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Summary (Italian) 

 

Esiste un`associazione fra le alterazioni strutturali e funzionali dell’atrio sinistro e lo 

sviluppo di malattie cardiovascolari. Tuttavia esistono dei dati limitati volti a 

caratterizzare l’impatto clinico di nuovi parametri atriali, elaborati attraverso metodica 

ecocardiografica avanzata, nella popolazione generale adulta.  

La prevalenza di scompenso cardiaco sta crescendo esponenzialmente in tutto il mondo 

e le alterazioni cardiache strutturali e funzionali rappresentano dei marker che 

permettono di identificare i soggetti a rischio elevato di sviluppare scompenso cardiaco 

e successivamente morte cardiovascolare.  

Lo scopo del seguente studio e’ volto ad analizzare in modo comprensivo nuovi 

parametri strutturali e funzionali atriali in soggetti adulti senza storia di scompenso 

cardiaco, arruolati nello studio ARIC (Atherosclerosis Risk in Communities, 4901 

soggetti, età media 75 ± 5 anni, 40% maschi), con lo scopo di valutarne i range di 

normalità, l’associazione con biomarkers di scompenso cardiaco e la loro associazione 

con insorgenza di scompenso cardiaco o morte.  

Il nostro studio ha dimostrato alterazioni strutturali e funzionali atriali in circa il 20% 

della popolazione, anche fra i soggetti con stimata struttura atriale normale secondo in 

base ai parametri classici indicati dalle attuali linee guida. Inoltre, abbiamo rilevato una 

significativa associazione fra i nuovi parametri atriali, quali il volume minimo e lo 

strain di parete, ma non i parametri standard normalmente utilizzati in pratica clinica, 

ed il rischio di sviluppare scompenso cardiaco o morte anche dopo aggiustamento per 

la funzione sistolica ventricolare sinistra ed il NTproBNP. 

Questi nuovi parametri, sono in grado di incrementare la capacità di predire nuovi 

eventi di scompenso cardiaco nella popolazione generale e potrebbero essere utilizzari 

come di marker di rischio per stratificare i soggetti adulti ad aumentato rischio di 

sviluppare ospedalizzazioni.   

 

 

 



 

 

Abstract 

 

Background: Limited data exist to characterize novel measures of left atrial (LA) 

structure and function in older adults without prevalent heart failure (HF).  

Objectives: To assess reference range of LA measures, their associations with N-

terminal pro-brain-natriuretic-peptide (NTproBNP) and the related risk for incident HF 

or death.  

Methods: We analyzed LA structure [LA maximal and minimal volume indexed by 

body surface area (LAViMax and LAViMin)] and function [LA emptying fraction, LA 

reservoir, conduit and contraction strain] in 4901 participants from the Atherosclerosis 

Risk in Communities (ARIC) study (mean age 75±5 years, 40% male and 19% black) 

without prevalent HF. We assessed gender-specific 10th and 90th percentile ARIC-

based reference limits in 301 participants free of prevalent cardiovascular disease, and 

related LA measures to NTproBNP and incident HF or death (median follow-up of 5.5 

years) in the whole ARIC cohort.   

Results: Approximately 20% of the overall population had LA abnormalities according 

to the ARIC-based reference limit. Each LA measure was associated with NTproBNP 

and, except for LAViMax, with incident HF or death after multivariable adjustment. 

Results were consistent in participants with normal LAViMax (p for interaction>0.05). 

LA measures were prognostic for both incident HFpEF or death and incident HFrEF or 

death. When added to HF risk factors and NTproBNP (baseline C-statistics=0.74) all 

LA measures, except for LAViMax, significantly enhanced the prognostic accuracy.  

Conclusion: Novel measures of LA structure and function, but not standard assessment 

by LAViMax, are associated with increased risk of incident HF or death regardless of 

measures of LV function and NTproBNP. 
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Introduction     

The prevalence of heart failure (HF) is increasing exponentially worldwide, 

especially among the elderly (1,2). Age-related changes in cardiac structure and 

function identify subjects at a higher risk of cardiovascular (CV) events (3). LA 

enlargement is a well-known marker of increased morbidity and mortality in the 

general population and in patients with different established cardiac diseases (4,5).  

Contrary to left ventricular (LV) volume and ejection fraction (EF), which are 

landmark parameters used in cardiovascular disease, the clinical usefulness of left 

atrium (LA) has been essentially neglected for a long time. In the last decade there 

has been an increasing interest in LA structural and functional remodeling, 

especially for identifying high risk subjects, for diagnosis of underlying diseases, 

and potentially as a target for medical treatment. 

Measures of LA structure and function are significantly associated with CV events 

in subjects with heart failure (HF) with preserved and reduced ejection fraction 

(HFpEF and HFrEF), in subjects at heightened risk for stroke or after an acute 

myocardial infarction (6-9). Assessment of LA function has also been proposed for 

the early identification of left ventricle (LV) diastolic dysfunction and to identify 

subjects at risk of developing HF from the general population (10,11). Nevertheless, 

previous data mostly derived from single-center studies, with relatively small 

sample size and short follow-up. Yet, the value of LA measures from a community-

dwelling older population without a history of HF, has been less explored.  

While maximal LA volume is the most utilized measure of LA size, and is the 

recommended measure by major echocardiographic societies, the prognostic role of 

other more novel measures of LA structure and function, including LA minimal 

volume and strain-derived measures, has been recently investigated (5,12-14). 

These measures may show subclinical abnormalities earlier in the course of the 

atrial impairment and identify LA dysfunction even before the structural changes 

that are commonly assessed in clinical practice are identifiable. However, limited 

data exist on normative values of LA structure and function in a large population of 

older adults without prevalent HF, their association with circulating biomarkers of 

HF risk, and their prognostic relevance for incident HF and mortality. 
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How to Assess LA Structure and Function 

The interest in the LA started with the advent of echocardiography in cardiovascular 

clinical practice. Previously, other imaging techniques such as angiography, 

allowed a sharp visualization of LV but blurred imaging of the LA. In opposition, 

echocardiography provides optimal visualization of the LA chamber. Until recently, 

the most widely used echocardiographic LA measurement was the antero-posterior 

diameter (15). However, since the LA can enlarge in not-uniform fashion, mono-

dimensional assessment has proven to be inaccurate. In 2015, the 

American/European Societies of Echocardiography guidelines recommended 

analyzing LA volume with two dimensional (2D) transthoracic echocardiography 

(TTE) as the method of choice (16) (Figure 1).  

 

 

 

 

Figure 1: Evolution of LA imaging.  

A. LA diameter measurement on 1-dimensional M-mode echocardiography; B. LA volume on 2-

dimensional echocardiography; C. 3-dimensional Echocardiographic assessment; D. LA computer 

tomography reconstruction; D. LA evaluation using magnetic resonance imaging. 

 

 

This was based not only on the demonstration that LA volume provides a more 

accurate estimate of the overall LA size when compared with cardiac magnetic 

resonance (CMR) and computerized tomography (CT) (17,18), but mainly on the 

demonstration that LA volume has a stronger association with cardiovascular 

outcome compared to LA diameter or area (19, 20). 

Since the major limitation of 2D-TTE is the underestimation of LA volume, the 

latest guidelines also suggest the use of three-dimensional TTE (3D-TTE) as a new 

technique for a better assessment of this measurement (15) (Figure 1).  
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With less geometric assumptions, 3D-TTE provides better correlation with CMR 

(21, 22) and CT-derived LA volumes (21). 3D-TTE also showed a better 

reproducibility with a minor variability compared with 2D-TTE (23).  

In addition to echocardiographic measurements, cardiac CT and CMR provide an 

accurate evaluation of LA without geometric assumptions (21). Particularly, CMR 

is considered the gold standard for LA volume measure, providing accurate 

endocardial border definition (24). 

An additional ability of CMR is to provide further details, beyond structure and 

function, by directly detecting pathological tissue characteristics, such as 

myocardial scarring and fibrosis, with the use of late gadolinium enhancement (25). 

LA influences cardiac function upon 3 phases (13): the reservoir phase, during LV 

systole when LA collects blood from the pulmonary veins; the conduit phase, during 

early LV diastole when blood passively transfers to the ventricle; and the LA 

contraction phase at end-diastole when blood is forced to fill LV. 

A promising technique recently introduced to evaluate LA function is 2D-speckle-

tracking echocardiography (2D-STE), which is based on the analysis of the speckle 

pattern (acoustic backscatter generated by the reflected ultrasound beam) followed 

frame-by-frame during the cardiac cycle (26) (Figure 2).  

During LV systole, the LA is stretched and longitudinal LA strain increases, 

reaching a positive peak at the end of LA filling (peak atrial longitudinal strain - 

PALS). This phase is also influenced by the mitral annulus movement toward the 

LV apex, as a result of LV contraction. Hence, PALS reflects not only LA 

compliance, but also LV longitudinal contraction due to the LA-LV 

interdependency (26). During the conduit phase, LA strain decreases to a plateau, 

corresponding with LA diastasis that mainly depends on aging and LV diastolic 

function. The subsequent LA shortening leads to a further decrease in LA strain 

(peak atrial contraction strain - PACS) and reflects the LA booster pump function 

that is dependent on intrinsic LA contractility and LV filling pressures (27). 

Although 2D-STE is a promising tool, several considerations must be taken into 

account such as the need of a specific consensus for analysis of LA tracking, the 

inter-software discordance of LA strain values, and the interdependency of LA-LV 

strain imaging. 



4 

 

 

 

Figure 2: LA strain imaging 

On A, measurement of peak atrial longitudinal strain (PALS) at the end of reservoir phase and peak 

atrial contraction strain (PACS) before the start of atrial systole. The dashed curve is representative 

of the average atrial longitudinal strain during the cardiac cycle. On B and C examples of 

respectively an healthy control with normal LA strain in and a patients with HF and consequent 

impaired LA function.  

 

 

Even though the LA reservoir phase is modulated by atrial compliance during 

ventricular systole, it has been hypothesized that it is also influenced by downward 

motion of the mitral plane, driven by LV longitudinal shortening, casting doubts 

about its significance beyond LV function (13). Thus, further studies are needed to 

assess whether LA function assessment may give information of intrinsic LA 

properties per se beyond LV longitudinal displacement. 

Finally, increasing interest is raising on the assessment of LA minimal volume. The 

potential prognostic benefit of LA minimal volume over LA maximal volume may 

be due to the fact that LA minimal volume is more reflective of LV filling pressure, 

as minimal LA volume occurs when the LA is more directly exposed to LV pressure 

at end-diastole (13, 28, 29). Given this consideration, LA minimal volume may 

represent an early marker of diastolic disfunction and high filling pressure, 

occurring before LA enlargement. 
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Might Left Atrial Remodeling Help Clinicians to Manage Patients? 

Numerous studies showed that LA remodeling could be useful in several clinical 

applications potentially enhancing the care of patients with different cardiovascular 

diseases.  

In the general population, the assessment of cardiovascular risk is based on 

evaluation of clinical conditions such as hypertension, diabetes and hyperlipidemia 

without considering mechanistic markers which might predict various outcomes.  

LA structural remodeling is associated with increased mortality and cardiovascular 

events both in middle age (30) and elderly (31) asymptomatic persons recruited 

from the general population. The prognostic value can be explained by the powerful 

association between the LA and different clinical entities such as HF, ischemic heart 

disease (IHD), AF and stroke, all intrinsically associated with consistent morbidity 

and mortality. LA remodeling makes patients at an increased risk for these 

conditions.  

Asymptomatic elderly patients with enlarged LA had a 2-fold increased risk of 

incident HF independently and incrementally to clinical risk factors (32) (Figure 3). 

Similarly, reduced LA function measured by CMR represents a marker for HF 

development in the general population (33). 

 

 

Figure 3: LA volume and the risk of developing HF 

Risk of developing incident HF among patients aged ≥ 65 years old from the general population. 

From reference 32. 
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The predictive value of LA for IHD has been inconsistently reported in literature. 

The Cardiovascular Health Study suggested that LA dimension was not 

independently associated with coronary artery events after adjustment for 

traditional risk factors (31). On the contrary, other investigations based on LA 

volume measurement, were able to clearly demonstrate an independent association 

between LA volume and the risk of acute myocardial infarction (AMI) (32-35).  

Furthermore, LA volume might be a marker of atherosclerotic burden since it was 

shown to be an independent predictor of normal stress echocardiography (36).  

In non-diabetic patients with preserved LVEF, impaired LA function was 

associated with renal function degradation showing how LA remodeling could be 

considered a marker of systemic arterial impairment as a result of the complex 

cardiorenal interactions (37).   

LA size, moreover, plays a central role in the prediction of the incidence of AF in 

the general population (38), in fact a 30% increase in LA volume was associated 

with a 43% greater risk of AF. Similarly, in a population of patients at particularly 

high risk for AF such as those undergoing to cardiac surgery, LA volume (>32 

ml/m2) were associated with 6.5-fold increased risk of post-operative AF compared 

to patients with small LA (39).  

O’Neal et al. recently found that in the HF with preserved EF (HFpEF) population, 

impaired atrial function resulted as an independent predictor of AF onset, 

underlying the potential of LA functional remodeling to be a marker of subtle 

electro-anatomical disease (40).  

Finally, a considerable association has been described between LA and stroke. In 

male patients from the general population, the relative risk for stroke for 1 cm 

increments in LA size was 2.4 after adjustment for traditional stroke risk factors 

(41). A second population-based study confirmed that patients with LA volume 

≥32ml/m2 had a 67% increased risk of stroke independent of age, diabetes, IHD 

and hyperlipidemia, even after censoring for ad interim AF development (42). 
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Study aim 

To test the hypothesis that novel measures of LA structure and function may 

enhance prognostic accuracy to identify subjects at a high-risk of developing HF, 

more than standard measure of LA structure, we analyzed a cohort of community-

dwelling adults aged above 65 years old free of prevalent HF from the 

Atherosclerosis Risk in Communities (ARIC) Study who underwent comprehensive 

echocardiography and LA-dedicated analysis at the fifth study visit (2011-2013) 

(43). We determined reference values for LA structure and function measures in a 

subgroup of participants who were free of prevalent CV disease or major CV risk 

factors and then assessed the association of these measures with circulating N-

terminal pro-brain natriuretic peptide (NTproBNP) levels and incident HF or death 

in the overall ARIC cohort. 

 

Methods 

Study population  

The design of the ARIC study has been described previously (43). Briefly, 

individuals were recruited from 4 communities (Forsyth County, NC; Jackson, MS; 

Minneapolis, MN; and Washington County, MD) between 1987 and 1989. Of the 

15,792 participants who were enrolled in ARIC at the first examination, a total of 

6538 attended the fifth visit between 2011 and 2013 for a standardized physical 

examination, interviewer-administered questionnaires, and 6118 underwent a 

comprehensive echocardiographic examination (44). This analysis included 4901 

participants in sinus rhythm at the time of the echocardiogram and without prevalent 

HF at visit 5, who had optimal echocardiographic quality to assess LA structure and 

function with a dedicated LA software (Figure 4).  

Institutional review boards approved the study protocol at each field center. All 

participants provided written informed consent, and study procedures were 

conducted in accordance with institutional guidelines about the protection of human 

subjects. Atrial fibrillation at the time of the echocardiogram was ascertained from 

ECGs at 5 study visits (45) and during LA offline analysis. 
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Figure 4: Study Population 

 

 

The low-risk reference subgroup (3, 46) was defined by excluding prevalent 

cardiovascular disease or risk factors as previously described (3): [1] prevalent 

cardiovascular disease, including coronary heart disease (myocardial infarction 

history or regional wall motion abnormality on echocardiography), prior HF 

hospitalization or self-report, atrial fibrillation, and moderate or greater valvular 

disease; [2] hypertension; [3] diabetes mellitus; [4] visit 5 body mass index of >30 

or <18.5 kg/m2; [5] chronic kidney disease defined as an estimated glomerular 

filtration rate <60 mL·min−1·1.73 m−2 at visit 5; [6] QRS duration ≥120 

milliseconds at visit 5; or [7] active smoking.  

 

Echocardiography 

The ARIC echocardiographic study methods and design at visit 5 have been 

previously described in detail (44). All studies were prospectively acquired on 

Philips IE33 machines by trained sonographers according to a study-specific 

comprehensive echocardiographic protocol. Analyses of 2-dimensional, Doppler, 

and tissue Doppler echocardiography were over-read by echocardiographers in a 

central echo core laboratory and analyzed according to the recommendations of the 

                           

               
                     

                       

         

                               

                    

                   
                     

              

                    
                    



9 

 

American Society of Echocardiography/European Society of Cardiology (16). LA 

analysis was performed using a speckle tracking vendor-dependent software with 

an auto-strain algorithm designed exclusively for the LA (QLAB Advanced 

Quantification Software 13.0, Philips Ultrasound, Inc. 3000 Minuteman Road 

Andover, MA). This software is angle independent and identifies cardiac motion by 

tracking multiple chamber reference points over time. The LA endocardial borders 

were automatically traced at the end-diastolic frame (defined by the QRS complex 

or as the frame after mitral valve closure) of 2-dimensional images acquired from 

the apical 4-chamber views (47). Speckles were tracked by the software frame by 

frame during the course of 1 cardiac cycle. Segment tracking was carefully 

inspected for each image and manually adjusted as needed. From LA speckle-

tracking analysis, LA phasic function was measured using volumes and strain 

indices. LA time-volume curves were generated by calculating LA volume at each 

phase of the cardiac cycle (LA maximal and LA minimal volumes) using the 

Simpson method. From these LA volumes, LA phasic function was estimated as: 

LA emptying fraction = ([LA maximum volume−LA minimal volume]/LA 

maximum volume)×100. Measures of LA maximal and minimal volumes were 

indexed by body surface area (LAViMax and LAViMin). From LA strain analysis, 

LA reservoir function was estimated using peak strain during ventricular systole 

(using a R-R electrocardiogram gating), which represents the chamber filling during 

LV systole. Because the LA expands during ventricular systole, LA reservoir strain 

is a positive strain value. LA conduit was estimated from the time of mitral valve 

opening through diastasis until the onset of LA contraction. LA contraction was 

assessed using peak strain during atrial contraction, which represents the LV end-

diastolic filling contribution by the LA (47). Because of the wall shortening during 

LA conduit and contraction, the LA strain values are negative, but for the purpose 

of the current analysis the values were transformed and reported as positive. If the 

LA endocardial border could not be tracked for poor quality images or there was a 

lack of a full cardiac cycle, missing view, non-DICOM images, or significant 

foreshortening of the cavity, the measurements were considered unreliable and the 

patient was excluded from the analysis. All LA deformation analysis was performed 

by an investigator experienced in strain analyses blinded to clinical characteristics 
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and outcome. Reproducibility was assessed by a second blinded investigators using 

a random sample of 40 patients (48). The coefficient of variation (CoV) was 8% 

and the intraclass correlation coefficient (ICC) was 0.98 for intraobserver 

variability. CoV was 11% and ICC was 0.91% for the interobserver variability. 

 

Outcomes 

The primary endpoint for this analysis was the composite of incident HF 

hospitalization or all-cause death. Incident HF after visit 5 was based on 

ARIC HF event classification as previously described (49) which includes 

comprehensive abstraction of medical records from hospitalizations with the use of 

HF-related ICD-9 code and subsequent physician adjudication. All-cause mortality 

was ascertained by ARIC surveillance or the National Death Index. Additionally, 

we evaluated incident HFpEF and HFrEF. LV ejection fraction (LVEF) abstracted 

from the first incident adjudicated HF hospitalization was used to classify HF as 

HFpEF (LVEF ≥50%) or HFrEF (LVEF <50%). If LVEF was unavailable from 

the HF hospitalization, the most recent abstracted LVEF from a prior 

hospitalization, if available, was used. If the prior LVEF was normal, it was used 

only if it was from within 6 months before the HF hospitalization and without an 

interval myocardial infarction (50). 

 

Statistical analysis  

Summary statistics for continuous data are presented as mean (± standard deviation) 

or median (25th, 75th percentiles), based on their distribution. Categorical data are 

presented as frequencies and percentage. Comparisons between groups according 

to the composite outcome of incident HF or death were assessed using Student’s t-

test for means, Wilcoxon test for medians, and Chi-squared test for proportions. 

Measures of LA structure and function were described in the low-risk reference 

subgroup overall and stratified by gender. We used quantile regression to define 

10th, 50th, and 90th percentile limits with associated 95% confidence interval (CI) 

in the low-risk reference subgroup overall and stratified by gender. The resulting 

10th (for LAEF, LA Reservoir, LA Conduit and LA Contraction) and 90th (for 

LAViMax and LAViMin) percentile limits were considered reference limits for 
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these measures in the overall ARIC sample. Cross-sectional continuous association 

of measures of LA structure and function with log-transformed NTproBNP levels 

was assessed with restricted cubic splines adjusted for demographics, clinical 

confounders and measures of LV function. The number of knots (3–6 knots 

assessed) was selected to minimize the Akaike information criterion. The 

association of measures of LA structure and function, analyzed both continuously 

and based on ARIC reference limits, with incident HF or death, was assessed by 

multivariable Cox proportional hazard models adjusted for demographics, clinical 

confounders, measures of LV function and NTproBNP. Pulmonary artery systolic 

pressure (PASP) was not included in the main model as it was available in only 

2880 (58.7%) participants. However, sensitivity analysis was performed including 

PASP in the multivariable model. The continuous association between the 

incidence rates of the composite outcome and LA structure and function was 

assessed by restricted cubic splines with 3 knots, resulting in the lowest model 

Akaike information criterion (3–6 knots were assessed). Effect modification by 

gender and race was further assessed. The incremental value of LA measures to 

improve risk stratification and correctly reclassify patients when added to relevant 

HF risk factors was assessed using the area under the curve derived from receiver 

operating characteristic curves (Harrell’s c-statistic) and the continuous net 

reclassification improvement with time-to-event data. We finally examined 

cumulative incidence of HFrEF or death and HFpEF or death and the association 

with LA structure and function. When assessing incident HFrEF as the primary 

outcome, participants experiencing incident HFpEF and incident HF with unknown 

EF were censored at the time of that event, and vice versa for incident HFpEF. A 

p-value of <0.05 was considered significant. Analyses were performed with Stata, 

version 14 (Statacorp, College Station, TX) and R version 4.1.2. 
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Results 

Study population 

Clinical and echocardiographic characteristics of the study population stratified by 

the composite of incident HF or death are shown in Table 1.  

 

 

Table 1. Clinical Characteristics of ARIC V5 Participants by incident HF or death 

and Low-Risk Reference Subgroup. 
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Overall, 4901 participants (mean age 75.2 ± 5.05, 40.2% male, 19.7% Black) were 

included in this analysis. Participants who experienced incident HF or death were 

older, more likely to be male and had a greater burden of CV risk factors, higher 

plasma levels of NTproBNP and a greater impairment of cardiac structure and 

function. 

Overall, 301 (6%) subjects were included in the low-risk reference subgroup. The 

upper reference limits for LAViMAx and LAViMin, were 39.4 and 18.1 ml/m2, 

respectively (Table 2). Limits for LAViMin tended to be similar between gender, 

whereas upper limits for LAViMax tended to be lower in women compared with 

men (37.8 and 42.7 ml/m2, respectively). The lower reference limit for LAEF was 

52% and was similar between gender. The lower reference limits for LA reservoir 

was 28.2% and tended to be slightly higher in women compared with men (28.6 

and 26.4%, respectively). Limits for LA conduit and LA contraction were 11.0% 

and 11.7% respectively, without differences among men and women. In the overall 

ARIC population free of prevalent HF, measures of LA structure (LAViMax and 

LAViMin) were abnormal in 21.9% and 20.1%. LAEF was impaired in 19.5% and 

LA reservoir, conduit and contraction were abnormally low in 27.3%, 26.4% and 

12.3% respectively. Among subjects without LA enlargement (defined using 

LAViMax ARIC-based reference limits stratified by gender), LAViMin was high 

in 5.9%, LAEF was reduced in 15.9% and LA reservoir, conduit and contraction 

were impaired in 18.4%, 22.1% and 8.7% respectively. Similar results were 

observed using guideline cut-off for defining LA enlargement (LAViMax > 34 

ml/m2).  
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Table 2. Percentile Limits for Measures of LA Structure and Function Among the 301 

Low-Risk Reference Subgroup. 
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Association of LA measures with NTproBNP  

All measures of LA structure and function were robustly associated with 

NTproBNP levels in cross-sectional analysis after accounting for clinical 

confounders and measures of LV systolic and diastolic function (all p<0.001; Figure 

5). These associations were non-linear (all p for non-linearity < 0.001), except for 

LA conduit function. No significant effect modification was noted by gender or race 

(all p for interaction > 0.05). The association between LA measures and NTproBNP 

remained significant after removing subjects with LA enlargement (both defined by 

using ARIC-based reference limits and guideline-based cut-off).  

Figure 5. Relationship between LA structure and function and NTproBNP levels.  
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LA measures and the risk of incident HF or death 

Over a median follow-up of 5.5 years (25th-75th percentiles: 5.0 – 6.0), the 

composite outcome occurred in 756 participants at a rate of 2.9 per 100 person-

years (py) [95% confidence interval (95%CI): 2.7 – 3.1]. Death occurred in 568 

participants (2.1 per 100-py; 95%CI: 1.9 – 2.3) and incident HF in 290 (1.1 per 100-

py; 95%CI:1.0-1.2). In the entire ARIC population, all measures of LA structure 

and function were significantly associated with incident HF or death, after 

accounting for clinical confounders and measures of LV systolic and diastolic 

function. With the exception of LAViMAx, the association of LA measures with 

outcome was consistent after further adjustment for NTproBNP plasma levels 

(Table 3). Participants with abnormal values of LA structure and function, using the 

ARIC-based reference limits, showed higher incident rates of events compared to 

subjects with normal values (Table 3).  

 

 

Table 3. Association between measures of LA structure and function and incident HF 

or death. 

 

 

LAViMin, LAEF and LA contraction showed a linear association with the outcome 

of interest (p for non-linearity > 0.05) such that impaired values were associated 

with higher incidence rates without evidence of a threshold (Figure 6). On the 

contrary, LA reservoir and LA conduit showed a non-linear association with a 

steeper risk in incidence rates noted for values below ~28% and ~11% respectively 

(Figure 6). Gender did not significantly modify the association of measures of LA 
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structure and function with incident HF or death, whereas the risk associated with 

abnormal LA reservoir tended to be higher in black compared with white 

participants (adjusted p for interaction < 0.05). The relationship of all LA measures 

with outcome was consistent regardless of baseline LAViMax (p for interaction > 

0.05) and remained significant after removing subjects with LA enlargement (both 

defined by using LAViMax ARIC-based reference limits and guideline-based cut-

off). Similar results were observed in sensitivity analysis including history of AF 

and PASP in the main model.  

 

Figure 6. Relationship between LA structure and function and HF or death.   
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Finally, history of hypertension and anti-hypertensive drugs as well as diabetes and 

obesity, did not modify the association between LA structure and function and 

outcome. When added to clinical, echocardiographic HF risk factors and 

NTproBNP plasma levels (baseline C-statistics = 0.74), all measures of LA 

structure and function, except for LAViMax, significantly increased the prediction 

of the composite outcome, both analyzed continuously or dichotomized using the 

ARIC-based reference limits (Table 4). Similarly, measures of LA function 

significantly improved the continuous net reclassification improvement when 

analyzed continuously or dichotomized (Table 4).  

 

 

Table 4. Incremental value of LA structure and function for the prediction of incident 

HF or death.  

 

 

Incident HFrEF or death occurred in 644 participants (2.49 per 100-py; 95%CI: 

2.31 – 2.69) and incident HFpEF or death in 657 (2.54 per 100-py; 95%CI:2.35-

2.74). Higher values of LAViMin, but not LAViMax, as well as measures of LA 

function were significantly associated with a higher risk of both incident HFpEF or 

death and incident HFrEF or death, when analyzed continuously or dichotomized 

using the ARIC-based reference limits (Table 5).  
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Table 5. Association between measures of LA structure and function and incident 

HFpEF, HFrEF or death. 
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Discussion  

In a large cohort of older community-dwelling adults without prevalent HF, these 

data provide normative values of novel measures of LA structure and function and 

correlate these measures to relevant HF biomarkers and clinical outcomes. We 

found that abnormalities of LA structure and function are present even among 

subjects without LA enlargement as assessed by traditional methods. Measures of 

LA structure and function were robustly associated with circulating NTproBNP 

levels and incident HF or death regardless of HF risk factors and measure of LV 

systolic and diastolic function. Nevertheless, the standard measure of LA size 

utilized by virtually all echocardiography laboratories, LA maximal volume, was 

considerably less robust as a prognostic marker than LA minimal volume and other 

novel measures of LA function, including strain assessment.  

Our study is one of the largest to explore the normative data of LA structure and 

function by 2-dimensional echocardiography in a biracial cohort of older adults. A 

previous metanalysis (51) assessed the normal value of measure of LA function, 

including studies from the general population free of CV disease (mean age ranges 

25–68 years), reporting a mean LA reservoir of 39.4%, LA conduit of 23.0% and 

LA contraction of 17.4%. The lower normality cut-offs found in our study can be 

explained by the older age of our population compared to previous reports. Indeed, 

as previously shown from cross-sectional studies, age-related decline of cardiac 

structure and function is well recognized and may suggest that the cut-offs derived 

from our low-risk reference group may occur as a part of healthy aging (3). This is 

particularly relevant for the guidelines recommended estimation of LA maximal 

volume, as the upper cut-off values found in our population, along with previous 

reports, question the current value of normality of LA maximal volume for adults 

aged 65 years and above (52, 53).  

Although each measure of LA structure and function was robustly associated with 

circulating NTproBNP levels, after accounting for confounders including measures 

of LV systolic and diastolic function, standard measure of LA dimension, LA 

maximal volume, was not related to incident HF or death. On the contrary, LA 

minimal volume and measures of LA function (including LA phasic functions and 
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LAEF), were significantly associated with worse outcomes and enhanced 

prognostic risk stratification. The present results support previous studies that 

showed the incremental value of LA minimal volume and LA function over 

standard measures of LA dimension, by LA maximal volume, for the risk 

assessment in patients with and without prevalent heart disease (12, 54). Measures 

of LA function have been shown to better classify LV diastolic function compared 

to LA maximal volume in patients at risk of developing HF (10). Also, larger LA 

minimal volume and LA functional impairment represent strong predictors of CV 

outcomes in patients with HF and reduced or preserved ejection fraction, and in 

patients with known CV diseases (9, 13, 14). Our analysis extends previous results 

with a direct comparison of novel LA measures, including LA minimal volume and 

strain-derived measures, in a population without prevalent HF. On top of the 

additional time consumption, we believe that the feasibility of these measures, 

particularly for the LA minimal volume and LAEF, and their relevant clinical 

implications, support the clinical need to incorporate such novel measures into a 

more comprehensive evaluation of cardiac structure and function alongside the 

guideline-recommended LA assessment by LA maximal volume. Along with the 

echocardiographic assessment, LA dysfunction detected by cardiac magnetic 

resonance (CMR), has been also shown to be strongly associated with HF events 

and mortality in patients with and without HF (5,55). CMR has also the advantage 

of being the imaging gold standard for the assessment of tissue characterization, 

particularly fibrosis (56). Although the cost/effectiveness and clinical value of using 

CMR, instead of echocardiography, needs to be demonstrated, an integrated 

multilevel imaging approach should be considered in patients undergoing CMR for 

clinical purposes. 

The LA has been commonly considered a buffer chamber between the pulmonary 

circulation and  

the LV and its changes have been thought to be indirectly related to LV function 

(11, 57, 58). Nevertheless, the current analysis showed that LA impairment is 

predictive of worse outcomes regardless of common measures of LV structure and 

function, such as LV hypertrophy and LV global longitudinal strain. Although it 

might be questioned whether LA abnormalities occur before the LV impairment is 
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detected, our analysis suggest that a comprehensive imaging assessment is 

advocated.  From this perspective LA ‘remodeling’ does not represent an innocent 

bystander but plays an active role in the pathophysiology of HF. LA impairment 

may occur even before LA enlargement contributing to the risk for symptomatic 

HF and subsequent mortality (59,60). Indeed, the term ‘atrial failure’ has been 

recently proposed as a unique clinical entity, encompassing any anatomical, 

mechanical or electrical dysfunction causing impaired heart performance and 

symptoms (59).  

The loss of LA contractile function may directly affect LV output, and the 

impairment of reservoir function, by reducing LA wall compliance, may result in 

elevated LA pressure which consequently leads to increased pulmonary arterial 

pressure and thus HF symptoms (58, 61). As LA dysfunction is common in both 

HFrEF and HFpEF (62), detection of these abnormalities, by using novel 

echocardiographic tools, before the onset of overt HF could identify patients at risk 

for future HF events. While we found that impairment of LA function equally 

accounted for the risk of both HFrEF and HFpEF, higher LA minimal volume, but 

not the commonly utilized LA maximal volume, was associated with both incident 

HFrEF and HFpEF. The potential prognostic benefit of LA minimal volume over 

LA maximal volume may be due to the fact that LA minimal volume is more 

reflective of LV filling pressure, as minimal LA volume occurs when the LA is 

more directly exposed to LV pressure at end-diastole (14, 28, 29). Given this 

consideration, LA minimal volume may represent an early marker of diastolic 

disfunction and high filling pressure, occurring before LA enlargement. Promising 

data have been shown that HF medical therapy may favor LA reverse remodeling 

(63,64). Our data may be useful for the design of future interventional studies 

assessing whether initiation of therapeutic interventions when LA dysfunction is 

detected will result in restored function and potentially improvement in clinical 

outcomes. Yet, clinical challenges to widespread the routinely application of LA 

assessment are related to time-consuming issues and the lack of standardization data 

across inter-vendor packages. From this perspective, significant efforts have been 

made by Scientific Societies and Task Force (20) to lead to a more patient oriented 

software utilization, better tailored to clinical needs.  
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Limitations 

Several limitations of this study should be acknowledged. Given the small number 

of black participants in the low-risk reference subgroup (8%), we were unable to 

determine normative cut-point separately by race. Ascertainment of HF was 

essentially based on HF hospitalizations, as outpatient diagnosis and management 

were not uniformly available (3). Nevertheless, the strength of the study was the 

prospective adjudicated ascertainment of incident HF. Available follow-up time 

after echocardiography at ARIC visit 5 and the multiple stratification steps may 

have limited our power to assess the relationship between LA measures and 

outcome. Our analysis did not account for incident AF during the follow-up time, 

potentially confounding the interpretation of the results. Nevertheless, we 

performed a sensitivity accounting for history of AF for the assessment of the 

prognostic value of LA measures. LA measures were acquired only from apical 

four-chamber view, although this is the current recommended approach (47), and 

reproducibility analysis was performed in a limited sample size subgroup. Finally, 

as with all observational analyses, we cannot rule out the possibility of residual 

confounding.  

 

Conclusions 

In conclusion, in a large biracial cohort of community-dwelling older adults free of 

prevalent HF, impairment of LA structure and function is often encountered in 

approximately 20% of individuals. Novel LA measures are robustly associated with 

NTproBNP and incident HF or death, regardless of LV function, NTproBNP, and 

even in participants with normal LA structural measurements by guidelines. 

Importantly, LA maximal volume, the standard and generally only measure of LA 

size utilized in the majority of echocardiography laboratories worldwide, may be 

considerably less prognostic than other measures of LA size and function, including 

LA minimal volume and strain-derived parameters, which may better identify 

patients at increased risk for heart failure (Figure 7) (65). 
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Figure 7. Clinical Implication of Measures of Left Atrial Structure and Function 

Assessment. 
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