  

66±6 
 

4408 Cross-sectional. Irish Longitudinal 
Study on Ageing (TILDA; a 
prospective cohort). Age ≥ 50; 
community dwelling older adults   

- 10-minute ECG only Beat-to-beat blood pressure 
measured during active stand 
lasting 110 s 
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TABLE 2Cb: Studies included studies in the systematic review: study characteristics (Part 2) 

Study Geographic Region Covariates Adjusted For 

FALLS   
Chen et al.245 Australia Unadjusted analysis 
O’Neal et al.240 Taiwan Age, Basic Activities of Daily Living, Geriatric Depression Scale, Impaired TUG Test, Impaired FR 

test, Polypharmacy, Stroke, Calcium Channel Blockers (ace, b- blockers, diuretics, alpha –
blockers excluded on the basis of univariate analysis; P>0.1), Benzodiazepine, Muscle relaxants 

Jansen et al.238 Ireland Age, Gender, Education, Gait speed, Depressive symptoms, Visual acuity, MMSE, Psychotropic 
drugs, CV drugs, History of stroke 

Hung et al.246 United States Age, Sex, Race, BMI, Cognitive impairment, Mobility impairment, Alcohol consumption, Exercise 
habits, Diabetes, Antihypertensive medications, Benzodiazepine use  

Sanders et al.239 United States  Age, Hypertension, Any neurological disorder, Polypharmacy (>5 medications),  
Antihypertensive (other than b- blockers, digoxin, Calcium channel blockers & anti-arrhythmic 
drugs all of which were P>0.1 in univariate analysis) Also excluded psychotropics; P>0.1 in 
univariate analysis) 

Wallace et al.237 United States Age, Sex, Race, Clinic, Education, Physical activity level, Alcohol, Smoking, Baseline Body Mass 
Index, Antihypertensives, Bisphosphonates, Diabetes mellitus, Hypertension, Coronary heart 
disease, Incident stroke or heart failure  

Arita et al.247 Japan Age, Sex, Body Mass Index, Hypertension, Diabetes mellitus, prior stroke, heart failure, structural 
heart disease, Antihypertensives, diuretics, hypnotics, Chronic Kidney Disease, Anaemia  

SYNCOPE   
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Sule et al.248 United States Unadjusted analysis 
Jansen et al.238 Ireland Age, Gender, Education, Gait speed, Depressive symptoms, Visual acuity, MMSE, Psychotropic 

drugs, CV drugs, History of stroke 
Chen L et al.249 United States  Unadjusted analysis 

Negative (P = 0.23) in initial stepwise univariate regression analysis.  
ORTHOSTATIC 
INTOLERANCE 

  

McNicholas et 
al.250 

Ireland Age, sex, baseline heart rate, education, mean systolic blood pressure, smoking, frailty, anti-
hypertensive use, b-blockers, and self-reported cardiovascular conditions  
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The association between AF and falls  

The total number of participants was 36 444 across 7 studies that reported the association of 

AF to falls. The mean age of all participants included was 72±10 years old. The proportion of 

males was 57%. There were five retrospective studies (three cross-sectional studies, one case-

control and one cohort study) and two prospective cohort studies.237, 254 In one, falls was a 

secondary analysis.237 In the other prospective study by Arita et al.254 the AF cohorts were 

divided into two groups (>75 and <75 years old). Significant co-morbidities included: 

hypertension (51%) with a high consequent use of antihypertensive medications (49%),237, 239, 

240, 254 coronary artery disease (19%) and diabetes mellitus (18%). There was also a high 

proportion of polypharmacy, defined as greater than 4 medications in three studies (67%).239, 

245, 246 The proportion of patients with heart failure was low (4%) in the five studies that 

reported this parameter.238, 239, 245, 246, 254 The presence of cognitive impairment was only 

reported in two studies (6.2%).240, 245 In two other studies,238, 246 the combined average Mini-

Mental State Examination was 26 (out of a maximum of 30).  

 

Using pooled analysis, AF was found to be associated with an increased risk of falls (OR 

1.19; 1.07-1.33 95% CI, P=.001; Figure 2B). Most studies, except the report from Chen et 

al.245 adjusted for other risk factors for falls. The covariates used to adjust the odds ratio of 

the association of AF to falls are included in Table 2Cb. There was overall low-moderate 

heterogeneity (I2 = 37%; P=.11). There was an overall moderate risk of bias in the included 

studies; one study had a high risk of bias, four studies had moderate bias and two had a low 

risk of bias. The study by Chen et al.245 had a high risk of bias because the ascertainment of 

AF was unclear, as was its selection of controls and the authors did not adjust for covariates. 

Given our pre-specified plan to address high risk of bias; we performed a post-hoc analysis; 

which did not affect the association of AF to the risk of falls (OR 1.16; 1.06 –1.28 95% CI; 
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P=.001). Study heterogeneity remained non-significant (I2=26%; P=.21). Figure 2C Subgroup 

analyses assessing the stability of this association demonstrated that the method of 

ascertainment of AF (strong; physician verified vs weak; Medicare data/review of health 

records only) did not affect the association. Figure 2D Neither subgroup analyses; Falls 

ascertainment (as a “snapshot” presentation to hospital with falls vs self-reported history of 

any fall; Figure 2E) nor the comparison of study type (prospective vs retrospective; Figure 

2F) showed any differences in the association of AF with falls. 
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Figure 2B: Pooled analysis Forest plot – The association of AF with falls. 

 

Arita et al. provides risk estimates in each cohort: older group (>75 years) with paroxysmal AF (PAF), older group (>75 years) with 

persistent AF (PeAF), younger group (<75 years) with PAF and younger group (<75 years) with PeAF. AF is associated with increased 

risk of falls (Odds Ratio 1.19 [1.07-1.33]; P=0.001). There is overall low-moderate heterogeneity (I2=37%; P=0.11).  
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Figure 2C: post-hoc analysis – The association of AF with falls 

 

Despite the removal of Chen et al.245  (high risk of bias) from the analysis, the association persisted. Study heterogeneity remained 

low and not statistically significant (P=0.21).  
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Figure 2D: Subgroup analysis 1; Strength of ascertainment of AF  

 

The strength of the method of ascertainment was examined in this subgroup analysis. Strong methods of AF adjudication (1.2.1) vs 

weak (1.2.2) did not alter the overall association of AF with falls (P=0.49).  
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Figure 2E: Subgroup analysis 2; Ascertainment of falls (outcome)   

 

The method of ascertainment of falls ascertainment (as a “snapshot” presentation to hospital with falls; 1.2.1 vs self-reported history 

of any fall; 1.2.2) did not alter the association of AF with falls. 
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Figure 2F: Subgroup analysis 3; the effect of prospective vs retrospective enrolment 

 

Subgroup analyses examining study type (prospective; 1.2.1 vs retrospective; 1.2.2) did not showed any differences in the association 

of AF with falls (P=0.6).  
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The association between AF and syncope  

The number of participants (mean 65±3 years old) across three studies with data for syncope 

was 6769. The proportion of males was 44%. There was one case-control study, one cross-

sectional observational study and one prospective cohort study from a single centre. Chen et 

al.249 (case-control study) corroborated each report of syncope with hospital or office 

documentation, however they included loss of consciousness adjudicated to seizures, stroke, 

and transient ischaemic attacks in their analysis. Sule et al.248 (prospective cohort study) 

reviewed medical records for 325 patients admitted with a physician diagnosis of syncope. 

Multiple aetiologies of syncope (whether or not they were associated with AF) were included 

in their analysis; vasovagal syncope (18%), documented brady-arrhythmia (9%), tachy-

arrhythmia (11%), valvular heart disease related (3%), intracranial abnormalities (2%) and 

hypoglycaemia (1%) are examples. Baseline characteristics presented in Table 2Ca. 

Multivariates were adjusted for in Jansen et al.238; a large cross-sectional study of community 

dwellers. Table 2Cb It was also the only study to specifically assess whether AF was related 

to syncope. Chen et al.249 performed a stepwise logistic analysis for variety of variables, 

including AF, which was not statistically significant.  

 

Using pooled analysis, AF was found to be associated with an increased risk of syncope (OR 

1.88; 1.20-2.94 95% CI, P=.006; Figure 2G) with low statistical heterogeneity (I2=0%; 

P=.44). The risk of bias was moderate in Jansen et al.238 and Chen L et al.249 Sule et al.248 had 

a high risk of bias owing to unclear ascertainment of AF, limitation to representation to 

hospital with syncope in a short time-frame (27-month follow-up), inclusion of other causes 

of syncope clearly not associated to AF and they did not adjust for covariates. See Table 2B 

for bias assessment. Exclusion of this study in a post-hoc analysis did not alter the association 
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identified from the pooled analysis (OR 1.72; 1.07-2.76 95% CI, P=.03) with low statistical 

heterogeneity (I2=0%; P=.6)
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Figure 2G: Pooled analysis Forest plot – The association of AF with syncope. 

 

AF is associated with increased risk of syncope (Odds Ratio 1.88 [1.20-2.94]; P=0.006). There is overall low heterogeneity (I2=0%; 

P=0.44). 
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The association between AF and orthostatic hypotension 

There was only one study that reported AF was associated with orthostatic intolerance in 

4408 community dwellers in Ireland (mean 66±6 years old).250 The 101 (2.3%) patients with 

AF were older with higher proportion being male, higher rates of self-reported cardiovascular 

illness and medication use in comparison to those without AF. They found that AF was 

independently associated with both initial and classical orthostatic hypotension at 30 seconds 

of standing (OR 2.48 (1.59- 3.87 95% CI, P<.001) and 1.78 (1.07 – 2.94 95% CI, P=.03) 

respectively. This study contains moderate bias. Table 2B 
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Discussion 

 

This systematic review and meta-analysis from more than 40,000 older individuals derived 

from a variety of clinical cohorts ranging from community participants to higher risk patients 

admitted to hospital for falls, identified AF as an independent risk factor for falls as well as 

syncope. Patients with AF often have multiple co-morbidities such as diabetes, hypertension 

and vascular (coronary and peripheral vascular) disease.3 The rising prevalence of AF in the 

elderly mirrors the prevalence of other cardiovascular illness, co-morbidities and 

polypharmacy in this age group.231 Therefore, falls and syncope in older adults with AF can 

be attributed to co-morbidities or to the presence of AF itself. Arita et al. found that persistent 

AF in an older cohort (i.e., higher burden of AF) was independently associated with the risk 

of falls.254 Our pooled analyses reaffirm this finding with AF conferring an adjusted odds 

ratio for falls and syncope at 1.19 and 1.88 respectively.  

 

Our findings may in part explain the high proportion of deaths relating to AF in the 

GARFIELD-AF registry that are not attributable to cardiovascular causes or malignancy. 

Indeed, falls and syncope constitute a range of other associated conditions with AF that can 

result in increased morbidity and mortality. There are several mechanisms that may explain 

the associations of AF to falls and syncope in older patients with AF. These may be directly 

attributable to AF or related to associated conditions.  

 

Falls and syncope: Mechanisms directly attributable to AF 

The haemodynamic deficits of AF with rapid ventricular response and cardiomyopathy are 

well known and may contribute to underlying orthostatic intolerance.255, 256 Further, 

autonomic dysfunction with abnormal reflex responses may also be responsible.23, 175, 203 A 
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critical feature of cardiac autonomic influence is its tight control of postural reflexes. The 

autonomic reflex control of posture relies on intact afferent receptors, which respond to 

changes in cardiac volume, atrial stretch, and arterial pressure; central neural processing and 

autonomic efferent nerves57, 257.  Cardiopulmonary receptors found in pulmonary vein – atrial 

junctions (interestingly co-located with the origin of the ectopic beats in AF) as well as 

arterial baroreceptors (located in the aortic arch and carotid bodies) are implicated in the 

normal response to standing as they respond to the decrease in arterial pressure and volume 

due to changes in posture and associated haemodynamic effects.258 Dysfunction of both of 

these types of receptors could contribute.259, 260 We have demonstrated autonomic 

dysfunction (reflex deficit to decrease in cardiac venous return) in patients with AF.175 See 

Chapter 3 & Chapter 4. Brignole et al.261 demonstrated that patients with paroxysmal AF 

presenting with syncope had abnormal reflex responses to head-up tilt and carotid sinus 

massage during both sinus rhythm and AF. The presence of orthostatic intolerance250 together 

with improvement of cardiac output following cardioversion,241 in  patients with persistent 

AF and adequate rate-control provides further mechanistic explanations to the link between 

autonomic dysfunction due to AF and falls or syncope. Figure 2H; Central diagram 
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Figure 2H: Central diagram  

 

Mechanisms for falls and syncope associated with AF can be classified according to those directly attributable or to those associated 

with AF. Autonomic mechanisms may be quite important to consider in elderly patients and AF as a mechanism responsible for the 

clinical associations described.  

AF- attributable mechanisms 
Autonomic mechanisms
Cardiopulmonary receptor dysfunction

Carotid/aortic arch baroreceptor 
dysfunction
Vagal tone (vasovagal syncope)
Decreased sino-atrial response to 
sympathetic nervous system activation  

Cardiovascular mechanisms
Tachycardia resulting in reduced cardiac 
output 
Hypotension 
Cardiomyopathy
Conduction disease (sinus node 
dysfunction)

Physical factors & co-
morbidities
Cognitive decline 
Vascular 
dementia 

Alzheimers
dementia

Frailty Motor 
weakness

Mobility 
impairment

Reduced gait 
speed

Antihypertensive & rate 
lowering medications
Polypharmacy 
Co-morbid conditions 
(diabetes, sleep apnoea, 
hypertension, cardiac failure)

AF- associated mechanisms 
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Falls and syncope: Mechanisms attributable to AF-associated conditions  

Several AF-associated conditions may contribute to the increased risk of falls and syncope in 

this population. A reduction in physical and cognitive abilities in association with AF could 

in part contribute to falls and syncope with cognitive decline,234, 235 reduced gait speed262 and 

increased frailty;263, 264 all associated with motor weakness. AF is also known to be associated 

with conduction system disease, predominantly sinus node dysfunction due to AF-related 

atrial fibrosis and myopathy.265 Additionally, the high prevalence of polypharmacy (also 

associated with AF) may also be a contributor to increased falls or syncope. The 

antihypertensive and rate lowering effect of medications used to treat AF may also 

contribute, although most included studies have addressed these factors through multivariate 

analyses. Figure 2H; Central diagram 
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Limitations 

 

One major limitation of this is work is the predominantly retrospective nature of the included 

studies. There were biases in both the falls and syncope studies that could potentially 

underestimate the effect of AF, due to the inadequate ascertainment of AF that only occurred 

concurrently at the time of falls or syncope or due to the ascertainment of asymptomatic AF 

by ECG measurement (which limits generalisability). Indeed, longer duration of AF 

monitoring would provide more accurate data. It is also possible that despite adjustment for 

co-morbidities in most of the included studies, these AF-associated conditions may play a 

greater role to our findings. Our study does not specifically assess the relative contribution of 

AF- attributable or AF-associated factors. The study by Arita et al.254 was the only study 

which excluded the effect of structural heart disease. Therefore, the effect of co-existing 

valvular heart disease is not excluded. However, this seems less likely given the higher 

proportion of community dwellers rather than hospital patients. The observations of Arita et 

al.254  that only persistent but not paroxysmal AF was independently associated with falls in 

older individuals implicate AF to play a key role. The results of the subgroup analyses 

strengthen the stability of this association. Also, our study is unable to differentiate the 

relative contribution of mechanisms such as rapid ventricular response rates, sinus node 

dysfunction, postural hypotension, or autonomic dysfunction. These will need to be explored 

in further detail.  Finally, our findings remain limited to the demonstration of association 

rather than causality between AF and falls or syncope.  
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Concluding remarks   

 

Clinical Implications  

The identification of the long-term adverse effects of AF such as increased falls and syncope 

as demonstrated in this study, underscores the importance of improved rhythm management 

early in the course of AF, including aggressive modification of AF risk factors.13 Improved 

understanding of the associations between falls, syncope and AF will be helpful when 

managing older individuals who are at heightened risk. Whether improved surveillance and 

pro-active medical management will reduce the risk and improve clinical outcomes remain to 

be determined.  

 

Conclusion 

This review demonstrates an independent association of AF with falls risk and syncope in 

older adults. There is a need for well-designed prospective studies to further delineate this 

association and to guide improved care of elderly patients with AF. Further, there is great 

need to identify causal mechanisms, and in particular, mechanistic studies evaluating the role 

of the autonomic nervous system. In the subsequent chapters (Chapter 3 & Chapter 4) we 

evaluate the role of cardiovascular volume and pressure regulating reflexes in patients with 

AF in order to define the concept of clinical autonomic dysfunction due to AF.  
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Chapter 3: Novel clinical evidence of autonomic dysfunction in patients with Atrial 

Fibrillation studied in sinus rhythm: A new clinical entity?  

 

Background 

 

The autonomic nervous system is implicated in the genesis of atrial fibrillation (AF) with 

robust experimental39, 266-268 and clinical evidence.40, 223 Indeed, cardiac ganglionic plexi are 

in close proximity to the sites where pulmonary veins enter the left atrium.136 Experimentally, 

stimulation of autonomic nerves has been shown to elicit rapid firing triggered by early 

afterdepolarizations in pulmonary vein preparations, providing a possible mechanistic 

explanation for autonomic triggering of AF.39 While triggering of AF by the autonomic 

nervous system has received much attention the converse that AF begets autonomic nervous 

system dysfunction has not been extensively studied in humans. Animal models of rapid 

atrial pacing-induced AF has been shown to increase both sympathetic and parasympathetic 

innervation of the atria.211, 220, 221 In humans, Brignole et al.269 demonstrated autonomic 

disturbances in patients with syncopal events associated with onset of AF. Further, there is 

case evidence that restoration of sinus rhythm can abolish incessant orthostatic hypotension 

in a patient with persistent AF.270  

 

In normal individuals, lower body negative pressure (LBNP) decreases venous return to the 

heart, unloads cardiopulmonary receptors and results in compensatory systemic 

vasoconstriction.97 Atrial stretch receptors, particularly cardiopulmonary receptors found in 

the pulmonary vein-left atrial junctions are critical mediators of such reflexes.57, 97 Here, we 

hypothesize that AF induces autonomic dysfunction with abnormal reflex responses to 

decreased venous return. Therefore, we compared reflex cardiovascular responses to LBNP 
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in subjects with frequent episodes of paroxysmal atrial fibrillation (PAF) to age- and sex-

matched healthy controls. This chapter presents data with regards to our first study examining 

volume-regulating (low-pressure) baroreceptor reflexes.   
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Methods  

 

All participants provided written informed consent and the study was approved by the 

institutional human research ethics committees. This study involved two groups. The first 

group consisted of twenty patients who had symptomatic paroxysmal AF referred for 

consideration of pulmonary vein isolation (PVI) and were studied prior to PVI. These 

patients were compared to fourteen age and sex-matched healthy controls (Control group).  

The PAF patients were highly symptomatic, requiring anti-arrhythmic drug (AAD) therapy 

and were consecutively enrolled after having been referred to an electrophysiologist for 

consideration of catheter ablation. Patients who enrolled were selected to undergo PVI. 

Enrolled patients were free from cardiovascular (coronary artery disease, valvular heart 

disease or heart failure) and other confounding conditions (autonomic disorders, untreated 

hypertension, postural hypotension, diabetes mellitus or renal disease). Patients who had 

received amiodarone during the last six months were also excluded.  

 

The control group was enrolled last, after analysing the age and sex of the patient cohorts. 

Participation was sought from hospital workers between the ages of thirty and seventy years 

after advertisement through hospital notice boards, flyers, and department presentations. The 

total number of participants in each five-year age category as well as the proportion of males 

and females was established for the AF group. Volunteers were consecutively enrolled and 

assigned to each five-year age group until similar numbers were achieved in each age-group. 

 

Experimental protocol 

The experimental protocol was performed in the fasting state (4 hours) with abstinence from 

caffeine, alcohol, and strenuous exercise in the preceding 24 hours. All AAD (including ß-
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blockers) were withheld for five half- lives, symptoms allowing, prior to the study protocol. 

All testing was performed in a climate-controlled laboratory with room temperature of 22oC. 

All patients were in sinus rhythm during the testing protocol. Resting brachial blood pressure 

was checked in the supine position with a standard mercury sphygmomanometer. Continuous 

beat-to-beat recordings were obtained using finger photo plethysmography (Nexfin, BMEYE, 

Amsterdam, The Netherlands)271 to derive: 

 

Mean arterial pressure (MAP, mmHg); 

Heart rate (HR, bpm); 

Stroke volume index (SV, mL/m2); 

Cardiac index (CI, L/min/m2); and  

Systemic vascular resistance index (SVRI, dynes  s* m2/cm5).  

 

Patients were then subjected to LBNP using a custom-made Perspex chamber placed over the 

subject’s lower limbs with a seal at the iliac crest. A vacuum generator (Model UZ-930; 

Electrolux; Stockholm, Sweden) was attached to the chamber and connected to a voltage 

converter, which allowed graduated control of the vacuum intensity (Figure 3A). Thus, 

negative pressure could be precisely controlled to 0, -20 and -40 mmHg with the aid of an 

industrial pressure gauge (Ambit Instruments; Wetherill Park, NSW, Australia). All patients 

underwent a short 2-minute familiarization period with LBNP application followed by a 

resting period of 10 minutes prior to LBNP protocol commencement. The degree of LBNP 

intensity was randomly applied for each patient for 10 minutes at each level with a 5-minute 

break in between. Negative pressure was applied slowly over 30 seconds to minimize patient 

movement and discomfort.  
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Figure 3A: Lower Body Negative Pressure (LBNP) technique 

 

Schematic depicting Lower Body Negative Pressure (LBNP) technique.  
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Statistical Analysis 

Continuous patient variables were expressed as mean ± SD. Categorical variables were 

expressed as frequencies and percentages. The last two minutes of beat-to-beat recorded data 

for each level of negative pressure (0, -20 and -40 mmHg) was extracted and averaged (mean 

± SEM). Comparisons within groups were made by repeated measures one-way analysis of 

variance (ANOVA) with the Dunnett’s post-test analysis. Differences across groups were 

compared with ANOVA and the Bonferroni post-test analysis. Statistical analysis was 

performed using GraphPad Prism (version 6.0, California, USA). Statistical significance was 

set at P<0.05.  
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Results  

 

Patient Recruitment and Baseline Characteristics 

Figure 3B presents the CONSORT diagram of the patient groups. In the PAF group, 23 

patients with symptomatic AF, referred to an electrophysiologist for consideration of PVI 

were consecutively enrolled after having been assessed for eligibility. 3 patients did not 

undergo autonomic testing and therefore 20 patients were included. Fourteen patients (of 16 

volunteers) were enrolled in the control group. Subjects were age- and sex-matched between 

groups (all p>0.05). The overall mean age was 57±8.5 years, 70% males. The baseline 

characteristics of the included patients are presented in Table 3A (below).
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Figure 3B: CONSORT Diagram  

 

CONSORT Diagram. Enrolment flow chart, including patient recruitment, inclusion, and exclusion criteria for each group
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Table 3A: Baseline Characteristics  

 PAF  
(n=20) 

Controls 
(n=14) 

p-value 

Age (years) 58±10 55±5 0.38 
Males, n (%) 13 (65) 9 (64) 0.35 

Mean body mass index, kg/m2 30.3±5 25.6±4 0.02* 
Hypertension n (%) 8 (57) 0 (0) - 
Patients not on any AAD, n (%) 4 (20) 14 (100) - 
ß-blockers (except Sotalol), n (%) 7 (35) 0 (0) - 
Sotalol, n (%) 8 (40) 0 (0) - 

Amiodarone, n (%) 0 (0) 0 (0) - 
Flecainide, n (%) 6 (30) 0 (0) - 

Digoxin, n (%) 1 (5) 0 (0) - 
Calcium channel blocker, n (%) 0 (0) 0 (0) - 

 One-way ANOVA (Bonferroni post- test) for continuous variables or students-t as 

appropriate: Between group statistical differences: *p<0.05. Categorical variables; c2   

test or Fishers exact test *p<0.05. AAD: Anti-arrhythmic drugs. 
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Hemodynamic responses to LBNP: Mean Arterial Pressure 

Baseline MAP was similar across groups: 97±3 mmHg in the control group and 100±3 

mmHg in the PAF group (Table 3B). In control subjects, MAP was maintained at both -20 

and -40 mmHg LNBP (Figure 3C, p=0.4). In the PAF group, the decrease in MAP was not 

significant at -20 mmHg, however there was a statistically significant decrease at -40 mmHg 

(Figure 3C, p<0.05). The MAP response to LBNP was different in the PAF group (p=0.04) in 

comparison to control subjects. 
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Figure 3C: Mean Arterial Pressure Responses  

 

Percentage change in MAP with LBNP (-20 and -40 mmHg) for each group expressed as mean±SEM.  

*Statistical difference in comparison to baseline at 0 mmHg LBNP (p<0.05). †Indicates statistically significant change in response to 

LBNP between groups (p<0.05). NS: non-significant.
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Hemodynamic responses to LBNP: Heart Rate 

Baseline HR was similar between groups (61±2 vs. 57±2 in the control vs. PAF groups 

respectively, p=0.4; Table 3B). HR did not change at -20 mmHg LNBP, however at - 40 

mmHg LBNP there was significant increase in HR consistently in both groups. There was no 

statistical difference in the HR response to LBNP between groups (Figure 3D). 
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Figure 3D: Heart Rate Responses 

 

Percentage change in mean HR with LBNP (-20 and -40 mmHg) for each group expressed as mean±SEM.  

*Statistical difference in comparison to baseline at 0 mmHg LBNP (p<0.05). †Indicates statistically significant change in response to 

LBNP between groups (p<0.05). NS: non-significant.
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Hemodynamic responses to LBNP: Systemic Vascular Resistance 

In controls, there was a significant increase in SVRI at both -20 and -40 mmHg LBNP 

(Figure 3E, both p<0.01). In contrast, there was no SVRI response to LBNP at either -20 or -

40 mmHg in patients with PAF (both p>0.05). Overall SVRI response to LNBP was different 

between the PAF and control groups (Figure 3E, p=0.04). 
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Figure 3E: Systemic Vascular Resistance Index Responses  

 

Percentage change in mean SVRI with LBNP (-20 and -40 mmHg) for each group expressed as mean±SEM.  

*Statistical difference in comparison to baseline at 0 mmHg LBNP (p<0.05). †Indicates statistically significant change in response to 

LBNP between groups (p<0.05). NS: non-significant.
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Hemodynamic responses to LBNP: Cardiac Index and Stroke Volume Index 

Table 3B shows the CI and SVI at baseline and after application of -20 and -40 mmHg 

LBNP. CI and SVI were similar at baseline and changed similarly in both groups following 

application of LBNP at -20 and -40 mmHg. Changes induced by LBNP were statistically 

significant within each group, but responses were not different between groups (all p>0.05). 
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Table 3B: Cardiac Index and Stroke Volume Index 

 LBNP  
(mmHg) 

PAF 
(n=20) 

Controls 
(n=14) 

p-value 
 

Mean arterial 
pressure 
(mmHg) 

0 100 ± 3 97± 3 

 
0.04† 

-20 97 ± 3 96 ± 3 

-40 96 ± 3* 99 ± 3 

Heart rate 
(bpm) 

0 57 ± 2 61 ± 2 
 

NS 
-20 58 ± 1 61 ± 2 

-40 61 ± 2*** 67 ± 2** 

Systemic Vascular 
Resistance Index 

(dynes  s* m2/cm5) 

0 3131 ± 198 2720 ± 132 

 
0.04† 

-20 3182 ± 166 2916 ± 140** 

-40 3263 ± 167 3010 ± 150** 

Cardiac Index 
(L/min/m2) 

0 2.70 ± 0.12 2.89 ± 0.09 

NS 
 

-20 2.51 ± 0.09** 2.69 ± 0.08** 

-40 2.43 ± 0.09*** 2.62 ± 0.09** 

Stroke Volume Index 
(mL/min/m2) 

0 47.9 ± 1.6 45.3 ± 2.1 

NS 
 -20 43.8 ± 1.5*** 41.8 ± 2.1*** 

-40 39.8 ± 1.5*** 37.2 ± 2.5*** 

Within group differences: * p< 0.05, ** p< 0.01, *** p< 0.001. Between group 

differences: †Indicates statistically significant change in response to LBNP between 

groups (p<0.05). NS: non-significant. 
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Discussion 

 

This study evaluated the effects of AF on the autonomic nervous system by comparing 

cardiac reflex response to LBNP in patients with symptomatic PAF to healthy control 

subjects. Our principal findings are as follows: Reflex (vasoconstrictor) responses to LBNP 

were attenuated in patients with PAF, suggesting that autonomic dysfunction in patients with 

AF persists beyond a bout of the arrhythmia. The above changes were seen in the absence of 

differences in HR, CI, and SV response to LNBP. 

 

Abnormal Cardiac Reflex Responses to LBNP due to AF 

LBNP is an established technique96 used to study reflex responses to decreased blood 

volume. LBNP simulates mild to moderate hypovolemia by displacing 400-550 mL to 500-

1000 mL of volume at -20 and -40 mmHg respectively.272 The application of LBNP at these 

pressures produces a progressive decrease in venous return and consequent changes in 

cardiac output in keeping with the Frank-Starling effect.273 The efferent response to LBNP is 

primarily a sympathetically mediated peripheral vasoconstriction in order to maintain MAP. 

57, 97 Receptors at veno-atrial junctions are thought to be critical in mediating this homeostatic 

reflex. Arterial receptors are not engaged unless blood pressure falls. HR changes from 

LBNP are generally the result of interference from other reflexes and therefore not helpful in 

the evaluation of the reflex response to LBNP.274 

 

In this study, LBNP lowered both SVI and CI to a similar extent in both groups, indicating 

that an equivalent stimulus was applied in each group. Blood pressure was maintained at both 

levels of LBNP in the control subjects but not in the AF group, where MAP fell 

progressively. While no differences were seen in HR response, clear differences were 
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observed between groups in the reflex vasoconstrictor responses elicited by LBNP. This 

indicates a clear reflex deficit in subjects with PAF studied in normal sinus rhythm. 

Specifically, no significant vasoconstrictor response was seen in PAF subjects at either level 

of LNBP.  

 

Our finding of impaired cardiac reflex response due to AF affirmed previous findings by 

Brignole et al.269 whereby disturbances of the autonomic nervous system was thought to be 

responsible for syncope in patients with PAF. Further, our results may also explain the 

enhanced susceptibility to autonomic provocation seen in patients with lone PAF.275 

Persisting autonomic changes as a result of AF have not previously been described. Thus, our 

study adds to prior observations by demonstrating reflex changes that are not the immediate 

response to AF but rather changes in reflex function that persist beyond a bout of PAF.  

 

Potential Mechanisms  

Changes in efferent innervation of the atria have been reported after induction of AF in 

dogs.211, 220, 221 Both structural and functional changes in atrial autonomic innervation may be 

mechanistically responsible for the abnormal reflex changes we have observed in our PAF 

patients. The normal reflex response to LBNP is a complex reflex arc that relies on intact 

afferent receptors, vagus nerve traffic, inputs to the medulla and the sympathetic outflow 

from the spinal cord, which together mediate peripheral vasoconstriction in response to 

decreased venous return to the heart (Figure 3F: Central Diagram). 
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Figure 3F: Central Diagram

 

 

A schematic of the neural components responsible for normal reflex control of blood 

pressure and heart rate in responses to LBNP. PAF results in a reflex deficit 

(attenuation of vasomotor response to LBNP). This diagram incorporates a sketch of 

the heart and the brain that have been modified from clipart provided by 

www.openclipart.org and www.pixabay.com, respectively. These images have been 

placed in the public domain, have had their copyright waived as part of the creative 

commons zero 1.0 public domains license and can be modified and reproduced 

without permission (https://creativecommons.org/publicdomain/zero/1.0). No other 

components of this diagram have been copied or modified from other sources.
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Our findings may result from an abnormality of any one of these; however, we hypothesise 

that aberrations within the left atrium are principally responsible for our findings, and we 

therefore postulate either atrial deafferentation or functional deficits of the afferent low-

pressure volume-sensing receptors as possible explanations for our findings. Figure 3F: 

Central Diagram. 
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Limitations  

 

There were limitations to our study. Our patients were highly symptomatic from AF, 

requiring rate slowing and anti-arrhythmic drugs therapy that might interfere with the HR 

component of the response; not attributed to atrial cardiopulmonary receptor unloading from 

LBNP.274 However, β-blockade has been shown to not have any impact on vasoconstrictor 

responses to LBNP 276, which are mediated by α- adrenergic receptors. These medications 

may also decrease resting blood pressure however there was no differences seen in resting 

MAP between the groups. Further, we did not see any differences in the resting HR and HR 

increase induced by LBNP among the groups.  

 

The PAF group was heavier than control subjects and therefore obesity may represent a 

potential confounder. The presence of hypertension, which, itself is a risk factor for AF, may 

influence responses to LBNP; although this occurs only in the context of untreated 

hypertension with severe left ventricular hypertrophy.54 There were no patients with either 

untreated hypertension or severe left ventricular hypertrophy. Last, we did not measure MAP 

invasively as the protocol was conducted in all subjects in the ambulatory setting.  
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Concluding remarks  

 

Clinical implications  

Our observations may have important clinical implications. Autonomic dysfunction may be 

associated with orthostatic intolerance in those with AF, particularly in the elderly, which 

could provide a mechanism for the increased risk of falls and syncope in this cohort of 

patients with AF (Chapter 2). In addition, autonomic dysfunction caused by AF could 

compound the neuro-hormonal dysregulation seen in heart failure, a common co-existing 

morbidity in AF individuals.  

 

The progression of intermittent AF through to a more permanent form (AF begets AF) occurs 

through atrial remodelling; a process which relies on a number of both anatomical (structural) 

and physiological (functional) components; of which autonomic dysfunction may be one. 

Taken together, the presence of these clinical conditions in individuals with AF may warrant 

more aggressive rhythm control strategy to improve outcomes. Further work is needed to 

evaluate the role that AF itself plays, whether burden is important in these reflex deficits and 

the potential reversibility of these reflex deficits. In subsequent chapters we will evaluate 

these reflexes during AF (Chapter 4) and further explore the effect of restoring rhythm using 

cardioversion (Chapter 5), rhythm control interventions using catheter ablation in Chapter 6 

and finally, we shall assess the effect of low-level tragus stimulation (a novel 

neuromodulation technique38, 277 that in some individuals can reduce the burden of AF 

(Chapter 7).  
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Conclusions 

The abnormal vasoconstrictor response to LBNP seen in PAF patients provides novel clinical 

evidence of autonomic dysfunction that persists during sinus rhythm. Therefore, not only 

does autonomic disturbance predisposes to AF, it may also be a consequence of AF, leading 

to a feedback loop that could partially contribute to the well-known dictum of ‘AF begets 

AF’.   
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Chapter 4: Abnormal cardiac volume-sensitive reflex in the presence of Atrial 

Fibrillation: implications on atrial remodelling 

 

Background  

 

Atrial fibrillation (AF) is progressive8 with experimental evidence revealing that the 

arrhythmia itself propagates its maintenance.24 The role of the autonomic nervous system 

(ANS) in the initiation of AF is well described.23, 28 A bidirectional relationship likely exists 

between the ANS and AF31 with a number of studies demonstrating changes in atrial 

autonomic innervation due to AF.211, 212, 220, 221, 225 However, extension of the classical 

experimental work by Wijffels et al.24 addressing the potential reasons underlying AF 

progression has not shown efferent autonomic tone as a cause.25 Chronic (intermittent) low-

level vagal (tragus) nerve stimulation (LLTS) reduces AF burden in some individuals38, 

persisting beyond the stimulus, indicating that ANS remodelling may yet play a role in AF 

maintenance. Thus, whilst there is electrophysiologic vulnerability to AF produced from 

changes in the ANS,225 a link between autonomic dysfunction and atrial remodelling 

contributory to AF is unclear.  

 

Although significant effort has been placed in the role of the efferent limb of the cardiac ANS 

in producing electrical AF substrate,28 much less is known about the cardiac afferent (reflex 

or regulatory) limb of the ANS. Veno-atrial junctions in the heart (including pulmonary vein-

atrial tissue) contain stretch-driven, low-pressure (cardiopulmonary) baroreceptors that 

respond to changes in cardiac volume; modulating central sympathetic activity to maintain 

cardiovascular homeostasis.57, 175 Abnormalities of the cardiopulmonary reflex have been 

identified in heart failure55, hypertensive left ventricular hypertrophy54 and from alcohol.189 
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Here, we hypothesized that the presence of AF results in dysfunction of cardiovascular 

autonomic reflexes. To evaluate this, we undertook a thorough evaluation of clinical 

autonomic reflex tests in patients with AF either during AF or during SR and compared their 

responses to healthy participants.  
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Methods 

 

Study population 

The study comprised consecutively enrolled patients referred to the Centre for Heart Rhythm 

Disorders with paroxysmal or persistent AF. The following were exclusions: amiodarone 

(preceding 6 months); active malignancy; symptomatic coronary artery disease; significant 

valvular disease; neurological disorders (Parkinson’s disease, autonomic disorders, 

neuropathy); prior ablations; other arrhythmias; inability to enter a lower body chamber (frail 

or >120kg); or inability to withhold anti-arrhythmic/anti-hypertensives.  

 

We studied AF patients in 2 groups: during sinus rhythm, SR (in-SR) or during AF (in-AF) 

according to their rhythm at the time of testing. For a reference group, we also enrolled age 

and sex-matched control participants (1:2), who were either healthy volunteers recruited by 

advertisement, or referred for evaluation of atypical chest pain or general cardiac check-up, 

and without symptoms of syncope, echocardiographic structural heart disease, heart rhythm 

or conduction disorders. In cases of chest pain, negative functional testing was required. We 

stratified clinical enrollment into 5-year age and gender groups and enrolled one control case 

per two in each patient group to achieve age and gender matching. Risk factors for cardiac 

disease; hypertension, obesity and dyslipidemia were permissible. Exclusions also applied to 

the control group.   

 

All participants provided written informed consent and the study was approved by the 

University of Adelaide human research ethics committee. This study was prospectively 

registered with the Australian New Zealand Clinical trials registry 

(ACTRN12619000186156).  
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Patient preparation 

All patients withheld alcohol (24 hours) and caffeine (48 hours), refraining from vigorous 

exercise (48-hours) prior to the study. All anti-arrhythmic (rate and rhythm controlling) and 

anti-hypertensive medications were withheld for 5 half-lives. Patients fasted for 4 hours 

allowing water ad libitum. 

 

Autonomic testing was performed in a climate-controlled facility (22°C). We collected 

baseline demographics; risk factors; cardiac chamber measurements (echocardiography); and 

baseline serum for High-sensitivity CRP (Hs-CRP).    

 

Autonomic reflex testing protocol  

A standardized clinical autonomic testing protocol was performed in the same order. After a 

patient training period (reflex maneuvers explained and proficiency tested) and a 5-minute 

rest (semi-recumbent), we performed 3 well-established clinical autonomic tests:  

1. Isometric Handgrip (somato-sympathethic) reflex (IHR);  

2. Valsalva (baroreceptor) reflex;  

3. Lower Body Negative Pressure, LBNP (cardiac afferent, volume-sensitive, low-

pressure baroreceptor) reflex elicited by decreased cardiac volume.  

The first 2 were performed semi-recumbent and LBNP, supine. We obtained beat-beat 

recordings of Heart rate (HR), Systolic Blood Pressure (SBP), Diastolic Blood Pressure 

(DBP) and Mean Arterial Pressure (MAP) using finger photoplethysmography (Human NIBP 

Nano, ADInstruments, Sydney, Australia) including a 5-minute baseline.  
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Submaximal isometric handgrip reflex (IHR)  

IHR is a pressor reflex elicited by motor stretch of skeletal muscle (somato-sympathetic). 

Efferent sympathetic tone is increased; together with increases in heart rate (HR) and BP. 111 

Muscle mechanosensitive and chemosensitive afferent nerves are activated; which transmit 

through the dorsal root to the rostral ventrolateral medulla (RVLM) where they activate 

efferent sympathetic neurons innervating the heart and blood vessels (vasomotor neurons) as 

well as adrenoceptors, achieving a pressor response which can be measured using beat-to-

beat finger photoplethysmography.111, 117 Although the reflex pathways are between 

peripheral somatic nerve afferents and central efferent sympathetic outflow; it can be 

modulated by baroreceptors (afferent pressure sensitive nerves found either in the carotid 

body and aortic arch – arterial high pressure baroreceptors278 or in cardiac veno-atrial 

junctions, including pulmonary vein-atrial tissue – volume-sensitive, low pressure 

baroreceptors).97 Figure 4A. 
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Figure 4A: Submaximal isometric handgrip reflex   

 

IHR or somato-sympathetic reflex is initiated by handgrip (30% maximal handgrip strength for 1 minute) stimulates central efferent 

sympathetic activity which increases cardiac output (CO); Blood Pressure (BP), Heart rate (HR) and Muscle Sympathetic Nerve Activity 

(MSNA). This reflex is modulated by both arterial (high-pressure) and cardiopulmonary (low-pressure) baroreceptors.    
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We determined the maximal handgrip with 3 attempts: using a Jamar smart hand 

dynamometer (Patterson Medical Ltd, Illinois, USA), calculated 30% and asked the patient to 

maintain this submaximal grip (with feedback) for 1 minute. After ensuring familiarization 

we performed 3 IHR, 3-minutes apart, ensuring adherence. We averaged each recording for 

1-minute pre-IHR and for the final 15s of IHR, expressed this as percentage change and 

averaged the triplicates.  

 

Valsalva manoeuvre 

The Valsalva reflex tests predominantly high-pressure baroreceptor function. There are four 

phases; two mechanical and the other two involve autonomic reflexes, contributing to 

homeostasis. Briefly, the reflex is initiated by intrathoracic pressure increase, expelling blood 

from the thorax (transiently increasing BP). Continued strain then results in decreased cardiac 

volume due to the impediment of blood returning to the thorax; in turn, leading to decreased 

stroke volume and arterial pressure. The first autonomic phase increases efferent sympathetic 

outflow due to both low BP (majority of stimulus) and volume from high- and low-pressure 

baroreceptors (specifically, baroreceptors are offloaded; decreasing sympathetic restraint). 

This results in measurable increases in HR and BP (peripheral vasoconstriction). During 

relaxation, the mechanical impediment to cardiac filling is removed and a BP overshoot 

occurs owing to a vasoconstricted state. The final autonomic phase involves decreases in 

sympathetic activity to baseline. Beat-to-beat data has significantly aided our understanding 

of this reflex.90 Figure 4B. 
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Figure 4B: Valsalva manoeuvre  

 

There are four phases in the Valsalva manoeuvre: two are mechanical and the other two are reactive (autonomic phases). This reflex 

has two parts. A strain part and relaxation part. BP, Blood Pressure and HR, Heart Rate. Arterial baroreceptor function can be grossly 

evaluated even in the presence of AF.  
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We performed the Valsalva maneuvers three times using a 10mL syringe, into which the 

patient forcefully expired for 20s, forming a buccal seal at the hub, to produce enough 

pressure to thrust the plunger from its barrel. This generates approximately 40 mmHg 

pressure.279, 280 According to prior reports, we determined instantaneous HR, SBP, DBP and 

MAP for each phase defined by the following parameters: Maximal MAP after onset of 

straining (Phase I); Lowest MAP during strain (Phase IIE, end of first mechanical phase); 

Next MAP peak, prior to cessation of strain (Phase IIL, first autonomic phase); Lowest dip in 

MAP following cessation of strain (Phase III, last mechanical phase) and the maximal MAP 

overshoot, within 20s of the maneuver (Phase IV). Each instantaneous recording was 

compared to the preceding baseline value and expressed as a percentage difference. Finally, 

we averaged the 3 Valsalva responses.   

 

Lower Body Negative Pressure (LBNP) 

LBNP is a unique method for testing autonomic reflexes in response to central hypovolaemia; 

first developed to determine the cardiovascular effects of weightlessness in astronauts.96, 281 

The first known usage of LBNP was in 1834 by Junod; who used negative pressure to create 

a dry operating field for surgery.282 A by-product of this was that negative pressure caused 

syncope – useful to provide “surgical anaesthesia”. Over a period of 7 decades, there have 

been an extensive number of studies establishing its physiological effects in healthy 

controls,96 as well as in number of cardiovascular disease states; such as heart failure55, 

hypertension54, 283, shock272 and cardiac transplantation.56, 57 Thus, LBNP is a well-

established method for testing autonomic reflexes in response to central hypovolemia. 54-57, 96, 

272, 283 LBNP induces a fluid shift from the upper to lower body compartment, by applying 

negative pressure, resulting in vasoconstriction to maintain BP in healthy adults. LBNP does 

not elicit other reflexes from postural change (the majority of the effect is due to the change 
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in the position of the carotid sinus relative to the heart, however the initiation of otolithic or 

weight loading reflexes can also occur due to alterations in posture). Moreover, depending on 

the level of negative pressure, one can test the differing effects of low-pressure vs high 

pressure baroreceptors. At low levels, despite decreased cardiac volume, minimal changes in 

arterial pressure occur, whereas at high levels (simulating hemorrhage); BP decreases, 

offloading high pressure baroreceptors (also sensitive to posture).96 Therefore, low-level 

LBNP mostly tests volume-regulating cardiopulmonary reflexes.  

 

The LBNP apparatus is previously described175 and detailed in Figure 4C (schematic) and 

Figure 4D (photograph). During LBNP we collected continuous hemodynamic data and 

Forearm Blood Flow (FBF) using venous occlusion plethysmography. This is a very well-

validated technique to measure the vasoconstriction response to LBNP.54, 55, 189, 284 FBF 

(inversely proportional to vascular resistance) was measured thrice during the final minute of 

each LBNP level and averaged. FBF was coded to allow blinded interpretation of the slopes, 

minimizing measurement bias. We also expressed vasomotor tone in terms of forearm 

vascular conductance (FVC =100 x FBF/MAP).57 Hemodynamics for the final 2 minutes of 

each LBNP level was averaged, compared to 0 mmHg, and expressed as percentage 

difference.  Figure 4E depicts the reflex response to LBNP as well as the technique used and 

interpretation of venous occlusion plethysmography. 
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Figure 4C: Lower Body Negative Pressure (LBNP) apparatus (schematic) 

 

We performed LBNP using a custom- made chamber placed over the lower limbs with 

a neoprene seal at the iliac crest. A vacuum generator was attached to the chamber 

and connected to a voltage converter to control intrachamber pressure, to 0; -20; and 

-40 mmHg. Patients underwent a short 2-min familiarization period with LBNP 

application followed by a resting period of 10 min prior to LBNP commencement. LBNP 

intensity applied in a randomized order for 5 minutes at each level (0; -20 and -40 

mmHg) with a 5-minute break in between. Negative pressure to the lower limbs was 

applied slowly over 30s to minimize patient movement and discomfort. During LBNP 

we collected continuous hemodynamic data (using finger photoplethysmography) as 

well as Forearm Blood Flow (FBF) using venous occlusion plethysmography
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Figure 4D: Lower Body Negative Pressure (LBNP) apparatus (photograph) 

 

A photograph depicting the LBNP apparatus (right) and the venous occlusion plethysmograph (left and to the fore of the photograph) 
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Figure 4E: LBNP reflex & venous occlusion plethysmography technique  

 
Decreased cardiac volume decreases atrial stretch. A vasomotor (vasoconstriction) reflex to maintain MAP, Mean Arterial Pressure, is 

elicited. Vasomotor tone can be assessed using venous occlusion plethysmography (A16, Hokanson, Washington, USA); which 

measures FBF, Forearm Blood Flow, the arterial inflow of blood. FBF∝1/vascular resistance. ECG, electrocardiogram.   
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Statistical analysis 

Continuous parameters were expressed as mean ± SEM. Categorical variables were 

expressed as frequencies and percentages and compared using Fisher’s exact test. Normality 

was checked using the Shapiro-Wilk test. Within group (pre and post values) for each 

autonomic test were compared using paired t-tests (normally distributed data) or Wilcoxon 

signed rank test (non-normally distributed data) as appropriate. Differences between the 

groups were compared using Kruskal–Wallis test with multiple comparison using Dunn’s 

test. To identify whether other confounding factors were responsible for the differences that 

we identified between groups, we used multiple linear regression adjusting for age, Body 

Mass Index (BMI), Left Ventricular Ejection Fraction (LVEF), Left Atrial Volume Indexed 

to body surface area (LAVI) and hemodynamic baseline. Statistical analysis was performed 

using STATA 16 (StataCorp. 2019. Stata Statistical Software: Release 16. College Station, 

TX: StataCorp LLC) and GraphPad Prism (version 9.02, California, USA). Statistical 

significance was set at P < 0.05.  
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Results  

 

Forty-eight patients with AF were enrolled: n=23 in the in-AF group and n=25 in the in-SR 

group together with 12 matched controls. Details of the screening and recruitment for the 

study are presented in the CONSORT diagram: Figure 4F. The 3 groups were well matched 

for age (61±2, 59±3, 55±4, respectively; P=0.5) and gender (83% male, P=0.9). 

Hypertension, the most common risk factor across the groups was also matched (57%, 56% 

and 50%, respectively; P=0.1), as were dyslipidemia and vascular disease. Resting MAP and 

echocardiographic interventricular septal thickness were also similar (P=0.7). There were 

very low levels of Hs-CRP in all groups. The in-AF group had higher left atrial volume and 

resting HR than both in-SR and control groups. Baseline characteristics are presented in 

Table 4A. None of the parameters in the multiple regression analysis (age, BMI, LVEF or 

LAVI) were statistically significant.
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Figure 4F: CONSORT diagram 

 

CONSORT diagram – study enrolment. 3 groups enrolled. 2 patient groups (according 

to rhythm) and an age, sex, BMI & risk factor-matched control group.  
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Table 4A: Baseline characteristics 

 

BMI, Body Mass Index; MAP, Mean arterial pressure; HR, Heart rate; LVEF, Left 

ventricular ejection fraction; LAVI, Left atrial volume indexed to body surface area; 

IVSd, Interventricular septal diameter during diastole; OSA, Obstructive sleep apnoea; 

CCB, Calcium channel blocker; ARB, Angiotensin receptor blocker; ACEi, Angiotensin-

converting enzyme inhibitor; Hs-CRP, High-sensitivity C-reactive Protein. *P<0.05

Baseline Characteristics  In-AF 
n=23 

In-SR 
n=25 

P Value Controls 
n=12 

P Value 
vs in-AF        vs in-SR 

Demographics & resting values  
Age  61±2 59±3 0.6 55±4 0.4 0.5 

Males; n(%)  22(96) 20(80) 0.2 8(75) 0.1 0.99 

BMI (kg/m2) 29±1 27±1 0.3 27±1 0.4 0.99 

Resting MAP 95±5 90±3 0.99 94±2 0.99 0.99 

Resting HR 88±3 60±2 <0.001* 68±3 <0.001* 0.001* 

Serum Hs-CRP (mg/L) 2.92±0.81 1.45±0.28 0.2 1.53±0.41 0.7 0.99 

Echocardiographic parameters  

LVEF (%) 57±2 64±1 0.006* 66±1 0.005* 0.99 

LAVI (ml/m2) 40±2 33±2 0.01* 29±1 0.0005* 0.4 

IVSd (cm) 1.05±0.03 0.96±0.03 0.2 0.97±0.04 0.99 0.4 

Risk factors    

Hypertension, n (%)  13(57) 14(56) 0.99 6(50) 0.5 0.2 

Dyslipidaemia 5(22) 5(12) 0.99 1(8) 0.6 0.6 

Vascular disease 2(8) 1(4) 0.99 1(8) 0.99 0.99 

OSA 2(9) 3(12) 0.99 0(0) 0.5 0.5 

Alcohol excess 6(26) 6(24) 0.99 0(0) 0.07 0.1 

Medications   

ß-blockers (except Sotalol), n(%)  6(35) 7(28) 0.7 0(0) - 

Sotalol, n(%)  7(41) 5(20) 0.17 0(0) - 

Flecainide, n(%) 1(6) 6(24) 0.2 0(0) - 

Central CCB, n(%) 2(12) 2(8) 0.99 0(0) - 

Digoxin, n(%) 0(0) 0(0) - 0(0) - 

ARB/ACEi 12(52) 9(36) 0.6 4(33) 0.5 0.99 

Dihydropyridine CCB, n(%) 0(0) 0(0) 0.99 2(17) 0.1 0.09 

Thiazide diuretic 1(4) 2(8) 0.99 0(0) 0.99 0.99 
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Submaximal isometric handgrip reflex  

IHR resulted in increases in MAP, SBP, DBP and HR in all groups (P<0.01). The in-AF 

group had an attenuated MAP response (+10.6±2%) in comparison to controls (+15.7±3%); 

P=0.01. The in-SR group response (+11.5±2%); was not different to controls (P=0.2). 

Although the increase in HR was numerically smaller in both in-AF (+3.6±1%) and in-SR 

(+3.2±1%) than in controls (+9±3%); this did not reach statistical significance (P=0.06 & 

P=0.2, respectively). Figure 4G. There were no differences in DBP between groups (P=0.6). 

Raw data are presented in Table 4B. 
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Figure 4G: Hemodynamic responses to Isometric Handgrip Reflex (IHR). 

 

MAP (left) & HR (right) responses in the in-AF, in-SR, and control groups. MAP and HR increased in all groups; however, the in-AF 

group had an attenuated MAP response. *P<0.05. 
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Valsalva reflex 

Valsalva responses were generally preserved in both in-AF and in-SR groups; with no 

differences in autonomic phases (II and IV) between groups. During phase II, there was a 

+25%±6 increase in MAP in controls, +23±4% in-SR and +23±3% in-AF groups (P=0.99). 

HR responses were attenuated in-AF (+4.6±4%; P=0.003) in comparison to in-SR 

(+22.3±3%) but not statistically significant compared to controls (+11.3±4%); P=0.99. Figure 

4H. During phase IV, there was an overshoot of both MAP and HR in all groups with no 

difference between groups. Table 4B.
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Figure 4H: Hemodynamic responses to the Valsalva maneuver  

 

Phase II sympathetic response. MAP was maintained in the control group (normal). In the two study groups, in-SR, it was preserved, 

however in the in-AF group, MAP was not maintained. Results expressed as percentage difference (mean ± SEM). *P<0.05. 
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Table 4B: Hemodynamic responses to IHR & Valsalva maneuvers 

 

 

 

 

 

 

 

 

Data±SEM. Differences between the groups are represented by P values in the adjacent columns. MAP, Mean Arterial Pressure 

(mmHg); SBP, Systolic Blood Pressure (mmHg); DBP, Diastolic Blood Pressure (mmHg); HR, Heart rate (bpm). Between group 

comparisons using ANOVA (Kruskal–Wallis test with multiple comparison using Dunn’s test). P<0.05*.

 
During AF During SR P Value Controls P Value 

IHR   Pre-HG HG Pre-HG HG  Pre-HG HG vs AF vs SR 
MAP  91±5 99±5 87±4 96±4 0.07 93±2 108±4 0.01* 0.2 
SBP 124±6 134±5 128±7 143±7 0.02* 135±3 153±6 0.2 0.2 
DBP 77±4 83±4 67±3 75±3 0.2 75±3 85±3 0.2 0.4 
HR 83±3 87±4 61±2 63±3 0.3 68±3 74±3 0.06 0.2 
Valsalva II IIEARLY IILATE IIEARLY IILATE  IIEARLY IILATE  
MAP  97±5 118±7 90±5 111±8 0.99 99±5 122±9 0.99 0.99 
SBP 124±6 145±8 116±7 136±10 0.99 133±11 151±10 0.99 0.99 
DBP 91±5 103±5 83±4 98±7 0.99 92±6 104±9 0.99 0.99 
HR 78±4 82±4 76±3 89±4 0.003* 85±5 92±7 0.99 0.1 
Valsalva IV IVBASELINE IVOVERSHOOT IVBASELINE IVOVERSHOOT  IVBASELINE IVOVERSHOOT  
MAP  95±5 116±6 89±3 119±7 0.99 94±3 114±5 0.99 0.3 
SBP 126±6 159±7 128±5 178±10 0.99 135±5 168±10 0.8 0.2 
DBP 80±4 89±5 70±3 85±5 0.6 75±2 87±4 0.99 0.3 
HR 88±3 97±4 60±2 73±5 0.99 68±3 78±4 0.99 0.99 
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Lower Body Negative Pressure reflex 

The hemodynamic response to LBNP differed significantly between all groups. In controls, 

MAP was maintained at all levels of LBNP. Control participants exhibited a notable (normal) 

vasoconstrictor response as demonstrated by a -48.7±5% decrease in FBF and -49.2±5% 

decrease in FVC. In contrast, the in-AF group demonstrated a decrease in MAP (-4.8%; 

P=0.008, in comparison to control group) with evidence of a dysfunctional vasoconstrictor 

response (+11.5±6% FBF/+20.7±8% FVC; P<0.001 and P<0.001). Figures 4I, 4J, 4K. In the 

in-SR group, MAP was maintained however the vasoconstriction response to LBNP was 

attenuated (-11.9±9% FBF; P=0.002 and -11.2±9% FVC; P=0.002) in comparison to 

controls. For the In-SR group, FBF/FVC response were also different to the in-AF group 

(P=0.005 and P=0.002, respectively). HR increased similarly both in-SR and controls 

(+15.7±3% and +15.6±3%; P=0.4). In contrast, HR in-AF decreased in response to LBNP (-

2.1±2%) which was statistically different to both in-SR group and controls (both; P<0.001).  

Figure 4L and Table 4C.
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Figure 4I: Hemodynamic responses to low-level Lower Body Negative Pressure (LBNP): MAP responses in the in-AF, in-SR, and control groups.  

 

MAP was maintained in the control group (normal). In the two study groups, in-SR, it was preserved, however in the in-AF group, MAP 

was not maintained. Results expressed as percentage difference (mean ± SEM). *P<0.05.  
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Figure 4J: Hemodynamic responses to low-level Lower Body Negative Pressure (LBNP): FBF responses in the in-AF, in-SR, and control groups. 

 

A decrease in FBF (vasoconstriction) was seen as expected in controls; whereas in the 2 study groups responses were clearly 

different: in-SR, FBF response was diminished, and in-AF; it was dysfunctional. Results expressed as percentage difference (mean ± 

SEM). *P<0.05. 
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Figure 4K: FVC responses to LBNP between in-AF, in-SR & control groups 

 

A decrease in Forearm Vascular Conductance; FVC (vasoconstriction) was seen as expected in controls; whereas in the 2 study groups 

responses were clearly different: in-SR, FBF response was diminished, and in-AF; it was dysfunctional. Results expressed as 

percentage difference (mean ± SEM). *P<0.05. 
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Table 4C: Hemodynamic responses to LBNP 

 

Data±SEM. Differences between the groups are represented by P values in the adjacent columns. MAP, Mean Arterial Pressure 

(mmHg); SBP, Systolic Blood Pressure (mmHg); DBP, Diastolic Blood Pressure (mmHg); HR, Heart rate (bpm); FBF, Forearm Blood Flow 

(%/min); FVC, Forearm vascular conductance (100*FBF/MAP, arbitrary units). Between group comparisons (at – 40 mmHg LBNP) using 

ANOVA (Kruskal–Wallis test with multiple comparison using Dunn’s test). P<0.05. 

 
During AF During SR P Value Controls P Value 

LBNP Level 0 -20 -40 0 -20 -40  0 -20 -40 vs AF vs SR 
MAP 100±5 97±5 95±5 90±3 89±4 90±4 0.004* 91±2 92±2 91±2 0.008* 0.4 
SBP  136±6 132±6 129±7 130±5 126±6 126±6 0.09 137±3 130±3 129±3 0.5 0.1 
DBP 84±4 82±4 81±4 70±3 72±3 74±3 <0.001* 73±3 73±2 74±2 0.02* 0.2 
HR  85±3 84±3 83±3 57±2 61±2 65±2 <0.001* 60±2 64±2 70±3 <0.001* 0.4 
FBF 1.71±0.2 1.64±0.1 1.79±0.1 1.69±0.1 1.32±0.1 1.35±0.1 0.002* 1.39±0.2 0.88±0.2 0.73±0.1 <0.001* 0.002* 
FVC  1.83±0.2 1.80±0.2 2.00±0.2 1.99±0.2 1.62±0.2 1.58±0.2 0.005* 1.36±0.1 0.77±0.1 0.72±0.1 <0.001* 0.002* 
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Figure 4L: Hemodynamic responses to low-level Lower Body Negative Pressure (LBNP): HR responses in the in-AF, in-SR, and control groups. 

 

HR increased in the control group (normal) and in-SR. However, in-AF, the HR response was attenuated. Results expressed as 

percentage difference (mean ± SEM). *P<0.05. 
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Discussion 

 

This study, through a series of autonomic reflex tests in AF patients, evaluated whether the 

presence of AF results in afferent (regulatory) ANS dysfunction. The principal findings were:  

1. The volume-sensitive reflex, elicited by LBNP effect on low-pressure 

(cardiopulmonary) baroreceptors is diminished in AF patients in-SR, compared with 

an age, sex and risk factor-matched control group. 

2. LBNP reflex, tested during AF, is dysfunctional, whereby there is an absence of 

vasoconstriction (perhaps a paradoxical vasodilatation) and associated with this is an 

impaired maintenance of MAP.   

3. Valsalva reflex, predominantly testing high-pressure (BP-sensitive) baroreceptors was 

preserved in all groups. IHR (which tests both baroreceptors) was present in all 

groups; albeit attenuated in-AF compared to controls.  

 

Impaired cardiovascular autonomic regulation of blood volume in AF 

Previous studies exploring AF and ANS have mostly examined efferent autonomic input to 

the heart.23, 28, 31. AF results in atrial sympathetic and parasympathetic hyperinnervation and 

heterogeneity increasing AF vulnerability. 211, 220, 221, 225 AF also increases central sympathetic 

activity under resting conditions.82 Here, we explored the effect of AF on cardiovascular 

regulatory (afferent) reflexes. Each of the stimuli, testing the integrity of afferent input, have 

differing effects on the two main baroreceptor sub-types: volume-regulating low-pressure 

(cardiopulmonary) baroreceptors and blood pressure-regulating (arterial) high-pressure 

baroreceptors. We demonstrate dysfunctional volume-regulating baroreceptor reflexes due to 

AF.   
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Impairment of normal cardiovascular volume homeostasis using LBNP has been identified in 

structural cardiac diseases such as heart failure55 and hypertension with left ventricular 

hypertrophy.54 Alcohol, an important risk factor for AF, has a similar effect.189 In a canine 

chronic heart failure model, structural change (reduced compliance) was associated with 

volume-sensitive left atrial receptor remodelling.108 Thus, our findings may have important 

mechanistic implications for the prognosis of AF, as contributory to progressive atrial 

dilatation (remodelling), itself associated with AF progression.285 

 

Autonomic remodelling of volume- regulating reflexes in SR 

We reaffirm findings of abnormalities in the LBNP reflex in-SR 175, strengthening the 

concept of autonomic remodelling in AF patients perhaps due to secondary changes in 

plasticity, memory 52, 286 and set-point resetting.278 The principal difference between the prior 

cohort175 presented in Chapter 3 and in-SR group here was that the former consisted of 

selected, highly symptomatic AF patients, undergoing catheter ablation, whereas here, all AF 

patients were eligible.  

 

Abnormal cardio neural control: inferring the site of neurologic abnormality  

We can make several inferences regarding the location of the neurologic abnormality, which 

might occur anywhere along the reflex arc. Preserved Valsalva (high-pressure, arterial 

baroreceptor function) and attenuated IHR (both baroreceptors111), in contrast with 

dysfunctional LBNP response (low-pressure cardiopulmonary baroreceptor dysfunction) 

implicate low-pressure (cardiopulmonary) baroreceptors; either at the level of the receptor 

itself or its associated central regulatory input. The principal effect of the efferent limbs of 

Valsalva, IHR and LBNP are increased central sympathetic outflow and pressor effect.90, 111 

Although Valsalva and IHR increase sympathetic efferent input to the sinoatrial node (low-
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level LBNP minimally); HR interpretation is constrained by AF (AV nodal contribution). The 

ability to produce a pressor response in-AF remained intact (Valsalva). Thus, the abnormality 

is unlikely from inadequate efferent outflow.  

 

Incremental LBNP results in a shift from low-pressure receptor-predominating to other 

responses maintaining MAP96, possibly explaining minor MAP decreases despite 

dysfunctional vasoconstriction in-AF. However, abnormalities in peripheral efferent 

sympathetic nerve-endings (blood vessels) are not excluded. In interpreting LBNP FBF 

response and the potential site of the neurologic abnormality, the use of Low-Level Tragus 

Nerve Stimulation (LLTS), a novel potential treatment for AF38, could be helpful, especially 

if a change (reversal) of the abnormality is detected. It would not be helpful in this endeavour 

if there was no effect of LLTS. This sub study is presented in Chapter 7.  

 

The challenge of evaluating autonomic function during AF  

Assessment of ANS function during AF is challenging. Subtle baroreceptor sensitivity or 

heart rate variability are not feasible. Prior work has implied abnormal baroreceptor function 

in AF from measurements after cardioversion.203  

 

There is great need for techniques to measure ANS function during AF. Venous occlusion 

plethysmography with LBNP to estimate vasomotor tone presents a unique solution. It is 

simple to perform and interpret, non-invasive and unaffected by heart rate284 or irregularity 

(multiple cardiac cycles measured). Non-invasive measures of cardiac output and vascular 

resistance175, derived from peripheral arterial wave forms are unreliable in AF. The issue of 

the potential for measurement error in AF in our study will be further assessed in future sub 
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studies assessing whether these reflex deficits are reversible with restoration of cardioversion 

(Chapter 5 and neuromodulation with LLTS; Chapter 7).  
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Limitations 

 

Patient-related factors (circadian pattern, mental stress, antihypertensive/arrhythmic 

medications, and execution) could influence ANS measurements. Testing conserved reflexes 

provides consistency. To minimize measurement bias, we ensured adherence, excluded failed 

attempts, measured in triplicate and double-blinded LBNP levels. Medications were 

stringently withheld; however, highly symptomatic patients would be under-represented. 

Venous occlusion plethysmography is well-established and reproducible.96, 284 Strain gauge 

positioning can influence results, thus we maintained one position throughout. Although 

resting HR was higher in-AF; this would not affect LBNP vasomotor response. 96, 284 

Interpretation of HR responses to IHR and Valsalva is limited by sample size and AF. We 

performed IHR for only one minute, although this duration allowed us to ensure adherence. 

We have not invasively measured central venous pressure; however, we have previously 

shown appropriate stroke volume decrease with LBNP.175 

 

There was naturally some heterogeneity of AF severity in the two groups: in-AF more likely 

persistent (unpredictability of capturing a paroxysm). Thus, we planned to repeat tests in the 

in-AF group post cardioversion (Chapter 5). Studies to assess relative differences in 

cardiovascular reflex remodelling (best conducted in SR) in paroxysmal versus persistent AF 

are underway (Chapter 9).  
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Concluding remarks  

 

Clinical implications 

We have demonstrated abnormal autonomic regulation of cardiac volume due to AF, which 

we hypothesize, may result in progressive atrial dysfunction, eventually contributing to atrial 

dilatation and structural remodelling. Thus, the reflex abnormalities we have identified could 

link autonomic with structural remodelling as presented in Figure 4M. Further, these could, 

in-part, help explain AF-associated conditions such as falls, syncope, orthostatic intolerance 

and cognitive impairment in older adults226 that we have presented in Chapter 2. What is 

needed is an assessment of reversibility as we have planned in further sub studies either using 

cardioversion, Chapter 5; catheter ablation of AF, Chapter 6 or LLTS; Chapter 7. 
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Figure 4M: Proposed link between autonomic remodelling and anatomic remodelling. “AF 

begets ANS dysfunction & ANS dysfunction begets AF”. 

 

Blood pressure and volume regulation rely on intact arterial (high pressure) and 

cardiopulmonary (low pressure) baroreflexes (green).  AF results in cardiac afferent 

(volume-sensitive) baroreceptor reflex dysfunction, leading to loss of homeostatic 

feedback, potentially contributing to atrial dilatation and AF progression. Thus, we 

propose that cardiac afferent (volume-sensitive) baroreflex dysfunction represents a 

potential link between autonomic & structural remodelling (black box). 



 

Dr Varun Malik, PhD thesis, 2018 - 2021 

 196 

AUTONOMIC FUNCTION IN ATRIAL FIBRILLATION 

Conclusions 

Cardiac volume-sensitive reflexes are diminished in patients with a history of AF and 

deficient during AF. Therefore, afferent dysfunction may represent a mechanistic link 

between autonomic and structural remodelling, responsible for both AF progression; “AF 

begets AF” and heart failure. 
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Chapter 5: Cardioversion reverses abnormalities of the cardiac volume-sensitive reflex 

due to Atrial Fibrillation: impact of rhythm  

 

Background 

 

The presence of AF produces increases in sympathetic nerve activity at baseline as assessed 

by muscle (left peroneal) microneurography.82 This increase is mimicked by producing 

irregular atrial pacing and the degree of irregularity of pacing is associated with incremental 

ramping of sympathetic efferent activity to muscle.82, 202 It is thought that the input to the 

high pressure (arterial) pressure baroreceptors due to long-coupled beats offloading these 

receptors produces heightened sympathetic nerve activity.82 In addition to muscle 

sympathetic nerve activity increases, others have identified increases in skin sympathetic 

nerve activity preceding and at the termination of AF.287 In Chapter 3 and Chapter 4 we have 

identified novel alterations in the ability to recognise and adapt to changes in blood volume. 

These autonomic reflexes are critical to maintain homeostasis and in older patients could 

contribute to the development of orthostatic intolerance, falls and syncope (Chapter 2) and as 

we have discussed in Chapter 4 could also promote the progression of AF and explain 

associations such as the development of heart failure. Indeed, persistent AF was associated 

with orthostatic intolerance (orthostasis relies on adequate cardiovascular autonomic 

function).250  

 

It appears from the experimental data we have presented in Chapter 4 that there is a 

background level of abnormality (remodelling) in the response to Lower Body Negative 

Pressure (LBNP) and that there is a dysfunctional LBNP response when this is measured in 
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the presence of AF. However, the location of the abnormality as well as its reversibility is not 

known.  

 

Prior work in terms of the assessment of autonomic function has been limited to its 

assessment in sinus rhythm, owing to the challenges of autonomic measurements during AF. 

The evaluation of vasomotor response to LBNP overcomes these challenges, which is why 

we employed this method in the analysis of autonomic reflexes during AF in comparison 

with sinus rhythm. In one study, high-pressure (arterial) baroreceptor function was measured 

immediately after cardioversion.3 They showed a decrease in baroreceptor sensitivity in 

patients with persistent AF immediately after electrical cardioversion to restore SR. This 

work is limited by the assuming the effect of AF, where measurements were performed in 

SR. Nevertheless, this study does indicate that restoration of rhythm using cardioversion can 

influence autonomic function in patients with AF.  

 

In this study, we examined an array of autonomic reflexes in a cohort of patients with AF on 

two occasions. First, prior to cardioversion, and second, at least 6 weeks after cardioversion 

(in sinus rhythm). Any improvement in the reflex deficits identified would add significant 

strength to our hypothesis that these abnormalities are indeed due to the presence of AF.  



 

 199 

Methods 

 

Study population, patient preparation & autonomic testing protocol 

The study comprised consecutively enrolled patients referred to the Centre for Heart Rhythm 

Disorders with paroxysmal or persistent AF. The following were exclusions: amiodarone 

(preceding 6 months); active malignancy; symptomatic coronary artery disease; significant 

valvular disease; neurological disorders (Parkinson’s disease, autonomic disorders, 

neuropathy); prior ablations; other arrhythmias; inability to enter a lower body chamber (frail 

or >120kg); or inability to withhold anti-arrhythmic/anti-hypertensives.  

 

Patients with AF, scheduled to undergo cardioversion were studied in AF and then were 

contacted for a second visit at least 6 weeks after their cardioversion to restore normal 

rhythm. If they accepted, and were in sinus rhythm, they had to withhold medications as per 

the prior protocol and maintain the same preparatory measures and the same autonomic reflex 

tests were performed in the same laboratory, in the same order. 

 

All participants provided written informed consent and the study was approved by the 

University of Adelaide human research ethics committee. This study was prospectively 

registered with the Australian New Zealand Clinical trials registry 

(ACTRN12619000186156).  

 

Haemodynamic parameters, Systolic blood pressure (SBP); Diastolic pressure (DBP); Mean 

Arterial Pressure (MAP); Heart rate (HR) were collected continuously. Additional LBNP 

parameters including Forearm blood flow (FBF) and derived Forearm vascular resistance 
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(FVC) were assessed in an identical manner to the experiment performed and described in 

Chapter 4.  

 

Statistical analysis 

Continuous parameters were expressed as mean ± SEM. Categorical variables were 

expressed as frequencies and percentages and compared using Fishers exact test. Normality 

was checked and data compared using the students t-test or its non-parametric alternate. Data 

(pre vs. post) were compared using paired t-tests (normally distributed data) or Wilcoxon 

signed rank test (non-normally distributed data) as appropriate. Statistical analysis was 

performed using STATA 16 (StataCorp. 2019. Stata Statistical Software: Release 16. College 

Station, TX: StataCorp LLC) and GraphPad Prism (version 9.02, California, USA). Statistical 

significance was set at P < 0.05.  
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Results 

 

We identified and recruited 17 patients for their first visit prior to scheduled cardioversion. 

Of these patients, who were studied during AF; 7 consented and returned for a second study 

visit >6 weeks after cardioversion. Mean age of the patients who performed both a pre and 

post CV visit was 62±4 years (100% male) and mean BMI was 26.5±1 kg/m2. Transthoracic 

echocardiographic parameters at rest and at enrolment (prior to CV) were as follows; left 

ventricular ejection fraction 66±2%; left atrial volume (indexed to body surface area) 

38.7±2.4 ml/m2; interventricular septal thickness during diastole 1.08±0.08cm. Figure 5A: 

CONSORT diagram. 
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Figure 5A: CONSORT diagram 

 

Consort diagram of patient recruitment and establishment of a cohort with completed 

pre- and post-CV (> 6weeks post cardioversion) visits, where CV restored sinus rhythm 

(SR).

Completed Visit 1

N=7

ECG in SR=7

Exclusion Criteria 
Prior ablation, co-existing atrial flutter/arrhythmia, symptomatic CAD, significant 
valvular disease, amiodarone (< 6 months), active malignancy, any neurological 
disorder  (Parkinson’s disease); autonomic disorder/neuropathy. 

§ Referred to EP for AF rhythm management
§ Consecutive enrolment 
§ Presented in Persistent AF
§ Clinical plan to restore SR- electrical CV

Inclusion criteria
Age >18 years, PAF or PeAF

Patients With AF

• Planned to undergo CV

§ Loss of follow-up N=1
§ Declined second visit 

when eligible N=7

N=17

Completed both visits

Studied in-AF

ECG in AF=17 

§ Reverted to AF N=2
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The presence of cardiovascular risk factors included hypertension (n=2); dyslipidaemia 

(n=1); obstructive sleep apnoea (n=2). In this cohort, alcohol excess was not identified as a 

contributing risk factor. Medication usage was as follows; ß-blockers (except sotalol; n=4); 

sotalol (n=2); flecainide (n=2; one was started within the study period however it was 

withheld for 5-half lives as above); centrally acting calcium channel blockers (n=2); 

angiotensin converting enzyme-inhibitors or angiotensin receptor blockers (n=3); thiazide 

diuretics (n=1); digoxin (n=0).   

 

Resting MAP and HR were 95±6 mmHg and 85±2 bpm respectively in the CV cohort. The 

resting MAP was 95±5 mmHg and resting HR was 88±3 bpm in the original group of AF 

patients who were studied in-AF (n=23; previous Chapter 4). Thus, the CV cohort resting 

haemodynamic parameters were very similar to the overall in-AF group presented earlier.    

 

Effect of restoring SR using CV on Valsalva reflex response  

Haemodynamic data at each of the two autonomic phases – II and IV are presented in Table 

5A. During phase II, pre-CV MAP increased by +26±6% and post-CV MAP increased by 

18±4%. There was no statistical difference between time-points (P=0.3). HR also increased 

equivalently between time points (P=0.99). HR increased +13±3% and 12±4% pre- and post-

CV respectively. Figure 5B. During phase IV; there was an overshoot of both MAP and HR 

at both time-points (P=0.3 & P=0.8, respectively) as presented in Table 5A.
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Table 5A: Haemodynamic responses to Valsalva Pre & Post CV 

 

 

 

 

 

 

 

Data±SEM. Differences between time points are represented by P values in the 

adjacent column. MAP, Mean Arterial Pressure (mmHg); SBP, Systolic Blood Pressure 

(mmHg); DBP, Diastolic Blood Pressure (mmHg); HR, Heart rate (bpm). Valsalva phases 

were compared to corresponding baseline value prior to Valsalva and were expressed 

as percentage change. Between group comparisons for Valsalva for each autonomic 

phase: IILATE  – IIEARLY  or IVOVERSHOOT  – IVBASEL INE  were compared between time points (Pre 

vs Post-CV; P<0.05).

 
Pre CV (n=7) Post CV (n=7) P Value 

Valsalva II IIEARLY IILATE IIEARLY IILATE 
MAP  105±9 130±8 97±10 103±10 0.3 
SBP 133±10 160±15 116±13 128±14 0.4 
DBP 100±9 114±7 84±8 93±9 0.4 
HR 77±3 89±5 67±4 74±5 0.99 
Valsalva IV IVBASELINE IVOVERSHOOT IVBASELINE IVOVERSHOOT  
MAP  97±8 128±6 81±5 116±10 0.3 
SBP 131±14 177±9 125±11 138±10 0.06 
DBP 80±6 97±9 61±4 84±9 0.99 
HR 84±2 100±1 58±3 70±7 0.8 
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Figure 5B: MAP & HR responses to Valsalva Pre & Post CV 

 

Data±SEM. MAP, Mean Arterial Pressure (mmHg) & HR, Heart rate (bpm). Valsalva phases were compared to corresponding baseline 

value prior to Valsalva and were expressed as percentage change. Pre and post comparisons for Valsalva for Phase II (autonomic 

phase: IILATE  – IIEARLY; P<0.05). 
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Effect of restoring SR using CV on Submaximal isometric handgrip reflex (IHR) 

IHR increased MAP similarly both pre-CV and post-CV (+11±4% and +10±4; P=0.99). HR 

response to IHR was not significant between time points (P=0.06). Although, HR increased 

pre-CV in response to IHR (+11±3%), HR response to IHR was not as robust post-CV 

(+2±1%). Table 5B contains haemodynamic responses to IHR.  The attenuated response of 

MAP to IHR detected in comparison to controls in Chapter 4 does not appear to improve 

after cardioversion. Figure 5C.      
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Table 5B: Haemodynamic responses to IHR Pre & Post CV 

 

 

 

 

Data±SEM. Differences between time points are represented by P values in the 

adjacent column. MAP, Mean Arterial Pressure (mmHg); SBP, Systolic Blood Pressure 

(mmHg); DBP, Diastolic Blood Pressure (mmHg); HR, Heart rate (bpm); P<0.05.

 
Pre CV (n=7) Post CV (n=7) P Value 

IHR Pre-IHR Post-IHR Pre-IHR Post-IHR 
MAP 99±7 109±6 84±5 93±7 0.99 
SBP  133±12 148±10 129±11 141±12 0.8 
DBP 82±5 91±5 63±4 70±5 0.99 
HR  85±2 90±3 59±3 60±4 0.06 
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Figure 5C: MAP & HR responses to IHR Pre & Post CV 

 

Data±SEM. MAP, Mean Arterial Pressure (mmHg) & HR, Heart rate (bpm). IHR haemodynamic responses were compared to 

corresponding baseline value prior to IHR and were expressed as percentage change. Pre and post comparisons for IHR; P<0.05.  
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Effect of restoring SR using CV on LBNP responses  

Haemodynamic parameters in response to LBNP at each level (-0 mmHg, -20 mmHg and -40 

mmHg) pre and post CV are presented in Table 5C. LBNP (-40 mmHg) resulted in a decrease 

in MAP pre-CV (-7.2±5%) and post CV (-4±2%). HR did not increase substantially pre-CV 

(+3±3%). Post-CV HR increased (+12±3%). There was no statistical difference identified in 

the MAP or HR response between visits (P=0.6 and P=0.2 respectively). Pre-CV FBF 

increased (+17±10) whereas post-CV it decreased substantially (-32±7%). The statistical 

comparison of FBF response pre and post CV was statistically significant (P=0.01). This FBF 

decrease remained attenuated as seen in the in-SR cohort of the earlier study presented in 

Chapter 4 where FBF decrease was -11.9±9%. Figure 5D. Likewise, FVC increased pre-CV 

(+25±13%) whereas it decreased post-CV (-29±6%). The comparison of FVC between the 

two time points was also statistically significant (P=0.02). 
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Table 5C: LBNP responses to LBNP Pre & Post CV  

 

Data±SEM. Differences between the groups are represented by P values in the 

adjacent column. MAP, Mean Arterial Pressure (mmHg); SBP, Systolic Blood Pressure 

(mmHg); DBP, Diastolic Blood Pressure (mmHg); HR, Heart rate (bpm); FBF, Forearm 

Blood Flow (%/min); FVC, Forearm vascular conductance (100*FBF/MAP, arbitrary 

units). P<0.05

 
Pre CV (n=7) Post CV (n=7) P Value 

LBNP Level 0 -20 -40 0 -20 -40 
MAP 101±7 97±6 93±6 91±5 89±4 87±5 0.6 
SBP  134±10 128±11 125±12 134±10 129±8 124±10 0.9 
DBP 84±5 83±4 79±4 69±3 69±3 70±3 0.2 
HR  82±2 84±2 84±3 53±4 55±3 59±3 0.2 
FBF 1.79±0.3 1.75±0.2 1.97±0.2 1.80±0.2 1.57±0.2 1.25±0.2 0.01* 
FVC  1.83±0.3 1.77±0.3 2.13±0.2 2.03±0.3 1.80±0.2 1.47±0.3 0.02* 
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Figure 5D: FBF response to LBNP Pre- & Post-CV 

 

Data±SEM. Forearm Blood Flow (FBF) response to LBNP – 20mmHg and – 40 mmHg negative pressure. Expressed as percentage 

change. Pre and post CV comparisons; P<0.05. 
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Discussion  

 

Our principal findings in this Chapter are: 

1. The dysfunctional (deficient) vasoconstriction response to LBNP (estimated by 

forearm blood flow) Pre-CV is partially reversible after cardioversion (restoration of 

sinus rhythm). and the improved reflex is at a similar level to AF patients who were 

studied in sinus rhythm in the prior chapter.  

2. Valsalva responses reflect preserved function in the presence of AF; there is no 

difference post-CV.  

3. There is no difference post-CV in terms of haemodynamic responses to IHR.   

These findings strongly suggest that the abnormalities in the volume-handling reflexes we 

have identified in Chapter 4 is most likely due to the presence of AF. In the prior chapter, we 

had discussed the natural heterogeneity of AF severity in the two patient groups: with the in-

AF more likely persistent due to the unpredictability of capturing a paroxysm. Thus, in 

repeating these autonomic tests in the cardioversion cohort; we have significantly aided our 

hypothesis testing in terms of the causal role that the presence of AF plays in these deficits.  

 

These identified deficits have not previously been described in AF and as discussed in 

Chapter 1, the focus of prior work in this area has been to assess the electrophysiologic 

effects and vulnerability of AF to autonomic efferent stimulation. In Chapter 4 we have 

described the responses to autonomic cardiovascular stressors in patients with AF studied in 

AF or studied in sinus rhythm, comparing their responses to a reference group. Having 
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identified these afferent or regulatory abnormalities, we have naturally progressed to the next 

phase within this chapter, which is looking at the effect of treating AF. Treatment of AF is 

multifactorial from a clinical point of view, however from a purely rhythm-related point of 

view; one could either slow ventricular response during AF (rate control), cardiovert either 

with electrical shock applied to the heart as was done in this cohort or offer anti-arrhythmic 

medications to chemically cardiovert patients. These medications can be used to prevent AF 

paroxysms as well. Indeed, the following chapter (Chapter 6) we shall further this by 

assessing whether catheter based treatments to electrically isolate the posterior left atrium 

from the rest of the heart using radiofrequency thermal energy (which is where the majority 

of AF originates)11 could alter the function of the afferent volume-regulating reflexes that are 

elicited by LBNP in AF either by; a. resulting in destruction of the afferent receptors that are 

co-located in this atrial tissue or b. by modulating the function of these receptors that we have 

now identified as abnormal in patients with AF in sinus rhythm (diminished function) or 

dysfunctional (deficient) in the presence of AF.  

 

Perhaps the only other study, as far as we are aware, that assessed afferent regulatory 

function of the heart in the presence of AF was performed by Gould et al. 206 In this study, 

patients with heart failure with an ejection fraction of <40% were studied either in sinus 

rhythm or in persistent AF of at least three months duration. The investigators performed a 

right heart catheterisation study where cardiac noradrenaline spill over (corrected 

noradrenaline isotope dilution method) was measured in the coronary sinus at baseline, 

during 20 degrees head-up tilt and during 30 degrees head-up tilt. Baroreceptor unloading 

using head-up tilt elicits an increase in cardiac sympathetic activity (as measured by cardiac 

noradrenaline spill over). Patients with concomitant heart failure and AF had a significantly 

attenuated response to baroreceptor unloading. Low degrees of tilt would be expected to 
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offload both arterial high-pressure and cardiopulmonary low-pressure baroreceptors. From 

this study, it was unclear which of these receptors was responsible. The greater the tilt the 

more arterial (high-pressure) baroreceptors found in the aortic arch and the carotid bodies 

would play a role in these responses and with lower levels of tilt as seen with this study it is 

possible that low pressure cardiopulmonary receptors that play a role in regulating cardiac 

volume are implicated. Aside from the limitation in this study that patients with heart failure 

and AF were studied (where heart failure can also disturb baroreceptor function),55 

experiments were not performed after restoration of cardiac rhythm and thus it is quite 

possible that other differences could account for the changes seen. In our study, we have 

performed repeated autonomic testing in patients with AF and without heart failure, 

identifying receptor deficits which improve after cardioversion but do not normalise. There is 

some case evidence of autonomic dysfunction in a patient with persistent AF that manifested 

in severe orthostatic hypotension, that completely dissipated after cardioversion to restore 

normal rhythm.270  

 

The diminished reflexes in sinus rhythm suggest a background level of remodelling of such 

autonomic receptors or regulating reflexes of cardiac volume provoke the concept that there 

may be an effect of burden of AF, which will require further study. Finally, given the 

presence of similar abnormalities in patients with AF alone; patients in heart failure and 

concomitant AF;206 as well as patients with heart failure alone, the presence of such deficits 

in cardiac volume handling due to deficiencies in cardiopulmonary low-pressure baroreceptor 

function could provide a mechanistic association of AF with the development of heart 

failure.229 
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Field et al.203 (discussed in Chapter 1) assessed arterial high-pressure baroreflex sensitivity in 

patients with persistent AF, studied immediately after CV (in sinus rhythm) and then at 30 

days post-CV. This study showed deficits in baroreceptor sensitivity immediately after CV 

and extrapolated this finding to be attributable to AF; however, other factors such as 

dehydration, sedation-related (anaesthetic effects) and the effects of medications and the 

procedure as well may have accounted for these findings. Baroreflex sensitivity measurement 

needs to occur during sinus rhythm, and it would not be possible to assess this in the presence 

of AF. The presence of AF is a major limitation of several cardiovascular autonomic 

assessments.  In our study, we did not assess baroreflex sensitivity and thus subtle 

abnormalities may be missed. Here we found that there were gross abnormalities of 

cardiopulmonary low-pressure baroreflexes and that, overall, arterial high-pressure 

baroreceptor function was preserved and further the assessments that were performed in AF 

were repeated at least 6 weeks after CV to ensure that any effect of the procedure itself was 

eliminated.  
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Limitations 

 

Our interpretations of this study are somewhat limited by low repeat sample sizes. We 

detected significant improvements in LBNP responses, however we have not been able to 

identify any improvement in IHR. It is possible that subtle difference in the MAP response 

(pressor effects in interpretation of IHR are more important than HR responses) may not have 

been able to be detected due to inadequate statistical power. The HR response is also unusual; 

where during AF, IHR was associated with a numerically higher (non-significant) increase in 

HR, however, post-CV, there was a diminished HR response. It is possible that due to severe 

deficiencies in cardiopulmonary low-pressure baroreceptor function during AF, HR effects 

are from arterial high-pressure stimulation are heightened in an effort to compensate, 

however, this is speculative.  
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Concluding remarks  

 

Clinical Implications  

Whilst this study provides evidence of the causal role of AF, it also highlights the potential 

reversibility of the dysfunctional (absent) reflex response to blood volume-regulating reflexes 

seen in AF. We have detailed that it is indeed most interesting that these abnormalities could 

provide a mechanistic link between AF, its progression, the development of heart failure and 

perhaps also several clinical associations of AF such as falls, dementia, orthostatic 

hypotension, and syncope. It is reassuring then that this study provides evidence of 

reversibility and heightens the role of rhythm management in AF; where prior studies that 

assessed rate vs rhythm management of AF32, 33 would have entirely missed these aspects of 

the presence and increasing burden in individuals suffering from AF.  

 

Conclusion 

This study demonstrates that the deficiencies of the volume-regulating cardiopulmonary low-

pressure baroreceptor reflexes induced by LBNP identified in Chapter 4 are indeed due to the 

presence of AF and that these reflex abnormalities are reversible after restoration of normal 

sinus rhythm. Further work (presented in subsequent chapters) is needed to assess the 

location of the abnormality, assess the effect of catheter-based interventions to treat AF and 

maintain sinus rhythm as well as assess the role of newer neuromodulating therapies (low-

level tragus nerve stimulation) in the treatment of AF.   
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Chapter 6: Catheter ablation of Atrial Fibrillation is not associated with destruction of 

cardiac afferents driving volume-regulating autonomic reflexes: Impact of ablative 

rhythm intervention 

 

Background 

 

In Chapter 3 and Chapter 4 we have demonstrated that AF patients studied in sinus rhythm 

(SR) have abnormal (diminished) cardiac volume-sensitive low-pressure baroreflexes elicited 

by lower body negative pressure (LBNP) and in-AF, these reflexes are dysfunctional. In 

normal individuals, lower body negative pressure (LBNP) decreases venous return to the 

heart, unloads cardiopulmonary receptors and results in compensatory systemic 

vasoconstriction.97 Atrial stretch receptors, particularly cardiopulmonary receptors found in 

the pulmonary vein-left atrial junctions are critical mediators of such reflexes.57, 97 

Interestingly, these volume-regulating low-pressure baroreceptors are co-located in veno-

atrial tissue,106, 108 which is where the majority AF triggering atrial ectopic beats originate,11 

and which is also the treatment target for catheter based ablation strategies to manage rhythm 

in patients with AF.288 Therefore, on one hand, the management of AF, including using 

catheter based strategies to isolate the pulmonary veins electrically from the rest of the atria 

(Pulmonary Vein Isolation, PVI), could ameliorate these reflexes (in a similar way to our 

finding that the dysfunctional reflexes in-AF improve to on-SR levels after cardioversion, 

Chapter 5). On the other hand, PVI, by resulting in damage to the cardiac muscle surrounding 

the pulmonary veins, where these receptors are co-located, could result in unintended nerve 

disruption.  
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Catheter-based treatments of AF, with any energy source, typically radiofrequency (heat) 

thermal energy or cryotherapy (cold) thermal energy result in destruction of cardiac tissue 

rendering a line of electrical block that effectively isolates any impulses that originate within 

the pulmonary-vein atrial junction from triggering AF.11 Prior work demonstrated that 

circumferential PVI with additional lesions to selectively ablate autonomic areas of the 

pulmonary vein-atrial junctions which, when stimulated produce vagal reflexes (hypotension, 

sinus bradycardia or atrioventricular block) results in improved procedural success (freedom 

of AF at 12 months) and that these are associated with increases in resting heart rates post-

PVI.289 Lesions in addition to PVI to ablate ganglionated (autonomic) plexi, which are a 

collection of neurons in cardiac tissue, also found surrounding the pulmonary veins in the 

posterior left atrium136 can also enhance procedural outcomes.223 Indeed, as Scherlag et al.290 

showed, autonomic ganglion stimulation at the base of the right superior pulmonary vein 

produced vagally induced heart rate slowing at rest and converted atrial ectopy firing in the 

pulmonary vein into AF. These areas were associated with complex fractionated electrograms 

(multi-component, low-frequency, sharp signals) that were found during AF and have also 

been targeted in clinical trials, with increased procedural success (freedom of AF) over PVI 

alone.35 Finally, in a sub analysis of the CIRCA-DOSE study291 PVI, with any method of 

thermal energy delivery (cryotherapy or radiofrequency) results in “inadvertent” autonomic 

alterations exhibited by heart rate variability due to destruction of autonomic ganglia and 

these correlate with successful outcomes in terms of freedom of AF from a procedure. Thus, 

whilst there is certainly precedent for autonomic destruction from PVI as well as influences 

on successful outcome (which may either directly be attributable to procedural success or 

more likely, represent a marker of procedural success due to durable ablation lesions), there 

is no data on the effect of PVI on afferent or regulatory autonomic receptors or nerves found 

in the pulmonary-vein atrial junctions.  
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Here, we present data from two separate studies; in the first (preliminary study), we evaluated 

reflex responses to lower body negative pressure (LBNP) in patients post-PVI who were 

selected after at least three months of their procedure being performed (and prior to 2 years) 

and where we tested their reflex responses to LBNP, similarly to Chapter 3. There are 

limitations to this approach, in that the effect of PVI on LBNP is not adequately tested within 

this study design. Therefore, we had designed and conducted a cohort study before and after 

PVI, presented below.  

 

In this second, study, we performed an array of clinical autonomic reflex tests in a cohort of 

patients with AF studied in sinus rhythm (SR) who have been clinically evaluated and have 

been planned to undergo PVI, prior to PVI as well as post-PVI (in those who consented for 

repeat evaluation, at least 3 months after PVI). This study was performed in a similar manner 

to Chapter 4 and Chapter 5.  

 

We hypothesize that whilst AF induces autonomic dysfunction with abnormal reflex 

responses to decreased venous return, successful pulmonary vein isolation (PVI) could 

further disrupt volume-regulating reflexes, where other baroreflexes would remain intact.   
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Methods  

 

The methods and results for this Chapter present separate data from each of the two cohorts; 

the first is the pilot or preliminary study and the second is a more thorough evaluation of 

clinical autonomic reflex tests in a cohort of patients undergoing PVI.  

 

The pilot study involved three groups. The first group consisted of twenty patients who had 

symptomatic paroxysmal AF referred for consideration of pulmonary vein isolation (PVI) 

and were studied prior to PVI. These are presented in Chapter 3.  

 

The second group, presented here, consisted of fourteen patients who were studied following 

successful treatment with PVI (referred to as the successful PVI group). These patients were 

only studied (i) after the three-month blanking period post- PVI and (ii) if they remained 

symptom free up to two years post-PVI. Both groups were compared to fourteen age and sex-

matched healthy controls (Control group).  

 

Enrolled patients in either group were free from cardiovascular (coronary artery disease, 

valvular heart disease or heart failure) and other confounding conditions (autonomic 

disorders, untreated hypertension, postural hypotension, diabetes mellitus or renal disease). 

Patients who had received amiodarone during the last six months were also excluded.  

 

The successful PVI group was enrolled from a hospital database of all PVI procedures 

undertaken for two years prior to enrolment. Patients were excluded if they had multiple PVI 

procedures, were either within the three-month blanking period at the time of the study or 

were outside of the two-year window, did not attend regular follow up with the treating 
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cardiologist, accurate records were not kept in terms of AF recurrence, were not contactable 

by telephone or did not consent to presenting for the purposes of this study.  

 

Pulmonary Vein Isolation  

In the preliminary study, PVI was performed in the fasting state, under general anaesthesia.  

Three electrode catheters were introduced percutaneously via the right femoral vein. A 7F 

quadripolar catheter (Biosense-Webster, Diamond Bar, CA, USA) was placed in the coronary 

sinus and used for pacing and recording.  A variable size circumferential decapolar mapping 

catheter (Lasso, Biosense-Webster, Diamond Bar, CA, USA) and an 8F, 3.5mm irrigated tip 

ablation catheter (Navistar Thermocool D-F curve, Biosense-Webster, Diamond Bar, CA, 

USA) were used for mapping and ablation of pulmonary veins (PV). They were introduced to 

the left atrium via trans-septal puncture. The circumferential mapping catheter was positioned 

as proximal as possible within each of the PV’s and was oversized for stability. Systematic 

isolation of the four PV’s was performed at each ostium, guided by the mapping catheter. 

Entrance block or the presence of dissociation within the pulmonary veins was the ablation 

endpoint. All veins were re-checked after 30 minutes observation and further ablation was 

performed if acute conduction recovery was detected. Ablation success was confirmed in all 

14 subjects by symptoms and 3- monthly 24 to 72- hour Holter monitoring. No specific 

attempts were made to locate or ablate areas associated with cardiac autonomic plexus 

(ganglionated plexi) as per clinical guidelines.288  

 

Experimental protocol  

Similar to Chapter 3, the experimental protocol was performed in the fasting state (4 hours) 

with abstinence from caffeine, alcohol, and strenuous exercise in the preceding 24 hours. All 

anti-arrhythmic drugs (including ß-blockers) were withheld for five half- lives, symptoms 
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allowing, prior to the study protocol. All testing was performed in a climate-controlled 

laboratory with room temperature of 22oC. All patients were in sinus rhythm during the 

testing protocol. Resting brachial blood pressure was checked in the supine position with a 

standard mercury sphygmomanometer. Continuous beat-to-beat recordings were obtained 

using finger photo plethysmography (Nexfin, BMEYE, Amsterdam, The Netherlands)271 to 

derive: Mean arterial pressure (MAP, mmHg); Heart rate (HR, bpm); Stroke volume index 

(SV, mL/m2);Cardiac index (CI, L/min/m2); and Systemic vascular resistance index (SVRI, 

dynes  s* m2/cm5).  

 

Patients were then subjected to LBNP using a custom-made Perspex chamber placed over the 

subject’s lower limbs with a seal at the iliac crest. A vacuum generator (Model UZ-930; 

Electrolux; Stockholm, Sweden) was attached to the chamber and connected to a voltage 

converter, which allowed graduated control of the vacuum intensity (Figure 3A). Thus, 

negative pressure could be precisely controlled to 0, -20 and -40 mmHg with the aid of an 

industrial pressure gauge (Ambit Instruments; Wetherill Park, NSW, Australia). All patients 

underwent a short 2-minute familiarization period with LBNP application followed by a 

resting period of 10 minutes prior to LBNP protocol commencement. The degree of LBNP 

intensity was randomly applied for each patient for 10 minutes at each level with a 5-minute 

break in between. Negative pressure was applied slowly over 30 seconds to minimize patient 

movement and discomfort.
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Clinical autonomic reflex tests in a cohort of patients undergoing PVI 

 

The methods presented below are for the second study we are reporting in this Chapter, 

specifically evaluating the effect of PVI on clinical autonomic reflex tests in patients with 

AF, all of whom were studied in sinus rhythm.  

 

Study population 

This study comprised consecutively enrolled patients referred to the Centre for Heart Rhythm 

Disorders with paroxysmal or persistent AF. We consecutively studied patients with 

paroxysmal/persistent AF who were reviewed by a cardiac electrophysiologist and were 

selected to undergo PVI. The following were exclusions: amiodarone (preceding 6 months); 

active malignancy; symptomatic coronary artery disease; significant valvular disease; 

neurological disorders (Parkinson’s disease, autonomic disorders, neuropathy); prior 

ablations; other arrhythmias; inability to enter a lower body chamber (frail or >120kg); or 

inability to withhold anti-arrhythmic/anti-hypertensives.  

 

Those who participated in the first visit prior to PVI (pre-PVI) were re-contacted for a post-

PVI visit provided they met additional criteria. These prespecified criteria included the 

following:  

1. Absence of any procedural complications (not limited to, but including, significant 

pericardial effusion requiring drainage, post-procedure pericarditis or stroke).   
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2. Patients needed to satisfy full clinical follow-up at 1 week, 1, 3 and 6 months 

following PVI where they had a 12-led electrocardiogram, multi-day (7-day) Holter 

monitoring. 

3. They needed to have been symptom-free and have no documented 

electrocardiographic evidence of AF (absence of clinical evidence of AF) for >6 

months post-PVI.  

4. Repeat procedures in the cohort were allowed, provided that, at the time of the post-

PVI visit, they had been AF free>6 months.  

All participants provided written informed consent and the study was approved by the 

University of Adelaide human research ethics committee. This study was prospectively 

registered with the Australian New Zealand Clinical trials registry 

(ACTRN12619000186156).  

 

Patient preparation 

All patients withheld alcohol (24 hours) and caffeine (48 hours), refraining from vigorous 

exercise (48-hours) prior to the study. All anti-arrhythmic (rate and rhythm controlling) and 

anti-hypertensive medications were withheld for 5 half-lives. Patients fasted for 4 hours 

allowing water ad libitum. 

 

Autonomic testing was performed in a climate-controlled facility (22°C). We collected 

baseline demographics; risk factors; cardiac chamber measurements (echocardiography); and 

baseline serum for High-sensitivity CRP (Hs-CRP).  Patient preparation was identical to 

Chapter 4.    
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Autonomic testing protocol  

The autonomic testing protocol in this study were identical to Chapter 4. AF Patients who 

presented in sinus rhythm (SR) who were selected to undergo PVI as the clinical 

management strategy for their AF, were studied and then recontacted for a second visit as 

stipulated above after their PVI had been performed and they had been AF-free>6 months. If 

they accepted, they had to withhold medications as per the prior protocol and maintain the 

same preparatory measures and the same autonomic reflex tests were performed in the same 

laboratory, in the same order as their first visit. Haemodynamic parameters, Systolic blood 

pressure (SBP); Diastolic pressure (DBP); Mean Arterial Pressure (MAP); Heart rate (HR) 

were collected continuously for all the three autonomic tests: submaximal isometric handgrip 

reflex (IHR), Valsalva reflex and Lower Body Negative Pressure (LBNP). Additional LBNP 

parameters including Forearm blood flow (FBF) and derived Forearm vascular resistance 

(FVC) were assessed in an identical manner to the experiment performed and described in 

Chapter 4. 

 

Pulmonary Vein Isolation  

PVI was performed in the fasting state, under general anaesthesia.  In this study, the method 

utilised, energy delivery, or any additional lesion sets, aside from PVI, were not stipulated 

and were performed in accordance with the operator. The predominant procedure was a 

single ring radiofrequency ablation of all four pulmonary veins (PV) en bloc, together with 

the posterior wall (Si-R-PVI). In one case, wide antral PVI was performed. Three electrode 

catheters were introduced percutaneously via the right femoral vein under ultrasound 

guidance. A 7F decapolar steerable catheter (Livewire, Abbott medical, USA) was placed in 

the coronary sinus and used for pacing and recording. Geometry and voltage maps were 

created of the left atrium using either a variable size circumferential decapolar mapping 
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catheter (Lasso, Biosense-Webster, Diamond Bar, CA, USA) or a high-density mapping 

catheter (HD-Grid Advisor, Abbott medical, USA) during coronary sinus pacing. Maps were 

created with the EnSite Precision 3-D mapping system (Abbott medical, USA). An 8F, 4mm 

irrigated tip ablation catheter (Flexability D-F curve, Abbott medical, USA) were used for 

mapping and ablation in the left atrium. They were introduced to the left atrium via trans-

septal puncture (BRK-1 needle, Abbott medical, USA), and an 8.5F SL-0 sheath (Abbott 

medical, USA) for the mapping catheters and, over-the-wire using a steerable sheath (8.5F 

Agilis, Abbott medical, USA) for the ablation catheter. Trans-septal puncture was performed 

with transoesophageal echocardiogram guidance, as well as pressure monitoring and contrast 

fluoroscopy. Bidirectional block (entrance as well as exit block) and, if present, dissociated 

firing within the pulmonary veins/posterior box set was the ablation endpoint. All veins were 

re-checked after an observation period and further ablation was performed if acute 

conduction recovery was detected to ensure isolation of the PV’s.  

 

In one case, cryoablation was performed. Here, we advanced a quadripolar catheter 

(Supreme, Josephson’s, Abbott medical, USA) into the RV from the right femoral vein 

access site and later positioned in the right subclavian vein for high output pacing to stimulate 

the right phrenic nerve during right sided PV freezes (recognise injury during energy 

delivery). Mapping and ablation were performed with a circumferential mapping catheter 

(Achieve, Medtronic, USA) and the cryo-balloon catheter (Arctic Front, Medtronic USA), 

delivered in the left atrium via trans-septal puncture as above via a steerable 12F sheath 

(FlexCath, Medtronic, USA). Each PV was sequentially treated by placing the mapping and 

ablation cryo-balloon catheter at the ostium of each PV, inflating the cryo-balloon, ensuring 

occlusion of the PV (using contrast fluoroscopy), and delivering cryotherapy. Ablation was 

ceased if there was any evidence of phrenic nerve injury (non-capture).  
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With any of the PVI procedures, no specific attempts were made to locate or ablate areas 

associated with cardiac autonomic plexus (ganglionated plexi) as per clinical guidelines.288  

 

Statistical analysis 

Continuous parameters were expressed as mean ± SEM. Categorical variables were 

expressed as frequencies and percentages and compared using Fishers exact test. Normality 

was checked and data compared using the students t-test or its non-parametric alternate. Data 

(pre vs. post) were compared using paired t-tests (normally distributed data) or Wilcoxon 

signed rank test (non-normally distributed data) as appropriate. Statistical analysis was 

performed using STATA 16 (StataCorp. 2019. Stata Statistical Software: Release 16. College 

Station, TX: StataCorp LLC) and GraphPad Prism (version 9.02, California, USA). Statistical 

significance was set at P < 0.05. 
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Results  

 

The first part of this section details the results of the pilot study. Figure 6A presents the 

CONSORT diagram of the patient groups, both in the original study (AF patients and 

controls, as well as this group; successful PVI group). The successful PVI group (n=14) was 

derived from a database of 129 PVI procedures; of whom 48 had a single radiofrequency 

ablation. 15 were eligible after review of case notes and contact was made. 1 patient 

withdrew as she was unable to participate in the experimental protocol. The successful PVI 

group was studied at an average duration of 8 months post ablation (range 3 – 22 months). 

The baseline characteristics of the included patients are presented in Table 6A. 
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Figure 6A: CONSORT diagram of the pilot study 

 

Enrolment in the pilot study – successful PVI group. Other groups (PAF, studied pre-PVI in SR and control groups as reference). 

Patients With AF Control Group
§ Age & sex matched
§ Healthy adults 
§ Volunteers enrolled 

through 
advertisement in 
hospital notice boards

§ Categorised into 
gender and 5-year age 
groups to match 
patient cohort 

Inclusion criteria
Age 30-70 years 

§ Referred to EP for AF rhythm 
management & selected to undergo 
Pulmonary Vein Isolation (PVI)

§ Consecutive enrolment 
Inclusion criteria
Age >18 years, Symptomatic PAF or PeAF

Exclusion Criteria: Prior ablation, co-existing atrial flutter/arrhythmia, symptomatic 
CAD, significant valvular disease, amiodarone (< 6 months), active malignancy, any 
neurological disorder  (Parkinson’s disease); autonomic disorder/neuropathy. 

N=23

N=14N=20

§ Did not 
attend 
(n = 1)

§ AF at time of 
study 
(n = 2)

Exclusion Criteria
Any medical illness
Any prescription 
medication use

Successful PVI

N=14

§ Extracted from a database of all PVI 
procedures for 2 years prior to study 

§ Consecutive enrolment 
Inclusion criteria
Age >18 years, Symptomatic PAF or 
PeAF

§ Unable to enter LBNP 
chamber (n = 1)

Additional Exclusions: No follow up data to confirm AF freedom, 
No consent, Multiple PVI, Additional ablations & AF recurrence  

N=129

N=96

N=15



 

 231 

Table 6A: Baseline characteristics of the successful PVI group in comparison with the pre-PVI 

(PAF) group and control groups  

 Controls 
(n=14) 

PAF  
(n=20) 

Successful PVI 
(n=14) 

p-value 

Age (years) 55±5 58±10 58±8 0.38 
Males, n (%) 9 (64) 13 (65) 12 (86) 0.35 

Mean body mass index, kg/m2 25.6±4 30.3±5 31.0±6 0.02* 
Hypertension n (%) 0 (0) 8 (57) 7 (50) 0.99# 
Patients not on any AAD, n (%) 14 (100) 4 (20) 9 (64) 0.01*# 
ß-blockers (except Sotalol), n (%) 
 

0 (0) 7 (35) 5 (36) 0.99# 

Sotalol, n (%) 0 (0) 8 (40) 0 (0) 0.01*# 

Amiodarone, n (%) 0 (0) 0 (0) 0 (0) - 
Flecainide, n (%) 0 (0) 6 (30) 0 (0) 0.03*# 

Digoxin, n (%) 0 (0) 1 (5) 0 (0) 0.99# 
Calcium channel blocker, n (%) 0 (0) 0 (0) 0 (0) - 

 

AAD, Anti-arrhythmic drugs. Baseline parameters of the PAF and Control groups are 

presented here for reference (they were presented in Chapter 3). 
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Haemodynamic responses to LBNP: Successful PVI group MAP response    

Baseline MAP was similar across all groups: 97±3 mmHg in the control group, 100±3 mmHg 

in the PAF group and 98±3 mmHg in the successful PVI group. In the successful PVI group, 

MAP was significantly lower at -20 mmHg and at -40 mmHg LNBP (Figure 6B, both 

p<0.01). The MAP response to LBNP was different in the successful PVI group (p=0.03) in 

comparison to control subjects. However, this was not different to the PAF group (p>0.99).
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Figure 6B: MAP responses to LBNP in the Successful PVI group  

 

Percentage change in MAP with LBNP (-20 and -40 mmHg) for each group expressed as mean±SEM. *Statistical difference in 

comparison to baseline at 0 mmHg LBNP (p<0.05). †Indicates statistically significant change in response to LBNP between groups 

(p<0.05). NS: non-significant.
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Baseline HR was similar between groups (61±2 vs. 57±2 vs. 62±2 bpm in the control vs. PAF 

vs. post-PVI group respectively, p=0.4). HR did not change at -20 mmHg LNBP, however at 

- 40 mmHg LBNP there was significant increase in HR consistently in all groups. There was 

no statistical difference in the HR response to LBNP between the successful PVI and controls 

or the PAF group. Figure 6C. 
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Figure 6C: HR responses to LBNP in the Successful PVI group 

 

Percentage change in HR with LBNP (-20 and -40 mmHg) for each group expressed as mean±SEM. *Statistical difference in comparison 

to baseline at 0 mmHg LBNP (p<0.05). †Indicates statistically significant change in response to LBNP between groups (p<0.05). NS: 

non-significant.
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In controls, there was a significant increase in SVRI at both -20 and -40 mmHg LBNP (both 

p<0.01). In the post-PVI group, significant increase in SVRI was only evident at -40 (p<0.01) 

but not -20 mmHg (p=0.4) LNBP. Overall SVRI response to LNBP was different between 

the PAF and control groups (p=0.04), where there was an inadequate LBNP response, but not 

between the post-PVI and control subjects (p=0.12). Figure 6D. 
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Figure 6D: SVRI responses to LBNP in the Successful PVI group 

 

Percentage change in mean SVRI with LBNP (-20 and -40 mmHg) for each group expressed as mean±SEM.*Statistical difference in 

comparison to baseline at 0 mmHg LBNP (p<0.05). †Indicates statistically significant change in response to LBNP between groups 

(p<0.05). NS: non-significant.
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Table 6B shows the CI and SVI at baseline and after application of -20 and -40 mmHg LBNP 

as well as the other haemodynamic parameters (MAP, HR and SVRI). CI and SVI were 

similar at baseline and changed similarly in all 3 groups following application of LBNP at -

20 and -40 mmHg. Changes induced by LBNP were statistically significant within each 

group, but responses were not different between groups (all p>0.05).
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Table 6B: Raw haemodynamic data including cardiac index & stroke volume index 

 LBNP  
(mmHg) 

Controls 
(n=14) 

PAF 
(n=20) 

p-value 
(vs. 

Controls) 

Successful PVI 
(n=14) 

p-value 
(vs. 

Controls) 

p-value 
(vs. PAF) 

Mean arterial 
pressure 
(mmHg) 

0 97± 3 100 ± 3 

 
0.04† 

98 ± 3 

 
0.03† 

 
NS 

-20 96 ± 3 97 ± 3 93 ± 3** 

-40 99 ± 3 96 ± 3* 92 ± 2** 

Heart rate 
(bpm) 

0 61 ± 2 57 ± 2 

 
NS 

62 ± 2 

 
NS 

 
NS 

-20 61 ± 2 58 ± 1 62 ± 4 

-40 67 ± 2** 61 ± 2*** 67 ± 3* 

Systemic 
Vascular 

Resistance 
Index 

(dynes  s* 
m2/cm5) 

0 2720 ± 132 3131 ± 198 

 
0.04† 

2740 ± 135 

 
NS 

 
NS 

-20 2916 ± 140 3182 ± 166 2793 ± 120 

-40 3010 ± 150 3263 ± 167 2910 ± 120 

Cardiac Index 
(L/min/m2) 

0 2.89 ± 0.09 2.70 ± 0.12 

NS 
 

2.92 ± 0.10 NS 

NS 
 

-20 2.69 ± 0.08** 2.51 ± 0.09** 2.69 ± 0.09*** NS 

-40 2.62 ± 0.09** 2.43 ± 0.09*** 2.55 ± 0.09*** NS 

Stroke 
Volume Index 
(mL/min/m2) 

0 45.3 ± 2.1 47.9 ± 1.6 

NS 
 

47.5 ± 1.4 NS 

NS 
 -20 41.8 ± 2.1*** 43.8 ± 1.5*** 

43.5 ± 1.5*** NS 

-40 37.2 ± 2.5*** 39.8 ± 1.5*** 
38.7 ± 1.6*** NS 

Within group differences: * p< 0.05, ** p< 0.01, *** p< 0.001. Between group 

differences: †Indicates statistically significant change in response to LBNP between 

groups (p<0.05). NS: non-significant.
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Summary of findings  

 

This study evaluated the cardiac reflex response to LBNP in patients after successful PVI and 

compared them to healthy control subjects as well as patients pre-PVI (as presented in 

Chapter 3). Our principal findings are as follows:    

 

Whilst vasoconstrictor responses to LBNP were absent in PAF patients (Chapter 3), no 

statistical differences were seen between the successful PVI subjects (who were free from the 

arrhythmia) and the control group. This suggests that whilst there may be some improvement, 

there is no evidence of further deficit due to PVI.  

 

LBNP lowered both SVI and CI to a similar extent in all the groups, indicating that an 

equivalent stimulus was applied in each group. Blood pressure was maintained at both levels 

of LBNP in the control subjects but not in the AF or successful PVI groups in whom MAP 

fell progressively. This indicates a clear reflex deficit in subjects with AF studied in sinus 

rhythm, that was not rectified by successful ablative treatment of PAF in the post-PVI group 

in this study.  

 

The main limitation of this pilot work is that there were different patient cohorts, thus it is not 

possible to distinguish the effect of PVI from other confounding differences between the two 

groups. Thus, this is not the best design to test the effect of PVI.



 

 241 

Clinical autonomic reflex tests in a cohort of patients undergoing PVI 

 

18 patients with Paroxysmal or persistent AF who were referred for rhythm management 

were selected by their treating cardiac electrophysiologist and consented to undergo a 

catheter-based procedure for their procedure. From these, a cohort of 9 patients were eligible 

and consented to both study visits. This is presented in Figure 6E: CONSORT diagram.  

 

The mean age of the cohort was 64±3 years (78% male); BMI 28±1 kg/m2; LA size 37±2 

ml/m2; and left ventricular function 65±3%. Baseline (supine, resting) heart rate pre-PVI was 

58±5 bpm and post-PVI was 67±3 (P=0.1). Lesion sets that were performed during their AF-

ablation procedure were as follows: single ring radiofrequency PVI of all 4 PV and the 

posterior wall (Si-R-PVI, n=7); cryoablation (n=1) and wide antral PVI (n=1). A redo 

procedure after initial recurrence was performed in n =2. In these patients, the second study 

visit was performed if >6 months AF-free after the second procedure. PV±PW entrance/exit 

block confirmed in all. Additional lesions (which were performed at the operator’s discretion) 

were: further segmental PVI in (n=1); posterior wall lesions in (n=1), and a mitral isthmus 

line as well as ablation of atrial low-amplitude signals (scar), both, in (n=1).   

 

Symptom and rhythm (12-lead ECG, 4–7-day Holter) follow up (1 week, 1, 3 and 6 months) 

showed no clinical recurrence in 7of these 9 patients. In the two patients that underwent redo- 

procedures, mapping demonstrated gaps in the previous lines and reconnection into the single 

ring in (n=1) and PV reconnection in the patient who originally underwent wide antral PVI 

(n=1). In both cases, clinical follow up visits and ECG monitoring were repeated after their 

second ablation procedure at the same time points as above. Baseline characteristics of the 

cohort are presented in Table 6C. 
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Figure 6E: CONSORT Diagram 

 

Consort diagram of patient recruitment and establishment of a cohort with completed 

pre- and post-PVI visits, where PVI resulted in freedom from AF >6months. 

N=18

Declined=26 

N=9

ECG in SR=57

In-SR + Pre-PVI

Exclusion Criteria 
Prior ablation, co-existing atrial flutter/arrhythmia, symptomatic CAD, significant 
valvular disease, amiodarone (< 6 months), active malignancy, any neurological 
disorder  (Parkinson’s disease); autonomic disorder/neuropathy. 

§ Referred to EP for AF rhythm management
§ Consecutive enrolment 
Inclusion criteria
Age >18 years, PAF or PeAF

Patients With AF

• Planned to undergo 
PVI as treatment 
strategy

§ Procedural complication 
(effusion requiring 
pericardiocentesis) N=1

§ Declined second visit when 
eligible N=8

N=25

Completed both visits

Redo-procedures 
required N=2
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Table 6C: Baseline characteristics of the PVI cohort  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MAP, Mean arterial pressure; HR, Heart rate; LVEF, Left ventricular ejection fraction; 

LAVI, Left atrial volume indexed to body surface area; CCB, Calcium channel blockers; 

ARB, Angiotensin receptor blockers; ACEi, Angiotensin-converting enzyme inhibitors.     

Baseline Characteristics  PVI cohort 
n=9 

Age  63 ± 2 
Males; n(%)  7 (78) 
Body Mass Index (kg/m2) 28 ± 1 
Resting MAP 90 ± 4 
Resting HR 67 ± 2 
LVEF (%) 65 ± 3 
LAVI (ml/m2) 37 ± 2 
Ablation lesion sets  
Single ring (PVI and posterior wall) 7(78) 
PVI only (cryotherapy)  1(11) 
Wide antral PVI (RF) 1(11) 
Redo due to recurrence during study 2 (22)  
Risk factors    
Hypertension, n(%)  5(56) 
Dyslipidaemia 1(11) 
Vascular disease 1(11) 
OSA 3(33) 
Alcohol excess 3(33) 
Medications  
ß-blockers (except Sotalol), n(%)  5(56) 
Sotalol, n(%)  2(22) 
Flecainide, n(%) 3(33) 
Central CCB, n(%) 1(11) 
Digoxin, n(%) 0(0) 
ARB/ACEi 4(44) 
Dihydropyridine CCB, n(%) 1(11) 
Thiazide diuretic 1(11) 



 

Dr Varun Malik, PhD thesis, 2018 - 2021 

 244 

AUTONOMIC FUNCTION IN ATRIAL FIBRILLATION 

Submaximal isometric handgrip reflex  

Table 6D contains haemodynamic responses to IHR pre- and post-PVI. IHR increased MAP 

similarly both pre-PVI and post-PVI (+9±2% and +10±3; P=0.99). HR increased slightly pre-

PVI in response to IHR (+2±2%) and similarly post-PVI (+2±1%). HR response to IHR was 

not significant between time points (P=0.99). Figure 6F. 
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Table 6D: Haemodynamic responses to IHR Pre and Post PVI 

 

 

 

 

 

Data±SEM. Differences between time points (pre- and post-PVI) are represented by P 

values in the adjacent column. MAP, Mean Arterial Pressure (mmHg); SBP, Systolic 

Blood Pressure (mmHg); DBP, Diastolic Blood Pressure (mmHg); HR, Heart rate (bpm); 

P<0.05. 

 
Pre PVI (n=9) Post PVI (n=9) P Value 

IHR Pre-IHR Post-IHR Pre-IHR Post-IHR 
MAP 91±6 100±8 94±7 102±6 0.99 
SBP  137±11 149±12 138±7 151±6 0.5 
DBP 70±5 75±6 73±6 77±5 0.99 
HR  58±3 60±4 73±3 75±3 0.99 
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Figure 6F: MAP & HR responses to IHR Pre & Post PVI 

 

Data±SEM. MAP, Mean Arterial Pressure (mmHg) & HR, Heart rate (bpm). IHR haemodynamic responses were compared to 

corresponding baseline value prior to IHR and were expressed as percentage change. Pre and post comparisons for IHR; P<0.05. 
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Valsalva reflex  

Haemodynamic data at each of the two autonomic phases – II and IV are presented in Table 

6E. During phase II, pre-PVI MAP increased by +27±7% and post-PVI MAP increased by 

22±6%. There was no statistical difference between time-points (P=0.6). HR also increased 

equivalently between time points (P=0.99). HR increased +21±5% and 11±7% pre- and post-

PVI respectively. Figure 6G. 

 

During phase IV, there was an overshoot of both MAP and HR at both time-points (P=0.4 & 

P=0.7, respectively) as presented in Table 6E.  

 

This, similar to our findings in Chapter 4, Valsalva responses were generally preserved in 

patients with AF, studied in sinus rhythm.
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Table 6E: Haemodynamic responses to Valsalva Pre & Post PVI 

 

 

 

 

 

 

 

 

Data±SEM. Differences between time points (pre- and post-PVI) are represented by P 

values in the adjacent column. MAP, Mean Arterial Pressure (mmHg); SBP, Systolic 

Blood Pressure (mmHg); DBP, Diastolic Blood Pressure (mmHg); HR, Heart rate (bpm). 

Valsalva phases were compared to corresponding baseline value prior to Valsalva and 

were expressed as percentage change. Between group comparisons for Valsalva for 

each autonomic phase: IILATE  – IIEARLY  or IVOVERSHOOT  – IVBASEL INE  were compared between 

time points (Pre vs Post-CV; P<0.05). 

 
Pre PVI (n=9) Post PVI (n=9) P Value 

Valsalva II IIEARLY IILATE IIEARLY IILATE 
MAP  94±8 120±14 94±5 118±10 0.6 
SBP 122±11 148±17 124±11 130±9 0.1 
DBP 86±8 105±12 86±5 103±10 0.99 
HR 73±5 85±5 83±5 91±5 0.2 
Valsalva IV IVBASELINE IVOVERSHOOT IVBASELINE IVOVERSHOOT  
MAP  88±6 125±11 92±6 123±7 0.4 
SBP 133±10 187±16 136±17 177±9 0.1 
DBP 68±5 89±9 72±6 90±5 0.8 
HR 58±3 69±5 72±3 82±3 0.7 
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Figure 6G: MAP & HR responses to Valsalva Pre & Post PVI 

 

Data±SEM. MAP, Mean Arterial Pressure (mmHg) & HR, Heart rate (bpm). Valsalva phases were compared to corresponding baseline 

value prior to Valsalva and were expressed as percentage change. Pre and post comparisons for Valsalva for Phase II (autonomic 

phase: IILATE  – IIEARLY; P<0.05).
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Lower Body Negative Pressure reflex  

During LBNP, MAP response was similar pre- (+1.0±4%) and post-PVI (-2.8±2%); P=0.3. 

HR increased similarly (P=0.3) pre- (16±7%) and post-PVI (7±2%). FBF response, was 

unchanged (P = 0.9), Figure 6H. FBF decreased pre-PVI (-16±18%) and post-PVI (-

21±10%). FVC also decreased pre-PVI (-18±17%) and post-PVI (-19±11%).  

 

At both time-points, this cohort had diminished responses compared to a reference group 

without AF, presented in Chapter 4.   
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Table 6F: Haemodynamic responses to LBNP Pre & Post PVI 

 

Data±SEM. Differences between the groups are represented by P values in the 

adjacent column. MAP, Mean Arterial Pressure (mmHg); SBP, Systolic Blood Pressure 

(mmHg); DBP, Diastolic Blood Pressure (mmHg); HR, Heart rate (bpm); FBF, Forearm 

Blood Flow (%/min); FVC, Forearm vascular conductance (100*FBF/MAP, arbitrary 

units). P<0.05.

 
Pre PVI (n=9) Post PVI (n=9) P Value 

LBNP Level 0 -20 -40 0 -20 -40 
MAP 89±5 90±6 90±7 93±5 92±5 91±5 0.3 
SBP  130±8 128±9 126±10 139±7 135±7 132±7 0.8 
DBP 69±5 72±4 73±5 71±4 72±5 73±5 0.4 
HR  58±5 59±4 66±3 67±3 69±3 71±3 0.3 
FBF 1.55±0.2 1.09±0.2 1.17±0.2 1.87±0.3 1.56±0.2 1.31±0.1 0.9 
FVC  1.77±0.3 1.24±0.2 1.30±0.3 2.08±0.4 1.73±0.2 1.46±0.2 0.99 
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Figure 6H: LBNP vasomotor (FBF) response pre vs post-PVI  

 

Data±SEM. Forearm Blood Flow (FBF) response to LBNP – 20mmHg and – 40 mmHg negative pressure. Expressed as percentage 

change. Pre and post CV comparisons; P<0.05.
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Discussion 

 

A cohort of 9 patients prospectively identified and selected from 18 candidates for PVI 

underwent clinical autonomic testing before and at least 6 months after a successful PVI 

procedure. Our principal findings were:  

1. There was a background level of autonomic remodelling, exhibited by diminished 

LBNP reflex response, seen in this cohort similar to the larger cohort of patients with 

AF studied in SR in Chapter 4 as well as the (separate) cohort, presented in Chapter 

3. 

2. PVI did not result in further disruption of any of the autonomic reflexes tested and it 

did not alter this background level of remodelling in terms of LBNP and IHR. 

Valsalva responses remained intact.   

3. Although there was a small increase in baseline HR, measured supine, post-PVI; this 

was not statistically significant.   

We performed three tests of cardiovascular autonomic function- which predominantly assess 

cardiovascular afferent or regulatory integrity: IHR, Valsalva manoeuvre and LBNP. LBNP 

(low-level) predominantly tests cardio-pulmonary reflexes from low-pressure (volume-

regulating) baroreceptors, Valsalva predominantly tests arterial high-pressure (blood-pressure 

regulating) baroreceptors and IHR, a muscle somato-sympathethic reflex is modulated by 

both types of baroreceptors. We have identified (Chapter 4) a severe deficit (dysfunction) of 

the low-pressure cardiopulmonary baroreflexes that ameliorate with restoration of sinus 

rhythm (Chapter 5). We have also shown that there is a diminished response to LBNP 

(cardiopulmonary baroreflexes) in patients with AF studied in sinus rhythm from two 
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separate cohorts (Chapter 3 and Chapter 4) and, indeed, this background level of autonomic 

remodelling is seen even within this cohort, however  neither of the autonomic reflexes that 

we have studied are altered by PVI in this study.  

 

The anatomic co-location of the triggering ectopic atrial beats in AF11 with autonomic 

afferent (cardiopulmonary, low-pressure, volume-regulating) baroreceptors,106, 108 which are 

predominantly responsible for the LBNP reflexes that we have studied;97 intracardiac 

neurons53 and ganglionated plexi136, 292 are all potentially affected either by the presence of 

AF (as we have previously shown) as well as by the effect of destruction of this tissue by 

PVI. Indeed, several studies have identified changes in the autonomic nervous system 

following ablation (rise in heart rate and accompanying changes in heart rate variability), 

regardless of the method of ablation performed and that these changes are associated with the 

success of the procedure.289, 291  

 

Specific autonomic ablation targets (such as targeting ganglionated plexi) through the 

recognition of complex fractionated atrial electrograms,35 stimulation to produce vagal effects 

such as sinus bradycardia, atrioventricular block, asystole or hypotension289 or anatomically 

choosing sites of ablation,223 when added to PVI are all associated with increased efficacy of 

the procedure in maintaining sinus rhythm. Indeed, there is inadvertent neuronal damage of 

such ganglionated plexi from PVI itself, owing to their close proximity with the pulmonary 

veins in the posterior left atrium, where it is postulated that perhaps procedural success in AF 

ablation may be partly attributable to damaging these neuronal collections in the atrium.136 

However, the mechanism surrounding this association is not clear. It is possible that there 

may be some direct link between such autonomic effects and successful outcomes, or, the 

alternate explanation is that changes in sinus rate (increases) as well as enhanced sympathetic 
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balance on sino-atrial control (estimated using spectral heart rate characteristics, or heart-rate 

variability),291, 293 are simply a marker of adequate ablation in these areas to produce 

bidirectional block into and from the pulmonary veins (which is the standard end point of 

PVI).  

 

The specific autonomic mechanism responsible for the initial “vagal” response - bradycardia, 

atrio-ventricular block, asystole or hypotension during ablation and ultimate tachycardia from 

vagal withdrawal (and unbalanced sympathetic activation) could be due to direct stimulation 

and then damage of the vagal efferent nerves that innervate the sinoatrial node and pass 

through the epicardial regions surrounding the pulmonary vein-atrial complex and indeed 

where they may converge in ganglia containing parasympathetic postganglionic neurons to 

the sino-atrial and atrioventricular nodes.141, 294  

 

Aside from the potential efferent mechanisms directly affecting sino-atrial node function, 

there are several afferent receptors that could cause similar effects. One such afferent 

receptor could be a sympathetic afferent terminal (forming a network of unmyelinated nerve 

endings, called C-fibres) that, when stimulated could heighten vagal activity by depressing 

baroreceptor function, but when destroyed, would result in increased sympathetic balance 

(and parasympathetic withdrawal) due to its positive feedback nature on sympathetic 

efferents and its inhibiting effect on parasympathetic efferent control of the heart.61, 78, 293, 295 

Such cardiac sympathetic afferent reflexes are also known as cardio-cardiac reflexes and 

represent an example of the hierarchical control of the autonomic nervous system of the 

heart.52 Alternatively, type B atrial receptors93 that respond to both decreases as well as 

increases in blood volume, and are postulated to be low-pressure volume-regulating 
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cardiopulmonary receptors93, 97, 108could be influenced by PVI. This, therefore, was the 

rationale behind our hypothesis in this study.  

 

LBNP serves to decrease blood volume and these atrial receptors93, 97, 108 whereas atrial filling 

(or distension, or perhaps mechanical pressure and then thermal injury from catheters used to 

ablate the atrial-pulmonary vein complex during PVI) could evoke opposite reflexes and 

would be expected to cause an impairment in the vasomotor LBNP response. In this study, 

we have not directly assessed the effect of catheter instrumentation in the heart, or on atrial 

distension, or mechanical pressure, on these reflex responses. We have sought to answer the 

question as to whether PVI, which can cause longer term changes in heart rate variability 

(and heightened sympathetic activity or withdrawal of parasympathetic effects on the sino-

atrial node)289, 291, 293 could also cause deficits in the LBNP response via effects on these 

volume-regulating low-pressure baroreceptors. As identified, physiologically as Type B 

Paintal receptors93, 103 and histologically as myelinated receptors with unmyelinated, 

arborised endings.106, 108  

 

In this small, single-centre cohort of 9 patients, who predominantly had Si-R-PVI, we have 

not identified any reflex deficit post-PVI with either IHR, Valsalva or LBNP reflexes. This 

study implies that prior findings of autonomic changes following PVI289, 291, 293 are not 

mediated by cardiopulmonary (Paintal Type B) volume-regulating low-pressure 

baroreceptors. Additionally, there does not appear to be any cardiovascular autonomic reflex 

deficit (of either baroreceptors, or of regulatory systems) attributable to PVI. In stark 

contrast, we have demonstrated changes in cardiac afferent reflex function due to the 

presence of AF, itself, and a background level of remodelling even in sinus rhythm, that PVI 

does not ameliorate. 
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Limitations 

 

There are several limitations to this study. First and fore-most, this was a small, single centre 

study where the predominating lesion set was Si-R-PVI. In choosing patients with a 

successful clinical outcome, we have mostly eliminated the possibility of an ineffectual 

ablation, however, this reduced our sample size. We had frequent follow-up, which included 

multi-day telemetry and clinical consultation. This was a requirement for inclusion in the 

final cohort. However, we accept that the absence of continuous monitoring with implantable 

devices is a limitation. We did not acutely measure autonomic function during PVI. This 

would have been difficult with the equipment required; however, we have not assessed heart 

rate variability during the procedure in this study, nor did we document any vagal effects 

during the case produced by ablation. Although this is a limitation, this does not influence our 

study results and conclusion. Further, whether or not there are acute baroreflex changes 

during PVI, which may suggest a role of cardiac sympathetic afferent reflexes61 in the initial 

vagal stimulation, followed by depressed parasympathetic function and heightened 

sympathetic tone seen in prior studies following PVI,289, 291, 293 has not been addressed in our 

study. Finally, we have focused on potential longer-term effects of PVI, rather than on 

transitory effects. 
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Concluding remarks 

 

Clinical implications 

These results are encouraging in that wide-antral PVI lesions are not associated with 

depressed autonomic reflex function. On the other hand, the background level of autonomic 

dysfunction seen in AF patients studied in sinus rhythm is not ameliorated after PVI alone 

and therefore, there is need to further understand the mechanisms behind these persisting 

abnormalities. First, to identify whether these abnormalities are indeed due to AF itself. 

Although. we have identified clear reflex dysfunction with LBNP during AF and we have 

observed reflex deficits in AF patients studied in sinus rhythm in two separate studies 

(cohorts) and so this would seem less likely. Next, we need to understand how these 

persisting reflex deficits in sinus rhythm contribute to AF pathophysiology in terms of 

progression of disease, development of clinical sequelae of AF (such as falls, orthostatic 

intolerance, cognitive impairment, and heart failure) and finally, we need to explore whether 

neuromodulatory treatments such as low-level tragus nerve stimulation38, 296 could influence 

such autonomic reflex abnormalities.  

 

Conclusion 

Cardiovascular reflex tests of afferent integrity, in particular, reflex responses to decreased 

cardiac volume, elicited by cardiopulmonary low-pressure baroreceptors (found in pulmonary 

vein-atrial junctions) are not altered by PVI. More work to assess specific lesion sets, or 

targeted ablation of ganglionated plexi, is needed to ensure absence of adverse autonomic 

remodelling due to catheter ablation for AF.   
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Chapter 7: Low-level Tragus Nerve Stimulation (LLTS) can reverse abnormalities of 

the cardiac volume-sensitive reflex due to Atrial Fibrillation: Impact of 

neuromodulation strategies  

 

Background 

 

The role of neuromodulatory therapies for the management of AF have long been 

contemplated52, especially given prior data demonstrating that efferent autonomic activity can 

trigger AF.23, 28 Specific potential neuromodulating techniques for the management of AF are 

undergoing clinical research, such as Low-Level Tragus Nerve Stimulation (LLTS)38, 277, 

ganglionated plexus ablation223, stellate ganglion blockade, renal denervation149 and 

epicardial botulism toxin injection.297-299 There are also some preclinical studies assessing the 

role of spinal cord stimulation and low level baroreceptor activation therapy.52 However, 

neither the precise mechanisms by which they exert their anti-arrhythmic effect, nor their 

precise effects on the autonomic nervous system are well known.  

 

We have proposed in Chapter 1 that there are multiple avenues, “roads” by which the 

autonomic nervous system can cause and be mediated in the management of risk factors for 

AF to alter its progression. Others also indicate that autonomic neuromodulation strategies 

are “inadvertently” performed pulmonary vein isolation procedures using catheter-based 

radiofrequency or cryotherapeutic techniques, particularly by damaging ganglionated plexi in 

the left atrium/pulmonary vein junctions of the heart.136 Thus, neuromodulation already 

occurs with multiple therapies that we employ as standard in the management of AF and may 

contribute to the success of each of these therapies.  
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LLTS is a relatively new technique with single centre, sham-controlled, double-blinded 

randomised data to suggest that it decreases AF burden in some individuals.38 By stimulating 

the tragus branches of the vagus nerve at low-levels, it is thought to exert its anti-arrhythmic 

effects by anti-adrenergic and inflammatory mechanisms.38, 277 What is most interesting is 

that in this study, TREAT-AF by Stavrakis et al.38 there was an effect that persisted beyond 

the stimulus and thus it is most likely that there are autonomic remodelling changes, that 

assist in the reduction of AF burden. The authors performed either sham (n=26) or treatment 

(n=27) using a transcutaneous nerve stimulator attached to a clip. Treatment (clip placed on 

the tragus of the ear); which is where nerve endings of the vagus nerve reside, can be 

stimulated painlessly in this way.277 Sham procedure stimulated the ear lobe which does not 

contain any vagal nerve endings.38 Treatment (tragus, cutaneous nerve activation using this 

transcutaneous electrical stimulator) was performed for 1 hour a day over a 6-month period. 

They found that AF burden (2-week electrocardiographic monitoring at baseline, 3 months, 

and 6 months) decreased by 85% in the active arm compared to placebo from baseline. Heart 

rate variability alterations as well as reduction in inflammatory markers were observed.38  

 

Markers that are associated with the structural substrate involved in AF development (P-wave 

alternans on electrocardiographic monitoring over 5-minute samples) seemed to predict the 

utility of LLTS, thereby adding to interplay between anatomic, substrate based remodelling 

and autonomic remodelling.296 P-wave alternans is a beat-to-beat variability of the 

morphology of the atrial “P” wave on electrocardiography.296 In an animal model of heart 

failure with preserved ejection fraction, LLTS was associated with attenuation of cardiac 

inflammation and fibrosis as well as improvements in diastolic function.300 In humans with 

heart failure and preserved ejection fraction, acute LLTS appears to improve 

echocardiographic left ventricular function parameters (global longitudinal strain) and thus, 
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the structural components of cardiac function appear very much to be intrinsically linked to 

autonomic function.301   

 

We have presented, for the first time, evidence of afferent or regulatory abnormalities in 

blood volume regulation in the presence of AF (Chapter 4), which are reversible after 

restoration of sinus rhythm (Chapter 5). This reversibility strongly implicates AF as a cause 

of this abnormality. Not only is there complete dysfunction during AF, we have also 

identified in two separate cohorts of patients with AF, persisting abnormalities of the volume-

regulating LBNP reflex even in-SR (Chapter 3 and Chapter 4). This suggests a background 

level of afferent or regulatory abnormality that could potentially underlie the progression of 

AF.6 We have furthered this by investigation by examining other reflexes such as the 

Valsalva manoeuvre and isometric sustained handgrip in order to assist localisation of such 

abnormalities to dysregulation of cardiopulmonary (low-pressure) baroreflexes initiated by 

Lower Body Negative Pressure (LBNP). Our work, together with the finding of these reflex 

abnormalities in cardiac structural diseases such as heart failure and hypertension with left 

ventricular hypertrophy,54, 55 suggests that a link between structural abnormalities that are 

involved with AF, such as heart failure, as well as structural enlargement of the left atrium, 

which on its own, is associated with the progression of AF.285  

 

The autonomic effects of LLTS are incompletely understood302 In this Chapter, we assess the 

effect of LLTS in the modulation of such abnormalities in reflex control of blood volume, as 

assessed by LBNP. In patients with AF, either in-AF or in-SR, we performed LLTS and 

acutely measured the autonomic effect of this on LBNP responses in these patients. We 

primarily utilised LLTS to determine whether its effect on vagus nerves upstream of the 

vasomotor nerves that elicit the motor component of the vasomotor (vasoconstriction effect) 
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of LBNP at the level of the blood vessels could potentiate the reflex, by passing the afferent 

volume information-gathering cardiopulmonary low-pressure baroreceptors found in the 

veno-atrial (pulmonary vein-left atrial junctions) of the heart97, 106, 108 and therefore provide 

assistance to us in the further localisation of the abnormalities that we have detected.  
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Methods 

 

Study population 

The study comprised consecutively enrolled patients referred to the Centre for Heart Rhythm 

Disorders with paroxysmal or persistent AF. The following were exclusions: amiodarone 

(preceding 6 months); active malignancy; symptomatic coronary artery disease; significant 

valvular disease; neurological disorders (Parkinson’s disease, autonomic disorders, 

neuropathy); prior ablations; other arrhythmias; inability to enter a lower body chamber (frail 

or >120kg); or inability to withhold anti-arrhythmic/anti-hypertensives.  

 

We studied AF patients in 2 groups: during sinus rhythm, SR (in-SR) or during AF (in-AF) 

according to their rhythm at the time of testing. Here, we examined autonomic reflexes 

before and after LLTS, in those who consented to additional same-day testing of LLTS after 

the main clinical autonomic reflex protocol.  

 

All participants provided written informed consent and the study was approved by the 

University of Adelaide human research ethics committee. This study was prospectively 

registered with the Australian New Zealand Clinical trials registry 

(ACTRN12619000186156).  

 

Patient preparation, LBNP reflex testing protocol & LLTS  

Patient preparation was identical to Chapter 4. In this study, we modified the LBNP testing 

protocol in Chapter 4, slightly. We attached a vagal nerve stimulator, using an electrode clip, 

to the right tragus (Parasym Health, London, United Kingdom). Similar to TREAT AF,38 we 

determined the pain threshold first by increasing the current (mA) on the vagal stimulator. 
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Then, we set the current 1mA below this using the following settings: 20Hz at 200µs for 1-

hour. LLTS was performed supine within the LBNP chamber at the end of the normal 

protocol, after which, we repeated LBNP at -40 mmHg only for 5 minutes, with the 

stimulator active during LBNP.  

 

Haemodynamic parameters, Systolic blood pressure (SBP); Diastolic pressure (DBP); Mean 

Arterial Pressure (MAP); Heart rate (HR) were measured continuously and collected before 

(baseline LLTS) and after LBNP at -40 mmHg. Venous occlusion plethysmography 

parameters such as Forearm blood flow (FBF) and derived Forearm vascular resistance 

(FVC) responses to LBNP were assessed in an identical manner to that described in Chapter 

4. 

 

Statistical analysis 

Continuous parameters were expressed as mean ± SEM. Categorical variables were 

expressed as frequencies and percentages and compared using Fishers exact test. Normality 

was checked and data compared using the students t-test or its non-parametric alternate. Data 

(pre vs. post) were compared using paired t-tests (normally distributed data) or Wilcoxon 

signed rank test (non-normally distributed data) as appropriate. Statistical analysis was 

performed using STATA 16 (StataCorp. 2019. Stata Statistical Software: Release 16. College 

Station, TX: StataCorp LLC) and GraphPad Prism (version 9.02, California, USA). Statistical 

significance was set at P < 0.05.  
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Results 

 

10 patients with either paroxysmal or persistent AF, studied in SR and n=5 in-AF participated 

in this study assessing the effect of LLTS on low-level LBNP (assessing low-pressure, 

volume-regulating cardiopulmonary baroreceptor reflex function).  

 

LLTS stimulation characteristics 

In the in-SR group, mean LLTS pain threshold was 19±1mA and stimulation threshold was 

18±1mA. In the in-AF group; mean LLTS pain threshold was 23±2mA and stimulation 

threshold was 22±2mA.  

 

LLTS stimulation effects on baseline haemodynamic parameters 

LLTS did not change resting HR in either in-SR (62±4.7 to 60±5.9bpm; P=0.2) or in-AF 

(95±7.4 to 94±5.3; P=0.7). Resting MAP after LLTS in-SR was higher (105±4.2mmHg, from 

90±4.6; P=0.003). In-AF MAP did not change (110±18.8 to 108±4.7 mmHg; P=0.9). In-SR, 

the small decrease in MAP following LBNP was not significant (-6±5%; P=0.4) and HR did 

not reach statistical significance (+11±6%; P=0.1).  

 

LLTS stimulation effects on LBNP 

In-AF neither MAP nor HR following LBNP were statistically significant (-7.6±3.9%; P=0.5 

and (-1.6±4.6%; P=0.75).  

 

The in-AF group (n=5) showed that the dysfunctional LBNP response to FBF improved 

substantially (-48.2±15%; P=0.04). Figure 7A 
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There was no significant change in LBNP LLTS FBF in-SR (-16.7±16%; P=0.9, n=10) in 

comparison to LBNP testing in-SR.
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Figure 7A: LBNP vasomotor (FBF) response pre vs post-LLTS in-AF  

 

Opt-in (repeated) studies in the in-AF and in-SR group. Forearm Blood Flow, FBF responses to LBNP after Low-level Tragus Nerve 

Stimulation (LLTS; N=5). LBNP vasoconstriction response to LBNP (negative FBF slope) returned after LLTS on the same-day and during 

AF. Results expressed as percentage difference (mean ± SEM). *P<0.05.
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Discussion 

 

In this study, we examined the effect of active LLTS performed for 1 hour using the same 

protocol as in the TREAT-AF study38 on LBNP reflexes in AF patients either in-AF or in-SR. 

Our principal findings are:  

1. LLTS performed during AF restores the dysfunctional LBNP reflex response 

observed during AF.  

2. However, an acute, single LLTS stimulus has no effect on the background level of 

autonomic remodelling seen in patients with AF studied in-SR. 

Tragus nerve stimulation bypasses the cardiac afferent nerves (inputs to central, midbrain, 

projections of the vagus nerve38 and sympathetic cervical ganglia303), therefore any effect on 

the abnormal reflex could assist in localizing the site of the abnormality (afferent-receptor or 

central versus efferent; peripheral vasomotor). The auricular branch of the vagus nerve has 

afferent endings in the tragus of the ear that can contribute to both vagal and sympathetic 

centres.302 In general, the effects of LLTS are likely grossly oversimplified302 and thus 

require further work. LLTS can augment cardiac function by modulating autonomic tone.300, 

301 and therefore, it could ameliorate abnormalities in the LBNP (volume-regulating reflexes) 

we have identified in prior Chapters. Indeed, in this study, we have demonstrated that LLTS 

has reversed the dysfunctional reflexes that we have observed in during AF. Although LLTS 

can affect efferent autonomic tone (either central, sympathetic, parasympathetic or both), 

there is no anatomic possibility that it could directly alter the afferent receptors that mediate 

the LBNP reflex (cardiopulmonary low-pressure volume-sensitive baroreceptors found in  
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veno-atrial junctions of the heart and co-located with the anatomic locations of ectopy 

triggering AF11). Thus, in the case of afferent or central abnormality, LLTS may improve 

reflexes whereas any deficit in the efferent limb of the LBNP reflex (peripheral 

vasoconstricting sympathetic efferents) would be unaffected. If there were no effect, then, 

this test would not be of any further assistance.  

 

LLTS effect on LBNP in-SR 

In our study, LLTS did not alter the diminished LBNP response in patients with AF studied 

in-SR. Interpretation of in-SR responses require careful consideration. There may be no 

effect on this background level of remodelling with LLTS. Alternatively, similar to the 

findings with P-wave amplitude with LLTS reported by others296, there may be differing 

acute vs chronic effects. LLTS is thought to exert its effects through multiple layers of 

cardiac neural control 52, 286. Therefore, whilst we have not demonstrated an effect in-SR, the 

stimulus may have been inadequate, and it is possible that chronic autonomic remodelling 

changes in patients with AF may require chronic (intermittent) LLTS. This has not been 

tested in this study and remains an interesting area to pursue in the future.  

 

LLTS effect on LBNP in-AF 

In this study, we were able to demonstrate reversal of the dysfunctional LBNP reflex 

response in patients with AF, during AF. This has several interesting implications. First, it 

extends our prior work to show that such reflex deficits from AF are reversible. Second, from 

a mechanistic point of view, reversal with LLTS in-AF modulates peripheral vasomotor 

function, demonstrating that it is downstream of the defect. As we have stated previously, 

there is no anatomic direct interaction of the auricular branch of the vagus nerve that is 

stimulated by LLTS with cardiac-level afferents, and, thus by modulating efferent 
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sympathetic outflow to peripheral blood vessels (vasoconstriction) during AF, it must mean 

that the abnormality in-AF must arise either from the afferents of the heart or their inputs into 

the central regulatory systems in the brain. If no effect of LLTS was seen (as in SR) it would 

not help us. However, what is clear is that LLTS bypasses cardiac afferents as it inputs 

directly into the midbrain. However, given that LLTS effects are incompletely understood; 

with central projections of the tragus nerve identified in not only vagal (midbrain) centers38 

but also in sympathetic ganglia,303 it cannot assist us in further.  

 

The auricular branch of the vagus nerve, which is what is stimulated by LLTS likely has 

effects both on sympathetic and parasympathetic nerve fibres en route to the brain, with 

functional MRI showing activity in vagal centres due to AF as well as the “hijacking” of 

sympathetic neurons which innervate the superior cervical plexus .302-304 Indeed, at rest, 

LLTS could in fact reduce sympathetic tone.305 This is converse to what we have found, 

however, there are likely differing effects at different levels of autonomic (and patient) 

activity. The effect of LLTS on cardiac reflexes has not been evaluated here and was not 

specifically intended in this study. However, in probing mechanisms- it implicates afferent 

abnormalities over efferent abnormalities in the abnormal LBNP in-AF response.  

 

Finally, these findings suggest the potential role of neuromodulation treatments, in modifying 

the autonomic pathophysiology that we have identified in-AF. Thus, although there is a great 

deal of work that is needed to support this hypothesis, we propose that aside from AF burden 

reduction in some individuals,38 LLTS could potentially reverse AF progression and possibly 

also the progression of the clinical sequelae of AF (heart failure and others identified in prior 

chapters) and is an important area to direct future research.  
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Limitations 

 

There are several limitations to this study. First, we did not include a reference group. 

Secondly, we did not test LLTS with IHR and Valsalva reflexes. Clearly opt-in numbers are 

lower, and this reflects the difficulty in performing such experiments in patient subjects, 

especially amidst a pandemic. Thus, despite clear differences in LLTS, interpretations are 

limited by low repeat sample sizes. Finally, in utilising LLTS to localise the site of the 

abnormality of LBNP reflexes in AF, it can only infer the likely locations, rather than 

providing actual evidence as to the neurologic location of the deficit.   
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Concluding remarks 

 

Clinical Implications  

This study provides evidence of afferent >efferent autonomic deficits in the regulatory reflex 

abnormalities that we have identified to changes in blood volume, elicited by LBNP. Thus, it 

adds data to the concept of afferent or regulatory autonomic abnormalities in mediating a 

mechanistic link between anatomic and structural remodelling. These could help us to further 

define the neuropathophysiology underling the progression of AF, atrial dilatation (structural 

remodelling) as well as the development of heart failure. The location as well as the 

reversibility of this with the neuromodulating technique will require further work, however it 

provides exciting possibilities that we can alter this disease process by altering neurobiology 

and offers a potential treatment target. Aside from modulating the nervous system, this 

finding adds to the concept of managing rhythm earlier in patients with AF to prevent its 

progression and/or the progression to clinically deleterious sequelae such as heart failure.  

 

Conclusion 

This study demonstrates that LLTS can reverse the dysfunctional cardiac volume-sensitive 

reflexes seen during AF. The potential location of the abnormality could lie at either the 

afferent (cardiac) or regulatory (central input level). 
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Chapter 8: Abnormal cardiac electrical remodelling in Postural Tachycardia Syndrome 

(POTS): more evidence of a link between cardiac autonomic & anatomic remodelling 

 

Background 

 

We have proposed an interplay between autonomic and anatomic remodelling in patients 

with AF (prior chapters). Here, we investigated whether Postural orthostatic tachycardia 

syndrome (POTS), a known autonomic disorder, conversely, is associated with cardiac 

structural abnormalities. 

 

Tachycardia with upright posture is a common symptom in individuals with POTS leading to 

their presentation to cardiologists.306 POTS is defined as an intolerance to standing 

characterized by a sustained increase in heart rate; by definition > 30 beats per minute (bpm) 

in adults and > 40 bpm in children (12 – 19 years of age) within 10 minutes of standing and 

without a significant (> 20 mmHg) decrease in systolic blood pressure.307 Symptoms of 

intolerance, which can often be quite debilitating; include palpitations, lightheadedness, 

cognitive impairment (or “brain fog”), headache, blurred vision, tremor, generalized 

weakness, exercise intolerance, decreased gastro-intestinal motility, fatigue and presyncope. 

Some of these symptoms occur as a consequence of tachycardia itself and others due to a 

number of proposed pathophysiologic mechanisms, such as generalized sympathetic 

activation and hypovolemia.306  

 

Despite the tachycardia, by which this condition is defined,307 the heart itself is thought to be 

structurally and functionally normal. However, others have shown reduced left ventricular 

mass and blood volume in individuals with POTS as compared to healthy controls, while 
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systemic autonomic function did not differ.308 The marked orthostatic tachycardia in POTS 

could be explained by compensatory physiologic response to a smaller stroke volume due to 

cardiac atrophy and hypovolemia; also described as a form of cardiac deconditioning.308-311 

Unfortunately, despite the prevailing role of cardiac deconditioning in POTS; treatment 

aimed at improving body volume either through direct intake or from exercise training 

regimens are only moderately effective.312 We hypothesized that the hemodynamic and 

circulatory challenges the heart is subjected to in POTS could result in abnormal cardiac 

remodelling. 
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Methods 

 

Patient identification 

We evaluated prospectively collected, de-identified 12-lead electrocardiogram (ECG) from 

n=25 patients with newly diagnosed POTS referred to the Centre for Heart Rhythm Disorders 

(confirmed with a 10-minute standing or tilt-table test) and taken before the initiation of b-

blocker or ivabradine; a hyperpolarization-activated cyclic nucleotide-gated channel blocker. 

We compared these to n=25 age-, sex- and body mass index-matched healthy controls to 

compare measures of electrical and autonomic remodelling. Controls were selected 

prospectively from those referred to the Centre for Heart Rhythm Disorders for cardiac 

evaluation, who did not have a history of POTS or diagnosed cardiac disorder. In order to 

minimize bias, we applied pre-specified criteria to obtain a random sample of control 

participants from those referred for evaluation of chest pain or general cardiac check-up, and 

without symptoms of syncope, structural heart disease on echocardiogram, heart rhythm 

disorder, conduction abnormalities (including bundle branch block) or cardiac risk factors. In 

those referred for chest pain evaluation, both atypical symptoms on clinical review as well as 

negative findings (either anatomic testing to assess coronary artery placque or functional 

testing through stress testing) were requisite. To produce matching, consecutive controls were 

matched on a 1:1 basis for age, gender as well as body mass index to a POTS participant. 

Patients and controls were not on any cardiovascular medications at the time of ECG 

acquisition. This was to limit the possible effect of medications on cardiac remodelling 

(particularly b-blockers and ivabradine). This study was approved by the institutional human 

research ethics committee.  
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Electrocardiogram analysis  

All digitized 12-lead ECGs (25mm/sec paper speed and 10mm/mV) were de-identified and 

confirmed as normal sinus rhythm tracings. These were analyzed by blinded investigators using 

an electronic caliper (DigitizeIt v2.2.2; Braunschweig, Germany) to determine heart rate and 

PR interval in Lead II. P-wave duration (P-wave onset to isoelectric line return) and RT 

duration (R-wave peak to T-wave end) were measured in each lead. Both P-wave dispersion 

(PWD) and RT dispersion (RTD), markers of atrial and ventricular conduction delays, were 

calculated by subtracting the minimum from the maximum of the respective measurements.313, 

314 The peak of the R-wave was used as this is more easily identifiable; and reproducible then 

the Q-wave (QT interval). P-wave amplitude (PWA) and TPEAK-TEND (T-wave peak to iso-

electric line return) were determined from lead II, to estimate cardiac autonomic tone.314, 315 

The effect of exercise on sympathetic augmentation and vagal withdrawal is well accepted.316 

Therefore, we also examined cardiac electrical markers which are sensitive to sympathetic 

stimulation (PWA and TPEAK-TEND)315, 317 at peak exercise, where available. ECG analysis is 

depicted in Figure 8A. 
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Figure 8A: Electrocardiogram analysis of 12-lead ECG  

 

Analysis parameters taken from 12-lead ECG. P wave and R wave duration calculated from all (available) leads. PWA; P wave 

amplitude, RT duration and TPEAK-TEND  taken from lead II. 

Figure 1
ECG measurement schematic
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Statistical Analysis  

Statistical analysis was performed using GraphPad Prism (version 8.3.0, California, USA). 

Continuous patient variables were expressed as mean ± SD or median (range) according to data 

distribution. Categorical variables were expressed as frequencies and percentages and were 

compared using the c2 test or Fisher’s exact test as appropriate. Comparisons for continuous 

data were made using the Students t-test. Statistical significance was set at P<0.05.  
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Results 

 

Baseline patient characteristics are presented in Table 8A. The mean age of the POTS group 

was 23±11 years with a predominance of females (n = 20; 80%). The mean BMI was 24±6 

kg/m2. The median time from first symptom onset to ECG capture was 12 months. Preceding 

viral illness and chronic fatigue syndrome were the most frequently associated features. The 

control group (n=25); were adequately age-, sex- and BMI-matched; (23±10 years, p=0.9; 

n=20 female, p=0.99 and BMI 23±4 kg/m2, p=0.7). Compared to controls, individuals with 

POTS have higher resting heart rate (78±12 vs. 70±10 bpm, p=0.009) and smaller left atrial 

volume (19±4 vs. 24±1 mL/m2, p=0.001). Individuals in both groups have normal left 

ventricular ejection fraction and interventricular septal thickness.
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Table 8A: Baseline characteristics of the POTS and control cohorts  

 POTS 
(n=25) 

Controls 
(n=25) 

P value 
 

Age (years) 23 ± 11 23 ± 10 0.9 
Female gender, n (%) 20 (80%) 20 (80%) 0.99 
Body mass index, (kg/m2) 24 ± 6 23 ± 4 0.7 
Resting heart rate (bpm) 78 ± 12 70 ± 10 0.009* 
Symptom onset to ECG capture (months) 12 (1-300) - - 
POTS co-morbidities 
Joint hypermobility/Ehlers Danlos syndrome 2 - - 
Chronic Fatigue Syndrome 5 - - 
Migraines/headaches 3   
Preceding viral illness 5 - - 
Anxiety/depression  4 - - 
Echocardiographic parameters 
Indexed left atrial volume (mL/m2) 19 ± 4 24 ± 1 0.001* 
Left ventricular ejection fraction (%) 66 ± 5 65 ± 5 0.3 
Interventricular septal thickness (cm) 0.8 ± 0.1 0.8 ± 0.1 0.6 

 

Values are mean±SD or median (range)s or n (%); p<0.05 for *between group 

differences.
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Individuals with POTS have greater conduction delays in both the atria (PWD: 48±16 vs. 

39±12 ms, p=0.03) and ventricles (RTD:  69±24 vs. 53±20 ms, p=0.02) as compared to 

controls. Baseline TPEAK-TEND and PWA did not differ between groups (Table 8B). From the 

peak exercise ECGs available (n=6 per group) at similar metabolic equivalents (p=0.95), 

maximum HR (p=0.4) and PR interval shortening (p=0.2) did not differ between groups. 

PWA increased from baseline in controls but not in patients with POTS (Controls: 

+0.10±0.06 mV, p=0.01; POTS: +0.02±0.06 mV, p=0.4), although between group comparison 

did not reach statistical significance (p=0.08). TPEAK-TEND response was seen in both groups 

but more attenuated in the POTS group at peak exercise (p=0.04).
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Table 8B: Electrocardiographic parameters of anatomic (structural) and autonomic 

remodelling 

 

ECG parameters 
 

POTS 
(n=25) 

Controls 
(n=25) 

P value 
 

Resting parameters 
RR (ms)  785 ± 113 860 ± 128 0.03* 
PR (ms) 150 ± 19 146 ± 21 0.5 
QRS duration (ms) 82 ± 12 78 ± 15 0.29 
QT interval in Lead II (ms)  323 ± 24 323 ± 20 0.98 
P wave Dispersion (ms) 48 ± 16 39 ± 12 0.03* 
RT Dispersion (ms) 69 ± 24 53 ± 20 0.02* 
TPEAK-TEND (ms) 76 ± 13 70 ± 10 0.07 
PWA (mV) 0.14 ± 0.05 0.14 ± 0.04 0.9 
Response to exercise   (n = 6) (n = 6)  
Exercise capacity (METs) 10.9 ± 1.4 10.8 ± 2.5 0.95 
∆ Heart rate (bpm) + 75 ± 25† + 89 ± 27† 0.4 
∆ PR interval (ms) - 23 ± 22† - 41 ± 26† 0.2 
∆ TPEAK-TEND (ms) - 20 ± 12† - 33 ± 6† 0.04* 
∆ PWA (mV) + 0.02 ± 0.06NS + 0.10 ± 0.06† 0.08 

 

Values are mean±SD; p<0.05 for †within group differences and *between group 

differences. NS = Not statistically significant; METs = Metabolic Equivalents.
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Discussion 

 

The principal findings of this study are that individuals with POTS, when compared to age-, 

sex- and BMI-matched healthy controls, demonstrate: (i) significant atrial and ventricular 

electrical conduction delay (higher PWD and RTD) despite smaller left atrial size; (ii) an 

absence of heightened cardiac sympathetic tone (comparable TPEAK-TEND and PWA) despite 

elevated resting heart rate; and (iii) an attenuated cardiac sympathetic response during peak 

exercise (lower ∆ TPEAK-TEND). Notably, the PWD seen in individuals with POTS are well 

above the described normal limits.313 Taken together, the abnormal cardiac remodelling and 

intrinsic cardiac autonomic changes point to involvement of the heart in POTS 

pathophysiology. 

 

Our findings further extend previous observations pertaining to the cardiac origins of POTS 

with reduced left ventricular mass and hypovolemia underpinning a smaller stroke volume 

and resultant compensatory orthostatic tachycardia in the absence of autonomic nervous 

system dysfunction.308, 318 Hemodynamic assessment using a technique to decrease central 

venous return (lower body negative pressure) in patients with POTS demonstrated both 

normal cardiac afferent as well as systemic vasomotor responses.318 Here, we demonstrate,  

first, that there is reduction of left atrial volume in POTS individuals; consistent with cardiac 

MRI findings of lower cardiac volume.308 Second, we have identified for the first time, 

evidence of abnormal atrial electrical remodelling reflected by increased PWD (beyond 

normal limits) in individuals with POTS.313 Increased PWD signifies both conduction 

slowing and heterogeneity in the atria319 which are not expected in the young patient group 

devoid of co-existing cardiac risk factors, especially given their smaller atrial dimensions. 

These electrophysiologic changes reflect poor cellular coupling and have been linked to 
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inflammation and fibrosis due to risk factors such as senescent, obesity and diabetes mellitus 

and hypertension, as well as cardiovascular conditions such as cardiac failure, myocardial 

ischemia, and atrial fibrillation.13, 170, 313, 319, 320  

 

Third, in addition to features of atrial remodelling in POTS; we have shown an increased 

RTD, or heterogeneity in ventricular repolarization in the POTS group, which is suggestive 

of either, or both, abnormal underlying ventricular structural remodelling and cardiac 

autonomic tone.314 The spatial dispersion of the QT interval is more complex to interpret than 

PWD. Whilst studies show that this electrical abnormality of ventricular repolarization can be 

due to structural remodelling from heart failure as a result of patchy fibrosis and correlated 

with the degree of left ventricular dysfunction,321-323 it may also be normal in some patients 

with heart failure in whom it appears to portend risk of ventricular arrythmia and sudden 

death.322, 323 Thus, it may also be a marker of autonomic dysfunction.324 In our study, TPEAK-

TEND and PWA were not heightened in individuals with POTS, and were attenuated in 

response to exercise, indicative of intrinsic cardiac sympathetic abnormalities. Both of these 

markers have been shown to increase with sympathetic stimulation.314, 315 In our POTS 

cohort, there is an incongruence between the elevated resting heart rate; often associated with 

increased adrenergic state314 and the absence of changes in resting cardiac autonomic tone. 

This could be explained by differences in the modulation of heart rate and TPEAK-TEND; where 

the former can be affected by both, increases in circulating catecholamine and efferent 

cardiac sympathetic nerves, and the latter is modified by efferent input to the heart from the 

sympathetic (stellate) ganglia alone.314 Moreover, in our study, the POTS cohort had a 

normal heart rate response to exercise; whereas there were differences in PWA and TPEAK-

TEND; indicating abnormalities in intrinsic cardiac sympathetic tone. Therefore, these findings 

suggest that heart rate increases in POTS may occur due to hypovolemia and cardiac 
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deconditioning, however co-existing intrinsic cardiac sympathetic abnormalities may be 

secondary to cardiac remodelling.
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Limitations 

 

This work is limited by the non-invasive ECG analysis of electrical and cardiac autonomic 

remodelling; although there has never been any prior attempt to assess cardiac remodelling in 

POTS. Given the constraints of the current evidence – it would not be ethically feasible to 

conduct invasive electrophysiologic mapping or histology based on cardiac biopsy. The 

limited number of stress ECG available in our study is also a limitation; as the true difference 

between the groups; particularly with respect to PWA may be underestimated. However, our 

blinded analysis of ECGs with stringent criteria applied to both patient and ECG selection; 

together with a control group matched for age, sex and BMI is a strength. Finally, our study 

cannot distinguish cause from effect with respect to cardiac remodelling in the 

pathophysiology of POTS. Further work is needed to better characterize these changes and to 

assess whether treatments that reverse cardiac remodelling offer better outcomes.  
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Concluding remarks 

 

Clinical implications 

This study adds to the concept that there may exist an interplay between disorders of the 

autonomic nervous system (such as in cardiac dysautonomia) and anatomic disorders 

(remodelling) found in conditions (arrhythmias) such as AF. This study is preliminary only 

and serves to substantiate further work. First to invasively assess cardiac structure and 

function in POTS and secondly, to explore the potential links between autonomic 

remodelling and structural remodelling in AF and other cardiac arrhythmias and 

dysautonomia’s 

 

Conclusion 

This study presents novel evidence implicating the heart in POTS pathophysiology with 

findings of abnormal cardiac electrical remodelling and intrinsic cardiac autonomic changes. 

Our findings call for further investigation of cardiac electrical remodelling and sympathetic 

activity in POTS.   
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Chapter 9: Conclusions & Future direction  

 

 

In this thesis we have presented data that examines another facet of the autonomic nervous 

system and its relationship with AF; that of cardiovascular afferent or regulatory function, 

where prior work has focussed on the effect of modulating the efferent arm of the autonomic 

nervous system in alterations of atrial electrophysiology that trigger AF.    

 

The role of the Autonomic nervous system (ANS) historically, has been consigned mostly to 

the effect of the efferent arms; that of the sympathetic and parasympathetic efferent nerves to 

the heart.23, 28 These prior works clearly demonstrate that both arms of the ANS can produce 

AF. Sympathetic activity results in enhanced automaticity of atrial myocytes, early and 

delayed after depolarisations due to calcium overload and ryanodine receptor changes, from 

adrenergic effects on ß-adrenoreceptors and L-type calcium channels. Parasympathetic tone 

can produce heterogeneity in atrial refractoriness, produced by variable shortening of the 

atrial effective refractory period by increasing the activity of IKACh (acetyl-choline receptor 

mediated inward rectifying potassium channel) and thus creating autonomic substrate 

vulnerable for AF. The combined contribution of both sympathetic and parasympathetic arms 

appears to be important in the development of AF. Thus, these data further highlight that 

efferent activity of both “sympathies” can trigger AF, either alone or together, in some 

combination. However, these mechanisms suggest that the efferent limb of the ANS plays a 

more prominent role in the triggering of AF11 early in the disease course and later, there are 

other factors that occur due to the development of atrial substrate, which, are either induced 

by AF itself, occur due to modifiable risk factors of AF (such obesity,8, 9 alcohol,183 amongst 
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others7), or occur due to non-modifiable causes (such as age, gender or genetic factors).12 

These factors seem to play a more relevant role as AF progresses to more permanent forms. 

What is not clear, is whether, the ANS plays a role in the progression of AF. Indeed, as we 

present in Chapter 1, seminal work,24, 25 which showed the role that AF plays in its self-

maintenance, failed to identify efferent autonomic mechanisms (blockade of the sympathetic 

and parasympathetic nervous input to the heart) as a potential contributor.  

 

Nevertheless, AF itself can provoke changes in the autonomic nervous system. First, through 

changes in atrial innervation211, 220, 221, 225 and second, the irregularity of AF itself produces a 

rise in efferent sympathetic activity at rest.82 As we summarise in Chapter 1, there are clinical 

autonomic imbalances that predict the future incidence of AF31 and, also, appear to result 

from AF.31, 226 Thus, there is very likely a bidirectional relationship between AF and the 

ANS. A strand of evidence to support the role of the ANS in the maintenance or progression 

of AF come from a curious observation from TREAT-AF.38 This new neuro-modulation 

treatment study, whereby Low-level Tragus Nerve Stimulation (LLTS) appears to reduce the 

burden of AF in some individuals at 6 months follow-up, demonstrated a reduction that 

persisted well beyond the stimulus (which was only applied for an hour per day). Thus, we 

propose that there are factors other than the efferent autonomic innervation to the heart that 

are at play in the maintenance and progression of AF.  

 

Herein, we summarise our work, consisting of a review-of-concepts, a systematic review and 

metanalysis as well as several clinical research studies that explore the function of the 

afferent or regulatory arm of the ANS in the presence of AF. We also examine the effect of 

catheter ablation of AF; whereby destruction of pulmonary vein-atrial tissue could potentially 
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result in destruction of co-located afferent volume-regulating low-pressure baroreceptors.106, 

108  

1. In Chapter 1, we present our review31 showing that there is considerable evidence to 

support the concept that a number of risk factors themselves result in shifts in 

autonomic function. Specifically, a sympathetic shift (and parasympathetic 

withdrawal) occurs and is quite similar with the shift that occurs due to AF itself. 

Thus, we propose that risk factors may promote the risk of AF via the ANS. Put 

another way, the ANS may represent the “road” that leads to AF.31  

2. In Chapter 2, we performed a systematic review and meta-analysis. Here we pooled 

data to show that AF is an independent risk factor for falls, syncope and AF, in older 

adults.226 One study showed that persistent AF was associated with orthostatic 

intolerance in older adults.250 Although, there are a number of potential reasons 

underlying this association and, it is true, also, that association cannot necessarily 

imply causation, given that orthostatic intolerance can predict onset of future 

incidence of AF, autonomic dysfunction may indeed play a role in this. Especially, if 

AF were associated with abnormalities of afferent or regulatory function of blood 

pressure and volume. Others have shown abnormalities of arterial (high-pressure) 

baroreflex sensitivity and have attributed this to the presence of AF.203 What is not 

known is, whether autonomic afferent dysfunction could compound this risk in older 

adults.   

3. In Chapter 3 we performed a pilot study. Here, we assessed whether patients with 

highly symptomatic AF, studied in sinus rhythm, SR, have an abnormal reflex 

response to Lower Body Negative Pressure (LBNP) compared to an age and sex 
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matched healthy reference group. LBNP decreases atrial volume, and induces reflex 

vasoconstriction, maintaining blood pressure and volume. At low-levels of negative 

pressure, this technique predominantly tests volume-regulating low-pressure 

baroreceptors. We identified, for the first time, that such patients have diminished 

reflex responses even in SR.175 On its own, these study findings could occur due to a 

background variable (such as a risk factor for AF) in these patients, although, we were 

careful to exclude known causes of autonomic dysfunction, including diabetes 

mellitus.  

4. In Chapter 4, we designed and conducted a study evaluating several cardiovascular 

autonomic reflexes in patients with AF, either during AF or during SR and compared 

their responses to an age and sex-matched reference group of participants where, 

cardiovascular risk factors were permissible. We were also able to match for risk 

factors. Testing cardiovascular reflexes in the presence of AF is challenging, 

however, we utilised continuous beat-beat haemodynamic monitoring and venous 

occlusion plethysmography to evaluate cardiovascular reflexes. We evaluated low-

pressure volume regulating using LBNP, high-pressure, blood pressure regulating 

arterial baroreceptors using Valsalva and both types of baroreflexes using Isometric 

handgrip reflex, IHR. We identified that the presence of AF did not alter Valsalva 

reflexes and thus, arterial baroreflex function is grossly normal in AF. IHR was 

diminished in-AF compared to in-SR and LBNP showed the most significant 

abnormality. Indeed, in-AF, LBNP reflex was quite dysfunctional (there was no 

apparent vasomotor response, and perhaps, there was paradoxical vasodilation). In 

other circumstances, this would occur in late stages of LBNP, or during severe 

haemorrhagic shock, prior to syncope.96  This study, with a separate cohort of patients 

examined, in-SR, exhibited similar findings to the cohort presented in Chapter 3. 
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There were diminished responses to LBNP in-SR compared to the age-sex and risk 

factor matched reference group. These findings, as discussed Chapter 4, mirror those 

found in patients with heart failure, after cardiac transplantation (de-afferentation) and 

in those with severe left ventricular hypertrophy. The assessment of all these reflex 

tests, with varied effects on baroreceptor sub-types, assisted us in the localisation of 

autonomic abnormalities to those of the low-pressure volume-regulating 

baroreceptors and likely to the afferent, receptor or central (input, or regulatory) limbs 

of the reflex, given that there were differential effects. We were able to add to this 

localisation attempt in subsequent chapters.   

5. In Chapter 5 we explored the effect of restoring SR (cardioversion). We found that the 

LBNP response in those patients undergoing cardioversion substantially improved (to 

in-SR levels). Thus, there is a background level of autonomic remodelling in SR, 

however, through this study design we were able to demonstrate that a. the 

dysfunctional LBNP response seen in the in-AF group in Chapter 4 is indeed to the 

presence of AF and b. there is reversibility of this reflex with rhythm management.  

6. In Chapter 6 we explored the hypothesis that catheter ablation for AF (Pulmonary 

vein isolation, PVI) would further disrupt cardiac afferents responsive to changes in 

blood volume (low-pressure baroreceptors) found in the veno-atrial junctions of the 

heart. We found that PVI had no effect on the already diminished response to LBNP 

and, there was also no effect on the other autonomic reflex tested.  

7. In Chapter 7 we utilised a novel neuromodulating technique (LLTS, low-level vagal 

nerve stimulation) which has been shown to reduce burden of AF in some 

individuals.38 We were able to demonstrate that stimulating the tragus for 1 hour and 

then repeating LBNP, acutely reversed the dysfunctional response to LBNP. This 

adds great strength to the localisation of the abnormality to the afferent/regulatory 
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limb (receptors in the heart or in the neuronal circuitry centrally) of the LBNP reflex. 

Peripheral vasomotor tone increased with LBNP after LLTS and thus would be 

expected to be normal. Thus, even this experiment has shown a reversibility of this 

reflex (providing strong evidence against measurement error in AF in Chapter 4) and 

also suggesting the potential role of neuromodulation treatments, potentially as a 

reversal of the pathophysiology of AF progression and possibly also the progression 

of the clinical sequelae of AF and is an important area to direct future research.  

8. Thus, we have shown that patients with AF have loss of homeostasis (blood-volume 

dysregulation) which has implications in terms of a possible mechanism for the 

progression of AF. Atrial dilatation is associated with AF progression285 and we 

propose an intersect between autonomic and anatomic remodelling (atrial dilatation), 

whereby dysregulation in volume handling (autonomic remodelling), over time, could 

potentially result in anatomic structural changes that support permanent AF.AF has 

several sequelae, such as falls, syncope, cognitive impairment, and heart failure, 

which may also be due to these autonomic abnormalities of reflex control of blood 

volume and each of these associations warrants further work to elucidate mechanisms 

and identify treatments to delay or prevent each of these sequelae. Intriguingly, heart 

failure has been also shown to have abnormalities in the LBNP reflex55 and thus, 

supports the concept of a shared mechanism to explain this as a sequela in AF as well.    

9. In Chapter 8 we tested this proposed interplay between anatomic and autonomic 

remodelling in Postural tachycardia syndrome (POTS), a known dysautonomia, where 

the heart is thought to be structurally normal (not implicated in pathophysiology). We 

present evidence of abnormal cardiac (structural) remodelling, utilising 

electrocardiogram markers associated with arrhythmia, including AF). Thus, in a 

known autonomic cardiac disorder (heart rate increase on changes in posture), 
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conversely, there is evidence linking autonomic with anatomic remodelling. This 

study is to be viewed simply as conceptual in nature and was not designed to establish 

this proposed concept. This study simply adds contextual framework in which to plan 

further work in this area.  

The main message from our study findings is that the presence of AF is associated with 

severe abnormalities in the blood-volume regulating reflex. These patients exhibit an overall 

preservation in their ability to acutely regulate blood pressure; however, this study was not 

designed to assess subtle changes in baroreflex sensitivity. There is convincing evidence of a 

background level of remodelling in patients with AF (i.e. studied in sinus rhythm); with our 

observations upheld whether or not the reference group were a completely healthy age and 

sex-matched cohort (as in Chapter 3) or a risk factor matched reference group (also matched 

for age and sex, in Chapter 4). Deficiencies in-AF are reversible with restoration of rhythm, 

to the background level of remodelling. Intriguingly, LLTS can also reverse these changes, 

and this is an exciting prospect, for neuromodulation as a treatment target in AF. 

 

There are several avenues, from this body of work, that require further exploration. Indeed, 

as, we have presented in Chapter 1, there is great need to further delineate cardiopulmonary 

baroreflex control in normal individuals as well as those in AF, from a mechanistic point of 

view. Investigation into the basic physiology of these receptors requires revival, in the 

modern era, with newer sophisticated techniques to identify and study the ANS. LBNP is a 

well-established physiological technique96 – but more is needed to further refine the anatomy 

of this reflex and the exact structure and function of the receptors that are stimulated by this 

technique. Especially interesting is that our findings in AF are similar to those conducted in 
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heart failure.108 The pulmonary vein-atrial junction is a complex muscular sleeve325 that has 

both anatomic substrate for arrhythmia from muscular discontinuities and acute fibre re-

orientation as well as a rich plexus of autonomic nerves. Thus, there is very likely an intersect 

in the structure (anatomy) of this area as well as the autonomic function in the development 

of AF. From a mechanical point of view, these sleeves may form a “throttle” regulation of the 

left atrium as a reservoir.326 Therefore, our findings, of loss of volume-regulating homeostatic 

feedback mechanism, in the context of the structure and purpose of the pulmonary vein 

sleeves in regulating the left atrial reservoir raises the potential link between anatomic and 

structural remodelling we have discussed in Chapter 4. This link requires careful exploration. 

First, it may explain the progressive atrial dilatation and progression of AF285 and second, it 

could explain the association of AF with heart failure.229  

 

To this end, experiments in animal models that explore the direct electrophysiologic 

activation of cardiopulmonary low-pressure baroreceptors in the context of lower body 

sequestration of blood, similar the experiments performed during haemorrhage in animals,93 

is required. Similar to prior studies in which AF was induced acutely and cardiopulmonary 

baroreceptor activity studied from carefully dissected slips of the vagus nerve,109 further 

evaluation of both acute AF and chronic AF requires similar study, The effect of a variety of 

cardiovascular stimuli (intra-atrial or intra-pulmonary vein balloon distension,99, 327, 328 

haemorrhage, both hypotensive and non-hypotensive93, 329) require careful evaluation in the 

presence of AF. In essence, a variety of these historic experiments need to be recapitulated in 

animal models of AF.  

 

Low-pressure cardiopulmonary receptor stimulation decreases antidiuretic hormone release 

(resulting in diuresis). We have shown dysfunction during AF (and diminished function in 
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patients with AF in SR)- this represents a mechanism by which blood volume dysregulation 

may occur.58 Conversely, historical studies showed that acutely inducing AF seems to 

stimulate receptor activity (measured from slips of the vagus nerve,109 known to be activated 

by the atrial receptors). This was thought to represent the reflex diuresis seen in AF patients. 

109 This finding is not in keeping what we have shown with LBNP; where one would not 

expect receptor activity, however, there may be differential effects in animal models vs 

humans.330 Further, another difference is that in this historical study, acute AF rather than 

established AF is being evaluated. It is possible that AF may initially potentiate and then, 

over time, result in receptor function loss. All of this, together with the effect of maintained 

or chronic AF needs to be re-evaluated given our work.  

 

Indeed, we were only interested in the short term (acute neurodynamic effects of LBNP on 

vasomotor function) whereas LBNP, is more versatile than this, and several other effects can 

be investigated. Longer levels of LBNP (in keeping with the presumed effects of deactivation 

of atrial low-pressure volume-regulating receptors) induces increases in antidiuretic hormone 

as well as plasma renin.110 These occur without changes in mean arterial pressure. Thus, 

LBNP can be capitalised much further in the evaluation of neurohormonal effects of AF. 

Another advantage of LBNP in clinical AF research, aside from non-invasive assessment in 

humans rather than AF models, is the ability to measure autonomic reflexes awake, without 

the interference of anaesthetic agents, nor the requirement for open-chested preparations, 

which decidedly limit the use of animal models in the assessment of such reflexes.  

 

We have identified that AF is independently associated with the risks of orthostatic 

intolerance, falls and syncope.226 Whilst younger patients with chronic AF are less likely 

affected from low-pressure baroreflex deficits, in older patients, who also have arterial 
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baroreflex deficiencies,331 AF could potentiate these clinical problems. There is also 

compelling evidence to support an independent role of AF in causing cognitive decline and 

dementia.228 Further AF, is associated with decreases in cerebral blood flow.227 LBNP is a 

useful test in the autonomic modulation (autoregulation) of cerebral blood flow; where it 

incites decreases in cerebral blood flow and pulsatility at higher levels of LBNP.96 Therefore, 

higher levels of LBNP, together with cerebral blood flow measurements could reveal 

differences in the autonomic regulation of blood volume, which are known to be decreased in 

AF227 and thus possibly identify a mechanism by which this occurs in patients with AF. In 

other words, low-pressure baroreceptor reflexes may also play a role in the development of 

dementia and cognitive decline, where a clear mechanism has not been thus far identified. If 

true, this would be of great interest and indeed, would have important clinical ramifications.  

 

In our work, in-AF, we have found an almost paradoxical vasodilatation in AF. This is of 

great interest and will require further elucidation. At low-levels of LBNP – cardiopulmonary 

receptors predominate in the vasomotor response to LBNP. Typically, with either progressive 

haemorrhage332 or with higher levels of LBNP – there is a period (pre-syncope) where 

vasodilatation occurs in response to decreased blood volume.96 This is the first phase of the 

presyncopal response – but before symptoms occur (MAP decreases but is somewhat 

maintained >80mmHg and thus cerebral perfusion is somewhat maintained).333 Whilst the 

effect described above occurred due to haemorrhage or significant negative pressure-

simulating >>1L haemorrhage (where even arterial baroreceptors are at their limits of 

compensation); the mechanism behind vasomotor tone (or absence of it) is interesting in  that 

it may infact be largely due to the offloading of cardiopulmonary>arterial baroceptors. The 

specific physiologic mechanism behind the vasodilatation in haemorrhage (with intact 

receptor function) has not been elucidated and is beyond the scope of our work. 
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The role of neuromodulation as a treatment strategy is a novel and exciting area of clinical 

AF research. TREAT-AF38 is the first promising randomised clinical trial assessing a non-

invasive treatment (LLTS) in the management of AF burden. Whilst the response was not 

universal, there may be autonomic markers that can predict successful outcome.296 

Intriguingly, in our work, we have shown reversibility of dysfunctional cardiopulmonary 

low-pressure baroreflexes in AF and thus, LLTS may pose additional benefits in AF patients, 

if this amelioration proves to remain in larger clinical studies specifically examining this. It 

may confer effects in reduction in the development of heart failure, cognitive decline, falls 

and syncope, which we have discussed above. All these potential effects warrant further 

consideration. It is especially important to note that in the presence of AF, ß-blockade is not 

associated with improved mortality.34 Thus, whether LLTS, or other neuromodulation 

strategies could confer such benefits, over ß-blockade, in patients with chronic AF, could 

represent an exciting further avenue to explore.  

 

Finally, the background remodelling we have identified in AF patients studied in-SR requires 

further work. Specially to identify what the mechanism might be and what treatments could 

work to reverse these diminished reflexes. In our efforts, we have not found that PVI to 

maintain SR has any appreciable impact on ameliorating these reflexes and what is needed is 

to understand the effect of the burden of AF, which we have not done in this study. 

Additionally, how risk factors for AF might impact on these reflexes may also be of 

importance. Any impact on cardiovascular disease that this background level of autonomic 

afferent remodelling has also needs to be carefully elucidated.  
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Thus, in our work, we demonstrate the possibility of a new scientific avenue into potentially 

responsible mechanisms for both AF progression as well as some of the attached clinical 

sequelae. Future direction of research in this arena needs to include a thorough mechanistic 

understanding of the implications of these abnormalities in the LBNP reflex in the presence 

of AF, an understanding of the contribution of AF burden to the underlying autonomic 

remodelling that we have seen in-SR and finally we need to explore each of the clinical 

sequelae of AF we have discussed previously; orthostatic intolerance, falls, syncope, heart 

failure in terms of the potential autonomic contributors to these associations.
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Appendix 

 

Editorial commentary of our work 

Editorial commentary on our published work (already in print or planned at the time of 

submission of this thesis): 

1. Hu T, Noheria A, Asirvatham SJ. Atrial Fibrillation and Falls: A Mechanistic or Age-

Confounded Relationship? Mayo Clinic proceedings Apr 2020;95:632-635. 

2. Planned commentary for accepted article in J Am Coll Cardiol EP, as communicated 

by EIC J Am Coll Cardiol EP; of – work presented in Chapter 4, Chapter 5 and 

Chapter 7. 

 




