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Abstract 

Atrial Fibrillation (AF) is increasing in incidence and prevalence and places a significant burden on the 

healthcare system. AF screening may be associated with reduced complications and hospitalisations 

because early diagnosis allows for risk factor modification and initiation of anticoagulation. However, 

the potential risks include false positives from screening, patient anxiety and potential healthcare costs. 

The success of AF screening is dependent on improved risk assessment. The aims of the research were 

to; 1/ determine the most appropriate monitoring technology to use for AF screening, 2/ identify factors 

that would help predict risk of AF (and thereby selection for screening), 3/ determine the use of previous 

imaging data (including left atrial (LA) strain) for AF risk stratification and 4/ assess whether this echo-

guided AF screening strategy was cost-effective compared to a community-wide approach.. 

 

This thesis is based on results from a community cardiac screening program which was conducted in 

Tasmania (Tas-ELF) and Victoria (Vic-ELF) of individuals ≥65 years with 1 or more risk factor for AF 

or heart failure (HF). Patients with previous AF, HF or mitral-valve disease were excluded. AF risk was 

determined by the CHARGE-AF score. Functional capacity was assessed using the six-minute walk test 

and quality of life (QoL) scores (Duke Activity Status Index, Minnesota Living with Heart Failure 

score, Charlson-Index and EuroQoL5D Visual-Analog Scale). Regional SES was assessed using the 

SEIFA indices. A transthoracic echocardiogram (TTE) was performed. LA/LV strain analysis was 

performed offline using a third-party software program. Patients were followed up for incident AF 

during the follow up period (clinically diagnosed AF from specialists/GP and AF screening performed 

by a single lead ECG device–5x 60 sec recordings for 2 weeks). The analysis performed included:  

1/ A systematic review/meta-analysis to compare AF detection rates between single lead ECG 

monitoring devices and Holter monitoring. 

2/ Studies designed to better understand which groups in the community should be considered for 

screening; 

a) Cross-sectional studies to assess the association between AF risk and functional capacity, and 

between the three components of LA strain. 
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b) Cross-sectional study to observe the relationship between BP and LA function to determine 

the most sensitive BP parameter to assess LA dysfunction. 

c) Longitudinal study to determine the association between incident AF and regional social 

determinants of health,  

3/ Evaluation of LA strain as a predictor of incident AF. Longitudinal studies to determine the 

association between incident AF and LA/LV strain and LA mechanical dispersion. 

4/ A decision analytic model to compare the cost-effectiveness of an echo-guided AF screening model 

to an age-based screening strategy. 

5/ Feasibility and optimal pathway to screening. Cross sectional study based on questionnaires sent to 

a pilot group of 180 participants addressing some of the practical issues related to AF screening.  

 

The highlights of this research are; 1/ the utility of single lead ECG devices used for AF detection, 2/ 

AF risk is associated with reduced exercise capacity and socioeconomic deprivation, 3/ LA pump strain 

is independent of LV function and may provide incremental information about LA function, 4/ CBP 

may be more closely related with LV/LA function than brachial BP and may help identify patients at 

earlier disease stages of the path to AF, 5/ LA strain and LA mechanical dispersion are associated with 

AF and 6/ targeting patients who have had a previous echocardiogram is a cost-effective method for AF 

screening. 

 

In conclusion, selection is important in AF screening, and should combine clinical, socioeconomic and 

imaging markers of risk. Many patients at risk of AF have echocardiograms for other reasons, and LA 

and LA mechanical dispersion are useful markers for AF risk assessment. Practical issues such as 

patient compliance and cognition must be addressed for AF screening programs to be successful.    
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Structure of Thesis 

Section I – AF Detection 

Chapter 1 – provides a brief overview of the burden of AF, the benefits of early diagnosis and 

screening including the current gaps in disease management. There is also a review of AF risk 

assessment including the use of echocardiography. This section will introduce the concept of 

LA strain, the advantages and limitations and discuss potential clinical applications.  

 

Chapter 2 – will review the methods of each individual study included in the thesis. This will 

include an overview of the patient population and the standard 2D echocardiographic 

assessment performed in the study. The techniques used to assess LA and LV strain using 

speckle tracking will also be discussed.  

 

Chapter 3 – will investigate the most suitable monitoring method for AF screening. Screening 

requires a device which is cost-effective, highly sensitive and easy to use for patients. 

Traditional 12 lead ECG is inadequate for screening, given many patients may have brief 

episodes of AF, many of whom are asymptomatic. Therefore, single timepoint assessment will 

lack sensitivity. Implantable devices and pacemakers are invasive and cannot be used for 

screening. Traditional methods of screening have mainly involved Holter monitors which 

require electrodes to be in contact with the skin for the entire period of monitoring (usually 24-

48 hrs). They are expensive and uncomfortable for patients. The improvement in technology 

has allowed the development of portable ECG monitoring devices which are able to capture 

single lead ECG traces for 30-60 seconds using finger contact with electrodes. They are 

potentially much easier to implement for mass screening and have been shown to be cost-

effective. In this chapter we perform a systematic review and meta-analysis of studies which 

have used these portable ECG devices for AF screening compared with continuous (Holter) 

monitoring. The aim will be to identify if multiple intermittent monitoring using portable 

devices can replicate similar detection rates to continuous monitoring. This can then justify the 

use of portable monitoring devices for AF screening. 
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Section II – Assessing AF Risk 

Chapter 4 – will investigate how to select patients for AF screening. There are several clinical 

risk factors for AF. However, when combined into a clinical risk score, they have poor 

discriminative ability. In this chapter the association between AF risk and reduced functional 

capacity will be studied. By identifying these novel risk factors, these can help identify patients 

at risk of developing AF, hence identifying those most appropriate for screening. 

 

Chapter 5 – will investigate the rate of subclinical AF in a community cohort with risk factors 

and explore the association between regional SES and AF risk. Low SES has been associated 

with other diseases such as metabolic syndrome and coronary artery disease. However, the 

relation with AF has been not been well established. This link has important implications for 

AF screening as it can help target screening to individuals from areas at highest risk for AF, 

hence improving cost-effectiveness.  

 

Section III – LA Strain 

Chapter 6 – will investigate the role of LA strain in assessment of AF risk. There are several 

limitations with left atrial strain related to the currently available software algorithms and lack 

of consensus guidelines. Much of the criticism has surrounded the lack of incremental value of 

LA strain. Given the relationship between LA and LV function, it has been felt that LA strain 

merely reflects underlying LV function, thus does not add incremental clinical value. We 

investigate the association between the three components of LA strain with LV strain to 

determine if LA strain provides additional information of LA function, independent to LV 

function. This is an important finding as it may justify the use of LA strain in clinical practice, 

both as part of risk assessment and for prognostication.  

 

Chapter 7 – will explore the association between BP and LA dysfunction. Hypertension is a 

common risk factor for AF and is associated with negative LA remodelling. There are different 

methods of assessing BP (brachial vs. central) with different calibration methods. Central 

(aortic) blood pressure (CBP) has been shown to be independently associated with 
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cardiovascular disease and may be more sensitive than brachial BP. In this chapter we assess 

the relationship between brachial BP/CBP with LA strain. Identifying the most sensitive non-

invasive BP measurement associated with LA/LV dysfunction may be useful in patient 

selection, to aid in identifying patients at early disease stages on the path to AF.  

 

Chapter 8 – will determine the most appropriate cohort suitable for AF screening based on 

clinical and echocardiographic risk assessment. Mass AF screening has the potential to be 

resource intense and feasibility may be affected if a suitable at-risk cohort is not identified for 

screening. In this chapter, we utilise both clinical and imaging parameters of risk assessment 

and determine how baseline risk assessment can be utilised to identify a suitable target cohort 

for mass screening. 

 

Chapter 9 – will investigate the performance of strain parameters in the prediction of AF based 

on different disease stages. LA and LV strain have the potential to provide quantitative 

information about LA and LV function and hence can be potentially used in predicting those at 

risk of developing AF. However, the effectiveness of these parameters may be dependent on 

the underlying disease stage of patients. In this chapter we compare the association between 

LA and LV strain with incident AF in two different risk cohorts; cohort one is a healthy 

community cohort ≥65 years with 1 or more risk factor for AF. The second is a cohort of 

patients admitted to a tertiary hospital with a new stroke or transient ischaemic event. This 

chapter will investigate the utility of these parameters in risk assessment for AF and will aim 

to investigate if the impact of strain parameters varies according to the underlying patient 

disease stage. 

 

Chapter 10 – will investigate the role of LA mechanical dispersion assessed using strain 

echocardiography in the prediction of new onset AF. LA fibrosis and remodelling have been 

associated in the pathogenesis of AF, contributing to LA enlargement. However, AF can occur 

in the absence of LA enlargement. LV fibrosis is associated with mechanical dispersion; 

however, this has not been well studied in AF. In this chapter we assess mechanical dispersion 
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in a group of patients with incident AF compared with an age and sex matched control group 

who remained in sinus rhythm. 

 

Section IV – Feasibility of AF screening 

Chapter 11 – will examine the cost-effectiveness of an echo guided AF screening strategy in 

comparison to an age-based mass screening approach. The main challenge with AF screening 

programs is addressing feasibility and cost-effectiveness. Recent evidence using single lead 

portable ECG devices have demonstrated cost-effectiveness however studies have used 

different screening populations. In this chapter we compare the cost-effectiveness of two main 

AF screening strategies. Firstly, a strategy of mass screening using single lead portable ECG 

devices based on an age-based cut-off of 65 years. The second strategy is targeted AF screening 

of patients recruited from an echo lab with imaging parameters of LA enlargement with either 

subclinical LV or LA dysfunction. A decision analytic model will be used to assess cost-

effectiveness of both screening strategies.  

 

Chapter 12 – will compare the difference in AF detection between community and GP based 

recruitment and the impact this may have in deciding on the most appropriate location for 

screening. We also include a brief qualitative discussion of some of the important practical 

considerations which must be considered when implementing screening programs including 

patient compliance, addressing patient anxiety, manual dexterity and cognition. 

 

Section V - Conclusion 

Chapter 13 –will be a summary of the main conclusions and discussion of limitations as well as 

topical areas of interest where future research is required.   
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Preface 

 

Atrial fibrillation (AF), a common heart rhythm disorder is associated with significant morbidity and 

mortality (1). It is a leading cause of stroke and heart failure (HF) in the community (2). The incidence 

and prevalence of the condition is expected to rise in the future due to the rise of associated risk factors 

such as obesity and diabetes mellitus (3). AF can occur silently and is associated with incident ischaemic 

stroke (up to 10% of strokes). Currently we do not have an effective method for risk assessment, 

therefore many patients are diagnosed at later stages in the disease course. Early diagnosis allows for 

risk factor modification and initiation of anticoagulation which may be associated with a reduction in 

disease progression and complications. Given there are many patients who may develop “silent AF” 

and this may be associated with an increased risk of stroke, an effective screening strategy is required 

to identify these patients to allow for early initiation of medical therapy and risk factor modification to 

prevent complications as well as delaying progression to more advanced disease stages. 

Increased LA size is commonly used as an echocardiographic measure of AF risk and continuous heart 

rhythm monitoring (Holter monitoring) is typically used to diagnose AF (4, 5). However, LA 

enlargement is typically observed in later disease stages and those at earlier disease stages of LA 

dysfunction with normal LA volumes may not be recognised. While a standard electrocardiogram 

(ECG) will identify chronic AF, it usually does not identify paroxysmal AF. Holter monitoring despite 

offering continuous monitoring, is often limited to 24-48 hours and has modest sensitivity for 

paroxysmal AF. AF can be either paroxysmal, persistent or permanent. Whilst it is easier to identify 

those with persistent/permanent AF, those with paroxysmal AF are harder to diagnose as they may not 

be in AF at the time of ECG recording. However, these patients have the same risk of stroke. Therefore, 

a systematic approach in identifying these patients is important so that they are recognised and treated 

prior to the onset of complications. 

The main aim of this thesis is to identify those at risk of developing AF using a variety of clinical and 

imaging parameters and to investigate the feasibility of a mass screening program. Although AF is 

common, screening is most effective if it is targeted, so the first step is always risk evaluation. A number 
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of clinical risks for AF have been defined, and I will investigate the role of SES and physical activity 

as potential additional markers of AF risk assessment.  

Many patients with AF risk factors, have echocardiograms performed for other indications, which may 

provide important information about future AF risk. I propose that echocardiographic parameters 

assessing LA function (strain analysis) can provide quantitative information which can be used for AF 

risk assessment and can be a more sensitive marker than LA volume. Assessment of LA strain using 

speckle tracking is now easily accessible using offline software programs. I will also seek to investigate 

the feasibility and utility of portable single lead electrocardiographic monitoring devices in the 

screening process for AF. The resulting observations will provide an appropriate method for AF risk 

assessment combining clinical, social and echocardiographic parameters which can be translated to a 

mass community AF screening program. 
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Aims  

The aims of this thesis are: 

1. Identify the most appropriate monitoring technology to use for AF screening  

a. compare the AF detection rates of single lead ECG monitoring devices to Holter 

monitoring. 

2. Identify the most appropriate cohort for AF screening 

a. Determine the association between reduced functional capacity and AF risk. 

b. Determine the association between regional SES and AF. 

c. Examine how AF detection varies based on location of recruitment. 

3. Examine the relationship between BP and LA function to identify the most sensitive BP marker 

associated with LA dysfunction 

4. Examine the utility of advanced imaging techniques in AF risk prediction 

a. Determine the relationship between LA and LV strain to assess if LA pump strain 

provides incremental information. 

b. Determine if AF risk stratification can be performed using a combination of imaging 

parameters including LA and LV strain. 

c. Determine if LA mechanical dispersion is associated with AF. 

d. Examine how disease stage may influence the performance of strain markers in AF 

prediction. 

5. Determine the feasibility and cost-effectiveness of AF screening 

a. Examine if an echo guided AF screening model is more cost effective than age-based 

mass screening programs. 

6. Examine the practical challenges faced when implementing a mass screening program. 
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Section 1 – AF Detection 

Chapter 1. Introduction 
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1 Introduction 

1.1 Medical and Societal burden of AF 
 

AF is the most common heart rhythm disorder of adults, resulting in significant morbidity and increased 

risk of mortality (1, 2). The lifetime risk of developing AF is approximately 1:4 and currently AF has 

prevalence of around 1% in the Australian population, with the risk increasing with age, up to 20% in 

patients ≥80 years (1, 2, 6, 7). AF is associated with increased risk of stroke, myocardial infarction, HF 

and is associated with reduced QoL and increased anxiety in patients (1, 2, 8-10).  

AF places a tremendous strain on the health care system. In Australia, managing AF and its related 

complications costs at least $1 billion annually (11). In the US, costs related to AF have been estimated 

at between $6-25 billion (12). Rates of in-hospital AF diagnoses have increased and there has been a 

rise in hospitalisations related to AF (3, 13). AF is one of the leading causes of ischemic stroke 

increasing the risk 5-fold, AF related strokes being associated with increased mortality (6, 14, 15)  

 

Figure 1.1 - Increasing rates of AF hospitalisations from 1993-2013 in Australia (from Gallagher 

et. al. 2019) (3).                                                                                                    

A consistent rise in hospitalisations related to AF (in blue) is noted over the past 20 years in Australia. The rate 

of increase in hospitalisations related to AF is higher than for myocardial infarction over a similar time frame.  

 

The AF epidemic continues to grow around the world, driven by an ageing population with increasing 

rates of associated risk factors such as diabetes and hypertension, accompanied by a sedentary lifestyle 
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with rising rates of obesity (3, 16-18). A close link with HF has also been established and the rising 

rates of HF in the community will also contribute to the rising incidence and prevalence (19).     

 

Figure 1.2 - Global AF epidemic (from Ko et. al. 2016) (7). 

AF is a multinational disease with similar prevalence seen in developed countries. Lower rates of AF are noted 

in Africa. There is male predominance in most countries.  

 

1.2 Risk factors for AF 
 

There is overlap between AF and other cardiovascular diseases including HF and coronary artery 

disease. Typical risk factors associated with AF were originally established from the original 

Framingham cohort with age, hypertension, HF, coronary artery disease, valvular heart disease and 

diabetes mellitus all noted to be independent risk factors (20, 21). Other risk factors identified from a 

meta-analysis include male gender, alcohol consumption, obesity and LVH (20). There appears to be 

an incremental risk, where the presence of multiple risk factors, increases AF risk cumulatively. 



I n t r o d u c t i o n                                                   P a g e  | 54 

 

   

Figure 1.3 - Independent risk factors associated with AF and the cumulative risk associated with 

the presence of multiple risk factors (from Lau et. al. 2017) (20). 

The common risk factors associated with AF include male gender, age, weight, smoking, alcohol consumption 

as well as co-morbidities such as heart failure, diabetes and hypertension. The risk of AF exponentially 

increases with the presence of more risk factors, 

 

AF is a complex multisystem disease process and these traditional risk factors do not fully account for 

this and when combined into risk models, have modest discriminative ability (22). However, these risk 

factors, many of which are modifiable are critical in the management of AF. Aggressive risk factor 

management post catheter ablation has been associated with reduced AF recurrence and improved 

symptoms, whilst there may be a potential role in preventing AF with early risk factor control (23). 

Novel risk factors have been described, that may also be involved in the pathogenesis of AF. Obstructive 

sleep apnoea is common in patients with AF and is associated with increased AF risk, independent to 

obesity (20, 24). There have been associations between physical inactivity and AF and in contrary 

higher rates of AF have been noted in endurance athletes (20, 25, 26). Genetic predisposition also 

appears to be important in AF. In the USA, AF is more common in Caucasians than the African-

American population (27). In the Framingham study, family history of AF was an independent risk 

factor and recent advances in genetic sequencing have identified several potential genetic variants 

which may be involved in ion transport, gap junctions, mediators of inflammation and involvement in 

the renin-angiotensin-aldosterone and natriuretic peptide pathways (27, 28). Pericardial fat noted on 

multi-slice computed tomography (CT) is also associated with increased AF risk independent of obesity 

and may contribute to a pro-inflammatory state which may predispose to AF (27, 29). 
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Low SES is an independent risk factor for metabolic syndrome and cardiovascular disease (30-32), but 

the association with AF has had mixed results. A large Swedish study did not find an independent 

association between SES and hospitalised AF (33), although an association was found in women (33). 

The ARIC cohort found that low family income was associated with increased risk of AF (34), with 

lower education levels associated with increased AF risk in women (34). 

There has been increasing interest in genetic risk scores as part of AF risk assessment. Although there 

is a strong association between clinical risk factors with the development of AF, there have been some 

single nucleotide polymorphisms associated with increased AF risk. Muse et. al. (2018) demonstrated 

how a genetic risk score could be used to identify patients at higher risk of developing AF, on top of 

clinical risk (35). Genetic risk scores are still in the early stages of development and with advances in 

technology and improved accessibility, may be an important adjunct in patient selection for AF 

screening.   

 

1.3 Cognitive impairment and AF 

 

Given AF is more common in the elderly, there has been increasing research showing a possible 

association with cognitive impairment. Cognition decreases with age and is associated with vascular 

risk factors such as hypertension and diabetes (36). There is significant overlap with vascular risk 

factors and AF risk factors. Possible mechanisms for cognitive impairment have included silent embolic 

events causing “microinfarcts” as well as cerebral hypoperfusion due to reduced cardiac output (36).  

In the Intermountain Heart Collaborative Study, 37,025 patients were followed up over a mean of 5 

years for the development of AF and cognitive impairment. AF was independently associated with 

dementia (OR 1.06-1.73) (36, 37). The Rotterdam prospective study of 6514 patients, noted an 

association between incident AF and development of dementia (HR 1.33, 95% C.I 1.02-1.73) (38). A 

recent meta-analysis pooling data from 21 studies with 89,907 patients demonstrated an independent 

association between AF and cognitive impairment (RR 1.34, 95% C.I 1.13-1.58) and dementia (RR 

1.38, 95% C.I 1.22-1.56), independent of stroke (36, 39). 
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The association between AF and cognition has important implications for screening. Firstly, screening 

elderly patients may present additional challenges related to cognition and manual dexterity as patient 

involvement and compliance may be required. Secondly, a potential additional benefit from AF 

screening may be to reduce the incidence of cognitive impairment in the long-term. AF detection which 

may lead to initiation of anticoagulation, may result in reduced cerebral embolic events, which may 

have a positive effect on cognition. 

 

1.4 Pathogenesis of AF 
 

1.4.1 Normal LA physiology 
 

The LA is a thin walled structure which modulates LV filling, from the pulmonary circulation (40). 

Under normal situations, the LA is a highly elastic, low pressure chamber and has three phases of action. 

In ventricular systole, it acts as a reservoir for pulmonary venous blood flow (5, 40). In early ventricular 

diastole and diastasis, it acts as a passive conduit, allowing blood flow from into the LV. In end diastole, 

there is active LA contraction (contractile function) contributing around 1/3 of LV filling in diastole (5, 

40). There is a close relationship between LA and LV function. In the reservoir phase, LA relaxation 

and compliance are aided by descent of the LV base. In early diastole (part of conduit function), the 

suction force created by the LA→LV gradient is driven by LV stiffness and relaxation (5). The 

contractile phase in end-diastole is predominantly modulated by LA contraction, however is influenced 

by LV end diastolic pressure and compliance (5).     

1.4.2  Changes to LA physiology in AF 
 

Several changes occur both at a macro and microscopic level within the LA which contributes to the 

development of AF. Many of the changes at a cellular level and focal AF mechanisms are still poorly 

understood with several animal models suggesting changes to actional potential duration, refractoriness 

and abnormal automaticity (20).  
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Figure 1.4 - Potential mechanisms for AF (from Lau et. al. 2017) (20). 

There are multiple potential mechanisms for the development of AF. Conduction abnormalities can occur with 

the presence of risk factors such as diabetes and hypertension. Similarly these risk factors can create structural 

abnormalities within the LA and change electrical signalling pathways, which can contribute to 

arrhythmogenesis.    

 

There are several changes which occur to LA structure and function, with the presence of long-standing 

risk factors such as hypertension and T2DM. The LA is a highly elastic and typically a low-pressure 

chamber. When exposed to these risk factors, there is chronically elevated LA pressure which 

contributes to LA remodelling, due to mechanical, electrical and metabolic stressors (41, 42). This 

progressively contributes to LA enlargement, which can readily be assessed on imaging and fibrosis (5, 

41). Changes to LA structure may be mediated by fibrotic markers such as tumour necrosis factor-α, 

platelet-derived growth factor and transforming-growth-factor  (41). Pericardial fat may be an important 

mediator, which may augment pro-inflammatory mediators which perpetuates this chronic 

inflammatory state. Detecting LA fibrosis non-invasively, is difficult with echocardiography and tissue 

characterisation may best be evaluated by cardiac magnetic resonance imaging.  

Electrical remodelling within the LA also occurs, with “alterations in ion-channel pumps, gap-junctions 

and exchangers” which creates a substrate for either re-entry mechanisms or increased focal 
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automaticity, the focus of which typically is at the origin at the pulmonary veins, which leads to 

arrhythmogenesis (41). LA functional remodelling also occurs, which may be earlier than LA structural 

changes, and may provide a potential avenue in identifying patients at risk of developing AF. With LA 

and LV remodelling, the LA may become less compliant, with higher resting LV filling pressures, thus 

impacting on reservoir and conduit function. Given the interdependence of all the phases of LA 

function, there may be changes to LA contractile function, which may be compensatory at first, until 

this “atrial kick” is lost with the development of AF (5, 41). These functional changes may be potentially 

assessed non-invasively with LA strain imaging.        

 

1.4.3 The consequences of “atriopathy” 
 

The structural changes which occur within the LA could be referred to as an “atriopathy.” As mentioned 

previously, clinical risk factors such as hypertension, obesity and diabetes all cause negative LA 

remodelling. The progressively leads to chamber dilatation, chronic elevation of LA pressure and 

fibrosis which leads to changes in electrical signalling (as outlined in figure 1.4). This may lead to the 

development of AF. 

However, it is important to recognise the development of “atriopathy” may itself be pathological. AF 

may purely be an end-organ manifestation of “atriopathy.” The development of stroke may not require 

the presence of AF but may occur in the setting of “atriopathy” which leads to a thrombogenic substrate. 

Previous studies of embolic strokes of undetermined source, have only identified AF in a small number 

of cases after a prolonged monitoring period (43). Left atrial enlargement has been shown to be 

associated with increased stroke risk independent of AF (44-46). This highlights the additional role of 

echocardiography in AF risk assessment as it provides incremental information about the development 

of “atriopathy.” The ARCADIA study which is currently in the process of recruiting, has used this 

rationale to assess the efficacy of apixaban in preventing recurrent strokes in patients with embolic 

source of undetermined source in the absence of AF (46). It also highlights that treatments should also 

be aimed at targetting the underlying “atriopathy,” rather than primary treatment of AF itself.         
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1.5 AF risk assessment 
 

Prompt recognition of those at risk of AF and early diagnosis is critical to prevent complications and 

implement risk factor modification and anticoagulation. In a minority of cases, AF risk may be high 

due to a strong familial link or in endurance athletes. In the vast majority, it is a disease of ageing 

accelerated by the presence of multiple risk factors (which have been previously discussed).  

Clinical AF risk scores aim to make it easier to quantify AF risk at the bedside for clinicians. The 

Framingham AF risk score was one of the first risk scores, incorporating age, gender, HF, presence of 

a murmur, SBP, hypertension, BMI and PR interval prolongation to measure a 10 year AF risk score, 

with moderate discriminative ability (c-statistic 0.78) (47). The ARIC AF risk score was developed in 

2011 from the 14,456 participants in the ARIC cohort (48). The ARIC was more racially diverse than 

the Framingham cohort therefore improving external validity. The ARIC score uses age, sex, smoking 

status, hypertension, race, height, SBP, diabetes, coronary artery disease and HF in the model, with 

moderate discriminative ability (c-statistic 0.78) (48).     

The CHARGE-AF score was developed using 3 large American cohorts (Framingham, ARIC and 

Cardiovascular Health Study cohorts) (22, 48, 49). Variables in the model were derived from 18,556 

patients (81% Caucasian) in the overall cohort. A 5 year AF risk score was derived using 12 clinical 

parameters (age, race, height, weight, SBP, DBP, current smoking, use of anti-hypertensives, history of 

diabetes mellitus/myocardial infarction, history of HF and ECG data (voltage criteria for left ventricular 

hypertrophy and PR interval) (22). Moderate discriminative ability was demonstrated in the cohort (c-

statistic 0.77) (22). A validation study was performed in the AGES (Age, gene and environment – 

Reykjavik study) European cohort, demonstrating only modest discriminative ability (c-statistic 0.66) 

(22, 50).    

Overall clinical risk scores may aid in identifying those at risk and help patient education and awareness 

about AF. However, all clinical scores only provide moderate discriminative ability, highlighting their 

limitations. It suggests that AF is complex and several other risk factors have not been incorporated. 

Imaging markers of risk are not incorporated into these risk models and may help improve 

discrimination.   
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1.6 Role for AF screening 
 

1.6.1 Criteria for an effective screening program 
 

For an effective screening program to be created, it must fulfil several established criteria, which were 

initially described by Wilson and Junger of the World Health Organisation more than 40 years ago (51).  

 

Figure 1.5 - Wilson and Junger criteria for an effective screening program (from Andermann et. 

al. 2008) (51). 

AF fulfills most of the criteria established by Wilson and Junger for effective screening programs. 

 

Although limited in some areas such as pathogenesis, our understanding of AF is extensive. The disease 

is well described, we have effective treatments including stroke prevention and recent advances in 

technology have made screening more cost-effective and feasible. A case for AF screening can be made, 

given it satisfies nearly all the Wilson and Junger criteria. 

 

1.6.2 Potential benefits for early AF diagnosis 
 

Four pillars of management of AF have been proposed (20).  
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Figure 1.6 - Four pillars of AF management (from Lau et. al. 2017) (20). 

Risk factor management is an essential component of AF treatment. Along with anticoagulation, rate and 

rhythm control, these make up the four pillars of AF management.  

 

With regards to early AF diagnosis at least 2 of these pillars still may have a role. One of the main 

benefits with screening programs is improved patient education and health awareness. These may 

translate into improved health outcomes and may allow for patients to be more proactive in decisions 

regarding their health.  

Risk factor management is paramount in the management of AF. It has an established role following 

catheter ablation, being associated with reduced recurrence and improved symptoms (23, 52). In earlier 

disease stages, despite the majority of patients being asymptomatic, risk factor management is still 

important. It may have a role in arresting negative LA remodelling, which may stop disease progression. 

Risk factor management may also improve other health outcomes such as risk of cardiovascular disease. 

It may also empower patients to make lifestyle changes.  

Anticoagulation has a proven role in stroke prevention in patients with clinically diagnosed AF (53, 

54). The role in those with subclinical AF has not been established and requires further clinical trials. 

However those with subclinical AF do not have a benign disease course (55). Subclinical AF has been 

associated with increased risk of stroke, myocardial infarction and all-cause mortality (55). Prompt 
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initiation of anticoagulation in patients with AF, may be associated with reduced thromboembolic 

complications which may reduce hospitalisations and downstream health care costs (2).   

 

1.6.3 Current recommendations 
 

There is currently a lack of consensus in international clinical practice guidelines with regards to the 

role of AF screening. In Australia, in the recent AF guidelines published in 2018, opportunistic AF 

screening is recommended in patients ≥ 65 years with pulse palpation or a rhythm strip (56). This has 

mirrored recommendations by the European Society of Cardiology who were amongst the first body to 

advocate for opportunistic AF screening in patients ≥ 65 years (57). However AF screening has not 

been recommended by recent consensus statements released by the US Preventative Services taskforce 

and by the National Screening Committee in the UK (58, 59). The Korean guidelines advocate for AF 

screening, whilst the Canadian guidelines do not explicitly have recommendations on routine AF 

screening, rather focusing on patients with subclinical device detected AF (60, 61). The AF-Screen 

collaboration has been established as an AF screening advocacy group and research body which may 

help in the future to create more uniform recommendations (2).  

 

1.6.4 Monitoring technologies available for AF screening 
 

Several monitoring technologies are available to assist in AF detection (summarised figure 1.7 below). 

Traditional AF diagnostic methods have involved pulse palpation and 12 lead ECG. The yield from 

these approaches is <1%, however is age dependent. Lowres et al. (2019) performed a systematic review 

of 24 AF screening studies and identified that AF detection rate increases with age (from 0.34% in those 

<60 yrs to 2.73% in those ≥ 85 yrs) (62). Interestingly the choice of screening technology, geographic 

region or the device used for screening did not influence AF detection rates (62).  

Pulse palpation although easy to perform has poor sensitivity and specificity. 12 lead ECG has very 

high specificity but not practical to perform in a mass screening program. Currently, patients with 

symptoms such as palpitations or those with a clinical suspicion of AF (such as those with a recent 

stroke) are referred for Holter monitoring. These provide continuous 24-48 hr heart rhythm monitoring 

and have automated AF detection algorithms. They currently have an MBS rebate for these indications. 
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However, there is no indication/rebate for AF screening in asymptomatic patients at risk. They are also 

not practical for screening purposes as patients find them uncomfortable to wear and it may impact on 

daily activities. Although providing continuous monitoring, this monitoring period is fixed and may 

reduce sensitivity. Implantable loop recorders are the gold-standard for long-term AF detection and in 

the CRYSTAL-AF study, showed a large number of patients with embolic stroke of unknown origin 

had underlying AF when monitored for long monitoring periods (43). In the primary prevention setting 

the REVEAL-AF study, ASSERT-2 and the Danish LOOP study all showed a large number of patients 

with subclinical AF when monitored for a prolonged period (63-65). However, for AF screening in 

asymptomatic patients, they are invasive, expensive and not feasible. 

Newer methods allow for intermittent monitoring for AF outside the clinical setting. Automated BP 

monitors can assess pulse waveform and offer a limited AF detection tool (66). Photoplethysmography 

using smartphone apps have been shown to be highly sensitive and may allow for AF detection at 

different timepoints (67). The most promising have been single lead ECG monitoring devices. A variety 

of different devices are currently in the marker and use finger contact with electrodes to create a single 

ECG vector. There are AF detection algorithms, and many have processes in place to alert treating 

physicians if an abnormal recording is detected. The advantages with these devices are that they are 

easy to use for patients, have high sensitivity and allow for monitoring at multiple timepoints, thereby 

improving AF detection rates. These devices have been studied in a variety of cohort studies 

demonstrating feasibility for AF screening (8, 68-73).  

The main limitation of single lead ECG devices is that they are patient dependent. Patients are required 

to perform monitoring episodes, and this may create potential issues with compliance. Newer 

technologies may make the screening process more automated with little patient involvement. Recent 

developments in smartwatches have now made medical grade devices available in a consumer level 

product, thereby making AF screening now more accessible to large audience. This creates its own 

issues in creating patient anxiety and increasing diagnoses of benign arrhythmias, however in the Apple 

Heart Study demonstrated a high positive predictive value of 84% which may make it a useful screening 

tool (74). The most exciting technology in this field is the use of monitoring patches which provide 

continuous monitoring without inconvenient electrodes, have automated AF detection algorithms and 
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require no patient input (74-76). AF screening will continue to evolve in the future, improving feasibility 

and potentially cost-effectiveness.   

 

Figure 1.7 - Different methods used for AF detection (from Freedman 2016 (77). 

The top row shows the MyDiagnostik and Zenicor devices which are single lead ECG monitoring devices 

available in Europe. In the bottom row from left to right are the Microlife BP monitor, AliveCor single lead 

ECG monitoring device (available in Australia) and a smartphone with related photoplethysmography apps.  

 

1.6.5 Cost effectiveness for AF screening 
 

Cost-effectiveness for single lead ECG monitoring devices has been demonstrated in multiple studies 

(8, 78-80). Newer technologies such as smartwatches and monitoring patches, have yet to demonstrate 

cost-effectiveness, however with increased adoption of these technologies, the costs are likely to reduce. 

Most studies on cost-effectiveness use stroke prevention as the primary outcome for effectiveness. 

There are several factors which can influence such analyses. The patient population selected is vital 

including the presence of vascular co-morbidities, age, SES and access to health care may all influence 

stroke rates and AF detection. The choice of monitoring device (its associated sensitivity/specificity) 

and the duration of monitoring will also influence the AF detection rates which will influence the rates 

of stroke prevention. The prescription of oral anticoagulants and their compliance will also have an 

impact. These factors must be taken into account prior to widespread adoption of cost analysis data. 
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Much of these decision made models have focused on the choice of monitoring technology and duration 

of monitoring in their analysis (8, 78-80). Appropriate patient selection is a key factor in assessing cost-

effectiveness, so future studies have to incorporate this into their decision-making models.   

1.6.6 Potential issues with AF screening 
 

AF screening as discussed earlier, has several potential benefits. However, several disadvantages and 

issues have been raised (81): 

• There is a concern of false positives related to screening and the potential morbidity this can 

cause if inappropriate treatments such as anticoagulation are prescribed. Automated AF 

algorithms have high sensitivity but may lead to false positives. 

• With limited financial resources and infrastructure, implementing a community-wide screening 

program remains a challenge. 

• AF screening can potentially lead to increased demands on emergency departments and general 

practice, due to abnormal ECG recordings and other incidental findings.  

• Patient anxiety can be created with screening programs 

• There is a potential risk of overdiagnosis. Currently there are no long-term prospective studies 

clearly showing long-term adverse outcomes in patients with subclinical AF. However, 

observational studies demonstrate adverse clinical outcomes in these patients (55).  

• Appropriate diagnosis of AF is critical, and training of medical personnel may be required. This 

can be mitigated using automated algorithms.  

• Screening requires patient involvement; hence patient compliance is critical. 

• Cognitive impairment and manual dexterity are potential issues in an elderly population when 

using single lead ECG monitoring devices. 

1.6.7 Knowledge gaps 
 

There are several areas where there are gaps in the knowledge base regarding AF screening and risk 

assessment. Some of these will be addressed in the research conducted in subsequent chapters. 

1. There is currently insufficient data showing a clear benefit with anticoagulation use in patients 

with subclinical AF. 



I n t r o d u c t i o n                                                   P a g e  | 66 

 

2. There is insufficient data showing that patients with subclinical AF have similar adverse 

outcomes to those with clinically diagnosed AF.  

3. Cost-effectiveness has been investigated with AF screening, however assumptions are made 

regarding treatment effects and prognosis (81). 

4. The most appropriate cohort for screening is undefined. Most have proposed population-based 

screening using age-based cut-offs. However, the use of novel risk factors and imaging may 

help discern an enriched patient cohort where screening may be more effective.   

5. The most appropriate screening technology for AF screening is not well defined. 

6. The success rate of risk factor modification in AF prevention in those at early disease stages is 

unclear.  

7. It is unclear if LA remodelling can be reversed if early diagnosis is made and risk factor 

modification implemented. 

8. It is unclear if LA strain provides incremental information to other markers of LV function. 

9. The utility of LA strain imaging in AF risk stratification has not been fully investigated. 

10. The feasibility of AF screening in Australia has not been extensively studied. 

11. The practical challenges of AF screening programs have not been addressed.  

 

1.7 Echocardiography in AF risk assessment 

1.7.1 Role of echocardiography in AF 
 

Echocardiography has an important role in patients with a clinical diagnosis of AF. It is non-invasive, 

reproducible and cost effective. It is used in patients with AF for a variety of reasons including; 1) to 

assess for underlying structural heart disease which may have led to the development of AF ie. 

assessment of LV systolic and diastolic function and mitral valve disease; 2) providing a non-invasive 

assessment of LA pressure which can guide diuretic therapy; 3) assessment of LA size which can be 

used predict the response of therapy such as catheter ablation and is an important prognostic marker 

(40).   

Echocardiography is not recommended in asymptomatic patients, however can provide important 

information about AF risk (82). In patients who have had an echocardiogram performed for other 
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clinical indications, further information can be elicited about future AF risk. Increased LA size is an 

independent risk predictor for AF and is associated with increased cardiovascular events (5, 40, 83). 

Increased LA size indicates chronic elevation of LA pressure and likely LA remodelling, which is 

strongly associated in the pathogenesis of AF. Tissue Doppler imaging can be used to assess LV 

relaxation, diastolic function and can help to provide non-invasive assessment of LA pressure. These 

echo indices may also help identify patients at increased risk of stroke and HF independent of AF. 

 

LA phasic function can be assessed by volumetric analysis using 3D echocardiography to obtain LA 

volumes at different parts of the cardiac cycle which can be used to derive LA ejection fraction and 

emptying volumes (5). Doppler assessment of pulmonary venous flow can be used as a surrogate for 

LA reservoir function (5). However, these markers may be time consuming to measure and have not 

been demonstrated to be predictive of AF. They also may lack sensitivity in identifying patients at 

earlier disease stages.     

 

1.7.2 The potential role of LA strain in AF assessment 
 

Assessment of myocardial deformation using speckle tracking allows for quantitative information about 

segmental, global and phasic LA function. Speckles are acoustic markers that can be used to track 

myocardial deformation across the cardiac cycle (4). LV GLS is a more sensitive marker than LVEF 

and has already been shown to have important clinical applications such as identifying patients with 

subclinical HF, prognostic marker following acute coronary syndrome and assessment of LV 

dyssynchrony (84-87). There has been an interest in using strain imaging in assessment of LA function. 

Strain has several potential advantages. It can be used to assess LA phasic function. Secondary it can 

be used to assess segmental and global function. Changes to LA function may occur much earlier than 

increased LA size, therefore it may be a more sensitive marker in identifying patients with LA 

remodelling at earlier disease stages. Compared to tissue Doppler imaging, strain is angle independent, 

thereby reducing potential for errors.     
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1.7.3 Measurement of LA strain 
 

LA strain can be measured offline using third-party software programs or may be offered “on-cart” by 

some vendors to be measured at the time of image acquisition. It requires images with high frame rate 

(60-80 frames/sec) and typically three consecutive heart cycles are recorded and averaged (4). Apical 

four and two chamber images are typically used for LA strain measurement. The apical three chamber 

image is often not used due to potential for error in tracking from the aorta. ECG tracing is used to track 

the cardiac cycle, with the reference point either the onset of the R wave (R-R gating) or the P wave (P-

P gating). The LA endocardial border is manually traced and the software then automatically generates 

the region of interest which can then be manually adjusted so that tracking quality is maintained (4, 88). 

The LA is divided into 6 segments. Segments which do not track well, can be excluded from the 

analysis. The software algorithm then provides longitudinal strain curves of each LA segment as well 

as a mean.  

The LA strain curve varies depending on the ECG gating. During LA reservoir phase, the LA receives 

pulmonary venous blood flow and stretches, creating a positive peak. Following mitral valve opening, 

there is passive filling of the LA in early diastole (conduit strain), causing LA relaxation and a 

downward spike in the LA strain curve than includes diastasis. In end diastole, active atrial contraction 

“pump function”, creates another positive peak which is smaller than the initial reservoir phase peak 

(4). In AF, the second peak is not present due to loss of the “atrial kick”. The three components of LA 

function are interdependent (the sum of LA pump and LA conduit strain = LARS).  The varying strain 

curve patterns can be used to provide a visual representation of LA remodelling. There have also been 

recently published “normal reference” values so that strain can be used quantitatively to assess LA 

function (89).    
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Figure 1.8 - LA Strain Curve using R-R or P-P gating from Pathan et. al. 2017 (5, 89, 90). 

The three components of LA strain (reservoir, conduit and pump) mirror LA function during the cardiac cycle.  

 

Figure 1.9 - Comparison of LA strain in a healthy subject (left) compared to a patient with AF (right) 

– from Camelli et. al. 2016 (4). 

In AF, there is loss of the second peak due to loss of LA contractile function in end-diastole 

 

1.7.4 Clinical roles for LA strain 
 

LA strain has several potential applications. In patients with AF, LA strain has been shown to be reduced 

compared to those in sinus rhythm (91). An inverse relationship between LA strain and LA fibrosis 

assessed on magnetic resonance imaging has been demonstrated (92). LA strain has also been shown to 
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be useful in predicting response from catheter ablation or direct current cardioversion (93-96). In 

patients with AF, LA strain can be used to assess thromboembolic risk in addition to clinical risk scores. 

(97). LA strain may also be an important prognostic marker in HF, acute coronary syndrome and mitral 

regurgitation (40, 98-100). 

 

1.7.5 Limitations of LA strain 
 

Despite the potential advantages of LA strain, in the assessment of LA function, it has several 

limitations and disadvantages which need to be addressed prior to widespread clinical applications: 

• Multiple software vendors (GE Echopac, Tomtec, Phillips QLAB) exist, each with proprietary 

strain algorithms which may impact on reproducibility among vendors.  

• Dedicated LA strain vendor algorithms should be developed. Currently LA strain utilises a LV 

strain algorithm, and software programs are “tricked” into treating the LA as the LV in the 

analysis. 

• Recently published consensus guidelines addressing nomenclature, ECG gating and 

standardisation of image acquisition and measurement of strain has not been widely accepted 

(101). 

• LA strain is time-consuming and requires a learning curve to achieve reproducibility. This may 

impact on its use in clinical applications. 

• LA strain requires third-party software programs which are expensive and may not be widely 

available in most echo labs. 

• Image quality is vital to ensure adequate tracking of each LA segment. 

• Frame rates should be optimised by the operator (optimal frame rate ranges often reported by 

vendors) prior to image acquisition (101). 

  



I n t r o d u c t i o n                                                   P a g e  | 71 

 

1.7.6 Definition of risk 

 

In  this thesis the term “risk” is used frequently. These are defined as follows: 

1. AF risk – The risk of developing AF. 

2. AF risk factors – Risk factors associated with the development of AF. 

3. HF risk – The risk of developing HF. 

4. Cardiovascular risk factors – Risk factors associated with cardiovascular disease such as 

smoking, hypertension and diabetes mellitus. 

5. Stroke risk – Risk of developing stroke associated with atrial fibrillation  
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2 Methods 
 

A summary of the methods for each project is provided in the methods section of each individual 

chapter. The data from chapters 4,5,6,7,8,8,10, and 12 were from a community-based AF screening 

study based in Tasmania (Tas-ELF) and Victoria (Vic-ELF). Details of the study are summarised below: 

2.1 Study Population 
 

The patients used in the study were recruited as part of the Tas-ELF (Tasmanian study of the 

Echocardiographic detection of Left ventricular dysFunction) and Vic-ELF (Victorian study of the 

Echocardiographic detection of Left ventricular dysFunction) studies. The primary aim of this study 

was for the early detection of stage B HF in the community aided by advanced imaging techniques. 

Given the significant overlap between AF and HF and similar risk factor profiles, patients in this study 

were also recruited into the AF sub-study for this research project. 

2.2 Recruitment 
 

Participants from the community were recruited into the study by a variety of methods including: 

• Radio and newspaper advertising 

• Community centres 

• Mail out from GP practices 

• Community outreach by Lions/Rotary groups 

• Word of mouth (from volunteers, participants and researchers) 

• Hospital outpatient clinics 

 

2.3 Inclusion Criteria 
 

• Age ≥ 65 years 

• 1 or more risk factor for AF/HF, including  

o hypertension (systolic blood pressure > 140mmHg or pre-existing use of anti-

hypertensive medications)  

o T2DM (based on self-report of diagnosis or the current use of diabetic medications) 
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o obesity (defined as a body mass index ≥ 30) 

 

2.4 Exclusion criteria 
 

 

• Unable to provide written informed consent to participate in this study 

• History of previous HF, baseline NYHA >2 

• History of coronary artery disease (previous myocardial infarction, myocardial 

revascularization, coronary stents, positive stress test, or echocardiographic screening of 

LVEF<40%). 

• Known history of more than moderate valvular heart disease 

• Systolic BP <110mmHg, pulse <60/minute 

• Serious life-threatening disease (anticipated life expectancy <2 years) 

• Pre-existing treatment with both investigational drugs (ACE-I/ARB and Beta blocker) classes, 

or one class at maximum dose 

• Contraindications/Intolerance of either beta blockers or ACE-I/ARB, 

• Participating in any other clinical research trial 

• Any history of AF 

• Inability to acquire interpretable images (identified from baseline echo) 

Given the study had the primary aim of early detection of HF, some of the exclusion criteria above 

applied to a HF. 

 

2.5 Clinical Evaluation 

 

Patients were initially recruited for the Tas-ELF study between September 2013 and November 2015 

and Vic-ELF from March 2017 to November 2019. Patients were then recruited into the AF substudy 

during attendance at outpatient clinics for initial clinical assessment or for follow up assessment. 

Outpatient clinics were conducted in Tasmania and Victoria. Locations in Tasmania included: 
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• Hobart 

• Launceston 

• Devonport 

• Burnie 

• Huonville 

• Oatlands 

 

• Deloraine 

• Geeveston 

• Latrobe 

• Longford 

 

In Victoria, all assessment and follow up was performed at Sunshine Hospital or the Baker Heart and 

Diabetes clinic at Footscray. 

Initial clinical evaluation included: 

• Clinical history 

• Medication list updated 

• Physical examination including brachial and CBP measurements 

• SEIFA indices used to assess regional SES(102) 

• 12 lead ECG 

• Six-minute walk test 

• Questionnaires to assess QoL 

o Duke Activity Status Index (DASI)(103) 

o Minnesota Living with Heart Failure score (MLHF)(104) 

o Charlson-Index(105)  

o EuroQoL5D Visual-Analog Scale (EQ-VAS)(106) 

2.6 Assessment of AF risk 
 

AF risk was assessed using the CHARGE-AF score.(22) This clinical score uses 12 clinical parameters 

(age, race, height, weight, systolic/diastolic blood pressure, current smoking, use of anti-hypertensives, 

history of diabetes mellitus/myocardial infarction, history of HF and ECG data (voltage criteria for left 

ventricular hypertrophy and PR interval) to measure a 5 year risk of developing AF. Where ECG data 

was not available, the simple model was used (which uses just the clinical variables).  
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2.7 Echocardiographic Evaluation 
 

All echocardiograms were performed by qualified sonographers using the same equipment (Siemens 

ACUSON SC2000, Siemens Healthcare, Mountain View, CA) and transducers (4V1c, 1.25-4.5 MHz; 

4Z1c, 1.5-3.5 MHz). Two dimensional, M-mode and Doppler measures were obtained using standard 

techniques outlined by the American Society of Echocardiography (107).  

LV dimensions were calculated in both diastole and systole in parasternal long axis views. LV 

hypertrophy (LVH) was defined as LVM index >115 g/m2 in men and >95 g/m2 in women. LV and LA 

volumes were indexed to body surface area (LAVi) and calculated by the Simpson biplane method. 

Abnormal LAVi was defined as ≥34 ml/m2. 

Diastolic function was assessed by calculating mitral inflow peak early and late diastolic velocities (E 

and A wave respectively), deceleration time and the E/A ratio (ratio <0.8 was used to define impaired 

relaxation). Mitral annular early diastolic velocity using tissue Doppler imaging (e’) was calculated in 

both septal and lateral and averaged to calculate the E/e’ ratio (> 13 was used to define raised LA filling 

pressures).  

 

2.7.1 Speckle Tracking Echocardiography 
 

The speckle pattern of each segment of the myocardium is unique. Speckles are acoustic markers and 

can be used to determine myocardial mechanics through speckle tracking. Compared to tissue Doppler 

imaging, it is angle independent. Strain refers to myocardial deformation and is defined as the change 

in length normalized to the original length. Given it is a vector quantity, it can be either positive or 

negative.  
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Figure 2.1 - Speckle tacking (initial position - green dots, final position - red dots) – from 

Blessberger et. al. Heart 2010 (108). 

Speckles are acoustic markers which can track myocardial deformation throughout the cardiac cycle (the initial 

position shown by the green dots, and final position shown by the red dots). 

 

Global longitudinal strain (GLS) was calculated in apical 4 chamber views and global circumferential 

strain (GCS) was calculated in the mid-LV parasternal short axis view. Velocity vector imaging (Syngo 

VVI, Siemens Medical Solutions) was used to assess LV strain. Manual tracing of the endocardial 

border of the LV was performed in end-systole and this was tracked during the cardiac cycle.  

LA reservoir, conduit and pump strain were assessed using speckle tracking imaging by an external 

third-party software program (ImageArena, Tomtec, Munich, Germany). Apical four and two chamber 

images were selected with a frame rate of 60-80 frames/sec. The endocardial border of the LA was 

manually traced, and strain analysis was performed using the LV strain algorithm, with the average of 

both the four- and two-chamber values. The reference point for image analysis was taken at the onset 

of the QRS complex (R-R gating). The LA was divided into 6 segments. If more than 2 segments had 

poor tracking, LA strain could not be measured in those patients. LA mechanical dispersion was defined 

as the standard deviation of time to peak positive strain (SD-TPS) from the 12 LA segments. We 

corrected the SD-TPS by the R-R interval to derive SD-TPS as a percentage of the R-R interval. Patients 

with poor image quality, where strain analysis could not be performed, were excluded.  
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2.8 AF Detection and Follow Up 
 

 

The primary outcome measure in the AF substudy was the AF detection rate during follow up. A 

minimum median follow up of 12 months was planned for the study. AF detection was planned using 

a number of methods: 

1. Clinically diagnosed AF during the follow up period (patient information collected from 

hospital electronic records, GP practices and specialist letters at the end of follow up). 

2. Inpatient diagnosis of AF (patient information collected from hospital electronic records). 

3. Screening for subclinical AF using a single lead ECG monitoring device 

 

2.8.1 Screening for subclinical AF 
 

Screening for subclinical AF was performed using a single lead ECG monitoring device (Remon RM-

100, Semacare China). Screening was typically performed within the first month of recruitment. A 

single lead ECG recording was performed by using the right thumb along with 2 fingers of the left hand 

placed on the electrodes of the device to create a single ECG vector. Participants were given a device 

to take home following in person demonstrations at clinics and provision of written instructions. 

Participants were asked to record 5 x 60 second recordings per day for a 1week period. Devices were 

then mailed back to the research team for analysis. The ECG recordings were able to be downloaded as 

PDF files onto a PC using a dedicated app.  

All ECG tracings were analysed manually by the candidate. Any ECG tracings with significant motion 

artefact were excluded from analysis. AF was defined as an irregular rhythm of ≥30 sec with a variable 

R-R interval and absent P waves. Any ECG recordings suspicious for AF, were then confirmed with a 

second physician who was blinded from the patient’s clinical information. 

Patients with a diagnosis of subclinical AF were contacted and made aware of the ECG findings and 

asked to make an appointment with their local medical officers. The treating GP of the participants was 

then contacted by mail and copies of relevant ECG tracings provided. Although recommendations were 

made in the letter to consider anticoagulation, all treatment decisions were left to the participants 

treating doctor and were not implemented by the research staff.  
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A pilot sample of 180 participants were given questionnaires to obtain basic qualitative information 

about some of the practical aspects of screening. The questions addressed issues such as ease of use of 

the device, patient anxiety and dexterity. In these patients, compliance was assessed by measuring the 

number of ECG recordings performed (participants were asked to perform 35x 60 second recordings). 

 

 

Figure 2.2 - Remon RM-100 single lead portable ECG device. 

The Remon RM-100 device is a TGA approved single lead ECG device used in this study for AF detection. It 

requires three points of finger contact to create a single lead ECG tracing for 30-60 seconds which can then be 

downloaded using a dedicated app for analysis.  
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Figure 2.3 - Example of an ECG recording from the Remon RM-100 device demonstrating AF. 

An example of an ECG recording from the Remon RM-100 device showing AF.  
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Figure 2.4 - Questionnaire sent to patients to collect information about some practical issues with 

AF screening. 

This questionnaire was used to study some of the practical aspects to AF screening (results discussed in 

Chapter 12).
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Chapter 3. Deciding on the most 

appropriate technology for AF screening 

“Atrial Fibrillation Detection using Single Lead Portable 

Electrocardiographic Monitoring: A Systematic Review and Meta-Analysis.” 
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fibrillation detection using single lead portable electrocardiographic monitoring: a systematic review 

and meta-analysis. BMJ open. 2018 Sep 1;8(9):e024178. 
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3 Deciding on the most appropriate technology for AF 

screening. 

 

3.1 Preface 
 

There are multiple methods for heart rhythm monitoring. Recent advances in technology have made AF 

screening more feasible. In the past the diagnosis of AF was predominantly made by 12 lead ECG in a 

clinical setting or with Holter monitoring in the community. Although providing continuous monitoring, 

its utility for AF screening is limited for several reasons. Firstly, it is an expensive screening method. 

Secondly, for patients it is inconvenient as prolonged periods of monitoring is not feasible given the 

presence of multiple leads and electrodes which can interfere with activities of daily living. Implantable 

loop monitors although providing continuous monitoring for extended periods are contraindicated for 

screening purposes given, they are invasive and expensive. 

The diagnosis of AF is fairly easy to make and only requires a single lead for acute diagnosis. Diagnosis 

relies on the absence of p waves with an irregular R-R interval. Given this, single lead ECG monitoring 

devices offer a convenient and potentially cost-effective means for screening. The recordings are easy 

to obtain, are reproducible and some devices have automated detection algorithms which have a high 

degree of sensitivity. They are much more convenient for patients, are cheaper than Holter monitors 

and the main advantage is that multiple intermittent periods of monitoring can occur over several 

days/weeks, thereby increasing the potential diagnostic yield. 

In this chapter we compare single lead ECG monitoring devices to Holter monitoring by performing a 

systematic review of the literature comparing AF detection rates for both methods. By demonstrating 

comparable AF detection to 24-48 hr Holter monitoring, this can then justify the use of single lead ECG 

devices for mass AF screening. The following chapter was published in BMJ Open. 
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3.2 Abstract 
 

Objectives: Recent advances in technology have allowed for heart rhythm monitoring using portable 

single-lead electrocardiographic (ECG) monitoring devices, which can be used for early diagnosis of 

atrial fibrillation (AF). We sought to investigate the AF detection rate using portable ECG devices 

compared with Holter monitoring.  

Setting, participants and outcome measures: We searched the Medline, Embase and Scopus 

databases (search conducted on 8th May 2017) using search terms related to AF and screening and 

included studies with adults>18 years using portable ECG devices or Holter monitoring for AF 

detection. We excluded studies using implantable loop recorders and pacemakers. Using a random-

effects model we calculated the overall AF detection rate. Meta-regression analysis was performed to 

explore potential sources for heterogeneity.  

Results: Portable ECG monitoring was used in 18 studies (n=117,436) and Holter monitoring was used 

in 36 studies (n=8498). The AF detection rate using portable ECG monitoring was 1.7% (95% CI 1.4–

2.1), with significant heterogeneity between studies (p<0.001). There was a moderate linear relationship 

between total monitoring time and AF detection rate (r=0.65, p=0.003), and meta-regression identified 

total monitoring time (p=0.005) and body mass index (p=0.01) as potential contributors to 

heterogeneity. The detection rate (4.8%, 95% CI 3.6–6.0%) in 8 studies (n=10,199) which performed 

multiple ECG recordings was comparable to that with 24-hour Holter (4.6%, 95% CI 3.5–5.7%). 

Intermittent recordings for 19 minutes total produced similar AF detection to 24 hr. Holter monitoring. 

Conclusion: Portable ECG devices may offer an efficient screening option for AF compared to 24-hour 

Holter monitoring.  

Study Registration: Prospero database - April 22nd, 2017(CRD42017061021) 
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3.3 Introduction 
 

Atrial fibrillation (AF) is a leading cause of stroke and HF worldwide, is associated with increased all-

cause mortality (109, 110) as well as substantial financial cost (12, 111). The prevalence of AF increases 

with age, exceeding more than 15% for those aged 85 and older (62, 112). The epidemics of obesity, 

diabetes mellitus and metabolic syndrome have also been associated with the increasing prevalence of 

AF (18, 113, 114). Up to 20% of patients with stroke have underlying AF, and detection allows the 

initiation of anticoagulation which is associated with a significant reduction in stroke recurrence (115).  

Early diagnosis of AF may have several benefits, including individualized lifestyle intervention (23) 

and anticoagulation, and may be associated with a reduction in complications and healthcare costs. The 

importance of early diagnosis has been recognized in recent guidelines from the European Society of 

Cardiology (ESC) which recommended opportunistic screening using pulse palpation and 12 lead 

electrocardiogram (ECG) (57). However, screening for AF is challenging for several reasons; many 

patients are asymptomatic or may have atypical symptoms. There are a variety of monitoring techniques 

available, all which vary in diagnostic accuracy and sensitivity, and there is no accepted reference 

standard. Subclinical AF is associated with an increased risk of stroke, cardiovascular disease and all-

cause mortality,(8) although there is controversy surrounding the significance of brief paroxysms of AF 

and the potential benefit of  anticoagulant therapy. Implantable devices are expensive, and not cost 

effective for mass screening, and the use of external devices for long periods of monitoring require 

electrodes, which may be poorly tolerated by patients.  

Recent advances in technology have allowed for the development of single lead portable 

electrocardiographic monitoring devices. Multiple devices are available, all using multiple points of 

finger contact to create a single lead ECG trace. The in-built memory of these devices allows for single 

or multiple time-point screening. Interpretation from a cardiologist or by automated algorithms has 

achieved high sensitivity and specificity for AF detection (72, 116, 117). Although they have not been 

incorporated into the latest AF guidelines, the accuracy, ease of use and potential cost-effectiveness of 

these devices may lead to them having an important role in AF screening. This paper describes a 
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systematic review of the published literature to investigate the overall AF detection rate using portable 

ECG devices compared with traditional Holter monitoring.  

 

3.4 Methods. 
 

3.4.1 Search strategy 
 

We conducted our systematic review and meta-analysis using the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses guideline (PRISMA) (118). We searched the Medline, Scopus 

and Embase databases using key terms including “atrial fibrillation/AF and screening/monitoring and 

electrocardiographic/Holter monitoring” which were mapped to subject headings. We also searched the 

reference lists to identify other potential articles. The search was limited to adult human subjects >18 

years and limited to the English language (see search strategy for Medline database in supplementary 

material). The study was prospectively registered on the Prospero database on April 22nd, 

2017(CRD42017061021), and the search was conducted on 8th May 2017.  

3.4.2 Search selection 
 

Titles and abstracts of studies identified from the search were reviewed by two independent reviewers 

(S.R and D.D). Studies which had a primary aim of AF detection in adult participants were included. 

We included all cohorts including community screening, those with risk factors and recent stroke. The 

screening methods included portable single lead ECG devices or continuous (Holter) monitoring (up to 

one week). We included studies which used single lead ECG devices for single episode screening or 

multiple intermittent screening periods. We included conference abstracts if demographic and outcome 

data were available. We excluded studies if participants were <18 years or if other forms of monitoring 

were used (pacemaker, implantable loop recorders, event recorders, monitoring patches and inpatient 

telemetry). We also excluded studies where AF detection was not the primary aim.  

The primary outcome of interest was the detection rate of new AF using either single lead intermittent 

or continuous monitoring. Our secondary objective was to determine the optimal time of intermittent 

monitoring which produced equivalent AF detection to continuous monitoring.  
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3.4.3 Data Collection 
 

Full text manuscripts of studies fitting the inclusion criteria were obtained. Quality of reporting and risk 

of bias was assessed using the tool developed by Downs and Black (119). A standardized data-

extraction form was used by the reviewers which included information about the patient demographics, 

comorbidities, screening strategy, patients with known AF and overall new AF detection rate. Where 

data were not reported, we attempted to contact the primary authors of the study. Any disagreements 

between the two reviewers were resolved by consensus or by consulting a third reviewer (TM). 

3.4.4 Statistical Analysis 
 

The cumulative AF detection rate for continuous and intermittent monitoring and the 95% confidence 

interval was calculated using a random effects model. The results were displayed as a forest plot and 

heterogeneity amongst the studies was assessed using the I2 statistic. A subgroup analysis was 

performed by comparing the cumulative detection rate of single lead ECG studies which performed 

multiple timepoint recordings with 24-hour Holter monitoring studies. Linear regression analysis was 

used to determine the association between the total monitoring time and AF detection using single lead 

ECG devices. This formula was used to determine the monitoring time using single lead ECG devices 

to approximate the overall AF detection rate using 24-hour continuous monitoring. Univariate meta-

regression analysis was performed to assess the influence of various clinical and screening factors with 

AF detection. Publication bias was assessed using a funnel plot and the Egger test. Statistical analysis 

was performed using Stata v.13 (StataCorp, College Station, TX) with two-tailed p-values <0.05 used 

to denote statistical significance. 

 

3.5 Results 

3.5.1 Study Characteristics. 
 

The PRISMA flowchart of our included studies is shown in figure 3.1. Our initial search strategy 

identified 5427 studies, with another 26 identified through other sources. After removing duplicate 

records, 4122 studies were left. After screening those using the inclusion/exclusion criteria, we 

identified 111 full text studies for detailed review, which excluded 59 studies, leaving 52 full text studies 

for inclusion in the meta-analysis (see supplementary table 3-5 for excluded studies). Of the 52 studies 
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included, 34 used continuous (Holter) monitoring (n=8154), (120-153) 16 (n=117,092) used single lead 

portable ECG monitoring, (8, 68-70, 72, 73, 78, 79, 117, 154-160) and 2 studies (n=344) used both 

continuous and intermittent single lead monitoring for AF detection in a head to head comparison (161, 

162).  

The baseline characteristics of the individual studies is presented in Table 3-1. There was a considerable 

range in age (54-76 years), and gender (male 29-77%) between studies. As many studies chose healthy 

volunteers and other studies focused on patients post stroke or those with AF risk factors, there was 

significant variation in comorbidities such as diabetes, hypertension and obesity. Stroke risk determined 

by the CHADS or CHA2DS2-VASC score was reported in only 14/52 studies (27%). Of the 52 studies, 

36 (69%) were conducted in Europe, 8 (15%) were in Asia, 5 (10%) were in North America and 3 (6%) 

in Australia. Nine studies (17%) were retrospective, the remainder all being prospective cohort or 

randomized controlled trials.  

Of the 18 studies using single lead ECG devices, 10 studies (56%) used a single 10-60 sec recording 

for AF detection whilst 8 studies (44%) used multiple readings over a 1-52 week period. There were 

five portable ECG devices used (Table 3-1). Sixteen studies (89%) used healthy participants with risk 

factors (8, 69, 70, 72, 73, 78, 79, 117, 154-158, 162). Two studies assessed patients following stroke or 

transient ischemic attack (TIA) (159, 161). 

Of the 36 studies using continuous (Holter) monitoring, 27 studies (75%) used 24-hour continuous 

monitoring, (120-125, 127-130, 135-138, 140, 141, 143-147, 149-152, 161, 162) 4 studies (11%) used 

1 week monitoring, (132-134, 153) 2 studies (6%) used 48-hour monitoring, (139, 148) 2 studies (6%) 

used 72-hour monitoring, (126, 131) and 1 study (3%) used 96-hour monitoring (142). 
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Figure 3.1 - Overview of inclusion and exclusion of studies based on the PRISMA flowchart. 

A total of 50 studies were included in the meta-analysis. 34 studies used continuous Holter monitoring, 14 

studies used single lead ECG monitoring and 2 studies used both technologies.
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Table 3-1 - Summary of included trials investigating AF detection using single lead ECG devices or Holter Monitoring 

Study n Country 
Type of 

patients used Device Used 

Duration 
of 

recording 
(sec) 

Frequency 
of 

recording 
/day 

Total  
monitoring 

(days) 

Mean/ 
median 
age (yrs) 

Male 
(%) 

BMI 
(kg/ 
m2) 

HTN 
(%) 

DM 
(%) 

IHD 
(%) 

Previous 
diagnosis 
of AF (%) 

 HF 
(%) 

Previous 
stroke (%) 

Mean/ 
median 

CHADS2/ 
CHADS-

VASC Definition of AF 

New 
AF 
(n) 

New 
AF 

rate 
(%) 

Lowres et. al. (2014) 
(8) 1000 Australia 

Community 
pharmacy 
screening Alive Cor 60 1 0 76 44 NR 62 23 16 10.4 3 7 3.3 

Cardiologist 
Interpretation 15 1.5 

Svennberg et. al. 
(2015) (71) 7173 Sweden 

Community 
screening (75-76 
yr olds) Zenicor 30 2 14 75 46 25.9 50 11 9.2 9.2 3.4 9 3.4 

30 sec irregular rhythm 
without p waves or 2x 
episodes between 10-29 
sec 218 3 

Proietti et. al. (2016) 
(69) 65747 Belgium 

Belgian Heart 
Week screening 

Omron 
Heartscan  
HCG-801 30 1 0 58 41 NR 36 21 23 0.5 20 20 2 

irregular R-R interval, no 
distinct p waves, variable 
atrial cycle length 603 1.1 

Kaasenbrood et. al. 
(2016) (68) 3269 Holland 

Influenza 
vaccination - 
opportunistic 
screening MyDiagnostik 60 1 0 64.1 49 NR NR NR NR 2.6 NR NR NR 

Cardiologist 
Interpretation x 2 37 1.1 

Engdahl et. al. (2013) 
(154) 848 Sweden 

Community 
screening (75-76 
yr olds) in 
Halmstad, Sweden Zenicor 30 2 14 75 43 NR 53 11 NR 9.6 4 10 1.9 

30 sec duration of 
irregular rhythm or >= 2 
episodes of 10 or more 
sec 40 4.7 

Hendrikx et. al. (2013) 
(155) 928 Sweden GP practices Zenicor 10 2 28 69.8 50 NR 90.3 31.6 19.8 0 3.7 8.6 2 

10 sec irregular rhythm 
without p waves 35 3.8 

Hendrikx et. al. (2014) 
(162) 95 Sweden 

Referred for 
presyncope/palpit
ations Zenicor 30 2 28 54.1 44 NR 28.4 1.1 8.4 0 0 6.3 1 

30 sec irregular rhythm 
without p waves 9 9.5 

Chan et al. (2016) (67) 1013 Hong Kong 

Patients ≥ 65 yrs 
with hypertension 
or diabetes Alive Cor 60 1 0 68.4 47 NR 90.4 36.6 16.2 2.2 4.4 10.5 3 

Cardiologist 
Interpretation 5 0.5 

Sobocinski et. al. 
(2012) (161) 249 Sweden 

Patients post 
TIA/stroke Zenicor 10 2 30 72 57 NR 65 16 20 0 4 25 3 

irregular rhythm of 
minimum 10 sec without 
visible p waves 15 6 

Doliwa et. al. (2009) 
(72) 606 Sweden Community event Zenicor 10 1 0 NR 64 NR NR NR NR NR NR NR NR 

irregular rhythm without 
visible p waves 6 1 

Ramkumar et. al. 
(2017) (157) 204 Australia 

Community - ≥ 65 
yrs with 1 or more 
risk factor for 
heart failure Remon RM-100 60 5 7 70.1 51 29.1 72.1 56.4 5.9 0 0 NR 3 

30 sec duration of 
irregular rhythm with 
absent p waves 20 9.8 

Hendrikx et. al. (2017) 
(156) 201 Sweden 

Patients referred 
to respiratory 
clinics with 
suspicion of 
obstructive sleep 
apnoea Zenicor 30 2 14 56 69 30 51 10 9.2 0 4.6 3.1 NR 

Irregular supraventricular 
extra systoles in series for 
30 sec 13 6.5 

Claes et. al. (2011) 
(158) 10758 Belgium 

Community heart 
rhythm screening 
program through 
medical centres 

Omron 
Heartscan 
‘HCG-801 30 1 0 59 38 NR 30.6 8.6 12.2 7.2 7.2 5.4 1 

Irregular RR intervals, 
absence of p waves and 
variable atrial cycle 
length (when visible) 167 1.6 

Samol et. al. (2013) 
(159) 132 Germany 

Large proportion 
post stroke/TIA. 
Also recruited 
from diabetes, 
hypertension and 
dyslipidemia 
clinics 

Omron 
Heartscan  
HCG-801 30 1 0 64 58 NR 67 27 NR 0 3 49 NR 

Cardiologist 
Interpretation x 2 7 5.3 

Battipaglia et. al. 
(2016) (73) 855 UK 

Community 
shopping centre 
screening MyDiagnostik 15 1 0 NR NR NR NR NR NR NR NR NR NR NR 7 0.8 

Chan et al. (2016) 
(117) 13122 Hong Kong 

Nationwide 
community 
screening program Alive Cor 30 1 0 64.7 29 23.7 38.2 14.8 2.2 0 0.7 2.8 NR 

Software algorithm 
definition with minimum 
of 30 sec 101 0.8 

Chan et al. (2017) 
(160) 10735 Hong Kong 

Nationwide 
community 
screening program Alive Cor 30 1 0 NR NR NR NR NR NR 1.2 NR NR NR 

Cardiologist 
interpretation (≥ 30 sec) 74 0.7 
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Halcox et. al. (2017) 
(70) 501 UK 

Community based 
with individuals > 
65 yrs with 
CHADS-VASC score 
≥ 2 Alive Cor 30 

2x per 
week 365 72.6 48 NR 54 26 14 0 1.0 7.0 3.0 

30 second duration of an 
irregular rhythm without 
P waves 19 3.8 

Gladstone et. al. 
(2014) (120) 277 Canada 

Patients admitted 
with cryptogenic 
stroke Holter continuous continuous 1 73.2 56  NR 67 19.3 14.7 0 7 12.6  NR 

30 second or longer 
duration of irregular 
rhythm 9 3.2 

Barthelemy et. al. 
(2003) (121) 60 France 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 64.4 55 NR 50 17 NR 0 NR 27 NR 

fibrillatory waves 
associated with irregular 
ventricular response ratio 
at least 30 sec duration 8 13.3 

Jabaudon et al. (2004) 
(122) 149 Switzerland 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 66.9 68 NR 58 16.7 16.8 4.7 NR 16.8 NR NR 7 4.7 

Koudstaal et. al. 
(1986) (123) 100 Holland 

Retrospective 
study of 100 
patients admitted 
with stroke/TIA Holter continuous continuous 1 60.9 74 NR NR NR 41 NR NR NR NR NR 5 5 

Hornig et. al. (1996) 
(124) 268 Germany 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 59.1 61 NR 43.7 34 NR NR 14.9 45 NR NR 10 3.3 

Rizos et. al. (2012) 
(125) 496 Germany 

Patients admitted 
with stroke/TIA Holter continuous continuous 1 69 62 NR 78.8 24.6 NR NR NR 22.2 3 

Cardiologist 
interpretation (≥ 30 sec) 14 2.8 

Schuchert et. al. 
(1999) (126) 82 Germany 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 3 59.7 57 NR 36.5 NR 17.1 NR NR NR NR 

Small irregular baseline 
undulations of variable 
amplitudes and 
morphology at a rate 
>350/min with an 
irregular ventricular 
response for at least 1 
min. 5 6 

Schaer et. al. (2009) 
(127) 241 Switzerland 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 68.7 59 NR 76 25 41 7 NR 4.6 NR NR 0 0 

Schaer et. al. (2004) 
(128) 425 Switzerland 

Retrospective 
review of patients 
post stroke/TIA 
with Holter 
monitoring Holter continuous continuous 1 67.4 61 NR NR NR NR NR NR 1.2 NR 

Self-terminating 
sequence of >30 seconds 
of irregular RR intervals 
and the presence of 
fibrillatory P waves. 9 2.1 

Shafqat et. al. (2004) 
(129) 465 Pakistan 

Retrospective 
review of 
consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 66.8 56 NR NR NR NR NR NR NR NR NR 5 2.4 

Lazzaro et. al. (2012) 
(130) 133 USA 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 63.1 50 NR 70 29.3 18.8 0 NR 2.3 NR 

Supraventricular 
tachyarrhythmia 
characterized by 
uncoordinated atrial 
activation with fibrillatory 
waves varying in 
amplitude, shape, and 
timing, replacing 
consistent P waves and 
with a duration >30 sec 8 6 

Grond et. al. (2013) 
(131) 1135 Germany 

Patients admitted 
in 7 German 
centres with 
stroke/TIA Holter continuous continuous 3 67 55 27.4  20.4 7.3 0 5.8 17.4 NR 

≥ 1 period of >30 sec 
duration of an absolute 
arrhythmia without 
detectable P waves and 
without a pattern more 
consistent with an 
alternate diagnosis 49 4.3 

Stahrenberg et. al. 
(2010) (132) 224 Germany 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 7 68 58 27.6 72.9 22.3 14.8 0 5.2 16.2 NR 

2 x Cardiologist 
interpretation of 
software algorithm 
detection of events 28 12.5 

Ritter et. al. (2013) 
(133) 60 Germany 

Patients admitted 
with cryptogenic 
stroke Holter continuous continuous 7 61.8 57 NR 70 11.7 13.3 NR 0 NR 4 

Cardiologist 
interpretation (> 30 sec) 1 1.7 

Higgins et. al. (2013) 
(134) 50 Scotland 

Patients admitted 
with stroke/TIA Holter continuous continuous 7 67.1 48 NR 56 8 16 0 NR NR NR 

Cardiologist 
interpretation (> 30 sec) 4 8 
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Hendrikx et. al. (2014) 
(162) 95 Sweden 

Patients 
investigated for 
palpitations and 
presyncope Holter continuous continuous 1 54.1 42 NR 28.4 1.1 8.4 0 0 6.3 1 

30 sec irregular rhythm 
without p waves 2 2.1 

Thakkar et. al. (2014) 
(135) 52 India 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 59.5 77 NR 51.9 23.1 15.4 0 1.7 7.7 NR 

30 sec irregular rhythm 
without p waves 3 5.8 

Wachter et. al. (2017) 
(136) 198 Germany 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 73.2 62 NR 80.7 26.4 9.1 0 4.6 21.7 4.8 

>30 seconds rhythm with 
irregular RR intervals and 
the presence of 
fibrillatory P waves. 9 5 

Gumbinger et. al. 
(2012) (137) 192 Germany 

Patients admitted 
with stroke/TIA Holter continuous continuous 1 NR NR NR NR NR NR NR NR NR NR NR 2 1 

Alhadramy et. al. 
(2010) (138) 426 Canada 

Retrospective 
review of patients 
post stroke/TIA 
with Holter 
monitoring Holter continuous continuous 1 64.9 48 NR 58.2 14.1 14.1 0 1.6 6.3 NR 

Irregular ventricular 
response in the absence 
of p-waves or with 
fibrillatory waves 11 2.5 

Sobocinski et. al. 
(2012) (161) 249 Sweden 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 72 57 NR 65 16 20 0 4 25 3 

irregular rhythm of 
minimum 10 sec without 
visible p waves 5 2 

Dangayach et. al. 
(2011) (139) 51 USA 

Retrospective 
audit of patients 
admitted with 
cryptogenic stroke Holter continuous continuous 2 58.2 43 NR 35.3 16 15.7 7.4 NR NR NR NR 15 29.4 

Gunalp et. al. (2006) 
(140) 26 Turkey 

Patients admitted 
with ischaemic 
stroke Holter continuous continuous 1 66 69 NR 61 26 31 NR NR NR NR NR 11 42.3 

Fonseca et. al. (2013) 
(141) 80 Portugal 

Patients admitted 
with cryptogenic 
stroke Holter continuous continuous 1 69.3 53 NR 71.3 28.8 11.3 NR NR 22.5 NR NR 17 21 

Manina et. al. (2014) 
(142) 114 Italy 

Patients admitted 
with cryptogenic 
stroke Holter continuous continuous 4 63.1 NR NR 52.6 9.6 NR NR NR NR NR 

Irregular ventricular 
response in the absence 
of p waves or with 
fibrillatory waves 29 25.4 

Tagawa et. al. (2007) 
(143) 308 Japan 

Consecutive 
patients admitted 
with ischaemic 
stroke Holter continuous continuous 1 72.6 60 NR 70.1 25.3 NR 20.4 NR NR NR 

small irregular baseline 
undulations of variable 
amplitude and 
morphology at a rate of 
300-350/min associated 
with irregular ventricular 
response 26 8.4 

Shibazaki et. al. (2012) 
(144) 536 Japan 

Consecutive 
patients admitted 
with ischaemic 
stroke Holter continuous continuous 1 72.4 64 NR 65.9 25.7 9.8 NR 0.3 NR NR NR 12 2.2 

Vandebroucke et. al. 
(2004) (145) 136 Belgium 

Retrospective 
audit of patients 
admitted with 
ischaemic stroke Holter continuous continuous 1 68 52 NR NR NR NR NR NR NR NR NR 7 5.1 

Yodogawa et. al. 
(2013) (146) 68 Japan 

Consecutive 
patients admitted 
with ischaemic 
stroke Holter continuous continuous 1 69.9 54 NR 66.2 14.7 NR NR NR NR NR 

irregular and 
uncoordinated atrial 
electrical activity on 
surface ECG lasting > 30 
sec 17 25 

Atmuri et. al. (2012) 
(147) 140 Australia 

Retrospective 
audit of patients 
admitted with 
ischaemic 
stroke/TIA Holter continuous continuous 1 NR NR NR 65 20 37.1 18.6 NR NR NR NR 12 8.6 

Salvatori et. al. (2015) 
(148) 274 Italy 

Cohort study of 
patients ≥ 65 yrs 
with hypertension 
in multiple GP 
clinics Holter continuous continuous 2 70 54 NR 100 15 9 7 4 2.2 NR 

Cardiologist 
interpretation  4 1.5 

Beaulieu-Boire et. al.  
(2013) (149) 284 Canada 

Consecutive 
patients admitted 
with stroke/TIA Holter continuous continuous 1 70.6 52 NR 68.7 26.7 27.4 NR 2.2 22.3 NR 

Cardiologist 
interpretation  18 6.3 

Dogan et. al. (2011) 
(150) 400 Turkey 

Retrospective 
review of patients 
admitted post 
stroke Holter continuous continuous 1 NR NR NR NR NR NR NR NR NR NR NR 40 10 
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Douen et. al. (2008) 
(151) 126 Canada 

Retrospective 
review of patients 
admitted post 
stroke Holter continuous continuous 1 NR NR NR NR NR NR 7 NR NR NR NR 9 7.1 

Suissa et. al. (2012) 
(152) 354 France 

Consecutive 
patients admitted 
with ischaemic 
stroke Holter continuous continuous 1 62.4 57 NR 51.1 18.6 NR 0 NR NR NR 

Cardiologist 
interpretation 2 0.6 

Wohlhahrt et. al. 
(2013) (153) 224 Germany 

Patients admitted 
with ischaemic 
stroke Holter continuous continuous 7 68.5 59 NR 73.2 22.3 15.2 NR 5.4 24.1 NR 

>30 second irregular 
rhythm 29 12.9 

 

 

  

AF – Atrial Fibrillation          BMI – Body Mass Index (kg/m2)              DM – Diabetes Mellitus             HF – Heart Failure              HTN - Hypertension               IHD – Ischaemic Heart Disease    
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3.5.2 Overall AF detection. 
 

The combined AF detection rate using single lead ECG monitoring (n=117,436 from 18 studies) was 

1.7% (95% CI 1.4% – 2.1%). The cumulative AF detection rate using continuous (Holter) monitoring 

(n=8498 from 36 studies) was 5.5% (95% CI 4.4% – 6.6%). There was significant heterogeneity 

between studies (I2 = 94% for single lead ECG monitoring, 87% for Holter monitoring). The overall 

new AF detection rate is presented in figure 3.2 (below). 

 

Figure 3.2 - Forest Plot showing the overall AF detection rate between single lead ECG devices and 

Holter monitoring. 

The overall mean AF detection rate was 1.7% with single lead ECG monitoring and 5.5% with continuous 

Holter monitoring. 
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3.5.3 Comparison of multiple intermittent monitoring to 24-hour Holter. 
 

There was significant variation in the monitoring time using both single lead and Holter monitoring 

which contributed to the difference in the cumulative detection rate seen in figure 3.2. Figure 3.3 

compares the detection rate of multiple intermittent single lead recordings to 24-hour continuous 

monitoring, which is used routinely in clinical practice. There were 8 studies (n=10,199, mean weighted 

age 68.8±8.4 years from 6 studies, 47% male from 8 studies) that performed multiple intermittent single 

lead ECG recordings and 27 studies (n=6284, mean weighted age 67.8±5.1 years from 23 studies, 58% 

male from 23 studies) that used 24-hour Holter monitoring. From the data available, the multiple 

intermittent ECG group had a lower AF risk to the 24-hour Holter group (hypertension – 55% (n=8 

studies) vs 65% (n=20 studies), diabetes mellitus – 15% (n=8 studies) vs 22% (n=20 studies), HF – 

3.3% (n=8 studies) vs 3.9% (n=11 studies), ischemic heart disease – 11% (n=6 studies) vs 19% (n=15 

studies) and previous stroke/TIA – 9% (n=7 studies) vs 16% (n=15 studies)) respectively. The combined 

AF detection rate was 4.8% (95% CI 3.6–6.0%) using multiple intermittent ECG recordings. The 

cumulative AF detection rate using 24-hour Holter monitoring was 4.6% (95% CI 3.5–5.7%). 

3.5.4 Association between monitoring time and AF detection. 
 

Using single lead ECG devices, we found a moderate linear relationship between the total monitoring 

time and AF detection rate (β=0.13, R2 = 0.42). Using this formula, we noted that approximately 19 

minutes of total intermittent monitoring produced similar AF detection to 24-hour continuous 

monitoring (figure 3.4). The study by Halcox et. al. was an outlier, with a much lower AF detection rate 

than other studies (3.8% from 52 minutes of total monitoring) and this reduced the linear correlation 

between total monitoring time and AF detection rate (70). Exclusion of these data led to a stronger 

linear relationship (β=0.26, R2 = 0.80) and a much lower total intermittent monitoring time required (12 

min) to produce a similar AF detection rate to 24-hour Holter monitoring.        

3.5.5 Meta-regression. 
 

Sources of heterogeneity in the 18 studies using single lead ECG monitoring were investigated using 

meta-regression (Table 3-2). Monitoring time per participant (β=0.11, 95% CI 0.04-0.18, p=0.005) and 

body mass index (β=1.1, 95% CI 0.58-1.5, p=0.01) were associated with AF detection.  
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Figure 3.3 - Forest Plot comparing the AF detection rate between 24 hour Holter monitoring and 

performing multiple intermittent single lead ECG recordings. 

The AF detection rate between studies that performed multiple intermittent single lead ECG recordings and 24-

hour Holter monitoring were similar (4.8% vs 4.6%). 
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Table 3-2 - Meta Regression Analysis for AF detection (Single lead ECG studies). 

  

 

Figure 3.4 - Graph showing the linear relationship between total monitoring time and AF detection 

rate in single lead ECG devices. 

AF detection was higher with increased monitoring time. Approximately 19 minutes of intermittent single lead 

ECG recording produced equivalent AF detection to 24-hour Holter monitoring. 

 

Variable Number of 

studies 

β (95% C.I) P value 

Age (years) 15 0.00 (-0.22 – 0.24) 0.95 

Monitoring time per participant (min) 18 0.11 (0.04 – 0.18) 0.005 

Body Mass Index (kg/m2) 4 1.1 (0.58 – 1.5) 0.01 

CHADS Score (%) 11 -0.13 (-2.6 – 2.4) 0.91 

Hypertension (%) 14 0.01 (-0.08 – 0.10) 0.75 

Previous diagnosis of AF (%) 16 -0.13 (-0.50 – 0.24) 0.46 

Ischaemic Heart Disease (%) 12 -0.10 (-0.42 – 0.21) 0.48 

Previous stroke (%) 13 0.06 (-0.09 – 0.19) 0.45 

Male gender 16 0.10 (-0.04 – 0.24) 0.16 
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3.5.6 Sensitivity Analysis. 
 

A number of outlier studies were observed in the meta-analysis that could influence the cumulative AF 

detection rate (139-142, 146). Removal of these outlier studies resulted in a reduction in the overall AF 

detection rate in all Holter studies (table 3-3) and for 24 hour Holter studies (table 3-4). When these 

outlier studies were removed the overall AF detection rate for 24 hour Holter was 3.86% (95% C.I 

2.88% – 4.83%), much lower than the detection rate by multiple intermittent ECG recordings using 

portable single lead devices (4.78%, 95% C.I 3.58% – 5.97%). A cumulative meta-analysis (figure 3.5) 

did not show any significant variation in the AF detection rate over time using either Holter or single 

lead ECG monitoring.  

 

Table 3-3 - Outlier studies omitted (all Holter studies) to assess the change to the overall AF 

detection rate. 

 

 

 

 

 

 

 

 

  

Table 3-4 - Outlier studies omitted (24 hour Holter) to assess the change to the overall AF detection 

rate. 

 

 

 

 

  

  

Study Omitted Overall AF 

detection rate (%) 

95% C.I (%) 

Dangayach et. al. (2011) 5.27 4.17 – 6.38 

Fonseca et. al. (2013) 5.26 4.15 – 6.36 

Gunalp et. al. (2006) 5.32 4.21 – 6.42 

Manina et. al. (2014) 5.11 4.03 – 6.20 

Yadogawa et. al. (2013) 5.25 4.14 – 6.35 

All studies excluded 4.31 3.36 – 5.26 

Study Omitted Overall AF 

detection rate (%) 

95% C.I (%) 

Fonseca et. al. (2013) 4.30 3.21 – 5.39 

Gunalp et. al. (2006) 4.39 3.30 – 5.47 

Yadogawa et. al. (2013) 4.30 3.22 – 5.38 

All studies excluded 3.86 2.88 – 4.83 
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3.5.7 Publication bias. 
 

Publication bias was explored using a funnel plot of all included studies (supplementary figure 3.6). 

There was significant publication bias in both single lead ECG device and Holter monitoring studies 

(Egger test, p=0.003 and p<0.001 respectively).  

 

3.5.8 Quality of studies. 
 

A summary of the quality analysis (Supplemental Table 3-6) showed that overall quality of reporting 

was moderate. All studies described the primary objective of the trial and included a summary of the 

main findings. Detailed comorbidities of the study participants were only adequately reported in 28/52 

(54%), and limitations were discussed in 35/52 (67%) of studies. Most had a very selective patient 

population, 31/52 (60%) were post stroke/TIA cohorts. 
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Figure 3.5 - Cumulative Meta-analysis showing minimal variation in AF detection over time using 

Holter and single lead ECG devices. 

Studies sorted based on chronological order – there was minimal variation in AF detection over time.  

 

3.6 Discussion 
 

Our study is the only systematic review that we are aware of that has studied the overall AF detection 

rate of single lead portable ECG devices. The results of our systematic review suggest a linear 

relationship between monitoring time per patient and AF detection rate. Single timepoint screening has 

an approximate 1% AF detection rate which can be increased to around 5% when multiple recordings 
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are performed. We noted that approximately 19 minutes of intermittent monitoring produced similar 

detection rates to conventional 24 hours continuous Holter monitoring. 

3.6.1 Early diagnosis of AF 
 

AF creates a significant burden on both patients as well as the health care system. AF will continue to 

rise in incidence and the costs to the health care system will continue to increase, due to aging, 

sedentariness, and the prevalence of obesity and the metabolic syndrome (12, 16). Early diagnosis offers 

the possibility for early initiation of treatment which may reduce the occurrence of the complications 

which may lead to reduced hospital admissions and associated health care costs. Early treatment for AF 

can be achieved in different ways. Patients with subclinical AF have an increased risk of stroke and 

cardiovascular events, like those with established AF (8, 163). Anticoagulation may help reduce the 

incidence of stroke in this cohort.  

The close relationship between metabolic syndrome and AF has encouraged research into the benefits 

of lifestyle intervention. Aggressive lifestyle intervention in patients with AF undergoing catheter 

ablation has been reported to lead to a reduction in symptom burden, improved quality of life and the 

need for repeat ablation procedures (23). It remains to be tested whether initiation of lifestyle 

intervention and aggressive risk factor modification following the early diagnosis of AF may be 

associated with positive LA remodeling and reduction of disease progression. Such a process may lead 

to additional health benefits, including reduction in cardiovascular risk and improvement in exercise 

capacity.  

3.6.2 AF screening and feasibility. 
 

AF is a leading cause of stroke and HF in the community. As well as an association with increased all-

cause mortality, it is associated with reduced quality of life. The availability of preventive therapies, 

including anticoagulation, has led to increasing recognition of the importance of AF screening for early 

diagnosis. However, AF screening shares the limitations of screening with other diagnostic tests. The 

screening tool must have high sensitivity and needs to be inexpensive and cost effective. We also need 

to minimize and have a method of addressing false positives. Current guidelines recommend 

opportunistic screening using pulse palpation and 12 lead ECG (57). In a previous systematic review 
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this was associated with a new AF detection rate of approximately 1% (62, 112). Pulse palpation may 

be non-specific in patients with other irregular rhythms such as ventricular ectopy, and 12 lead ECG is 

only able to capture a single timepoint for screening. There are multiple other methods for AF detection. 

Continuous Holter monitoring is probably the most commonly used in clinical practice, especially in 

stroke cohorts. It has the potential advantage of assessing heart rhythm throughout the day and may be 

useful in detecting nocturnal subclinical AF. However, the disadvantages include the cost of Holter 

monitoring (especially for mass screening), the inconvenience of leads and electrodes (which may affect 

compliance), and typical limitation to 1-2 days of capture (as extended periods are more cumbersome 

and less cost-effective. Other event recorders are again expensive and limited to symptomatic patients. 

Extended period monitoring using implantable devices have shown promise in the cryptogenic stroke 

population (where many have been diagnosed with paroxysmal AF), (43) but they are invasive and not 

feasible for mass screening. 

Portable single lead ECG devices permit multiple 30-60 second recordings to be captured and 

downloaded to a computer. These devices have several potential advantages over Holter monitoring. 

They are leadless and require finger contact (and are hence easy to use and acceptable to patients). They 

have a high degree of sensitivity for identifying AF (1, 164, 165). Most interface with a web-based 

cloud system where ECG rhythms can be wirelessly transferred to clinicians, allowing rapid analysis 

and diagnosis. The development of automated algorithms to detect AF is helpful for mass screening. In 

two small studies they have demonstrated superior AF detection compared with 24 hour Holter 

monitoring (161, 162). Although screening using these portable devices are currently not in the latest 

AF guidelines, they may offer a feasible option for mass screening. Screening using these devices has 

been demonstrated to be cost effective (78).  

We noted a moderate linear association between monitoring time and AF detection rate. Single 

timepoint screening for 30-60 sec achieved an overall detection rate of approximately 1%. This is no 

better than what has been reported using pulse palpation or 12 lead ECG, hence does not add any 

incremental benefit in screening programs (79, 112). Multiple intermittent recordings improve AF 

detection; we found that at least 19 minutes of total monitoring should be performed to achieve detection 

rates similar to 24 Holter monitoring.  
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The linear relationship between monitoring time and AF detection rate (R2=0.80) and the reproduction 

of AF detection rates of 24 hour Holter monitoring with only 12 minutes of intermittent monitoring was 

possible in our study only after exclusion of an outlier (70). Despite the inclusion of elderly participants 

with at least one risk factor for AF, the use of a validated single lead ECG device and a prolonged 

monitoring period, that study had a lower AF detection rate (3.8%) than the remaining studies, even 

using a shorter monitoring period (78, 154, 155). Relatively low rates of adherence (only approximately 

25% completed 2 x 30 second ECG recordings every week for the full year of monitoring) may be a 

potential explanation for the lower AF detection rate noted (70). 

3.6.3 Limitations. 
 

There are several challenges inherent in this meta-analysis of studies investigating AF detection. The 

most important is the target screening population. Most studies did not report the CHADS or CHA2DS2-

VASC score, a history of previous stroke, or other co-morbidities. Consequently, it was difficult to 

ascertain if the risk profiles of patients in these studies were equivalent. Most Holter monitoring studies 

were performed in the stroke population – which is likely a population with higher AF risk than many 

studies using portable ECG devices, which recruited mainly healthy participants or those with AF risk 

factors from the community. The significant heterogeneity amongst both Holter and portable ECG 

device studies make it difficult to perform direct comparisons between both groups. The type/duration 

of monitoring and type of device used will also influence the overall AF detection rate and varied 

significantly between studies. There are several possible confounders which may not have been taken 

into account. The validity of the linear regression analysis comparing detection time and rate may be 

limited due to the significant differences in study population, study design and AF definitions. However, 

despite these limitations, the analysis may provide some important inferences into AF screening. 

Multiple intermittent ECG recordings achieved a similar AF detection rate to 24-hour Holter 

monitoring. This may suggest that in a similar cohort of patients with the same comorbidities, single 

lead intermittent monitoring may be superior for AF detection.  

Compared to 24-hour continuous monitoring, single lead portable ECG monitoring is more patient 

dependent. Good patient compliance is essential to obtain multiple readings across different timepoints 
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which improves sensitivity. The analysis performed does not take into account patient compliance as 

this is difficult to assess and poorly reported across the individual studies. Most single lead device 

manufacturers have proprietary automated AF detection algorithms which were used for diagnosis. Not 

all of these algorithms have had rigorous testing and comparison to a reference standard. It is also 

difficult to distinguish AF from other supraventricular tachycardias using single lead ECG devices as 

the P wave is often not readily discernible. The use of different automated algorithms makes AF 

definitions non-standardized and can potentially create issues with both over and underdiagnoses.     

There are other limitations in this analysis. The efficacy of intermittent monitoring is critically 

dependent on AF burden and density. All studies varied in their monitoring period and strategy. The 

linear regression model used was able to determine a total intermittent monitoring time which produced 

similar AF detection rates to 24-hour continuous monitoring. However, it is difficult to translate the 

total monitoring time into an effective monitoring strategy. For example, we are unable to determine 

from our analysis if 12 x 60 second recordings over 12 consecutive days is different to 2 x 60 second 

recordings daily for 6 consecutive days. The definitions of AF also vary between studies. Many are 

based on individual physician interpretation and criteria for diagnosis were not explicitly specified. The 

duration of AF varied from 10-30 seconds between studies, although a cut-off of 30 seconds, was the 

most widely adopted practice.    

 

3.7 Conclusion. 
 

Single lead portable ECG devices may offer an efficient screening option for AF compared to 24 hr. 

Holter monitoring. Total monitoring time is related with AF detection and a total of 19 minutes may 

achieve a similar detection rate to 24-hour Holter monitoring.  

  



D e c i d i n g  o n  t h e  m o s t  a p p r o p r i a t e  s c r e e n i n g  t e c h n o l o g y        P a g e  | 105 

 

3.8 Appendix 

 

 

 

Figure 3.6 (Supplementary figure) - Funnel Plots for Holter monitoring and single lead ECG 

device studies.  

There was significant publication bias in both single lead ECG monitoring and Holter monitoring studies  
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Table 3-5 (Supplementary Table) - Summary of excluded studies in the meta-analysis. 

Author Year Reason for exclusion 

Barrett et. al. 2014 Primary outcome not AF detection 

Bhatt et. al. 2011 28-day event recorder used for AF detection 

Kamel et. al. 2013 

21-day mobile cardiac outpatient telemetry unit used 

for AF detection 

Miller et. al. 2013 

30-day mobile cardiac outpatient telemetry unit used 

for AF detection 

Rabenstein et. al. 2013 

21-day mobile cardiac outpatient telemetry unit used 

for AF detection 

Tayal et. al. 2008 

21-day mobile cardiac outpatient telemetry unit used 

for AF detection 

Flint et. al. 2012 30-day event recorder used for AF detection 

Christensen et. al. 2014 Implantable loop recorder used for AF detection 

Cotter et. al. 2013 Implantable loop recorder used for AF detection 

Dion et. al. 2010 Implantable loop recorder used for AF detection 

Sanna et. al. 2014 Implantable cardiac monitor used for AF detection 

Merce et. al. 2013 Implantable loop recorder used for AF detection 

Elijovich et. al. 2009 30-day event recorder used for AF detection 

Wallmann et. al. 2007 Serial 7-day event recorders used for AF detection 

Kral et. al. 2015 Substudy (poster) only investigating patients <40 yrs 

Lip et. al. 2016 AF detection not primary objective 

Anczykowski et. al. 2016 

Trans-telephonic event recorder used for arrhythmia 

detection 

Baturova et. al. 2016 AF detection not primary objective 

Yu et. al. 2009 

Retrospective review with missing demographic data 

and AF detection not primary objective 

Destaghe et. al. 2016 

Primary purpose was assessing test performance of 2 

different ECG devices 

Lowres et. al. 2016 

Post cardiothoracic surgery patients with known 

episode of AF post-op  

Benito et. al. 2015 12 lead ECG used for screening 

Bury et. al. 2012 3 lead ECG used for screening 

Turakhia et. al.  2015 Wearable patch used for ambulatory monitoring 

Tieleman et. al. 2014 AF screening not primary objective 

Rabenstein et. al. 2015 Review article 

Sposato et. al. 2015 Review article 

Schnabel et. al. 2009 Main aim was to develop an AF risk score 

Chamberlain et. al. 2011 Main aim was to develop an AF risk score 

Lowres et. al. 2013 Review article 

de Vito et. al. 2014 

AF in post orthopaedic surgery patients with 

inpatient monitoring 

Magee et. al. 2007 

Post cardiothoracic surgery patients with inpatient 

monitoring 

Her et. al. 2013 

Post cardiothoracic surgery patients with inpatient 

monitoring 

Freedman et. al. 2016 Editorial article 

Turakhia et. al.  2016 Review article 
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Levin et. al. 2015 Cost analysis primary objective 

Fitzmaurice et. al. 2007 Pulse palpation used for AF detection 

Rhys et. al. 2013 Pulse palpation used for AF detection 

Ziegler et. al. 2010 Used implantable devices for AF detection 

Akiyama et. al. 2017 Wearable patch used for AF detection 

Thom et. al. 2016 Review article 

Engdahl et. al. 2017 Trial design paper 

Rojo-Martinez et. al. 2013 Implantable cardiac monitor used for AF detection 

Poisson et. al. 2011 Review article 

Etgen et. al. 2013 Implantable cardiac monitor used for AF detection 

Marazzi et. al. 2012 Blood Pressure monitor used for AF detection 

Wiesel et. al. 2014 Blood Pressure monitor used for AF detection 

Lewis et. al. 2011 Finger probe plethysmography used for AF detection 

McManus et. al. 2016 Iphone based plethysmography used for AF detection 

Shanmugam et. al. 2012 

Heart failure patients with cardiac resynchronization 

therapy 

Keach et. al. 2015 Review article 

Borian et, al. 2014 Implantable devices used for AF detection 

Alonso et. al. 2013 

Primary aim was to determine clinical score to assess 

AF risk 

Steven et. al. 2016 

Trial design paper - wearable sensors for AF 

detection 

Lau et. al. 2013 

Primary aim was to determine accuracy of AF 

algorithm 

Gaillard et al. 2010 Transtelephonic monitoring used for AF detection 

Orlov et. al. 2007 

AF detection based on patients with permanent 

pacemakers 

Martinez et. al.  2014 

Primary aim was to determine prognosis of patients 

with subclinical AF 

Wang et al. 2017 Trial design paper 
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Table 3-6 (Supplementary Table) - Summary of quality analysis of included studies. 

Study 

 

Objective 

and outcome 

described 

Appropriate 

reporting of 

comorbidities 

Inclusion 

criteria 

specified 

Incomplete 

Outcome 

Data 

Efforts to 

reduce 

bias 

 

 

Limitations 

discussed 

 

External validity of 

study discussed 

Lowres et. al. 

(2014) 

 

 

Yes Yes Yes No No 

 

 

No 

 

 

Yes 

Svennberg et. al. 

(2015) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Proietti et. al. 

(2016) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Kaasenbrood et. 

al. (2016) 

 

Yes No Yes Yes No 

 

Yes 

 

No 

Engdahl et. al. 

(2013) 

 

Yes Yes Yes Yes Yes 

 

Yes 

 

Yes 

Hendrikx et. al. 

(2013) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Hendrikx et. al. 

(2014) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Chan et al. (2016) 

 

Yes Yes Yes Yes No 

 

No 

 

Yes 

Sobocinski et. al. 

(2012) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Doliwa et. al. 

(2009) 

 

Yes No Yes No No 

 

Yes 

 

Yes 

Ramkumar et. al. 

(2017) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Hendrikx et. al. 

(2017) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Claes et. al. 

(2011) 

 

Yes Yes Yes Yes No 

 

Yes 

 

Yes 

Samol et. al. 

(2012) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Battipaglia et. al. 

(2016) 

 

Yes No No No Yes 

 

Yes 

 

Yes 

Chan et al. (2016) 

 

Yes Yes Yes No Yes 

 

Yes 

 

Yes 

Chan et al. (2017) 

 

Yes No Yes No No 

 

Yes 

 

Yes 

Halcox et. al. 

(2017) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Gladstone et. al. 

(2014) 

 

Yes Yes Yes No Yes 

 

Yes 

 

Yes 

Barthelemy et. al. 

(2003) 

 

Yes Yes Yes No Yes 

 

No 

 

No 

Jabaudon et al. 

(2004) 

 

Yes 

 

Yes Yes No No 

 

No 

 

Yes 

Koudstaal et. al. 

(1986) 

 

Yes No Yes No No 

 

No 

 

No 

Hornig et. al. 

(1996) 

 

Yes 

 

No Yes No Yes 

 

No 

 

Yes 

Rizos et. al. 

(2012) 

 

Yes 

 

Yes Yes No Yes 

 

Yes 

 

Yes 

Schuchert et. al. 

(1999) 

 

Yes No Yes No No 

 

No 

 

No 

Schaer et. al. 

(2009) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Schaer et. al. 

(2004) 

 

Yes No Yes No No 

 

Yes 

 

Yes 

Shafqat et. al. 

(2004) 

 

 

Yes No Yes No No 

 

 

No 

 

 

Yes 

Lazzaro et. al. 

(2012) 

 

Yes Yes Yes No No 

 

Yes 

 

Yes 

Grond et. al. 

(2013) 

 

Yes Yes Yes Yes Yes 

 

No 

 

Yes 

Stahrenberg et. al. 

(2010) 

 

Yes Yes Yes Yes Yes 

 

No 

 

Yes 

Ritter et. al. 

(2013) 

 

Yes Yes Yes No No 

 

No 

 

Yes 

Higgins et. al. 

(2013) 

 

Yes No Yes No Yes 

 

Yes 

 

Yes 

Thakkar et. al. 

(2014) 

 

Yes Yes Yes No Yes 

 

Yes 

 

Yes 

Wachter et. al. 

(2017) 

 

Yes 

 

Yes Yes Yes Yes 

 

Yes 

 

Yes 

Gumbinger et. al. 

(2012)  

 

                                       

Yes No Yes No Yes 

          

                          

No 

         

                              

Yes 

Alhadramy et. al. 

(2010) 

 

Yes Yes Yes No Yes 

 

Yes 

 

Yes 
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Dangayach et. al. 

(2011) 

 

Yes Yes Yes No Yes 

 

No 

 

Yes 

Gunalp et. al. 

(2006) 

 

Yes No Yes No Yes 

 

No 

 

No 

Fonseca et. al. 

(2013) 

 

Yes 

 

Yes Yes No Yes 

 

Yes 

 

Yes 

Manina et. al. 

(2014) 

 

Yes No Yes No Yes 

 

No 

 

Yes 

Tagawa et. al. 

(2007) 

 

Yes No Yes No Yes 

 

Yes 

 

Yes 

Shibazaki et. al. 

(2012) 

 

Yes Yes Yes No Yes 

 

Yes 

 

Yes 

Vandebroucke et. 

al. (2004) 

 

 

Yes No Yes No No 

 

 

Yes 

 

 

Yes 

Yodogawa et. al. 

(2013) 

 

Yes No Yes No Yes 

 

Yes 

 

Yes 

Atmuri et. al. 

(2012) 

 

Yes No Yes No No 

 

Yes 

 

Yes 

Salvatori et. al. 

(2015) 

 

Yes 

 

Yes Yes No Yes 

 

No 

 

Yes 

Beaulieu-Boire et. 

al.  (2013) 

 

 

Yes Yes Yes No Yes 

 

 

Yes 

 

 

Yes 

Dogan et. al. 

(2011) 

 

Yes No Yes No No 

 

Yes 

 

No 

Douen et. al. 

(2008) 

 

Yes No Yes No Yes 

 

No 

 

No 

Suissa et. al. 

(2012) 

 

Yes No Yes No Yes 

 

Yes 

 

Yes 

Wohlhahrt et. al. 

(2013) 

 

Yes Yes Yes No Yes 

 

Yes 

 

Yes 
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3.9 Postscript 
 

The choice of monitoring technology is critical to an effective screening program for AF. Single lead 

ECG monitoring devices are an attractive technology for AF screening given the ease of use for patients, 

the potential for an automated AF detection algorithm and high sensitivity. The findings from this 

chapter support the use of this technology in AF screening programs. Performing multiple intermittent 

recordings may improve the AF detection rate, and the results from our analysis suggests that around 

20 recordings (each 60 second) can reproduce the detection rates of Holter monitors. However, 

limitations must be addressed. The impact of age was not explored in the analysis, and comparison of 

single lead ECG and Holter monitoring may not take into account important confounders and patient 

selection. This may have influenced the results of our study. 

 

Since this study was published, there have been other important screening technologies which have 

been investigated. The mSTOPS study investigated the role of a monitoring patch for AF detection 

(166). The Apple Heart study recently demonstrated that smartwatch technology could be adopted for 

AF screening (167). There have also been recent trials showing the utility of implantable loop recorders 

for AF detection (64, 65). 

 

The challenges that we encountered using these devices are discussed in chapter 12. Although we take 

technology for granted, for an elderly cohort, they may be difficult to use and manual dexterity may be 

required. The main strength and indeed its major weakness with this technology is that patient 

involvement is required. It empowers patients to take an active role in screening which is clearly an 

advantage. However, in patients with poor compliance or mild cognitive impairment, getting a 

diagnostic screening sample may be difficult.  

 

Having decided on the screening technology, the next most important question is deciding on which 

cohort of patients to screen for AF and how to identify those at risk of developing AF. In the next two 

chapters, we investigate novel risk factors for AF (functional capacity and regional SES). 
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Section II – Assessing AF risk. 

 

Chapter 4. 

Selection of patients for AF screening 

 

 
 

“Relation of Functional Status to Risk of Development of Atrial Fibrillation “ 
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Negishi MD, PhDc, Prashanthan Sanders MBBS, PhDd; Thomas Hugh Marwick MBBS, PhD, MPHa,b,c 
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4 Selection of Patients for AF screening 

 

4.1 Preface 
 

AF is associated with reduced exercise capacity and quality of life. However, it is difficult to identify 

patients at risk of developing AF. Traditional clinical risk scores have poor discriminative ability. Thus, 

we need to identify more novel risk factors which can be incorporated in our risk assessment models.  

Patients with AF who have had catheter ablation have reduced symptom burden and recurrence rates 

with the implantation of aggressive risk factor modification programs which includes increased physical 

activity (23). The traditional viewpoint has been that those with reduced exercise capacity are more 

likely to have associated co-morbidities such as hypertension, obesity and diabetes mellitus which are 

strongly associated with AF risk. However, it has not been established if reduced exercise capacity itself 

contributes to increased AF risk. There may be multiple potential mechanisms such as increased risk of 

comorbidities such as obesity and diabetes, negative LA remodelling related to inactivity and other 

neurohormonal pathways that are not fully understood.  

In this chapter, we explore the potential association between functional capacity and AF risk in a cross-

sectional analysis of patients recruited for AF screening. The following chapter was published in the 

American Journal of Cardiology. 
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4.2 Abstract 
 

Background: Identifying patients at risk is now important as there are demonstrable ways to alter 

disease progression which could potentially prevent atrial fibrillation (AF) and its complications. We 

sought whether impaired functional capacity was associated with risk of AF, independent of myocardial 

dysfunction.  

Methods: In this community-based study, asymptomatic participants ≥ 65 years were recruited if they 

had >1 risk factor (e.g. hypertension, diabetes mellitus and obesity). Participants underwent baseline 

echocardiography (including measurement of myocardial mechanics) and six-minute walk test 

(SMWT). The CHARGE-AF score was used to calculate 5-year risk of developing AF. Receiver 

operator characteristics (ROC) curves were used to assess for independent risk factors for AF.  

Results: A total of 607 patients (age 71±5 years, male 47%) were studied at baseline and followed for 

at least 6 months. Patients in the higher AF risk groups were older and had increased rates of 

hypertension, diabetes mellitus and ischemic heart disease (p<0.05). Higher AF risk was associated 

with lower exercise capacity, independent of lower mean global longitudinal strain (GLS), global 

circumferential strain (GCS), higher mean E/e’ ratio, indexed left atrial (LA) volume and LV mass. 

Multivariable linear regression confirmed association of LV and functional capacity parameters with 

AF risk. Although functional capacity is impaired in AF, this association precedes the onset of AF. 

Conclusion: Poor functional status is associated with AF risk, independent of LV function.  
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4.3 Introduction 
 

Atrial fibrillation (AF) is associated with significant morbidity and mortality, (17, 168) including stroke, 

HF with impaired and preserved ejection fraction, (169) functional impairment, (170) and poor 

prognosis (171). Although the prevalence of atrial fibrillation (AF) continues to increase in the aging 

population, there is currently not a proactive management approach in which patients at risk of AF are 

identified and treated before the onset of symptoms or complications. Earlier diagnosis of AF might 

have several benefits. The risk of AF increases following episodes of AF (172) and this likely 

contributes to atrial remodelling and altered mechanics (173). Early diagnosis may allow prevention of 

complications such as stroke and HF, and prevention may avoid the symptoms, impaired quality of life 

and overall burden on the health care system associated with AF (17, 168). When implemented early, 

lifestyle interventions (e.g. weight loss) have been associated with a reduction in symptom burden as 

well as improved cardiac remodelling (116). Such an approach to prevention may be analogous to stage 

B HF, (174) the diagnosis of which in patients with risk factors permits the early implementation of 

pharmacological therapy and risk factor management to prevent or delay the onset of symptomatic HF. 

The risk factors for AF (hypertension, obesity and the metabolic syndrome) are common and not 

specific. We sought whether the detection of impaired functional capacity could better characterize risk 

of AF.   

 

4.4 Methods. 
 

4.4.1 Study Population 
 

This observational cohort study recruited patients from a large community based in Tasmania, which 

had the primary objective of early detection of HF. Asymptomatic participants ≥65 years were recruited 

if they had 1 or more risk factors, including hypertension (systolic blood pressure > 140mmHg or pre-

existing use of anti-hypertensive medications), T2DM (based on self-report of diagnosis or the current 

use of diabetic medications), obesity (defined as a body mass index ≥ 30), previous chemotherapy, 

previous history of coronary artery disease or family history of HF. Exclusion criteria included: (1) 

Inability to provide written consent to participate in the study, (2) history of moderate or greater valvular 
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disease, (3) known history of HF, (4) reduced left ventricular (LV) systolic function on baseline 

echocardiogram (LV ejection fraction <40%), (5) contraindications to beta blockers and angiotensin 

converting enzyme inhibitors, (6) expected life expectancy of less than one year or (7) inability to 

acquire interpretable images from baseline echocardiogram. All patients with a known history of AF or 

documented AF on baseline electrocardiography (ECG) were excluded from the study. All patients 

were provided written informed consent and ethics approval was obtained from the institution’s Human 

Research Ethics Committee. 

 

4.4.2 Clinical data collection 
 

All participants undertook a clinical history and answered questionnaires to assess overall health status 

at the start of the study. Information regarding demographics, medical history, medication history as 

well as baseline examination data (height, weight, body mass index and blood pressure was recorded 

for all participants. Baseline ECG and echocardiography was conducted in all participants.  

The CHARGE-AF score(22) uses 12 clinical parameters (age, race, height, weight, systolic/diastolic 

blood pressure, current smoking, use of anti-hypertensives, history of diabetes mellitus/myocardial 

infarction, history of HF and ECG data (voltage criteria for left ventricular hypertrophy and PR interval) 

to assess 5 year risk of AF. Cardiovascular fitness was assessed using the six-minute walk test (SMWT). 

This was conducted in marked corridors adjacent to the clinic where the total distance covered over six 

minutes was calculated to the nearest meter. All patients answered questionnaires to assess overall 

quality of life and function. These included the Duke Activity Status Index (DASI)(103), Minnesota 

Living with Heart Failure score (MLHF)(104), Charlson Index(105) and EuroQoL5D Visual Analog 

Scale (EQ-VAS).(106)  

 

4.4.3 Echocardiography 
 

Echocardiograms were performed by qualified sonographers using the same equipment (Siemens 

ACUSON SC2000, Siemens Healthcare, CA) and transducer (4V1c, 1.25-4.5 MHz; 4Z1c, 1.5-3.5 

MHz). Two-dimensional, M-Mode and Doppler measures were obtained using techniques outlined by 

the American Society of Echocardiography. LV dimensions were calculated in both diastole and systole 
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in parasternal long axis views. LV hypertrophy was defined as LV mass index >115 g/m2 in men 

and >95 g/m2 in women. LV and left atrial (LA) volumes were indexed to body surface area and 

calculated by the Simpson biplane method. Abnormal LA volume index was defined as ≥34 ml/m2. 

Diastolic function was assessed by calculating mitral inflow peak early and late diastolic velocities (E 

and A wave), deceleration time and the E/A ratio (ratio <0.8 was used to define for impaired relaxation). 

The average of septal and lateral mitral annular early diastolic velocity (e’) was used to calculate the 

E/e’ ratio (> 13 was used to define raised LA filling pressures).  

Global longitudinal strain (GLS) was calculated in apical 4 chamber views and global circumferential 

strain (GCS) was calculated in the mid-LV parasternal short axis view. Velocity vector imaging was 

used to assess ventricular strain. Manual tracing of the endocardial border of the LV was performed in 

end-systole and this was tracked during the cardiac cycle. 

 

4.4.4 Statistical Analysis 
 

Patients were split into four groups based on AF risk (low 0-5%, medium 5-10%, high 10-15% and very 

high >15%). The primary outcome was to assess whether poor functional capacity was an independent 

risk factor for AF. All categorical variables are presented as frequencies/percentages and continuous 

variables presented as means/standard deviation (if normally distributed) or medians/IQR (if non-

parametric). Statistical significance was performed using the chi square test for categorical data. 

Analysis of variance (ANOVA) was used to assess the interaction between groups. Associations 

between variables were assessed using linear regression. All variables with p<0.1 in univariable 

analyses were considered in multivariate models. ROC curves were generated to determine optimal cut-

off values of continuous variables. Analyses were considered to be statistically significant if 2 tailed p 

values were <0.05. Statistical analysis was performed using SPSS v.22 (IBM, Chicago, Illinois). 
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4.5 Results 
 

4.5.1 Patient Characteristics 
 

A total of 607 patients were included (mean±SD age 70.9±4.8 years, male 47%). The majority of 

patients had risk factors for HF and AF including T2DM (51%), obesity (43%), hypercholesterolemia 

(51%) and hypertension (79%). The median AF risk (CHARGE-AF) was 7.0% (IQR 3.5–10.5%). 

Baseline patient characteristics are summarized in Table 4-1.  

 

 Table 4-1 - Baseline characteristics of cohort. 

Baseline Characteristic Total Cohort  

(n = 607) 

Age - years (SD) 70.9 (4.8) 

Male n/total n (%) 282 (47) 

Systolic BP (mmHg) (SD) 

Diastolic BP (mmHg) (SD) 

140.0 (16.8) 

81.8 (10.4) 

BMI (kg/m2) (SD) 

Current Smoking n/total n (%) 

Diabetes Mellitus n/total n (%) 

Obesity n/total n (%) 

Hypercholesterolemia n/total n (%) 

Hypertension n/total n (%) 

Previous history of IHD n/total n (%) 

Previous chemotherapy n/total n (%) 

29.4 (5.3) 

14 (2) 

311 (51) 

263 (43) 

307 (51) 

481 (79) 

47 (8) 

74 (12) 

Baseline Medications 

       Beta blockers n/total (%) 

       ACE-I/ARB n/total (%) 

       Calcium blockers n/total (%) 

       Lipid Lowering drugs n/total n (%) 

       Anti-platelet agents n/total n (%) 

 

40 (7) 

405 (67) 

129 (21) 

306 (50) 

209 (34) 
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4.5.2 Patient characteristics based on AF risk 
 

Participants were split into 4 groups based on AF risk (low 0-5%, medium 5-10%, high 10-15% and 

very high risk >15%) (Table 4-2). Patients with higher AF risk were older, more likely to be male with 

higher systolic blood pressure and rates of diabetes mellitus, hypercholesterolemia and ischemic heart 

disease (p<0.05). Patients with low AF risk had a higher proportion who had previous chemotherapy. 

There was no statistically significant difference in smoking rates and body mass index between groups.   

 

Table 4-2 - Clinical characteristics of participants in relation to AF risk.  

There are significant differences in relation to age, sex, blood pressure, diabetes, hypertension, 

ischemic heart disease, past chemotherapy and current medical therapy. 

 

 

 

 Low Risk 

(0-5%) 

n = 185 

Moderate 

Risk 

(5-10%) 

n = 228 

High Risk 

(10-15%) 

n = 103 

Very High 

Risk 

(> 15%)  

n = 91 

P 

Value 

Age - years (SD) 68.1 (2.9) 68.9 (3.5) 72.7 (4.0) 76.9 (5.0) <0.001 

Male n/total n (%) 44/185 (24) 118/228 (52) 66/103 (64) 54/91 (59)  <0.001 

Systolic BP (mmHg) (SD) 

Diastolic BP (mmHg) (SD) 

136.0 (15.1) 

81.0 (10.4) 

138.8 (14.6) 

81.5 (9.8) 

140.7 (16.4) 

82.7 (10.3) 

150.5 (21.1) 

83.2 (12.0) 

 <0.001 

 0.324 

BMI (kg/m2) (SD) 

Current Smoking n/total n (%) 

Diabetes Mellitus n/total n (%) 

Obesity n/total n (%) 

Hypercholesterolemia n/total n (%) 

Hypertension n/total n (%) 

Previous history of IHD n/total n (%) 

Previous chemotherapy n/total n (%) 

28.9 (4.9) 

1/185 (0.5) 

68/185 (37) 

75/185 (41) 

83/183 (45) 

126/185 (68) 

3/185 (2) 

32/185 (17) 

29.4 (5.4) 

5/228 (0.2) 

118/228 (52) 

96/228 (42) 

115/209 (55) 

181/228 (79) 

15/228 (7) 

26/228 (11) 

30.7 (6.1) 

3/103 (3) 

69/103 (67) 

51/103 (49.5) 

58/96 (60) 

88/103 (85) 

14/103 (14) 

12/103 (12) 

29.3 (4.9) 

5/91 (5.4) 

56/91 (62) 

41/91 (45) 

51/85 (60) 

86/91 (95) 

15/91 (16) 

4/91 (4) 

 0.064 

 0.077 

 <0.001 

 0.486 

 0.039 

 <0.001 

 <0.001 

0.020 

Baseline Medications 

       Beta blockers n/total (%) 

       ACE-I/ARB n/total (%) 

       Calcium blockers n/total (%) 

       Lipid Lowering drugs n/total n (%) 

       Anti-platelet agents n/total n (%) 

 

8/185 (4) 

111/185 (60) 

25/182 (14) 

85/182 (47) 

49/182 (27) 

 

15/228 (7) 

157/228 (69) 

49/199 (25) 

111/202 (55) 

78/200 (39) 

 

9/103 (9) 

74/103 (72) 

27/95 (28) 

59/95 (62) 

41/93 (44) 

 

8/91 (9) 

63/91 (69) 

28/79 (35) 

51/79 (65) 

41/79 (52) 

 

0.387 

0.127 

0.001 

0.019 

0.001 
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4.5.3 Association with AF risk 
 

AF risk was associated with reduced functional capacity (Table 4-4). SMWT was lower in higher AF 

risk groups (496m in low risk vs. 432m in very high risk, p<0.001), and patients with higher AF risk 

had lower DASI scores (p<0.001) and had more medical co-morbidities (p=0.04).  

 

Univariable regression showed clinical AF risk was associated with impaired functional capacity 

(assessed by SMWT and DASI), as well as quality of life (EQ-VAS), Charlson Index and male gender. 

In a multivariable linear regression model, SMWT (β = -0.188, p<0.001) was independently associated 

with clinical AF risk. Using ROC curves, the optimal cutoff for SMWT was 500m (AUC 0.60, 95% C.I 

0.56 to 0.65, p<0.001), for DASI was 42.7 (AUC 0.64, 95% C.I 0.59 to 0.69, p<0.001) and for MLHF 

was 24 (AUC 0.59, 95% C.I 0.51 to 0.68, p=0.02) (see figure 4.1). 

 

The association between AF risk and atrial and LV parameters is shown in Table 4-3. Higher clinical 

AF risk was associated with lower ejection fraction (60±5.9 vs. 62±4.8% in lowest risk, p=0.001), worse 

GLS (-17.6±2.6% vs -19.1±2.4% in lowest risk, p<0.001) and GCS (-29.7±4.9 vs -31.0±5.7%, 

p=0.002).  Indexed LV mass was noted to be higher in patients with higher AF risk (99.4±24.8 g/m2 vs 

84.5±21.4 g/m2, p<0.001). AF risk was associated with GLS (β = 0.19, p< 0.001), E/e’ (β = 0.16, 

p<0.001) and male gender (β = 0.26, p< 0.001). Using ROC curves, the optimal cutoff for GLS was -

18% (AUC 0.598, 95% C.I 0.552 to 0.643, p<0.001), and that for indexed LA volume was 35 ml/m2 

(AUC 0.586, 95% C.I 0.537 to 0.635, p = 0.001). 
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Figure 4.1 - Receiver Operator Characteristic (ROC) Curves comparing functional capacity 

parameters to AF risk. 

Abbreviations: DASI – Duke Activity Status Index, MLHF – Minnesota Living with Heart Failure Score, SMWT 

– Six-minute walk test. A) ROC curve comparing male gender to CHARGE-AF. B) ROC curve comparing six-

minute walk test cutoff 500m to CHARGE-AF. C) ROC curve comparing Duke Activity Status Index cutoff 42.7 

to CHARGE-AF. D) ROC curve comparing Minnesota Living with Heart failure Score cutoff 24 to CHARGE-

AF. 
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Table 4-3 - Association between AF risk with atrial and left ventricular dysfunction. 

                                                                                       Clinical AF risk (CHARGE-AF)                                                                                                                           Simple Linear Regression                      Multivariate Regression Model                             ROC  

 

 

 

 

 

 

 

 

Independent Variables Low Risk                    

(0-5%)                      

Mean (SD) 

Medium Risk       

(5-10%)          

Mean (SD) 

High Risk           

(10-15%)             

Mean (SD) 

Very High Risk           

(> 15%)                

Mean (SD) 

P value R2 Standardized 

Coefficient            

(β) 

ANOVA 

F statistic                                              

(P value) 

β P Value AUC 

(95% CI, p value) 

Male 44/185 (24) 118/228 (52) 66/103 (64) 54/91 (59)  < 0.001 0.068 0.260 F(1, 605) = 44.0 (< 0.001) 0.263 <0.001 0.685 (0.643 – 0.727, <0.001) (male) 

Ejection Fraction (%) 62.2 (4.8) 60.7 (5.6) 60.2 (6.0) 59.6 (5.9) 0.001 0.018 -0.134 F(1, 599) = 11.0 (0.001)    

Global Longitudinal Strain (%)  -19.1 (2.4) -18.4 (2.6) -18.4 (2.5) -17.6 (2.6) < 0.001 0.035 0.186 F(1, 605) = 21.6 (< 0.001) 0.125 0.002 0.598 (0.552 – 0.643, <0.001) (cut-off -18%) 

Global Longitudinal Strain Rate (s=1)  

Global Circumferential Strain (%) 

-1.38 (0.24) 

-31.0 (5.7) 

-1.33 (0.18) 

-29.5 (5.4) 

-1.35 (0.18) 

-28.6 (6.0) 

-1.31 (0.20) 

-29.7 (4.9) 

0.21 

0.002 

0.009 

0.004 

0.094 

0.066 

F(1, 604) = 5.4 (0.02) 

F(1, 603) = 2.6 (0.11) 

   

0.607 (0.533 – 0.682, 0.016) (cut off -22%) 

Global Circumferential Strain Rate (s-1)   

E’ Average (m/s)  

E/e’ (Average septal and lateral)  

Left atrial volume (ml/m2) - indexed  

Left Ventricular mass (g/m2) – indexed  

Multivariate Regression Model 

-2.7 (0.71) 

0.076 (0.02) 

8.71 (2.4) 

30.1 (9.2) 

84.5 (21.4) 

-2.5 (0.62) 

0.078 (0.02) 

8.60 (2.4) 

31.4 (10.0) 

92.1 (21.2) 

-2.5 (0.65) 

0.076 (0.02) 

8.98 (2.5) 

32.6 (7.6) 

96.1 (23.1) 

-2.6 (0.56) 

0.070 (0.02) 

10.0 (3.1) 

34.7 (10.5) 

99.4 (24.8) 

0.263 

0.003 

< 0.001 

0.001 

< 0.001 

0.001 

0.017 

0.026 

0.029 

0.053 

0.124 

0.028 

-0.131 

0.162 

0.170 

0.230 

 

F(1, 603) = 0.47 (0.50) 

F(1, 605) = 10.6 (0.001) 

F(1, 605) = 16.3 (< 0.001) 

F(1, 604) = 18.1 (<0.001) 

F(1, 604) = 33.6 (<0.001) 

 

 

0.202 

 

 

 

 

 

<0.001 

 

 

F (3,603) 

= 28.5 

(<0.001) 

 

 

0.635 (0.493 – 0.777, 0.051) (cut off 15) 

0.586 (0.537 – 0.635, 0.001) (cut off 35 ml/m2) 
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Table 4-4 - Association between AF and functional capacity. 

 

                                                                                                       Clinical AF risk (CHARGE-AF)                                                                                                            Simple Linear Regression                                                                                                                 ROC                                                                                                                                                                                               

Independent Variables Low Risk                    

(0-5%)                      

Mean (SD)                

n= 185 

Medium Risk       

(5-10%)          

Mean (SD)              

n = 228 

High Risk           

(10-15%)             

Mean (SD               

n = 103 

Very High Risk           

(> 15%)                

Mean (SD)                   

n = 91 

P value R2 Standardized 

Coefficient   

(β) 

ANOVA 

F statistic                                              

(P value) 

β P Value AUC 

(95% CI, p value) 

Age 68.1 (2.9) 68.9 (3.5) 72.7 (4.0) 76.9 (5.0) < 0.001       

Male 44/185 (24) 118/228 (52) 66/103 (64) 54/91 (59)  < 0.001 0.068 0.260 F(1, 605) = 44.0 (< 0.001) 0.306 <0.001 0.685 (0.643 – 0.727, <0.001) (male) 

Six Minute Walk Test (m) 495.8 (89.4) 484.9 (93.7) 438.9 (110.6) 431.8 (117.2) < 0.001 0.064 -0.253 F(1, 571) = 39.1 (<0.001) -0.188 < 0.001 0.603 (0.557 – 0.649, <0.001) (cut-off 500m) 

DASI  46.8 (10.5) 44.2 (11.6) 40.2 (13.3) 38.6 (13.5) < 0.001 0.078 -0.279 F(1, 592) = 50.0 (< 0.001) -0.167 0.001 0.640 (0.593 – 0.686, <0.001) (cut-off 42.7) 

MLHF  

EuroQoL EQ-5D VAS 

4.7 (10.4) 

82.2 (13.8) 

6.0 (12.1) 

80.5 (15.4) 

9.7 (12.9) 

79.8 (15.2) 

10.8 (16.2) 

78.9 (14.8) 

< 0.001 

0.308 

0.040 

0.007 

0.199 

-0.084 

F(1, 590) = 24.3 (<0.001) 

F(1, 590) = 4.21 (0.041) 

0.066 

0.042 

0.143 

0.323 

0.594 (0.511 = 0.676, 0.022) (cut-off 24) 

0.607 (0.533 – 0.682, 0.016) (cut off -22%) 

Charlson Index 1.8 (2.4) 1.6 (2.0) 2.3 (2.8) 2.2 (2.6) 0.043 0.008 0.087 F(1, 605) = 4.59 (0.033) 0.005 0.892  

Multivariate Regression Model      0.184    F (6, 562) = 

21.2 (<0.001) 
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4.6 Discussion 
 

This study suggests that AF risk is associated with impaired functional capacity as assessed with the 

SMWT and less activity (assessed by the DASI), independent of LV function and LV mass.  SMWT 

<500m as well as DASI <42.7 and MLHF >24 were associated with AF risk.  

4.6.1 Assessment of AF risk 
 

A number of clinical features are associated with AF, including the metabolic syndrome, hypertension 

and T2DM. The CHARGE-AF score was developed from a total of 18,556 patients with a wide age 

range (46–94 years) and ethnic diversity (19% African-Americans) based on pooled data from the 

Framingham Heart Study(47), the ARIC(48) and the Cardiovascular Health Study (CHS) (49).  The 

bedside clinical score gives a 5 year risk of developing AF using clinical variables including age, race, 

height, weight, systolic and diastolic blood pressure, current smoking, use of antihypertensive therapy, 

history of diabetes mellitus/myocardial infarction and heart failure with overall good model 

discrimination (C-statistic 0.765, 95% C.I 0.748 – 0.781). The CHARGE-AF score has been validated 

in multiple cohorts, is easy to implement in clinical practice, and can be calculated in the absence of 

ECG data (22). 

4.6.2 Role of imaging in AF risk assessment 
 

A deficiency in clinical risk scores is that they do not incorporate atrial or LV mechanics or LA size, 

all of which are implicated in the pathogenesis of AF (22, 173, 175, 176). AF risk is associated with 

reduced atrial reservoir, conduit and pump strain (177)  which is likely a marker of progressive atrial 

fibrosis and can be used to predict recurrence following catheter ablation (96) or cardioversion (178). 

The use of LV strain analysis to predict AF risk is poorly understood. LV regional deformation allows 

for objective assessment of systolic function (179). LV strain analysis has important applications for 

the assessment for cardiomyopathy, myocardial ischemia (179, 180) and assessment for LV 

dyssynchrony post cardiac resynchronization therapy (179). Changes to atrial size and fibrosis in the 

absence of mitral valve disease is often due to progressive changes to the LV including increase in LV 

mass, higher filling pressures and concentric remodelling which are commonly associated with age and 

hypertension and give rise to poor exercise capacity (181).  
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We have found in this study that altered myocardial mechanics are independently associated with AF 

risk. This has several implications for clinical practice. Echocardiography and deformation analysis are 

non-invasive, easily accessible and cost effective and can be utilised in screening programs. This can 

potentially lead to early diagnosis of AF prior to the onset of complications such as stroke. The 

relationship between AF and LV mechanics also raises the possibility of AF risk in patients with 

underling structural heart disease or a known history of HF. AF in these patients is associated with a 

poorer prognosis, thus early diagnosis would impact prognosis (171).  

4.6.3 Association of AF with functional capacity 
 

AF is associated with impaired quality of life and poor functional capacity (168) Restoration of sinus 

rhythm following pharmacological therapy or catheter ablation is associated with improvement in New 

York Heart Association functional class, improvement in quality of life and modest improvement in 

exercise capacity (182). Whilst the link between AF and quality of life is well understood, it is unclear 

if poor functional capacity can contribute to AF risk. Common risk factors for AF such as obesity, 

hypertension and T2DM are associated with impaired quality of life and reduced exercise capacity (24, 

116). Poor exercise capacity could offer a surrogate risk assessment tool in clinical practice to identify 

patients at risk of AF. 

While the link between AF and quality of life is well understood, previous work has not shown whether 

poor functional capacity can contribute to AF risk. The results of our study suggest that poor exercise 

capacity is an independent risk factor for AF. Exercise and weight loss programs have recently been 

shown to improve AF symptom burden and atrial remodelling (23). The reasons why poor exercise 

capacity contributes to AF risk is unclear. Improvement in cardiovascular fitness may have a protective 

role in AF possibly by preventing atrial remodelling. The strong association between immobility and 

obesity may lead to altered atrial mechanics and increased atrial size which can create a substrate for 

arrhythmia. Patients with poor functional capacity are more likely to have associated co-morbidities 

such as hypertension and diabetes mellitus which are known risk factors for AF.  Poor exercise capacity 

could offer a surrogate risk assessment tool in clinical practice to identify patients at risk of AF. 
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4.6.4 Limitations 
 

The limitations of our study include potential for population selection bias as patients were recruited 

with newspaper and radio advertising. Our study is an observational study and our primary outcome 

measure was to assess AF risk using a validated risk score. A potential weakness is that we did not 

follow up patients to assess the true incidence of AF in the cohort. Hence although we are able to 

attribute higher AF risk, we are unable to demonstrate a higher incidence of AF in patients with reduced 

functional capacity. 

 

4.7 Conclusion 
 

AF places a huge burden on the health care system and screening programs to identify patients at risk 

of AF will be important in the future, as there are demonstrable ways to alter disease progression which 

could potentially prevent AF and its complications. Mass screening has the potential to be expensive so 

assessment should begin with a clinical risk assessment tool.  

The association of reduced exercise capacity and functional status with AF risk has two implications. It 

may be a marker of treatable risk, similar to obesity, as well as identifying a patient subgroup 

appropriate for close monitoring for AF.  
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4.8 Postscript 
 

Risk assessment for AF is vital to aid in targeted screening of individuals. Current clinical and 

echocardiographic risk assessment tools have several deficiencies. The use of other markers of risk will 

aid clinicians in identifying those patients who may benefit from AF screening. Reduced functional 

capacity is easy to assess and may highlight increased risk of developing AF which may prompt 

screening or close surveillance. 

The mechanism by which exercise capacity increases risk is not well understood. It is evident that many 

of these patients have associated co-morbidities such as obesity and hypertension which may contribute 

to negative LA remodelling. However, exercise itself may offer a protective role in preventing AF. 

Hence reduced exercise capacity may impact on this and exacerbate the remodelling process. It is 

important to identify this for two reasons. Firstly, it can be used as a tool to identify patients at risk. 

Secondly it is a potential modifiable risk factor thereby offering an opportunity for early intervention. 

The role of exercise and AF has been investigated in other studies. The Cardiovascular Health study 

showed reduced AF incidence in those who performed light-moderate exercise (183). The Women’s 

Health Initiative study demonstrated a similar reduction in AF incidence in those who were physically 

active (184). In the CARDIO-FIT study, patients who underwent an exercise program had improved 

symptoms and reduced AF burden (185, 186). Although there has been an increase in AF in endurance 

athletes, there is evidence to suggest a beneficial role of light-moderate exercise in reducing AF 

incidence (186). 

 

The limitations of this study should be acknowledged. The association between functional capacity was 

with CHARGE-AF (a clinical AF risk score), and not with incident AF, therefore causality cannot be 

implied. The associations although statistically significant, had a poor discrimination (low c-statistic). 

This suggests that functional capacity alone is not sufficient for patient selection and should be 

incorporated into other clinical and imaging markers. 
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The assessment of risk is not just individual when setting up a screening program. We need to account 

for regional risk. In the next chapter we further define appropriate patient selection for AF screening by 

exploring the association between regional SES and AF risk.  
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5 Selection of patients for AF screening – importance of regional SES 

 

5.1 Preface 
 

Low SES is associated with reduced cardiovascular health. There are multiple potential mechanisms 

for this, including poor access to health care, reduced health literacy, poor compliance and higher rates 

of comorbidities and reduced physical activity. The link between SES and AF is not as well established 

compared with coronary artery disease. However, the same potential mechanisms may be involved in 

higher AF risk. Individual assessment of SES can be performed with multiple indices including income, 

employment, housing and education levels. When translating this to a population level, an assessment 

of regional SES may be important in determining the most appropriate cohort for AF screening.  

In Australia, the socioeconomic indices for areas (SEIFA) have been established which allows different 

regions of the country to be compared using multiple parameters such as finances, employment, 

education and housing. Understanding the link between AF and regional SES has important 

implications for screening programs. These areas often have poor access to health care and poor health 

literacy. Therefore, individuals in these areas are often the most vulnerable and at risk for complications. 

AF rates may also be higher in these areas given the factors discussed above, thereby potentially 

improving the yield of screening. The following chapter was published in the Internal Medicine Journal. 
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5.2 Abstract 
 

Background and Objective: Low socio-economic status is associated with cardiovascular diseases, 

and an association with atrial fibrillation (AF) could guide screening. We investigated if indices of 

disadvantage (IAD), education/occupation (IEO) and economic resources (IER) were associated with 

incident AF, independent of risk factors and cardiac function.  

Methods: We studied community-based participants aged ≥65 years with AF risk factors (n=379, age 

70±4 years, 45% men). All underwent clinical AF risk assessment using the CHARGE-AF score and 

baseline echocardiography. IAD, IEO and IER were obtained from the 2011 Socio-Economic Indexes 

for Areas (SEIFA) score, in which higher decile ranks indicate more advantaged areas. Patients were 

followed up for incident AF (median 21 (range 5-31) months), with AF diagnosed by clinical review 

including 12 lead ECG, as well as single lead portable ECG monitoring used to record 60 second ECG 

tracings five times/day for one week. Cox proportional hazards models were used to assess the 

association between socio-economic status and incident AF.  

Results: Subjects with AF (n=50, 13%) were more likely to be male (64% vs.42%, p=0.003) and had 

higher CHARGE-AF score (median 7.1%(5.2-12.8%) vs. 5.3%(3.3-8.6%), p<0.001). Areas with lower 

socio-economic status (IAD and IEO) had a higher risk of incident AF independent of LV function and 

CHARGE-AF score (HR for IAD 1.16, 95% C.I 1.05-1.29, p=0.005 and HR for IEO 1.18, 95% C.I 

1.07-1.30, p=0.001).  

Conclusion: Regional socio-economic status is associated with risk of incident AF, independent of LV 

function and clinical risk. This association might permit better regional targeting of prevention. 

 

  



S e l e c t i o n  o f  p a t i e n t s  f o r  A F  s c r e e n i n g                     P a g e  | 131 

 

5.3 Introduction 
 

Atrial fibrillation (AF) is associated with stroke, HF, increased all-cause mortality, (109, 110) and 

substantial financial cost (12, 111). The epidemics of obesity, diabetes mellitus and metabolic syndrome 

have been associated with the increasing prevalence of AF, which has become a significant population 

health problem (18, 113, 114). The early diagnosis of AF may lead to individualized lifestyle 

intervention (23) and anticoagulation, and these steps may be associated with a reduction in 

complications and health care costs. The development of hand-held electrocardiogram (ECG) screening 

devices (8, 69, 70, 78, 79, 117, 154), has increased the feasibility of AF screening. Appropriate selection 

of patients for screening is of critical importance; the development of a risk assessment score, (22, 187) 

based upon the link between AF and clinical risk factors, is an important component of identifying 

individual patients at risk. The introduction of a screening program should also involve consideration 

of which communities are at risk. 

 

Socio-economic deprivation is strongly associated with increased risk of metabolic syndrome and 

coronary artery disease, (30-32) beyond its association with reduced health care access. Low household 

income influences dietary choices, psychological well-being and is associated with a sedentary lifestyle 

(188). Poor literacy and education levels may affect treatment adherence and risk awareness. There may 

also be higher rates of substance and alcohol abuse in deprived areas (189).  However, the association 

between socioeconomic deprivation and AF risk is controversial, with reports of an association of lower 

household income with increased AF risk, (34) balanced by other evidence that neighborhood 

deprivation and socioeconomic disparities were not independently associated with AF (33). The 

purpose of this study was to assess the association of regions of socioeconomic deprivation with risk of 

incident AF.  
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5.4 Methods. 

5.4.1 Study population. 
 

This prospective observational cohort study recruited participants from both urban and rural settings in 

Tasmania (an island located south of the Australian mainland) and Victoria (a larger State in the south 

of mainland Australia). Apart from the major cities (Hobart and Launceston), much of Tasmania is 

geographically isolated, with limited access to health care (102). Participants from the community ≥65 

years were recruited if they had 1 or more AF/heart failure (HF) risk factors, including hypertension 

(systolic BP >140mmHg or pre-existing use of anti-hypertensive medications), T2DM, based on self-

report of diagnosis or the current use of diabetic medications), and obesity (body mass index ≥30). 

Subjects were excluded if they were unable to provide written consent, had known HF or left ventricular 

(LV) systolic dysfunction, moderate/severe valvular disease or life expectancy <1 year. All patients 

were provided written informed consent and approval was obtained from the Tasmanian Human 

Research Ethics Committee (HREC project number H0013333). 

5.4.2 Clinical findings. 
 

Participants provided a clinical history and answered questionnaires to assess overall health status at 

the start of the study. Information regarding demographics, past medical history, medication history as 

well as baseline examination data (height, weight, body mass index [BMI], blood pressure [BP]) was 

recorded for all participants. Baseline 12 lead ECG and echocardiography were conducted in all 

participants, and patients with previously unrecognized HF were excluded. Assessment of AF risk was 

performed using the CHARGE-AF score (22). Exercise capacity was assessed using the six-minute 

walk test. 

5.4.3 Assessment of SES 
 

All participants had information collected on education level. The Socio-Economic Indexes for Areas 

(SEIFA) score is derived from several domains of national census data (including education, housing, 

household income, employment and occupation) to provide a multidimensional assessment of SES 

based on postcode. This was used to describe the regional variations of participants’ overall SES (102).  
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The SEIFA score has three main indices; an index of advantage/disadvantage (IAD, based on income, 

occupation and housing), an index of education/occupation (IEO, based on education and occupation) 

and an index of economic resources (IER, based on individual income, mortgage repayments, rental 

return and family income). These indices are expressed to deciles, with the lowest scoring 10% of areas 

given a decile number of 1 and the highest 10% of areas are given a decile number of 10. Hence, higher 

scores reflect more advantaged areas (102).   

5.4.4 AF follow-up. 
 

AF was diagnosed using multiple detection methods. All participants had baseline and follow-up 

assessment including a 12-lead ECG and echocardiogram. In the interim, any patients diagnosed with 

AF by local physicians were documented. Screening for subclinical AF was performed using a single 

lead ECG device (Remon RM-100, Semacare, China). The single lead device was used to record 60 

second single lead ECG tracings using three points of finger contact with electrodes, five times per day 

for a one week (i.e. 35 recordings). ECG recordings were then exported as PDF files for interpretation, 

and all were assessed by a physician. The presence of AF (an irregular rhythm of ≥30 sec with a variable 

R-R interval and absent P waves) was confirmed by two independent physicians who were blinded to 

the patient’s clinical details. The patient was advised of the recognition of subclinical AF, and further 

management and investigation was provided by their usual medical practitioner.        

5.4.5 Outcome measures. 
 

Our primary outcome measure was the overall proportion of the cohort with new onset AF during the 

follow-up period.  

5.4.6 Statistical analysis 
 

All categorical variables are presented as frequencies/percentages and continuous variables presented 

as means/standard deviation (if normally distributed) or medians/inter-quartile range (if non-

parametric). Patients with incident AF were compared to those remaining in sinus rhythm. Groups were 

compared using the chi square test for categorical data and the independent two sample t-test for 

continuous data. Patients were grouped according to the SEIFA rank (<5 vs. ≥5) and Nelson-Aalen 

cumulative hazard estimate plots were constructed, and the log-rank test used to assess the differences 
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between curves. A Cox proportional hazards regression analysis was used to calculate the adjusted 

hazard ratios (HR) and 95% confidence intervals for the association between each socioeconomic index 

and incident AF. Clinically relevant model covariates included CHARGE-AF score, global longitudinal 

strain, gender and indexed left atrial volume. The follow up time was the time from the initial baseline 

clinical assessment to the completion of portable device screening or the date of diagnosis of AF 

(whichever came first). Analyses were considered to be statistically significant if two-tailed p values 

were <0.05. Statistical analysis was performed using SPSS v.22 (SPSS, Chicago, IL) and Stata v.13 

(StataCorp, College Station, TX). 

 

5.5 Results 
 

5.5.1 Patient characteristics. 
 

Baseline characteristics of the 379 subjects included in the study (mean age 70±4 years, 45% male) are 

summarized in Table 5-1. Thirteen participants (3%) had a previous diagnosis of paroxysmal AF. 

Cardiovascular risk factors (including T2DM, obesity, hypercholesterolemia and hypertension) were 

highly prevalent. There was a large proportion of participants with low education levels (43% had not 

completed high school and approximately 3 in 4 had not completed university education). Most 

participants were recruited from areas with socioeconomic deprivation (median IAD 5±6, median IEO 

5±6 and median IER 4±5).  
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 Table 5-1 - Baseline Characteristics of the overall cohort. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                

 

 

5.5.2 AF during follow up. 
 

Over a median follow-up of 21 months (range 5-31 months), 50 patients (13%) were diagnosed with 

AF. Of these 37 patients (9.8%) were diagnosed with incident AF, 23 of whom (6%) were diagnosed 

with portable ECG monitoring while 14 (4%) were diagnosed by local physicians during the follow up 

Demographics n = 379 

Age - years (SD) 70.3 (4.2) 

Male n (%) 169 (45) 

Systolic BP mmHg (SD)  140.6 (15.9) 

Diastolic BP mmHg (SD) 

Heart Rate /min (SD) 

82.5 (9.9) 

68.7 (10.8) 

BMI (kg/m2) (SD) 

Current Smoking n (%) 

Diabetes Mellitus n (%) 

Obesity n (%) 

Hypercholesterolemia n (%) 

Hypertension n (%) 

Previous history of IHD n (%) 

Previous history of AF n (%) 

Previous chemotherapy n (%) 

Median Six-minute walk test m (IQR) 

Median CHARGE-AF % (IQR) 

Median CHA2DS2-VASC % (IQR) 

29.8 (5.2) 

8 (2) 

176 (46) 

176 (46) 

205 (54) 

293 (77) 

16 (4) 

13 (3) 

36 (10) 

504 (96) 

6.8 (6.6) 

3.0 (2.0) 

Echocardiographic Parameters Mean (SD) 

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

E/e’ (Average of lateral and septal) (SD) 

Left atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

62.8 (6.2) 

-18.8 (2.5) 

8.7 (2.5) 

31.5 (9.1) 

88.8 (21.7) 

Social Factors  

Median SEIFA Index of Advantage/Disadvantage (IQR) 

Median SEIFA Index of Education/Occupation (IQR) 

Median SEIFA Index of Economic Resources (IQR) 

Completed High School n(%) 

Completed University n(%) 

5 (6.0) 

5 (6.0) 

4 (5.0) 

214/375 (57) 

88/376 (23) 
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period or had AF during hospitalizations. Table 5-2 compares the characteristics of those with AF and 

sinus rhythm; new onset AF was more likely in men, and in those with a higher CHARGE-AF score 

and those from socioeconomically deprived areas (p<0.05).  

 

Table 5-2 - Comparison of baseline characteristics between patients with AF and sinus rhythm. 

                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 BMI – Body Mass Index     BP – Blood Pressure    IHD – Ischaemic Heart Disease                                             

  

Demographics AF              

n = 50 

Sinus 

Rhythm                         

n = 329 

P 

Value 

Age - years (SD) 71.3 (5.0) 70.1 (4.0) 0.12 

Male n (%) 32 (64) 137 (42) 0.003 

Systolic BP mmHg (SD)  135.5 (18.3) 141.4 (15.3) 0.01 

Diastolic BP mmHg (SD) 82.6 (11.2) 82.5 (9.7) 0.99 

BMI (kg/m2) (SD) 

Current Smoking n (%) 

Diabetes Mellitus n (%) 

Obesity n (%) 

Hypercholesterolemia n (%) 

Hypertension n (%) 

Previous history of IHD n (%) 

Median CHARGE-AF % (IQR) 

Median CHA2DS2-VASC (IQR)  

29.3 (4.7) 

3 (6) 

27 (54) 

19 (38) 

25/47 (53) 

38 (76) 

5 (10) 

7.1 (7.6) 

3.0 (2.0) 

29.9 (5.3) 

5 (2) 

149 (45) 

157 (48) 

180/321 (56) 

255 (78) 

11 (3.3) 

5.3 (5.3) 

3.0 (2.0) 

0.39 

0.04 

0.25 

0.419 

0.71 

0.81 

0.03 

<0.001 

0.93 

Functional Capacity    

Six Minute Walk Test m (SD) 498 (102) 508 (98) 0.50 

Social Factors    

Median SEIFA Index of Advantage/Disadvantage (IQR) 

Median SEIFA Index of Education/Occupation (IQR) 

Median SEIFA Index of Economic Resources (IQR) 

Completed High School n(%) 

Completed University n(%) 

4 (4.0) 

3.5 (5.0) 

4.0 (3.0) 

28 (56) 

8 (16) 

5.0 (5.0) 

6.5 (6.0) 

5.0 (5.0) 

186/325 (57) 

80/326 (25) 

0.005 

0.02 

0.002 

0.87 

0.18 

Echocardiographic Parameters    

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

E/e’ (Average of lateral and septal) (SD) 

Left atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

60.7 (7.2) 

-17.7 (3.3) 

8.6 (2.7) 

34.0 (10.3) 

93.6 (23.3) 

63.2 (5.9) 

-19.0 (2.3) 

8.8 (2.5) 

31.1 (8.9) 

87.8 (21.3) 

0.01 

0.01 

0.67 

0.03 

0.10 
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5.5.3 Association between SES and AF risk. 
 

SEIFA data was available in 370/379 participants (with 48 AF outcomes). Table 5-3 summarizes the 

features associated with AF risk - including increased age, male gender, reduced global longitudinal 

strain, increased left atrial volume, as well as socioeconomic deprivation. Those who developed AF had 

lower median SEIFA indices compared to those in sinus rhythm (IAD (4.0 (range 2-6) vs. 5.0 (range 3-

8), p=0.005), IER (4.0 (range 2-5) vs. 5.0 (range 3-8), p=0.002) and IEO (3.5 (range 2-7) vs. 6.5 (range 

2-8), p=0.02)). There were no differences in AF rates noted in participants with high school or tertiary 

level education. In a multivariable model, adjusted for gender, clinical risk factors, LV function and left 

atrial volume, increased incident AF risk was associated with disadvantaged areas (HR for IAD = 1.16, 

95% C.I 1.05-1.29, p=0.005) and areas with lower education/occupation levels (HR for IEO = 1.18, 

95% C.I 1.07-1.30, p=0.001) (figure 5.1, 5-3 and Table 5-3). Areas with lower economic resources were 

not independently associated with increased incident AF risk (HR for IER = 1.11, 95% C.I 0.99-1.24, 

p=0.08) (figure 5.2).     

 

Figure 5.1 - Nelson-Aalen Curve showing incident AF diagnosis based on IAD decile rank. 

Areas with low SEIFA index of advantage/disadvantage had higher AF detection. 
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Figure 5.2 - Nelson-Aalen Curve showing incident AF diagnosis based on IER decile rank. 

Areas with low SEIFA index of economic resources did not demonstrate a significantly higher AF detection. 

 

 

Figure 5.3 - Nelson-Aalen Curve showing incident AF diagnosis based on IEO decile rank. 

Areas with low SEIFA index of education/occupation had higher AF detection. 
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Table 5-3 - Cox regression analysis showing association between SES and AF. 

Multivariable model adjusted for gender, CHARGE-AF score, Left atrial volume and Global 

Longitudinal strain. 

 

5.6 Discussion 
 

The results of our study suggest that a significant number of elderly people in the community with risk 

factors have subclinical AF. Socioeconomic deprivation is a risk factor for AF independent of other 

clinical risk factors and cardiac function. Areas with higher household income, higher rates of education 

and employment had lower risk of incident AF.  

Independent Variables  Unadjusted 

Hazard Ratio 

(95% C.I) 

P 

value 

Adjusted 

Hazard Ratio 

(95% C.I) 

P 

value 

Age (years) 1.06 (1.00 – 1.12) 0.048   

Male Gender  2.44 (1.37 – 4.36) 0.003 1.78 (0.96–3.31) 0.07 

Body Mass Index (kg/m2) 1.01 (0.95 – 1.06) 0.83   

Systolic Blood Pressure (mmHg) 0.98 (0.96 – 0.99) 0.02   

Diastolic Blood Pressure (mmHg) 1.01 (0.98 – 1.04) 0.51   

T2DM 1.33 (0.75 – 2.34) 0.32   

Obesity 0.90 (0.51 – 1.59) 0.71   

Hypertension 0.99 (0.52 – 1.91) 0.99   

Ejection Fraction (%) 0.93 (0.90 – 0.97) 0.001   

Global Longitudinal Strain (%) 1.21 (1.09 – 1.36) 0.001 1.22 (1.08–1.38) 0.002 

Left atrial volume - indexed (ml/m2) 

Left Ventricular mass – indexed (g/m2) 

1.05 (1.02 – 1.08) 

1.01 (0.99 – 1.02) 

0.002 

0.02 

1.04 (1.01–1.07) 0.01 

Six Minute Walk Test (m) 

CHARGE-AF Score (%) 

CHA2DS2-VASC Score  

SEIFA Index of Advantage/Disadvantage 

SEIFA Index of Education/Occupation 

SEIFA Index of Economic Resources 

Completed High School 

1.00 (0.99 – 1.00) 

1.04 (0.99 – 1.09) 

0.98 (0.71 – 1.34) 

1.15 (1.04 – 1.27)                                                                   

1.17 (1.06 – 1.28) 

1.11 (0.99 – 1.25) 

0.67 (0.39 – 1.18) 

0.87 

0.10 

0.89 

0.007                                                  

0.001 

0.07 

0.17 

 

0.98 (0.92–1.03) 

 

1.16 (1.05–1.29)                                              

1.18 (1.07–1.30)                

1.11 (0.99–1.24) 

 

 

0.37 

 

0.005                           

0.001 

0.08 

 

Completed University 0.55 (0.26 – 1.16) 0.12   
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5.6.1 SES and AF. 
 

Socioeconomic deprivation is well established as a risk factor for metabolic syndrome and 

cardiovascular disease, (30-32) but the association between SES and AF is less clear. A large Swedish 

study did not find an independent association between SES and hospitalised AF, (33) although an 

association was found in women (33). The ARIC cohort found that low family income was associated 

with increased risk of AF, (34) with lower education levels associated with increased AF risk in women 

(34). After adjusting for confounders, we found that regional indices of low income/education were 

associated with AF in both sexes. The use of regional indices of SES provide a basis of using geographic 

location in planning screening, in a way that using individual income or educational data would be 

inaccessible. 

There may be several mechanisms by which SES can affect AF risk and management. AF has been 

strongly associated with metabolic syndrome and obesity, (113, 114) both of which are strongly 

influenced by SES. Household income and education levels influence dietary habits and physical 

activity levels. Children born to parents of low SES have higher risk of low birth weight which has been 

shown to be associated with AF risk (190). The higher rates of alcohol and substance abuse in areas of 

socioeconomic deprivation are both associated with AF risk (189). There may be added challenges such 

as poor health awareness in this cohort and issues relating to poor adherence, as limited household 

income may influence decisions made on anticoagulation and other pharmacological therapy (191). 

Irrespective of the mechanisms involved, SES appears to be associated with AF and in our study, it was 

as important a risk factor as left atrial volume and left ventricular function.   

5.6.2 Early diagnosis of AF and community screening. 
 

AF creates a significant burden on both patients and the health care system. For patients, it is associated 

with increased risk of stroke and heart failure as well as causing symptoms and impaired quality of life. 

AF seems likely to continue to increase in incidence and the costs to the health care system will continue 

to increase (12, 18, 109). Early diagnosis might be achieved by community screening programs, but 

successful AF screening requires both an appropriate diagnostic tool as well as careful selection of the 

at-risk population.  
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The incident AF rate of 9.8% in this study - higher than previously reported in the literature (8, 78, 117) 

– is attributable to not only age and clinical risk factors for AF, but also social vulnerability. Elderly, 

socially isolated patients with poor access to affordable health care, limited household income and poor 

education levels are often encountered in hospital following the complications of AF. Early diagnosis 

offers the possibility for early initiation of treatment which may offset some of the complications which 

may lead to reduced hospitalizations and associated health care costs. Patients with subclinical AF and 

atrial tachyarrhythmias have an increased risk of stroke and cardiovascular events similar to those with 

established AF, (8, 163) and anticoagulation may help reduce the incidence of stroke in this cohort. 

Active lifestyle intervention may lead to a reduction in symptom burden and in the need for repeat 

ablation procedures and an improvement in quality of life (23). Initiation of lifestyle intervention and 

risk factor modification following early diagnosis of AF may be associated with positive LA 

remodelling, may reduce disease progression, and may produce additional health benefits including 

reduction in cardiovascular risk and improvement in exercise capacity.  

5.6.3 Clinical Implications. 
 

The results of our study have several important clinical implications. We have demonstrated a 

significant burden of subclinical AF in elderly people with risk factors. We have also demonstrated that 

AF screening using portable ECG monitoring is feasible. The finding that low regional SES is 

associated with increased AF risk has important implications for mass screening. Screening programs 

conducted in these areas will likely yield higher detection rates, improving cost-effectiveness and 

providing access to early intervention programs to those at the highest risk of complications and 

hospitalisations.  

5.6.4 Limitations 
 

There are several limitations of our study. There is a potential for population selection bias as 

participants were recruited with newspaper and radio advertising. Our patient sample was small, and 

we had a limited number of AF outcomes. Our patient population was predominantly white Australian, 

and our results are not generalizable to the indigenous population or other ethnicities. Our screening for 

subclinical AF was done for a one-week period of intermittent ECG monitoring, and it is possible that 
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resulted in some AF outcomes to be potentially missed. Our study focused on the assessment of regional 

SES as we investigated the implications to a community AF screening program. Hence, the results of 

our study cannot be used for individual risk assessment.     

 

5.7 Conclusion 
 

Elderly patients with risk factors have a high prevalence of subclinical AF, especially in regions of 

socioeconomic deprivation. The finding that socioeconomic deprivation is independently associated 

with incident AF suggests that additional resources and access to health care in selected communities 

to improve health outcomes.  
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5.8 Postscript 
 

This chapter highlights the strong association between regional SES and AF. SES was not assessed at 

the individual level in the study, but this is not pertinent to planning the location of a new screening 

service. Individual risk assessment is a vital component on AF screening as it should be tailored to high 

risk patients. However, selection at a cohort/population level is also important. The finding that low 

regional SES was associated with AF has not been widely reported in the literature. However, the 

finding might be anticipated, given these cohorts typically have poor access to health care and have 

higher prevalence of comorbidities. We tried to the best of our ability to exclude patients with a history 

of AF in the past by reviewing GP medical records and doing a baseline echocardiogram and ECG. It 

is possible that some patients may have had AF diagnosed in the past that we were unaware of (and 

which was not recorded in the GP medical record). This may artificially have created higher AF 

detection rates in the study and should be acknowledged as a limitation.   

From a health policy level, the findings of this study are potentially important. We have limited 

resources and we must target programs such as AF screening to those at highest risk of developing the 

disease and its associated complications. Given the SEIFA is freely available and covers most areas in 

the country, it can provide a simple framework to target initial pilot screening programs. This may 

provide an “enriched” patient cohort where screening is likely to be effective. Following on from this 

initial population level selection, individual patient selection can be performed utilizing clinical risk 

stratification supplemented by information from imaging. This will improve cost-effectiveness and 

overall feasibility. 

Having investigated the use of screening technologies and appropriate selection, I will investigate 

another widely available risk predictor that is underused in AF risk prediction – coincidental cardiac 

imaging, especially with echocardiography. In Australia about a million outpatient echocardiograms 

are performed each year, and many of these are done in patients with AF risk factors. By applying 

advanced imaging techniques to these studies, information could be gathered to assist in the risk-

stratification of these patients. In the next chapter the association between LA and LV strain is assessed 

in a cross-sectional study. Sceptics of LA strain have argued that it does not provide incremental 



S e l e c t i o n  o f  p a t i e n t s  f o r  A F  s c r e e n i n g                     P a g e  | 144 

 

information to LV strain.  In the next chapter I will investigate if some of the phasic components of LA 

function act independent to LV function.
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Section III – LA Strain 

 

Chapter 6 

Using Imaging to assess LA function which 

may be used to predict AF risk 

“Left Atrial Strain: Association with AF risk and LV strain” 

 

Satish Ramkumar MBBS1,2, Hong Yang BMed3, Ying Wang BMed3, Mark Nolan MBBS3, Tomoko 

Negishi MD3, Kazuaki Negishi MD, PhD3, Thomas H Marwick MBBS, PhD, MPH1,2,3 

 

1Baker Heart and Diabetes Institute, Melbourne, Australia; 2School of Public Health and Preventative 

Medicine, Monash University, Melbourne, Australia; 3Menzies Institute for Medical Research, 

University of Tasmania, Hobart, 

 

Reference: Ramkumar S, Yang H, Wang Y, Nolan M, Negishi T, Negishi K, Marwick TH. 

Association of the Active and Passive Components of Left Atrial Deformation with Left Ventricular 

Function. Journal of the American Society of Echocardiography. 2017 Jul 1;30(7):659-66.  

DOI: http://dx.doi.org/10.1016/j.echo.2017.03.014 
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6 Using Imaging to assess LA function which can be used to 

predict AF risk 

 

6.1 Preface 
 

LA enlargement is a strong risk factor for AF and occurs in the setting of remodeling and increased LA 

pressure. However, this can often occur late in the disease course, thus patients at risk of developing 

AF may not be identified early. Assessment of myocardial deformation using speckle tracking allows 

for quantitative assessment of phasic LA function. It has the advantage of being a more sensitive marker 

of “atriopathy” at earlier disease stages than LA volume and also allows for segmental function to be 

assessed. 

LA strain does however have disadvantages. It is time consuming and requires a learning curve to ensure 

reproducibility and accuracy. Despite recent advances in standardization of acquisition protocols and 

ECG gating, it is vendor dependent and uses a LV strain algorithm. Realistically for it to be adopted in 

routine clinical practice for AF risk stratification, it has to provide incremental information to LA 

volume and LV strain. Otherwise, it will remain purely as a research tool with limited clinical utility.  

In this chapter we investigate the association between LA and LV strain. If some component of LA 

function (pump) acts independently to LV function, it provides a rationale for the use of LA strain. This 

leads on to chapters 8 and 9 where the clinical utility of LA strain is investigated with regards to AF 

risk stratification. The following chapter was published in the Journal of the American Society of 

Echocardiography. 
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6.2 Abstract 
 

Background: Left atrial (LA) strain imaging allows for quantitative assessment of LA function. The 

clinical relevance of these measurements is dependent on the provision of information incremental to 

the LV evaluation. We hypothesized that LA pump function but not reservoir function was independent 

of measurement of left ventricular (LV) mechanics. 

Methods: Echocardiograms were undertaken in a community-based study of 576 participants ≥65 years 

with >1 risk factor (e.g. hypertension, diabetes mellitus, obesity). Strain analysis was conducted using 

a dedicated software package, using R-R gating. LV function was classified as normal in the presence 

of global longitudinal strain (GLS) (≤-18%) or global circumferential strain (GCS) (≤-22%).  The 

associations between GLS or GCS and LA reservoir, conduit and pump strain were assessed using 

univariable and multivariable linear regression.  

Results: Patients (age 71±5 years, 54% female), with reduced GLS had higher blood pressure and rates 

of diabetes and obesity (p<0.05). LARS and conduit strain were lower in the impaired GLS group 

(38.2±7.3 vs. 39.9±6.4% p=0.004) and (18.7±5.7 vs. 20.5±5.1, p<0.001) however there was no 

difference in LA pump strain (19.5±5.5 vs. 19.3±4.6, p=0.72). GLS was independently associated with 

LA reservoir and conduit strain (p<0.05), but not independently associated with LA pump strain 

(p=0.91). Reduced GCS was associated with a larger body mass index, male sex and diabetes (p<0.05). 

There were no differences in LA reservoir, conduit and pump strain in patients with normal and 

abnormal GCS (p>0.05).  

Conclusion: The application of LA strain is specific to the component measured. LA pump strain is 

independent of LV mechanics. 
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6.3 Introduction 
 

There is increasing recognition of the importance of altered LA function, incremental to LA dilatation, 

and the feasibility of its assessment has increased with the application of strain imaging to LA function 

(192, 193). Although there are currently no standardized guidelines with regards to ECG gating, image 

acquisition or analysis techniques (193, 194), this parameter is reliable and reproducible (192, 193), and 

is able to quantify the contributions of reservoir, conduit and active pump function (192).  

 

LA strain imaging can be used as part of the assessment of LV diastolic function (92, 97, 195), but it is 

unclear as to whether it provides incremental information to other echocardiographic measures of 

diastolic function such as mitral inflow or mitral annular velocities. As LA reservoir and conduit 

function reflect underlying LV function, there has been some skepticism about the utility of LA strain 

when compared to other markers of LV strain such as GLS (88, 192, 196) – indeed, atrial and ventricular 

volumes reciprocate at different phases in the cardiac cycle. In contrast, LA contractile strain is a 

measure of LA systolic function relative to the LA load as it fills the LV and pulmonary veins. Hence, 

although LA pump function contributes approximately 30% to LV filling during end diastole (and even 

more in older patients), it is less dependent on LV function (40, 193). The loss of the LA “kick” is also 

felt to contribute to symptoms of HF in patients with AF (197, 198). Given the important physiological 

role of the LA pump, we hypothesized that atrial pump strain was independent of LV strain. 

 

6.4 Methods. 
 

6.4.1 Study population. 
 

This prospective observational cohort study recruited patients from a large community-based study in 

Australia, which had the primary objective of early detection of HF in the community. Asymptomatic 

participants ≥65 years were recruited if they had 1 or more risk factors, including hypertension (systolic 

BP > 140mmHg or pre-existing use of anti-hypertensive medications), T2DM, based on self-report of 

diagnosis or the current use of diabetic medications), and obesity (defined as a body mass index ≥ 30). 

Exclusion criteria included: (1) inability to provide written consent to participate in the study, (2) history 

of moderate or greater valvular disease, (3) known history of HF, (4) reduced LV systolic function on 



U s i n g  I m a g i n g  t o  p r e d i c t  A F  r i s k                      P a g e  | 149 

 

baseline echocardiogram (LVEF <40%), (5) contraindications to beta blockers and angiotensin 

converting enzyme inhibitors (ACE-I), (6) expected life expectancy of less than one year or (7) inability 

to perform strain analysis or acquire interpretable images from baseline echocardiogram. All patients 

with a known history of AF or documented AF on baseline ECG were excluded from the study. All 

patients were provided written informed consent and approval was obtained from the institution’s 

Human Research Ethics Committee. 

 

6.4.2 Clinical findings. 
 

All participants undertook a clinical history and answered questionnaires to assess overall health status 

at the start of the study. Information regarding demographics, past medical history, medication history 

as well as baseline examination data (height, weight, body mass index (BMI), blood pressure (BP) was 

recorded for all participants. Baseline electrocardiography (ECG) and echocardiography was conducted 

in all participants.  

 

6.4.3 Echocardiography 
 

All echocardiograms were performed by qualified sonographers using the same equipment (Siemens 

ACUSON SC2000, Siemens Healthcare, Mountain View, CA) and transducers (4V1c, 1.25-4.5 MHz; 

4Z1c, 1.5-3.5 MHz). Two-dimensional, M-mode and Doppler measures were obtained using standard 

techniques outlined by the American Society of Echocardiography. LV dimensions were calculated in 

both diastole and systole in parasternal long axis views. LV hypertrophy (LVH) was defined as LVM 

index >115 g/m2 in men and >95 g/m2 in women. LV and LA volumes were indexed to body surface 

area (LAVi) and calculated by the Simpson biplane method. Abnormal LAVi was defined as ≥34 ml/m2. 

Diastolic function was assessed by calculating mitral inflow peak early and late diastolic velocities (E 

and A wave respectively), deceleration time and the E/A ratio (ratio <0.8 was used to define impaired 

relaxation). Mitral annular early diastolic velocity using tissue Doppler imaging (e’) was calculated in 

both septal and lateral and averaged to calculate the E/e’ ratio (> 13 was used to define raised LA filling 

pressures).  
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Global longitudinal strain (GLS) was calculated in apical 4 chamber views and global circumferential 

strain (GCS) was calculated in the mid-LV parasternal short axis view. Velocity vector imaging was 

used to assess ventricular strain. Manual tracing of the endocardial border of the LV was performed in 

end-systole and this was tracked during the cardiac cycle. LA reservoir, conduit and pump strain were 

assessed using speckle tracking imaging by an external third-party software program (ImageArena, 

Tomtec, Munich, Germany). Apical four and two chamber images were selected with a frame rate of 

60-80 frames/sec. The endocardial border of the LA was manually traced, and strain analysis was 

performed using the LV strain algorithm, with the average of both the four- and two-chamber values. 

The reference point for image analysis was taken at the onset of the QRS complex (R-R gating). Patients 

with poor image quality, where strain analysis could not be performed, were excluded. All strain 

measurements were performed by two investigators. Reproducibility was assessed using a random 

sample of 20 patients and mean percentage difference was calculated.  

 

6.4.4 HF follow up. 
 

All participants were followed up using questionnaires, phone calls and follow up clinical visits at a 

median time of 12 months (IQR 6 months). HF symptoms were assessed using the Framingham criteria. 

We included patents with both HF with reduced ejection fraction (HFrEF) and preserved ejection 

fraction (HFpEF) as per criteria outlined by the European Society of Cardiology (199, 200). All patients 

were reviewed by a cardiologist in the clinics and information was collected regarding symptoms and 

examination findings. Patients underwent echocardiography to confirm the presence of HF.  

 

6.4.5 Statistical analysis. 
 

Patients were split into two groups based on GLS (cut-off -18%) and GCS (cut-off -22%). All 

categorical variables are presented as frequencies/percentages and continuous variables presented as 

means/standard deviation (if normally distributed) or medians/IQR (if non-parametric). Statistical 

significance was performed using the chi square test for categorical data and independent sample t test 

for continuous data. Simple linear regression was used to identify association between LV function and 

clinical parameters with LA reservoir/conduit and pump strain. All variables with p<0.1 in univariate 
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analyses were considered in multivariate regression models. Cox proportional hazard models were used 

to assess for the association between LA strain and incident HF. Analyses were considered to be 

statistically significant if 2 tailed p values were <0.05. Statistical analysis was performed using SPSS 

v.22 (SPSS, Chicago, IL). 

 

6.5 Results 
 

6.5.1 Baseline characteristics. 
 

A total of 576 patients were included in the study (age 70.7±4.7 years, male 46%). The majority of 

patients had T2DM (52%), obesity (43%), hypercholesterolemia (54%) and hypertension (79%). The 

LA reservoir, conduit and pump strain were 39.3%±6.8, 19.8%±5.4 and 19.4%±5.0 respectively. A 

summary of baseline patient characteristics is shown in Table 6-1.  

 

 

 

Figure 6.1 - Components of LA strain.  

There are 3 components of LA strain – Reservoir strain, conduit strain and pump strain which mirror the 

different phasic functions of the LA. 
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Table 6-1 - Baseline demographics and echocardiographic parameters. 

 

 

 

 

 

 

  

Baseline Patient Characteristics n = 576 

Demographics  

Age - years (SD) 70.7 (4.7) 

Male n/total n (%) 264/576 (46) 

Systolic BP mmHg (SD)  140.0 (16.8) 

Diastolic BP mmHg (SD) 

Heart Rate /min (SD) 

81.8 (10.4) 

66.8 (10.5) 

BMI (kg/m2) (SD) 

Current Smoking n/total n (%) 

Diabetes Mellitus n/total n (%) 

Obesity n/total n (%) 

Hypercholesterolemia n/total n (%) 

Hypertension n/total n (%) 

Previous history of IHD n/total n (%) 

Previous chemotherapy n/total n (%) 

29.4 (5.2) 

13/576 (2) 

297/576 (52) 

249/576 (43) 

293/545 (54) 

457/576 (79) 

42/576 (7) 

70/576 (12) 

Medications n/total n (%) 

Beta blockers 

ACE Inhibitor/Angiotensin Receptor Blocker 

40/576 (7) 

385/576 (67) 

Calcium Blocker 

Lipid lowering agents 

Anti-platelet agents 

123/526 (23) 

291/529 (55) 

196/525 (37) 

Echocardiographic Parameters Mean (SD) 

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

Global Circumferential Strain % (SD) 

E/e’ (Average of lateral and septal) (SD) 

Left Atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

LARS % (SD) 

Left Atrial Conduit Strain % (SD) 

Left Atrial Pump Strain % (SD) 

63.6 (5.9) 

-18.5 (2.5) 

-29.8 (5.5) 

8.9 (2.6) 

31.8 (9.4) 

91.7 (22.9) 

39.3 (6.8) 

19.8 (5.4) 

19.4 (5.0) 
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6.5.2 Association of impaired LV strain. 
 

Participants were split into 2 groups based on GLS (normal ≤ -18%, n=352). Table 6-2 shows that 

patients with abnormal GLS were older, more likely to be male, hypertensive, obese and suffering from 

diabetes mellitus. LA reservoir and conduit strain were reduced in the abnormal GLS group (38.2±7.3% 

vs. 39.9+6.4%, p=0.004 for reservoir strain) and (18.7±5.7% vs. 20.5±5.1%, p<0.001 for conduit strain). 

There were no significant differences with regards to LA pump strain (19.5±5.5% vs. 19.3±4.7%, 

p=0.72). 

Participants were also split into 2 groups based on GCS (normal ≤ -22%, n=533 and abnormal > -22%, 

n=43) (Table 6-3). Patients with abnormal GCS were more likely to be male with higher body mass 

index (BMI) and rates of diabetes mellitus and ischemic heart disease (p<0.05). Groups were not 

different in relation to LA reservoir (39.3±6.8% vs. 39.0+7.3%, p=0.83), conduit (19.9±5.3% vs. 

19.0±6.5%, p=0.30) and pump strain (19.4±5.0% vs. 20.0±5.3%, p=0.38). 

6.5.3 Associations of LA and ventricular function. 
 

LARS was independently associated with GLS (r=0.16, β =-0.13, p=0.001). GCS was not associated 

with reservoir strain. LARS was associated with E/e’ (r=0.16, β =-0.12, p=0.004) and LV mass (r=0.14, 

β =-0.09, p=0.03) independent of age (r=0.26, β =-0.21, p<0.001). It was not associated with A wave 

or deceleration time (p>0.05) (Table 6-3). 

LA conduit strain was independently associated with GLS (r=0.21, β =-0.14, p=0.01). GCS was not 

independently associated with conduit strain. LA conduit strain was associated with E wave (r=0.14, β 

=0.21, p<0.001) and A wave (r=0.11, β =-0.19, p<0.001), independent of age (r=0.23, β=-0.18, 

p<0.001), It was not associated with deceleration time or LV mass (p>0.05) (Table 6-4). 

LA pump strain was associated with E wave (r=0.10, β =-0.23, p<0.001) and A wave (r=0.12, β =0.24, 

p<0.001) independent of age (r=0.10, β =-0.13, p=0.002). There was no association noted between LA 

pump strain and ventricular strain (GLS (r=0.005, p=0.91), GCS (r=0.0, p=0.99)). LA pump strain was 

not independently associated with deceleration time or LV mass (p>0.05) (Table 6-5). 
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6.5.4 Association between LA function and incident HF. 
 

Among 478 out of 576 patients with follow-up data available for analysis (median follow up 12±6 

months), 54 (11%) developed new incident HF. LA function was not independently associated with 

new incident HF (reservoir strain p=0.28, conduit strain p=0.38, pump strain p=0.66). 
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Table 6-2 - Baseline characteristics for groups with normal and reduced GLS (cut-off -18%) and GCS (cut-off -22%).  

 Note – GLS ≥ -18 refers to values less negative than -18% and GCS ≥ -22 refers to values less negative than -22% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 GLS > -18% 

n = 224 

GLS ≤ -18% 

n = 352 

P Value GCS > -22% 

n = 43 

GCS ≤ -22% 

n = 533 

P Value 

Age - years (SD) 71.2 (4.4) 70.4 (4.7) 0.007 70.4 (4.0) 70.8 (4.7) 0.65 

Male n/total n (%) 127/224 (57) 137/352 (39)  <0.001 30/43 (70) 234/533 (44)  0.001 

Systolic BP (mmHg) (SD) 142.3 (19.6) 138.7 (14.6)  0.02 138.1 (17.8) 140.2 (16.7)  0.43 

Diastolic BP (mmHg) (SD) 

Heart Rate /min (SD) 

84.2 (10.4) 

69.2 (11.2) 

80.3 (10.1) 

65.3 (9.8) 

<0.001 

<0.001 

83.3 (10.6) 

72.6 (11.6) 

81.7 (10.4) 

66.4 (10.3) 

0.31 

<0.001 

BMI (kg/m2) (SD) 

Current Smoking n/total n (%) 

Diabetes Mellitus n/total n (%) 

Obesity n/total n (%) 

Hypercholesterolemia n/total n (%) 

Hypertension n/total n (%) 

Previous history of IHD n/total n (%) 

Previous chemotherapy n/total n (%) 

29.9 (5.5) 

9/224 (4) 

151/224 (67) 

111/224 (49) 

121/210 (58) 

178/224 (80) 

21/224 (9) 

28/224 (13) 

29.1 (5.0) 

4/352 (1) 

146/352 (42) 

138/352 (39) 

172/335 (51) 

279/352 (79) 

21/352 (6) 

42/352 (12) 

0.08 

0.02 

<0.001 

0.02 

0.15 

0.95 

0.13 

0.84 

31.7 (6.1) 

1/43 (2) 

31/43 (72) 

23/43 (54) 

20/37 (54) 

35/43 (81) 

7/43 (16) 

6/43 (14) 

29.2 (5.1) 

12/533 (2) 

266/533 (50) 

226/533 (42) 

273/508 (54) 

422/533 (79) 

35/533 (7) 

64/533 (12) 

0.003 

0.97 

0.005 

0.16 

0.97 

0.73 

0.02 

0.71 

Ejection Fraction % (SD) 61.8 (6.8) 64.8 (4.9) <0.001 58.8 (8.1) 64.0 (5.5) <0.001 

Global Longitudinal Strain % (SD) -16.1 (1.6) -20.1 (1.5) <0.001 -16.7 (2.4) -18.7 (2.5) <0.001 

Global Circumferential Strain % (SD) -28.7 (6.0) -30.4 (5.0) <0.001 -20.0 (1.7) -30.6 (4.9) <0.001 

E/e’ (Average septal and lateral) (SD) 

Left atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

Atrial Reservoir Strain % (SD) 

Atrial Conduit Strain % (SD) 

Atrial Pump Strain % (SD) 

9.0 (2.8) 

32.6 (9.9) 

95.9 (24.9) 

38.2 (7.3) 

18.7 (5.7) 

19.5(5.5) 

8.8 (2.5) 

31.2 (9.0) 

89.0 (21.1) 

39.9 (6.4) 

20.5 (5.1) 

19.3 (4.7) 

0.40 

0.10 

0.001 

0.004 

<0.001 

0.72 

8.7 (2.7) 

30.1 (7.6) 

96.5 (23.4) 

39.0 (7.3) 

19.0 (6.5) 

20.0 (5.3) 

8.9 (2.6) 

31.9 (9.5) 

91.3 (22.8) 

39.3 (6.8) 

19.9 (5.3) 

19.4 (5.0) 

0.53 

0.23 

0.15 

0.83 

0.30 

0.38 
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Table 6-3 - Associations of atrial reservoir strain and LV mechanics and diastolic function. 

Multivariable adjusted R2 = 0.10; p<0.001 

 

 

Table 6-4 - Association between atrial conduit strain and LV mechanics and diastolic dysfunction. 

Multivariable adjusted R2 = 0.12; p<0.001 

 

 

 

 

  Univariable  Multivariable 

Variables Unstandardized                             

co-efficient                                

(95% C.I) 

Standardized 

β 

p Unstandardized                             

co-efficient                                

(95% C.I) 

Standardized

β 

p 

Age (years) 

GLS (%) 

-0.38 (-0.49, -0.26) 

-0.44 (-0.66, -0.22) 

-0.26 

-0.16 

<0.001 

<0.001 

-0.31 (-0.43, -0.19) 

-0.36 (-0.57, -0.14) 

-0.21 

-0.13 

<0.001 

0.001 

GCS (%) -0.08 (-0.18, 0.02) -0.07 0.12    

E/e’ ratio  

E wave (m/s) 

A wave (m/s) 

Decel.time (msec)  

LV mass (g/m2)  

-0.43 (-0.64, -0.21) 

1.51 (-2.0, 5.0) 

-0.12 (-3.1, 2.8) 

0.0 (-0.01, 0.01) 

-0.04 (-0.07, -0.02) 

-0.16 

0.04 

-0.003 

0.0 

-0.14 

<0.001 

0.40 

0.94 

0.99 

0.001 

-0.31 (-0.52, -0.10) 

 

 

 

-0.03 (-0.05, -0.003) 

-0.12 

 

 

 

-0.09 

0.004 

 

 

 

0.03 

  Univariable  Multivariable 

Variables Unstandardized                             

co-efficient                                

(95% C.I) 

Standardized 

β 

p Unstandardized                             

co-efficient                                

(95% C.I) 

Standardized

β 

p 

Age (years) 

GLS (%) 

-0.27 (-0.36, -0.17) 

-0.44 (-0.62, -0.27) 

-0.23 

-0.21 

<0.001 

<0.001 

-0.21 (-0.30, -0.11) 

-0.31 (-0.48, -0.13) 

-0.18 

-0.14 

<0.001 

0.001 

GCS (%) -0.08 (-0.16, 0.002) -0.08 0.06 -0.02 (-0.10, 0.06) -0.02 0.57 

E/e’ ratio  

E wave (m/s) 

A wave (m/s) 

Decel.time (msec)  

LV mass (g/m2)  

-0.28 (-0.45, -0.11) 

4.9 (2.1, 7.7) 

-3.3 (-5.6, -0.92) 

-0.01 (-0.02, 0.002) 

-0.02 (-0.04, 0.0) 

-0.13 

0.14 

-0.11 

-0.06 

-0.08 

0.001 

0.001 

0.007 

0.15 

0.05 

-0.31 (-0.52, -0.10) 

7.1 (4.0, 10.2) 

-5.5 (-8.1, -3.0) 

 

-0.01 (-0.03, 0.01) 

 

0.21 

-0.19 

 

-0.04 

 

<0.001 

<0.001 

 

0.36 
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Table 6-5 - Association between atrial pump strain and LV mechanics and diastolic dysfunction. 

Multivariable adjusted R2 = 0.07; p<0.001 

 

 

 

Figure 6.2 - Variability of LA pump strain in two patients with similar GLS and LARS. 

In both LA strain curves we see significantly different LA pump strain (much higher in the left panel and lower 

in the right panel), despite similar GLS and LARS. This highlights that changes to pump function may occur 

independently of LV function.  

 

6.5.5 Reproducibility. 
 

Reproducibility was assessed by blinded strain measurements in a random sample of 20 patients. All 

measurements were done by the same two investigators (SR and TN) and the mean of the absolute value 

  Univariable  Multivariable 

Variables Unstandardized                             

co-efficient                                

(95% C.I) 

Standardized 

β 

p Unstandardized                             

co-efficient                                

(95% C.I) 

Standardized

β 

p 

Age (years) 

GLS (%) 

-0.11 (-0.20, -0.02) 

0.01 (-0.15, -0.17) 

-0.10 

0.005 

0.01 

0.91 

-0.14 (-0.23, -0.05) 

 

-0.13 

 

0.002 

 

GCS (%) 0.0 (-0.08, 0.08) 0.0 0.99    

E/e’ ratio  

E wave (m/s) 

A wave (m/s) 

Decel.time (msec)  

LV mass (g/m2)  

-0.14 (-0.30, 0.02) 

-3.3 (-5.9, -0.69) 

3.1 (0.94, 5.3) 

0.01 (-0.002, 0.02) 

-0.02 (-0.04, -0.003) 

-0.07 

-0.10 

0.12 

0.06 

-0.10 

0.08 

0.01 

0.005 

0.15 

0.02 

 

-7.2 (-10.1, -4.3) 

6.3 (3.8, 8.7) 

 

-0.02 (-0.03, 0.001) 

 

-0.23 

0.24 

 

-0.07 

 

<0.001 

<0.001 

 

0.07 
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of differences between measurements was calculated. For GLS and GCS the mean±SD difference 

between was 0.7±0.7% and 4.0±3.9% respectively. For LA strain the mean difference was 8.0±7.0% 

for reservoir strain, 5.4±4.1% for conduit strain and 5.6±4.6% for pump strain. Intra-observer variability 

was assessed by one investigator (SR) who repeated LA strain measurements in the same 20 patients at 

a different timepoint. The mean difference for LA strain was 3.8±2.9% for reservoir strain, 2.7±1.4% 

for conduit strain and 2.7±1.4% for pump strain. 

 

6.6 Discussion 
 

The results of our study suggest that GLS was independently associated with LA reservoir and conduit 

strain but was not independently associated with LA pump strain. GCS was not found to be associated 

with LA strain. LA strain was associated with diastolic function yet not independently associated with 

incident HF.  

6.6.1 LA physiology. 
 

The LA is thin-walled, with a high degree of compliance which allows it to stretch during the reservoir 

phase (40). Therefore, in ventricular systole, the LA acts as a reservoir for blood flow from the 

pulmonary circulation. The elasticity of the LA allows it to return to normal size during the conduit and 

pump phases (193). The independent association of LV-GLS with reservoir function is a reflection of 

how LV pathology is associated with higher LV filling pressures, increased LA pressure and tension 

and impaired LA compliance (201). The maladaptive compensatory changes of the thin walled LA in 

response to high pressures (202-204) leads to progressive pathological changes, including fibrosis as a 

response to inflammatory mediators (92, 205, 206), resulting in reduced reservoir function.  

One of the main functions of the LA is acting as a passive conduit during early diastole, which 

contributes up to 35% of ventricular filling (207). An essential aspect to normal conduit function is a 

pressure gradient across the mitral valve which occurs during LV relaxation (40). The association of 

impaired GLS with reduced conduit strain in our study is a reflection of the contribution of a stiff LV 

to a lower LA-LV gradient (201).  
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LA contraction at the end of diastole is influenced by age, LV relaxation, atrial preload and LV end 

diastolic pressure (afterload). The LA pump contributes approximately 30% of ventricular filling and 

can be higher in older patients (40, 95). The LA pump has an important role in ventricular filling where 

conduit function is reduced. In the early stages of diastolic dysfunction, the LA is able to compensate 

for reduced conduit function by an increased “atrial kick” at end diastole (40). Although patients can 

remain asymptomatic during this phase, they have less functional reserve. Reduced LA strain has been 

shown to be associated with reduced exercise capacity (178, 208, 209). Patients who lose the “atrial 

kick” such as those who develop AF or patients who develop tachycardia (associated with reduced 

diastolic filling time) can manifest symptoms of HF and decompensate acutely (40, 192).  

6.6.2 Measurement of LA strain. 
 

Several concerns are relevant to LA strain measurement. There are limited guidelines or consensus on 

image acquisition, ECG gating and what parameters to measure (95, 192). LA strain measurement may 

be operator-dependent and time-consuming, as the thin endocardial border is difficult to track (95). The 

calculation of LA strain has to be done using a LV strain algorithm as software vendors have yet to 

develop a dedicated algorithm (192). In contrast, GLS is more robust, has been validated in different 

populations to assess for subclinical LV dysfunction and can be used to assess prognosis in patients 

admitted with myocardial infarction and HF (179, 180).  

6.6.3 What factors influence LA pump function? 
 

In our study we have attempted to highlight the importance of the atrial pump, as most studies have 

focused on LARS. We have shown that in comparison to reservoir or conduit function, the atrial pump 

is less associated with LV function. This suggests that there may be other mechanisms which can 

influence atrial pump function. 

LA function is mainly influenced by LV systole and relaxation – as reservoir and conduit function are 

reflections of changes to the LV, the independent value of LA contractile strain might be expected but 

has not been proven (88, 192, 196). The LA pump involves the interplay of multiple factors (83, 193). 

In our study, we have emphasized that LA pump function is independent of LV function.  
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The first component influencing pump function is atrial preload. Pulmonary venous flow is a 

determinant of LA volume, and therefore atrial ejection. Second, there is a co-dependence between the 

three components of LA strain. LA reservoir function is influenced by LV compliance and descent of 

the LV base during diastole, but also by LA systole. In elderly patients, changes to LV compliance and 

impaired relaxation reduces conduit strain, and the LA may compensate by ejecting a larger volume 

during end diastole, until the eventual loss of LA reserve may lead to symptoms of HF. This 

interdependence between the three components of LA function demonstrates an indirect influence of 

LV function on pump function. Third, the LA pump is influenced by the LV end-diastolic pressure 

(afterload) as the LA must pump blood across a higher-pressure gradient.  

In our study, we have attempted to highlight the importance of the LA pump. Despite the indirect 

involvement of the LV on LA function, outlined by the mechanisms above, our results demonstrate that 

LA pump function is not directly dependent on LV function. To further understand the physiology of 

the LA pump and the various influencing factors, further research combining LA strain with invasive 

hemodynamic data will allow us to better understand this relationship. 

6.6.4 LA strain and association with diastolic function. 
 

Current echocardiographic assessment of diastolic function is primarily based on assessment of mitral 

inflow velocities, early diastolic mitral annular velocity and assessment of LA volume (210). The novel 

role of LA strain in assessment of diastolic function is mentioned in the latest ASE guidelines, however 

there is acknowledgement of current limitations (210).  In our study, we have demonstrated a close 

relationship between diastolic function and LA strain. The LA acts as a reservoir during ventricular 

systole and we noted that reservoir function was associated with E/e’. This suggests that the ability of 

the LA to stretch and act as a reservoir is directly influenced by the pressure within the LA as well as 

the LV-LA gradient. Conduit function was associated with both the E and A wave suggesting a close 

relationship with LV relaxation and filling pressures rather than LA size. LA pump function was not 

associated with LV mass or LV strain and was closely associated with the E and A wave. This suggests 

that pump function is not influenced primarily by LV function and is influenced by other external factors 

that directly influence LA function.  
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6.6.5 Usefulness of LA strain compared to other echocardiographic markers of diastolic 

function. 
 

The use of transmitral Doppler and annular tissue Doppler imaging in the echocardiographic evaluation 

of diastolic function are constrained by a number of situations where the measurements confounded by 

other disease processes – for example, mitral annular calcification or mitral regurgitation. LA strain has 

a few advantages over tissue Doppler imaging - it is angle independent (194), and it provides 

quantitative assessment of the various active and passive components of LA function – potentially 

including regional function (192, 194). As discussed previously, the main disadvantages are the lack of 

consensus guidelines on image acquisition, ECG gating and variable software vendor algorithms (193, 

194). We have noted in our study the close correlation between some LA strain parameters and other 

markers of diastolic function. Interestingly, however, there was no significant difference in E/e’ or LA 

volume between both normal and abnormal LV strain groups, despite differences in LA reservoir and 

conduit strain. It is possible that LA strain analysis has greater sensitivity in detecting early pathological 

changes in LA function. This may be analogous to the greater sensitivity of LV strain compared to 

standard systolic markers of LV dysfunction (179).  

There are also certain clinical situations in which assessment of LA strain may offer incremental 

information. Fibrosis is the hallmark of LA remodeling. LA strain has also been correlated with LA 

stiffness and fibrosis (92, 149), thus allowing for non-invasive assessment. In HF patients, LARS is 

associated with exercise capacity (178) and has higher sensitivity than E/e’ in predicting LV filling 

pressures (211). LA strain may be useful in predicting AF recurrence following cardioversion (93). 

Compared to traditional markers of diastolic function, LARS provides additional prognostic 

information in AF, myocardial infarction and mitral valve disease (40, 96, 100, 212-214).  

6.6.6 Clinical implications. 
 

LARS is an important prognostic marker in predicting both mortality and HF endpoints in both HFpEF 

(213) and HFrEF (214), and LA strain is also associated with reduced exercise capacity in HFrEF (178). 

However, in this study, LA function was not associated with new onset HF. It is possible that patients 

with LA dysfunction without significant LV dysfunction can compensate and hence do not manifest 

symptoms. 



U s i n g  I m a g i n g  t o  p r e d i c t  A F  r i s k                       P a g e  | 162 

 

As discussed above, LARS is an alternative marker of LV diastolic function that may be of value in 

patients with symptoms of HF who have indeterminate diastolic function from tissue Doppler imaging. 

In patients with HF, LARS can be used for prognostication and prediction of exercise capacity (178, 

213).  

The results from our study suggests that LA contractile function is independent of LV function. In 

patients with new onset AF with a normal LA volume, measurement of contractile strain may help 

delineate underlying abnormal LA function. LA strain may also be useful to predict recurrence of AF 

after cardioversion or catheter ablation (93, 215).   

There are several sources of variability of LA strain that should be resolved. The utility and feasibility 

of LA strain in routine clinical practice are still undefined. Standardized guidelines on ECG gating and 

image acquisition techniques may help provide more uniform measurements and reduce variability. 

Nomenclature for LA strain should be standardized so that results across studies can be compared. 

Development of a dedicated LA strain algorithm by external software vendors may help improve 

accuracy, reduce measurement time and reduce error. We also need consensus definition of normal LA 

strain values across age groups to make it easier to identify patients with abnormal measurements. 

The results of our study also highlight several areas which may be of interest for future research. Linking 

LA strain to LA remodeling and fibrosis may offer further insight into the “atriopathy” that develops in 

conditions such as hypertension and obesity. LA strain appears to be of value in prediction of AF, but 

a prospective study could better establish this parameter in decision-making. A comparison of LA strain 

with LA voltage mapping could help identify whether strain may offer a non-invasive method of 

identifying LA negative/positive remodeling. There is a potential role for LA strain in predicting stroke 

risk in patients with AF, incremental to clinical risk scores.      

6.6.7 Limitations. 
 

The limitations of our study include potential for population selection bias as patients were recruited 

with newspaper and radio advertising. Ventricular and atrial strain were both measured using speckle 

tracking but using software from different manufacturers (albeit very similar). The primary reason for 

this was to allow rapid assessment for subclinical LV dysfunction using the on-cart software for clinical 
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assessment. Although the use of different strain analysis techniques from different vendors has been 

previously shown to create inconsistencies and errors, this problem has been substantially ameliorated 

by recent efforts to improve concordance (42). This we do not think that this difference in software has 

influences our assessment of the associations between LV and LA function.  

LA strain imaging, like other imaging techniques, is operator dependent. In our study there was 

approximately 8% difference in LARS and approximately 5-6% difference in conduit and pump 

measurements during our validation study.  

 

6.7 Conclusion. 
 

LA strain is not a single entity. The ASE/EAE Recommendations for the evaluation of LV diastolic 

function (30) describe an association between LV systolic and diastolic strain, LA strain and LV 

diastolic function. However, LA strain is not merely duplicative of LV diastolic function – the results 

of this study emphasize that LA pump strain is independent of LV function. Changes to atrial pump 

function is not primarily dependent on changes to the LV and may be due to the development of an 

underlying “atriopathy.”  
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6.8 Postscript 
 

The results of this study demonstrate that LA contractile function is independent of LV function. LA 

reservoir and conduit function are closely correlated to LV function. Measurement of LA strain allows 

for quantitative assessment of all three components of LA function. This study has helped dispel the 

theory that LA strain is purely just a “mirror image” of LV function therefore has no incremental value. 

Given one of the three components of LA function was shown to be independent, it provides a rationale 

to further investigate the association of LA strain with AF. These imaging parameters may also be useful 

as a non-invasive marker of stroke risk as they provide information about the underlying “atriopathy” 

which has developed. 

In the next chapter we investigate the potential confounding effect of hypertension on LA function. BP 

is typically measured at the brachial artery to estimate the SBP and DBP. However, there is evidence 

to suggest that CBP (measured at the aorta) is more closely associated with clinical outcomes. It can be 

assessed using different algorithms from the brachial artery (either SBP/DBP or MAP/DBP). In the next 

chapter we investigate the calibration between the different CBP measurements to determine which is 

more accurate and we investigate the relationship between the BP and LA strain.  
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Chapter 7 

Determinants of LA Dysfunction – 

Identifying patients at early disease stages. 
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7 Determinants of LA dysfunction – Identifying patients at early 

disease stages. 

 

7.1 Preface 
 

Afterload is an important determinant of LV and LA function. Hypertension is a known independent 

risk factor for AF and cardiovascular disease. It can contribute to LA negative remodeling which creates 

a substrate for arrhythmogenesis. There are different noninvasive methods of measuring BP. Typically 

brachial SBP and DBP is commonly utilized in clinical practice. However, CBP (aortic pressure) may 

be more closely associated with cardiovascular outcomes. There are different non-invasive methods of 

estimating CBP.  

Hypertension has a direct relationship with LA function. LA strain which is used as a non-invasive 

marker of LA function is influenced by BP. Identifying patients with abnormal LA/LV strain may be 

important clinically to determine patients at risk of developing AF or HF. BP may be an important 

marker in identifying patients with an underlying “atriopathy”. CBP may be a more sensitive marker 

compared with brachial BP, which may assist in identifying patients at earlier disease stages at risk of 

developing AF.  

In this chapter we investigate the association between BP and LA/LV function. We compare different 

calibration methods for CBP to determine the most sensitive BP marker associated with abnormal LA 

and LV strain. The preliminary results of this chapter were presented at the European Society of 

Cardiology Congress in 2017. 
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7.2 Abstract 
 

Background: Afterload is an important determinant of left ventricular (LV) and atrial (LA) function, 

including myocardial strain. Central blood pressure (CBP) is the major component of cardiac afterload 

and independently associated with cardiovascular risk. However, the optimal means of calibrating CBP 

is unclear - standard CBP assessment uses systolic (SBP) and diastolic blood pressure (DBP) from 

brachial waveforms, but calibration with mean pressure (MAP) and DBP purports to be more accurate. 

Therefore, we sought which CBP is best associated with LA and LV strain. 

Methods: CBP was measured using both standard and MAP based calibration methods in 546 

participants (age 70.7±4.7 years, 45% male) with risk factors for HF. Echocardiography was performed 

in all patients and strain analysis conducted to assess LA/LV function. The associations between CBP 

with LA and LV strain were assessed using linear regression.  

Results: MAP-derived CSBP (150±20mmHg) was higher than standard CSBP (128±15mmHg) and 

brachial SBP (140±17mmHg, p<0.001), whereas DBPs were similar (84±10, 83±10, and 82±10 

mmHg). MAP-derived CSBP was not independently associated with LV strain (p>0.05), however was 

independently associated with LA reservoir strain (p<0.05). Brachial and central DBP were more 

strongly associated with LA reservoir/conduit and LV strain than brachial and central SBP. LA pump 

strain was not independently associated with any SBP or DBP parameter (p>0.05). MAP-derived CBP 

was more accurate in identifying patients with abnormal LA and LV strain than brachial SBP and 

standard CBP calibration.  

Conclusion: CBP calibrated using MAP and DBP may be more accurate in identifying patients with 

abnormal LA and LV function than standard brachial calibration methods.  
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7.3 Introduction 
 

Hypertension is a leading cause of morbidity and mortality (216, 217). Recent changes in clinical 

practice guidelines have advocated for an aggressive approach in the diagnosis and treatment of 

hypertension (216). However, there remains contention regarding the use of the most appropriate blood 

pressure (BP) marker (218), which is easily measurable, reproducible and correlates with clinical 

outcomes. Among some studies, central blood pressure (CBP) is more closely associated with 

cardiovascular outcomes compared with peripheral brachial BP (219-222). There are multiple non-

invasive methods of calculating central (aortic) pressure (223). Most commonly, a waveform calibration 

method is to use brachial systolic blood pressure (SBP) and diastolic blood pressure (DBP). This method 

may be associated with inaccuracy leading to underestimation of the systolic CBP and overestimation 

of diastolic CBP (224). The use of mean arterial pressure (MAP) along with DBP may be a more 

accurate calibration method of CBP (223). We previously reported better associations between MAP-

derived CBP and cardiac anatomy as a marker of end-organ damage (225) but little is known about 

relationships against cardiac functions. Identifying the BP parameter most closely associated with 

altered cardiac function is important as it may indicate those with early signs of end-organ damage 

related to hypertension. 

 

Strain analysis using speckle tracking allows for quantitative assessment of LA and LV function. 

Hypertension has a direct impact on both LV and LA function – the latter through LV stiffness 

contributing to increased LA pressure leading to LA dilatation and fibrosis (226). CBP (assessment of 

aortic pressure) may be a more accurate marker for the assessment of LA and LV dysfunction, compared 

with brachial BP however, this has not been validated. In this study, we aimed to elucidate the 

associations between the BPs and myocardial deformation parameters with the aim of validating the 

use of MAP-derived central SBP in identifying patients with LA and LV dysfunction. 
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7.4 Methods. 
 

7.4.1 Study population. 
 

This is a cross-sectional study using baseline data from a large community-based study of stage A HF, 

with the primary objective of early detection of left ventricular dysfunction using strain imaging (Tas-

ELF study, ACTRN12614000080628). Asymptomatic participants ≥65 years were recruited if they 

had 1 or more risk factors, including hypertension (systolic BP ≥ 140mmHg, DBP ≥ 90mmHg  or pre-

existing use of anti-hypertensive medications), T2DM, based on self-report of diagnosis or the current 

use of diabetic medications), or obesity (defined as a body mass index ≥ 30 kg/m2). Exclusion criteria 

included: (1) inability to provide written consent to participate in the study, (2) history of moderate or 

greater valvular disease, (3) known history of HF, (4) reduced LV systolic function on baseline 

echocardiogram (LVEF <40%), (5) contraindications to beta blockers or angiotensin converting 

enzyme inhibitors (ACE-I), (6) expected life expectancy of less than one year or (7) inability to perform 

strain analysis or acquire interpretable images from baseline echocardiogram. All patients with a known 

history of AF or documented AF on baseline ECG were excluded from the study. All patients were 

provided written informed consent and approval was obtained from the institution’s Human Research 

Ethics Committee (University of Tasmania HREC project number H0013333)  

7.4.2 Baseline data collection. 
 

All participants undertook a clinical history and answered questionnaires to assess overall health status 

at the start of the study. Information regarding demographics, past medical history, medication history 

as well as baseline examination data (height, weight, BMI) was recorded for all participants. Baseline 

ECG and echocardiography was conducted in all participants.  

7.4.3 BP measurement. 
 

Peripheral BP (3x measurements) was measured in the supine position following a minimum of 10 

minutes in a quiet room without auditory stimuli. A validated oscillometric device (Mobil-O-Graph, 

IEM, Stolberg, Germany) was used for all measurements. CBP was measured using two calibration 

methods. Standard CBP was measured from calibration of the brachial BP waveforms using 

oscillometric SBP and DBP. Using an automated batch method, each brachial BP waveform was then 
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recalibrated to derive MAP based CBP using oscillometric MAP and DBP measurements. Cut-offs for 

hypertension using CBP was determined as BP ≥ 130/80 mmHg whilst brachial BP cut-off was set at ≥ 

140/90 mmHg.  

7.4.4 Echocardiography. 
 

All echocardiograms were performed by qualified sonographers who were blinded to clinical 

information using the same equipment (Siemens ACUSON SC2000, Siemens Healthcare, Mountain 

View, CA) and transducers (4V1c, 1.25-4.5 MHz; 4Z1c, 1.5-3.5 MHz). Two-dimensional, M-mode, 

and Doppler measures were obtained using standard techniques outlined by the American Society of 

Echocardiography. LV dimensions were calculated in both diastole and systole in parasternal long axis 

views. LV hypertrophy (LVH) was defined as LVM index >115 g/m2 in men and >95 g/m2 in women. 

LV and LA volumes were indexed to body surface area (LAVi) and calculated by the Simpson biplane 

method. Abnormal LAVi was defined as ≥34 ml/m2. 

Global longitudinal strain (GLS) was calculated in apical views using speckle tracking imaging. Manual 

tracing of the endocardial border of the LV was performed in end-systole and this was tracked during 

the cardiac cycle. Abnormal GLS was defined as >-16%(227). LA reservoir, conduit and pump strain 

were assessed using speckle tracking imaging by an external third-party software program 

(ImageArena, Tomtec, Munich, Germany). Apical four and two chamber images were selected with a 

frame rate of 60-80 frames/sec. The endocardial border of the LA was manually traced, and strain 

analysis was performed using the LV strain algorithm, utilizing the average of both the four- and two-

chamber values. The reference point for image analysis was taken at the onset of the QRS complex (R-

R gating). Abnormal LA strain was defined as LARS <38%, LA conduit < 21% and LA pump strain < 

16%. Patients with poor image quality, where strain analysis could not be performed, were excluded. 

All strain measurements were performed by two investigators. Reproducibility was assessed using a 

random sample of 20 patients and mean percentage difference was calculated.  

7.4.5 Statistical analysis. 
 

All categorical variables are presented as frequencies/percentages and continuous variables presented 

as means/standard deviation (if normally distributed) or medians/IQR (if non-parametric). Clinical and 
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echocardiographic characteristics were compared in participants with normal/abnormal GLS. Baseline 

characteristics were compared using the chi-square test for categorical data, and Student t-test for 

continuous data or the Mann-Whitney U test as appropriate. The correlation between standard and 

MAP-derived CBP was assessed using scatterplots and Pearson’s r. Scatterplots were also used to 

compare both standard and MAP-derived CBP based on the presence of reduced GLS/LA strain. 

Multivariable linear regression analysis was used to assess the independent association between BP 

parameters and strains by adjusting for BMI, T2DM, family history of HF, use of angiotensin-

converting enzyme inhibitors/angiotensin receptor blockers, beta blockers, calcium channel blockers 

and diuretics. Correlation co-efficients between standard and MAP-derived CBP were compared using 

Steiger’s Z test. Analyses were considered statistically significant if 2-tailed p-values were <0.05. 

Statistical analysis was performed using SPSS v.22 (SPSS, Chicago, IL), R version 3.5.0 

[https://www.r-project.org]) and Stata v.13 (StataCorp, College Station, Texas). 

 

7.5 Results 
 

7.5.1 Baseline characteristics. 
 

A summary of baseline patient characteristics is shown in Table 7-1. A total of 546 patients were 

included in the study (age 70.7±4.7 years, male 45%). The majority of patients had T2DM (52%), 

obesity (43%), hypercholesterolemia (54%) and hypertension (79%). The mean GLS, LA reservoir, 

conduit and pump strain of the overall cohort was -18.6±2.5%, 39.3±6.8%, 19.9±5.4%, and 19.4±5.0%, 

respectively.  

87 participants (16%) of the cohort had abnormal GLS (GLS -14.6%±1.3% vs. -19.3%±1.9% in those 

with normal GLS, p<0.001). Those with abnormal GLS had higher BMI, were more likely to have a 

diagnosis of diabetes mellitus and had reduced exercise capacity based on the six-minute walk test 

(p<0.05). SBP was not significantly different in those with normal and abnormal GLS (p>0.05), 

however, those with abnormal GLS had higher DBP compared with those with normal GLS (85.2±10.3 

vs. 81.1±10.2 mmHg for brachial DBP, 86.7±10.4 vs. 82.1±9.9 mmHg for standard central DBP and 

87.7±10.9 vs. 83.0±10.0 mmHg for MAP-derived central DBP, p<0.001). LA strain was lower in those 
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with abnormal GLS (36.7%±7.9% vs. 39.7%±6.5%, p=0.001 for LARS; and 18.1%±5.9% vs. 

20.2%±5.2%, p=0.002 for LA conduit strain). LA pump strain was similar among the groups (p>0.05).  

Table 7-1 - Baseline characteristics of the overall cohort and participants grouped by the presence 

of LVH. 

Baseline Patient Characteristics Entire cohort Subjects 

with normal 

GLS                

(≤-16%) 

Subjects with 

abnormal 

GLS (>-16%) 

P           

value 

Demographics n=546 n=459 n=87  

Age - years (SD) 70.7 (4.7) 70.6 (4.7) 71.3 (4.6) 0.20 

Male n(%) 247 (45) 194 (42) 53 (61) 0.001 

BMI (kg/m2) (SD) 

Current Smoking n(%) 

Diabetes Mellitus n(%) 

Obesity n(%) 

Hypercholesterolemia n(%) 

Hypertension n(%) 

Previous history of IHD n(%) 

Median Six Minute Walk Test m(IQR) 

29.4 (5.2) 

12 (2) 

284 (52) 

234 (43) 

281/533 (54) 

429 (79) 

38 (7) 

485 (115.5) 

29.2 (5.1) 

11 (2) 

224 (49) 

192 (42) 

234/442 (53) 

360 (78) 

29 (6) 

490 (111.8) 

30.5 (6.1) 

1 (1) 

60 (69) 

42 (48) 

47/80 (59) 

69 (79) 

9 (10) 

469 (129.0) 

0.03 

0.47 

0.001 

0.27 

0.34 

0.86 

0.18 

0.02 

Medications     

Beta blockers n(%) 

ACE-I/ARB n(%) 

34 (6) 

363 (67) 

24 (5) 

309 (67) 

10 (12) 

54 (62) 

0.03 

0.34 

Calcium Channel Blocker n(%) 

Lipid lowering agents n(%) 

Anti-platelet agents n(%) 

117/503 (23) 

278/505 (55) 

189/502 (38) 

91/425 (21) 

231/427 (54) 

159/426 (37) 

26/78 (33) 

47/78 (60) 

30/76 (40) 

0.02 

0.32 

0.72 

Blood Pressure     

Brachial SBP mmHg (SD) 

Brachial DBP mmHg (SD) 

Standard Systolic CBP mmHg (SD) 

Standard Diastolic CBP mmHg (SD) 

MAP-derived Systolic CBP mmHg (SD) 

MAP-derived Diastolic CBP mmHg (SD) 

140.0 (16.6) 

81.7 (10.3) 

128.2 (15.2) 

82.8 (10.2) 

150.3 (20.2) 

83.7 (10.3) 

139.7 (15.7) 

81.1 (10.2) 

127.9 (14.6) 

82.1 (9.9) 

150.0 (18.7) 

83.0 (10.0) 

141.8 (20.6) 

85.2 (10.3) 

130.0 (18.0) 

86.7 (10.4) 

151.7 (26.5) 

87.7 (10.9) 

0.38 

0.001 

0.30 

<0.001 

0.59 

<0.001 

Echocardiographic Parameters Mean (SD)    
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ACE-I – Angiotensin converting enzyme inhibitor ARB – Angiotensin receptor blocker 

 

7.5.2 Correlation between different CBP calibration methods. 
 

Figure 7.1 illustrates a scatterplot showing the correlation among the three BP methods. MAP-derived 

central SBP was higher than standard systolic CBP and brachial SBP (150±20 mmHg vs. 128±15 

mmHg vs. 140±17mmHg, both p<0.001). Whereas MAP-derived central DBP was similar to standard 

central DBP and brachial DBP (84±10 mmHg vs. 83±10 mmHg vs. 82±10 mmHg, p>0.05). There was 

a modest correlation between MAP-derived central SBP and standard central SBP (Pearson’s r = 0.74, 

p<0.001). There was a stronger correlation between standard central SBP with brachial SBP (Pearson’s 

r = 0.87, p<0.001), compared with between MAP-derived central SBP and brachial SBP (Pearson’s r = 

0.82, p<0.001). There was strong correlation between brachial DBP, MAP-derived central DBP and 

standard central DBP (Pearson’s r between 0.93-0.98, all p<0.001).  

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

E/e’ (Average of lateral and septal) (SD) 

Left atrial volume - indexed ml/m2 (SD) 

LV mass index g/m2 (SD) 

LARS % (SD)  

LA Conduit Strain % (SD)  

LA Pump Strain % (SD)  

63.7 (5.9) 

-18.6 (2.5) 

8.9 (2.6) 

31.6 (9.2) 

91.5 (22.7) 

39.3 (6.8) 

19.9 (5.4) 

19.4 (5.0) 

64.4 (5.2) 

-19.3 (1.9) 

8.9 (2.6) 

31.5 (9.1) 

90.0 (21.6) 

39.7 (6.5) 

20.2 (5.2) 

19.5 (4.9) 

60.0 (7.6) 

-14.6 (1.3) 

8.8 (2.8) 

32.4 (9.9) 

99.2 (26.8) 

36.7 (7.9) 

18.1 (5.9) 

18.6 (5.5) 

<0.001 

<0.001 

0.66 

0.38 

0.003 

0.001 

0.002 

0.14 
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Figure 7.1 - Scatterplot comparing correlation between brachial, standard and MAP-derived CBP measurements. 

Figures B, D and F demonstrate the strong linear relationship between DBP’s whilst only a moderate linear relationship between SBP’s (figures A, C and E). Standard 

central SBP had a stronger correlation with brachial SBP (figure E – r=0.87, p<0.001) compared with MAP-derived central SBP (figure C – r=0.82, p<0.001). 
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7.5.3 Association between BP and LA/LV strain. 

Table 7-2 summarizes the associations between BPs and strains. DBP (both brachial and central) were 

independently associated with GLS, LA reservoir and LA conduit strain (p<0.05) but not with LA pump 

strain (p>0.05). Brachial and standard central SBPs were independently associated with GLS (β=-0.09, 

p=0.04 for brachial SBP and β=-0.15, p=0.001 for standard central SBP). MAP-derived central SBP 

was independently associated with LARS (β=-0.12, p=0.01) but not with GLS or LA conduit strain 

(p>0.05). No BP parameter was independently associated with LA pump strain (p>0.05).    
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Table 7-2 - Association between brachial/CBP and LV/LA strain. 

 

 

 

 

 

 

 

 

Multivariable model adjusted for body mass index, T2DM, family history, angiotensin-converting enzyme/angiotensin receptor blocker, beta blocker, calcium 

channel blocker and diuretics. 

The above table shows than DBP is more closely associated with LA and LV function than SBP. Standard CBP and brachial SBP was more closely associated 

with LV function than MAP-derived CBP calibration. Steiger’s Z test (comparing correlation co-efficient of MAP central SBP and Standard central SBP): 

(LA Reservoir - Z score = 0.96, p=0.36, GLS – Z score = -1.1, p=0.27) 

 

 

  

LV Strain LA Strain 

GLS Reservoir Conduit Pump 

Variables   β P value β P value β P value β P value 

SBP 

Brachial -0.09 0.04 -0.09 0.04 -0.13 0.004 0.01 0.78 

Standard Central -0.15 0.001 -0.06 0.21 -0.12 0.006 0.06 0.23 

MAP-Derived Central -0.05 0.23 -0.12 0.01 -0.07 0.12 -0.08 0.09 

DBP 

Brachial  -0.20 <0.001 -0.14 0.002 -0.20 <0.001 0.02 0.70 

Standard Central  -0.22 <0.001 -0.12 0.01 -0.19 <0.001 0.04 0.36 

MAP-Derived Central -0.20 <0.001 -0.14 0.002 -0.19 <0.001 0.01 0.87 
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7.5.4 Discrimination of abnormal LA and LV function. 
 

Figures 7.2 and 7.3 demonstrate scatterplots among brachial BP, MAP-derived or standard central SBP 

with abnormal GLS and LARS being color-coded (cut-offs reported in methods section). These plots 

were divided into 4 subsections based on cutoffs for SBP (130 mmHg for central SBP and 140mmHg 

for brachial SBP). Based on these cut-off values for central BPs, MAP-derived central SBP identified 

an additional 28 (32%) patients with abnormal GLS (total n=87 for abnormal GLS) who were classified 

as normotensive based on standard central SBP criteria (Figure 7.2A). For LA strain, MAP-derived 

central SBP identified an additional 87 (41%) patients with abnormal LARS (total n=213) (Figure 

7.2C), 133 (41%) patients with abnormal LA conduit strain (total n=321) (Figure 7.3A); and 57 (44%) 

patients with abnormal LA pump strain (total n=130) who were classified as normotensive based on 

standard central SBP (Figure 7.3C).  

Compared with brachial SBP, MAP-derived central SBP identified an additional 27 (31%) patients with 

abnormal GLS (Figure 7.2B), 68 (32%) patients with abnormal LARS (Figure 7.2D), 108 (34%) 

patients with abnormal LA conduit strain (Figure 7.3B), and 49 (38%) patients with abnormal LA pump 

strain who were classified as normotensive based on brachial SBP criteria (Figure 7.3D). On the 

contrary, brachial SBP identified an additional 2 patients with abnormal GLS and 1 patient with 

abnormal LA reservoir/conduit/pump strain who were classified as normotensive based on MAP-

derived central SBP. Collectively, net increments of patients with abnormal GLS, LA reservoir, conduit, 

and pump strain were 25 (29%), 67 (31%), 107(33%), and 48(37%), respectively.  

 

7.5.5 Reproducibility. 
 

Reproducibility was assessed by blinded strain measurements in a random sample of 20 patients. All 

measurements were done by the same two investigators (SR and TN) and the mean of the absolute value 

of differences between measurements was calculated. For GLS the mean±SD difference was 0.7±0.7%. 

For LA strain the mean difference was 8.0±7.0% for reservoir strain, 5.4±4.1% for conduit strain and 

5.6±4.6% for pump strain. Intra-observer variability was assessed by one investigator (SR) who 

repeated LA strain measurements in the same 20 patients at a different timepoint. The mean difference 
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for LA strain was 3.8±2.9% for reservoir strain, 2.7±1.4% for conduit strain and 2.7±1.4% for pump 

strain. 

 

 

Figure 7.2 - Scatterplots comparing MAP-derived central SBP with standard central SBP and 

brachial SBP based on presence of reduced GLS and LARS (cut-off LA reservoir 38%, GLS -16%). 

Overall MAP-derived central SBP was more sensitive than brachial and standard central SBP in identifying 

patients with reduced GLS and LARS. 
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Figure 7.3 - Scatterplots comparing MAP-derived central SBP with standard central SBP and 

brachial SBP based on presence of reduced LA conduit and pump strain (cut-off LA conduit 21%, 

LA pump 16%). 

Overall MAP-derived central SBP was more sensitive than brachial and standard central SBP in identifying 

patients with reduced LA conduit and pump strain. 
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7.6 Discussion 
 

This study demonstrated that MAP-derived central SBP identified more patients with abnormal LA and 

LV strain (i.e. those with subclinical LV/LA dysfunction) compared with standard central SBP. Strong 

correlations among DBP (both brachial and central) measurements were observed whilst only moderate 

correlations in SBP measurements were observed. MAP-derived central SBP was higher than standard 

central SBP. CBP calibrated using MAP and DBP was more closely associated with LA reservoir strain 

compared with standard CBP, which is based on SBP and DBP. Compared with SBP, DBP was more 

strongly associated with LA reservoir/conduit strain and GLS.  

 

7.6.1 Clinical Relevance of CBP. 
 

Clinical assessment of BP is an essential component of patient assessment. Use of peripheral (brachial) 

BP is convenient, easily reproducible and non-invasive. Clinical practice guidelines and cardiovascular 

risk assessment currently depend on brachial BP recordings (216). However brachial BP only provides 

an estimate of central (aortic) pressure (223). Previously CBP was only able to be measured invasively, 

having a limited clinical role. Newer methods of measuring CBP non-invasively using waveform 

analysis have several advantages. There has been evidence to suggest that CBP maybe more closely 

representative of invasive aortic pressure than brachial BP (223, 224, 228), and may have a useful role 

in assessment of cardiovascular outcomes (219-222), having a prognostic role (222) and potentially 

associated with improved hypertension management (229).  

 

7.6.2 Association of BP with LA/LV strain. 
 

Strain analysis using speckle tracking provides quantitative information of LA and LV function. BP has 

a strong impact on LA and LV function. Elevated BP leads to LV hypertrophy, reduced compliance and 

increased stiffness. The increase in LA pressure contributes to LA dilatation and may lead to fibrosis 

(226, 230). There is interdependence on the three components of LA strain and LV function has a direct 

influence on LA reservoir and conduit function (231). LA pump function in much less dependent on 



D e t e r m i n a n t s  o f  L A  d y s f u n c t i o n                            P a g e  | 181 

 

LV function (231).This is important in the pathogenesis in conditions such as HF with preserved 

ejection fraction as well as AF.  

We noted in our study that overall DBP was more strongly associated with GLS and LA strain compared 

with SBP. This is an interesting finding as some studies have not demonstrated a strong association 

between DBP and cardiovascular outcomes compared with SBP (216, 232). SBP is also more 

commonly used in clinical practice to guide diagnosis. This finding may have important clinical 

implications and highlights the potential importance in monitoring DBP in patients with hypertension 

and the use of DBP in identifying those with subclinical LA/LV dysfunction. There was a strong 

correlation noted between all three methods of DBP, with little difference in measured values. Thus, 

there may not be additional utility in measurement of central DBP compared with brachial DBP. 

In our study we noted that mean MAP-derived central SBP was higher compared with brachial SBP 

and standard central SBP. There was also a weaker correlation between MAP-derived central SBP with 

brachial SBP compared with standard central SBP. MAP-derived central SBP identified more patients 

with abnormal LV and LA strain compared with standard central SBP/brachial SBP. These observations 

have important clinical implications. Firstly, it highlights the differences between peripheral and CBP 

measurements and the different calibration methods. Therefore, it cannot be assumed that all non-

invasive assessments of BP are the same. MAP-derived CBP may provide a more sensitive marker in 

the diagnosis of hypertension, however, more importantly may help identify those with end organ 

damage. Those with subclinical LV and LA dysfunction may be at risk of developing HF or AF. 

Therefore, MAP-derived CSBP can be utilized as a gate keeper to rule-out low risk patients and identify 

those who would have benefit from further advanced echocardiographic assessment.  This finding is 

also consistent with our previous findings showing that MAP-derived central SBP had increased 

discriminatory power compared with other SBP markers in detecting those with LVH and LA 

enlargement in patients with stage A HF (225).  

 

7.6.3 Use of CBP in hypertension management. 
 

CBP may be a more appropriate BP marker to use in the diagnosis of hypertension. MAP-derived central 

SBP was noted in our study to be higher than brachial SBP, which has been observed in other studies. 
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(225, 233). This suggests an underestimate of central SBP using brachial SBP calibration. Given recent 

guidelines have advocated for earlier recognition of patients with hypertension and more aggressive 

treatment of BP, the use of a more sensitive marker will aid diagnosis and monitoring With improved 

accuracy, it will reduce overdiagnosis, limiting treatment to those at truly high risk. Anti-hypertensive 

drugs may have different effects on CBP compared with peripheral BP hence the use of CBP may result 

in improved drug titration and may represent a more accurate reflection on treatment response (223, 

234-236).  

 

7.6.4 Comparison of MAP-derived and standard CBP calibration methods. 
 

There are multiple different calibration methods used to calculate CBP non-invasively (223). Previously 

there were no standardized guidelines and different algorithms and calibrations were utilized leading to 

discrepancy in the accuracy of CBP measurements. A recent taskforce has been established to help 

create more uniform standards (223). The use of different calibration standards has potentially a large 

impact on clinical outcomes. We noted a large discrepancy in SBP recordings using the two most 

common CBP calibration methods and brachial BP. DBPs were much more strongly correlated with 

each other. Future research is required in determining the most appropriate calibration method which 

should be used in measuring CBP. Currently brachial BP offers a simple, effective and reproducible 

assessment of BP in clinical practice. However, with further improvements in determining CBP 

accurately using non-invasive, cost effective methods, may translate into a more feasible assessment 

tool for clinical practice. 

 

7.6.5 Limitations. 
 

This was a cross sectional study, so causality is unable to be established. CBP was not assessed 

invasively and we used a single CBP device for all measurements. Although this device has been 

validated (233), it will be important to replicate these results across other device vendors to ensure no 

variability exists. LA and LV strain were both measured using speckle tracking. This was performed 

offline using an LV algorithm. There are currently differences in the algorithm used amongst software 

vendors as well as differences in nomenclature and ECG gating. Despite recent attempts at creating 
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normal reference values for LA strain (89)  and standard consensus guidelines(101), further studies are 

warranted to assess the generatability of our results. 

 

7.7 Conclusion. 
 

CBP calibrated using MAP and DBP may be more closely associated with LA and LV function than 

standard brachial calibration methods. MAP-derived CBPs can be used as a sensitive tool to detect 

functional target organ damages from hypertension. 

 

7.8 Postscript 
 

The results of this chapter suggest that CBP calibrated using MAP and DBP may more accurately 

identify patients with an underlying “atriopathy” where future AF risk may be high. This may have an 

important role in AF risk stratification as it may identify more individuals with hypertension, in which 

AF risk is higher, therefore AF screening may be of benefit. However, this analysis was limited in that 

it was cross sectional. Confirmation of these results in a prospective cohort study is required to translate 

this association to clinical outcomes such as AF and HF. 

 

Hypertension is strongly associated with AF and HF. It also leads to negative LA remodelling 

contributing to increase LA pressure and fibrosis. Accurate methods in measuring hypertension are 

important for two reasons. Firstly, they can help identify patients at earlier disease stages who may 

benefit from AF screening. Secondly a more sensitive BP marker can also help exclude some patients 

at low risk of developing AF from screening, thereby improving patient selection. In this chapter we 

have identified that CBP may have an important role in hypertension diagnosis and management. Given 

CBP can now be assessed non-invasively, it is more practical and feasible to be incorporated into 

clinical practice. The results of this chapter are important for AF screening as it outlines a more sensitive 

BP maker which can be used to assist in patient selection. 
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In the following chapters we investigate the role of imaging parameters in the prediction of AF. The 

aims will be to see which echocardiographic parameters can be combined with clinical and 

socioeconomic parameters to create an AF risk stratification algorithm.  
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8 Determination of appropriate patients for AF screening 

 

8.1 Preface 
 

Echocardiography is an important imaging modality in AF risk assessment. It is non-invasive, 

reproducible and relatively inexpensive and provides qualitative and quantitative information about LV 

and LA structure and function. In current clinical practice, patients are typically referred for a TTE 

following a diagnosis of AF to look for causes such as HF, mitral valve disease. LA size can also be an 

important risk predictor and can be used to help predict the success of therapies such as catheter 

ablation.  

Echocardiography can also be very useful to guide AF screening. Routine TTE in patients for the 

purposes of AF risk stratification is not cost-effective and is not an indication in current appropriate use 

criteria (82). However, many patients have TTE performed for a variety of indications arranged by local 

general practitioners, specialists and during inpatient admissions. Although commentary about AF risk 

is routinely not included on most echocardiography reports, identification of additional AF risk based 

on imaging parameters could be clinically very useful as it can alert treating physicians prompting AF 

screening or close surveillance. 

In this chapter we investigate the use of echocardiography including strain imaging for AF risk 

stratification in a community cohort of individuals ≥ 65 yrs with additional risk factors for AF. The 

results of this chapter can be incorporated into an AF screening algorithm. The following chapter was 

published in the Journal of the American Society of Echocardiography. 

  



D e t e r m i n a t i o n  o f  a p p r o p r i a t e  p a t i e n t s  f o r  A F  s c r e e n i n g   P a g e  | 187 

 

8.2 Abstract 
 

Background: Although atrial fibrillation (AF) is a significant population health burden, and an 

avoidable cause of stroke, AF screening remains controversial. We investigated whether coincidental 

echocardiography could provide information about patients at risk of AF. 

Methods: Asymptomatic participants of ≥65 years with >1 AF risk factor (n=445) undergoing 

echocardiography for risk evaluation were followed over a median of 15 months for incident AF. Left 

atrial volume (LAVi), left ventricular global longitudinal strain (LV-GLS) (absolute value), left atrial 

(LA) strain and LV mass were measured. During the follow-up period, AF was diagnosed clinically by 

primary care physicians or by using a single lead portable ECG monitoring device (5x60 second 

recordings performed by participants over 1 week). 

Results: AF was diagnosed in 45 patients (10%; mean age 70.5±4.2years, 55% female). AF detection 

was higher in those with LV hypertrophy, GLS < 16%, LAVi>34ml/m2 and LARS <34%. GLS, LAVi 

and LARS were independently associated with AF (p<0.05). Those with AF had reduced GLS, higher 

LAVi and higher LV mass (p<0.05), but LA strain was similar in both groups (p>0.05). GLS and LAVi 

were the strongest predictors and cut-points of 14.3% for GLS and 39 ml/m2 were associated with 

increased risk of developing AF.  Those with all 4 risk parameters (LV hypertrophy, GLS <16%, 

LARS<34% and LAVi >34ml/m2 had a 60% AF detection rate, compared with 7% without these 

features (p=0.004).  

Conclusion: Echocardiography is widely used in patients at risk of AF, and simple LV and LA 

measurements may be used to enrich the process of AF screening.  
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8.3 Introduction 
 

The magnitude of atrial fibrillation (AF) as a population health problem is increasing, driven by the 

aging population and the rise of AF risk factors including obesity, physical inactivity and diabetes 

mellitus (18, 237). The consequences of AF include debilitating symptoms and reduced quality of life. 

Complications such as stroke, heart failure (HF) and cognitive impairment are associated with increased 

all-cause mortality (110, 238), and place a substantial cost burden on the health care system (12). The 

early diagnosis of AF allows for individualized lifestyle intervention, which has been shown to reduce 

AF burden (23). The initiation of anticoagulation may be associated with reduced complications and 

hospitalizations. 

Several screening technologies for AF offer an opportunity for early diagnosis, but they need to be 

accurate, reproducible and cost-effective. Standard ECG monitoring has limited value for detection of 

new AF (16, 239), and longer term monitoring is limited by poor adherence. Invasive options such as 

loop recorders are expensive and unsuitable for screening. Single lead portable ECG devices are 

unobtrusive (and consequently acceptable for patients) and sensitive for identifying AF (1, 164, 165). 

The development of automated algorithms to detect AF with these devices may allow for mass 

screening. In two small studies they have demonstrated superior AF detection compared with 24 hour 

Holter monitoring (161, 162) and a systematic review demonstrated similar AF detection rates to 24 

hour Holter monitoring (240). The use of these devices in screening studies has provided AF detection 

rates of 1-5% (8, 69-71, 241), and has been demonstrated to be cost effective (8, 78). 

Although opportunistic screening for AF is recommended on current European guidelines using both 

pulse palpation and assessment of a rhythm strip (57), routine AF screening is not recommended in the 

United Kingdom (242) or the United States (58) . This is because while AF screening satisfies most of 

the criteria for mass screening (2, 243), concerns persist about both false positive and false negative 

results (244). The appropriate selection of patients could reduce the number of false positive tests by 

avoiding low risk patients. Clinical risk scores for AF aid in this process, but imaging parameters 

provide important clues in risk assessment (22). As echocardiography is widely performed for other 
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reasons in patients at risk of AF (19), we sought whether this information could provide an opportunity 

to assess AF risk and thereby guide AF screening.  

8.4 Methods. 
 

8.4.1 Study population. 
 

Participants in this prospective observational cohort study were healthy, asymptomatic subjects 

recruited into a community HF screening study in the Victorian and Tasmanian communities. 

Recruitment was by several methods including from community centers, local medical clinics and 

through radio and newspaper advertising. Asymptomatic participants ≥65 years were recruited if they 

had >1 or more risk factors for AF, including hypertension (systolic BP >140 mmHg or pre-existing 

use of anti-hypertensive medications), T2DM, based on self-report of diagnosis or the current use of 

diabetic medications), and obesity (defined as a body mass index (BMI) ≥30). Exclusion criteria 

included: (1) inability to provide written consent to participate in the study, (2) history of moderate or 

greater valvular disease, (3) known history of HF based on the 2013 AHA/ACC guidelines(245), (4) 

reduced LV systolic function on baseline echocardiogram (LVEF ≤40%), (5) contraindications to beta 

blockers and angiotensin converting enzyme inhibitors (ACE-I), (6) expected life expectancy of less 

than one year or (7) inability to acquire interpretable images for performance of strain analysis from the 

baseline echocardiogram. All patients with documented AF on a baseline 12 lead ECG or a history of 

AF were excluded from the study. Patients were recruited from both urban and rural environments. All 

patients were provided written informed consent and approval was obtained from the institution’s 

Human Research Ethics Committee (University of Tasmania HREC project number H0013333 and 

Bellberry HREC project number 2016-10-727-A-7).  

8.4.2 Clinical Assessment. 
 

Participants undertook a clinical history and answered questionnaires to assess overall health status at 

the start of the study. Information regarding demographics, past medical history, medication history, 

baseline examination data (height, weight, BMI and blood pressure (BP) were recorded for all 

participants. Baseline 12 lead ECG and echocardiography were conducted in all participants. Clinical 

AF risk assessment was performed using a validated AF risk score (the CHARGE-AF score) that 
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includes 12 clinical parameters (age, race, height, weight, systolic/diastolic blood pressure, current 

smoking, use of anti-hypertensives, history of diabetes mellitus/myocardial infarction, history of HF 

and ECG data (voltage criteria for left ventricular hypertrophy (LVH) and PR interval)) to assess 5 year 

risk of AF (22).  

 

8.4.3 Assessment of risk based on imaging. 
 

All echocardiograms were performed by qualified sonographers using the same equipment (Siemens 

ACUSON SC2000, Siemens Healthcare, Mountain View, CA) and transducers (4V1c, 1.25-4.5 MHz; 

4Z1c, 1.5-3.5 MHz). Two-dimensional, M-mode and Doppler measures were obtained using standard 

techniques outlined by the American Society of Echocardiography. LV dimensions were calculated in 

both diastole and systole in parasternal long axis views. LV hypertrophy (LVH) was defined as LV 

mass index >115 g/m2 in men and >95 g/m2 in women. LA volume was indexed to body surface area 

(LAVi) and calculated by the Simpson biplane method. Abnormal LAVi was defined as ≥34 ml/m2. 

Global longitudinal strain (GLS) measurements were obtained from apical four-chamber, two-chamber 

and long-axis views. GLS was analyzed using velocity vector imaging (Syngo VVI, Siemens Medical 

Solutions, Mountain View, CA). All measurements were performed online by averaging strain 

measurements from the three views. Manual tracing of the endocardial LV border was performed in 

end-systole and this was tracked during the cardiac cycle. Abnormal GLS was defined as <16% 

(absolute values were used throughout the study). Patients with poor image quality, where GLS could 

not be performed, were excluded.  

LA reservoir, conduit and pump strain were assessed offline using speckle tracking imaging by an 

external third-party software program (ImageArena, Tomtec, Munich, Germany). Apical four and two 

chamber images were selected with a frame rate of 60-80 frames/sec. The endocardial border of the LA 

was manually traced, and strain analysis was performed using the LV strain algorithm, using the average 

of the four- and two-chamber values. The reference point for image analysis was taken at the onset of 

the QRS complex (R-R gating). All strain measurements were performed by two investigators. If more 

than 1 segment of the 6 LA segments could not be tracked, the sample was excluded. We used a cut-

point of 34% for LARS to determine high risk of AF. 
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Inter-observer reliability was assessed by a second operator who performed strain measurement in a 

random sample of 20 participants and was blinded to all clinical and imaging data. Intra-observer 

reliability was performed by the primary author (SR) who performed repeated strain measurements in 

a random sample of 20 patients at a different time point. The mean percentage difference was calculated.  

8.4.4 Outcomes. 
 

Participants were followed for a median of 15 months for incident AF, which was the primary outcome 

measure. AF was diagnosed using multiple detection methods. Patients with a clinical diagnosis of AF 

during the follow-up period by primary care physicians (confirmed on 12 lead ECG or Holter 

monitoring) was documented. Screening for subclinical AF was performed using a single lead ECG 

device (Remon RM-100, Semacare, China). Screening was performed within the first month of 

recruitment into the study.  The single lead device was used to record 60 second single-lead ECG 

tracings using three points of finger contact with electrodes, five times per day for one week (i.e. 35 

recordings). ECG recordings were then exported as PDF files for interpretation, and all were assessed 

by a physician. The presence of AF (an irregular rhythm of ≥30 sec with a variable R-R interval and 

absent P waves) was confirmed by two independent physicians who were blinded to the patient’s 

clinical details. The patient was advised of the recognition of subclinical AF, and further management 

and investigation was provided by their usual medical practitioner.        

 

8.4.5 Statistical analysis. 
 

All categorical variables are presented as frequencies/percentages and continuous variables presented 

as means/standard deviation (if normally distributed) or medians/inter-quartile range (if non-

parametric). Patients with incident AF were compared to those in sinus rhythm. Groups were compared 

using the chi square test for categorical data and the independent two sample t-test for continuous data. 

Patients were then grouped based on four imaging parameters of AF risk (LAVi, presence of LVH, GLS 

and LARS) based on the cut-offs defined above. Nelson-Aalen cumulative hazard estimate plots were 

constructed for groups based on the baseline risk parameters, and the log-rank test used to assess the 

differences between curves. The AF rate was compared between those at the highest risk to those with 

the lowest risk using the chi-square test. Cox proportional hazards regression analysis was used to 



D e t e r m i n a t i o n  o f  a p p r o p r i a t e  p a t i e n t s  f o r  A F  s c r e e n i n g   P a g e  | 192 

 

calculate the hazard ratios (HR) and 95% confidence intervals for the association between each risk 

parameter and incident AF. The follow-up time was the time from the initial baseline clinical assessment 

to the completion of portable device screening or the date of diagnosis of AF (whichever came first).  

Classification and regression tree (CART) analysis was performed to identify appropriate 

discriminatory cut-points to identify those at risk of developing AF. Analyses were considered to be 

statistically significant if two-tailed p values were <0.05. Statistical analysis was performed using SPSS 

v.22 (SPSS, Chicago, IL), SPSS Modeler v18.1 (SPSS, Chicago, IL) and Stata v.13 (StataCorp, College 

Station, Texas). 

 

8.5 Results 
 

8.5.1 Patient characteristics. 
 

The baseline characteristics of the 445 subjects included in the study (mean age 70.5±4.2 years, 45% 

male) are summarized in Table 8-1. Cardiovascular risk factors (including T2DM, obesity, 

hypercholesterolemia and hypertension) were highly prevalent. There was a large proportion of 

participants with low education levels (43% had not completed high school and approximately 3 in 4 

had not completed tertiary level of education). LA strain was able to be measured in 417/445 patients 

(94%). 
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Table 8-1 - Baseline Characteristics of the overall cohort. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Demographics n = 445 

Age - years (SD) 70.5 (4.2) 

Male n (%) 198 (45) 

Systolic BP mmHg (SD)  141 (15.7) 

Diastolic BP mmHg (SD) 

Heart Rate /min (SD) 

83 (10.1) 

69 (10.7) 

BMI (kg/m2) (SD) 

Current Smoking n (%) 

Diabetes Mellitus n (%) 

Obesity n (%) 

Hypercholesterolemia n (%) 

Hypertension n (%) 

Previous history of IHD n (%) 

Previous history of stroke/TIA n (%) 

Median Six-minute walk test m (IQR) 

Median CHARGE-AF % (IQR) 

Median CHA2DS2-VASC % (IQR) 

30.3 (5.3) 

12 (3) 

190 (43) 

226 (51) 

244/434 (55) 

353 (79) 

16 (4) 

26 (6) 

474 (98) 

5.1 (5.1) 

3.0 (2.0) 

Echocardiographic Parameters  

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

E/e’ (Average of lateral and septal) (SD) 

Left atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

62.6 (6.3) 

18.8 (2.5) 

8.8 (2.4) 

32.2 (9.1) 

81.8 (22.4) 
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8.5.2 AF during follow up. 
 

An overview of patient recruitment and AF detection is summarized in figure 8.1.  Over a median 

follow-up of 15 months (range 5-27 months), 45 patients (10%) were diagnosed with AF; 28 (6%) with 

portable ECG monitoring and 17 (4%) by local physicians during the follow-up period. Among the 417 

patients with measurable LA strain, there were 42 AF outcomes. Table 8-2 compares the characteristics 

of those with AF and sinus rhythm; new onset AF was more likely in men, and in those with a higher 

CHARGE-AF score, reduced GLS and increased LAVi and LV mass (p<0.05). There were no 

significant differences in LA strain between both groups (p>0.05). 
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Figure 8.1 - Flowchart showing patient recruitment in the study 

From the initial cohort of 503 patients, 445 patients were recruited in the study. 45 patients (10%) had AF diagnosed during the follow up period.
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Table 8-2 - Comparison of baseline characteristics between patients with AF and sinus rhythm. 

BMI – Body Mass Index     BP – Blood Pressure    IHD – Ischaemic Heart Disease    TIA – Transient Ischaemic Attack 

  

Demographics AF              n 

= 45 

Sinus Rhythm                         

n = 400 

P Value 

Age - years (SD) 71.7 (5.3) 70.3 (4.1) 0.11 

Male n (%) 27 (60) 171 (43) 0.03 

Systolic BP mmHg (SD)  134 (15.6) 142 (15.5) 0.002 

Diastolic BP mmHg (SD) 82 (11.0) 83 (10.0) 0.38 

BMI (kg/m2) (SD) 

Current Smoking n (%) 

Diabetes Mellitus n (%) 

Obesity n (%) 

Hypercholesterolemia n (%) 

Hypertension n (%) 

Previous history of IHD n (%) 

Previous history of TIA/stroke n(%) 

Median CHARGE-AF % (IQR) 

Median CHA2DS2-VASC (IQR)  

29.6 (5.2) 

2 (4) 

21 (47) 

18 (40) 

24/43 (56) 

36 (80) 

5 (11) 

2 (4) 

6.6 (8.2) 

3.0 (2.0) 

30.3 (5.3) 

10 (3) 

169 (42) 

208 (52) 

220/391 (56) 

317 (79) 

11 (3) 

24 (6) 

4.8 (4.7) 

3.0 (2.0) 

0.34 

0.45 

0.57 

0.12 

0.96 

0.91 

0.004 

0.63 

0.001 

0.52 

Functional Capacity    

Median Six Minute Walk Test m (IQR) 488 (110.8) 473 (98) 0.22 

Echocardiographic Parameters    

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

E/e’ (Average of lateral and septal) (SD) 

Left atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

60.9 (7.3) 

18.0 (3.4) 

8.5 (2.5) 

34.8 (10.4) 

93.3 (25.2) 

62.7 (6.1) 

18.8 (2.4) 

8.8 (2.4) 

31.9 (8.9) 

80.5 (21.7) 

0.06 

0.04 

0.52 

0.04 

0.002 

Left Atrial Strain AF                  

n=42 

Sinus rhythm 

n=375 

 

LARS % (SD) 

Left atrial conduit strain % (SD) 

Left atrial pump strain % (SD) 

36.5 (8.0) 

17.6 (5.3) 

18.9 (6.9) 

37.7 (6.9) 

18.3 (5.6) 

19.4 (4.9) 

0.33 

0.49 

0.68 
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8.5.3 AF detection based on risk parameters. 
 

Participants were grouped based on the four risk parameters highlighted earlier (LAVi, presence of 

LVH, GLS and LARS). Grouping participants based on these risk parameters resulted in a range of AF 

detection rates (range 0-60%) with the presence of more positive risk parameters associated with higher 

AF detection rates (Table 8-3 and figure 8.2).  

Table 8-4 and figures 8.3 and 8.4 summarize the association between the risk parameters and AF. When 

patients were grouped based on abnormal LAVi (cut-off 34 ml/m2), GLS (cut-off 16%) and LARS (cut-

off 34%), there was higher AF detection noted in the abnormal groups (figure 8.3, all p<0.05). 

Participants were then grouped based on the total number of baseline risk parameters (LAVi, LARS, 

LVH and GLS) (figure 8.4). AF detection was higher with the presence of more baseline risk parameters 

(p=0.004). Participants with all four risk parameters had a higher AF detection rate compared to those 

without any risk parameters (60% [3/5] vs. 7% [11/160], p=0.004). 

On univariable analysis, abnormal LAVi, LARS and GLS were all associated with AF (p<0.05), but 

LA pump strain was not associated with AF (p=0.86). LARS along with LA pump strain were included 

in the multivariable model (LA conduit strain was not included given the possibility of collinearity 

when included with GLS). In a multivariable model abnormal LAVi, GLS and LARS were 

independently associated with AF (abnormal LAVi HR 2.01 [1.06–3.81], p=0.03, abnormal GLS HR 

2.46 [1.21–5.00], p=0.01 and abnormal LARS HR 2.14 [1.04–4.38], p=0.04). LA pump strain and 

presence of LVH were not independently associated with AF (p>0.05).  
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Table 8-3 - Summary of AF detection based on risk groups. 

Patients were divided into high and low risk for LVH, LAVi, GLS and LARS. Cut-offs used were 

(LVH - 115 g/m2 for men and 95 g/m2 for women, LAVi of 34 ml/m2, GLS of 16% and LARS of 

34%). 
 

 

 

  

LVH LAVi GLS LARS n  

(total n=417) 

AF Detected 

n(%) (total n=42) 

 

 

 

 

 

 

 

No 

Normal 

(<34 ml/m2) 

Normal 

(≥16%) 

Normal (≥34%) 

 

160 11 (7) 

Low (<34%) 

 

44 1 (2) 

Low           

(<16%) 

Normal (≥34%) 

 

22 4 (18) 

Low (<34%) 

 

11 2 (18) 

Increased  

(≥34 ml/m2) 

Normal 

(≥16%) 

Normal (≥34%) 

 

65 6 (9) 

Low (<34%) 

 

38 4 (11) 

Low          

(<16%) 

Normal (≥34%) 

 

5 0 (0) 

Low (<34%) 

 

8 1 (13) 

 

 

 

 

 

 

 

 

Yes 

Normal 

(<34 ml/m2) 

Normal 

(≥16%) 

Normal (≥34%) 

 

18 3 (17) 

Low (<34%) 

 

5 0 (0) 

Low                

(<16%) 

Normal (≥34%) 

 

2 0 (0) 

Low (<34%) 

 

1 0 (0) 

Increased  

(≥34 ml/m2) 

Normal 

(≥16%) 

Normal (≥34) 

 

19 2 (11) 

Low (<34%) 

 

11 4 (36) 

Low                  

(<16%) 

Normal (≥34%) 

 

3 1 (33) 

Low (<34%) 

 

5 3 (60) 
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Table 8-4 - Cox regression analysis showing association between risk parameters and AF. 

Multivariable model contained abnormal LAVi (cut-off 34 ml/m2), abnormal GLS (cut-off 16%), 

abnormal LARS (cut-off 34%), presence of LVH and LA pump strain (n=417, AF outcomes n=42). 

 

Independent Variables  Unadjusted Hazard 

Ratio (95% C.I) 

P 

value 

Adjusted Hazard 

Ratio (95% C.I) 

P 

value 

Abnormal GLS 2.79 (1.40 – 5.56) 0.003 2.46 (1.21 – 5.00) 0.01 

Abnormal LAVi 2.17 (1.18 – 3.98) 0.01 2.01 (1.06 – 3.81) 0.03 

Abnormal LARS 

Presence of LVH 

2.13 (1.13 – 4.03) 

1.59 (0.82 – 3.09) 

0.02 

0.17 

2.14 (1.04 – 4.38) 

1.22 (0.60 – 2.49) 

0.04 

0.58 

LA Pump strain (%) 0.99 (0.93 – 1.06) 0.86 1.04 (0.97 – 1.11) 0.25 

 

 

 

Figure 8.2 - Comparison of AF detection based on the presence of baseline risk parameters - risk 

parameters defined based on cut-off for LVH – LV indexed mass ≥ 115g/m2 for men and ≥95g/m2 

for women, LAVi ≥ 34ml/m2, GLS < 16% and LARS <34%. 

AF detection increased with the presence of more baseline imaging risk parameters.
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Figure 8.3 - Nelson-Aalen Curves showing AF detection based on baseline risk parameters - risk parameters defined based on cut-off for LAVi ≥ 

34ml/m2, GLS < 16%, LVH – LV indexed mass ≥ 115g/m2 for men and ≥95g/m2 for women and LARS < 34%. 

Patients with reduced GLS, LARS and increased LAVi had significantly higher AF detection (p<0.05) 
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Figure 8.4 - Kaplan-Meier curve showing AF detection based on the number of positive baseline 

risk parameters - risk parameters defined based on cut-off for LAVi ≥ 34ml/m2, GLS < 16%, LVH 

– LV indexed mass ≥ 115g/m2 for men and ≥95g/m2 for women and LARS < 34%. 

This Kaplan-Meier curve demonstrates that cumulative AF risk was higher in those with more baseline imaging 

risk parameters. 

 

The CART analysis identified 3 discriminatory nodes as predictors of AF. A GLS cut-point of 14.3% 

was identified (p=0.02). In those with a GLS ≤14.3%, a second discriminatory node using LAVi (cut-

point of 39 ml/m2) was identified (p=0.01). The intermediate group with a LAVi ≤ 39ml/m2 could then 

be discriminated using a third node - LARS with a cut-point of 33.9%, p=0.01). This correctly identified 

91% of participants.  

The results of the CART analysis can potentially be incorporated into an AF risk stratification 

algorithm. Participants with a GLS >14.3% can be categorized as “low risk” where AF screening has 

low detection rates and may not be required. In those with GLS ≤14.3, LAVi >39 ml/m2 can be used to 

classify the “high-risk” group where AF screening may have high detection rates. In the intermediate 

group (GLS < 14.3% and LAVi ≤39ml/m2), LARS can be used with a cut-point of 34% to reclassify 

patients as “moderate-high” (LARS <34%) vs “low-moderate” (LARS >34%) risk. Screening should 

be considered in the moderate-high risk group. 
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8.5.4 Reproducibility. 
 

Inter-observer variability was assessed by blinded strain measurements in a random sample of 20 

patients. All measurements were done by the same two investigators (SR and TN) and the mean of the 

absolute value of differences between measurements was calculated. For GLS the mean±SD difference 

between was 0.7±0.7%. For LA strain the mean difference was 8.0±7.0% for LARS, 5.4±4.1% for LA 

conduit strain and 5.6±4.6% for LA pump strain. Intra-observer variability was assessed by the primary 

investigator (SR) who repeated GLS measurements in a random sample of 20 patients at a different 

timepoint. The mean difference for GLS was 0.8±0.6%. The mean difference for LA strain was 

3.8±2.9% for LARS, 2.7±1.4% for LA conduit strain and 2.7±1.4% for LA pump strain. 

 

8.6 Discussion 
 

Many at risk individuals have echocardiography performed for other reasons, therefore the incidental 

finding of these risk parameters can be used to alert referring physicians to future AF risk. The results 

of our study suggest that individuals with more imaging risk parameters have a higher likelihood of AF. 

In our study we found that reduced LARS, reduced GLS and increased LAVi were independently 

associated with AF. Targeted screening using portable single lead ECG devices can capture a significant 

proportion of patients with subclinical AF (70, 71).  

 

8.6.1 Early diagnosis of AF. 
 

AF is a leading cause of stroke and HF, placing a tremendous burden on the health care system with 

rising costs and hospitalizations (12, 109, 111). Patients with asymptomatic (or  subclinical) AF have 

been shown to have increased all-cause mortality and increased stroke risk in a large cohort study (55). 

Early diagnosis has several potential benefits. Even in the early stages, AF is not a benign condition 

and is associated with long term morbidity and mortality (55). The early diagnosis of AF serves as an 

important warning to both the patient and the treating physician, and may prompt important discussions 

about risk factor modification, improve treatment adherence and allow for closer monitoring of “high 

risk” patients. Aggressive risk factor modification and weight loss has been shown to be equivalent to 

an anti-arrhythmic drug in patients with established AF (23, 52), although incident AF was not reduced 
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with an intensive weight loss in a large randomized trial. Early diagnosis might prompt improvement 

in physical activity and reduction in blood pressure, cholesterol and blood glucose levels – all of which 

have cardiovascular benefits (246). Anticoagulation may have a role in stroke and systemic embolism 

prevention in this cohort of patients, but this has not been assessed in a large randomized trial.  

8.6.2 Improving the AF detection in screening programs. 
 

For mass screening to be viable, we need to have an efficient screening process with a high AF detection 

rate. The main focus of screening has looked at three main factors; device technology, patient age and 

clinical risk factors. Age is the biggest risk factor for AF so many screening studies have used 

population based screening methods based on age cut-offs of 65 or 75 years (70, 71). Lowres et al. 

showed an increase in AF detection rates from approximately 1% in the 65-69 year old cohort to >3% 

in patients >85 years after combining four large AF screening cohorts (247). Clinical risk factors 

associated with AF and stroke risk can also increase the detection rate. Use of an age-based population 

screening strategy may improve sensitivity by screening a larger cohort but reduces efficiency as many 

will have normal investigations. The use of clinical risk scores such as CHARGE-AF can help identify 

those who benefit the most from screening (22). This is a simple bedside scoring system utilizing several 

risk parameters providing a 5 year AF risk assessment which has been validated in several large multi-

ethnic cohorts (22). Combining an age-based cut-off with clinical risk factors results in increased AF 

rates and more importantly translates into implementation of pharmacological treatments as all 

participants will qualify for anticoagulation (i.e. CHA2DS2-VASC score ≥ 2). Single timepoint 

screening has a new AF detection rate of approximately 1% which can be increased with multiple-

timepoint screening over a 1-2 week period (8, 71). We have previously investigated the role of other 

AF risk factors such as physical activity and socioeconomic deprivation (237, 248).  

8.6.3 The use of echocardiography in risk assessment. 
 

In this study, those with increased LAVi and reduced GLS and LARS were at higher risk of developing 

AF. We noted a higher AF detection rate in those with a LARS < 34%, despite mean LARS being 

similar in both the AF and sinus rhythm groups. This was a surprising finding as we expected a 

difference in both groups. It can potentially be explained by the small sample of patients with AF, 
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therefore there was inadequate power in our study to show a difference in both groups. There were a 

wide range of LARS values noted. There has not been accepted consensus on the “normal” range for 

LARS. A few patients were noted to have AF despite high LARS values which could have offset those 

with reduced LARS, thus making both means similar.  

Although the traditional use of echocardiography in AF follows a confirmed clinical diagnosis of AF 

(to determine the etiology of AF, guide management and provide important prognostic information) 

(82), many individuals at risk of AF have an echocardiogram for other reasons, such as investigation of 

hypertension, cardiac murmur, or peri-operative risk. However, there is no systematic method in 

traditional echocardiogram reporting to alert referring physicians to AF risk. Targeting a group with 

echocardiographic risk features with portable ECG monitoring may be associated with high AF 

detection rates. Nonetheless, AF risk assessment is complex therefore the next step would be to create 

a multi parameter risk assessment strategy incorporating clinical, imaging and socioeconomic markers 

of risk. 

8.6.4 Limitations. 
 

The limitations of our study include the potential for population selection bias as patients were recruited 

with newspaper and radio advertising. Our cohort was relatively small, resulting in a small number of 

AF outcomes, with a very selective patient population; hence adaption of these findings to a large 

screening population would need to assume external validity. The small number of AF outcomes also 

limited the number of covariates in our multivariable model, so it is possible that other potential 

confounders were not accounted for. AF detection was based on the use of a single lead portable ECG 

device for a one-week period. It is possible that we missed subclinical AF in some patients and extended 

monitoring may increase the AF detection rate. Detailed cost analysis was not performed in our study. 

Cut-off values for GLS and LA strain used in this study were arbitrary. We did not collect data from 

local practitioners on anticoagulation prescription following a diagnosis of AF hence were unable to 

assess the impact of early diagnosis. We did not perform long term follow up to assess if those with 

subclinical AF had similar clinical outcomes to those with clinically diagnosed AF. 
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8.7 Conclusion 
 

Elderly patients with risk factors have a high prevalence of subclinical AF. Baseline risk assessment 

using echocardiographic parameters of LV and LA function can be used to improve AF detection rates 

and could be relevant to the implementation of population screening programs.  

 

 

8.8 Postscript 
 

In this chapter we have demonstrated that previous echo results (done for other reasons) can be useful 

in AF risk stratification and both LV and LA strain are associated with AF independent of LA volume. 

Changes to LA strain may occur earlier than changes to LA size, therefore this may be more useful in 

earlier disease stages, in which screening is most useful. Commentary about AF risk is not routinely 

reported in most TTE reports but may be important to alert referring physicians as many may not be 

fully aware of the nuances of echocardiography. Strain imaging despite being useful in this setting still 

has limitations to overcome. Current software algorithms vary between vendors, strain measurement 

can be time consuming and requires offline analysis with expensive software packages which limits 

access to most echo labs. These shortcomings are being addressed and will facilitate widespread 

adoption of strain in clinical practice.  

It was interesting that LA pump strain was not independently associated with AF compared with LARS. 

We demonstrated in chapter 6 that LA pump strain was independent of LV function whereas LARS was 

closely related to LV function. It is possible that in earlier disease stages, LA pump strain is less 

predictive, and LARS is more useful. However, in more advanced stages of “atriopathy” pump function 

may become more adversely effected, therefore being a stronger predictor of AF and thromboembolic 

risk.  

AF like most diseases has different stages. In this chapter we assessed patients at earlier disease stages 

(i.e. patients with risk factors). Imaging signals (including strain) should also be investigated in different 

patient populations to assess if the association with AF changes depending on the disease stage. In the 
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next chapter we compare the association of LV and LA strain with AF in cohorts at different disease 

stages. 
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9 Clinical use of LA and LV strain in AF prediction 

 

9.1 Preface 
 

In the previous chapter we demonstrated that imaging parameters could be used for AF risk 

stratification. There was an association between both LARS and GLS with AF and this was independent 

of LA volume. There are different disease stages in AF and the ability of strain to predict AF has not 

been demonstrated in different stages. In the previous chapter, the cohort were healthy individuals from 

the community with risk factors. It is likely that these individuals are in an early phase of “atriopathy”. 

 AF is a common cause of stroke. Patients admitted with a stroke typically have investigations for 

underlying AF (mainly a TTE and Holter monitor). A previous study had demonstrated that LA strain 

was useful in predicting AF in patients following cryptogenic stroke (90). It is likely that these patients 

were at an advanced disease stage of “atriopathy” with higher risk of AF (along with a higher rate of 

thromboembolism).  

In this chapter we compare the association between strain and AF in both cohorts to determine if 1) 

strain can be equally predictive in both cohorts and 2) if the strength of association changes as the 

disease stage is more advanced. The preliminary results of this chapter were presented at the European 

Society of Cardiology Congress in 2019 and have been submitted for publication at the Journal of the 

American Society of Echocardiography.  
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9.2 Abstract 
 

Background: Assessing atrial fibrillation (AF) risk may be useful in primary prevention (PP; people 

with risk factors) and secondary prevention (SP; eg. embolic stroke of unknown source). We sought 

whether disease stage influenced the prediction of AF by echocardiography. 

 

Methods: We compared a PP cohort (351 community-based participants ≥65 years with ≥1 risk factor 

for AF) and a SP cohort (453 patients after transient ischemic attack or stroke). LV global longitudinal 

strain (GLS) and left atrial reservoir strain (LARS) were measured from DICOM images. AF was 

diagnosed by 12 lead ECG, Holter or by single lead monitor over median follow-up of 22 months (PP) 

and 35 months (SP). The clinical and echocardiographic characteristics of those with AF were compared 

to those in sinus rhythm. Nested Cox-regression models assessed for independent and incremental 

predictive value of LARS and GLS in both cohorts.    

 

Results: AF developed in 42 PP (12%) and 60 SP (13%), and was associated with age, higher 

CHARGE-AF score, increased LA volume and LV mass (p<0.05). Patients developing AF had reduced 

GLS (17±3.5% vs. 20±3%, p<0.001) and LARS (28±11% vs. 35±8%, p<0.001). However, the 

predictive value of both GLS (area under the ROC curve 0.83 vs 0.56, p<0.001) and LARS (0.83 vs 

0.57, p<0.001) was greater in SP than PP. LARS was independently associated with AF in both cohorts 

(p<0.05), but GLS was only independently associated in the SP cohort.  

 

Conclusion: AF risk assessment with LARS is suitable for different risk cohorts, but GLS is more 

useful in SP. 
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9.3 Introduction. 
 

Atrial fibrillation (AF) has developed into a significant population health problem, being driven by an 

ageing population with reduced physical activity and increasing prevalence of risk factors such as 

obesity, T2DM and hypertension (109, 249). Rising AF rates will lead to increased hospitalizations, 

health care costs and complications such as stroke and HF which may be associated with significant 

morbidity and mortality as well as impact on quality of life (18, 110). There was been emerging 

advocacy for the role of mass AF screening lead by the AF-Screen Collaboration, with recent cohort 

studies demonstrating high rates of subclinical AF and cost analysis studies demonstrating cost 

effectiveness (2, 8, 71, 78, 240, 248). 

Transthoracic echocardiography provides a reliable, non-invasive and inexpensive modality to assess 

left ventricular (LV) and left atrial (LV) function and size. Many patients who will develop AF in the 

future may have had echocardiograms performed in the outpatient setting, arranged by local general 

practitioners or specialists. The results of these investigations may aid in identifying those at risk of 

developing AF. LA volume is a strong predictor of AF (250). Myocardial deformation assessment by 

strain imaging allows for quantitative information of LV function and phasic LA function (5). Efforts 

to standardize LA strain measurement protocols will aid in improving feasibility and clinical 

applicability (101).  

We currently do not have a systematic method in alerting referring clinicians about an individuals’ 

future AF risk based on the results of echocardiograms. Combining imaging risk parameters with 

clinical risk factors may provide an enriched cohort for AF screening which may improve feasibility 

and cost-effectiveness. We have previously published a risk assessment algorithm combing clinical and 

imaging parameters which may help in improving the diagnostic yield of AF screening programs (251). 

However, it is not clear which imaging parameter is most predictive of AF. It is also unclear if the 

association of LA and LV strain with AF is the same in patients with different risk factor profiles. This 

is important to establish prior to widespread adoption of strain in AF risk assessment. In this study, we 

sought to investigate the performance of LA and LV strain markers in different patient risk cohorts in 

the prediction of AF.  
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9.4 Methods. 
 

9.4.1 Study population. 
 

In this observational cohort study, AF prediction was assessed using two unique patient cohorts to 

represent different disease stages (figure 9.1). 

1. Primary prevention (PP) cohort - Participants in this cohort were healthy, asymptomatic 

subjects ≥65 years  with one or more risk factor for AF including hypertension (systolic BP 

>140 mmHg or pre-existing use of anti-hypertensive medications), T2DM, based on self-report 

of diagnosis or the current use of diabetic medications), and obesity (defined as a body mass 

index (BMI) ≥30). Participants were recruited from both urban and rural communities from two 

Australian states (Victoria and Tasmania). Recruitment was by several methods including from 

community centers, local medical clinics and through radio and newspaper advertising. 

Exclusion criteria included: (1) inability to provide written consent to participate in the study, 

(2) known history of AF, (3) history of moderate or greater severity valvular heart disease, (4) 

known history of HF based on the 2013 AHA/ACC guidelines(245), (5) reduced LV systolic 

function on baseline echocardiogram (LVEF ≤40%), (6) expected life expectancy of less than 

one year or cognitive impairment/frailty which would not allow for AF screening to be 

undertaken and (7) inability to acquire interpretable images for performance of strain analysis 

from the baseline echocardiogram.  

2. Secondary Prevention (SP) cohort – consecutive patients ≥ 50 years admitted with an ischemic 

stroke/transient ischemic attack from 2010-2014 to a large tertiary stroke unit (Royal Hobart 

Hospital, Tasmania, Australia) and who had an echocardiogram at the institution were 

recruited. All neurological events were confirmed by a consultant neurologist using either 

computed tomography or magnetic resonance imaging. Cytogenic strokes were defined as per 

the TOAST (Trial of Acute Stroke Treatment) guidelines (252). Exclusion criteria included: (1) 

inability to provide written consent to participate in the study, (2) a known history of AF or AF 

diagnosed during hospital admission prior to the echocardiogram being performed, (3) an 

alternate cause of stroke identified such as left sided endocarditis, LV/LA thrombus, intra-
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cardiac mass, patent foramen ovale or ipsilateral carotid artery stenosis ≥70%, (4) only 

transesophageal echocardiogram performed and (5) inability to acquire interpretable images for 

performance of strain analysis from the baseline echocardiogram.  

All patients were provided written informed consent and approval was obtained from the institution’s 

Human Research Ethics Committee (University of Tasmania HREC project number 

H0013333/H0015502 and Bellberry HREC project number 2016-10-727-A-7).  

 

9.4.2 Clinical Assessment. 
 

Participants undertook a clinical history and answered questionnaires to assess overall health status at 

the start of the study. Information regarding demographics, past medical history, medication history, 

baseline examination data (height, weight, BMI and blood pressure (BP) were recorded for all 

participants. Baseline 12 lead ECG and echocardiography were conducted in all participants. Clinical 

AF risk assessment was performed using a validated AF risk score (the CHARGE-AF score) that 

includes 12 clinical parameters (age, race, height, weight, systolic/diastolic blood pressure, current 

smoking, use of anti-hypertensives, history of diabetes mellitus/myocardial infarction, history of HF 

and ECG data (voltage criteria for left ventricular hypertrophy (LVH) and PR interval) to assess 5 year 

risk of AF (22).  

 

9.4.3 Echocardiographic assessment. 
 

All echocardiograms were performed by qualified sonographers. Two-dimensional, M-mode and 

Doppler measures were obtained using standard techniques outlined by the American Society of 

Echocardiography (253). LV dimensions were calculated in both diastole and systole in parasternal long 

axis views. LVH was defined as LV mass index >115 g/m2 in men and >95 g/m2 in women. LA volume 

was indexed to body surface area (LAVi) and calculated by the Simpson biplane method.  

Global longitudinal strain (GLS) measurements were obtained by manually tracing the LV endocardial 

border in end systole in the apical four-chamber, two-chamber and long-axis views. This was then 

tracked throughout the cardiac cycle. GLS was analyzed using speckle tracking imaging by an external 

third-party software program (ImageArena, Tomtec, Munich, Germany). All measurements were 
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performed by averaging strain measurements from the three views. Abnormal GLS was defined as 

<18% (absolute value). Patients with poor image quality, where GLS could not be performed, were 

excluded.  

The three phasic functions of LA function (reservoir, conduit and pump function) were assessed using 

strain imaging. Apical four and two chamber images were selected with a high frame rate of 60-80 

frames/second.  Offline speckle tracking analysis was performed using an external third-party software 

program (ImageArena, Tomtec, Munich, Germany). The endocardial border of the LA was manually 

traced, and strain analysis was performed using the LV strain algorithm. The average of the four- and 

two-chamber values were used to measure each strain component. The reference point for image 

analysis was taken at the onset of the QRS complex (R-R gating) in accordance with recent consensus 

guidelines (101). If more than 1 segment of the 6 LA segments could not be tracked, the sample was 

excluded. We used an arbitrary cut-point of 34% for LARS to determine high risk of AF. An example 

of a typical LA strain curve is shown in figure 9.2. 

Inter-observer reliability was assessed by a second operator who performed strain measurement in a 

random sample of 20 participants and was blinded to all clinical and imaging data. Intra-observer 

reliability was performed by the primary author (SR) who performed repeated strain measurements in 

a random sample of 20 patients at a different time point. The mean percentage difference was calculated. 
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Figure 9.1 - Flowchart showing patient recruitment in the study. 

 

The PP cohort had 351 participants recruited with a median follow up of 22 months. The SP cohort had 453 participants recruited with a median follow up of 35 months.
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Figure 9.2 - LA strain curve showing the 3 components of LA strain (reservoir, conduit and pump 

strain). 

The LA strain curve mirrors the phasic functions of the LA (reservoir, conduit and pump function). 

 

9.4.4 Outcomes. 
 

Participants were followed for incident AF (median 22 months in PP cohort, median 35 months in SP 

cohort), which was the primary outcome measure. AF was diagnosed using multiple detection methods. 

In the PP cohort, we contacted local general practitioners and viewed electronic hospital records to 

investigate those with clinically diagnosed AF during the follow-up period (confirmed on 12 lead ECG 

or Holter monitoring). Screening for subclinical AF was performed using a single lead ECG device 

(Remon RM-100, Semacare, China), within the first month of recruitment into the study.  The single 

lead device was used to record 60 second single-lead ECG tracings using three points of finger contact 

with electrodes, five times per day for one week (i.e. 35 recordings). ECG recordings were then exported 

as PDF files for interpretation, and all were assessed by a physician. The presence of AF (an irregular 

rhythm of ≥30 sec with a variable R-R interval and absent P waves) was confirmed by two independent 

physicians who were blinded to the patient’s clinical details. The patient was advised of the recognition 

of subclinical AF, and further management and investigation was provided by their usual medical 

practitioner.     

In the SP cohort, AF was diagnosed in multiple ways. We reviewed electronic hospital records to find 

patients with AF identified using inpatient telemetry and Holter monitoring. We also reviewed results 
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of outpatient investigations such as Holter monitoring and interrogation of implantable loop 

recorders/permanent pacemakers to identify those with AF following hospital discharge.    

9.4.5 Statistical analysis. 
 

All categorical variables are presented as frequencies/percentages and continuous variables presented 

as means/standard deviation (if normally distributed) or medians/inter-quartile range (if non-

parametric). Patients with incident AF were compared to those in sinus rhythm. Groups were compared 

using the chi-square test for categorical data and the independent two sample t-test for continuous data.  

Nested Cox-proportional hazards regression analysis was used to assess the incremental predictive 

value of both GLS and LARS. This was performed in both the PP and SP cohorts. We calculated the 

hazard ratios (HR) and 95% confidence intervals for the association between each strain marker and 

incident AF. The follow-up time was the time from the initial baseline clinical assessment to the 

completion of the study or the date of diagnosis of AF (whichever came first). Other parameters in the 

model included the CHARGE-AF score, LAVi and E/e’.  

Nelson-Aalen cumulative hazard estimate plots were constructed to assess AF diagnoses between low 

and high-risk groups based on arbitrary cut-offs for LARS (34%) and GLS (18%). The log-rank test 

used to assess the differences between curves. Receiver operator characteristic (ROC) curves were 

constructed for both GLS and LARS for both PP and SP cohorts to determine the discriminative ability 

of both strain markers in different disease stages. The area under the curves (AUC) of both cohorts were 

compared by the Hanley and McNeil method (254). Analyses were considered to be statistically 

significant if two-tailed p values were <0.05. Statistical analysis was performed using SPSS v.22 (SPSS, 

Chicago, IL) and Stata v.13 (StataCorp, College Station, Texas). 

 

9.5 Results 
 

9.5.1 Patient characteristics. 
 

In the PP cohort, 351 participants (mean age 70 yrs ± 4.1 yrs, 43% male) were included, and in the SP 

cohort, 453 participants (mean age 70 yrs ± 11.0 yrs, 57% male) were included. Both cohorts were 

heterogenous and demonstrated variability in baseline clinical and echocardiographic characteristics.  
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Table 9-1 - Baseline Characteristics of the overall cohort. 

BMI – Body Mass Index     BP – Blood Pressure    IHD – Ischaemic Heart Disease     

 

9.5.2 AF during follow up. 
 

Over a median follow-up of 22 months, 42 patients in the PP cohort (12%) were diagnosed with AF - 

22 patients with subclinical AF diagnosed with portable ECG monitoring and 20 patients with AF 

diagnosed at clinical review. Over a median follow up of 35 months, 60 patients in the SP cohort (13%) 

were diagnosed with AF. Table 9-2 compares the characteristics of those with AF and sinus rhythm; 

those diagnosed with AF were older and had higher baseline CHARGE-AF and CHA2DS2-VASC 

Demographics Primary 

Prevention (PP) 

cohort (n=351)  

Secondary Prevention 

(SP) cohort              

(n=453) 

P Value 

Age - years (SD) 70.3 (4.1) 70.1 (11.1) 0.77 

Male n (%) 152 (43) 258 (57) <0.001 

Systolic BP mmHg (SD)  141 (15.7) 134 (13.9) <0.001 

Diastolic BP mmHg (SD) 

Heart Rate /min (SD) 

82 (9.8) 

68 (10.4) 

74 (8.7) 

69 (12.6) 

<0.001 

0.40 

BMI (kg/m2) (SD) 

Current Smoking n (%) 

Diabetes Mellitus n (%) 

Obesity n (%) 

Hypertension n (%) 

Previous history of IHD n (%) 

Previous history of HF n (%) 

Median CHARGE-AF % (IQR) 

Median CHA2DS2-VASC % (IQR) 

AF during follow up (%) 

29.9 (5.2) 

7 (2) 

167 (48) 

165 (47) 

272 (78) 

14 (4) 

0 (0)                                                                                          

5.6 (5.5) 

3.0 (2.0) 

42 (12) 

27.6 (4.9) 

121 (27) 

89 (20) 

106 (23) 

302 (67) 

61 (14) 

14 (3.1) 

6.3 (12.7) 

5.0 (2.0) 

60 (13) 

<0.001 

<0.001 

<0.001                                                           

<0.001 

0.001 

<0.001 

0.001 

0.12 

<0.001 

0.60 

Echocardiographic Parameters    

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

E/A (SD) 

E/e’ (Average of lateral and septal) (SD) 

Left atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

LARS % (SD) 

Left Atrial Conduit strain % (SD) 

Left Atrial Pump strain % (SD) 

63 (6.1) 

18.9 (2.4) 

0.83 (0.25) 

8.7 (2.5) 

31.6 (8.9) 

83.8 (22.0) 

38.4 (6.6) 

19.2 (5.3) 

19.2 (5.3) 

60 (10.5) 

19.9 (3.6) 

0.93 (0.39) 

11.2 (4.9) 

35.3 (12.1) 

97.9 (29.9) 

30.3 (8.5) 

15.7 (6.2) 

14.6 (4.8) 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 
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scores (p<0.001). Compared to those in sinus rhythm, patients with AF had reduced GLS (17.0±3.5% 

vs 19.8±3.0%, p<0.001), reduced LARS (27.8±10.6% vs 34.7±8.0%, p<0.001) and increased LAVi and 

LV mass (both p<0.001). 

9.5.3 Incremental value of strain markers. 
 

A summary of the nested cox regression analysis is summarized in figures 9.4 and 9.5. The sequential 

models included CHARGE-AF, LAVi, E/e’, GLS and LARS (in order). In the PP cohort, LARS and 

LAVi provided independent and incremental predictive value (p<0.05). GLS provided incremental 

predictive value although this was not independent of the other covariates in the final model (HR 1.13, 

95% C.I 1.00-1.28, p=0.06). In the SP cohort, both GLS and LARS provided independent and 

incremental predictive value (GLS - HR 1.12, 95% C.I 1.03-1.22, p=0.007 and LARS – HR 0.92, 95% 

C.I 0.88-0.97, p=0.001).  

9.5.4 AF prediction from strain values. 
 

The results of the ROC analysis are shown in figure 9.6. For both GLS and LARS, a larger AUC was 

noted in the SP cohort compared with the PP cohort (AUC 0.83 vs 0.58, p<0.001 for GLS and AUC 

0.83 vs. 0.57, p<0.001 for LARS).  

Nelson-Aalen curves showing AF detection based on cut-offs for LARS (cut-point 34%) and GLS (cut-

point 18%) are shown in figure 9.7. For LARS, higher AF detection was noted in patients with reduced 

LA strain <34% in both PP and SP cohorts (p<0.05). For GLS higher AF detection was noted in patients 

with GLS <18% only in the SP cohort (p<0.001) (p=0.14 for PP cohort). 
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Table 9-2 - Comparison of baseline characteristics between patients with AF and sinus rhythm. 

  

Demographics Sinus Rhythm 

(n=702)  

AF                      

(n=102) 

P 

Value 

Age - years (SD) 69.4 (8.6) 75.4 (7.6) <0.001 

Male n (%) 357 (51) 53 (52) 0.84 

Systolic BP mmHg (SD)  138 (11.5) 134 (15.3) 0.02 

Diastolic BP mmHg (SD) 

Heart Rate /min (SD) 

78 (10.0) 

68 (11.5) 

75 (11.0) 

69 (12.7) 

0.03 

0.73 

BMI (kg/m2) (SD) 

Current Smoking n (%) 

Diabetes Mellitus n (%) 

Obesity n (%) 

Hypertension n (%) 

Previous history of IHD n (%) 

Previous history of HF n (%) 

Median CHARGE-AF % (IQR) 

Median CHA2DS2-VASC % (IQR) 

28.7 (5.1) 

110 (16) 

223 (32) 

242 (35) 

492 (70) 

61 (9) 

7 (1)                                                                                          

5.3 (7.8) 

4.0 (2.0) 

27.8 (5.4) 

18 (18) 

33 (32) 

29 (28) 

82 (80) 

14 (14) 

7 (7) 

11.7 (12.0) 

5.0 (3.0) 

0.11 

0.61 

0.91 

0.22 

0.03 

0.10 

<0.001 

<0.001 

<0.001 

Echocardiographic Parameters    

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

E/A (SD) 

E/e’ (Average of lateral and septal) (SD) 

Left atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

LARS % (SD) 

Left Atrial Conduit strain % (SD) 

Left Atrial Pump strain % (SD) 

62 (8.8) 

19.8 (3.0) 

0.88 (0.31) 

9.9 (3.8) 

33.1 (10.5) 

90.9 (26.6) 

34.7 (8.0) 

17.6 (6.0) 

17.1 (5.0) 

59 (10.0) 

17.0 (3.5) 

0.94 (0.47) 

11.5 (5.8) 

37.6 (13.3) 

97.5 (29.3) 

27.8 (10.6) 

14.5 (5.8) 

13.3 (7.1) 

0.006 

<0.001 

0.22 

0.01 

0.001 

0.02 

<0.001 

<0.001 

<0.001 
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9.5.5 Reproducibility. 
 

Inter-observer variability was assessed by blinded strain measurements in a random sample of 20 

patients. All measurements were done by the same investigators and the mean of the absolute value of 

differences between measurements was calculated. The mean±SD difference for GLS was 0.7±0.7%, 

and for LARS it was 3.8±3.1%. Intra-observer variability was assessed by the primary investigator (SR) 

who repeated GLS measurements in a random sample of 20 patients at a different timepoint. The mean 

difference for GLS was 0.8±0.6%, and for LARS was 3.8±2.9%. 
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Figure 9.3 - Nested Cox Regression model showing incremental predictive value of LARS in PP cohort. GLS was not independently associated with AF. 

Compared with GLS, LARS was independently associated with AF in the PP cohort.  
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Figure 9.4 - Nested Cox Regression model showing incremental predictive value of LARS and GLS in SP cohort. 

Both GLS and LARS were independently associated with AF in the SP cohort 
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Figure 9.5 - Receiver operator characteristic (ROC) analysis showing the discriminative ability of 

both strain markers in both patient cohorts. The AUC is much larger in the SP cohort for both 

strain parameters (p<0.001). 

The ROC curves show much higher discrimination of both strain parameters in the SP cohort compared with 

the PP cohort. This suggests that the usefulness of strain parameters in AF prediction improves in more 

advanced disease stages. 
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Figure 9.6 - Nelson-Aalen Curves showing AF detection based on arbitrary cut-offs for strain (LARS < 34% and GLS > 18%). 

In panel A patients with LARS <34% had higher AF detection rates compared with those with LARS ≥ 34% (p=0.01). In panel B, there was not a statistically significant 

difference in AF detection rates between patients with GLS <18% compared to those with GLS ≥18% (p=0.14). Panels C and D show statistically significant difference in AF 

detection rates for both LARS and GLS in the SP cohort (p<0.001, with higher AF detection rates in those with LARS <34% and GLS <18%).   
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9.6 Discussion 
 

The results of our study suggest that the association of strain markers with AF improves in higher risk 

cohorts. LARS was independently associated with AF with incremental predictive value over clinical 

parameters and LA volume. GLS was independently associated with AF only in a high-risk stroke 

cohort.  

 

9.6.1 The use of strain in AF risk assessment. 
 

LA strain has emerged as a novel parameter for the phasic assessment of LA function (5). The three 

components of LA function (reservoir, conduit and pump) can be assessed and there have been 

important clinical applications of LA strain such as a prognostic marker in HF and as a risk marker of 

thromboembolic complications in AF (88, 97, 213, 255). We have previously demonstrated the 

association of LA strain with AF (251). Unlike other robust strain parameters such as GLS, there have 

been some challenges which have limited the widespread adoption of LA strain into clinical practice 

(231). Currently LA strain is measured using a LV strain algorithm which are vendor specific with 

variations in ECG gating, nomenclature and image acquisition techniques (5, 101). The normal values 

of LA strain are also variable among vendors, with a recent meta-analysis providing a reference range 

(89).  There have been recent published consensus guidelines aiming to address some of these 

limitations which will help standardize reporting and improve feasibility (101).   

Despite its limitations, LA strain has an important role in AF assessment (4, 92, 97). LA strain provides 

quantitative information about LA phasic function which may be a more sensitive marker that LA 

volume - which is the current standard echocardiographic risk marker for AF (250). Much like GLS has 

been used to identify those with subclinical LV dysfunction, LA strain may allow us to identify patients 

with an underlying “atriopathy”, thereby helping to identify those at increased risk of developing AF. 

Our study confirms that LARS is independently associated with AF and provides incremental predictive 

value to LA volume and clinical parameters. Importantly in our study we found that LA strain was both 

feasible and reproducible. In patients with stroke and AF related complications, GLS may be an 

important predictive marker. 
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9.6.2 Early diagnosis of AF. 
 

AF is a leading cause of stroke and HF (1, 2), the rising incidence and prevalence of which is associated 

with increasing health care costs and hospitalizations (12, 109, 111). Patients with asymptomatic 

(subclinical) AF do not have a benign prognosis and may have similar rates of stroke than those with 

symptomatic AF (55, 256). Screening for AF has been a topical issue and with improvements in 

monitoring technology, has been shown to be cost-effective and feasible (8, 78, 257). Screening is 

recommended by the European Society of Cardiology (57) and by the AF-Screen Collaboration (2), 

however due to concerns of false positives/negatives as well as the risk of overdiagnosis and feasibility, 

is currently not recommended in United Kingdom or United States guidelines (58, 59).  

Despite the controversy of screening, early diagnosis of AF has several potential benefits. It allows for 

aggressive risk factor modification and screening for comorbid conditions such as sleep apnoea which 

has been shown to be of significant benefit post catheter ablation in those with symptomatic AF (23). 

Although initiation of anticoagulation in this setting has not been studied in a randomized clinical trial 

in the subclinical AF cohort, this may translate to reduced hospitalizations and health care costs. 

9.6.3 Improving the efficiency of AF screening. 
 

The efficiency of screening programs is dependent on the underlying AF risk of patients. Risk 

assessment for AF is challenging and no single parameter has been demonstrated to have a high 

predictive value. Although validated clinical bedside scores such as the CHARGE-AF are easy to 

calculate and useful for clinical assessment, they only have moderate discriminative ability and in a 

recent retrospective study, was not a strong predictor of AF in hospitalized patients (22, 258).  

Most screening programs have adopted opportunistic screening of patients based on arbitrary age cut-

offs and this is currently recommended by the AF-Screen Collaboration (2). Much of the focus has also 

been on the monitoring technology and the duration of monitoring. While these are important 

considerations, there have been few studies investigating strategies to refine the screening population 

to improve efficiency. Although we would not propose routine echocardiograms purely for AF risk 

assessment, we often find that patients at risk of AF have had echocardiograms performed for a variety 

of indications(82). In this situation, the results of echocardiography could provide a powerful, relatively 
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inexpensive and reproducible method of refining the “at risk” cohort. We have previously proposed a 

systematic method of reporting an individual’s AF risk based on the presence of imaging risk factors 

such as LA enlargement or LVH. LA strain can also be a useful marker in these patients to identify 

those with an underlying "atriopathy”. The results of our study suggest that by combining clinical risk 

parameters with imaging risk parameters may help enrich the screening cohort, thereby making AF 

screening more efficient, further improving cost-effectiveness.    

9.6.4 Limitations. 
 

The limitations of our study include the comparison of heterogenous patient cohorts which may have 

translated into some important confounders not being included in the analysis. Nonetheless, although 

from different geographical locations, the health system of both locations is the same and demographics 

were similar.  

We had a small number of AF outcomes and some outcomes may have been missed due to the limited 

AF monitoring period. AF was diagnosed using a variety of methods, which were not the same in both 

groups, although the overall AF detection rate was similar in both groups. Moreover, other cohort 

studies have shown equivalence in the frequency of detection of subclinical AF using intermittent 

device tracings over multiple days and continuous recording over a single day (55, 240, 256).  

We did not collect data from local practitioners on anticoagulation prescription following a diagnosis 

of AF hence were unable to assess the impact of early diagnosis. Likewise, we did not perform long 

term follow-up to assess if those with subclinical AF had similar clinical outcomes to those with 

clinically diagnosed AF. 

 

9.7 Conclusion. 
 

The performance of strain markers improves in higher risk patient cohorts. LARS is independently 

associated with AF in different risk cohorts and its effect is incremental to clinical parameters and LA 

volume. GLS may be more useful in AF risk assessment in those with AF related complications. 
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9.8 Postscript 

In this chapter we have demonstrated that the performance of LA and LV strain in prediction of AF 

varies according to disease stage.  LA strain may be a useful marker in detecting early signs of adverse 

LA remodeling and may help predict those that develop AF. However, in very low risk patients, it may 

not be as predictive. In contrast, those patients at high risk with multiple risk factors, strain (both LA 

and LV strain) may be a more powerful imaging marker to predict future AF risk. 

For this study we assumed that the primary prevention cohort were at earlier disease stages than those 

from the secondary prevention cohort. Whilst the development of stroke suggests that these patients 

may have a more advanced “atriopathy,” it is possible that those from the community with risk factors 

may also have a more advanced “atriopathy” given the presence of multiple risk factors such as 

hypertension and diabetes. This should be acknowledged as a limitation in our study. It is difficult to 

accurately group or classify the degree of “atriopathy” or stroke risk. However, what we can learn from 

this study is that LA strain can be used in different patient groups to assess AF risk. It is also evident 

that the strength of association varies according to different groups. These imaging parameters may also 

provide a non-invasive marker of LA remodeling and “atriopathy” which indirectly may represent a 

marker of stroke (independent of the development of AF).  

As we demonstrated in chapter 8, AF modelling and risk assessment is complex, and no single imaging 

or clinical parameter is predictive. However, we require a multi-faceted risk assessment strategy 

combining clinical, socioeconomic and multiple imaging parameters. In the next chapter, we investigate 

other novel imaging markers of AF risk - LA mechanical dispersion.
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10 Other Advanced Imaging Markers of AF risk 

 

10.1 Preface 

In previous chapters we investigated the association between AF and LA strain. Myocardial strain also 

allows assessment of the timing of segmental contraction of different myocardial segments. With 

progressive LA remodeling and enlargement, fibrosis can occur which leads to delayed contraction. 

This mechanical delay in contraction between different LA segments which can be assessed using 

strain, can be a potential surrogate non-invasive marker for LA fibrosis. Therefore, it may have a role 

in AF risk stratification. 

 

In this chapter we investigate the role of LA mechanical dispersion and determine its association with 

AF. 
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10.2 Abstract 
 

Background: Left atrial (LA) enlargement is associated with atrial fibrillation (AF), but new-onset AF 

often occurs in the absence of LA enlargement. AF may be related to myocardial fibrosis, and even 

though left ventricular fibrosis is associated with mechanical dispersion, this phenomenon is not well 

studied in AF. We hypothesized that detection of LA dysfunction and mechanical dispersion using 

strain echocardiography is useful for predicting new-onset AF. 

Methods: Baseline echocardiography was performed at entry in 576 community-based participants at 

risk of HF or AF. In this case-control study, we compared 35 individuals with new-onset AF (age 70±4 

years; 57% men) over 2 years follow-up with 35 age and sex matched individuals who did not develop 

AF from same cohort. Using speckle-tracking echocardiography, we measured the LA strain in each of 

12 segments in two- and four-chamber views. LA mechanical dispersion was defined as the standard 

deviation of time to peak positive strain corrected by the R-R interval (SD-TPS, %). 

Results: There was no significant difference in LA volume index (32.5±9.2 ml/m2 vs. 29.5±8.3 ml/m2, 

p=0.16), patients with new-onset AF had significantly worse LA pump strain (16.6±4.3% vs. 

20.6±4.3%, p<0.01) and reservoir strain (31.4±7.7% vs. 38.0±7.3%, p<0.01) than those without AF. 

SD-TPS was significantly higher in patients with AF than in those without it (6.3%±2.3% vs. 

3.9%±1.6%, p<0.01). SD-TPS was independently associated with new-onset AF after adjustment for 

patient characteristics, LA volume and strain (hazard ratio, 1.26; 95% confidence interval, 1.10–1.45; 

p<0.01). In the nested Cox models, the model based on the LA volume and strain for predicting new 

onset AF was significantly improved by adding SD-TPS (p<0.01).  

Conclusion: LA dispersion obtained from strain echocardiography provides incremental information 

to LA volume and function in the prediction of new-onset AF.               
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10.3 Introduction 
 

Atrial fibrillation (AF) is the most common serious arrhythmia, and its increasing incidence reflects the 

aging population (259, 260). Risk stratification for the development of this arrhythmia has a potential 

public health impact, because the recognition of AF is often delayed and the major complication of AF 

(stroke) is potentially preventable with anticoagulation. Transthoracic echocardiography has played an 

important role in assessing this remodeling because it is non-invasive, highly accessible and portable. 

AF is a progressive disease that facilitates its own persistence through the process of atrial remodeling 

(261); both left atrium (LA) structural and functional remodeling are associated with AF (40, 262). LA 

enlargement is a well-known predictor for new-onset AF (175, 263, 264), but AF is often observed in 

patients without LA enlargement because functional impairment precedes morphological changes (265, 

266). Strain echocardiography can accurately assess regional myocardial function, and impaired LA 

strain is a marker of AF risk (267, 268). Myocardial strain may also be used to measure the timing of 

contraction, and several studies have revealed an association between LV mechanical dispersion and 

ventricular arrhythmias (92, 269-271). Disturbances in the timing of LA contraction reflect the presence 

of atrial fibrosis and electrophysiological disorders (272, 273). A most recent study reported that intra-

atrial dyssynchrony during sinus rhythm was an independent predictor of recurrence after the first AF 

ablation (273). Accordingly, we hypothesized that measurement of LA mechanical dispersion can be a 

useful biomarker to stratify the risk for new-onset AF. The purpose of this study was to quantify the 

association and impact of LA dispersion on the incidence of new-onset AF, and to assess whether LA 

dispersion provided additional predictive information toward new-onset AF over LA enlargement and 

dysfunction.   

 

10.4 Methods 
 

10.4.1 Study population. 
 

In this prospective, observational case control study, we selected participants from a community-based 

study in Australia, which had the primary objective of early detection of HF and AF. This community-

based cohort included asymptomatic individuals older than 65 years with more than one risk including 
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hypertension (systolic blood pressure >140 mm Hg or pre-existing use of antihypertensive 

medications), T2DM (based on self-reports of diagnosis or the current use of diabetic medications), 

obesity (body mass index ≥ 30), previous chemotherapy, and family history of HF. Exclusion criteria 

were (1) inability to provide written consent to participate in the study, (2) history of moderate or greater 

valvular disease, (3) known history of HF, (4) reduced left ventricle (LV) systolic function on baseline 

echocardiography (LV ejection fraction < 40%), (5) contraindications to beta-blockers and angiotensin-

converting enzyme inhibitors, (6) life expectancy < 1 year, and (7) inability to perform strain analysis 

or acquire interpretable images from baseline echocardiography. All patients were provided written 

informed consent, and approval was obtained from the institution’s human research ethics committee. 

From this initial cohort, we excluded all patients with known histories of AF or with documented AF 

on baseline electrocardiography, leaving 576 eligible individuals for inclusion into our study. 

 

10.4.2 Clinical data. 
 

We obtained clinical histories from all participants and they answered questionnaires to assess their 

overall health status at the start of the study. Clinical parameters (sociodemographic variables, medical 

history, medication history, and baseline examination data) were comprehensively assessed. Using 

these data, we computed the CHARGE-AF (Cohorts for Heart and Aging Research in Genomic 

Epidemiology Atrial Fibrillation)(22) and CHA2DS2-VASc scores. We also performed baseline 

electrocardiography and echocardiography in all participants at entry. 

 

10.4.3 Recognition of AF. 
 

Incident AF was identified over a median follow-up of 15 months. All patients were followed clinically, 

and a clinical diagnosis of AF was sought on the basis of history and confirmed by 12-lead ECG. In 

addition, a single lead ECG device using three points of finger contact (Remon RM-100, Semacare, 

China) was used to record 60 second single-lead ECG tracings, five times per day for one week. AF 

was identified as an irregular rhythm of ≥30 sec with a variable R-R interval and absent P waves, 

confirmed by two independent physicians who were blinded to the patient’s clinical details. The patient 
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was advised of the recognition of subclinical AF, and further management and investigation was 

provided by their usual medical practitioner. 

 

10.4.4 Conventional echocardiography. 
 

All echocardiographic examinations were performed by qualified sonographers using the same 

equipment (Siemens Acuson SC2000, Siemens Medical Solutions, Mountain View, CA) and 

transducers (4V1c [1.25–4.5 MHz] and 4Z1c [1.5–3.5 MHz]) during sinus rhythm. Conventional 

echocardiographic parameters were measured according to the recommendations of the American 

Society of Echocardiography (107, 210). Early and late diastolic mitral annular tissue velocity (e’ and 

a’) were measured in the apical four-chamber view, with the sample volume positioned at both the 

septal and lateral mitral annuli and being the average of these two values. LA volume was calculated 

using the biplane method of disks (Simpson’s modified rule) and indexed to body surface area (left 

atrial volume index [LAVI]). 

 

10.4.5 Strain analysis. 
 

All strain parameters were assessed by speckle-tracking imaging using an external third-party software 

program (Research Arena; TomTec Imaging Systems, Munich, Germany). After manual tracing of the 

LA and LV endocardial border, the dedicated software automatically tracked the myocardium 

throughout the cardiac cycle. All tracking was reviewed to ensure that it was appropriate and a true 

representation of LA and LV motion. Left ventricular global longitudinal strain and global 

circumferential strain were measured using standard methodologies (227). The strain curves of the 

global and regional LA wall were generated by the software automatically, and the reference point for 

image analysis was taken at the onset of the QRS complex (R-R gating) as has been previously described 

(89). Apical four- and two-chamber images were selected with a frame rate of 60 to 80 frames/sec, and 

strain results were obtained by averaging the two views. The resulting atrial strain curve provided 2 

peaks consistent with reservoir and contractile strain, and the difference between these was conduit 

strain (figure 10.1a). LA mechanical dispersion was defined as the standard deviation of time to peak 

positive strain (SD-TPS) from the 12 LA segments (figure 10.1b). We corrected the SD-TPS by the R-
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R interval to derive SD-TPS as a percentage of the R-R interval. Higher values of SD-TPS are thought 

to suggest greater degree of LA dispersion. Patients without interpretable images, such as those with 

incomplete strain measurements, were excluded from this study. All echocardiographic analysis was 

performed by one investigator experienced with strain imaging who was blinded to the patient 

characteristics and the outcome.  

 

Figure 10.1 - Measurements of LA strain. 

The left panel shows the LA strain components (A). The right panel shows the measurements of LA dispersion 

and representative cases in patients with and without AF (B). White arrows indicate contraction durations 

defined as the time from the end-diastole (the R wave on the electrocardiogram) to the maximal time of positive 

deformation in each LA segment. SD-TPS was calculated as the standard deviation of time to peak and 

expressed as a percentage of the R-R interval. The patients with new-onset AF showed higher SD-TPS. AF = 

atrial fibrillation; LA = left atrium; SD-TPS = standard deviation of the time to peak strain. 

 

10.4.6 Statistical analysis. 
 

Continuous variables are expressed as mean ± standard deviation or median (interquartile range), and 

categorical variables are shown in percentages. The significance of differences between the groups was 

assessed using Student’s t test for data with normal distribution, and the Mann-Whitney U test was used 

for data that were not normally distributed. For categorical variables, the χ2 test or Fisher’s exact test 

was used, as appropriate. Univariable and multivariable linear regression analysis were used to evaluate 

the associations between SD-TPS and other echocardiographic parameters. Univariable and 

multivariable Cox regression analysis was used to assess independent predictors for new-onset AF. The 
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independence and robustness of SD-TPS were examined using several models. The area under the 

receiver operating characteristic (ROC) curve (AUC) was calculated for each echocardiographic 

variable, and the value closest to the corner of the ROC curve determined the optimal cutoff for the 

ability of the variables to discriminate between patients with and without new-onset AF. Kaplan-Meier 

survival analyses with follow-up censored at 40 months were performed for participants with SD-TPS 

above and below an optimal cut-off in a previous study (274).  

The incremental value of SD-TPS in the overall group was assessed in three modeling steps using nested 

models. Covariate selection for model entry was based on clinical experience and identification of 

known correlates. The first step consisted of fitting a multivariable model based on CHARGE-AF score 

and LAVI. LARS was then included in the second step and SD-TPS in the third step. The incremental 

value of SD-TPS over baseline clinical characteristics and conventional LA factors for predicting new-

onset AF was determined by calculating the improvement in the global χ2 statistic. Reclassification was 

evaluated to assess the incremental benefit of adding SD-TPS to the model on the basis of LA volume 

and function with net reclassification improvement. Inter- and intra-observer variability for LARS and 

SD-TPS were studied a random sample of 10 patients, and the mean of the absolute value of differences 

between measurements was calculated. In addition, the mean differences and limits of agreement 

between measurements were assessed using Bland-Altman plots. 

All statistical analyses were performed using a standard statistical software package (SPSS version 21 

[SPSS, Chicago, IL, USA] and R version 3.5.0 [https://www.r-project.org]). All p values reported are 

from two-sided tests and values <0.05 were considered statistically significant.  
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10.5 Results 
 

10.5.1 Patient characteristics. 
 

Among 576 patients, new-onset AF developed in 35 participants (mean age, 70±4 years; 57% men, 

49% paroxysmal AF and 51% non-paroxysmal AF) over 2 years follow-up, and we selected as controls 

35 age and sex matched individuals who did not develop AF from same cohort. Thus, we performed 

our final analyses with data from a total of 70 participants (Table 10-1). The majority of the patients 

had T2DM (54%), obesity (44%), hypercholesterolemia (48%), and hypertension (76%), but the 

average values for LAVI, LA, and LV function were in the normal range. Table 10-1 also shows a 

comparison of baseline characteristics and echocardiographic parameters between the patients with and 

without new-onset AF. Although there was no significant difference in LAVI (32.5±9.2 vs. 29.5±8.3 

ml/m2, p=0.16), the patients with new-onset AF had significantly worse LA pump strain (16.6±4.3% 

vs. 20.6±4.3%, p<0.01) and reservoir strain (31.4±7.7% vs. 38.0%±7.3%, p<0.01) than those without 

AF. SD-TPS was significantly higher in the patients with AF than in those without it (6.3±2.3% vs. 

3.9±1.6%, p<0.01). Figure 10.1B shows representative cases of LA strain curves and SD-TPS in four-

chamber view for patients with and without new-onset AF. 
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Table 10-1 - Baseline characteristics. 

Data are expressed as mean ± SD, number (percentage), or median (interquartile range).  

*P value compared with patients ACE = angiotensin-converting enzyme; AF = atrial fibrillation; 

ARB = angiotensin receptor blocker; BMI = body mass index; BSA = body surface area; GCS = 

global circumferential strain; GLS = global longitudinal strain; LA = left atrium; LAVI = left atrial 

 
All patients 

n = 70 

AF 

n = 35 

No AF 

n = 35 

 

P 

Demographics     

Age (years) 70 ± 4 70 ± 4 70 ± 4  

Male 40 (57) 20 (57) 20 (57)  

BSA (m2) 1.9 ± 0.2 2.0 ± 0.2 1.9 ± 0.2 0.82 

BMI (kg/m2) 29.5 ± 4.6 29.7 ± 5.0 29.4 ± 4.3 0.79 

Heart rate (beats/min) 67.3 ± 12.0 69.1 ± 13.5 65.5 ± 10.2 0.21 

T2DM 38 (54) 19 (54) 19 (54) 1.00 

Obesity 31 (44) 14 (40) 17 (49) 0.47 

Hypercholesterolemia 32 (48) 15 (45) 17 (50) 0.71 

Hypertension 53 (76) 27 (77) 26 (74) 0.78 

CHA2DS2Vasc score 3.0 ± 1.0 3.1 ± 0.9 3.0 ± 1.0 0.71 

CHARGE-AF score  8.3 (5.0-12.7) 6.9 (5.1-12.2) 8.7 (4.8-14) 0.49 

Medication     

 ACE inhibitors or ARBs 44 (63) 20 (57) 24 (69) 0.32 

 β-blockers 7 (10) 5 (14) 2 (6) 0.43 

 Calcium blocker 16 (26) 5 (16) 11 (37) 0.06 

 Lipid Lowering drugs 33 (53) 15 (47) 18 (60) 0.30 

 Antiplatelet agents 19 (31) 9 (28) 10 (33)  0.66 

Echocardiographic 

parameters 
    

LVEF (%) 62.7 ± 6.2 61.3 ± 6.3 64.1 ± 5.8 0.058 

GLS (%) -18.5 ± 2.7 -18.1 ± 3.3 -18.8 ± 1.9 0.46 

GCS (%) -29.9 ± 5.4 -29.9 ± 5.8 -30.0 ± 5.0 0.94 

E/e’ 8.9 ± 2.7 8.6 ± 2.6 9.1 ± 2.8 0.44 

LV mass index 81.8 ± 17.0 81.7 ± 18.2 82.0 ± 16.0 0.94 

LAVI (ml/m2) 31.0 ± 8.8 32.5 ± 9.2 29.5 ± 8.3 0.16 

LA pump strain (%) 18.6 ± 4.7 16.6 ± 4.3 20.6 ± 4.3 < 0.01 

LA conduit strain (%)       16.0 ± 5.2 14.8 ± 4.9 17.1 ± 5.4 0.06 

LARS (%) 34.7 ± 8.1 31.4 ± 7.7 38.0 ± 7.3 < 0.01 

 SD-TPS (%) 5.1 ± 2.3 6.3 ± 2.3 3.9 ± 1.6 < 0.01 
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volume index; LV = left ventricle; LVEF = left ventricular ejection fraction; SD-TPS = standard 

deviation of the time to peak strain.  SD-TPS was corrected by the R-R interval to derive SD-TPS as a 

percentage of the R-R interval. 
 

10.5.2 Association between SD-TPS and other echocardiographic parameters. 
 

The association between SD-TPS and other echocardiographic parameters was evaluated using 

univariable and multivariable linear regression analyses (Table 10-2 and Supplementary Table 10-8). 

In the multivariable analysis, SD-TPS was significantly associated with LV ejection fraction (r=-0.38, 

β = −0.27; p=0.03) and LARS (r=-0.39, β = −0.27; p=0.04). LA pump and conduit strain were excluded 

from the multivariable models because of collinearity. 

 

10.5.3 Predictors of new-onset AF. 
 

In the univariable Cox regression analysis, new-onset AF was associated with LAVI, LARS, and SD-

TPS (Table 10-3). The independent association of SD-TPS with new-onset AF was examined using 

three different models. SD-TPS had a consistently significant association with new-onset AF in every 

model and the hazard ratios (HRs) were similar (1.28-1.37). In addition, SD-TPS was independently 

associated with new-onset AF after adjusting for CHARGE-AF score, LAVI, and LARS (HR, 1.26; 

95% confidence interval, 1.10–1.45; p<0.01) (figure 10.2). We also confirmed the independent 

association of LARS with new-onset AF using the same models (Supplementary Table 10-9 and figure 

10.2).  

Table 10-4 summarizes the ROC curve analysis results. SD-TPS and LARS were identified as 

echocardiographic predictors with high AUC (0.80 for SD-TPS and 0.75 for LARS), with the AUC for 

SD-TPS being the highest. Using the previously-defined SD-TPS cutoff of 5.3% (274), patients with 

new-onset AF were identified with a sensitivity of 65.7% and specificity of 85.7%. The AF-free survival 

was significantly better in those with SD-TPS <5.3% than those with SD-TPS ≥5.3% (log-rank p<0.01) 

(figure 10.3A).  
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10.5.4 Incremental value of SD-TPS. 
 

Figure 10.2 and supplementary figure 10.4 show the incremental benefit of using sequential Cox models 

for the prediction of new-onset AF. In figure 10.2, a model based on clinical and conventional 

echocardiographic variables including CHARGE-AF scores and LAVI (Chi-square, 5.3) was 

significantly improved by addition of LARS (Chi-square, 17.8; p<0.01) and further improved by adding 

SD-TPS (Chi-square, 27.5; p<0.01). 

The addition of SD-TPS to a risk classification model based on LAVI or LARS alone resulted in the 

correct reclassification of patients without new-onset AF to the low-risk category (net reclassification 

improvement, 0.26 and 0.17, respectively; both p<0.05) (Table 10-5 and 10-6). Moreover, adding SD-

TPS to combined LAVI and LARS model resulted in a significantly improved reclassification (net 

reclassification improvement, 0.14; p=0.04) (Table 10-7). 

10.5.5 Reproducibility 
 

Reproducibility was assessed by blinded strain measurements in a random sample of 10 patients. Inter-

observer variability was assessed by two investigators, and the mean of the absolute value of differences 

between measurements was calculated (supplementary figure 10.5). For LARS and SD-TPS, the mean 

differences were 3.8±3.1% and 0.5±0.3%, respectively. Intra-observer variability was assessed by one 

investigator, who repeated LA strain at a different time point. For LARS and SD-TPS, the mean 

differences were 2.3±1.5%, 0.6±0.4%, respectively. 
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Table 10-2 - Associations of SD-TPS and other echocardiographic parameters. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACE = 

angiotensin-converting enzyme; AF = atrial fibrillation; ARB = angiotensin receptor blocker; BMI = body mass index; CI = confidence interval; GLS = global longitudinal strain; HR =hazard 

ratio; LA = left atrium; LAVI = left atrial volume index; LVEF = left ventricular ejection fraction; SD-TPS = standard deviation of the time to peak strain. 

 

 

Table 10-3 - Univariable and multivariable Cox regression analysis for new-onset AF. 

 

 

 

 

 

 

 

 

 
ACE = angiotensin-converting enzyme; AF = atrial fibrillation; ARB = angiotensin receptor blocker; BMI = body mass index; CI = confidence interval; GLS = global longitudinal strain; HR 

=hazard ratio; LA = left atrium; LAVI = left atrial volume index; LVEF = left ventricular ejection fraction; SD-TPS = standard deviation of the time to peak strain. SD-TPS was corrected by the 

R-R interval to derive SD-TPS as a percentage of the R-R interval. 

  

 Univariable   Multivariable      

    Clinical Model  Medical Model  Echo Model  

 HR (95% CI) P  HR (95% CI) P HR (95% CI) P HR (95% CI) P 

BMI (per 1 kg/m2 increase) 1.00 (0.94-1.07) 0.94  0.96 (0.89-1.04) 0.30     

CHA2DS2Vasc score (per 1-point increase) 1.05 (0.76-1.45) 0.79  0.97 (0.65-1.44) 0.87     

CHARGE-AF score (per 1-point increase)  0.97 (0.90-1.04) 0.41  0.96 (0.88-1.05) 0.35     

ACE inhibitors or ARBs 1.58 (0.81-3.10) 0.18    1.89 (0.85-4.21) 0.12   

β-blockers 0.57 (0.22-1.50) 0.26    0.52 (0.16-1.66) 0.27   

Calcium blocker 1.58 (0.61-4.09) 0.35    1.80 (0.67-4.86) 0.25   

LVEF (per 1 % increase) 0.96 (0.91-1.01) 0.08      1.02 (0.96-1.08) 0.59 

LAVI (per 1 ml/m2 increase) 1.04 (1.00-1.07) 0.04      1.00 (0.95-1.08) 0.88 

LARS (per 1 % increase) 0.92 (0.88-0.96) < 0.01      0.93 (0.86-0.99) 0.02 

SD-TPS (per 1 % increase) 1.32 (1.17-1.50) < 0.01  1.37 (1.20-1.59) < 0.01 1.37 (1.21-1.56) < 0.01 1.28 (1.08-1.51) < 0.01 

 Univariable    Multivariable   

 Unstandardized β (95%CI) Standardized β P  Unstandardized β (95%CI) Standardized β P 

LVEF -0.144 (-0.227 to -0.060) -0.384 < 0.01  -0.101 (-0.190 to -0.013) -0.271 0.03 

GCS 0.036 (-0.068 to 0.140) 0.083 0.49     

GLS 0.292 (0.098 to 0.486) 0.342 <0.01  0.118 (-0.095 to 0.330) 0.138 0.27 

E/e’ 0.187 (-0.015 to 0.388) 0.219 0.07     

LAVI 0.051 (-0.011 to 0.114) 0.196 0.10  0.012 (-0.050 to 0.075) 0.047 0.69 

LA pump strain -0.123 (-0.238 to -0.007) -0.249 0.04     

LARS -0.109 (-0.173 to -0.046) -0.385 < 0.01  -0.076 (-0.147 to -0.004) -0.266 0.04 
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Table 10-4 - AUC for ROC analysis of echocardiographic variables. 

  AUC 95%CI P value 
Optimal 

cutoff 

Sensitivity 

(%) 

Specificity 

(%) 
PPV (%) NPV (%) 

SD-TPS (%) 0.80 0.69-0.90 < 0.01 5.3 65.7 85.7 82.1 71.4 

LARS (%) 0.75 0.63-0.87 < 0.01 36.8 82.9 65.7 70.7 79.3 

LVEF (%) 0.62 0.49-0.76 0.08 63.6 71.4 54.3 61.0 65.5 

LAVI (ml/m2) 0.59 0.46-0.73 0.18 28.9 62.9 51.4 56.4 58.1 

GLS (%) 0.55 0.41-0.69 0.46 -17.6 45.7 71.4 61.5 56.8 
 

AUC = area under the receiver-operating characteristic curve; CI = confidence interval; GLS = global longitudinal strain; LA = left atrium; LAVI = left atrial volume index; LVEF = left ventricular 

ejection fraction; NPV = negative predictive value; PPV = positive predictive value; ROC = receiver-operating characteristic; SD-TPS = standard deviation of the time to peak strain. 
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Figure 10.2 - Incremental value of SD-TPS over existing indices. 

A comparison is made with CHARGE-AF score, LAVI, and LARS in risk stratification for new-onset AF. AF = 

atrial fibrillation; LA = left atrium; LAVI = left atrial volume index; SD-TPS = standard deviation of the time to 

peak strain. SD-TPS was corrected by the R-R interval to derive SD-TPS as a percentage of the R-R interval. 

 

Figure 10.3 - Kaplan-Meier curves showing freedom from new-onset AF. 

Patients with SD-TPS ≥5.3% had more AF events than patients with SD-TPS <5.3% (p<0.01). AF = atrial 

fibrillation; SD-TPS = standard deviation of the time to peak strain. SD-TPS was corrected by the R-R interval 

to derive SD-TPS as a percentage of the R-R interval. 
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Table 10-5 - Net reclassification table. The addition of SD-TPS to the model based on LAVI. 

AF = atrial fibrillation; LAVI = left atrial volume index; SD-TPS = standard deviation of the time to peak strain. 

The risk for new-onset AF was stratified into low (0% to < 20%) and high risk (≥ 20%). 

*The number of individuals who were reclassified upward and downward, respectively. 

The net reclassification improvement is the sum of correctly reclassified individuals with and without new-onset AF. 

  

 LAVI + SD-TPS  Reclassified   

No new-onset AF (n = 35) Low risk  High risk   Increased risk* Decreased risk*  
Net correctly 

reclassified (%) 

LAVI         

Low risk  0 0  0 11  31.4 

High risk  11 24      

 LAVI + SD-TPS  Reclassified 
  

New-onset AF (n = 35) Low risk  High risk  
 Increased risk* Decreased risk* 

 

Net correctly 

reclassified (%) 

LAVI  
       

Low risk  0 0 
 0 2 

 -5.7 

High risk 2 33 
     

    
Net reclassification improvement = 0.26                       

(P < 0.01) 
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Table 10-6 - Net reclassification table. The addition of SD-TPS to the model based on LARS. 

AF = atrial fibrillation; LA = left atrium; SD-TPS = standard deviation of the time to peak strain. 

The risk for new-onset AF was stratified into low (0% to < 20%) and high risk (≥ 20%). 

*The number of individuals who were reclassified upward and downward, respectively. 

The net reclassification improvement is the sum of correctly reclassified individuals with and without new-onset AF. 

  

 LARS + SD-TPS  Reclassified   

No new-onset AF (n = 35) Low risk  High risk   Increased risk* Decreased risk*  
Net correctly reclassified 

(%) 

LARS        

Low risk  5 0  0 7  20.0 

High risk  7 23      

 LARS + SD-TPS  Reclassified 
  

New-onset AF (n = 35) Low risk  High risk  
 Increased risk* Decreased risk* 

 

Net correctly reclassified 

(%) 

LARS  
       

Low risk  1 0 
 0 1 

 -2.9 

High risk 1 33 
     

    
Net reclassification improvement = 0.17                          

(P = 0.02) 
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Table 10-7 - Net reclassification table. The addition of SD-TPS to the model based on LAVI and LARS. 

AF = atrial fibrillation; LA = left atrium; LAVI = left atrial volume index; SD-TPS = standard deviation of the time to peak strain. 

The risk for new-onset AF was stratified into low (0% to < 20%) and high risk (≥ 20%). 

*The number of individuals who were reclassified upward and downward, respectively. 

The net reclassification improvement is the sum of correctly reclassified individuals with and without new-onset AF.

 
LAVI + LARS +  

SD-TPS 
 Reclassified   

No new-onset AF (n = 35) Low risk  High risk   Increased risk* Decreased risk*  Net correctly reclassified (%) 

LAVI + LARS        

Low risk  5 0  0 6  17.1 

High risk  6 24      

 

LAVI + LARS +  

SD-TPS 

 Reclassified 
  

New-onset AF (n = 35) Low risk  High risk  
 Increased risk* Decreased risk* 

 Net correctly reclassified (%) 

LAVI + LARS 
       

Low risk  1 0 
 0 1 

 -2.9 

High risk 1 33 
     

    
Net reclassification improvement = 0.14                          

(P = 0.04) 
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10.6 Discussion 
 

The principal finding of this study was that LA mechanical dispersion assessed by speckle tracking 

echocardiography is a useful predictor of new-onset AF, superior and incremental to and independent 

of clinical risk factors and conventional echocardiographic predictors including LA enlargement and 

dysfunction.  

 

10.6.1 LA dispersion as a predictor of new-onset AF. 
 

During the past 10 years, myocardial mechanical dispersion assessed by strain echocardiography has 

emerged as a useful tool to evaluate supraventricular and ventricular arrhythmias. Haugaa et al. have 

demonstrated that mechanical dispersion assessed in the LV was an independent and powerful predictor 

for ventricular arrhythmias in a variety of cardiovascular diseases (269-271). Similarly, LA dispersion 

is greater in patients with AF than in healthy individuals (274-277), and increases in proportion to the 

duration of AF (275). LA dispersion predicts progression from paroxysmal to persistent AF (278), and 

may predict recurrent AF after catheter ablation (276, 279). Importantly, LA dispersion can also detect 

LA functional impairment and asynchrony in patients without LA enlargement (274, 276, 279, 280) - 

indeed, in the present study, the average LAVI in the patients with new-onset AF was within the normal 

range. However, despite studies showing the association between LA dispersion and AF (274-280), 

only one previous study has linked LA dispersion to incident AF – but this used tissue Doppler imaging, 

and was limited to patients with HF (280). To our knowledge, this is the first study demonstrating that 

LA dispersion assessed by speckle-tracking echocardiography predicts the future development of new 

AF in a community-based cohort.  

LA strain is inversely associated with LA fibrosis detected by cardiac magnetic resonance (CMR) (92, 

273), and these imaging markers are related to AF burden (92). Furthermore, LA dispersion was a more 

specific marker of LA scarring evaluated by CMR than LA volume and global function in the patients 

undergoing AF ablation (273). In a study of electro-anatomical mapping and LA strain in patients 

undergoing AF ablation, LA dispersion was significantly increased in patients with low-voltage zones 

and the severity of LA dispersion was related to the LA conduction delay (272). 
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10.6.2 Clinical implications. 
 

The findings in this study suggest that LA dispersion assessed by speckle tracking echocardiography 

may be a useful biomarker to estimate LA structural and electrical remodeling regardless of LA 

enlargement. In addition, recent studies demonstrated that LA dispersion has an incremental value over 

CHA2DS2-VASc score for predicting risk of thrombus formation in patients with AF (281). Based on 

these findings, the mean age (70 years) and CHA2DS2-VASc score (3.0) of the current cohort would 

suggest a significant risk of stroke if the individuals had AF, and better risk stratification may facilitate 

decision-making about AF prevention, and follow-up for early diagnosis. LA dispersion might the 

potential to contribute to the risk stratification for incident AF and for thrombus formation.        

 

10.6.3 Limitations. 
 

There are several limitations in the present study. First, the biggest limitation in the present study is that 

this is a case-control study of a small selected group. In addition, the number of AF cases in the cohort 

may have been underestimated because some AF events are asymptomatic. Although the association of 

LV abnormalities such as LV hypertrophy and dysfunction with incidence of AF are well-established 

(282, 283), there were no significant association between AF and LV mass index and GLS in this study. 

These discrepancy of results between the present and previous studies might be affected by the methods 

of patient selection. Further prospective multicenter studies are needed to confirm the external validity 

of our findings and translate LA dispersion into risk stratification for AF. Moreover, we did not compare 

of LA strain and dispersion with electrocardiographic parameters such as P wave duration and PR 

intervals, which are also established predictors of AF (284, 285). Further comparison of 

echocardiographic parameters to electrocardiogram’s findings might be useful for better understanding 

the mechanics of arrhythmogenic substrate of AF. Second, it was difficult to select the optimal LA 

dispersion cutoff for predicting new-onset AF - the normal LA dispersion range is unknown and we 

applied a cutoff from a previous cross-sectional study (274). Although our cut-off value of SD-TPS 

completely consisted with the result of this previous study (274), ROC analysis in this study was used 

to derive optimal cutoff values and report those values in the same derivation cohort, rather than in an 

independent group of patients. This cut-off should be verified in other cohorts. Third, a specific software 
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for evaluating LA strain by speckle-tracking is not yet available; therefore, we analyzed LA strain using 

software for evaluating the LV. Vender differences may affect the cut-off of LA strain and SD-TPS. In 

addition, the difference between tracking technologies, edge-tracking and speckle-tracking should be 

considered in strain assessment. However, we thought the effect different of both was limited because 

the wall thickness in LA was very thin (286). Finally, strain imaging, like other imaging techniques, is 

operator dependent. However, there was no evidence of large difference during our validation study 

(supplementary figure 10.4).  

 

10.7 Conclusions 
 

LA dispersion assessed by speckle tracking echocardiography is a predictor of new-onset AF, superior 

and incremental to and independent of clinical risk factors and conventional echocardiographic 

predictors including LA enlargement and dysfunction.  
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10.8 Appendix 

Table 10-8 (Supplementary Table) - The results of linear regression analysis. 

The strength of the relation between SD-TPS and other echocardiographic parameters was expressed 

using r value.    

 

Variable r P 

LVEF -0.384 < 0.01 

GCS 0.083 0.49 

GLS 0.342 < 0.01 

E/e’ 0.219 0.07 

LAVI 0.196 0.10 

LA pump strain -0.249 0.04 

LARS -0.385 < 0.01 

 

 

 

 

 

Figure 10.4 (Supplemental) - Incremental value of SD-TPS over existing indices. 

A comparison is made with CHARGE-AF score, LAVI, and LARS in risk stratification for new-onset AF
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Table 10-9 (Supplementary Table) - Univariable and multivariable Cox regression analysis for new-onset AF. 

 

 

 

 

 

 

 

 

 

 

 

 

ACE = 

angiotensin-converting enzyme; AF = atrial fibrillation; ARB = angiotensin receptor blocker; BMI = body mass index; CI = confidence interval; GLS = global longitudinal strain; HR =hazard 

ratio; LA = left atrium; LAVI = left atrial volume index; LVEF = left ventricular ejection fraction; SD-TPS = standard deviation of the time to peak strain. 

 Univariable   Multivariable      

    Clinical Model  Medical Model  Echo Model  

 HR (95% CI) P  HR (95% CI) P HR (95% CI) P HR (95% CI) P 

BMI 1.00 (0.94-1.07) 0.94  0.98 (0.91-1.06) 0.65     

CHA2DS2Vasc score 1.05 (0.76-1.45) 0.79  0.86 (0.57-1.30) 0.47     

CHARGE-AF score  0.97 (0.90-1.04) 0.41  0.94 (0.86-1.03) 0.16     

ACE inhibitors or ARBs 1.58 (0.81-3.10) 0.18    1.64 (0.79-4.03) 0.16   

β-blockers 0.57 (0.22-1.50) 0.26    1.37 (0.40-4.69) 0.61   

Calcium blocker 1.58 (0.61-4.09) 0.35    1.50 (0.56-4.05) 0.42   

LVEF 0.96 (0.91-1.01) 0.08      1.02 (0.96-1.08) 0.59 

LAVI 1.04 (1.00-1.07) 0.04      1.00 (0.95-1.08) 0.88 

LARS 0.92 (0.88-0.96) < 0.01  0.90 (0.85-0.94) < 0.01 0.91 (0.87-0.96) < 0.01 0.93 (0.86-0.99) 0.02 

SD-TPS 1.32 (1.17-1.50) < 0.01      1.28 (1.08-1.51) < 0.01 
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Figure 10.5 (Supplemental) - The Bland-Altman plots. 
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10.9 Postscript 
 

This chapter demonstrated a potential role for LA mechanical dispersion in AF prediction, independent 

of LA volume and strain. These three components may provide a sensitive assessment of LA 

remodelling which may have a useful role in AF prediction. LA volume may a good marker of 

chronicity. LA strain provides quantitative assessment of phasic LA function, whilst LA mechanical 

dispersion may provide a non-invasive assessment of LA fibrosis. Given the small numbers, this was a 

proof of concept study and requires investigation in a larger cohort study to determine its clinical 

significance. 

Having investigated screening technologies, patient selection and novel imaging techniques for AF risk 

assessment, in the next two chapters we will investigate the feasibility of AF screening. In the next 

chapter we perform a decision model analysis to determine cost-effectiveness of an imaging guided AF 

screening strategy compared with an age-based screening model.   
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Section IV – Feasibility of AF screening 

 

Chapter 11 

Selection of Candidates for a Screening 

Strategy for AF based on opportunistic use 

of data from previous imaging. 

 

“Cost-effectiveness of Screening for Paroxysmal Atrial Fibrillation in 

Patients undergoing Echocardiography.” 

 

Satish Ramkumar MBBS BMedSci MMed1,2, Hiroshi Kawakami MD1, Edmond Wong MBBS3, Mark 

Nolan MBBS FRACP1, Thomas H Marwick MBBS, PhD, MPH1,2 

1Baker Heart and Diabetes Institute, Melbourne, Australia; 2School of Public Health and Preventative 

Medicine, Monash University, Melbourne, Australia; 3Monash Heart, Monash Health, Melbourne, 

Australia; 

 

Reference: Manuscript under review by the Journal of the American Society of Echocardiography 
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11 Selection of candidates for a screening strategy for AF based on 

opportunistic use of data from previous imaging. 

 

11.1 Preface 
 

The cost-effectiveness of AF screening programs has been demonstrated in previous studies (8, 78, 79). 

Most studies have adopted an age-based cut-off (usually 65 or 75 years). Single lead ECG monitoring 

devices have typically been used in recent screening studies. We have demonstrated in previous chapters 

that imaging can be used for AF risk stratification. Doing echocardiograms in asymptomatic patients 

for AF screening is not realistic. However, echocardiograms are currently done in patients with risk 

factors for AF.  Most echo labs have databases of patients that have imaging parameters associated with 

increased AF risk. Combining this with clinical risk factors can potentially improve cost-effectiveness 

further and have improved AF yields with screening. 

In this chapter we explore the cost-effectiveness of an imaging guided AF screening strategy compared 

with an age-based screening model. The results from this chapter were presented at the American Heart 

Association Annual Scientific Sessions in 2019.  
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11.2 Abstract 
 

Background. Many patients at risk of atrial fibrillation (AF) have echocardiograms for other reasons, 

and this test can quantify their risk of AF. We compared the cost-effectiveness of echocardiographic 

guidance with unselected screening with portable electrocardiographic (ECG) monitoring devices. 

 

Methods. In the base case of a 65-year-old man (CHA2DS2-VASC score 3) at risk of AF, based on 

hypertension and diabetes mellitus, two strategies of portable ECG screening for AF were compared in 

asymptomatic patients ≥65 years with a previous echocardiogram but without a cause for AF (e.g. mitral 

valve disease, LV dysfunction). With age-based screening (AgeScreen), all patients underwent ECG, 

and we expected a 3% AF detection rate. With imaging-guided screening (ImagingScreen; 5% detection 

rate), only patients with left atrial volume (LA) ≥34ml/m2 and LARS <34% or LV global longitudinal 

strain (GLS)>-18% underwent portable ECG screening. A Markov decision-analysis model was 

constructed using data from published literature on the costs/quality-adjusted life years (QALY). Costs, 

effects and incremental cost-effectiveness ratio (ICER) were assessed for each screening strategy over 

a 20-year period. The willingness-to-pay threshold was $53,000/QALY gained. 

 

Results: In the reference case an ImagingScreen approach (11.56 QALY, $54,823 cost over 20 years) 

was more cost-effective than AgeScreen (11.52 QALY, $57,842 over 20 years). Monte Carlo simulation 

demonstrated that 61% of observations were more efficacious with ImagingScreen, with cost below 

willingness-to-pay. The main cost determinants were annual costs of stroke or HF and AF detection 

rates. ImagingScreen was more cost-effective across a range of annual stroke ($24,000-$102,000) and 

HF ($4,000-$12,000) costs. ImagingScreen was more cost-effective for AF detection rates up to 14%, 

after which AgeScreen became more cost-effective.  

 

Conclusion: In patients with a previous echocardiogram, targeting AF screening to those with baseline 

clinical and imaging risk parameters is more cost-effective than age-based screening programs.  
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11.3 Introduction 
 

Current European guidelines recommend routine atrial fibrillation (AF) screening for patients ≥ 65 

years using a rhythm strip or pulse palpation (57), supported by recent trials demonstrating feasibility 

and cost-effectiveness (2, 70, 71, 80) of screening technologies such as smartwatches or portable ECG 

monitoring devices. Early AF diagnosis through active screening programs may encourage enrolment 

in lifestyle modification programs, which have been shown to benefit patients following catheter 

ablation (52), and anticoagulation is expected to reduce thromboembolic complications. AF fulfills most 

of the criteria for mass screening outlined by Wilson and Junger (287), but these recommendations for 

screening have not been endorsed in the United States or United Kingdom (58). A major reservation 

has pertained to defining the most appropriate cohort for screening, as the possibility of misdiagnosis 

is greatest in low risk patients. Most studies have either adopted arbitrary age based cut-offs (usually 

65-75 years) (70, 71) while other studies have performed screening on consecutive patient irrespective 

of age or baseline AF risk (69). Targeted screening to those at highest risk will likely improve AF yield, 

potentially improving cost-effectiveness. 

AF most commonly occurs in the setting of abnormal atrial structure and function, which can readily 

be detected by transthoracic echocardiography (TTE). Although many indications for TTE are 

associated with AF (e.g. symptomatic HF or valvular disease), many TTE are performed for the 

investigation of nonspecific symptoms, and >40% are normal (8, 288). Incidental findings of LA 

enlargement, LV hypertrophy or subclinical LV dysfunction are common, and we have proposed that 

echocardiography reports should provide commentary about AF risk (251). Many echo labs have large 

databases of patients with both clinical and imaging risk factors for AF. Therefore, targeted selection 

of this enriched cohort of patients for AF screening may improve detection rates, thereby improving 

cost effectiveness. In this study, we hypothesized that patients >65 years old with echocardiographic 

features of risk may be an appropriate cohort for AF screening, and we sought the cost-effectiveness of 

this approach.   
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11.4 Methods. 
 

11.4.1 Screening strategies. 
 

We developed a decision analytic model accounting for mortality, cardiovascular complications and 

medication complications following a screening strategy based on portable ECG monitoring devices 

with multiple intermittent recordings (usually 4/day) over a 2-week period. The model was restricted to 

patients without pre-existing AF or a known cause of AF (such as mitral valve disease or LV 

dysfunction) aged >65 years, who had undergone a previous TTE (for any indication). Two selection 

strategies were compared: 

1) AgeScreen – All patients screened in a community/pharmacy or general practitioner setting. 

Based on a large population based study (which used 75-76 year old participants), the average 

new AF detection rate was estimated at ~3% (71).  

2) ImagingScreen – In this echo-based model, AF screening was restricted to patients who had 

incidental LA enlargement (≥34 ml/m2) with either subclinical LV (global longitudinal strain 

(GLS) >-18%) or LA dysfunction (LARS <34%). We estimated that the AF detection rate was 

at least 5% based on our previously published AF screening studies (248, 251). 

 

11.4.2 Decision Tree. 
 

The base case was a 65-year-old man (the age cut-off where routine AF screening is recommended) 

with a history of diabetes mellitus and hypertension (i.e. CHA2DS2-VASC score of 3). At the start of 

the decision tree, the base case was assigned one of the two screening strategies. The potential transition 

states of the Markov model are shown in figure 11.1. Patients diagnosed with AF were treated with 

anticoagulation (using a direct oral anticoagulant, DOAC). The rate of anticoagulant prescription and 

discontinuation rate was obtained from published real-world registry studies (289, 290). Modelling was 

performed for 20 years; the cycle length was assumed to be one year.  

 

11.4.3 Health Transitions. 
 

The main clinical outcomes included death, stroke, HF, myocardial infarction and major bleeding 

including intracerebral hemorrhage. Transitions between health states (annualized probabilities) were 
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obtained from the medical literature and shown in Table 11-1. Definitions of stroke and major 

bleeding/intracerebral hemorrhage were adapted from previous DOAC trials for non-valvular AF (53, 

54). HF was defined by guideline diagnostic criteria (291). If data was unavailable, we made 

assumptions based on available evidence and expert consensus.  

 

11.4.4 Cost and utilities. 
 

Costs and health utility data (Tables 11-2 and 11-3), obtained from the medical literature, were 

attributed as patients progressed through various health states. Health utility data ranged from 0 (dead) 

to 1 (healthy). Costs were calculated and expressed in US dollars (USD), and cost analysis was based 

on the perspective of the government/healthcare payer. Costs and benefits (based on quality adjusted 

life years - QALY) were measured over the 20-year lifecycle; the discount rate for all future costs and 

benefits was assumed at 3% per annum. A willingness to pay (WTP) threshold of $53,000 per QALY 

was applied to the analysis, based on the per capita gross domestic product in many Western countries 

(292). 

 

11.4.5 Sensitivity analysis. 
 

Sensitivity analysis was performed to explore the impact of variation in major health transition 

probabilities, costs and utilities. Standard errors and ranges were based on previously published 

literature. One-way sensitivity analysis was performed and represented as a tornado diagram to show 

the impact of these variations on overall cost analysis. One-way sensitivity analysis evaluating net 

monetary benefits (NMB) was performed across a range of AF detection rates for echo-based AF 

screening (ImagingScreen) using a WTP of $53,000 to determine which screening strategy was 

superior. One-way sensitivity analysis was also performed across a wide range of annual stroke follow-

up costs to assess the effect on cost analysis. 

 

11.4.6 Monte-Carlo simulation. 
 

Monte Carlo simulation was performed using TreeAge Pro 2019 (TreeAge Software Inc. Williamtown, 

MA) to assess changes to clinical outcomes and costs based on both screening strategies using a 
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hypothetical cohort of 10,000 patients using probabilistic sensitivity analysis. Annual probabilities of 

events/clinical outcomes along with utilities were assigned beta distributions whilst costs of 

investigations and clinical outcomes were assigned gamma distributions. Cost-effectiveness 

acceptability curves were used to assess both screening strategies to determine the most cost-effective 

option based on the probability that the incremental cost-effectiveness ratio (ICER) was below the WTP 

threshold. An ICER scatterplot generated from probabilistic sensitivity analysis was created to compare 

both screening strategies. This study was conducted in accordance with the Consolidated Health 

Evaluation Reporting Standards (CHEERS) guidelines (293).   

 

 

Figure 11.1 - Bubble diagram representing the transition states and clinical outcomes in both 

screening strategies. 

The main outcomes of interest were death, ischaemic stroke, myocardial infarction, HF and major bleeding 

including intra-cerebral hemorrhage. 
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Table 11-1 - Values for annual transition probabilities. 

Variable Base 

value  

Range   Source 

(annual probabilities)  Minimum Maximum  

AF Detection 

Age based screening ≥ 65 yrs 

Targeted risk-based screening  

 

DOAC Use 

DOAC prescribed for AF 

DOAC refused/not prescribed 

DOAC Discontinued 

 

0.031 

0.05 

 

 

0.88 

0.12 

0.17 

 

0.03 

0.03 

 

 

0.85 

0.10 

0.12 

 

0.038 

0.20 

 

 

0.95 

0.14 

0.23 

 

(70, 71) 

(248, 251) 

 

 

(289) 

(289) 

(53, 290) 

Outcomes in AF patients on DOAC therapy     

Ischaemic Stroke 

Mild/non-disabling Stroke 

Disabling stroke 

Fatal stroke 

Major Bleeding                                                                          

Fatal hemorrhage 

Discontinue DOAC following major bleed 

Intracerebral Hemorrhage 

             Fatal intracerebral hemorrhage 

             Disabling stroke 

Myocardial infarction  

Fatal myocardial infarction 

Progression to HF 

HF 

Fatal HF 

Refractory HF 

Non cardiac Death 

0.0088 

0.506 

0.392 

0.102        

0.026 

0.069 

0.50 

0.0053 

0.42 

0.58 

0.007 

0.078 

0.20 

0.012 

0.2746 

0.20 

0.012 

0.008 

0.428 

0.343 

0.075 

0.021 

0.048 

0.40 

0.002 

0.35 

0.40 

0.004 

0.05 

0.10 

0.012 

0.25 

0.10 

0.012 

0.010 

0.594 

0.441 

0.129 

0.031 

0.097 

0.80 

0.011 

0.60 

0.70 

0.009 

0.10 

0.30 

0.029 

0.69 

0.30 

0.015 

(54, 294) 

(53, 295, 296) 

(295, 296) 

(53, 295, 296) 

(53, 54) 

(53, 54) 

a 

(53, 295) 

(296, 297) 

(296, 297) 

(53, 54, 294, 298) 

(294, 299)                           

a 

(300) 

(300) 

a 

(300) 

Outcomes in AF patients not on DOAC therapy 

Ischaemic Stroke 

Mild Stroke 

Disabling stroke 

Fatal stroke 

Major Bleeding 

Fatal hemorrhage 

Intracerebral hemorrhage 

             Fatal intracerebral hemorrhage 

             Disabling stroke 

Myocardial infarction                                         

              Fatal myocardial infarction 

              Progression to HF 

HF 

               Fatal HF 

               Refractory HF 

Non cardiac Death 

 

0.037 

0.405 

0.378 

0.216 

0.0056 

0.178 

0.0025 

0.42 

0.58 

0.029 

0.10 

0.20 

0.012 

0.2746 

0.20 

0.012 

 

0.025 

0.40 

0.36 

0.21 

0.0009 

0.059 

0.0012 

0.35 

0.40 

0.012 

0.05 

0.10 

0.012 

0.25 

0.10 

0.012 

 

0.055 

0.42 

0.382 

0.24 

0.034 

0.556 

0.0037 

0.60 

0.70 

0.073 

0.15 

0.30 

0.029 

0.69 

0.30 

0.015 

 

(79, 301) 

(79, 301) 

(79, 301) 

(79, 301) 

(79, 301) 

(79, 301) 

(79, 301) 

(296, 297) 

(296, 297) 

(79, 301) 

a 

a 

(300) 

(300) 

a 

(300) 

Outcomes in patients with sinus rhythm 

Ischaemic Stroke (ImagingScreen) 

Ischaemic stroke (AgeScreen) 

Mild Stroke 

 

0.0152 

0.0168 

0.506 

 

0.012 

0.015 

0.428 

 

0.02 

0.02 

0.594 

 

a 

a 

a 
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DOAC – Direct oral anticoagulant    

  

Disabling stroke 

Fatal stroke 

Major Bleeding 

Fatal hemorrhage 

Intracerebral hemorrhage 

             Fatal intracerebral hemorrhage 

             Disabling stroke 

Myocardial infarction 

Fatal myocardial infarction 

              Progression to HF 

HF 

              Fatal HF 

              Refractory HF 

Non cardiac Death 

0.392 

0.102        

0.0056 

0.178 

0.0025 

0.42 

0.58 

0.019 

0.10 

0.20 

0.01 

0.20 

0.20 

0.012 

0.343 

0.075 

0.0009 

0.059 

0.0012 

0.35 

0.40 

0.015 

0.05 

0.10 

0.005 

0.10 

0.10 

0.012 

0.441 

0.129 

0.034 

0.556 

0.0037 

0.60 

0.70 

0.023 

0.15 

0.30 

0.015 

0.30 

0.30 

0.015 

a 

a 

a 

a 

(79, 301) 

(296, 297) 

(296, 297) 

(302) 

a 

a 

(303, 304) 

a 

a 

a 

Table 11-2 - Values for utilities. 

Variable Base value  Range   Source 

(annual probabilities)  Minimum Maximum  

Well – sinus rhythm 0.998 0.994 1.0 (305) 

Well – AF 0.994 0.975 1.0 (305) 

Mild stroke 0.75 0.60 0.81 (79, 306) 

Disabling stroke 

HF 

Refractory HF 

Myocardial infarction 

Major hemorrhage 

Side effects of medications 

0.45 

0.83 

0.60 

0.84 

0.80 

0.95 

0.36 

0.82 

0.52 

0.0 

0.50 

0.92 

0.47 

0.83 

0.74 

1.0 

0.99 

0.98 

(79, 306) 

(307) 

(292, 308) 

(294, 309) 

(305) 

a 

Death 0.0 0.0 0.0  
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Table 11-3 - Values for annual costs (USD). 

 

11.5 Results 
 

11.5.1 Health outcomes and costs. 
 

Results of cost-effectiveness analysis are summarized in Table 11-4. Based on the reference case (65-

year-old man without a history of AF with risk factors of hypertension and diabetes mellitus), 

ImagingScreen ($54,823, 11.56 QALY over 20-year cycle) was superior to AgeScreen ($57,842, 11.52 

QALY over a 20-year cycle).  

 

Variable Base value  Range   Source 

(annual probabilities) (USD) Minimum Maximum  

Investigations 

          Single lead ECG monitoring 

          Transthoracic Echocardiogram 

One Time costs 

          Ischaemic stroke (mild) 

 

100 

250 

 

9400 

 

50 

100 

 

4000 

 

300 

400 

 

16000 

 

a 

(310) 

 

(296, 311) 

          Ischaemic stroke (disabling) 

          Fatal stroke 

13900 

11171 

10000 

5000 

25000 

15000 

(296, 311) 

(312) 

          Myocardial Infarction 

          Fatal myocardial infarction 

          HF/Fatal HF 

          Major hemorrhage 

          Fatal Major hemorrhage 

          Intracerebral hemorrhage 

          Non-cardiac death 

          Medication side effects 

Yearly costs 

          Ischaemic stroke (mild) 

          Ischaemic stroke (disabling) 

          Myocardial Infarction 

          HF 

          DOAC 

Discount Rate (%) 

19100 

5829 

18158 

5600 

10425 

39100 

10000 

500 

 

20880.24 

64629.36 

3638.40 

7000 

3920 

3.0 

15000 

4000 

12148 

2000 

8000 

15000 

1000 

200 

 

12000 

24000 

1568.28 

4000 

1825 

0.0 

25000 

8000 

26595 

8000 

15000 

65000 

20000 

1000 

 

48000 

102000 

7267.68 

12000 

5475 

5.0 

(296, 313) 

(312) 

(307) 

(296) 

(296) 

(296, 311) 

(296, 314) 

a 

 

(294) 

(294) 

(294, 305) 

(292, 315) 

(294) 

(316) 
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Table 11-4 - Deterministic cost-effectiveness results in both strategies. 

 

 

 

 

 

ICER = incremental cost-effectiveness ratio, QALY = quality-adjusted life-year. 

 

11.5.2 Sensitivity analysis. 
 

Figure 11.2 shows the impact of variations in the assumptions on the overall cost-effectiveness analysis. 

Stroke outcomes and costs had the greatest impact on cost analysis. The variables which had the greatest 

impact on cost-effectiveness included annual follow-up costs for stroke and HF, AF detection rate and 

the rate of disabling stroke. The impact of the AF detection rate in ImagingScreen was explored using 

one-way sensitivity analysis (figure 11.3). ImagingScreen dominated AgeScreen for AF detection rates 

<14%, above which, AgeScreen was more cost-effective.  

The variation in annual follow-up costs for disabling stroke cost was explored in a one-way sensitivity 

analysis (figure 11.4). ImagingScreen dominated AgeScreen for all possible costs for annual stroke 

follow-up. The same findings pertained to annual follow-up costs for HF and myocardial infarction.  

\ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strategy Total costs 

(USD) 

Total 

QALYs 

ICER (USD/QALY) 

vs echo-based screening 

ImagingScreen 54,823 11.56  

AgeScreen 57,842 11.52 -75,540 
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Figure 11.2 - Tornado diagram demonstrating influence of costs and utilities.  

The main determinants of costs include annual stroke and HF costs, AF detection rate for ImagingScreen 

approach and stroke rate in those in sinus rhythm in both screening strategies. 
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Figure 11.3 - One-way sensitivity analysis showing the NMB across a range of AF detection rates 

for ImagingScreen (assuming WTP $53,000/QALY).  

AgeScreen yielded higher NMB than ImagingScreen once the AF detection rate was >14%. 

 

 

 

Figure 11.4 - One-way sensitivity analysis showing the incremental cost-effectiveness ratio (ICER) 

across a range of annual disabling stroke follow up costs.  

Imaging Screen more cost-effective than AgeScreen for all possible annual disabling stroke follow up costs. 

  



H o w  R e a l i s t i c  i s  I m a g i n g  a s  p a r t  o f  a  S c r e e n i n g  S t r a t e g y  f o r  A F   P a g e  | 267 

 

11.5.3 Monte Carlo simulation. 
 

Monte Carlo simulation (10,000 simulations) was used to explore the effect of uncertainty in transition 

probabilities, utilities and costs to the overall cost-analysis model. A cost-effectiveness acceptability 

curve (figure 11.5) demonstrated that ImagingScreen was consistently more cost-effective than 

AgeScreen across a range of possible WTP (from $0 to $100,00 per annum). An ICER scatterplot 

(figure 11.6) demonstrated with a moderate level of confidence that ImagingScreen was more cost-

effective compared to AgeScreen, with 61% of observations more efficacious with cost below WTP.  

We also compared ImagingScreen to a single time point screening of all patients ≥65 yrs (either by 

pulse palpation or rhythm strip). We assumed that 20% of patients ≥65 yrs would have had a TTE 

performed. ImagingScreen was more cost-effective with 71% of observations more efficacious with 

cost below WTP (figure 11.7). 

 

 

Figure 11.5 - Cost-effectiveness acceptability curve based on 10,000 Monte Carlo simulations based 

on input transition probabilities and utilities/costs.  

ImagingScreen was consistently the more cost-effective screening strategy across a range of WTP figures.
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Figure 11.6 - Incremental Cost-Effectiveness Scatterplot generated from probabilistic sensitivity analysis comparing ImagingScreen and AgeScreen  

 61% of ImagingScreen observations were more efficacious than AgeScreen with costs below WTP.
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Figure 11.7 - Incremental Cost-Effectiveness Scatterplot generated from probabilistic sensitivity analysis comparing ImagingScreen with single 

time-point screening of all patients ≥ 65 yrs (either by pulse palpation or rhythm strip - assuming 1% AF detection)  

71% ImagingScreen observations were more efficacious than AgeScreen with costs below WTP.
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11.6 Discussion 
 

In this study for our base case, we found that an echo guided AF screening strategy (ImagingScreen) 

dominated an age-based (AgeScreen) screening approach with small savings in QALY and costs. The 

main driver in cost-effectiveness was a reduction in disabling stroke and stroke mortality with the use 

of anticoagulants. On Monte Carlo simulation, ImagingScreen was more often the optimal strategy 

compared with AgeScreen. Sensitivity analysis demonstrated that the main parameters which effected 

cost analysis were annual stroke follow-up costs, AF detection rates and the rate of disabling stroke.  

 

11.6.1 The role for AF screening. 
 

AF is a leading cause of stroke and HF, placing a tremendous burden on the health care system, with 

rising costs and hospitalizations (12). Despite not having randomized control trial evidence of a role for 

anticoagulation in subclinical AF, there is interest in screening and treatment because these patients do 

not have a benign course and may have increased mortality and stroke risk (55). Early diagnosis allows 

for aggressive risk factor modification (to control AF progression), may motivate patients to initiate 

lifestyle modification, and may allow for initiation of anticoagulation thereby possibly lowering 

thromboembolic complications.  

Despite growing interest in the role for mass AF screening, there remains some discrepancy in clinical 

guideline recommendations. AF satisfies most of the criteria outlined by Wilson and Junger (287). 

Following recent large AF screening studies, the European Society of Cardiology advocated for routine 

screening for AF in patients ≥65 years either by pulse palpation or by a rhythm strip (57). Recent cost 

analysis studies have confirmed the cost-effectiveness of this approach (80). However, AF screening is 

currently not recommended in the UK or US guidelines due to concern of both false positive/false 

negative findings as well as lack of feasibility (8, 58). We have previously shown that portable ECG 

devices may provide similar detection rates to 24 hour Holter monitoring (240). Technological advances 

have also allowed for simpler, more accurate and inexpensive methods of screening such as 

smartwatches or patches (167). This study adds to the growing body of literature highlighting the 

feasibility and cost-effectiveness of AF screening, but now proposes a more selective approach.  
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11.6.2 Echo guided AF screening. 
 

Most AF screening studies to date have assessed opportunistic screening for patients with a 

predetermined age cut-off (65-75 years) in a variety of settings (primary Care practices, pharmacies, flu 

vaccination programs, community health programs) (8, 69). These programs have even been adopted 

by some countries for mass screening (244). 

Selecting patients who have undergone a previous echocardiogram may provide an alternative enriched 

cohort for AF screening. Patients are often referred for TTE based on nonspecific symptoms such as 

dyspnea. In this cohort of patients, the echocardiogram provides information about the main drivers of 

risk (age, clinical risk factors and signs of LA remodeling or structural heart disease), which is currently 

not being utilized clinically. We are proposing targeting mass screening programs to patients at the 

highest risk, which is a potential way to reduce false positive scan results and minimize costs. 

Assessment of LA and LV strain is reproducible, virtually cost-free and requires a modest training 

commitment prior to implementation. Assessment of myocardial deformation provides a sensitive 

assessment of LV and LA function which may help identify patients with subclinical LA/LV 

dysfunction and has important clinical applications in AF and HF (5). When these imaging markers are 

combined with an individual’s clinical risk, they provide a powerful AF risk algorithm which may be 

very useful in mass screening.  

It is not uncommon for echo labs to have databases of thousands of patients who are elderly, have 

clinical risk factors for AF and have findings of LA enlargement and reduced LV/LA strain. The results 

from our study have two important clinical applications. First, this group of patients are a suitable cohort 

to target for AF screening. The results of our analysis suggest that targeting this group provides better 

cost-effectiveness than selection based only on age. Second, we currently do not have a systematic 

approach in our TTE reporting to alert referring physicians about the potential for AF. Highlighting this 

in the report may prompt physicians to routinely screen for AF, thereby increasing the number of 

patients with the benefits of an early diagnosis.  
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11.6.3 Assumptions and Limitations. 
 

To our knowledge, no previous study has compared the cost-effectiveness of different AF screening 

strategies and highlighted the potential use for imaging to guide AF screening. There are several 

assumptions and limitations in our analysis which may affect the external validity of our results. Like 

most cost-effectiveness models, data on transition probabilities, utilities and costs were derived from 

published literature. The complexity of the model required assumptions to be made regarding transition 

states where there was paucity of evidence.  

Subclinical AF has been shown to be associated with increased stroke and mortality risk in an 

observational cohort study (55). For the purposes of this study, we assumed that clinical outcomes in 

subclinical AF were equivalent to those with clinically diagnosed AF.  

The improvement of AF clinical outcomes with screening requires effective AF detection, 

anticoagulation treatment of patients diagnosed with AF, and maintenance of these patients on therapy. 

Our study addresses the first challenge. For this to translate to stroke prevention, we must still address 

the challenges regarding anticoagulation prescription and compliance. 

We made assumptions about the AF detection rate in this cohort, based upon the results of our own AF 

screening study in which patients had baseline TTE and were risk stratified based on imaging risk (248, 

251). We opted for a conservative detection rate of 5%, however based on our previous studies, 

detection rates may likely be much higher - which would further strengthen the ImagingScreen model. 

In sensitivity analysis, this approach was more cost-effective than age-based screening, until a high 

(14%) detection rate was achieved.  

Cost data were obtained from predominantly US sources, however in cases where data was limited, we 

included costs from European countries. Given costs vary according to different countries, this would 

need to be accounted for when extrapolating these results. 

This model along with the transition probabilities will not cater for all AF patients, thus when assessing 

cost-effectiveness for higher or lower risk cohorts, changes to the transition probabilities will be 

required. However, it is likely that AF screening in lower risk cohorts is not required and not likely to 

be cost-effective. Cohorts at higher risk of developing AF will have higher rates of stroke and 
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cardiovascular events. Therefore, it is likely that an echo-based screening strategy would demonstrate 

even higher cost-effectiveness than age-based programs. 

The screening technology used in this analysis assumes a single lead portable ECG device, which has 

been used in many AF screening studies to date (8, 70, 71). The model does not take into account the 

costs related to false positives and the impact this has on patients given the potential for anticoagulation 

prescription and further investigations. This is an important consideration of any screening test and 

many AF screening studies are dependent on automated algorithms which may inherently possess this 

risk. It is also probable that AF detection will increase if the monitoring time is also increased. With the 

development of newer screening technologies such as smartwatches or monitoring patches, this may 

subsequently change the model given 1) the difference in costs of these technologies and 2) the ability 

to monitor for longer time periods thereby potentially increasing AF detection. However, given the 

focus of our study is more about the target population to screen rather than screening technology and 

given both screening cohorts will have the same monitoring technology, it is likely that this should not 

impact the overall results of the model.  

 

11.7 Conclusion 
 

An AF screening program targeting patients who have had a previous TTE with clinical and 

echocardiographic parameters of AF risk is more cost-effective than age-based screening programs.  
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11.8 Postscript 
 

The results of this chapter suggest that an echo guided AF screening model may be more cost-effective 

than using an age-based screening strategy. The development of newer screening technologies such as 

smartwatches or monitoring patches may change the detection rates and will influence the cost analysis, 

however, should not impact the overall finding given the screening technology and duration will be 

similar for both strategies. There are several limitations with our analysis. There is a strong association 

between age and AF detection. AF detection increases with age and is the strongest predictor, more than 

choice of screening technology or monitoring period (62). Therefore, the results of our study may 

change depending on the age of the base-case selected. We decided to compare a group of patients with 

echocardiogram data available for analysis to other people screened based on age cut-offs as a proof of 

concept to highlight that using imaging to refine the patient selection may improve cost-effectiveness. 

I acknowledge that some countries and indeed areas with reduced SES may not have equal access to 

echocardiograms, which will limit the applicability of this study to those areas.  

There are added challenges that will need to be addressed such as the time/costs involved in searching 

echo databases for suitable patients. There may be a role for artificial intelligence which could help this 

process. Regardless, commentary about AF risk could be included in TTE reports and it might be easier 

to identify patients prospectively for AF screening if imaging criteria are fulfilled. 

AF detection is strongly dependent on patient selection. Rates of AF may be different in different 

regions within Australia reflecting differences in individual patient comorbidities, as well as other 

factors such as regional SES. In the next chapter we investigate the entry pathway of patients into AF 

screening and explore some of the practical challenges that need to be overcome with AF screening 

programs. 
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12 Deciding on the most appropriate site and practical aspects 

to AF screening. 

 

12.1 Preface 
 

Most AF screening programs targeting elderly patients require some level of patient involvement. 

Patient compliance, cognition and manual dexterity are all potential practical factors which can 

influence the success of AF screening program. Although much of the literature regarding AF screening 

has been about how to screen and ways to identify patients at risk of developing AF, there has been 

very limited discussion about some of these practical matters. The final chapter of this analysis seeks 

to explore the practical aspects that need to be addressed for AF screening programs to be successful. 

To do this I compared AF detection rates between patients recruited directly from the community and 

GP recruitment. 
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12.2 Abstract 
 

Background: AF screening has been shown to be cost effective however the most appropriate location 

for patient recruitment is undefined and the practical aspects of screening has not been studied. We 

investigated the effect of recruitment site with regards to AF detection and investigated practical 

challenges associated with screening. 

 

Methods: Asymptomatic participants of ≥65 years with >1 AF risk factor (n=445) were recruited from 

either 1) community setting or 2) general practitioner (GP) setting, were tested at baseline and followed 

over a median of 15 months for incident AF. Clinical risk was assessed using the CHARGE-AF score. 

Patients either had clinically diagnosed AF or were diagnosed using a single lead portable ECG 

monitoring device (5x60 second recordings performed for 1 week). The association between 

recruitment site and AF detection was studied using logistic regression analysis. A questionnaire 

addressing the practical aspects to screening was sent to a pilot group of 180 patients. 

 

Results: AF was diagnosed in 45 patients (10%; mean age 70.5±4.2years, male 45%). AF detection 

was higher in the community cohort compared with the GP cohort (14% vs. 4%, p<0.001). In a 

multivariable logistic regression model, recruitment location was associated with AF independent of 

LVEF, LAVi and CHARGE-AF score (OR for community cohort 4.28, 95% C.I 1.74 – 10.53, p=0.002). 

Of the 77/180 questionnaires returned for analysis, 24 (31%) reported difficulty in using the ECG device 

and 24 (31%) expressed significant anxiety about the results of screening. 

 

Conclusion: Mass AF screening programs are potentially cost-effective and feasible, however 

appropriate patient selection is vital. There remain added challenges in an elderly population which 

must be considered including manual dexterity, cognitive impairment, patient anxiety and use of 

technology.  
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12.3 Introduction 
 

Atrial fibrillation (AF) is the most common arrhythmia of the elderly (317). The incidence and 

prevalence continues to rise leading to complications such as stroke and HF, mainly driven by an ageing 

population along with associated risk factors such as obesity, physical inactivity and diabetes mellitus 

(18). This will continue to burden our healthcare system with rising hospitalizations and costs (3). 

Opportunistic screening of AF in recommended by the European Society of Cardiology (57) and the 

Cardiac Society of Australia and New Zealand for patients ≥ 65 yrs (56). Community screening 

programs have been implemented across a variety of settings such as pharmacies, flu vaccination 

programs and community health awareness programs demonstrating feasibility and cost-effectiveness 

(8, 68, 69, 71). Practical aspects to screening an elderly population have rarely been investigated. 

Although AF screening is attractive, the most appropriate site for patient recruitment is not known. In 

this study we compared the difference in AF detection rates between community and GP based 

screening programs and investigated some of the practical issues of AF screening. 

 

12.4 Methods. 
 

12.4.1 Study population. 
 

AF screening programs were designed with 2 primary sites for patient recruitment: 1) healthy 

participants from the community and 2) recruitment from GP practices. Patients were recruited from 

both urban and rural areas in the states of Victoria and Tasmania, Australia (as part of the Tas-ELF and 

Vic-ELF studies – see chapter 2.1 for details about study inclusion). Asymptomatic participants ≥65 

years were recruited if they had >1 or more risk factors for AF (hypertension, type 2 diabetes mellitus 

(T2DM) and obesity (body mass index ≥30). Exclusion criteria included: (1) inability to provide written 

consent, (2) history of significant valvular disease, (3) known history of heart failure and (4) reduced 

LV systolic function on baseline echocardiogram (LVEF ≤ 40%). All patients with documented AF on 

a baseline 12 lead ECG or a history of AF were excluded from the study. All patients were provided 

written informed consent and approval was obtained from the institution’s Human Research Ethics 
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Committee (University of Tasmania HREC project number H0013333 and Bellberry HREC project 

number 2016-10-727-A-7).  

 

12.4.2 Data Collection. 
 

Participants undertook a clinical history and answered questionnaires to assess overall health status at 

the start of the study. Information regarding demographics, past medical history, medication history, 

baseline examination data was recorded for all participants. Baseline 12 lead ECG and 

echocardiography were conducted in all participants. Data on regional SES was collected from the 

Socio-Economic Indexes for Areas (SEIFA) score developed by the Australian bureau of statistics 

(102).  

 

12.4.3 AF Detection. 
 

Participants were followed for a median of 15 months for incident AF, which was the primary outcome 

measure. AF was diagnosed using multiple detection methods. Patients with a clinical diagnosis of AF 

during the follow-up period by primary care physicians was documented. Screening for subclinical AF 

was performed using a single lead ECG device (Remon RM-100, Semacare, China). The single lead 

device was used to record 60 second single-lead ECG tracings using three points of finger contact with 

electrodes, five times per day for one week (i.e. 35 recordings). ECG recordings were then exported as 

PDF files for interpretation, and all were assessed by a physician. The presence of AF (an irregular 

rhythm of ≥30 sec with a variable R-R interval and absent P waves) was confirmed by two independent 

physicians who were blinded to the patient’s clinical details. The patient was advised of the recognition 

of subclinical AF, and further management and investigation was provided by their usual medical 

practitioner.        

 

12.4.4 Questionnaire. 
 

A questionnaire asking patients about any difficulties during the screening process was sent to a random 

pilot sample of 180 patients. Data was collected on compliance rate with recordings, patient anxiety 

and ease of use of the screening device. 
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12.4.5 Statistical analysis. 
 

All categorical variables are presented as frequencies/percentages and continuous variables presented 

as means/standard deviation (if normally distributed) or medians/inter-quartile range (if non-

parametric). The AF detection rate between community and GP recruitment sites were compared using 

the chi square test. Logistic regression analysis was used to calculate the effect of recruitment site with 

regards to AF detection. The impact of regional socioeconomic status was investigated using the Socio-

Economic indexes for areas (SEIFA) index of advantage/disadvantage, which is derived from multiple 

domains from the Australia census data (102). The index is expressed in deciles based on postcode 

(higher scores reflecting more advantaged areas). Patients were grouped according to the SEIFA index 

of advantage/disadvantage rank (<5 vs. ≥5) and a Nelson-Aalen cumulative hazard estimate plot was 

constructed, and the log-rank test used to assess the differences between curves. Analyses were 

considered to be statistically significant if two-tailed p values were <0.05. Statistical analysis was 

performed using SPSS v.22 (SPSS, Chicago, IL) and Stata v.13 (StataCorp, College Station, Texas). 

 

12.5 Results 
 

12.5.1 Patient characteristics and AF detection during follow up. 
 

There were 445 subjects included in the study (mean age 70.5±4.2 years, 45% male). Baseline 

characteristics of participants from both recruitment sites are shown in table 12-1. Both cohorts were 

similar with regards to age and gender. Participants from the community cohort had higher baseline AF 

risk (CHARGE-AF score 6.5±6.9% vs. 3.5±3.0%, p<0.001). LAVi at baseline was higher in the GP 

cohort (34 vs 31 ml/m2, p=0.003) whilst LV mass was higher in the community cohort (88 vs 73 g/m2, 

p<0.001). There were more participants from the community cohort from areas of socioeconomic 

deprivation (median SEIFA index of advantage/disadvantage 5.0±6.0 vs. 9.0±6.0, p<0.001). During 

follow up there was 45 patients (10%) overall diagnosed with AF. There was higher AF detection in 

the community cohort (n=38, 14%) compared with the GP cohort (n=7, 4%), (p<0.001). 
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Table 12-1 - Summary of baseline characteristics between both patient cohorts. 

                      BMI – Body Mass Index  IQR – Interquartile range  SD – Standard Deviation  SEIFA - Socioeconomic Indices for Areas  

  

Demographics Community 

cohort                                             

n = 265 

GP cohort                         

n = 180 

P Value 

AF Detection n(%) 38 (14) 7 (4) <0.001 

Age - years (SD) 70.3 (4.3) 70.8 (4.1) 0.26 

Male n (%) 114 (43) 84 (47) 0.45 

Systolic BP mmHg (SD)  140 (15.6) 143 (15.6) 0.02 

Diastolic BP mmHg (SD) 82 (10.1) 85 (9.8) 0.001 

BMI (kg/m2) (SD) 

Current Smoking n (%) 

Diabetes Mellitus n (%) 

Obesity n (%) 

Hypertension n (%) 

Median CHARGE-AF % (IQR) 

Median CHA2DS2-VASC (IQR)  

SEIFA Index of advantage/disadvantage (IQR) 

29.2 (5.1) 

5 (2) 

138 (52) 

109 (41) 

196 (74) 

6.5 (6.9) 

3.0 (2.0) 

5.0 (6.0) 

31.8 (5.2) 

7 (4) 

52 (29) 

117 (65) 

157 (87) 

3.5 (3.0) 

3.0 (1.0) 

9.0 (6.0) 

<0.001 

0.20 

<0.001 

<0.001 

0.001 

<0.001 

0.003 

<0.001 

Echocardiographic Parameters    

Ejection Fraction % (SD) 

Global Longitudinal Strain % (SD) 

Left atrial volume - indexed ml/m2 (SD) 

Left Ventricular mass – indexed g/m2 (SD) 

63.7 (5.9) 

18.8 (2.4) 

31.1 (8.8) 

87.8 (22.1) 

60.9 (6.4) 

18.7 (2.6) 

33.7 (9.2) 

73.1 (19.7) 

<0.001 

0.99 

0.003 

<0.001 
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12.5.2 Association between recruitment site and AF detection. 
 

On univariable logistic regression analysis, the community cohort had higher AF detection compared 

with the GP cohort (OR 4.14, 95% C.I 1.80 – 9.49, p=0.001). In a multivariable logistic regression 

model, recruitment location was associated with AF independent of LVEF, LAVi and CHARGE-AF 

score (OR for community cohort 4.28, 95% C.I 1.74 – 10.53, p=0.002). 

 

12.5.3 Association between regional SES and AF detection. 
 

We investigated the role of regional SES with AF detection to determine if this was the main driver 

between AF detection rates which was noted between both groups. When the SEIFA index of 

advantage/disadvantage was added to the logistic regression model, recruitment location was still 

independently associated with AF, although the effect size decreased (OR 3.38, 95% C.I 1.33 – 8.60, 

p=0.01). AF detection was higher in areas with reduced socioeconomic status (p=0.005, figure 12.1). 

 

12.5.4 Practical aspects to AF screening. 
 

180 patients from TasELF were given questionnaires to assess acceptability and challenges associated 

with screening as a pilot study. Data from 77 patients were available for analysis and summarized in 

figure 12.2. Overall compliance was poor with 42% completing 5 or more ECG recordings daily for 1 

week. A significant proportion (31%) reported significant anxiety associated with performing screening 

and had difficulty using the ECG device.  
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Figure 12.1 - Nelson Aalen curve showing AF detection based on the SEIFA index of 

advantage/disadvantage rank. 

Areas with low SEIFA index of advantage/disadvantage had higher AF detection. 

 

 

Figure 12.2 - Results of Pilot Study demonstrating common issues experienced by participants with 

AF screening. 

There was a large number of  participants who reported issues using the device, anxiety with the results of 

screening and many were not compliant with the requested 5x recordings per day for 1 week. 
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12.6 Discussion 
 

The results of our study demonstrated that AF detection was much higher in a community cohort 

compared with a GP clinic cohort. The results of our pilot study suggest that a large proportion of elderly 

participants had difficulty in performing ECG screening at home and had anxiety regarding the results. 

 

12.6.1 Who to target for AF screening? 
 

Screening for AF is now recommended in current CSANZ and European guidelines (56, 57). With 

improvements in technology, screening using single lead ECG devices has been demonstrated to be 

cost-effective, feasible with a high degree of sensitivity (8, 68, 71, 78). AF remains a major public 

health issue with a significant rise in hospitalizations placing a tremendous strain on our healthcare 

system (3). Infrastructure for screening programs are available such as hospital clinics, pharmacies, 

community health programs and general practices, which have all been shown to be effective places to 

target AF screening (2).  

 

Much of the attention has been to device technology and the length of monitoring. The recent 

development of smartwatches and monitoring patches may provide a paradigm shift in how we detect 

and diagnose AF, allowing for remote monitoring for longer periods of time (166, 167). Deciding on 

the most appropriate patients to screen is also an important consideration. In our study, despite having 

two cohorts with similar demographics at baseline, we saw a significant difference in AF detection 

rates, with much higher AF noted in the community cohort. There are some potential reasons for this. 

This may be a more vulnerable cohort with a higher burden of comorbidities and AF risk factors. There 

was a significant difference in regional SES between cohorts (noted in the SEIFA index of 

advantage/disadvantage). Participants from the community may have poor health literacy and may be 

from socially disadvantaged areas, which we have previously shown to be associated with AF (248). 

Those recruited from GP clinics are likely patients with more frequent contact with medical 

practitioners and may have improved risk factor control and improved health outcomes. Both centers 

are effective for AF screening programs. However, when we factor in the financial implications and the 

resources involved in AF screening, targeting community-based recruitment may improve the yield of 
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screening, thereby improving feasibility and cost-effectiveness. Early diagnosis may be vital in this 

cohort, where participants may have higher rates of comorbidities, thereby are at most risk for 

complications associated with AF. 

 

12.6.2 Practical challenges associated with AF screening. 
 

There has been growing advocacy for AF screening, yet there has been limited discussion about the 

practical challenges associated with screening programs. Although our pilot study had very small 

numbers it did provide some insights into some of the difficulties which should be overcome. Despite 

providing in-person demonstrations and written instructions, we had poor compliance rates and had 

several participants contact the study team with device related issues. Cognitive impairment is often not 

recognized in clinical settings yet may prove to be an important hurdle. Involvement of family members 

or automated screening devices such as monitoring patches may be required to address this. Although 

computer technology is taken for granted in the modern age, for many elderly patients it creates 

confusion and anxiety. In patients recruited in Tasmania nearly 40% did not have a mobile phone which 

made it more difficult for them to learn using an ECG device. Most ECG devices also require multiple 

points of finger contact to create the ECG vector. With elderly patients who have limited manual 

dexterity and have underlying osteoarthritis, this proved to be a very difficult hurdle. In future, AF 

screening programs using a smartwatch or monitoring patch may address this problem. The importance 

of manual dexterity and cognition have not been discussed in detail in other AF screening studies (8, 

68, 71). These studies did not report significant issues in these areas. These factors are more of an issue 

if multi timepoint screening is performed. Although it was not assessed at baseline, it is also possible 

that our unique patient population may be different to those recruited in other AF screening studies and 

may be a cohort with reduced baseline cognition and manual dexterity. This is an important area which 

must be addressed in future AF screening studies.  

 

For some participants seeing their heart rhythm on the device screen can be frightening. Abnormal 

recordings (ectopy, AF, tachy or bradyarrhythmias) can create anxiety and confusion amongst elderly 

patients who do not have a clinical nurse or doctor present at the time of the reading. The delay in 
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analyzing the traces and contacting patients also contributes to this feeling. Patient education is vital to 

address this. Monitoring patches which do not have a screen may be very useful to address this, as they 

do not interfere with patients’ daily activities.  

 

The results of our study are limited due to the small sample size and limited number of AF outcomes. 

We do not have the power to make conclusions about the best location for recruitment, however it 

should serve to highlight that further research in this area is required and raises important practical 

questions about implementing AF screening programs. There was a difference in regional SES between 

both cohorts. Despite accounting for this in the multivariable model, there may still be some potential 

confounders which have contributed to the difference in AF detection which was noted between both 

groups. Future studies would need to use a similar area for recruitment to try and mitigate this risk. 

Screening for AF is feasible and ready for the big time. We however need to learn some lessons from 

recent screening studies, so that we can minimize costs and offer screening to those at greatest need. 

 

12.7 Conclusion 
 

Elderly patients with risk factors have a high prevalence of subclinical AF. AF detection rates may be 

higher in community-based programs than GP based recruitment. There remain added challenges in an 

elderly population which must be considered including manual dexterity, cognitive impairment, patient 

anxiety and use of technology. 
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12.8 Postscript 
 

AF screening has several potential benefits including early detection and risk factor modification. Cost-

effectiveness has been established in previous studies and much of the attention has been on screening 

technology and the period of monitoring. The differences between AF detection rates in both cohorts 

demonstrates that the means of patient selection is of critical importance. It supports our findings in 

chapter 5 as there were differences in regional SES which could have contributed to the differences in 

AF detection rates observed, but the impact of the pathway to screening is independent of this. One 

limitation of this study was that there may have been some patients with a previous history of AF which 

we did not know about, who may be have been accounted as new AF in our analysis. We attempted to 

minimize this by examining GP medical records and taking detailed patient history at the start of the 

study and performing a 12 lead ECG prior to recruitment. The sample sizes of the GP recruitment cohort 

was small and thus we do not have the power in our study to make detailed conclusions about location 

of screening. We did this analysis as more of a pilot study to show that this may be an area where further 

research may be required. 

We have identified several practical challenges which impacted on the success of our screening 

program. Overall compliance with device screening was suboptimal with <50% completing the desired 

number of ECG recordings, which will impact on the AF detection rates. Patients were given 

demonstrations on using the device and provided written material, yet many had difficulty using the 

device. Mild cognitive impairment is difficult to recognize in the screening clinic but has a very 

significant effect on screening as patients need to be actively involved in the screening process. Patient 

anxiety about abnormal recordings is also a potential issue. Using a wireless monitoring patch appears 

to be best solution to addressing these challenges. It can be used for up to 2 weeks of continuous 

monitoring without any patient involvement and the patient is not alerted to any abnormal recordings. 

The main challenge will the additional costs with these newer screening technologies.  
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13 Discussion and Conclusions 

 

13.1 Summary of background 
 

AF is a major public health issue and places a tremendous burden on our health care system. It is 

associated with reduced quality of life and is a major cause of HF and stroke in the community. The 

prevention of these complications requires early diagnosis which can be achieved through screening 

programs. In this thesis I have attempted to further refine the patient selection for screening and 

determine the most appropriate method for screening. The results of this thesis have important clinical 

implications in how we conduct mass AF screening programs. 

 

13.2 AF detection 
 

One of the primary aims of my thesis was to identify the most appropriate screening technology. I have 

demonstrated that single lead ECG monitoring devices can replicate the AF detection rates of 24-hour 

Holter monitors and may be more practical and easier to use for screening programs. Technology in the 

ECG and monitoring domains have improved exponentially over time. The development of monitoring 

patches (166) and smartwatches (167) are more attractive alternatives. Not only do they have a high 

degree of sensitivity for AF detection. More importantly, they have the advantages of not requiring 

patient involvement and do not interfere was daily activities. As we have demonstrated in chapter 12, 

manual dexterity and cognition are important considerations, which may limit the feasibility of single 

lead ECG monitoring devices. There are some challenges with these monitoring devices which need to 

be addressed. Firstly, we must minimize false negatives as we do not want to commence therapies with 

potential for harm such as oral anticoagulants. Secondly, we must address patient anxiety which may 

become a factor when mass screening is adopted. Thirdly, we require a reliable automated algorithm 

which will enable us to use these devices in a large scale. 
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13.3 Patient selection 
 

The next aim of my thesis was to determine the most appropriate cohort for screening. The feasibility 

and effectiveness of screening programs will improve if we are able to refine the target population, 

leading to an enriched cohort. Most screening studies have adopted either an arbitrary age cut-off or use 

clinical risk factors such as CHARGE-AF(22). We have identified other novel risk parameters which 

can be used to identify those most at risk of developing AF and who will most benefit from screening.  

In chapter 4 we demonstrated the association between reduced functional capacity and AF risk, 

independent of other clinical risk parameters. This is an important finding and exercise has also been 

shown to be protective of AF in other studies (184-186). This may be useful at the bedside to identify 

those at risk of developing AF. In chapter 5 we demonstrated that regional socioeconomic deprivation 

was associated with AF independent of LV function and LA size. This is an important finding as 

socioeconomic deprivation has also been associated with increased risk of cardiovascular disease.  

The difficult question is how to translate the findings of this thesis into clinical practice. It can be argued 

that we should not just offer screening to those from areas of reduced SES. However, the main challenge 

is to identify the most appropriate cohort for screening. The use of clinical risk factors allows us to 

characterize patients at high risk at an individual level. Other indices of exercise capacity such as the 6-

minute walk test, could be used to alert treating physicians about future AF risk in patients. Regional 

SES allows us to characterize high risk areas at a population level. 

Ideally, AF screening should be offered across the country in both urban and rural settings. However, 

with limited resources, it is important that these programs target areas with high AF prevalence. 

Targeting areas with regional socioeconomic deprivation especially in the early pilot stages allows us 

to further study the feasibility and effectiveness of screening programs. It also importantly improves 

health literacy, awareness and provides improved health care access to these areas. 

 

13.4 Imaging assessment of AF risk and “atriopathy” 

 

Having determined the best screening technology and refined patient selection, my next aim was to 

identify novel echocardiographic parameters to assess AF risk and the presence of an underlying 
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“atriopathy.” In chapter 6 I demonstrated that LA pump strain was independent of LV function, 

therefore providing incremental information about LA function. In chapter 7 I further investigated the 

relationship between BP and LA function, which can be used to identify those at risk of LA dysfunction. 

In chapter 8, I investigated how imaging risk parameters could be combined as a risk stratification tool 

to assist in AF detection. I demonstrated that the presence of LVH, LA enlargement, reduced GLS and 

LARS was associated with increased AF detection. In chapter 9 we investigated the role of mechanical 

dispersion as a novel marker of AF risk. In chapter 11 I further investigated the role of an imaging 

guided screening strategy demonstrating that it was more cost-effective compared with a traditional 

age-based screening program.  

The results of these chapters highlight the importance of imaging in the assessment of AF risk. Routine 

transthoracic echocardiograms in asymptomatic patients for the purpose of AF risk assessment is not 

recommended. However, the results of our studies highlight a few important points. Firstly, many 

patient shave echocardiograms performed for a variety of reasons. Reports should provide some 

commentary on AF risk as we have the tools available readily in clinical practice. Secondly, the results 

of previous echocardiogram studies can be used to identify those at risk of developing AF. AF screening 

programs whilst traditionally taking place in GP clinics or in the community, could also be considered 

in echo labs where we have access to both clinical and imaging data which can assist in creating an 

enriched cohort.  

The use of speckle tracking allows the assessment of quantitative and qualitative phasic LA function. 

Recently there has been emerging evidence of stroke and embolic events in patients with an underlying 

“atriopathy” in the absence of AF (46). AF can be thought of as an end-organ manifestation of the 

underlying “atriopathy” which occurs due to chronic elevation in LA pressure, negative remodeling and 

fibrosis. The advantage of strain imaging is that it provides incremental information not only of AF risk 

but the underlying “atriopathy.” Therefore, it provides additional assessment of stroke/thromboembolic 

risk not just AF risk. This is an important justification for imaging in AF risk assessment. It provides 

not only assessment of AF risk; it more importantly shows the degree of “atriopathy” which is equally 

important in stroke assessment. In the future, the development of AF may not be the most important 

clinical endpoint. Rather, we may be screening patients for “atriopathy” and treating them accordingly. 
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The ARCADIA study which is currently recruiting is investigating the role of anticoagulation in these 

patients with “atriopathy” and may provide some important evidence in this field (46).  

 

13.5 Practical aspects to screening 

 

Having identified the most appropriate cohort for screening and investigating the role of imaging in AF 

risk assessment, my final aim was to assess the practical aspects to screening. There are a number of 

important considerations which need to be taken into account for screening to be successful. We noted 

issues with cognition and manual dexterity as well as patient anxiety. These are all important aspects, 

as we require patient investment for screening programs to be successful. To address this more 

education and support will be required for patients by staff. The use of monitoring patches and 

smartwatches can help make screening more passive where it is in the background and automated. This 

is preferable to single lead ECG monitoring devices which require active patient involvement.  

These practical considerations have been underreported previously in clinical studies. To improve our 

understanding in this area, we need more frequent reporting of these practical issues in future AF 

screening studies.  

 

13.6 Limitations: 
 

This to my knowledge is one of the first research studies to investigate the use of an echo-guided 

strategy to improve the feasibility of AF screening. It is also one of the largest studies assessing the 

association between advanced imaging markers of LA function with AF. There are however several 

limitations to our research project, which include: 

1. Limited AF outcomes due to a short follow up period.  

2. Long term follow-up is required to determine if AF screening can reduce rates of stroke and 

improve long term clinical outcomes. 

3. Population selection bias as patients were recruited from radio and newspaper advertising. 
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4. We had a very well-defined patient cohort with patients specifically recruited from areas of 

socioeconomic deprivation. Therefore, extrapolation of these results to other cohorts will need 

to assume external validity.  

5. AF outcomes may have been missed as monitoring period was limited (the use of monitoring 

patches or smartwatches can improve this limitation in future studies). 

6. Suboptimal patient compliance (<50% completed the requested 5x60 sec recordings for 2 

weeks). 

7. Subclinical AF and clinically diagnosed AF have been grouped together in our AF outcomes. 

Subclinical AF has been shown in observational studies to portend an adverse prognosis with 

increased all-cause mortality and stroke risk (55), however there is no clinical evidence of a 

benefit in anticoagulation in this group. 

8. LA strain performed by a few operators using the same program. Like other advanced imaging 

techniques, there is a learning curve with strain analysis which may have contributed to 

potential errors in the analysis. We measured inter and intra-observer variability to assess this 

in our individual studies.  

9. Lack of standardization between software vendors for strain analysis and intrinsic differences 

between vendors need to be taken into account. 

10. Cost analysis performed may not have taken into account other important costs associated with 

an imaging guided screening strategy. 

11. The results of this project may not be applicable to other regions/countries where 

echocardiography is not widely available, and the patient population may be different.  
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13.7 Concluding remarks and areas for future research 
 

In conclusion, targeted AF screening programs can be assisted using a combination of clinical, 

socioeconomic and imaging parameters. Further research is required to see if this approach is cost-

effective and may be associated with reduced AF related complications and improved health 

outcomes in Australia. Future research should focus on the following: 

1. Implementation and cost-effectiveness of newer screening technologies such as smartwatches 

and monitoring patches. 

2. Validation of an imaging guided AF screening model using a prospective cohort study. 

3. Long term follow-up of patients following AF screening to assess if there are reduced 

complications and hospitalizations. 

4. Investigate the role of anticoagulation for subclinical AF 
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AbstrACt
Objectives Recent technology advances have allowed for 
heart rhythm monitoring using single-lead ECG monitoring 
devices, which can be used for early diagnosis of atrial 
fibrillation (AF). We sought to investigate the AF detection 
rate using portable ECG devices compared with Holter 
monitoring.
setting, participants and outcome measures We 
searched the Medline, Embase and Scopus databases 
(conducted on 8 May 2017) using search terms related to 
AF screening and included studies with adults aged >18 
years using portable ECG devices or Holter monitoring 
for AF detection. We excluded studies using implantable 
loop recorders and pacemakers. Using a random-effects 
model we calculated the overall AF detection rate. Meta-
regression analysis was performed to explore potential 
sources for heterogeneity. Quality of reporting was 
assessed using the tool developed by Downs and Black.
results Portable ECG monitoring was used in 18 studies 
(n=117 436) and Holter monitoring was used in 36 studies 
(n=8498). The AF detection rate using portable ECG 
monitoring was 1.7% (95% CI 1.4 to 2.1), with significant 
heterogeneity between studies (p<0.001). There was a 
moderate linear relationship between total monitoring 
time and AF detection rate (r=0.65, p=0.003), and meta-
regression identified total monitoring time (p=0.005) 
and body mass index (p=0.01) as potential contributors 
to heterogeneity. The detection rate (4.8%, 95% CI 3.6% 
to 6.0%) in eight studies (n=10 199), which performed 
multiple ECG recordings was comparable to that with 
24 hours Holter (4.6%, 95% CI 3.5% to 5.7%). Intermittent 
recordings for 19 min total produced similar AF detection 
to 24 hours Holter monitoring.
Conclusion Portable ECG devices may offer an efficient 
screening option for AF compared with 24 hours Holter 
monitoring.
PrOsPErO registration number CRD42017061021.

Atrial fibrillation (AF) is a leading cause of 
stroke and heart failure worldwide, and is 
associated with increased all-cause mortality1 2 
as well as substantial financial cost.3 4 The prev-
alence of AF increases with age, exceeding 
>15% for those aged 85 years and older.5 The 
epidemics of obesity, diabetes mellitus and 

metabolic syndrome have also been associ-
ated with the increasing prevalence of AF.6–8 
Up to 20% of patients with stroke have under-
lying AF, and detection allows the initiation 
of anticoagulation, which is associated with a 
significant reduction in stroke recurrence.9 

Early diagnosis of AF may have several 
benefits, including individualised lifestyle 
intervention10 and anticoagulation, and may 
be associated with a reduction in complica-
tions and healthcare costs. The importance 
of early diagnosis has been recognised in 
recent guidelines from the European Society 
of Cardiology, which recommended oppor-
tunistic screening using pulse palpation 
and 12-lead ECG.11 However, screening for 
AF is challenging for several reasons; many 
patients are asymptomatic or may have atyp-
ical symptoms. There are a variety of moni-
toring techniques available, all of which vary 
in diagnostic accuracy and sensitivity, and 
there is no accepted reference standard. 
Subclinical AF is associated with an increased 
risk of stroke, cardiovascular disease and 
all-cause mortality,12 although there is contro-
versy surrounding the significance of brief 
paroxysms of AF and the potential benefit of 

strengths and limitations of this study

 ► First systematic review comparing single-lead ECG 
monitoring with 24 hours Holter monitoring for atrial 
fibrillation (AF) detection.

 ► Comprehensive literature search and specific inclu-
sion criteria allowing for large patient numbers.

 ► Heterogeneity among individual studies with regard 
to patient population, AF definitions and monitoring 
time.

 ► Poor reporting of CHA2DS2-VASC scores among in-
dividual studies.

 ► Patient compliance unable to be accounted for in 
this meta-analysis.

 on 3 O
ctober 2018 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-024178 on 17 S

eptem
ber 2018. D

ow
nloaded from

 

http://bmjopen.bmj.com/
http://dx.doi.org/10.1136/bmjopen-2018-024178
http://dx.doi.org/10.1136/bmjopen-2018-024178
http://dx.doi.org/10.1136/bmjopen-2018-024178
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjopen-2018-024178&domain=pdf&date_stamp=2018-09-15
http://bmjopen.bmj.com/


2 Ramkumar S, et al. BMJ Open 2018;8:e024178. doi:10.1136/bmjopen-2018-024178

Open access 

anticoagulant therapy. Implantable devices are expensive, 
and not cost-effective for mass screening, and the use of 
external devices for long periods of monitoring require 
electrodes, which may be poorly tolerated by patients.

Recent advances in technology have allowed for the 
development of single-lead portable ECG monitoring 
devices. Multiple devices are available, all using multiple 
points of finger contact to create a single-lead ECG trace. 
The in-built memory of these devices allows for single 
or multiple time-point screening. Interpretation from a 
cardiologist or by automated algorithms has achieved high 
sensitivity and specificity for AF detection.13–15 Although 
they have not been incorporated into the latest AF guide-
lines, the accuracy, ease of use and potential cost-effec-
tiveness of these devices may lead to them having an 
important role in AF screening. This paper describes a 
systematic review of the published literature to investigate 
the overall AF detection rate using portable ECG devices 
compared with traditional Holter monitoring.

MEthOds
search strategy
We conducted our systematic review and meta-anal-
ysis using the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses guideline (PRISMA).16 We 
searched the Medline, Scopus and Embase databases 
using key terms including ‘atrial fibrillation/AF and 
screening/monitoring and electrocardiographic/Holter 
monitoring’, which were mapped to subject headings. We 
also searched the reference lists to identify other potential 
articles. The search was limited to adult human subjects 
aged >18 years and limited to the English language (see 
search strategy for Medline database in online supple-
mentary material 1). The study was prospectively regis-
tered on the PROSPERO database on 22 April 2017 
(CRD42017061021), and the search was conducted on 8 
May 2017.

study selection
Titles and abstracts of studies identified from the search 
were reviewed by two independent reviewers (SR and 
DDS). Studies which had a primary aim of AF detection in 
adult participants were included. We included all cohorts 
including community screening, those with risk factors 
and recent stroke. The screening methods included 
portable single-lead ECG devices or continuous (Holter) 
monitoring (up to 1 week). We included studies which 
used single-lead ECG devices for single episode screening 
or multiple intermittent screening periods. We included 
conference abstracts if demographic and outcome data 
were available. We excluded studies if participants were 
aged <18 years or if other forms of monitoring were used 
(pacemaker, implantable loop recorders, event recorders, 
monitoring patches and inpatient telemetry). We also 
excluded studies where AF detection was not the primary 
aim.

The primary outcome of interest was the detection 
rate of new AF using either single-lead intermittent or 
continuous monitoring. Our secondary objective was to 
determine the optimal time of intermittent monitoring, 
which produced equivalent AF detection to continuous 
monitoring.

data collection
Full-text manuscripts of studies fitting the inclusion 
criteria were obtained. Quality of reporting and risk of 
bias was assessed using the tool developed by Downs and 
Black.17 A standardised data-extraction form was used 
by the reviewers, which included information about the 
patient demographics, comorbidities, screening strategy, 
patients with known AF and overall new AF detection rate. 
Where data were not reported, we attempted to contact 
the primary authors of the study. Any disagreements 
between the two reviewers were resolved by consensus or 
by consulting a third reviewer (THM).

statistical analysis
The cumulative AF detection rate for continuous and 
intermittent monitoring and the 95% CI was calculated 
using a random-effects model. The results were displayed 
as a forest plot and heterogeneity among the studies was 
assessed using the I2 statistic. A subgroup analysis was 
performed by comparing the cumulative detection rate 
of single-lead ECG studies, which performed multiple 
timepoint recordings with 24 hours Holter monitoring 
studies. Linear regression analysis was used to determine 
the association between the total monitoring time and 
AF detection using single-lead ECG devices. This formula 
was used to determine the monitoring time using single-
lead ECG devices to approximate the overall AF detection 
rate using 24 hours continuous monitoring. Univariate 
meta-regression analysis was performed to assess the 
influence of various clinical and screening factors with 
AF detection. Publication bias was assessed using a funnel 
plot and the Egger test. Statistical analysis was performed 
using Stata V.13 (StataCorp, College Station, Texas, USA) 
with two-tailed p values <0.05 used to denote statistical 
significance.

Patient and public involvement
Patients were not involved in this review.

rEsults
study characteristics
The PRISMA flow chart of our included studies is shown in 
figure 1 and the search strategy in online supplementary 
table 1. Our initial search strategy identified 5427 studies, 
with another 26 identified through other sources. After 
removing duplicate records, 4122 studies were left. After 
screening those using the inclusion/exclusion criteria, 
we identified 111 full-text studies for detailed review, 
which excluded 59 studies, leaving 52 full-text studies for 
inclusion in the meta-analysis (see online supplementary 
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table 2 for excluded studies). Of the 52 studies included, 
34 used continuous (Holter) monitoring (n=8154),18–51 
16 studies (n=117 092) used single-lead portable ECG 
monitoring14 15 52–65 and 2 studies (n=344) used both 
continuous and intermittent single-lead monitoring for 
AF detection in a head-to-head comparison.66 67

The baseline characteristics of the individual studies is 
presented in table 1. There was a considerable range in 
age (54–76 years), and gender (male 29%–77%) between 
studies. As many studies chose healthy volunteers and 
other studies focused on patients poststroke or those with 
AF risk factors, there was significant variation in comor-
bidities such as diabetes, hypertension and obesity. Stroke 
risk determined by the CHADS or CHA2DS2-VASC score 
was reported in only 14/52 studies (27%). Of the 52 
studies, 36 (69%) were conducted in Europe, 8 (15%) in 
Asia, 5 (10%) in North America and 3 (6%) in Australia. 
Nine studies (17%) were retrospective, the remainder all 
being prospective cohort or randomised controlled trials.

Of the 18 studies using single-lead ECG devices, 10 
studies (56%) used a single 10–60 s recording for AF 
detection while 8 studies (44%) used multiple readings 
over a 1-week to 52-week period. There were five portable 

ECG devices used (table 1). Sixteen studies (89%) used 
healthy participants with risk factors.14 15 52–61 63–65 67 Two 
studies assessed patients following stroke or transient 
ischaemic attack (TIA).62 66

Of the 36 studies using continuous (Holter) moni-
toring, 27 studies (75%) used 24 hours continuous 
monitoring,18–23 25–28 33–36 38 39 41–45 47–50 66 674 studies 
(11%) used 1-week monitoring,30–32 51 2 studies (6%) 
used 48 hours monitoring,37 46 2 studies (6%) used 
72 hours monitoring24 29 and 1 study (3%) used 96 hours 
monitoring.40

Overall AF detection
The combined AF detection rate using single-lead ECG 
monitoring (n=117 436 from 18 studies) was 1.7% (95% 
CI 1.4% to 2.1%). The cumulative AF detection rate 
using continuous (Holter) monitoring (n=8498 from 
36 studies) was 5.5% (95% CI 4.4% to 6.6%). There 
was significant heterogeneity between studies (I2=94% 
for single-lead ECG monitoring, 87% for Holter moni-
toring). The overall new AF detection rate is presented 
in figure 2.

Figure 1 Overview of inclusion and exclusion of studies based on the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses flow chart.
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Comparison of multiple intermittent monitoring with 24 hours 
holter
There was significant variation in the monitoring time 
using both single-lead and Holter monitoring, which 
contributed to the difference in the cumulative detec-
tion rate seen in figure 2. Figure 3 compares the detec-
tion rate of multiple intermittent single-lead recordings 
with 24 hours continuous monitoring, which is used 
routinely in clinical practice. There were eight studies 
(n=10 199, mean weighted age 68.8±8.4 years from six 
studies, 47% male from eight studies) that performed 
multiple intermittent single-lead ECG recordings and 27 
studies (n=6284, mean weighted age 67.8±5.1 years from 
23 studies, 58% male from 23 studies) that used 24 hours 
Holter monitoring. From the data available, the multiple 
intermittent ECG group had a lower AF risk to the 24 hours 
Holter group (hypertension 55% (n=8 studies) vs 65% 
(n=20 studies); diabetes mellitus 15% (n=8 studies) vs 
22% (n=20 studies); heart failure 3.3% (n=8 studies) vs 
3.9% (n=11 studies); ischaemic heart disease 11% (n=6 
studies) vs 19% (n=15 studies) and previous stroke/TIA 

9% (n=7 studies) vs 16% (n=15 studies)), respectively. 
The combined AF detection rate was 4.8% (95% CI 3.6% 
to 6.0%) using multiple intermittent ECG recordings. 
The cumulative AF detection rate using 24 hours Holter 
monitoring was 4.6% (95% CI 3.5% to 5.7%).

Association between monitoring time and AF detection
Using single-lead ECG devices, we found a moderate 
linear relationship between the total monitoring time and 
AF detection rate (β=0.13, R2=0.42). Using this formula, 
we noted that approximately 19 min of total intermittent 
monitoring produced similar AF detection to 24 hours 
continuous monitoring (figure 4). The study by Halcox 
et al was an outlier, with a much lower AF detection rate 
than other studies (3.8% from 52 min of total moni-
toring) and this reduced the linear correlation between 
total monitoring time and AF detection rate.64 Exclusion 
of these data led to a stronger linear relationship (β=0.26, 
R2=0.80) and a much lower total intermittent monitoring 
time required (12 min) to produce a similar AF detection 
rate to 24 hours Holter monitoring.

Figure 2 Forest plot showing the overall atrial fibrillation (AF) detection rate between single-lead ECG devices and Holter 
monitoring.
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Meta-regression
Sources of heterogeneity in the 18 studies using single-
lead ECG monitoring were investigated using meta-re-
gression (table 2). Monitoring time per participant 
(β=0.11, 95% CI 0.04 to 0.18, p=0.005) and body mass 
index (β=1.1, 95% CI 0.58 to 1.5, p=0.01) were associated 
with AF detection.

sensitivity analysis
A number of outlier studies were observed in the 
meta-analysis that could influence the cumulative AF 
detection rate.37–40 44 Removal of these outlier studies 
resulted in a reduction in the overall AF detection rate in 
all Holter studies (table 3) and for 24 hours Holter studies 
(table 4). When these outlier studies were removed, the 

overall AF detection rate for 24 hours Holter was 3.86% 
(95% CI 2.88% to 4.83%), much lower than the detec-
tion rate by multiple intermittent ECG recordings using 
portable single lead devices (4.78%, 95% CI 3.58% to 
5.97%). A cumulative meta-analysis (figure 5) did not 
show any significant variation in the AF detection rate over 
time using either Holter or single-lead ECG monitoring.

Publication bias
Publication bias was explored using a funnel plot of all 
included studies (see online supplementary figure 1). 
There was significant publication bias in both single-lead 
ECG device and Holter monitoring studies (Egger test, 
p=0.003 and p<0.001 respectively).

Figure 3 Forest plot comparing the atrial fibrillation (AF) detection rate between 24 hours Holter monitoring and performing 
multiple intermittent single-lead ECG recordings.
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Quality of studies
A summary of the quality analysis (see online supplemen-
tary table 3) showed that overall quality of reporting was 
moderate. All studies described the primary objective of 
the trial and included a summary of the main findings. 
Detailed comorbidities of the study participants were 
only adequately reported in 28/52 (54%), and limita-
tions were discussed in 35/52 (67%) of studies. Most had 
a very selective patient population, 31/52 (60%) were 
poststroke/TIA cohorts.

disCussiOn
Our study is the only systematic review that we are aware 
of that has studied the overall AF detection rate of single-
lead portable ECG devices. The results of our systematic 

review suggest a linear relationship between monitoring 
time per patient and AF detection rate. Single timepoint 
screening has an approximate 1% AF detection rate, which 
can be increased to around 5% when multiple recordings 
are performed. We noted that approximately 19 min of 
intermittent monitoring produced similar detection rates 
to conventional 24 hours continuous Holter monitoring.

Early diagnosis of AF
AF creates a significant burden on both patients as well 
as the healthcare system. AF will continue to rise in inci-
dence and the costs to the healthcare system will continue 
to increase, due to ageing, sedentariness and the prev-
alence of obesity and the metabolic syndrome.3 68 Early 
diagnosis offers the possibility for early initiation of treat-
ment, which may reduce the occurrence of the compli-
cations and may lead to reduced hospital admissions and 
associated healthcare costs. Early treatment for AF can 
be achieved in different ways. Patients with subclinical 
AF have an increased risk of stroke and cardiovascular 

Figure 4 Graph showing the linear relationship between total monitoring time and atrial fibrillation (AF) detection rate in single-
lead ECG devices.

Table 2 Meta-regression analysis for atrial fibrillation (AF) 
detection (single-lead ECG studies)

Variable
Number of 
studies β (95% CI) P values

Age (years) 15 0.00 (−0.22 to 0.24) 0.95

Monitoring time per 
participant (min)

18 0.11 (0.04 to 0.18) 0.005

Body mass index 
(kg/m2)

4 1.1 (0.58 to 1.5) 0.01

CHADS score (%) 11 −0.13 (−2.6 to 2.4) 0.91

Hypertension (%) 14 0.01 (−0.08 to 0.10) 0.75

Previous diagnosis 
of AF (%)

16 −0.13 (−0.50 to 0.24) 0.46

Ischaemic heart 
disease (%)

12 −0.10 (−0.42 to 0.21) 0.48

Previous stroke (%) 13 0.06 (−0.09 to 0.19) 0.45

Male gender 16 0.10 (−0.04 to 0.24) 0.16

Table 3 Outlier studies omitted (all Holter studies) to 
assess the change to the overall atrial fibrillation (AF) 
detection rate

Study omitted
Overall AF 
detection rate (%) 95% CI (%)

Dangayach et al37 5.27 4.17 to 6.38

Fonseca et al39 5.26 4.15 to 6.36

Gunalp et al38 5.32 4.21 to 6.42

Manina et al40 5.11 4.03 to 6.20

Yadogawa et al 44 5.25 4.14 to 6.35

All studies excluded 4.31 3.36 to 5.26
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events, like those with established AF.12 69 Anticoagulation 
may help reduce the incidence of stroke in this cohort.

The close relationship between metabolic syndrome 
and AF has encouraged research into the benefits of 
lifestyle intervention. Aggressive lifestyle intervention in 
patients with AF undergoing catheter ablation has been 
reported to lead to a reduction in symptom burden, 
improved quality of life and the need for repeat ablation 
procedures.10 It remains to be tested whether initiation of 

Table 4 Outlier studies omitted (24 hours Holter) to assess 
the change to the overall atrial fibrillation (AF) detection rate

Study omitted
Overall AF 
detection rate (%) 95% CI (%)

Fonseca et al39 4.30 3.21 to 5.39

Gunalp et al38 4.39 3.30 to 5.47

Yadogawa et al44 4.30 3.22 to 5.38

All studies excluded 3.86 2.88 to 4.83

Figure 5 Cumulative meta-analysis showing minimal variation in atrial fibrillation (AF) detection over time using Holter and 
single-lead ECG devices.
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lifestyle intervention and aggressive risk factor modifica-
tion following the early diagnosis of AF may be associated 
with positive LA remodelling and reduction of disease 
progression. Such a process may lead to additional health 
benefits, including reduction in cardiovascular risk and 
improvement in exercise capacity.

AF screening and feasibility
AF is a leading cause of stroke and heart failure in the 
community. As well as an association with increased 
all-cause mortality, it is associated with reduced 
quality of life. The availability of preventive therapies, 
including anticoagulation, has led to increasing recog-
nition of the importance of AF screening for early diag-
nosis. However, AF screening shares the limitations of 
screening with other diagnostic tests. The screening 
tool must have high sensitivity, and needs to be inexpen-
sive and cost-effective. We also need to minimise and 
have a method of addressing false positives. Current 
guidelines recommend opportunistic screening using 
pulse palpation and 12-lead ECG.11 In a previous 
systematic review, this was associated with a new AF 
detection rate of approximately 1%.5 Pulse palpation 
may be non-specific in patients with other irregular 
rhythms such as ventricular ectopy, and 12-lead ECG is 
only able to capture a single timepoint for screening. 
There are multiple other methods for AF detection. 
Continuous Holter monitoring is probably the most 
commonly used in clinical practice, especially in stroke 
cohorts. It has the potential advantage of assessing 
heart rhythm throughout the day and may be useful in 
detecting nocturnal subclinical AF. However, the disad-
vantages include the cost of Holter monitoring (espe-
cially for mass screening), the inconvenience of leads 
and electrodes (which may affect compliance) and 
typical limitation to 1–2 days of capture (as extended 
periods are more cumbersome and less cost-effective). 
Other event recorders are again expensive and limited 
to symptomatic patients. Extended period monitoring 
using implantable devices have shown promise in the 
cryptogenic stroke population (where many have been 
diagnosed with paroxysmal AF),70 but they are invasive 
and not feasible for mass screening.

Portable single-lead ECG devices permit multiple 
30–60 s recordings to be captured, and downloaded 
to a computer. These devices have several potential 
advantages over Holter monitoring. They are leadless 
and require finger contact (and are hence easy to use 
and acceptable to patients). They have a high degree 
of sensitivity for identifying AF.71–73 Most interface with 
a web-based cloud system where ECG rhythms can be 
wirelessly transferred to clinicians, allowing rapid anal-
ysis and diagnosis. The development of automated algo-
rithms to detect AF is helpful for mass screening. In two 
small studies they have demonstrated superior AF detec-
tion compared with 24 hours Holter monitoring.66 67 
Although screening using these portable devices are 
currently not in the latest AF guidelines, they may offer 

a feasible option for mass screening. Screening using 
these devices has been demonstrated to be cost-effec-
tive.74 75

We noted a moderate linear association between 
monitoring time and AF detection rate. Single time-
point screening for 30–60 s achieved an overall detec-
tion rate of approximately 1%. This is no better than 
what has been reported using pulse palpation or 12-lead 
ECG, hence does not add any incremental benefit in 
screening programmes.5 Multiple intermittent record-
ings improve AF detection; we found that at least 19 min 
of total monitoring should be performed to achieve 
detection rates similar to 24 Holter monitoring.

The linear relationship between monitoring time and 
AF detection rate (R2=0.80) and the reproduction of 
AF detection rates of 24 hours Holter monitoring with 
only 12 min of intermittent monitoring was possible in 
our study only after exclusion of an outlier.64 Despite 
the inclusion of elderly participants with at least one 
risk factor for AF, the use of a validated single-lead 
ECG device and a prolonged monitoring period, that 
study had a lower AF detection rate (3.8%) than the 
remaining studies, even using a shorter monitoring 
period.53 56 57 Relatively low rates of adherence (only 
approximately 25% completed 2×30 s ECG recordings 
every week for the full year of monitoring) may be a 
potential explanation for the lower AF detection rate 
noted.64

limitations
There are several challenges inherent in this meta-anal-
ysis of studies investigating AF detection. The most 
important is the target screening population. Most 
studies did not report the CHADS or CHA2DS2-VASC 
score, a history of previous stroke or other comorbid-
ities. Consequently, it was difficult to ascertain if the 
risk profiles of patients in these studies were equiva-
lent. Most Holter monitoring studies were performed 
in the stroke population—which is likely a population 
with higher AF risk than many studies using portable 
ECG devices, which recruited mainly healthy partici-
pants or those with AF risk factors from the commu-
nity. The significant heterogeneity among both Holter 
and portable ECG device studies make it difficult to 
perform direct comparisons between both groups. The 
type/duration of monitoring and type of device used 
will also influence the overall AF detection rate and 
varied significantly between studies. There are several 
possible confounders which may not have been taken 
into account. The validity of the linear regression anal-
ysis comparing detection time and rate may be limited 
due to the significant differences in study population, 
study design and AF definitions. However, despite these 
limitations, the analysis may provide some important 
inferences into AF screening. Multiple intermittent 
ECG recordings achieved a similar AF detection rate to 
24 hours Holter monitoring. This may suggest that in a 
similar cohort of patients with the same comorbidities, 
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single-lead intermittent monitoring may be superior for 
AF detection.

Compared with 24 hours continuous monitoring, 
single-lead portable ECG monitoring is more patient 
dependent. Good patient compliance is essential to 
obtain multiple readings across different timepoints 
which improves sensitivity. The analysis performed does 
not take into account patient compliance as this is diffi-
cult to assess and poorly reported across the individual 
studies. Most single-lead device manufacturers have 
proprietary automated AF detection algorithms, which 
were used for diagnosis. Not all of these algorithms have 
had rigorous testing and comparison to a reference 
standard. It is also difficult to distinguish AF from other 
supraventricular tachycardias using single-lead ECG 
devices as the P wave is often not readily discernible. 
The use of different automated algorithms makes AF 
definitions non-standardised and can potentially create 
issues with both overdiagnosis and underdiagnosis.

There are other limitations in this analysis. The effi-
cacy of intermittent monitoring is critically dependent 
on AF burden and density. All studies varied in their 
monitoring period and strategy. The linear regression 
model used was able to determine a total intermittent 
monitoring time, which produced similar AF detection 
rates to 24 hours continuous monitoring. However, it is 
difficult to translate the total monitoring time into an 
effective monitoring strategy. For example, we are unable 
to determine from our analysis if 12×60 s recordings over 
12 consecutive days is different to 2×60 s recordings daily 
for six consecutive days. The definitions of AF also vary 
between studies. Many are based on individual physician 
interpretation and criteria for diagnosis were not explic-
itly specified. The duration of AF varied from 10 to 30 s 
between studies, although a cut-off of 30 s was the most 
widely adopted practice.

COnClusiOn
Single-lead portable ECG devices may offer an efficient 
screening option for AF compared with 24 hours Holter 
monitoring. Total monitoring time is related to AF detec-
tion and a total of 19 min may achieve a similar detection 
rate to 24 hours Holter monitoring.
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Relation of Functional Status to Risk of Development
of Atrial Fibrillation
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Identifying patients at risk is now important as there are demonstrable ways to alter disease
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progression which could potentially prevent atrial fibrillation (AF) and its complications.
We sought whether impaired functional capacity was associated with risk of AF, inde-
pendent of myocardial dysfunction. In this community-based study, asymptomatic par-
ticipants aged ‡65 years were recruited if they had ‡1 risk factor (e.g., hypertension,
diabetes mellitus, and obesity). Participants underwent baseline echocardiography
(including measurement of myocardial mechanics) and six-minute walk test. The
CHARGE-AF score was used to calculate 5-year risk of developing AF. Receiver operating
characteristic curves were used to assess for independent risk factors for AF. A total of 607
patients (age 71 – 5 years, men 47%) were studied at baseline and followed for at least
6 months. Patients in the higher AF risk groups were older and had increased rates of
hypertension, diabetes mellitus, and ischemic heart disease (p <0.05). Greater AF risk was
associated with lower exercise capacity, independent of lower mean global longitudinal
strain, global circumferential strain, greater mean E/e’ ratio, indexed left atrial volume and
LV mass. Multivariate linear regression confirmed association of LV and functional ca-
pacity parameters with AF risk. Although functional capacity is impaired in AF, this as-
sociation precedes the onset of AF. In conclusion, poor functional status is associated with
AF risk, independent of LV function. � 2016 Elsevier Inc. All rights reserved. (Am J
Cardiol 2017;119:572e578)
Atrial fibrillation (AF) is associated with significant
morbidity and mortality,1,2 including stroke, heart failure
with impaired and preserved ejection fraction,3 functional
impairment,4 and poor prognosis.5 Although the prevalence
of AF continues to increase in the aging population, there is
currently not a proactive management approach in which
patients at risk of AF are identified and treated before the
onset of symptoms or complications. Earlier diagnosis of
AF might have several benefits. The risk of AF increases
after episodes of AF,6 and this likely contributes to atrial
remodeling and altered mechanics.7 Early diagnosis may
allow prevention of complications such as stroke and heart
failure, and prevention may avoid the symptoms, impaired
quality of life, and overall burden on the health care system
associated with AF.1,2 When implemented early, lifestyle
interventions (e.g., weight loss) have been associated with a
reduction in symptom burden and improved cardiac
remodeling.8 Such an approach to prevention may be
analogous to stage B heart failure,9 the diagnosis of which in
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patients with risk factors permits the early implementation
of pharmacological therapy and risk factor management to
prevent or delay the onset of symptomatic heart failure. The
risk factors for AF (hypertension, obesity, and the metabolic
syndrome) are common and not specific. We sought whether
the detection of impaired functional capacity could better
characterize risk of AF.
Methods

This observational cohort study recruited patients from a
large community based in Tasmania, which had the primary
objective of early detection of heart failure. Asymptomatic
participants aged �65 years were recruited if they had �1
factors, including hypertension (systolic blood pressure
>140 mm Hg or preexisting use of antihypertensive medi-
cations), type 2 diabetes mellitus (based on self-report of
diagnosis or the current use of diabetic medications), obesity
(defined as a body mass index �30), previous chemo-
therapy, previous history of coronary artery disease, or
family history of heart failure. Exclusion criteria included
the following: (1) inability to provide written consent to
participate in the study, (2) history of moderate or greater
valvular disease, (3) known history of heart failure, (4)
reduced left ventricular (LV) systolic function on baseline
echocardiogram (LV ejection fraction <40%), (5) contra-
indications to b blockers and angiotensin-converting
enzyme inhibitors, (6) expected life expectancy of <1
year, or (7) inability to acquire interpretable images from
baseline echocardiogram. All patients with a known history
www.ajconline.org
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Table 1
Baseline characteristics of cohort

Baseline Characteristic Total Cohort
(n ¼ 607)

Age (years) (SD) 70.9 � 4.8
Men 282 (47%)
Systolic BP (mmHg) (SD) 140.0 � 16.8
Diastolic BP (mmHg) (SD) 81.8 � 10.4
BMI (kg/m2) (SD) 29.4 � 5.3
Current Smoking 14 (2%)
Diabetes Mellitus 311 (51%)
Obesity 263 (43%)
Hypercholesterolemia 307 (51%)
Hypertension 481 (79%)
Previous history of IHD 47 (8%)
Previous chemotherapy 74 (12%)
Baseline Medications
Beta blockers 40 (7%)
ACE-I/ARB 405 (67%)
Calcium blockers 129 (21%)
Lipid Lowering drugs 306 (50%)
Anti-platelet agents (aspirin/clopidogrel/ticagrelor/prasugrel) 209 (34%)

Obesity—defined as Body Mass Index � 30 kg/m2.

Table 2
Clinical characteristics of participants in relation to AF risk. There are significant differences in relation to age, sex, blood pressure, diabetes, hypertension,
ischemic heart disease, past chemotherapy and current medical therapy

Variable Low Risk
(0-5%)
n ¼ 185

Moderate Risk
(5-10%)
n ¼ 228

High Risk
(10-15%)
n ¼ 103

Very High
Risk

(> 15%)
n ¼ 91

P
Value

Age (years (SD) 68.1 (2.9) 68.9 (3.5) 72.7 (4.0) 76.9 (5.0) < 0.001
Men 44/185 (24%) 118/228 (52%) 66/103 (64%) 54/91 (59%) < 0.001
Systolic BP (mmHg) (SD) 136.0 (15.1) 138.8 (14.6) 140.7 (16.4) 150.5 (21.1) < 0.001
Diastolic BP (mmHg) (SD) 81.0 (10.4) 81.5 (9.8) 82.7 (10.3) 83.2 (12.0) 0.324
BMI (kg/m2) (SD) 28.9 (4.9) 29.4 (5.4) 30.7 (6.1) 29.3 (4.9) 0.064
Current Smoking 1/185 (0.5%) 5/228 (0.2%) 3/103 (3%) 5/91 (5.4%) 0.077
Diabetes Mellitus n/total 68/185 (37%) 118/228 (52%) 69/103 (67%) 56/91 (62%) < 0.001
Obesity n/total 75/185 (41%) 96/228 (42%) 51/103 (49.5%) 41/91 (45%) 0.486
Hypercholesterolemia n/total 83/183 (45%) 115/209 (55%) 58/96 (60%) 51/85 (60%) 0.039
Hypertension n/total 126/185 (68%) 181/228 (79%) 88/103 (85%) 86/91 (95%) < 0.001
Previous history of IHD n/total 3/185 (2%) 15/228 (7%) 14/103 (14%) 15/91 (16%) < 0.001
Previous chemotherapy n/total 32/185 (17%) 26/228 (11%) 12/103 (12%) 4/91 (4%) 0.020
Baseline Medications
Beta blockers n/total 8/185 (4%) 15/228 (7%) 9/103 (9%) 8/91 (9%) 0.387
ACE-I/ARB n/total 111/185 (60%) 157/228 (69%) 74/103 (72%) 63/91 (69%) 0.127
Calcium blockers n/total 25/182 (14%) 49/199 (25%) 27/95 (28%) 28/79 (35%) 0.001
Lipid Lowering drugs n/total 85/182 (47%) 111/202 (55%) 59/95 (62%) 51/79 (65%) 0.019
Anti-platelet agents (aspirin.clopidogrel/ticagrelor.prasugrel) n/total 49/182 (27%) 78/200 (39%) 41/93 (44%) 41/79 (52%) 0.001

Arrhythmias and Conduction Disturbances/Functional Status and Atrial Fibrillation 573
of AF or documented AF on baseline electrocardiography
(ECG) were excluded from the study. All patients were
provided written informed consent, and ethics approval was
obtained from the institution’s Human Research Ethics
Committee.

All participants undertook a clinical history and
answered questionnaires to assess overall health status at the
start of the study. Information regarding demographics,
medical history, medication history, and baseline
examination data (height, weight, body mass index, and
blood pressure were recorded for all participants). Baseline
ECG and echocardiography were conducted in all
participants.

The CHARGE-AF score10 uses 12 clinical parameters
(age, race, height, weight, systolic/diastolic blood pressure,
current smoking, use of antihypertensives, history of dia-
betes mellitus/myocardial infarction, history of heart failure,
ECG data, voltage criteria for left ventricular hypertrophy,
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and PR interval) to assess 5-year risk of AF. Cardiovascular
fitness was assessed using the six-minute walk test
(SMWT). This was conducted in marked corridors adjacent
to the clinic where the total distance covered over 6 minutes
was calculated to the nearest meter. All patients answered
questionnaires to assess overall quality of life and function.
These included the Duke Activity Status Index (DASI),11

Minnesota Living with Heart Failure score (MLHF),12

Charlson Index,13 and EuroQoL5D Visual Analog Scale.14

Echocardiograms were performed by qualified sonogra-
phers using the same equipment (Siemens ACUSON
SC2000; Siemens Healthcare, California) and transducer
(4V1c, 1.25 to 4.5 MHz; 4Z1c, 1.5 to 3.5 MHz). Two-
dimensional, M-mode, and Doppler measurements were
obtained using techniques outlined by the American Society
of Echocardiography. LV dimensions were calculated in
both diastole and systole in parasternal long-axis views. LV
hypertrophy was defined as LV mass index >115 g/m2 in
men and >95 g/m2 in women. LV and left atrial (LA)
volumes were indexed to body surface area and calculated
by the Simpson biplane method. Abnormal LA volume in-
dex was defined as �34 ml/m2.

Diastolic function was assessed by calculating mitral
inflow peak early and late diastolic velocities (E and A
wave), deceleration time, and the E/A ratio (ratio <0.8 was
used to define for impaired relaxation). The average of
septal and lateral mitral annular early diastolic velocity (e’)
was used to calculate the E/e’ ratio (>13 was used to define
raised LA filling pressures).

Global longitudinal strain (GLS) was calculated in apical
4-chamber views, and global circumferential strain was
calculated in the mid-LV parasternal short-axis view. Ve-
locity vector imaging was used to assess ventricular strain.
Manual tracing of the endocardial border of the LV was
performed in end systole, and this was tracked during the
cardiac cycle.

Patients were split into 4 groups based on AF risk (low
0% to 5%, medium 5% to 10%, high 10% to 15%, and very
high >15%). The primary outcome was to assess whether
poor functional capacity was an independent risk
factor for AF. All categorical variables are presented as
frequencies/percentages and continuous variables presented
as means/standard deviation (if normally distributed) or
medians/interquartile range (if nonparametric). Statistical
significance was performed using the chi-square test for
categorical data. Analysis of variance was used to assess the
interaction between groups. Associations between variables
were assessed using linear regression. All variables with
p <0.1 in univariate analyses were considered in multivar-
iate models. ROC curves were generated to determine
optimal cut-off values of continuous variables. Analyses
were considered to be statistically significant if 2-tailed
p values were <0.05. Statistical analysis was performed
using SPSS version 22 (IBM, Chicago, Illinois).

Results

A total of 607 patients were included (mean � SD age
70.9 � 4.8 years, men 47%). Most patients had risk factors
for heart failure and AF including type 2 diabetes mellitus
(51%), obesity (43%), hypercholesterolemia (51%), and

http://www.ajconline.org


Figure 1. ROC curves comparing functional capacity parameters to AF risk. (A) ROC curve comparing male gender to CHARGE-AF. (B) ROC curve
comparing SMWT cutoff 500 m to CHARGE-AF. (C) ROC curve comparing DASI cutoff 42.7 to CHARGE-AF. (D) ROC curve comparing MLHF Score
cutoff 24 to CHARGE-AF.
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hypertension (79%). The median AF risk (CHARGE-AF)
was 7.0% (interquartile range 3.5% to 10.5%). Baseline
patient characteristics are summarized in Table 1.

Participants were split into 4 groups based on AF risk
(low 0% to 5%, medium 5% to 10%, high 10% to 15%, and
very high risk >15%; Table 2). Patients with greater AF
risk were older, more likely to be men with higher systolic
blood pressure and rates of diabetes mellitus, hypercholes-
terolemia, and ischemic heart disease (p <0.05). Patients
with low AF risk had a greater proportion who had previous
chemotherapy. There was no statistically significant differ-
ence in smoking rates and body mass index between
groups.

AF risk was associated with reduced functional ca-
pacity (Table 3). SMWT was lower in higher AF risk
groups (496 m in low risk vs 432 m in very high risk, p
<0.001), and patients with greater AF risk had lower
DASI scores (p <0.001) and had more medical co-
morbidities (p ¼ 0.04).

Univariate regression showed clinical AF risk was asso-
ciated with impaired functional capacity (assessed by SMWT
and DASI) and quality of life (EuroQoL5D Visual Analog
Scale), Charlson index, and male gender. In a multivariate
linear regression model, SMWT (b ¼ �0.188, p <0.001)
was independently associated with clinical AF risk. Using
ROC curves, the optimal cutoff for SMWT was 500 m (area
under the curve [AUC] 0.60, 95% confidence interval [CI]
0.56 to 0.65, p <0.001), for DASI was 42.7 (AUC 0.64, 95%
CI 0.59 to 0.69, p <0.001), and for MLHF was 24 (AUC
0.59, 95% CI 0.51 to 0.68, p ¼ 0.02; Figure 1).

The association between AF risk and atrial and LV pa-
rameters is presented in Table 4. Greater clinical AF risk
was associated with lower ejection fraction (60 � 5.9% vs
62 � 4.8% in lowest risk, p ¼ 0.001), worse GLS (�17.6 �
2.6% vs �19.1 � 2.4% in lowest risk, p <0.001) and GCS
(�29.7 � 4.9 vs �31.0 � 5.7%, p ¼ 0.002). Indexed LV
mass was noted to be greater in patients with greater AF risk
(99.4 � 24.8 g/m2 vs 84.5 � 21.4, p <0.001). AF risk was
associated with GLS (b ¼ 0.19, p <0.001), E/e’ (b ¼ 0.16,
p <0.001), and male gender (b ¼ 0.26, p <0.001). Using
ROC curves, the optimal cutoff for GLS was �18% (AUC
0.598, 95% CI 0.552 to 0.643, p <0.001) and that for
indexed LA volume was 35 ml/m2 (AUC 0.586, 95% CI
0.537 to 0.635, p ¼ 0.001).
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Discussion

This study suggests that AF risk is associated with
impaired functional capacity as assessed with the SMWT
and less activity (assessed by the DASI), independent of LV
function and LV mass. SMWT <500 m as well as DASI
<42.7 and MLHF >24 were associated with AF risk.

A number of clinical features are associated with AF,
including the metabolic syndrome, hypertension, and type 2
diabetes mellitus. The CHARGE-AF score was developed
from a total of 18,556 patients with a wide age range (46 to
94 years) and ethnic diversity (19% African-American)
based on pooled data from the Framingham Heart Study,15

the Atherosclerosis Risk in Communities,16 and the Car-
diovascular Health Study.17 The bedside clinical score gives
a 5-year risk of developing AF using clinical variables
including age, race, height, weight, systolic and diastolic
blood pressure, current smoking, use of antihypertensive
therapy, history of diabetes mellitus/myocardial infarction,
and heart failure with overall good model discrimination (C-
statistic 0.765, 95% CI 0.748 to 0.781). The CHARGE-AF
score has been validated in multiple cohorts, is easy to
implement in clinical practice, and can be calculated in the
absence of ECG data.10

A deficiency in clinical risk scores is that they do not
incorporate atrial or LV mechanics or LA size, all of which
are implicated in the pathogenesis of AF.7,18e20 AF risk is
associated with reduced atrial reservoir, conduit, and pump
strain21 which is likely a marker of progressive atrial fibrosis
and can be used to predict recurrence after catheter abla-
tion22 or cardioversion.23 The use of LV strain analysis to
predict AF risk is poorly understood. LV regional defor-
mation allows for objective assessment of systolic func-
tion.24 LV strain analysis has important applications for the
assessment for cardiomyopathy, myocardial ischemia,24,25

and assessment for LV dyssynchrony postcardiac resynch-
ronization therapy.24 Changes to atrial size and fibrosis in
the absence of mitral valve disease are often due to pro-
gressive changes to the LV including increase in LV mass,
higher filling pressures, and concentric remodeling which
are commonly associated with age and hypertension and
give rise to poor exercise capacity.26

We have found in this study that altered myocardial
mechanics are independently associated with AF risk. This
has several implications for clinical practice. Echocardiog-
raphy and deformation analysis are noninvasive, easily
accessible, and cost effective and can be used in screening
programs. This can potentially lead to early diagnosis of AF
before the onset of complications such as stroke. The rela-
tion between AF and LV mechanics also raises the possi-
bility of AF risk in patients with underlying structural heart
disease or a known history of heart failure. AF in these
patients is associated with a poorer prognosis; thus, early
diagnosis would impact prognosis.5

AF is associated with impaired quality of life and poor
functional capacity.2 Restoration of sinus rhythm after
pharmacological therapy or catheter ablation may be asso-
ciated with improvement in New York Heart Association
functional class, improvement in quality of life, and modest
improvement in exercise capacity.27 Although the link be-
tween AF and quality of life is well understood, it is unclear
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if poor functional capacity can contribute to AF risk.
Common risk factors for AF such as obesity, hypertension,
and type 2 diabetes mellitus are associated with impaired
quality of life and reduced exercise capacity.8,28 Poor ex-
ercise capacity could offer a surrogate risk assessment tool
in clinical practice to identify patients at risk of AF.

Although the link between AF and quality of life is well
understood, previous work has not shown whether poor
functional capacity can contribute to AF risk. The results of
our study suggest that poor exercise capacity is an inde-
pendent risk factor for AF. Exercise and weight loss pro-
grams have recently been shown to improve AF symptom
burden and atrial remodeling.29 The reasons why poor ex-
ercise capacity contributes to AF risk is unclear. Improve-
ment in cardiovascular fitness may have a protective role in
AF possibly by preventing atrial remodeling. The strong
association between immobility and obesity may lead to
altered atrial mechanics and increased atrial size which can
create a substrate for arrhythmia. Patients with poor func-
tional capacity are more likely to have associated co-
morbidities such as hypertension and diabetes mellitus
which are known risk factors for AF. Poor exercise capacity
could offer a surrogate risk assessment tool in clinical
practice to identify patients at risk of AF.

This study has several limitations. There was a potential
for population selection bias as patients were recruited with
newspaper and radio advertising. In this observational study,
our primary outcome measure was to assess AF risk using a
validated risk score, rather than following up patients to
assess the actual incidence of AF. Showing the association
of reduced functional capacity with baseline AF risk is
relevant to baseline evaluation.

AF places a huge burden on the health care system and
screening programs to identify patients at risk of AF will
have increasing importance as there are now ways to alter
disease progression which could potentially prevent AF and
its complications. Mass screening has the potential to be
expensive, so assessment should begin with a clinical risk
assessment tool. The association of reduced exercise ca-
pacity and functional status with AF risk has 2 implications.
It may be a marker of treatable risk, similar to obesity, as
well as identifying a patient subgroup appropriate for close
monitoring for AF.
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Abstract

Background: Low socioeconomic status is associated with cardiovascular diseases, and

an association with atrial fibrillation (AF) could guide screening.

Aim: To investigate if indices of advantage/disadvantage (IAD), index of education/

occupation (IEO) and index of economic resources were associated with incident AF,

independent of risk factors and cardiac function.

Methods: We studied community-based participants aged ≥65 years with AF risk fac-

tors (n = 379, age 70 � 4 years, 45% men). The CHARGE-AF score (a well validated

AF risk score) was used to assess 5-year risk of developing AF. Participants also had

baseline echocardiograms. IAD, IEO and index of economic resources were obtained

from the 2011 Socio-Economic Indexes for Areas score, in which higher decile ranks

indicate more advantaged areas. Patients were followed up for incident AF (median

21 (range 5–31) months), with AF diagnosed by clinical review, including 12-lead elec-

trocardiogram (ECG), as well as single-lead portable ECG monitoring used to record

60 s ECG tracings five times/day for 1 week. Cox proportional hazards models were

used to assess the association between socioeconomic status and incident AF.

Results: Subjects with AF (n = 50, 13%) were more likely to be male (64 vs 42%,

P = 0.003) and had higher CHARGE-AF score (median 7.1% (5.2–12.8%) vs 5.3%

(3.3–8.6%), P < 0.001). Areas with lower socioeconomic status (IAD and IEO) had a

higher risk of incident AF independent of LV function and CHARGE-AF score (hazard

ratio for IAD 1.16, 95% confidence interval 1.05–1.29, P = 0.005 and hazard ratio for

IEO 1.18, 95% confidence interval 1.07–1.30, P = 0.001).

Conclusion: Regional socioeconomic status is associated with risk of incident AF, inde-

pendent of LV function and clinical risk. This association might permit better regional

targeting of prevention.

Introduction

Atrial fibrillation (AF) is associated with stroke, heart
failure, increased all-cause mortality1,2 and substantial
financial cost.3,4 The epidemics of obesity, diabetes
mellitus and metabolic syndrome have been associated
with the increasing prevalence of AF, which has become
a significant population health problem.5–7 The early
diagnosis of AF may lead to individualised lifestyle inter-
vention8 and anticoagulation, and these steps may be
associated with a reduction in complications and
healthcare costs. The development of hand-held electro-
cardiogram (ECG) screening devices,9–15 has increased
the feasibility of AF screening. Appropriate selection of
patients for screening is of critical importance; the

Abbreviations: AF, atrial fibrillation; BMI, body mass index; BP,
blood pressure; ECG, electrocardiogram; HR, hazard ratio; IAD,
index of advantage/disadvantage; IEO, index of education/
occupation; IER, Index of Economic Resources; LV, left
ventricular; SEIFA, Socio-Economic Indices for Areas; T2DM,
type II diabetes mellitus.
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development of a risk assessment score,16,17 based on the
link between AF and clinical risk factors, is an important
component of identifying individual patients at risk. The
introduction of a screening programme should also
involve consideration of which communities are at risk.
Socioeconomic deprivation is strongly associated with

increased risk of metabolic syndrome and coronary
artery disease,18–20 beyond its association with reduced
healthcare access. Low household income influences die-
tary choices, psychological well-being and is associated
with a sedentary lifestyle.21 Poor literacy and education
levels may affect treatment adherence and risk aware-
ness. There may also be higher rates of substance and
alcohol abuse in deprived areas.22 However, the associa-
tion between socioeconomic deprivation and AF risk is
controversial, with reports of an association of lower
household income with increased AF risk,23 balanced by
other evidence that neighbourhood deprivation and
socioeconomic disparities were not independently associ-
ated with AF.24 The purpose of this study was to assess
the association of regions of socioeconomic deprivation
with risk of incident AF.

Methods

Study population

This prospective observational cohort study recruited
participants from both urban and rural settings in Tas-
mania (an island located south of the Australian main-
land) and Victoria (a larger State in the south of
mainland Australia). Apart from the major cities (Hobart
and Launceston), much of Tasmania is geographically
isolated, with limited access to healthcare.25 Participants
from the community ≥65 years were recruited if they
had one or more AF/heart failure (HF) risk factors,
including hypertension (systolic blood pressure
(BP) >140 mmHg or preexisting use of antihypertensive
medications), type 2 diabetes mellitus (T2DM, based on
self-report of diagnosis or the current use of diabetic
medications) and obesity (body mass index ≥30). Sub-
jects were excluded if they were unable to provide writ-
ten consent, had known HF or left ventricular
(LV) systolic dysfunction, moderate/severe valvular dis-
ease or life expectancy <1 year. All patients with a his-
tory of AF and anticoagulation or were noted to have AF
during baseline 12-lead ECG and echocardiograms were
excluded. All patients were provided written informed con-
sent and the study protocol conforms with the ethical
guidelines of the 1975 Declaration of Helsinki and approval
was obtained from the Tasmanian Human Research Ethics
Committee (HREC project number H0013333). The study

was registered on the Australian and New Zealand clinical
trials registry (ACTRN12614000080628).

Clinical findings

Participants provided a clinical history and answered ques-
tionnaires to assess overall health status at the start of the
study. Information regarding demographics, past medical
history, medication history and baseline examination data
(height, weight, body mass index, BP) was recorded for all
participants. Baseline 12-lead ECG and echocardiography
were conducted in all participants, and patients with previ-
ously unrecognised HF were excluded. Assessment of AF
risk was performed using the CHARGE-AF score.17 Exercise
capacity was assessed using the 6-minute walk test.

Assessment of socioeconomic status

All participants had information collected on education
level. The Socio-Economic Indexes for Areas (SEIFA)
score is derived from several domains of national census
data (including education, housing, household income,
employment and occupation) to provide a multi-
dimensional assessment of socioeconomic status based
on postcode. This was used to describe the regional vari-
ations of participants’ overall socioeconomic status.25

The SEIFA score has three main indices: an index of
advantage/disadvantage (IAD, based on income, occupa-
tion and housing), an index of education/occupation
(IEO, based on education and occupation) and an index
of economic resources (IER, based on individual income,
mortgage repayments, rental return and family income).
These indices are expressed to deciles, with the lowest
scoring 10% of areas given a decile number of 1 and the
highest 10% of areas are given a decile number of 10.
Hence, higher scores reflect more advantaged areas.25

AF follow up

AF was diagnosed using multiple detection methods. All
participants had baseline and follow-up assessment,
including a 12-lead ECG and echocardiogram. In the
interim, any patients diagnosed with AF by local physi-
cians were documented. Screening for subclinical AF
was performed using a single-lead ECG device (Remon
RM-100; Semacare, Shenzhen, China). The single-lead
device was used to record 60-s single-lead ECG tracings
using three points of finger contact with electrodes, five
times per day for 1 week (i.e. 35 recordings). ECG
recordings were then exported as PDF files for interpre-
tation, and all were assessed by a physician. The pres-
ence of AF (an irregular rhythm of ≥30 s with a variable
R-R interval and absent P waves) was confirmed by two
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independent physicians who were blinded to the
patient’s clinical details. The patient was advised of the
recognition of subclinical AF, and further management
and investigation was provided by their usual medical
practitioner.

Outcome measures

Our primary outcome measure was the overall propor-
tion of the cohort with new onset AF during the follow-
up period.

Statistical analysis

All categorical variables are presented as frequencies/
percentages, and continuous variables presented as
means/standard deviation (if normally distributed) or
medians/interquartile range (if nonparametric).
Patients with incident AF were compared with those
remaining in sinus rhythm. Groups were compared
using the Chi-squared test for categorical data and the
independent two sample t-test for continuous data.
Patients were grouped according to the SEIFA rank (<5
vs ≥5) and Nelson–Aalen cumulative hazard estimate
plots were constructed, and the log-rank test used to
assess the differences between curves. A Cox propor-
tional hazards regression analysis was used to calculate
the adjusted hazard ratios (HR) and 95% confidence
intervals (CI) for the association between each socio-
economic index and incident AF. Clinically relevant
model covariates included CHARGE-AF score, global
longitudinal strain, gender and indexed left atrial vol-
ume. The follow-up time was the time from the initial
baseline clinical assessment to the completion of porta-
ble device screening or the date of diagnosis of AF
(whichever came first). Analyses were considered to be
statistically significant if two-tailed P values were <
0.05. Statistical analysis was performed using SPSS v.22
(SPSS, Chicago, IL, USA) and Stata v.13 (StataCorp, Col-
lege Station, TX, USA).

Results

Patient characteristics

The baseline characteristics of the 379 subjects included
in the study (mean age 70 � 4 years, 45% male) are
summarised in Table 1. Thirteen participants (3%) had a
previous diagnosis of paroxysmal AF. Cardiovascular risk
factors (including T2DM, obesity, hypercholesterolaemia
and hypertension) were highly prevalent. There was a
large proportion of participants with low education levels

(43% had not completed high school and approximately
three in four had not completed university education).
Most participants were recruited from areas with socio-
economic deprivation (median IAD 5 � 6, median IEO
5 � 6 and median IER 4 � 5).

AF during follow up

Over a median follow up of 21 months (range 5–31
months), 50 patients (13%) were diagnosed with AF. Of
these, 37 patients (9.8%) were diagnosed with incident
AF, 23 of whom (6%) were diagnosed with portable
ECG monitoring while 14 (4%) were diagnosed by local
physicians during the follow-up period or had AF during
hospitalisations. Table 2 compares the characteristics of
those with AF and sinus rhythm; new onset AF was
more likely in men, and in those with a higher
CHARGE-AF score and those from socioeconomically
deprived areas (P < 0.05).

Table 1 Baseline characteristics of the overall cohort

Demographics n = 379

Age (SD) (years) 70.3 (4.2)
Male, n (%) 169 (45)
Systolic BP (SD) (mmHg) 140.6 (15.9)
Diastolic BP (SD) (mmHg) 82.5 (9.9)
Heart rate (SD) (b.p.m.) 68.7 (10.8)
BMI (SD) (kg/m2) 29.8 (5.2)
Current/previous smoking, n (%) 182 (48)
Diabetes mellitus, n (%) 176 (46)
Obesity, n (%) 176 (46)
Hypercholesterolaemia, n (%) 205 (54)
Hypertension, n (%) 293 (77)
Previous history of IHD, n (%) 16 (4)
Previous history of AF, n (%) 13 (3)
Previous chemotherapy, n (%) 36 (10)
Median 6-min walk test (IQR) (m) 504 (96)
Median CHARGE-AF (IQR) (%) 6.8 (6.6)
Median CHA2DS2-VASC (IQR) (%) 3.0 (2.0)
Echocardiographic parameters Mean (SD)
Ejection fraction (SD) (%) 62.8 (6.2)
Global longitudinal strain (SD) (%) −18.8 (2.5)
E/e’ (average of lateral and septal) (SD) 8.7 (2.5)
Left atrial volume, indexed (SD) (mL/m2) 31.5 (9.1)
Left ventricular mass, indexed (SD) (g/m2) 88.8 (21.7)

Social factors
Median SEIFA Index of Advantage/Disadvantage (IQR) 5 (6.0)
Median SEIFA Index of Education/Occupation (IQR) 5 (6.0)
Median SEIFA Index of Economic Resources (IQR) 4 (5.0)
Completed high school, n (%) 214/375 (57)
Completed university, n (%) 88/376 (23)

AF, atrial fibrillation; BMI, body mass index; BP, blood pressure; IHD,
ischaemic heart disease; IQR, interquartile range; SEIFA, Socio-Economic
Indexes for Areas.
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Association between socioeconomic status
and AF risk

SEIFA data were available in 370/379 participants (with
48 AF outcomes). Table 3 summarises the features asso-
ciated with AF risk, including increased age, male gen-
der, reduced global longitudinal strain, increased left
atrial volume and socioeconomic deprivation. Those
who developed AF had lower median SEIFA indices than
those in sinus rhythm (IAD (4.0 (range 2–6) vs 5.0
(range 3–8), P = 0.005), IER (4.0 (range 2–5) vs 5.0
(range 3–8), P = 0.002) and IEO (3.5 (range 2–7) vs 6.5
(range 2–8), P = 0.02)). There were no differences in AF
rates noted in participants with high school or tertiary
level education. In a multivariable model, adjusted for
gender, clinical risk factors, LV function and left atrial
volume, increased incident AF risk was associated with
disadvantaged areas (HR for IAD = 1.16, 95% CI
1.05–1.29, P = 0.005) and areas with lower
education/occupation levels (HR for IEO = 1.18, 95% CI
1.07–1.30, P = 0.001) (Fig. 1, Table 3). Areas with lower
economic resources were not independently associated
with increased incident AF risk (HR for IER = 1.11, 95%
CI 0.99–1.24, P = 0.08).

Discussion

The results of our study suggest that a significant number
of elderly people in the community with risk factors
have subclinical AF. Regional socioeconomic deprivation
is associated with AF independent of other clinical risk
factors and cardiac function. Areas with higher house-
hold income, higher rates of education and employment
were associated with reduced risk of incident AF.

Socioeconomic status and AF

Socioeconomic deprivation is well established as a risk
factor for metabolic syndrome and cardiovascular
disease,18–20 but the association between socioeconomic
status and AF is less clear. A large Swedish study did not
find an independent association between socioeconomic
status and hospitalised AF,24 although an association was
found in women.24 The ARIC cohort found that low
family income was associated with increased risk of
AF,23 with lower education levels associated with
increased AF risk in women.23 After adjusting for con-
founders, we found that regional indices of low

Table 2 Comparison of baseline characteristics between patients with AF and sinus rhythm

Demographics Atrial fibrillation n = 50 Sinus rhythm n = 329 P Value

Age (SD) (years) 71.3 (5.0) 70.1 (4.0) 0.12
Male, n (%) 32 (64) 137 (42) 0.003
Systolic BP (SD) (mmHg) 135.5 (18.3) 141.4 (15.3) 0.01
Diastolic BP (SD) (mmHg) 82.6 (11.2) 82.5 (9.7) 0.99
BMI (SD) (kg/m2) 29.3 (4.7) 29.9 (5.3) 0.39
Current/previous smoking, n (%) 24 (48) 158 (48) 1.0
Diabetes mellitus, n (%) 27 (54) 149 (45) 0.25
Obesity, n (%) 19 (38) 157 (48) 0.419
Hypercholesterolaemia, n (%) 25/47 (53) 180/321 (56) 0.71
Hypertension, n (%) 38 (76) 255 (78) 0.81
Previous history of IHD, n (%) 5 (10) 11 (3.3) 0.03
Median CHARGE-AF (IQR) (%) 7.1 (7.6) 5.3 (5.3) <0.001
Median CHA2DS2-VASC (IQR) 3.0 (2.0) 3.0 (2.0) 0.93
Functional capacity
Six-min walk test (SD) (m) 498 (102) 508 (98) 0.50

Social factors
Median SEIFA Index of Advantage/Disadvantage (IQR) 4 (4.0) 5.0 (5.0) 0.005
Median SEIFA Index of Education/Occupation (IQR) 3.5 (5.0) 6.5 (6.0) 0.02
Median SEIFA Index of Economic Resources (IQR) 4.0 (3.0) 5.0 (5.0) 0.002
Completed high school, n (%) 28 (56) 186/325 (57) 0.87
Completed university, n (%) 8 (16) 80/326 (25) 0.18

Echocardiographic parameters
Ejection fraction (SD) (%) 60.7 (7.2) 63.2 (5.9) 0.01
Global longitudinal strain (SD) (%) −17.7 (3.3) −19.0 (2.3) 0.01
E/e’ (average of lateral and septal) (SD) 8.6 (2.7) 8.8 (2.5) 0.67
Left atrial volume, indexed (SD) (mL/m2) 34.0 (10.3) 31.1 (8.9) 0.03
Left ventricular mass, indexed (SD) (g/m2) 93.6 (23.3) 87.8 (21.3) 0.10

AF, atrial fibrillation; BMI, body mass index; BP, blood pressure; IHD, ischaemic heart disease; IQR, interquartile range; SEIFA, Socio-Economic Indexes for
Areas.
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income/education were associated with AF in both
sexes. The use of regional indices of socioeconomic status
provides a basis of using geographic location in planning
screening, in a way that using individual income or edu-
cational data would be inaccessible.

There may be several mechanisms by which socioeco-
nomic status can affect AF risk and management. AF has
been strongly associated with metabolic syndrome and
obesity,5,7 both of which are strongly influenced by
socioeconomic status. Household income and education
levels influence dietary habits and physical activity
levels. Interestingly, in our study despite high rates of
obesity, T2DM and hypertension at baseline, we did not
see any significant difference in these markers in partici-
pants with AF compared with those in sinus rhythm. It is
possible that could be due to our small sample size and
limited follow up. These markers are components of the
CHARGE-AF score, where we did note a higher score in
those with AF compared with those in sinus rhythm. It is
possible that even though the overall rates between both
groups were similar, those who developed AF may have
poorly controlled risk factors or may have individuals
with multiple risk factors present, hence creating incre-
mental risk. Children born to parents of low socioeco-
nomic status have higher risk of low birth weight which
has been shown to be associated with AF risk.26 The
higher rates of alcohol and substance abuse in areas of
socioeconomic deprivation are both associated with AF
risk.22 There may be added challenges such as poor

health awareness in this cohort and issues relating to
poor adherence, as limited household income may influ-
ence decisions made on anticoagulation and other phar-
macological therapy.27 Irrespective of the mechanisms
involved, socioeconomic status appears to be associated
with AF and in our study, it was as important a risk fac-
tor as left atrial volume and LV function.

Early diagnosis of AF and community
screening

AF creates a significant burden on both patients and the
healthcare system. For patients, it is associated with
increased risk of stroke and HF as well as causing symp-
toms and impaired quality of life. AF seems likely to con-
tinue to increase in incidence and the costs to the
healthcare system will continue to increase.1,3,6 Early
diagnosis might be achieved by community screening
programmes, but successful AF screening requires both
an appropriate diagnostic tool as well as careful selection
of the at-risk population.

The incident AF rate of 9.8% in this study – higher than
previously reported in the literature9,10,15 – is attributable to
not only age and clinical risk factors for AF, but also social
vulnerability. Elderly, socially isolated patients with poor
access to affordable healthcare, limited household income
and poor education levels are often encountered in hospital
following the complications of AF. Early diagnosis offers the
possibility for early initiation of treatment which may offset

Table 3 Cox regression analysis showing association between socioeconomic status and AF

Independent variables Unadjusted hazard ratio (95% CI) P- value Adjusted hazard ratio (95% CI) P-value

Age (years) 1.06 (1.00–1.12) 0.048
Male gender 2.44 (1.37–4.36) 0.003 1.78 (0.96–3.31) 0.07
Body mass index (kg/m2) 1.01 (0.95–1.06) 0.83
Systolic blood pressure (mmHg) 0.98 (0.96–0.99) 0.02
Diastolic blood pressure (mmHg) 1.01 (0.98–1.04) 0.51
Type 2 diabetes mellitus 1.33 (0.75–2.34) 0.32
Obesity 0.90 (0.51–1.59) 0.71
Hypertension 0.99 (0.52–1.91) 0.99
Ejection fraction (%) 0.93 (0.90–0.97) 0.001
Global longitudinal strain (%) 1.21 (1.09–1.36) 0.001 1.22 (1.08–1.38) 0.002
Left atrial volume, indexed (mL/m2) 1.05 (1.02–1.08) 0.002 1.04 (1.01–1.07) 0.01
Left ventricular mass, indexed (g/m2) 1.01 (0.99–1.02) 0.02
Six-min walk test (m) 1.00 (0.99–1.00) 0.87
CHARGE-AF Score (%) 1.04 (0.99–1.09) 0.10 0.98 (0.92–1.03) 0.37
CHA2DS2-VASC Score 0.98 (0.71–1.34) 0.89
SEIFA Index of Advantage/Disadvantage 1.15 (1.04–1.27) 0.007 1.16 (1.05–1.29) 0.005
SEIFA Index of Education/Occupation 1.17 (1.06–1.28) 0.001 1.18 (1.07–1.30) 0.001
SEIFA Index of Economic Resources 1.11 (0.99–1.25) 0.07 1.11 (0.99–1.24) 0.08
Completed high school 0.67 (0.39–1.18) 0.17
Completed university 0.55 (0.26–1.16) 0.12

Multivariable model adjusted for gender, CHARGE-AF score, left atrial volume and global longitudinal strain. Bold indicates variables that are indepen-
dently associated with AF (P < 0.05). AF, atrial fibrillation; CI, confidence interval; SEIFA, Socio-Economic Indexes for Areas.
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some of the complications which may lead to reduced
hospitalisations and associated healthcare costs. Patients
with subclinical AF and atrial tachyarrhythmias have an
increased risk of stroke and cardiovascular events similar to
those with established AF,28,29 and anticoagulation may
help reduce the incidence of stroke in this cohort. Active
lifestyle intervention may lead to a reduction in symptom
burden and in the need for repeat ablation procedures and
an improvement in quality of life.8 Initiation of lifestyle
intervention and risk factor modification following early
diagnosis of AF may be associated with positive LA
remodelling, which may reduce disease progression and
produce additional health benefits, including reduction in
cardiovascular risk and improvement in exercise capacity.

Clinical implications

The results of our study have several important clinical
implications. We have demonstrated a significant

burden of subclinical AF in elderly people with risk fac-
tors. We have also demonstrated that AF screening
using portable ECG monitoring is feasible. The finding
that low regional socioeconomic status is associated
with increased AF risk has important implications for
mass screening. Screening programmes conducted in
these areas will likely yield higher detection rates,
improving cost-effectiveness and providing access to
early intervention programmes to those at the highest
risk of complications and hospitalisations.

Limitations

There are several limitations of our study. There is a
potential for population selection bias as participants
were recruited with newspaper and radio advertising.
Selection bias may influence the rates of clinically diag-
nosed AF in the cohort. Patients from areas of high
socioeconomic status who may have better access to
healthcare and improved health literacy may present

Figure 1 Nelson–Aalen curves showing incident atrial fibrillation (AF) diagnosis based on (A) index of advantage/disadvantage (IAD) decile rank;

( ), IAD_Decile = <5; ( ), IAD_Decile = 5 or more, (B) index of economic resource (IER) decile rank; ( ), IER_Decile = <5; ( ), IER_Decile =

5 or more and (C) index of education/occupation (IEO) decile rank; ( ), IEO_Decile = <5; ( ), IEO_Decile = 5 or more.
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more frequently for review, potentially resulting in
higher rates of clinically diagnosed AF. Our patient sam-
ple was small, and we had a limited number of AF out-
comes. Our patient population was predominantly white
Australian, and our results are not generalisable to the
indigenous population or other ethnicities. Our screen-
ing for subclinical AF was done for a 1-week period of
intermittent ECG monitoring, and it is possible that
resulted in some AF outcomes to be potentially missed.
Our study focused on the assessment of regional socio-
economic status as we investigated the implications to a
community AF screening programme. Hence, the results
of our study cannot be used for individual risk assess-
ment. Our cohort study is unable to establish causality.

Intervention studies are required in the future to deter-
mine if socioeconomic deprivation is a risk factor for AF
and if community-based interventions can result in
reduced AF incidence.

Conclusion

Elderly patients with risk factors have a high prevalence
of subclinical AF, especially in regions of socioeconomic
deprivation. The finding that socioeconomic deprivation
is independently associated with incident AF suggests
that additional resources and access to healthcare are
needed in selected communities to improve health
outcomes.
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Association of the Active and Passive Components
of Left Atrial Deformation with Left Ventricular

Function
Satish Ramkumar, MBBS, Hong Yang, BMed, Ying Wang, BMed, Mark Nolan, MBBS, Tomoko Negishi, MD,
Kazuaki Negishi, MD, PhD, and Thomas H. Marwick, MBBS, PhD, MPH, Melbourne and Hobart, Australia

Background: Left atrial (LA) strain imaging enables the quantitative assessment of LA function. The clinical
relevance of these measurements is dependent on the provision of information incremental to the left ventric-
ular (LV) evaluation. The aim of this study was to test the hypothesis that LA pump function but not reservoir
function is independent of measurement of LV mechanics.
Methods: Echocardiography was undertaken in a community-based study of 576 participants $65 years of
age with one or more risk factors (e.g., hypertension, diabetes mellitus, obesity). Strain analysis was conduct-
ed using a dedicated software package, usingR-R gating. LV functionwas classified as normal in the presence
of global longitudinal strain (GLS) (#�18%) or global circumferential strain (GCS) (#�22%). The associations
between GLS or GCS and LA reservoir, conduit, and pump strain were assessed using univariate and multi-
variate linear regression.
Results: Patients (mean age 716 5 years, 54%women) with reduced GLS had higher blood pressure and rates
of diabetes and obesity (P< .05). LA reservoir strain and conduit strain were lower in the groupwith impairedGLS
(38.26 7.3% vs 39.96 6.4% [P = .004] and 18.76 5.7% vs 20.56 5.1% [P < .001], respectively), but there was
no difference in LA pump strain (19.56 5.5% vs 19.36 4.6%, P = .72). GLS was independently associated with
LA reservoir and conduit strain (P< .05) but not independently associatedwith LApumpstrain (P= .91). Reduced
GCSwas associated with a larger bodymass index, male sex, and diabetes (P < .05). There were no differences
in LA reservoir, conduit, and pump strain in patients with normal and abnormal GCS (P > .05).
Conclusions: The application of LA strain is specific to the component measured. LA pump strain is indepen-
dent of LV mechanics. (J Am Soc Echocardiogr 2017;30:659-66.)

Keywords: Strain, Left atrium, Atrial function, Left ventricle
There is increasing recognition of the importance of altered left atrial
(LA) function, incremental to LA dilatation, and the feasibility of its
assessment has increased with the application of strain imaging to
LA function.1-3 Although there are currently no standardized
guidelines with regard to electrocardiographic (ECG) gating, image
acquisition, or analysis techniques,3,4 this parameter is reliable and
reproducible2,3 and is able to quantify the contributions of
reservoir, conduit, and active pump function.5

LA strain imaging can be used as part of the assessment of left ven-
tricular (LV) diastolic function,6-8 but it is unclear as to whether it
provides incremental information to other echocardiographic
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measures of diastolic function such as mitral inflow or mitral
annular velocities. Because LA reservoir and conduit function
reflect underlying LV function, there has been some skepticism
about the utility of LA strain compared with other markers of LV
strain, such as global longitudinal strain (GLS)1,2,9,10; indeed, atrial
and ventricular volumes reciprocate at different phases in the
cardiac cycle. In contrast, LA contractile strain is a measure of LA
systolic function relative to LA load as it fills the left ventricle and
pulmonary veins. Hence, although LA pump function contributes
approximately 30% to LV filling during end-diastole (and even
more in older patients), it is less dependent on LV function.3,11 The
loss of the LA ‘‘kick’’ is also believed to contribute to symptoms of
heart failure (HF) in patients with atrial fibrillation (AF).12,13 Given
the important physiologic role of the LA pump, we hypothesized
that atrial pump strain was independent of LV strain.
METHODS

Study Population

In this prospective, observational cohort study, we recruited patients
from a large community-based study in Australia, which had the primary
objective of early detection of HF in the community. Asymptomatic
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AF = Atrial fibrillation

ECG = Electrocardiographic

GCS = Global circumferential

strain

GLS = Global longitudinal
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participants $65 years of age
were recruited if they had one or
more risk factors, including
hypertension (systolic blood
pressure>140mmHgorpreexist-
ing use of antihypertensive medi-
cations), type 2 diabetes mellitus
(on the basis of self-report of diag-
nosis or the current use of diabetic
medications), and obesity (defined
as body mass index$ 30 kg/m2).
Exclusion criteria were (1) inability
to provide written consent to
participate in the study, (2) history
ofmoderate or greater valvular dis-
ease, (3) known history of HF, (4) reduced LV systolic function on base-
line echocardiography (LVejection fraction<40%), (5) contraindications
to b-blockers and angiotensin-converting enzyme inhibitors, (6) life
expectancy<1year, and (7) inability to perform strain analysis or acquire
interpretable images from baseline echocardiography. All patients with
known histories of AF or documented AF on baseline electrocardiog-
raphy were excluded from the study. All patients were provided written
informed consent, and approval was obtained from the institution’s hu-
man research ethics committee.
Clinical Findings

All participants undertook a clinical history and answered question-
naires to assess overall health status at the start of the study. Information
regarding demographics, medical history, medication history, and base-
line examination data (height, weight, body mass index, and blood
pressure) was recorded for all participants. Baseline electrocardiog-
raphy and echocardiography were conducted in all participants.
Echocardiography

All echocardiographic examinations were performed by qualified
sonographers using the same equipment (Siemens Acuson
SC2000, Siemens Medical Solutions USA, Mountain View, CA)
and transducers (4V1c [1.25–4.5 MHz] and 4Z1c [1.5–3.5 MHz]).
Two-dimensional, M-mode, and Doppler measures were obtained us-
ing standard techniques outlined by the American Society of
Echocardiography. LV dimensions were calculated in both diastole
and systole in parasternal long-axis views. LV hypertrophy was
defined as LV mass index > 115 g/m2 in men and >95 g/m2 in
women. LV and LA volumes were indexed to body surface area
and calculated using the Simpson biplane method. Abnormal LA vol-
ume index was defined as $34 mL/m2.
Diastolic function was assessed by calculating mitral inflow peak

early and late diastolic velocities (E and Awaves, respectively), decel-
eration time, and the E/A ratio (a ratio < 0.8 was used to define
impaired relaxation). Mitral annular early diastolic velocity using
Doppler tissue imaging (e0) was calculated in both septal and lateral
and averaged to calculate the E/e0 ratio (>13 was used to define
increased LA filling pressures).
GLS was calculated in the apical four-chamber view, and global

circumferential strain (GCS) was calculated in the mid-LV parasternal
short-axis view. Velocity Vector Imaging was used to assess ventricular
strain. Manual tracing of the endocardial border of the left ventricle
was performed in end-systole, and this was tracked during the cardiac
cycle. LA reservoir, conduit, and pump strain was assessed using
speckle-tracking imaging by an external third-party software program
(Image Arena; TomTec Imaging Systems, Munich, Germany). Apical
four- and two-chamber images were selected with a frame rate of
60 to 80 frames/sec. The endocardial border of the left atrium was
manually traced, and strain analysis was performed using the LV strain
algorithm, with the average of both the four- and two-chamber values.
The reference point for image analysis was taken at the onset of the
QRS complex (R-R gating; Figure 1). Patients with poor image quality,
such that strain analysis could not be performed, were excluded. All
strain measurements were performed by two investigators.
Reproducibility was assessed using a random sample of 20 patients,
and the mean percentage difference was calculated.
HF Follow-Up

All participants were followed using questionnaires, phone calls, and
follow-up clinical visits at a median time of 12 months (interquartile
range, 6 months). HF symptoms were assessed using the Framingham
criteria. We included patients with HF with reduced ejection fraction
and those with HF with preserved ejection fraction, per criteria outlined
by the European Society of Cardiology.14,15 All patients were
reviewed by a cardiologist in the clinic, and information was collected
regarding symptoms and examination findings. Patients underwent
echocardiography to confirm the presence of HF.
Statistical Analysis

Patients were split into two groups on the basis ofGLS (cutoff�18%)
and GCS (cutoff �22%). All categorical variables are presented as fre-
quencies and percentages, and continuous variables are presented as
mean 6 SD (if normally distributed) or as medians and interquartile
ranges (if nonparametric). Statistical significance was assessed using
the c2 test for categorical data and the independent-sample t test for
continuous data. Simple linear regression was used to identify associa-
tions between LV function and clinical parameters with LA reservoir,
conduit, and pump strain. All variables with P values < .10 in univariate
analyses were considered in multivariate regression models. Cox
proportional-hazard models were used to assess for the association be-
tween LA strain and incident HF. Analyses were considered to be statis-
tically significant if two-tailed P values were <.05. Statistical analysis was
performed using SPSS version 22 (SPSS, Chicago, IL).

RESULTS

Baseline Characteristics

A total of 576 patients were included in the study (mean age,
70.7 6 4.7 years; 46% men). The majority of patients had type 2 dia-
betes mellitus (52%), obesity (43%), hypercholesterolemia (54%), and
hypertension (79%). Mean values of LA reservoir, conduit, and pump
strain were 39.36 6.8%, 19.86 5.4%, and 19.46 5.0%, respectively.
A summary of baseline patient characteristics is shown in Table 1.
Associations of Impaired LV Strain

Participants were split into two groups on the basis of GLS (normal,
#�18%; n = 352). Table 2 shows that patients with abnormal GLS
were older, were more likely to be male, hypertensive, and obese, and
were more likely to have diabetes mellitus. LA reservoir and conduit
strain was reduced in the group with abnormal GLS (reservoir strain,
38.2 6 7.3% vs 39.9 6 6.4% [P = .004]; conduit strain, 18.7 6 5.7%
vs 20.5 6 5.1% [P < .001]). There were no significant differences with
regard to LA pump strain (19.5 6 5.5% vs 19.3 6 4.7%, P = .72).



Figure 1 Components of LA strain.
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Participants were also split into two groups on the basis of GCS
(normal, #�22% [n = 533]; abnormal, >�22% [n = 43])
(Table 3). Patients with abnormal GCS were more likely to be male
and to have higher body mass index and rates of diabetes mellitus
and ischemic heart disease (P < .05). Groups were not different
with respect to LA reservoir (39.3 6 6.8% vs 39.0 6 7.3%,
P = .83), conduit (19.9 6 5.3% vs 19.0 6 6.5%, P = .30), and
pump (19.4 6 5.0% vs 20.0 6 5.3%, P = .38) strain.
Associations of LA and LV Function

LA reservoir strain was independently associated with GLS (r = 0.16,
b=�0.13, P= .001). GCSwas not associatedwith reservoir strain. LA
reservoir strain was associated with E/e0 ratio (r = 0.16, b = �0.12,
P = .004) and LV mass (r = 0.14, b = �0.09, P = .03) independent
of age (r = 0.26, b = �0.21, P < .001). It was not associated with A
wave or deceleration time (P > .05) (Table 3).

LA conduit strain was independently associated with GLS
(r = 0.21, b = �0.14, P = .01). GCS was not independently
associated with conduit strain. LA conduit strain was associated
with E wave (r = 0.14, b = 0.21, P < .001) and A wave (r = 0.11,
b = �0.19, P < .001), independent of age (r = 0.23, b = �0.18,
P < .001). It was not associated with deceleration time or LV mass
(P > .05) (Table 4).

LA pump strain was associated with E wave (r = 0.10, b = �0.23,
P < .001) and A wave (r = 0.12, b = 0.24, P < .001) independent of
age (r = 0.10, b =�0.13, P = .002). There was no association noted be-
tween LA pump strain and ventricular strain (GLS, r = 0.005, P = .91;
GCS, r=0.0, P= .99). LA pump strainwas not independently associated
with deceleration time or LV mass (P > .05) (Table 5; Figure 2).
Association between LA Function and Incident HF

Among 478 of 576 patients with follow-up data available for analysis
(median follow-up 126 6 months), 54 (11%) developed new incident
HF. LA functionwas not independently associatedwith new incidentHF
(reservoir strain, P = .28; conduit strain, P = .38; pump strain, P = .66).
Reproducibility

Reproducibility was assessed by blinded strain measurements in a
random sample of 20 patients. All measurements were done by the
same two investigators (S.R. and T.N.), and the mean of the absolute
value of differences between measurements was calculated. For GLS
and GCS, the mean differences were 0.7 6 0.7% and 4.0 6 3.9%,
respectively. For LA strain, the mean differences were 8.0 6 7.0%
for reservoir strain, 5.4 6 4.1% for conduit strain, and 5.6 6 4.6%
for pump strain. Intraobserver variability was assessed by one investi-
gator (S.R.), who repeated LA strainmeasurements in the same 20 pa-
tients at a different time point. The mean differences for LA strain
were 3.8 6 2.9% for reservoir strain, 2.7 6 1.4% for conduit strain,
and 2.7 6 1.4% for pump strain.
DISCUSSION

The results of our study suggest that GLS was independently associ-
ated with LA reservoir and conduit strain but was not independently
associated with LA pump strain. GCS was not found to be associated
with LA strain. LA strain was associated with diastolic function but not
independently associated with incident HF.
LA Physiology

The left atrium is thin walled, with a high degree of compliance, which
allows it to stretch during the reservoir phase.11 Therefore, in ventricular
systole, the left atrium acts as a reservoir for blood flow from the pulmo-
nary circulation. The elasticity of the left atrium allows it to return to
normal size during the conduit and pump phases.3 The independent as-
sociation of LV GLS with reservoir function is a reflection of how LV pa-
thology is associated with higher LV filling pressures, increased LA
pressure and tension, and impaired LA compliance.16 The maladaptive
compensatory changes of the thin-walled left atrium in response to
high pressures17-19 leads to progressive pathologic changes, including
fibrosis as a response to inflammatory mediators,6,20,21 resulting in
reduced reservoir function.

One of the main functions of the left atrium is acting as a passive
conduit during early diastole, which contributes up to 35% of ventric-
ular filling.22 An essential aspect to normal conduit function is a pres-
sure gradient across the mitral valve that occurs during LV
relaxation.11 The association of impaired GLS with reduced conduit
strain in our study is a reflection of the contribution of a stiff LV to
a lower LA-LV gradient.16

LA contraction at the end of diastole is influenced by age, LV relax-
ation, atrial preload, and LVend-diastolic pressure (afterload). The LA
pump contributes approximately 30% of ventricular filling, which can
be higher in older patients.11,23 The LA pump has an important role in



Table 1 Baseline demographics and echocardiographic
parameters (N = 576)

Baseline patient characteristic Value

Demographics

Age (y) 70.7 6 4.7

Men 264/576 (46)

Systolic BP (mm Hg) 140.0 6 16.8

Diastolic BP (mm Hg) 81.8 6 10.4

Heart rate (beats/min) 66.8 6 10.5

BMI (kg/m2) 29.4 6 5.2

Current smoking 13/576 (2)

Diabetes mellitus 297/576 (52)

Obesity 249/576 (43)

Hypercholesterolemia 293/545 (54)

Hypertension 457/576 (79)

History of IHD 42/576 (7)

Previous chemotherapy 70/576 (12)

Medications

b-blockers 40/576 (7)

ACE inhibitors/angiotensin receptor blockers 385/576 (67)

Calcium blockers 123/526 (23)

Lipid-lowering agents 291/529 (55)

Antiplatelet agents 196/525 (37)

Echocardiographic parameters

Ejection fraction (%) 63.6 6 5.9

GLS (%) �18.5 6 2.5

GCS (%) �29.8 6 5.5

E/e0 ratio (average of lateral and septal) 8.9 6 2.6

LA volume index (mL/m2) 31.8 6 9.4

LV mass index (g/m2) 91.7 6 22.9

Atrial reservoir strain (%) 39.3 6 6.8

Atrial conduit strain (%) 19.8 6 5.4

Atrial pump strain (%) 19.4 6 5.0

ACE, Angiotensin-converting enzyme; BMI, body mass index; BP,

blood pressure; IHD, ischemic heart disease.

Data are expressed as mean 6 SD or as n/N (percentage).
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ventricular filling when conduit function is reduced. In the early stages
of diastolic dysfunction, the left atrium is able to compensate for
reduced conduit function by an increased ‘‘atrial kick’’ at
end-diastole.11 Although patients can remain asymptomatic during
this phase, they have less functional reserve. Reduced LA strain has
been shown to be associated with reduced exercise capacity.24-26

Patients who lose the ‘‘atrial kick,’’ such as those who develop AF
and those who develop tachycardia (associated with reduced
diastolic filling time), can manifest symptoms of HF and
decompensate acutely.1,2,11

Measurement of LA Strain

Several concerns are relevant to LA strain measurement. There are
limited guidelines or consensus on image acquisition, ECG gating,
and what parameters to measure.2,23 LA strain measurement may
be operator dependent and time consuming, as the thin
endocardial border is difficult to track.23 The calculation of LA strain
must be done using a LV strain algorithm, as software vendors have
yet to develop a dedicated algorithm.2 In contrast, GLS is more
robust, has been validated in different populations to assess for sub-
clinical LV dysfunction, and can be used to assess prognosis in patients
admitted with myocardial infarction and HF.27,28
What Factors Influence LA Pump Function?

In our study, we have attempted to highlight the importance of the atrial
pump, as most studies have focused on LA reservoir strain. We have
shown that in comparison with reservoir and conduit function, the atrial
pump is less associatedwith LV function. This suggests that there may be
other mechanisms that can influence atrial pump function.

LA function is influenced mainly by LV systole and relaxation:
because reservoir and conduit function are reflections of changes to
the left ventricle, the independent value of LA contractile strain might
be expected but has not been proved.1,5,9,10 The LA pump involves
the interplay of multiple factors.3,29 In our study, we have
emphasized that LA pump function is independent of LV function.

The first component influencing pump function is atrial preload.
Pulmonary venous flow is a determinant of LA volume and therefore
atrial ejection. Second, there is a codependence among the three com-
ponents of LA strain. LA reservoir function is influenced by LV compli-
ance and descent of the LV base during diastole but also by LA systole.
In elderly patients, changes to LV compliance and impaired relaxation
reduce conduit strain, and the left atriummay compensate by ejecting a
larger volume during end-diastole, until the eventual loss of LA reserve
may lead to symptoms of HF. This interdependence among the three
components of LA function demonstrates an indirect influence of LV
function on pump function. Third, the LA pump is influenced by LV
end-diastolic pressure (afterload), as the left atrium must pump blood
across a higher pressure gradient.

In our study, we attempted to highlight the importance of the LA
pump. Despite the indirect involvement of the left ventricle in LA
function, outlined by the mechanisms above, our results demonstrate
that LA pump function is not directly dependent on LV function. To
further understand the physiology of the LA pump and the various
influencing factors, further research combining LA strain with
invasive hemodynamic data will allow us to better understand this
relationship.
LA Strain and Association with Diastolic Function

Current echocardiographic assessment of diastolic function is based
primarily on assessment of mitral inflow velocities, early diastolic
mitral annular velocity, and assessment of LA volume.30 The novel
role of LA strain in assessment of diastolic function is mentioned in
the latest American Society of Echocardiography guidelines, but there
is acknowledgment of current limitations.30 In our study, we have
demonstrated a close relationship between diastolic function and
LA strain. The left atrium acts as a reservoir during ventricular systole,
and we noted that reservoir function was associated with E/e0 ratio.
This suggests that the ability of the left atrium to stretch and act as a
reservoir is directly influenced by the pressure within the left atrium
as well as the LV-LA gradient. Conduit function was associated with
both the E and Awaves, suggesting a close relationship with LV relax-
ation and filling pressures rather than LA size. LA pump function was
not associated with LV mass or LV strain and was closely associated
with the E and Awaves. This suggests that pump function is not influ-
enced primarily by LV function and is influenced by other external
factors that directly influence LA function.



Table 3 Associations of atrial reservoir strain and LV mechanics and diastolic function

Variable

Univariate Multivariate

Unstandardized coefficient (95% CI) Standardized b P Unstandardized coefficient (95% CI) Standardized b P

Age �0.38 (�0.49 to �0.26) �0.26 <.001 �0.31 (�0.43 to �0.19) �0.21 <.001

GLS �0.44 (�0.66 to �0.22) �0.16 <.001 �0.36 (�0.57 to �0.14) �0.13 .001

GCS �0.08 (�0.18 to 0.02) �0.07 .12

E/e0 ratio �0.43 (�0.64 to �0.21) �0.16 <.001 �0.31 (�0.52 to �0.10) �0.12 .004

E wave 1.51 (�2.0 to 5.0) 0.04 .40

A wave �0.12 (�3.1 to 2.8) �0.003 .94

Deceleration time 0.0 (�0.01 to 0.01) 0.0 .99

LV mass index �0.04 (�0.07 to �0.02) �0.14 .001 �0.03 (�0.05 to �0.003) �0.09 .03

CI, Confidence interval.
Multivariate-adjusted R2 = 0.10, P < .001.

Table 2 Baseline characteristics for groups with normal and reduced GLS (cutoff �18%) and GCS (cutoff �22%)

Variable GLS > �18% (n = 224) GLS # �18% (n = 352) P GCS > �22% (n = 43) GCS # �22% (n = 533) P

Age (y) 71.2 6 4.4 70.4 6 4.7 .007 70.4 6 4.0 70.8 6 4.7 .65

Men 127/224 (57) 137/352 (39) <.001 30/43 (70) 234/533 (44) .001

Systolic BP (mm Hg) 142.3 6 19.6 138.7 6 14.6 .02 138.1 6 17.8 140.2 6 16.7 .43

Diastolic BP (mm Hg) 84.2 6 10.4 80.3 6 10.1 <.001 83.3 6 10.6 81.7 6 10.4 .31

Heart rate (beats/min) 69.2 6 11.2 65.3 6 9.8 <.001 72.6 6 11.6 66.4 6 10.3 <.001

BMI (kg/m2) 29.9 6 5.5 29.1 6 5.0 .08 31.7 6 6.1 29.2 6 5.1 .003

Current smoking 9/224 (4) 4/352 (1) .02 1/43 (2) 12/533 (2) .97

Diabetes mellitus 151/224 (67) 146/352 (42) <.001 31/43 (72) 266/533 (50) .005

Obesity 111/224 (49) 138/352 (39) .02 23/43 (54) 226/533 (42) .16

Hypercholesterolemia 121/210 (58) 172/335 (51) .15 20/37 (54) 273/508 (54) .97

Hypertension 178/224 (80) 279/352 (79) .95 35/43 (81) 422/533 (79) .73

History of IHD 21/224 (9) 21/352 (6) .13 7/43 (16) 35/533 (7) .02

Previous chemotherapy 28/224 (13) 42/352 (12) .84 6/43 (14) 64/533 (12) .71

Ejection fraction (%) 61.8 6 6.8 64.8 6 4.9 <.001 58.8 6 8.1 64.0 6 5.5 <.001

GLS (%) �16.1 6 1.6 �20.1 6 1.5 <.001 �16.7 6 2.4 �18.7 6 2.5 <.001

GCS (%) �28.7 6 6.0 �30.4 6 5.0 <.001 �20.0 6 1.7 �30.6 6 4.9 <.001

E/e0 (average septal and

lateral)

9.0 6 2.8 8.8 6 2.5 .40 8.7 6 2.7 8.9 6 2.6 .53

LA volume index (mL/m2) 32.6 6 9.9 31.2 6 9.0 .10 30.1 6 7.6 31.9 6 9.5 .23

LV mass index (g/m2) 95.9 6 24.9 89.0 6 21.1 .001 96.5 6 23.4 91.3 6 22.8 .15

Atrial reservoir strain (%) 38.2 6 7.3 39.9 6 6.4 .004 39.0 6 7.3 39.3 6 6.8 .83

Atrial conduit strain (%) 18.7 6 5.7 20.5 6 5.1 <.001 19.0 6 6.5 19.9 6 5.3 .30

Atrial pump strain (%) 19.5 6 5.5 19.3 6 4.7 .72 20.0 6 5.3 19.4 6 5.0 .38

BMI, Body mass index; BP, blood pressure; IHD, ischemic heart disease.

Data are expressed as mean6 SD or as n/N (percentage). GLS$�18 refers to values less negative than�18%, and GCS$�22 refers to values

less negative than �22%.
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Usefulness of LA Strain Compared with Other
Echocardiographic Markers of Diastolic Function

The use of transmitral Doppler and annular tissue Doppler imaging in
the echocardiographic evaluation of diastolic function is constrained
by a number of situations in which the measurements confounded
by other disease processes (e.g., mitral annular calcification, mitral
regurgitation). LA strain has a few advantages over Doppler tissue im-
aging: it is angle independent,4 and it provides quantitative assess-
ment of the various active and passive components of LA function,
potentially including regional function.4,5 As discussed previously,
the main disadvantages are the lack of consensus guidelines on
image acquisition, ECG gating, and variable software vendor
algorithms.3,4 We have noted in our study the close correlation
between some LA strain parameters and other markers of diastolic
function. Interestingly, however, there was no significant difference
in E/e0 ratio or LA volume between both normal and abnormal LV



Table 5 Associations between atrial pump strain and LV mechanics and diastolic dysfunction

Variable

Univariate Multivariate

Unstandardized coefficient (95% CI) Standardized b P Unstandardized coefficient (95% CI) Standardized b P

Age �0.11 (�0.20 to �0.02) �0.10 .01 �0.14 (�0.23 to �0.05) �0.13 .002

GLS 0.01 (�0.15 to �0.17) 0.005 .91

GCS 0.0 (�0.08 to 0.08) 0.0 .99

E/e0 ratio �0.14 (�0.30 to 0.02) �0.07 .08

E wave �3.3 (�5.9 to �0.69) �0.10 .01 �7.2 (�10.1 to �4.3) �0.23 <.001

A wave 3.1 (0.94–5.3) 0.12 .005 6.3 (3.8–8.7) 0.24 <.001

Deceleration time 0.01 (�0.002 to 0.02) 0.06 .15

LV mass index �0.02 (�0.04 to �0.003) �0.10 .02 �0.02 (�0.03 to 0.001) �0.07 .07

CI, Confidence interval.

Multivariate adjusted R2 = 0.07, P < .001.

Table 4 Associations between atrial conduit strain and LV mechanics and diastolic dysfunction

Variable

Univariate Multivariate

Unstandardized coefficient (95% CI) Standardized b P Unstandardized coefficient (95% CI) Standardized b P

Age �0.27 (�0.36 to �0.17) �0.23 <.001 �0.21 (�0.30 to �0.11) �0.18 <.001

GLS �0.44 (�0.62 to �0.27) �0.21 <.001 �0.31 (�0.48 to �0.13) �0.14 .001

GCS �0.08 (�0.16 to 0.002) �0.08 .06 �0.02 (�0.10 to 0.06) �0.02 .57

E/e0 ratio �0.28 (�0.45 to �0.11) �0.13 .001 �0.31 (�0.52 to �0.10)

E wave 4.9 (2.1 to 7.7) 0.14 .001 7.1 (4.0 to 10.2) 0.21 <.001

A wave �3.3 (�5.6 to �0.92) �0.11 .007 �5.5 (�8.1 to �3.0) �0.19 <.001

Deceleration time �0.01 (�0.02 to 0.002) �0.06 .15

LV mass index �0.02 (�0.04 to 0.0) �0.08 .05 �0.01 (�0.03 to 0.01) �0.04 .36

CI, Confidence interval.

Multivariate-adjusted R2 = 0.12, P < .001.
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strain groups, despite differences in LA reservoir and conduit strain. It
is possible that LA strain analysis has greater sensitivity in detecting
early pathologic changes in LA function. This may be analogous to
the greater sensitivity of LV strain compared with standard systolic
markers of LV dysfunction.27

There are also certain clinical situations in which assessment of LA
strain may offer incremental information. Fibrosis is the hallmark of
LA remodeling. LA strain has also been correlated with LA stiffness
and fibrosis,6,31 thus allowing noninvasive assessment. In patients
with HF, LA reservoir strain is associated with exercise capacity26

and has higher sensitivity than E/e0 ratio in predicting LV filling pres-
sures.32 LA strain may be useful in predicting AF recurrence following
cardioversion.33 Compared with traditional markers of diastolic func-
tion, LA reservoir strain provides additional prognostic information in
AF, myocardial infarction, and mitral valve disease.11,34-38
Clinical Implications

LA reservoir strain is an important prognostic marker in predicting
both mortality and HF end points in both HF with preserved ejection
fraction35 and HF with reduced ejection fraction,36 and LA strain is
also associated with reduced exercise capacity in HF with reduced
ejection fraction.26 However, in this study, LA function was not asso-
ciated with new-onset HF. It is possible that patients with LA dysfunc-
tion without significant LV dysfunction can compensate and hence do
not manifest symptoms.

As discussed above, LA reservoir strain is an alternative marker of
LV diastolic function that may be of value in patients with symptoms
of HF who have indeterminate diastolic function from Doppler tissue
imaging. In patients with HF, LA reservoir strain can be used for prog-
nostication and prediction of exercise capacity.26,35

The results of our study suggest that LA contractile function is in-
dependent of LV function. In patients with new-onset AF with
normal LA volumes, measurement of contractile strain may help
delineate underlying abnormal LA function. LA strain may also be
useful to predict recurrence of AF after cardioversion or catheter
ablation.33,39

There are several sources of variability of LA strain that should be
resolved. The utility and feasibility of LA strain in routine clinical prac-
tice are still undefined. Standardized guidelines on ECG gating and
image acquisition techniques may help provide more uniform mea-
surements and reduce variability. Nomenclature for LA strain should
be standardized so that results across studies can be compared.
Development of a dedicated LA strain algorithm by external software
vendors may help improve accuracy, reduce measurement time, and
reduce error. We also need consensus definition of normal LA strain
values across age groups to make it easier to identify patients with
abnormal measurements.



Figure 2 Variability of LA pump strain in two patients with similar GLS and LA reservoir strain.
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The results of our study also highlight several areas that may be of
interest for future research. Linking LA strain to LA remodeling and
fibrosis may offer further insight into the ‘‘atriopathy’’ that develops
in conditions such as hypertension and obesity. LA strain appears to
be of value in prediction of AF, but a prospective study could better
establish this parameter in decision making. A comparison of LA
strain with LA voltage mapping could help identify whether strain
may offer a noninvasive method of identifying LA negative and pos-
itive remodeling. There is a potential role for LA strain in predicting
stroke risk in patients with AF, incremental to clinical risk scores.
Limitations

The limitations of our study include potential for population selection
bias, as patients were recruited using newspaper and radio advertising.
Ventricular and atrial strain were both measured using speckle-
tracking but using software from different manufacturers (albeit
very similar). The primary reason for this was to allow rapid assess-
ment for subclinical LV dysfunction using the on-cart software for clin-
ical assessment. Although the use of different strain analysis
techniques from different vendors has been previously shown to
create inconsistencies and errors, this problem has been substantially
ameliorated by recent efforts to improve concordance.3 Thus, we do
not think that this difference in software influenced our assessment of
the associations between LV and LA function.

LA strain imaging, like other imaging techniques, is operator
dependent. In our study, there was approximately 8% difference in
LA reservoir strain and approximately 5% to 6% difference in conduit
and pump measurements during our validation study.
CONCLUSIONS

LA strain is not a single entity. The American Society of
Echocardiography and European Association of Echocardiography rec-
ommendations for the evaluation of LV diastolic function30 describe as-
sociations between LV systolic and diastolic strain and LA strain and LV
diastolic function. However, LA strain is not merely duplicative of LV
diastolic function: the results of this study emphasize that LA pump
strain is independent of LV function. Changes to atrial pump function
are not dependent primarily on changes to the left ventricle andmay be
due to the development of an underlying ‘‘atriopathy.’’
REFERENCES

1. Cameli M, Mandoli GE, Loiacono F, Dini FL, Henein M, Mondillo S. Left
atrial strain: a new parameter for assessment of left ventricular filling pres-
sure. Heart Fail Rev 2016;21:65-76.

2. Cameli M,Mandoli GE, Loiacono F, Sparla S, Iardino E, Mondillo S. Left atrial
strain: a useful index in atrial fibrillation. Int J Cardiol 2016;220:208-13.
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Echocardiographic Risk Assessment to
Guide Screening for Atrial Fibrillation
Satish Ramkumar, MBBS, BMedSci, MMed, Ayame Ochi, Hiroshi Kawakami, MD, PhD, Hong Yang, BMed,
PhD, Elizabeth L. Potter, MBBS, FRACP, Nicholas D’Elia, MBBS, Tomoko Negishi, MD, Kazuaki Negishi, MD,

PhD, and Thomas H. Marwick, MBBS, PhD, MPH, Melbourne and Hobart, Australia

Background:Although atrial fibrillation (AF) is a significant population health burden, and an avoidable cause of
stroke, AF screening remains controversial. The aim of this study was to investigate whether coincidental
echocardiography could provide information about patients at risk for AF.
Methods: Asymptomatic participants$65 years of age with more than one AF risk factor (N = 445) undergoing
echocardiography for risk evaluation were followed over a median of 15 months for incident AF. Left atrial
volume index (LAVi), left ventricular (LV) global longitudinal strain (GLS; absolute value), left atrial (LA) strain,
and LV mass were measured. During the follow-up period, AF was diagnosed clinically by primary care
physicians or by using a single-lead portable electrocardiographic monitoring device (five 60-sec recordings
performed by participants over 1 week).
Results: AF was diagnosed in 45 patients (10%; mean age, 70.5 6 4.2 years; 55% women). AF detection was
higher in those with LV hypertrophy, GLS < 16%, LAVi > 34 mL/m2, and LA reservoir strain < 34%. GLS, LAVi,
and LA reservoir strainwere independently associatedwith AF (P < .05). Thosewith AF had reducedGLS, higher
LAVi, and higher LV mass (P < .05), but LA strain was similar in both groups (P > .05). GLS and LAVi were the
strongest predictors, and cut points of 14.3% for GLS and 39 mL/m2 were associated with increased risk for
developing AF. Those with all four risk parameters (LV hypertrophy, GLS < 16%, LA reservoir strain < 34%,
and LAVi > 34 mL/m2) had a 60% AF detection rate, compared with 7% without these features (P = .004).
Conclusion: Echocardiography is widely used in patients at risk for AF, and simple LV and LA measurements
may be used to enrich the process of AF screening. (J Am Soc Echocardiogr 2019;32:1259-67.)

Keywords: Atrial fibrillation, Strain, Left atrium, Screening
The magnitude of atrial fibrillation (AF) as a population health
problem is increasing, driven by the aging population and the rise
of AF risk factors, including obesity, physical inactivity, and diabetes
mellitus.1,2 The consequences of AF include debilitating symptoms
and reduced quality of life. Complications such as stroke, heart
failure (HF), and cognitive impairment are associated with increased
all-cause mortality3,4 and place a substantial cost burden on the
health care system.5,6 The early diagnosis of AF allows
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individualized lifestyle intervention, which has been shown to
reduce AF burden.7 The initiation of anticoagulation could be
associated with reduced complications and hospitalizations.

Several screening technologies for AF offer an opportunity for early
diagnosis, but they need to be accurate, reproducible, and cost
effective. Standard electrocardiographic (ECG) monitoring has
limited value for detection of new AF,8 and longer term monitoring
is limited by poor adherence. Invasive options such as loop recorders
Reprint requests: Dr. Thomas H. Marwick, MBBS, PhD, MPH, Baker Heart and

Diabetes Institute, 75 Commercial Road, Melbourne, 3004, Australia (E-mail:

tom.marwick@baker.edu.au).

Attention ASE Members:

The ASE has gone green! Visit www.aseuniversity.org to earn free continuing

medical education credit through an online activity related to this article.

Certificates are available for immediate access upon successful completion

of the activity. Nonmembers will need to join the ASE to access this great

member benefit!

0894-7317/$36.00

Copyright 2019 by the American Society of Echocardiography.

https://doi.org/10.1016/j.echo.2019.07.003

1259

mailto:tom.marwick@baker.edu.au
http://www.aseuniversity.org
https://doi.org/10.1016/j.echo.2019.07.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.echo.2019.07.003&domain=pdf


Abbreviations

AF = Atrial fibrillation

ECG = Electrocardiographic

GLS = Global longitudinal

strain

HF = Heart failure

HR = Hazard ratio

LA = Left atrial

LAVi = Left atrial volume

indexed to body surface area

LV = Left ventricular

LVH = Left ventricular

hypertrophy
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are expensive and unsuitable for
screening. Single-lead portable
ECG devices are unobtrusive
(and consequently acceptable
for patients) and sensitive for
identifying AF.9-11 The
development of automated
algorithms to detect AF with
these devices may allow mass
screening. In two small studies,
they have demonstrated
superior AF detection
compared with 24-hour Holter
monitoring,12,13 and a
systematic review demonstrated
similar AF detection rates to
24-hour Holter monitoring.14

The use of these devices
in screening studies has
provided AF detection rates of 1% to 5%15-19 and has
been demonstrated to be cost effective.18,20

Although opportunistic screening for AF is recommended in cur-
rent European guidelines using both pulse palpation and assessment
of a rhythm strip,21 routine AF screening is not recommended in
the United Kingdom22 or the United States.23 This is because
although AF screening satisfies most of the criteria for mass
screening,24,25 concerns persist about both false-positive and false-
negative results.26 The appropriate selection of patients could reduce
the number of false-positive results by avoiding low-risk patients.
Clinical risk scores for AF aid in this process, but imaging parameters
provide important clues in risk assessment.27 As echocardiography is
widely performed for other reasons in patients at risk for AF,28 we
sought to determine whether this information could provide an op-
portunity to assess AF risk and thereby guide AF screening.
METHODS

Study Population

Participants in this prospective observational cohort study were
healthy, asymptomatic subjects recruited into a community HF
screening study in the Victorian and Tasmanian communities.
Recruitment was by several methods, including from community
centers and local medical clinics and through radio and newspaper
advertising. Asymptomatic participants $65 years of age were
recruited if they had one or more risk factors for AF, including
hypertension (systolic blood pressure > 140 mm Hg or preexisting
use of antihypertensive medications), type 2 diabetes mellitus
(on the basis of self-report of diagnosis or the current use of
diabetic medications), and obesity (defined as a body mass
index $ 30 kg/m2). Exclusion criteria were (1) inability to provide
written consent to participate in the study, (2) history of moderate
or greater valvular disease, (3) known history of HF on the basis of
the 2013 American Heart Association/American College of
Cardiology guidelines,29 (4) reduced LV systolic function on baseline
echocardiogram (left ventricular [LV] ejection fraction # 40%),
(5) contraindications to b-blockers and angiotensin converting
enzyme inhibitors, (6) life expectancy of <1 year, and (7) inability
to acquire interpretable images for performance of strain analysis
from the baseline echocardiogram. All patients with documented
AF on baseline 12-lead electrocardiography or histories of AF were
excluded from the study. Patients were recruited from both urban
and rural environments. All patients were provided written informed
consent, and approval was obtained from the institution’s human
research ethics committee (University of Tasmania human research
ethics committee project H0013333 and Bellberry human research
ethics committee project 2016-10-727-A-7).
Clinical Assessment

Participants undertook a clinical history and answered question-
naires to assess overall health status at the start of the study.
Information regarding demographics, medical history, medication his-
tory, and baseline examination data (height, weight, body mass index,
and blood pressure) was recorded for all participants. Baseline 12-lead
electrocardiography and echocardiography were conducted in all
participants. Clinical AF risk assessment was performed using a
validated AF risk score (the CHARGE-AF score) that includes 12
clinical parameters (age, race, height, weight, systolic and diastolic
blood pressure, current smoking, use of antihypertensive drugs,
history of diabetes mellitus or myocardial infarction, history of HF,
and ECG data [voltage criteria for LV hypertrophy (LVH), and PR
interval]) to assess 5-year risk for AF.27

Assessment of Risk on the Basis of Imaging

All echocardiographic examinations were performed by qualified
sonographers using the same equipment (Siemens ACUSON
SC2000; Siemens Healthcare, Mountain View, CA) and transducers
(4V1c, 1.25–4.5 MHz; 4Z1c, 1.5–3.5 MHz). Two-dimensional,
M-mode, and Doppler measures were obtained using standard
techniques outlined by the American Society of Echocardiography.
LV dimensions were calculated in both diastole and systole in
parasternal long-axis views. LVH was defined as LV mass index
> 115 g/m2 in men and >95 g/m2 in women. Left atrial (LA) volume
was indexed to body surface area (LAVi) and calculated using the
Simpson biplanemethod.Abnormal LAViwas defined as$34mL/m2.
Global longitudinal strain (GLS) measurements were obtained

from apical four-chamber, two-chamber, and long-axis views. GLS
was analyzed using Velocity Vector Imaging (syngo VVI; Siemens
Medical Solutions USA, Mountain View, CA). All measurements
were performed online by averaging strain measurements from the
three views. Manual tracing of the endocardial LV border was
performed in end-systole, and this was tracked during the cardiac
cycle. Abnormal GLS was defined as <16% (absolute values were
used throughout the study). Patients with poor image quality, in
whom GLS could not be assessed, were excluded.
LA reservoir, conduit, and pump strain were assessed offline using

speckle-tracking imaging using an external third-party software
program (ImageArena; TomTec, Munich, Germany). Apical four-
and two-chamber images were selected with a frame rate of 60 to
80 frames/sec. The endocardial border of the left atrium was
manually traced, and strain analysis was performed using the LV strain
algorithm, using the average of the four- and two-chamber values. The
reference point for image analysis was taken at the onset of the QRS
complex (R-R gating). All strain measurements were performed by
two investigators. If more than one of the six LA segments could
not be tracked, the sample was excluded. We used a cut point of
34% for LA reservoir strain to determine high risk for AF.
Interobserver reliability was assessed by a second operator who per-

formed strain measurement in a random sample of 20 participants
and was blinded to all clinical and imaging data. Intraobserver reli-
ability was assessed by the primary author (S.R.), who performed



Table 1 Baseline characteristics of the overall cohort
(N = 445)

Variable Value

Demographics

Age (y) 70.5 6 4.2

Sex, male (%) 198 (45)

Systolic BP (mm Hg) 141 6 15.7

Diastolic BP (mm Hg) 83 6 10.1

Heart rate (beats/min) 69 6 10.7

BMI (kg/m2) 30.3 6 5.3

HIGHLIGHTS

� Screening may reduce complications and healthcare costs of

AF.

� Coincidental echo findings may increase the efficiency of AF

screening.

� LAVi >34 ml/m2, LVH, LA reservoir strain$34% and LVGLS

$16% are markers of AF risk.

Journal of the American Society of Echocardiography
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repeated strain measurements in a random sample of 20 patients at a
different time point. The mean percentage difference was calculated.
Current smoking 12 (3)

Diabetes mellitus 190 (43)

Obesity 226 (51)

Hypercholesterolemia 244/434 (55)

Hypertension 353 (79)

History of IHD 16 (4)

History of stroke/TIA 26 (6)

6-min walk distance m* 474 (98)

CHARGE-AF score (%)* 5.1 (5.1)

CHA2DS2-VASc score (%)* 3.0 (2.0)

Echocardiographic parameters

Ejection fraction (%) 62.6 6 6.3

GLS (%): absolute value 18.8 6 2.5

E/e0 (average of lateral and septal) 8.8 6 2.4

LAVi (mL/m2) 32.2 6 9.1

LV mass indexed (g/m2) 81.8 6 22.4

LA reservoir strain (%) (n = 417) 37.5 6 7.0

LA conduit strain (%) (n = 417) 18.2 6 5.5
Outcomes

Participants were followed for a median of 15 months for incident
AF, which was the primary outcome measure. AF was diagnosed us-
ing multiple detection methods. Patients with clinical diagnosis of AF
during the follow-up period by primary care physicians (confirmed
on 12-lead electrocardiography or Holter monitoring) were
documented. Screening for subclinical AF was performed using a
single-lead ECG device (Remon RM-100; Semacare, Beijing,
China). Screening was performed within the first month of
recruitment into the study. The single-lead device was used to record
60-sec single-lead ECG tracings using three points of finger contact
with electrodes, five times per day for 1 week (i.e., 35 recordings).
ECG recordings were then exported as PDF files for interpretation,
and all were assessed by a physician. The presence of AF (an irregular
rhythm of $30 sec with a variable R-R interval and absent P waves)
was confirmed by two independent physicians who were blinded to
the patient’s clinical details. The patient was advised of the recognition
of subclinical AF, and further management and investigation was
provided by their usual medical practitioner.
LA pump strain (%) (n = 417) 19.3 6 5.1

BMI, Body mass index; BP, blood pressure; IHD, ischemic heart

disease; TIA, transient ischemic attack.

Data are expressed asmean6SD or number (percentage) except as
indicated.

*Median (interquartile range).
Statistical Analysis

All categorical variables are presented as frequencies and
percentages, and continuous variables are presented as mean 6 SD
(if normally distributed) or as median (interquartile range; if
nonparametric). Patients with incident AF were compared with those
in sinus rhythm. Groups were compared using the c2 test for
categorical data and the independent two-sample t test for continuous
data. Patients were then grouped on the basis of four imaging
parameters of AF risk (LAVi, presence of LVH, GLS, and LA reservoir
strain) on the basis of the cutoffs defined earlier. Nelson-Aalen
cumulative hazard estimate plots were constructed for groups on
the basis of the baseline risk parameters, and the log-rank test was
used to assess the differences between curves. The AF rate was
compared between those at the highest risk and those with the lowest
risk using the c2 test. Cox proportional-hazards regression analysis
was used to calculate the hazard ratios (HRs) and 95% CIs for the
association between each risk parameter and incident AF. The
follow-up time was the time from the initial baseline clinical
assessment to the completion of portable device screening or the
date of diagnosis of AF (whichever came first).
Classification and regression tree analysis was performed to

identify appropriate discriminatory cut points to identify those at
risk for developing AF. Analyses were considered to be statistically
significant if two-tailed P values were <.05. Statistical analysis was
performed using SPSS version 22 (SPSS, Chicago, IL), SPSS
Modeler version 18.1 (SPSS), and Stata version 13 (StataCorp,
College Station, Texas).

RESULTS

Patient Characteristics

The baseline characteristics of the 445 subjects included in the study
(mean age, 70.5 6 4.2 years; 45% men) are summarized in Table 1.
Cardiovascular risk factors (including type 2 diabetes mellitus, obesity,
hypercholesterolemia, and hypertension) were highly prevalent.
There was a large proportion of participants with low education levels
(43% had not completed high school, and approximately three in
four had not completed a tertiary level of education). LA strain could
be measured in 417 of 445 patients (94%).
AF during Follow-Up

An overview of patient recruitment and AF detection is summarized
in Figure 1. Over a median follow-up period of 15 months (range,
5–27 months), 45 patients (10%) were diagnosed with AF, 28



Figure 1 Flowchart showing patient recruitment in the study. GP, general practitioner.
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(6%) with portable ECGmonitoring and 17 (4%) by local physicians
during the follow-up period. Among the 417 patients with
measurable LA strain, there were 42 AF outcomes. Table 2
compares the characteristics of those with AF and sinus rhythm;
new-onset AF was more likely in men and in those with higher
CHARGE-AF scores, reduced GLS, and increased LAVi and LV
mass (P < .05). There were no significant differences in LA strain
between both groups (P > .05).
AF Detection on the Basis of Risk Parameters

Participants were grouped on the basis of the four risk parameters
highlighted earlier (LAVi, presence of LVH, GLS, and LA reservoir
strain). Grouping participants on the basis of these risk parameters
resulted in a range of AF detection rates (0%–60%), with the
presence of more positive risk parameters associated with higher
AF detection rates (Table 3, Figure 2).

Table 4 and Figures 3 and 4 summarize the association between
the risk parameters and AF. When patients were grouped on the basis
of abnormal LAVi (cutoff 34 mL/m2), GLS (cutoff 16%), and LA
reservoir strain (cutoff 34%), higher AF detection was noted in the
abnormal groups (Figure 3; P < .05 for all). Participants were then
grouped on the basis of the total number of baseline risk parameters
(LAVi, LA reservoir strain, LVH, and GLS; Figure 4). AF detection was
higher with the presence of more baseline risk parameters (P = .004).
Participants with all four risk parameters had a higher AF detection
rate compared with those without any risk parameters (60% [three
of five] vs 7% [11 of 160], P = .004).

On univariate analysis, abnormal LAVi, LA reservoir strain, andGLS
were all associatedwithAF (P< .05), but LA pump strain was not asso-
ciated withAF (P= .86). LA reservoir strain alongwith LA pump strain
was included in the multivariate model (LA conduit strain was not
included given the possibility of collinearity when included with
GLS). In a multivariate model, abnormal LAVi, GLS, and LA reservoir
strain were independently associated with AF (abnormal LAVi HR,
2.01 [95% CI, 1.06–3.81; P = .03]; abnormal GLS HR, 2.46 [95%
CI, 1.21–5.00; P = .01]; and abnormal LA reservoir strain HR, 2.14
[95% CI, 1.04–4.38; P = .04]). LA pump strain and presence of
LVH were not independently associated with AF (P > .05).

The classification and regression tree analysis identified three
discriminatory nodes as predictors of AF. A GLS cut point of 14.3%
was identified (P = .02). In those with GLS # 14.3%, a second
discriminatory node using LAVi (cut point of 39 mL/m2) was identi-
fied (P = .01). The intermediate group with LAVi# 39 mL/m2 could
then be discriminated using a third node: LA reservoir strain with a
cut point of 33.9% (P = .01). This correctly identified 91% of
participants.

The results of the classification and regression tree analysis can
potentially be incorporated into an AF risk stratification algorithm.
Participants with GLS > 14.3% can be categorized as ‘‘low risk,’’ in
whomAF screening has low detection rates and may not be required.
In those with GLS # 14.3, LAVi > 39 mL/m2 can be used to
classify the ‘‘high-risk’’ group, in which AF screening may have high
detection rates. In the intermediate group (GLS < 14.3% and
LAVi # 39 mL/m2), LA reservoir strain can be used with a cut point
of 34% to reclassify patients as ‘‘moderate to high’’ risk (LA
reservoir strain < 34%) versus ‘‘low to moderate’’ risk (LA reservoir
strain > 34%). Screening should be considered in the moderate- to
high-risk group.
Reproducibility

Interobserver variability was assessed using blinded strain measure-
ments in a random sample of 20 patients. All measurements were
done by the same two investigators (S.R. and T.N.), and the mean
of the absolute value of differences between measurements was
calculated. For GLS, the mean 6 SD difference between was
0.7 6 0.7%. For LA strain, the mean difference was 8.0 6 7.0% for
LA reservoir strain, 5.4 6 4.1% for LA conduit strain, and
5.66 4.6% for LA pump strain. Intraobserver variability was assessed
by the primary investigator (S.R.), who repeated GLS measurements
in a random sample of 20 patients at a different time point. The mean



Table 2 Comparison of baseline characteristics between patients with AF and those in sinus rhythm

Demographics AF n = 45 Sinus rhythm n = 400 P value

Age (y) 71.7 6 5.3 70.3 6 4.1 .11

Sex, male (%) 27 (60) 171 (43) .03

Systolic BP (mm Hg) 134 6 15.6 142 6 15.5 .002

Diastolic BP (mm Hg) 82 6 11.0 83 6 10.0 .38

BMI (kg/m2) 29.6 (5.2) 30.3 (5.3) .34

Current smoking 2 (4) 10 (3) .45

Diabetes mellitus 21 (47) 169 (42) .57

Obesity 18 (40) 208 (52) .12

Hypercholesterolemia 24/43 (56) 220/391 (56) .96

Hypertension 36 (80) 317 (79) .91

History of IHD 5 (11) 11 (3) .004

History of TIA/stroke 2 (4) 24 (6) .63

Median CHARGE-AF score (%)* 6.6 (8.2) 4.8 (4.7) .001

Median CHA2DS2-VASc score* 3.0 (2.0) 3.0 (2.0) .52

Functional capacity

Median 6-min walk distance (m)* 488 (110.8) 473 (98) .22

Echocardiographic parameters

Ejection fraction (%) 60.9 6 7.3 62.7 6 6.1 .06

GLS % 18.0 6 3.4 18.8 6 2.4 .04

E/e0 (average of lateral and septal) 8.5 6 2.5 8.8 6 2.4 .52

LAVi (mL/m2) 34.8 6 10.4 31.9 6 8.9 .04

LV mass indexed (g/m2) 93.3 6 25.2 80.5 6 21.7 .002

LA strain (n = 42) (n = 375)

LA reservoir strain (%) 36.5 6 8.0 37.7 6 6.9 .33

LA conduit strain (%) 17.6 6 5.3 18.3 6 5.6 .49

LA pump strain (%) 18.9 6 6.9 19.4 6 4.9 .68

BMI, Body mass index; BP, blood pressure; IHD, ischemic heart disease; TIA, transient ischemic attack.

Data are expressed as mean 6 SD or number (percentage) except as indicated.

*Median (interquartile range).

Table 3 Summary of AF detection on the basis of risk groups

LVH LAVi GLS LA reservoir strain n (N = 417) AF detected, n (%) (N = 42)

No Normal (<34 mL/m2) Normal ($16%) Normal ($34%) 160 11 (7)

Low (<34%) 44 1 (2)

Low (<16%) Normal ($34%) 22 4 (18)

Low (<34%) 11 2 (18)

Increased ($34 mL/m2) Normal ($16%) Normal ($34%) 65 6 (9)

Low (<34%) 38 4 (11)

Low (<16%) Normal ($34%) 5 0 (0)

Low (<34%) 8 1 (13)

Yes Normal (<34 mL/m2) Normal ($16%) Normal ($34%) 18 3 (17)

Low (<34%) 5 0 (0)

Low (<16%) Normal ($34%) 2 0 (0)

Low (<34%) 1 0 (0)

Increased ($34 mL/m2) Normal ($16%) Normal ($34) 19 2 (11)

Low (<34%) 11 4 (36)

Low (<16%) Normal ($34%) 3 1 (33)

Low (<34%) 5 3 (60)

Patients were divided into high and low risk for LVH, LAVi, GLS, and LA reservoir strain. Cutoffs used were (LVH: 115 g/m2 for men and 95 g/m2 for

women; LAVi 34 mL/m2; GLS 16%; and LA reservoir strain 34%).
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Figure 2 Comparison of AF detection on the basis of the presence of baseline risk parameters: risk parameters defined on the basis
of cutoff for LVH (LV indexed mass $ 115 g/m2 for men and $95 g/m2 for women), LAVi $ 34 mL/m2, GLS < 16%, and LA reservoir
strain < 34%.

Table 4 Cox regression analysis showing association
between risk parameters and AF

Independent

variable

Unadjusted

HR (95% CI) P

Adjusted

HR (95% CI) P

Abnormal GLS 2.79 (1.40–5.56) .003 2.46 (1.21–5.00) .01

Abnormal LAVi 2.17 (1.18–3.98) .01 2.01 (1.06–3.81) .03

Abnormal LA
reservoir strain

2.13 (1.13–4.03) .02 2.14 (1.04–4.38) .04

Presence of LVH 1.59 (0.82–3.09) .17 1.22 (0.60–2.49) .58

LA pump strain (%) 0.99 (0.93–1.06) .86 1.04 (0.97–1.11) .25

Multivariate model contained abnormal LAVi (cutoff 34 mL/m2),

abnormal GLS (cutoff 16%), abnormal LA reservoir strain (cutoff

34%), presence of LVH and LA pump strain (n = 417; AF outcomes,
n = 42).
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difference for GLS was 0.8 6 0.6%. The mean difference for LA
strain was 3.8 6 2.9% for LA reservoir strain, 2.7 6 1.4% for LA
conduit strain, and 2.7 6 1.4% for LA pump strain.
DISCUSSION

Many at-risk individuals undergo echocardiography for other reasons,
therefore the incidental finding of these risk parameters can be used
to alert referring physicians to future AF risk. The results of our study
suggest that individuals with more imaging risk parameters have a
higher likelihood of AF. In our study, we found that reduced LA
reservoir strain, reduced GLS, and increased LAVi were
independently associated with AF. Targeted screening using portable
single-lead ECG devices can capture a significant proportion of
patients with subclinical AF.15,19

Early Diagnosis of AF

AF is a leading cause of stroke and HF, placing a tremendous burden
on the health care system with rising costs and hospitalizations.5,30,31

Patients with asymptomatic (or subclinical) AF have been shown to
have increased all-cause mortality and increased stroke risk in a large
cohort study.32 Early diagnosis has several potential benefits. Even in
the early stages, AF is not a benign condition and is associated with
long-term morbidity and mortality.32 The early diagnosis of AF serves
as an important warning to both the patient and the treating physician
andmay prompt important discussions about risk factor modification,
improve treatment adherence, and allow closer monitoring of ‘‘high
risk’’ patients. Aggressive risk factor modification and weight loss
has been shown to be equivalent to an antiarrhythmic drug in patients
with established AF,7,33 although incident AF was not reduced with
intensive weight loss in a large randomized trial. Early diagnosis
might prompt improvement in physical activity and reduction in
blood pressure, cholesterol, and blood glucose levels, all of which
have cardiovascular benefits.34 Anticoagulation may have a role in
stroke and systemic embolism prevention in this cohort of patients,
but this has not been assessed in a large randomized trial.

Improving AF Detection in Screening Programs

For mass screening to be viable, an efficient screening process with a
high AF detection rate is required. The main focus of screening has
been three factors: device technology, patient age, and clinical
risk factors. Age is the biggest risk factor for AF, so many
screening studies have used population-based screening methods



Figure 3 Nelson-Aalen curves showing AF detection on the basis of baseline risk parameters. (A) LA volume (groups <34 mL/m2 and
$34 mL/m2), (B) LVH (groups with no LVH and presence of LVH), (C) GLS (groups $16% and <16%), and (D) LA reservoir strain
(groups $34% and <34%).

Figure 4 Kaplan-Meier curve showing AF detection on the basis
of the number of positive baseline risk parameters: risk
parameters defined on the basis of cutoff for LAVi $ 34 ml/m2,
GLS < 16%, LVH (LV indexed mass $ 115 g/m2 for men and
$95 g/m2 for women), and LA reservoir strain < 34%.
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based on an age cutoff of 65 or 75 years.15,19 Lowres et al.35 showed
an increase in AF detection rates from approximately 1% in the 65- to
69-year-old cohort to >3% in patients >85 years of age after
combining four large AF screening cohorts. Clinical risk factors
associated with AF and stroke risk can also increase the detection
rate. Use of an age-based population screening strategy may improve
sensitivity by screening a larger cohort but reduces efficiency, as many
patients will have normal results. The use of clinical risk scores such as
CHARGE-AF can help identify those who benefit the most from
screening.27 This is a simple bedside scoring system using several
risk parameters, providing a 5-year AF risk assessment that has
been validated in several large multiethnic cohorts.27 Combining an
age-based cutoff with clinical risk factors results in increased AF rates
and, more important, translates into implementation of pharmacolo-
gical treatments, as all participants will qualify for anticoagulation
(i.e., CHA2DS2-VASC score $ 2). Single–time point screening has a
new AF detection rate of approximately 1%, which can be increased
with multiple–time point screening over a 1- to 2-week period.15,18

We have previously investigated the role of other AF risk factors,
such as physical activity and socioeconomic deprivation.2,36
The Use of Echocardiography in Risk Assessment

In this study, those with increased LAVi and reduced GLS and LA
reservoir strain were at higher risk for developing AF. We noted a
higher AF detection rate in those with LA reservoir strain < 34%,
implying that strain below the normal range is associated with AF
(albeit acknowledging the emerging consensus about the ‘‘normal’’
range for LA reservoir strain). Nonetheless, a few patients were noted
to have AF despite high LA reservoir strain values. These results may
have offset those with reduced LA reservoir strain, explaining the
similarity of mean LA reservoir strain in both the AF and sinus rhythm
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groups. This surprising finding—we expected a difference between the
groups—may also be explained by the wide range of LA reservoir
strain values and the small sample of patients with AF (with
insufficient power to show a difference).

Although the traditional use of echocardiography in AF follows a
confirmed clinical diagnosis of AF (to determine the etiology of AF,
guide management, and provide important prognostic information),37

many individuals at risk for AF undergo echocardiography for other
reasons, such as investigation of hypertension, cardiac murmur, or peri-
operative risk. However, there is no systematic method in traditional
echocardiography reporting to alert referring physicians to AF risk.
Targeting a group with echocardiographic risk features with portable
ECG monitoring may be associated with high AF detection rates.
Nonetheless, AF risk assessment is complex, so the next step would
be to create a multiparameter risk assessment strategy incorporating
clinical, imaging, and socioeconomic markers of risk.

Limitations

The limitations of our study include the potential for population selec-
tion bias, as patients were recruited with newspaper and radio adver-
tising. Our cohort was relatively small, resulting in a small number of
AF outcomes, with a very selective patient population; hence adap-
tion of these findings to a large screening population would need to
assume external validity. The small number of AF outcomes also
limited the number of covariates in our multivariate model, so it is
possible that other potential confounders were not accounted for.
AF detection was based on the use of a single-lead portable ECG de-
vice for a 1-week period. It is possible that we missed subclinical AF in
some patients, and extended monitoring may increase the AF detec-
tion rate. Detailed cost analysis was not performed in our study.
Cutoff values for GLS and LA strain used in this study were arbitrary.
We did not collect data from local practitioners on anticoagulation
prescription following a diagnosis of AF and hence were unable to
assess the impact of early diagnosis. We did not perform long-term
follow-up to assess if those with subclinical AF had similar clinical out-
comes to those with clinically diagnosed AF.
CONCLUSION

Elderly patients with risk factors have a high prevalence of subclinical
AF. Baseline risk assessment using echocardiographic parameters of LV
and LA function can be used to improve AF detection rates and could
be relevant to the implementation of population screening programs.
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Left Atrial Mechanical Dispersion Assessed
by Strain Echocardiography as an

Independent Predictor of New-Onset Atrial
Fibrillation: A Case-Control Study
Hiroshi Kawakami, MD, PhD, Satish Ramkumar, MBBS, Mark Nolan, MBBS, Leah Wright, BS, PhD,
Hong Yang, BMed, Kazuaki Negishi, MD, PhD, and Thomas H. Marwick, MBBS, PhD, MPH, Melbourne and

Hobart, Australia

Background: Left atrial (LA) enlargement is associated with atrial fibrillation (AF), but new-onset AF often oc-
curs in the absence of LA enlargement. AF may be related to myocardial fibrosis, and even though left ventric-
ular fibrosis is associated with mechanical dispersion, this phenomenon is not well studied in AF. We
hypothesized that detection of LA dysfunction and mechanical dispersion using strain echocardiography is
useful for predicting new-onset AF.
Methods: Baseline echocardiography was performed at entry in 576 community-based participants at risk of
heart failure or AF. In this case-control study, we compared 35 individuals with new-onset AF (age
70 6 4 years; 57% men) over 2 years of follow-up with 35 age- and sex-matched individuals who did not
develop AF from the same cohort. Using speckle-tracking echocardiography, we measured the LA strain in
each of 12 segments in the two- and four-chamber views. LA mechanical dispersion was defined as the SD
of time to peak positive strain corrected by the R-R interval (SD-TPS, %).
Results: There was no significant difference in LA volume index (32.5 6 9.2 mL/m2 vs 29.5 6 8.3 mL/m2;
P = .16); patients with new-onset AF had significantly worse LA pump strain (16.6% 6 4.3% vs
20.6% 6 4.3%; P < .01) and reservoir strain (31.4% 6 7.7% vs 38.0% 6 7.3%; P < .01) than those without
AF. SD-TPS was significantly higher in patients with AF than in those without it (6.3% 6 2.3% vs
3.9%6 1.6%; P < .01). SD-TPS was independently associated with new-onset AF after adjustment for patient
characteristics, LA volume, and strain (hazard ratio = 1.26; 95% CI, 1.10-1.45; P < .01). In the nested Cox
models, the model based on the LA volume and strain for predicting new onset AF was significantly improved
by adding SD-TPS (P < .01).
Conclusions: LA dispersion obtained from strain echocardiography seems to provide incremental information
about LA volume and function in the prediction of new-onset AF and warrants testing in a larger study. (J Am
Soc Echocardiogr 2019;-:---.)

Keywords: Atrial fibrillation, Echocardiography, Strain, Left atrium, Dispersion
Atrial fibrillation (AF) is the most common serious arrhythmia, and its
increasing incidence reflects the aging population.1,2 Risk stratification
for the development of this arrhythmia has a potential public health
impact, because the recognition of AF is often delayed and the
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major complication of AF (stroke) is potentially preventable with
anticoagulation. Transthoracic echocardiography has played an
important role in assessing this remodeling because it is
noninvasive, highly accessible, and portable.

AF is a progressive disease that facilitates its own persistence
through the process of atrial remodeling3; both left atrium (LA) struc-
tural and functional remodeling are associated with AF.4,5 LA
enlargement is a well-known predictor for new-onset AF,6-8 but AF
is often observed in patients without LA enlargement because
functional impairment precedes morphological changes.9,10 Strain
echocardiography can accurately assess regional myocardial
function, and impaired LA strain is a marker of AF risk.11-13

Myocardial strain may also be used to measure the timing of
contraction, and several studies have revealed an association
between left ventricular (LV) mechanical dispersion and ventricular
arrhythmias.14-16 Disturbances in the timing of LA contraction
reflect the presence of atrial fibrosis and electrophysiological
1
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disorders,17,18 for example, intra-
atrial dyssynchrony during sinus
rhythm is an independent pre-
dictor of recurrence after the first
AF ablation.18 Building on this,
we hypothesized that measure-
ment of LA mechanical disper-
sion could be a useful
biomarker to stratify the risk for
new-onset AF. The purpose of
this study was to quantify the as-
sociation and impact of LA
dispersion on the incidence of
new-onset AF and to assess
whether LA dispersion provided
additional predictive information
toward new-onset AF over LA
enlargement and dysfunction.
METHODS

Study Population

This case-control study was
derived from a prospective,
observational cohort study,
which had the primary objective
of early detection of heart failure
(HF) and AF. This community-
based cohort included asymp-
tomatic individuals older than
65 years with more than one
risk factor including hyperten-
sion (systolic blood pressure
>140 mm Hg or preexisting use
of antihypertensive medications), type 2 diabetes mellitus (based on
self-reports of diagnosis or the current use of diabetic medications),
obesity (body mass index$ 30), previous chemotherapy, and family
history of HF. Exclusion criteria were (1) inability to provide written
consent to participate in the study, (2) history of moderate or greater
valvular disease, (3) known history of HF, (4) reduced left ventricle
(LV) systolic function on baseline echocardiography (LVejection frac-
tion [LVEF] < 40%), (5) contraindications to beta-blockers and
angiotensin-converting enzyme inhibitors (ACE), (6) life
expectancy < 1 year, and (7) inability to perform strain analysis or ac-
quire interpretable images from baseline echocardiography. All pa-
tients provided written informed consent, and approval was
obtained from the institution’s human research ethics committee.
From this initial cohort, we excluded all patients with known histories
of AF or with documented AF on baseline electrocardiography, leav-
ing 576 eligible individuals for inclusion into our study.

Clinical Data

We obtained clinical histories from all participants, and they
answered questionnaires to assess their overall health status at the
start of the study. Clinical parameters (sociodemographic variables,
medical history, medication history, and baseline examination data)
were comprehensively assessed. Using these data, we computed
the CHARGE-AF (Cohorts for Heart and Aging Research in
Genomic Epidemiology Atrial Fibrillation)19 and CHA2DS2-VASc
scores. We also performed baseline electrocardiography and echocar-
diography in all participants at entry.
Recognition of AF

Incident AF was identified over a median follow-up of 15 months.
All patients were followed clinically, and a clinical diagnosis of AF was
sought on the basis of history and confirmed by 12-lead ECG. In addi-
tion, a single-lead ECG device using three points of finger contact
(Remon RM-100, Semacare, China) was used to record 60-second
single-lead ECG tracings, five times per day for 1 week. AF was iden-
tified as an irregular rhythm of$30 seconds with a variable R-R inter-
val and absent P waves, confirmed by two independent physicians
who were blinded to the patient’s clinical details. The patient was
advised of the recognition of subclinical AF, and further management
and investigation were provided by their usual medical practitioner.
Conventional Echocardiography

All echocardiographic examinations were performed by qualified
sonographers using the same equipment (Siemens Acuson
SC2000, Siemens Medical Solutions, Mountain View, CA) and trans-
ducers (4V1c [1.25-4.5 MHz] and 4Z1c [1.5-3.5 MHz]) during sinus
rhythm. Conventional echocardiographic parameters were measured
according to the recommendations of the American Society of
Echocardiography.20,21 Early and late diastolic mitral annular tissue
velocity (e’ and a’) were measured in the apical four-chamber view,
with the sample volume positioned at both the septal and lateral
mitral annuli and being the average of these two values. LA volume
was calculated using the biplanemethod of disks (Simpson’s modified
rule) and indexed to body surface area (LA volume index [LAVI]).
Strain Analysis

All strain parameters were assessed by speckle-tracking imaging us-
ing an external third-party software program (Research Arena;
TomTec Imaging Systems, Munich, Germany). After manual tracing
of the LA and LV endocardial border, the dedicated software auto-
matically tracked the myocardium throughout the cardiac cycle. All
trackingwas reviewed to ensure that it was appropriate and a true rep-
resentation of LA and LV motion. LV global longitudinal strain and
global circumferential strain were measured using standard method-
ologies.22 The strain curves of the global and regional LA wall were
generated by the software automatically, and the reference point
for image analysis was taken at the onset of the QRS complex (R-R
gating) as has been described elsewhere.23 Apical four- and two-
chamber images were selected with a frame rate of 60-80 frames/
sec, and strain results were obtained by averaging the two views.
The resulting atrial strain curve provided two peaks consistent with
reservoir and contractile strain, and the difference between these
was conduit strain (Figure 1A). LAmechanical dispersion was defined
as the SD of time to peak positive strain (SD-TPS) from the 12 LA seg-
ments (Figure 1B). We corrected the SD-TPS by the R-R interval to
derive SD-TPS as a percentage of the R-R interval. Higher values of
SD-TPS are thought to suggest a greater degree of LA dispersion.
Patients without interpretable images, such as those with incomplete
strain measurements, were excluded from this study. All echocardio-
graphic analysis was performed by one investigator experienced with
strain imaging who was blinded to the patient characteristics and the
outcome.



HIGHLIGHTS

� Left atrial (LA) mechanical dispersion is a useful predictor of

atrial fibrillation.

� This predictive value is superior and incremental to traditional

predictors.

� LA dispersion may detect the early LA remodeling regardless

of LA enlargement.
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Statistical Analysis

Continuous variables are expressed as mean 6 SD or median (in-
terquartile range), and categorical variables are shown in percentages.
The significance of differences between the groups was assessed using
Student’s t-test for data with normal distribution, and the Mann-
Whitney U-test was used for data that were not normally distributed.
For categorical variables, the c2-test or Fisher’s exact test was used, as
appropriate. Univariable and multivariable linear regression analyses
were used to evaluate the associations between SD-TPS and other
echocardiographic parameters. Univariable and multivariable Cox
regression analysis was used to assess independent predictors for
new-onset AF. The independence and robustness of SD-TPS were
examined using several models. The area under the receiver oper-
ating characteristic (ROC) curve (AUC) was calculated for each echo-
cardiographic variable, and the value closest to the corner of the ROC
curve determined the optimal cutoff for the ability of the variables to
discriminate between patients with and without new-onset AF.
Kaplan-Meier survival analyses with follow-up censored at 40months
were performed for participants with SD-TPS above and below an
optimal cutoff in a previous study.24

The incremental value of SD-TPS in the overall group was assessed
in three modeling steps using nested models. Covariate selection for
model entry was based on clinical experience and identification of
known correlates. The first step consisted of fitting a multivariable
model based on the CHARGE-AF score and LAVI. LA reservoir strain
was then included in the second step and SD-TPS in the third step.
The incremental value of SD-TPS over baseline clinical characteristics
and conventional LA factors for predicting new-onset AF was deter-
mined by calculating the improvement in the global c2 statistic.
Reclassification was evaluated to assess the incremental benefit of
adding SD-TPS to the model on the basis of LA volume and function
with net reclassification improvement. Inter- and intraobserver vari-
ability for LA reservoir strain and SD-TPS were studied in a random
sample of 10 patients, and the mean of the absolute value of differ-
ences between measurements was calculated. In addition, the mean
differences and limits of agreement between measurements were as-
sessed using Bland-Altman plots.
All statistical analyses were performed using a standard statistical

software package (SPSS ver. 21, SPSS, Chicago, IL; and R version
3.5.0, https://www.r-project.org). All P values reported are from two-
sided tests, and values < .05 were considered statistically significant.
RESULTS

Patient Characteristics

Among 576 patients, new-onset AF developed in 35 participants
(mean age, 70 6 4 years; 57% men, 49% paroxysmal AF, and 51%
nonparoxysmal AF) over 2 years of follow-up, and we age and sex
matched 35 individuals who did not develop AF from the same
cohort to act as controls. Thus, we performed our final analyses
with data from a total of 70 participants (Table 1). Most patients
had type 2 diabetes mellitus (54%), obesity (44%), hypercholesterole-
mia (48%), and hypertension (76%), but the average values for LAVI,
LA, and LV function were in the normal range. Table 1 also shows a
comparison of baseline characteristics and echocardiographic param-
eters between the patients with and without new-onset AF. Although
there was no significant difference in LAVI (32.5 6 9.2 vs
29.5 6 8.3 mL/m2; P = .16), the patients with new-onset AF had
significantly worse LA pump strain (16.6% 6 4.3% vs
20.6% 6 4.3%; P < .01) and reservoir strain (31.4% 6 7.7% vs
38.0% 6 7.3%, P < .01) than those without AF. SD-TPS was signifi-
cantly higher in the patients with AF than in those without it
(6.3% 6 2.3% vs 3.9% 6 1.6%; P < .01). Figure 1B shows
representative cases of LA strain curves and SD-TPS in the four-
chamber view for patients with and without new-onset AF.
Association between SD-TPS and Other
Echocardiographic Parameters

The association between SD-TPS and other echocardiographic pa-
rameters was evaluated using univariable and multivariable linear
regression analyses (Table 2 and Supplemental Table 1, available at
www.onlinejase.com). In the multivariable analysis, SD-TPS was asso-
ciated with LVEF (r = –0.38, b = �0.27; P = .03) and LA reservoir
strain (r = –0.39, b = �0.27; P = .04). LA pump and conduit strain
were excluded from the multivariable models because of collinearity.
Predictors of New-Onset AF

In the univariable Cox regression analysis, new-onset AF was associ-
ated with LAVI, LA reservoir strain, and SD-TPS (Table 3). The inde-
pendent association of SD-TPS with new-onset AF was examined
using three different models. SD-TPS had a consistently significant as-
sociation with new-onset AF in every model, and the hazard ratios
(HRs) were similar (1.28-1.37). In addition, SD-TPS was
independently associated with new-onset AF after adjusting for
CHARGE-AF score, LAVI, and LA reservoir strain (HR = 1.26;
95%CI, 1.10-1.45; P < .01; Figure 2). We also confirmed the indepen-
dent association of LA reservoir strain with new-onset AF using the
same models (Supplemental Table 2, available at www.onlinejase.
com and Figure 2).

Table 4 summarizes the ROC curve analysis results. SD-TPS and
LA reservoir strain were identified as echocardiographic predictors
with high AUC (0.80 for SD-TPS and 0.75 for LA reservoir strain),
with the AUC for SD-TPS being the highest. Using the previously
defined SD-TPS cutoff of 5.3%,24 patients with new-onset AF were
identified with a sensitivity of 65.7% and specificity of 85.7%. The
AF-free survival was significantly better in those with SD-TPS
<5.3% than in those with SD-TPS $5.3% (log-rank P < .01;
Figure 3A).
Incremental Value of SD-TPS

Figure 2 and Supplemental Figure 1 (available at www.onlinejase.
com) show the incremental benefit of using sequential Cox models
for the prediction of new-onset AF. In Figure 2, a model based on clin-
ical and conventional echocardiographic variables including
CHARGE-AF scores and LAVI (c2 = 5.3) was significantly improved
by addition of LA reservoir strain (c2 = 17.8; P < .01) and further
improved by adding SD-TPS (c2 = 27.5; P < .01).

https://www.r-project.org
http://www.onlinejase.com
http://www.onlinejase.com
http://www.onlinejase.com
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Figure 1 Measurements of LA strain. The left panel shows the LA strain components (A). The right panel shows the measurements of
LA dispersion and representative cases in patients with andwithout AF (B).White arrows indicate contraction durations defined as the
time from the end diastole (the Rwave on the electrocardiogram) to themaximal time of positive deformation in each LA segment. SD-
TPS was calculated as the SD of time to peak and expressed as a percentage of the R-R interval. The patients with new-onset AF
showed higher SD-TPS.
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The addition of SD-TPS to a risk classification model based on
LAVI or LA reservoir strain alone resulted in the correct reclassifica-
tion of patients without new-onset AF to the low-risk category (net re-
classification improvement, 0.26 and 0.17, respectively; both P < .05;
Tables 5 and 6). Moreover, adding SD-TPS to the combined LAVI and
LA reservoir strain model resulted in a significantly improved reclas-
sification (net reclassification improvement, 0.14; P = .04; Table 7).
Reproducibility

Reproducibility was assessed by blinded strain measurements in a
random sample of 10 patients. Interobserver variability was assessed
by two investigators, and the mean of the absolute value of differ-
ences between measurements was calculated (Supplemental
Figure 2, available at www.onlinejase.com). For LA reservoir strain
and SD-TPS, the mean differences were 3.8% 6 3.1% and
0.5% 6 0.3%, respectively. Intraobserver variability was assessed by
one investigator, who repeated LA strain at a different time point.
For LA reservoir strain and SD-TPS, the mean differences were
2.3% 6 1.5% and 0.6% 6 0.4%, respectively.
DISCUSSION

The principal finding of this study was that LA mechanical dispersion
assessed by speckle-tracking echocardiography is a useful predictor of
new-onset AF, superior and incremental to and independent of clin-
ical risk factors and conventional echocardiographic predictors
including LA enlargement and dysfunction.
LA Dispersion as a Predictor of New-Onset AF

During the past 10 years, myocardial mechanical dispersion as-
sessed by strain echocardiography has emerged as a useful tool
to evaluate supraventricular and ventricular arrhythmias. Haugaa
et al.14-16 have demonstrated that mechanical dispersion assessed
in the LV is an independent and powerful predictor for
ventricular arrhythmias in a variety of cardiovascular diseases.
Similarly, LA dispersion is greater in patients with AF than in
healthy individuals24-27 and increases in proportion to the
duration of AF.25 LA dispersion predicts progression from parox-
ysmal to persistent AF28 and may predict recurrent AF after cath-
eter ablation.26,29 Importantly, LA dispersion can also detect LA
functional impairment and asynchrony in patients without LA
enlargement24,26,29,30—indeed, in the present study, the average
LAVI in the patients with new-onset AF was within the normal
range. However, despite studies showing the association between
LA dispersion and AF,24-30 only one previous study has linked LA
dispersion to incident AF—but this used tissue Doppler imaging
and was limited to patients with HF.30 To our knowledge, this
is the first study demonstrating that LA dispersion assessed by
speckle-tracking echocardiography predicts the future develop-
ment of new AF in a community-based cohort.

LA strain is inversely associated with LA fibrosis detected by car-
diac magnetic resonance,1,13 and these imaging markers are related
to AF burden.13 Furthermore, LA dispersion was a more specific
marker of LA scarring evaluated by cardiac magnetic resonance
than LA volume and global function in the patients undergoing AF
ablation.18 In a study of electroanatomical mapping and LA strain
in patients undergoing AF ablation, LA dispersion was significantly
increased in patients with low-voltage zones and the severity of LA
dispersion was related to the LA conduction delay.17
Clinical Implications

The findings in this study suggest that LA dispersion assessed by
speckle-tracking echocardiography could be a useful biomarker
to estimate LA structural and electrical remodeling regardless of
LA enlargement. In addition, recent studies demonstrated that
LA dispersion has an incremental value over the CHA2DS2-

http://www.onlinejase.com


Table 1 Baseline characteristics

Variables All patients (N = 70) AF (n = 35) No AF (n = 35) P value

Demographics

Age, years 70 6 4 70 6 4 70 6 4

Sex, male 40 (57) 20 (57) 20 (57)

BSA, m2 1.9 6 0.2 2.0 6 0.2 1.9 6 0.2 .82

BMI, kg/m2 29.5 6 4.6 29.7 6 5.0 29.4 6 4.3 .79

Heart rate, bpm 67.3 6 12.0 69.1 6 13.5 65.5 6 10.2 .21

Type 2 diabetes mellitus 38 (54) 19 (54) 19 (54) $.999

Obesity 31 (44) 14 (40) 17 (49) .47

Hypercholesterolemia 32 (48) 15 (45) 17 (50) .71

Hypertension 53 (76) 27 (77) 26 (74) .78

CHA2DS2VASc score 3.0 6 1.0 3.1 6 0.9 3.0 6 1.0 .71

CHARGE-AF score 8.3 (5.0-12.7) 6.9 (5.1-12.2) 8.7 (4.8-14) .49

Medication

ACE inhibitors or ARBs 44 (63) 20 (57) 24 (69) .32

b-blockers 7 (10) 5 (14) 2 (6) .43

Calcium blocker 16 (26) 5 (16) 11 (37) .06

Lipid lowering drugs 33 (53) 15 (47) 18 (60) .30

Antiplatelet agents 19 (31) 9 (28) 10 (33) .66

Echocardiographic parameters

LVEF, % 62.7 6 6.2 61.3 6 6.3 64.1 6 5.8 .058

GLS, % �18.5 6 2.7 �18.1 6 3.3 �18.8 6 1.9 .46

GCS, % �29.9 6 5.4 �29.9 6 5.8 �30.0 6 5.0 .94

E/e’ 8.9 6 2.7 8.6 6 2.6 9.1 6 2.8 .44

LV mass index 81.8 6 17.0 81.7 6 18.2 82.0 6 16.0 .94

LAVI, mL/m2 31.0 6 8.8 32.5 6 9.2 29.5 6 8.3 .16

LA pump strain, % 18.6 6 4.7 16.6 6 4.3 20.6 6 4.3 <.01

LA conduit strain, % 16.0 6 5.2 14.8 6 4.9 17.1 6 5.4 .06

LA reservoir strain, % 34.7 6 8.1 31.4 6 7.7 38.0 6 7.3 <.01

SD-TPS, % 5.1 6 2.3 6.3 6 2.3 3.9 6 1.6 <.01

ARB, Angiotensin receptor blocker; BMI, body mass index; BSA, body surface area; GCS, global circumferential strain; GLS, global longitudinal

strain. SD-TPS is expressed as a percentage of the R-R interval.

Data are expressed as mean 6 SD, n (%), or median (interquartile range).

P value is for patients with and without AF.

Table 2 Associations of SD-TPS and other echocardiographic parameters

Variables

Univariable Multivariable

Unstandardized b (95% CI) Standardized b P value Unstandardized b (95% CI) Standardized b P value

LVEF –0.144 (–0.227 to -0.060) –0.384 <.01 –0.101 (–0.190 to –0.013) –0.271 .03

GCS 0.036 (–0.068 to 0.140) 0.083 .49

GLS 0.292 (0.098 to 0.486) 0.342 <.01 0.118 (–0.095 to 0.330) 0.138 .27

E/e’ 0.187 (–0.015 to 0.388) 0.219 .07

LAVI 0.051 (–0.011 to 0.114) 0.196 .10 0.012 (–0.050 to 0.075) 0.047 .69

LA pump strain �0.123 (–0.238 to –0.007) –0.249 .04

LA reservoir strain �0.109 (–0.173 to -0.046) –0.385 <.01 –0.076 (–0.147 to –0.004) –0.266 .04

GCS, Global circumferential strain; GLS, global longitudinal strain. SD-TPS is expressed as a percentage of the R-R interval.
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Table 3 Univariable and multivariable cox regression analysis for new-onset AF

Variables

Univariable Multivariable

HR (95% CI) P value

Clinical model Medical model Echo model

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

BMI, per 1 kg/m2

increase

1.00 (0.94-1.07) .94 0.96 (0.89-1.04) .30

CHA2DS2-VASc score,

per 1-point increase

1.05 (0.76-1.45) .79 0.97 (0.65-1.44) .87

CHARGE-AF score, per

1-point increase

0.97 (0.90-1.04) .41 0.96 (0.88-1.05) .35

ACE inhibitors or ARBs 1.58 (0.81-3.10) .18 1.89 (0.85-4.21) .12

b-blockers 0.57 (0.22-1.50) .26 0.52 (0.16-1.66) .27

Calcium blocker 1.58 (0.61-4.09) .35 1.80 (0.67-4.86) .25

LVEF, per 1% increase 0.96 (0.91-1.01) .08 1.02 (0.96-1.08) .59

LAVI, per 1 mL/m2

increase

1.04 (1.00-1.07) .04 1.00 (0.95-1.08) .88

LA reservoir strain, per
1% increase

0.92 (0.88-0.96) <.01 0.93 (0.86-0.99) .02

SD-TPS, per 1% increase 1.32 (1.17-1.50) <.01 1.37 (1.20-1.59) <.01 1.37 (1.21-1.56) <.01 1.28 (1.08-1.51) <.01

ARB, Angiotensin receptor blocker;BMI, bodymass index;GLS, global longitudinal strain. SD-TPSwas corrected by the R-R interval to derive SD-

TPS as a percentage of the R-R interval.
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Variable
Model 1

Chi-square = 5.3
HR (95%CI), P value

Model 2
Chi-square = 17.8

HR (95%CI), P value

Model 3
Chi-square = 27.5

HR (95%CI), P value
CHARGE-AF score
(per 1 point increase) 0.96 (0.90-1.04), P = .33 0.93 (0.86-1.01), P = .07 0.93 (0.85-1.00), P = .06

LAVI
(per 1 ml/m2 increase) 1.04 (1.00-1.07), P = .03 1.00 (0.96-1.04), P = .81 1.00 (0.96-1.05), P = .99

LA reservoir strain
(per 1 % increase) 0.90 (0.85-0.95), P < .01 0.92 (0.86-0.98), P < .01

SD-TPS
(per 1% increase) 1.26 (1.10-1.45), P < .01

0

5

10

15

20

25

30

P < .01

P < .01

Figure 2 Incremental value of SD-TPS over existing indices. A comparison is made with CHARGE-AF score, LAVI, and LA reservoir
strain in risk stratification for new-onset AF. SD-TPS was corrected by the R-R interval to derive SD-TPS as a percentage of the R-R
interval.
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VASc score for predicting the risk of thrombus formation in pa-
tients with AF.31 Based on these findings, the mean age (70 years)
and CHA2DS2-VASc score (3.0) of the current cohort would sug-
gest a significant risk of stroke if the individuals had AF, and bet-
ter risk stratification may facilitate decision-making about AF
prevention and follow-up for early diagnosis. LA dispersion might
have the potential to contribute to the risk stratification for inci-
dent AF and for thrombus formation.



Table 4 AUC for ROC analysis of echocardiographic variables

Variables AUC 95% CI P value Optimal cutoff Sensitivity, % Specificity, % PPV, % NPV, %

SD-TPS, % 0.80 0.69-0.90 <.01 5.3 65.7 85.7 82.1 71.4

LA reservoir strain, % 0.75 0.63-0.87 <.01 36.8 82.9 65.7 70.7 79.3

LVEF, % 0.62 0.49-0.76 .08 63.6 71.4 54.3 61.0 65.5

LAVI, mL/m2 0.59 0.46-0.73 .18 28.9 62.9 51.4 56.4 58.1

GLS, % 0.55 0.41-0.69 .46 �17.6 45.7 71.4 61.5 56.8

GLS, Global longitudinal strain; NPV, negative predictive value; PPV, positive predictive value.

Figure 3 Kaplan-Meier curves showing freedom from new-
onset AF. Patients with SD-TPS $ 5.3% had more AF events
than patients with SD-TPS < 5.3% (P < .01). SD-TPS was cor-
rected by the R-R interval to derive SD-TPS as a percentage
of the R-R interval.

Table 5 Net reclassification table: The addition of SD-TPS to
the model based on LAVI

Variables

LAVI + SD-

TPS Reclassified

Net correctly

reclassified, %

Low

risk

High

risk

Increased

risk*

Decreased

risk*

No new-onset AF

(n = 35)

LAVI

Low risk 0 0 0 11 31.4

High risk 11 24

New-onset AF

(n = 35)

LAVI

Low risk 0 0 0 2 –5.7

High risk 2 33 Net reclassification
improvement =

0.26 (P < .01)

The risk for new-onset AF was stratified into low (0% to < 20%) and

high risk ($20%). The net reclassification improvement is the sum of

correctly reclassified individuals with and without new-onset AF.

*The number of individuals who were reclassified upward and down-
ward, respectively.

Table 6 Net reclassification table: The addition of SD-TPS to
the model based on LA reservoir strain

Variables

LA reservoir

strain + SD-

TPS Reclassified

Net correctly

reclassified, %

Low

risk

High

risk

Increased

risk*

Decreased

risk*

No new-onset

AF (n = 35)

LA reservoir

strain

Low risk 5 0 0 7 20.0

High risk 7 23

New-onset
AF (n = 35)

LA reservoir

strain

Low risk 1 0 0 1 –2.9

High risk 1 33 Net reclassification

improvement =
0.17 (P = .02)

The risk for new-onset AF was stratified into low (0% to < 20%) and

high risk ($20%). The net reclassification improvement is the sum of
correctly reclassified individuals with and without new-onset AF.

*The number of individuals who were reclassified upward and down-

ward, respectively.
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Limitations

There are several limitations in the present study. First, the current
study is a case-control study of a small selected group. The sampling
of relatively small numbers may explain the absence of association of
AF with well-established links such as LV hypertrophy and dysfunc-
tion.32,33 Further prospective multicenter studies are needed to
confirm the external validity of our findings—especially cutoffs—and
translate LA dispersion into risk stratification for AF. Second, the
number of AF cases in the cohort may have been underestimated
because some AF events are asymptomatic and intermittent
monitoring may miss AF episodes. Third, we did not compare LA
strain and dispersion with electrocardiographic parameters such as
P wave duration and PR intervals, which are also established
predictors of AF.34,35 Fourth, it was difficult to select the optimal
LA dispersion cutoff for predicting new-onset AF—the normal LA
dispersion range is unknown and we applied a cutoff from a previous
cross-sectional study.24 Although our cutoff value of SD-TPS was
completely consistent with the result of this previous study,24 ROC
analysis in this study was used to derive optimal cutoff values and
report those values in the same derivation cohort, rather than in an



Table 7 Net reclassification table: The addition of SD-TPS to
the model based on LAVI and LA reservoir strain

Variables

LAVI + LA

reservoir

strain + SD-

TPS Reclassified

Net correctly

reclassified (%)

Low

risk

High

risk

Increased

risk*

Decreased

risk*

No new-onset AF
(n = 35)

LAVI + LA

reservoir strain

Low risk 5 0 0 6 17.1

High risk 6 24

New-onset

AF (n = 35)

LAVI + LA
reservoir strain

Low risk 1 0 0 1 �2.9

High risk 1 33

Net reclassification

improvement = 0.14
(P = .04)

The risk for new-onset AF was stratified into low (0% to < 20%) and

high risk ($20%). The net reclassification improvement is the sum of
correctly reclassified individuals with and without new-onset AF.

*The number of individuals who were reclassified upward and down-

ward, respectively.
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independent group of patients. This cutoff should be verified in other
cohorts. Fifth, a specific software for evaluating LA strain by speckle-
tracking is not yet available; therefore, we analyzed LA strain using
software for evaluating the LV. Vendor differences arising from differ-
ences between edge-tracking and speckle-tracking36 may affect the
cutoff of LA strain and SD-TPS. Finally, although strain imaging,
like other imaging techniques, is operator dependent, there was
no evidence of operator differences during our validation study
(Supplemental Figure 2, available at www.onlinejase.com).

CONCLUSION

LA dispersion assessed by speckle-tracking echocardiography is a pre-
dictor of new-onset AF, superior and incremental to and independent
of clinical risk factors and conventional echocardiographic predictors
including LA enlargement and dysfunction.
SUPPLEMENTARY DATA

Supplementary data related to this article can be found at https://doi.
org/10.1016/j.echo.2019.06.002.
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Supplemental Figure 1 Incremental value of SD-TPS over existing indices. A comparison ismadewith CHARGE-AF score, LAVI, and
LA reservoir strain in risk stratification for new-onset AF.



Supplemental Figure 2 Bland-Altman plots of intraobserver agreement for LA reservoir strain (A) and standard deviation of time to
peak strain (TPS; B), and interobserver agreement for LA reservoir strain (C) and standard deviation of TPS (D).

Supplemental Table 1 The results of linear regression
analysis

Variables r P value

LVEF –0.384 <.01

GCS 0.083 .49

GLS 0.342 <.01

E/e’ 0.219 .07

LAVI 0.196 .10

LA pump strain –0.249 .04

LA reservoir strain –0.385 <.01

The strength of the relation between SD-TPS and other echocardio-

graphic parameters was expressed using r value. GCS, Global
circumferential strain; GLS, global longitudinal strain.
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Supplemental Table 2 Univariable and multivariable cox regression analysis for new-onset AF

Variables

Univariable Multivariable

HR (95% CI) P value

Clinical model Medical model Echo model

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

BMI 1.00 (0.94-1.07) .94 0.98 (0.91-1.06) .65

CHA2DS2VASc score 1.05 (0.76-1.45) .79 0.86 (0.57-1.30) .47

CHARGE-AF score 0.97 (0.90-1.04) .41 0.94 (0.86-1.03) .16

ACE inhibitors or ARBs 1.58 (0.81-3.10) .18 1.64 (0.79-4.03) .16

b-blockers 0.57 (0.22-1.50) .26 1.37 (0.40-4.69) .61

Calcium blocker 1.58 (0.61-4.09) .35 1.50 (0.56-4.05) .42

LVEF 0.96 (0.91-1.01) .08 1.02 (0.96-1.08) .59

LAVI 1.04 (1.00-1.07) .04 1.00 (0.95-1.08) .88

LA reservoir strain 0.92 (0.88-0.96) <.01 0.90 (0.85-0.94) <.01 0.91 (0.87-0.96) <.01 0.93 (0.86-0.99) .02

SD-TPS 1.32 (1.17-1.50) <.01 1.28 (1.08-1.51) <.01

ARB, Angiotensin receptor blocker.
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A M E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N
IMAGING VIGNETTE
Left Atrial Strain Performance and
its Application in Clinical Practice

Kawa Haji, MBCHB,a,b Chiew Wong, MBBS, PHD,b Leah Wright, PHD,a,b Satish Ramkumar, MBBS,a

Thomas H. Marwick, MBBS, PHD, MPHa,b

THERE IS INCREASING EVIDENCE OF THE IMPORTANCE OF LEFT ATRIAL (LA) FUNCTION INCREMENTAL TO

atrial dilatation. The feasibility of LA function assessment has increased with the development of LA strain (1).
Although the use of atrial strain is ready to spread beyond its research application, many clinicians are un-
familiar with the process of strain acquisition and continue to rely on other atrial parameters (e.g., LA volume,
A-wave velocity). The purpose of this paper is to facilitate the acquisition of atrial strain for clinicians by
illustrating its application with the most commonly used software.

Currently, most vendors use strain software that was originally developed for left ventricular strain.
Figures 1 to 4 show the steps to obtain this using machines with the most widely available software. In
collaboration, we used the experience of more than 1,000 cases of LA strain analysis to develop a method of
8 steps that are common to all vendors: 1) image acquisition and/or selection; 2) electrocardiographic orien-
tation “reference” (Figure 5); 3) detection and marking of fiducial landmarks; 4) detection and tracing of the
endocardial border (Figure 6); 5) adjustment of regions of interest (Figure 7); 6) evaluating tracking quality; 7)
excluding segments of inadequate and/or poor tracking; and 8) repeating in more than 1 view and then
averaging to minimize error.

Atrial strain has now been evaluated in multiple conditions, especially heart failure and atrial fibrillation (2).
In heart failure, LA strain has been used in the assessment and staging of diastolic dysfunction (Figure 8) and
filling pressure (Figure 9). The assessment of atrial contractile function (Figure 10) may be pertinent to risk
evaluation in atrial fibrillation.
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FIGURE 1 Steps of Performing Atrial Strain With ECHOPAC (GE Health Care, Milwaukee, Wisconsin)

Image selection/
acquisition. Left
image shows
available images to
choose from
(Choose the apical 4
chamber /or 2
chamber). Right
image shows the
chosen image.
(Double click on the
image you want to
analyze)

Detection of
fiducial landmark
and tracing
endocardial
border. Left image
shows steps to
perform LA strain.
Right image shows
manual endocardial
tracking starting and
finishing with the
mitral valve
insertion points

Adjustment of
ROI. Left image
shows ROI
adjustment icon,
Click the ROI width
to adjust ROI. Right
image shows the
thickness of the
analyzed segment

Evaluation of
tracking quality
and exclude poorly
tracked segments.
Left and right
images show poorly
tracked segments.
The assessment of
tracking quality
involves visual
assessment and
adjustment of the
linear contour
Please see online
video 2 to see
examples of
tracking

1

2

3

Videos 1 and 2 illustrate the steps and tracking. LA ¼ left atrial; ROI ¼ region of interest.
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FIGURE 2 Steps of Performing Atrial Strain With TOMTEC (Siemens, Malvern, Pennsylvania)

Image selection/
Acquisition. Left
image shows
available images to
choose from. Right
image shows selected
images. Drag the
image you want to
analyze in the
provided boxes for
the apical 4 chamber
and 2 chamber
accordingly. (Note we
use the boxes
provided for LV
strain)

Detection of fiducial
landmark and
endocardial border.
Left image shows the
fiducial landmarks,
click both mitral
annuluses and then
right click roof of
LA. Right image
shows automatic
completion of
endocardial border
tracking

Evaluation of
tracking quality and
exclude poorly
tracked segments.
Left image shows
tracking. Right image
shows LA strain
graph. The
assessment of
tracking quality
involves visual
assessment and
adjustment of the
linear contour
Please see online
video 3 to see an
examples of tracking

Video 3 illustrates tracking. LV ¼ left ventricular; other abbreviation as in Figure 1.
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FIGURE 3 Steps of Performing Atrial Strain With QLAB (Philips, Andover, Massachusetts)

Image selection/
acquisition. Left
image shows
available images to
choose from (Choose
the apical 4 chamber
/or 2 chamber). Right
image shows the
chosen image.
(Double click on the
image you want to
analyze)

Detection of fiducial
landmark and
endocardial border.
Left image – clicking
CMQ allows a semi-
automated tracing by
marking three
fiducial landmarks.
Right image click
“draw” then click
both mitral annuluses
and then click the
roof of LA

Adjustment of ROI.
Left image shows
ROI Thickness. Right
image shows the
thickness analyzed
segment after
adjustment. For
adjustment simply
click on the outer line
to decrease or
increase thickness

Evaluation of
tracking quality and
exclude poorly
tracked segments.
Left image shows
tracking. Right image
shows LA strain
graph. The
assessment of
tracking quality
involves visual
assessment and
adjustment of the
linear contour. Please
see video 4.

Video 4 illustrates tracking. CMQ ¼ cardiac motion quantification; LA ¼ left atrium/atrial; other abbreviations as in Figure 1.
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FIGURE 4 Image Quality

A B C

(A) The image is considered adequate for LA strain measurement. The part of intra-atrial septum and entry of right lower pulmonary vein

might not track well, but (B) global longitudinal strain is still measurable. (C) The quality of image 3 is too poor to analyze. (Videos 5, 6, and 7).

Note: Acquire and/or select images of dedicated apical 4 and 2 chambers that have a visible endocardial border throughout the

cycle to assess tracking quality. Optimize gain, depth and avoid foreshortening. Atrial strain can still be measured when 1 or 2

segments are not visible due to artifacts. Abbreviation as in Figure 1.

FIGURE 5 Gating the Strain Image

A B

(A) Atrial strain using R-R gating. (B) Atrial strain using P-P gating. Note: Most vendors measure the atrial strain reference frame of zero strain from R-R by default.

However, some vendors offer changing the electrocardiographic orientation to P-P; in addition, LA strain from either approach can be converted into the other. We

recommend using R-R for the purposes of diastolic assessment and P-P in case of atrial contractile function assessment.
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FIGURE 6 Tracing Borders

A B C

(A) Apical 2-chamber view with arrow pointing to left atrial appendage (LAA). (B) Apical 4-chamber view with arrow pointing to right lower

pulmonary vein. (C) Apical 4 chamber view with arrow pointing to the left lower pulmonary vein. Note: Trace the LA endocardial border,

extrapolating across the pulmonary veins, and/or LAA orifices, up to the opposite mitral annulus side. In the semiautomated software, only

choose the mitral annulus and roof of the LA in apical 4- and 2-chamber views. Abbreviation as in Figure 1.

FIGURE 7 Defining the ROI

A

B

Same patient shown in the other figures. (A) Thick ROI as provided by software without adjustment (reservoir strain 21% and contractile strain

12%). (B) ROI after adjustment (reservoir strain 25% and atrial contraction 15%. ROI of the LA is defined by the endocardial border (inner

contour of the LA wall), and the epicardial border (outer contour of the LA wall, or in the case of the atrial septum, the opposite edge of the

septum). A default width of 3 mm is recommended. LA strain can be underestimated if ROI is not adjusted. Abbreviations as in Figure 1.

Haji et al. J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . - , N O . - , 2 0 1 9

Left Atrial Strain Performance and its Application in Clinical Practice - 2 0 1 9 :- –-

6



FIGURE 8 Gradation of Atrial Reservoir Strain at Each Stage of Diastolic Dysfunction

a. Normal
(reservoir strain
45%)

b. Delayed
relaxation
(reservoir strain
33%)

Grade II
diastolic
dysfunction
(Pseudonormal)
(reservoir strain
24%)

Grade III
diastolic
dysfunction
(restrictive)
(reservoir strain
10%)

At each stage, there is a progressive decrement of reservoir strain.
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FIGURE 9 Use of LA Strain for Estimation of Increased LV Filling Pressure

A B

C

(A) Tissue Doppler. (B) Atrial strain. (C) Mitral inflow. There is an inverse relation between E/e0 and atrial strain. Filling pressure estimated by

tissue Doppler is increased (E/e0: 24). Total LA strain (reservoir strain) of 22% is decreased. Abbreviations as in Figures 1 and 2.
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FIGURE 10 Application for Assessment of Atrial Function

A-w
ave

A-w
ave

PV S-w
ave

PV D-w
ave

PV A-w
ave

A’-w
ave

E’-w
ave

A B

C D

Different modes to assess atrial stunning in a patient 10 min post-cardioversion for atrial fibrillation. (A) Pulsed wave Doppler of mitral valve

inflow, showing a small A-wave. (B) Pulmonary venous Doppler, showing a decrease in the pulmonary vein S-wave and in the AR wave. (C)

Atrial strain curve, showing decrease in reservoir strain (28%; expected range: 35% to 40%), and a small LA booster pump (8%; expected

range: 16% to 19%). (D) Tissue Doppler and mitral valve annular velocity, showing small a0. Abbreviation as in Figure 1.
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Use of echocardiography to stratify the risk of

atrial fibrillation: comparison of left atrial and

ventricular strain
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Aims Although both left atrial (LA) and ventricular (LV) dysfunction has been accepted as an important risk factor of
atrial fibrillation (AF), usefulness of LA and LV strain has not been fully compared for prediction of AF. The aims of
this study were to clarify the associations of both LA and LV strain with AF and to compare their predictive values
in the risk stratification for AF.

...................................................................................................................................................................................................
Methods
and results

We evaluated 531 consecutive patients (median age 67 years, 56% male), with no history of AF who underwent
echocardiography after cryptogenic stroke. Standard echocardiographic parameters were measured, and speckle-
tracking was used to measure LA (reservoir, pump, and conduit strain) and LV strain (global longitudinal strain,
GLS). The baseline clinical and echocardiographic parameters of the patients who developed AF and those who
did not were compared. Median 36 months of follow-up, 61 patients (11%) had newly diagnosed AF. LA pump
strain and GLS were significantly and independently associated with AF and provided incremental predictive value
over clinical and standard echocardiographic parameters. Areas under the receiver-operating curves for GLS
(0.841) were comparable to LA pump (0.825) and reservoir (0.851) strain. However, predictive value of both
strains was different between patients with and without LA enlargement at the time of transthoracic echocardiog-
raphy screening. LA strain was more useful than LV strain in patients with normal LA volumes, while LV strain was
more useful than LA strain in patients with abnormal LA volumes.

...................................................................................................................................................................................................
Conclusion Both LA and LV strain are significantly and independently associated with AF and provide incremental predictive

value over clinical and standard echocardiographic parameters. However, priorities of strain assessment are differ-
ent depends on patients’ condition at the time of echocardiography.
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Keywords atrial fibrillation • echocardiography • speckle-tracking • atrial strain • ventricular strain

Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia and
has an increasing prevalence that reflects the ageing population.1,2

Because of the association of AF with stroke, heart failure, and overall
mortality,3 preventive steps may have a public health impact, but their
effective delivery will need to be based on risk stratification.

Left atrial (LA) and left ventricular (LV) structural and functional
cardiac abnormalities, including chamber dilatation, systolic/diastolic
dysfunction, and valvular failure are all potential risk marker.4–8

Among standard transthoracic echocardiography (TTE) parameters,
LV ejection fraction (LVEF), E/e0, and LA volume are well-estab-
lished,9,10 but AF often occurs in the absence of reduced LVEF and
LA enlargement. The detection of subclinical dysfunction with strain
echocardiography has emerged as a useful imaging technique,11,12

and LA and LV strain can improve the prediction of adverse cardio-
vascular events compared with standard TTE.13–19 However, al-
though LA strain is a powerful predictor for AF,16–19 its assessment is
complicated, time-consuming and not yet established. In contrast, LV
global longitudinal strain (GLS) is more robust and easier than LA

* Corresponding author. Tel: þ61 3 8532 1111; Fax: þ61 3 8532 1100. E-mail: Tom.Marwick@baker.edu.au
Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.
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.strain20 and has been validated in different population to assess for
subclinical LV dysfunction and can provide predictive value for a var-
iety of cardiovascular disease, including AF.13–15,21,22 However, use-
fulness of both LA and LV strain has not been fully compared for
prediction of AF. The aims of this study were to clarify the associa-
tions of both LA and LV strain with AF and to compare their predict-
ive values in the risk stratification for AF.

Methods

Study population
We used a database of consecutive patients admitted and diagnosed
as a cryptogenic stroke at Royal Hobart Hospital from 2010 to 2014.

All patients met the recent criteria of cryptogenic stroke.23 Patients
exclusions were (i) history of AF or AF diagnosis prior to the TTE;
(ii) an alternative cause of cerebral ischaemia was identified, including
severe carotid stenosis, left-sided cardiac mass or thrombus, left-sided
endocarditis, or atrial septal aneurysm with patent foramen ovale; (iii)
only transoesophageal echocardiography was performed; (iv) images
were inadequate for strain analysis. We retrospectively evaluated clin-
ical risk factors and standard and strain echocardiographic parameters
to determine the association of each parameter with newly diagnosed
AF. All clinical and outcome data were collected by reviewing elec-
tronic medical records, admission codes, clinic correspondence, and
cardiac investigations (electrocardiogram, telemetry, Holter, and car-
diac implantable electronic device reports). The primary outcome was
newly diagnosed AF detected by any cardiac monitoring during
follow-up. The study was approved by the Tasmanian Health and

....................................................................................................................................................................................................................

Table 1 Baseline characteristics for all patients and subgroups with normal (LAVI < 34 mL/m2) and abnormal
(LAVI� 34 mL/m2) LA volumes

All patients

(n 5 531)

Normal LA volume

(n 5 290)

Abnormal LA volume

(n 5 241)

P-valuea

Clinical parameters

Age (years) 67 (56–78) 62 (52–74) 72 (60–81) <0.01

Male 296 (56) 157 (54) 139 (58) 0.41

Height (cm) 169 (161–173) 168 (161–173) 170 (161–173) 0.55

Weight (kg) 77 (69–87) 78 (70–87) 76 (68–86) 0.46

BSA (m2) 1.9 (1.8–2.0) 1.9 (1.8–2.0) 1.9 (1.8–2.0) 0.63

SBP (mmHg) 133 (122–144) 132 (120–140) 135 (125–145) 0.18

DBP (mmHg) 72 (70–80) 73 (70–80) 70 (68–80) 0.06

Heart rate (bpm) 68 (61–76) 70 (62–78) 66 (60–74) <0.01

Type 2 diabetes mellitus 100 (19) 52 (18) 48 (20) 0.56

Hypertension 368 (69) 184 (63) 184 (76) <0.01

Heart failure 14 (3) 3 (1) 11 (5) 0.01

Myocardial infarction 63 (12) 28 (10) 35 (15) 0.08

Valvular disease 23 (4) 7 (2) 16 (7) 0.02

CHA2DS2-VASc score 4 (3–5) 4 (3–5) 5 (3–6) <0.01

CHARGE-AF score 4.6 (1.6–13.7) 3.2 (1.0–8.6) 7.5 (2.8–17.3) <0.01

Standard echocardiographic parameters

LAVI (mL/m2) 33.1 (26.5–40.1) 27.3 (22.6–30.9) 42.0 (37.3–47.8) <0.01

E velocity (cm/s) 67 (56–81) 67 (55–78) 69 (56–83) 0.13

A velocity (cm/s) 74 (59–91) 73 (60–89) 75 (58–92) 0.70

e0 (cm/s) 7.0 (5.5–8.5) 7.4 (5.9–9.0) 6.2 (4.9–8.0) <0.01

E/e0 9.5 (7.4–13.2) 8.8 (7.1–11.2) 11.1 (8.2–14.7) <0.01

LV mass index (g/m2) 92.3 (76.6–112.7) 85.3 (71.0–103.1) 101.2 (84.1–119.5) <0.01

LVEF (%) 61.8 (53.9–66.3) 62.5 (56.6–67.3) 61.0 (51.6–65.7) 0.02

Strain echocardiographic parameters

LA pump strain (%) 14.6 (12.0–17.3) 15.1 (12.9–17.9) 13.8 (10.4–16.7) <0.01

LA conduit strain (%) 16.1 (11.6–20.8) 17.3 (12.9–21.7) 14.5 (10.5–19.8) <0.01

LA reservoir strain (%) 31.9 (25.6–37.0) 33.3 (28.4–39.2) 29.3 (23.0–35.0) <0.01

GLS (%) -20.6 (-22.2 to -18.5) -21.2 (-22.5 to -19.2) -19.9 (-21.9 to -17.3) <0.01

Events during follow-up

AF 61 (11) 21 (7) 40 (17) <0.01

Data are expressed as median (interquartile range) or number (percentage).
AF, atrial fibrillation; BSA, body surface area; DBP, diastolic blood pressure; GLS, global longitudinal strain; LA, left atrium; LAVI, left atrial volume index; LV, left ventricle; LVEF,
left ventricular ejection fraction; SBP, systolic blood pressure.
aP-value compared with patients with normal and abnormal LA volumes.
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Medical Human Ethics Research Committee (HERC reference no.
H0015502).

Clinical variables
We obtained all relevant clinical variables from all patients to assess their
overall health status at baseline. Clinical parameters (physical characteris-
tics, medical history, cardiac risks, and baseline examination data) were
comprehensively assessed. Using these data, we computed the
CHA2DS2-VASc and CHARGE-AF scores. The CHARGE-AF score used
clinical parameters (age, race, height, weight, systolic and diastolic blood
pressure, current smoking, treatment of hypertension, diabetes, history
of myocardial infarction and heart failure, and electrocardiogram data) to
assess 5-year risk of AF.24

Echocardiographic assessment
All echocardiographic examinations were performed by experienced
sonographers using commercially available ultrasonography systems.
Standard echocardiographic parameters, measured according to the rec-
ommendations of guidelines,9,10 included LA volume, LV mass, and LV
systolic/diastolic function. LA volume and LV mass were indexed to body
surface area [LA volume index (LAVI) and LV mass index]. Normal LA
volume was defined as LAVI < 34 mL/m2.10

All strain parameters were assessed using speckle-tracking imaging
by an external third-party software programme (TomTec Imaging
Arena, Munich, Germany). After manual tracing of the LA and LV
endocardial border, the dedicated software automatically tracked the
myocardium throughout the cardiac cycle. All tracking was reviewed
to ensure that it was appropriate and a true representation of LA
and LV motion. GLS was measured using standard methodologies.20

LA pump, conduit, and reservoir strain were averaged from the apical
four-chamber and two-chamber views.16,25 The reference point for
image analysis was taken at the onset of the QRS complex (R-R gat-
ing).16,25 Patients without interpretable images, such as those with in-
complete strain measurements, were excluded from this study. In all
patients, conventional and strain parameters were obtained in sinus
rhythm at baseline.

Statistical analysis
All categorical variables are presented as frequencies and percentage, and
continuous variables are expressed as median and interquartile range.
Statistical significance of differences between the groups was assessed
using Student’s t-test for data with normal distribution, and the Mann–
Whitney U test was used for data that were not normally distributed. For
categorical variables, the v2 test or Fisher’s exact test was used, as appro-
priate. Simple linear regression was used to evaluate the associations be-
tween LA and LV strain. Univariable and multivariable Cox regression
analysis was used to assess independent association with newly diagnosed
AF. The independence and robustness of parameters were examined
using several models. Receiver-operating characteristic (ROC) curve ana-
lysis was performed on clinical and imaging predictors of AF, and the area
under the curve (AUC) was also calculated.

The incremental predictive values of LA and LV strain over clinical
and standard echocardiographic parameters were assessed using multi-
variable nested Cox regression models, comparison of AUCs, and re-
classification. In the nested Cox regression models, the incremental
values of LA and LV strain were assessed in two steps in overall and
subgroups (patients with normal and abnormal LA volumes). Covariate
selection for model entry was based on clinical experience and identifi-
cation of known correlates. The incremental values of LA and LV

strain for predicting AF were determined by calculating the improve-
ment in the global v2 statistic. ROC analyses were performed to com-
pare the strength of the models by comparisons of AUC.
Reclassification was evaluated to assess the incremental benefit of add-
ing GLS or LA strain to the model on the basis of baseline clinical and
standard echocardiographic parameters with net reclassification im-
provement (NRI). Finally, the optimal risk stratification for AF was
evaluated using a Classification and Regression Tree (CART) analysis in
patients with normal and abnormal LA volumes, respectively.

Reproducibility was assessed in 20 randomly selected patients. Inter-
and intra-observer variability were evaluated by having the same observer
and another experienced reader repeat the analysis, and they are
reported as inter-class correlation coefficients (ICCs).

All statistical analyses were performed using a standard statistical soft-
ware package [SPSS version 21 (SPSS, Chicago, IL, USA) and R version
3.5.0 (https://www.r-project.org)]. A P-value <0.05 was considered statis-
tically significant.

.................................................................................................

Table 2 Univariable Cox regression analysis for asso-
ciation with AF in all patients

Variables HR (95% CI) P-value

Clinical parameters

Age (years) 1.08 (1.06–1.11) <0.01

Female 1.33 (0.80–2.19) 0.27

Height (cm) 0.98 (0.96–1.01) 0.15

Weight (kg) 0.98 (0.96–1.00) 0.016

BSA (m2) 0.22 (0.07–0.71) 0.011

SBP (mmHg) 0.99 (0.97–1.01) 0.26

DBP (mmHg) 0.95 (0.92–0.98) <0.01

Heart rate (bpm) 0.98 (0.93–1.04) 0.50

Type 2 diabetes mellitus 1.10 (0.58–2.07) 0.78

Hypertension 2.34 (1.19–4.62) 0.014

Heart failure 7.10 (3.37–14.9) <0.01

Myocardial infarction 1.27 (0.723–2.23) 0.41

Valvular disease 3.53 (1.60–7.78) <0.01

CHA2DS2-VASc score 1.76 (1.48–2.09) <0.01

CHARGE-AF score 1.10 (1.07–1.13) <0.01

Standard echocardiographic parameters

LAVI (mL/m2) 1.04 (1.02–1.06) <0.01

E velocity (cm/s) 1.00 (0.99–1.01) 0.87

A velocity (cm/s) 1.01 (0.99–1.02) 0.30

e0 (cm/s) 0.73 (0.63–0.84) <0.01

E/e0 1.10 (1.06–1.15) <0.01

LV mass index (g/m2) 1.01 (1.00–1.02) 0.054

LVEF (%) 0.98 (0.96–1.00) 0.085

Strain echocardiographic parameters

LA pump strain (%) 0.78 (0.74–0.82) <0.01

LA conduit strain (%) 0.86 (0.83–0.90) <0.01

LA reservoir strain (%) 0.88 (0.85–0.90) <0.01

GLS (%) 1.24 (1.19–1.30) <0.01

AF, atrial fibrillation; BSA, body surface area; CI, confidence interval; DBP, diastol-
ic blood pressure; GLS, global longitudinal strain; HR, hazard ratio; LA, left atrium;
LAVI, left atrial volume index; LV, left ventricle; LVEF, left ventricular ejection
fraction; SBP, systolic blood pressure.
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Results

Patient characteristics and AF events
A total of 531 patients who underwent standard echocardiographic
and both LA and LV strain measurements were included in this study
(Table 1). Most patients had hypertension (69%) and high CHA2DS2-
VASc score [median 4 (3–5)], but most values for LA size, and LA
and LV function were within the normal range. Over a median of 36
(19–54) months following the presentation with a cryptogenic
stroke, AF was newly diagnosed in 61 patients (11%). The median
delay between the stroke event and diagnosis of AF was 7 (1–19)
months. Patients with AF had more risk factors of AF and worse LA
and LV function than those without (Supplementary data online,
Table S1). In patients with AF, the minimum CHARGE-AF score was
2.1 (Supplementary data online, Figure S1).

Predictive value of standard and strain
echocardiographic parameters for AF
In the univariable Cox regression analysis, AF was significantly associ-
ated with a variety of clinical and TTE parameters (Table 2).
Multivariable Cox regression analysis revealed that CHARGE-AF
score, LA pump strain, and GLS were independently associated with
AF (Table 3). The robustness of these parameters was examined
using three different models, and all three variables had a consistently
significant association with AF in every model and hazard ratios were
similar (CHARGE-AF score, 1.05–1.08; LA pump strain, 0.83–0.85;
and GLS, 1.10–1.18, respectively). LA reservoir strain was not inde-
pendently associated with AF because of a collinearity between LA
reservoir strain and GLS (Supplementary data online, Table S2). The
predictive value of clinical and TTE parameters is summarized in
Supplementary data online, Table S3. The AUC for strain echocardio-
graphic parameters were higher than clinical and standard TTE

parameters. Importantly, the AUC for GLS (0.841) was comparable
to LA pump (0.825) and reservoir (0.851) strain.

Incremental predictive value of LA and
LV strain
ROC analysis for the association with AF showed that the AUCs of
standard TTE parameters (LVEF, E/e0, and LAVI) plus one of each
strain (LA pump strain, LA reservoir strain, and GLS) models were
significantly better than that of the standard TTE model (Figure 1).
Moreover, the addition of GLS or LA pump strain to a risk classifica-
tion model based on clinical and standard TTE parameters
(CHARGE-AF score, LVEF, E/e0, and LAVI) led to further significant
reclassification improvements (adding GLS, NRI = 0.264; P < 0.01 and
adding LA pump strain, NRI = 0.221; P < 0.01, respectively)
(Supplementary data online, Table S4). Finally, we assessed sequential
Cox models for the prediction of newly diagnosed AF (Figure 2).
Figure 2A revealed that the initial model based on clinical and standard
TTE parameters (CHARGE-AF score, LVEF, E/e0, and LAVI) was sig-
nificantly improved by the addition of LA pump strain and further
improved by adding GLS. Interestingly, the same initial model was
also significantly improved by the addition of GLS and further
improved by adding LA pump strain (Figure 2B).

The priorities of LA and LV strain for AF
risk screening in patients with and
without LA enlargement
We also conducted a subgroup analysis between patients with nor-
mal and abnormal LA volumes. Patients with abnormal LA volumes
were older and had more risk factors of AF and worse LA and LV
function than those with normal LA volumes (Table 1). The incidence
rate of AF was significantly higher in patients with abnormal LA vol-
umes than those with normal LA volumes. In the subgroup analysis,

.............................................. .............................................. ..............................................

....................................................................................................................................................................................................................

Table 3 Multivariable Cox regression analysis for association with AF in all patients

Variables Model 1 Model 2 Model 3

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Clinical parameters

Female 1.15 (0.68–1.94) 0.60 1.11 (0.60–2.06) 0.74

CHARGE-AF 1.05 (1.05–1.11) <0.01 1.08 (1.04–1.12) <0.01 1.07 (1.03–1.11) <0.01

LA parameters

LAVI (mL/m2) 0.99 (0.98–1.01) 0.54 1.00 (0.98–1.03) 0.84

LA pump strain (%) 0.85 (0.77–0.93) <0.01 0.83 (0.77–0.90) <0.01 0.83 (0.77–0.90) <0.01

LA reservoir strain (%) 0.99 (0.93–1.04) 0.59

LV parameters

e0 (cm/s)

E/e0 1.01 (0.96–1.06) 0.72 1.01 (0.95–1.07) 0.77

LV mass index (g/m2)

LVEF (%) 1.04 (1.00–1.07) 0.026 1.04 (1.01–1.07) 0.018

GLS (%) 1.10 (1.02–1.18) 0.017 1.18 (1.08–1.28) <0.01 1.18 (1.08–1.29) <0.01

Model 1 adjusted with clinical (gender and CHARGE-AF score) and LA echocardiographic (LAVI and LA reservoir strain) parameters.
Model 2 adjusted with clinical (gender and CHARGE-AF score) and LV echocardiographic (E/e0 and LVEF) parameters.
Model 3 adjusted with multi mixed parameters (CHARG-AF score, LAVI, E/e0 , and LVEF).
CI, confidence interval; GLS, global longitudinal strain; HR, hazard ratio; LA, left atrium; LAVI, left atrial volume index; LV, left ventricle; LVEF, left ventricular ejection fraction.
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the independent association of each parameter was evaluated using
five different models (Supplementary data online, Table S5). In
patients with abnormal LA volumes, GLS and LA pump strain had
consistently significant association with newly diagnosed AF in every
model. However, in patients with normal LA volumes, GLS was not
an independent predictor for AF and only LA pump strain was signifi-
cantly and independently associated with AF. Supplementary data on-
line, Table S3 shows the results of ROC curve analysis in patients with
normal and abnormal LA volumes. Interestingly, in patients with nor-
mal LA volumes, AUC for CHARGE-AF was higher than any other
imaging parameters. On the other hand, AUC for GLS was the high-
est in patients with abnormal LA volumes. Supplementary data on-
line, Figure S2 shows a series of nested Cox proportional hazards
models to evaluate the incremental prognostic values of GLS or LA
pump strain over CHARGE-AF, and either of LVEF, E/e0, LA reservoir
strain, and GLS or LA pump strain in both subgroups. All these mod-
els were significantly improved by the addition of GLS and LA pump
strain in patients with abnormal LA volumes (Supplementary data on-
line, Figure S2B). However, GLS provided no incremental value, and
only LA pump strain had an incremental predictive value for AF in
patients with normal LA volumes (Supplementary data online, Figure
S2A). In addition, we assessed ROC analysis and reclassification in

both subgroups (Figure 3 and Supplementary data online, Tables S6
and S7). In patients with normal LA volumes, only LA pump strain
had an incremental predictive value for AF over standard TTE param-
eters (Figure 3A and Supplementary data online, Table S6). On the
other hand, in patients with abnormal LA volumes, GLS also had an
incremental predictive value as well as LA strain (Figure 3B and
Supplementary data online, Table S7). Finally, we assessed the priority
of both LA and LV strain after standard TTE evaluation for AF risk
screening using CART analysis in subgroups (Figure 4). In patients
with normal LA volumes, the first node was LA pump strain, and the
second nodes were both GLS (Figure 4A). With LA enlargement, the
first node was GLS and the second nodes were both LA pump strain
(Figure 4B).

Reproducibility
The ICC value for intra-observer variability for GLS, LA pump strain,
and LA reservoir strain were 0.95, 0.96, and 0.90, respectively. Those
ICC values for inter-observer variability were 0.82, 0.95, and 0.86,
respectively.

Discussion

This analysis identified that both LA and LV strain assessed by
speckle-tracking were significantly and independently associated with
AF in patients with cryptogenic stroke. Moreover, both strains pro-
vided the incremental predictive value over clinical and standard TTE
parameters and the other measurement of strain. Interestingly, pre-
dictive value of both strains was different between patients with and
without LA enlargement at the time of TTE screening. LA strain was
more useful than LV strain in patients with normal LA volumes, while
LV strain was more useful than LA strain in patients with abnormal
LA volumes. This study also identified that the contribution of echo-
cardiographic screening was limited in patients with very low risk of
AF (CHARGE-AF score < 2.1), so additional strain measurement
may be unnecessary in these patients.

Biomarkers for risk stratification of AF
The causes of AF are multifactorial, so a comprehensive assessment
is necessary for the risk stratification for AF. In addition to a variety of
clinical scores,24,26 LA and LV structural and functional abnormalities
have been used as predictors for AF.4–6,17,18,21,22 Generally, LA
parameters have been accepted as the most powerful predictors,
with recent studies demonstrating that LA strain can detect impair-
ment of LA function without LA enlargement and has incremental
predictive value for AF over LA enlargement in a variety of cardiac
conditions.16–19 In contrast, despite the role of LV dysfunction as an
established predictor for AF, previous studies have not reported an
association of LVEF with AF. This finding may reflect the insensitivity
of LVEF for mild LV systolic dysfunction. However, we can now as-
sess subclinical LV dysfunction using speckle-tracking, and GLS has
powerful prognostic value even if LVEF is preserved.13,15 Recent
studies have suggested GLS to be an independent predictor of
AF.21,22 The present study firstly investigated a comparison of both
strains for the risk stratification of AF, and identified that GLS was in-
dependently associated with AF and provided incremental predictive
value over clinical and LA parameters, including LA strain.

Figure 1 Results of receiver-operating characteristic curve ana-
lysis for prediction newly diagnosed AF in all patients. AF, atrial fibril-
lation; AUC, area under the curve; GLS, global longitudinal strain;
LA, left atrium; LAVI, left atrial volume index.
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Close relationship between LA and LV
mechanics
There is a close interplay of LA and LV mechanics because LA func-
tion is influenced mainly by LV systole and relaxation.25,27–30 Barbier
et al.27 investigated the determinants of LA reservoir function using
an animal model, and verified that LA reservoir function was influ-
enced by LV long-axis shortening. Furthermore, in 843 patients with
acute myocardial infarction, Ersboll et al.28 identified the strong cor-
relation between LA reservoir strain and GLS. The results of our
study was consisted with previous findings (Supplementary data on-
line, Table S2), which suggested that LA reservoir strain as the reflec-
tion of LV longitudinal function. On the other hand, LA pump
function is less dependent on LV mechanics.12,27,30 Indeed, LA pump
strain was independent of GLS in this study (Supplementary data on-
line, Table S2). That was because we attempted to highlight the im-
portance of LA pump strain in this study despite of the fact that most
previous studies focused on LA reservoir strain.

Comparison of predictive values between
LA and LV strain
The present study revealed that usefulness of both strain measure-
ment was different depends on existing LA enlargement. In patients
with LA enlargement, AF was thought to be mainly caused by LA
remodelling associated with LV dysfunction because these patients
had more traditional AF risks and worse LV function than those with

normal LA volumes. That is why priority of GLS was superior to LA
pump strain in this subgroup. On the other hand, only LA pump strain
not GLS was significantly associated with AF in patients without LA
enlargement. In this subgroup, their LV function was completely pre-
served at the study point, so predictive value of GLS was limited. In
addition, some patients in this subgroup might have an atriopathy as
the cause of AF (called as lone AF) because these patients were
younger and had less risk factors than those with LA enlarge-
ment.19,31 Hubert et al.19 compared LA and LV function between
patients with lone AF and healthy controls and identified that there
was no significant difference of LVEF and GLS between two groups.
Hence, LA strain, rather than GLS was strongly associated with AF.
Our results are consistent with these findings. Moreover,
Wijesurendra et al.31 proposed that lone AF may be a tissue-specific
manifestations of upstream idiopathic cardiomyopathy and AF con-
tributes to make LV function worse via adverse haemodynamics.
These findings suggest that LA strain, not LV strain should be assessed
when the aetiology of AF is suspected to be atriopathy.

Clinical implications
We summarized our findings as a flowchart for risk stratification of
AF in Figure 5. At the first place, our results suggested that TTE evalu-
ation is not always essential for risk stratification of AF because no AF
occurred in patients with very low AF risk (CHARGE-AF score <
2.1). There has been an ongoing increase the use of echocardiog-
raphy,32,33 which has led to increasing healthcare cost and more

Figure 2 Results of sequential Cox models for the prediction of newly diagnosed AF. (A) The initial model based on clinical and standard TTE
parameters was significantly improved by the addition of LA pump strain and further improved by adding GLS. (B) The same initial model was also sig-
nificantly improved by the addition of GLS and further improved by adding LA pump strain. AF, atrial fibrillation; GLS, global longitudinal strain; LA,
left atrium; LAVI, left atrial volume index; LVEF, left ventricular ejection fraction.
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.
burden on cardiologists and sonographers. Our strategy may contrib-
ute to control overuse of TTE and to improve patients care. When
patients have considerable AF risk, TTE screening can provide incre-
mental information for predicting AF over clinical risks. The flowchart
shows the more effective and efficient TTE strategy for risk stratifica-
tion of AF based on our results. Importantly, although GLS provided
no incremental value in the patients with normal LA volumes, its pre-
dictive value was comparable to LA strain. The assessment of GLS is
better established and less time consuming than LA strain, so GLS
may be an alternative to LA strain in patients with inability to acquire
interpretable LA images or assess LA strain. Long-term remote moni-
toring for AF is now possible using mobile technologies and implant-
able recorders, so the selection of patients for these tests may be
facilitated by our findings.

Study limitations
There are several study limitations to be addressed. First, the pres-
ence study was conducted using a very specific cohort of patients
with cryptogenic stroke, so this selection bias may influence external
validity in other settings. Further studies using other cohort are
needed. In addition, the cut-off values provided by CART analyses in
each parameter also need to be externally validated in further stud-
ies. Second, for detection of AF during follow-up, most patients were
monitored using conventional methods without implantable cardiac

monitors in this cohort (only two AF events were detected by
implantable cardiac devices). Although our incident rate was similar
to previous studies,34 recent studies demonstrated that detection
rates of AF followed using implantable cardiac monitors were higher
than those using conventional monitoring in patients with cryptogen-
ic stroke.34,35 Thus, the number of AF cases is likely underestimated.
Finally, strain imaging, like other imaging techniques, is operator-
dependent. However, strain computation was feasible in 87% of
echocardiograms. We analysed LA strain using software for evaluat-
ing the LV, but the difference between vendors and few dedicated
atrial strain packages should be considered.

Conclusions

Both LA and LV strain are significantly and independently associated
with AF and can provide incremental predictive value over clinical
and standard echocardiographic parameters in patients with consid-
erable AF risk.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.

Figure 3 Results of receiver-operating characteristic curve analysis for prediction newly diagnosed AF in patients with normal LA volumes
(LAVI < 34 mL/m2) (A) and patients with abnormal LA volumes (LAVI >_ 34 mL/m2) (B). AUC, area under the curve; GLS, global longitudinal strain;
LA, left atrium; LAVI, left atrial volume index; LVEF, left ventricular ejection fraction.
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Figure 5 The AF risk stratification strategy using clinical and echocardiographic findings. AF, atrial fibrillation; LA, left atrium; LAVI, left atrial volume
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