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Background

Atrial Fibrillation (AF) is an extremely common arrhythmia 

affecting more than 5% of the population over 65 years of age. It 

is an independent risk factor for death. AF progresses over time, 

increasing in prevalence with age and converts from paroxysmal AF to 

permanent AF. AF is considered to be responsible for approximately 

one-sixth of all ischemic strokes in people over age 60 years [1].

Large left atrial diameter (LAD) is associated with a high risk of 

AF in multiple patient populations. A case-control study comparing 

healthy volunteers to patient with idiopathic (lone) atrial fibrillation 

demonstrated that even patients with a first episode of AF had larger 

LA dimensions than those without AF [2]. Atrial size is an independent 

predictor of risk of arrhythmia recurrence after radiofrequency (RF) 

ablation of atrial flutter [3] and atrial fibrillation [4]. Surgical data also 

shows “moderate” LAD is the strongest predictor of success for the 

mini-maze procedure [5]. Inversely, reduction in atrial size predicts 

the post-operative success of sinus conversion with the RF maze 

procedure when used in conjunction with valvular surgery [6]. These 

data suggest increased LA size is a marker for the presence of an 

enhanced substrate for development of atrial fibrillation, due to atrial 

remodeling and that reversing this enlargement may decrease risk of 

atrial fibrillation. Conversely, atrial fibrillation leads to increase in left 

atrial size and decreasing rates of atrial fibrillation lead to reversed 

remodeling of the atrium.

Several recent studies have linked increased oxidative stress with 

atrial fibrillation. In a pig model of atrial fibrillation, superoxide anions 

are up-regulated by a factor of 3.0, and nitric oxide is down-regulation 

by a factor of 3.7 [7]. In a recent project, we compared serum markers 

of inflammation and oxidative stress in a cross-sectional, case-control 

designed study of 22 subjects with persistent or permanent AF 

and controls. Multivariate models produced strong and significant 

associations between oxidative markers and atrial fibrillation [8], 

with inter-quartile odds ratios as high as 13.6. Several other trials 

Abstract

Objective: To examine the relationship between enlarged left atrial volume and increased blood markers of oxidative 
stress in patients at high risk for atrial fi brillation.

Design: This is a retrospective study where a single blood draw was taken from a cohort of patients with internal 
cardioverter-defi brillators, cardiomyopathy and ejection fraction (EF) ≤ 30%, and sent for markers of oxidative stress 
and infl ammation. Left atrial size was obtained from echocardiography.

Setting: Single center, multi-hospital, cohort of 191 patients who underwent subgroup analysis; these patients are 
a subgroup of those enrolled in a larger, prospective trial, multicenter trial.

Patients: See above

Interventions: Single blood draw, retrospective database/chart review

Outcome Measures: Levels of hsCRP, IL-6, TNF-, nitrotyrosine, reduced to oxidized cysteine ratio, reduced to 

oxidized glutathione ratio, derivatives of reactive oxygen metabolites (DROMS)

Results: Under univariate analysis, BMI (= 0.003, r= 0.211), IL-6 (=0.03, r= 0.192) and cysteine ratio (=0.004, 

r=0.242) all correlated with LA enlargement. Binary logistic regression demonstrated that the single factor that best 

classifi ed normal vs. enlarged LA is cysteine (=.001). The binary logistic model itself is signifi cantly predictive, as 

indicated by an omnibus test of model coeffi cients (<.001). When analyzed as a continuous variable, rather than using 

a cut point, increasing IL-6 levels correlated to increasing LA diameter. 

Conclusions: These data suggest an association between IL-6, cysteine and left atrial enlargement (LAE). As LAE 

is associated with atrial fi brillation, reductions in infl ammation and oxidative stress may lead to decreased risk of atrial 

fi brillation. Treatments to reduce oxidative stress may have potential to prevent development of atrial fi brillation.
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have shown that administration of antioxidant medications, statins, 
decrease canine atrial ERP [9] and in humans decrease recurrence 
of paroxysmal atrial fibrillation following cardioversion [10], and 
rates of atrial fibrillation both post-operatively [11] and in heart 
failure patients [12]. Another study identified atrial NADPH oxidase 
activity as the strongest independent predictor of post-operative AF, 
suggesting that this oxidase may be a key mediator of atrial oxidative 
stress [13]. 

Based on the above discussion, we hypothesized that LA 
enlargement would be associated with increased blood markers of 
oxidative stress, in patients at high risk of AF.  

Methods

This is an unfunded retrospective study approved by the Emory 
University Internal Review Board. At the time of enrollment in another 
trial, the Genetic Risk Assessment for Defibrillator Events (GRADE) 
trial, a single blood draw was performed on 191 subjects. All of 
these patients had internal cardioverter-defibrillators (ICDs), placed 
for primary prevention for cardiomyopathy, with ejection fraction 
(EF)  30%. The rational for performing this study in these patients 
is that their underlying cardiac disease placed them at high risk for 
arrhythmias and we had the resources available due to the primary 
study requirements. LA size was obtained from echocardiography, 
with an anterior posterior diameter greater than 5.0 cm defined as 
moderately enlarged. This value was selected based on the cut off 
value for the highest tertile; multiple different studies have used 
different values for left atrial enlargement. Although a standard 
definition of left atrial “enlargement” is 4.2 cm, several studies 
have suggested that a “moderate” enlargement of the left atrium 
correlates with AF recurrence risk, without giving specific values to 
define [14-16] Serum levels of oxidative stress markers were obtained 
in 181 patients. 

Demographic and medical information obtained on enrollment 
included: age, gender, race, history of smoking, medications, New 
York Heart Association (NYHA) class, etiology of heart disease, 
hypercholesterolemia, history of myocardial infarction (MI) history 
of coronary artery bypass (CABG) surgery, family history of heart 
disease, history of arrhythmias, history of syncope, echocardiogram 
results, cardiac catheterization results, nuclear imaging results, 
electrocardiograms, blood pressure, heart rate, electrolytes, and date 
of ICD implantation surgery and any ICD generator exchanges.

Biomarker data

 A single blood draw was perform at the time of enrollment and 
analyzed for markers of oxidative stress and inflammation in the 
Emory Biomarkers Core Laboratory. Inflammatory markers measured 
were hsCRP, IL-6, TNF- and nitrotyrosine. Markers for oxidative 
stress were: ratios of oxidized to reduced glutathione (Glu) and 
cystiene (Cys) in plasma (thiol ratios), and derivatives of reactive 
oxygen species (DROMs) [17,18]. Thorough methods to prevent rapid 
oxidation of samples have been defined previously [19]. Blood was 
collected from an antecubital vein and transferred immediately to a 
micro centrifuge tube containing 0.5 mL of a preservation solution 
of 100 mM serine·borate (pH 8.5) containing (per mL) 0.5 mg sodium 
heparin, 1 mg bathophenanthroline disulfonate sodium salt, and 2 
mg iodoacetic acid. This procedure minimizes auto-oxidation and 
hemolysis [20]. All blood was drawn between 7:30 am and 3:00 pm 
in non-fasting patients. Following centrifugation to remove blood 
cells, aliquots (200 L) were transferred to tubes containing 200 L 
of 10% (w/v) perchloric acid containing 0.2 M boric acid and 10-M 

-Glu-Glu as an internal standard. Samples were stored at −80°C (< 2 

months) prior to further processing to form N-dansyl derivatives and 

analysis by HPLC with fluorescence detection. Reduced glutathione, 

cystiene, and cystiene levels in plasma were greater than 1000 times 

the level of detection (~1 nM).  Oxidized glutathione levels were 

approximately10 times this limit. Previous data have shown stable 

measurements with this length of storage [21]. Metabolites were 

identified by co-elution with standards, and quantification was 

obtained by integration relative to the internal standard.  Samples 

from control and AF patients were performed identically.

The redox states (E
h
) of the thiol/disulfide pools were calculated 

with the Nernst equation, E
h
=E

o
+RT/nF ln [disulfide]/[thiol]2, where 

E
o
 is the standard potential for the redox couple, R is the gas constant, 

T is the absolute temperature, n is 2 for the number of electrons 

transferred, and F is Faraday’s constant. The standard potential E
o
 

used for the glutathione and cystiene redox couples was -264 mV 

and -250 mV, respectively. Less negative E
h
 numbers imply a more 

oxidized state. DROMs were measured in Carr units with higher 

values indicating higher levels of oxidative stress. DROMs (Diacron 

International, Grosseto, Italy) and inflammatory markers, high 

sensitivity C-reactive protein (hsCRP; Life Diagnostics, West Chester, 

PA), interleukin-6 (IL-6; R&D Systems), and tumor necrosis factor 

(TNF; R&D Systems), were measured using commercially available 

kits.

Data analysis

Statistical analysis was performed using SPSS software version 
14.0 (SPSS Inc. Headquarters, Chicago, Illinois 60606). Univariate and 
multivariate analysis were performed to examine the relationship 
between LA enlargement and these markers of oxidative stress. 

Results 

Demographic data is presented in Table 1 Average age is 67±10 

years, average ejection fraction (EF) 19.4%±6.6%, 81% are male, 36% 

are diabetic, 59% hypertensive, 67% smokers, 56% on statins, 82% are 

on angiotensin-converting enzyme inhibitors (ACE) or angiotensin 

receptor blockers (ARB) and 38% have a body mass index (BMI) greater 

than 30. One third of the patients, 67 (%) had LA enlargement (Table 

1). Comparisons between the moderate LAD group and the rest of the 

group revealed no statistical significance (Table 2). Under univariate 

analysis, BMI (= 0.003, r= 0.211), IL-6 (=0.03, r= 0.192) and 

cysteine (=0.004, r=0.242) all correlated with LA enlargement 

(Table 3).

 To evaluate which factors were best able to distinguish the 

presence or absence of LA enlargement, we employed a binary 

logistic regression involving both categorical variables (Age, DM, 

HTN, smoking, statin, ACE, or ARB) as well as continuous variables 

(BMI, CRP, IL6, TNF, Nitrotyrosine, Cys, Glu).  This demonstrated 

 N=171 

Average Age 67 ± 10 years 

Average EF 19.4% ± 6.6% 

Male 81%  (141) 

Diabetic 36% (62) 

Hypertensive 59% (103) 

Smoker 67% (117) 

Statins 56% (97) 

ACE or ARB 82% (143) 

BMI > 30 38% (66) 

Abbreviations: EF=Ejection Fraction; ACE=Angiotension Converting Enzyme 
Inhibitor ARB=Angiotensin Receptor Blocker; BMI=body-mass index

Table 1: Demographic data for all patients.
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that the single factor that best classified normal vs. enlarged LA is Cys 
(=.001). The binary logistic model itself is significantly predictive, 
as indicated by an omnibus test of model coefficients (<.001), and 
the Hosmer and Lemeshow “goodness of fit” test (=.02).

However, left atrial enlargement is not a binary state, but rather 
the size of the left atrium is a continuous value. So to better assess 
the relationship of left atrial size with our biomarkers, we used a 
linear regression to examine our patients with all atrial sizes. In this 
regression model, IL-6 (=.043) was the dominant predictors of LA 
size, though BMI once more trended towards significance (=.076). 
The regression model itself fit well, with a significance of =.006.

Limitations

This is a single center, retrospective study. The time between 
the single blood draw and the echocardiogram documentation of left 
atrial size was often months to years apart.  

Conclusions

These data suggest an association between IL-6, Cysteine and LA 

enlargement.

Discussion

These data demonstrate the importance and utility of oxidative 
stress markers in left atrial enlargement. Of all the factors recorded, 
the model that best predicted LA enlargement required only a single 
measure of oxidative stress, cysteine ratios. In those patients who did 
not yet exhibit left atrial enlargement, the marker most predictive of 
LAD was IL-6, establishing these biomarkers as reliable indicators of 
increasing LAD.

Our data suggest that an enlarged left atrium is associated with 
high inflammatory marker IL-6.  This marker also correlates linearly 
with increasing LA size in patients who do not yet meet criteria 
for enlarged left atrium. The oxidative stress marker cysteine best 
predicts the presence or absence of left atrial enlargement. This may 
help to explain the association between left atrial size and atrial 
fibrillation. Increased oxidant stress may also explain in part the 
association of AF with atherosclerosis, hypertension, diabetes, older 
age, obesity, and male sex. Failure to address increased oxidative 
stress may partially explain the difficulties with rhythm management 
strategies for these patients.

A recent study shows that decrease in LA area occurring 30 days 
following CV favors long term sinus rhythm maintenance [22]. In a 

cohort study, LA diameter independently predicted cardiovascular 
events (nonfatal stroke, coronary heart disease, congestive heart 
failure, and fatal cardiovascular disease) after adjustment for 
established clinical, echocardiographic, and inflammatory risk factors 
[23]. Thus, LA dilatation identifies individuals at heightened risk who 
warrant aggressive risk factor modification.  Treatments to decrease 
oxidative stress may provide a target for such risk factor modification.  
Additionally, serial documentation of LA size may provide an objective 
measurement for the efficacy for such treatments.

Several lines of evidence link oxidative stress with arrhythmias 
[24,25]. Atrial fibrillation has been well correlated with increased 
oxidative stress [26] Moreover, available data suggests that oxidative 
stress may mediate acute and chronic electrophysiological changes 
and the electrical remodeling that contribute both to the initiation 
and maintenance of AF. These electrical changes include the down-
regulation of L-type calcium channels and thereby the inward calcium 
current [27], and also structural changes in atrial tissue (“structural 
remodeling”) as mentioned briefly above. Proteases and phosphatases 
such as calpain and calcineurin induce calcium dependent tissue 
alterations; oxidative stress may mediate these alterations. As is well 
known, atrial fibrillation begeats atrial fibrillation; data suggests that 
atrial fibrillation in turn could lead to increase in oxidative stress 
also. Either way, tailoring therapies to treat oxidative stress may 
significantly impact risk of atrial fibrillation.  

One anti-oxidant therapy is statin medications. Statins reduce 
reactive oxygen species and have anti –inflammatory properties [28]. 
One prospective study has shown that atorvastatin decreased the 
recurrence rate of AF after elective cardioversion [29]. The mechanism 
is unknown, but could be via reduction in oxidative stress. Statins 
have also been shown to decrease rates of ventricular arrhythmias 
[30,31]; other work at our institution suggests there is a relationship 
between oxidative stress and ventricular arrhythmias [32].

This study leaves us with several interesting clinical questions that 
need to be addressed. Are there effective treatments for oxidative 
stress? Do clinical decreases in levels of oxidative stress correlate 
with decreases in LA size, as our model predicts? If so, does this 
decrease in turn lessen risk of AF? The linear association of CRP and 
IL-6 with increasing LA size also gives us a marker of increasing risk 
not previously established.  The clinical impact could be significant.
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