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  Atrial fibrillation (AF) is the most common sustained arrhythmia in clinical 

practice and is an independent predictor of sudden cardiac death (SCD).   AF is 

characterized by an irregular ventricular rhythm which may produce elevated sympathetic 

nerve activity (SNA) and increase the risk for SCD.  However, limited data suggest that 

irregular ventricular rhythm during AF is inversely correlated with SCD.  It is well 

established that increased vagal control reduces risk of SCD.  However, it is unclear if the 

ventricular irregularity in AF is a function of vagal control.  The purpose of this study 

was to determine if sinusoidal fluctuations in parasympathetic nerve activity on the 

ventricle result in an entrainment of the ventricular rhythm in both humans and porcine 

models of atrial fibrillation. 

 Forced vagal oscillations at two different frequencies were produced by 

employing deep breathing (0.125 Hz) and neck suction (0.25 Hz) in humans and pigs 

with AF.  In the pig model, glycopyrrolate was administered to block peripheral 

muscarinic receptors, thus inhibiting vagal transmission to the heart. Heart rate variability 

was evaluated using power spectral analysis to determine the contribution of the vagus to 

ventricular irregularity in AF. 

 In all of our human subjects, power spectral analysis identified significant 

differences between oscillations in heart rhythm during neck suction (0.25Hz) and deep 

breathing (0.125 Hz) compared to baseline.  In addition, the standard deviation of RR 

intervals was significantly different with neck suction compared to baseline.  In our pig 



  

model, neck suction and deep breathing increased power at 0.25 and 0.15 Hz respectively 

and vagal blockade abolished power in both frequencies. 

In humans and pigs, all frequency-mediated vagal maneuvers increased heart rate 

variability, suggesting the vagus does, in part, mediate ventricular irregularity during AF.  

These findings have important clinical implications considering the utility of heart rate 

variability analysis in patients with sinus rhythm.  Reduced vagal tone, measured as heart 

rate variability, may be used to predict risk of sudden cardiac death in patients with AF. 
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CHAPTER 1 
 
 
 

INTRODUCTION 
 
 
 

Atrial fibrillation (AF) is the most common sustained arrhythmia in clinical practice1  

affecting approximately 2.2 million Americans2  and is associated with increased 

mortality.  The reduction in survival could reflect the increased mortality associated with 

the cardiovascular conditions that accompany AF.  However the Framingham cohort 

indicated a 1.5 to 1.9 fold increase in mortality associated with AF even after adjusting 

for pre-existing cardiovascular disease3 .  While some studies found that AF was an 

independent predictor of risk of sudden cardiac death (SCD), other investigations 

indicated that the data regarding AF and risk of SCD are conflicting and limited at best.   

 Atrial fibrillation is characterized by an irregular ventricular rhythm, 

which depending on the degree of irregularity, may produce an increase in sympathetic 

activity4.  The elevations in sympathetic nerve activity result in increases in plasma 

norepinephrine concentrations5  and have been reported to increase the risk of SCD6 .  

However, limited data suggest that ventricular rhythm irregularity during AF is inversely 

correlated with SCD7-9 . 

It is well established in both healthy and diseased populations that increased vagal 

control of the heart reduces the risk of SCD10-13.  One method of assessing individual 

differences in vagal control of the heart is to use standardized measurements of heart rate 

variability (HRV), including power spectral analysis.  Power spectral analysis of HRV 

refers to the determination of the specific frequencies at which variations in heart rate 
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occur14,15.  For example, high frequency (HF) provides an index of the strength of the 

parasympathetic tone16 , while low frequency (LF) is believed to be mediated by both the 

cardiac sympathetic and parasympathetic nervous outflows17 .   

Up until recently, HRV analysis has been based on a normal sinus rhythm and has 

not been applied in patients with atrial fibrillation18, 19 .  In the past few years, only 

limited data has surfaced that HRV analysis can be applied in atrial fibrillation patients7-9, 

18, 20 .  Further, there is only one study that attempts to correlate HRV and vagal tone in 

AF patients18 .  Therefore, it remains unclear whether ventricular rhythm irregularity 

associated with atrial fibrillation, measured as heart rate variability, is mediated by the 

parasympathetic nervous system.  If the degree of ventricular irregularity is a function of 

vagal control, then AF creates a paradox of autonomic effects as shown in Figure 1.   

Considering the lack of evidence supporting the use of HRV analysis in AF and 

on the relative contribution of the vagus on ventricular irregularity in AF patients, the 

physiological studies in these projects were designed to address the following specific 

aims: 

Specific Aim 1: To determine if imposition of sinusoidal fluctuations in vagal 

activity will result in an entrainment of the ventricular rhythm in atrial fibrillation 

patients.  Forced vagal oscillations will be produced by performing deep breathing and 

intermittent neck suction maneuvers and the ventricular rhythm will be assessed by 

power spectral analysis.  

Hypothesis 1: Fluctuations in vagal activity will produce concomitant changes in heart 

rate variability during atrial fibrillation. 
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Specific Aim 2: To determine if vagal blockade will result in reduced heart rate 

variability in a porcine model of atrial fibrillation.  Vagal activity will be blocked by 

administration of glycopyrrolate in a porcine model of atrial fibrillation.  Ventricular 

response will be assessed to determine the contribution of the parasympathetic nervous 

system to irregular ventricular rhythm. 

Hypothesis 2: Muscarinic blockade will reduce heart rate variability during AF. 

 

We aim to clarify the potential relationship between ventricular rhythm 

irregularity and the parasympathetic nervous system.  Analysis of the role of the vagus in 

ventricular response during AF may provide significant prognostic information regarding 

risk of sudden cardiac death in this population. 
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CHAPTER 2 

 

REVIEW OF LITERATURE 

 

Atrial fibrillation and sudden cardiac death 

Atrial fibrillation (AF) is the most common sustained arrhythmia in clinical 

practice, affecting about 2.2 million Americans1 .  Most studies suggest that AF is 

associated with increased mortality.  The reduction in survival probably reflects the 

increased mortality of the cardiovascular 

conditions associated with AF.  However, 

analysis of data of a population-based 

sample from the Framingham cohort 

identified a 1.5 to 1.9 fold increase in 

mortality associated with AF after 

adjustment for pre-existing cardiovascular disease3 .  In addition, in subjects free of 

valvular heart disease and cardiovascular disease, AF remained significantly associated 

with excess mortality, with a doubling of mortality in both sexes3 .  Thus, AF appears to 

be an independent predictor of risk of sudden cardiac death (SCD). 

 

Autonomic nervous system and sudden cardiac death 

The evidence linking the autonomic nervous system to cardiovascular mortality 

and life-threatening arrhythmias is well-established12, 21 .  There is a direct relationship 

between increased sympathetic nerve activity (SNA) and the risk of ventricular 

10 5 

AF 

no AF 

Years 

Figure 2. Data from Framingham cohort 



 5 

tachyarrhythmias in the setting of acute myocardial ischemia or heart disease22-27 .  In 

contrast, recent evidence indicates that high parasympathetic tone and parasympathetic 

reflexes may be protective in patients with ischemic heart disease11, 28-30.  In fact, some 

researchers suggest markers of vagal tone may contribute to the identification of 

individuals at higher risk of sudden cardiac death11, 29, 31 . 

The international study Autonomic Tone and Reflexes After Myocardial 

Infarction (ATRAMI)32  examined the association of autonomic markers, heart rate 

variability (HRV) and baroreflex sensitivity (BRS), and risk for cardiac death in patients 

with recent myocardial infarction (MI).  Patients were stratified based on ejection 

fractions, HRV, and BRS and were followed for 2 years.  Results indicated that 2-year 

cardiac mortality was significantly higher in patients with low HRV and BRS32, 33 .  These 

findings provide strong evidence that analysis of the autonomic nervous system activity 

constitutes an improved strategy that more accurately identifies patients at high risk for 

arrhythmic mortality32, 33 .         

 

Sympathetic Nerve Activity 

Considerable data provide strong support that the concentration of norepinephrine 

in circulating plasma provides a sensitive index of the activity of the sympathetic nervous 

system34-37 .  Furthermore, there is strong evidence that high SNA, as measured by plasma 

norepinephrine (PNE) concentrations5,  is a strong predictor of sudden cardiac death in 

left ventricular dysfunction6  and congestive heart failure38-40.  Furthermore, elevated 

SNA appears to be linked with ventricular arrhythmias and SCD10, 41, 42 .  A variety of 

animal models have demonstrated a decreased threshold for ventricular fibrillation 
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(VF)24, 42-44, an increased incidence of ventricular tachycardia (VT) and VF45, 46  as a 

result of sympathoexcitation.  In addition, many investigators have found an increase in 

VF threshold after cardiac sympathectomy47-50  or beta-blockade44, 51, 52 .  Thus, increased 

sympathetic activity predisposes the heart to fatal ventricular arrhythmias and increases 

the risk for SCD.    

 

Parasympathetic Nerve Activity  

Evidence of the predictive values of autonomic markers has sparked growing 

interest in the possible protective effect of PSNA on risk for lethal arrhythmias.  Data 

indicate that increased vagal tone or vagal reflexes, as indicated by heart rate variability 

or baroreflex sensitivity, respectively, decrease the risk for SCD25, 53 .  Several clinical 

studies successfully used these markers for the identification of patients at high-risk for 

SCD29, 30 .  In addition, a set of studies in conscious dogs with and without prior MI 

illustrated that the analysis of baroreflexes allowed for early identification of risk for VF 

during myocardial ischemia25, 54 .   

Investigators have cautioned against using heart rate variability and baroreflex 

sensitivity as predictive indicators because both markers depend on the amount of 

sympathetic activity55 .  However, studies examining the direct vagal influence, as 

measured by electrical stimulation56-59  or pharmacologically60-63 , have confirmed the 

inverse relationship between PSNA and SCD.  For example, several studies demonstrated 

that neural stimulation of the vagus can buttress ventricular stability by raising the 

threshold for VF in normal and ischemic dogs61, 63 .  More recently, the effects of vagal 

stimulation in an isolated heart preparation demonstrated an elevated effective refractory 
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period and threshold for VF43 .  Collectively, these studies strongly suggest that elevated 

vagal tone is antiarrhythmic and may reduce the risk for SCD. 

 

Interventions that modulate vagal control of heart rate 

Heart rate response to stimulation of mechanoreceptors has been extensively 

studied in humans.  Examples of non-invasive interventions used in human research that 

increase vagal-cardiac motoneuron activity include neck suction and deep breathing.  

These interventions have been validated and employed in both normal and diseased 

populations.   

 

Neck Suction 

The neck suction technique was first described by Ernsting and Parry in 195764 .  

This non-invasive method allows the study of the carotid baroreflexes and is based on the 

observation that when negative pressure is applied to the outside of the carotid arteries, 

afferent baroreceptor activity increases65, 66 .  This method also allows the study of 

vagally-mediated decreases in heart rate.  For example, ventricular entrainment of the 

vagal response to fluctuations in transmural carotid sinus pressure has been demonstrated 

by several authors67, 68 .  In addition, neck suction has been employed by a number of 

studies in normal subjects69-71 , during different body positions at rest72 , during exercise73, 

74  and during anesthesia75 . 

Importantly, the neck suction technique has also been reported to be a valid and 

reliable method to measure efferent vagal control of heart rate in older adults76-79  and in 

patients with a variety of cardiovascular diseases80-82 .  For example, Sopher et al. 
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examined the cardiac-baroreflex reflex response in heart failure patients with known 

abnormal baroreflex function83 .  The data identified a diminished, but not obliterated 

response to neck suction.  Even though these patients had lower resting cardiac-vagal 

activity than healthy subjects, a vagal response to baroreflex activation was evident, 

confirming that neck suction is a suitable method to study the cardiac response to carotid 

baroreflex activation in patients with altered baroreflex control of heart rate83.    

 

 

Deep Breathing 

The seminal work by Hering and Breuer84  and more recent research have 

demonstrated that pulmonary stretch receptors are the vagal afferents responsible for 

eliciting the reflexes evoked by deep breathing85, 86 .  An entrainment of the vagal 

response to deep breathing has also been demonstrated87 ; therefore, deep breathing is a 

sensitive and reproducible non-invasive test of cardiac-vagal activity88, 89  correlating 

closely with baroreflex sensitivity88 .  The deep breathing technique has been used in 

normal adults90  and in patients with autonomic dysfunction91-93  and has been 

demonstrated to be a reliable indicator of parasympathetic nerve activity in both 

populations. 

Many studies have shown that during normal breathing, respiratory sinus 

arrhythmia is mediated by the vagus and, therefore, influences heart rate variability in the 

high-frequency band.  This is an important observation because if fluctuations in heart 

rate are to be used as an index of vagal activity, respiration should be controlled to 

correctly assess vagal tone.  Controlling for respiratory-autonomic interactions is also 
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important in populations where respiratory sinus arrhythmia may be present but not 

detectable on the ECG, such as in AF patients94 .  Several studies have examined the 

effects of controlled breathing on R-R interval power spectra.  The majority of studies 

found that normal breathing strongly influences high-frequency power95, 96 .  In addition, 

breathing paced to a metronome augmented high-frequency power97 and allowed for a 

clear separation between low and high-frequency oscillations98 .  Taken together, these 

studies highlight the need to control respiration when spectral analysis is used as an 

indicator of cardiac-vagal activity.   

 

 

Mechanisms of Ventricular Irregularity in AF 

To date, research examining the determinants of the ventricular rhythm in AF is 

controversial and severely limited.  It is hypothesized that in patients with AF, the 

ventricular response may be determined by several factors including the atrial rate99, 100 , 

AV nodal input101-104 , altered properties of the AV conduction system105-107 , and the 

autonomic nervous system108 .  Because research on this topic is so limited, data remain 

inconsistent and inconclusive.  However, it is agreed that the wide range of R-R intervals 

associated with AF is probably not mediated by a single mechanism.  

 

Concealed Conduction 

Several theories have attempted to explain the mechanisms of irregular ventricular 

responses to atrial fibrillation.  The concept of ‘concealed conduction’ is widely used in 

clinical textbooks to explain ventricular arrhythmias, but several researchers maintain 
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that this mechanism can be applied to the ventricular response in AF as well105 .  

Concealed conduction has been defined by Langendorf et al.109  as atrial impulses that 

penetrate into the AV node but do not reach the ventricle.  An impulse from the atria that 

penetrates the AV junction without traversing it is not detected on the ECG110 .  Moe et 

al. suggest the concealed impulse leaves behind a refractory wake making the AV node 

unresponsive to successive atrial impulses105 . The transmission failure at the AV node 

will prolong the R-R interval, creating an irregular ventricular response.  Electrograms 

recorded from the heart in situ show that concealed conduction of atrial activity can occur 

at any point in the conduction system distal to the AV node107 .  That is, premature atrial 

impulses may spread through the AV node and excite fibers in the bundle of His before 

they are fully repolarized.  This type of concealed conduction would also create an 

irregular ventricular response.  The current thinking is that the ventricular response in AF 

is mediated in part by concealed conduction, however the irregularity may not be fully 

explained by one mechanism110, 111 .   

 

Random Ventricular Activation 

There is unresolved debate concerning the control of the rhythmicity of 

ventricular rate in patients with AF.  Limited data suggest that the ventricular rhythm is 

random and is modified by the rate of atrial impulses penetrating the AV conduction 

system99, 100 .  In addition, several researchers have suggested that this random ventricular 

conduction could be modulated by ‘summation’ or ‘inhibition’ of atrial impulses entering 

the AV node from different inputs101, 102, 112 .  Specifically, if the two nodal inputs are 

stimulated randomly at the same time, the summated signal will fully penetrate the AV 
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node and excite the ventricles102 .  If two random signals stimulate each input separately, 

they will inhibit each other and no impulse will reach the ventricles, creating a long R-R 

interval102 .  This phenomenon has been demonstrated by Zipes et al.104 .  The two nodal 

inputs were anatomically separated and stimulated both simultaneously and separately.  

When stimulated separately, a small-amplitude response in the nodal cells was recorded.  

However when both nodal inputs were stimulated simultaneously, a full-sized action 

potential propagated to the bundle of His104 .  These and other limited data suggest that 

during AF both the rate of atrial input and random nodal impulses create varying effects 

on the AV node yield a random ventricular response.     

 

 

 

Non-Random Ventricular Activation 

The question of a hidden pattern in ventricular irregularity accompanying AF 

remains a topic of debate.  Specifically, is the ventricular response in AF absolutely 

random?  Researchers argue that if there is not a random distribution of R-R intervals, a 

repetitive R-R interval pattern must emerge.  It is hypothesized that the non-random 

pattern may either be a manifestation of the AV nodal refractory period independent of 

concealed conduction103, 113  or a result of multiple pathways by which either the AV 

node101, 114-116  or the ventricles117  are stimulated. 

The idea of a non-random ventricular response has been postulated by several 

researchers.  One of the first to encounter this phenomenon was Nils Soderstrom in 1950.  

Soderstrom103  plotted R-R intervals against consecutive beat number in patients with AF.  
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He noted ‘levels’ about which the intervals seemed to group and hypothesized that the 

levels were multiples of the refractory period of the AV node103 .  Other investigators 

claim there is periodicity of the ventricular response in AF as well105, 117 .  For example, 

bimodal118  and trimodal101, 114, 115, 118  R-R distributions during AF have been 

demonstrated owing to the distinct anatomical paths of conduction from the atrium to the 

AV node110, 119 .  Finally, limited data suggest the non-random ventricular response is due 

to an alternate pathway of conduction from the atrium to the ventricles in addition to the 

AV node117 .  Morphological and electrophysiological studies of the AV node have 

illustrated this accessory pathway known as the bundle of Kent120, 121 .  This pathway may 

conduct electrical activity independent of the AV node and, in addition to the bimodal R-

R frequency distribution, may explain the variant QRS complexes often seen in AF117 . 

 

 

Vagal mediation 

To date, the role of the autonomic nervous system (ANS) in mediating ventricular 

irregularity (VIR) during AF remains unclear.  Vagal activity and ventricular response 

during AF have only been studied using circadian rhythm122 , autonomic blockade123, 124  

or in conjunction with other therapeutic or pharmacological interventions125, 126 .  For 

example, van den Berg et al.124  studied the effects of vagal stimulation on heart rate in 

sixteen patients with AF.  They measured RR intervals after full autonomic blockade and 

found an increase in ventricular rate during AF.  However, the effect of vagal blockade 

on ventricular rhythm was not examined.  Therefore, no conclusion regarding the effects 

of vagal activity on ventricular irregularity was drawn.   
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In a later study, van den Berg et al.18  used power spectral analysis to measure 

HRV before and after complete autonomic blockade in patients with AF.  They also 

measured the relationship between HRV and vagal tone which was defined as the cardiac 

response to additional vagal blockade after elimination of sympathetic effects or β-

blockade.  Results demonstrate a significant decrease in HF power with vagal blockade 

and a significant correlation between HRV at baseline and cardiac vagal control18 .  They 

concluded that HRV in AF patients is significantly related to vagal tone.  Again, the 

effect of vagal stimulation per se was not studied, and thus a direct relationship between 

vagal activity and irregular rhythm could not be drawn.  Thus, it remains unclear whether 

the ventricular response in AF is a function of vagal activity. 

 

Method for inducing AF in an animal model 

Programmed electrical stimulation (PES) has been widely used as a method to 

induce atrial arrhythmias in laboratory animals127  and the sensitivity, specificity, and 

reproducibility of ventricular stimulation have been thoroughly documented128-130 .  

Programmed electrical stimulation has also been used to reproduce atrial fibrillation with 

clinically acceptable specificity and sensitivity129 .  Programmed electrical stimulation is 

performed using a direct current digital stimulator and bipolar electrodes attached to the 

left atrial appendage or high right atrium131 .  The stimulator produces incrementally 

paced impulses set at a drive cycle length that is faster than the heart rate.  The term S1 is 

used to describe the incrementally paced impulses that make up the drive train.  The drive 

train usually consists of 8-10 paced beats.  After the 8-beat drive train, the stimulator 

introduces one or more premature atrial impulses, each at its own coupling interval131 .  
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S2 denotes the first extrastimulus, S3 the second, etc.  If the drive train plus first 

extrastimulus (S2) does not induce fibrillation, the coupling interval (S1-S2) is 

progressively shortened until the AV nodal effective refractory period (ERP) is reached.  

The shortest interval at which S2 evokes a depolarization is considered the ERP131 .  If 

fibrillation is not induced, S2 will be set at atrial ERP plus 10 ms.  Another premature 

stimulus (S3) is coupled to the former (S1+S2) at progressively shorter coupling 

intervals.  If S3 reaches the atrial ERP without inducing AF, another stimulus (S4) will be 

coupled to the former (S1+S2+S3) following a comparable approach131 . 

  

Methods and interpretation of heart rate variability 

It has long been recognized that instantaneous heart rate fluctuates on a beat-to-

beat basis as a result of autonomic influences on the heart132 .  Studies have shown that 

the analysis of beat-to-beat changes in heart rate, known as heart rate variability (HRV), 

provides noninvasive information about vagal and sympathetic effects on the heart16, 133-

135 .  The primary evidence supporting this premise develops from data that demonstrate 

that autonomic blockade abolishes HRV and that perturbations in autonomic activity, 

such as during head-up tilt, alter HRV132 . 

        In 1996 a Task Force of the European Society of Cardiology (ESC) and the North 

American Society of Pacing and Electrophysiology (NASPE) developed standards of 

measurement and interpretation of HRV data136 .  HRV can be assessed in two ways: time 

domain analysis133, 137  and frequency domain analysis138, 139 . 

Time domain analysis measures the changes in heart rate over time.  Two types of 

heart rate variability are distinguished in time domain analysis.  Beat-to-beat or short-
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term variability represents fast changes in heart rate135 .  Long-term variability represents 

slower fluctuations in heart rate135 .  Both are calculated using the standard deviation of 

the R-R intervals (SDRRI) within their respective time window.  The SDRRI provides a 

simple evaluation of overall HRV but as a measure of sympatho-vagal balance at the 

sinoatrial node level it is limited. 

Frequency domain or power spectral density (PSD) analysis is the most widely 

used method to analyze HRV data17 .  It describes  the periodic oscillations of the heart 

rate signal decomposed at different frequencies and provides information on their relative 

intensity, or power, during normal sinus rhythm136-139 .  Power spectral analysis is usually 

performed by a non-parametric method, the fast Fourier transformation (FFT)140, 141 .  

FFT is characterized by discrete peaks for the several frequency components138, 139, 142 .  

When using the FFT the individual R-R intervals are transformed into bands with 

different spectral frequencies measured in Hertz136, 141 .  The power spectrum consists of 

four frequency bands: ultra low frequency (ULF), very low frequency (VLF), low 

frequency (LF), and high frequency (HF).  The major background of ULF (between 0 and 

0.0033 Hz) is related to sleep stage and day/night variation and is evident only on 24-

hour spectral recordings141, 143 .  The VLF (between 0.0033 and 0.04 Hz) is believed to be 

related to non-neural factors such as hormones and temperature144 .  HF (between 0.15 

and 0.4 Hz) is driven by respiration and appears to derive mainly from vagal activity16, 136 

, whereas the LF (between .04 and 0.15 Hz) band is believed to be mediated by both the 

cardiac sympathetic and parasympathetic nervous outflows17 .  That both limbs of the 

autonomic nervous system modulate LF power remains controversial.  Some researchers 

suggest the LF band is dominated by the sympathetic nervous system142, 145, 146 .  Other 
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evidence suggests that the parasympathetic limb contributes as much as the sympathetic 

limb to the LF band147-150 . 

 

HRV as a measure of PSNA 

HRV has been widely used as a quantitative measure of vagal effects on the heart.  

It is widely accepted that high frequency spectral power is mediated by PSNA such that 

maneuvers that increase vagal activity will increase spectral power in the high frequency.  

Many studies have confirmed the vagal origin of HRV in the high frequency band by 

demonstrating that the variability is nearly eliminated by vagotomy or vagal blockade134, 

151-153  but is not significantly influenced by sympathetic blockade16, 134, 145, 151 .  In 

addition, in the presence of β-adrenergic blockade, parasympathetic blockade virtually 

abolishes all short-term HRV.  Thus, heart rate control appears to be predominantly under 

parasympathetic influence154 .  The physiologic basis for these results is that even though 

both limbs of the ANS directly modulate heart rate, the parasympathetic nervous system 

responds to fluctuations in sensed variables such as blood pressure much faster than the 

sympathetic nervous system155 .  Therefore, only the parasympathetic arm reacts rapidly 

enough to mediate HF fluctuations in heart rate corresponding to the HF peaks of PSD16 . 

Having established that HRV is predominantly under parasympathetic control, it 

is important to consider what the effects of PSNA on HRV might reflect.  First, there is a 

tonic amount of vagal stimulation that represents the average effect over a period of 

time154 .  The PSNA effect on HRV may also reflect the modulation of vagal activity 

related to the respiratory cycle and baroreflexes.  Finally, there is the ability of the 

muscarinic receptors to respond to parasympathetic stimulation.  Because the relationship 
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between HRV and parasympathetic tone is complex, some authors have suggested that 

HRV does not actually quantify autonomic tone; rather it measures the modulation of 

autonomic tone137, 156 . 

Research examining the exact relationship between HRV and parasympathetic 

effect on the sinus node is conflicting.  Some studies have illustrated a linear relationship 

between HRV and PSNA157-159 .  Others have found either a decrease160 , or no change161  

in HRV with parasympathetic stimulation.  Goldberger et al.162  created a theoretical 

model in an attempt to resolve these discrepancies.  According to the model, there is a 

linear relationship between PSNA and HRV until a certain level of parasympathetic tone.  

At this level, the relationship reaches a plateau which represents no change in HRV with 

increased parasympathetic tone.  High levels of parasympathetic tone may saturate the 

HRV response, such that increased PSNA may decrease HRV.  Potential mechanisms for 

this proposed relationship remain unclear.  However, it has been suggested that marked 

increases in blood pressure result in a loss of phasic parasympathetic discharge, resulting 

in a decrease in HRV162 .  Alternatively, phasic vagal discharge may persist without 

parasympathetic effect on the sinus node, reflecting a saturated response due to high 

concentrations of acetylcholine release140 .  Collectively, these studies underscore the fact 

that the relationship between parasympathetic tone and HRV is more complex than had 

been previously thought.   

 

HRV as an independent predictor of SCD 

The literature regarding HRV and SCD provides insight into the prognostic 

implications of altered autonomic tone.  For example, the autonomic nervous system has 
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been extensively implicated in the prediction of sudden cardiac death after MI163 .  

Evidence suggests that autonomic imbalance, i.e. elevated SNA or low PSNA, may help 

identify subjects who are at high risk for SCD.  Heart rate variability is one of the 

autonomic markers of current interest that has been used as a predictor of SCD in clinical 

settings.  HRV can be measured as long-term 164 (R-R intervals recorded over a 24-hour 

period) or short-term31, 163  (5-10 minute recording in a laboratory setting).  Both methods 

are valid for determining HRV164-166 . 

Limited experimental studies have examined the predictive value of HRV for fatal 

ventricular arrhythmias.  In a conscious animal model of SCD, Schwartz et al.54  

examined the prognostic value of HRV in dogs susceptible to SCD and in a group 

identified as resistant.  They found that the MI produced a significant reduction in HRV 

in the susceptible group but not the resistant group.  They acknowledged HRV as a 

dependable measure to predict SCD after MI54 .   

Extensive clinical research has established that long-term HRV is a strong 

predictor of risk for SCD in patients with heart failure165, 167-169 , post-MI29, 170 , mitral 

regurgitation8, 15 , and in those without recent MI171 .  One study reported a relative risk of 

mortality was 5.3 times higher in patients with low HRV compared to those with high 

HRV171 .  In a prospective study, La Rovere et al.31  tested whether short-term HRV 

predicts SCD in a large population of chronic heart failure patients.  Results indicated 

that a reduction in low-frequency power independently predicted SCD in this 

population31 .  Reduction in low-frequency power as a predictor of mortality has also 

been demonstrated in patients post-MI172 .  It has been postulated that this reduction is 

due to sympathetic overactivity and/or vagal withdrawal31  often seen in heart failure or 
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post-MI.  As discussed earlier, both of these shifts in autonomic tone are predictive of 

SCD. 

 

HRV as an independent predictor of survival in AF 

During atrial fibrillation, the sinus node loses its pacemaker function resulting in 

random and rapid atrial impulses.  These impulses create disorganized conduction at the 

atrioventricular (AV) node and generate an irregular ventricular response.  At one time 

these conditions were excluded from the applications of standard HRV analysis19  

because HRV analysis assumes a normal sinus rhythm.  However, limited data suggest 

that even in patients with AF, reduced HRV may be predictive of adverse prognosis7-9 .  

Stein et al. examined the prognostic significance of heart rate variability in 21 patients 

with chronic AF8 .  Patients were followed for up to 9 years and end points of mortality 

were tabulated.  Results indicated that a reduction in time-domain measurements of high-

frequency HRV was a predictor of the risk of mortality in AF patients8 .  In a similar 

study, Frey et al. calculated the variability of ventricular rate in 35 patients with atrial 

fibrillation and heart failure7 .  The standard deviation of the mean R-R interval 

accurately predicted 12-month survival in 28 patients with AF and HF7 .  Yamada et al. 

analyzed 24-hour ECG for variations in ventricular response intervals in 107 patients 

with chronic AF9 .  After a 33-month follow up period, a significant association was 

found between reductions in ventricular response variation and risk for cardiac death9 .  

Results suggest reduced ventricular irregularity in AF is an independent prognostic 

indicator for cardiac mortality.  In summary, these limited studies suggest that heart rate 

variability may be applicable in patients with atrial fibrillation and heart failure.  
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Furthermore, these studies support the idea that preserved heart rate variation is a strong 

predictor of survival in atrial fibrillation patients. 

 

Reflex control during AF 

AF is characterized by phasic decreases in blood pressure and cardiac output 

which unload the arterial baroreceptors and produces reflex sympathoexcitation4 . 

Concomitantly, the increase in filling pressure activates the cardiopulmonary 

baroreceptors (CPBRs) and sympathoinhibition173 .  This suggests a primary role of the 

arterial baroreflexes in mediating sympathoexcitation, with minimal contribution of the 

CPBRs174 .  Inhibition of the arterial baroreceptors appears to be an appropriate response 

to maintain blood pressure in this population.  It has only been speculated that the 

cardiopulmonary baroreceptors play a role in vagal control during AF as well.  However, 

normal dynamics of atrial pressure are lost in such an arrhythmia, making it difficult to 

determine the relative role of the CPBRs.  Thus, the role of the cardiopulmonary 

baroreflexes in AF remains unclear. 

 

Potential AF Paradox 

Atrial fibrillation is characterized by ventricular rhythm irregularity which tends 

to activate the arterial baroreflex and elevate sympathetic nerve activity4 .  Elevated levels 

of SNA have long been shown to be deleterious.  Elevated SNA increases plasma 

norepinephrine concentrations which are directly correlated to poor prognosis and 

shortened life expectancy, especially in patients with left ventricular dysfunction38 .  It is 
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suggested that the ventricular irregularity seen in AF may increase the risk for SCD 

attributable to activation of the arterial baroreflex and consequent sympathoexcitation. 

However, limited data suggest greater ventricular irregularity during AF is 

inversely correlated with risk for SCD7-9 .  The protective effect of greater heart rate 

variability on the ventricle from the SA node has been associated with a higher 

parasympathetic nerve activity during sinus rhythm.  However, since heart rate variability 

as a measure of parasympathetic nerve activity assumes a normal sinus rhythm, it is not 

clear whether ventricular irregularity in atrial fibrillation, measured as heart rate 

variability, is mediated by the parasympathetic nervous system.  The AF Paradox which 

is based on these premises is shown in Figure 1. 

 

Figure 1. Proposed Paradox of Autonomic Effects
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CHAPTER 3 
 
 

EXPERIMENTAL DESIGN AND METHODS 
 
 
 
 The studies were designed to address the following questions: (1) Is ventricular 

irregularity in chronic AF modulated in part by the vagus nerve?  (2) Can the ventricular 

response to oscillations in vagal activity be abolished by a cholinergic blocker?  

 
 
Study 1 

Study 1 will address question 1.  It was hypothesized that ventricular rhythm 

irregularity in chronic AF is a function of vagal control.  Forced vagal oscillations were 

produced by employing deep breathing and intermittent neck suction maneuvers in 

humans with atrial fibrillation and in aged-matched controls.  We evaluated heart rate 

variability before and after vagal oscillations to determine the contribution of the vagus to 

ventricular irregularity in atrial fibrillation.   

Subjects: Five patients with atrial fibrillation (2 male, 3 female, mean age 67±8.9) 

and five age-matched controls (5 female) were recruited for this study.  All subjects 

reported no history of neurological disease or cardiac surgery and were normotensive.  

After obtaining written informed consent, details of medication and exercise history were 

elicited from each subject.  Ejection fractions and medications were obtained from the 

patients’ cardiologist.  
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Measurements: Heart rate was measured using standard limb-lead 

electrocardiography.  Continuous ECG data were collected by a data acquisition system 

and saved on a hard drive.  Beat-to-beat R to R intervals were derived from the ECG 

waveform using a peak detection algorithm in Windaq® software.  Arterial blood 

pressure was measured non-invasively using a Finapres plethysmographic monitor 

(Finapres Medical Systems, Amsterdam, Netherlands) that was fed into the Windaq ® 

acquisition system.  This provided a beat-to-beat measure of arterial blood pressure and 

was used to estimate blood pressure variability.  It has been shown to be a valid and 

reliable measure of blood pressure175, 176 . 

Subjects wore a Velcro strain gauge around their torso to monitor respiration 

(Respitrace Plus, Cardinal Health).  The respiratory signal was fed into the Windaq ® 

data acquisition system to confirm vagal activation occurred during the expiration 

phase.  Carbon dioxide was measured continuously using a transcutaneous sensor 

(TOSCA 500, Radiometer America, Inc.) clipped to the patient’s earlobe. 

Neck Suction:  The use of neck suction as a means to activate carotid baroreflexes in 

humans has been validated elsewhere65, 70, 72, 73, 177 .  Briefly, neck suction at the level of 

the carotid arteries produces increased transmural pressure which supresses the arterial 

baroreflex and increases vagal activity.  A lead neck collar was placed around the 

subject’s neck and produced a sealed chamber.  The chamber delivered square-wave 

pulsatile suction (-40 mmHg) every 2 seconds (0.25 Hz) coinciding with exhalation.  

Experimental Protocol: The following four experimental protocols were 

performed:  
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Protocol 1: Baseline (BL):  The subject sat in a chair and baseline measurements were 

recorded for 6 minutes.  During this time the subject was prompted by a timer to 

breathe at a rate of 15 breaths per minute for 6 minutes (0.25 Hz). During this time, 

heart rate and rhythm and blood pressure were recorded. 

Protocol 2: Deep Breathing (DB):  The subject’s ventricular response to activation of 

the parasympathetic nervous system via the respiratory stretch reflex was assessed 

using deep breathing. The subject breathed deeply at a slower rate (i.e. 7.5 breaths per 

minute) for 6 minutes (0.133 Hz).  A timer was used to conduct the constant rate at 

which the subject breathed in and out.  ECG, respiration, carbon dioxide, and arterial 

blood pressure were measured and recorded. 

Protocol 3: Neck Suction (NS):  After recovery from Protocol 2, the subject’s 

ventricular response to carotid baroreceptor activation was assessed using the neck 

suction technique.  This was performed by applying pulsatile (2 seconds on, 2 seconds 

off) neck suction (at -40 mmHg) for a period of 6 min.  The subject inhaled and exhaled 

each time the neck suction pulsed on and off (i.e. neck suction on, breathe out; neck 

suction off, breathe in).  This rate corresponded to 15 breaths per minute or 0.25 Hz.  

During this time, ECG, ventilation, and blood pressure was recorded. 

Protocol 4: Deep Breathing and Neck Suction (DBNS):  The subject’s ventricular 

response to carotid baroreceptor activation and stretch reflex activation was assessed 

simultaneously using neck suction and deep breathing, respectively.  The subject 

breathed deeply (7.5 breaths per minute or 0.133 Hz) for 6 minutes.  During this time, 

pulsatile neck suction (4 seconds on, 4 seconds off) was employed.  The subject inhaled 



 25 

when neck suction was off and exhaled when neck suction was on.  During this time, 

ECG, ventilation, carbon dioxide, and blood pressure were recorded. 

 Data Analysis:  Heart rate variability for each patient was determined using 

power spectral analysis (DADiSP, DSP Development Corp., Boston, MA).  After 

obtaining R-R interval spectral power for all protocols and subjects, all data sets were 

tested for normality using the Komolgorov-Smirnov test.  Requirements for the number 

of subjects were estimated by spectral analysis using data on the effects of different 

cardiovascular perturbations on HRV134, 145.   After 5 subjects were evaluated, the 

means and the variance of the data were used to calculate post-hoc power and effect 

size (GPower®)178.  The study was terminated at 5 subjects due to an achieved power 

of 0.78 or higher and an effect size of 0.80 or higher for all statistical analyses.    

Time domain analyses: Standard deviations of RR intervals (SDRRIs) were calculated 

for each protocol (baseline, neck suction, deep breathing, and deep breathing neck 

suction combined).  Data failed the test of normality; within-group differences were 

determined using a repeated measures ANOVA on ranks.  If a main effect was 

obtained, post hoc comparisons were performed with the Student-Newman-Keuls 

Method.  Differences between the AF and control groups were determined using 

unpaired t-tests for each treatment condition. 

Frequency-domain analyses:  Power spectral densities were calculated for each 

protocol.  Data passed the test of normality; within-group differences were determined 

using one-way ANOVA with repeated measures.  If a main effect was obtained, post 

hoc comparisons were performed with the Student-Newman-Keuls Method.  Between-

group differences were determined using unpaired t-tests for each treatment condition. 
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Correlations:  Pearson’s product moment correlations were used to correlate time and 

frequency domain parameters of HRV.  Significance was set at an α level of 0.05. 

Between group comparisons: Data from the AF and control groups were compared 

using independent t-tests for each treatment condition. 

Recruitment of Subjects: Patients were recruited from the UNTHSC Patient 

Care Clinic and Plaza Medical Center, Fort Worth, Texas.  Therefore, recruitment was 

through the participating cardiologists and was strictly voluntary.  There was no 

advertising for recruitment in the study.  The principal investigator explained the study 

procedure to the subject, including descriptions of risks involved and the purpose of the 

study.  Each subject was be given the opportunity to ask questions.  After all questions 

were answered, the subject signed the IRB-approved informed consent. 

Protection of Human Subjects: The study carried minimal risk to the 

participants. Such risks are not significantly increased over that ordinarily encountered 

in daily life.  Potential for physical injury from the study protocol was minimal, but 

subjects were informed of such potential.  There were no known risks associated with 

the instrumentation or measurements of the Finapres plethysmographic monitor.   The 

ECG electrodes contained non-toxic adhesive that did not harm the skin, therefore there 

was no known risk associated with placement of the electrodes.   Deep breathing 

caused lightheadedness or dizziness.  However, these symptoms subsided as soon as 

normal breathing was resumed.  Neck suction may potentially cause brief periods of 

minor difficulty in swallowing during the stimulus.  However, due to the short duration 

of the stimuli (4 seconds), subject discomfort was minimal.  
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Inclusion of Women and Minorities:  There was no exclusion based on gender, 

sexual orientation, or religious affiliation.  Study subjects included volunteers from any 

race, ethnic background and gender.  Children did not participate in the study.  The 

patient pool for the human studies consisted of atrial fibrillation patients who were aged 

21 and above.  Therefore, no minors were recruited. 

Medical Exclusion Criteria:  Participants were excluded if personal or medical 

history reported any of the following:  1) paroxysmal AF, 2) hypertension, 3) diabetes, 

4) major surgery of any type, 5) abnormal ECG findings other than atrial fibrillation, 6) 

AF patients not taking anticoagulant medication, 7) implantation of a pacemaker, 8) 

females who were pregnant. 

Risk/Benefit Assessment: There was no direct benefit to individuals participating 

in the study. However, application of the knowledge gained may improve our 

understanding of the control of ventricular response in AF and may aid in the prediction 

of survival in this population.  This study represents minimal risk to subjects. The 

probability and magnitude of harm or discomfort anticipated in the research were not 

greater than those ordinarily encountered in the daily life or during the performance of 

routine physical or psychological examinations or tests. 

Confidentiality: In this study, cardiovascular data including heart rate, blood 

pressure, heart rate variability, carbon dioxide levels, and respiration were obtained 

from each human subject.  Each patient was identified by a number, and all data was 

kept in a locked file cabinet in the principal investigator’s office.  Data were collected 

using computerized systems and saved on a hard disk.  Only the principal investigator 

had access to the files saved on the hard disk.  Only past medical history and ejection 
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fraction percentages were used from the patients’ medical records.  This information 

supplemented the medical history form each patient was required to complete.   

 
Study 2 
 
 Study 2 addressed question 2.  It was hypothesized that ventricular response to 

oscillations in vagal activity would be abolished by a cholinergic blocker.  Vertebrate 

animals were thirteen Yorkshire pigs weighing approximately 25-30 kg.  All pigs had 

sustained, induced atrial fibrillation, no prior MI and no history of heart failure.  There 

was no control group in this study; all pigs underwent baseline and experimental 

procedures.    

 Preparation:  Pigs were submitted to a left thoracotomy at the 4th intercostal 

space under general anesthesia with α-chloralose.  Respiration was maintained with a 

mechanical ventilator at the lowest possible breathing rate of 9 breaths per minute (0.15 

Hz).  The pericardium was opened and retracted to cradle the heart.  After data 

collection in normal sinus rhythm, two bipolar electrodes were placed on the high right 

atrium.  Atrial fibrillation was induced using either the clinical programmed electrical 

stimulation (PES) protocol or mechanical stimulation.  Isoproterenol (0.1μg/kg i.v.) 

was administered if atrial fibrillation was not sustainable for more than 10 seconds. 

Measurements: Heart rate was measured using standard limb-lead electrocardiography.  

Continuous ECG and ventilatory data were captured using Windaq® software.  Pigs 

were mechanically ventilated at 9 breaths per minute and blood samples were taken 

periodically to monitor blood gases.  Beat-to-beat R-R intervals were derived from the 

ECG waveform using a peak detection algorithm in Windaq®.   
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Neck Suction: Prior to this study, we collected pilot data on 7 pigs to determine 

the effectiveness of the neck suction technique in eliciting baroreflex-mediated vagal 

activation in this species.  The location of the carotid bifurcation was determined using 

Doppler ultrasound (Philips HDI 5000).  A transducer was surgically advanced into the 

fascia just above the carotid artery and proximal to the bifurcation.  The location of the 

transducer tip was verified by transcutaneous Doppler ultrasound and the transducer 

was zeroed to the level of the carotid artery.   

The neck chamber delivered square-wave pulsatile suction every 2 seconds at 

the level of the carotid artery.  The effectiveness of the collar in transmitting external 

stimuli to the carotid sinus was assessed by measuring the pressure at the level of the 

carotid sinus during neck suction.  The carotid artery stimulus was then measured in 

relation to the chamber pressure using the implanted transducer.  The actual negative 

pressure transmitted to the carotid sinus was 43±4%  of the chamber pressure compared 

to 80% recorded in the human66. 

A negative pressure of -10 mmHg at the level of the carotid sinus has been 

established as the minimum amount stimulus needed to elicit a baroreflex-mediated HR 

response in humans66,68, 177 .  To ensure we activated the baroreflexes, the chamber 

pressure was set at no less than -50 mmHg during the study.  According to our pilot 

data, this chamber pressure would transmit a stimulus of approximately -21mmHg at 

the level of the carotid sinus. 

Induction of AF: A digital stimulator (Bloom Associates, Reading, PA) was 

used to deliver square wave electrical impulses of 2.0-millisecond duration to the left 
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atrial appendage.  Isoproterenol  (0.1 µg/kg) was administered to sustain atrial 

fibrillation in 4 pigs.   

Experimental procedure:  Prior to AF induction, baseline data during normal 

sinus rhythm were collected for 6 minutes.  After inducing sustained AF, baseline AF 

data were recorded for 6 minutes.  Ventricular response to carotid baroreceptor 

activation was then assessed using neck suction.  Intermittent neck suction (-50 mmHg) 

was applied at 0.15 Hz for 6 minutes.  Pulses were delivered to the neck precisely 

during expiration in order to superimpose the baroreflex-and stretch reflex-mediated 

vagal responses.  After 6 minutes of data collection during intermittent neck suction, 

glycopyrrolate (0.15µg/kg) was administered intravenously to block peripheral 

cholinergic receptors, thus inhibiting vagal transmission.  Intermittent neck suction was 

again administered at 0.15 Hz during expiration for 6 minutes.  After all data were 

collected, the pig was then humanely sacrificed by applying an electrical stimulus to the 

left ventricle causing ventricular fibrillation.    

Data Analyses: We evaluated heart rate variability using time domain and 

frequency domain parameters before and after administration of glycopyrrolate to 

determine the contribution of the vagus to ventricular irregularity in atrial fibrillation.  

Heart rate variability for each animal was determined using power spectral analysis 

(DADiSP, DSP Development Corp., Boston, MA).  Requirement for the number of 

animals was calculated a priori using the data from our pilot study.  After 12 data sets 

were obtained, post hoc power analysis revealed an achieved power of 0.80 or higher 

for all statistical analyses. 
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Time domain analyses: Standard deviation of RR intervals (SDRRIs) was 

calculated for each treatment condition (baseline, neck suction, and vagal blockade).  

Data passed the Komolgorov-Smirnov test of normality and were therefore compared 

using a one-way ANOVA with repeated measures.  If a main effect was obtained, post 

hoc comparisons were performed with a Student-Newman-Keuls Method to distinguish 

specific differences among conditions.    

Frequency domain parameters: After obtaining R-R interval spectral power for 

all animals, spectral power at 0.15 Hz for each condition was quantified.  Power 

spectral data sets failed the Komolgorov-Smirnov test of normality and were therefore 

assessed using Friedman one-way ANOVA on ranks.  Specific differences in spectral 

power between groups were distinguished using Student-Newman-Keuls Method. 

Correlations: Spearman’s rank order correlations were used to correlate time 

domain and frequency domain parameters of heart rate variability.  For all statistical 

analyses, an α level of 0.05 was set for significance.   
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ABSTRACT 

BACKGROUND:  Atrial fibrillation (AF) is the most common sustained cardiac 

arrhythmia and is associated with an increased risk for sudden cardiac death (SCD).  

However, limited data suggest that ventricular irregularity during AF is inversely 

correlated with SCD.  It is established that increased vagal tone reduces risk of SCD in 

patients with normal sinus rhythm (NSR).  However, it is unclear if the ventricular 

irregularity in AF is a function of vagal tone and, thus, decreased risk of SCD in AF 

patients.  OBJECTIVE:  To determine if ventricular irregularity during AF is, in part, a 

function of vagal tone.   METHODS: Vagal oscillations were forced at 0.15 Hz by neck 

suction in 13 pigs with sustained AF with and without glycopyrrolate vagal blockade.  

Vagal activity was evaluated using heart rate variability (HRV) measures.  RESULTS:  

The standard deviation of RR intervals (SDRRI) was significantly increased during 

vagal activation compared to baseline (p = 0.006).  Moreover, SDRRI correlated 

significantly with spectral power at 0.15 Hz during baseline (r=0.92, p<.001) and vagal 

activation (r=0.71, p<0.05). Glycopyrrolate blocked the increase in SDRRI with vagal 

activation (p < 0.001), and blunted spectral power at 0.15 Hz (p <0.05). 

CONCLUSION: These data suggest that 1) power spectral analysis may be used to 

assess vagal tone during AF, and 2) vagal oscillations produce an entrainment of the 

ventricular rhythm during AF in pigs.  Furthermore, HRV data may hold prognostic 

value for patients with AF. 

Index Terms:  atrial fibrillation, sudden cardiac death, vagal tone, heart rate variability 
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Abbreviations: AF, atrial fibrillation; SCD, sudden cardiac death; SNA, sympathetic 

nerve activity; NSR, normal sinus rhythm; HRV, heart rate variability; SDRRI, 

standard deviation of R to R intervals.   

  

INTRODUCTION 

Atrial fibrillation (AF) is the most common sustained arrhythmia in clinical 

practice1  and is associated with increased mortality.  The Framingham cohort identified 

a 1.5 to 1.9 fold increase in mortality associated with AF after adjustment for pre-

existing cardiovascular disease2 .  While some studies found that AF was an 

independent predictor of risk of sudden cardiac death (SCD), other investigations 

indicated that the data correlating AF with risk of SCD were conflicting and limited at 

best5-7.   

Atrial fibrillation is characterized by an irregular ventricular rhythm, which, 

depending on the degree of irregularity may produce an increase in sympathetic activity 

(SNA)3 .  Elevated SNA increases plasma norepinephrine levels which are directly 

correlated with poor prognosis and shortened life expectancy, especially in patients 

with left ventricular dysfunction4 .  It is suggested that the ventricular irregularity seen 

in AF may increase the risk of SCD attributable to unloading of the arterial baroreflex 

and consequent sympathoexcitation. 

Paradoxically, limited data suggest that ventricular irregularity during AF is 

inversely correlated with SCD5-7 .  It is well-established in both healthy and cardiac 

diseased populations that increased vagal control of the heart, as measured by heart rate 

variability, reduces the risk of SCD8-10 .   However, since assessment of heart rate 
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variability as a measure of vagal tone has traditionally presumed a normal sinus 

rhythm10, it is not clear whether ventricular irregularity in atrial fibrillation, measured 

as heart rate variability, is mediated by the parasympathetic nervous system.  

Therefore, we hypothesized that a greater parasympathetic neural influence on the 

ventricle during AF will increase heart rate variability.  To address this hypothesis, we 

assessed vagal activity using both time and frequency domain parameters of heart rate 

variability before and after vagal blockade in 12 pigs with sustained atrial fibrillation. 

METHODS 

Preparation.  Thirteen Yorkshire pigs (20-30 kg) were used in this study, which was 

approved by the Institutional Animal Care and Use Committee of the University of 

North Texas Health Science Center.  After pretreatment with ketamine (20 mg/kg) and 

xylazine (5 mg/kg) injected intramuscularly, the animals were mechanically ventilated 

through a cuffed endotracheal tube.  Anesthesia was maintained with α-chloralose (1 

mg/kg) injected intravenously at 30 minute intervals.  Animals were fitted with a 

malleable lead neck collar which administered sinusoidal neck suction to elicit 

baroreflex-mediated vagal activation. The ventilator was set at 9 breaths/min (0.15 Hz) 

in order to augment any respiratory-related modulation of heart rate via vagal activity.  

During normal sinus rhythm, six minutes of baseline data were collected.  The thorax 

was opened by a left thoracotomy at the 4th intercostal space and the pericardium was 

opened and retracted to cradle the heart, exposing the left atrium.  Atrial fibrillation was 

then induced by either mechanical or electrical stimulation using two bipolar electrodes 

to the base of the pulmonary vein or left atrial appendage.  Isoproterenol (0.1 µg/kg) 
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was administered in four pigs in order to sustain atrial fibrillation.  One pig had a 

pericarditis and therefore the data were excluded from statistical analyses. 

    

Experimental protocol.  Upon successful induction of sustained atrial fibrillation, six 

minutes of baseline AF data were recorded.  Data included electrocardiogram and 

chamber pressure.  Intermittent neck suction (-65 mmHg) was then applied at 0.15 Hz 

for 6 minutes.  Pulses were delivered to the neck precisely during the expiratory phase 

of the ventilatory cycle in order to superimpose the transient baroreflex and stretch 

reflex-mediated vagal augmentation, thereby creating a maximal vagal oscillation at 

this frequency.  Heart rate data were recorded for six minutes during neck suction 

application and will be referred to as NS data.  After the six minutes of data collection, 

glycopyrrolate (G) was administered (0.15µg/kg) to block muscarinic receptors.  

Intermittent neck suction was again administered at 0.15 Hz during expiration for six 

minutes.  Heart rate data were collected following G injection during repeat NS and 

will be referred to as G+NS data. 

 

Baroreflex-Mediated Vagal Activation.  Prior to this study, we collected pilot data on 

seven pigs to determine the effectiveness of the neck suction technique in eliciting 

baroreflex-mediated vagal activation in this species.  The reliability of neck suction as a 

means to activate carotid baroreflexes in humans has been reported elsewhere11-13 .  The 

location of the carotid bifurcation was determined using Doppler ultrasound (Philips 

HDI 5000).  A pressure transducer was surgically advanced into the fascia immediately 

superficial to the carotid artery and proximal to the bifurcation.  The location of the 
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Milar transducer tip was verified by transcutaneous Doppler ultrasound and the 

transducer was zeroed to the level of the carotid artery.   

The neck chamber delivered square-wave pulsatile suction every 2 seconds at 

the level of the carotid artery.  The effectiveness of the collar in transmitting external 

stimuli to the carotid sinus was assessed by measuring the pressure at the level of the 

carotid sinus during neck suction.  The carotid artery stimulus was then measured in 

relation to the chamber pressure using the Windaq® data acquisition system.  The 

actual negative pressure transmitted to the carotid sinus was 43 ± 4% of the chamber 

pressure.  

 A negative pressure of -10 mmHg at the level of the carotid sinus has been 

established as the minimum stimulus needed to elicit a baroreflex-mediated HR 

response in humans14, 15  .  To ensure we activated the baroreflexes, the chamber 

pressure was set at no less than -50 mmHg.  According to our pilot data, this chamber 

pressure consistently transmitted a distending stimulus of approximately -21mmHg at 

the level of the carotid sinus, mimicking a 21mmHg increase in blood pressure. 

 

Cardiovascular variables.  Heart rate was measured using standard limb-lead 

electrocardiography.  Continuous ECG data was captured by a data acquisition system 

and saved on a hard drive.  Beat-to-beat R to R intervals (RRI) were derived from the 

ECG waveform using a peak detection algorithm in Windaq® software.  Blood gases 

were measured periodically during each experiment to ensure normal amounts of 

oxygen and carbon dioxide. deleted normoxia… 
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Data analyses.  All data presented represent mean ± SEM.  The ventricular response to 

vagal activation and blockade was assessed using time and frequency domain 

parameters of heart rate variability.    

Time domain analyses: Standard deviations of RR intervals (SDRRIs) were calculated 

for each treatment condition (baseline, vagal activation, and vagal blockade).  Data 

passed the normality test and were therefore compared using a one-way analysis of 

variance (ANOVA).  If a main effect was obtained, post hoc comparisons were 

performed with a Student-Newman-Keuls Method applied to distinguish specific 

differences between conditions.    

Frequency domain analyses:  Spectral power values for each treatment condition at 

0.15 Hz were quantified (DADiSP, DSP Development Corp., Boston, MA).  Power 

spectral data failed a normality test and were therefore assessed using a Friedman one-

way ANOVA on ranks.  Specific differences in spectral power between groups were 

distinguished using Student-Newman-Keuls Method.   

Correlations: Spearman’s rank order correlations were used to correlate time domain 

and frequency domain parameters of heart rate variability.  Some of the data from three 

pigs were not captured (one during baseline and neck suction, two during 

glycopyrrolate) and were therefore not used for correlation analysis.  For all statistical 

analyses, an alpha level of 0.05 was set for significance. 

 

RESULTS 

Sample tracings of normal sinus rhythm and atrial fibrillation during baseline, neck 

suction, and glycopyrrolate are shown in Figure 1.  As expected, there was an increase 
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in heart rate during AF when compared to baseline.  Similarly, there was an increase in 

ventricular rate during AF with muscarinic blockade when compared to baseline AF.  

There was not a significant increase in heart rate following administration of NS with 

and without G administration. 

 

Spectral characteristics.  Representative examples of the power spectra at baseline, 

during vagal activation with NS, and after vagal blockade with G in two pigs with atrial 

fibrillation are shown in Figures 2a and 2b.  The small elevation in spectral power at 

0.15 Hz during baseline (Fig. 2a) can be attributed to the frequency-mediated 

respiratory reflex caused by the ventilator.  During vagal activation, a large increase in 

power is seen at 0.15 Hz.  This large increase is due to the baroreflex-mediated increase 

in vagal activity due to neck suction superimposed on the respiratory-mediated stretch 

reflex caused by the ventilator at 0.15 Hz.  In addition, a large increase in very low-

frequency power is shown between 0.00 and 0.01 Hz (Fig 2a).  This may be due to the 

addition of a vagally-mediated very-low frequency harmonic that accompanied the 

increase in low frequency power.  Glycopyrrolate abolished the vagally-mediated 

increase in spectral power at 0.15 Hz.  consider changing in manuscript. 

Time-domain HRV parameters.  The SDRRI values for each treatment group are 

shown in Figure 3.  There was a significant increase in SDRRI during vagal activation 

compared to baseline AF (p<0.001), and compared to vagal blockade (p<0.001).    In 

addition, a significant decrease in SDRRI during vagal blockade compared to baseline 

was observed (p<0.001).   
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Frequency-domain HRV parameters.    Significant increases in power were observed 

during vagal activation and blockade when compared to baseline AF (p < 0.05) and 

during vagal blockade compared to vagal activation (p<0.05) (Figure 4).   

Correlation between time and frequency domain parameters.  Significant linear 

correlations between SDRRI and spectral power at 0.15 Hz during AF were detected at 

baseline (Figure 5A: r=0.93; p<0.01) and upon vagal activation (Figure 5B: r=0.80; 

p<0.01).  Vagal blockade blunted this relationship, such that the correlation between 

SDRRI and spectral power was no longer statistically significant (Figure 5C: r=0.21; 

p>0.05). change numbers when you get rid of the outlier. 

 

DISCUSSION 

This study is the first to use pulsatile neck suction as a means to produce frequency-

mediated fluctuations in vagal activity in a porcine model of atrial fibrillation.  Our 

findings strengthen the contention that ventricular irregularity during AF is mediated in 

part by vagal activity.  The major findings of this study are: 1) oscillatory vagal activity 

produces an entrainment of the ventricular response during AF, and 2) augmented vagal 

activity increases HRV during AF and these increases can be abolished with a 

muscarinic blocker.  Recognizing that power spectral analysis of HRV is a robust 

measure of vagal function in sinus rhythm20, particularly when oscillatory vagal 

activation is evoked, our results suggest that this analysis may be used to assess HRV, 

and thus vagal tone, during AF as well.  Thus, these results have important implications 

in predicting cardiac mortality in AF patients.   
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Previous Studies 

Vagal activity and atrial fibrillation. Research examining the determinants of the 

ventricular rhythm in AF is controversial and severely limited.  It is hypothesized that 

in patients with AF, the ventricular response may be determined by several factors 

including the atrial rate16, 17 , AV nodal input18-21 , altered properties of the AV 

conduction system22-25 , and vagal tone.  Because research on this topic is so limited, 

data remain inconsistent and inconclusive.  However, it is agreed that the wide range of 

R-R intervals is probably not mediated by a single mechanism.  

 

To date, the role of vagal tone in mediating ventricular irregularity during AF has not 

been extensively studied.  Studies of vagal activity during AF have either focused on 

the effects on ventricular rate26, 27 , or ventricular rhythm in conjunction with other 

therapeutic or pharmacological interventions28  .  That is, HRV parameters were not 

used to analyze the effects of vagal tone on ventricular irregularity.  For example, 

Zhang et al.  established that electrical vagal stimulation at the AV node decreases 

ventricular rate in conscious dogs during AF27 .  However, R-R intervals were not 

analyzed and, therefore, no conclusion could be made about the effect of vagal 

stimulation on ventricular rhythm27 .  Similarly, van den Berg et al.  found that vagal 

stimulation decreases AV node conductivity and augments concealed conduction; 

however, they did not analyze the variability of RR intervals29 .   

HRV as an independent predictor of survival in AF.  The literature regarding HRV and 

SCD provides insight into the prognostic implications of altered autonomic tone.   HRV 

is one of the autonomic markers of current interest that has been used as a strong 

predictor of SCD in patients with heart failure30-33  and post-MI34, 35 .  Evidence from 
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HRV analysis during sinus rhythm suggests an adverse prognostic value of decreased 

vagal activity in cardiac patients 32, 34-36 . 

 

Atrial fibrillation is usually excluded from the applications of standard HRV analysis 

on the presumption that a normal sinus rhythm is required for such analyses37  .  

However, limited data suggest that even in patients with AF, reduced HRV may be 

predictive of adverse prognosis5-7  .  Stein et al. demonstrated that a reduction in time-

domain measurements of high-frequency HRV was a predictor of the risk of mortality 

in AF patients6  .  In a similar study, Frey et al. found that SDRRIs accurately predicted 

12-month survival in 28 patients with AF and HF5 .  Yamada et al. found a significant 

association between reductions in ventricular response variation and risk for cardiac 

death7  .  Collectively, these studies suggest that heart rate variability may be applicable 

in patients with AF and support the idea that reduced ventricular irregularity in AF is 

an independent prognostic indicator for cardiac mortality.  Whether increased 

ventricular irregularity during AF is an index of vagal protection, as is established in 

cardiac patients with normal sinus rhythm, remains unknown.   

 

 

 

Current Study 

On the basis of the above premises, we hypothesized that vagal tone modulates 

ventricular irregularity during AF.  In addition, we proposed that HRV measures may 

be used to assess vagal tone in AF, comparable to its utility during sinus rhythm.  The 
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results of this study support our hypothesis.  As expected, both time and frequency 

domain parameters of HRV were higher during vagal activation, and vagal blockade 

abolished these increases.  In addition, power spectral analysis confirmed an 

entrainment of the ventricular response to frequency-mediated changes in vagal tone.  

These results demonstrate a modulatory role of the vagus in ventricular irregularity 

during AF.  The fact that time domain and frequency domain parameters were tightly 

correlated lends additional support to the utility of power spectral analysis to analyze 

HRV during AF.  Furthermore, the profound reduction of all measures of HRV both 

during baseline and vagal augmentation maneuvers supports the conclusion that these 

measures and maneuvers are mediated importantly by vagal control.  It is important to 

note that the present findings neither refute nor support the controversial notion that the 

ventricular rhythm during AF is truly random.  Rather, our results demonstrate that the 

ventricular response during AF is modulated in part by vagal activity.     

  

Limitations 

This study examined ‘acute’ AF induced by mechanical and electrical stimuli.   

Therefore, the AF induced in this study may not be representative of clinical or 

‘chronic’ AF which may include preexisting cardiovascular disease, impaired 

baroreflex function and blunted vagal control.  Thus, our results can only be applied to 

an acute model of AF and should be interpreted cautiously.  In addition, isoproterenol 

was used to sustain AF in several pigs which drastically increased sympathetic activity 

during baseline, thus masking the vagal contribution to HRV.  However, there were no 

significant differences in HRV between the isoproterenol and non-isoproterenol groups.   
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Finally, although the necessary steps were taken to maximize the statistical signal-to-

noise ratio, there was a substantial amount of background noise that may have 

influenced the power signal during the study.   This may be the reason why we did not 

observe a significant increase in power during vagal activation compared to baseline, 

despite the large increases seen in some individual experiments, such as the one in 

Figure 2.  Despite these limitations, we did observe an increase in HRV with vagal 

activation during AF.  Importantly, these changes were abolished by vagal blockade.   

 

CLINICAL IMPLICATIONS 

Our findings suggest that power spectral analysis may be used in conjunction with 

frequency-mediated vagal maneuvers to assess vagal tone modulation of the ventricular 

response during AF.  Considering the clinical utility of HRV measures during sinus 

rhythm, our findings have potentially important clinical implications.  

 

Patients with AF have increased mortality and this increased risk appears to be 

independent of the co-existing cardiovascular changes2 .  As outlined above, limited 

studies suggest HRV analysis may predict cardiac mortality in patients with AF, such 

that increased HRV and vagal tone are associated with reduced risk of SCD.  This 

relationship is analogous to the application of HRV analysis currently used in clinical 

settings to measure vagal tone and predict cardiac events in patients with sinus 

rhythm38  .  Until now, however, the role of vagal control in mediating the link between 

HRV and SCD in patients with AF remained unclear.  This study lends support to the 
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idea that the vagus does, in part, mediate ventricular irregularity during AF and that 

indices of enhanced HRV may be consistent with the vagal-mediated protection against 

SCD found in post-MI patients. 

   

CONCLUSIONS 

We examined the role of the vagus on ventricular irregularity using intermittent neck 

suction in a porcine model of AF.  We have found that ventricular irregularity during 

AF, as measured by HRV analysis, is mediated in part by vagal activity and that HRV 

is a meaningful method to assess vagal tone during AF. These results lend support to 

previous evidence suggesting that higher HRV reduces risk for SCD in patients with 

AF. Heart rate variability analysis may prove to be a useful clinical tool to predict 

cardiac events in patients with atrial fibrillation.  
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FIGURE LEGENDS 

 

Figure 1:  Sample tracings of sinus rhythm (NSR), atrial fibrillation at baseline (AF), 

and atrial fibrillation during neck suction (NS) and muscarinic blockade with 

glycopyrrolate (G). 

 

Figure 2a & 2b: Power spectral analysis of AF in pigs during baseline, neck suction 

(NS) at 0.15 Hz, and glycopyrrolate muscarinic blockade (G). Arrow indicates the 

frequency (0.15 Hz) at which neck suction was imposed. 

 

Figure 3: SDRRI for each treatment condition during AF in pigs.  SDRRI was 

significantly increased during vagal activation compared to baseline (*p<0.001).  

Glycopyrrolate significantly reduced SDRRI during vagal activation (†p<0.001) and 

was significantly lower compared to baseline (*p<0.001).  Mean values ± SEM for 11 

experiments. 

 

Figure 4: Spectral power for each treatment condition during AF in pigs.  

Glycopyrrolate significantly reduced spectral power compared to baseline (*p<0.05) 

and vagal activation (†p<0.05).  There was a statistically significant difference 
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(*p<0.05) in spectral power between vagal activation and baseline.  Mean values ± 

SEM for 11 experiments. 

 

Figure 5: Correlations between time (SDRRI) and frequency (spectral power) domain 

parameters of heart rate variability.  There were statistically significant correlations 

between the two parameters at baseline (panel A) and during vagal activation (panel B), 

but the correlation during vagal activation + glycopyrrolate (panel C) was not 

statistically significant.  Points represent values from individual experiments.
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Figure 1 
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Figure 2a 
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Figure 2b 
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Figure 3 
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Figure 4 
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Figure 5 
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ABSTRACT: 

BACKGROUND: Atrial fibrillation (AF) is the most common sustained arrhythmia and 

appears to be an independent predictor of sudden cardiac death (SCD).  This could be due 

to the elevated sympathetic activity that accompanies AF; however, limited survival 

studies suggest ventricular irregularity (VIR) during AF is inversely correlated with SCD.  

Whether this inverse correlation is a function of vagal control remains unclear.   

OBJECTIVE:  The purpose of this study was to determine 1) if power spectral analysis is 

a valid method to assess vagal activity in patients with AF, and 2) the role of the vagus in 

mediating VIR during AF.   

METHODS: Time and frequency domain parameters of HRV were calculated during 

baseline, neck suction, deep breathing, and combined neck suction and deep breathing 

combined in five AF patients and age-matched controls.   

RESULTS:  Baseline HRV was higher in the AF group compared to the control group.  

There was a significant increase in SDRRI during deep breathing/neck suction combined 

compared to baseline (p=0.01)and deep breathing alone (p=0.03).  Neck suction 

significantly increased SDRRI compared to baseline (p=0.03).  Deep breathing/neck 

suction significantly increased spectral power compared to baseline (p=0.02) and deep 

breathing alone (p=0.03).  Neck suction significantly increased spectral power compared 

to baseline (p=0.03).  Deep breathing alone did not significantly increase HRV compared 

to baseline (p>0.20).  In addition, SDRRI and spectral power were significantly 

correlated during deep breathing (p=0.03, r=0.91) and deep breathing/neck suction 

combined (p=0.02, r=0.92).  The change in SDRRI and spectral power were not different 

between the AF and control group.   
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CONCLUSION: Power spectral analysis is a valid and reliable method to assess vagal 

tone in AF patients when a frequency-mediated vagal stimulus is superimposed on the 

system.  Importantly, the vagus does appear to mediate VIR during AF.  These findings 

have important clinical implications for the utility of HRV and vagal tone as prognostic 

indicators of SCD.  

 

Index terms: atrial fibrillation, vagal tone, heart rate variability 

 

Abbreviations: AF, atrial fibrillation; SCD, sudden cardiac death; VIR, ventricular 

irregularity; SNA, sympathetic nerve activity; PSNA, parasympathetic nerve activity, 

HRV, heart rate variability; SDRRI, standard deviation of RR intervals 
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INTRODUCTION 

Atrial fibrillation is the most common sustained cardiac arrhythmia in clinical practice 

and is associated with increased mortality due to sudden cardiac death (SCD).  This 

increase could be attributed to the cardiovascular conditions that accompany AF, 

however, the Framingham cohort identified a 1.5 to 1.9 fold increase in mortality even 

after adjusting for preexisting cardiovascular disease.  Thus, AF appears to be an 

independent predictor of sudden cardiac death. 

   

Paradox of Autonomic Effects during Atrial Fibrillation   

The relationship between autonomic control during AF and SCD has not been clearly 

established, thus creating a potential paradox of autonomic effects (Figure 1).  Atrial 

fibrillation is characterized by a highly irregular ventricular rhythm, which has been 

shown to produce elevated sympathetic nerve activity (SNA).  Elevated SNA has been 

shown to be directly correlated with poor prognosis and increased mortality.  It is 

suggested that the ventricular irregularity during AF increases the risk for SCD by 

unloading of the baroreflexes and consequent sympathoexcitation. 

 

However, limited data suggest that the degree of ventricular irregularity during AF is 

inversely correlated with SCD.  It is well-established that increased vagal tone, measured 

as an increase in heart rate variability, is protective against SCD.  The measure of heart 

rate variability is a valuable tool to assess autonomic function and holds significant 

prognostic value in cardiac patients in sinus rhythm.  However, atrial fibrillation patients 

are usually excluded from heart rate variability analysis because the measurement of 
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HRV presumes the presence of sinus rhythm.  Therefore, it remains unclear whether high 

ventricular irregularity observed during atrial fibrillation, measured as heart rate 

variability, reflects high PSNA as in patients with sinus rhythm.  Therefore, the purpose 

of this study was to determine if ventricular irregularity during atrial fibrillation is 

mediated in part by the vagus nerve.  We hypothesize that 1) frequency-mediated vagal 

perturbations produce ventricular entrainment during AF and 2) the vagal influence on 

the ventricle can be detected using heart rate variability analysis.  We tested these 

hypothesis by measuring heart rate variability during an imposition of oscillatory vagal-

maneuvers in patients with atrial fibrillation.   

  

METHODS 

Subjects.  Male or female patients between the ages of 21-79 years with chronic atrial 

fibrillation were eligible for the study.  Patients with autonomic dysfunction, uncontrolled 

blood pressure, or previous cardiac surgery were excluded as well as patients not 

currently taking anti-coagulation medication.  Healthy aged-matched individuals were 

used as control subjects.  The study was approved by the University of North Texas 

Health Science Center’s Institutional Review Board and written consent was obtained 

from each patient prior to participation in the study.  The experimental protocols 

conformed to the requirements of human subject protection described by the Declaration 

of Helsinki.    

 

Measurements:  During the experiment, ventricular rhythm was continuously recorded 

with a 3-lead ECG.  Blood pressure was measured continuously using 
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photoplethysmography at the finger (Finometer model 1, Finapres Medical Systems BV, 

Amsterdam, Netherlands).  All data were captured using Windaq® data acquisition 

software.  Beat-to-beat R to R intervals were derived from the ECG waveform using a 

peak detection algorithm. 

 

Experimental Protocol.  Subjects sat upright for the duration of the experiment.  After 

monitoring heart rhythm and blood pressure for 6 minutes, the following protocols were 

performed.   

Baseline normal breathing.  Subjects performed controlled breathing at 15 breaths per 

minute (4 second respiratory cycle) for 6 minutes.  

Deep breathing.  Stretch-reflex mediated vagal activation was induced using a patterned 

deep breathing technique.  Subjects performed controlled deep breathing at 7.5 breaths 

per minute (8 second respiratory cycle) for 6 minutes. 

Normal breathing and neck suction.  Baroreflex-mediated vagal activation was induced 

using neck suction.  The effectiveness of intermittent neck suction technique in eliciting 

oscillations in vagal activity has been reported elsewhere.  In brief, neck suction at the 

level of the carotid arteries produces increased transmural pressure which activates the 

arterial baroreflex and increases vagal activity.  A lead neck collar was placed around the 

subject’s neck and produced a sealed chamber.  The chamber delivered square-wave 

pulsatile suction (-40 mmHg) every 2 seconds (0.25 Hz) coinciding with exhalation.   

Controlled deep breathing and neck suction combined.  In order to augment any vagally-

mediated changes in ventricular rhythm, baroreflex-mediated vagal activation was 
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superimposed on stretch-mediated vagal activation.  Sinusoidal neck suction was 

administered every 4 seconds (0.125 Hz) coinciding with exhalation.  

 

Data analysis.  All data presented represent mean±SEM.  Significance was set at p=0.05 

for all analyses.  The ventricular response to vagal activation was assessed using time 

(SDRRI) and frequency domain (power spectral analysis) parameters of heart rate 

variability.   

Time domain analysis:  Standard deviations of RR intervals (SDRRIs) were calculated 

for each protocol (baseline, neck suction, deep breathing, and deep breathing neck 

suction combined).  Data failed the Kolmogorov-Smirnov normality test; therefore 

within-group differences were determined using a repeated measures ANOVA on ranks.  

If a significant main effect (p<0.05) was obtained, post hoc comparisions were performed 

with the Student-Newman-Keuls Method.  Differences between the AF and control 

groups were determined using a Mann-Whitney U test for each treatment condition. 

Frequency-domain analysis:  Low-frequency treatments included deep breathing and 

deep breathing/neck suction combined.  High frequency treatments included neck 

suction.  Power spectral densities were calculated within the frequency ranges at which 

vagal maneuvers were forced.  Spectral power for high frequency maneuvers (baseline, 

neck suction) was calculated from 0.20-0.30 Hz.  Spectral power for low-frequency 

maneuvers (baseline, deep breathing and deep breathing/neck suction combined) were 

calculated from 0.075-0.175 Hz.  Spectral power at baseline was calculated at both low 

and high frequencies in order to calculate the change in power for each treatment 

condition.  Frequency-domain data passed the normality test and were analyzed using 
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one-way ANOVA with repeated measures.  If a main effect was obtained, post hoc 

comparisons were performed using the Student-Newman-Keuls Method.   

Correlations:  Pearson’s product moment correlations were used to correlate time and 

frequency domain parameters of HRV.  Significance was set at an α level of 0.05. 

Between group comparisons: Data from the AF and control groups were compared using 

Mann-Whitney U tests for each treatment condition. 

 

RESULTS 

Clinical Characteristics.  Two men and three women ages 67±9 years, participated in the 

study.  Clinical characteristics are presented in Table 1.  All patients were diagnosed with 

chronic atrial fibrillation and had normal ejection fractions (>55%).  All patients were 

free of structural heart disease, neurological disorders, and were normotensive.  The 

aged-matched control group (67±9 years) consisted of five women with no heart or 

neurological disorders, controlled blood pressure, and normal sinus rhythm.  Baseline 

HRV was significantly higher in the AF group.  

 

Time-domain analysis.  The mean SDRRIs for each treatment condition are shown in 

Figure 2.  Vagal activation via neck suction significantly increased SDRRI compared to 

baseline (p<0.05).  In addition, there was a significant increase in SDRRI during deep 

breathing alone compared to baseline (p<0.05).  There was no significant difference in 

HRV during deep breathing alone compared to neck suction.  There was a significant 

increase in HRV during deep breathing and neck suction combined compared to baseline 

(p<0.05), neck suction (p<0.05 ) and deep breathing alone (p<0.05).   



 70 

 

Frequency domain analysis.  Representative power spectra for two AF patients during all 

treatment conditions are shown in Figures 3a and 3b.  Mean power spectral densities for 

each treatment condition are shown in Figure 4.  There was not a significant increase in 

power vs. baseline when deep breathing (p=0.57) was applied separately.  However, there 

was a significant increase in power (p=0.04) when neck suction was applied separately.  

In addition, when the two maneuvers were combined, there was a significant increase in 

spectral densities at 0.125 Hz compared to baseline (p=0.02) and deep breathing alone 

(p=0.03).   

 

Correlation between time and frequency domain HRV parameters.  Correlations between 

SDRRI and spectral power at baseline and during deep breathing/neck suction combined 

are shown in Figure 5.  There were significant correlations between SDRRI and spectral 

power during deep breathing (p=0.03, r=0.91) and deep breathing and neck suction 

combined (p=0.02, r=0.92).  The correlation between these parameters during neck 

suction was not significant.  As expected, no significant correlation was found between 

power spectral analysis and SDRRI at baseline in the AF group.  The correlation between 

the change in SDRRI and the change in spectral power from baseline during deep 

breathing/neck suction combined is shown in Figure 6.  There was a significant 

correlation between the changes in time and frequency parameters of HRV during deep 

breathing combined with neck suction (p<0.01, r=0.99).  However, correlations between 

changes in HRV parameters were not significant for neck suction or deep breathing 

alone.  
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Atrial fibrillation compared with normal sinus rhythm.  SDRRI and spectral power were 

significantly higher at baseline in the AF group.  The differences between the AF and 

control group for HRV parameters are shown in Tables II and III.  Because of the high 

variability of the ventricular response during AF, we did not expect to see a significant 

correlation between the two HRV parameters at baseline.  Indeed, there were no 

significant differences in the change in SDRRI for all treatment conditions compared to 

baseline.  Similarly, there were no significant differences in the change in spectral power 

from baseline for all treatment conditions. 

 

DISCUSSION 

This is the first study to demonstrate ventricular entrainment using frequency-mediated 

vagal maneuvers during atrial fibrillation.  Our data suggest that 1) HRV analysis can be 

used to detect oscillatory changes in ventricular rhythm and thus determine the vagal 

influence on the ventricle in patients with AF, and 2) high ventricular irregularity during 

AF may reflect increased PSNA, as is established in cardiac patients with normal sinus 

rhythm.   

 

Our results show a strong correlation between time and frequency parameters of HRV 

upon imposition of both vagal maneuvers, but not during baseline.  This supports the idea 

that baseline HRV analysis during AF may not serve as a diagnostic tool.  However when 

a frequency-mediated stimulus is imposed on the ventricle, spectral analysis can detect 

the imposed fluctuations that correlate well with a common time-domain HRV parameter.  
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Moreover, we observed no statistical difference in both time and frequency parameters of 

HRV between the control group and AF group.  These results suggest that HRV analysis 

may not be limited to use only in patients with sinus rhythm, and that heart rate 

variability during AF is comparable to that observed during sinus rhythm.  

 

Albeit the effect of neck suction, i.e. baroreflex-mediated vagal activation, caused a 

significant increase in power compared to baseline, it was considerably less than the 

effect of deep breathing and neck suction combined, i.e. both respiratory and baroreflex-

mediated vagal activation.  There may be several explanations for this observation.  First, 

patients with AF may have impaired baroreflex function, such that an increase in carotid 

pressure causes smaller increases in vagal activity.  Baroreflex-mediated vagal activation 

may not increase vagal activity with the same magnitude as vagal activation via both the 

pulmonary and baroreflexes combined.  Second, depending on the duration of AF, the 

ventricle may be refractory to vagal stimuli of a lesser magnitude and may only respond 

to large increases in vagal activity.  Finally, neck suction was administered at a higher 

frequency compared to the combined maneuvers (0.125 Hz vs. 0.25 Hz).  Employing 

neck suction to a lower frequency may have produced greater increases in power, as 

demonstrated in normal subjects during vagal activation via deep breathing39. 

 

Previous Studies 

Determinants of ventricular irregularity during AF.   It is currently hypothesized that the 

ventricular response during AF may be determined by several factors including, but not 

limited to, AV nodal input1-4 and altered properties of the AV conduction system5-8 .  
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However, the idea that autonomic tone affects AV nodal input has not been extensively 

studied out side of clinical observation9-11 .  Therefore, the role of vagal tone in mediating 

ventricular irregularity during AF has not been examined in detail.  Studies of vagal 

activity during AF have either focused on the effects on ventricular rate12, 13 or ventricular 

rhythm in conjunction with other therapeutic or pharmacological interventions14  . For 

example, van den Berg et al.  demonstrated a decrease in AV nodal conductivity and 

augmented concealed conduction upon vagal stimulation; however, they did not analyze 

the variability of RR intervals and could not clarify the relationship between vagal 

activity and irregular rhythm during AF15 .  Likewise, Zhang et al. demonstrated that 

electrical vagal stimulation decreases ventricular rate in conscious dogs during AF12 .  

However, heart rate variability was not analyzed and therefore no conclusion could be 

made about the effect of vagal stimulation on ventricular rhythm12 . 

 

HRV as an independent predictor of survival in AF.  It is well-established that power 

spectral analysis of HRV is a reliable non-invasive measure of autonomic function in 

sinus rhythm16, 17 .  Accordingly, the relationship between autonomic function and the 

risk for SCD has sparked great interest in the predictive value of heart rate variability.  It 

has been shown that increased vagal tone reduces the risk for SCD in patients with 

normal sinus rhythm18-20 .  In addition, a direct relation has been found between elevated 

SNA and risk for ventricular arrhythmias that often accompany SCD21, 22 .   

 

Atrial fibrillation is usually excluded from the applications of standard HRV analysis on 

the presumption that a normal sinus rhythm is required for such analyses23  .  However, 
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limited data suggest that even in patients with AF, reduced HRV may be predictive of 

adverse prognosis24-26 .  Stein et al. examined the prognostic significance of heart rate 

variability in 21 patients with chronic AF25 .  Results indicated that a reduction in HRV 

was a predictor of the risk of mortality in AF patients25 .  In a similar study, Frey et al. 

calculated the variability of ventricular rate in 35 patients with atrial fibrillation and heart 

failure and the analysis of HRV accurately predicted 12-month survival in 28 patients.  In 

addition, Yamada et al. suggest that a reduction in ventricular response variation during 

AF increases the risk for cardiac death24 .  Collectively, these studies suggest that reduced 

HRV during AF is an independent prognostic indicator for cardiac mortality.  However, it 

is important to note that in none of these studies was power spectral analysis used as a 

measure of HRV during AF.    

 

Power spectral analysis and AF 

The data supporting the use of spectral analysis as a measure of HRV in AF patients is 

severely lacking.  We are only aware of one study that uses power spectral analysis to 

analyze vagal tone during AF.  Van den Berg et al measured time and frequency domain 

measures of HRV in 16 patients with AF after administration of a beta-blocker and 

atropine27 .  Changes in HRV after atropine were then correlated to cardiac vagal control, 

an index of vagal tone.  They found that HRV during AF was significantly correlated 

with vagal tone27 . 

 

Clinical Implications 
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An important aspect to this study was the use of simple, non-invasive methods to provoke 

vagal activity in patients with atrial fibrillation and produce ventricular entrainment in 

response to the perturbations.  Respiratory patterning has been used to investigate 

variations of the ventricular rhythm during AF28-31 .  In addition, sinusoidal neck suction 

is a valid method to provoke oscillatory changes in vagal activity in several populations32-

34 ; however our study is the first to employ neck suction in atrial fibrillation patients.    

The use of these non-invasive techniques to augment vagal activity combined with the 

possible prognostic value of HRV analysis during AF underscores the importance of the 

potential clinical utility of power spectral analysis in patients with atrial fibrillation. 

 

A burgeoning question remains: Which autonomic influence serves as a protective 

mechanism against SCD? That is, does high HRV during AF, i.e. high PSNA reduce 

SCD risk? Or does reduced sympathetic consequence due to low HRV have a protective 

effect?  Understanding the net effects of both limbs of the autonomic nervous system 

during AF is necessary to 1) determine the role of ventricular rate on the net effects of 

SNA and PSNA during AF, and 2) determine a clear association between AF and excess 

mortality to accurately predict survival in patients with AF.   Continued refinements in 

our understanding of the role of cardiac-vagal activity on irregular ventricular rhythm 

during AF have the potential to improve our appreciation of the pathophysiology of AF 

and allow for the development of useful therapeutic approaches. 

 

Limitations 
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A major limitation is the low number of patients that participated in this study.  However, 

albeit small, data from the sample size of 5 still produced an effect size of 0.8 or higher 

and power of 0.78 or higher for all statistical analyses.  Another limitation was that we 

did not quantify baseline vagal tone and physical fitness.  It would have been beneficial 

to examine the relationship between these variables and ventricular reactivity in our 

patients.  Physical fitness has been reported to be an indicator of baseline vagal tone35, 36 .  

Basal vagal activity has been reported to be correlated closely with HRV parameters in 

older subjects35, 37, 38  and has been correlated with measures of HRV27 .  Finally, we did 

not quantify baseline sympathetic activity.  Doing so may have identified the association 

between baseline SNA and the magnitude of change in spectral power during AF.  

 

Conclusion 

We have shown that ventricular irregularity during AF is probably a function of the 

parasympathetic nervous system.  In addition, we suggest vagal tone can be characterized 

using power spectral analysis by using non-invasive methods to provoke oscillatory vagal 

activity.  Just as power spectral analysis has predictive value in patients with sinus 

rhythm, it may have clinical implications in predicting cardiac mortality in AF patients as 

well.  
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List of Tables 

Table I.  Clinical characteristics. 
 Controls AF 
n 5 5 
Age, y 67±9 67±9 
Baseline heart rate (bpm) 75±4 79±5 
AF duration, y n/a 11±3 
Lone AF  0 5 
Mean arterial pressure (mmHg) 89±12 92.6±10 
Cardiac output (L/min) 5.1±0.7 4.5±0.4 
Ejection fraction (%) <60 61±2 
Medication, n    
     Digoxin 0 1 
     Warfarin  0 1 
     Coumadin 0 4 
     Atenolol 0 1 
     Metoprolol 2 2 
     Lisinopril 0 2 
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Table II. Average change in SDRRI from baseline. 
 AF Controls P value 

Neck suction 0.05±.01 0.18±.10 0.84 
Deep breathing 0.04±.02 0.07±.01 0.49 
Deep breathing/neck suction  0.20±.06 0.19±.08 0.81 
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Table III. Average change in spectral power from baseline. 
 AF Controls P value 

Neck suction .0018±5.3x10-4 .0013±6.3x10-4 0.06 
Deep breathing .0012±4.5x10-4 .00016±1.1x10-4 0.65 
Deep breathing/neck suction  .004±1.7x10-3 .007±5.2x10-3 0.57 
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FIGURE LEGENDS 

 

Figure 1.  The proposed paradox of autonomic effects states that if high ventricular 

irregularity during AF increases activity in both limbs of the autonomic nervous system, 

each would produce physiologic changes that yield opposite effects on the risk for sudden 

cardiac death. 

 

Figure 2.  Mean SDRRIs for each treatment condition in the AF group.  SDRRI was 

significantly increased during neck suction (*p<0.05), deep breathing (*p<0.05), and 

deep breathing/neck suction combined (*p<0.05) compared to baseline. SDRRI during 

deep breathing/neck suction was significantly different from neck suction alone 

(†p<0.05) and deep breathing alone (‡p<0.05).  Mean values ± SEM. 

 

Figures 3a & 3b.  Representative spectral densities for two AF patients during baseline 

(BL), neck suction (NS), deep breathing (DB), and deep breathing combined with neck 

suction (DBNS).  Arrows indicate frequency at which vagal maneuvers were forced: 

NS=0.25 Hz, DB and DBNS=0.125 Hz.  

  

Figure 4.  Average power spectra for each treatment condition for the AF group.  There 

was a statistically significant difference in spectral power at 0.25 Hz between neck 

suction and baseline (*p=0.03).  Deep breathing/neck suction combined significantly 

increased spectral power at 0.125 Hz compared to baseline (*p=0.02) and compared to 
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deep breathing alone (†p=0.03).  However, there was no significant increase in power 

during deep breathing alone compared to baseline (p=0.44).  Mean values ± SEM. 

 

Figure 5.  Correlations between the time and frequency domain HRV parameters at 

baseline and during deep breathing and neck suction combined.  There was no significant 

correlation between the two parameters at baseline, however with both vagally-mediated 

reflex pathways activated, a significant correlation existed between the two parameters 

(r=0.92, p=0.03). 

 

Figure 6.  Correlation between the change in SDRRI and spectral power for deep 

breathing/neck suction combined.  There was a significant correlation between time and 

frequency parameters of HRV during this treatment condition (p<0.01, r=0.99). 
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FIGURES 

Figure 1 
 
 
 
The Autonomic Effects Paradox of Atrial Fibrillation 
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Figure 3a 
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Figure 3b 
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Figure 4 
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Figure 5 
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Figure 6 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

The relationship between autonomic function and the risk for SCD has sparked 

great interest in the predictive value of heart rate variability.  It has been reported that 

increased vagal tone reduces the risk for SCD in patients with normal sinus rhythm11, 13, 

179 .  In addition, a direct relation has been found between elevated SNA and risk for 

ventricular arrhythmias that often accompany SCD180, 181 .  However, to date there are 

limited reports examining the autonomic nervous system, as measured by HRV, in atrial 

fibrillation.  Further, whether the ventricular rhythm response during AF is associated 

with the parasympathetic nervous system has not been examined comprehensively.   

 The present investigations are novel in several regards.  Our porcine study was the 

first to employ intermittent neck suction as a means to activate the carotid baroreflex in 

pigs.  In addition, our human study was the first to use frequency-mediated vagal 

activation and HRV analysis to augment the vagus and determine its role on ventricular 

rhythm during AF. 

 Given the association between HRV and vagal tone during sinus rhythm, we 

sought to determine if this physiologic association exists in patients with atrial 

fibrillation.  This is the first set of studies to investigate the role of vagal tone in 

mediating ventricular irregularity during AF.  In these studies, vagal activity was 

augmented by a baroreflex-mediated stimulus and by the respiratory stretch-mediated 
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reflex.  The ventricular response to these oscillatory maneuvers was examined using heart 

rate variability analysis in both the time domain (SDRRI) and frequency domain (power 

spectral analysis).  The results from the current experiments demonstrate ventricular 

entrainment to the oscillatory vagal maneuvers imposed on the system.  This suggests 

that 1) HRV analysis may be used to assess vagal activity in patients with atrial 

fibrillation when a frequency-mediated stimulus is imposed, and 2) the vagus is partially 

mediating ventricular irregularity during AF. 

 The results from these studies raise a number of important questions that warrant 

further investigation: 

1) What is the net autonomic influence of both limbs of the ANS during atrial 

fibrillation? That is, does high HRV during AF, i.e. high PSNA, serve as a 

protective mechanism against SCD? Or does low sympathetic activity as a result 

of low HRV protect against SCD?  Research from our group has previously 

reported that high ventricular irregularity during AF causes elevated SNA.  

Elevated SNA has been found to increase the risk for SCD.  Interestingly, our 

current studies show that ventricular irregularity during AF is mediated in part by 

the parasympathetic nervous system, a known protector against risk for SCD.   

 Understanding the net effects of both limbs of the autonomic nervous system 

during AF  is necessary to a) elucidate the relationship between HRV during AF and 

vagal tone, and  importantly, b) determine a clear association between AF and 

increased mortality to  accurately predict survival in patients with AF. 

2) What role does heart rate play in these net effects?  Is there a target rate that 

should be defined to optimize the enhanced vagal tone and reduced sympathetic 
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activity?  These questions encourage the long-standing debate regarding rate 

versus rhythm control in AF.  Extensive research suggests there is no significant 

difference between the two treatment conditions when cardiac death is the 

primary endpoint.  Therefore, establishing the role of ventricular rate in the 

autonomic effects that accompany AF is crucial to further evaluate the 

effectiveness of the two treatment conditions in reducing cardiac mortality in 

patients with AF.  

In conclusion, the clinical importance of power spectral analysis in predicting 

cardiac death during sinus rhythm has been established.  The utility of this measurement 

during atrial fibrillation has only yielded a paucity of data.  Understanding the 

relationship between PSNA and irregular ventricular rhythm during AF, as measured as 

HRV, is necessary to assess the possible protective benefit of vagal activity in this 

population.  Our research is necessary in determining a clear association between AF and 

excess mortality and to accurately predict survival in patients with AF.   Lastly, continued 

refinements in our understanding of the role of cardiac-vagal activity on irregular 

ventricular rhythm during AF have the potential to improve our appreciation of the 

pathophysiology of AF and allow for the development of useful therapeutic approaches. 
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