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Abstract
Background—Atrial stretch is thought to play a role in the development of atrial fibrillation
(AF). However, the precise mechanism by which stretch contributes to AF maintenance in humans
is unknown.

Methods—The subjects of this study were 58 consecutive patients with persistent AF (n=40) or
paroxysmal AF (n=18) undergoing left atrial (LA) ablation. LA pressure was measured before
ablation. Both atria and the coronary sinus were mapped, and regional dominant frequency (DF)
was determined.

Results—The mean LA pressure in the persistent AF group was significantly higher than in the
paroxysmal AF group (18±5 vs. 10±4 mm Hg, p<0.0001). The mean DF in the persistent AF
group was also higher than in the paroxysmal AF group (6.36±0.51 and 5.83±0.54 Hz, p=0.0006).
In patients with persistent AF, there was a significant correlation between LA pressure and the DF
at the LA appendage (r=0.55, p=0.0002). DFmax was found at the LA appendage region in 24 of
the 40 patients (60%) with persistent AF (p=0.0006). In multivariate analysis, LA pressure was the
only independent predictor of DFmax in the LA appendage (p=0.04, OR 1.41, 95% CI, 1.02 to
1.94).

Conclusions—Higher LA pressure in patients with persistent AF implies that these patients are
more vulnerable to stretch-related remodeling than patients with paroxysmal AF. The DF of AF
was directly related to LA pressure in patients with persistent AF. This suggests that atrial stretch
may contribute to the maintenance of AF in humans by stabilizing high frequency sources.
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Introduction
Atrial stretch has long been implicated in the pathogenesis of atrial fibrillation (AF).1 A
prior study showed that atrial stretch, imparted by elevated left atrial (LA) pressure,
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increased the rate of AF drivers in an animal model.2 In humans, stretch is thought to play a
role in the development of AF in patients with hypertension, mitral valve disease, and heart
failure.3 However, the electrophysiologic mechanism by which stretch contributes to the
fibrillatory process in humans has not been clarified. The aim of the study was to determine
the impact of LA pressure on AF frequency in patients undergoing catheter ablation of AF.

Methods
Study subjects

The subjects of this study were 40 consecutive patients with persistent AF4 undergoing left
atrial (LA) ablation. Thirty of the 40 patients (75%) had longstanding, persistent AF.4 An
estimate of the duration of continuous AF was obtained from a combination of records from
the referring cardiologist and history obtained from the patient. If a patient underwent
transthoracic cardioversion and AF recurred thereafter, the duration of continuous AF was
defined as the time period extending from the date of recurrence to the date of the ablation
procedure.

Patients with paroxysmal AF4 who presented to the laboratory in AF served as a comparison
group (N=18). Patients who had undergone a prior ablation procedure, and those with
structural heart disease, history of heart failure, or those currently taking diuretic
medications were excluded from the study. These patients were excluded since these
conditions may be associated with increased LA pressure. The clinical characteristics of the
study subjects are described in table 1.

Transthoracic echocardiography was performed before the ablation procedure and LA
volume was measured off-line using a prolate ellipsoid model: V = πD2L/6, where D is the
minor axis (width) and L is the major axis (length) of the LA as measured in the apical 4-
chamber view. All patients with persistent AF underwent transesophageal echocardiography
(Phillips iE33, Andover, MD) to rule out the presence of thrombus prior to the ablation
procedure.

Measurements of LA pressure and electroanatomical mapping
The study protocol was approved by the Institutional Review Board and all patients
provided informed written consent. Rhythm- and rate-controlling medications were
discontinued 4–5 half-lives before the procedure, except for amiodarone, which was
discontinued at least 8 weeks beforehand. Vascular access was obtained through a femoral
vein. A steerable decapolar catheter (Biosense-Webster, Diamond Bar, CA) was positioned
in the coronary sinus. LA pressure was defined as the height of ‘v’ wave during AF (normal
range; 6 to 21 mmHg)5 and measured just after transseptal puncture using a long sheath
(SL0, St. Jude Medical, Inc., Minnetonka, MN) connected to a pressure transducer
(Transpac, Hospira, Lake Forest, Illinois). After the transseptal puncture, systemic
anticoagulation was achieved with intravenous heparin to maintain an activated clotting time
of 300–350 seconds. An open-irrigation, 3.5-mm-tip deflectable catheter (Thermocool,
Biosense-Webster) was used for mapping and ablation. Bipolar electrograms were displayed
and recorded at filter settings of 30 to 500 Hz during the procedure (EPMed Systems, West
Berlin, NJ).

All patients underwent electroanatomical mapping during AF before ablation. Endocardial
contact was ensured by fluoroscopy, electrogram stability, and the 3-D navigation system.
Electrograms were recorded from the following 16 bi-atrial regions inpatients with persistent
AF, and 12 left atrial regions in patients with paroxysmal AF: (1) right pulmonary vein (PV)
antrum, (2) left PV antrum, (3) posterior wall (4) anterior wall, (5) roof, (6) septum, (7)
mitral isthmus, (8) inferior wall, (9) LA appendage, (10) base of the appendage, (11) ridge
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between left PV and LA appendage, (12) coronary sinus, (13) right atrial (RA) appendage,
(14) RA septum, (15) cavotricuspid isthmus, and (16) RA lateral wall. Three sites per region
were sampled for ≥5 seconds in order to obtain the mean DF and atrial voltage for each
region.

Digital signal processing and data analysis
The details regarding spectral analysis have been described previously.6 Briefly, bipolar
electrograms recorded for 5 seconds were processed off-line in the MatLab environment
(MathWorks, Inc., Natick, Massachusetts) during AF. Electrogram voltage was defined as
the mean of 10 the largest electrograms in a sampling window of 5000 ms and measured
using custom software (Figures 1A and 1B). In the spectral analysis, the pre-processing
steps included bandpass filtering with cutoffs at 40 and 250 Hz, rectification, and low-pass
filtering with a 20-Hz cutoff.7 The DF was defined as the frequency of the highest peak of
the periodogram in the interval of 0.5 to 20 Hz using Fast Fourier Transformation. Points
demonstrating an organization index (OI) < 0.2 were excluded (4%) in subsequent analysis
to control for ambiguity in DF detection related to poor signal-to-noise ratio. OI was defined
as the ratio of the total area of the spectrum under the first five harmonic peaks to the total
area of the spectrum from 0 to 60 Hz.8

Statistical Analysis
Continuous variables are expressed as mean ± 1 standard deviation and were compared by
Student’s t-test or paired t-test, as appropriate. Categorical variables were compared by Chi-
square analysis or with Fisher’s exact test, as appropriate. One-way analysis of variance
(ANOVA) was used to compare continuous variables among multiple groups and post hoc
analysis was performed using the Scheffe test. To determine the relationship between LA
pressure and DF, an independent Pearson’s correlation coefficient was calculated for each of
the 11 LA sites sampled. To account for these multiple comparisons, p-values were
corrected using the Bonferroni correction. Thus, the relationship was deemed significant at
the 0.05 level if the p-value was <0.0045 (i.e., 0.05/11). Multivariate regression analysis was
performed to identify the predictors of the region with the highest DF. A p<0.05 indicated
statistical significance in this case.

Results
Baseline characteristics

Age (58±8 vs.59±10 years, p=0.71) and time from the first diagnosis of AF (54±38 vs.
53±47 months, p=0.96) were similar between patients with paroxysmal and persistent AF
(Table 1). The LA diameter was significantly larger in patients with persistent than in
paroxysmal AF (48±6 vs. 38±4 mm, p<0.0001). Left ventricular systolic function was
preserved in all patients (ejection fraction >50%). Hypertension (63% vs. 32%, p=0.03) and
obesity indicated by body mass index (32±5 vs. 27±3 kg/m2, p=0.0001) were more prevalent
in the patients with persistent AF.

LA pressure in paroxysmal and persistent AF
LA pressure was significantly higher in patients with persistent AF as compared to those
with paroxysmal AF (18±5 vs.10±4 mm Hg, p<0.0001). The distribution of LA pressure in
the paroxysmal AF group was too narrow to evaluate a relationship between atrial pressure
and DF. Therefore, such a relationship was investigated only in the persistent AF group.
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Regional DF in Persistent AF
The mean DF of the LA and the RA was 6.4±0.7 and 6.3±0.8 Hz, respectively (p=0.17). The
DF at the LA appendage (6.8±0.6 Hz), base of LA appendage (6.6±0.7Hz), ridge between
the appendage and the left PVs (6.7±0.6 Hz) and RA appendage (6.7±0.8 Hz) were
significantly higher than the other regions, for example, the posterior wall and inferior walls
of the LA, and the CS (p<0.0001) (Figure 2). Among the LA sites, the LA appendage region
(including the base and the ridge) had the highest DF (DFmax) in 24 of the 40 patients
(60%). In the remainder, the DFmax was found at the left PV antrum in 5 (13%), the mitral
isthmus in 3 (8%), the anterior wall in 2 (5%), the inferior wall in 2 (5%), posterior wall in 2
(5%), roof in 1 (2%), right PV antrum in 1 (2%) and septum in none of the patients
(p=0.0006). The coefficient of variation (COV=standard deviation/mean × 100%) for DF in
the LA in patients with persistent AF was 6.7±1.6%. There was no significant difference in
regional DF in the LA in patients with paroxysmal AF (p=0.9; Figure 2).

LA pressure
Patients with persistent AF were divided into 2 groups: a low pressure group with LA
pressure of ≤18 mmHg, which was the mean and median LA pressure in the persistent AF
group, and a high pressure group with LA pressure >18 mm Hg (Table 2). There was a
borderline significant difference in the prevalence of the sleep apnea syndrome, which was
higher in the high pressure group versus the low pressure group, respectively (29% versus
5%, p=0.05).

LA pressure and DF
There was a direct relationship between LA pressure and the DF of AF at the LAA
(p=0.0002; r=0.55) (Figure 3) and the LA septum (p=0.003; r=0.46).

Continuous AF and DF
The mean DF in patients with paroxysmal and persistent AF was 5.8±0.5 Hz and 6.4±0.5,
respectively (p=0.0006). There was no correlation between the time from first diagnosis of
AF and mean DF in the paroxysmal AF group (p=0.5, r=0.18) and in persistent AF group
(p=0.14, r=0.24). However, the duration of continuous (uninterrupted)AF in the persistent
AF group was directly related to the mean DF of both left and right atria (p=0.0009, r=0.51)
(Figure 4). The correlation between LA pressure and duration of continuous AF was weaker
than the correlation between LA pressure and mean DF (p=0.04, r=0.33).

Atrial Voltage
The mean LA voltage was significantly lower than the mean RA voltage (0.45±0.36 vs.
0.92±0.53 mV, p<0.0001) in patients with persistent AF. Mean LA voltage was significantly
lower in patients with persistent AF than in patients with paroxysmal AF (0.45±0.36 vs.
0.64±0.39 mV, <0.0001). Regional atrial voltage was significantly lower at every LA site
except the appendage, in patients with persistent AF as compared to those with paroxysmal
AF (Figure 5). Although voltage at the LA appendage was also lower in patients with
persistent versus paroxysmal AF (1.20±0.56 vs. 1.43±0.94 mV), this difference did not
reach statistical significance (p=0.10). There were also significant regional differences in LA
voltage in patients with both paroxysmal and persistent AF (Figure 5). Among patients with
persistent AF, the mean voltage at the LA appendage and LA posterior wall was 1.20±0.56
and 0.28±0.12 mV, respectively (p<0.0001). In patients with paroxysmal AF, the mean
voltage at the LAA and the posterior wall was 1.43±0.94 and 0.58±0.36 mV, respectively
(p=0.0009). The COV for LA voltage in patients with persistent and paroxysmal AF was
65±19% and 53±17%, respectively (p=0.02).
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Determinants of DF in the LA Appendage
By univariate analysis, patients with DFmax in the LA appendage, as compared to those with
DFmax elsewhere, had a significantly higher LA pressure (21±3 versus 17±5 mm Hg,
p=0.009), lower age (52±9 versus 61±9, p=0.009) and higher voltage in the LA appendage
(1.61±0.45 versus 0.95±0.50 mV, p=0.0006). There was no significant difference in gender
(8/2 versus 25/5, p=0.81), duration of continuous AF (22±14 versus 27±20 months, p=0.41)
and LA diameter (45±7 versus 49±5 mm, p=0.14). In a multivariate analysis using age,
gender, LA pressure, duration of continuous AF, voltage in the LA appendage and LA
diameter, the only independent predictor for DFmax in LA appendage was LA pressure (OR,
1.41, 95% CI 1.01–1.96; p=0.04). There were no predictors of DFmax at other regions.

Discussion
Main Findings

This study demonstrates that (1) The DF of AF is directly related to LA pressure in patients
with persistent AF; (2) the DF of AF is directly related to the duration of continuous AF in
patients with persistent AF; (3) LA pressure is higher in patients with persistent AF and is an
independent predictor of DFmax in the LA appendage; and (4) regional LA voltage is lower
in patients with persistent AF than in patients with paroxysmal AF.

LA pressure and DF
A stretch-related mechanism of AF has been proposed in a number of clinical conditions
such as mitral valve disease and heart failure. It is thought that stretch may contribute to AF
by evoking triggers9, 10 and/or promoting AF maintenance related to shortening of the atrial
effective refractory period (ERP).11 Abbreviation of the atrial ERP would allow for a higher
activation frequency. A prior animal study showed that an acute increase in LA pressure
resulted in an increase in the DF, which is closely related to the atrial ERP.12, 13 To the best
of our knowledge, this is the first human study to suggest that stretch imparted by elevated
LA pressure may contribute to the maintenance of AF by stabilizing high frequency sources.

There are several therapeutic options that may be helpful in minimizing the detrimental
consequences of stretch. For example, angiotensin receptor blockers may have a favorable
effect by preventing stretch-induced electrical remodeling.14 Atrial stretch has also been
implicated in the pathogenesis of AF related to sleep apnea,15 underscoring the importance
of treating this condition. An animal study demonstrated that as LA pressure was lowered,
AF sources became slow and unstable.2 Therefore, the role of diuretic therapy, even in the
absence of heart failure, in reducing LA pressure and stretch should be explored. Also,
specific inhibitors of stretch-activated channels would be a welcome addition to the
armamentarium of antiarrhythmic medications. Although catheter ablation can eliminate
persistent AF, it does not directly address elevated LA pressure and stretch. Interventions
that have the potential to attenuate atrial stretch and/or its consequences may serve as
adjuvant therapy after successful ablation to minimize the risk of late recurrence of AF.

Duration of Persistent AF and DF
Patients with persistent AF of long duration do not respond as well to medical therapy, or
surgical16, or catheter ablation.17 The results of the current study suggest that patients with a
longer duration of continuous AF tend to have a higher AF frequency, consistent with more
extensive electrical remodeling. Experimental studies have demonstrated that longer lasting
AF is associated with shortening of the atrial ERP, which then further perpetuates AF.13 It
seems that AF also begets AF in humans by a similar mechanism.
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Paroxysmal vs. Persistent AF
The factors that result in self-limited episodes in patients with paroxysmal AF as opposed to
continuous, uninterrupted episodes in patients with persistent AF are not well understood. It
is possible that the higher LA pressure in patients with persistent AF results in a greater
degree of stretch-related electrical remodeling, resulting in a higher AF frequency. Indeed,
prior studies,18 as well as the current study, have found that the DF in patients with
persistent AF is higher than in patients with paroxysmal AF. Thus, a higher atrial activation
rate in patients with persistent AF, related to a greater degree of stretch, may stabilize the
arrhythmia, making it less likely to spontaneously terminate.2

DFmax in the LAA
The DFmax site in the majority of patients with persistent AF in this study was found at the
region of the LA appendage. This observation may provide the rationale for ablation of
complex electrograms around the LA appendage, which has been shown to be critical during
the stepwise approach in acutely terminating AF.19 Also, ligation or excision of the LA
appendage during a surgical ablation procedure for AF may not only help reduce the risk of
thromboembolism, but may also directly eliminate a high frequency source responsible for
maintaining AF.

LA pressure was found to be an independent predictor of DFmax in the LA appendage. This
implies that the LA appendage may be more vulnerable to stretch-related electrical
remodeling than other parts of the LA. It has been shown in an animal model that the LA
appendage is more compliant than the body of the LA.20 In other words, for a given
pressure, the LA appendage undergoes more distension than the LA body, which may render
the former more susceptible to stretch-induced changes. In pathologic states in which the LA
pressure is elevated, the relative blood flow to the LA appendage increases, consistent with
its “reservoir function.”21 However, the results of the current study suggest that such
compensation may actually be maladaptive since it may contribute to stretch-related
remodeling of the LA appendage.

Regional Differences in LA Voltage
This study found that there were significant differences in regional LA voltage in
paroxysmal and persistent AF. For example, in patients with persistent AF, the mean voltage
at the LA appendage was more than four times larger than at the posterior wall of the LA.
These results are consistent with those from an anatomic study, which reported that in
patients with AF, there was a significantly higher prevalence of interstitial fibrosis in the
posterior wall than in the LA appendage.22 There may be several explanations to help
explain why the LA appendage seems to be relatively spared from structural remodeling in
patients with AF. First, owing to their disparate embryological origins,23 the response of the
LA posterior wall and appendage to various stimuli, for example, LA pressure, may be
different. Another possibility may be related to wall tension.22 According to Laplace’s law,
wall tension is directly related to pressure and radius, and indirectly related to wall
thickness. Although the posterior LA and LAA are subject to the same pressure, the former
would be expected to endure higher wall stress due to its larger radius and thinner
myocardium. These mechanisms may help explain the substantial heterogeneity in regional
LA voltage in both paroxysmal and persistent AF.

Regional Differences in DF
In an animal model, dispersion of atrial refractoriness was shown to be critical in the
initiation and maintenance of AF.24 However, in the present study, the COV of DF was only
about 6–7% as compared with animal studies in which the COV of ERP was reported to be
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about 21%. There may be several explanations for this discordance. First, the animals
underwent the electrophysiology study after only 24 hours of rapid atrial pacing, as
compared to patients in this study who were studied after more than a year of uninterrupted
AF. It is possible that at early in the course of AF, there may is a large degree of ERP
heterogeneity. However, as AF persists, the atria are likely to undergo global ERP
remodeling, making it less likely to find marked differences in regional refractoriness. It is
also possible that in the relatively short time frame in which the animal studies are
conducted, structural changes, which have been shown to interfere with electrical
remodeling,25 may not have yet occurred. Lastly, since AF frequencies are considerably
higher in animal models than in patients with AF,26 the degree of fibrillatory conduction and
the magnitude of frequency gradients are likely to be lower among the latter.27

Prior studies
Prior studies examining the impact of stretch on atrial refractoriness in humans have reached
disparate conclusions. Some suggested that refractoriness was prolonged with increasing
pressure,28, 29 while others found the opposite, or no difference.30, 31 These studies were
limited by a lack of LA mapping and the fact that atrial pressure was assessed during non-
physiologic conditions such as simultaneous atrio-ventricular pacing. To our knowledge, the
current study is the first to analyze the relationship between atrial pressure and AF
frequency at multiple biatrial sites in humans without any intervention to increase atrial
pressure. More recent clinical studies have examined the impact of stretch in patients with
mitral stenosis undergoing balloon commissurotomy. One study reported an increase in right
atrial ERP at 3 months,32 whereas another found a decrease at 6 months after
commissurotomy.33 These differences may be due to the fact that the former included
patients with AF, whereas the latter examined the atrial substrate only in patients with sinus
rhythm.

Limitations
The results of the current study suggest that there is an association between the LA pressure
and AF frequency. A prospective clinical study utilizing saline infusion, as in animal
studies, may be necessary to definitively demonstrate causation. However, acute instillation
of saline, apart from being non-physiologic, may not be able to replicate the impact of
chronic elevation in LA pressure. Another limitation of the study is that DF was determined
by sequential as opposed to simultaneous atrial mapping. Also, atrial voltage was measured
during AF as opposed to sinus rhythm. Lastly, the impact of the intrinsic cardiac autonomic
system, one of the determinants of DF, was not analyzed.

Conclusions
LA pressure was significantly higher in patients with persistent AF, which implies that these
patients may be more susceptible to stretch-related remodeling than patients with
paroxysmal AF. The DF of AF was directly correlated with the LA pressure in patients with
persistent AF, suggesting that atrial stretch may contribute to the maintenance of AF in
humans.
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Figure 1. Measurement of atrial voltage and DF
A. Electrogram voltage was defined as the mean of 10 the largest electrograms in a sampling
window of 5000 ms and measured by custom software in the MatLab environment. The
open green circles indicate the detection of peak electrogram amplitude. The red lines
indicate the amplitude in this recoding period (0.28 mV).
B. The periodogram of the same recording period shown in panel A. The DF was 7.60 Hz.
DF: dominant frequency
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Figure 2.
Mean DF at each region in persistent (blue) and paroxysmal (red) AF.
In patients with persistent AF, the mean DFs at 11 regions in the LA, at 4 regions in the RA,
and in the CS are shown. There was a significant difference in the mean DF across the
regions (p<0.0001, ANOVA).
‡: p<0.05 vs. DF at the LAA, §: <0.05 vs. DF at ridge, †: <0.05 vs. DF at base of LAA, ¶:
<0.05 vs. DF at RAA.
In patients with paroxysmal AF, there was no difference in regional DF (p=0.9).
LA: left atrium, LAA: left atrial appendage, PVA: pulmonary vein antrum, CS: coronary
sinus, RA: right atrium, CTI: cavotricuspid isthmus, RAA: right atrial appendage.
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Figure 3.
Relationship between LA pressure and DF at the LAA.
*Significant at the 0.05 level if p <0.0045 by the Bonferroni correction.
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Figure 4.
Relationship between duration of continuous AF and mean DF.
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Figure 5.
Regional LA voltage in patients with persistent (blue) and paroxysmal (red) AF. There were
significant differences in the mean voltage across the regions (P<0.0001, ANOVA).
‡ : P<0.05, §: P<0.01, †: P<0.001, ¶: P<0.0001, NS: non-significant.
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Table 1

Patient characteristics

Paroxysmal AF group (N=18) Persistent AF group (N=40) P

Age 58±8 59±10 0.71

Gender (M/F) 14/5 33/7 0.44

Body mass index (kg/m2) 27±3 32±5 0.0001

Sleep apnea syndrome 3 (17%) 7 (18%) 0.94

Hypertension 6 (32%) 25 (63%) 0.03

Diabetes 1 (6%) 2 (5%) 0.93

Period from first diagnosis of AF (months) 54±38 53±47 0.96

Duration of continuous AF (months) N/A 26±19 -

LA pressure (mmHg) 10±4 18±5 <0.0001

LA diameter (mm) 38±4 48±6 <0.0001

LA volume indexed (ml/m2) 43±10 68±20 <0.0001

Ejection Fraction (%) 64±7 58±7 -

Medication before the procedure

 Amiodarone 1 3 0.74

 Sotalol 1 2 0.97

 Class I AADs 9 2 <0.0001

 Ca blocker 1 14 0.01

 Beta blocker 12 25 0.76

 ACE inhibitor/ARB 2 14 0.06

 Digitalis 1 4 0.54

 Diuretics 0 0 -

Data are shown as mean±SD. AF: atrial fibrillation, M: male, F: female, LA: left atrium, AADs: antiarrhythmic drugs, ACE: angiotensin
converting enzyme, ARB: angiotensin II receptor blocker.
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Table 2

Characteristics of patients with normal and high LA pressure

Persistent AF group (N=40) P

Low LA pressure group (≤18mmHg,
N=19)

High LA pressure group (>18mmHg,
N=21)

Age 60±9 57±11 0.44

Gender (M/F) 17/2 16/5 0.27

Body mass index (kg/m2) 33±5 31±4 0.19

Sleep apnea syndrome 1 6 0.05

Hypertension 10 15 0.22

Duration of continuous AF (month) 22±19 28±18 0.32

LA diameter (mm) 47±5 48±7 0.53

Data are shown as mean±SD. AF: atrial fibrillation, M: male, F: female, LA: left atrium, AADs: antiarrhythmic drugs, ACE: angiotensin
converting enzyme, ARB: angiotensin II receptor blocker.
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