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Abstract

Background: Although left atrial (LA) expansion index is associated with cardiovascular prognosis, whether it affects recurrent strokes is still unknown. 
Methods: This study enrolled 176 patients hospitalized for a first ischemic stroke. Stroke subtype was classified as cardioembolic stroke (CE), noncardioembolic stroke (NCE), embolic stroke of undetermined source (ESUS) or transient ischemic attack. The LA expansion index was calculated as (Volmax-Volmin) x 100%/Volmin, where Volmax was defined as maximal LA volume and Volmin as minimal LA volume. The study endpoint was recurrent ischemic stroke. 
Results: Over a 5-year (mean 4.9 years) follow-up period, 21 (11.9%) participants reached the study endpoint, including 10 with CE, 5 with NCE and 6 with ESUS. The LA expansion index was lower in the event groups compared to the non-event group. For predicting recurrent stroke, LA expansion index < 62.5% (76% sensitivity and 68% specificity) was superior to LA volume and E/e’. Kaplan-Meier curves revealed that the 5-year cumulative recurrent stroke rate in patients with LA expansion index < 62.5% was 23.9%, which was significantly higher than the 5-year cumulative recurrent stroke rate of 4.6% in patients with LA expansion index > 62.5% (log rank p < 0.001). The LA expansion index was a significant independent predictor of recurrent stroke (HR 0.87; 95% CI 0.782-0.968 per 10% increase in LA expansion index; p 0.011).
Conclusion: The LA expansion index is useful for predicting recurrent stroke. 
Clinical Trial Registration URL: http://www.clinicaltrials.gov. Unique identifier: NCT01171040.
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Introduction

Population-based studies reveal that left atrial (LA) dilation is a marker of cardiovascular disease and ischemic stroke. 1-4 Left atrial dilation with atrial fibrosis is also associated with the presence and persistence of atrial fibrillation (AF). 5, 6 Left atrial volume is a predictor of stroke regardless of AF, and a high LA volume is linked to cardioembolic stroke (CE) and embolic stroke with undetermined source (ESUS). 7 For predicting recurrent stroke, moderate-to-severe LA enlargement was also an independent marker of recurrent CE and ESUS in a multiethnic cohort. 8 As an outcome predictor, LA function outperforms LA diameter and LA volume. 9, 10 The LA expansion index has a logarithmic correlation with left ventricular (LV) filling pressure and is a useful outcome predictor in patients with cardiovascular disease. 11 Additionally, the occurrence of AF in the general population and in high-risk post-bypass cases is associated with low LA expansion index. 12, 13 The current study tested our hypothesis that, like LA volume, the LA expansion index in stroke patients can be used to identify patients at high risk for recurrent stroke after a first stroke event.    
Methods 

Study population 

This prospective study recruited 176 patients with a history of a first embolic stroke event. Stroke subtype was prospectively assigned by the attending neurologist based on consensus criteria for embolic stroke with undetermined source. 14 Accordingly, ischemic stroke was divided into three subtypes: CE, noncardioembolic stroke (NCE), and ESUS. For ischemic strokes with multiple possible causes, the subtype was determined according to the consensus of the attending neurologists. Transient ischemic attack (TIA) was diagnosed if these clinical signs recovered rapidly with no indication of brain infarction on neuro-imaging. The 176 stroke cases included 51 CE, 36 NCE, 53 ESUS, and 36 TIA. At enrollment, creatinine clearance (CCr) was estimated by Cockroft-Gault equation, and renal dysfunction was defined as CCr < 60 ml/(min x 1.73 m2).15 The endpoint of this study was recurrent ischemic stroke. The study protocol was approved by the institutional review board of Kaohsiung Veterans General Hospital. All participants gave written informed consent to the study. 
Echocardiographic measurements 

Pulsed-wave tissue Doppler was performed in apical view, and a pulsed-wave Doppler sample volume was placed at the level of the mitral annulus over the septal and lateral borders. The average early-diastolic velocity (e’) of the septal and lateral mitral annuli was used to estimate LV filling pressure by E/e’ method. An E/e’ >15 was interpreted as increased LV filling pressure. 16 All LA volume measurements were calculated by biplane area-length method in apical four- and two-chamber views. 17 The LA volume was measured at two points, immediately before mitral valve opening (maximal LA volume or Volmax) and at mitral valve closure (minimal LA volume or Volmin). The LA expansion index was calculated as (Volmax - Volmin) x 100% / Volmin. In all patients, LA volume was indexed to body surface area. An indexed Volmax larger than 34 ml/m2 was defined as LA enlargement. 18   
Clinical follow-up    
Participants were followed up at the cardiovascular clinic every 3 months. The mean duration of follow up was 4.9 years, and the study endpoint was occurrence of recurrent ischemic stroke. All recurrent stroke patients underwent standard ischemic stroke evaluations at index hospitalization, including biochemical studies, neuroimaging (computed tomography/ magnetic resonance imaging, carotid ultrasound, and transcranial Doppler ultrasound), 12-lead EKG, transthoracic (or transesophageal) echocardiography, and Holter study (minimum 24 hours). Recurrent stroke subtype was prospectively assigned by the attending neurologist based on consensus criteria for ESUS. 14
Detection of new AF and heart failure (HF)   
A resting ECG was obtained at every visit throughout the follow-up period. Participants were encouraged to visit the outpatient clinic for any feeling of palpitation or irregular heartbeat. At every unscheduled visit for palpitation or irregular heartbeat, resting and 24-hour Holter ECGs were performed to detect AF. Medical assistants reviewed medical records once per 3 months. Newly diagnosed AF and HF were recorded. Diagnoses of AF were confirmed by the participating cardiologist (SH Hsiao). An HF was defined as a hospital stay of at least 1 night for treatment of a clinical syndrome with at least two of the following symptoms: paroxysmal nocturnal dyspnea, orthopnea, elevated jugular venous pressure, pulmonary rales, a third heart sound, pulmonary edema on chest radiography, or low cardiac output with inadequate peripheral perfusion.  
Interobserver variability     
In the first 50 enrolled cases, images were acquired by two independent sonographers using the same imaging protocol. Each acquisition was analyzed by two different observers. The LA expansion index was also measured by two independent observers. Interobserver variability was calculated as the absolute difference between the values obtained by the two observers divided by the mean. Interobserver variability of LA expansion index was 4.1±4.9%.
Statistical analysis     
The SPSS software was used for all statistical analyses. Baseline characteristics and echocardiographic parameters were analyzed according to the presence or absence of recurrent ischemic stroke. All continuous variables were presented as means ± standard deviation. A P value of < 0.05 was considered statistically significant. Clinical characteristics were compared by chi-square analysis of categorical variables. Analyses of 5-year cumulative recurrent ischemic strokes were performed according to the quartile of LA expansion index. The area under receiver- operating characteristic (ROC) curve (AUC) was used to evaluate the sensitivity and specificity of recurrent ischemic stroke predictors. The C-statistic was calculated to compare E/e’, maximal indexed LA volume, and LA expansion index in terms of accuracy in predicting recurrent strokes. Kaplan-Meier curves depicted the cumulative recurrent stroke rate according to LA expansion index. Cox proportional hazards regression models were used to analyze outcomes according to time-to-event data and to analyze associations between recurrent ischemic strokes and LA expansion index while controlling for baseline characteristics and echocardiographic parameters showing significant (P < 0.05) associations with events.  
Results

Table 1 lists the basic characteristics for the participants according to recurrent ischemic stroke events. Over a mean follow-up time of 4.9 years, 21 (11.9%) participants reached the study endpoint of recurrent ischemic stroke. In the 21 patients with recurrent ischemic stroke, 10 (47.6%) had CE, 5 (23.8%) had NCE, and 6 (28.6%) had ESUS. Male gender, diabetes, AF, and HF were more common in the recurrent stroke group compared to the non-recurrent stroke group. Regarding echocardiographic parameters, the recurrent stroke group had larger minimal indexed LA volumes and lower LA expansion indices compared to the non- recurrent stroke group. The recurrent stroke group had more frequent AF, which resulted in a higher rate of prescriptions for non-vitamin K antagonist oral anticoagulant. 
    The ROC curves in Fig. 1 show that LA expansion index was a significantly better predictor of recurrent stroke compared to maximal indexed LA volume and E/e’ (all p < 0.0001). The best cutoff was LA expansion index < 62.5% (sensitivity 76%, specificity 68%, and AUC 0.775). The Kaplan-Meier curves in Fig. 2 indicate that the 5-year cumulative recurrent stroke rate was 23.9% in patients with LA expansion < 62.5% but only 4.6% in patients with LA expansion index > 62.5% (p < 0.001). Figure 3 depicts the inverse relationship between recurrent stroke and the quartile of LA expansion index. In the lowest quartile of LA expansion index (15-53%), 5-year cumulative recurrent stroke rate reached 27.3%.    
    According to univariate analyses, significant predictors of recurrent stroke included age, AF, and LA expansion index. Table 2 shows that the independent predictors identified in multivariate analysis were AF and LA expansion index. A 10% increase in LA expansion index was associated with a 13% decrease in the 5-year recurrent stroke rate (hazard ratio 0.87; 95% confidence interval 0.782-0.968; p 0.011).    
Discussion 

The main finding of this study is that LA expansion index is associated with recurrent stroke events. An inverse relationship was observed between LA expansion index and the cumulative risk of a recurrent stroke within 5 years. Although maximal indexed LA volume is also useful for predicting stroke recurrence (maximal indexed LA volume > 32.5 ml/m2 had sensitivity 67%, a specificity 54%, and AUC 0.594), LA expansion index was a significantly better predictor compared to maximal indexed LA volume (AUC 0.775 vs. 0.594, p < 0.0001). According to Yaghi et al., 8 moderate-to-severe LA enlargement is an independent risk factor for recurrent CE and ESUS but is not a risk factor for total recurrent ischemic stroke. Mild LA enlargement is not associated with recurrent ischemic stroke. A limitation of Yaghi et al. is that LA diameter measurement was not standardized, and accurately determining the edge-to-edge diameter in parasternal long-axis view was problematic. Another limitation is that LA size was estimated by qualitative assessment when accurate measurements were not possible. Therefore, the result should be interpreted cautiously. In another China study, LA diameter indexed to height or body surface area revealed that LA diameter was an independent predictor of recurrence of either CE or cryptogenic stroke and also an independent predictor of recurrence of all ischemic stroke. 19 In stroke patients with nonvalvular AF, LA diameter is also associated with recurrent stroke risk. 20 In line with prior studies, LA expansion index, which is a parameter of LA function, is better than LA volume for predicting recurrent stroke.   
    The association between LA function and recurrent CE is intuitive since LA dysfunction promotes thrombus formation, which causes embolic events. Left atrial fibrosis plays an integral role in thrombogenesis of the LA substrate, which leads to recurrent CE regardless of AF. Thus, LA expansion index became a significant predictor of recurrent CE. Studies of thrombi collected during intracranial mechanical recanalization in stroke patients with large-vessel occlusion indicate that ESUS is usually cardioembolic. 21 Recent reports that ESUS correlates with atrial fibrosis in cases without AF also help to explain why the LA expansion index has a high predictive power for recurrent ESUS. 22 Regarding NCE, causes of NCE such as intracranial, extracranial or aortic atheroma, hypertension, diabetes, hypercholesterolemia, and aging cause atherosclerosis and increased arterial stiffness and are associated with high vascular resistance and ventricular diastolic dysfunction. 23 Over time, the long-term impact of cardiovascular risk factors on arterial stiffness causes LA dysfunction and induces atrial fibrosis, which also causes a poor LA expansion index. 6, 8 Therefore, LA expansion index, a marker of atrial fibrosis, is a useful parameter for predicting recurrent ischemic stroke regardless of subtype. 
    In this cross-sectional study, patients with a high LA expansion index had a low risk of recurrent stroke events whereas those with a low LA expansion index needed close monitoring because of their high risk of recurrent stroke. Physicians should closely monitor patients with progressively decreasing LA expansion index, which may indicate some underlying diseases out of control leading to more vulnerable of recurrent stroke. Otherwise, LA expansion index is associated with AF. 12 Patients with low LA expansion index should be evaluated for AF risk and, if necessary, further anticoagulant treatment should be prescribed for AF cases if bleeding risk is acceptable. 

This study has several limitations that merit discussion. Although this study had a 5-year follow-up period, the event rate was relatively low. Therefore, it is unknown whether LA expansion index could be used to identify recurrent stroke subtypes. Additionally, this study only investigated one cohort treated at a single center. Further large-scale multicenter studies are needed for getting adequate statistical power. Additionally, a more detailed study is needed to provide precise data for arterial stiffness, atrial fibrosis, and the causal relationship between LA expansion index and recurrent stroke. 
Conclusions 

The LA expansion index is useful for assessing recurrent stroke risk. As a predictor of recurrent stroke, LA expansion index is better than LA volume. A 10% increase in LA expansion index was associated with a 13% decrease in 5-year recurrent stroke.  
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Figure Legends

Fig. 1. The ROC curves for LA expansion index, maximal indexed LA volume and E/e’ for predicting 5-year cumulative recurrent stroke; LA expansion index vs. maximal indexed LA volume, p < 0.0001; LA expansion index vs. E/e’, p < 0.0001; maximal indexed LA volume vs. E/e’, p 0.402.    
Fig. 2. Kaplan-Meier curves according to LA expansion index more or less than 62.5%.
Fig. 3. The 5-year cumulative rate of recurrent stroke by quartile of LA expansion index.
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