
rR 

AFI..,,-..--

J otir·11al of Atr·ial Fibr·illatio11 

Published by Cardifront LLC 

www.jafib.com 



Index

Title and Author Page 
No.

Featured Reviews

Conversion of Persistent Atrial Fibrillation After Radiofrequency Ablation by Ibutilide
-Pipin Kojodjojo MD, Ph.D. 4-7

Predictors of Recurrence After Catheter Ablation of Persistent Atrial Fibrillation
-Thomas Deneke, Anja Schade, Joachim Krug, Karsten Stahl, Geza-Atilla Szollosi, Dong-In Shin, Cle-
mens Nino Schukro, Mohamed El Tarahony, Enrique Murillo, Semko Aram, Gabriele Robhirt, Thomas
Lawo, Andreas Mugge, Peter H. Grewe2, Sebastian Kerber.

8-16

Phrenic Nerve and Esophageal Injury During Catheter Ablation
-Shinsuke Miyazaki, MD, PhD, and Yoshito Iesaka, MD, PhD, FHRS. 17-23

Age as a Risk factor for Atrial Fibrillation and Flutter after Coronary Artery Bypass Graft-
ing 
-Prashant Bhave MD, Rod Passman MD, MSCE

24-29

Collateral Damage During Ablation of Atrial Fibrillation – Lessons
-David Spragg, MD 30-37

Adverse Outcomes from Atrial Fibrillation; Mechanisms, Risks, and Insights Learned from 
Therapeutic Options
-David L. Johnson M.S., PA-C, John D. Day M.D., Srijoy Mahapatra M.D., T. Jared Bunch M.D.

38-47

Necessity of repeat ablations to eliminate atrial fibrillation
-Stephanie Fichtner, Gabriele Hessling, Isabel Deisenhofer 48-56

Left Atrial Diastolic Dysfunction following Catheter Ablation of Atrial Fibrillation
-Hsin-Yueh Liang, MD, Ruey J. Sung, MD 57-65

Role of Echocardiography in the Management and Prognosis of Atrial Fibrillation.
-David I Silverman, MD, Srilatha R. Ayirala, MD, Warren J Manning, MD. 66-74

South Asians are under-represented in a clinic treating atrial fibrillation in a multicultural 
city in the UK
-MH Tayebjee MD, MRCP; K Tyndall RN; S Holding RN; C Russell RN; LN Graham PhD, MRCP;
CB Pepper MD, FRCP

75-77



A Novel Transgenic Mouse Model of Cardiac Hypertrophy and Atrial Fibrillation
-Michael A. Rosenberg MD, Saumya Das MD, PhD, Pablo Quintero Pinzon MD, Ashley C. Knight
BA, David E. Sosnovik MD, Patrick T. Ellinor MD, PhD, Anthony Rosenzweig MD

78-92

The Concept of Burden in Atrial Fibrillation 
-Gregg F. Rosner, M.D., James A. Reiffel, M.D., and Kathleen Hickey, R.N., EdD, FNP. 93-96

Journal of Atrial Fibrillation Content Page                 



Introduction

Persistent AF ablation remains challenging

Seminal work by Haissaguerre and colleagues 
have established the importance of pulmonary ve-
nous triggers in the initiation and perpetuation of 
paroxysmal atrial fibrillation.(PAF)1 Consequent-
ly, pulmonary venous isolation (PVI) on its own 
has been shown to be highly effective for the treat-
ment of anti-arrhythmic drug-refractory PAF.2 

PAF recurrence during follow-up is associated 
with electrical reconnection of previously isolat-
ed PVs and repeat disconnection results in similar 
clinical improvement.3 However for the treatment 
of persistent AF, outcomes after catheter ablation 
are less than ideal. PVI on its own is insufficient 
for preventing AF recurrence.2 Termination of AF 
into SR either directly or by transitioning through 
a series of organised atrial tachycardias is cur-
rently considered to be the optimal electrophysi-
ological endpoint. Organisation of AF is associat-
ed with successive prolongation of AFCL, which 
can predict the likelihood of AF termination.4 In 

the search of the ideal ablation strategy if AF per-
sisted after PVI, two additive strategies have been 
studied: creation of complete lines (namely roof 
and mitral isthmus lines) and mapping and abla-
tion of complex fractionated atrial electrograms 
(CFAE). The former is technically challenging and 
recurrence of conduction across lines predisposes 
to iatrogenic macro-entrant atrial tachycardias 
which are symptomatically less tolerated and ne-
cessitate additional interventions.5 Whilst CFAE 
ablation, sometimes used in isolation without PVI 
in persistent AF ablation, was reported to result 
in 76% freedom from AF after a single procedure, 
the same results could not be reproduced by the 
same authors or other high-volume units.6 There 
is also no universal definition of what constitutes a 
CFAE. More alarmingly, there is some evidence to 
show that most CFAEs represent areas of passive 
activation which can be spatiotemporally unstable 
and therefore do not form ideal ablation targets.7 
Consistent with this, in some patients, extensive 
areas of the atria can be ablated but yet does not 
produce AF organisation or termination. In addi-
tion to lengthy procedural and fluoroscopic times, 
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Abstract

Ablation of peristent AF remains challenging with questions unanswered about what the ideal next step after 
pulmonary venous isolation should be. Ibutilide is a highly effective class III agent for cardioversion of acute-
onset atrial flutter and fibrillation, with limited clinical use due to risks of ventricular pro-arrhythmias. However, 
results from the on-going MAGIC-AF trial may re-invigorate its role in clinical electrophysiology as an invalu-
able adjunct to facilitate controlled substrate modification during ablation of persistent AF.
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concerns remain about atrial contractility after 
such extensive ablation and the increased risks of 
iatrogenic atrial tachycardia by promoting re-entry 
through creating new unnecessary lines of block or 
triggered automaticity in damaged myocardium.8

Therefore, in patients who remain in persistent AF 
after PVI, the issue of “what is the best thing to do 
next?” remains unanswered.

MAGIC for persistent AF?

To this end, an innovative strategy is currently be-
ing studied by investigators of the Modified Ab-
lation Guided by Ibutilide Use in Chronic Atrial 
Fibrillation (MAGIC-AF).9 The study proposes to 
randomise patients undergoing their first abla-
tion procedure for persistent AF who remain in AF 
after PVI to either placebo or 0.25mg ibutilide in-
fused over 10 minutes. No further ablation would 
be performed if AF terminated to sinus rhythm. If 
AF organises into atrial tachycardias, these would 
be mapped using conventional activation/entrain-
ment techniques and ablated with the desired end-
point being achieving sinus rhythm. If AF persists, 
CFAE ablation would be performed, guided by the 
mean cycle length mapping utility on Ensite NavX 
mapping systems. (St. Jude Medical, MN, USA) For 
this protoccol, CFAE definition is standardised as 
sites with local electrogram duration in excess of 
10ms, inter-electrogram separation of at least 50ms 
and mean cycle lengths of less than 120ms.  No lin-
ear lesions are permitted unless AF converts into 
macro-entrant ATs which can be terminated by tar-
geting the appropriate isthmi. In the event that AF 
does not organise into AT or terminate into sinus 

rhythm after ibutilide and CFAE ablation, electri-
cal or chemical cardioversion will be performed. 
It is left to the operator’s discretion which CFAE 
regions should be targeted and how long to per-
sist with CFAE ablation before performing car-
dioversion. The primary investigators are hope-
ful that this protoccol will result in a greater 
proportion of persistent AF patients acutely 
achieving sinus rhythm using catheter ablation 
alone without the need for cardioversion. This, 
on its own, may have important implications. In 
a recent study of 232 Italian patients, termination 
of AF with catheter ablation alone, compared to 
the need for chemical or electrical cardioversion, 
was associated with a reduced risk of asymptom-
atic cerebral ischemia, as quantified by routine 
post-operative magnetic resonance imaging.10

The primary endpoint of the MAGIC-AF study is 
defined as 1 year freedom from any atrial arrhyth-
mias greater than 30 seconds in duration after a 
single ablation procedure. The primary endpoint 
will be assessed after a 3 month blanking period 
at which point all anti-arrhythmic agents are 
stopped. Use of anti-arrhythmic agents during the 
3 month blanking period is left to the discretion 
of the operator. Repeat catheter ablation for early 
arrhythmia recurrence during the blanking pe-
riod is also permissible. Patients will be followed 
up for at least 12 months with ambulatory ECG 
recordings in excess of 7 day durations being per-
formed at 3,6 and 12 months after their procedure. 

In a pilot study conducted by Singh et al. of 11 
patients, administration of 0.25mg to 1mg of ibu-
tilide terminated AF into atrial tachycardias in 
3 patients.11 In the remaining 8 patients,  mean 

Figure 1: Reduction in mean AF cycle length before (above panel) and after (below panel) ibutilide. 
Purple areas represent regions with mean cycle length in excess of 120ms and red areas represent ar-
eas with shortest cycle length. Note the reduction in area of CFAE, resulting in a more compact area 
targeted for ablation. (Adopted from Singh et al. Intraprocedural use of ibutilide to organise and guide 
ablation of complex fractionated atrial electrograms. J Cardiovasc. Electrophysiol. 201; 21(6): 608-615)
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AF cycle length prolonged from 147ms to 165ms, 
a measure that strongly predicts eventual termi-
nation of AF during ablation.12 After administra-
tion of ibutilide, the general location of CFAE 
remained similar but areas containing CFAE be-
came smaller, allowing for lesser ablation in the 
atria. (Figure 1) With this protocol, AF terminat-
ed to sinus rhythm and via at least 1 atrial tachy-
cardias in 3 and 7 patients out of 11 respectively. 
Only one patient required DC cardioversion for 
AF persisting despite biatrial CFAE ablation.

Why ibutilide?

As a tool to modify the arrhythmogenic atrial sub-
strate and facilitate the identification of CFAE sites 
that are responsible for AF perpetuation rather 
than those created by passive activation, ibutilide 
seems ideal. Ibutilide, approved by the FDA since 
1995, exerts class III anti-arrhythmic action via 
blocking potassium (IKr/HERG) channels and ac-
tivating the slow delayed inward sodium current 
that occurs early during repolarisation. As a result, 
action potential duration is prolonged. It is avail-
able only for intravenous use due to extensive first 
pass metabolism. Onset of activity and clearance is 
fast. In 200 patients with either atrial flutter or AF 
more than 3 hours but less than 90 days in duration, 
intravenous ibutilide (0.015mg/kg to 0.025mg/kg) 
terminated atrial arrhythmias in about 45% of pa-
tients and the vast majority of termination occurred 
within 40 minutes.13 QT prolongation, which cor-
relates with ibutilide dose, normalises within 2 to 4 
hours of stopping the infusion. Its other favourable 
clinical attributes include the absence of haemody-
namic compromise during infusion, ability to facil-
itate cardioversion with direct current shock and 
safety without increasing pro-arrhythmic adverse 
events in patients already treated with amiodarone.

When first introduced, ibutilide was shown to be 
highly effective in the cardioversion of patients 
presenting with acute onset atrial flutter and atrial 
fibrillation. In a study of 152 consecutive patients 
with atrial flutter or fibrillation of less than 48 hours 
duration, patients were randomised to infusions of 
amiodarone or ibutilide.14 Ibutilide was superior to 
amiodarone in terminating atrial flutter (87% ver-
sus 29%) and was equivalent in performance for 
AF.  Overall, a larger proportion of ibutilide pa-
tients (80% versus 57%) were in sinus rhythm af-

ter treatment. However, for longer standing  AF, 
the results of ibutilide therapy are less impressive 
with less than 50% success rates, although suc-
cess rates associated with other anti-arrhythmic 
agents are equally disappointing.15 The main de-
terrent to more widespread use of ibutilide has 
been clinical concerns about risks of ventricular 
pro-arrhythmias. Similar to other class III agents, 
ibutilide results in QT prolongation with the risks 
further exacerbated in patients with severe LV im-
pairment. The risk of torsade de pointes with ibu-
tilide monotherapy is estimated to be 3.9% and 
therefore patients should be closely monitored 
for at least 4 to 6 hours after ibutilide infusion.16 
As a result, ibutilide is currently not licensed in 
the European Union. This risk may be reduced 
in patients receiving concomitant type IC anti-ar-
rhythmic agents such as flecainide or those reduc-
ing intravenous magnesium. Hence all patients in 
the MAGIC-AF study will receive 1g of magne-
sium to minimise chances of torsade des pointes.

Conclusions

Ibutilide is a highly effective class III agent for 
cardioversion of acute-onset atrial flutter and fi-
brillation, with limited clinical use due to risks 
of ventricular pro-arrhythmias. However, re-
sults from the on-going MAGIC-AF trial may 
re-invigorate its role in clinical electrophysiol-
ogy as an adjunct to facilitate controlled substrate 
modification during ablation of persistent AF. 
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Introduction

Catheter ablation of atrial fibrillation (AF) has 
emerged as an effective tool to treat symptomatic 
patients with drug-refractory AF. Success is usu-
ally measured as stability of sinus rhythm (SR) 
in multiple holter-ECGs after an initial blank-
ing period of up to 6 months. Success rates in 
patients with paroxysmal AF of up to 89% have 
been reported. In contrast, AF ablation in persis-
tent AF has a sufficiently lower success rate after 
a single procedure and more procedures/patient 

are needed to achieve adequate rhythm control.1, 2

In specialized centres the percentage of patients 
with persistent AF undergoing ablation pro-
cedures may be in the range of 30%. For these 
patients, ablation concepts may implement ab-
lations additional to effective pulmonary vein 
isolation (PVI). Ablation of left atrial regions 
identified by the existence of complex fraction-
ated electrograms (CFAE) may improve outcome 
in some patients, whereas in addition linear ab-
lation (LIN) to compartmentalize the left atrium 
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Abstract

Catheter ablation of atrial fibrillation (AF) has been increasingly used to treat symptomatic patients. 
Within the last years a growing interest in ablation of persistent AF forms has evolved. Factors that may 
influence outcome of these procedures to treat persistent AF may be patient-specific (pre-procedural), 
procedure-related or may involve different post-ablation follow-up strategies. In this review potential 
factors predicting recurrence of AF after ablation of persistent AF have been evaluated. In essence, data 
is limited mostly due to incongruent definitions of persistent AF. Left atrial dimensions, duration of 
continuous AF and AF cycle length may be patient-specific predictors of outcome. Intra-procedural pa-
rameters involved in recurrence prediction may be extent of ablation (effective pulmonary vein isolation 
appears mandatory) and termination of AF during ablation. Timing and number of cardioversion if per-
sistent AF recurs may predict outcome, as well. 

Many studies have identified strators for higher recurrence rates in rather small patient groups and need 
to be further evaluated in larger patient collectives.

www.jafib.com 8 Feb-Mar,  2012 | Vol 4 | Issue 5



has been proposed in different studies. Success 
rates differ widely depending on patient selec-
tion, experience of the operators and follow-up. 
Also, persistent AF is poorly defined by 1. either 
AF lasting longer than 7 days or 2. AF undergoing 
conversion by either drugs or electrical cardiover-
sion. This definition may include a wide variety 
of patients with different stages of AF disease 
and therefore, success rates may vary widely.1 - 14

Recurrences after ablation of persistent AF may 
include recurrent AF or atrial tachycardia either 
due to inconsistent left atrial lesions, reconnected 
pulmonary veins (PVs) or as tachycardia originat-
ing from previously not ablated areas of the right 
and left atrium. 

So far, only a limited number of studies have 
looked into predictors of AF recurrence after ab-
lation of persistent AF. It can be speculated that 
1. pre-procedural markers indicating ablation
failure may exist, 2. intra-procedural determi-
nants of failure and 3. post-procedural predic-
tors of poorer outcome may be identified. It is
most likely, that there is not a single predictor
but a combination of different factors influencing
outcome in this inhomogeneous patient group.
As always with multivariate prediction analysis
the number of determinants included in such a
model will have effects on outcome of these sta-
tistical methods. In addition, many factors are
correlated with each other in a rather complex
way and may therefore not be appropriately
analyzed using simple statistical methodology.
In different studies, persistent AF has been
identified as a significant confounder for a 50
to 55% higher risk for recurrence mostly in uni-
variate analysis. This can be explained by the
assumption, that a persistent type of AF in-
cludes many confounding variables that may
lead to different results in multivariate analy-
ses. Again, different stages of atrial disease may
affect success rates of ablation procedures.15 - 21

1. Pre-Procedural Factors

Many variables that may affect outcome of 
ablation procedures for AF have been evalu-
ated mostly in either paroxysmal AF patients 
or in a mixed population. Only a limited num-

ber of studies evaluated the effect of pre-pro-
cedural variables in a predefined subgroup in-
cluding only patients with persistent AF.18-21

1.1. Left Atrial Dimensions
Left atrial dilation is often associated with AF and 
vice-versa. Patients with large left atrial dimen-
sions may have substantial left atrial myopathy 
serving as a basis for the perpetuation of AF. Left 
atrial dilation results in anisotropic conduction 
and regional differences in refractory periods. The 
combination of electrical and substrate remodel-
ling facilitates the onset and perpetuation of AF. 

Left atrial dimensions are usually evaluated us-
ing pre-procedural transthoracic echocardiogra-
phy and measurements may differ widely intra-
individually and in between observers. Left atrial 
volume as a more concise parameter has so far not 
been consistently evaluated in ablation studies.

Left atrial size was found to be a major determi-
nant for recurrence of ablation for persistent AF 
in 2 studies. Freedom from AF decreases with in-
creasing left atrial size up to 46mm but no change 
is identified in patients > 46mm left atrial dimen-
sions 7. In a second study by Lo et al.37 left atrial 
size was greater in patients with failure of persis-
tent AF ablation. As a cut-off value left atrial diam-
eter > 43mm significantly influences 1- and 2-year 
AF free survival rates (54% at 1 year, 51% at 2 years 
compared to 91% for 1 and 2 year AF free survival 
in patients with left atrial diameters < 43mm).7, 37

In contrast, a large cohort analysis by Bhargava et 
al.19 and a second study by Wokhlu et al. did not 
find left atrial size to be predictive of single proce-
dure AF ablation success in persistent AF. These 
studies appeared to include mostly patients with 
shorter duration persistent AF which may explain 
some of the discrepancies.

Overall data is controversial and this may in some 
part be due to the insufficiency of echocardiograph-
ic measurement of correct left atrial dimensions in 
addition to differences in ablation strategies in dif-
ferent study groups. It can be concluded though, 
that increasing left atrial size may negatively affect 
rhythm success after ablation of persistent AF but 
no clear 2-dimensional cut-off value exists that may 
definitely predict failure of the ablation procedure.

Journal of Atrial Fibrillation Featured Review
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1.2. Duration of Persistent AF
Data on duration of persistent AF prior to ablation 
is inconclusive. Bhargava et al.19 identified a lon-
ger duration of persistent AF as predictor of fail-
ure after a single ablation procedure (hazard ratio 
1.74; p=0.003). A recent study by Rostock et al.7 
documented duration of persistent AF longer than 
6 months to be an independent predictor for AF 
recurrence in persistent AF ablation. McCready 
et al.18 did not identify AF duration as predictive 
for recurrence of AF (hazard ratio 1.07; p=0.11) in 
the overall group of persistent AF. In the group of 
patients with a left atrial diameter above 43mm, 
duration of AF appeared as an independent pre-
dictor of AF recurrence. Specifically, patients with 
long-lasting persistent AF have poorer outcome 
after ablation emphasizing the importance of 
duration of AF prior to ablation. There does not 
appear to be a clear cut-off value for continuous 
AF duration indicating a relevant drop-down in 
efficacy (apart from 1 year consistent AF as indi-
cated in the definition of long-lasting persistent 
AF). It needs to be stressed that pre-ablation AF 
duration in persistent AF cases should include 
only the time consistently in AF. In many centres, 
extent of ablation strategy is mainly based on du-
ration of persistent AF prior to the ablation mak-
ing multivariate analysis statistically challenging. 

It can be concluded though, that long persistence 
of AF (> 6 months prior to ablation) negatively 
influences recurrence of AF after ablation. Again 
no clear cut-off value exists and ablation may be 
extended to additional areas in these patients. 

1.3. Hypertension
Hypertensive heart disease is a major risk fac-
tor for the incidence of AF. In mixed populations 
with different types of AF hypertension appears 
to be a significant predictor of AF recurrence af-
ter ablation. 3 studies have evaluated hyperten-
sion as a strator of ablation outcome in persistent 
AF ablation in a multivariate model. Whereas 
hypertension was a predictor of ablation failure 
in patients with persistent AF in the study by 
Bhargava et al.19 and for very late recurrence in 
the study by Wilber et al. (personal communica-
tion at Boston AF symposium 2011), it was not a 
relevant factor in the study by McCready et al.18 

Data remains inconclusive on the predictive role of 

hypertension on persistent AF ablation outcome. 

1.4. Structural Heart Disease/Left Ventricular Func-
tion/Congestive Heart Failure
The presence of structural heart disease (mostly 
coronary artery disease) may affect AF ablation 
outcome. In addition, recent publications have 
highlighted the role of AF ablation in patients with 
left ventricular dysfunction or congestive heart 
failure. The prognostic relevance of underlying 
ventricular abnormalities on outcome of ablation 
strategies has not been clearly elucidated. One 
can speculate though, that severely impaired left 
ventricular function may lead to more aggressive 
ablation strategies to terminate AF. Most studies 
evaluating structural or valvular heart disease as 
a predictor did not identify a relevant relation to 
ablation outcome but 2 studies indicated a sig-
nificant association in a mixed AF population. In 
a homogenous group of persistent AF, 2 studies 
documented contrary findings in relation to AF re-
currence and structural heart disease/cardiomyop-
athy, Whereas McCready et al.18 did not find any 
relation in 191 patients. Rostock et al.17 identified a 
prognostic relevance of congestive heart failure in 
a multivariate regression analysis in 395 patients. 
Congestive heart failure involved a 10-fold risk for 
AF recurrence after the index procedure and after 
the final procedure. The existence of coronary ar-
tery disease also predicted a negative outcome af-
ter the final procedure in this study. 

Congestive heart failure appears to be an indepen-
dent predictor of AF recurrence in patients with 
persistent AF as indicated in a single study on 
nearly 400 patients undergoing ablation in a center 
with high expertise.

 1.5. Age and Sex 
A recently published study by Rostock et al.17 in-
dicates a higher recurrence rate in female patients 
after ablation of persistent AF. A second study by 
Wilber et al. (personal communication at Boston 
AF symposium 2011) on 1404 patients with per-
sistent or long-standing persistent AF also docu-
mented female gender to be a predictor of very 
late recurrence. Other studies have not identified 
a gender-specific success rate. In conclusion, there 
appears to be an effect of female gender on per-
sistent AF ablation success specifically during late 
follow-up. The gender-specific mechanisms re-

Journal of Atrial Fibrillation Featured Review
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main unknown and need to be further evaluated.

There does not appear to be a relevant influence of 
age on recurrences of atrial tachycardias after persis-
tent AF ablation as indicated in different studies.17 -19

1.6. Serum Markers
The extent of structural remodelling and brain na-
triuretic peptide (BNP) levels may be related and 
therefore higher pre-procedural BNP levels may 
indicate more extensive structural abnormalities. 
Baseline BNP levels appear to be higher in pa-
tients with persistent types versus paroxysmal AF 
types. Whereas baseline BNP levels are predictive 
of ablation outcome in patients with paroxysmal 
AF this has not been documented for patients 
with persistent and long-standing persistent AF.23

Higher baseline BNP levels do not appear to be a  
predictor of AF recurrence in patients with persis-
tent form of AF but normalization after ablation 
may be.

1.7. Atrial Fibrosis
Atrial structural remodelling leads to substrate 
formation for perpetuation of atrial fibrillation. 
Atrial myopathy in these cases includes different 
degrees of fibrotic replacement which appears 
to be related to the duration of ongoing AF. The 
amount of atrial fibrosis can be documented in 
delayed enhancement magnetic resonance imag-
ing (DE-MRI). The percentage of fibrosis is related 
to the occurrence of embolic complications dur-

ing AF and has been identified to be a predictor 
for failure of AF ablation in paroxysmal AF pa-
tients.24 Staging atrial fibrosis into four categories 
has identified a higher proportion of patients 
with persistent AF to fall into the stages with 
more than 20% fibrosis. Higher stages of atrial 
fibrosis were related to higher recurrence rate in-
dependent to AF type. Identifying the degree of 
atrial fibrosis may help to select the appropriate 
ablation strategy and potentially predict AF re-
currence in patients with extensive (or moderate) 
atrial fibrosis. Further studies need to evaluate 
the potential for pre-ablation DE-MRI to predict 
AF recurrence in a homogenous group of per-
sistent or long-standing persistent AF. Whether 
areas of atrial fibrosis can be identified using in-
traprocedural bipolar voltage mapping needs fur-
ther evaluation but may be a potential intrapro-
cedurally evaluated factor to predict outcome if 
large areas of low voltage areas are documented.

2. Intraprocedural Factors

Different procedural characteristics have been 
evaluated in their potential to affect outcome in 
ablation procedures for persistent AF. While, 
especially extent and type of left atrial ablation 
have been tested, also termination of AF during 
the ablation procedure may be a relevant marker.

2.1. Extent of Ablation Procedure
There is evidence from 4 randomized trials3, 4,

Figure 1: Single procedure rhythm success rates 6 to 12 months after different ablation strategies for persistent AF presented in 
different trials (PVI + LIN: N = 417, PVI + CFAE: N= 256, PVI + LIN + CFAE: N = 341) (from 2, 3, 4, 15, 16, 17, 24, 25, 26, 27, 28, 
29, 30, 31, 33, 34, 35, 36).
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5, 25 and 2 meta-analyses16, 26 on the effect of differ-
ent ablation strategies on outcome in persistent AF. 
Many studies have documented the necessity of 
PVI as a cornerstone of ablation procedures to treat 
AF. In addition, ablation of specific sites identified 
by unique appearance of local electrograms (com-
plex fractionated atrial electrograms, CFAE) has 
been tested as a solitary approach or as an add-on 
to PVI. Other studies evaluated the usefulness of 
adding linear ablations (LIN) (mostly roof-line in 
between PVI boxes and left atrial isthmus line in 
between usually the left inferior PV and mitral an-
nulus) to PVI. Triggered by the experience from the 
Bordeaux group, an extensive stepwise ablation ap-
proach including PVI, CFAE and linear ablation has 
been evaluated in 4 non-randomized trials.13, 14, 27, 28

From the 4 randomized trials it can be concluded, 
that PVI is an essential component of ablation for 
persistent AF and that proven PVI (document-
ing entrance and (?  exit block) is superior to PV-
ablation without checking for efficacy.3, 4, 5, 25 CFAE 
ablation alone is inferior to PVI plus LIN and add-
ing right atrial CFAE ablation to left atrial CFAE 
ablation does not provide additional benefit. One 
study25 documented incremental benefit from add-
ing CFAE ablation to PVI whereas a second3 did not. 
A meta-analysis of these two trials revealed no evi-
dent treatment effect of adjunctive CFAE ablation.26

Single procedure success rates in patients with long-
standing persistent AF of 37 to 40% for effective 
(proven) PVI, of 38 to 57% for PVI plus LIN, of 24 to 
63% for CFAE ablation alone, of 36 to 61% for effec-
tive PVI plus CFAE and of 38 to 62% for a stepwise 
ablation technique have been published (see figure 
1).3 – 14, 16, 25, 26, 27, 28 It appears though, that results are 
comparable in between groups and that adding ad-
ditional ablation strategies to PVI produces widely 
varying results. These differences may be due to ex-
perience of the operator and the not-clearly defined 
endpoint of CFAE or LIN ablation. Additional CFAE 
ablation may provide better results (as indicated in 
one randomized study) but only left atrial CFAE 
ablation seems mandatory. Again, the number of 
areas that need to be ablated in order to achieve 
superior results is not defined. From the presented 
studies it appears clear, that all patients ablated of 
persistent AF should undergo effective PVI.15, 16, 26 

2.2. Termination of AF during ablation
Some centres perform ablation in persistent AF us-
ing termination by ablation as the endpoint of the 
procedure. This endpoint may include conversion of 

AF to a regularized atrial tachycardia (AT) and 
effective ablation of these ATs. Termination of 
AF during ablation usually requires a stepwise 
ablation approach including PVI plus additional 
ablations (CFAE ablation, left and potentially 
right atrial lines) and may be achieved in up to 
85% of patients with long-lasting persistent AF.27 
A recent analysis of sites of AF termination iden-
tified left atrial CFAE ablation as the part of the 
ablation procedure most commonly associated 
with AF termination (around 65%).27 Especially 
ablation of CFAE sites within the coronary sinus 
and at the left atrial appendage were anatomi-
cal regions where ablation led to termination 
of AF. Rostock et al.28 document a biatrial com-
ponent of persistent AF and the need for right 
atrial ablation to terminate AF in approximately 
¼ of patients. In a study on patients undergo-
ing concomitant surgical AF ablation Deneke et 
al.29 have identified no beneficial effect of right 
atrial ablation on rhythm success.28, 29 There still 
remains controversy on extending ablation to 
the right atrium, which may be needed for AF 
termination but may not affect rhythm outcome.

In two studies AF recurrence was significant-
ly more often in patients without termination 
during the ablation procedure but atrial tachy-
cardias were more common. In the studies by 
O´Neill et al.27 and Rostock et al.28 AF termina-
tion during ablation was a prognostic important 
factor, whereas a third study by Elayi et al.25 did 
not find differences in regard to SR maintenance. 
Interestingly, ablation termination of AF can be 
predicted by pre-interventional measures like 
AF cycle length, which can also be determined 
on surface ECG.30

Overall, the role of AF termination during ab-
lation procedures of persistent AF remains un-
clear but may be a good endpoint specifically 
for patients with duration of continuous AF 
shorter than 21 months and AF cycle length 
longer than 142ms.30 AF cycle length may be 
an indicator for a more severely damaged left 
atrium. On the other hand, 40% of patients 
with long-lasting episodes of AF may remain in 
stable SR after multiple AF procedures target-
ing only PV isolation.31 Drewitz et al.32 present 
in their recent publication that AF cycle length 
was the only independent predictor of AF ter-
mination directly into SR whereas a shorter AF 
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cycle length was indicative of converting AF into 
regularized atrial tachycardias before terminating.

Data is conflicting but termination of AF if achieved 
in a reasonable time of ablation may be a good 
indicator for SR persistence during follow-up.

3. Post-procedural Factors

No studies comparing the effect of different 
management strategies during follow-up of pa-
tients after ablation of persistent AF exist. Ear-
ly recurrence of AF during the initial phase of 
follow-up, antiarrhythmic medication and car-
dioversion in cases of persistent AF recurrence 
may have effects on long-term rhythm outcome.

3.1. Early recurrence of AF (ERAF)
Early recurrence of atrial arrhythmia (ERAF) after 
ablation of AF may occur in 35% to 46% of patients 
and may be due to the transient unstable atrial 
remodelling processes after left atrial ablation in-
cluding inflammatory response.33, 34, 35 Although 
ERAF is a common finding, around 50% of these 
patients do not have AF recurrences during longer 
follow-up. Therefore, most centres have established 
a ” blanking period“ after ablation acknowledg-
ing the transient pro-arrhythmogenic phenomena 
in the early phase after ablation (up to 3 months). 
On the other hand, early recurrence may be due 
to recovery of conduction over left atrial ablation 
sites and therefore may be an indicator for later 
ablation failure. Different studies identified ERAF 
as a highly significant predictor of later recur-
rence of AF and ablation failure in mixed paroxys-
mal and persistent AF patient groups. In a study 
by Themistoclakis et al.33 recurrences within the 
first 2 months appeared to implement transient 
left atrial instability and were not related to later 
recurrence, whereas recurrences of atrial tachycar-
dias after 2 months were associated with AF recur-
rences after the blanking period. In the STAR-AF 
trial36 ERAF also was significantly predicting fail-
ure of ablation, although no decisive data on the 
subgroup of patients with persistent AF was made. 

3.2. Type of recurrent arrhythmia 
Arrhythmia recurring after persistent AF ablation 
may either be AF or regular macro-, micro-reen-
try of focal atrial tachycardia. These regular atrial 
tachycardias may account for 20 to up to 50% of 
recurrent arrhythmia6, 17, 25, 37 and is more common 

with more extensive ablation approaches.26 Re-
cently, some studies identified, that the recurrence 
of AF is of different impact to the overall outcome 
compared to recurrent regular atrial tachycardia 
.17, 25, 37, 38 Ablation of subsequent atrial tachycar-
dia occurring late after persistent AF ablation can 
be effectively treated in redo-procedures and the 
outcome is superior to ablation of recurrent per-
sistent AF.39 In a recent study by Ammar et al.38, 
regularized atrial tachycardia can be ablated with 
high efficacy and outcome is superior compared 
to repeat ablation procedures for recurrent persis-
tent AF after an initial persistent AF ablation pro-
cedure. Recurrence of regular atrial tachycardia 
may be assumed to be one step towards effective 
rhythm control. It is interesting to note that regu-
lar atrial tachycardias are the dominant recurring 
arrhythmia in patients converting to regularized 
atrial tachycardia during persistent AF ablation.25

3.3. Antiarrhythmic Drug Treatment After Ablation
Antiarrhythmic drug medication may affect 
outcome after AF ablation procedures. So far, 
no studies dedicated to this issue are available 
with concisive results. An analysis of patients 
after intraoperative concomitant AF ablation 
for long-standing persistent AF indicated no 
additive effects of sotalol compared to regu-
lar ß-blocker medication .40 Many other studies 
propose the use of antiarrhythmic drugs and 
indicate a higher rhythm success under antiar-
rhythmics compared to no use of rhythm effec-
tive drugs. In the recently published data from 
the 5A-Study41 antiarrhythmic medication in the 
early phase after ablation may stabilize atrial 
rhythm in the early post-interventional phase but 
the long-term beneficial effect remains unclear.

3.4. Cardioversion Strategy in Recurrent Persistent 
AF After Ablation
In patients with recurrent AF early cardiover-
sion to restore SR may be advocated. Although 
no comparative studies are available time in SR 
may incur on left atrial re-remodelling and there-
fore rhythm stability over follow-up. One study 
indicates that cardioversion should be performed 
within 30 days after recurrence of AF after ab-
lation. Of interest, in this study 1/3 of patients 
with cardioversion for recurrence of AF main-
tained SR during follow-up compared to only 
15% of patients with cardioversion for regular 
atrial tachycardias. The study presents similar 
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rates for maintaining SR if cardioversion was per-
formed within 1 week or within the first month 
after onset of AF recurrence. Still, it remains un-
clear if earlier cardioversion may further affect 
outcome (low patient numbers in subgroups).42, 43

In addition, a second study evaluated the number 
of cardioversions needed indicating failure of an 
ablation procedure for persistent AF. More than 3 
cardioversions within the initial 3 months were as-
sociated with low final success. Or in other words, 
recurrence of persistent atrial tachycardias more 
than 3 times within the first 3 months after abla-
tion is highly associated with ablation failure.42, 43

As a conclusion, cardioversion may be used in 
the initial phase after ablation of persistent AF to 
restore SR. Cardioversion should be performed 
early after recurrence (at our institution usually 
within 3 days) and may still lead to rhythm suc-
cess if performed up to 3 times within the first 
3 months after ablation. Cardioversion may be 
more effective in patients with recurrence of AF 
compared to recurrent regular atrial tachycardia.

Conclusions

Ablation of persistent AF is associated with a 
wide variety of success rates mostly due to the 
incongruent definition of persistent AF. Patient-
specific pre-procedural factors, operator specific 
procedural factors and “institution”-specific fac-
tors during post-interventional follow-up may 
affect success or failure of persistent AF ablation. 
So far, the complex relation of many of the tested 
strators prevents decisive analysis of the statistical 
relation to outcome after AF ablation. Also, due 

to the inhomogeneous patient groups included 
in many studies, the used statistical methodology 
may not adequately address the complexity of 
the problem. Identifying specific pre-procedural 
markers for higher recurrence rate after ablation 
procedures in patients with persistent AF would 
be most helpful to identify good candidates for 
ablation and may help to adapt the ablation strat-
egy. Further studies on more homogenous patient 
subgroups and ablation strategies are needed for 
a definite individual risk of recurrence analysis.
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Introduction

Atrial fibrillation (AF) is a common, distressing car-
diac arrhythmia, occurring in 1–2% of the general 
population. Radiofrequency (RF) catheter ablation 
of AF is an established treatment for the manage-
ment of symptomatic drug refractory patients. 
Pulmonary vein (PV) isolation is the cornerstone 
of treatment for any type of AF.1, 2 In order to fa-
cilitate ablation and reduce the risk of PV stenosis, 
it is widely accepted that ablation should be un-
dertaken on the atrial side, forming a circumfer-
ential lesion around one or both ipsilateral PVs.3, 

4 For persistent AF, the ablation strategy is still 
controversial among leading centers. However, 
ablation targeting fractionated signals and linear 
ablation in addition to PV isolation are popular 
strategies.5 These procedures are generally effec-
tive and safe, but devastating complications may 
occasionally occur, some of them ultimately lead-
ing to death of the patient.6 Concerns include col-
lateral damage to extracardiac structures, such 

as esophageal trauma, phrenic nerve (PN), and 
vagal nerve injury. This review focuses on the 
collateral damage from catheter ablation of AF. 

Esophageal Injury

Esophageal injury and esophageal fistula are con-
sidered life-threatening complications that may 
occur after RF is applied in the posterior wall of 
the left atrium (LA).7-9 In patients undergoing RF 
catheter ablation of AF, the reported incidence 
of this complication is around 0.01%.10, 11 Pap-
pone et al. initially reported 2 cases of esopha-
geal fistula.7 One of the patients died, and the 
other survived after surgery. Scanavacca et al. 
described a case of esophageal fistula after ab-
lation with an 8-mm catheter using a maximum 
power of 60 W and a maximum temperature of 
55°C.8 Nowadays this complication is widely 
recognized as one of the important complica-
tions due to AF ablation and several methods 
to avoid this complication have been proposed.
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Abstract

Atrial fibrillation is a common cardiac arrhythmia with rapid and irregular atrial activity. Although ra-
diofrequency catheter ablation of atrial fibrillation has became an established treatment for the manage-
ment of symptomatic drug refractory patients in the past decade, several complications due to the pro-
cedure have been reported. The purpose of this review article is to describe the collateral damage from 
catheter ablation of atrial fibrillation. 
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The Location of Esophagus
Understanding the anatomical relationship be-
tween the esophagus and LA is important. The 
relationship is variable in each patient. Pre-pro-
cedural esophageal location can be identified by 
computed tomography (CT) after a barium swal-
low, magnetic resonance imaging (MRI) using 
swallowed barium sulfate paste and gadolinium 
diglutamate,12,13 although they give a static pic-
ture of the esophagus and cannot evaluate the 
possibility of esophageal motion during the pro-
cedure. The anatomic location of the esophagus 
may change during ablation, and therefore reg-
istration of a preacquired static picture of the 
esophagus might not be adequate. In addition, 
fluoroscopic guidance may be misleading to 
avoid damage to the esophagus because it does 
not provide the border of the esophageal tube. 
Intracardiac echocardiography allows us to know 
the real-time monitoring of esophageal location. 

Mechanisms
The mechanism of esophageal injury is not com-
pletely known. Thermal injury seems to be the 
most likely cause (with area of necrosis surround-
ed by inflammatory cells), although an ischemic 
mechanism has been considered as well. Mar-
tinek et al. demonstrated that LA-to-esophagus 
distance is the only significant risk factor for oc-
currence of esophageal ulceration following AF 
ablation.14 Grubina et al. reported a case with 
esophageal pericardial fistula following AF abla-
tion in which natural history of esophageal inju-
ry could be observed.15 This case suggested that 
esophageal thermal injury may be the preceding 
event with subsequent esophageal inflammation 
and perforation. That is, acid enzymes and pos-
sibly food material may then violate the integrity 
of the adjacent pericardium, creating an esopha-
geal fistula. According to the data on monitoring 
esophageal temperature during the procedure, 
lesions placed within the LA near the esopha-
geal course significantly increased the luminal 
temperature of the esophagus from baseline.16 

Clinical Symptoms and Outcome
Nonspecific signs and symptoms, such as dys-
phagia, anorexia, chest pain or hematemesis, 
began 3–35 days after the catheter ablation pro-
cedure. Subsequently, endocarditis/pericarditis 
and finally embolism, including that associated 
with a myocardial infarction and cerebral infarc-

tion, occurred.7, 8, 9 Thoracic CT enhanced with 
the use of oral and intravenous contrast medium 
was the most useful examination method, and 
very specific findings of an air pocket or fistula 
tract were observed in the mediastinum. Mortal-
ity ranges from 75% to 83%, with rapid progres-
sion from symptom onset to death. Immediate 
recognition and emergent surgical intervention 
are therefore vital. The treatment for esophageal 
fistula is surgical, with only one documented at-
tempt at esophageal stenting.17 Esophageal re-
section with end-to-end anastomoses and pri-
mary pericardial patching are usually required. 

Prevention
Several strategies have been described to help 
prevent or reduce gastroesophageal injury dur-
ing AF ablation. The primary means of limiting 
esophageal injury during RF ablation relies on 
avoiding ablation sites adjacent to the esopha-
gus. This is accomplished by detailed mapping 
of the cardiac-esophageal interface by pre- and/
or intraprocedural imaging.12, 13 Temperature 
probes were used to monitor energy delivery 
and temperature increase in the esophagus in 
other studies.18 As stated in these studies, lumi-
nal esophageal temperature monitoring has ma-
jor limitations, such as malalignment of the probe 
to the RF catheter and posterior LA wall, the un-
derestimation of intramural temperature by an 
intraluminal probe, and the too-slow esophageal 
temperature increase to prevent esophageal ulcer-
ation. Additionally, because parameters followed 
during energy delivery such as power or imped-
ance are not predictive of temperature rises, it is 
difficult to predict the effects on the esophagus.

Reducing the RF power and/or contact force when 
ablating the LA posterior wall, mechanical esoph-
ageal deviation19 and esophageal cooling with a 
cooled water-irrigated intraesophageal balloon 
20 might reduce the risk of esophageal injury. 

Anesthesia protocol might influence the occur-
rence of the complication. Biase et al. reported that 
the use of general anesthesia seems to increase the 
risk of esophageal tissue damage.21 They speculat-
ed that the reduced motility and the reduced de-
glutination of the esophagus during general an-
esthesia result in ablation at the same esophageal 
location throughout the duration of the lesion. 
On the other hand, with conscious sedation, pain 
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caused by RF delivery could trigger active peri-
stalsis and swallowing, resulting in cooling and 
inconsistent heat transfer to the esophageal wall. 
Finally, when thermal injury to the esophagus 
is thought to have occurred, further damage by 
gastric contents can be minimized with judi-
cious use of acid-lowering medications such as 
proton pump inhibitors or H2 receptor blockers.  

Phrenic Nerve Injury
Phrenic nerve (PN) injury can occur during a 
variety of catheter ablation procedures, such as 
for AF, Wolff-Parkinson-White syndrome, and 
ventricular tachyarrhythmias.22-24 Regarding 
AF ablation, right PN injury could occur dur-
ing ablation targeting the right superior (RS) 
PV and the superior vena cava (SVC), and left 
PN injury occurs during ablation targeting the 
LA appendage. The prevalence of PN injury as 
a complication of endocardial catheter ablation 
has been reported around 0.1% to 0.48%.10, 23, 24 

Anatomy of Phrenic Nerve
The course of the right PN is lateral and slightly 
posterior to the SVC and right atrium (RA), and 
descends anteriorly to the RSPV near the RSPV-
LA orifice along side of the pericardium, ante-
rior to the lung hilum before reaching the right 
diaphragm.25 A prior study showed that the 
minimum distance between the right PN and the 
RSPV or SVC was shorter than that between the 
right PN and RSPV-LA or SVC-RA junction.26 

Inside the chest, left PN runs dorsal to the left bra-
chiocephalic vein, anterolateral to the aortic arch 
and pulmonary trunk where it runs on the sur-
face of the fibrous pericardium to course between 
the mediastinal pleura of the left lung and the lat-
eral surface of the left ventricle. In the lung hilum, 
the nerve passes anterior to the left superior and 
inferior PVs. The relationships of the nerve to left 
heart structures depended on which of the fol-
lowing three courses the nerve took as it descend-
ed toward the cardiac apex: (1) along a course 
related to the anterior surface of the heart (ante-
rior course); (2) passed leftward along a course 
related to the apex of the LA appendage and ob-
tuse margin of the left ventricle (lateral course); or 
(3) passed posteriorly to the inferior (“posterior”)
surface of the left ventricle (inferior course).27

Mechanisms 
Generally, RF, ultrasound, and laser energy cre-
ate tissue lesions mainly by heating while cryoab-
lation achieves lesions by hypothermic injury. Al-
though some advantages of ultrasound, laser, or 
cryoablation have been addressed in relation to 
RF ablation, PN injury occurred regardless of the 
energy source used for ablation.28, 29 Moreover, 
this complication has been observed with a vari-
ety of catheters (4-mm, 8-mm, irrigated tip). Sev-
eral mechanisms have been proposed to explain 
PNI after catheter ablation: 1) direct heat trans-
fer from the ablation site to the nerve; 2) electro-
magnetic field generated at the catheter tip; and 
3) generation of a resonance current around the
heart. Bunch et al. investigated the mechanism of
PN injury using dogs.30 The study showed that
the PN tended to retain heat after ablation that
may result in higher local temperatures with sub-
sequent energy deliveries and that with direct
nerve heating using radiofrequency energy, direct 
current effects and transient injury occurred early
and at low temperatures. The study data demon-
strate that transient nerve injury occurs early and
uniformly before permanent injury. In areas at
high risk of PN injury, which require ablation, PN
pacing during the energy delivery could be used
to detect early injury and allow termination of the
ablation prior to the onset of permanent injury.

Clinical Symptoms and Outcome
Symptoms of PN injury are variable depending 
on patient’s preexisting lung condition. Typical 
symptoms are dyspnea especially while lying 
down, chest pain, atelectasis, pleural effusion 
and pleural infection. PN injury is diagnosed on 
a chest X-ray. Although PN function recovery oc-
curs in the majority of patients (66% with full re-
covery, 18% with partial recovery) without need 
of special therapy,23 more serious complications 
in patients with compromised lung function can 
occur. Indeed, surgical series have suggested that 
once persistent PN injury occurred, it takes at least 
2–3 months for the nerve regeneration.31 It is pos-
sible that clinical recovery does not equate to the 
restoration of normal cell and tissue characteris-
tics. Whether this could have implications on the 
long-term function of the diaphragm is unknown. 
Since the clinical manifestations vary broadly 
from asymptomatic to severe respiratory dys-
function requiring prolonged mechanical ventila-
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tion and mortality following open heart surgery, 
the prevalence of PN injury may be greater than 
reported. In patients who develop dyspnea after 
atrial ablation procedures, particularly in the set-
ting of preexisting lung disease, PN injury should 
be considered early in the differential diagnosis.

Prevention
Although no technique has been previously de-
scribed for preoperative location of the PN in 
clinical settings, Matsumoto et al. demonstrated 
that 64-slice multidetector CT allowed us to de-
tect right and left PN and their relation to car-
diac anatomic structures in more than half of 
the patients.32 Holton et al. also demonstrated 
that imaging the right pericardiophrenic artery 
using a 64-slice multidetector CT scanner can 
reliably locate the right PN before the ablation 
procedure.26 Imaging before a procedure may 
also prove useful for the planning of LA, left 
ventricle, and epicardial ablation procedures in 
which the course of the left PN may be avoided.

Pace mapping of the sites where the nerve can be 
stimulated from the endocardium has been the 
most commonly accepted real-time technique. 
The absence of PN capture within the pacing vir-
tual electrode defines a space where RF delivery 
can be safely made. It is possible that ablating 
while monitoring PN function through high-out-
put pacing might help in preventing inadvertent 
PN damage. The thickness of the atrium aver-
ages 4 mm, but decreases from 3.7 to 2.5 mm at 
the venoatrial junction. The PV tissue further 
decreases in thickness by 1–2 mm outside of the 
PV orifice.25 With less tissue available to receive 
and diffuse heat in the PV versus the atrium, en-
ergy delivery at or outside the orifice of the PV 
may have untoward collateral effects on PN.
Recently, epicardial protection of PN has been 
reported in several reports. Lee et al. successfully 
eliminated AT arising from the crista termina-
lis region, which is close to right PN, by insert-
ing a peripheral angioplasty balloon or steerable 
ablation catheter and sheath into the epicardial 
space between the PN and atrium.33 Biase et al. 

Figure 1. Typical example of right phrenic nerve injury after the AF ablation. Left panels show chest X-rays during maximal 
inspiration. Right panels show chest X-rays during maximal expiration. A. Right phrenic nerve paralysis was observed just 
after the AF ablation. B. The phrenic nerve palsy recovered little by little and finally completely recovered at 20 months after 
the procedure. 
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reported the feasibility of several methods to pro-
tect left PN in patients who underwent catheter 
ablation for VT or inappropriate sinus tachycar-
dia, such as inflation of large balloon, introduc-
tion of air, introduction of saline, and introduc-
tion of both air and saline.34 These studies include 
a small series of patients; however they seem 
to be feasible approaches to prevent PN injury. 

More recently, Franceschi et al. showed the com-
pound motor action potential (CMAP) guided cath-
eter ablation.35, 36 They demonstrated that reliable 
diaphragmatic electromyographic signals could be 
recorded during cryoballoon ablation and that a re-
duction in the amplitude of the CMAP during pac-
ing a right PN predictably presages hemidiaphrag-
matic paralysis. 

Periesophageal Nerve Injury

Mechanism and Anatomy
Periesophageal nerve injury  probably results from left 
atrially delivered RF energy affecting the periesoph-
ageal vagal plexus.37 Nerve fibers innervating the 
pyloric sphincter and the gastric antrum are thought 
to travel within the left vagal trunk [usually located 
on the left/anterior portion of the esophagus] but 
may also course within intercommunicating fibers. 
However, each cadaver was shown to have a distinc-
tive anatomy, making any predictions impossible.

Clinical Symptoms and Outcome
 Shah et al. reported the occurrence of acute delayed 
gastric emptying as a complication of percutane-
ous catheter ablation of AF in 4 cases.37 The clinical 
presentation of all four patients was very similar 
and was characterized by abdominal bloating and 
discomfort occurring within a few hours to two 
days after the procedure. Improvement occurred 
within two weeks in two patients who eventually 
recovered completely, whereas corrective interven-
tions were required in the remaining two cases.

Prevention
Because extracardiac penetration of endocardi-
ally delivered RF energy is almost certainly the 
basis of this complication, a strategy of reduced 
RF power and shorter RF delivery duration at vul-
nerable sites is advisable. Although knowledge 
of the position of the underlying esophagus may 
be of help, it is not clear to what extent this cor-
relates with the location of relevant nerve fibers.

Esophageal temperature monitoring and avoid-
ing LA endocardium overlying the esophagus 
may be useful clinical strategies for avoiding in-
jury to the vagal plexus or its components and 
are under evaluation. Imaging or identification 
of periesophageal vagi (which may not corre-
spond to the esophageal lumen) and/or titrating 
RF energy with respect to the local myocardial 
thickness and surrounding structures may ulti-
mately be necessary to avoid extracardiac com-
plications. Kuwahara et al. demonstrated that 
titration of the duration of the ablation energy 
delivery while monitoring the esophageal tem-
perature could prevent periesophageal nerve in-
jury due to the AF ablation, without decreasing 
the success rate of maintaining sinus rhythm.18 

Conclusions

Although catheter ablation has become an estab-
lished therapy for symptomatic AF, some collater-
al damage from AF ablation has been recognized 
in the past decade. Although the precise mecha-
nism has not been fully clarified, recent studies 
provided important insights into the mechanism 
of these complications. It is mandatory to ac-
quire precise knowledge to minimize these com-
plications. Further investigations are necessary 
for improving safety of AF ablation procedures.
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Introduction

Atrial fibrillation affects approximately 3 mil-
lion people in the United States and creates a 
huge burden on the health care system, both 
in terms of morbidity, mortality, and cost.1 The 
prevalence of atrial fibrillation rises sharply 
with increases in age. It is estimated that 8% of 
people above 70 years of age have atrial fibril-
lation.2-4 Atrial fibrillation has long been recog-
nized as a powerful risk factor for stroke,5 heart 
failure,6 and mortality.7 Advancing age amplifies 
the risk of all of these sequelae of atrial fibrillation.8 

As a subset, post-operative atrial fibrillation 
(POAF) after cardiac surgery is a common en-
tity that is associated with significant morbidity 
and increased long-term mortality.9-11 POAF in 
the setting of coronary artery bypass graft sur-
gery CABG has been associated with increases in 
health care costs estimated around $10000 per pa-
tient affected.12 Procedural risk factors of post-op-
erative AF include valve surgery, pulmonary vein 
venting, bicaval venous cannulation, and longer 
cross-clamp times.10 Patient risk factors for POAF 
include male gender, renal dysfunction, conges-
tive heart failure, and left atrial enlargement,10 the 
most powerful predictor, however, remains age.13, 

14 As the number of elderly patients undergoing 
surgery increases, there has been more interest in 

investigating the predictors and sequelae of post-
operative atrial fibrillation. The search for cost-ef-
fective, efficacious, and safe preventive therapies 
in high-risk patients is increasingly important. 

Pathophysiology 
Post-operative atrial fibrillation typically oc-
curs48-72 post-operatively and is, in large part, 
driven by the systemic pro-inflammatory state 
that follows surgery.15 70% of POAF occurs by 
post-operative day 4, and 95% occurs by post-
operative day 6.12 Direct atrial irritation from sur-
gical manipulation pericardiotomy, atriotomy of 
the heart during cardiac surgery makes POAF far 
more common in the cardiac surgery population 
than in the non-cardiac surgery population. Large 
volume shifts that occur in the peri-operative pe-
riod create atrial stretch and changes in autonom-
ic tone, which can also increase the propensity 
for atrial fibrillation. Other elements of the post-
operative state, including pain, further contribute 
to a catecholamine surge that alters atrial electro-
physiologic properties i.e. shortened refractory 
period and promotes the development of atrial 
fibrillation. Continuous ambulatory monitoring 
with serial blood testing performed in patients 
after CABG showed increases in sinus rate, ec-
topic atrial beats, and right atrial plasma norepi-
nephrine levels in patients developing POAF.16

Age has consistently been shown to be a risk fac-
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tor for the development of POAF in patients un-
dergoing cardiac surgery, as well as non-cardiac 
surgery.17, 18 The biologic basis for why age is a 
risk factor for post-operative atrial fibrillation is 
multi-factorial. First, the elderly patient is much 
more likely to have accumulated more of the tra-
ditional risk factors for developing atrial fibril-
lation. Given that these risk factors interact, and 
therefore compound risk in a synergistic manner, 
adjusting for these various co-morbidities indi-
vidually does not entirely account for the age ef-
fect. It was previously believed that atrial fibrosis 
increased with age and played a major role in the 
development of AF, including POAF. Recent data, 
however, contradict this finding.19 There remain a 
number of other mechanisms by which aging pre-
disposes to atrial fibrillation. As the left ventricle 
becomes less compliant with age, the left atrium 
dilates, creating a more favorable substrate for 
atrial fibrillation.20, 21 The less compliant atria of 
elderly patients will also tend to generate higher 
filling pressures in response to volume load; these 
elevated filling pressures, in turn, contribute to 
atrial stretch, which increases the propensity for 
atrial fibrillation.22-24 Corroborating this patho-
physiology is a recent study that showed a strong 
correlation between diastolic dysfunction and 
the incidence of POAF following CABG.25 Final-
ly, sinus node dysfunction, which is much more 
common with advanced age, can promote pauses 
which allow for greater dispersion of atrial tissue 
and facilitate the development of atrial fibrillation.

Epidemiology
Atrial fibrillation is a very common dysrhythmia 
in the setting of cardiac surgery. Valve surgery 
has been shown to proffer higher risk than bypass 
surgery.18 The overall incidence of atrial fibrilla-
tion is approximately 30% after isolated CABG, 
40% after valve surgery, and 50% after combined 
valve and bypass procedures.26, 27 Published rates 
of POAF following cardiac surgery vary widely, 
due to major methodological differences in how 
the dysrhythmia is detected. Important recog-
nized risk factors for POAF after cardiac surgery 
include previous history of atrial fibrillation, Cau-
casian race, male gender, heart failure, renal insuf-
ficiency, and diabetes.10, 12, 18, 28, 29 The most consist-
ent and powerful risk factor is, however, age.10, 13, 14, 

30, 31  Shah et al studied a cohort of elderly patients 
75 and older undergoing valve and/or bypass sur-
geries and found that a very high percentage of 

47% developed POAF.32 Atrial flutter (AFL) is 
far less common than AF following cardiac sur-
gery, with an incidence of about 5%; patients 
developing AFL are younger and less likely to 
have had valve surgery. Further, patients with 
atrial flutter are less likely to have dysrhyth-
mias recur after restoration of sinus rhythm.33 

In quantifying the effect of age on POAF risk 
post-CABG, Aranki et al showed an Odds Ratio 
of 2.0 for age 70-80 and Odds Ratio of 3.0 for age 
greater than 80 when compared to the overall co-
hort.12 Mathew et al demonstrated an Odds Ratio 
of 1.7 for every 10-year increase in age.18 An anal-
ysis of a cohort comprised  entirely of patients 65 
and older found that advancing age along with 
renal insufficiency remained one of the key risk 
factors for AF following CABG.34

Consequences
Mounting evidence shows that atrial fibrillation 
portends a worse prognosis, even in those who 
are otherwise healthy.7 POAF following cardiac 
surgery has been associated with a broad spec-
trum of worse outcomes including a higher risk 
of mortality. Elderly patients developing POAF 
tend to have more prolonged and clinically sig-
nificant dysrhythmia than their younger coun-
terparts.35 Villareal et al showed that POAF after 
CABG was associated with an Odds Ratio of 1.7 
for in-hospital mortality and a 13% increase in 
5-year mortality in their case-matched analysis.36

Additionally, POAF after CABG has been shown
to be associated with neurocognitive decline.9,18

Though the association between POAF and stroke
is less well established, Hogue et al demonstrated
an association between POAF and significantly
increased stroke risk when it is accompanied by a
low cardiac output state.37 In another cohort of el-
derly patients undergoing cardiac surgery, there
was a trend toward more stroke in the patients
who developed POAF.32 In quantifying the effect
of POAF on the usage of health care resources,
Aranki et al showed that POAF was associ-
ated with a 4.9 day lengthening of hospital stay
and a $10000 increase in hospitalization costs.12

Older studies with short-term follow-up had
made the argument that POAF, at least in the
paroxysmal form, is a self-limited disease, with
98% of affected individuals achieving restora-
tion of normal sinus rhythm at 6 weeks post-
op.38 However, among a cohort of 571 patients
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with a median follow-up of 6 years with no prior 
history of atrial fibrillation, the development of 
POAF portended an 8-fold increase in the risk of 
developing long-term atrial fibrillation in addition 
to a doubled long-term cardiovascular mortality.39 
This data reinforces the notion that patients, par-
ticularly the elderly, who develop POAF following 
cardiac surgery need close long-term monitoring.
Atrial flutter tends to occur in younger patients and 
patients not undergoing valve surgery. The recur-
rence rate after conversion to sinus rhythm is quite 
low and less than one-third of patients require 
long-term anti-arrhythmic drugs.33

Prevention
A cornerstone of POAF prevention is optimization 
of medical therapy in the preoperative setting. This 
includes ensuring that patients undergoing elective 
surgery have their volume status optimized and 
are on appropriate medical therapy for their coro-
nary artery disease and heart failure. A number 
of strategies and pharmacologic agents have been 
studied specifically for the purpose of prevent-
ing POAF in patients undergoing cardiac surgery. 
There is equipoise surrounding the efficacy of 
overdrive atrial pacing in preventing POAF. Blom-
maert et al showed increased efficacy of atrial 
pacing in elderly patients, though other studies 
call into question those findings and even sug-
gest a pro-arrhythmic effect of atrial pacing.40-42

Agents that have beta-blocker properties Vaughan-
Williams class II anti-arrhythmics have consistently 
been shown to be efficacious in preventing POAF. 
The guidelines suggest the use of beta-blocker 
medications in cardiac surgery patients in whom 
POAF prophylaxis is indicated class IA recommen-
dation.43 Importantly, peri-operative withdrawal 
of beta-blocker in patients on chronic therapy has 
been shown to be deleterious.44 Of note, beta-block-
ers have been shown to be less effective in POAF 
prophylaxis in elderly patients 13 underscoring the 
need for other preventative therapies/strategies in 
that population. The routine use of amiodarone 
in high-risk patients has garnered a great deal of 
interest as the result of several randomized trials 
that demonstrated clinical benefit and cost-effec-
tiveness.45, 46 The PAPABEAR trial demonstrated 
efficacy of amiodarone across many subgroups, 
including those patients also taking conventional 
beta-blockers; in patients aged 65 and older, ami-
odarone reduced the incidence of POAF from 41% 
to 22%.47 The AFIST trial demonstrated efficacy of 

an oral pre-operative amiodarone load in re-
ducing POAF and lowering stroke risk.48 Statin 
medications have also shown promise as anti-
arrhythmic agents in the peri-operative period; 
one randomized controlled trial has shown a 
significant decrease in POAF in cardiac surgery 
with the administration of high dose statin.49

Other agents with more significant short term 
toxicities, specifically NSAIDS and steroids 
have shown benefit with regard to post-oper-
ative arrhythmia50, 51; however, their tendency 
to promote post-operative bleeding and re-
tard wound healing make them unattractive 
agents for use in the peri-operative period. 
These toxicities are likely to be more common 
and more consequential in the elderly patient, 
though this has not been clearly elucidated. 
Interestingly, in a recent clinical trial, colchi-
cine showed promise as a prophylactic agent, 
though those findings require corroboration.52

To synthesize this data with regard to the care 
of elderly patients, any patient over the age of 
65 should be considered at high risk for POAF, 
whether or not they carry a pre-existing diag-
nosis of atrial fibrillation. There is evidence that 
beta-blockers are less effective for POAF preven-
tion in the elderly population. As such, it may be 
reasonable to treat all patients in this age category 
without contraindications with amiodarone and 
beta-blockers. Other adjunct preventative thera-
pies, such as the administration of peri-operative 
statin medications, can be considered. Peri-oper-
ative use of calcium-channel blockers and digox-
in is not recommended for POAF prevention.43

Treatment 
The cornerstones for the therapy of POAF in 
the elderly patient are philosophically the same 
as for any patient. Atrial fibrillation that causes 
congestive heart failure, coronary ischemia, or 
hemodynamic compromise requires immedi-
ate cardioversion. Stable POAF requires control 
of the ventricular rate using AV nodal blocking 
agents.53 Thromboembolism prophylaxis is indi-
cated for patients who develop POAF lasting for 
more than 24-48 hours.54, 55 In the setting of recent 
cardiac surgery, however, the benefit in prevent-
ing stroke must be carefully weighed against 
the risk of significant bleeding. After cardio-pul-
monary bypass, hemostatic mechanisms are al-
tered and the propensity to bleed is higher. The 
elderly patient, on average, is at higher risk for 
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bleeding and is less likely to tolerate bleeding. In 
any patients who develop atrial fibrillation, age 
is a key predictor of stroke risk,5, 56 and there is a 
significant treatment-age interaction. With both 
warfarin and dabigatran, anti-coagulation comes 
with a higher risk of bleeding in the elderly 
patient.57, 58 With dabigatran, as compared with 
warfarin, extra-cranial bleeding is increased in 
patients older than 75, though the risk for intra-
cranial bleeding is attenuated. While warfarin 
has been used extensively after cardiac surgery 
valve surgery in particular, the use of dabigatran 
in the post-operative setting is unproven and the 
lack of a reversal agent should signal caution. 
Newer oral factor Xa inhibitors, which have the 
potential for more immediate reversibility,59 may 
be more appropriate to be studied for safety and 
efficacy in this clinical scenario. Patients who are 
considered to be at prohibitively high risk for an-
ti-coagulation should receive full-dose aspirin.

With regard to rate and rhythm control, anti-
arrhythmic drugs and AV nodal blocking agents 
may be less well tolerated in elderly patients. 
Given the higher incidence of sinus node dys-
function in elderly patients, administration 
of these classes of medications may manifest 
as a tachycardia-bradycardia syndrome. The 
general rule that the toxicities of medications 
are amplified in elderly should be minded.

In higher risk patients, including the elder-
ly, it may be reasonable to take more aggres-
sive surgical approaches to the prevention 
of POAF and hence long-term AF, such as 
concomitant surgical pulmonary vein isolation 
or ventral cardiac denervation at the time of by-
pass or valve surgery.60, 61 Such combined proce-
dures for rhythm control need to be evaluated 
more thoroughly in clinical trials before they can 
be recommended for routine use. In those pa-
tients developing new onset POAF after CABG, 
restoring sinus rhythm prior to discharge and 
using anti-arrhythmic drugs for 1 week seems 
to provide excellent clinical results.62 Guidelines 
support the use of therapeutic anti-coagulation 
for 1 month after the reversion to sinus rhythm.55 

Conclusions

POAF is a common and impactful rhythm dis-
turbance after cardiac surgery. With increasing 

age, the incidence of POAF after cardiac surgery in-
creases sharply. The consequences of POAF include 
increased morbidity, mortality, and health care ex-
penditure; these sequelae are magnified in elderly 
patients. Strategies to prevent POAF are needed, 
and available means for prophylaxis should be uti-
lized, particularly in the elderly, who represent a 
high-risk population. Preventative pharmacologic 
interventions, such as peri-operative beta-blockers 
and amiodarone, and careful management of vol-
ume status, should be considered. Sinus rhythm 
should be restored prior to discharge and close 
short-term follow-up to titrate anti-arrhythmic 
drug and the period of anti-coagulation and long-
term follow-up to monitor for late recurrence of 
atrial fibrillation should be instated. Newer surgical 
techniques, including minimally invasive bypass 
approaches and combined pulmonary vein isola-
tion procedures, and alternative anti-coagulant reg-
imens need to be prospectively evaluated for safety 
and efficacy in elderly patients. 
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Introduction

Atrial fibrillation (AF) is a common tachyarrhyth-
mia. There are over 2 million patients in the US 
with AF currently,1 and as the median age of the 
population increases, the prevalence of AF likely 
will as well. Strategies for treating AF are diverse, 
and include options ranging from simple observa-
tion to pharmacotherapy to catheter-based and sur-
gical interventions. Therapeutic approaches to AF 
historically have been divided into rate-control and 
rhythm-control categories, the former focusing on 
simply reducing ventricular response rates and the 
latter on restoration of sinus rhythm.Over the last 
15 years, there has been an explosion of rhythm-
control therapies, particularly in the field of cath-
eter-based ablation. The proliferation of these ab-
lative approaches has led to new insights into AF, 
both in terms of the mechanism(s) of the disease it-
self, and in the potential harm that patients can suf-
fer during attempts at restoration of sinus rhythm. 
This review focuses on the complications, both the 
familiar and the newly appreciated, that may occur 
during catheter ablation of AF.

Definition of Pericardial Fat

In the late 1950s, Gordon Moe hypothesized that 
AF was the consequence of multiple, wandering re-
entrant waves coursing through atrial tissue.2,3 His 

hypothesis was confirmed by the work of Allessie 
and colleagues thirty years later,4-6 when they 
demonstrated that sustained AF depended on 
functional reentry of multiple wavefronts through 
a critical mass of atrial tissue. At approximately 
the same time, Haisseguerre and colleagues dem-
onstrated that initiation of AF was triggered by 
spontaneous ectopy originating from foci in the 
pulmonary veins(PV).7 Thus, the mechanisms of 
AF – functional reentry dependent on a critical 
mass of atrial tissue, triggered by ectopic beats 
within the PVs – were partially understood. Those 
mechanisms (triggers and substrate) constitute 
the primary targets for modern AF ablation. Other 
aspects of AF induction and perpetuation, includ-
ing the role of ganglionic plexi and stable rotors, 
have also been proposed as important physiologi-
cal modifiers of AF and as ablation targets.8

As the mechanisms underlying AF were deter-
mined, strategies to treat AF with catheter abla-
tion evolved accordingly. Early ablative proce-
dures focused on disrupting the critical mass of 
atrial tissue thought to be critical for perpetuation 
of AF. Linear lesion sets in the right atrium, left 
atrium, or both were delivered with the goal of 
interrupting reentrant circuits.9-12 These stra gies, 
though, were of limited efficacy at eliminating AF. 
With the observation by Haisseguerre that AF was 
triggered by PV foci, ablative strategies targeting 
the PVs were adopted. Initially, focal ablation of 

Corresponding Address : Seil Oh, MD, PhD, FHRS, Professor of Internal Medicine, Seoul National University College of 
Medicine and Seoul National University Hospital, 101 Daehak-ro, Jongno-gu, Seoul, 110-744, Korea.

Collateral Damage During Ablation of Atrial
 Fibrillation – Lessons Learnt in the Past Decade

David Spragg, MD

Division of Cardiology, Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD 
USA

www.jafib.com 30 Feb-Mar,  2012 | Vol 4 | Issue 5                    



Journal of Atrial Fibrillation Featured Review                         

www.jafib.com 31 Feb-Mar,  2012 | Vol 4 | Issue 5    

the PV foci themselves was performed,7,13,14 but fo-
cal ablation gave way to segmental15 and eventu-
ally to circumferential lesions designed to isolate, 
rather than eliminate, PV targets.16-19 Currently, 
most practitioners employ one or both of these 
approaches (segmental ablation and/or circumfer-
ential ablation), with the goal of isolating each of 
the pulmonary veins, either individually or with 
its ipsilateral companion vein. In certain patient 
populations (i.e. patients with persistent or long-
standing persistent AF), some operators deliver 
additional lesion sets to further divide atrial tissue, 
eliminate rotors, or destroy ganglia.8

Changes in the ablation procedure itself have been 
mirrored by changes in technologies used to de-
liver ablative lesion sets. Early procedures were 
performed exclusively with radiofrequency (RF) 
ablation delivered with non-irrigated (initially) 
and then irrigated (most current practice) cath-
eters. However, RF energy is now one of many op-
tions. Alternative energy sources, including cryo-
ablation, microwaves, laser ablation, and focused 
ultrasound have come (and in some cases, gone).20 

Similarly, alternative methods for delivering that 
energy to atrial tissue, including lasso-shaped 
catheters and balloon-based technology (designed 
to deliver circumferential lesions to a PV through 
an occlusive balloon positioned at the ostia) are 
new methods available to operators now. 

With the development of new ablation strategies, 
energy modalities, and delivery systems, there 
has been a parallel evolution in the harm done to 
patients during ablation of AF. New techniques, 
while potentially safer in some regards, have un-
covered new risks as well. 

PV Stenosis

One of the primary lessons learned by the AF ab-
lation community over the last decade is to avoid 
excessive energy delivery in the body of the PVs 
themselves. Early, focal ablation procedures tar-
geting PV foci per se required RF delivery deep in 
the veins. Not only was this focal strategy of limit-
ed efficacy (due both to recovery of the ablated tis-
sue and to the emergence of other PV ectopic sites 
unrecognized at the time of the initial procedure), 
but resulted in prohibitively high rates of PV ste-
nosis21,22 and related complications including dys-
pnea, pulmonary hypertension, and even death.23

Segmental ablation, which moved the lesion set 
from deep in the vein into arcing lesions around 
the PV ostia, reduced the rates of PV stenosis and 
associated complications. That rate has been re-
duced further by widespread employment of 
wide, circumferential lesions around ipsilateral 
PVs, reduced power delivery when ablating be-
tween ipsilateral veins, and the use of imaging 
technologies (electroanatomic mapping systems; 
intracardiac ultrasound; merging with CT or MRI 
images of the left atrium and PVs) to delineate 
the PV-atrial junctions. Natale and colleagues re-
ported results nearly a decade ago that demon-
strated the importance of these factors in a large 
case series.24 Ablative strategies that intentionally 
targeted distal sites in the PVs resulted in severe 
PV stenosis rates of 20%, while strategies that tar-
geted ostial sites with intracardiac ultrasound to 
guide lesion delivery resulted in severe stenosis 
in 1.4% of patients. When ultrasound was also 
used to guide power delivery, no severe PV cases 
were observed. Other centers have confirmed that 
lesion delivery close to the PV ostium increases 
the risk of severe stenosis, and that mild to mod-
erate stenosis (PV diameter reductions on the or-
der of 50%) are seen in nearly a third of patients. 
Whether this is true stenosis or salutary remodel-
ing of the left atrium (including the PV ostium) is 
not yet clear.

New ablation technologies, including RF cath-
eters capable of delivering segmental lesion sets 
(Pulmonary Vein Ablation Catheter, or PVAC) 
and catheters delivering cryoablation through an 
occlusive balloon approach, have not eliminated 
the potential for PV stenosis. A study of 100 pa-
tients undergoing PV isolation using the PVAC 
device evaluated PV anatomy with paired pre- 
and post-procedure MRI or CT imaging. The au-
thors found that the incidence of severe PV ste-
nosis was 0%, but that some stenosis was seen in 
7% of the PVs assessed.25 Unlike the PVAC device, 
which delivers RF energy and requires careful po-
sitioning by the operator to avoid poorly targeted 
lesion delivery deep in the vein, cryoablation de-
vices are thought to cause less tissue injury and 
remodeling of the sort that can result in PV ste-
nosis. Large early series investigating cyroballoon 
ablation for PV isolation have shown no incidents 
of PV stenosis.26 However, PV stenosis has been 
reported using the cyroballoon, albeit at the case-
report level.27



In summary, there is clear evidence that avoiding 
RF delivery in the body of the PVs, and carefully 
titrating power delivery near the PV ostia, is criti-
cal in reducing the risk of PV stenosis to accept-
able levels. While alternative energy sources may 
reduce the risk of PV stenosis further, the risk re-
mains nonetheless.

Phrenic Nerve Injury

Injury of either the right or left phrenic nerve, with 
attendant hemidiaphragmatic paralysis and dys-
pnea, is a reported complication of AF ablation. 
The rate of this complication with circumferential 
isolation of ipsilateral PVs using RF energy ap-
pears to be quite rare. In a series of 3755 patients 
undergoing AF ablation using a variety of strat-
egies, the global incidence of phrenic injury was 
0.48%.28 Right-sided phrenic injury was seen with 
ablation around the inferoanterior aspect of the 
right superior PV and the posteroseptal SVC, and 
left phrenic injury was seen (more rarely) with 
ablation at the base of the left atrial appendage. 
In 66% of cases, the function of the phrenic nerve 
and diaphragm recovered within several months.
While standard PV isolation using RF energy 
delivered circumferentially around the PV ostia 
has a low risk of phrenic nerve injury, the intro-
duction of new ablation modalities has renewed 
operator appreciation for phrenic damage. Early 
studies of cyroballoon ablation showed high 
rates of phrenic injury, particularly during abla-
tion of the right superior pulmonary vein. Neu-
mann and colleagues reported that in a series of 
346 patients undergoing cyroballoon ablation, 
26 patients developed phrenic nerve palsy dur-
ing ablation of the RSPV.26 Nearly all of these pa-
tients underwent ablation using a small balloon 
(23mm), likely resulting in a deeper lesion set in 
the vein. All patients recovered phrenic function 
by 1y. Other series have reported similar rates 
of phrenic damage, even while using larger bal-
loons and monitoring closely for phrenic function 
by pacing the nerve during freezing.29 Standard 
practice now while using this catheter is to pace 
the phrenic nerve during lesion delivery to the 
RSPV, and to immediately cease freezing if there 
is compromise in diaphragmatic function. Similar 
strategies may be helpful while deliverdelivering 
RF energy to the SVC, in cases when extra-PV ec-
topic foci are targeted. While it appears that even 

with this strategy, some patients may suffer from 
phrenic palsy and diaphragmatic paralysis, it also 
appears that most patients recover diaphragmatic 
function after several months.

Esophageal Injury

The esophagus and the posterior wall of the left 
atrium are adjacent structures. One rare but dev-
astating consequence of AF ablation is esophageal 
injury resulting in atrio-esophageal fistula. The 
results of this complication are frequently lethal, 
and were initially reported in the cardiothoracic 
surgical literature as a consequence of left atrial 
ablation. In 2004, several reports of catheter-based 
ablation procedures resulting in atrio-esophageal 
fistula were published, alerting electrophysiolo-
gists to the issue.30, 31 Since those initial reports, a 
number of procedural modifications have helped 
to reduce the incidence of clinically manifest 
esophageal injury. These include temperature 
monitoring within the esophagus itself, as well as 
reduced power delivery to the posterior aspect of 
the left atrium. Using these safeguards, the rate 
of this highly morbid complication has remained 
low. A worldwide survey of ablation practitioners 
reported that the rate of atrioesophageal fistula 
was 0.04%.32

There may be a significantly higher incidence of 
subclinical esophageal injury that occurs in pa-
tients undergoing PVI, despite temperature moni-
toring and limited power delivery to the posterior 
LA. Several studies have demonstrated, using 
post-procedure endoscopy, that esophageal le-
sions are relatively common in patients undergo-
ing PV isolation.33, 34 This is true even when power 
delivery to the posterior LA is limited to 25W and 
esophageal temperature is monitored. Whether 
prophylactic use of proton pump inhibitors can 
effectively reduce esophageal injury is not clear, 
though many centers treat their patients pre-
sumptively.35 In addition, injury to periesophageal 
structures has been shown after PV isolation, even 
in patients without apparent mucosal injury to the 
esophagus itself.36 The clinical relevance of these 
silent lesions is not known at present.

In summary, there has been a new appreciation for 
the potential of esophageal injury and the forma-
tion of atrio-esophageal fistulae after PV isolation. 
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prior history of stroke. All patients in this series 
underwent bridging with heparin around the 
time of their procedure. Other large series have 
demonstrated similar rates of thromboembolism 
in patients undergoing catheter ablation using a 
heparin-bridging strategy, and have shown that 
adopting a strategy of continuous therapy with 
warfarin at the time of the procedure reduced 
thromboembolic events to 0% without apprecia-
ble increases in bleeding complications.41 Strate-
gies to reduce the risk of thromboembolism that 
appear to be widely accepted at present include 
the use of irrigated RF catheters for PV isolation, 
anticoagulation strategies that minimize inter-
ruption of systemic anticoagulation (with con-
tinuation of warfarin and supplemental therapy 
with heparin during the procedure now being 
performed routinely by many centers), and me-
ticulous attention to catheter and sheath manage-
ment during LA access.

A number of series have shown that clinically si-
lent microembolism occurs with high frequency, 
even in patients without apparent cerebrovas-
cular or other systemic embolic events. A report 
on 53 patients undergoing PVI using a heparin-
bridging technique and irrigated RF catheters 
found that post-procedure MRI showed detect-
able cerebral embolic events in 11%.42 Other 
studies have compared the rate of silent microem-
boli in patients undergoing cyroballoon ablation 
versus standard RF ablation, with all patients un-
dergoing heparin bridging. Cerebral microemboli 
were seen in nearly 8% of patients on follow-up 
MRI scans, with no difference between cyrobal-
loon and RF patients.43 The clinical significance 
of these lesions is unclear.In summary, stroke 
remains a persistent, feared complication in pa-
tients undergoing PVI, despite the evolution of 
new ablation strategies and technologies. The use 
of irrigated catheters and anticoagulation strate-
gies that minimize disruption of systemic antico-
agulation (e.g. continuation of therapy with war-
farin) appears to minimize stroke risk. Clinically 
silent microemboli likely occur in a significant 
minority of patients.

Specific Populations

VOne of the central questions in treating pa 
tients with symptomatic AF is whether to pursue 
rhythm control with anti-arrhythmic drug thera-
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Limiting power delivery to the posterior LA wall 
and monitoring esophageal temperature appear to 
be important in limiting the occurrence of this dev-
astating, frequently fatal complication.

Atrial Septal Defect

One of the requisite steps while performing PV 
isolation, independent of ablation strategy, en-
ergy modality, or catheter type used, is the need 
to deliver that catheter into the LA. This is typi-
cally achieved through transseptal puncture from 
the RA to LA. A number of techniques for this 
procedure have been described, including double 
transseptal puncture, single puncture with the 
advancement of two sheaths through that single 
puncture site, or single puncture with introduction 
of a system capable of electrogram monitoring and 
ablation/freezing. A number of investigators have 
performed routine imaging of the atrial septum 
following PV isolation, and have demonstrated the 
occurrence of iatrogenic atrial septal defects with 
left-to-right shunting.37-39 ASD formation appears 
to be related to the size of the sheath(s) delivered 
across the puncture site. Double-transseptal punc-
ture with 8Fr sheaths delivered individually into 
the LA did not result in iatrogenic ASDs, whereas 
a single transseptal puncture with two sheaths de-
livered through that site resulted in higher rates 
of ASD formation.38 Similarly, large sheaths (of 
the sort used for cyroballoon ablation) have been 
shown to result in ASD formation.37 Longitudinal 
studies of these same patients have shown, how-
ever, that the ASDs resolve after several months 
in the majority of patients. What clinical relevance 
temporary or lasting ASD formation has for pa-
tients is not clear.

Periprocedural Embolism and Stroke

One of the most feared complications of AF abla-
tion is systemic thromboembolism and stroke. 
While AF ablation techniques and technologies 
have evolved over time, large single-center series 
have shown that stroke remains a persistent, al-
beit rare complication. A series of 1190 procedures 
performed between 2001 and 2010 at Johns Hop-
kins showed that rates of many particular compli-
cations have fallen over time, but that the rate of 
stroke has remained nearly constant over the same 
period (at just under 1%).40 Predictors of stroke 
in the Hopkins series were CHADS score ≥ 2 and 



found any clear correlation between gender and 
procedural outcomes (either efficacy or complica-
tion rates), however. 

Cardiac Tamponade, Vascular Injury, and Oth-
er Complications

Mechanical injury to vascular or cardiac structures, 
resulting in pseudoaneurysm, groin hematoma, 
retroperitoneal hematoma, arterio-venous fistula, 
pericardial tamponade, or other trauma, are well 
known potential consequences of AF ablation. This 
reflects the necessary, aggressive instrumentation 
required to perform PV isolation. Typically 3, 4, or 
5 large sheaths are advanced into the heart, 1 or 
2 transseptal punctures are performed, and exten-
sive manipulation and ablation is performed in the 
thin-walled left atrium, all in a setting of high-level 
anticoagulation. In 2005 Haissaguerre reported on 
a series of 348 patients undergoing PV isolation, 
with many patients also receiving linear ablation in 
the left or right atrium.48 The incidence of tampon-
ade in the PV isolation group was 1%; the incidence 
in patients receiving linear ablation in addition was 
6%. Most of these lesions were due to steam pops, 
rather than mechanical perforation. Unfortunately, 
even with reduction of target power delivery mid-
way through the series, the rates of steam pops and 
attendant injury and tamponade persisted. 

Death from PV stenosis is fortunately quite rare. 
The largest investigation of procedurally related 
deaths surveyed 162 centers and collected results 
from 45,115 procedures performed between 1995 
and 2006.49 The death rate was 0.98 per 1000 cases 
(32 total deaths), 8 of which were due to cardiac 
tamponade, 5 to stroke, and 5 to atrioesophageal 
fistula. Other causes were more rare, and included 
pneumonia (2), MI or arrhythmic death (2), sepsis 
(1), hemothorax (1), respiratory arrest (1), multiple 
PV occlusions (1), and other causes.49

Evolution of AF Ablation Over Time

CMany of the large series reporting AF ablation 
efficacy and complications are confounded, nec-
essarily, by evolving practice patterns and avail-
able equipment. Put another way, AF ablation has 
changed significantly over the past decadebecome 
a safer and more effective procedure. This is likely 
a reflection of improved ablation strategies, tech-
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py aggressively, or whether to refer patients for 
ablative therapy early in the course of their dis-
ease. The CABANA trial, an ongoing, prospec-
tive randomized study comparing the effects of 
drug therapy versus first-line ablative therapy, 
will hopefully provide some answers to that 
question. Until then, operators must rely on a 
number of smaller series that report efficacy and 
complication rates in select populations. 

Marchlinski and colleagues followed outcomes 
in a series of over 1500 patients undergoing 
ablation for AF, and divided the cohort by age 
(<45y, 45-54y, 55-64y, and >65y).44 They found 
that across all age groups, there was a high rate 
of improved symptom burden (82-88% of pa-
tients, with no significant differences across age 
distribution). No major complications were seen 
in the youngest group, and complication rates in-
creased slightly but significantly with age (2.6% 
major complication rate in patients >65y). The 
authors concluded that, because of the highly 
favorable risk-to-benefit ratio of ablation in the 
youngest cohort of patients, ablation is reason-
able first-line therapy in those patients younger 
than 45y old.

Other studies have examined whether advanced 
age is an independent predictor of adverse out-
comes in patients undergoing PV isolation. In 
a series of 1190 patients at Johns Hopkins, we 
found that age did not predict complications, 
although female gender and increased CHADS 
score did.40 Other centers have reported similar 
results. Marchlinski and colleagues examined 
patients stratified by age, and found comparable 
procedure efficacy and complication rates in pa-
tients >75y old versus patients in younger age 
brackets.45 Natale and colleagues reported results 
from a series of 175 patients >75y old, and found 
that acute, major procedural complications oc-
curred in 1% of patients.46 They also found, 
though, that 3 other patients had a CVA within 
6wks of the procedure, suggesting that there is 
a higher post-procedure morbidity rate (as one 
might expect) in the elderly. Whether gender 
plays a role in predicting complications during 
AF ablation is an unresolved question. At least 
two large series have found that female gender 
is an independent predictor 5of major complica-
tions, even when controlling for age and other 
comorbidities.40, 47 Other investigators have not 
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In a decade-long, single center experience at Johns 
Hopkins, we found that major complication rates 
have decreased significantly over time, from 11% 
early in the decade to 1.6% in 2010.40 This reduc-
tion in complications was driven primarily by a 
fall in catheter-induced complications (i.e. perfo-
ration, phrenic injury, PV stenosis). Stroke rates 
remained consistent at nearly 1% across the de-
cade.No deaths or atrioesophageal fistula cases 
were observed (though one case of esophageal 
injury using an experimental, focused ultrasound 
balloon catheter was seen). Other series in recent 
years have shown similarly low complication 
rates, due in part to careful patient selection and 
to the development of safer ablation strategies 
and technologies over the last ten years.44, 50

Conclusions 

Catheter ablation for AF is a complex, technically 
challenging procedure. Despite advancements in 
ablative strategies, energy sources, and catheter 
systems – and indeed, in some cases because of 
those advancements – the potential to harm pa-
tients persists. Across various types of complica-
tions, there appear to run several truisms that cor-
relate with reduced risk. These include limiting 
excessive power delivery to delicate structures (i.e. 
the posterior LA and esophagus, PV ostia and the 
veins themselves), maintaining constant vigilance 
during the procedure, and proactively monitor-
ing for harm (i.e. pacing the phrenic nerve dur-
ing certain ablations), and avoiding unnecessary 
interruptions in anticoagulation around the time 
of the procedure. Complication rates have fallen 
appreciably over the last decade. Despite our best 
efforts, though, complications will continue to 
occur. This is a fact, and one that physicians and 
patients alike must understand before proceeding 
with AF ablation.
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Introduction

Atrial Fibrillation (AF) is the most common sus-
tained arrhythmia in clinical practice and is be-
coming an increasing problem for providers 
worldwide as its prevalence increases.1   This phe-
nomena will result in a significant global burden 
of arrhythmia care and care of its’ consequences 
as between 0.4-1% of the general population and 
10% of the population greater than the age of 80 

years will develop AF.2  It is also likely that pre-
dictions of AF burden are low as common risk 
factors that predispose individuals to arrhythmia 
such as diabetes, HF, obesity, sleep apnea, hyper-
tension, and coronary artery disease are also in-
creasing.3-5  Moving forward we will anticipate 
that AF and its’ consequences and disease associa-
tions will have a great impact on multiple aspects 
of medical practice making preventive strategies 
to minimize risk of the arrhythmia and its’ com-
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Abstract

Atrial Fibrillation (AF) continues to increase in prevalence and its’ consequences and disease associa-
tions have a great impact on multiple aspects of medical practice.  As such, making preventive strategies 
to minimize risk of the arrhythmia and its’ complications are paramount to improve quality of life, mor-
tality, and limit medical resource utilization.  To the extent that AF independently impacts adverse car-
diovascular outcomes, this review article will focus on these outcomes, in particular heart failure (HF), 
stroke, and mortality, and discuss contemporary strategies for treatment.
Conclusions
AF has a marked deleterious impact on the lives of patients.  This impact can be accelerated when other 
cardiac diseases coexist.  Although rhythm control strategies have been an intriguing tool to reverse 
or minimize the adverse outcomes associate with AF, they have largely been unsuccessful.  In general, 
failures of currently available AADs to improve survival are due to failure of the drug to maintain 
sinus rhythm and presence of drug toxicities. Early data with ablation approaches are favorable and 
support rhythm control strategies to minimize long-term risks associated with AF.  However, most of 
the data stem from observational analysis or small randomized trials.  Large randomized prospective 
trials will ultimately define the role of catheter ablation in the management of AF patients.
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plications paramount to improve quality of life, 
mortality, and limit medical resource utilization.

Although AF has been considered a risk factor 
for adverse cardiovascular events, controversy 
remains regarding the exact role of AF.  Ques-
tions remain as to if AF is mainly a risk marker 
of other diseases that actually convey risk such 
as HF, impaired diastolic filling, and hyperten-
sion versus an actual risk factor.  In order to un-
derstand the independent risk of AF, we previ-
ously examined its presence on outcomes across 
the CHADS2 score profile (congestive HF, hy-
pertension, age ≥ 75 years, diabetes, stroke/tran-
sient ischemic attack).  In a comparison of 343 
AF patients versus 2,945 non-AF patients stud-
ied over 9.1±1.8 years, AF across the CHADS2 
score profile incrementally and independently 
increased risk of major adverse cardiac events, 
death, and stroke.6  In this general population 
study, these data were supportive of AF as an in-
dependent risk factor of long-term adverse car-
diovascular events.  This conclusion was further 
supported by a subsequent study utilizing the 
INSTRINSIC RV database.7  In this study of 1530 
patients, those with a history of AF had higher 
rates of HF hospitalization, death, and ICD shocks 
compared to those with no history of AF.   Further-
more, new onset AF in those without a history of 
AF also increased these risks significnatly.7  These 
studies support AF as an independent risk factor 
of adverse outcomes.  To the extent that AF in-
dependently impacts adverse cardiovascular out-
comes, this review article will focus on these out-
comes, in particular HF, stroke, and mortality, and 
discuss contemporary strategies for treatment.

Atrial Fibrillation and Heart Failure

HF is a common clinical condition and shares many 
of the same baseline risk factors as AF.  These dis-
eases states can occur in independence, but are of-
ten seen together as a combined disease entity.8  In 
most cases of patients with both AF and HF, one 
condition predates the other allowing an under-
standing of which disease predisposed the patient 
to the other.8 However, the Framingham Heart 
Study demonstrated that one in five participants 
who developed both HF and AF were diagnosed 
with both conditions on the same day.3  Complicat-
ing the management of patients with AF and HF is 
that these conditions feed each other, adversely ef-
fecting therapeutic options and potentially increas-
ing an endless circle of systemic complications, such 
as renal dysfunction, ICD shocks, stroke, demen-
tia, impaired quality of life, and death (Figure 1).

There are clearly patients in which AF leads to 
rapid and at times very severe HF (Figure 2, 3).  
Tachycardia-induced cardiomyopathy is one of 
the more straightforward examples of AF as an 
independent risk factor of cardiovascular risk.  In 
a review of multiple animal studies and human 
clinical cases, Shinbane et al9 described anticipated 
outcomes with new onset AF with rapid ventric-
ular rates.  With rapid ventricular pacing, hemo-
dynamic changes can develop as soon as 24 hours 
with progression to end stage HF in 3-5 weeks.  
However, with correction of the AF or rapid ven-
tricular pacing, the myopathic process was revers-
ible with pronounced recovery in  1 to 2 weeks.9  
The reversibility and the temporal recovery of HF 
with restoration of sinus rhythm was also shown 
in a case series analysis by Grogan et al.10  In this 

Figure 1. The figure shows micro and macro drivers of atrial fibrillation in patients with preexisting HF.
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study, patients that had AF, who were character-
ized as having idiopathic dilated cardiomyopathy, 
underwent a rhythm control strategy and showed 
an improvement of left ventricular ejection frac-
tion from 25% to 52% (median follow up of 30 
months).  HF as a consequence of AF is relatively 
common, although the presentation and degree 
is variable.  Statistics have shown that of the pa-
tients in the United States that have AF, 15-20% of 
them will subsequently be diagnosed with HF.1,3,8

Just as HF is a consequence of AF, AF can be a con-
sequence of ventricular dysfunction, either from 
systolic or diastolic HF.  Men and women with HF 
are 4.5 and 5.9 times more likely, respectively, to 
develop AF than those without HF.11   In the Fram-
ingham Study, 17.1% of patients with a new diag-
nosis of HF subsequently developed AF.3  Severity 
of HF also influences risk; for example the preva-
lence of AF increases dramatically with worsening 
HF from 10% in NYHA class II to 50% in NYHA 
class IV HF.12  HF can result in altered cellular ion 
channel activities, changes in cellular ion expres-
sion, atrial stretch and enlargement, atrial fibro-

sis, and increased sympathetic activation and 
as a result AF can be triggered and maintained 
(Figure 1).8,13-19 These micro and macro ana-
tomic changes can negatively impact response 
to pharmacologic and nonpharmacologic treat-
ments and increase risk for adverse outcomes 
such as stroke and mortality.8, 20-21 

The driving processes for AF associated with 
HF can be favorably impacted by optimizing 
use of medications such as angiotension recep-
tor blockers and beta blockers.22-23  However, 
despite optimal contemporary pharmacologic 
management in patients with HF and an ICD, AF 
increases risk of worsening HF, ICD shocks, and 
mortality in patients enrolled in the INTRINSIC 
RV study.7  In this study of 1530 patients, 1356 
(89%) had no history of AF at time of implant.  
Patients with a history of AF had higher rates of 
HF hospitalization [HR 2.14 (1.29-3.54), p<0.01], 
death [HR 2.22 (1.26-3.92), p<0.01], and any ICD 
shock [HR 1.75 (1.19-2.58), p<0.01] compared 
to those with no history of AF.   Furthermore, 
new onset AF during the first three months of 

Figure 2. The figure shows transechocardiographic images from a patient that presented with 
longstanding persistent atrial fibrillation prior to an anticipated ablation.  Figure A shows the left 
atrial appendage with a large thrombus present.  Figure B shows the pulse wave Doppler analy-
sis of the appendage that is hypokinetic as verified by moderately reduced emptying velocities.

Figure 3. The figure shows the results of the INTRINSIV RV study regarding the 
impact of atrial fibrillation on risk of mortality and HF hospitalization.  There 
was an increased risk of this endpoint across nearly all strata of heart rates.25
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implant (45 of 1170, 4%) was associated with a 
significant increased risk of death [HR 2.86 (1.02-
8.05), p=0.05] and a trend towards inappropriate 
ICD shock [HR 2.43 (0.87-6.75), p=0.09] and HF 
hospitalization [HR=1.17 (0.28-4.82), p=0.83].7

Choice and use of pharmacologic therapies 
in patients with the combined state of AF and 
HF remains important (Table 1).  For example, 
use of carvedilol compared to metoprolol re-
duced the mortality impact of AF in patients 
with HF.22  There is active debate regarding 
mechanisms of benefit with beta blockade in 
AF patients with HF.  One possibility is that 
the benefit was from rate control of rapid ven-
tricular rates.24  However, when we performed 
a subanalysis of the INTRINSIC RV study,25

 AF risk of mortality and HF hospitalization per-
sisted across a broad heart rate strata compared to 
those without AF to suggest that rate alone does 
not account for the risks with AF and HF patients 
(Figure 2).   In addition, ACE inhibitors, angio-
tensin receptor blockers (ARBs), and aldosterone 
blockers may favorably impact AF management 
and outcomes in patients with HF (Table 1).

Both pharmacologic and nonpharmacologic man-
agement of AF in HF are challenging with lim-
ited efficacies compared to their use in healthier 
states.  Unfortunately use of these therapies has 
had only modest impact on the long-term out-
comes of HF in the community over the past 2 
decades, in particular mortality.26  Compound-
ing these community data, the majority of an-
tiarrhythmic drugs (AAD) increase mortal-
ity in HF through various mechanisms.  The 
recently updated American Heart Association/
American College of Cardiology guidelines list 
only amiodarone and dofetilide as first line op-
tions for rhythm control in HF, with the lat-
ter drug limited due to frequent concurrent use 

of diuretics and renal insufficiency in HF pa-
tients.27  Catheter ablation is considered second 
line in the event of medication failure or intol-
erance.  Unfortunately, an aggressive pharma-
cologic rhythm control strategy with frequent 
cardioversions to maintain sinus rhythm long-
term in HF did not favorably impact mortality, 
stroke, or worsening HF in the AF-CHF trial.28

Although rate control strategies fair favorably 
with AADs in the AF CHF trial, distinct and/
or novel rhythm control strategies that are safe, 
tolerated, and durable may alter the neutral out-
comes observed.  For example, in the PABA-CHF 
trial, catheter ablation compared AV node abla-
tion with biventricular pacing resulted in lon-
ger 6 minute walk times and higher on average 
ejection fractions at 6 months.29  The PABA-CHF 
trial largely studied the most aggressive mini-
mally invasive rhythm and rate control strategies 
available, and showed improved outcomes in the 
rhythm control cohort in HF patients.  Although 
catheter ablation was superior in the CABA-CHF 
trial, cardiac resynchronization still has mortal-
ity benefits in HF patients that develop AF.  For 
example, cardiac resynchronization therapy in 
patients with HF that develop atrial tachyarrhyth-
mias reduced mortality in the MADIT CRT trial.30

Although catheter ablation efficacy rates in HF pa-
tients are reduced compared to patients without 
HF, the outcomes are relatively favorable in com-
parison to those achieved with AADs.  The catheter 
ablation data, similar to the PABA-CHF data, sug-
gest that an aggressive rhythm control strategy, if 
successful, can positively influence HF outcomes.  
In a recent meta-analysis of 9 catheter ablation 
studies in AF patients with congestive HF, ejection 
fraction  improved over long-term follow up on 
average by 11.1% (95% CI: 7.1-15.2, P < .001).31  The 
outcomes reported with catheter ablation coupled 
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Table 1 Medications for HF that impact AF incidence over study trial duration 

Medication AF Incidence versus Placebo (%)

Enalapril (SOLVD trial)75 5 / 24
Trandolapril (TRACE trial)76 3 / 5
Candesartan (CHARM)77 6 / 7
Metoprolol (MERIT-HF)78 2 / 5
Eplerenone (EMPHASIS-HF)80 3 / 5
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the CHADS2 risk score is limited in its ability to 
make fine determinations of risk across diverse 
patients and to find patients with very low risk 
of stroke.  The CHA2DS2-VASc scoring system 
which adds female gender, vascular disease, and 
age 65 to 74 years to the risk factors used in the 
CHADS2 score (Table 2) has been proposed to en-
hance risk stratification.37  However, both scores 
perform rather poorly with advancing age, par-
ticularly those >75 years.38-39  Likely due to ease 
of use the CHADS2 score remains the most com-
monly used scoring system in clinical practice.  

Cardiovascular disease states that impact diastol-
ic filling, such as HF, can result in morphologic 
changes that increase risk of stroke.  For example, 
severe left atrial enlargement, decreased atrial 
transport, and left atrial appendage enlargement 
with reduced emptying flow velocities, increase 
blood stasis within the atrial appendage and risk 
of thrombosis (Figure 3).  These morphologic and 
functional atrial changes can be easily studied by 
transesophageal echocardiogram and have been 
shown to significantly increase risk of stroke.40 

Restoring sinus rhythm has been proposed as a 
means to minimize stroke risk.  Unfortunately, 
in rate-versus-rhythm control trials such as AF-
FIRM trial,41 HOT-CAFÉ and CAFÉ II,42-43 PIAF,44 
RACE,45 STAF,46 and AF-CHF,28 no significant 
stroke reduction  was seen in the rhythm control 
cohorts.  In the AFFIRM trial, there were actually 
more thromboembolism events in the rhythm 
control cohort which were felt to be due to inap-
propriate discontinuation of oral anticoagulation 
in the rhythm control arm.  All of these trials had 
limitations that influence a pure rhythm versus 
rate control strategy analysis.  These limitations 
include limited efficacy, tolerability, and potential 
toxicity of currently available AADs.  However, 
the one take home message from AFFIRM in par-
ticular is that until we are certain of a significant 
improvements in rhythm control approaches, 
and their influence on stroke risk, we should treat 
the patient by baseline risks of stroke long-term.

Fortunately for patients, pharmacologic and non-
pharmacologic strategies continued to evolve and 
improve.  Newer therapies that are more effective, 
safe, and tolerable may allow for rhythm control 
strategies to reduce risk.  For example, dronedar-
one decreased cardiovascular hospitalization and 

with the largely poor outcomes reported with 
AADs Although catheter ablation efficacy rates 
in HF patients are reduced compared to patients 
without HF, the outcomes are relatively favor-
able in comparison to those achieved with AADs.  
The catheter ablation data, similar to the PABA-
CHF data, suggest that an aggressive rhythm 
control strategy, if successful, can positively in-
fluence HF outcomes.  In a recent meta-analysis 
of 9 catheter ablation studies in AF patients with 
congestive HF, ejection fraction  improved over 
long-term follow up on average by 11.1% (95% 
CI: 7.1-15.2, P < .001).31  The outcomes reported 
with catheter ablation coupled with the largely 
poor outcomes reported with AADs prompt 
early consideration of catheter ablation in the 
management of AF in suitable patients with HF.  

Atrial Fibrillation and Cerebral Vascular Disease
AF leads to an increased risk for ischemic stroke 
resulting from arterial thromboembolism and at 
least 15% of all ischemic strokes are associated 
with AF.32-34  Risk of cerebral thromboembolism 
in patients with AF increases with increasing 
CHADS2 risk score.35-37  Even in patients with-
out AF, there is a linear increase in stroke across 
the CHADS2 risk score, but in comparison to pa-
tients with AF, the risks are consistently lower.6  
Although generally applied to determine risk, 
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Table 2 Atrial Fibrillation Risk Scores for stroke 

CHADS2
Hypertension (1 point)
Age≥75 years (1 point)
Diabetes Mellitus (1 point)
Heart failure (1 point)
Ischemic stroke/TIA (2 points)

CHA2DS2-VASc
Hypertension (1 point)
Age ≥75 years (2 points)
Diabetes Mellitus (1 point)
Congestive Heart Failure or Ejection Frac-
tion≤0.40 (1 point)
Stroke/TIA/Thromboembolism (2 points)
Vascular Disease (1 point)
Age 65-74 (1 point)
Female (1 point)
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score of 2 (45.4%) and 3 (23.2%)] in 68.8% of 
this cohort, oral anticoagulation was discontin-
ued 6-12 months after catheter ablation if sinus 
rhythm was maintained and an antiplatelet agent 
started.  No symptomatic ischemic cerebrovascu-
lar events were recorded during extended follow-
up despite 91% of the patients having stopped 
oral anticoagulation and 89% their AADs.57   In 
another larger study of 3,355 patients of patients 
that underwent catheter ablation, 2,692 discontin-
ued anticoagulation between 3-6 months.  During 
a mean follow-up of 28±13 months no cerebral 
thromboembolic events occurred, despite dis-
continuation of oral anticoagulation in patients 
with a CHADS2 score ≥2.  Just as important, in 
the group that remained on anticoagulation, 2% 
had a major hemorrhage illustrating the poten-
tial harm of these agents when used long-term.58  
Treatment of patients with AF that had a stroke 
with long-term anticoagulation is equally im-
portant as this favorably impacts mortality.59

In addition to catheter ablation, surgical and non-
surgical approaches to remove or occlude the 
left atrial appendage have been advocated.  In 
the setting of rheumatic heart disease, surgical 
removal of the appendage at the time of mitral 
valve replacement significantly reduced stroke 
(3% vs 17%).60  As such, removal of the append-
age is considered standard of care for mitral valve 
surgeries to prevent postoperative thromboem-
bolism.  Unfortunately, when exclusion tools 
are used rather than excision, successful long-
term closure is significantly reduced-a finding 
associated with risk of thromboembolism.60-61  
Regarding catheter-based left atrial append-
age occlusion devices, the most comprehensive 
data comes from the PROTECT AF trial using 
the Watchman device.62  In this trial, the prima-
ry endpoint of stroke, cardiovascular death, and 
systemic embolism was similar between patients 
receiving a Watchman device and those on long-
term warfarin (3.0 vs 4.9 events per 100 patient 
years).  The primary safety endpoint, a compos-
ite of major bleeding, pericardial effusion, pro-
cedure related stroke, and device embolization, 
was higher in the device group.  The safety end-
point largely reflected procedural experience and 
has improved significantly with ongoing study.63

Anticoagulation strategies in all patients with 
AF, and in particular after catheter ablation, will 

all cause mortality in the ATHENA trial.46  In a sub-
analysis of the ATHENA trial, dronedarone also 
decreased stroke risk compared to placebo despite 
similar anticoagulation strategies in both cohorts.  
Despite these optimistic findings for stroke, the 
safety of dronedarone in patients with AF sub-
types other than paroxysmal and with common 
disease states with AF such as HF has not been 
favorable and as such limits its use broadly.47-48 

Catheter ablation has been proven to be superior 
to drug therapy in suppressing AF and improv-
ing arrhythmia-based symptoms, quality of life 
and exercise capacity.49-52  Unlike pharmacologic 
therapies, which are limited long-term by inef-
fectiveness and toxicity, early analysis of long-
term outcomes after catheter ablation for AF are 
favorable.53-54  Recently we evaluated all patients 
in a large system-wide study of Intermountain 
Healthcare who underwent catheter ablation for 
AF to understand the procedural impact on mor-
tality, HF, stroke and dementia.55 A total 4,212 
patients who underwent AF ablation were com-
pared (1:4) to 16,848 age/gender matched controls 
with AF who did not receive ablation and 16,848 
age/gender matched controls without AF. The AF 
ablation patients had a lower risk of stroke than 
AF patients without ablation.  More importantly, 
the AF ablation patients had long-term stroke 
rates similar to the patients without any history 
AF.  In patients that we had documented no re-
currence of AF after ablation, stroke rates were 
low at 1 year (1.0%), 3 years (1.7%), and long-term 
(1.7%).55 Just as important, long-term dementia 
rates were similar between those that underwent 
ablation and those with no history of AF-a finding 
suggestive of a favorable impact of sinus rhythm 
on the cerebral microvascular system.  These find-
ings in aggregate suggest that a durable rhythm 
control strategy may reduce stroke risk, al-
though to what extent remains to be determined.

Although long-term continuation of anticoagu-
lation based up on CHADS2 risk score has been 
recommended by the Heart Rhythm Society con-
sensus statement56, observational studies have 
begun to emerge that suggest patients with mod-
erate risk of stroke after catheter ablation may be 
safely managed with antiplatelet therapy alone.  If 
these trials are correct, then they imply that cath-
eter ablation that restores sinus rhythm reduces 
stroke risk.  In one study of 327 patients [CHADS2 
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continue to evolve with more available outcome 
data and as more patients are treated with antico-
agulants that have a more favorable therapeutic 
index, less drug variability, and less risk of cra-
nial hemorrhage compared to warfarin such a 
dabigatran,64 rivaroxaban,65 and apixaban.66  Of 
these, mortality was reduced with apixaban com-
pared to warfarin group (3.52%/year vs. 3.94%/
year; hazard ratio, 0.89; 95% CI, 0.80 to 0.99; P 
= 0.047).  ).  In aggregate new percutaneous left 
atrial appendage occlusion devices and these new 
novel anticoagulants are noninferior-superior to 
warfarin based primarily on a reduction in in-
tracranial bleeding.  Since cranial bleeding is the 
most significant endpoint influenced by these 
novel strategies moving forward assessment of 
this risk will be as important as risk of stroke 
in making a decision regarding which therapy 
to use.  Similar to the CHADS2 score for stroke, 
risk stratification schemes such as HAS-BLED 
can assist in determining risk of cranial bleed.67

Atrial Fibrillation and Mortality
AF in general is associated with high long-term 
rates of both cardiovascular and total mortality.68  
The impact on mortality is most pronounced in 
the elderly, particularly female with other cardio-
vascular disease states.32  Mortality often occurs 
early after incident diagnosis of AF (within the 
first 4 months).69  Unfortunately, there has been 
little impact to the observed mortality trends over 
the past two decades despite advances in both 
pharmacologic and nonpharmacologic thera-
pies.69

At our center we have also found a substantial 
mortality associated with diagnosis of AF that in-
creases steadily over 5 years of follow-up.  In ex-
amining 16,848 patients diagnosed with AF from 
the Intermountain Healthcare database with at 
least 3 years of follow-up and that did not receive 
catheter ablation, we found that mortality rates 
were very high at 1 year (16.2%), 3 years (23.5%), 
and 5 years (27.9%).55  Although these mortality 
rates were high, they are not unexpected given 
the adverse outcomes associated with AF coupled 
with the disease states that result in AF.   Despite 
the frequent association with other cardiovascular 
diseases, the presence of AF in comparison to pa-
tients without AF independently increases mor-
tality across the CHADS2 risk profile.  AF also in-

creases mortality in patients optimally medically 
managed with HF and an ICD.6-7  AF impacts the 
body in general and across multiple organ sys-
tems resulting in higher rates of systemic inflam-
mation, stroke, renal failure, HF, dementia, and 
reduces functional status and quality of life.6, 8, 11,

55, 70-71  As such it is not surprising that mortality 
rates in the community are high in patients with 
AF.  Figure 4 highlights many of the negative and 
positive drivers of mortality in patients with AF. 
30, 59, 68, 70, 72-73 

Unfortunately, trials that have examined long-
term mortality with rhythm versus rate control 
strategies such as AFFIRM and AF CHF showed 
no difference in mortality between the two strat-
egies.28, 41  In general, obtaining favorable long-
term outcomes with AADs that may be proar-
rhythmic and cardiotoxic remains difficult.  This 
challenge is no better illustrated than with the 
saga of dronedarone.   In the ATHENA trial, 
dronedarone reduced the risk of death from car-
diovascular causes by 29% and the risk of death 
from cardiac arrhythmia by 45%.74  However in 
patients with HF in the ANDROMEDA study, 
the data safety monitoring board terminated the 
study early after a median follow-up of 2 months, 
as 25 patients in the dronedarone group (8.1%) 
and 12 patients in the placebo group (3.8%) died 
(p=0.03).  The cause of death in the dronedarone 
cohort was felt to be primarily related to worsen-
ing HF.48  In a subsequent study, dronedarone use 
in high risk permanent AF patients, increased all 
outcomes felt to be decreased in the ATHENA tri-
al, specifically, cardiovascular mortality, stroke, 
and HF hospitalization.47

Similar to HF and stroke, catheter ablation may 
have a favorable impact on mortality.  In our sys-
tem wide analysis of Intermountain Healthcare 
patients that underwent AF ablation, compared 
to those with AF that did not, and patients with 
no history AF, mortality rates were low after abla-
tion and similar to patients with no AF.  For ex-
ample, at 1 year, mortality after catheter ablation 
was 3.0% versus 4.7 in patients with no history of 
AF.  5-year mortality after catheter ablation was 
7.6% versus 8.7% in patients with no history of 
AF.  These mortality rates from the cohorts of pa-
tients that received a catheter ablation for symp-
tomatic AF and patients with no history of AF are 
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significantly lower than AF patients in general.55  
Similar to the other outcomes discussed, these 
data suggest that if the rhythm control strategy is 
safe and durable, mortality as an outcome can be 
reduced.  Nonetheless, our mortality data are ob-
servational and as such require confirmation in a 
prospective randomized study.

All outcomes with catheter ablation must be con-
sidered in the context of the majority of studies are 
for 1 year with few extending beyond that time 
frame.  The favorable findings we discuss may 
change as we continue to follow these patients 
over longer periods.  Fortunately the recently ap-
proved NHLBI sponsored trial Catheter Ablation 
Versus Antiarrhythmic Drug Therapy for Atrial 
Fibrillation (CABANA) will provide much needed 
long-term randomized outcomes after catheter ab-
lation compared to contemporary AAD manage-
ment approaches.  The trial is powered to examine 
the possibility of a mortality benefit with catheter 
ablation.  The trial also includes frequent ambula-
tory cardiac monitoring which will provide novel 
insight in a very large comparative study popula-
tion regarding the role of AF burden on outcomes.
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Introduction

Atrial fibrillation (AF) is the most common hu-
man arrhythmia with an overall incidence of 
1-2% in the general population, increasing with
age.1,2 AF leads to a higher risk of thrombem-
bolic events including stroke3 and increased
mortality.4 Because of demographic changes,
the prevalence of AF will increase in the next
decades, requiring improved primary preven-
tion strategies and better treatment options.5

Rate versus rhythm control:

The two prevailing therapy strategies for AF, 
rhythm and rate control, were compared in large 
scale randomized studies. Using different anti-

arrhythmic medications to achieve rhythm con-
trol these trials6-9 could not show an advantage 
of rhythm control in comparison to rate control 
strategies  regarding mortality. However, stable 
sinus rhythm could only be achieved in 23-60% 
of patients of the rhythm control group, and anti-
arrhythmics  led to increased hospitalization and 
higher proarrhythmic event rates in patients on 
rhythm control.9,8

Thus, it was concluded that antiarrhythmic drugs 
were not the appropriate method to reach rhythm 
control.

Moreover, especially in paroxysmal AF, rate con-
trol frequently does not eliminate symptoms of 
AF, which considerably impair quality of life of 
the patients suffering from this arrhythmia.
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Abstract

Atrial fibrillation (AF) is the most common human arrhythmia and leads to increased morbidity and mor-
tality. Because of demographic changes, the prevalence of AF will increase in the next decades, requiring 
better primary prevention strategies and better treatment options.  In 1998, Haissaguerre et al. described 
triggering foci in the pulmonary veins (PV) as the prevailing pathophysiological initiator of paroxysmal 
AF. Since then, multiple studies have been conducted using the technique of pulmonary vein isolation 
(PVI) to eliminate AF. In short term follow-up, success rates of 60-75% in patients with paroxysmal AF 
are reached, with significantly worse results in persistent AF of approximately 50%. Due to arrhythmia 
recurrence, multiple procedures are often necessary, especially in patients with persistent AF, to achieve 
these results. It is supposed that the cause of arrhythmia recurrence is pulmonary vein reconnection in 
patients with paroxysmal AF, and insufficient substrate modification or new substrate development in 
patients with persistent AF. Future techniques like contact force control might improve lesion formation 
leading to improved PVI and substrate modification.
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Catheter ablation in atrial fibrillation

Research to find another therapeutic approach 
for rhythm control continues. Since Haissaguerre 
et al.10 described triggering foci in the pulmonary 
veins (PV) as a prevailing cause for the develop-
ment of AF, electrical isolation of the pulmonary 
veins  (PVI) has become the cornerstone ablation 
strategy in patients with paroxysmal AF when an-
tiarrhythmic medication has failed.11,12

In patients with persistent AF, not only the initi-
ating trigger for AF is important, but also the AF 
maintaining substrate, i.e. parts of the atrial myo-
cardium, which support by their modified electro-
physiological properties the continuation of AF.  
Consequently, PVI alone has shown only low to 
moderate success rates.13,14 Currently, most stud-
ies use PVI combined with various additional ab-
lation techniques for substrate modification, such  
as,  ablation lines deployed in the left atrium. 

Results of PVI in paroxysmal AF

After the establishment of complete isolation of 
all reachable PVs as the accepted endpoint in par-
oxysmal AF ablation, a multitude of studies were 
published dealing with this approach. Reported 
success rates of PVI were high in these publications 
with approximately 75-85% of patients completely 
free of arrhythmia. In the last years, with increased 
patient monitoring using sequential Holter-ECGs, 
transtelephonic monitoring or implanted moni-
toring systems, success rates dropped to  a more 
realistic 60-75%.15-18 However, in most published 
studies results are presented as combined ef-
ficacy after 1 or multiple ablation procedures.

In a prospective assessment by Winkle et al. 19 single 
procedure success was 60.9% after a follow-up time 
of 4 years. Patients who needed repeat ablation had 
a higher success rate after the second procedure and 
the overall success was 83.6% after 1.3 procedures.

Combination of PVI with other ablation approach-
es such as linear ablation or limited AF substrate  
ablation, remained restricted to a few studies, 
mostly because of limited or no advantage over 
PVI alone.13,20,21

Ablation techniques and results in persis-
tent AF

As outlined above, sole elimination of initiat-
ing trigger by PVI resulted in low success rates 
in persistent AF. First results with long left atrial 
linear lesions to dissect the atria in smaller, not 
proarrhythmic compartments, also showed non-
satisfying results.22

By the introduction of refined 3D mapping sys-
tems and highly improved visualization tools 
to display the patient’s individual anatomy as 
well as to continuously monitor all intracardially 
placed catheters, the results of linear ablation in 
persistent AF could be substantially improved.23-25

In 2004, Nademanee et al.26 have shown that ar-
eas of complex fractionated atrial electrograms 
(CFAE) correlate with areas of slow conduction 
and pivot points of reentrant wavelets, i.e. CFAE 
correspond to atrial substrate maintaining AF. In 
121 patients with persistent and paroxysmal AF, 
biatrial CFAE ablation was performed with no at-
tempt to isolate the PV. After 1 year, stable sinus 
rhythm was present in 91% of patients after 1.15 
ablation procedures.

Other centers were not able to achieve such high 
success rates with CFAE ablation only. In a study 
by Estner et al. 27, patients with persistent AF were 
treated with CFAE alone or CFAE + PVI.  After a 
single procedure, 9% of patients who underwent 
CFAE-only-ablation were in sinus rhythm, com-
pared to 41% of patients who underwent CFAE 
+ PVI. Furthermore, a multi-center analysis28 has
reported a success rate of 16.3% after a single pro-
cedure using CFAE ablation without PVI. On the
other hand, a recently published meta analysis
showed that adding CFAE ablation to PVI im-
proved the ablation success significantly in pa-
tients with persistent AF (62% PVI + CFAE, 47%
PVI alone).13

In a recently published prospective random-
ized study by Estner et al., PVI+lines as well as 
PVI+CFAE showed moderate (36% and 37%), but 
very comparable single procedure results, which 
improved substantially by adding re-do proce-
dures.29
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In 2005, Haissaguerre et al.30 published a new 
comprehensive ablation approach in persistent 
AF, the so-called stepwise approach. It includes 
a stepwise performance of PVI, biatrial CFAE 
ablation and finally linear lesions in both atria 
to achieve an elimination of AF triggers and AF 
substrate. Ablation endpoint is to reach sinus 
rhythm during the procedure. The published suc-
cess rates are high, but include always at least a 
mean of 1.5-1.8 ablation procedures (most com-
monly 1-3 procedures) with 50-80% of patients 
with more than 1 procedure30,31,29,32 In follow-up, 
patients who reached the ablation endpoint of  
AF termination by ablation had the best outcome.

The discussion concerning the “best” ablation strat-
egy in persistent AF (PVI+CFAE, PVI+lines,  or step-
wise approach) is still ongoing, but the preliminary 
conclusion can be drawn, that repeat ablations will 
remain necessary in a large proportion of patients.

Single procedure and long-term success of 
AF ablation: new findings

In the last year, long term studies overlooking a 
follow-up of up to 10 years have been published 
showing late relapse (>1 year in sinus rhythm) af-
ter initial successful ablation and need of repeat 
ablation procedures to achieve good success rates.

It is still a matter of debate why repeat ablation 
procedures in patients with AF are necessary, as 
a single procedure suffices in most other arrhyth-
mias (e.g., AV-nodal reentrant tachycardia or typi-
cal flutter treatment with success rates of >90%).

In particular, it is not clear whether repeat abla-
tion is necessary due to the complexity of the 
arrhythmia itself (and our incomplete under-
standing of it) or because of shortcomings of 
the used ablation approaches and techniques.

Success after single ablation in paroxysmal 
atrial fibrillation

In the past 3-4 years, several studies33-35,20,36-43have 
reported single ablation procedure success rates 
in patients with paroxysmal AF (see Table 1). All 
studies included PVI as an ablation technique, 
with 69 to 1404 patients treated.  Success rates af-
ter a single procedure with a blanking period of 6 

weeks to 3 months and off antiarrhythmic medi-
cation varied from 29-73%. Since the big varia-
tion in success rate seems to be closely linked to 
the quality and quantity of rhythm monitoring 
after ablation, it can be assumed that the real 
success rates are probably at approximately 50-
60% after one year of follow-up. If follow-up was 
longer than one year44,45,33 a yearly decrease of 
ca. 2.5-4.0% in the percentage of arrhythmia-free 
patients was observed . For example, Ouyang  
et al. [34]have shown a time dependence of re-
currence with stable sinus rhythm after a single 
procedure after 1 year of 62%, with a low but 
steady relapse rate of 2.5-4% thereafter to a final 
success rate after 5 years of follow-up of  46.6%.

Success after single ablation in persistent 
atrial fibrillation

Similar to paroxysmal AF, recent studies 
40,46,47,31,27,29,32 have shown  success rates after a single 
ablation procedure of 11 -61%   (see Table 2), i.e. a 
lower rate compared to patients with paroxysmal 
AF. Most of these investigations refer to results off 
antiarrhythmic medication, and have included 
substrate modification approaches like CFAE ab-
lation or additional atrial lines in addition to PVI. 

Success after multiple ablations in paroxys-
mal and persistent atrial fibrillation

In comparison to the success rates after a single 
ablation procedure in patients with paroxysmal 
or persistent AF, rates after multiple procedures 
are significantly higher. As shown in Tables 1 and 
2, 59-92% of patients with paroxysmal AF main-
ly off antiarrhythmic medication and 57-83% of 
patients with persistent AF show stable sinus 
rhythm. In patients with paroxysmal AF, 1.1 to 2 
procedures per patient were necessary to achieve 
these results. In patients with persistent AF, 1.3 
to 2.3 procedures per patient were required (see 
tables 1 and 2). The success rates and number of 
procedures vary between the cited studies due 
to different ablation approaches (in particular, in 
patients with persistent AF), different follow-up 
strategies, and use of antiarrhythmic medication. 

Cause of arrhythmia recurrence

Most of the studies cited above have shown 
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a requirement for repeat ablation procedures 
to achieve good success rates. This leads to the 
question of the cause of arrhythmia recurrence. 

Paroxysmal atrial fibrillation: the problem is 
PV reconnection

In 2003, Cappato et al. [48] have shown that 4.6 

months after initially successful PVI, 83% of for-
merly isolated PVs showed reconnection; this fig-
ure drops only slightly to 73% in patients undergo-
ing a third ablation procedure.  The percentage of 
patients with reconnected PVs during repeat PVI 
ranges from 73-95%.37,44,35,46,49,50 

Even in patients with late relapse after an arrhyth-

Table 1

Studies with single and multiple procedure success in patients with mainly paroxysmal AF. All 
studies show that after multiple procedures the success rates improve significantly. Off AAD 

= off antiarrhythmic drugs. CPVI: circumferential PVI, SPVI: segmental PVI, APVI: antral PVI, 
SVC: superior vena cava., CPVA: circumferential pulmonary vein ablation, CTI: cavotricuspid 
isthmus Only studies with declaration of single and multiple procedures success and declara-

tion of procedures were included.

Study N Single procedure 
success

Multiple proce-
dure success

Number 
of proce-

dures
Paroxysmal/persistent AF

Gerstenfeld 
et al. 200639 97 58% 79% 1.4 PVI of arrhythmogenic vein, off 

AAD

Dixit et al. 
200838 103 59%/61% 90%/94% 1.2

74% paroxysmal, off AAD, end-
point: AF control, all PVI versus 
PVI of arrhythmogenic vein

Van Belle et 
al. 200835 141 49% 59% 1.2 Cryoballoon, off AAD

Fiala et al. 
200859 110 56%/57% 80%/80% 1.4 SPVI vs. APVI, off AAD

Deisenhofer 
et al. 200921 98 75%/76% 74%/83% 1.3/1.4 PVI v. PVI + CFAE

Bhargava et 
al. 200936 1404 73% 88% 1.2

728 Paroxysmal, 676 persistent, off 
AAD
APVI + SVC

Di Biase et 
al. 200920 103 89%/23%/91% 86%/92% 1.1 APVI vs CFAE vs APVI + CFAE, 15% 

AAD
Ouyang et 
al. 201034 161 47% 79% 1.5 CPVI, off AAD

Sawhney et 
al. 201043 66 58%/51% 85%/85% 1.3/1.4 SPVI versus CPVI+roof line, mitral 

isthmusline, off AAD
Verma et al. 
201042 101 74%/48%/29% 88%/68%/38% 2 PVI+CFAE, PVI, CFAE, 96% without 

AAD
Fichtner et 
al. 201141 356 35% 59% 1.5 SPVI, off AAD

Miyazaki et 
al. 201151 574 65% 84% 1.4

Paroxymal and persistent AF, 
off AAD, in paroxysmal CPVI + 
tricuspid isthmus, in persistent AF 
additional left atrial lines

Pappone et 
al. 201160 99 73% 91% 1.3 CPVA + left atrial lines, CTI

Weera-
sooriya et al. 
201133

100 40%/37%/29% after 1, 
2, 5 years

87%/81%/63%
after 1,2, 5 years 2

63%/37% parox/pers
Parox: PVI + CTI
Pers PVI+ CTI+left atrial lines

Winkle et al. 
201119 843 60.9%/42.9%/35.2 83.6%/62.2%/57.3 1.3 Parox, /pers.,/ longlasting pers. 

after 4 years
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thermore these patients showed a longer left atrial 
(LA)- PV conduction delay. In patients with still 
complete isolation of all PVs after 3 months, no 
symptoms or documentation of arrhythmia recur-
rence were noted. In a study by Ouyang et al.55 
7 patients without arrhythmia recurrence under-
went a repeat procedure; in these patients all PVs 
showed isolation compared to patients with ar-
rhythmia recurrence. These results underline the 
importance of permanent PV isolation. 

However, permanent PVI seems difficult to 
achieve. Yamane et al.56 have studied 65 patients 
with paroxysmal AF who underwent PVI by dou-
ble lasso technique. 30, 60 and 90 minutes after 
initially successful PVI (293 PVs), 20mg of adenos-
ine and 4-8µg isopreterenol have been applied. If 
reconnection occurred, repeat PVI was performed 
and tested again with adenosine and isopretere-
nol. After 30 minutes, 75 gaps in 53 PVs showed 
reconnection in 37 patients. After 60 minutes, 64 
gaps where still detectable; of these, 54 were new 
gaps. After 90 minutes, 8 gaps were still inducible.  
After this extensive PVI and 1 year of follow-up, 
92% of patients were in stable sinus rhythm off 
antiarrhythmic drugs. 

mia free interval of >1 year PV reconnection seems 
to be the main problem.45,44,51 

Non-PV triggers seem to play a minor role in pa-
tients with paroxysmal atrial fibrillation. A study 
by Wang et al.49 has shown similar results in pa-
tients who underwent PVI compared to patients 
who underwent PVI and additional isolation of the 
vena cava superior. In a study by Gavin et al. 52, ad-
ditional ablation in the coronary sinus did not lead 
to a higher rate of sinus rhythm compared to  PVI 
alone. In contrast, patients with AV nodal reentrant 
tachycardia (AVNRT) and AF have benefited from 
ablation of AVNRT without PVI, resulting in stable 
sinus rhythm in 12/13 patients.53

It is still not clear if reconnection of PVs is the only 
cause of arrhythmia recurrence. Until now, only 
two small studies are available which address this 
question. Willems et al.54 have performed robotic 
PVI in 64 patients with paroxysmal AF. After 3 
months, 63% underwent repeat procedure regard-
less of arrhythmia recurrence. In this investigation, 
43% of initially successfully isolated PVs showed 
reconnection. In patients who had no arrhythmia 
recurrence compared to patients with arrhythmia 
recurrence the number of reconnected PVs was sig-
nificantly lower with 1 versus 2 PVs (p = 0.006); fur-

Table 1

Studies with single and multiple procedure success in patients with mainly persistent AF. All 
studies show that after multiple procedures the success rates improve significantly. Off AAD = 
off antiarrhythmic drugs, PVI: pulmonary vein isolation, CPVI, circumferential PVI, APVI.: an-
tral PVI, CFAE: complex fractionated atrial electrocardiograms. . Only studies with declaration 

of single and multiple procedures success and declaration of procedures were included.

Study N Single procedure 
success

Multiple proce-
dure success

Number 
of proce-

dures
Ablation approach

Oral et al. 
2007 47 100 33% 57% 1.44 CFAE ablation, off AAD

Elayi et al. 
2008 40 144 11%/40%/61% 28%/83%/94% 2

Permanent AF, success rates 
with AAD
Comparing CPVI, APVI, CFAE 
+ PVI

Estner et.
al. 2008 27 141 77 9/41% 1.3 CFAE vs. CFAE + PVI, off AAD

Rostock et al. 
2008 32 88 38% 81% 1.8 stepwise

Oral et al. 
2009 46 119 36%/34% 68%/60% 1.3 APVI versus APVI + CFAE, off 

AAD
Estner et al. 
2011 29 116 37%/39% 54%/56% 1.25/1.28 CPVI+lines, vs SPVI+CFAE

Rostock et al. 
2011 31 395 27% 79% 2.3 Stepwise approach with PVI, CFAE 

and if needed lines, 15% AAD
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reached using one or multiple catheter ablation 
procedures. Arrhythmia recurrences leading to re-
peat ablation procedures seem to be caused mainly 
by reconnection of formerly isolated pulmonary 
veins in patients with paroxysmal AF and non-
controlled substrate in patients with persistent AF.  
A third problem might be the development of new 
triggers or substrate in long-term follow-up.

Promising techniques like contact force measure-
ments to achieve better permanent PV isolation are 
in development. For persistent AF, termination of 
AF to sinus rhythm during the first ablation proce-
dure seems to be a first measure to assess sufficient 
extent of substrate modification.
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Introduction

Radiofrequency catheter ablation (RFCA) has 
evolved to become an important treatment modal-
ity for drug refractory symptomatic paroxysmal 
and persistent atrial fibrillation (AF).1 The success 
rate RFCA of AF is estimated to be 60-80 % in a 
worldwide survey.1 Although short-term follow-
up studies have shown that RFCA significantly im-
proves the quality of life in patients suffering from 
such an arrhythmia, its long term effects on the 
incidence of stroke and heart failure and the over-
all mortality remain to be determined.1,2 Recently, 
Gibson et al.3 used right heart catheterization to 
investigate 19 patients (out of 1380 consecutive pa-
tients) who had developed unexplained dyspnea 
with “less than mild” mitral regurgitation on echo-
cardiography after RFCA of AF. They demonstrat-
ed “new or worsening” pulmonary hypertension 
alongside diastolic dysfunction of the left atrium 

(LA) reflected as large V waves recorded on pul-
monary capillary wedge or LA pressure tracings 
in the absence of significant mitral regurgitation 
in these patients. These findings were indicative of 
LA diastolic dysfunction, consistent with the so-
called “stiff LA syndrome” originally observed in 
patients, status post-surgical replacement of the 
mitral valve.4 Despite the incidence being relative-
ly small (1.4%), they implied that RFCA-induced 
scarring of the LA was the culprit and the “stiff 
LA syndrome” could have accounted for pulmo-
nary hypertension and symptoms of heart failure 
in these patients. Since the LA diastolic function 
is seldom contained in the evaluation of patients 
following RFCA of AF, we aim to review the sub-
ject and propose the use of two-dimensional (2-D) 
echocardiography along with tissue Doppler im-
aging and Doppler-derived strain (rate) imaging 
for noninvasive quantitative assessment of the 
LA function5,6 in managing this subset of patients.

Corresponding Address : Ruey J. Sung, MD., Institute of Life Sciences, National Central University, 300 Jhongda Rd, Jhongli, 
Taoyuan, Taiwan 320.

Left Atrial Diastolic Dysfunction following 
Catheter Ablation of Atrial Fibrillation

Hsin-Yueh Liang,1 MD, Ruey J. Sung,2 MD 

Graduate Institute of Clinical Medical Science1, China Medical University, Taichung, Taiwan; Institute of Life Sci-
ences2, National Central University, Taoyuan, Taiwan 

Abstract

Radiofrequency catheter ablation (RFCA)-induced thermal injury may cause and/or worsen left atrial (LA) dia-
stolic dysfunction leading to pulmonary hypertension and heart failure in patients with atrial fibrillation (AF), 
the incidence of which is probably more common than is generally realized. Biplane 2-dimensional echocardiog-
raphy coupled with tissue Doppler (velocity) imaging and Doppler-derived strain (rate) imaging can be applied 
to provide quantitative assessment of the LA function (both systolic and diastolic) relative to pulmonary venous 
circulation and left ventricular function. Information so obtained is useful for guiding follow-up management of 
patients undergoing RFCA of AF.
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Effects of Radiofrequency Catheter Ablation on 
Systolic Function of Left Atrium 

RFCA of AF is considered a relatively invasive 
and complex procedure. It requires trans-septal 
placement of mapping and ablation catheters 
from the right atrium to the LA and application 
of radiofrequency energy to produce thermal in-
jury to the LA tissue.1,7 An extensive area of RFCA 
seems required for successful elimination of AF.8 
However, because of the complexity of the trig-
ger/substrate of AF, the exact extent of the area 
and the amount of tissue needed to be ablated 
in the LA remain debatable. Consequently, the 
procedure strategy varies greatly among differ-
ent centers.1,7 In general, for effective restoration 
of sinus rhythm, a “stepwise approach” is pre-
ferred, i.e., circumferential pulmonary vein (PV) 
isolation followed by ablation lines created in the 
roof, anterior wall, septum, mitral isthmus, and/or 
posterior annulus, and if deemed necessary, addi-
tional ablation of fractionated atrial electrograms 
is performed.1 As such, it is hoped that sufficient 
scar tissue can be created in the LA to prevent ini-
tiation of any sustainable reentrant arrhythmias. 

It has been shown that RFCA can produce scarring 
and fibrosis of the atrial wall with subsequent thin-
ning.9 To assess the effect of scar tissue so created 
on the LA function, Wylie et al.10 performed car-
diovascular magnetic resonance imaging (MRI) in 
33 consecutive patients with paroxysmal or persis-
tent AF before and after (mean 48 days) circumfer-
ential PV isolation. They noted that the maximum 
LA volume decreased by 15% (P <0.001), whereas 
LA ejection fraction decreased by 14% (P <0.001) 
in 16 patients of the study cohort in whom high 
spatial resolution late gadolinium enhancement 
MRI images of LA scar were obtained. Of note, the 
decrement in LA systolic function correlated well 
with the amount of LA scar presumably produced 
by RFCA (mean LA scar volume 8.1 ± 3.7 ml; r = 
-0.75, P <0.001). They concluded that that LA scar
produced by RFCA could adversely affect the
LA systolic function and thus raised concern that
procedures with extensive RFCA might increase
the risk of post-procedural thromboembolism.
No LA diastolic function relative to the amount
of LA scar was evaluated in the study.

Numerous clinical studies have attempted to ad-

dress the effects of the RFCA procedure on the 
LA. Jeevanantham et al.11 identified 17 out of 
192 studies, enrolling 869 patients, in which pri-
mary outcomes had been set forth for changes 
in the LA size or volume and/or function before 
and after RFCA; fixed- and random-effects meta-
analyses were used to weigh mean differences 
for changes in LA diameter, LA maximum vol-
ume, LA minimum volume, LA ejection fraction, 
and LA active emptying fraction. They found that 
decreases in LA diameter and LA volumes were 
significant in those without but not in those with 
AF recurrence and that while LA ejection fraction 
and LA active emptying fraction decreased in pa-
tients with AF recurrence, they did not decrease 
in patients without AF recurrence. They surmised 
that successful RFCA in patients with AF sig-
nificantly decreased the LA size and volume but 
did not seem to adversely affect the LA systolic 
function. As had been pointed out by Gibson et 
al.3 most of these studies included in this meta-
analysis used variable RFCA strategies and were 
mostly retrospective in nature using consecutive 
and relatively small sampling designs, and none 
of them had systemically addressed the issue of 
RFCA effects on the diastolic function of LA.

Mechanical Function of the Left Atrium in the 
Presence of Normal and Abnormal Left Ventricu-
lar Function

Bridging between the PV system and the left ven-
tricle (LV), normally the mechanical function of 
LA consists of three phases during the cardiac 
cycle, serving as a pump, a reservoir, and a con-
duit, and thereby modulating intermittent filling 
of the LV.12 First, the LA contracts right before the 
onset of the systolic phase of LV establishing the 
LV end-diastolic volume. Second, it becomes a res-
ervoir that stores PV return during LV contraction 
and isovolumic relaxation after the closure and be-
fore the opening of the mitral valve. Third, the LA 
provides a conduit that directs its contents into the 
LV via an LA-LV pressure gradient after the mitral 
valve opens while continuing to passively transfer 
PV blood flow during LV diastasis.11 The relative 
contribution of the LA pump function to the filling 
of the LV is estimated to be 25%, whereas those of 
the reservoir, and conduit functions, are 40% and 
35%, respectively.13 Nevertheless, these 3 phasic 
functions of the LA can be affected by changes in 
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LV function and age.14, 15 The booster pump contri-
bution to the cardiac output becomes increasingly 
important to the preservation of cardiovascular 
performance in patients with LV dysfunction. In 
the presence of LV diastolic dysfunction (i.e., ab-
normal relaxation), the relative contribution of LA 
pump and reservoir functions increase and that of 
conduit function decreases because of attendant 
reduction of the LA-LV pressure gradient during 
early diastole. As LV filling pressure progressive-
ly increases due to further deterioration of LV dia-
stolic dysfunction, pump and reservoir functions 
of the LA can be severely impaired, leaving the 
LA to serve predominantly as a conduit.13 Hence, 
LA function is in a close interdependence with LV 
function and as a result, LA remodeling is related 
to LV remodeling.15 Clinically, when the enhanced 
significance of LA systole to LV filling is compro-
mised because of severe LV dysfunction or due 
to AF (loss of atrial pump contribution), patients 
could then develop signs and symptoms of heart 
failure. In the latter situation caused by AF, these 
adverse effects can be reversed or lessened with 
subsequent restoration of normal sinus rhythm 
and LA contraction.13 On the other hand, aging 
causes structural changes of the LA wall that in-
crease fatty tissue, collagen and fibrosis, leading 
to progressive remodeling; functionally, the LA 
reservoir function remains relatively unchanged, 
whereas its conduit function decreases, which can 
be an expression of LV diastolic dysfunction.15 

Imaging Techniques for Evaluation of LA func-
tion

There are several imaging methods that can be 
used for assessing LA anatomy and function.5 

Both multi-slice computed tomography (MSCT) 
and cardiovascular MRI generate accurate LA 
and PV anatomy thereby providing useful in-
formation prior to RFCA. However, the former 
contains radiation exposure and the use of con-
trast agents, and the latter requires relatively 
long acquisition time and arduous data analysis. 
More significantly, the cost and the lack of bed-
side availability preclude them to be the first-
line use in the evaluation of LA function.5 Even 
in the follow-up care of patients, these two im-
aging methods are employed only in selected 
patients. While clinically it is also impractical 
to routinely perform right heart catheterization, 

the change of the LA function in different phases 
can be non-invasively assessed by 2-D echocar-
diography along with tissue Doppler imaging 
and Doppler-derived strain (rate) imaging.5,6 
The major shortcoming of the latter techniques is 
that they are computationally intensive; analysis 
and interpretation of velocity, strain and strain 
rate need to be done by well trained specialists. 

Two-Dimensional Echocardiography and 
the Doppler Method for Assessment of LA 
function

Another area of consideration when referring to 
LA volumes is that these volumes are usually 
calculated from apical four- and two-chamber 
views of the LA using the biplane technique.5 The 
LA volume calculated by 2-D echocardiography 
provides a more accurate measure of the LA size 
than that of the conventional M-mode echocar-
diography.5 Moreover, various LA volumes can 
be used to describe LA phasic function.16 Specifi-
cally, total LA emptying volume (i.e., an estimate 
of reservoir volume) can be calculated as the dif-
ference between maximum LA and minimum LA 
volumes; LA passive emptying volume as the dif-
ference between maximal LA volume and the LA 
volume preceding atrial contraction; LA active 
emptying (contractile) volume as the difference 
between pre-atrial contraction LA volume and 
minimum LA volume; LA (passive) conduit vol-
ume as the difference between LV stroke volume 
and the total LA emptying volume and lastly, the 
LA ejection fraction as the difference between 
the maximum LA volume and the minimum LA 
volume divided by the maximum LA volume.

Tissue Doppler imaging quantifies regional tis-
sue motion velocity, whereas Doppler-derived 
strain and strain rate depict local tissue defor-
mation and measure the rate of deformation, 
respectively.5,6,17,18 These two technologies have 
been validated for the assessment of both global 
and regional LV function and have recently been 
extended to the evaluation of regional LA func-
tion.5,6,17,18 Using standard pulsed-wave tissue 
Doppler imaging, mitral inflow velocities are re-
corded at the tips of the mitral valve leaflets in an 
apical four-chamber view.5,6 The pulsed Doppler 
profile of trans-mitral inflow is composed of an 
early (E wave) and late (A wave) diastolic flows. 
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The E wave represents LV filling in early diastole, 
which is a combination of passive and active LV 
function when LA acts as a conduit. The trans-
mitral A wave reflects LA contractile function. 
PV flow velocities are measured from the apical 
four-chamber view usually by sampling the right 
upper PV. Spectral pulsed Doppler of PV can 
be used to evaluate LA function as well.19,20 The 
first positive wave (PVs wave) during LV systole 
indicates the reservoir function of LA, and the 
2nd positive wave (PVd wave) after the opening 
of mitral valve acts as LA conduit function. The 
reversal wave (PVa wave) after P wave on elec-
trocardiogram represents LA contraction which 
is usually combined with trans-mitral A wave to 
describe the booster pump function of the LA. 
Although the Doppler technique is an easy and 
reproducible way to evaluate LA function, it has 
been shown to be dependent on the LA loading 
condition, LA contractile state, and LV function.20 

Therefore, these potential limitations should be 
taken into consideration while attempting to in-
terpret the LA function using these indices. 

To obtain LA Doppler-derived strain (rate) data, 
a small sample volume of interest, usually less 
than 12 mm in length, is placed on each mid-
segment of the LA wall in four- and two-chamber 
views.5,6,17,18 With the use of the trans-mitral Dop-
pler profile of the aortic and mitral valves, differ-
ent cardiac phases of systole and of early and late 
diastole can be accurately identified. Peak strain 
and strain rate are calculated at each of several 
mid-LA segments (e.g., septal, lateral, anterior, 
inferior). The LA appendage is a highly contrac-
tile structure which provides important reservoir 
function of the LA, especially when the LA pres-
sure or volume is significantly increased.21 Due 
to its anatomical location, the trans-esophageal 
approach confers better assessment of its struc-
ture and function (e.g., the size, emptying and 
filling velocities).5,6,17,18 Analysis of velocity and 
strain (rate) of the desired atrial segment includes 
measurements during ventricular systole (Sa), 
early ventricular diastole (Ea) and late ventricu-
lar diastole (Aa). The Aa-wave is regarded as a 
direct measure of regional active atrial contrac-
tion and the Sa and Ea waves represent the pas-
sive expansion and emptying components of the 
LA function. Strain reflecting regional myocar-
dial lengthening is usually expressed as a posi-
tive value and strain reflecting regional myocar-

dial shortening a negative value (Figure 1).5,6,17,18

Relevant Clinical Studies Using the Doppler 
Method for LA Function Evaluation 

Several studies have demonstrated the value of re-
gional atrial strain (rate) in the analysis of patients 
undergoing external cardioversion. In 65 patients 
with lone AF for at least 3 months, Salvo et al.23 dem-
onstrated that these AF patients had significantly 
reduced atrial myocardial properties compared 
with healthy controls (velocity, 3.2±1.4 vs. 5.7±1.3 
cm/s; strain, 23.3±19 vs. 92±26%; strain rate, 2±0.9-1 
vs. 4.2±1.8 seconds-1; P< 0.0001). Using multivari-
able analysis, they also showed that patients with 
higher LA strain and strain rate (especially, inferior 
wall peak systolic strain rate and septal peak sys-
tolic strain) had a greater likelihood of maintaining 
sinus rhythm after external cardioversion. Similar-
ly, in 52 patients with AF for less than 1 year, Wang 
et al.24 found that compared with healthy controls, 
the LA velocity measured during ventricular sys-
tole (2.36±1.04 vs. 3.68±0.99 cm/s, P< 0.001) and ear-
ly diastole (2.78±1.26 vs. 3.50±1.11 cm/s, P< 0.05), 
and the strain rate calculated during ventricular 
systole (2.05±0.96 vs. 2.83±0.73 seconds-1, P< 0.01) 
were markedly reduced in AF patients. Moreover, 
the strain rate calculated during ventricular early 
diastole was significantly lower in patients who 
failed to respond or had AF recurrence when com-
pared with those without AF recurrence within 4 
weeks after external cardioversion (2.32±0.95 vs. 
3.17±0.93 seconds-1, P< 0.01). Additionally, they 
noted that a lower early diastolic strain and larger 
transverse LA diameter were independent predic-
tors of failure of external cardioversion (HR, 95% 
CI: 0.36, 0.14-0.88 and 2.85, 1.33-6.10, respectively).

In patients with chronic AF (>3 months and <1 
year), Thomas et al.25 showed that atrial strain 
was significantly decreased immediately after 
external cardioversion compared to healthy con-
trols and despite that there was gradual recovery 
with maximal changes observed in the initial 4 
weeks, atrial pump function failed to normalize 
over time. These latter findings confirmed that 
atrial stunning,26 characterized by reduced atri-
al mechanical function after restoration of sinus 
rhythm from AF could occur, thereby increasing 
the risk of thrombo-embolism. Kaya et al.27 also 
studied patients with chronic AF and noted that 
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0.007). Thus, these investigators had clearly dem-
onstrated that there was a significant decrease in 
LA compliance in patients with AF, affecting the 
reservoir and conduit functions as well as that 
of the booster pump which is virtually lost dur-
ing AF. They further advocated that regional LA 
function as assessed by combined tissue Doppler 
(velocity) imaging and Doppler-derived strain 
(rate) imaging could provide insightful informa-
tion for predicting success or failure for external 

LA (transthoracic approach) and LA appendage 
(transesophgeal approach) strain and strain rates 
were significantly lower one day after cardiover-
sion (5.0±2.8%/2.3±1.0; 7.6±3.6%/1.6±0.7, respec-
tively), which subsequently improved 10 days 
post-cardioversion. These sequential changes in 
the LA strain and strain rate were in parallel to 
those changes in the emptying and filling veloci-
ties of the LA appendage (e.g., LA systolic strain 
and LA appendage emptying velocity, r = 0.73, P= 

Figure 1: Representative atrial myocardial velocity (upper panel), strain (middle panel) and strain rate (low-
er panel) tracings are obtained from the left atrial septum. Four-chamber echocardiograms are displayed at 
the left and ECG at the bottom of each panel. A time interval (red line) depicting R-R of the ECG is shown 
in the lower panel. AC= atrial contraction; PAF= passive atrial filling; S= strain and VS= ventricular systole.
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Practical Considerations 

Despite RFCA being an effective means for elimi-
nating AF, this approach is limited by poten-
tially serious complications, the rate of which is 
in the range of 3.5 to 5%.29-31  Among these are 
pneumothorax, pericardial effusion/cardiac tam-
ponade, stroke/transient ischemic attack, femo-
ral pseudoaneurysm, valvular damage, arterio-
venous fistula, phrenic nerve injury, pulmonary 
vein thrombosis, atrio-esophageal fistula and 
death. Less well recognized are silent cerebral 
microembolism32-34 and recently described LA 
diastolic dysfunction.3 The incidence of silent 
cerebral microembolism has been reported to be 
more than 10% (ranging from 4.3 to 37.5 % de-
pending on the RFCA technology used) as docu-
mented by cerebral diffusion-weighted MRI.32-

34 On the other hand, it is difficult to determine 
the exact incidence of diastolic LA dysfunction 
produced by RFCA of AF as it may coexist with 
systolic LA dysfunction. Although Gibson et al.3 
reported that the incidence of the “stiff LA syn-
drome” presumably caused by RFCA-induced 
scar was only 1.4%, the study was confined to 
symptomatic patients with “less than mild” mi-
tral regurgitation on echocardiography. Judging 
from effects of thermal injury to the atrium,9 and 
considering complex pathophysiology of AF,35-39 

the exact incidence of RFCA-induced LA diastolic 
dysfunction is likely to be more prevalent than is 
generally realized. First, many patients have pre-
existing atrial scar (fibrosis/low-voltage tissue) 
caused by aging and AF.15,35 Experimentally, AF 
and LA fibrotic scar (electrical and structural re-
modeling) have been shown to be mutually caus-
ative, accounting for “AF begets AF”.36-39 Clini-
cally, tachycardia-induced atrial cardiomyopathy 
manifested as atrial stunning is not infrequently 
seen following conversion to sinus rhythm with 
surgery, antiarrhythmic drugs, electrical cardi-
version and RFCA.15,25,26,40 Second, LA diastolic 
dysfunction with pulmonary hypertension has 
been demonstrated in some of AF patients with-
out prior RFCA.41 Third, up to 40% of patients re-
quire a second RFCA for recurrence of AF and/or 
development of atrial flutter/atrial tachycardia.1 
Lastly, many of these AF patients have significant 
co-morbidities (e.g., heart failure, hypertension, 
stroke, sleep apnea, chronic obstructive pulmo-
nary disease, etc.), all of which, with or without as-

cardioversion and for guiding anticoagulation 
and anti-arrhythmic therapy in these AF patients.
More relevant to the present subject, Schneider et 
al.17 applied Doppler-derived strain (rate) to eval-
uate 118 patients (74 paroxysmal AF, 44 persistent 
AF) before and after RFCA for AF. With peak strain 
rate (SR) and strain (S) measured during systole 
(LAs) and at early (LAe) and late diastole (LAa), 
they noted that while both groups of patients had 
decreased atrial myocardial properties compared 
with controls after RFCA (Controls:SR-LAs 4.1 
seconds-1, S-LAs 88%, SR-LAa 22.9 seconds-1), 
the extent of decrement was more severe in those 
with persistent AF (SR-LAs 2.3 seconds-1, S-LAs 
25%, SR-LAa 21.9 seconds-1) than those with par-
oxysmal AF (SR-LAs 2.5 seconds-1, S-LAs 30%, 
SR-LAa 22.2 seconds-1) (P< 0.011). Moreover, 
these parameters increased in patients who had 
maintained sinus rhythm in contrast to patients 
who had had AF recurrence during a 3-month 
follow-up (P< 0.001) and the best predictors for 
maintaining sinus rhythm were cut-off values of 
2.25 seconds-1 for septal and inferior SR-LAs and 
of 19.5% for inferior S-LAs (P< 0.001). They con-
cluded that Doppler-derived strain (rate) imaging 
could be applied to quantitatively assess LA func-
tion and data so obtained could be used as a po-
tential marker of atrial reverse remodeling after 
RFCA. Of interest, using delayed-enhancement 
MRI to quantify and visualize the extent of scar 
tissue in atrial myocardium, Kuppahally et al.28 
studied 65 patients with paroxysmal AF (44%) or 
persistent AF (56%), in whom 2-D echocardiog-
raphy and Doppler-derived LA strain (rate) had 
been obtained. They demonstrated that fibrosis 
values correlated inversely with LA mid-lateral 
strain (r= −0.5, P= 0.003) and strain rate (r= −0.4, 
P< 0.005). Patients with persistent AF seemed to 
have more fibrotic scar compared to those with 
paroxysmal AF (22±17% vs.14±9%, P=0.04) and 
lower mid-septal (27±14% vs. 38±16%, P= 0.01) 
and mid-lateral (35±16% vs. 45±14% P= 0.03) LA 
strains. Furthermore, multivariable regression 
showed that mid-lateral strain (r= −0.5, P= 0.006) 
and strain rate (r= −0.4, P= 0.01) inversely corre-
lated with the extent of fibrosis independent of 
other echocardiographic parameters. Based on 
these results, they suggested that 2-D echocar-
diography conjoined with the Doppler method 
could provide accurate information to reflect LA 
structural and functional changes related to AF.
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sociated LV dysfunction, can result in atrial myo-
cardial degeneration with AF progression and/or 
LA dilatation with mechanical dysfunction.1,42,44 

Under these circumstances, RFCA-induced scar 
will certainly further add to the impairment 
of  systolic and/or diastolic function of the LA.

Also noteworthy, creation of linear lesions dur-
ing RFCA of AF, especially the septal line, may 
inadvertently isolate the LA appendage there-
by delaying its activation.44,45 Since the LA ap-
pendage plays an important role in the LA res-
ervoir function and is the most common site 
of thrombus formation,21,46 whether this latter 
complication by itself, or as part of global LA 
dysfunction is serious enough to predispose 
to forming thrombus despite elimination of 
AF has been raised as an issue of concern.44,45 

Taken together, while either MSCT or cardiovas-
cular MRI may be needed for guiding the RFCA 
of AF procedure, we propose that biplane two-
dimensional echocardiography along with tis-
sue Doppler imaging and Doppler-derived strain 
(rate) imaging be systematically obtained before 
and periodically after RFCA of AF for evaluation 
of the LA function (both systolic and diastolic) 
in this subset of patients. Early detection of any 
new or worsening LA dysfunction function and/
or pulmonary hypertension should prompt phy-
sicians to appropriately institute a therapeutic 
regimen of preload and/or afterload reduction for 
preventing development of heart failure which is 
also one of independent risks of severe stroke.47

Also of clinical relevance, because mechanisms 
underlying thrombogenesis in AF are complex 
and only partly understood, the answer to the 
question as to whether anticoagulation therapy 
can be discontinued after apparent success of 
RFCA remains uncertain and debatable.48,49 In 
general, warfarin is recommended for all patients 
for at least 2 months after the RFCA procedure 
and decisions regarding the use of warfarin there-
after are based on the risk stratification for stroke 
even after seemingly successful restoration of si-
nus rhythm. Discontinuation of warfarin therapy 
is generally not recommended in patients who 
have a CHADS2 score (congestive heart failure, 
hypertension, age >75 years, diabetes mellitus, 
and prior stroke or transient ischemic attack) > 
2.50. Herein, we advocate that alteration of the 

LA function after RFCA of AF be additionally tak-
en into consideration during follow-up evaluation 
of these patients. Specifically, anticoagulation ther-
apy should be continued in patients with sponta-
neous echo contrast which is usually found in the 
LA appendage,46 and those with low LA ejection 
fraction, reduced or absent emptying and filling 
velocities of the LA, especially the LA appendage.46

Conclusion

From an electromechanical perspective, 2-D echo-
cardiography along with tissue Doppler (velocity) 
imaging and Doppler-derived strain (rate) imaging 
can be noninvasively used to provide a better un-
derstanding of the LA function and its relationship 
with LV function as well as PV circulation. Rou-
tine and systematic application of these technolo-
gies before and after RFCA of AF will allow early 
detection of LA dysfunction, both systolic and/or 
diastolic, in the presence or absence of associated 
LV dysfunction. It is anticipated that proper initia-
tion of preload and/or afterload reduction therapy 
can prevent or minimize new or worsening heart 
failure and pulmonary hypertension and that pru-
dent anticoagulation therapy may reduce the risk 
of thromboembolism in this subset of patients.
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Introduction

Almost since its clinical introduction 50 years ago, 
echocardiography has played a vital role in the 
management of atrial fibrillation (AF).  That role 
continues to expand as advances in both echo-
cardiographic technology and arrhythmia treat-
ment combine synergistically. The revolution in 
catheter based treatment of AF has increased the 
demand for more precise imaging from a vari-
ety of modalities, including transthoracic (TTE), 
transesophageal (TEE), Doppler echocardiogra-
phy and speckle tracking. Increased precision in 
assessment of left atrial (LA) anatomy and func-
tion made possible by advances in these mo-
dalities has enhanced our understanding of the 
natural history of AF, and has provided supe-
rior tools for assessment of treatment efficacy. In 
the following pages, we undertake to review the 
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many contributions of echocardiography to AF 
management and to highlight recent advances 
in echocardiographic imaging relevant to the 
management of this most common arrhythmia. 

Estimation of LA size in the setting of AF

Quantification of atrial volumes using digitized 
images has produced major advances in our un-
derstanding of the relationship between LA size 
and both short and long-term outcome in patients 
with AF. LA volume may be estimated by several 
techniques.1 The simplest but least accurate for-
mula for calculation of LA volume assumes the 
chamber takes the shape of a sphere and cubes it 
along 3 axes using the AP dimension; LA-Cube 
= 4/3 π(APDimension/2)3.2 This method’s major 
drawback is the inherent inaccuracy of the sphe-
ricity assumption, as well as the reality that any 
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error in AP dimension will be multiplied 3-fold. 
An alternative ellipsoid model uses the LA M-
mode AP dimension from the parasternal long 
axis view (D1), the LA minor diameter in the long 
axis view (D2), and the length of the LA from 
roof to the center of the closed mitral valve at 
end systole from the apical four-chamber view-
sas (4π/3)(L/2)(D1/2)(D2/2) (Figures 1a and 1b).

Both of these methods have largely been sup-
planted by either the area-length method3 or the 
biplane method of discs (Simpson’s rule). The 
area-length method assumes an ellipsoidal shape 
to the LA and consequently applies the formula 
for calculation of an ellipse by measuring the LA 
area in the 4-chamber and in the 2-chamber views;

LA volume(area-length) = (0.85 * LA area(4 cham-
ber) * LA area(2 chamber))/Shortest LA length

The area-length method’s inherent disadvantage 
is its primary assumption of LA three-dimension-
al (3D) shape. For dilated or otherwise deformed 
LA, the method may either over or underestimate 
true LA volume. 

Calculation of LA volume using Simpson’s rule, 
now available on most sonographs and off line 
analysis systems, represents the current gold stan-
dard for LA volume measurement (Figures 2a and 
2b).4  The method’s advantages are analogous to 
those appreciated for left ventricular (LV) volume 
estimation, as its accuracy does not depend upon 

geometry or symmetry of 3 dimensional LA 
shape. In contrast to the primary limitation to LV 
biplane measurements (inadequate endocardial 
visualization), poor blood tissue interface defini-
tion is less common given the thin walled nature 
of the LA. Although correlation between LA di-
mension and LA volume indexed for body sur-
face area (LAVI) is significant (r=0.69, p<0.001), 
LAVI is increased in nearly 60% of patients with 
normal LA dimension.5 For patients in sinus 
rhythm, LA volumes can be measured through-
out the cardiac cycle, and systolic and diastolic 
volumes can be subtracted for calculation of LA 
emptying volume.6 

In the setting of AF, increased LA size represents 
both cause and consequence. In longitudinal 
studies, increased LA dimension is an important 
predictor of risk for the development for AF.7,8 
Subsequently, both right atrial (RA) and LA size 
increase once AF occurs.9 The increase in biatrial 
size is progressive and is directly related to AF 
duration.10  Conversely, both RA and LA size de-
cline within hours following cardioversion and 
maintenance of sinus rhythm.11  The decline con-
tinues to progress for up to 8 months (if sinus 
rhythm is maintained).12 Patients who convert 
spontaneously enjoy a faster rate of reduction in 
LA dimension compared to those who require 
either electrical or chemical cardioversion.13

Studies investigating the relation between LA 

Figure 1a: The anteroposterior dimension (D1) obtained in 
the parasternal long axis view is used for the ellipsoidal esti-
mation of left atrial (LA) volume.

Figure 1b: The LA minor dimension (D2) and LA length 
from the roof of the atrium length (D3) obtained in the api-
cal 4-chamber view complete the 3 axes required for the cal-
culation; (4π/3) (L/2)(D1/2)(D2/2)
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size and the ability to maintain long term resto-
ration of sinus rhythm following cardioversion 
have produced discrepant results. Several studies 
have reported reduced rates of maintenance of si-
nus rhythm in patients with LA anteroposterior 
dimension >45 mm.14-16 Other observers have re-
ported no relation between any echocardiograph-
ic descriptor of LA size17-19 or any cutoff point pre-
dictive of  long term success post cardioversion.20 
Studies representing both sides of this issue have 
often been limited by small sample size, heteroge-
neous populations and short term follow-up. In 
the largest (411 patients) and most recent study 
to date, patients maintaining sinus rhythm for at 
least 6 months had significantly smaller LA vol-
umes (31.4 ml/m2) than those who did not main-
tain sinus rhythm (39.7 ml/m2).21Although the RA 
has not been studied as extensively, changes in 
RA size and function pre and post cardioversion 
appear to parallel those observed in the LA.9,11,12

Although 2D guided M-mode measurement of 
LA dimension has provided important clini-
cal and prognostic information, the correla-
tion between calculated LA volume and LA di-
mension is relatively poor,22 and LA volume 
has been shown to be superior to the older 
measurement .23,24 LAVI has emerged as a pow-
erful predictor of outcome in a wide variety of 
settings including heart failure,25,26 myocardial 
infarction,27 and ischemic stroke.28 In a large 
(n=1655) prospective series, LAVI emerged as a 
highly significant predictor of the development 
new AF.29 In patients with lone AF, increased 

LAVI predicts a higher frequency of adverse car-
diac events.30

Functional Measures of LA Function Pre 
and Post Cardioversion

Interrogation of diastolic flow through the mitral 
valve using spectral Doppler provides a powerful 
measure of LA passive and mechanical function. 
Following cardioversion from AF, the presence of 
a p wave on the surface electrocardiogram dem-
onstrates the return of atrial electrical activity. 
Return of atrial mechanical function, however, 
as demonstrated by the transmitral (and trans-
tricuspid) time velocity integral (VTI) produced 
by atrial contraction (A wave) is often delayed.31 
The rate of return of atrial mechanical function 
is dependent on both the duration of AF prior to 
cardioversion32,33 and the mode of cardioversion.34 
Biochemical function, as demonstrated by the 
progressive return of plasma atrial naturetic pep-
tide, reappears coincident with A wave return.35 
Although initial A wave velocities post cardiover-
sion are not predictive of long term success,31-36 
lack of A wave progression, and peak transmit-
tal A wave  velocity at 24 hours in patients who 
maintain sinus rhythm are higher compared to 
those return to AF post cardioversion.37

Atrial ejection force describes the force gener-
ated by the contracting atrium in terms of clas-
sical mechanics; force=mass x acceleration.38 The 

Figure 2a: LA volume calculated using the method of discs 
(Simpson’s rule) in the apical 4-chamber view. The calcula-
tion is performed using automated software.

Figure 2b: LA volume calculated using the method of discs 
(Simpson’s rule) in the apical 2-chamber view. The biplane 
measurement is calculated using the diameters from both 
views to calculate the volume of each disc and then sum-
ming the volumes together.
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mass of blood ejected by the LA is calculated as 
the product of blood volume ejected during the 
acceleration phase x blood density (ρ). The blood 
volume ejected during the acceleration phase is 
calculated as ½ the time velocity integral of the A 
wave x  the mitral valve annular diameter, and ac-
celeration is calculated as the 1st derivative of the 
change in A wave velocity, dA/dt, again during 
the acceleration phase. Combining the two vari-
ables cancels out the time factor and simplifies to:

Atrial ejection force= 0.5 (mitral valve area) (peak 
A wave velocity )2

In a fashion analogous to peak A wave velocity, 
recovery and magnitude of atrial ejection force is 
a predictor of long term maintenance of normal 
sinus rhythm.38

For patients in AF, LA appendage (LAA) flow 
measured by transesophageaal echocardiogra-
phy (TEE) guided pulse Doppler interrogation at 
the mouth of the LAA is a powerful predictor of 
both thromboembolic risk and rhythm outcome. 
The pattern produced by the LAA flow in AF dif-
fers distinctly from that seen in sinus rhythm; the 
characteristic 4 phase pattern of appendage fill-
ing and contraction (Figure 3a)39 is replaced by 
an irregular chaotic series of waves of varying ve-
locity (Figure 3b). As LAA function deteriorates, 
the morphology of the flow velocity becomes less 
distinct and peak velocity declines markedly (Fig-
ure 3c). Decreased mean LAA flow velocity (<40 
cm/sec) is strongly correlated with a high fre-
quency of spontaneous echo contrast,40 increased 
incidence of LAA thrombus41-43 and subsequent 
clinical thromboembolism.44 Reduced LAA flow 
velocity (<20 cm/sec) is also a significant negative 
predictor of maintenance of sinus rhythm follow-
ing cardioversion.45-47 TTE has also been reported 
to be a useful modality for evaluation of LAA ap-
pendage size and function.48 However, the utility 
of TTE for identification of AF patients who can 
be safely cardioverted without prolonged antico-
agulation is unknown.

TEE Guided Cardioversion of AF and Its Role in 
Catheter Ablation

Since the first report of the use of TEE for identi-
fication of LAA thrombi in patients with AF, TEE 

guided cardioversion has endured as a thera-
peutic strategy for converting patients with AF 
(and atrial flutter) to sinus rhythm without the 
use of prolonged pre-cardioversion anticoagu-
lation. Compared to the gold standard of open 
surgical visualization, the sensitivity of TEE for 
detection of LA thrombi is 100%, and the speci-
ficity is 99%.49-53 To date, four prospective trials 
have documented an equivalent incidence of 
clinical thromboembolism following a negative 
TEE for thrombus, compared with the tradition-
al approach of 4 weeks of therapeutic warfarin 
anticoagulation (International Normalized Ratio 
2-3) (Table 1).54-57 In addition, TEE guided cardio-
version is associated with a reduced incidence
of bleeding, 55 is cost effective,58 and may be as-
sociated with an interval dependent improve-
ment in the frequency of long term suppression
of AF post cardioversion.59 The efficacy of the
technique depends crucially upon the use of
anticoagulation (INR 2-3) in the peri-cardiover-
sion and post-cardioversion period. Data dem-
onstrate more impaired LAA ejection velocity
post electrical, chemical and even spontaneous
cardioversion. The majority of clinical throm-
boembolic events following a TEE negative for
thrombus have occurred either in the setting of
subtherapeutic anticoagulation or in the absence
of anticoagulation altogether.  Anectodal reports
have also demonstrated apparent dissociation of
function between the body of the LA (in sinus
rhythm) and the LAA (in mechanical AF).60 Ad-
ministration of echo contrast has been reported
to improve accuracy for LAA thrombus detec-
tion (Figures 4a and 4b).61

Although prospective data validating TEE for 
exclusion of LAA thrombi prior to catheter abla-
tion are somewhat limited,62 the technique has 
gained wide acceptance for that purpose.63,64 
Whether TEE is required for exclusion of throm-
bi in lower risk patients remains controversial,65 
as several observers have reported an incidence 
of LAA thrombi of <1.5% in patients with a 
CHADS2 score ≤1,66,67while Others have report-
ed a small but persistent incidence of thrombi 
even in the presence of therapeutic anticoagula-
tion.68 TEE is also commonly employed in com-
bination with alternate imaging modalities for 
identification of pulmonary vein anatomy and 
location, and for determination of pulmonary 
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Figure 3a: The pulse spectral Doppler appearance of LA ap-
pendage (LAA) flow during sinus rhythm (Reprinted with 
permission from Silverman DI and Manning WJ, The Com-
plete  Guide to Echocardiography. Jones & Bartlett Learning 
2001; Sudbury MA) 

Figure 3b: LAA flow during atrial fibrillation. Flow veloci-
ties in this example are normal (>40 cm/sec). 

vein stenosis post procedure.69 3D TEE provides 
an important tool for catheter placement during 
transeptal puncture, especially in the presence of 
structural abnormalities not readily detected by 
conventional radiographic imaging techniques70,71

Measures of LA Function Derived from Tissue 
Doppler Imaging and Speckle Tracking

The application of techniques for measurement of 
atrial strain provides a novel technique for assess-
ment of the relation between LA function and AF 
in a variety of settings. Strain describes the rate 
of myocardial deformation as the ratio of the dif-
ference in shortening of a particular segment to 
its initial length; L-L0/L0 where L0 =initial length 
and L=shortened length (Figure 5a). Systolic strain 
is thus by convention a negative value, as is its 1st 
derivative with respect to time, strain rate. Peak 
systolic strain can be calculated for any desired 
length and at any location along the blood tissue 
interface. While measurement of atrial strain and 
strain rate are still in their earliest phases, several 
intriguing findings have already been reported. 
Compared to LAA flow velocities, reduced atrial 
myocardial velocity, strain and strain rate are su-
perior predictors of persistence of sinus rhythm 
after cardioversion.46,72 Increased LA strain is also 
predictive of long term success post catheter ab-
lation of AF73-75 and long term reduction in atrial 
volume post procedure.76 Post cardioversion, atri-
al strain rate increases for up to 30 days and is cor-
related with increasing A wave  velocity ( ).

Echocardiographic Predictors of Thrombo-
embolism in AF

While the average annual stroke risk for unanti-
coagulated patients in AF approximates 
5%,78 individual risk varies greatly. In addition 
to well described clinical factors,79 a number of 
echocardiographic variables have endured as 
consistent predictors of increased risk for throm-
boembolism. Reduced left ventricular ejection 
fraction (LVEF) (<35%) is considered such a 
powerful factor that its presence is an indication 
for anticoagulation regardless of other factors.80 
Mitral regurgitation appears to be protective81( 
TEE parameters of increased clinical thrombo-
embolic risk42,74 and mortality51 include sponta-
neous echo contrast, decreased LAA fibrillatory 
wave velocity and LA  thrombus (Figure 6), and 
complex aortic plaque.

Journal of Atrial Fibrillation Featured Review

 www.jafib.com 70 Feb-Mar,  2012 | Vol 4 | Issue 5

Figure 3c:. LAA flow velocities are marked reduced in this 
example.  



Although no single echocardiographic variable 
discriminates between the presence and absence 
of LAA thrombus, increased LA volume index, 
especially in combination with reduced LVEF 
is associated with increased frequency of LAA 
thrombus formation at every level of CHADS2 
score.42 Conversely, in low risk patients (CHADS2 
score ≤1) a normal LVEF and normal LAVIare 
associated with the near absence of LAA throm-
bus.42 We have observed similar results in a se-
ries of patients with AF and CHADS2 score ≤1, in 
which LAVI is significantly increased compared 
to age and sex matched controls (unpublished 
data). Atrial strain is reduced in patients with AF 
and previous stroke compared to stroke free con-
trols82 and decreased LA strain is associated with 
increased stroke risk as determined by CHADS2 
scores.83

In summary echocardiography in all its manifes-
tations plays an irreplaceable role in the manage-
ment and prognosis of patients with AF. As it has 
in the past, we expect future advances in echocar-
diography will continue to strengthen this endur-
ing partnership between imaging and arrhythmia.
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Figure 5. Atrial strain mapped using speckle tracking. 
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Introduction

Atrial fibrillation (AF) is the commonest cardiac 
arrhythmia, and current estimates suggest a gen-
eral population prevalence of 1-2%. Patients with 
AF have a five times increased risk of stroke, and 
in addition quality as well as quantity of life is sig-
nificantly impacted upon as a direct result of the 
arrhythmia.1

The Leeds rapid access AF clinic was set up in 2007 
to streamline and standardise management of pa-
tients in the Leeds area with newly diagnosed AF. 
General practitioners are encouraged to directly 
refer all patients with suspected or confirmed AF 
to the service. All patients have a thorough clini-

cal assessment, including ECG and echocardiog-
raphy. Special attention is paid to the initiation of 
anticoagulation as well as rate and rhythm control. 

There has been concern amongst the clinicians 
running the service that south Asians (SA) are 
under-represented in these clinics compared to 
their European Caucasian (EC) counterparts . 
We therefore reviewed the prospectively col-
lected clinic database to investigate this further.
All patient attendances between June 2007 and 
June 2011 were documented and combined with 
ethnicity data from patient administration re-
cords. Local population demographics for 2009 
were obtained from the office of national statis-
tics2. This was used to estimate the expected prev-
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alence of AF across the different ethnic groups in 
Leeds taking age into account (as the incidence 
of AF is affected by age) using the following as-
sumptions; prevalence of AF 0% in the 0-15 age 
group, 0.5% in the 15-65 group and 7% in the over 
65 age group (Table 1). These estimates were de-
rived from prior studies that have documented 
the prevalence of AF according to age in different 
populations3,4,5.  The population of Leeds is cur-
rently 787,700 and using the above calculations 
including the other ethnic groups (black, mixed 
and other), the prevalence of AF adjusted for age 
in Leeds is estimated to be 11,819 or 1.5%. This 
figure is very close to the quality and outcomes 
framework (QOF) estimate of AF in Leeds at 1.3%6.

One thousand two hundred and ten patients 
were referred to the rapid access AF clinic over 
the study period. Ethnicity was not known in 
154 patients, 55 did not have AF, and there were 
7 in other ethnic groups. The study sample there-
fore included 992 patients (Table 1). According 
to our calculations, 33 SA patients should have 
been assessed during the study period.  Only 
4 were referred and seen which was 88% less 
than expected (Chi squared analysis; p<0.0001).

These results indicate that there is an under-repre-
sentation of SA in a large centre that serves a cos-
mopolitan population. Traditional risk factors for 
AF such as diabetes, hypertension and coronary 
heart disease are higher in the SA population7.  
Intuitively therefore, one would expect a much 
higher number of referrals with AF than we docu-
ment. Two potential explanations for this discrep-
ancy are that AF is under-recognised in this group 
or that there is yet unidentified genetic factor that 
protects SA against AF.  The former explanation 

is less likely since general practitioners are set 
targets and receive incentives if their patients 
have good documentation of cardiovascular risk 
factors and are appropriately managed8. There-
fore it would be in their interest to ensure that 
patient data and referrals are optimised.   The 
latter reason is interesting and could be a tenable 
explanation.  Although there are no studies to 
confirm there is data that suggests this may be 
the case. In a study comparing differences in SA 
and EC presenting for the first time with heart 
failure, Newton et al. found that although the 
rates of coronary disease were similar, diabetes 
and hypertension were more prevalent but there 
was significantly less atrial fibrillation in the SA 
group9. Furthermore, more recent work from the 
West Midlands in the United Kingdom found 
that amongst stroke survivors, there was signifi-
cantly less AF in SA patients compared to ECs10.

There are a number of limitations to this anal-
ysis. These include the fact that the prevalence 
of AF required derivation from population esti-
mates. Furthermore, only the patients referred 
could be assessed, and as yet we have no data 
on the total number of patient with AF in the 
area. In addition, although general practitioners 
are encouraged to refer patients to us, there is 
yet no obligation for them to do so, and hence 
some patients could be missed. However, our 
experience suggests that there tends to be over 
rather than under-referral.  Finally, a number 
of patients in which the ethnicity could not be 
identified had to be excluded from analysis.

This study which is the first of its kind has 
shown that SAs are under-represented in a large 
rapid access AF clinic serving an urban multi-

Table 1 Studies Evaluating Association of Diabetes with Atrial Fibrillation

European Caucasian  South Asian

Population according to age 
0-15
15-65
65+

110800 
446300 
126300

11800 
39900 
2800

Estimated AF prevalence in Leeds*  11073  396

Estimated numbers in clinic  936  33

Observed numbers in clinic 984  4
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ethnic population. If there is true under-referral, 
this is of serious concern and needs address-
ing immediately. On the other hand if there is a 
protective trait, further work is required to iden-
tify this trait which may have an important role 
in the management of this common condition. A 
larger scale population study is therefore urgently 
needed to determine the cause of this discrepancy.
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Introdution

The prevalence of atrial fibrillation (AF) in the 
population is increasing, from an estimated 2.3 
million adults in the United States currently, to 
5.6 million by the year 2050. In addition to age, hy-
pertension and ventricular hypertrophy are well-
known risk factors for the development of AF.2-4 
Animal models with ventricular hypertrophy and 
coincident AF have been described.5-10 The mecha-
nism of AF in these models has involved abnor-
mal atrial dilatation5-10 and/or fibrosis;5-7,10 howev-

er, few have been noted to have spontaneous AF.  

Heterogeneity in cardiac impulse propagation 
is a likely prerequisite for reentrant circuits and 
maintenance of rotors, conditions that promote 
AF. Accordingly, dysfunction of gap junction 
proteins has been hypothesized to underlie the 
development of AF. Connexin40 (Cx40) and 
Connexin43 (Cx43) are the principal connex-
ins found in the atria11 and play an important 
role in the propagation of the atrial action po-
tential.12 The loss of Cx40 function has been 
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Abstract

Cardiac hypertrophy is a major risk factor for the development of atrial fibrillation (AF). However, there are 
few animal models of AF associated with cardiac hypertrophy. In this study, we describe the in vivo electro-
physiological characteristics and histopathology of a mouse model of cardiac hypertrophy that develops AF. 
Myostatin is a well-known negative regulator of skeletal muscle growth that was recently found to addition-
ally regulate cardiac muscle growth. Using cardiac-specific expression of the inhibitory myostatin pro-peptide, 
we generated transgenic (TG) mice with dominant-negative regulation of MSTN (DN-MSTN). One line (DN-
MSTN TG13) displayed ventricular hypertrophy, as well as spontaneous AF on the surface electrocardiogram 
(ECG), and was further evaluated. DN-MSTN TG13 had normal systolic function, but displayed atrial enlarge-
ment on cardiac MRI, as well as atrial fibrosis histologically. Baseline ECG revealed an increased P wave dura-
tion and QRS interval compared with wild-type littermate (WT) mice. Seven of 19 DN-MSTN TG13 mice had 
spontaneous or inducible AF, while none of the WT mice had atrial arrhythmias (p<0.05). Connexin40 (Cx40) 
was decreased in DN-MSTN TG13 mice, even in the absence of AF or significant atrial fibrosis, raising the pos-
sibility that MSTN signaling may play a role in Cx40 down-regulation and the development of AF in this mouse 
model. In conclusion, DN-MSTN TG13 mice represent a novel model of AF, in which molecular changes includ-
ing an initial loss of Cx40 are noted prior to fibrosis and the development of atrial arrhythmias.

 www.jafib.com 78  Feb-Mar, 2012 | Vol 4 | Issue 5   



implicated in AF in humans13-15 and in different 
animal models of AF.16 Transgenic mice over-
expressing TNF-α and angiotensin converting 
enzyme were also found to have atrial arrhyth-
mias in concert with decreased Cx40 protein.17, 

18 While decreased connexin expression in these 
settings could represent a secondary response, 
mice with germ-line deletion of Cx40 have in-
ducible AF,19 supporting a primary mechanistic
role for reduced connexin 40 in arrhythmogenesis.

Myostatin (MSTN), a member of the TGF-β super-
family and a known negative regulator of skeletal 
muscle growth, has been reported to play a role 
in cardiac hypertrophy via inhibition of MKK3b 
(Mitogen-Activated Protein Kinase Kinase-3b) 
and Akt1 signaling.20 Like all members of the 
TGF-β superfamily, MSTN is synthesized as a 
pro-peptide, and activated through proteolytic 
cleavage of the N-terminal domain by subtilisin-
like proprotein convertase (SPC) metalloprotein-
ases. The active C-terminal domain is regulated 
through non-covalent binding to its N-terminal 
prodomain, with formation of a latent complex.
Over-expression of the N-terminal pro-peptide 
(DN-MSTN) inhibits MSTN’s effects by binding 
the active C-terminal domain of the endogenous 
MSTN.21,22 MSTN’s role as a negative regulator 
of skeletal muscle growth is well-established23 
as MSTN knock-out mice24 and mice with skel-
etal muscle-specific pro-domain overexpression25 
exhibit significant skeletal muscle hypertrophy, 
although its role in the heart is less clear. While 
MSTN and DN-MSTN regulate growth of iso-
lated cardiomyocytes and MSTN knock-out mice 
exhibit more exuberant cardiac hypertrophy to 
phenylephrine infusion,22 hearts of MSTN knock-
out mice are not enlarged at baseline. Further, 
diseased myocardium appears to secrete more 
MSTN, which has been attributed to some of the 
skeletal muscle wasting with heart failure.26 To 
study the role of MSTN in cardiomyocytes with-
out systemic or developmental confounders, we 
generated transgenic mice expressing DN-MSTN 
under control of the α-myosin heavy chain pro-
moter (α-MHC). A detailed characterization of all 
these transgenic lines is beyond the scope of this 
study, but here we report a detailed analysis of 
one transgenic line (DN-MSTN TG13) with high-
level transgene expression that displayed atrial ar-
rhythmias. We also describe a possible mechanism 
contributing to the generation of AF in these mice.

Materials and Methods

Generation of DN-MSTN TG13 mice 
Multiple independent founders were gener-
ated through pronuclear injection into FVB oo-
cytes of an α-MHC-driven DN-MSTN expres-
sion construct encoding the N-terminal MSTN 
pro-peptide and in which approximately 100 
amino acids comprising the active MSTN C-ter-
minus were removed and replaced in-frame with 
a Flag-epitope tag and stop codon.22 We derived 
several independent lines with stable Mendelian 
inheritance and a range of DN-MSTN expres-
sion. The line with highest expression (DN-MSTN 
TG13) were crossed to FVB wild-type mice and 
F2-F4 generation mice were used for this study.

Morphology and Immunohistochemistry
Mice were weighed, and then deeply anesthe-
tized with isofluorane (2%, 3-5cc/hr at 10 mmHg 
O2 pressure) prior to euthanasia. For gravimet-
ric studies, hearts were removed, weighed, and 
carefully dissected into atria and ventricles, each 
of which was rinsed of thrombus and blood with 
sterile phosphate-buffered saline, then weighed 
separately. These were then flash-frozen in liq-
uid nitrogen, fixed in cold 10% paraformade-
hyde or immersed in ice-cold 30% sucrose. 
2-3 four-chamber sections of hearts were cut per
mouse heart, and stained with hematoxylin and
eosin, and Masson’s Trichrome stain. In addi-
tion, separate atrial samples were sectioned, with
approximately 2-3 sections per mouse atrium,
stained with Picrosirius Red stain, as well as Cx40
(Goat primary, Santa Cruz), Cx43 (Rabbit pri-
mary, Cell Signaling), and Pan-Cadherin (Mouse
primary, Sigma-Aldrich) antibodies, which were
exposed through staining with both horseradish
peroxidase (HRP)-conjugated secondary antibod-
ies (IHC) or with IF-conjugated secondary anti-
bodies as follows: Cy5—Cx43, Rhodamine—Cx40,
FITC—Cadherin. IF-stained images were collected
at 20x magnification using Zeiss LSM 510 Meta
Confocal Microscope (Carl Zeiss, Inc), and other
images were also obtained at 20x magnification us-
ing Leica DM IRB microscope (Leica Camera AG).

Electrocardiographic Analysis and Isoproterenol Ad-
ministration 
Initial baseline electrocardiographic (ECG) data 
was obtained at median age of 167 days old (range 
68 – 306). Mice were anesthetized with isofluorane 
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(1-1.5% in O2 at 3-5cc/hr), and 4-unipolar subcu-
taneous leads were place on the proximal limbs. 
Isofluorane was titrated to maintain respiratory 
rate of ~110 breaths/min. Recordings were ob-
tained for measurement after a 5-10 minute ac-
climation period. Baseline cardiac cycle intervals 
were measured, including the heart rate, cycle 
length, PR, QRS, and QT intervals. Any arrhyth-
mia, if present, was documented. Data were re-
corded and analyzed using Chart 5 (version 5.5.3, 
AD Instruments) software. After recording base-
line data, isoproterenol (2µg/g)27 was adminis-
tered intra-peritoneally to increase heart rate by 
~20-25% in order to study the effects of adrenergic 
stimulation on arrhythmia induction. The dose 
chosen (2µg/g) was selected because higher doses 
failed to reliably increase the heart rate above 25% 
in preliminary studies, which has been shown 
in other studies to be an effect of isofluorane 
anesthesia.28  

In vivo Cardiac Electrophysiology Studies (EPS)
Several months after the initial baseline ECG 
was performed, mice were anaesthetized with 
inhaled isofluorane as above, and four 24-gauge 
needles were placed subcutaneously in each limb 
in order to obtain surface electrocardiographic 
recordings. All surgical procedures were done 
under a dissecting microscope (Nikon SMZ-U, 
Zoom 1:10). Tracheostomy was performed with 
cannulation of the trachea using a 20-gauge an-
giocath that was attached to a ventilator with set-
tings of tidal volume 4cc, inspiratory time 0.3s, 
and rate of 110, with 1-1.5%% isofluorane at 1cc/
hr, which was titrated to sedation. Left internal 
jugular vein cutdown was performed, with can-
nulation of the left internal jugular vein using a 
22-gauge angiocatheter, through which a 2-Fr
octapolar catheter was advanced until atrial
and ventricular sensing was obtained. All in-
tracardiac signals were sampled at 2 kHz and
amplified and filtered at 30-500 Hz. Surface sig-
nals were filtered at 0.01-100 Hz (version 5.5.3,
AD Instruments). Baseline cardiac cycle inter-
vals were measured, including the heart rate,
cycle length, PR, QRS, and QT intervals, and the
presence of any arrhythmias was documented.
The right atrial pacing threshold was then deter-
mined, and paced at 150, 120, and 100ms cycle
lengths. If the basic cycle length was less than
150ms, then 120ms was the first cycle length test-
ed. Sinus node recovery time (SNRT) was calcu-
lated for at least 2 pacing cycle lengths following

pacing for 30 seconds. Corrected SNRT (CSNRT) 
was calculated using the formula CSNRT=SNRT 
– Basic cycle length (BCL), and SNRT:BCL ra-
tios were also determined. AV node Wenckebach
cycle length was determined through stepwise
decrease in the pacing cycle length by 5ms until
Wenckebach AV conduction occurred. AV node
effective refractory period (AVERP) was deter-
mined by atrial extra-stimuli at cycle lengths of
150, 120, and 100 ms. Pacing protocols using dou-
ble and triple extrastimuli were performed for
atrial drive cycles of 150, 120, and 100ms. Burst
pacing protocol included 10 seconds at cycle
length starting at 50ms, followed by burst pacing
with drive trains of 20-40 beats at cycle length of
50ms. Since others have described short bursts of
atrial fibrillation of up to 2 seconds in wild-type
mice with programmed stimulation,29 we chose to
define ‘atrial arrhythmia’ as 5 seconds of atrial fi-
brillation, flutter, or tachycardia. Given the exten-
sive atrial enlargement in DN-MSTN TG13 mice,
ventricular engagement was difficult and capture
was not consistent throughout the study, and thus
ventricular refractory periods were not obtained.
Magnetic Resonance Imaging
In vivo MRI of the mice was performed on a 9.4
Tesla horizontal bore small animal scanner (Bio-
spec, Bruker, MA). Gradient echo cines were
acquired with cardio-respiratory gating (SA In-
struments, Stonybrook, NY), a dedicated transmit-
receive surface coil and the following parameters:
Field of view 30 x 30 mm, slice 1mm, matrix 200 x
200 (150 µm in-plane resolution), flip angle 30
degrees, 16 frames per RR interval, echo time 2.7
ms, repetitions 4. Images were acquired in each
mouse in the 4 chamber (horizontal long axis), 2
chamber (vertical long axis) and short axis planes
at multiple slice locations.

Echocardiography
 Echocardiography was performed on nonanesthe-
tized mice using a 13L high-frequency linear (10 
MHz) transducer (VingMed 5, GE Medical Servic-
es) with depth set at 1 cm and 236 frames per sec-
ond for 2-D images. M-mode images used for mea-
surements were taken at the papillary muscle level.

Western Blot Analysis
Samples were frozen at -80° C until use. Atrial 
protein or cell lysates were suspended in ly-
sis buffer, PMSF, protease inhibitor cocktail, 
and homogenized using Tissuemesier at 4° C. 
Samples were sonicated, and protein concen-
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tration determined using the Bradford method 
(Bio-Rad). Proteins (100 µg) were separated by 
SDS-PAGE on 5-15% gels and transferred to ni-
trocellulose membranes (Bio-Rad) by semi-dry 
transfer. Blots were incubated with primary anti-
bodies overnight at 4° C, followed by incubation 
with horseradish peroxidase (HRP)-conjugated 
secondary antibody (1:5000; DAKO), and de-
tected by chemiluminescence (Cell Signaling).

Quantitative PCR
Samples were homogenized in Trizol reagent, 
with RNA isolation via chloroform extrac-
tion as previously described.30 RNA concen-
tration was quantified and diluted in order 
to normalize the total RNA used for PCR. 
One-step SYBR PCR kit was used (Strata-
gene, Inc) with primers designed as follows:
GAPDH forward TGGTGAAGCAGGCATCT-
GAG, reverse TGCTGTTGAAGTCGCAGGAG; 
Cx40 forward GGTCCACAAGCACTCCACAG, 
reverse CTGAATGGTATCGCACCGGAA; Kv4.2 
forward AACAGCCGATCCAGCTTAAA, re-
verse TTCTGGGGTGGTTACTGGAG; Kv1.4 
forward CATTTGGTTTCCCAATGGTC, reverse 
GTGGTCCATTCCTTGTTCCT; KCNQ1 TTGTG-
GTGTTCTTTGGGACA, reverse TGCAGTCTG-
GATGAGTGAGG. For measurement of gene 
expression of TGF-β, connective tissue growth 
factor (CTGF), procollagen I subunit a1 (Col1a1), 
procollagen III subunit a1 (Col3a1), and fibronec-
tin to Taqman probes were obtained from Ap-
plied Biosystems (Applied Biosystems, USA). Sta-
tistical analysis was performed using a Student’s 
t-test on the normalized Ct values (ΔCt) for each
group as this value demonstrated the most nor-
malized dataset as determined by Shapiro-Wilk
test compared with the transformed Ct (2-Ct or
2-ΔCt). Final results are displayed as fold change
for transgenic mice relative to WT littermates.

Neonatal Cardiomyocyte Preparations
Primary cultures of neonatal rat ventricular car-
diomyocytes (NRVMs) were prepared from 
Sprague–Dawley neonates as previously de-
scribed.31 NRVMs were plated at 50% confluence 
and switched to a serum-free medium 24 hours 
after plating. Adenovirus for GFP, MSTN, and 
DN-MSTN (both GFP-tagged) were used as pre-
viously described. 22 NRVMs were infected and 
maintained in serum-free medium for 48 hours. 
Adenoviral-driven expression of the gene of in-

terest was confirmed by establishing GFP expres-
sion in cells, and the cells were harvested in pro-
tein lysis buffer (Cell Signaling).

Statistical Analysis
Unless otherwise specified in the results, statis-
tical testing was performed using ANOVA, fol-
lowed by the appropriate post-hoc test (Dunnett 
or Tukey-Kramer) for multiple comparisons or 
appropriate nonparametric test for non-nor-
mal data distributions as determined by Skew-
Kurtosis test. All statistical analysis was per-
formed using Stata IC 10.0 (Statacorp, LP). The 
authors had full access to the data and take re-
sponsibility for its integrity. All authors have 
read and agree to the manuscript as written.

Results

DN-MSTN TG13 mice display ventricular hy-
pertrophy, atrial enlargement and atrial fibrosis.

Compared with wild-type littermates (WT), 
Transgenic TG13 mice had an increased 
body weight 35.1±4.6 g vs. 30.3±2.9 g (n=12 
for WT, n=15 for TG13, p<0.01; WT mean age
155 days [range 68 – 306],  TG13 mean age 164 days 
[range 68 – 360], NS. Although we were unable 
to perform confirmatory analysis, based on prior 
studies of MSTN,22-25 we suspect that the etiology 
of the increased body weight was from increased 
skeletal muscle rather than adipose tissue. Even 
after adjustment for the increased body weight, 
DN-MSTN TG13 mice displayed significantly in-
creased atrial and ventricular size compared with 
WT when adjusted for the increase in body weight 
(Table 1, and Figure 1). The difference in body 
and heart size was more dramatic in the males, as 
in female animals only the difference in ventricu-
lar weight was significant (Table 1). Histological 
analysis using hematoxylin and eosin staining 
confirmed the ventricular and atrial hypertro-
phy in DN-MSTN TG13 animals (Supplemental 
Figure 1). The systolic function was normal for 
DN-MSTN TG13 mice (Supplemental Table 1).

As shown in Table 1, the DN-MSTN TG13 dis-
played a wide range of atrial hypertrophy and 
fibrosis, with some animals demonstrating dra-
matic atrial enlargement and fibrosis, which 
seemed to affect the right atrium more than the 
left. An example of the dramatic enlargement 
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is shown in Figure 1, where an MRI study dem-
onstrates a right atrium that forms a large vas-
cular mediastinal mass, shifting the heart to the 
left of the thorax and compressing the right lung 
and adjacent mediastinal structures. However, 
due to resource limitations, we were not able to
perform MRI’s on every DN-MSTN TG13, and 

thus used atrial weight by gravimetry rather than 
atrial volume by MRI as a surrogate for atrial size 
in our analysis.

We also noted varying degrees of atrial fibrosis 
in the DN-MSTN_TG mice: the degree of fibro-
sis appeared to be age-related, as younger adult 

Figure 1: Cardiac Enlargement and Fibrosis in DN-MSTN TG13 mice.

A. Masson’s Trichrome stain of wild-type (above) and DN-MSTN TG13 (below) hearts demonstrates ventricular hyper-
trophy with predominantly right atrial enlargement and fibrosis. B. In vivo magnetic resonance image of a DN-MSTN
TG13 transgenic heart displays dramatic right atrial enlargement filling much of the right hemithorax (arrows). Top im-
age: 4 chamber view. Spin refreshment due to flow is seen in the top half of the right atrium generating bright contrast.
The inferior half of the right atrium (bordered by the right ventricle and the liver) is isointense with the myocardium,
consistent with thrombosis. Bottom image: Short axis image at the level of the AV groove showing dramatic enlargement
of the right atrium. C. AW/BW ratio (top) and VW/BW ratio (bottom) are both increased in DN-MSTN TG13 (p<0.05).

Supplemental Figure 1. Microscopy of Ventricular Cellular Hypertrophy.

Transgenic mice (DN-MSTN TG13) display cellular hypertrophy compared with wild type lit-
termates (WT). A. Hematoxylin and Eosin (H and E) staining. B. Wheat germ agglutinin (WGA) 
staining of cellular membranes shows increase cardiomyocyte area. (200x magnification).

Table 1

Heart weight and body weight measurements in wild-type (WT) and transgenic (DN-MSTN 
TG13) animals. Data are presented as mean±standard deviation. *Indicates p<0.01 vs. WT. †Indi-
cates p<0.001 vs. WT. AW/BW=Atrial Weight/Body Weight Ratio; VW/BW=Ventricular Weight/

Body Weight Ratio.

Study Name WT DN-MSTN 
TG13 WT-Male DN-MSTN

TG13-Male
WT-

Female
DN-MSTN

TG13-Female
Number 12 15 6 9 6 6
Body Weight (g) 30.3±2.9 35.1±4.6* 29.6±3.8 36.5±3.0* 31.0±1.6 33.1±6.0
Atrial Weight (mg) 13.8±5.3 50.4±67.2* 11.9±3.7 70.8±81.7* 15.8±6.3 19.7±8.5
Ventricular Weight (mg) 115.0±8.5 171.3±43.0† 111.2±8.6 191.8±44.8* 118.7±7.0 140.7±9.7*
AW/BW Ratio (mg/g) 0.46±0.17 1.47±1.99* 0.41±0.13 2.03±2.44* 0.51±0.20 0.62±0.31

VW/BW Ratio (mg/g) 3.81±0.18 4.95±1.33* 3.79±0.23 5.31±1.41* 3.83±0.12 4.41±1.10
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DN-MSTN TG13 (16 weeks) animals did not display 
extensive fibrosis (Supplemental Figure 2) despite 

having increased atrial size (atrial weight-to-
body-weight ratio 1.97±1.42 mg/g in DN-MSTN 

A. Representative ECG tracings with QRS complexes from WT (left) and DN-MSTN TG13 (right) animals. Note
the enlarged P wave and broad QRS complex in DN-MSTN TG13 compared with WT. B. Representative sur-
face tracing from a DN-MSTN TG13 mouse with spontaneous, sustained AF at 650 bpm. C. Sinus Rhythm in
wild-type animal at 357 bpm. D. Spontaneous and sustained atrial tachycardia with ventricular rate 352 bpm,
atrial rate 610 bpm. E. Atrial Tachycardia induced with extrastimuli atrial stimulation with S1/S2 of 100/80 ms.

Figure 2: Atrial arrhythmias in DN-MSTN TG13 mice.

Supplemental Figure 2.Picosirius red staining for collagen.

Echocardiography measurements performed using M-mode, parasternal short axis at mid-papillary mus-
cle level, on DN-MSTN TG13 mice and WT littermates (N=4, each group) demonstrates no significant dif-
ferences in LV systolic function as assessed by fractional shortening. Data presented are mean ± standard 
deviation. None of the parameters reached statistical significance, although heart rate displayed a non-
significant trend (p = 0.06). See Methods section for details of analysis. HR = Heart rate, IVS = intraventric-
ular septum thickness, LVPW = left ventricular posterior wall thickness, LVD Diastolic = Left ventricular 
dimension in diastole, LVD systolic = Left ventricular dimension in systole, FS = fractional shortening.

Left and right atrial tissue from 16 week animals reveals a slight increase 
in staining for collagen in DN-MSTN TG13 mice compared with wild type 
in both atria. Representative 20x micrographs are display from the 3 DN-
MSTN TG13 and 3 WT animals in whom these studies were performed.

Representative ECG tracings from DN-MSTN TG13 mice and Wild Types. Abbreviations: S = 
surface electrocardiogram, A = atrial electrogram, V = ventricular electrogram, AP = atrial pacing.

Supplemental Table Echocardiography of DN-MSTN TG13 Mice.

DN-MSTN TG13 (N 
= 4) WT (N=4) P

HR (bpm) 554 ± 122 697 ± 27 NS
IVS (mm) 0.91 ± 0.17 0.93 ± 0.19 NS
LVPW (mm) 1.25 ± 0.27 1.37 ± 0.18 NS
LVD Diastolic (mm) 3.00 ± 0.34 3.05 ± 0.07 NS
LVD Systolic (mm) 1.14 ± 0.13 1.23 ± 0.26 NS
FS (%) 62.11 ± 1.24 59.56 ± 2.89 NS
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TG13 versus 0.35±0.011 mg/g in WT, p<0.05).

DN-MSTN TG13 mice demonstrate altered ven-
tricular and atrial conduction

DN-MSTN TG13 mice and WT littermates under-
went surface ECG recordings and invasive EPS 
(Figure 2). Seven of 19 DN-MSTN TG13 mice were 
noted to have either spontaneous or induced atrial 
tachyarrhythmia during EPS while no WT mice 
did (Table 2, p<0.01). Figure 2B displays a repre-
sentative surface tracing from a DN-MSTN TG13 
with spontaneous AF. Twelve of 19 DN-MSTN 
TG13 mice did not have spontaneous or inducible 
atrial arrhythmias, but still displayed evidence of 
abnormal impulse initiation and propagation in 
both the atria and ventricles as described below.

While the DN-MSTN TG13 mice with sustained 
AF had increased heart rates compared with WT 

mice or DN-MSTN TG13 mice without arrhyth-
mia, the heart rate in the DN-MSTN TG13 ani-
mals that did not have AF was lower compared 
with WT controls (Table 2). These findings raise 
the possibility that some DN-MSTN TG13 mice 
had abnormalities in sinus node function. We 
also found that DN-MSTN TG13 mice in sinus 
rhythm had increased P wave duration consis-
tent with their larger atrial sizes (Table 2, Figure 
2A) compared with the WT mice. However, the 
PR interval was not prolonged in the DN-MSTN 
TG13 mice, and invasive EP studies showed nor-
mal AV node effective refractory period (AVERP) 
and Wenckebach cycle length (WCL) (Table 3). 
These findings suggest that while the time for 
atrial depolarization is markedly prolonged 
in the DN-MSTN TG13 mice (possibly due to 
enlarged atrial size and slowed atrial conduc-
tion), AV nodal conduction seems to be normal.
Interestingly, we also found evidence of slowed 

ECG parameters from DN-MSTN TG13 and WT mice, grouped according to the presence of arrhythmia (See re-
sults section for discussion of arrhythmia characteristics. No arrhythmia was present in WT mice). Data are pre-
sented as mean±standard deviation. *Heart rate was only significantly different (p<0.05) between DN-MSTN 
TG13 without an arrhythmia and WT. †QRS duration was significantly different (p<0.05) between all groups.

Table 2: ECG Parameters in TG13 mice. 

DN-MSTN 
TG13(Atrial ar-

rhythmia)

DN-MSTN 
TG13(No ar-

rhythmia
Wild-type P value

Number 7 12 18
Sex (M/F) 6/1 7/5 9/9
HR (bpm) 504.4±116.1 429.7±34.6 473.2±66.7 <0.05*

PR (ms) NA 17.9±4.7 11.6±2.6 <0.05
QRS (ms) 20.0±5.1 14.9±2.7 11.8±1.6 <0.05†
QT (ms) 51.0±26.4 38.8±5.4 40.1±10.3 40.1±10.3

Table 3: 
Results from Electrophysiological analysis of DN-MSTN TG13 mice that did not have an atrial ar-
rhythmia that was induced or sustained, versus wild type littermates. N = 3 for each group. Mean 
Age = 40.2 weeks in WT, 41.1 weeks in DN-MSTN TG13.

HR CSNRT
AVERP

WCL

WT 345 ± 83.9 120 ± 129 81.3 ± 15.5 111 ± 29.5

DN-MSTN TG13 295 ± 8.44 186 ± 191 82.5 ± 23.6 115 ± 31.1

P value NS NS NS NS

Journal of Atrial Fibrillation Featured Review

 www.jafib.com 84  Feb-Mar, 2012 | Vol 4 | Issue 5 



conduction in the ventricles of DN-MSTN TG13 
mice, with significant prolongation of the QRS 
interval in both transgenic mice with atrial ar-
rhythmias as well as DN-MSTN TG13 mice that 
did not have atrial arrhythmias. The QT inter-
val among the different groups of mice was not 
significantly different (Table 2) reason for non- 
significance. These findings raise the possibil-
ity that some TG13 mice had abnormalities in 
sinus node function. We also found that TG13 
mice in sinus rhythm had increased P wave

duration (17.9±4.7 ms versus 11.6±2.6 ms, p<0.05) 
consistent with their larger atrial sizes (Table
2, Figure 2A) compared with the WT mice. How-
ever, the PR interval was not prolonged in the 
TG13 mice, and invasive EP studies showed nor-
mal AV node effective refractory period (AVERP) 
and Wenckebach cycle length (WCL) (Supple-
mental Table 2A).  These findings suggest that 
while the time for atrial depolarization is mark-
edly prolonged in the TG13 mice (possibly due 
to enlarged atrial size and slowed atrial conduc-

Figure 3: Relationship of atrial size and age to arrhythmia in DN-MSTN TG13 mice.

A. AW/BW ratio is increased in DN-MSTN TG13 mice with arrhythmia compared to WT or DN-MSTN TG13 mice with-
out arrhythmia, p<0.01 for both, p=NS for WT vs. DN-MSTN TG13 without arrhythmia. B. Increased probability of ar-
rhythmia with increasing age in DN-MSTN TG13 mice. Shown is DN-MSTN TG13 mice divided in quartiles based on
age (N=4, 5, 6, 4 for quartiles 1 – 4). On the left axis (bars) is the percentage of animals with arrhythmia in the quartile.
The right axis (line) demonstrates the trend for probability of arrhythmia with increasing age based on a logistic regres-
sion model (OR 4.41, CI 1.10 – 17.8, p<0.01). The addition of an interaction term including AW/BW and age improved the
model (Pseudo-R2 increased from 0.175 to 0.715, p<0.001), although AW/BW did not increase significantly with age for ei-
ther group (R2=0.0191, p=NS for WT; R2=0.0314, p=NS for DN-MSTN TG13). Shown below the graph is the number of DN-
MSTN TG13 animals in each quartile with arrhythmia over the total number of DN-MSTN TG13 animals in each quartile.

Supplemental Table 2: A. Results from Electrophysiological analysis of TG13 mice that did not have an atrial arrhythmia 
that was induced or sustained, versus wild type littermates.  N = 3 for each group. Mean Age = 40.2 weeks in WT, 41.1 
weeks in TG13. B. Response in heart rate and arrhythmia inducibility following in vivo isoproterenol stimulation (2 µg/g 
body weight, given IP) of WT and TG13 mice.  N = 6 for WT, 18 for TG. Mean age = 36.5 weeks in WT, 39.9 weeks in TG13.

Supplemental Table 

A. Results from Electrophysiological analysis of TG13 mice that did not have an atrial arrhyth-
mia that was induced or sustained, versus wild type littermates.  N = 3 for each group. Mean
Age = 40.2 weeks in WT, 41.1 weeks in TG13. B. Response in heart rate and arrhythmia induc-
ibility following in vivo isoproterenol stimulation (2 µg/g body weight, given IP) of WT and

TG13 mice.  N = 6 for WT, 18 for TG. Mean age = 36.5 weeks in WT, 39.9 weeks in TG13.

HR CSNRT AVERP WCL

WT 345 ± 83.9 120 ± 129 81.3 ± 15.5 111 ± 29.5
TG13 295 ± 8.44 186 ± 191 82.5 ± 23.6 115 ± 31.1

P value NS NS NS NS

DN-MSTN TG13 (N = 4) Arrhthymia Induced

WT 17.8 ± 16.4 0
TG13 11.0 ± 6.6 0

P value NS NS
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tion), AV nodal conduction seems to be normal.

Interestingly, we also found evidence of slowed 
conduction in the ventricles of TG13 mice, with 
significant prolongation of the QRS interval 
in both transgenic mice with atrial arrhyth-
mias (20.0±5.1 ms for TG13 versus 11.8±1.6 ms 
for WT, p <0.001) as well as TG13 mice that 
did not have atrial arrhythmias (14.9±2.7 ms 
for TG versus 11.8±1.6 ms for WT, p<0.05). 
The QT interval among the different groups of 
mice was not significantly different (Table 2).

Atrial Fibrillation in DN-MSTN TG13 Mice 
Correlates with Atrial Size and Age

Of the seven TG13 mice that displayed AF (6 
males, 1 female), four (3 males, 1 female) had 
spontaneous AF evident on a baseline ECG, 
while the other three had atrial arrhythmias 
that were inducible with both incremental and 

burst pacing. One animal in which AF was in-
ducible was also noted to have spontaneous non-
sustained AF.  Examples of these arrhythmias are
shown in Figure 2B-2E. Figure 2B demonstrates 
the irregularly irregular pattern of ventricular 
activity as seen in AF.  Figure 2C illustrates nor-
mal sinus rhythm in a wild-type mouse. Right 
atrial electrograms demonstrated an atrial flutter 
or atrial tachycardia in one TG13 mouse (Figure
2D) and atrial extra-stimuli-induced AF in a dif-
ferent TG13 mouse (Figure 2E). Among the 12
DN-MSTN TG13 animals that did not have sponta-
neous or inducible atrial arrhythmias, three animals 
displayed frequent atrial premature contractions 
(data not shown). In comparison, none of the WT 
littermates examined had spontaneous arrhythmia 
on surface ECG(N = 18), nor were atrial arrhyth-
mias inducible in WT mice on EPS (N=8, p<0.01 
for DN-MSTN TG13 vs. WT). No arrhythmias 
were inducible in either group with isoproterenol.

Figure 4: Connexin and Ion Channel Expression in DN-MSTN TG13 hearts.

A. Western blot for connexins and flag protein demonstrates decreased Cx40 in TG (DN-MSTN TG13)
animals compared with WT. DN-MSTN TG13 mice overall displayed decreased Cx40 expression
(p<0.001) compared with WT (4B, upper panel), but not Cx43 (4B, lower panel) (p=NS). The difference
between DN-MSTN TG13 mice with and without arrhythmia was not significant for Cx40 (p=NS) or
Cx43 (p=NS). N=16 total animals (5 WT, 11 DN-MSTN TG13). C. QRT-PCR for RNA expression of vari-
ous ion channels for DN-MSTN TG13 animals compared with WT (N=4 for each group). Only Kv1.4
displayed a statistically significant increase in expression compared with WT. ◊ Indicates p<0.05 vs WT.

Supplemental Figure 3: Kv1.4, Cx40, and Cx43 protein expression in atria of DN-MSTN TG13, TG21, and WT littermates.

Shown are representative blots for protein expression of Kv1.4, Cx40, and Cx43 proteins, as well as endogenous control 
protein GAPDH, in atrial tissue from male mice from DN-MSTN TG13 and TG21 lines, with WT littermates as control. 
Below is quantification of protein expression after adjustment for endogenous control, GAPDH. Protein expression of 
Kv1.4, after adjustment for endogenous control, was significantly increased compared with wild type littermates (*p < 0.05 
compared with WT). There was no significant difference in Cx40 or Cx43 in TG21 mice (quantification not shown). Quan-
tification and description of Cx40 and Cx43 in DN-MSTN TG13 is reported elsewhere. See Methods Section for details.
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Evaluation of hearts from DN-MSTN TG13 mice 
revealed that animals with atrial arrhythmias 
(not including those mice with only APCs) had 
larger atria with an increase in the atria-to-body-
weight ratio (AW/BW) compared with WT or 
DN-MSTN TG13 mice without arrhythmia (Fig-
ure 3A, p<0.01 for both comparisons). This find-
ing suggests that the substrate provided by in-
creased atrial size may be an important factor for 
maintenance of atrial arrhythmias in this model.

As atrial size, advanced age, and fibrosis, all 
appeared to be highly correlated with the each 
other, as well as the development of AF, we 
used a logistic regression model to examine 
these effects individually. We found that age 
was a predictor of arrhythmia independent of 
atrial size, with older DN-MSTN TG13 animals 
more likely to develop an arrhythmia (Figure 

3B, OR 4.41, CI 1.10 – 17.8, p<0.01). AW/BW did 
not increase with age in either group (R2=0.0191 
for WT and R2=0.0314 for DN-MSTN TG13, p=NS 
for both), suggesting that age did not simply in-
crease the risk for arrhythmia by allowing more 
time for atrial growth. However, when atrial 
weight was included as an interaction term with 
age in this model, the R2 increased from 0.175 to 
0.715 (p<0.001), indicating that the pro-arrhythmic 
effect of age was more important in larger atria.

DN-MSTN TG13 Atrial Tissue Undergoes 
Molecular Electrical Remodeling in the Ab-
sence of Significant Arrhythmia or Fibrosis 

AF has been noted to be associated with changes 
in the expression of various ion channels and gap 
junction proteins.32 However, due to the preva-
lence of fibrosis in models of AF, it is difficult to 

Supplemental Figure 4: Gene expression of fibrotic genes.

QRT-PCR performed on atrial tissue from 6 DN-MSTN TG13 and 6 wild type animals ages 
16 – 26 weeks comparing expression of various fibrosis and ECM-related genes reveals no 
significant increase in expression between DN-MSTN TG13 and WT hearts for overall (A), or 
for male mice specifically (B). Male comparison between 3 DN-MSTN TG13 and 3 wild type 
mice. Expression of all genes normalized to HPRT-1 as endogenous control prior to compari-
son between groups. None of the genes examined were significantly different between groups.

Supplemental Figure 5: Connexin40 distribution.

IHC staining for connexin40 protein on right atrial tissue of 16 week old mice dem-
onstrates overall decrease in connexin40 protein, but no obvious changes in distribu-
tion from cell borders (arrow) when viewed under 100x magnification. Shown: Rep-
resentative images from immunostaining of 3 DN-MSTN TG13 and 3 WT animals.
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Supplemental Figure 6: Connexin40 and Connexin43 localization.

Shown is IF stain for Cx40 (red stain, Rhodamine conjugate), Cx43 (light blue, Cy5 conjugate), Pan-cadherin (yel-
low, FITC conjugate), and merged image of all 4 dyes for DN-MSTN TG13 and WT atria of 16 week old mice. 
Images on the left are at 63x magnificantion, and the right are zoom-enhanced (3x). For reference, DAPI nuclear 
stain is included in zoom-enhanced images on the right. Overall, Cx40 is decreased in DN-MSTN TG13 compared 
with WT, although the Cx40 that is present appears to be located along the cell-cell border, as shown by its colo-
calization with cadherin. Cx43 was not highly expressed, and was not significantly different between the groups.

Supplemental Figure 7: Connexin43 distribution.

Connexin43 IHC stain of right atrial tissue from 16 week old mice. Overall connexin43 expression was lower than 
connexin40 in the atria we compared. However, no difference between DN-MSTN TG13 and WT was seen in distri-
bution or expression levels. Representative images from studies of 3 DN-MSTN TG13 and 3 WT animals are shown.

Supplemental Figure 8: Connexin expression in cardiomyocytes in vitro. 

A. Representative Western blot demonstrates decreases in both Cx40 and Cx43 in MSTN- and DN-
MSTN-infected cells, compared with uninfected control and GFP-infected cells. B. Quantification of
Western blot data for Cx40 and Cx43. ◊ Indicates p<0.05 vs. uninfected control. N=3 for each group.

differentiate primary changes in expression pat-
terns from changes secondary to fibrosis. Hence 
we examined atrial tissue from DN-MSTN TG13 

mice in the absence of overt fibrosis and atrial 
arrhythmias using QRT-PCR to define the tran-
script levels for a variety of relevant ion channels. 
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We found no significant change in the transcript 
for Cx40 and a significant increase in the transcript 
for Kv1.4 (n=4 animals each, p<0.05) (Figure 4C). 
We verified the increase in Kv1.4 protein as well 
(Supplemental Figure 3). Similar changes in the 
potassium channel transcripts have been report-
ed in other animal models of AF.32 In addition to 
lacking the extensive fibrosis seen in DN-MSTN 
TG13 mice with AF (Supplemental Figure 2), these 
DN-MSTN TG13 mice without arrhythmia also 
displayed no difference in expression of markers 
of fibrosis including TGF-β, procollagen I and III, 
fibronectin, and CTGF (Supplemental Figure 4). 
Taken together these data suggest that alterations 
in ion channel expression in the atria occurred in 
the absence of fibrosis or atrial arrhythmias, and 
may be the basis for triggers of atrial arrhythmias.

Connexin40 Protein is Decreased in the Atria of 
TG13 mice

Connexin40 (Cx40) is the primary connexin in gap 
junctions in the mouse atria and has been reported 
to be down-regulated in diverse models of atrial 
fibrillation.32 Our finding that P wave and QRS 
duration were increased in TG13 mice in the ab-
sence of atrial arrhythmias raised the possibility 
that impulse propagation might be altered early 
in the transgenic mice. Since gap junctions play a 
crucial role in impulse propagation, and are pri-
marily regulated post- translationally, we ana-
lyzed protein levels of Cx40 and Cx43, in the atria 
of TG13 mice. We found that protein levels of Cx40 
were dramatically decreased in atria from TG13 
mice compared with WT mice (Figure 4, p<0.0001), 
even in animals without atrial arrhythmias. We
found no difference in mRNA expression of Cx40 
transcripts (Figure 4C), which suggests that the 
down-regulation of Cx40 protein occurs post-tran-
scriptionally, but importantly makes it unlikely 
that the effect of DN-MSTN transgene on Cx40 
was due to insertional effects of the transgene. 
Interestingly, in TG13 mice with atrial arrhyth-
mias, there was a further non- significant trend 
toward a decrease in Cx40 expression compared 
with TG13 mice without atrial arrhythmias. De-
creased Cx40 expression appeared to occur with-
out an appreciable change in sub-cellular local-
ization of Cx40, which continued to be expressed 
at cadherin junctions of both TG13 and WT mice, 
albeit at lower levels in TG13 (Supplemental Fig-
ures 5 and 6).  Cx43 protein manifested a non-sig-

nificant trend towards decreased protein levels 
in TG13 animals with atrial arrhythmias (Figure 
5B).  On immunohistochemistry, as with Cx40, 
there did not appear to be a change in sub-cellu-
lar localization of Cx43 (Supplemental Figure 7).

In order to obtain some mechanistic insight into 
possible myostatin pathway regulation of Cx40, 
we studied the effect of adenoviral-driven over-
expression of full-length myostatin or the domi-
nant negative myostatin in neonatal rat ven-
tricular myocytes. Although Cx40 is not highly 
expressed in ventricular myocytes, both MSTN as 
well as DN-MSTN overexpression led to down-
regulation of Cx40 as well as Cx43 (Supplemental 
Figure 8). While further analysis would be neces-
sary to examine the mechanism behind this down-
regulation, this finding implied that there may be 
a direct interaction between the MSTN or DN-
MSTN protein and connexin protein expression.

Discussion

MSTN is a negative regulator of skeletal muscle 
growth that has been recognized to modulate 
growth of cardiomyocytes in vitro and in vivo.22 

In order to study its regulatory role in the post-
natal heart, we generated transgenic mice ex-
pressing the MSTN N-terminal pro-peptide do-
main (DN-MSTN), which binds and inhibits the 
active carboxy-terminal peptide of MSTN.33 In 
this study, we examined the TG13 line, which 
expressed the transgene at higher levels, and 
displayed susceptibility to AF in the setting of 
atrial enlargement. TheTG13 mice had sinus 
node dysfunction and prolonged atrial conduc-
tion times on ECG, as well as a decrease in atrial 
Cx40 protein and an increase in Kv1.4 transcript 
and protein prior to the development of any
significant fibrosis or arrhythmia. These effects, 
including the development of fibrosis and ar-
rhythmias, appear to be age- and sex-dependent, 
as we primarily observed atrial fibrosis and ar-
rhythmias in older male animals.

The role of Cx40 in the development of AF has 
been suggested in humans,13-15 large animal mod-
els16 and transgenic and knock-out mouse mod-
els.17-19, 34 The mouse models range from those 
with dramatic atrial enlargement, as with cardi-
ac-specific over-expression of angiotensin con-
verting enzyme-2 (ACE2) or TNF-α,18,34 to those 
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with relatively normal-sized atria as in germline 
Cx40 knock-outs19 or with cardiac-specific TGF-β 
over-expression.35 While Cx40 was shown to be de-
creased in the ACE2 and TNF-α over-expressing 
lines, it was unclear in those models if this down-
regulation was a primary effect of the transgene, 
secondary to structural changes as a result of the 
dramatic atrial growth or fibrosis, or an off-target 
effect of the over-expression of the dominant-
negative transgene. In DN-MSTN TG13 mice, de-
creased Cx40 protein expression was noted in all 
animals, even in the absence of fibrosis or atrial
arrhythmia. These results suggest that DN-MSTN 
transgene may either directly (via the inhibition 
of myostatin signaling via the activin IIB recep-
tor) or indirectly (via an off-target effect on the re-
lated TGF-beta signaling pathway) regulate Cx40 
espression. Our follow-up in vitro experiments in 
neonatal cardiomyocytes also support a cellular in-
teraction between MSTN and connexins, although 
more work would be necessary before concluding 
that there were not indirect effects. As MSTN is a 
secreted protein, the primary effect as it relates to 
Cx40 regulation may also be through action on oth-
er cell types such as cardiac fibroblasts, or through 
regulation of the extracellular matrix-associated 
proteins such as matrix metalloproteinases, as has 
been previously described in hypertensive heart 
disease.36 Further, the role for MSTN in the regu-
lation of ventricular growth in the heart was only 
recently described22 and there is very little known 
about its effects in atrial growth. Like all members 
of the TGF-β family, the regulation of MSTN in-
volves several points of cleavage and inhibitory 
binding.21 At this point, the only known function 
of the N-terminal peptide of MSTN is inhibition 
of the ‘active’ C-terminal region through nonco-
valent binding, although there has been specula-
tion that the N-terminal peptide of other TGF-β 
family members may play an additional role in 
regulation.37 This regulation could plausibly occur 
through binding a different member of the large 
TGF-β protein family, through modulation of a 
different TGF-β family receptor, or through com-
petitive inhibition of processing enzymes used in 
common by multiple family members. Identifica-
tion of proteins interacting with the N-terminal 
pro-peptide could help identify novel pathways in-
volved in atrial growth and electrical remodeling.

For many years, it was thought that AF was not 
possible in mice because their atria were too small 

to sustain the re-entry thought to underlie the 
arrhythmia.38 While transgenic models have 
since shown evidence that AF can develop in a 
mouse, the impact of atrial size remains a sig-
nificant issue. Interestingly, Hagendorff et al. 
found that in germline Cx40 knock-out mice 
with normal-size atria and markedly prolonged 
atrial conduction times (average p wave dura-
tion of 26.0 ms), AF rarely developed spontane-
ously (only one in 27 mice); the others had to be
induced with atrial burst pacing.19 TGF-β over-
expressing transgenics also had normal atrial 
morphology, and despite extensive fibrosis and 
conduction abnormalities, AF only occurred 
with burst pacing.32 In contrast, both ACE2 and 
TNF-α mice have enlarged atria and sustained 
AF, and in our study, we determined statistically 
that the risk of AF was significantly higher in 
mice with larger atria.

The DN-MSTN TG13 mouse model is a unique 
model to study a ‘two-hit’ hypothesis for the de-
velopment of atrial fibrillation. Cx40 downreg-
ulation and an increase in Kv1.4 (which would 
be hypothesized to shorten action potential 
duration) were noted consistently in the DN-
MSTN TG13 atria, even in the absence of any 
significant fibrosis or atrial enlargement. These 
animals did not have any sustained or induc-
ible atrial arrhythmias, suggesting that although 
triggers for arrhythmias may have existed, the 
lack of adequate atrial size may have prevented 
the maintenance of stable rotors that are cru-
cial for sustained AF. With increasing age, and 
increased atrial size and fibrosis as we found 
with regression modeling, we hypothesize that 
a pro-arrhythmic substrate for maintaining AF 
was created, leading to the sustained spontane-
ous or inducible arrhythmias we observed. In 
humans, increased age is among the strongest 
risk factors for AF,39 although whether a similar 
effect of Cx40 downregulation prior to age-relat-
ed effects has not been described. Nonetheless, 
the similarity in terms of age-dependent pheno-
type AF makes the DN-MSTN TG13 an interest-
ing potential model for studying AF in humans.

Our study was limited by an inability to fol-
low atrial size, fibrosis, and connexin expres-
sion longitudinally over the lifetime of an in-
dividual mouse due to the need to sacrifice 
the animals to obtain these measurements. We 
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suspect based on statistical modeling that Cx40
levels decrease with age as atrial fibrosis in-
creases, while atrial size does not. However, it 
would be very informative to follow the effects of 
Cx40 down-regulation, the development of atri-
al fibrosis, and differences in atrial size through 
the lifetime of an animal in order to assess the
effect that each has on the development of AF.

Future studies directed at characterization of the 
atrial electrical substrate using optical mapping will 
be helpful both to verify that the down-regulation of 
Cx40 we observed in TG13 mice results in decreased 
tissue conduction, as well as to analyze the electro-
physiology of the initiation and sustenance of AF in 
these animals. In support of this notion, Verheule et 
al. found that in cardiac-specific TGF-β overexpress-
ing mice, conduction abnormalities were detected
using tissue electrophysiological analysis de-
spite relatively normal surface ECG intervals35

AF, and in our study, we determined statistically 
that the risk of AF was significantly higher in mice 
with larger atria.Despite these limitations, we be-
lieve that the TG13 mouse model of AF displays 
many characteristics of AF both in humans and 
animals, and that it will provide a useful model for 
further exploration of mechanisms and possibly 
treatments of AF. 
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Introduction

Over the last decade or so the term “burden” has 
become frequently encountered in manuscripts 
discussing atrial fibrillation (AF).1-3 Electrophysi-
ologists have used it to generally mean the per-
centage of time that a patient is in AF – calculated 
from the total time in AF divided by the total moni-
tored time.4 Conceptually, this burden may then be 
linked to some clinical outcome and/or therapeu-
tic decision. For example, the TRENDS study ex-
amined whether there is a critical level of AT/AF 
burden that increases the risk of thromboembolic 
events independent of other known risk factors. 
The investigators found that the risk of thrombo-
embolism doubled if AT/AF burden was ≥ 5.5 hours 
on any given day during the prior 30 days.5

Burden using the above electrophysiologi-
cal definition can only be adequately assessed 
by some method of continuous monitoring for 
at least moderately prolonged periods of time 
(such as a month or more). Such assessments 

have most often used continuously applied 
monitors, implanted monitors, or interroga-
tion of implanted pacemakers or defibrillators.6

In contrast to the specific time-related definition 
of burden denoted above, to clinicians caring for 
the patient in the office, the term “burden” is more 
likely to mean the impact of AF upon the patient 
– the level to which AF symptoms have affected
quality of life (QoL), the degree to which AF thera-
pies have impacted QoL and cost, and/or the likeli-
hood that AF will be frequent or long enough to ne-
cessitate chronic anticoagulation (all other factors
being equal), and/or upon his/her family and/or
caregivers. If you are a patient who is hospitalized
and misses work, and/or has to spend money out
of pocket on AF management, and/or has an em-
bolic stroke and can no longer work or participate
in activities, that is a burden – to the patient and
their family– even if the AF has resolved. Patients
with AF have been shown to have significantly
poorer QoL compared with healthy controls, the
general population, and patients with coronary
artery disease.7 Furthermore, it has been demon
strated that AF has a similar perceived impact on
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the QoL of spouses and patients.8 Hence, when 
we use the term “burden” in the setting of AF, we 
must be sure we define the term carefully (Table 1). 

Importantly, the electrophysiological and the clin-
ical concepts are only partly separate entities. For 
symptomatic patients, the more time they spend 
in AF, the more their QoL will be negatively im-
pacted, the more they will pursue therapy, and 
the more the electrophysiological definition will 
approximate the clinical construct. To the extent 
that AF causes symptoms from the moment it be-
gins to the moment it ends, but has no impact dur-
ing sinus rhythm, the two definitions of burden 
would overlap entirely. What is less clear is the 
relationship between the percentage of time in AF 
and the need for (or lack thereof) chronic antico-
agulation. Here, we remain uncertain as to wheth-
er and to what extent the precise or even approxi-
mate duration of an AF event has implications for 
thromboembolism.9 In this setting, whether AF is 
associated with symptoms (other than thrombo-
embolic) or not is irrelevant. Consider paroxys-
mal AF (PAF) for example. AF lasting 2 minutes 
twice a year or lasting 18 hours every day would 
both be PAF, as would every duration in between. 
Their burdens defined by time could be pre-
cisely calculated. Calculating the clinical impact 
would be more difficult and less precise. Deter-
mining the burden threshold, if any, that would 
necessitate anticoagulation remains unknown.

Even less directly concordant is the burden due 
to a consequence of the AF (such as heart failure, 
hospitalization, embolism), in contrast to the ac-
tual time AF (which may be transient) that precip-
itated the event. Likewise, in patients who have 
periods of both symptomatic and asymptomatic 
AF, aside from the issue of anticoagulation, it may 
be only the symptomatic ones that pose a clini-
cal burden. Moreover, to some extent, the burden 
imposed clinically on patients relates to potential 
side effects of the drugs used to treat their AF. If 
one uses a beta blocker to slow the ventricular 
rate, for example, and the patient has fatigue from 
the beta blocker, there is a clinical burden related 
to the therapy of the AF that is not mechanistical-
ly or temporally directly caused by the AF. Simi-
lar, in this respect, is the clinical burden imposed 
upon patients by the restrictions and concerns as-
sociated with anticoagulation. Anticoagulation is 

a nuisance, carries a risk, interferes with lifestyle, 
may interfere with diet, requires monitoring, and 
carries a cost – none of which are desired by the 
patient, though most will accept it because it can 
prevent something worse (thromboembolism).

Another way of looking at burden in patients with 
AF might be to view “disease burden” as recur-
rences of AF, and their frequency, duration, and 
severity, while one might view the “clinical bur-
den” as what happens as a result of that recur-
rence – a physician visit, a hospital visit, a chronic 
complication, the addition of another therapy, and 
so forth. If we were to put a cost on this burden, 
it is the “clinical burden” rather than the “disease 
burden” that becomes the important cost driver.

Substantial overlap between the different defini-
tions will at times exist. For example, arrhythmia 
burden may at times and in some patients be a 
subset of clinical burden. However, they may be 
separate. For example, if rare AF episodes occur 
in a patient with high-risk embolic markers, the 
burden is that of chronic anticoagulation, even 
though the arrhythmic burden itself is minimal. 

Superimposed on the above is the additional 
concept of “total societal burden” or “economic 
burden” of AF that the American College of Car-
diology/American Heart Association/European 
Society of Cardiology describe as “huge.”10 AF 
currently affects 1-1.5% of the population in the 
developed world and the prevalence of AF is ex-
pected to triple by 2050.11 In recent years we have 
been spending over 6.6 billion dollars/year in the 
United States on AF care – much related to in-hos-
pital costs. If we were to include indirect costs this 
figure would exceed well over 8 billion dollars per 
year.12 Data from the Euro Heart Survey on AF re-
vealed that the total annual costs of AF amounted 
to €272 million in Greece, €3286 million in Italy, 
€526 million in Poland, €1545 million in Spain, and 
€554 million in the Netherlands.13 Therefore, we 
all pay for it, not just the patients. Hence, to the ex-
tent we can reduce these components and compli-
cations we can reduce the societal burden of AF. 

Additionally, there is also the burden placed by 
AF upon the family and caregivers. A consider-
able amount of time is spent by advanced practice 
nurses, for example, educating individuals and 
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families about AF. Topics necessary to explain in 
order to provide good care and maximum patient 
and family follow up with therapies employed 
include the underlying pathophysiology of AF, 
existing AHA/ACC guidelines, the interplay of 
cardiovascular risk factors, medication adherence, 
treatment options/potential risks and benefits, 
among others. Several challenges exist both for 
the practitioner and families related to education 
such as time constraints that exist in the fast paced 
clinical environment, language barriers, etc. Addi-
tional practical issues exist for family members re-
lated to AF such as the cost burden associated with 
medications, the burden of getting anticoagulants 
monitored, and getting to appointments (i.e, due 
to fragility, limited mobility, resources, caring for a 
spouse other family member with co-existing con-
ditions, employment/childcare responsibilities). 

Educating the family and creating a sense of 
empowerment and involvement in the clinical 
management can have profound impact. For ex-
ample, the wife of one of our patients who pre-
pares all the meals for the family was shocked 
to learn by limiting the sodium intake of her 
husband she impacted on improving his CHF, 
HTN and decreasing the frequency of his PAF. 

Family members can be encouraged to learn how 
to check a pulse and actively watch, record and 
report certain signs and symptoms of AF such 
as palpitations, shortness of breath vs. ignoring/
not seeking further evaluation or assuming such 
symptoms are normal or age related. This would 
certainly avert some clinical situations such as 
unidentified tachycardia induced cardiomyopa-
thy, CHF exacerbation, inappropriate ICD shocks 
and their associated costs and impact on QoL. 

Numerous topics will need to be addressed in the 

future on how best to educate individuals and 
families regarding AF. This may include a nation-
al AF prevention program with active involve-
ment from individuals in the community who are 
trained in AF education. How this may alter the 
cost burden on society remains to be determined. 

Thus, AF burden is a complex construct with var-
ious meanings which are interrelated but do not 
necessarily move in parallel. Take for instance, the 
clinical situation where a rhythm-management 
strategy is undertaken while treating a patient 
with PAF or recurrent persistent AF. Treatment 
with an antiarrhythmic medication may result in 
several different outcomes. If we leave the finan-
cial cost associated with antiarrhythmic therapy 
out of the equation for the moment, one pos-
sible outcome would be sustained maintenance 
of sinus rhythm without any adverse side effects 
from the medications. This would result in a de-
crease in both disease burden and clinical bur-
den. However, if we reduce disease burden with 
an antiarrhythmic regimen, but it causes side ef-
fects, it might increase the clinical burden, or alter 
its components. For example, if we were to con-
vert persistent AF to PAF with the use of antiar-
rhythmic therapy, it is possible that we could de-
crease disease burden while actually increasing 
clinical burden. In the AFFECTS Registry, more 
patients with PAF were symptomatic than were 
patients with persistent AF.14 Interestingly, per-
sistent AF was more likely to be associated with 
dyspnea, fatigue, and exercise tolerance than was 
PAF, while PAF was more likely to be associated 
with palpitations and/or chest discomfort.14 The 
impact on QoL and possibly consequences and 
costs of these different presentations would un-
likely be the same. In both the AFFECTS Regis-
try14 and the RECORD AF Registry15, patents with 
PAF were more likely to be treated with a chronic 
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Table 1 Landmark Trials in Atrial Fibrillation and Left Ventricular Dysfunction

Arrhythmia Burden Total time in AF divided by the total time in sinus rhythm.

Disease Burden Recurrences of AF, and the frequency, duration, and severity of episodes.

Clinical Burden The level to which AF symptoms, treatment and/or a consequence of AF (e.g. stroke, heart failure) 
affects quality of life and cost.

Economic Burden Total cost (both direct and indirect) associated with AF symptoms, consequences, treatments and/or 
resultant complications.



antiarrhythmic regimen than were patients with 
persistent AF – and thus exposed to their conse-
quences and costs. Notably, if the antiarrhyth-
mic regimen has no effect on the maintenance of 
sinus rhythm but results in substantial side ef-
fects, disease burden would be unaltered while 
the clinical burden to the patient would increase. 

Given the rising incidence and prevalence of AF 
worldwide, the high cost associated with the dis-
order at both the individual and societal levels, 
and greater interest in AF as a disorder requir-
ing therapy, we anticipate readers will encoun-
ter the term “burden” in the setting of AF with 
ever increasing frequency. Importantly, given 
its various meanings, authors must be sure to 
define the term carefully when it is employed 
and readers must be sure they understand it. 
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