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Background-—The mechanisms of atrial fibrillation (AF) are highly divergent. The prevalence of AF increases significantly with age,
and underling mechanisms might vary with age. Endothelial dysfunction may be associated with AF and atrial arrhythmia
recurrence after catheter ablation. We tested the hypothesis that the impact of endothelial dysfunction on arrhythmia recurrence
following catheter ablation is age dependent.

Methods and Results-—This study enrolled 92 participants with AF undergoing catheter ablation. Endothelial function was
assessed by peripheral arterial tonometry before ablation, and the natural logarithmic transformation of reactive hyperemia index
was calculated. Endothelial dysfunction was defined as a natural logarithmic transformation of reactive hyperemia index <0.618
(median). Participants were followed for atrial tachycardia, flutter, and fibrillation recurrence for a median of 14 months. The mean
age was 57�10 years. There was significant interaction between age and endothelial dysfunction in association with recurrence of
AF (P=0.029) and any atrial arrhythmia (P=0.015), and the risk associated with endothelial dysfunction for arrhythmia recurrence
was higher in younger versus older participants. Participants were divided into 2 age groups at a threshold of 60 years. Among
participants aged ≤60 years, multivariate Cox proportional hazards analysis revealed the independent association between
endothelial dysfunction and increased risk of arrhythmia recurrence (hazard ratio for AF 4.18 [95% CI 1.33–15.82], P=0.014, and
for any atrial arrhythmia 3.62 [95% CI 1.29–11.81], P=0.014). Kaplan–Meier analysis showed that participants with endothelial
dysfunction had significantly higher rates of recurrence of AF (P=0.01) and any atrial arrhythmia (P=0.002).

Conclusions-—The risk associated with endothelial dysfunction for arrhythmia recurrence following catheter ablation was age
dependent and was higher in younger participants. ( J Am Heart Assoc. 2016;5:e003183 doi: 10.1161/JAHA.115.003183)
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A trial fibrillation (AF) is the most common type of
sustained cardiac arrhythmia encountered in clinical

practice and is associated with an increased risk of all-cause
mortality and morbidity including stroke, heart failure,
dementia, embolic events, hospitalization, and impaired
quality of life.1 Catheter ablation for AF has been established
as an effective therapeutic option for drug-resistant AF, and
maintaining sinus rhythm after catheter ablation has been
shown to be associated with a lower rate of cardiovascular

mortality.2 Nevertheless, despite continuous improvements in
outcomes with advances in ablation techniques, recurrences
of atrial arrhythmias remain a common clinical problem
following ablation. A recent meta-analysis reported that after
left atrial ablation, only 53.1% of patients were free from atrial
arrhythmia at long-term follow-up.3 The pathogenesis of AF is
multifactorial and involves a complex interaction between
substrates (vulnerable tissue allowing AF to be induced and, in
some instances, sustained), triggers (initiating electric stim-
ulus, mostly from pulmonary veins), and reentry.4 Accordingly,
preventing the development of AF substrates in addition to
electrical therapy by catheter ablation is necessary for
decreasing atrial arrhythmia recurrence. Furthermore, AF
substrates have a substantial role in cardiovascular outcomes
in AF patients and might be at least part of the reason why
previous randomized controlled trials could not demonstrate
the survival benefit of a rhythm control strategy with
antiarrhythmic drugs and cardioversion over rate control.5,6

The mechanisms underlying both initiation and perpetuation
of AF are not well established, and AF manifests as a result of
multiple heterogeneous groups of disorders. The prevalence of
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AF is low in those aged <60 years and increases significantly
with age in those aged >60 years.7 As used in the definition of
“lone AF,” older age (>60 years) is an important risk factor for
AF.8,9 Furthermore, it was reported that the incidence of AF
recurrence after catheter ablation is higher in AF patients aged
≥60 years.10 Electrophysiological and structural remodeling of
the atrium has been observed with advancing age and could
play an important role in triggering AF.11 Dominant underlying
mechanisms might be different for those aged <60 and >60
years. Emerging evidence has demonstrated an association
between endothelial dysfunction and AF. Shin et al reported
that baseline endothelial function was an important predictor of
AF recurrence after catheter ablation.12 It remains unclear
whether the impact of endothelial dysfunction on AF recurrence
differs by age.

The aim of the present study was to test the hypothesis
that the impact of endothelial function on AF and atrial
arrhythmia recurrence following catheter ablation is age
dependent.

Methods

Study Population
Between January 2008 and December 2009, a double-blind,
placebo-controlled trial was conducted to evaluate the
efficacy of statins in preventing AF recurrence following left
atrial ablation. The Mayo Clinic institutional review board
approved the study protocol, and all study participants gave
written informed consent. Details of the study methodology
were described previously.13 Briefly, 125 eligible participants
who had no statin indication and who were undergoing
catheter ablation for drug-refractory AF were randomly
assigned at a 1:1 ratio to receive either daily 80 mg
atorvastatin (n=62) or matching placebo (n=63) for 3 months.
Major exclusion criteria were known malignancy; known
inflammatory disease; surgery, trauma, or myocardial infarc-
tion in the previous month; known contraindication to statin
therapy; elevated liver enzymes above 2 times the upper limit
of normal; or use of statin, niacin, or fibrates at the time of
randomization. The ablation procedure, based on electrical
isolation of the pulmonary veins with additional left atrial
linear ablation, has been described previously.14,15

In the current substudy, 92 participants (46 in the atorvas-
tatin group and 46 in the placebo group) who underwent
noninvasive endothelial function testing by peripheral arterial
tonometry before ablation were included (Figure 1).

Endothelial Function Assessment
Endothelial function was prospectively collected and blinded to
the participants and physicians. All studies were performed in a

quiet, temperature-controlled room. Participants fasted for
4 hours before the study and abstained from coffee or tobacco
use on the day of the examination. Vasoactive medications
were discontinued at least 24 hours prior to testing.

Peripheral arterial tonometry signals were obtained in all
participants prior to the ablation procedure and in 71
participants at 3-month follow-up using an EndoPAT 2000
device (Itamar Medical Inc). This method has been validated
and described previously in other populations16–20 and in
patients with AF.21 After a 5-minute baseline measurement, the
blood pressure cuff on the test arm was inflated to 60 mm Hg
above baseline systolic blood pressure or a maximum of
200 mm Hg for 5 minutes. After 5-minute occlusion, the cuff
was deflated, and the peripheral arterial tonometry tracing
recorded for another 5 minutes. Endothelial function was
measured by reactive hyperemia index, and a natural logarith-
mic transformation of reactive hyperemia index (Ln_RHI) was
used because of its skewed distribution. Endothelial dysfunc-
tion was defined as Ln_RHI <0.618 (median).

Follow-up and End Points
All enrolled participants were prospectively followed up for
arrhythmia recurrence periodically or sooner, as dictated by
symptoms, at a hospital near the participants’ primary
physicians. Electrocardiograms and 72-hour Holter monitors
were obtained at the follow-up visit 3 months after ablation in
all participants and sooner for those with symptoms

Figure 1. Study design. AF indicates atrial fibrillation; AFL, atrial
flutter; AT, atrial tachycardia; IQR, interquartile range; RH-PAT,
reactive hyperemia–peripheral arterial tonometry.
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suggestive of arrhythmia recurrence. Although all participants
were followed mandatorily for 3 months after ablation, follow-
up after 3 months was based on the primary physicians’
discretion. Consequently, event data were analyzed for
3 months and throughout the follow-up period. The primary
end point was freedom from symptomatic AF during the
follow-up period. Documented AF recurrence was considered
symptomatic if the participants complained of typical symp-
toms of palpitations. The secondary end point was free-
dom from any atrial arrhythmia (AF, atrial tachycardia, and
atrial flutter) recurrence, regardless of symptoms during the
follow-up period. Any episode of atrial tachyarrhythmias

>30 seconds detected by electrocardiograms or Holter mon-
itors was considered an atrial arrhythmia recurrence.

Statistical Analysis
Descriptive statistics were analyzed to describe the baseline
characteristics according to the median value of baseline
Ln_RHI (0.618) and age 60 years. Data are expressed as
mean�SD, median (interquartile range), or frequency (percent-
age), as appropriate, and variables were compared by the Fisher
exact test, an unpaired t test, or the Wilcoxon rank sum test. To
investigate the existence of a linear association of endothelial

Figure 2. HRs of endothelial dysfunction for incident AF and atrial arrhythmia recurrence by age groups.
The HRs were calculated for Ln_RHI <0.618. The vertical lines through the HRs represent 95% CIs in
predicting AF recurrence (A) and any atrial arrhythmia recurrence (B). There is significant interaction
between age and endothelial dysfunction in association with arrhythmia recurrence. The risk associated
with endothelial dysfunction for arrhythmia recurrence is higher in younger versus older participants. AF
indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; HR, hazard ratio; Ln_RHI, natural
logarithmic transformation of reactive hyperemia index.
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Table 1. Baseline Characteristics According to Median Value of Baseline Ln_RHI and Age 60 Years

Age

P Value

Ln_RHI

P Value≤60 Years (n=58) >60 Years (n=34) ≥0.618 (n=46) <0.618 (n=46)

Age, y, mean�SD 51.7�7.5 67.0�4.5 <0.001 57.6�8.9 57.2�10.8 0.84

Male sex, n (%) 48 (82.8) 24 (70.6) 0.20 35 (76.1) 37 (80.4) 0.80

Body mass index, kg/m2, mean�SD 29.2�5.5 28.8�4.1 0.71 29.3�5.4 28.8�4.6 0.60

Body mass index ≥30 19 (32.8) 13 (38.2) 0.65 15 (32.6) 17 (37.0) 0.83

Hypertension, n (%) 12 (20.7) 16 (47.1) 0.01 13 (28.3) 15 (32.6) 0.82

Diabetes mellitus, n (%) 0 (0) 0 (0) NA 0 (0) 0 (0) NA

Coronary artery disease, n (%) 0 (0) 0 (0) NA 0 (0) 0 (0) NA

Congestive heart failure, n (%) 1 (1.7) 1 (2.9) >0.99 1 (2.2) 1 (2.2) >0.99

Valvular heart disease, n (%) 7 (12.1) 3 (8.8) 0.74 4 (8.7) 6 (13.0) 0.74

History of CVA or TIA, n (%) 0 (0) 0 (0) NA 0 (0) 0 (0) NA

Chronic kidney disease, n (%) 1 (1.7) 1 (2.9) >0.99 1 (2.2) 1 (2.2) >0.99

Chronic lung disease, n (%) 2 (3.5) 1 (2.9) >0.99 0 (0) 3 (6.5) 0.24

Sleep apnea, n (%) 9 (15.5) 7 (20.6) 0.58 9 (19.6) 7 (15.2) 0.58

Paroxysmal AF, n (%) 42 (72.4) 26 (76.5) 0.81 38 (82.6) 30 (65.2) 0.095

Years of AF, median (IQR) 4.0 (1.8–8.0) 3.5 (2.0–7.8) 0.93 4.0 (2.0–7.0) 4.0 (1.3–9.0) 0.84

Redo procedure, n (%) 17 (29.3) 11 (32.4) 0.82 15 (32.6) 13 (28.3) 0.82

CRP, mg/L, median (IQR) 1.8 (0.7–3.8) 2.1 (1.1–3.5) 0.80 1.6 (0.7–3.6) 2.3 (0.9–3.8) 0.50

Ln_RHI, y, mean�SD 0.61�0.29 0.59�0.30 0.79 0.838�0.186 0.367�0.151 NA

Medication on admission

Aspirin, n (%) 27 (46.6) 15 (44.1) 0.83 22 (47.8) 20 (43.5) 0.83

Oral anticoagulation, n (%) 32 (55.2) 32 (94.1) <0.001 30 (65.2) 34 (73.9) 0.50

b-blocker, n (%) 32 (55.2) 15 (44.1) 0.39 25 (54.4) 22 (47.8) 0.68

ACEI/ARB, n (%) 5 (8.6) 4 (11.8) 0.72 4 (8.7) 5 (10.9) >0.99

Atorvastatin, n (%) 27 (46.6) 19 (55.9) 0.52 23 (50) 23 (50) >0.99

Antiarrhythmic drugs, n (%) 30 (51.7) 19 (55.9) 0.83 25 (54.4) 24 (52.2) >0.99

Sotalol/dofetilide 10 (17.2) 7 (20.6) 10 (21.7) 7 (15.2)

Amiodarone 2 (3.4) 2 (5.9) 3 (6.5) 1 (2.2)

Propafenone/flecainide 19 (32.8) 10 (29.4) 13 (28.3) 16 (34.8)

Medication on discharge

Antiarrhythmic drugs, n (%) 11 (19.0) 6 (17.6) 0.74 11 (23.9) 6 (13.0) 0.14

Sotalol/dofetilide 4 (6.9) 3 (8.8) 4 (8.7) 3 (6.5)

Amiodarone 3 (5.2) 1 (2.9) 4 (8.7) 0 (0)

Propafenone/flecainide 4 (6.9) 2 (5.9) 3 (6.5) 3 (6.5)

Echocardiographic parameters

LA diameter, mm, mean�SD 57.6�7.6 58.7�7.8 0.53 57.4�8.0 58.6�7.3 0.46

LA volume index, mL/m2, mean�SD 40.6�16.9 40.3�10.9 0.94 38.7�12.1 42.3�17.4 0.26

LVEF, %, mean�SD 58.0�9.6 60.6�6.8 0.18 60.0�6.3 57.9�10.6 0.25

Procedure

LA isthmus, n (%) 6 (10.3) 5 (14.7) 0.53 4 (8.7) 7 (15.2) 0.52

Roof line, n (%) 12 (20.7) 5 (14.7) 0.58 5 (10.9) 12 (26.1) 0.11

Cavotricuspid isthmus line, n (%) 46 (79.3) 28 (82.4) 0.79 34 (73.9) 40 (87.0) 0.19

Complications, n (%) 1 (1.7) 1 (2.9) >0.99 0 (0.0) 2 (4.4) 0.49

Data are mean�SD, median (IQR), or n (%). Significance was assessed by unpaired t test, Mann–Whitney U test, or Fisher exact test. ACEI indicates angiotensin-converting enzyme
inhibitor; AF, atrial fibrillation; ARB, angiotensin II receptor blocker; CRP, C-reactive protein; CVA, cerebrovascular accident; IQR, interquartile range; LA, left atrium; Ln_RHI, natural
logarithmic transformation of reactive hyperemia index; LVEF, left ventricular ejection fraction; NA, not applied; TIA, transient ischemic attack.
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Table 2. Baseline Characteristics According to Median Value of Baseline Ln_RHI Stratified by Age 60 Years

Age ≤60 Years

P Value

Age >60 Years

P ValueLn_RHI ≥0.618 (n=30) Ln_RHI <0.618 (n=28) Ln_RHI ≥0.618 (n=16) Ln_RHI <0.618 (n=18)

Age, y, mean�SD 52.6�6.3 50.8�8.6 0.35 66.9�4.6 67.1�4.4 0.88

Male sex, n (%) 26 (86.7) 22 (78.6) 0.50 9 (56.3) 15 (83.3) 0.13

Body mass index, kg/m2, mean�SD 29.4�6.2 28.9�4.7 0.72 29.1�3.6 28.5�4.6 0.69

Body mass index ≥30 10 (33.3) 9 (32.1) >0.99 5 (31.3) 8 (44.4) 0.50

Hypertension, n (%) 7 (23.3) 5 (17.9) 0.75 6 (37.5) 10 (55.6) 0.33

Diabetes mellitus, n (%) 0 (0) 0 (0) NA 0 (0) 0 (0) NA

Coronary artery disease, n (%) 0 (0) 0 (0) NA 0 (0) 0 (0) NA

Congestive heart failure, n (%) 1 (3.3) 0 (0) >0.99 0 (0) 1 (5.6) >0.99

Valvular heart disease, n (%) 3 (10.0) 4 (14.3) 0.70 1 (6.3) 2 (11.1) >0.99

History of CVA or TIA, n (%) 0 (0) 0 (0) NA 0 (0) 0 (0) NA

Chronic kidney disease, n (%) 1 (3.3) 0 (0) >0.99 0 (0) 1 (5.6) >0.99

Chronic lung disease, n (%) 0 (0) 2 (7.1) 0.23 0 (0) 1 (5.6) >0.99

Sleep apnea, n (%) 6 (20.0) 3 (10.7) 0.47 3 (18.8) 4 (22.2) >0.99

Paroxysmal AF, n (%) 24 (80.0) 18 (64.3) 0.24 14 (87.5) 12 (66.7) 0.23

Years of AF, median (IQR) 4.5 (2.0–7.3) 3.5 (1.0–8.8) 0.60 2.5 (1.3–6.5) 4.5 (2.0–9.0) 0.25

Redo procedure, n (%) 9 (30.0) 8 (28.6) >0.99 6 (37.5) 5 (27.8) 0.72

CRP, mg/L, median (IQR) 1.6 (0.7–3.4) 2.4 (1.0–4.1) 0.25 1.9 (1.2–4.0) 2.1 (0.7–3.4) 0.56

Ln_RHI, y, mean�SD 0.83�0.18 0.37�0.15 NA 0.85�0.20 0.36�0.16 NA

Medication on admission

Aspirin, n (%) 17 (56.7) 10 (35.7) 0.12 20 (43.5) 22 (47.8) 0.83

Oral anticoagulation, n (%) 15 (50.0) 17 (60.7) 0.44 34 (73.9) 30 (65.2) 0.50

b-blocker, n (%) 16 (53.3) 16 (57.1) 0.80 22 (47.8) 25 (54.4) 0.68

ACEI/ARB, n (%) 3 (10.0) 2 (7.1) >0.99 5 (10.9) 4 (8.7) >0.99

Atorvastatin, n (%) 12 (40.0) 15 (53.6) 0.43 23 (50) 23 (50) >0.99

Antiarrhythmic drugs, n (%) 16 (53.3) 15 (53.6) >0.99 10 (62.5) 9 (50.0) 0.19

Sotalol/dofetilide 5 (16.7) 5 (17.9) 5 (31.3) 2 (11.1)

Amiodarone 1 (3.3) 1 (3.6) 2 (12.5) 0 (0)

Propafenone/flecainide 10 (33.3) 9 (32.1) 3 (18.8) 7 (38.9)

Medication on discharge

Antiarrhythmic drugs, n (%) 7 (23.3) 4 (14.3) 0.20 4 (25.0) 2 (11.1) 0.22

Sotalol/dofetilide 3 (10.0) 1 (3.6) 1 (6.3) 2 (11.1)

Amiodarone 3 (10.0) 0 (0) 1 (6.3) 0 (0)

Propafenone/flecainide 1 (3.3) 3 (10.7) 2 (12.5) 0 (0)

Echocardiographic parameters

LA diameter, mm, mean�SD 56.8�8.4 58.5�6.6 0.40 58.6�7.3 58.8�8.5 0.94

LA volume index, mL/m2, mean�SD 37.8�12.5 43.6�20.6 0.20 40.4�11.5 40.3�10.7 0.98

LVEF, mean�SD, % 59.7�6.1 56.2�12.1 0.16 60.6�6.7 60.6�7.1 >0.99

Procedure

LA isthmus, n (%) 3 (10.0) 3 (10.7) >0.99 1 (6.3) 4 (22.2) 0.34

Roof line, n (%) 4 (13.3) 8 (28.6) 0.20 1 (6.3) 4 (22.2) 0.34

Cavotricuspid isthmus line, n (%) 22 (73.3) 24 (85.7) 0.34 12 (75.0) 16 (88.9) 0.39

Complications, n (%) 0 (0) 1 (3.5) 0.48 0 (0) 1 (5.6) >0.99

Data are mean�SD, median (IQR), or n (%). Significance was assessed by unpaired t test, Mann–Whitney U test, or Fisher exact test. ACEI indicates angiotensin-converting enzyme
inhibitor; AF, atrial fibrillation; ARB, angiotensin II receptor blocker; CRP, C-reactive protein; CVA, cerebrovascular accident; IQR, interquartile range; LA, left atrium; Ln_RHI, natural
logarithmic transformation of reactive hyperemia index; LVEF, left ventricular ejection fraction; NA, not applied; TIA, transient ischemic attack.
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function with arrhythmia recurrence according to age, partic-
ipants were divided into 3 groups by age (≤50, 51–60, and ≥61
years), as shown in Figure 2. In other analyses, participants
were divided into 2 groups by age with a threshold of 60 years.
The cumulative probability of events was estimated by the
Kaplan–Meier method, and curves were compared with the log-
rank test. To account for confounding variables, the propensity
score was calculated for each participant using a logistic
regression model in which the dependent variable was high
Ln_RHI (greater than the median), and the independent
variables were age, sex, body mass index, hypertension, sleep
apnea, paroxysmal AF, AF duration, AF rhythm at EndoPAT
examination, left ventricular ejection fraction, valvular heart
disease, left atrium length, ablation procedures (left atrium
isthmus, roof line, and cavotricuspid isthmus line), antiarrhyth-
mic drugs on admission and discharge, and randomization
group (atorvastatin or placebo). Univariate and multivariable
time-to-event analyses were performed using the Cox propor-
tional hazards model. A 2-sided P value <0.05 was considered
statistically significant. Data were analyzed using JMP version
9.0.0 (SAS Institute Inc).

Results

Baseline Characteristics
In total, 72 participants (78%) were men aged 57�10 years.
Median duration of AF was 4 years (interquartile range 2–8
years), and 74% participants had paroxysmal AF. The median
value of baseline Ln_RHI was 0.618 (first and third quartiles

0.368 and 0.791, respectively). Baseline characteristics of the
study population according to the median value of baseline
Ln_RHI and age 60 years are shown in Tables 1 and 2.
Between the groups with lower and upper medians of Ln_RHI,
participant characteristics were comparable with respect to
demographic, echocardiographic, and biological parameters.
Participants aged >60 years were more likely to have
hypertension and to use anticoagulant therapy compared
with those aged ≤60 years.

Ablation Outcomes
Pulmonary vein isolation was achieved in all participants.
Bidirectional cavotricuspid isthmus block was successfully
performed in 74 participants (80%). Mitral isthmus ablation
was performed in 5 participants (5%), most of whom required
additional pulses from within the coronary sinus. In addition,
left atrial roofline ablation was performed in 17 participants
(18%). No serious procedure-related complications (eg, peri-
cardial tamponade, pulmonary vein stenosis requiring balloon
dilatation and stent placement) were noted. Procedures and
complications of catheter ablation did not differ by age
(Table 1).

Predictive Value of Baseline Endothelial Function
for Arrhythmia Recurrence
During the follow-up period (median 14 months [interquartile
range 3–26 months]), 27 participants experienced symp-
tomatic AF recurrence, and 36 experienced atrial arrhythmia

Table 3. Multivariate Cox Proportional Hazards Analyses for Arrhythmia Recurrence During the Follow-up Period

Univariate Age and Sex Adjusted Propensity Score Adjusted

HR 95% CI P Value HR 95% CI P Value HR 95% CI P Value

Entire study population (n=92)

Ln_RHI <0.618

For AF recurrence 1.988 0.924–4.513 0.079 1.948 0.902–4.434 0.090 1.970 0.804–5.011 0.139

For AF, AFL, and AT recurrence 1.927 0.989–3.921 0.054 1.898 0.966–3.886 0.063 1.549 0.695–3.551 0.286

Participants aged ≤60 years (n=58)

Ln_RHI <0.618

For AF recurrence 4.008 1.390–14.38 0.009 4.136 1.432–14.86 0.008 4.178 1.331–15.82 0.014

For AF, AFL, and AT recurrence 4.347 1.715–13.25 0.002 4.456 1.756–13.59 0.001 3.616 1.288–11.81 0.014

Participants aged >60 years (n=34)

Ln_RHI <0.618

For AF recurrence 0.848 0.244–2.823 0.785 0.750 0.207–2.624 0.648 0.311 0.049–1.843 0.200

For AF, AFL, and AT recurrence 0.711 0.488–4.279 0.526 0.616 0.195–1.864 0.388 0.192 0.032–1.064 0.059

The propensity score was calculated for each participant using a logistic regression model in which the dependent variable was high Ln_RHI (greater than the median) and the independent
variables were age, sex, body mass index, hypertension, sleep apnea, paroxysmal AF, AF duration, AF rhythm at EndoPAT examination, left ventricular ejection fraction, valvular heart
disease, left atrium length, ablation procedures (left atrium isthmus, roof line, and cavotricuspid isthmus line), antiarrhythmic drugs on admission and discharge, and randomization group
(atorvastatin or placebo). AF indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; HR, hazard ratio; Ln_RHI, natural logarithmic transformation of reactive hyperemia index.

DOI: 10.1161/JAHA.115.003183 Journal of the American Heart Association 6

Endothelial Function and Fibrillation Recurrence Matsuzawa et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



recurrence during follow-up. Event rates were not significantly
different between participants aged ≤60 and >60 years (AF:
16 [28%] versus 11 [32%], log-rank P=0.59; any atrial
arrhythmia: 22 [38%] versus 14 [41%], log-rank P=0.59).
Baseline Ln_RHI levels tended to be associated with symp-
tomatic AF (hazard ratio [HR] 1.99 [95% CI 0.92–4.51],
P=0.079) and atrial arrhythmia recurrence (HR 1.93 [95% CI
0.99–3.92], P=0.054) in Cox proportional hazards analyses
(Table 3). Importantly, there was significant interaction
between age and endothelial dysfunction in association with
recurrence of AF (P=0.029) and any atrial arrhythmia
(P=0.015), and the risk associated with impaired endothelial
function for arrhythmia recurrence was higher in younger
participants (Figure 2). Participants were divided into 2
groups at a threshold of age 60 years; in the group aged
≤60 years, attenuated endothelial function was significantly
associated with the risk of the recurrence of symptomatic AF
(HR 4.01 [95% CI 1.39–14.38], P=0.009) and any atrial
arrhythmia (HR 4.35 [95% CI 1.72–13.25], P=0.002), but
there was no significant association in participants aged
>60 years (Table 3). This association of endothelial dysfunc-
tion with arrhythmia recurrence in participants aged
≤60 years remained significant even after adjustment for
age and sex or for propensity score (HR for AF 4.18 [95% CI
1.33–15.82], P=0.014, and for any atrial arrhythmia 3.62
[95% CI 1.29–11.81], P=0.014) (Table 3). Figure 3 shows
Kaplan–Meier estimates of the probability of arrhythmia
recurrence according to baseline Ln_RHI levels in the
subgroup of participants aged ≤60 years. Those with endothe-
lial dysfunction had significantly higher rates of recurrence of
AF (P=0.010) and any atrial arrhythmia (P=0.002). When
limited to the events within 3 months after ablation, the
numbers of events were quite small (6 AF events and 16
events with any atrial arrhythmia recurrence). The analyses
with only events within 3 months showed a similar tendency
in the association between baseline endothelial function and
arrhythmia recurrence and its age dependence (Table 4,
Figures 4 and 5).

Endothelial Function at 3-Month Follow-up
Among 92 enrolled participants, follow-up of endothelial
function at 3 months was available for 71 participants.
Among these, endothelial function remained unchanged after
atrial ablation (Ln_RHI from 0.60�0.29 to 0.65�0.25,
P=0.41). Changes in endothelial function were slightly higher
in the atorvastatin group than in the placebo group, but the
difference was not statistically significant (DLn_RHI; the
atorvastatin group 0.07�0.30 versus the placebo group
�0.01�0.30, P=0.31). We assessed the impact of atorvas-
tatin in the subgroup of participants aged ≤60 years because
baseline endothelial dysfunction was significantly associated

with arrhythmia recurrence in this group. Nevertheless, even
in this group, 3-month atorvastatin treatment neither
improved endothelial function nor prevented arrhythmia
recurrence during follow-up.

In the subgroup with normal endothelial function at baseline
(baseline Ln_RHI ≥0.618; n=37), endothelial function worsened
to Ln_RHI <0.618 at 3-month follow-up in 12 participants, and
worsening endothelial function was significantly associated
with atrial arrhythmia recurrence between 3 months after
ablation and end of follow-up (HR 10.69 [95% CI 1.713–205.4],
P=0.009). In contrast, in the subgroup with endothelial
dysfunction at baseline (baseline Ln_RHI <0.618; n=34), only
7 participants showed improvement in endothelial function

Figure 3. Kaplan–Meier analysis for the probability of AF and
atrial arrhythmia recurrence according to baseline endothelial
function in participants aged ≤60 years in predicting AF recur-
rence (A) and any atrial arrhythmia recurrence (B). AF indicates
atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; Ln_RHI,
natural logarithmic transformation of reactive hyperemia index.
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(Ln_RHI ≥0.618 at 3-month follow-up). Although the number of
participants is quite small to perform subgroup analysis,
participants with persistent endothelial dysfunction (both
baseline Ln_RHI and Ln_RHI at 3-month follow-up <0.618)
showed a slightly higher risk for atrial arrhythmia recurrence
between 3 months after ablation and end of follow-up
compared with participants with improvement in endothelial
dysfunction (HR 1.386 [95% CI 0.405–6.339], P=0.621).

Discussion
The current study demonstrated that the risk associated with
endothelial dysfunction for AF and any atrial arrhythmia
recurrence after catheter ablation was higher in younger
patients. In participants aged ≤60 years, baseline endothelial
dysfunction was significantly associated with increased risk of
AF and atrial arrhythmia recurrence. Consequently, endothe-
lial dysfunction might have an important role in the develop-
ment of vulnerable substrate for AF occurrence in patients
aged <60 years.

The endothelium lines the entire circulatory system,
including the heart and the smallest capillaries. It plays an
active and critical role in the physiological regulation of
vascular tone, cellular adhesion, vascular smooth muscle
migration and resistance to thrombosis, inflammation, and
oxidative stress.22 The phenotypic features of endothelial
dysfunction include decreased myocardial perfusion,
increased inflammation, and oxidative stress, all of which
might contribute to arrhythmogenesis. Furthermore, it was

reported that endothelial dysfunction might contribute to
heart failure with preserved ejection fraction, which causes
elevated atrial pressure.23 Endothelial dysfunction may have
an important role in the development of vulnerable
substances for AF and thus is a potential treatment target.
Interestingly, Pathak et al recently reported that aggressive
risk factor modification (blood pressure control, weight
management, lipid management, glycemic control, sleep-
disordered breathing management, and smoking and alcohol
management) improved the long-term success of AF
ablation.24 Improvement in endothelial function by risk
factor modification might mediate this beneficial effect.
Based on the results of the current study, endothelial
function should be assessed in persons aged ≤60 years.
Furthermore, we suggest modifying therapies and searching
for other risk factors, including nontraditional risks, in those
who present with endothelial dysfunction, even after
implementation of optimal therapies. Nevertheless, prospec-
tive randomized studies are needed to elucidate whether
endothelial function–guided therapies provide benefits in
improving outcomes in patients undergoing catheter
ablation for AF.

The mechanisms of AF are highly divergent, and aging
plays an important role in AF genesis. Because the
prevalence of AF increases significantly with age, especially
in patients aged >60 years,7 dominant underlying mecha-
nisms might be different according to age. It is suggested
that in older patients, an increase of spatial variability in
repolarization in older atria may contribute to the initiation

Table 4. Multivariate Cox Proportional Hazards Analyses for Arrhythmia Recurrence Within 3 Months After Ablation

Univariate Age and Sex Adjusted Propensity Score Adjusted

HR 95% CI P Value HR 95% CI P Value HR 95% CI P Value

Entire study population (n=92)

Ln_RHI <0.618

For AF recurrence 2.282 0.444–16.51 0.33 2.243 0.432–16.35 0.34 2.969 0.466–24.41 0.25

For AF, AFL, and AT recurrence 1.966 0.729–5.788 0.18 1.959 0.724–5.781 0.19 1.433 0.468–4.678 0.53

Participants aged ≤60 years (n=58)

Ln_RHI <0.618

For AF recurrence >999 1.848–>999 0.014 >999 2.027–>999 0.011 >999 1.873–>999 0.015

For AF, AFL, and AT recurrence 3.815 1.134–17.23 0.030 4.090 1.211–18.51 0.022 2.782 0.773–13.07 0.121

Participants aged >60 years (n=34)

Ln_RHI <0.618

For AF recurrence <0.001 <0.001–1.823 0.111 <0.001 <0.001–1.284 0.071 <0.001 <0.001–3.271 0.133

For AF, AFL, and AT recurrence 0.348 0.017–2.729 0.33 0.319 0.015–2.622 0.30 0.164 0.004–3.524 0.26

The propensity score was calculated for each participant using a logistic regression model in which the dependent variable was high Ln_RHI (greater than the median) and the independent
variables were age, sex, body mass index, hypertension, sleep apnea, paroxysmal AF, AF duration, AF rhythm at EndoPAT examination, left ventricular ejection fraction, valvular heart
disease, left atrium length, ablation procedures (left atrium isthmus, roof line, and cavotricuspid isthmus line), antiarrhythmic drugs on admission and discharge, and randomization group
(atorvastatin or placebo). AF indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; HR, hazard ratio; Ln_RHI, natural logarithmic transformation of reactive hyperemia index.
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of AF, and atrial fibrosis and slowed conduction of
premature beats may be important for both initiation and
stabilization of AF.25 Tuan et al reported that left atrium
mean voltage was significantly reduced in older AF patients
compared with younger patients, and that may reflect age-
related development of atrial fibrosis.26 In contrast, in
younger patients, AF may be largely a disease of the
pulmonary veins, blood vessels that may be subject to
endothelial dysfunction.

Generally, the majority of patients with AF have diabetes
mellitus, hypertension (usually with left ventricular

hypertrophy), or some other form of structural heart disease
(mostly valvular). In addition, obesity, metabolic disorder, and
obstructive sleep apnea syndrome have been found to
independently increase the risk of AF.27 A variety of factors
may damage endothelial cells, including physical injuries,
biochemical injuries, and immune-mediated damage.
Increased systemic inflammatory factors and oxidative stress
might be partly responsible for endothelial dysfunction and
subsequent AF among obese patients. In patients with sleep
apnea, intermittent hypoxia, directly or through reactive
oxygen species formation, causes endothelial dysfunction.28

Figure 4. Hazard ratios of endothelial dysfunction for incident AF and atrial arrhythmia recurrence within
3 months after ablation by age group (as in Figure 2). The HRs were calculated for Ln_RHI <0.618. The
vertical lines through the HRs represent 95% CIs in predicting AF recurrence (A) and any atrial arrhythmia
recurrence (B). AF indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; HR, hazard ratio;
Ln_RHI, natural logarithmic transformation of reactive hyperemia index.
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Sleep apnea and metabolic disorders, which increase inflam-
mation, oxidative stress, and endothelial dysfunction,29–31

might have important roles in younger patients, whereas
electrophysiological and structural remodeling including arte-
rial fibrosis may dominate in older patients. The prevalence of
diabetes mellitus, hypertension, and valvular heart diseases in
this study—the common causes of AF—were relatively low,
at 0%, 30%, and 11%, respectively. Furthermore, in partic-
ipants aged ≤60 years, frequency of hypertension was
significantly less than in those aged >60 years. Formal tests
for obstructive sleep apnea were not performed, and the
history of obstructive sleep apnea syndrome was established
based on inquiries from participants. On that account,

obstructive sleep apnea syndrome might have been underes-
timated in this study. In addition, because participants with a
clinical indication for statins were excluded, only a small
proportion of participants had comorbidities. Our findings
imply that endothelial dysfunction might not only result from
AF risk factors including hypertension but also directly
cause AF.

Our previous13 and current studies demonstrated that
atorvastatin treatment following catheter ablation for AF did
not have a beneficial effect on atrial arrhythmia recurrence in
participants with no standard indication for statin therapy. The
mechanisms behind the antiarrhythmic effect of statins remain
unclear but are possibly attributable to improvement in
inflammation, oxidative stress, and endothelial dysfunc-
tion.32–34 Nonimprovement in endothelial function by atorvas-
tatin treatment in this study likely affected the lack of benefit for
arrhythmia recurrence. Participants who had no statin indica-
tion under the current clinical guidelines were enrolled in this
study, and an atherosclerotic cardiovascular disease preven-
tion benefit of statins is unclear in this population.35 Our
findings roughly imply that statin therapy for this population
might not have a significant impact on endothelial function.
More tailored patient selection might be required.

Strengths and Limitations
Strengths of this study include prospective collection of data
on endothelial function with blinding of the participants and
physicians. The number of participants in the subgroup
analyses with follow-up endothelial function results was quite
small. Because of the small number of participants in each
group, the results of this study could be biased or con-
founded; therefore, the statistical power is not high enough.
This study was conducted in selected participants because of
the exclusion of participants with a preexisting statin
indication. Overall, 55% of participants were not willing to
participate and were excluded. Consequently, generalizability
to other populations is limited. The heterogeneity of the study
population has to be considered in interpreting the results.
The current study was not designed to determine an optimal
cutoff value. Asymptomatic AF can be underestimated. All
participants were followed until 3 months after ablation;
however, follow-up after 3 months was based on the primary
physicians’ discretion. This might cause an informative or
dependent censoring bias. Consequently, further studies with
larger populations and fixed long-term follow-up are necessary
to confirm our hypothesis.

Conclusion
Among participants aged ≤60 years, endothelial dysfunction
prior to left atrial ablation for AF was significantly associated

Figure 5. Kaplan–Meier analysis for the probability of AF and
atrial arrhythmia recurrence within 3 months after ablation
according to baseline endothelial function in participants aged
≤60 years (as in Figure 3) in predicting AF recurrence (A) and any
atrial arrhythmia recurrence (B). AF indicates atrial fibrillation;
AFL, atrial flutter; AT, atrial tachycardia; Ln_RHI, natural logarith-
mic transformation of reactive hyperemia index.
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with increased risk of AF and atrial arrhythmia recurrence.
Consequently, endothelial dysfunction might be a marker of
and play an important role in the likelihood of AF occurrence
in patients aged <60 years.
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