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Introduction 

Atrial fibrillation (AF) is the most common arrhyth-
mia in the world and is associated with significant 
morbidity and mortality. AF increases the risk for 
stroke, heart failure and mortality.1-3 Incidence 
and prevalence of AF increases with age and the 
risk doubles with each advancing decade.4-6 While 
there are 2.3 million people with AF currently, it 
is estimated that the prevalence of AF increases to 
6 million by year 2050 in the United States alone.7

AF frequently starts as paroxysmal atrial fibrilla-
tion (PAF) and gradually progresses to permanent 
atrial fibrillation in about 77% of patients over a time 
period of 14 years despite anti-arrhythmic therapy 
as shown in a study by Kato et al.8 Epidemiologi-
cal studies and animal models suggest that AF be-
gets AF since the fibrillating myocardium causes 
electrical remodelling that further perpetuates 
AF.9,10 Diabetes, hypertension, heart failure, obe-
sity, obstructive sleep apnea, myocardial infarc-
tion and valvular diseases are some of the known 
risk factors for AF.4, 11- 15 However, the factors that 
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Abstract

Introduction: Paroxysmal atrial fibrillation (PAF) eventually progresses to persistent and permanent AF. 
The predictors of progression from PAF to persistent and permanent AF are poorly understood.
Methods: Electronic medical records of 437 patients with PAF were reviewed in a retrospective cohort 
study. Patients were followed in time and progression to persistent/permanent AF was recorded. Demo-
graphic, clinical and echocardiographic information was collected. A logistic regression analysis was 
performed to identify predictors of progression to persistent/permanent AF.
Results: Over a mean duration of 57.3±55.9 months, 32.4% of patients progressed to persistent/perma-
nent AF. Mean age of the population was 67.9±13.4 years with 57% males and 92% Caucasian. Univari-
ate analysis identified higher body higher mass index (BMI), cardiomyopathy, diabetes, valvular heart 
disease (VHD), larger left atrial size (LA) and higher pulmonary artery pressure as predictors of progres-
sion. Multivariate logistic regression analysis larger left atrial size (OR 1.46, CI 1.05-2.04, P 0.002), car-
diomyopathy (OR 2, CI 1.1- 3.3, P 0.003), and moderate to severe valvular heart disease (OR 3.3, CI 1.4-5, 
P 0.008) as significant predictors of progression to persistent/permanent AF.
Conclusions: Our study shows that PAF patients with larger LA, valvular heart disease and cardiomyop-
athy predict progression of PAF to persistent/permanent AF. Higher BMI and cardiomyopathy predicted 
progression to persistent AF while larger LA size and VHD predicted progression to permanent AF.
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cause progression of AF from paroxysmal to per-
sistent and permanent AF are poorly understood. 

The NHLBI workshop recently indicated that sec-
ondary prevention of AF is the most feasible strat-
egy to prevent AF.16  For this however, it is neces-
sary to understand the factors that cause recurrent 
AF as well as its progression. Identifying the fac-
tors that cause progression of AF would identify 
targets for secondary prevention. While some old-
er studies have identified factors of progression 
from PAF to chronic AF there are very few studies 
which specifically looked at predictors of progres-
sion to persistent and permanent AF separately. 

In this study we attempted to identify those clini-
cal, echocardiographic and treatment variables that 
might influence the progression of AF from a par-
oxysmal type to a persistent and permanent form. 

Methods

A retrospective study was conducted at a large 
academic center (University of Kansas Hospitals, 
Kansas City, KS) and electronic medical records 
were reviewed. All patients with PAF diagnosed 
at any time point between 1999 and 2007 and fol-
lowed in the cardiology clinics were included. 
Patients whose initial diagnosis was persistent or 
permanent AF were excluded.

Patients with PAF were followed over time until 
April 2009 and records at every clinical encoun-
ter were reviewed for progression to persistent or 
permanent AF. Paroxysmal, persistent and per-
manent AF was defined according to the ACC/
AHA guidelines.17 Spontaneous conversion of AF 
to sinus rhythm or termination within 24 hours of 
onset was considered paroxysmal. If cardioversion 
was required or if AF persisted beyond 7 days, it 
was classified as persistent. AF refractory to car-
dioversion and long lasting AF was classified as 
permanent AF. Patients who presented to the ER 
within 7 days of onset of symptoms and were car-
dioverted were classified as persistent and were 
excluded from the study if this was the first epi-
sode. Patients presenting to the ER with a new epi-
sode of AF with remote history of cardioversion 
were also excluded. Patients whose history could 
not be confirmed were excluded. 

Electronic medical records of patients with PAF 

thus obtained were reviewed for clinical and de-
mographic information. They were divided into 
two groups. Group 1 included patients who pro-
gressed to persistent or permanent AF. Group 2 
included patients who continued to remain in 
PAF till April 2009. Differences in baseline de-
mographic and clinical characteristics between 
the two groups were identified. BMI, LA size, left 
ventricular size, pulmonary artery (PA) pressure, 
ejection fraction and serum creatinine were ana-
lyzed as continuous variables while the remain-
der of the variables were analyzed as categori-
cal variables. Diastolic dysfunction and valvular 
heart disease (VHD) were analyzed as binary 
variables and were considered as present when 
echocardiographic findings reported moder-
ate to severe dysfunction (Grade 2 and grade 3 
of diastolic dysfunction and moderate to severe 
mitral and aortic valve disease). Cardiomyopathy 
was defined as present if any patient had a docu-
mented diagnosis of ischemic, non-ischemic or 
hypertrophic obstructive cardiomyopathy in the 
medical record. Medication use was considered 
at baseline when patients had PAF and had not 
yet progressed. Mortality data was obtained from 
social security death index. 

Statistical Analysis

Categorical data is expressed as percentages and 
continuous data as means and standard deviation. 
Chi-square analysis and t-tests were performed 
for categorical and continuous data respectively. 
Univariate logistic regression analysis was per-
formed to identify univariate predictors of pro-
gression to persistent and permanent AF. Mul-
tivariate logistic regression was then performed 
from univariate predictors. A p value of 0.15 from 
univariate analysis was considered significant to 
enter into the regression model. A sub analysis 
was then performed to identify the univariate 
and multivariate predictors of progression to per-
sistent AF and permanent AF separately. P value 
of 0.05 was considered significant. SAS 9.1.3 ver-
sion (SAS Institute Inc, Cary , NC ) was used for 
the analyses.

Results

BA total of 437 patients were identified to have 
PAF. Among these patents 32.4% (n=142) pro-
gressed to persistent or permanent AF over a 



mean duration of 57.5±55.3 months (group 1). 
The remaining 67.5% (n=295) of patients contin-
ued to be in PAF (group-2) followed over a mean 
of 90.7±60.5 months. Mean age of the population 
was 67.9±13.4 years with 57% males and 92% 
Caucasian origin. Mean EF was 52±16%. Mean 
LA size was 4.2±0.7cm. See table 1 for baseline 
characteristics in the two groups. Mean duration 
of follow-up in group 2 patients with PAF was 7.5 
years (median 82 months, range 7- 425 months). 
Minimum, maximum and median follow-up du-
ration in the group 1 was 1 month, 215 months 
and 38.2 months respectively.. Univariate analy-
sis identified higher body mass index (BMI), dia-
betes, cardiomyopathy, valvular heart disease, 
larger LA size and higher PA pressure as predic-
tors of progression (See table 2). Multivariate lo-
gistic regression analysis revealed larger left atrial 
size (OR 1.46, CI 1.05-2.04, P 0.02), cardiomyopa-
thy (OR 2, CI 1.2- 3.3, P 0.009), and moderate to 
severe VHD (OR 3.3, CI 1.6-5, P 0.0014) as signifi-
cant pre dictors of progression to persistent/per-
manent AF. There was no difference in mortality 
in both groups 1 and 2 (10.4% vs. 10.5%, p 0.99). 
Similarly there was no significant difference in the 
incidence of stroke between group 1 (0.25%) and 
group 2 (0.01%).

Among the 142 patients who progressed to persis-
tent/permanent AF, 111 patients (78%) progressed 
to persistent AF and 44 patients (31%) progressed 
to permanent AF. Of the 44 permanent AF pa-
tients, 11 patients initially turned persistent who 
then converted to permanent AF while the rest of 
33 patients directly progressed from PAF to per-
manent AF (Figure 1). On sub-analysis, univariate 
predictors for progression to persistent AF were 
higher BMI, larger LA size, VHD and cardiomy-
opathy. Predictors of progression from PAF to 
persistent AF on multivariate analysis were high-
er BMI (OR 1.05, CI 1.01-1.09, P 0.01) and cardio-
myopathy (OR 2.5, CI 1.25-5, P 0.008).

Predictors for progression from paroxysmal to 
permanent AF alone were also studied which 
showed larger LA size, higher PA pressure, VHD 
and cardiomyopathy as univariate predictors and 
larger LA size (OR 2.4, CI 1.3-4.2, P 0.002) and 
VHD (OR 3.1, CI 1.3-7.6, P 0.008) as multivariate 
predictors. Mean LA size in patients with PAF 
was 4.1±0.7 cm while the mean LA size in patients 
who progressed to permanent AF was 4.7±0.7cm. 

The 11 patients who progressed from persistent 
to permanent AF were not included in this analy-
sis and their number was too small to define this 
group of patients.

Discussion

Our results indicate that larger LA size, moderate 
to severe VHD and cardiomyopathy predict pro-
gression of PAF to persistent or permanent AF. 
Higher BMI and cardiomyopathy predicted pro-
gression to persistent AF while larger LA size and 
VHD predicted progression to permanent AF. 

While prior studies have looked at the progression 
of PAF to chronic AF8, 18 our study evaluated the 
predictors of progression to persistent and per-
manent AF separately. Also,previous studies did 
not include many potentially predictive echocar-
diographic and treatment variables although they 
were observational studies.19, 20 In our study we 
have included a comprehensive list of echocardio-
graphic and treatment variables to study their ef-
fect on AF progression. 

Thirty two percent of patients with PAF pro-
gressed to persistent/permanent AF in our study 
which is slightly higher than the 20% progression 
rate noted in an European survey.21 Our study re-
sults are similar to a Canadian cohort study where 
age, presence of cardiomyopathy, largerLA size 
and valvular disease were identified as significant 
predictors.18 Our study is further distinguished by 
the inclusion of all echocardiographic and treat-
ment factors in the statistical model. 

Although age is a known risk factor for AF, our 
study did not identify age as a predictor of pro-
gression to permanent AF. The average age of pa-
tients in our study was 68 years. Risk factors that 
predict progression can generally be classified in 
to modifiable risk factors and non- modifiable risk 
factors. While age is an unmodifiable risk factor, 
the other factors (LA size, cardiomyopathy and 
VHD) identified in our study could be modified 
to some extent by early intervention. Identification 
of modifiable risk factors is important to design 
interventions that prevent progression of AF by 
targeting these risk factors. Cardiomyopathy and 
valvular heart diseases cause increased left atrial 
pressure and wall stretch. Larger left atrium in 
turn perpetuates of AF. 
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This is supported by recent studies which sug-
gest that structural changes of the heart result in 
substrate changes that support reentrant tachycar-
dias .22 In fact, even in lone AF patients, one recent 
study demonstrated abnormalities in the atria. 
The study showed electrophysiologic and electro 
anatomic abnormalities like atrial dilatation, lower 
mean atrial voltage, prolonged conduction times, 
slower conduction velocities, impaired sinus node 
function and increased effective refractory period 
disputing the role of electrical remodeling as the 
cause of perpetuation of AF and argue that these 
changes termed as the “second factor” contribute 
to perpetuation of AF more than the electrical re-
modeling in itself.23 Hence it is all the more impor-
tant to prevent and treat the underlying structural 
changes in the heart like the larger LA size, cardio-
myopathic changes and changes brought about by 
VHD. Interventions such as optimal treatment of 
cardiomyopathy, attempts at reduction of diastolic 
pressure to reduce LA size and early surgical treat-
ment of valvular diseases may prevent the pro-
gression to persistent/permanent AF. In addition 
to these secondary prevention strategies, primary 
prevention strategies can also be employed before 
onset of AF. 

On subanalysis, BMI and cardiomyopathy were 
found to be a predictor for progression to per-
sistent AF in our study. BMI has also previously 
been shown to be a risk factor for progression in a 
recent study.24 Several reasons were cited for this 

including neurohormonal activation, obstructive 
sleep apnea, arterial thickness and increased in-
flammation related to obesity.25-27 Thus attempts 
at reducing the BMI are also helpful in preventing 
progression of this disease and larger random-
ized therapeutic trials directed at this issue are 
needed. LA size and VHD have been identified as 
a predictors of progression to permanent AF by 
multiple studies including ours.8,18 These factors 
probably induce underlying substrate changes 
that promote progression of AF to a more perma-
nent form without going through the persistent 
stage. It is important to understand that left atrial 
enlargement is a primary manifestation of uncon-
trolled HTN, diastolic dysfunction, VHD and car-
diomyopathy. Attempts could be made to prevent 
left atrial enlargement by early and effective treat-
ment of the above mentioned risk factors. Early 
ablation of PAF may also prevent LA enlargement 
and thus prevent the progression to permanent 
AF. A recent study by Pappone et al. showed the 
effectiveness of catheter ablation in preventing 
the progression of PAF.28 Age related progressive 
left atrial enlargement may not be modifiable; 
however all the above mentioned factors become 
increasingly apparent in older patients. Early 
surFigure gical treatment of mitral and aortic val-
vular diseases would also help prevention of AF 
progression. 

We hoped to see a positive impact from the use 
of statins and ACE inhibitors, which have been 
shown to prevent occurrence of AF possibly by 
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Figure 1: Comparison of AF patients who progressed to persistent/permanent AF vs those who did not progress.
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ease. Similarly nicotine use which has been shown 
to induce atrial fibrosis failed to show any affect on 
the progression of AF in our study.33 This is possibly 
related to the relatively smaller number of patients 
studied. Further studies need to be done prospec-
tively on large patient numbers to study the me-
chanics of progression of the disease. Specifically a 

modifying the atrial substrate.29-31 Hirayama et 
al have shown that ACE inhibitors are effective 
in preventing AF progression.32 In our study that 
mostly consisted of a Caucasian American popu-
lation, ACE inhibitors/ARBs failed to show this 
effect. Our study also failed to show any effect of 
statins or AAT agents on progression of the dis-

Clinical Characteristics Group 2
N =295

Group 1
N = 142 P

Age (years) 67.5 68.2 0.6
Body mass index (BMI) 28.8±6.5 29.8±6.5 0.12
Gender (%) 57.5 58 0.9
Caucasian (%) 96.4 96.4 0.9
Beta-blocker (%) 74.5 74.6 0.9
Aspirin (%) 70 71.8 0.66
ACE+ARB (%) 54 55.6 0.7
Proton pump inhibitor (%) 29.4 33.8 0.36
Anti-arrhythmic therapy 
(AAT) (%) 55.5 52.1 0.4

Statin (%) 56.6 50.7 0.2
History of myocardial 
infarction (%) 19 17.7 0.7

Hypertension (%) 66.1 69.7 0.45
Diabetes mellitus (DM) 
(%) 1.00 (0.99–1.00) 23.2 0.06

Stroke (%) 12.5 17 0.2
Cardiomyopathy (%) 17.6 36.6 <0.0001
COPD (%) 9.1 7.1 0.4
Diastolic dysfunction (%) 11.1 8.5 0.4
Hyperlipidemia (%) 57 62 0.3
Obstructive sleep apnea 
(OSA) (%) 15.6 16.2 0.8

Valvular Heart Disease 
(VHD) (%) 9.5 22.5 0.0002

Smoking (%) 46.3 39.2 0.17
Alcohol (%) 35.5 30.4 03
Creatinine (mg/dl) 1.1±0.39 1.1±0.35 0.6
Left ventricular end dia-
stolic diameter (cm) 4.8±0.7 4.8±0.7 0.8

Left Ventricular end sys-
tolic diameter (cm) 3.1±0.8 3.3±0.8 0.2

Ejection Fraction (%) 53.5±16.3 51.4±15.2 0.18

Left Atrial (LA) size (cm) 4.1±0.7 4.4±0.7 0.0003

Pulmonary Artery Pres-
sure (mm Hg) 33.6±9 35.7±9.5 0.04

Table 1 Comparison of AF patients who progressed to persistent/permanent AF vs those who did not progress.
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study. Circ J. 2004 Jun;68(6):568-72.
9. Allessie M, Konings K, Wijffels M. Electrophysiological mecha-
nism of atrial fibrillation. In: DiMarco JP, Prystowsky EN, eds.
Atrial Arrhythmias: State of the Art. Armonk, NY: Futura Pub-
lishing Co; 1995:155-161.
10. Kopecky SL, Gersh BJ, McGoon MD, Whisnant JP, Holmes
DR, Ilstrup DM, Frve RL. The natural history of lone atrial fibril-
lation: a population-based study over three decades. N Engl J
Med. 1987;317:669-674.
11. Benjamin EJ, Levy D, Vaziri SM, D’Agostino RB, Belanger
AJ, Wolf PA. Independent risk factors for atrial fibrillation in a
population-based cohort. The Framingham Heart Study. JAMA.
1994; 271:840–844.
12. Wang TJ, Parise H, Levy D, D’Agostino RB Sr, Wolf PA, Vasan
RS, Benjamin EJ. Obesity and the risk of new-onset atrial fibrilla-
tion. JAMA. 2004; 292:2471–2477.
13. Dublin S, French B, Glazer NL, Wiggins KL, Lumley T, Psaty
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2328.

large prospective study evaluating the impact of 
statins, angiotensin converting enzyme inhibitors 
(ACEI), angiotensin receptor blockers (ARBs), beta 
blockers (BB) and anti-arrhythmic agents (AAT) 
on progression of AF is very essential. Our study 
also highlights a group of people who converted 
to permanent AF from PAF without going through 
the persistent stage. Mechanisms that underlie this 
phenomenon should also be studied. 

Study Limitations

This is a retrospective study. Clinical information 
is based on electronic medical review and was 
thus dependent on documentation. However, the 
long duration of follow-up provided strength to 
the study.

Conclusions

Moderate to severe valvular heart disease, larger 
left atrial size and cardiomyopathy predict pro-
gression of PAF to persistent/permanent AF. 
While higher BMI and cardiomyopathy predict 
progression to persistent AF, larger LA size and 
significant VHD predict progression to permanent 
AF directly. Prospective randomized studies that 
evaluate modifiable risk factors are needed and 
studies should be geared towards understanding 
the mechanism of LA enlargement.
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Case Presentation

Mrs. BW is a 69 year old previously well woman 
with history of palpitations. Extensive workup 
showed no evidence of structural heart disease. 
Her baseline ECG was unremarkable. She was 
clinically documented to have narrow complex 
tachycardia. In tachycardia her ECG showed brief 
bursts of ectopic atrial activity with “saw-tooth” 
appearance in the inferior leads (Figure 1, Panel 
A) alternating with lesser amplitude p-waves
positive in the inferior leads and in V1 (Figure
1, Panel B). During electrophysiology study a
quadripolar catheter was placed at the right ven-
tricular apex, a decapolar catheter in the coro-
nary sinus, a duodecapolar catheter around the
tricuspid annulus and a quadripolar catheter at
the His bundle position. The study documented
“atypical flutter/fibrillation” (Figure 2). No abla-
tion was carried out at that time. She did not tol-
erate Sotalol secondary to fatigue. Subsequently
she was treated with amiodarone but developed
visual side effects. She then presented for a sec-
ond electrophysiology study once 3D electroana-
tomical imaging became available at our center.
The patient was instrumented with a decapolar
coronary sinus catheter, quadripolar high right
atrial catheter and a Navistar 4 mm tip ablation
catheter. She had multiple spontaneous runs of
tachycardia with varying activation sequence and
at least 20 msec variation in the cycle length (Fig-
ure 3). It was felt that she may in fact have an ecto-
pic atrial tachycardia occasionally entraining the

right atrial flutter circuit. The cavotricuspid isth-
mus was ablated using 50W/60C delivered from 
a Stockert RF generator with bidirectional block 
confirmed by extension of conduction across the 
isthmus from 60 to 150msec. Following ablation, 
tachycardia organized and had the distinct left-to-
right activation sequence judging by the available 
intracardiac electrograms (Figure 4, Panel A). At 
this point trans-septal access to the left atrium was 
accomplished, the patient was systemically anti-
coagulated and a 3D electroanatomical map of the 
left atrium was constructed. This clearly demon-
strated a focal tachycardia originating at the ridge 
between the left upper pulmonary vein and the 
left atrial appendage (Figure 4, Panel B). Several 
radiofrequency lesions were delivered here with 
initial prolongation in the tachycardia cycle length 
and eventual termination and non-inducibility 
of the tachycardia. Pulmonary vein isolation was 
not targeted in this patient. She remains symptom 
free one and a half years following the ablation.

Discussion

There is accumulating evidence suggesting com-
mon etiology between atrial flutter and fibrilla-
tion, both initiated by ectopic atrial activity arising 
from the pulmonary veins.1 This case illustrates 
interplay between a focal atrial tachycardia origi-
nating in the left upper pulmonary vein engaging 
the right atrial flutter circuit. This arrhythmia was 
difficult to map conventionally because of varying 
cycle length and activation sequence. Some may 
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have offered pulmonary vein isolation to such a 
patient classifying their arrhythmia as atrial fibril-
lation. Elimination of the flutter circuit lead to suc-
cessful unmasking, identification and ablation of 
the source of tachycardia without full pulmonary 
vein isolation with long term freedom from symp-
tomatic arrhythmia. Retrospectively, elimination 
of the source of atrial ectopy may have sufficed, 
but this would have been difficult to map and in 
the presence of ongoing arrhythmia even if only in 
the form of the typical flutter, this patient would 

likely have ended up with a full pulmonary vein 
isolation procedure. 
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Figure 1: Clinical Arrhythmia Panel A. Morphology #1

Figure 1: Panel B. Morphology #2
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Figure 2: 2. Electrophysiology Study #1 Panel A. Tachycardia Initiation

Figure 2: 2. Panel B. Tachycardia Propagation. 
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Figure 3: Second Electrophysiology Study Panel A. First activation sequence, CL 262 msec

Figure 3: Transition to a second activation sequence, CL 243 msec
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Figure 3: Tachycardia following cavo tricuspid isthmus ablation.



Introduction

Esophageal injury is a potential serious complica-
tion of catheter ablation for atrial fibrillation (AF). 
We report a case of significant esophageal dilata-
tion following previous laproscopic gastric band-
ing (LGB) in a patient undergoing pulmonary vein 
isolation (PVI) for atrial fibrillation.

Case Report

A 53 year male with a 2 year history of permanent 
atrial fibrillation and a prior history of laproscop-
ic gastric banding (LGB) for obesity underwent a 
pre-procedure planning cardiac CT scan. Moder-
ate esophageal dilatation was demonstrated on the 
cardiac CT with the esophageal diameter reaching 
a maximum of 42mm level with the posterior left 
atrial wall (Fig 1). A barium swallow showed nor-
mal esophageal motility but with markedly slowed 
emptying times (Fig 2).

A catheter ablation procedure was performed 

which included wide pulmonary vein antral elec-
trical isolation guided by a cardiac navigational 
system (Ensite, St Jude Medical) and intra-cardiac 
echocardiography (ICE).

The position of the esophagus was delineated on 
the integrated CT navigational map and on fluo-
roscopy by placement of an esophageal thermis-
tor probe. Radiofrequency energy was delivered 
through an open irrigated tip catheter and titrated 
to maximum 25W and 40°C for lesions applied 
to the left atrial posterior wall. Esophageal tem-
perature rises were only seen in association with 
lesions applied to the right inferior pulmonary 
vein and energy applications here were limited to 
avoid esophageal temperatures >38.5°C. 

At 6 months follow-up the patient remains in si-
nus rhythm with no complications. 

Discussion

The potential for esophageal injury following ab-
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Abstract

Esophageal injury is a potential serious complication of catheter ablation for atrial fibrillation. We report 
a case of significant esophageal dilatation following previous laparascopic gastric banding in a patient 
with permanent atrial fibrillation undergoing a pulmonary vein isolation procedure.
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lation on the posterior wall of the left atrium is 
well recognized. The most severe complication is 
atrio-esophageal fistula formation, with almost 
uniformly fatal outcomes.1 Peri-oesophageal 
nerve damage is also described following catheter 
ablation for AF and may result in gastric hypomo-
tility.2

Esophageal pathology may increase the potential 
for injury during catheter ablation procedures for 
AF. A case of a large esophageal diverticulum has 
been reported that was recognized prior to a suc-
cessful PVI, with the diverticulum identified via 
barium swallow and tagged on the electroana-
tomic map.3 A documented case of esophageal 
dilatation due to a massive hiatal hernia resulted 
in the catheter ablation being abandoned due to 
the risk of potential esophageal injury.4 To our 
knowledge this is the first report of significant oe-
sophageal dilatation in a patient with a prior his-
tory of LGB undergoing catheter ablation for AF. 

Esophageal dilatation post LGB is relatively com-

mon with 14-17% of patients developing post-
operative dilatation within 6 to 12 months.5 This 
is believed to be due to the reduced gastric pouch 
and the band posing a higher resistance to passing 
food. Other complications related to LGB place-
ment that might impact left atrial ablation include 
pouch formation due to nutritional overload and 
inflammation or band slippage, all of which have 
similar effects in creating herniation of the gastric 
pouch and possibly the esophagus.6 

A number of techniques have been suggested to 
reduce the occurrence of esophageal injury dur-
ing PVI. These include limiting the duration and 
power of lesion application to the posterior LA 
wall adjacent to the oesophagus.7 Intraprocedural 
monitoring of the course of the esophagus in rela-
tion to the left atrium has also been suggested and 
includes continuous ICE monitoring of esophagus 
location,8 intraprocedural barium swallow and 
placement of an oesophageal thermistor.9 Reliance 
on the anatomical relationships from a preproce-
dural CT scan is recognized as being less accurate 

Figure 1:Postero-anterior (left) and cranial (right) views of 3- dimensional reconstruction of the left atrium and dilated
esophagus from the preprocedural CT scan.



as the range of esophageal motion during a cath-
eter ablation for AF has been shown to be greater 
than 2cm.10 It is currently unclear what the impact 
of oesophageal pathology is on “added” vulner-
ability to injury from cardiac radiofrequency en-
ergy application. 

As obesity increases in prevalence and the success 
and ease of weight reduction through LGB makes 
these procedures more common, it is likely that 
patients with a history of prior LGB will present 
increasingly for catheter ablation for AF . Cardiac 
Electrophysiologists performing catheter ablation 
procedures for AF should have a good level of 
awareness of the potential esophageal and gastric 
complications following LGB. Additional precau-
tions should be taken both to identify potential 
pathology preprocedurally and also to actively 
reduce the potential for esophageal injury during 
ablation. 

Conclusions

Esophageal dilatation following LGB is common 
and may increase the potential for esophageal in-
jury during catheter ablation for AF. Awareness 
of esophageal pathology in patients with a history 
of LGB and appropriate procedure planning for 
catheter ablation may prevent esophageal compli-

cations.
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Figure 1:Barium swallow image showing moderate esophageal dilatation with pooling of barium proximal to the gastric 
band.
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Introduction 

Radiofrequency ablation is now well estab-
lished as an option when treating patients with 
symptomatic atrial fibrillation (AF).1,2 Ablation 
of the AV node and placement of a permanent 
pacemaker as well as adjunctive atrial flutter 
ablation along with antiarrhythmic therapy has 
been used for drug refractory symptomatic pa-
tients for two decades. While these modalities 
were previously occasionally resorted to, more 
recently, there has been an explosion in the uti-
lization of this treatment modality. The recog-
nition that triggers for AF are associated with 
the thoracic veins and subsequent understand-
ing of the need to circumferentially ablate atrial 

tissue around these veins is directly responsible 
for the burgeoning use of these procedures.3-7

While the success rates for these procedures, par-
ticularly with paroxysmal AF, has been encour-
aging, several complications relatively specific to 
this type of ablation have been seen. Given the 
relatively benign nature of the treated arrhythmia 
(AF), it is critical to be sure that the treatment (AF 
ablation) is of minimal risk. Reported complica-
tions from AF ablation include stroke, pulmo-
nary vein stenosis, cardiac perforation, esopha-
geal damage, and phrenic nerve injury (PNI).8-12

Phrenic nerve injury had rarely been reported with 
ablation procedures for other arrhythmias (Figure 
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Abstract

Radiofrequency ablation is increasingly used as an option to optimally manage patients with symp-
tomatic atrial fibrillation. Presently, ablationists strive to improve success rates, particularly with per-
sistent atrial fibrillation, while simultaneously attempting to reduce complications. A well-recognized 
complication with atrial fibrillation ablation is injury to the phrenic nerve giving rise to diaphragmatic 
paresis and patient discomfort.Phrenic nerve damage may occur when performing common components 
of atrial fibrillation ablation including pulmonary and superior vena caval isolation. The challenge for 
ablationists is to successfully target the arrhythmogenic substrate while avoiding this complication. In 
order to do this, a thorough knowledge of phrenic nerve anatomy, points in the ablation procedure 
where nerve damage is more likely, and an understanding of the presently utilized techniques to avoid 
this complication is required. In addition, when this complication does arise, prompt recognition of its 
occurrence, knowledge of the natural history, and available methods for management are needed.In this 
review, we discuss the underlying anatomic principles, techniques of avoiding phrenic nerve damage, 
and presently available methods of diagnosing and managing this complication.
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1) including other atrial arrhythmias,13 however,
this complication is well recognized, specifically
with AF ablation. An integral part of most pres-
ently employed AF ablation procedures involves
circumferential ablation to electrically disconnect
the thoracic veins from the atria.14,15 While both
right and left phrenic nerves may be injured,16-18

most commonly the right phrenic nerve is at risk
when electrical isolation of the right upper pul-
monary vein (RUPV) or the superior vena cava
(SVC) is being performed.

TWhen PNI occurs, patients are sometimes severe 
ly symptomatic with shortness of breath, particu-
larly with exertion and when lying down .19-21 The 
diagnosis is usually straightforward with right 
hemidiaphragmatic elevation on routine chest 
radiography and further confirmation with para-
doxical movement of the diaphragm when the pa-
tient is asked to sniff (Figures 2 and 3). Since the 
main goal of AF ablation is to improve patients’ 
symptoms, the occurrence of PNI offsets this pri-

mary goal even when the ablation procedure is 
successful. 

For ablationists to avoid this complication and yet 
successfully target the arrhythmogenic substrate 
for AF, significant background knowledge is re-
quired. First, a detailed understanding of the ana-
tomical course and variation of the phrenic nerve 
is needed. In addition, appreciating the parts of 
the AF ablation procedure, which particularly 
pose a risk for PNI, and the available techniques 
to prevent this compliation must be thoroughly 
understood. 

Along with esophageal damage, PNI shares the 
difficulty with avoidance as a result of the highly 
variable and difficult to visualize the course of 
these anatomic structures. 

In this review, we discuss the regional anatomy of 
the phrenic nerve, reports of specific parts of the 
AF ablation procedure where PNI has occurred, 

Figure 1:  Example of left phrenic injury with elevation of the left hemidiaphragm. Infant with ICD placed epicardially and 
generator over the right abdomen. The left phrenic nerve was injured during placement of the epicardial ICD lead.



and critically analyze the pros and cons of pres-
ently utilized techniques to avoid this trouble-
some complication. 

Correlative Regional Anatomy of the 
Phrenic Nerves

Invasive electrophysiologists should be thor-
oughly cognizant with the anatomic course and 
relations of both the right and left phrenic nerve 
(Figure 4). Importantly, the variations that occur 
with the nerve course and with congenital and 
other structural heart disease must be appreci-
ated. Specifically, the regional anatomy of the 
nerve in relation to the pulmonary veins, SVC, 
lateral right atrium, and the left atrial appendage 
must be well understood prior to the delivery of 
radiofrequency energy at these locations.

Anatomy of the Phrenic Nerve

Right and Left Phrenic Nerve Course

The phrenic nerve is a mixed somatic nerve that 

arises mainly from the anterior ramus of the fourth 
with contributions from the third and fifth cervi-
cal segments (although the 5th cervical nerve root 
is often seen to join the phrenic trunk on the an-
terior surface of the scalenus anterior, it may de-
scend into the thorax before it joins the nerve). The 
phrenic trunk forms at the upper lateral border of 
the scalenus anterior muscle and descends along 
its anterior surface, behind the prevertebral fascia 
.22-24 In its decent, it passes behind the sternoclei-
domastoid, inferior belly of omohyoid, transverse 
cervical and suprascapular arteries, internal jugu-
lar vein, and thoracic duct on the left.

As the phrenic nerve enters the thorax, it crosses 
medially in front of the internal thoracic artery.25, 

26 However, this relationship may not always be 
consistent as upon entering the thorax, the phrenic 
nerve has been recorded to cross the internal tho-
racic artery either superiorly, lie between the in-
ternal thoracic artery and the first rib, or cross it 
inferiorly where it is held against the artery by 
the adjacent lung and pleura as it passes into the 
mediastinum. In a study conducted by Owens et 
al ,23 the phrenic nerve conformed to the standard 
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Figure 2:  Anteroposterior chest radiography of PNI. Left panel is preablation and shows normal diaphragmatic height. Right 
panel is following ablation with phrenic nerve injury and marked elevation of the right hemidiaphragm. Ablation involved 
energy delivery in the vicinity of the superior vena caval ostium.



description of its course in only 64% of specimens 
dissected. This relationship was found to be asym-
metric in 46%. 

Within the thorax, the phrenic nerve passes down-
ward and in front of the hilum of the lung between 
the fibrous pericardium and mediastinal pleura 
and is accompanied by the pericardiophrenic ves-
sels towards the thoracic diaphragm. 

Anatomic Variation

The accessory phrenic nerve is said to originate 
from displaced fibers of the 5th cervical ventral 
ramus (sometimes 4th or 6th cervical segments), 
which runs within a branch of the nerve to sub cla-
vius. In its course, it lies lateral to the phrenic nerve 
as it passes inferiorly posterior to the subclavian 
vein. In most cases, it joins the phrenic nerve near 
the first rib but may also join the nerve at the level 
of the pulmonary hilum or beyond.22, 27

A recent incidental finding by Prakash et al28 is 
that the phrenic nerve was seen to give off a com-
municating branch to C5 root of the brachial plex-
us and was located in front of the subclavian vein 
just as it entered the thorax. 

The Right Phrenic Nerve and the Superior 
Vena Cava

The right phrenic nerve is covered by mediastinal 
pleura as it descends along the brachiocephalic 
vein and then along the right anterolateral bor-
der of the SVC (Figure 5). The nerve is separated 
from the SVC at its right atrial junction by peri-
cardium. It continues inferiorly along the same 
line over the right atrial wall. Histological reports 
have shown a close relationship between the right 
phrenic nerve and the SVC, separated by variable 
amount of fatty tissue.29 The right phrenic nerve 
appears to be closest to the SVC superiorly and 
as it curves posteriorly approaching the superior 
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Figure 3:  Lateral chest radiography of phrenic nerve injury. Corresponding lateral radiographic images to those shown in Fig-
ure 2. Right panel is postablation and the marked elevation of the right diaphragm (no elevation of cardiac silhouette as would 
occur if this was the left hemidiaphragm) is noted



ceived from the pericardiophrenic branch of the 
ITA with the remainder from pericardial and pleu-
ral branches arising from the upper segment of the 
ITA.31

The ITA and the phrenic nerve share an anatomi-
cally important relationship. The ITA has been 
recorded to cross the nerve obliquely from lateral 
to medial and sometimes anterior to posterior.32 A 
study by Puri et al recorded both phrenic nerves 
crossing the ITA anteriorly in 54%, posteriorly in 
14%, the left phrenic nerve crossing anteriorly in 
12%, and the right phrenic nerve crossing posteri-
orly in 12% with this position switched in 20% of 
cases.33 

Division of the phrenic nerve in the neck leads 
to paralysis of the corresponding half of the dia-
phragm. In its proximal course, the phrenic nerve 
may be impaired as a result of brachial plexus in-
juries. However, cardiac surgery remains one of 
the most common causes of damage to the phrenic 
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cavo-atrial junction.

The Right Phrenic Nerve and the Right Up-
per Pulmonary Vein

The right phrenic nerve shares an anatomically 
close relationship with the RUPV30 with a mini-
mal distance of about 2.1mm between them.29 
However, it must be noted that this relation-
ship and the distance between the right phrenic 
nerve and the RUPV is highly variable (Figure 6). 
From a technical standpoint, therefore, this puts 
the phrenic nerve at high risk for injury during 
RUPV isolation.

The right and left phrenic nerve receive its blood 
supply from the internal thoracic artery (ITA). A 
pericardiophrenic branch descends along each 
phrenic nerve within a fascial sheath to form a 
neurovascular bundle that adheres to the fibrous 
pericardium. Around 70% of blood supply is re-

Figure 4: Anatomic dissection showing typical course of the phrenic nerve. Solid arrow points to the right phrenic nerve imme-
diately adjacent to the SVC. As it courses posteriorly, the nerve becomes related to the RUPV (see text). Hatched arrow points 
to the left phrenic nerve. The dissection has lifted the nerve away from its typical adjacent location to the left atrial appendage. 
LV - left ventricle
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tion for AF, rare reports of PNI with ablation for 
other arrhythmias existed. These typically in-
volved ablation in the right atrium close to the 
superior vena caval junction as was performed to 
modify the sinus node (inappropriate sinus tachy-
cardia), atrial tachycardias arising from the supe-
rior crista terminalis,13, 36-38 and ablation of right 
atrial flutters.23, 25, 26

Once electrical isolation targeting the triggers in 
the thoracic veins became an integral part of AF 
ablation, PNI was increasingly recognized. Lee 
et al describe a 61-year-old woman with a 7-year 
history of paroxysmal AF.17 Radiofrequency ab-
lation was performed. Isolation of the left supe-
rior, left inferior, and the right inferior pulmonary 
veins was completely achieved without difficulty. 
However, 25 radiofrequency pulses with a total 
duration of 1,297 seconds were required to isolate 
the right superior pulmonary vein. The procedure 
was well tolerated except for complaints of chest 
pain radiating to her back. One day after the abla-
tion, the patient complained of shortness of breath 

nerves. Other causes of phrenic nerve damage in-
clude tumors of the lung, associated mediastinal 
structures, and infections.34,35 

Left Phrenic Nerve and Cardiac Relations

IThe left phrenic nerve continues over the aortic
arch, pulmonary trunk, and left pericardial wall 
over the left atrial appendage as it continues 
along the underlying left ventricular surface. The 
left phrenic nerve may be separated from the peri-
cardium by a variable layer of adipose tissue. In 
about 80% of individuals, the left phrenic nerve 
is closely related to the underlying left oblique 
marginal vein and the left marginal artery. It may 
also pass close to the left main stem, left anterior 
descending artery, or the great cardiac vein.29 

Phrenic Nerve Injury During Radiofrequen-
cy Ablation Procedures

Prior to the advent of thoracic vein-related abla-

Figure 5: Anatomic dissection showing the adjacent and very close relationship of the right phrenic nerve (arrow) with the 
SVC close to the ostium. Attempts at circumferential isolation of the SVC often is limited because of this relationship.



and orthopnea, and chest radiography revealed 
right diaphragmatic elevation. Three days later, 
the patient’s symptoms improved somewhat, and 
by day four, chest x-ray revealed a significant reso-
lution of right hemidiaphragmatic elevation. Four 
weeks later, she was asymptomatic and the right 
diaphragmatic elevation disappeared completely. 

Le et al demonstrate a similar case with a 61-year-
old male with a 6-year history of paroxysmal AF 
.39 He underwent 41 radiofrequency pulses for 
duration of 2080 seconds. He was symptomatic 
on post-procedure day one, and a chest x-ray re-
vealed right hemidiaphragmatic elevation. Post-
procedure day six, his symptoms had improved 
but the elevation persisted. Five months later, he 
was asymptomatic, but chest x-ray, fluoroscopy, 
and pulmonary function test revealed persistent 
right hemidiaphragm paralysis and restrictive 
pulmonary physiology. 

Between 1997 and 2004, Sacher et al studied 3755 
consecutive patients who underwent AF ablation 
at five centers [18]. Eighteen (0.48%) patients dem-
onstrated PNI. Right PNI occurred during right 
superior pulmonary vein ablation or SVC discon-
nection, and left PNI occurred during left atrial 
appendage ablation. After a mean follow-up (36 
+/- 33 months), 12 patients had complete recovery, 
3 had partial recovery, and 3 had no recovery of 
diaphragmatic function. 

Swallow et al present a 50-year-old man with re-
current AF that had undergone radiofrequency 
ablation to the ostia of the pulmonary veins.38 The 
procedure was prolonged because of a large right 
superior pulmonary vein. The following day he 
was breathless, and a chest radiograph showed 
an elevated right hemidiaphragm. Six weeks af-
ter ablation, magnetic phrenic nerve stimulation 
showed right hemidiaphragm weakness. How-
ever, 9 months following ablation, a diaphragm 
function test showed full recovery. 40, 41 

Data from 17 patients with PNI caused by vary-
ing ablation techniques performed between De-
cember 1999 and December 2005 at 3 centers were 
reviewed by Bai and colleagues.16 Thirteen of these 
patients underwent an ablation for AF. Radiofre-
quency ablation was done in 9/13, cryoablation in 
1/13, ultrasound ablation in 2/13, and laser abla-

tion in 1/13. Bai et al concluded that PNI caused by 
catheter ablation regardless of the energy source 
appears to functionally recover over time. 

Right Upper Pulmonary Vein Isolation

Because of the relationship described above be-
tween the phrenic nerve and the right upper vein, 
this is a common location wherein PNI has been 
reported. Because the phrenic nerve has a closer 
relationship to the mid and distal portions of this 
vein, ablation that is performed entirely in the 
left atrium circumferentially isolating the vein 
≥5 mm from the ostium of the pulmonary vein is 
recommended. Because of anatomic variation in 
the phrenic nerve, no ablation site or technique is 
foolproof and thus requires the adjunctive use of 
techniques to identify phrenic nerve location de-
scribed below. 

Superior Vena Cava

The most common site where phrenic nerve-relat-
ed issues arise when ablating is the SVC. This vein 
is a well-established site for triggers of AF initia-
tors.42-45 Unlike the situation with the right upper 
vein, the phrenic nerve crosses the ostium of the 
SVC, thus, a generalizable approach of ablation 
proximal or distal to the ostium cannot be recom-
mended. Perhaps more so than ablation at any 
other site, precise knowledge on the course of this 
nerve is essential to avoid injury when attempting 
to electrically isolate this vein.

Other Locations for Potential Phrenic Nerve 
Injury with AF Ablation

Occasionally, ablation is required in or around the 
left atrial appendage to treat AF. Triggers of AF, if 
found to arise within this structure, may require 
isolation of a portion of the appendage to avoid 
energy delivery with the attendant risk of cardiac 
perforation deeper in the appendage. Because of 
the proximity of the left phrenic nerve with the lat-
eral wall of the left atrial appendage, injury to this 
nerve may occur.

Following successful pulmonary vein isolation, 
occasionally, triggers from other veins such as the 
vein of Marshall may continue to occur. Ablation 
in the vein of Marshall itself is unlikely to result in 
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canine model.49 Tissue temperatures in eight dogs 
undergoing 51 right superior pulmonary vein high 
intensity focused ultrasound ablations were re-
corded from epicardial thermocouples at right su-
perior pulmonary vein orifice and phrenic nerve. 
This study disclosed the direct high intensity fo-
cused ultrasound ablation effect as the mechanism 
of PNI occurring within 4-7 mm from the balloon 
surface.

Tse et al used the CryoCor cryoablation system 
(CryoCor Inc., San Diego, California) in 52 patients 
with paroxysmal or persistent AF to isolate the 
pulmonary vein.50 Cryoablation was applied twice 
at each targeted site (2.5 to 5 min/application). Of 
these 52 patients, one had transient phrenic nerve 

PNI, but if isolation of this vein in the lateral coro-
nary sinus is contemplated, left PNI is possible 3, 46

Phrenic Injury with Non RF Ablation for 
Atrial Fibrillation

Phrenic nerve injury is a significant limitation to 
the use of ultrasound-based approaches to abla-
tion in or around the thoracic veins.47, 48

Cryoablation both in the experimental canine 
model and with clinical ablation has been associ-
ated with PNI as well.16, 49-51 Okumura et al con-
ducted a study that examined tissue temperatures 
around pulmonary veins during high intensity 
focused ultrasound balloon ablation for AF in the 

Figure 6: Schematic representation of one technique to avoid diaphragmatic injury. A pacing catheter is placed deep into 
the SVC. With high output stimulation, persistent phrenic nerve stimulation occurs. Cryoablation is then done close to 
the ostium. If diaphragmatic movement stops, then cryoenergy delivery is immediately discontinued. If diaphragmatic 
movement continues, then cooling to an ablative level -70 – (-)80°C is done, thus allowing completion of the SVC isolation 
procedure. Reproduced with permission from: Bruce CJ et al, J Interv Card Electrophysiol 2008; 22:211-219.



 www.jafib.com 27 June-July, 2009 | Vol 2| Issue 1  

Journal of Atrial Fibrillation Featured Review                         

paresis during cryoablation in the right supe-
rior pulmonary vein, which resulted in prema-
ture procedure termination. The diaphragmatic 
movement resumed immediately after cryoabla-
tion was terminated, and there was no damage or 
loss of diaphragmatic or pulmonary function at 
12-month follow-up.

In another study done by Van Belle et al, a cryo-
thermal balloon approach was used for all con-
secutive patients who were selected for circum-
ferential pulmonary vein isolation because of 
paroxysmal AF between August 2005 and Au-
gust 2007.51 There were 141 patients included in 
this study. Of these 141 patients, 4 patients had 
asymptomatic right PNI persisting at discharge. 
All 4 patients had recovery of their diaphragmatic 
movement at 6-month follow-up. 

The exact reason why circumferential ablation 
catheters appear to have a higher propensity to 
damage the phrenic nerve is unknown. Most like-
ly, however, is that these devices need to be placed 
slightly into the pulmonary vein for stability. Spe-
cifically, when placed deeper into the right upper 

pulmonary vein, the risk of phrenic nerve damage 
would then increase. Other possibilities include 
resonant frequency ablation occurring with ultra-
sound systems where energy delivery and heating 
may occur at a significant distance from where the 
device has been placed. Future design of pulmo-
nary vein ablation devices will need to incorpo-
rate these possibilities, specifically by positioning 
the energy delivery system outside the pulmonary 
vein, targeting the perivenous atrial myocardium.

Phrenic Nerve Injury during Adjunctive Pro-
cedures Atrial Fibrillation

Phrenic stimulation as well as injury may occur 
during device implantation. This may be particu-
larly relevant with epicardial device implantation 
and combined pacing and ablation procedures in 
patients with a Mustard/Senning procedure with 
congenital d-transposition of the great arteries.52-54

Methods to Avoid Phrenic Nerve Injury

With some complications associated with AF abla-
tion, there appears to be definite ways of avoiding 

Figure 7: RAO and LAO radiographs with technique of cryoablation exemplified. The circumferential mapping catheter 
is in the SVC. The pacing catheter (solid arrow) is deep in the SVC at a site where consistent phrenic nerve stimulation is 
achieved. With continued pacing, cryoenergy is delivered via a catheter placed at the ostium (hatched arrow). Entrance and 
exit block was achieved in this vein following the procedure.



their occurrence. 

Pacing Maneuvers to Identify the Phrenic 
Nerve Course

The phrenic nerve can be stimulated when pacing 
close to the nerve from an endocardial site. Test-
ing for unwanted phrenic nerve stimulation when 
placing permanent pacemaker leads is routine, 
and electrophysiologists are familiar with rec-
ognizing the characteristic jerky diaphragmatic 
stimulation when the nerve is captured (Figure 7).

In the setting of radiofrequency ablation, the 
premise behind this maneuver is that if bipolar 
pacing done just prior to radiofrequency energy 
delivery results in phrenic nerve stimulation, then 

ablation at that site is likely to damage the nerve. 
Conversely, if with pacing output, no diaphrag-
matic stimulation is seen, it is considered safe to 
deliver radiofrequency energy. 

This maneuver has as its advantages - its simplic-
ity, reproducibility, and the fact that the entire 
course of the nerve can be mapped out and visu-
alized with three-dimensional mapping systems.55  

Schmidt et al performed three-dimensional elec-
troanatomic mapping in the left and right atriums, 
SVC, and right pulmonary veins and combined 
it with a pace mapping technique in order to re-
construct the anatomic course of the right phrenic 
nerve. Pacing was performed at maximum output 
with a cycle length of 800 ms, and phrenic nerve 
capture was defined as either a fluoroscopically 
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Figure 8: Diagrammatic representation of the typical course of the right phrenic nerve in relation to the SVC and the right 
superior pulmonary vein (RSPV). Inset shows that while typically (solid circle) the phrenic nerve is in proximity to the 
distal RSPV, marked variation with no proximity or proximity relatively closer to the base also occurs.
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visible or a palpable movement of the right dia-
phragm. As soon as capture of the phrenic nerve 
was obtained, the mapping catheter was moved 
until capture was lost. Each pacing location was 
marked with a different color according to the 
pacing response in the electroanatomic map. 
Hence, a delineation of the phrenic nerve’s ana-
tomic course was obtained. From this study, they 
concluded that pace mapping of the phrenic nerve 
using three-dimensional mapping can be done in 
a timely manner and can provide important infor-
mation on the exact location of the phrenic nerve, 
which in turn can help prevent PNI. 

There are several disadvantages and pitfalls to 
avoid when utilizing this technique to avoid 
phrenic nerve damage. 

• The optimal pacing output to perform this ma-
neuver is unknown. In one study, high output
pacing at 10 V at 2.9 msec 55 was used and in an-
other at 10 mA at 0.5 msec.56 If too low an output is
used, phrenic nerve stimulation may not occur de-
spite the proximity of the nerve, and on the other
hand, if too high an output is used, ablation may
be avoided at multiple sites unnecessarily.

• The propensity to damage the phrenic nerve at

Figure 9: Isolation of the SVC using the cryoablation mapping technique discussed in the text. A circumferential mapping 
catheter (Lasso 1,2 - LASSO 10) was placed in the SVC. Repeated initiations of AF as well as atrial flutter from this vein were 
noted. Because of phrenic nerve proximity in the posterolateral portion of the SVC ostium, the cryomapping technique was 
utilized. Following completion of the ablation, continued rapid tachycardia (arrows) in the SVC occurred intermittently; 
however, exit block (no conduction to the atrium) was no evident.



any given location likely varies with the type 
of catheter (irrigation vs non-irrigation), power 
delivery, temperature reached, duration of en-
ergy delivery, and other factors that affect le-
sion size. Thus, at a given site in a particular 
patient, phrenic nerve stimulation at 5 V at 4.5 
msec may in fact signify the likelihood of PNI 
when ablating at 60 W for 120 sec but perhaps 
not at 30 W for 30 sec. The latter seconds may 
have been sufficient to complete circumferen-
tial isolation of the SVC. 

• If the patient is under general anesthesia, a
skeletal muscle paralytic agent cannot be used
since phrenic stimulation then cannot be recog-
nized whether or not capture occurs with pac-
ing.

• Deep respiration and other movement may 

cause phrenic nerve stimulation to be absent at 
one point in the respiratory cycle, and if ablation 
energy is delivered at another point, PNI may oc-
cur. Thus, care to avoid movement and continued 
pacing stimulation for at least two full respiratory 
cycles is required.

• In some instances, the operator may not wish
to stimulate the atrial myocardium at the site of
planned ablation. For example, ablation may be
performed during a tachyarrhythmia to assess the
effect of exit block on isolation of a thoracic vein.
Pacing may terminate the arrhythmia, and asyn-
chronous pacing may be required when tachycar-
dia rates are high that may result in changing the
arrhythmia to AF.

• Finally, the actual etiology of phrenic nerve dam-
age with ablation is not known. While it is pre-

Figure 10: Electroanatomic map of the right atrium, posterior view. The black dots represent areas of phrenic nerve stimu-
lation noted when pacing endocardially with the catheter. The red dots are ablation lesions placed with attempts to avoid
proximity to the phrenic nerve while completing an AF procedure (endocardial right atrial maze).
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sumed that it is a result of direct heating of the 
nerve, another possibility is that the blood supply 
(pericardial phrenic arteries) is damaged, giving 
rise to ischemic injury to the nerve. In this case, 
pacing at a site where the arterial supply exists 
will not result in diaphragmatic stimulation, but 
ablation at that site will nonetheless damage the 
nerve.

In summary, because of the above reasons, pac-
ing to identify the phrenic nerve location is not 
foolproof. Damage to the surrounding artery sup-
plying the phrenic nerve, changes in position, and 
inappropriately low pacing outputs may all mis-
lead the operator into thinking a particular site of 
ablation is safe, and yet, PNI results. 

Cryo-mapping Technique

Although cryo energy can result in PNI and, by 
itself, does not enhance the safety of ablation, a 
technique has been described with cryo-mapping 
to avoid PNI 56 (Figure 8). The key to this maneu-

ver is the characteristic of cryo energy where 
cooling tissue to a certain level provides a bio-
electric effect (slowing of conduction, etc.) that 
is temporary and can be made permanent if 
cooled to a more significant level. This technique 
of cryo-mapping is widely used in electrophysi-
ology, particularly when ablating near the con-
duction system.57,58 For example, when ablating 
mid septal or anteroseptal accessory pathways, 
once a suitable site for ablation has been defined 
(pathway potential, etc.),59 cooling to -30 - (-)35°C 
is first done. If pathway conduction is lost but 
AV nodal conduction is still present, then fur-
ther cooling to -70 – (-)75°C is performed with 
the aim of permanently destroying the accessory 
pathway. In contradistinction, if AV block occurs 
at -35°C, then cooling is turned off and AV node 
conduction allowed to return and that site not 
chosen for further energy delivery.

An analogous maneuver can be done to assess 
phrenic nerve risk at a given ablation site. Here, 
a standard electrode catheter is placed high in 

Figure 11: Electroanatomic map of the left atrium and the SVC. Following ablation in the left atrium, the SVC continued to 
trigger arrhythmia. Isolation of this vein was attempted. Care was required to avoid ablation energy delivery near sites of 
phrenic nerve stimulation (pink dots). Ablation dots are tagged red.
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the SVC and the catheter moved until consis-
tent phrenic nerve stimulation at all stages of 
the respiratory cycle noted. Cryoablation is then 
performed at a site where radiofrequency en-
ergy delivery was considered high risk to cause 
phrenic damage. If, when cooling to -35°C, dia-
phragmatic stimulation that had up to that point 
been observed consistently when pacing within 
the SVC occurs, then cooling is stopped and ab-
lation not performed. However, if phrenic nerve 
stimulation continues despite cooling at the 
questionable site at -35°C, then further cooling 
to -70 – (-)75°C is undertaken to ablate the tissue 
and enable the obtaining of entrance block into 
the SVC (Figure 9). 

There are several potential disadvantages with 
this maneuver. 
• It is possible that long-term phrenic nerve dam-
age will occur even when cooling to -35°C.

• If phrenic nerve stimulation stops when ablat-
ing at -35°C, cryo energy is simply stopped and
no solution of how to isolate the vein is offered.
Dib et al developed a new method using cryo-
mapping to successfully ablate at the SVC/right
atrium junction despite phrenic nerve proximity
[56]. Between January 2001 and January 2007, 110
patients had partial or circumferential radiofre-
quency ablation at or near the SVC/right atrium
junction. Of these 110 patients, 66 had phrenic
nerve proximity as ascertained by pacing at 10
mA output. In all but 7, the junction was ablated
at points where phrenic nerve proximity was not
present. In the remaining 7 patients who had
continued arrhythmogenicity despite attempts
to modify the substrate, they paced 4 cm into the
SVC where consistent phrenic nerve stimulation
was obtained. In 1 patient, diaphragmatic stimu-
lation ceased at -30°C, and the energy delivery
was stopped. In 6 of 7 patients, with continued
diaphragmatic capture, cryoablation at -70/-80°C
was then performed.

• Meticulous attention is required to be sure that
the pacing site is cephalad to where cryo energy
is being delivered. This is because diaphragmatic
stimulation will still occur if the phrenic nerve
is paced caudal (lower) then where complete
transection of the phrenic nerve had occurred.

Electroanatomic Mapping

Three-dimensional electroanatomic mapping is a 
frequently employed technique during mapping 
and ablation procedures.60,61 Typically, the local 
electrogram voltage and activation times rela-
tive to a standard reference are tagged using this 
system and a three-dimensional color-coded map 
rendered.

Pacing maneuvers as described above are per-
formed to identify sites for phrenic nerve stimula-
tion as seen. These points are then tagged on the 
system as phrenic nerve location sites, and the 
course of the nerve can be traced out. The abla-
tionist may now be able to design a set of ablation 
lesions that is likely to result in electrical discon-
nection of the SVC (or right superior pulmonary 
vein) without damaging the phrenic nerve (Fig-
ures 10 and 11). 

Since this maneuver is an extension of the pacing 
maneuvers to identify phrenic nerve stimulation, 
the same limitations apply. 

Online Imaging of the Phrenic Nerve

Ideally, reliable realtime imaging of the phrenic 
nerve would allow beat-to-beat assessment of the 
likelihood of damaging this structure with abla-
tion. Intracardiac ultrasound can occasionally be 
used to define phrenic nerve location; however, 
careful imaging is located, and validation with 
pacing is still needed because of the lack of surety 
of knowing that another structure is not being im-
aged. 

CT and MRI have been used as diagnostic tools 
in the assessment of peripheral nerve lesions.34 

Although conventional CT visualization of the 
phrenic nerves, even with high resolution is diffi-
cult ,35 studies in the past have attempted to identi-
fy them based on characteristic clues and by struc-
tures within its field.34, 62 However, more recently, 
the use of 64-slice MDCT has enabled clearer vi-
sualization and assessment of the phrenic nerves 
and other mediastinal structures related to cardiac 
anatomy.63 

The proximity of the pericardiophrenic artery and 
vein to the phrenic nerve has been a useful ana-
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tomical indicator in the delineation of the phrenic 
nerve. Matsumoto uses this consistent relation-
ship to define the right and left pericardiophrenic 
bundles (RPCB and LPCB).63 The LPCB was visible 
in 74% of patients with frequent contact on the left 
atrial appendage. The LPCB was identified most ef-
fectively on axial images at the level of the lateral 
left ventricular wall as a rounded structure with 
variable density. The RPCB, on the other hand, was 
detected in only 47% of patients in this study. Vi-
sualization of the right and left PCBs are said to be 
dependent on the amount of adipose tissue within 
the bundles, flow in the pericardiophrenic vessels, 
pleural folds, age, sex, and related technical chal-
lenges such as minimal contrast differential be-
tween RPCB and mediastinal structures. 62, 63 

In a more recent study, the phrenic nerve has been 
identified by means of electroanatomic mapping.55 

In almost 90% of patients, the phrenic nerve was 
successfully captured. This technique uses 3D 
mapping and pace mapping over a craniocaudal 
distance of around 40 mm to trace the anatomic 
course of the nerve. In addition to being able to 
identify the course of the right phrenic nerve in a 
reasonable timeframe in patients, the phrenic nerve 
relationship with the SVC and the RUPV is also 
possible with electroanatomic mapping .55 

However, to date, no direct phrenic nerve visu-
alization using imaging technology is available. 
The high degree of variability in the course of the 
phrenic nerves, especially the right phrenic nerve, 
remains a challenge to the effective characteriza-
tion of these nerves through imaging. 

Management of Patients with PNI

Even with the highest degree of caution and the use 
of all available maneuvers to identify the phrenic 
nerve, ablationists must be prepared to manage 
this condition should it occur. Prompt diagnosis 
is important despite the lack of availability of any 
specific treatment since unnecessary evaluation for 
shortness of breath may otherwise occur. An under-
standing of the natural history of PNI along with 
the availability of certain therapeutic interventions 
that may be considered in specific instances is re-
quired. Unfortunately, accurate knowledge for the 
likelihood and timing of phrenic nerve function re-
covery and selecting patients for specific interven-

tions is unknown.

Diagnosis

(Phrenic nerve injury is suspected when a patient 
complains of shortness of breath, often described 
as difficulty in taking in a deep breath, following 
ablation. The diagnosis is also often picked up 
on routine chest x-rays in otherwise asymptom-
atic individuals. The characteristic finding is el-
evation of the affected hemidiaphragm (usually 
right) that was not present prior to ablation. A 
similar radiologic appearance may result from 
subdiaphragmatic fluid collections, subpulmon-
ic effusions, or atelectasis following ablation. 
When doubt exists, a sniff test with cine fluoros-
copy is performed when the patient is asked to 
sniff. Normally, the diaphragm will move down 
with sniffing, but a paralyzed diaphragm will 
move paradoxically upward while the normal 
diaphragm moves down.19, 20, 64, 65

Natural History of PN

Although exact timing of recovery and whether 
recovery is certain is not presently known, most 
patients appear to recover phrenic nerve func-
tion (following ablation-induced damage) be-
fore a 6-12-month timeframe.16, 38, 50, 51

Treatment of Persisting Symptomatic PNI

At present, there is no widely available simple 
method of restoring phrenic nerve or diaphrag-
matic function. In certain cases, plication of 
the diaphragm to avoid elevation of the dia-
phragm and adverse mechanical impact on res-
piration can be considered. However, the role 
of this procedure in adults is not clear as only 
isolated case reports or small series have been 
reported.66-69 Phrenic nerve stimulators placed 
surgically can also be considered in rare cases. 
Diaphragmatic pacing is the stimulation of the 
phrenic nerves with electrical current via an im-
planted pacemaker, resulting in the contraction 
of the diaphragm.70 Dr. Surani and colleagues 
present a case report of a 60-year-old female 
with confirmed right hemidiaphragm paralysis. 
She underwent successful placement of a right 
diaphragmatic pacemaker, and her symptoms 
rapidly abated.70 Lue et al sought to evaluate the 
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long-term complications of phrenic nerve pacemak-
ers to see if they were beneficial to patients or not.71 
They studied three patients who had had phrenic 
nerve pacemakers for over 20 years. Although pul-
monary complications and the surgery itself are a 
hindrance, the patients’ independence and quality 
of life were greatly improved due to these devices.

Summary

Phrenic nerve injury is a well-recognized complica-
tion of radiofrequency ablation procedures for AF. 
High-risk locations include the ostium of the SVC 
and within the RUPV. An accurate knowledge of 
the anatomy of this nerve, its propensity for a vari-
able course, and knowledge of maneuvers that can 
identify nerve proximity will allow ablationists to 
perform successful venous isoltion with low risk of 
nerve injury.
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Introduction 

Patients with heart failure are at increased risk of 
developing atrial fibrillation (AF), despite medi-
cal improvements made in recent years. AF can 
complicate the course of heart failure (HF) lead-
ing to worsen of HF symptoms and acute pul-

monary edema.1-6 There are several changes that 
predispose aging patients to develop AF. There 
is an increasing prevalence of left ventricular wall 
hypertrophy in aging population.7 The resulting 
left ventricular diastolic dysfunction with aging 
may increase the size of the left atrium through an 
increase in filling pressures predisposing elderly 
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Abstract

More successful recognition and treatment of cardiovascular risk factors and diseases continues to de-
crease mortality and increase the proportion of elderly population. Therefore, there are more people 
with increased risk of developing heart failure and atrial fibrillation in the course of their lives. Atrial 
fibrillation (AF) can complicate the course of congestive heart failure (HF) leading to acute pulmonary 
edema. The prevalence of AF, in patients with heart failure, increases with the severity of the disease, 
reaching up to 40% in advanced cases. In these HF patients, AF is an independent predictor of morbid-
ity and mortality increasing the risk of death and hospitalization. Despite the excellent results obtained 
with different drugs, the optimal medical treatment can fail in the intention to improve symptoms and 
quality of life of patients with severe HF. Thus, the necessity to use cardiac devices emerges facing 
the failure of optimal medical treatment in order to achieve hemodynamic improvement and correction 
of the physiopathological alterations. Cardiac resynchronization therapy (CRT) can reduce the inter-
ventricular and intraventricular mechanical dissynchrony in HF patients. It has been shown that CRT 
increases the left ventricular filling time, decreases septal dissynchrony, mitral regurgitation, and left 
ventricular volumes allowing a hemodynamic improvement. However, the development of AF in this 
setting can avoid the beneficial effects of CRT. Therefore, this manuscript will review the available data 
on this topic, the electrophysiological aspects of AF, to determine what can be done in the event of an AF 
complicating congestive HF in CRT patients.
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patients to develop AF. There are also additional 
changes in the atria which facilitate the develop-
ment of AF. Some investigators have observed 
that normal histological changes in the atrial mus-
cle occur with advancing age which may set the 
milieu for AF to develop in elderly patients.8-14

Despite the excellent results obtained with differ-
ent drugs, the optimal medical treatment can fail in 
the intention to improve symptoms and quality of 
life of patients with severe HF. Thus, the necessity 
to use cardiac devices emerges facing the failure 
of optimal medical treatment in order to achieve 
hemodynamic improvement and correction of 
the physiopathological alterations. Cardiac resyn-
chronization therapy (CRT) can reduce the inter-
ventricular and intraventricular mechanical dis-
synchrony in HF patients with left bundle branch 
block. It has been shown that CRT increases the left 
ventricular filling time, decreases septal dissyn-
chrony, mitral regurgitation, and left ventricular 
volumes allowing a hemodynamic improvement. 
However, AF can avoid these beneficial effects of 
CRT through the loss of synchronization between 
fibrillating atria and ventricular contraction, the ir-
regularity of the ventricular rhythm and the fre-
quently rapid ventricular response rate.1-3 There-
fore, this manuscript will review the available data 
on this topic, the electrophysiological aspects of 
AF, to determine what can be done in the event of 
an AF complicating congestive HF in CRT patients. 

Atrial fibrillation complicating congestive 
heart failure

EThe prevalence of AF, in patients with HF, in-
creases with the severity of the disease, reaching 
up to 40% in advanced cases. In these HF patients, 
AF is an independent predictor of morbidity and 
mortality increasing the risk of death and hospi-
talization in 76%.4-6 More successful recognition 
and treatment of cardiovascular risk factors and 
diseases continues to decrease mortality and in-
crease the proportion of elderly population. There-
fore, there are more people with increased risk of 
developing HF and AF in the course of their lives.

There are only few studies on the electrophysi-
ological aspects of AF in congestive HF patients. 
Despite the clinical implications of AF in HF, the 
reasons for its high prevalence are not clearly 
understood. Atrial enlargement is recognized to 

play an important role in the development of AF 
in HF patients. However, the atrial electrophysi-
ological characteristics that predispose to AF in 
patients with chronic HF have been scantly de-
termined. Studies of atrial electrical remodel-
ing, that is observed as a result of sustained AF, 
have provided some insights into the changes 
in atrial electrophysiology that maintain the ar-
rhythmia,15,16  however, it does not explain the na-
ture of the underlying substrate that leads to AF 
in chronic HF. Animal studies of atrial electrical 
remodeling in chronic HF have demonstrated dis-
crete regions of slow conduction associated with 
the development of interstitial fibrosis but with-
out apparent change in atrial effective refractory 
periods. 17 Sanders et al18 demonstrated by elec-
trophysiological and electroanatomic mapping in 
patients with congestive HF that they have signifi-
cant atrial remodelling characterized by anatomic 
and structural changes. These changes included 
atrial enlargement, regions of low voltage, and 
scarring; abnormalities of conduction, including 
widespread conduction slowing and anatomically 
determined conduction delay and block. They also 
observed increased refractoriness; and sinus node 
dysfunction. These abnormalities encountered 
in their study were associated with an increased 
inducibility and sustainability of AF and may be 
responsible in part for the increased incidence of 
atrial arrhythmias in patients with congestive HF.18 

AF is a common arrhythmia, and its prevalence 
in patients with HF increases with aging and the 
severity of the disease. The process of aging and 
its effect on the histological appearance of the 
conduction system of the heart have been scantly 
described. It was reported that AF in some aged 
patients was associated with loss of muscle fibers 
in the sinoatrial node and its approaches without 
any clear pathological cause,8 while others have 
shown degenerative changes in the conduction 
system with age.19 The increase in prevalence of 
AF in older persons has been reported to be as-
sociated with degeneration of the atrial muscle in 
pathological studies. It was demonstrated in well 
designed studies, that there is clear evidence in the 
human atrial muscle of age-related electrical un-
coupling of the side-to-side connections between 
bundles, related to the proliferation of extensive 
collagenous tissue septa in intracellular spaces.20,21 

Electrophysiological aspects of atrial fibrilla-
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tion Structural and anatomic abnormalities of the 
atria were observed in patients with congestive 
HF and a strong predisposition to develop AF. 
There is interesting information regarding the 
electrophysiological and electroanatomic remod-
eling of the atria in patients with chronic HF.18 It 
was demonstrated that patients with chronic HF 
and no prior atrial arrhythmias have significant 
atrial remodelling characterized by anatomic and 
structural changes, abnormalities of conduction, 
including widespread conduction slowing and 
anatomically determined conduction delay and 
block.18 Despite the fact that the HF patients had 
no prior atrial arrhythmias in that study, the elec-
trophysiological abnormalities were associated 
with an increased inducibility and sustainability 
of AF.18 Pathological studies of the atria in chron-
ic HF have shown that structural abnormalities 
such as interstitial fibrosis, cellular hypertrophy, 
and degeneration are present.17, 22, 23 Atrial fibro-
sis has been demonstrated in the atria of patients 
with chronic HF due to prior myocardial infarc-
tion and also from those with idiopathic chronic 
HF.23 Atrial arrhythmias themselves may result in 
structural changes.24 The substrate for AF in pa-
tients with chronic HF may be due to structural 
abnormalities and conduction delay rather than 
changes in refractoriness as occurs in remodel-
ling due to rapid atrial rates.

The electrophysiological mechanism of AF is 
considered to be either a spiral wave with a con-
tinuously changing activation wavefront pattern, 
random multiple independent reentrant wavelets 
wandering in the atria around arcs of refractory 
tissue, or accentuation of focal activity originating 
mainly from the pulmonary veins, superior vena 
cava, ligament of Marshall, or other sites of the 
atrium. On the other hand, experimental studies 
clearly suggest, that overload in ionized calcium 
in the senescent human atrial myocardial cells 
may play an important role in arrhythmogen-
esis.25,26 The atrial myocardial cells in the elderly 
appear to be more susceptible to arrhythmias 
when calcium homeostasis is disturbed and espe-
cially under certain conditions that enhance calci-
um loading. Strong evidence of abnormalities of 
the conduction system in an apparently healthy 
elderly population has been demonstrated. Pro-
longation of the PR interval, high prevalence of 
atrioventricular nodal and His-Purkinje disease, 
and unexplained sinus node abnormalities were 

consistently found in older apparently healthy in-
dividuals.27-30  Muscle loss with advancing age was 
found to be accompanied by an increase in fibrous 
tissue in both the sinoatrial node and the internod-
al tracts.9-11 It was strongly suggested that muscle 
loss and increase of fibrosis in the atria is a slow 
but continuous process starting around 60 years 
of age.8 It was shown that aging has a profound ef-
fect on structural changes and electrophysiological 
properties of the atrium. Fractionated and abnor-
mally prolonged atrial endocardial electrograms 
were recorded during sinus rhythm in aging pa-
tients with paroxysmal AF. These abnormal atrial 
electrograms may reflect nonsynchronised, delayed 
local electrical activity through a diseased atrial 
muscle, which predispose patients to develop AF 
.12, 31-33 Indeed, aging has a profound impact on the 
histological and thus, electrophysiological changes 
in the human atrial myocardium which contribute 
to the higher prevalence of AF in the elderly. With 
a computer model of atrial fibrillation, Moe et al 34 

showed that an atrial disease characterized by short 
and non-homogeneous atrial refractory periods, as-
sociated to intra-atrial conduction disturbances, is 
considered an important factor in the appearance 
and maintenance of AF. Non-homogeneity of re-
fractory periods of contiguous cells causes a slower 
conduction velocity of the stimulus that propagates 
through partially repolarized cells, allowing the 
genesis of unidirectional blocks and the appear-
ance of multiple reentries.34 These findings were lat-
er corroborated by other investigators.35,36 Clinical 
electrophysiology has identified several atrial fea-
tures that may lead to the appearance of AF, some-
times with conflicting results. The atrial refractory 
period and the extent of its dispersion can be deter-
mined through the use of programmed atrial stim-
ulation. This method also allows eliciting several 
abnormal responses of the atrial muscle, such as re-
petitive atrial firing, fragmented atrial activity, and 
intra-atrial conduction delay.37-39 These abnormal 
responses are considered to indicate the presence 
of atrial vulnerability and have been found to be 
related to the initiation and maintenance of AF .40-42 
Therefore, shorter atrial effective refractory periods, 
greater dispersion of atrial refractoriness, and atrial 
conduction delays, are of electrophysiological sig-
nificance in the genesis of AF. The precise electro-
physiological and patho-physiological bases for AF 
initiation and maintenance have not been resolved 
yet. As newer and more sophisticated technology 
become available, controversies about AF genesis 
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have reemerged, which tells us that there is still a 
lot to learn about this arrhythmia. New advances 
may be relevant to the ultimate understanding of 
the mechanisms of AF initiation by the interaction 
of the propagating wavefronts with anatomic or 
functional obstacles in their paths.

Pharmacological measures in atrial fibrilla-
tion

Considering the high prevalence of AF in the el-
derly and its deleterious effect on HF patients, it is 
very important to maintain sinus rhythm in these 
already compromised patients. It has been shown 
by several studies that pharmacological agents 
are effective in the treatment of AF complicating 
HF. The angiotensine converting enzyme (ACE) 
inhibitors produce a decrease in atrial pressure 
and in left ventricular end diastolic pressure in 
patients with HF.43  Therefore, it is possible that 
these agents could decrease the susceptibility to 
de velop AF simply by decreasing atrial pressure 
and atrial wall stress and consequently by attenu-
ation of atrial enlargement. However, a decrease 
in atrial fibrosis was also demonstrated experi-
mentally only with ACE inhibitors despite similar 
decrease in atrial pressure obtained with hidrala-
zine.43 Among other potentially beneficial mecha-
nisms of ACE inhibition, a direct antiarrhythmic 
effect can not be excluded. Even in the absence of 
HF, it seems that angiotensine II directly contrib-
utes to atrial electrical remodelling. The shorten-
ing of the atrial refractoriness during rapid atrial 
pacing is more pronounced in the presence of an-
giotensine II. However, this electrical change was 
prevented with a previous treatment with cande-
sartan or captopril.44 There was a beneficial effect 
on AF recurrence with irbesartan in patients with 
persistant AF who underwent electrical cardiover-
sion.45 When the drug was administered 3 weeks 
before cardioversion combined with amiodarone, 
there was a significant decrease in recurrent epi-
sodes of AF. The greater benefit of blocking angio-
tensine II type I receptors occurred during the first 
2 months after electrical cardioversion, suggesting 
an important role of irbesartan in atrial electrical 
remodelling after cardioversion. It is very interest-
ing to note that the ACE inhibitor is apparently 
more effective in patients with lesser symptoms.46 
This is probably due to potentially reversible mild-
er structural changes in patients with lesser symp-

toms. Therefore, irbesartan demonstrated an ad-
ditional positive effect to amiodarone, which is a 
class III, multichannel ion blocker that significant-
ly prolongs the atrial effective refractory period.

The safety and efficacy of amiodarone was tested 
in HF patients in the CHF-STAT trial and SCD-
HeFT trial.47,48 The first trial demonstrated the 
safety profile of amiodarone in HF patients, with 
a trend to better survival in non-ischemic cardio-
myopathy.47 The latter trial also showed that ami-
odarone did not influence significantly overall 
mortality, however, a subgroup analysis showed 
an increased mortality in NYHA class III HF pa-
tients.48 Amiodarone is a potent atrial antifibrilla-
tory agent, that together with sotalol, quinidine, 
and verapamil47-54 were individually found to 
significantly maintain sinus rhythm compared to 
placebo, reduce the incidence of the first AF re-
currence, and significantly reduce the ventricu-
lar rate. However, amiodarone was found to be 
more effective than sotalol in prolonging time to 
the first recurrence after DC cardioversion in pa-
tients with persistent AF.47 Although amiodarone 
was not directly compared to dronedarone yet, 
relatively similar findings were observed with 
dronedarone in maintaining sinus rhythm and 
in reducing ventricular rate during arrhythmia 
recurrence .55 Dronedarone, a benzofuran deriva-
tive with electro-pharmacologic profile closely re-
sembling that of amiodarone but without its ad-
verse effects is a new, promising class III drug for 
the treatment of AF.55 The SAFE-T investigators 
have demonstrated that amiodarone is superior 
to sotalol for maintaining sinus rhythm. How-
ever, both drugs have similar efficacy in patients 
with ischemic heart disease.49 These class III an-
tiarrhythmic drugs seem to exert their beneficial 
anti-fibrillatory action by active blocking of po-
tassium channels in patients with structural heart 
disease. Dofetilide and azimilide, newer class III 
antiarrhythmic drugs, were also tested to convert 
atrial fibrillation and maintain sinus rhythm.56-60 

Although the anti-arrhythmic efficacy of azimil-
ide was superior to placebo, it was significantly 
inferior to sotalol in patients with persistent AF 
and structural heart disease. This modest antiar-
rhythmic efficacy, in addition to, the high rate of 
torsade des pointes and marked QTc prolonga-
tion, limit azimilide utilization for the therapeutic 
management of AF.56 Class IA and IC drugs may 
cause lethal ventricular arrhythmias, and espe-
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some “pure” class III antiarrhythmic agents limit 
their utilization for the therapeutic management 
of AF. Therefore, the pharmacological treatment 
of AF still remains uncertain, and requires careful 
and detailed evaluation from a safety perspective.

Cardiac resynchronization therapy in conges-
tive heart failure

Despite the good results obtained with different 
drugs in the treatment of HF, the optimal medical 
treatment can fail in the intention to improve symp-
toms and quality of life of patients with severe HF. 
Thus, the necessity to use cardiac devices emerges 
facing the failure of optimal medical treatment in 
order to achieve hemodynamic improvement and 
correction of the physio-pathological alterations. 
Patients with HF and complete left bundle branch 
block (LBBB) commonly have an abnormal move-
ment of the interventricular septum that is related 
with interventricular dissynchrony and the resul-
tant abnormal pressure gradient between the two 
ventricles.68-70 Due to this abnormal septal move-
ment, there is an increase in the end systolic diam-
eter of the left ventricle and a decrease in regional 
septal ejection fraction. Patients with LBBB with 
or without cardiac disease may show a decrease 
global left ventricular ejection fraction, a decrease 
in cardiac output, and dP/dt.70,71 In addition, in cas-
es of ventricular dissynchrony, the closure of the 
mitral valve may be incomplete because atrial con-
traction is not followed by a time-adecuate ventric-
ular systole. If this delay is sufficiently long, a ven-
triculo-atrial pressure gradient is generated which 
promotes mitral regurgitation in the early phase of 
diastole. It is easy to imagine that ventricular dis-
synchrony in HF patients puts the failing heart in 
additional mechanical disadvantage. By placing 
pacing electrodes in the coronary sinus, the right 
ventricular apex, and in the right atrial appendage 
(Figure 1), CRT can deliver simultaneous electri-
cal stimulation of both ventricles which results in a 
significant hemodynamic improvement restoring 
a more homogeneous contraction pattern. Further-
more CRT can adjust bi-ventricular stimulation 
(simultaneous, anticipated, or delayed) to better 
synchronization. CRT can reduce the interventric-
ular and intraventricular mechanical dissynchrony 
produced by LBBB. It has been shown that CRT 
increases the left ventricular filling time (Figure 
2), decreases septal dissynchrony and mitral re-
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cially the latter drugs are generally precluded in 
ischemic and structural heart disease.

Wachtell et al61 demostrated that losartan, an an-
giotensine receptor blocker (ARB), reduced the 
incidence of new-onset AF in 33% compared to 
atenolol despite a similar blood pressure control 
in both treated groups. In addition, the clinical 
relevance of preventing new onset AF was clearly 
demonstrated, since AF was associated with a 2 
to 5 fold greater cardiovascular morbidity and 
mortality, cerebrovascular accidents and hospi-
talization due to HF. New onset AF was reduced 
45% with trandolapril in the TRACE study .62 A 
sub-analysis of the SOLVD study showed a 78% 
reduction of new onset AF with enalapril.46 It is 
important to note that both were placebo con-
trolled studies, therefore, it is probable that the 
antihypertensive effect of the ACE inhibitor con-
tributed to the less incidence of AF decreasing 
atrial pressure and left ventricular end diastolic 
pressure. In this regard, the LIFE study showed 
that high systolic pressure is an independent pre-
dictor of the development of new onset AF.61 The 
LIFE study showed that patients with AF history 
had a reduction of 42% in combined end point 
and cardiovascular morbidity and mortality, with 
a 45% reduction in the risk of cerebrovascular ac-
cidents.63 A probable explanation of the benefit 
obtained with losartan, could be the regression 
of atrial hypertrophy. Ventricular hypertrophy 
is an important predictor of the development of 
new onset AF. Patients with left ventricular hy-
pertrophy have atrial enlargement, which is asso-
ciated with an increased risk of cerebrovascular 
accidents.64-67

The pharmacological treatment of AF still remains 
a clinical challenge. The ACE inhibitors and ARB 
agents have demonstrated a significant efficacy in 
reducing the incidence of AF in HF and hyperten-
sive patients. The relative efficacy and safety of 
antiarrhythmic drugs over long periods of time 
limits their usefulness in patients with congestive 
HF. Advance HF patients with AF may be treated 
with amiodarone or dofetilide, but most other an-
tiarrhythmic drugs are unsuitable. The class III 
multichannel blockers appear to exert a better per-
formance in AF patients than other antiarrhythmic 
classes, and dronedarone seems promising. The 
relatively high incidence of ventricular arrhyth-
mias and marked QT interval prolongation with 
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Atrial fibrillation and cardiac resynchroniza-
tion therapy

Various studies have shown that CRT is benefi-
cial to patients with HF in sinus rhythm [79-81]. 
However, CRT is interrupted in over one-third af-
ter successful implantation of a CRT device, and 
the most common reasons for interruption of CRT 
are the development of AF (18%) and loss of left 
ventricular capture (10%) [82]. However, CRT can 
be re-instituted in a high proportion of patients so 
that only 5% of patients who successfully undergo 
implantation of a CRT device permanently lose 
adequate CRT. About one third of patients do not 
respond to CRT for varying reasons, these are the 
so called “non-responders”. Some have a complex 
coronary sinus anatomy that does not allow ad-
equate positioning of the electrode catheter. Oth-
ers have myocardial scars that do not respond to 
stimulation. Some other reasons are related to the 
device itself.82-85

Recent studies have also focused on the benefit of 
CRT to HF patients with chronic AF, since these 

gurgitation (Figure 3), allowing a hemodynamic 
improvement72-74 These beneficial hemodynamic 
changes are already seen in a few days and are 
followed by chronic adaptations that allow long 
term benefits. Several longitudinal clinical stud-
ies demonstrated beneficial effects of CRT in left 
ventricular remodeling.75-78 There was a struc-
tural and functional ventricular improvement 
during CRT. At 3 months, there was a significant 
improvement in left ventricular ejection fraction, 
and a significant decrease in end systolic and end 
diastolic volumes.75-78 These beneficial effects are, 
apparently dependent on continuous bi-ventricu-
lar stimulation since interruption of electric stim-
ulation produce a progressive but not immediate 
loss of effect. Therefore, CRT reverts the ventricu-
lar reverse remodeling produced by chronic heart 
failure, and it is suggested that improvement in 
mechanical synchrony is the predominant mecha-
nism. There are significant hemodynamic ben-
eficial changes produced by CRT that are clearly 
seen at the clinical level and outcome.

Ensures delivery of resynchronization therapy 

Avoids occurrence of fusion or pseudo-fused beats

Eliminates the risk of rapid ventricular rates 

Regularizes the cardiac rate

Allows discontinuation of antiarrhythmic therapy

Table 2 Benefits  of  AV  nodal  ablation  in  CRT  for  HF  and  atrial fibrillation

Automatically suppression of paroxysmal and persistent atrial fibrillation

Significant decrease in symptomatic episodes of atrial fibrillation

Decrease in the need for painful electric cardioversion 
Improvement in the quality of life of the patients 
Effective and safety 
Well tolerated by 97% of the patients

Promotes an atrial stimulation with adequate rates for the patient.

Table 1 The benefits of the atrial fibrillation suppression algorithm
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patients have substantially increased morbidity 
and mortality.83 These studies showed that pa-
tients with AF may benefit from CRT as well. 79-81, 

84  In this regard, Leon et al 84 reported improved 
clinical parameters in 20 patients with chronic AF. 
In particular the NYHA functional class improved 
by 29%, the quality of life by 33%, and the LV ejec-
tion fraction by 44%. Leclercq et al81 reported a 
10% improvement in six minute walk distance in a 
substudy of the MUSTIC trial, which is a random-
ized trial evaluating patients with AF. Kíes et al 
85 obtained similar results by showing significant 
improvements in NYHA class, quality of life score, 
and six minute walk test after six months of CRT. 
However, on an individual basis, 22% of their pa-
tients did not respond to CRT, in line with stud-
ies of patients with sinus rhythm.85 A significantly 
greater benefit was observed among patients who 
had an AV node ablation. This may be explained 

by the fact that AV node ablation ensures 100% 
ventricular capture, whereas 100% capture and 
rate control are difficult to achieve with medical 
treatment.84,86 Even with optimized rate control in 
the non-ablated patients, an average of only 81% 
ventricular pacing during CRT was obtained, 
which is not good enough to deliver optimal CRT. 

Almost one fifth of patients who undergo success-
ful implantation of a defibrillator capable of deliv-
ering CRT experience an AF with a rapid ventricu-
lar response, which at least temporarily results in 
the inability to deliver adequate CRT. Predictors 
of interruption of CRT as the result of the develop-
ment of AF in the HF population include a previ 
ous history of AF, a relatively slow resting heart 
rate, and the absence of therapy with both beta-
blockers and ACE inhibitors.83 These findings are 
consistent with a recent analysis of the SOLVD 
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Figure 1: Catheter electrodes position during CRT. By placing pacing electrodes in the coronary sinus, the right ven- tricu-
lar apex, and in the right atrial appendage, CRT can deliver simultaneous electrical stimulation of both ventricles which 
results in a significant hemodynamic improvement restoring a more homogeneous contraction pattern.
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pears to improve the ability to deliver CRT. 

Implantable atrial pacemakers and defibrillators 
can significantly decrease the incidence of AF and 
also improve quality of life. These implantable de-
vices have an important role in the treatment of AF, 

study which found that treatment with enalapril 
markedly reduces the risk of development of AF 
in patients with left ventricular dysfunction.78 
Therefore, although it is not clear whether the use 
of both beta-blockers and ACE inhibitors directly 
influence the effectiveness of CRT, their use ap-

Figure 9: Transmitral Pulse Wave Doppler Echocardiography. With the CRT device on, there is an increase and improve-
ment in the left ventricular filling time. 

Figure 3: Transmitral Color Doppler Echocardiography. With the CRT device on, there is a decrease in mitral regur- gita-
tion. 
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particularly in association with other treatments.87 
It is clear to see that prevention of AF will improve 
the ability to deliver CRT, and these implantable 
devices play an important role to achieve this goal. 
In this regard, it is useful the atrial fibrillation sup-
pression algorhythm (AFSA) in dual-chamber per-
manent pacemakers.88 It was stated that the AFSA 
is a stimulation parameter designed specifically to 
suppress AF. It eliminates the unnecessary rapid 
stimulation produced by the pacemaker associ-
ated to the fixed overdrive stimulation when the 
patient is at rest. AFSA even performs the over-
drive stimulation when the intrinsic atrial rate of 
the patient increases in response to physical activ-
ity (Table 1). It is a valuable tool to apply to parox-
ysmal and persistent AF in selected patients that 
need a permanent pacemaker.88 

AV node ablation in AF and cardiac resyn-
chronization therapy

A Patients in AF do not have AV synchrony, thus 
it is not possible to perform a synchronized pac-
ing with adequately programmed AV intervals .88-

91 Therefore, the efficacy of CRT is compromised 
since adequate capture of biventricular pacing 
can not be guaranteed. In addition, since AF pa-
tients usually have a consistent or intermittent 
rapid ventricular rate, they require higher pacing 
rates. Higher pacing rates are not constantly effec-
tive because of fused or pseudo-fused ventricular 
complexes making the percentage of capture in-
exact, which leads to overestimation of effective 
CRT capture. It is required an almost maximal 
and complete biventricular capture to assure an 
optimal CRT response.81 The exact treatment of 
patients with AF undergoing CRT is unclear; con-
comitant AV node ablation has been proposed to 
avoid non-capture of pacing during AF. AV node 
ablation in this setting may be an interesting way 
of controlling the cardiac rate and reliably de-
livering CRT (Table 2). On the other hand, it has 
been suggested that patients may return to sinus 
rhythm after a certain period of time with CRT, 
making AV node ablation unnecessary. However, 
it is unclear whether patients with chronic AF will 
revert to sinus rhythm after CRT. In this regard, 
Kíes et al .85 found in patients with severe HF and 
chronic AF that CRT improved symptoms, ex-
ercise capacity, systolic LV function, and LV re-
verse remodeling. In addition, left atrial reverse 
remodeling was observed in this patient popula-

tion. However, these beneficial atrial changes did 
not restore sinus rhythm in patients with HF with 
concomitant AF. These findings suggest that AV 
node ablation should be considered for patients 
with chronic AF undergoing CRT. There should be 
a strong effort to prevent AF, since it would sig-
nificantly improve the ability to deliver CRT in pa-
tients with HF. Because patients with slower heart 
rates are more likely to develop AF, a dual-chamber 
rate-modulated pacing mode (DDDR) may reduce 
interruptions of CRT. On the other hand, the search 
for better pharmacological maneuvers to maintain 
sinus rhythm should continue to provide the help 
needed to cardiac devices. The incorporation of the 
AF suppression algorhythm to CRT devices may 
be very useful in eliminating AF, allowing a better 
performance of the CRT device without interrup-
tion.86

The MUSTIC AF trial,81 the OPSITE trial,92 and the 
PAVE trial [93] are the only randomized CRT tri-
als that permitted enrollment of AF patients who 
underwent AV nodal ablation. The MUSTIC AF 
trial enrolled patients with persistent AF of at least 
3 months duration with spontaneous or induced 
slow ventricular rate.81 Most of the patients had 
slow ventricular rates induced by AV node ablation. 
These AF patients with slow ventricular rate have 
a higher grade of ventricular capture and CRT effi-
cacy. The “intention-to-treat” analysis did not find 
a significant difference in the primary end point: 6 
min walking test. This is probably due to the small 
sample size, and to the fact that only 39 out of 64 
patients completed the cross over phase. Neverthe-
less, this trial demonstrated a positive trend in the 
secondary end points, namely, NYHA functional 
class, quality of life, hospitalization for worsening 
HF, and oxygen consumption. However, this posi-
tive trend became statistical significant when only 
patients with 85% or more biventricular stimula-
tion percentage was included. These patients had 
significantly left ventricular reverse remodeling. 
The OPSITE trial92 had a heterogeneous population, 
and was also strongly limited by a high percent-
age of drop-out (32%). Therefore, it only showed a 
modest effect on quality of life and exercise capac-
ity in patients with CRT and AV node ablation. The 
PAVE trial demonstrated at 6 months of follow-up 
that patients with CRT and AV node ablation had 
significantly increased exercise capacity, quality of 
life, and left ventricular ejection fraction.93 A recent 
observational study94 with 673 consecutive patients 
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treated with CRT enrolled 114 AF patients. Only 
42% of these AF patients had an adequate biven-
tricular capture despite optimal medical treat-
ment and optimal pacing programming. There-
fore, these patients underwent AV node ablation. 
The final results showed that only the patients 
with AV node ablation had evidence of reverse re-
modeling, increased ejection fraction, decreased 
left ventricular volumes, and improved clinical 
functional status. In an extension of this study, a 
much larger multi-center, observational study ,95 
Gasparini et al demonstrated in HF patients with 
permanent AF, that AV node ablation, in addi-
tion to CRT, improves long-term overall mortal-
ity primarily by reducing HF deaths. Although 
promising and inspiring, this result comes from a 
non-randomized study, therefore, well designed 
and controlled prospective randomized trials are 
necessary to further confirm these findings.

Conclusions

The results of several randomized trials demon-
strated that CRT devices improve HF symptoms 
and decrease mortality when the optimal medi-
cal treatment fails in severe HF patients. It was 
demonstrated in patients with permanent AF and 
CRT that AV node ablation permitted an effective
biventricular capture allowing the beneficial effect 
of CRT. The AV node ablation turns the patient 
pacemaker-dependent, and allows a complete 
and consistent CRT without fusion or pseudo-
fusion, with a regular cardiac rhythm. AV node 
ablation, in addition to CRT, improves long-term 
overall mortality primarily by reducing HF deaths 
in patients with severe congestive HF and chronic 
AF. Although promising and inspiring, this result 
comes from a non-randomized study, therefore, 
well designed and controlled prospective ran-
domized trials are necessary to further confirm 
these findings. In the meanwhile, detailed indi-
vidual evaluation of our HF patients based on sci-
entific evidence will provide us with the best ther-
apeutic decision making for each particular case. 
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Introduction 

Atrial fibrillation (AF) is the most common ar-
rhythmia in clinical practice. The prevalence of AF 
increases dramatically with age and is seen in as 
high as 9% of individuals by the age of 80 years.1 
In high-risk patients, the thromboembolic stroke 
risk can be as high as 9% per year and is associ-
ated with a 2-fold increase in mortality.1,2 Twenty 
percent of patients with paroxysmal atrial fibrilla-

tion (PAF), defined as AF lasting 7 days (and spon-
taneous conversion), progress to chronic (persis-
tent or permanent) AF, defined as lasting 30 days.1-5

Although the pathophysiological mechanism un-
derlying the genesis of AF has been the focus of 
many studies, it remains only partially under-
stood. Conventional theories focused on the pres-
ence of multiple re-entrant circuits originating in 
the atria that are asynchronous and conducted at 
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Abstract

Atrial fibrillation (AF) is the most common arrhythmia in clinical practice. The prevalence of AF increas-
es dramatically with age and is seen in as high as 9% of individuals by the age of 80 years. In high-risk 
patients, the thromboembolic stroke risk can be as high as 9% per year and is associated with a 2-fold in-
crease in mortality. Although the pathophysiological mechanism underlying the genesis of AF has been 
the focus of many studies, it remains only partially understood. Conventional theories focused on the 
presence of multiple re-entrant circuits originating in the atria that are asynchronous and conducted at 
various velocities through tissues with various refractory periods. Recently, rapidly firing atrial activity 
in the muscular sleeves at the pulmonary veins ostia or inside the pulmonary veins have been described 
as potential mechanism,. AF results from a complex interaction between various initiating triggers and 
development of abnormal atrial tissue substrate. The development of AF leads to structural and electrical 
changes in the atria, a process known as remodeling. To have effective surgical or catheter ablation of AF 
good understanding of the possible mechanism(s) is crucial.Once initiated, AF alters atrial electrical and 
structural properties that promote its maintenance and recurrence. The role of atrial remodeling (AR) in 
the development and maintenance of AF has been the subject of many animal and human studies over 
the past 10-15 years. This review will discuss the mechanisms of AR, the structural, electrophysiologic, 
and neurohormonal changes associated with AR and it is role in initiating and maintaining AF. We will 
also discuss briefly the role of inflammation in AR and AF initiation and maintenance, as well as, the 
possible therapeutic interventions to prevent AR, and hence AF, based on the current understanding of 
the interaction between AF and AR.
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various velocities through tissues with various re-
fractory periods.2

Recently, rapidly firing atrial activity in the mus-
cular sleeves at the pulmonary veins ostia or in-
side the pulmonary veins have been described 
as potential mechanism for AF.3 AF results from 
a complex interaction between various initiat-
ing triggers and development of abnormal atrial 
tissue substrate.6 The development of AF leads 
to structural and electrical changes in the atria, 
a process known as remodeling. These changes 
further perpetuate the existence and maintenance 
of this arrhythmia (i.e., “atrial fibrillation begets 
atrial fibrillation”).4 

There has been an increase interest in AF surgical 
and catheter ablation in the past 15 years aiming 
to reduced its morbidity and mortality. However 
these procedures have limited success and are not 
without risk. 

To have effective surgical or catheter ablation of AF 
good understanding of the possible mechanism(s) 
is crucial. Once initiated, AF alters atrial electrical 
and structural properties that promote its main-
tenance and recurrence. The role of atrial remod-
eling in the development and maintenance of AF 
has been the subject of many animal and human 
studies over the past 10-15 years. This review 
will discuss the mechanisms of atrial remodeling 
(AR), the structural, electrophysiologic, and neu-
rohormonal changes associated with AR and it is 
role in initiating and maintaining AF. We will also 
discuss briefly the role of inflammation in AR and 
AF initiation and maintenance, as well as, the pos-
sible therapeutic interventions to prevent AR, and 
hence AF, based on the current understanding of 
the interaction between AF and AR. 

Artial remodeling

Atrial remodeling refers to structural and func-
tional changes in the atrial myocytes in response 
to internal or external stimuli. Atrial remodeling 
may also be described as a time-dependent adap-
tive regulation of cardiac myocytes in order to 
maintain homeostasis against external stressors. 
7 The strength and the duration of exposure to 
the “stressors plays a major role in determining 
the extent of AR.8 Exposure to external stressors 

for a short period of time (<30 minutes) may lead 
to responses at the ionic/genomic level, which is 
usually reversible.9 Mid-term exposure (< or = 1 
week)10 may result in changes at the cellular level 
which are usually reversible; however long-term 
exposure (>5 weeks)11 may result in changes at the 
cellular/ extracellular matrix level (e.g. apoptosis 
and fibrosis) and is usually irreversible).

Atrial remodeling may occur in response to tachy-
cardia with high rates of cell depolarization as in 
patients with AF. In this case, AF is initially main-
tained by ectopic activity or single-circuit reentry 
in a given patient, but the high atrial rates induce 
spatially heterogeneous refractoriness abbrevia-
tion which creates conditions favorable to multi-
ple-circuit reentry. This multiple reentry circuits 
reentry may then become the AF-maintaining 
mechanism. Thus, multiple-circuit reentry may be 
a final common pathway AF mechanism in many 
patients. Hence the term “AF begets AF”.4

Atrial remodeling may also occur in response to 
volume/pressure overload such as in heart failure 
syndromes. Specific stressors, such as diastolic 
dysfunction, ischemia, and valvular diseases, e.g. 
mitral stenosis and mitral regurgitation, impose 
excess pressure and/or volume load on the atrial 
myocytes, which responds with a range of adap-
tive, as well as maladaptive, processes.7 These 
processes include myocyte growth, hypertrophy, 
necrosis, and apoptosis, alterations in the compo-
sition of extracellular matrix, recalibration of en-
ergy production and expenditure, changes in the 
expression of cellular ionic channels and atrial hor-
mones and reversal to a fetal gene program. These 
changes promote a cascade of reactions, which 
lead to AR with structural, functional, electrical, 
metabolic, and neurohormonal consequences.7

Structural and ultra-structural changes in 
atrial remodeling

Atrial structural and ultra-structural changes 
due to rapid atrial rates

Rapid atrial rate is associated with structural and 
ultra-structural changes in both right and left 
atria. Starting with the structural changes; in clini-
cal practice there is a clear relationship between 



AF and atrial dilatation. For many years atrial 
dilatation has been recognized as a predictive 
factor for the development of AF.12 On the other 
hand, atrial diameters have been shown to fur-
ther increase when AF is present. Sanfillipo et al. 
13 demonstrated an increase in atrial diameters 
of almost 40% during a mean follow-up of 20.6 
months in patients with AF and in the absence of 
structural heart disease. In addition, it has been 
demonstrated that atrial diameters may decrease 
after conversion of AF to sinus rhythm. 14,15 Rap-
id atrial pacing for 6 weeks in healthy dogs was 
shown to result in progressive biatrial enlarge-
ment.16 Furthermore AF results in loss of atrial 
contraction and the recovery of this function may 
take weeks to months to be seen after cardiover-
sion depending on the duration of the previous 
episode of AF.17

In terms of atrial ultra-stractural changes due to 
high atrial rates, chronic experimental AF leads 
to extensive changes in atrial ultra-structure. The 
nature and time course of these alterations have 
been elaborately investigated in goats by Ausma 
et al.18 in which after 9 to 23 weeks of artificially 
maintained AF, they found marked changes in 
atrial cellular substructures, including loss of 
myofibrils, accumulation of glycogen, changes 
in mitochondrial shape and size, fragmentation 
of sarcoplasmic reticulum, and dispersion of nu-
clear chromatin. These changes were present in 
up to 92% of studied atrial cells and are consid-
ered to be a sign of dedifferentiation rather than 
degeneration, that is, the cells seemed to have 
changed to a fetal phenotype.

There are few studies describing atrial ultra-
structural changes in humans suffering AF. Bai-
ley et al.19 reported the first study in which the 
atrial myocardium of living patients with AF 
was examined. They obtained atrial tissue from 
patients undergoing valve surgery for rheumat-
ic valve disease. Of the 44 patients included, 32 
were in AF, of whom 18 had AF for more than 5 
years at the time of surgery. They observed that 
long-term AF was characterized by loss of muscle 
mass, which they described as diffuse atrophy. 
The presence of rheumatic heart disease, how-
ever, may have importantly influenced the struc-
tural abnormalities that were seen.

Mary-Rabine et al.20 described the relationship be-
tween atrial cellular electrophysiology, function, 
and ultra-structure in 121 patients undergoing 
cardiac surgery, of whom 23 had AF. Atrial biop-
sies obtained from patients with AF showed ultra-
structural abnormalities such as loss of myofibrils 
and disorganization of sarcoplasmic reticulum. 
However, interpretation of these changes is diffi-
cult because AF was associated with higher patient 
age and atrial dilatation, factors independently as-
sociated with these structural changes.21

Brundel et al.22 evaluated atrial tissue of patients 
with normal ventricular function undergoing 
coronary artery bypass grafting and compared 
patients with persistent AF, paroxysmal AF, and 
sinus rhythm. In patients with paroxysmal and 
persistent AF, contraction bands were observed, 
which were virtually absent in patients with sinus 
rhythm. In patients with AF, degenerative features 
such as clumping of nuclear chromatin and the 
presence of lysosome-like bodies were present. 
Furthermore, only in patients with persistent AF, 
were hibernating atrial myocytes found, character-
ized by glycogen accumulation and the dispersion 
of nuclear chromatin.

Apart from these intracellular changes, alterations 
in expression of atrial intercellular gap junctions 
have been described during AF.These gap junc-
tions are responsible for the cell-to-cell propa-
gation of electrical conduction and consist of 2 
connexons, each formed by 6 proteins called con-
nexins. In the heart, connexin 43 is the most abun-
dant, whereas connexin 40 is mainly present in the 
atrium.23

Whether AF-induced changes in these connexins 
play a significant role in atrial remodeling remains 
a subject of debate.23

AF has been shown to be associated with a net in-
crease24,25 or decrease 26,27 in connexin 40 expression 
with redistribution to the lateral borders of the 
atrial myocytes.This may result in anisotropy and 
dispersion of atrial conduction, thus favoring an 
environment vulnerable to AF.

Atrial structural and ultra-structural changes 
due to volume/pressure overload
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Atrial remodeling due heart failure or other causes 
of increased atrial volume /pressure overload 
is characterized primarily by biatrial dilatation, 
which is considered an important factor in the 
genesis of atrial arrhythmias in these patients. In 
the presence of acute or chronic stress or injury, 
the atria stretch and stiffen. 28,29 Larger atrial size 
means that more circuits can be accommodated 
and that long-wavelength circuits that are too large 
for a normal atrium can be supported. Atrial di-
mensions are a particularly important determinant 
of the occurrence of multiple-circuit reentry.30 In 
canine models, Shi. et al.31 showed that five weeks 
of rapid ventricular pacing (220-240 beats per min-
ute) resulted in an increase of 80.2% and 61.2% in 
left and right atrial diastolic area, respectively, as 
measured by transthoracic echocardiography. This 
biatrial dilatation was associated with a decrease in 
atrial contractile function, which was reflected by a 
decrease in left and right fractional area shortening 
of 41.8% and 33.7%, respectively. Similar results 
were obtained by Power et al.32 who found a 100% 
increase in diastolic left atrial cross-sectional area 
in sheep after 6 weeks of rapid ventricular pacing. 
In patients with diastolic dysfunction, there is also 
a clear relationship between the magnitude of dia-
stolic dysfunction and left atrial diameter and vol-
ume which could explain the propensity to devel-
op AF in patients with hypertension and diastolic 
dysfunction33,34 

Atrial volume or pressure overload results in atri 
al dilatation which is accompanied by changes in 
atrial ultrastructure, also in the absence of atrial ar-
rhythmia.23 The development of rapid ventricular 
pacing–induced congestive heart failure (CHF) in 
dogs is associated with atrial interstitial fibrosis, 
cellular hypertrophy, loss of myofibrils, and signs 
of necrosis.11 These processes were shown to be ir-
reversible after cessation of pacing and consequent 
recovery of the systolic ventricular function.35

Verheule et al.36 showed that chronic atrial dila-
tation in dogs due to experimental mitral regur-
gitation in the absence of overt CHF results in 
atrial fibrosis, signs of chronic inflammation, and 
increased accumulation of glycogen. 

Aimé-Sempé et al.37 investigated human specimens 
of dilated right atrial myocardium and found signs 
of apoptosis and myolysis in patients with AF as 

well as in patients with a decreased left ventric-
ular ejection fraction (LVEF) who were in sinus 
rhythm. These included a disrupted sarcomeric 
apparatus with replacement by glycogen gran-
ules, the presence of large Terminal deoxynucleo-
tidyl Transferase Biotin-dUTP Nick End Labeling 
(TUNEL)-positive nuclei with condensed chro-
matin indicating the presence of DNA breakage 
and the decreased expression of antiapoptotic 
proteins. 

In a study of 15 patients with an atrial septal de-
fect, who were in sinus rhythm and had a dilated 
RA , structural abnormalities including hypertro-
phy and cell degeneration were observed only in 
the presence of elevated RA pressures. 38

Also, ultra-structural changes in heart-failure-
induced remodeling characterized by degenera-
tive changes, including cellular edema, nuclear 
pyknosis, and contraction band necrosis leading 
to cell loss. 29

Electrophysiological changes in atrial re-
modeling

Electrophysiological studies comparing heart fail-
ure-induced AR with atrial tachycardia-induced 
AR have shown significant differences in electro-
physiological properties between these two types. 
These differences depend mostly on the changes 
in the ionic channels during the remodeling pro-
cess.7

Atrial electrophysiological changes due to 
rapid atrial ratesy Vein

Olsson et al.39 found short right atrial monopha-
sic action potentials in patients immediately after 
conversion of AF to sinus rhythm.

Boutjdir et al.40 and Le Heuzey et al.41 found short 
atrial refractory periods with loss of physiological 
adaptation to high rates in atrial appendages of 
patients with chronic AF undergoing surgery.

In 1995, two independent studies showed chang-
es in atrial electrophysiology as a consequence 
of AF. Wijffels et al.4 demonstrated that repeated 
induction of AF in goats resulted in progressive 
duration of the induced paroxysms, together 
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they demonstrated a decrease of the mRNA ex-
pression of the L-type calcium channel a1c sub-
unit, as well as Kv4.3 (encoding for Ito).50

Human studies also demonstrated a decrease in 
ICa,L and Ito in patients with AF undergoing car-
diac surgery. 51,54 The reduction in ICa,L may be 
explained by a decreased expression of the L-type 
calcium channel a1c subunit55,57

Brundel et al.58 reported a decreased protein ex-
pression of the L-type calcium channel, a finding 
that could not be confirmed by others.59 Reduced 
mRNA and/or protein concentrations of several 
potassium channels have also been reported.58, 61

Despite these findings, a pivotal role of atrial elec-
trical remodeling in the progressive nature of clin-
ical AF has never been proven. Furthermore, ex-
perimental atrial electrical remodeling is complete 
within hours to days, whereas the development of 
sustained AF generally takes at least 1 week. This 
indicates that other factors must be involved.23

A study in thirty-five patients with a left-sided ac-
cessory pathway and without a prior history of 
AF where after successful ablation, the effective 
refractory periods (ERPs) and conduction times of 
the right atrium (RA), left atrium(LA), and the PVs 
were determined. Afterwards, AF was induced and 
maintained for a period of 15 min. Thereafter, the 
stimulation protocol was repeated. It was found 
that new-onset; short-lasting AF creates electrical 
characteristics similar to those of patients with AF. 
However, these alterations are pronounced in the 
PVs compared with the atria, indicating that “AF 
begets AF in the PVs”.53

Electrophysiological changes due to volume/ 
pressure overload AR

Increased ventricular and atrial pressures during 
the development of CHF may modulate atrial elec-
trophysiology by causing myocardial stretch. This 
phenomenon is called mechanoelectric feedback or 
contraction-excitation coupling and has been dem-
onstrated in animal studies as well as in humans.23 

In the setting of an acute rise in the atrial pres-
sure, several studies have demonstrated changes 
in atrial refractoriness because of an acute rise in 
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with shortening of the atrial refractory period 
and loss, or even reversal of, its physiological 
adaptation to rate. Similarly, Morillo et al.16 dem-
onstrated that rapid atrial pacing for 6 weeks in 
dogs resulted in shortening of atrial refractory 
periods, an increased inducibility and stability of 
AF, together with an increase in P wave duration 
and a decrease in atrial conduction velocity.

Shortening of refractoriness in combination with 
a decrease in conduction velocity results in a 
shorter atrial wavelength, which is the product 
of these two parameters. This could be an expla-
nation for the increased duration of AF, because 
according to the multiple wavelet theory, a short 
wavelength will result in smaller wavelets which 
would increase the maximum number of wave-
lets, given a certain atrial surface. Furthermore, 
chronic atrial tachycardia depresses sinus node 
function which, may reduce the stability of sinus 
rhythm and increase the stability of AF.42

Changes in atrial electrophysiology favoring an 
increased inducibility of AF have been described 
as a consequence of long-term pacing or repeat-
ed induction of the arrhythmia. An increased 
heterogeneity of atrial conduction and atrial re-
fractoriness, which provides a substrate for reen-
try, may occur after only 24 hours of rapid atrial 
pacing.43

As well as these research data, several studies 
have also investigated atrial electrical remodel-
ing in humans. Short-term artificially induced 
AF in humans results in shortening of atrial re-
fractoriness .44 In addition, in patients with persis 
tent AF, atrial refractoriness has been shown to 
be shorter when compared with controls45,46 and 
to prolong after conversion to sinus rhythm47,48

Shortening of the atrial refractory period and the 
atrial action potential may be caused by a net de-
crease of inward ionic currents (Na+ or Ca++), a 
net increase of outward currents (K+), or a com-
bination of both.23 In dogs subjected to 42 days 
of rapid atrial pacing, Yue et al.49 demonstrated 
a reduction in the L-type calcium current (ICa,L) 
and the transient outward potassium current 
(Ito). The inward rectifier K+ current (IK1) and 
the components of the delayed rectifier current 
(IKur, IKr, IKs) were unchanged. In addition, 
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degeneration. In dogs with artificially induced 
right atrial enlargement caused by tricuspid re-
gurgitation, they found no difference in the right 
atrial action potential, although the susceptibility 
and duration of AF was significantly increased 
when compared with controls. However, there 
was no spontaneously occurring AF.69 

On the other hand, Verheule et al.70 found pro-
longed atrial refractory periods but unchanged 
atrial conduction velocity in dogs 1 month after 
the induction of mitral regurgitation. Dogs with 
pacing-induced CHF had an enhanced inducibil-
ity of atrial tachycardia with foci located along the 
crista terminalis and pulmonary veins. The focal 
nature of specific types of AF recently has gained 
a lot of interest. These findings indicate that the 
development of CHF may evoke atrial foci, lead-
ing to AF.71 

Patients with dilated atria have been shown to 
have a shorter atrial action potential with lower 
amplitude than patients in whom the atria have 
normal dimensions.72 However, this finding may 
partly be due to the presence of AF in 25% of pa-
tients with the dilated atria, which apart from 
underlying heart disease, shortens AERP.4 In con-
trast, Calkins et al.73 found no change in AERP 
during simultaneous AV pacing. However, an 
acute increase of the atrial pressure by two si-
multaneous AV beats resulted in a shortening of 
AERP.74 These results were not influenced by the 
presence or absence of autonomic blockade. 

In addition, chronic hemodynamic load may lead 
to changes in atrial electrophysiology. Patients 
with AF and mitral valve regurgitation were 
shown to have an increased AERP. This prolon-
gation was not related to arrhythmia history, that 
is, patients with chronic or paroxysmal AF and 
mitral regurgitation also had longer AERP than 
patients suffering the same arrhythmia without 
valve disease.58,75

Sparks et al.76 investigated the effect of VVI pac-
ing in patients during sinus rhythm in the pres-
ence of an AV block. Chronic AV dissociation also 
resulted in prolongation of AERP and an impair-
ment of left atrial contractility,77 processes which 
were reversible after reestablishing AV synchrony 
by DDD pacing. Experimental CHF in dogs de-
creases the densities of atrial ICaL, Ito, and IKs. 

atrial pressure. However, there is disagreement 
whether refractory periods shorten or prolong. 
In dogs, an acute rise in atrial pressure caused by 
(near) simultaneous atrioventricular (AV) pacing 
63 or by saline infusion64 resulted in prolongation 
of atrial effective refractory period (AERP). In 
contrast, Solti et al.65 reported a decrease of AERP 
along with an increase of atrial conduction times. 
Similarly, acute atrial volume overload in rabbits 
resulted in shortening of AERP66 and a decrease of 
atrial conduction velocity.67 Although the results 
of these studies are conflicting, all report an en-
hanced susceptibility to AF during an acute rise 
in atrial pressure. 

The effects of chronic heart failure producing 
long-standing atrial hemodynamic overload on 
atrial electrophysiologic properties are even less 
well established. Li et al.11 evaluated the processes 
underlying the enhanced propensity of AF dur-
ing the development of pacing-induced CHF in a 
dog model. They induced CHF by rapid ventric-
ular pacing over 5 weeks. When compared with 
controls, the dogs with CHF had a dramatically 
increased duration of AF induced by burst pac-
ing (535 ± 82 vs 8 ± 4 seconds). When comparing 
the AERP between the groups, at longer basic cy-
cle lengths AERP was comparable between both 
groups, whereas at shorter cycle lengths, AERP 
was slightly longer in the CHF group. However, 
this prolongation of AERP is not likely responsi-
ble for the enhanced inducibility and sustenance 
of AF during CHF. Li et al. also observed a disper-
sion of atrial conduction in the CHF dogs, caused 
by extensive interstitial atrial fibrosis, resulting 
in an environment vulnerable to reentry.11 Com-
parable results were obtained in sheep with ven-
tricular pacing–induced CHF.31 During 6 weeks 
of pacing left, but not right AERP was prolonged 
and the susceptibility to AF initially increased. 
However, the sheep became less susceptible to AF 
induced by an extra-stimulus, although the dura-
tion of AF, when induced, was longer. 

Boyden et al.68 found no differences in the action 
potential duration and shape in the right atrium 
and only a slightly increased duration in the left 
atrium of cats with cardiomyopathy when com-
pared with controls. Furthermore, the diseased 
atria had a substantially increased amount of in-
excitable cells and showed structural abnormali-
ties including fibrosis, cellular hypertrophy, and 



The net result of the decrease of repolarizing po-
tassium currents and the decrease of depolarizing 
calcium current results in a slight prolongation of 
the atrial refractory period and action potential, 
but only at higher rates. Furthermore, the Na+/Ca+ 
exchanger current increases, which may promote 
delayed afterdepolarization induced ectopic activ-
ity and indirectly influence atrial refractoriness.78 

Le Grand et al.72 found a decrease in ICaL in hu-
mans with dilated atria whereas others79 found no 
change. In addition, reported changes in Ito and 
other potassium currents are conflicting. Some au-
thors80 have reported an increase; others72,81 have 
found a decrease of Ito in dilated atria. In addi-
tion, the inward rectifier current IK1 was found to 
be reduced 82 or unchanged.72 The discrepancies of 
these findings may be explained by the variety of 
underlying cardiac disease, use of medication, and 
the presence of AF. 

Neurohormonal disturbances in atrial re-
modeling

In addition to the role in the electrophysiologic 
and hemodynamic function of the heart, the atria 
also have an endocrinologic function.

AR is associated with neurohormonal changes 
that include increase in angiotensin II (Ang-II), 
aldosterone, transforming growth factor-beta1,83 
atrial natriuretic peptide (ANP),84 brain natriuretic 
peptide (BNP),85,86 and sympathetic hyperinnerva-
tion.87 

The neurohormonal changes resulted from rapid 
atrial rates and volume/pressure overload will be 
elaborated below.

Neurohormonal disturbances due to rapid 
atrial rates

High atrial rates are associated with increase plas-
ma levels of atrial natriuretic peptide (ANP). 88, 89 

ANP is elevated not only in the acute phase90 but 
also when the arrhythmia is chronic.91 ANP is se-
creted by right and left atria, has diuretic effects, 
reduces peripheral vascular resistance, reduces the 
sympathetic tone, and suppresses the renin-angio-
tensin-aldosterone axis.92 Therefore ANP reduces 
the preload and protects the atria from hemody-
namic overload. The exact mechanism by which 

an atrial arrhythmia results in secretion of ANP is 
unknown, although it has been demonstrated that 
atrial stretch is an important factor.93, 94

Atrial remodeling due to rapid atrial rates, at least 
in part, depends on angiotensin II–dependent 
pathways.94,96 Angiotensin II is a potent promoter 
of fibrosis, leading to cardiac fibroblast prolifera-
tion and, thus may play an important role in the 
formation of a substrate vulnerable to AF. 

Angiotensin II acts by binding to two discrete re-
ceptor subtypes, angiotensin type I (AT1R) and 
type II (AT2R) receptors. The signaling cascades 
coupled to AT1Rs and AT2Rs are distinct and of-
ten have opposing actions. AT1Rs mediate the 
profibrotic effects of angiotensin II by stimulating 
fibroblast proliferation, cardiomyocyte hypertro-
phy, and apoptosis.97 AT1R signaling through the 
Shc/Grb2/SOS adapter-protein complex activates 
the small GTPase protein Ras, which initiates mi-
togen-activated protein kinase phosphorylation 
cascades that are centrally involved in remodel-
ing [98, 99]. AT1R activation stimulates phospholi-
pase C. Phospholipase C breaks down membrane 
phosphoinositol bisphosphate (PIP2) into diacyl-
glycerol and inositol 1,4,5-trisphosphate (IP3).98 

Diacylglycerol activates protein kinase C, and IP3 
causes intracellular Ca++ release, both of which 
promote remodeling. Signal transduction also oc-
curs through the JAK/STAT pathway, activating 
transcription factors such as activator protein-1 
and nuclear factor-B. AT2R activation inhibits mi-
togen-activated protein kinases99 via dephosphor-
ylating actions of phosphotyrosine phosphatase 
and protein phosphatase 2A and produces anti-
proliferative and survival-promoting effects that 
oppose AT1R-mediated changes.

Angiotensin II mediates cardiac fibrosis in a vari-
ety of cardiac pathologies, including hypertensive 
heart disease, CHF, myocardial infarction, and 
cardiomyopathy100 Transgenic mice with cardiac-
restricted ACE overexpression show marked atrial 
dilation with focal fibrosis and AF101 Aldoste-
rone promotes fibrosis through its action on car-
diac fibroblasts101 and matrix metalloproteinases 
(MMPs).102,103 Thus, the neurohormonal changes 
have an important role in the genesis and the pro-
gression of AR,104 -106 which lead to the develop-
ment and maintenance of AF104,107,108
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heart failure trials indicate that treatment with an 
ACE inhibitor121 or angiotensin II blocker122 reduc-
es the risk of developing AF in patients with left 
ventricular dysfunction. Furthermore, these effects 
have been shown to be independent of changes in 
blood pressure. 

The role of systematic inflammation in atrial 
remodeling and AF initiation and perpetra-
tion

Recent studies have indicated that inflammation 
might play a significant role in the initiation, main-
tenance, and perpetuation of AF. Inflammatory 
cells have been demonstrated to infiltrate atrial tis-
sue of patients with AF.123,124 Inflammatory markers 
such as C-reactive protein (CRP), tumour necrosis 
facort, interlukin and cytokines have been shown 
to be elevated in patients with AF.125,126 Elevation of 
CRP and IL-6 might also contribute to generation 
and perpetuation of AF, as evidenced by marked 
inflammatory infiltrates, myocyte necrosis, and fi-
brosis found in atrial biopsies of patients with lone 
AF.124,126-129 Complement activation has also been 
described in a cohort of patients with AF without 
other associated inflammatory diseases.128 It has 
been suggested in 1 population-based cohort of 
1,011 patients who were followed up to 4 years, 
that in the absence of high baseline complement 
component levels (C3 and C4) a high baseline CRP 
level is not significantly associated with a high in-
cidence of AF.130

The exact mechanism of inflammation leading to 
tissue remodeling in AF patients is unclear and 
warrants further research. It is thought that AF 
leads to myocyte calcium overload, promoting 
atrial myocyte apoptosis. C-reactive protein might 
then act as an opsonin that binds to atrial myocytes, 
inducing local inflammation and complement acti-
vation. Tissue damage then ensues and fibrosis sets 
in.129,131,132 Specifically, in the presence of Ca++ ions, 
CRP binds to phosphatidylcholine. Long-chain ac-
ylcarnitines and lysophosphatidylcholines are gen-
erated from phosphatidylcholine and can further 
contribute to membrane dysfunction by inhibiting 
the exchange of sodium and calcium ions in sarco-
meres. This can eventually lead to the maintenance 
of AF.129-131

Neurohormonal disturbances due to vol-
ume/pressure overload

Natriuretic peptides defend against excess salt 
and water retention, inhibit vasoconstrictor pep-
tides, promote vascular relaxation, and inhibit 
the sympathetic neural system. These neurohor-
mones have been shown to be important markers 
in the assessment of clinical severity and progno-
sis of CHF.86,109 Patients with CHF have high plas-
ma concentrations of both ANP and BNP. These 
concentrations are associated with the degree of 
left ventricular dysfunction and may raise a factor 
30 in patients with New York Heart Association 
Class IV CHF.110 ANP is mainly secreted from the 
cardiac atria but during CHF, a proportion is also 
produced in the ventricles.111 Several experimental 
pacing–induced CHF studies have demonstrated 
an increase in circulating ANP and BNP during 
the development of CHF112,113

Mechanical stretch of atria is the strongest stimu-
lator for ANP secretion, which is augmented by 
endothelin and inhibited by nitric oxide (NO).
However, longstanding AF in severe LV dysfunc-
tion and development of atrial fibrosis can cause 
depletion of ANP stores.114,115

AR is associated with increase BNP level. The as-
sociation between BNP and LA volume in predict-
ing AF was demonstrated in post-thoracotomy 
patients where patients with larger LA volume 
and higher BNP levels had higher incidence of 
post-operative AF.116, 117

The development of atrial fibrosis during CHF is 
angiotensin-mediated. In dogs subjected to rapid 
ventricular pacing, administration of enalapril re-
sulted in attenuation of pacing-induced changes 
in angiotensin II concentrations, atrial fibrosis, 
and impairment of atrial contractility.118,119

No direct effect of ACE inhibiting drugs or an-
giotensin II blockers on atrial refractoriness have 
been established in patients. However, potential 
benefits of these drugs in arrhythmia burden in 
patients with CHF have been reported. Adminis-
tration of the ACE inhibitor trandolapril reduced 
the incidence of AF in patients with systolic dys-
function after myocardial infarction,120 Data from 
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The inflammatory cascade and catecholamine 
surge associated with surgery might play a promi-
nent role in initiating atrial tachyarrhythmias after 
cardiac surgery. It has been reported to occur in 
up to 40% of patients undergoing cardiac bypass 
surgery (CABG) or up to 50% of patients under-
going cardiac valvular surgery.3,4 After cardiac 
surgery, the complement system is activated and 
pro-inflammatory cytokines are released. Bruins 
et al.128 found that IL-6 rises initially and peaks 
at 6 h after surgery and a second phase occurs 
in which CRP levels peak on post-operative day 
2, with complement-CRP complexes peaking on 
postoperative day 2 or 3. The incidence of atrial ar-
rhythmias follows a similar pattern and peaks on 
post-operative day 2 or 3.4,127,133,134 Another study 
correlated leukocytosis to an increased incidence 
in AF in post-operative cardiovascular patients.132

Burzotta et al.135 discovered that the development 
of postoperative AF was linked to 174G/C poly-
morphism of the IL-6 promoter gene. In this par-
ticular study of 110 patients undergoing CABG, 
genetic analysis revealed that the GG genotype 
was associated with higher IL-6 plasma levels and 
subsequently, a greater inflammatory burden. 
Similarly Gaudino et al.136 established a genetic 
link between inflammation and AF and found that 
the GG genotype was an independent predictor of 
postoperative AF.

The notion that the inflammatory process plays a 
role in AF has garnered much attention in many 
recent studies and is now a well-established con-
nection. Many clinicians now consider inflam-
mation to be an independent risk factor for the 
initiation and maintenance of AF.123 Studies are 
currently underway in an attempt to attenuate 
the inflammatory burden in patients with AF by 
novel therapeutic interventions.

Agents with potential anti-inflammatory effects 
such as ACEI, statins, steroids, omega 3 fatty ac-
ids, and vitamin C have increasingly recognizable 
roles in prevention of AF. This will be discussed in 
the next section.

Potential therapeutic interventions to pre-
vent or reverse AR

Reversal of AR is possible, especially if it is in 

an early stage. The earlier the restoration of sinus 
rhythm by medication, electrical cardioversion, 
catheter ablation or even surgery, the better the 
outcome, in term of reverse remodeling.

Phrenic Nerve Injury during Adjunctive Pro-
cedures Atrial Fibrillation

Phrenic stimulation as well as injury may occur 
during device implantation. This may be particu-
larly relevant with epicardial device implantation 
and combined pacing and ablation procedures in 
patients with a Mustard/Senning procedure with 
congenital d-transposition of the great arteries. 52-54

Medical interventions

The angiotensin converting enzyme inhibi-
tors (ACEI) and the angiotensin receptor 
blockers (ARBs) 

The ACEI and ARBs are antihypertensive medica-
tions which may improve LV systolic and diastolic 
function; and have beneficial effects on AR.137 How-
ever, it appears that altering renin-angiotensin-al-
dosterone system has strong effects on AR, which 
extends beyond their beneficial effects on blood 
pressure regulation. AR structural remodeling ap-
peared reversible with quinapril, which occurrs in 
parallel with an improvement in arterial stiffness 
but independent of blood pressure changes.138 An-
giotensin-converting enzyme inhibition has been 
shown to have important beneficial effects on elec-
trical remodeling139,140, atrial stretch,138,141 interstitial 
fibrosis142-144 and inflammation.144-146 ACEI has been 
shown to prevent first and recurrent AF in patients 
with hypertension .122 and LV dysfunction.120-122,147,148 
Patients with persistent AF who were treated with 
amiodarone plus irbesartan had a lower rate of re-
currence of AF than did patients treated with amio-
darone alone .149 A number of large clinical trials 
have shown a beneficial impact of ACE inhibition 
on AF, however, the AF was not the primary end 
point in these studies.122,148,150-156 The meta-analysis 
of 11 studies, which included 56,308 patients, were 
identified: 4 in heart failure, 3 in hypertension, 2 in 
patients following cardioversion for AF, and 2 in 
patients following myocardial infarction. Overall, 
ACEIs and ARBs reduced the relative risk of AF by 
28% (95% confidence interval [CI] 15% to 40%, p = 
0.0002). Reduction in AF was similar between the 



two classes of drugs (ACEI: 28%, p = 0.01; ARB: 
29%, p = 0.00002) and was greatest in patients with 
heart failure (relative risk reduction [RRR] = 44%, 
p = 0.007). Overall, there was no significant reduc-
tion in AF in patients with hypertension (RRR = 
12%, p = 0.4), although one trial found a signifi-
cant 29% reduction in patients with left ventricu-
lar (LV) hypertrophy.157

In patients with AF, an ACE-dependent increase 
in the amounts of activated Erk1/Erk2 in atrial in-
terstitial cells was noted.104 The effectiveness of an-
giotensin blocker to reverse AR and suppress AF 
lies in its ability to modulate the Ang-II–activated 
Erk1/Erk2 proteins, thereby effectively inhibiting 
interstitial fibrosis.119, 139, 140

Animal studies showed that the use of angioten-
sin blockers can mitigate increase in interstitial 
fibrosis and LA pressure; reduce myolysis, loss 
of contractile proteins, and LA dysfunction; and 
shorten the duration of AF.119, 139, 140 Administration 
of the angiotensin-converting enzyme (ACE) in-
hibitor captopril attenuated shortening of AERP 
after 3 hours of rapid atrial pacing in dogs.139 In 
the TRACE (Trandolapril Cardiac Evaluation) 
trial,120 2.8% of patients in the trandolapril arm de-
veloped AF versus 5.3% (p _ 0.05) in the placebo 
arm; similarly, patients randomized to enalapril 
in SOLVD (Studies Of Left Ventricular Dysfunc-
tion) [121] had a 78% relative risk reduction in de-
veloping AF (P Value0.0001).

There are a few studies linking reduction in AF 
with an administration of an ARB. In one prospec-
tive study, addition of irbesartan to amiodarone 
resulted in lower recurrence of AF after DCCV in 
patients with normal ejection fraction (79.52% vs. 
55.91%, p _ 0.007)149 Subset analysis of Val-Heft (the 
Valsartan Heart Failure Trial)150 and (Candesartan 
in Heart Failure)148 showed a reduction in the inci-
dence of AF in patients receiving ARBs compared 
with placebo. Current evidence does not support 
the administration of statins and ACEIs /ARBs for 
the sole purpose of preventing AF, because many 
of the current published reports available were 
retrospective and observational in nature, with 
limited sample size.123

Aldosterone receptor antagonists

Aldosterone receptor antagonists, such as spirono-

lactone and eplerenone, appear to have a benefi-
cial impact in modifying the extracellular matrix, 
especially in terms of collagen deposition and fi-
brosis. Spironolactone has been shown to reverse 
the effects of AR by reducing atrial hyperexcitabil-
ity,108 inhibition of vascular Ang-I/Ang-II conver-
sion,108 and attenuation of atrial fibrosis.159-161

In animal models, Milliez et al.160 demonstrated 
that spironolactone attenuated atrial fibrosis, 
caused by chronic CHF in rats, more than did 
lisinopril and atenolol. The role of spironolactone 
and eplerenone on arrhythmia prevention was in-
ferred from the RALES (Randomized ALdactone 
Evaluation Study).161 and EPHESUS (Eplerenone 
Post-AMI Heart Failure Efficacy and Survival 
Study).162 trials where patients treated with these 
drugs had lower rates of sudden cardiac deaths. 
No studies have been done to assess the direct ef-
fects of aldosterone antagonists on AF prevention 
and treatment.

Beta blockers

The effect of beta-blockers on AR and AF suppres-
sion has not been well studied. Metoprolol and 
carvedilol can attenuate LV remodeling. 163-165

In a double-blind, placebo-controlled study in 
394 patients with persistent AF who underwent 
cardioversion, metoprolol CR/XL was effective in 
preventing relapse into atrial fibrillation or flut-
ter.166 

Statins

Statins are highly effective and widely used lipid-
lowering agents in clinical practice but they also 
display a number of pleiotropic properties beyond 
cholesterol lowering. These pleiotropic effects in-
clude anti-inflammatory, antioxidant, atrial re-
modeling attenuation, ion channel stabilization, 
and autonomic nervous system regulation.167

In animal and human studies and in human stud-
ies168-171 Simvastatin has been shown to reduce the 
propensity to AF possibly through its antioxidant 
effects166,168

Two studies have evaluated the role of statin treat-
ment in animal models of HF. Firstly, Shiroshita-
Takeshita et al.168 demonstrated that simvastatin 
effectively attenuates atrial structural remodeling 
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and AF promotion in a dog model of tachycardio-
myopathy. Furthermore, Okazaki et al.172 showed 
that atorvastatin attenuates atrial oxidative stress 
and prevents atrial electrical and structural remod-
eling in rat hypertensive HF induced by chronic in-
hibition of NO synthesis. 

During the past few years, the association between 
statin use and development of AF has been exam-
ined in different clinical settings.167,173,174 Recent 
meta-analysis by Liu et al.167 on this issue showed 
different results between randomized clinical trials 
(RCTs) and observational studies, suggesting that 
statins maybe effective in AF prevention, especially 
in postoperative patients. Therefore, larger RCTs 
with longer follow-up periods and more sensitive 
methods of AF detection are urgently needed. Re-
cently, a review by Abi Nasr et al.175 provided an 
overview of the evidence regarding AF management 
in elderly patients with CHF. The authors discussed 
treatments for the underlying disease, prevention of 
thromboembolism, rate or rhythm control, as well 
as nonpharmacological therapy that may be effec-
tive in some patients. In their review, they noted the 
possible role of statins in maintaining sinus rhythm 
in persistent lone-AF patients. 

A post-hoc analysis from the Sudden Cardiac Death 
in Heart Failure Trial (SCDHeFT)176 also demon-
strated similar findings. After adjusting for several 
confounding factors, statin use was independently 
associated with a significant reduction (28%) in the 
relative risk of AF or atri al flutter during a follow-
up period of 45.5 months. 

These results are similar to a study by Hanna et 
al.177 which reported the result of a registry of 25,268 
patients with reduced left ventricular ejection frac-
tion (LFEF <OR = 40%), that demonstrated a 31 % 
reduction in the odds of AF prevalence with statin. 
Recently also, another observational study by Ada-
bag et al.178 added new evidence to this issue. There 
are three large ongoing RCTs (GISSI-HF, CORONA 
and UNIVERSE) 179 which hopefully will provide us 
more clear data with respect to the role of statins in 
AF prevention in patients with HF. 

Vitamin C

Vitamin C is a potent water-soluble antioxidant180,181 
which has been recently shown to ameliorate electri-

cal remodeling in animal studies and to decrease 
the incidence of postoperative AF in patients un-
dergoing cardiac surgery.182 

It was demonstrated that Vitamin C exerts favour-
able electrophysiological effects, ameliorating the 
shortening of the AERP.Furthermore, Vitamin C 
inhibits nitrotyrosine formation in the atrial tis-
sue, indicating an effective antioxidant action. In 
a pilot study, the investigators showed that oral 
administration of vitamin C significantly reduces 
the incidence of postoperative AF in patients un-
dergoing coronary artery bypass graft surgery 
(CABG).182

A small study in 44 patients who underwent suc-
cessful electrical cardioversion of persistent AF 
with one to one randomization to either oral Vi-
tamin C administration or no additional therapy, 
the AF recurred one week after the successful car-
dioversion in 4.5% of patients in the Vitamin C 
group compared to 36.3% in the control group (P 
value 0.024). Compared to baseline values, inflam-
matory indices decreased significantly in the Vi-
tamin C group but not in the control group. CRP 
and fibrinogen levels were higher in patients who 
relapsed into AF compared to patients who main-
tained sinus rhythm. 183 So the role of vitamin C 
in prevention and treatment of patients with AF 
is still unclear and needs further RCTs to evaluate 
the issue.

Glucocorticoids

Most of the initial studies involving glucocorti-
coid therapy in AF were conducted in patients un-
dergoing cardiovascular surgery, and the results 
were equivocal. Early studies by Chaney et al.184 

did not find any significant benefit of steroid ad-
ministration to patients undergoing coronary ar-
tery bypass graft surgery (CABG); however, Yared 
et al.185 in a study of 216 patients undergoing car-
diothoracic surgery, found that dexamethasone 
administration perioperatively decreased the in-
cidence of post-operative AF in the first few days 
after surgery.Inflammatory markers (i.e., CRP, IL-
6, and so forth) were not measured in this study.
Yared et al.186 reported on the outcome of 78 pa-
tients undergoing combined CABG and valve 
surgery who were randomized to receive either 
dexamethasone or placebo before surgery. In this 



study, dexamethasone did not affect the incidence 
of perioperative AF. However, it did modulate the 
release of several inflammatory and acute-phase 
response mediators that are associated with ad-
verse outcomes. Most recently, a group from Fin-
land showed in a prospective, randomized, dou-
ble-blind study, that the use of 100 mg cortisone, 
given intravenously immediately before cardiac 
surgery and continued for 3 consecutive days, sig-
nificantly decreased the incidence of AF after car-
diac surgery by 15%.187

In a prospective trial which examined the effects 
of adding methylprednisolone to propafenone in 
AF patients undergoing pharmacological cardio-
version to assess the recurrence rate, the methyl-
prednisolone-treated group experienced an 80% 
decrease in CRP levels (p < 0.001) within the first 
month, which was maintained throughout the 
duration of the study. This corresponded to a re-
duction of AF recurrence from 50% in the placebo 
group to 9.6% in the methylprednisolone group (p 
< 0.001).188

Unsaturated Fatty Acids (UFAs)

(Fish oil, and omega-3 fatty acids in particular, 
have been found to reduce plasma levels of triglyc-
erides and increase levels of high-density lipopro-
tein in patients with marked hypertriglyceride-
mia, and a pharmaceutical-grade preparation has 
recently received approval from the US Food and 
Drug Administration to market for this purpose.189 
However, in both bench research studies and clini-
cal trials, evidence for clinically significant antiar-
rhythmic properties has also been detected in as-
sociation with omega-3 fatty acid intake .189

The consumption of fish and fish oils appears in 
some large-scale clinical trials to have beneficial 
effects on survival, particularly or at least in isch-
emic substrates and in populations without high 
ambient consumption of fish intake .190,191

Clinical data supporting antiarrhythmic proper-
ties of fish oils have also been obtained from stud-
ies examining surrogate markers of lethal sus-
tained ventricular arrhythmias, such as incidence 
of premature ventricular complexes, and from 
other arrhythmias, such as atrial tachycardia and 
atrial fibrillation.189

In a double-blind, placebo-controlled study in 65 
patients with cardiac arrhythmias but without evi-
dence of CAD or heart failure, the incidences of 
atrial and ventricular premature complexes, cou-
plets, and triplets were reduced over a 6-month 
period among those randomized to treatment with 
3 g/day of fish oil providing 1 g of omega-3 fatty 
acids, compared with those randomized to 3 g/day 
of olive oil as a placebo.192 Similarly, in a study in 40 
patients with dual-chamber pacemakers who had 
paroxysmal atrial tachyarrhythmia recorded at pe-
riodic monitoring, treatment with 1 g/day of ome-
ga-3 fatty acids for 4 months significantly reduced 
the number of atrial tachyarrhythmia episodes by 
59% (p = 0.037) and the burden by 67% (p = 0.029) 
without change in device programming or phar-
macologic therapy.193 During the 4-month follow-
up after discontinuation of the omega-3 fatty acid 
therapy, both the number of episodes and burden 
of duration increased to levels comparable to pre-
treatment values.

Risk of atrial fibrillation was also inversely associ-
ated with fish intake in a prospective population-
based cohort of 4,815 adults aged ≥65 years.194 A 
total of 980 cases of incident atrial fibrillation were 
diagnosed from hospital discharge records and an-
nual ECGs at 12-year follow-up. A 28% lower risk of 
atrial fibrillation was associated with consumption 
of tuna or other broiled or baked fish 1 to 4 times 
weekly compared with intakes of <1 time month-
ly. Risk was 31% lower when fish was consumed 
≥5 times weekly. Adjusting for a history of, or the 
presence of, MI or congestive heart failure did not 
change the results. This study also confirmed a 
significant relation between plasma phospholipid 
EPA and DHA concentrations and consumption of 
tuna or other broiled or baked fish. In contrast, con-
sumption of fried fish or fish sandwiches did not 
significantly influence risk of atrial fibrillation nor 
did it relate to plasma phospholipid concentration 
of EPA and DHA. An additional trial in atrial fibril-
lation is ongoing.195

The incidence of atrial fibrillation has also been 
reported to be reduced by fish oils when used fol-
lowing coronary artery bypass surgery.196 In a pro-
spective study, 160 patients were randomized to 
receive polyunsaturated fatty acids (2 g/day) or 
placebo control, starting 5 days before surgery and 
continuing until hospital discharge [196]. The inci-
dence of atrial fibrillation was 33.3% in the control 
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group and 15.2% in the fish oil group (p = 0.013), 
and hospital stay was 1 day shorter in the fish oil 
group (p = 0.017).

There are several mechanisms through which 
n-3 FA could prevent arrhythmias. The n-3 FA is
incorporated into myocyte membranes and may
influence ion channel function. N-3 FA inhibits
voltage-gated sodium channels in cardiomyo-
cytes, resulting in a longer relative refractory pe-
riod and an increased voltage required for depo-
larization which reduces heart rate.197 N-3 FA also
maintains the integrity of L-type calcium chan-
nels, preventing cytosolic calcium overload dur-
ing periods of ischemic stress.198 On other hand
n-3 FA improves left ventricular efficiency and
reduces blood pressure which could indirectly
decrease heart rate .199

Other medications

AThe interest in reverse remodeling has resulted 
in the development of new medications, one of 
which is Omapatrilat, a vasopeptidase inhibi-
tor. In a canine model of tachycardia-induced 
congestive heart failure, chronic treatment with 
omapatrilat maintained myocardial ATP, the 
high-energy currency, and protected adenylate 
and creatine kinase phosphotransfer capacity. 
Omapatrilat-induced bioenergetic protection was 
associated with maintained atrial and ventricular 
structural integrity, albeit without full recovery 
of the creatine phosphate pool.200

Alagebrium chloride (ALT-711) is a novel com-
pound that breaks glucose crosslinks and may 
improve ventricular and arterial compliance. In 
23 patients with diastolic heart failure, sixteen 
weeks of treatment with alagebrium (ALT 17) re-
sulted in a decrease in left ventricular mass and 
improvements in left ventricular diastolic fill-
ing and quality of life in patient with diastolic 
HF.201 Alagebrium also improved total arterial 
compliance in older humans with vascular stiff-
ening.202,203 Whether ALT-711 has the potential of 
reversing AR and reducing vulnerability to AF 
induced by arterial stiffness requires further in-
vestigation.

Electrical cardioversion

Conversion of AF to sinus rhythm, whether by 

electrical cardioversion or radiofrequency ablation, 
has been shown to reduce LA size204-207 and improve 
LA function.208,209 Reversal of electrical remodeling 
can usually be rapidly achieved,210,211 but vulnerabil-
ity to the recurrence of AF depends on the amount 
of atrial fibrosis and the size of the LA.204 Normal-
ization of atrial structure and function generally 
lags behind the reversal of electrical remodeling .211

AF catheter ablation

In 57 consecutive patients with symptomatic drug-
refractory AF, radiofrequency ablation reverted 39 
(68%) to sinus rhythm [206]. This was accompanied 
by a significant reduction in LA antero-posterior di-
mension (4.5 ± 0.3 cm vs. follow-up 4.2 ± 0.2 cm, p < 
0.01), and LA volume (59 ± 12 ml vs. follow-up 50 ± 
11 ml, p < 0.01) at 3 months follow-up. In contrast, 
patients who remained in AF after catheter abla-
tion had increased LA size at 3 months follow-up 
(4.5 ± 0.3 cm to 4.8 ± 0.3 cm, p < 0.05; 63 ± 7 ml to 68 
± 8 ml, p < 0.05). In a cohort study of 251 consecu-
tive patients with paroxysmal (n=179) or permanent 
(n=72) AF who underwent circumferential PV abla-
tion , Paponi et al.212 reported no significant relation-
ship between ablation success and clinical variables 
such as age, AF duration, presence of heart disease, 
or ejection fraction. Also the LA size did not seem 
to influence the outcome in paroxysmal AF pa-
tients, whereas in patients with permanent AF the 
likelihood for ablation failure was increased in the 
presence of LA dilation. They concluded that the 
fact that their technique was able to eradicate AF, 
regardless of its duration or the presence of struc-
tural heart disease, suggests that AF-induced atrial 
electrical remodeling may be reversible after the 
elimination of the focal source or arrhythmogenic 
substrate.  

Catheter ablation of AF may also results in recovery 
of sinus node function in patients with persistent AF 
with prolonged sinus pauses .213 

AF catheter ablation

In 57 consecutive patients with symptomatic drug-
refractory AF, radiofrequency ablation reverted 39 
(68%) to sinus rhythm.206 This was accompanied by a 
significant reduction in LA antero-posterior dimen-
sion (4.5 ± 0.3 cm vs. follow-up 4.2 ± 0.2 cm, p < 0.01), 
and LA volume (59 ± 12 ml vs. follow-up 50 ± 11 ml, 
p < 0.01) at 3 months follow-up. In contrast, patients 

Journal of Atrial Fibrillation Featured Review                         

 www.jafib.com 62 June-July, 2009 | Vol 2| Issue 1  



who remained in AF after catheter ablation had in-
creased LA size at 3 months follow-up (4.5 ± 0.3 cm 
to 4.8 ± 0.3 cm, p < 0.05; 63 ± 7 ml to 68 ± 8 ml, p < 0.05). 
In a cohort study of 251 consecutive patients with 
paroxysmal (n=179) or permanent (n=72) AF who 
underwent circumferential PV ablation , Paponi et 
al.212 reported no significant relationship between 
ablation success and clinical variables such as age, 
AF duration, presence of heart disease, or ejection 
fraction. Also the LA size did not seem to influence 
the outcome in paroxysmal AF patients, whereas in 
patients with permanent AF the likelihood for ab-
lation failure was increased in the presence of LA 
dilation. They concluded that the fact that their 
technique was able to eradicate AF, regardless of its 
duration or the presence of structural heart disease, 
suggests that AF-induced atrial electrical remodel-
ing may be reversible after the elimination of the fo-
cal source or arrhythmogenic substrate.

Catheter ablation of AF may also results in recovery 
of sinus node function in patients with persistent AF 
with prolonged sinus pauses .213

Cardiac surgery and surgical AF ablation

Mitral valve surgery for valvular stenosis or regur-
gitation can relieve LA pressure and volume over-
load with reduction of LA size and improved LA 
function.208 AF patients who underwent LA reduc-
tion together with mitral valve surgery had lower 
AF recurrence after 3 months when compared to 
those who did not have LA reduction.214 Further re-
duction in LA size was seen in those who remained 
in sinus rhythm when compared to those who had 
persistent or recurrent AF.214 Successful surgical ab-
lation of AF (Maze procedure) has been shown to 
reduce neurohormonal activation as evidenced by 
a decrease in ANP, BNP, and angiotensin II.215,216 

MAZE III procedure has been demonstrated to re-
duce LA size and improve LA transport function 
and LV diastolic function.217

Conclusions

AR is an important and increasingly recognizable 
factor in the development and maintenance of AF. 
It is likely that AR is playing an integral part in the 
cascade of the events that lead to AF development. 

Understanding of AR mechanisms may help in the 

management and hopefully prevention of AF. 
The extent of AF burden reduction and other ad-
verse clinical outcomes with prevention and re-
versal of AR remains to be proven. The measures 
to prevent or reverse AR at its early stages need 
to be studied further with large CRT. If proven 
successful these measures may result in signifi-
cant reduction in the AF bur den and its major 
impact on public health care.
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