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Abstract 

Background. The ageing population, greater survival following acute myocardial infarction and a 

greater prevalence of risk factors have all contributed to the emerging epidemics of Atrial Fibrillation 

(AF) and Heart Failure with Preserved Ejection Fraction (HFpEF). At the same time, the landscape of 

cardiovascular imaging has shifted from echocardiography alone to one of multi-modality imaging. The 

combination of these developments has contributed to an increase in inappropriate use of cardiac 

investigations which, in its own right is an iatrogenic cardiovascular epidemic. An understanding of 

how best to utilise these technological advances with respect to optimal management of AF and HFpEF 

requires an evaluation of literature and experimental evaluation of their respective utilities.  

Hypothesis. The integration of advances in echocardiography (such as myocardial strain), Cardiac 

Computed Tomography (CT) and Cardiac Magnetic Resonance (CMR) into current diagnostic 

pathways will improve our ability to evaluate presence of disease, enable comprehensive 

characterisation of both AF and HFpEF and also enable prognostication of future events.   

Aims. I seek to determine the roles of Echocardiography, Cardiac CT and CMR with respect to AF and 

HFpEF. I also aim to use imaging advances to address the epidemic of inappropriate use. The goal of 

this thesis is to determine how advances in cardiac imaging can be integrated to improve management 

of cardiovascular epidemics both clinical (AF and HFpEF) and systemic/iatrogenic (inappropriate use) 

Methods. I have divided my PhD thesis into 3 interconnected parts with each part informing the next. 

Firstly I present a review of current imaging modalities, recent advancements and their roles in the 

management of AF and HFpEF.  

Having reviewed the landscape of current advances and how they may contribute to management of 

the current epidemics of HFpEF, AF, in part 2, I seek to address some barriers and limitations: 

1.) Availability, cost and speed of CMR,  

2.) The limitations of CMR in evaluating diastolic function in HFpEF 

3.) The need to assess atrial function non-invasively and predict AF using atrial strain 

Which is currently limited by 

a.)  by a lack of consensus on normal references ranges for atrial strain 

b.) A lack of understanding about inter vendor and inter modality differences 
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Finally, in part 3, informed by the literature reviews and validation data, I seek to employ 2 advances 

(namely, atrial strain and Hand Held ultrasonography (HHU)) to demonstrate improved efficiency 

based on information gained, improved service delivery and reduced cost. 

 All statistical analysis was performed on IBM SPSS Statistics version 24 (SPSS, Chicago, IL, USA), 

R (The R project) and correlation/ Bland-Altman plots were created on MedCalc® Version 

17.9.7(MedCalc Ostend, Belgium). 

Results.  

First, the literature reviews show that in addition to the existing role of echocardiography there is a 

growing body of evidence for the role of Cardiac CT in the management of AF and an underutilised 

role for CMR in the diagnosis, phenotyping and management of HFpEF. Furthermore, HHU 

epitomises efficiency and illustrates that advancement need not involve bigger and more expensive 

machines but may evolve to small and technically sound devices which are well validated and can be 

applied to various clinical scenarios. 

Second, the meta-analysis of left atrial strain demonstrates a normal reference range for 3 components 

of atrial strain - Reservoir Strain, Conduit Strain and Contractile Strain, despite marked heterogeneity 

in published studies. It explores the contributors to heterogeneity. The meta-analysis also highlighted 

a distinct lack of inter vendor comparisons and complete lack of validation studies.  

Third, left atrial reservoir strain is a robust marker of left atrial function which shows good- excellent 

intervendor and intermodality correlation. Contractile strain however showed modest to good 

intervendor and intermodality correlation.  

Fourth, a rapid CMR protocol utilizing radial spatial encoding and non-linear reconstruction 

protocols can image the entire left ventricle within 2 breath holds and shows excellent correlation with 

the current reference standard for left ventricular measures and modest to good correlation for right 

ventricular measures. 

Fifth, CMR shows reasonable correlation with echocardiography with respect to the diastolic indices 

of E/A, e’ and E/e’, however the results need to be validated against an invasive measure of diastolic 

function.  
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Sixth, atrial strain is the best echocardiographic predictor for atrial fibrillation following cryptogenic 

strokes. Furthermore atrial strain adds independent and incremental diagnostic value to the current risk 

prediction algorithms used to predict AF. 

Seventh, HHU can be an effective selection strategy which reduces inappropriate echocardiograms 

performed, reduces cost, improves time to scan and does not compromise diagnostic accuracy. 

Conclusions: 

Advances in echocardiography and CMR enable a multi-modality approach to AF and HFpEF. As I 

have demonstrated, the incorporation of such technologies requires fulfillment of certain steps which 

include validation (left atrial strain validation), description of normal references ranges (meta-analysis) 

and experimental evidence demonstrating performance relative to existing modalities and reference 

standards (diastolic CMR, rapid CMR and atrial strain validation). These advances add to current 

diagnostic algorithms (atrial strain), expand the functionality of existing modalities (diastolic CMR) and 

improve the technical efficiency by improving speed of imaging (rapid CMR). Finally, I have 

experimentally applied 2 imaging advances (atrial strain and HHU) in clinical scenarios in a 

retrospective observational study and a prospective study with case controls. In both cases the imaging 

advances provided either independent and incremental diagnostic information over and above existing 

clinical and imaging pathways (atrial strain for predicting AF) or equivalent diagnostic information at 

a considerably lower cost and resulted in improvements of resource allocation. These final 2 studies put 

into practice knowledge from literature reviews and the knowledge gained from part 2 of the thesis to 

demonstrate technical, productive and allocative efficiency. 
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Aims 

 

The aims of this thesis are: 

 To review current landscape of literature focusing on the role of cardiovascular epidemics in 

the management of AF and HFpEF  

 Demonstrate normal reference ranges for left atrial strain using meta-analysis 

 Validate left atrial strain across vendors and modalities  

 Improve speed of CMR assessment 

 Determine if diastolic dysfunction could be evaluated on CMR using echocardiographic 

techniques 

 Examine how various components of LA strain could be used to predict AF 

 Apply advances in HHU to the epidemic of inappropriate use 

The goal of this thesis is to determine the role of advance cardiovascular imaging in the management of 

AF and HFpEF and inappropriate use.
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Abbreviations 

American Society of Echocardiography ASE 

Appropriate Use Criteria AUC 

Body surface area BSA 

Breath held BH 

Cardiac computed tomographic angiography CTA 

Cardiovascular CV 

Cardiovascular Disease CVD 

Cardiovascular Magnetic Resonance Imaging CMR 

Chamber CH 

Classification and Regression Tree CART 

Computed Tomography CT 

Conduit strain ECD 

Contractile strain ECT 

Coronary Artery Disease CAD 

Coronary Flow Reserve CFR 

Coronary flow reserve CFR 

Extra Cellular Volume ECV 

Feature Tracking FT 

Hand held ultrasonography/echocardiography HHU 

Heart Failure HF 

Heart Failure with preserved Ejection Fraction HFpEF 

Heart Failure with reduced Ejection Fraction HFrEF 

Hypertrophic Cardiomyopathy HCM 

Ischaemic Heart Disease IHD 

Late Gadolinium Enhancement LGE 

Left atrial appendage LAA 

Left atrial volume LAV 

Left atrium LA 

Left ventricular end diastolic volume LVEDV 

Left ventricular end systolic volume LVESV 

Left ventricular mass LVM 

Magnetic Resonance Imaging MRI 

Non liner inverse NLINV 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses PRISMA 

Pulse Wave Velocity PWV 

Real-time RT 

Reservoir strain ER 

Right Ventricular Dysfunction RVD  

Right ventricular end diastolic volume RVEDV 

Right ventricular end systolic volume RVESV 

Speckle Tracking Echocardiography STE 

steady state free precession SSFP 

Trans oesophageal echocardiography TEE/ TOE 

Transthoracic echocardiogram/ echocardiography TTE 

Two dimensional 2D 

Velocity encoded venc 
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1 Introduction 
 

By 2030 those over 65 will form 20% of the population and cardiovascular disease (CVD) will 

be the leading cause of death and disability 1. The burden of the ageing population is 

disproportionally felt in the field of cardiology which accounts for 30.3% of the chronic 

disease burden world-wide and in 49.2% in high income countries2. 

In USA the direct and indirect costs are estimated to reach $1 trillion by 20353. In Australia 

the Australian Bureau of Statistics projects that people 65 and over will make up 21% of the 

total population. Cardiovascular disease (CVD) (including heart disease, stroke and peripheral 

vascular disease) affects 18% of those between 65-75 years and 30% of those aged over 75 

years. The costs in Australia for CVD are currently $12 billion (2012-2013) and projected to 

increase to $22 billion by 2032-20334. 

Despite advances in preventative and interventional therapy and a decrease in the incidence of 

myocardial infarction world-wide, CVD continues be the leading population burden. This 

paradox is explained by the ageing population and improved survival with chronic disease. 

Prevalence of CVD is a function of incidence and duration2. The growth of atrial fibrillation 

(AF) and heart failure (HF) strongly contributes to the growth of CVD burden, and have been 

described as CV epidemics. These two diseases are strongly associated with age and are also 

a by-product of the increased survival from ischaemic heart disease (IHD).  

In parallel to the greater burden of disease imposed by the ageing population, the field of 

cardiovascular imaging has seen an explosion in the diagnostic modalities available. Each of 

these imaging domains (echocardiography, cardiac and coronary computed tomography [CT] 

and cardiac magnetic resonance imaging [CMR]) have strengths and weaknesses which render 

one or more suitable for the evaluation of cardiac structure, function or prediction of 

cardiovascular events. The CV epidemics pose challenges that can be addressed by imaging, 

including risk stratification, diagnosis, surveillance, guiding medical and interventional 

decisions and post event/procedure surveillance (Figure 1.1).  The non-invasive nature of these 
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modalities allows them to be applied at multiple stages of a patient’s disease course, but it is 

unclear which should be applied at what stage. 

The burgeoning field of non-

invasive cardiovascular 

imaging also has resulted in an 

iatrogenic cardiovascular 

epidemic of inappropriate use 

and over use. Inappropriate use 

and over use of cardiovascular 

investigations is a costly 

problem. The imaging 

payments to cardiologists have 

increased from 1.6 billion USD to 5.1 billion USD between 2000 and 2010 (figure 1.2)5. 

Despite the introduction of the Appropriate use Criteria (AUC) 6 and the “Choose Wisely” 

initiative - inappropriate use remains a costly problem7,8. Understanding the decision making 

process of the ordering physicians and addressing concerns is necessary. There are systemic, 

personal and guideline based reasons for ordering tests9. Physicians have cited diagnostic 

uncertainty, concerns about malpractice and patient expectations as reasons which drive 

inappropriate use9. These personal concerns have some merit as 17% of inappropriate studies 

have new important transthoracic echocardiography (TTE) abnormalities 10 and 22% of rarely 

appropriate tests resulted in an active change in management11. 

 

Figure 1.1 Factors determining choice of imaging modality 

 

The choice of imaging modality is influenced by patient, disease and health 
care system factors. A patient’s frailty, comorbidities index and preferences 

will influence choice of modality. Similarly the disease state (AF, HF, IHD), 

purpose (prediction, prognostication, follow up) will also influence choice of 
modality and finally health care system issues (access, cost , expertise) dictate 

which modality is utilised. AF atrial fibrillation, HF heart failure, IHD 
ischaemic heart disease 



Chapter1 Introduction  25 

 

25 

 

In the face of clinical and 

iatrogenic epidemics it is not clear 

how best to navigate and utilise 

the current developments in 

cardiovascular imaging. 

A coherent, efficient and cost 

effective strategy to utilise and 

discriminate between these 

imaging domains, to facilitate the 

management of the cardiovascular 

epidemics is unclear. There are patient factors which are exemplified in the elderly such as 

frailty, comorbidities and the need for shared decision making. There are however, also cost 

and access issues. Any imaging investigation performed needs to extract the maximum 

possible information relevant to the patient. Imaging pathways to streamline care are required 

to improve cost effectiveness, access and information gained per patient. This improves care 

for the individual patient and maximises the cost return for the health care system. With this 

in mind, advances in the imaging domains such as speckle tracking echocardiography (STE), 

cardiac CT and CMR offer new opportunities to extract clinically relevant information which 

may have been underutilised.  

The study of efficiency in health economics measures whether health care resources are being 

used to get the best value for money12. Three types of efficiency need to be considered: 1.) 

Technical efficiency is achieved when the maximum possible improvement in outcome is 

obtained from a set of resource inputs; 2.) Productive efficiency refers to the maximisation of 

health outcome for a given cost, or the minimisation of cost for a given outcome and finally 

3.) Allocative efficiency takes account not only of the productive efficiency with which 

healthcare resources are used to produce health outcomes but also the efficiency with which 

these outcomes are distributed among the community13.  

Figure 1.2. Medicare Part B Physician Payments for 

MPS, Echo, Cath, and ETT 

 

Current procedural codes: MPS = 78,465, Echo = 93,307, ETT = 93,015, 

Cath (left heart catheterization) = 93,510. Cath = cardiac catheterization; 
Echo = echocardiography; ETT = exercise tolerance testing; MPS = 

myocardial perfusion single-photon emission computed tomography. 
(Adapted from Shaw et al. JACC CVI 2010)5 
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Employing such concepts to cardiovascular imaging requires one to consider information 

gained from any investigation as the primary output/ outcome and the cost, resources, time 

and personnel required to conduct the investigation as the input parameters (resources 

required). 

Therefore advances which extract more information from current investigations (i.e. improve 

diagnostic yield or predictive ability) are examples of technical efficiency. Similarly advances 

which improve speed/ reduce scan time and/or reduce cost are examples of productive 

efficiency. Finally allocating correct tests for specific conditions, reassigning imaging 

modalities which are unutilized thus far to help manage difficult to characterise disease 

phenotypes and safely disinvesting from inappropriate investigations are all examples of 

allocative efficiency.  

In relation to the efficiency of cardiovascular imaging, I focus specifically on the two inter-

related CV epidemics which are over-represented in the ageing population: Atrial fibrillation 

and Heart Failure.  Furthermore I address a related, iatrogenic epidemic of over and 

inappropriate use.  

The purpose of this thesis is to address the following question; “How to best utilise cardiac 

imaging advances to facilitate management of cardiovascular epidemics?”  

 Epidemiology 
 

The lifetime risk of HF is >20%14, with even greater risk in the elderly and patients with HF 

risk factors. Clinical HF results in ~100,000 admissions/year and $1 billion spending in 

Australia15,16. In the community, approximately 50% of patients with HF have heart failure 

with preserved ejection fraction (HFpEF) 17. Several aspects of HF in the elderly warrant 

deeper consideration. First, this is a potentially predictable disease, and appropriate risk 

assessment may mean that it is preventable. Second, many such patients have HFpEF, the 

recognition of which is dependent currently on echocardiography 18. Although HFpEF is a 
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heterogeneous condition without a single specific therapy19, careful phenotyping can identify 

subgroups with effective responses to medical therapy20. 

AF is the most common cardiac arrhythmia. The life time risk of AF is 25% for men and 

women aged 40 years or older21. There has been a systematic increase in the global burden of 

AF from 1990 to 201022. AF increases the risk of stroke 5 fold and is responsible for 15- 30% 

of strokes23,24. The annual cost of AF in Australia is $ 1.25 billion25. There has been a 295% 

relative increase in AF hospitalisations over a period of 20 years. The burden of 

hospitalisations due to AF in Australia continues to demonstrate a relentless rise, and this 

increment is far greater than that of other common cardiovascular conditions including IHD 

and HF26. This rise mandates a revised approach to models of care including prediction, 

prevention and treatment of AF.  

 Basic physiology of Atrial Fibrillation and Heart Failure with 

preserved Ejection Fraction 
 

The heart is designed to be a conduit and a pump, with atrial and ventricular interplay being 

coordinated based on the underlying electrical rhythm which can be segmented according to 

patient’s electrocardiogram (ECG). For this purpose, the left atrium (LA) functions as a 

reservoir for pulmonary venous blood during systole, a conduit for pulmonary venous blood 

as it enters the left ventricle during early diastole and finally a pump in late diastole.  

HFpEF - Failure of the pump mechanism as a result of impaired systolic or diastolic function 

results in elevated left ventricular pressures, elevated LA pressures and pulmonary congestion 

as well as impaired cardiac output. Heart failure may result from systolic or diastolic 

dysfunction. Systolic dysfunction is assessed universally using left ventricular ejection 

fraction (LVEF) - the difference between left ventricular end diastolic volume and left 

ventricular end systolic volume divided by left ventricular end diastolic volume (LVEDV- 

LVESV)/ LVEDV. A value below 40% is consistent with heart failure with reduced ejection 

fraction (HFrEF). If the ejection fraction is >50%, patients are classified as heart failure with 
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preserved ejection fraction (HFpEF) and an EF of 40-49% as heart failure with mid-range 

ejection fraction (HFmrEF) 27. HFrEF is broadly sub categorised based on aetiology to 

ischaemic and non-ischaemic28. 

The pathophysiology of HFpEF is more complex than HFrEF and can be due to various causes 

including systemic and vascular inflammation, fibrosis, micro and macrovascular ischaemia, 

pulmonary hypertension, ventriculo arterial uncoupling, chronotropic incompetence and 

cardiovascular senescence29. The end result is an inability to augment cardiac output relative 

to demand and increased left ventricular end diastolic pressures which result in increased 

dyspnoea and poor exercise tolerance. 

AF - Atrial fibrillation is an irregular cardiac rhythm where there is disorganised electrical 

activity in the LA which is variably transmitted via the atrio-ventricular node resulting in a 

fast irregular heart rate. It is associated with a significantly higher risk of cerebrovascular 

accidents (CVA). Furthermore, AF is mechanistically associated with HF. Increased left 

ventricular end diastolic pressure results in elevated LA pressure. Chronically elevated LA 

pressures results in LA remodelling, dilatation and scarring which then form substrates for AF. 

This architectural disarray leads to ectopic atrial firing, single or multi focal re-entry which is 

the driver of the AF (Figure 1.3)30. AF initially presents in the paroxysmal form, progressing 

to persistent AF and finally permanent AF. Early in the paroxysmal phase thromboembolic 

sequale may manifest and yet be temporally dissociated with the AF. This results in under 

recognition and under treatment. Up to 30% of cryptogenic strokes are associated with AF24. 
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The mechanistic association between 

AF and HFpEF are complex. Firstly 

both AF and HFpEF share common 

risk factors: Older age, hypertension, 

obesity and diastolic dysfunction31. AF 

worsens the prognosis of heart failure 

and ablation of AF improves 

prognosis32. The prevalence of HFpEF 

in AF ranges from 8-24% and the 

prevalence of AF in HFpEF ranges 

from 21-33% 31. Inflammation may be 

a shared driver for the HFpEF and AF 

clinical syndromes and explain the 

significant overlap33. The underlying mechanistic links between AF and HFpEF are illustrated 

in figure 1.431. In principle the underlying systemic inflammation, neurohormonal activation, 

endothelial dysfunction and chronotropic incompetence drive both HFpEF and AF. The 

Figure 1.3. Principal atrial fibrillation (AF)–

maintaining mechanisms.  

 

A, Local ectopic firing. B, Single-circuit reentry. C, Multiple-

circuit reentry. D, Clinical AF forms and relation to mechanisms. 

Paroxysmal forms show a predominance of local triggers/drivers, 

particularly from pulmonary veins (PVs). As AF becomes more 

persistent and eventually permanent, reentry substrates (initially 

functional and then structural) predominate. RA indicates right 

atrium; SVC, superior vena cava; LA, left atrium; and IVC, 

inferior vena cava. Adapted from and Iwasaki et al30 

 

Figure 1.4. Pathophysiology and Shared Mechanisms in HFpEF and AF  

 

Common mechanisms involved in HFpEF, AF, and the combination of these conditions. ANP = atrial natriuretic 

peptide; LV = left ventricular; RAAS = renin-angiotensin-aldosterone system Adapted from Kotecha et al30 
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elevated left ventricular end diastolic pressures and mean LA pressures function to maintain 

AF. Specifically, 3 components of diastolic dysfunction contribute to creating the necessary 

preconditions and ongoing drivers for AF. These are 1.) Increased atrial afterload, 2.) Atrial 

preload and stretch and 3.) Atrial wall stress34. 

1.) Increased atrial afterload may be pro arrhythmic in the short term by impacting atrial 

repolarization and chronically leads to atrial fibrosis.34 

2.) Elevated LA filling pressures demonstrated by pseudonormal or restrictive diastolic 

filling patterns are associated with AF. Physiologically the greater filling pressures are 

transmitted back to the LA- the greater preload leads to atrial dilatation causing atrial 

stretch which increases the likelihood of developing AF34 

3.) Based on LaPlace’s law increase in LA diameter is associated with a linear increase 

in wall tension and atrial wall stress. To compensate for these demands the LA can 

generate increased extra cellular matrix. The increasing LA size and corresponding 

increase in fibrosis forms the ongoing substrate for AF34. 

AF causes further remodelling of the LA and a loss of atrial kick which contributes to 

dyspnoea. The shared mechanisms and coexistence of AF and HFpEF also presents a challenge 

when attempting to attribute symptoms to AF or HFpEF and complicates the 

echocardiographic diagnosis of diastolic dysfunction.  

 Current role of cardiovascular imaging in AF and HFpEF 
 

The current diagnostic approach to AF and HFpEF is heavily influenced by echocardiography. 

Echocardiography is important in initial work up, to determine therapy and for follow up. 

Cardiac MRI, Cardiac CT and advances in imaging such as speckle tracking have not been 

widely adopted clinically for use in AF or HFpEF. 
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 Echocardiography in HFpEF 
The diagnosis of HFpEF syndrome is defined by the presence of heart failure signs and 

symptoms with a LVEF > 50%, elevated natriuretic peptides and at least one additional 

criterion such as relevant structural heart disease or diastolic dysfunction28. Echocardiography 

therefore plays 2 central roles. The first is determining LVEF and the second involves 

determining presence and severity of diastolic dysfunction. Various methods have been 

proposed to evaluate diastolic 

dysfunction in current guidelines35. 

The key components involved in 

grading the severity of diastolic 

dysfunction are: 1.) LA volume, 2.) 

Septal and lateral e’ velocity, 3.) 

Average E/e’ and 4.) Tricuspid 

regurgitation jet velocity. A 

combination of the above is used to 

determine presence and severity of 

diastolic dysfunction (Figure 1.5)35.  

Advances in imaging pertaining to CMR have the potential to provide insights about specific 

disease states which manifest the HFpEF clinical syndrome, improve precision of 

measurement provide mechanistic insights pertaining to ischaemia (macro and microvascular), 

inflammation, fibrosis and atrioventricular coupling. 

 Echocardiography and Atrial Fibrillation 
Echocardiography has important roles in AF. Firstly the transthoracic echocardiogram (TTE) 

allows calculation of LA size, systolic and diastolic function and determines presence and 

severity of valvular pathology. Transesophageal echocardiography (TEE) is usually performed 

before procedures, and is necessary for higher resolution and unobstructed views of the left 

atrium required to exclude LA and LA appendage (LAA) thrombus, spontaneous 

echocardiographic contrast and evaluate LA appendage emptying velocities36. Both modalities 

Figure 1.5. Assessment of diastolic function.  

 

Adapted from Nagueh et al34. 
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play a crucial role in determining the presence of coexisting or interdependent pathology 

which may dictate ongoing clinical management. 

Advances in speckle tracking echocardiography (STE), CT and CMR have the potential to 

facilitate the prediction of AF in patients where it has not manifested, determine likelihood of 

recurrence following cardioversion or ablation therapy, determine presence of thrombus or 

cardioembolic sources and prognosticate risk of embolism. 

 Limitations of current approach 
 

Echocardiography is the primary cardiac imaging modality used in both HFpEF and AF. 

Advances in echocardiography such as speckle tracking are not routinely employed. Currently 

neither Cardiac CT nor Cardiac MRI are employed for evaluating HFpEF or AF. Reliance on 

echocardiographic measures of diastolic dysfunction is complicated by the fact that diastolic 

dysfunction may be present in patients who do not have HFpEF and absent in those with 

HFpEF and predominantly exertional symptoms37,38. Furthermore TTE is unable to 

characterise the underlying pathophysiological mechanisms which drive the HFpEF clinical 

syndrome such as inflammation, fibrosis and microvascular ischaemia. 

The specific ejection cut-offs for HFpEF and HFrEF require precision and reproducibility. The 

current gold standard for quantification of ejection fraction is CMR, which has superior 

reproducibility compared to echocardiography39. 

Loading conditions have an impact on all measures of volumetric and functional assessment. 

Genovese et al. modulated preload by controlled tilt maneuvers and showed that almost all 

measures of cardiac volume and function including (LA volume, LV volume, A velocity, E 

velocity, e’ velocity) were significantly decreased with progressive change in preload40.  

This load dependency may in part explain why between 31% - 34% of patients in HFpEF 

studies (I-Preserve and TOPCAT) did not have echocardiographic evidence of diastolic 

dysfunction41,42. 
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Finally the high prevalence of AF in HFpEF limits the use of guideline recommended 

parameters for the evaluation of HFpEF by echocardiography35. Diagnosis of HFpEF in the 

setting of AF requires a combination of multiple heterogeneous parameters which may be 

discordant and require multiple measurements to account for the beat to beat variability 

inherent to AF43. While some complexity is inevitable, the need exists for a less complex 

unidimensional parameter which could be implemented across all stages of HFpEF 

irrespective of the presence or absence of AF.  

Similarly there are challenges in predicting, diagnosing and preventing AF. Atrial fibrillation 

is paroxysmal and often difficult to detect. This intermittent nature results in clinical sequelae 

such as strokes or transient ischaemic attacks where AF is unrecognized and hence untreated. 

Despite the high prevalence of AF following cryptogenic strokes, the routine 

echocardiographic examination is unable to determine the plausibility that such an event was 

caused by AF. This is predominantly due to current TTE examinations not providing a reliable 

measure of LA function. 

Furthermore, in the presence of AF prior to cardioversion or interventional ablation or when 

one is evaluating cardioembolic sources, TEE is employed to detect LA clot, spontaneous 

echocardiographic contrast and relevant interrelated pathology. This is an invasive approach 

which is resource and personal intensive. Given the dramatic rise in AF hospital admissions, 

streamlining care to expedite discharge requires an examination of alternative imaging 

strategies which are applicable in emergent settings. The LA is the substrate for AF, however 

detecting early LA pathology is challenging using traditional echocardiographic imaging 

parameters such as LA volume, as LA dilation occurs late in the disease process. Preventing 

AF in at risk population might be facilitated by identifying early markers of left atrial 

dysfunction. 

Despite these limitations the appropriate and guideline mandated use of echocardiography in 

arrhythmias and heart failure is associated with a reduction in mortality44. Physicians 
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accordingly utilise and often over utilise the existing pathways as evidenced by significant 

variation in the use of echocardiography, independent of the population burden of 

cardiovascular disease. This variability in practice likely indicates both over and under use of 

echocardiography and raises concerns about inappropriate use45. Ensuring appropriate use 

requires the presence of a diagnostic safety net which is fast, cheap and able to identify 

important pathology. 

 

 Role of Advanced Cardiovascular Imaging 
 

Integrating advances in cardiac imaging may enable us to overcome some of the above 

limitations. The focus of this thesis is how best to incorporate current advances to achieve 

efficient care for patients with HFpEF or AF whilst simultaneously reducing the burden of 

inappropriate investigations. 

The imaging advances explored are speckle/tissue tracking, CMR and cardiac CT. Speckle 

tracking/ feature tracking derived LA strain offers a novel strategy to evaluate LA function, 

diastolic function and predict AF46-48. Atrial strain measures are also load dependent. However, 

Genovese et al. demonstrated that on paired post hoc analysis, the load relative change in 

reservoir strain was significantly smaller than that seen LA maximum volume. Given that 

assessment of LA volume underpins diagnosis and management of both HFpEF and AF, the 

demonstrated preload sensitivity raises significant concerns which may be addressed by LA 

strain40. 

Cardiac CT offers a non-invasive alternative for the detection of LA thrombus and clot in the 

setting of AF or when exploring for cardioembolic sources. CMR may contribute significantly 

to decoding the HFpEF clinical syndrome by improving precision of ejection fraction 

assessment and enabling phenotyping of the underlying mechanisms. HHU is a cheap, fast and 

portable strategy which may address the needs of physicians for a “gate keeper” investigation 

for inappropriate examinations. 
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 I explore the current evidence base pertinent to each modality and how it may facilitate 

management of AF and HFpEF and appropriate use. The 2nd chapter of this thesis expands 

upon methodology of echocardiography, cardiac CT, cardiac magnetic resonance and the 

technical aspects relevant to diagnosis. Chapter 2 also expands on the statistical tools used in 

the subsequent manuscript. 

The reminder of the chapters firstly explore the current literature with respect to AF, HFpEF 

and the roles of echocardiography, CT and MRI. I focus on barriers to adoption of speckle 

tracking in analysis of LA function including i.) Clarity regarding normal reference ranges and 

ii.) Validation of newer techniques and an understating of inter modality and inter vendor 

variability. Having demonstrated normal reference ranges and validated LA speckle tracking 

I go on to perform a retrospective observational study which evaluates the role of speckle 

tracking in predicting development of AF following cryptogenic strokes. 

Based on a literature review, I have demonstrated the importance of CMR in the evaluation of 

HFpEF. I go on to address 2 key barriers which have prevented the adoption of CMR with 

respect to HFpEF: i.) Diastolic function evaluation using CMR and ii.) Improving speed of 

CMR.  

Finally, given the functionality, diagnostic accuracy and application of HHU, I go on to 

perform a prospective study evaluating the impact of HHU on inappropriate echocardiography 

requests. In conclusion the aims of my thesis were: 

1.) To identify, review and critically analyse the cardiac imaging advances in the domains 

of echocardiography/ CT and MRI as they pertain to the current cardiovascular 

epidemics. 

a. Review Role of CMR in HFpEF 

b. Review Role of CT and Echocardiography in AF and searching for 

cardioembolic sources 
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2.) Address barriers to adoption of advances: 

a. Validate advances in these domains against current reference standards and 

determine normal reference ranges 

i. Determine normal reference ranges for LA strain 

ii. Validation of LA strain 

b. Improve speed and functionality of CMR 

i. Accelerated imaging with CMR a technical and validation study 

ii. Evaluating diastolic dysfunction of CMR by reverse engineering 

echocardiography derived markers. 

3.) Implement these advances (armed with validation studies and normal values) to 

improve the quality and quantity of diagnostic information obtained from these scans. 

Apply HHU to the problem of appropriate use. 

a. Use of Atrial Strain to Predict Atrial Fibrillation After Cerebral Ischemia 

b. Hand held ultrasonography as a gate keeper for inappropriate 

echocardiography requests 
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Chapter 2 

 

 

Methods 
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2 Methodology 

 Echocardiographic equipment 
 

TTE studies were performed on a number of machines Vivid 7, Vivid i and Vivid e9, Vivid 

e95 (General Electric, Wilwaukee, WI); ie33 (Philips, Bothel, WA). The TTE 2D DICOM 

measures from retrospective studies, were acquired from reports or remeasured when 

necessary data points were not available. In the prospective studies the TTE data was measured 

by a single user on one dedicated post processing software and a second user for interobserver 

variability assessment (EchoPac GE Health Medical, Horten, Norway). 

 Standard 2D echocardiography protocol 

 

All left and right ventricular measurements were performed according to standard guidelines 

presented by the American Society of Echocardiography (ASE)49. These included parasternal 

long axis and short axis views of the LV, LA focused views and subcostal images. Pulse and 

continuous wave spectral Doppler was performed on all patients. Spectral Doppler signal-

noise ratio was optimised to ensure a clear window. Measurements were not performed on 

beats which were post ectopic.  If patients presented in AF recordings were averaged, with 3 

beats measured. Measurements of the modal velocity were used. 

 Left side quantification 
LV mass was calculated according to the ASE 2D linear formula49. This was performed in the 

parasternal long axis view, measurements were indexed to body surface area (BSA) (DuBois 

equation). LVEF was measured from the Simpson’s biplane method from the apical 4- and 2-

chamber (CH) views. The endocardial border was manually traced in systole and diastole.  

Left atrial volume (LAV) measurements were performed from the apical 2- and 4- chambers 

(area-length method) in ventricular systole 49.Spectral Doppler measures were performed with 

pulsed wave Doppler, with the sample volume placed at the mitral valve leaflets. Peak 

velocities of the mitral valve early (E) and late (A) diastolic filling were derived from the 
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transmitral inflow pattern. Mitral valve deceleration time was measured as the modal velocity 

from the peak E wave, to the end of flow of early diastole.  

Tissue Doppler imaging using the color Doppler method with a pulse wave sample volume 

(2D guided) used to determine the peak diastolic early velocity (e’) of the lateral and septal 

mitral annulus from the apical 4-chamber view. LV filling pressures (E/e’) were estimated 

from calculating the mitral inflow E wave, divided by the average of the septal e’ wave, and 

lateral e’ wave.  

 Left atrial strain 
Left atrial strain was measured using R-R 

gating (Figure 2.1)50 utilising the left 

ventricular strain package. The first peak 

(between the R wave and T wave) 

corresponds to the reservoir function (LA 

ƐR), whilst the second peak (starting on the P 

wave) is the atrial contraction phase (LA 

ƐCT). The difference between the reservoir 

and atrial contraction strain relates to the LA 

conduit function (LA ƐCD). The endocardial 

border of the LA is traced and following 

processing the tracking points were followed 

to ensure that they faithfully followed left 

atrial motion. In all prospective studies frame 

rate was optimized by adjusting zoom and sector width on echocardiography. The CMR data 

sets were acquired at standard 25 phase acquisitions, higher frame rate acquisitions were also 

collected, however, they are beyond the scope of the current thesis. The retrospective datasets 

could not be optimized for frame rate. The measurements were repeated 3 times and the 

average of 3 measurements on CMR or 3 cycles on TTE was taken as the mean strain value 

Figure 2.1. Measurement of left atrial strain. LA 

reservoir, LA contraction and LA conduit function 

 

Adapted from Pathan et al46. 
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for each parameter. Three measurements were made to minimise measurement variability and 

error. If more than 1 section could not be appropriately traced in a 6 segment model of the LA 

in either view, then this view was excluded. In general 2 and 4 CH results were averaged. If 

one view was not able to compute LA strain this view was excluded. 

Despite LA strain being less sensitive to preload than LA volume, an absolute difference of 

15.4% between loading conditions informs on the need for any strain measurements to tightly 

control preload40. 

 Hand Held Ultrasonography 

 

HHU was performed using the GE Vscan 

V1.2 hand held device (GE Health Care, 

Milwaukee, WI). The HHU study protocol 

involved 2D greyscale and colour Doppler 

images across all standardised 

echocardiographic (Figure 2.2)51. Linear or 

area measurements were made as appropriate. 

Spectral Doppler data was not obtained as this 

feature is not available on the HHU. Severity 

of disease was approximated using 2D signs 

of severity (eg. leaflet excursion, chamber 

dilatation) and size and duration of the colour 

jet/ proximal convergence zone. All HHU examinations were limited to 10 minutes’ duration.   

 Cardiac Magnetic Resonance 
 

All CMR examinations were performed on a 3T scanner (Magnetom Skyra, Siemens 

Healthcare, Erlangen, Germany).  The examination protocol included steady state free 

precession (SSFP) CINE imaging (long axis and short axis), Native and post contrast T1/ T2 

Figure 2.2 Hand Held Ultrasonography 

 

1,2) Parasternal long and short axis views including short axis sweep 
for left ventricular function and regional wall motion assessment. 

3,4,5) Apical views as illustrated and 5 chamber for aortic valve 

assessment. 6) Subcostal- long axis and inferior vena cava views 7) 
Aortic Arch view. Color Doppler applied to all views. Adapted from 

Pathan et al 
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Mapping, stress perfusion imaging (if indicated), grid myocardial tagging sequence, phase 

contrast imaging (if indicated). All examinations were performed and reported in accordance 

with SCMR guidelines52,53. Specific protocols and post processing techniques are discussed in 

detail in the subsequent manuscripts. 

 Study patients 

 

Three patient cohorts were used for the studies conducted in this thesis. The first cohort 

consisted of patients undergoing CMR examinations for various clinical indications and 

healthy volunteers. These patients were recruited as part of the T1 CMR registry at the Goethe 

Institute for Experimental and Translational Cardiovascular Imaging. The findings and studies 

involving these patients are reported in chapters 5, 6 and 7. 

The PhD candidate stayed in Goethe University for 1 year and performed research/ clinical 

scans. Given atrial strain is a post processing tool the study on atrial strain has the largest 

number of participants 54 (11 volunteers, 43 patients). The rapid CMR study and diastolic 

CMR study both required additional examination cards which were developed and refined 

consequently there is a discrepancy between numbers of patients recruited within each study 

despite sharing the same volunteer and clinical cohort. 

The second cohort was a retrospective cohort of patients with cryptogenic cerebrovascular 

accidents at Royal Hobart Hospital who were followed up for a period of up to 5 years. The 

study and manuscript which describes findings in this observational cohort is outlined in 

chapter 8 

The final cohort consisted of both inpatients and outpatients at Royal Hobart Hospital and 

Launceston General Hospital with inappropriate echocardiography requests who underwent 

HHU. These were compared to a historical control population of patients at Royal Hobart 

Hospital with inappropriate echocardiography requests. The result of this prospective study 

with historical controls is detailed in chapter 9. 
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 Clinical data 

 

Clinical data was retrospectively acquired through tracking hospital medical records for 

patients in chapter 8 and 9. The clinical data for patients and healthy volunteers undergoing 

CMR examinations was collated from the T1 registry database. The medical records or T1 

registry database were used to populate baseline clinical characteristics and define follow up 

endpoints. 

 Statistical Analysis 

 

The specifics of statistical analysis are discussed in the subsequent manuscripts. The 

statistical analysis were performed by candidate Faraz Pathan, unless specified below. 

All analysis was under the supervision and guidance of Professor Tom Marwick, 

Kazuaki Negishi and Eike Nagel. All statistical analysis was performed on IBM SPSS 

Statistics version 24 (SPSS, Chicago, IL, USA) and correlation/ Bland-Altman plots 

were created on MedCalc® Version 17.9.7(MedCalc Ostend, Belgium). 

The competing risk survival analysis was performed by co- author Ricardo Fonseca 

on R version 3.2.2. 

A librarian was consulted for the performance of the Systematic review and Meta-

analysis. Comprehensive meta-analysis software program was used for statistical 

analysis and graphs were generated on R version 3.2.2. 

A standardized approach was used for data analysis. Normality was established using 

the Shapiro Wilk test and Kolmogorov Smirnov tests. As required appropriate 

parametric and non-parametric tests were used for comparisons of Means (Standard 

Deviation) and Median (Inter Quartile Range). 
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The studies on atrial strain validation, rapid CMR and diastolic CMR were 

comparative analysis which evaluated intervendor and intermodality (TTE vs CMR) 

agreement. The tools used for comparative analysis included Pearson correlation, 

Coefficient of variance (COV) and Bland-Altman Analysis. The latter informed not 

only of systematic bias between measurements devices or tools but also evidence of 

proportional bias. 

The reminder of the analysis are described in detail in subsequent manuscripts. 
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Chapter 3 

Cardiac imaging advances in the 

domains of echocardiography/ CT and 

MRI as they pertain to the current 

cardiovascular epidemics. 

 

This chapter is composed of 2 manuscripts which have been published, 

two in Peer reviewed Journals: 

 

Role of Cardiac Magnetic Resonance in Heart Failure with Preserved 

Ejection Fraction.  

Current Cardiovascular Imaging Reports  

Faraz Pathan; Valentina Puntmann; Eike Nagel 

and 

 Roles of Transesophageal Echocardiography and Cardiac Computed 

Tomography for Evaluation of Left Atrial Thrombus and Associated 

Pathology: A Review and Critical Analysis.  

JACC Cardiovascular imaging 

Faraz Pathan; Harvey Hecht; Jagat Narula; Thomas H. Marwick 
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3 Literature review 

 

 Preface 
 

Cardiac imaging has been a beneficiary of a number of recent procedural developments, but 

the focus in this chapter pertain to efficiency – both allocative efficiency and technical 

efficiency. I sought to explore if the current standard of care, which involves 

echocardiography-based management algorithms for excluding cardioembolic sources in AF 

and echocardiography-guided management of HFpEF, could be improved by evaluating the 

evidence for alternative imaging modalities (Cardiac CT and CMR).  

In view of recent consensus document suggesting that TEE is over utilized following stroke54, 

I sought to explore the evidence base for alternative cardiac imaging options - specifically the 

evidence supporting the role of cardiac CT in the management of patients requiring exclusion 

of cardioembolic sources and assessment of LA thrombus in AF. 

Similarly in view of multiple failed treatments for HFpEF55, I sought to examine if allocating 

a different or an additional modality with increased functionality such as CMR would aid in 

the diagnosis and management of HFpEF syndrome. 

All three efficiency models: technical, productive and allocative efficiency are necessary in 

the implementation of cardiac imaging advances to the current cardiovascular epidemics.   
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 Abstract 1 
Purpose of Review 

Approximately half of the patients presenting with heart failure have preserved ejection 

fraction. These patients usually have a combination of underlying etiologies and may profit 

from individualized treatment. Failure of clinical trials without adequate understanding of 

the underlying problem highlights the need for an in-depth assessment of this complex 

clinical syndrome. This review seeks to discuss the role of cardiovascular magnetic 

resonance imaging (CMR) in improving diagnosis and targeted management of heart failure 

with preserved ejection fraction (HFpEF). 

Recent Findings 

Technical advances in tissue mapping techniques enable a virtual histopathological 

perspective to detect myocardial disease processes, such as inflammation, infiltration, and 

fibrosis. Myocardial perfusion imaging enables separation between regional ischemia due to 

epicardial coronary artery disease (CAD) and microvascular disease. Finally, computation of 

aortic pulse wave velocity (PWV) provides insight into the effects of the vascular stiffness 

on the efficiency of cardiac work. 

Summary 

A comprehensive CMR protocol enables identification of the underlying pathophysiology in 

patients with HFpEF, allows identification of important differential diagnoses in patients 

with specific diseases, and may lead to imaging-guided precision medicine in HFpEF. 

Pathan F, Puntmann VO, Nagel E. Role of Cardiac Magnetic Resonance in Heart Failure with 

Preserved Ejection Fraction. Current Cardiovascular Imaging Reports 2018;11:10 
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 Introduction 

 

Heart failure is responsible for significant morbidity and mortality. Heart failure with 

preserved ejection fraction (HFpEF) accounts for approximately 50% of heart failure cases56. 

Driven by an ageing population and increasing incidence of hypertension, obesity and 

diabetes, the prevalence of HFpEF is projected to increase over the next 20 years56. 

The 1 and 5 year mortality for HFpEF range from 20-32% and 53-74% respectively56-62. The 

annualised mortality is lower in prospective and randomized trials 4-5%56,63-65. This likely 

reflects the inherent selection bias in prospective trials while observational studies also 

include older and sicker patients with multiple comorbidities56. Unlike heart failure with 

reduced ejection fraction (HFrEF), where outcomes have steadily improved on account of 

therapeutic advances, the mortality for HFpEF has not changed66-68.  

It is increasingly recognized, that myocardial impairment in HFpEF is a heterogeneous and 

multifactorial entity. Advances in phenotyping of myocardial abnormalities may improve our 

understanding of the pathophysiology and improve identification of sub-populations where 

targeted treatment might be effective29,69,70.  

The understanding of HFpEF attributes diastolic dysfunction to impaired myocardial 

relaxation and ventricular compliance. An expanded model includes interplay of structural 

(matrix) and functional (myocyte) alterations of the myocardium and the systemic and 

pulmonary vasculature, which is driven by inflammation and ischaemia. Presently, it remains 

unclear what causes the observed abnormalities in HFpEF. The proposed contributing factors 

include a wide range of abnormalities which may occur in combination such as: extracellular 

matrix abnormalities with excessive collagen tissue formation 68; increased ventricular 

stiffness due to left ventricular hypertrophy 71; repetitive or mild ischaemia due to 

abnormalities of the microcirculation, inflammation or diabetic cardiac steatosis 72; myocyte 

abnormalities by alterations of calcium cross bridging and phosphorylation, mutations of 

cardiac myosin-binding protein-C 73; inherited and acquired titin abnormalities 74 and 
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vascular abnormalities such as increased arterial stiffness commonly found in patients with 

HFpEF and related to almost all co-morbidities (age, female gender, hypertension, diabetes, 

obesity and renal dysfunction)75. 

Informed by these underlying mechanisms there has been a recent paradigm shift to 

phenotype-specific treatment of HFpEF69. The current landscape of multicentre randomized 

controlled trials include: those targeting specific diagnostic subtypes (amyloidosis, 

hypertrophic cardiomyopathy); trials which target inflammation (CRP> 2mg/dl) and trials 

which dichotomize HFpEF on the basis of biventricular function (left heart failure 

predominant HFpEF/ right heart failure predominant HFpEF)76.  

The diagnosis of HFpEF syndrome is defined by the presence of heart failure signs and 

symptoms with a left ventricular ejection fraction > 50%, elevated naturetic peptides and at 

least one additional criteria such as relevant structural heart disease or diastolic 

dysfunction28.  

This diagnostic pathway relies on echocardiography to quantify ejection fraction and prove 

or exclude relevant structural heart disease or diastolic dysfunction. This reliance on 

echocardiography is burdened by its known imprecision for assessing volumes as well as the 

lack of a well validated, reproducible and accurate measure of diastolic function 37,38. 

Similarly naturetic peptide levels have been reported to be normal in 29% of patients with 

HFpEF77.  

CMR offers an additional diagnostic tier in the evaluation of the HFpEF clinical syndrome. It 

serves three main purposes:  

1.) Improving quantification of biventricular volume and function  

2.) Identifying specific clinical conditions which may manifest in a clinical presentation 

of HFpEF  

3.) Elucidating underlying pathophysiological mechanisms, which contribute to HFpEF  
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A comprehensive CMR examination (Figure 3.1) enables precise quantification of left and 

right ventricular volumes, mass and systolic/ diastolic function, the assessment of macro- 

and microvascular perfusion, evaluation of fibrosis and inflammation using T1 and T2 

mapping, assessment and quantification of intramyocardial fat using Dixon techniques 78, the 

detection of regional scar seen on late gadolinium enhancement (LGE) imaging as a result of 

an ischemic event, cardiomyopathy or extracellular volume (ECV) expansion and finally 

evaluation of load dependent ventriculo-arterial coupling using pulse wave velocity (PWV). 

This review seeks to move beyond the clinical syndrome of HFpEF to a more accurate, 

precise and comprehensive evaluation of pathophysiology informed by a CMR examination. 

 Roles of CMR 

 

 Measurement of biventricular volumes, systolic and diastolic function. 
The definition of HFpEF and indeed its delineation from HFrEF is predicated upon a precise 

quantification of ejection fraction (EF <50%). As the understanding of HFpEF continues to 

evolve an additional EF strata has been proposed (heart failure with mid-range ejection 

fraction EF 

40- 49%)27. 

Patients with 

heart failure 

will exist on 

this 

continuum 

and their EF 

will change 

during the 

course of their illness- improvement of EF in HFrEF/ HFmrEF due to treatment and 

deterioration of EF with disease progression.  

Figure 3.1. The Role of Cardiac Magnetic Resonance in HFpEF 

HFpEF Heart Failure with Preserved Ejection Fraction; PWV pulse wave velocity; LV left ventricle; 
LVEF left ventricular ejection fraction, RV right ventricle, RVEF right ventricular ejection fraction.  
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Due to cost, availability and established history in quantifying systolic and diastolic 

dysfunction, echocardiography has been the predominant modality used in the work-up of 

suspected HFpEF. Compared to CMR, echocardiography does not provide the same degree 

of accuracy or precision with respect to left and right ventricular volumes and function39,79. 

The greater precision in these measurements following a CMR examination can be used to 

reduce sample size by 55- 93% while preserving  the power requirement of studies 

employing left ventricular markers 39 as well as improving individual assessment and 

tracking change over time. 

Up to 28 % of patients with HFpEF have right ventricular dysfunction (RVD) as determined 

by echocardiography80,81 and its presence is an adverse prognostic marker80. A CMR study of 

171 patients with HFpEF revealed RVD in 19.3% of patients and demonstrated superiority 

of measuring RV volumes on a 3D dataset, in comparison to tricuspid annular plane 

excursion or RV fractional area contraction as a prognostic marker82.  

CMR has been used to evaluate diastolic dysfunction and has been validated against 

echocardiography83-85. Despite excellent correlations of CMR derived E/e’ to 

echocardiographic E/e’ ratio and invasive pulmonary capillary wedge pressure of r= 0.89 and 

0.80 respectively, there has been no demonstration of superiority of CMR versus 

echocardiography for measuring diastolic parameters, while it is burdened by higher costs, 

lower accessibility and more contraindications. Recent studies have employed CMR tagging 

and ventricular/ atrial functional parameters to evaluate diastolic dysfunction on CMR86-88. 

At the current time the use of CMR to replicate echocardiographic measures of E/e’ cannot 

be advocated. 

 Specific diagnoses  
HFpEF can be an initial manifestation of specific disease entities which require targeted 

treatment and have a different clinical course. Up to 15% of cases of HFpEF may be a 

consequence of restrictive cardiomyopathy or constrictive pericarditis as the underlying 

diagnosis89. Epicardial coronary artery disease (CAD) is found in patients with HFpEF in 



Chapter 3 Cardiac imaging advances as they pertain to the current cardiovascular 

epidemics. 

51 

 

35.5- 68% in population based studies57,58,90. Senile systemic amyloidosis is the primary 

cause of HFpEF in 5% of cases91. 

Hypertrophic cardiomyopathy (HCM) can present as HFpEF and may overlap 

phenotypically on echocardiography with hypertensive heart disease. CMR offers 

complementary information including precise calculation of left ventricular mass, exact 

measurement of wall thickness in all segments and presence as well as extent of scar (Figure 

3.2a). The presence of typical LGE patterns provides an excellent differentiation of these two 

phenotypes 92. More recently, an increase of native T1 demonstrated independent 

discriminatory value above left ventricular wall thickness, indexed left ventricular mass, 

LGE, or extracellular volume fraction93. The recognition of HCM as the cause of HFpEF 

results in a specific management plan which includes use of beta blockade, device therapy, 

trans-catheter/ surgical septal ablation and screening of first degree relatives94. 

Cardiac amyloid which 

presents with a 

hypertrophied ventricle 

and a restrictive filling 

profile on 

echocardiography has 

a characteristic pattern 

of global 

subendocardial late enhancement and abnormal blood pool gadolinium kinetics (Figure 

3.2b)95. Histological evaluation of HFpEF found moderate or severe interstitial wild-type 

transthyretin consistent with senile systemic amyloidosis as the primary etiology of HFpEF 

in 5% of patients91. The presence of LGE on CMR in cases with known or suspected 

amyloidosis is associated with increased overall mortality96. Furthermore, native T1 can 

detect and quantify amyloid disease burden97. Early recognition facilitated by CMR may lead 

to specific chemotherapy aimed at abolishing the amyloidogenic plasma cell dyscrasia or 

Figure 3.2. Specific diagnosis (Hypertrophic Cardiomyopathy and 

Cardiac Amyloidosis) 

 
3.2a. Hypertrophic Cardiomyopathy. Steady State Free Precession and Late 
enhancement imaging, 3.2b. Cardiac Amyloidosis. Phase sensitive inversion recovery 

demonstrating characteristic subendocardial left ventricular LGE, right ventricular and 
atrial involvement. 
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even cardiac transplantation98. Recognition of late disease stage enables symptomatic and 

palliative measurement in cases which may have been misdiagnosed as HFpEF. 

Constrictive pericarditis can present with symptoms of heart failure and preserved ejection 

fraction. Despite echocardiographic hall marks, CMR adds diagnostic utility by 

demonstrating thickened pericardium, pericardial enhancement and evidence of ventricular 

interdependence 99. As a result of the above capabilities, CMR is the preferred imaging 

modality to optimally assess pericardial disease100. 

 Underlying Mechanisms 

 

3.4.3.1 Ischaemia 
The prevalence of coronary artery disease (CAD) in HFpEF is between 35.5- 68% in 

population based studies57,58,90. Impaired relaxation is the first manifestation of myocardial 

ischemia. Despite the high prevalence and mechanistic association between diastolic 

dysfunction and myocardial ischemia, screening for ischemia is not a routine step in 

evaluating HFpEF. Macrovascular CAD (> 50% stenosis) is associated with greater 

mortality and deterioration in ventricular function in HFpEF 90 and observational data 

suggests complete revascularisation may be of benefit in HFpEF with significant 

macrovascular CAD90.  

CMR has excellent sensitivity and specificity (86.5- 90% and 83%) for the diagnosis of 

macrovascular CAD101,102. CMR had the highest sensitivity 89% and similar diagnostic 

accuracy compared to positron emission tomography on meta-analysis103.  Coronary 

fractional flow reserve (FFR) is the current gold standard with respect to burden of 

ischaemia and as a therapeutic target with a FFR < 0.8 mandating revascularisation104. 

Depending on FFR threshold, sensitivity and specificity for CMR perfusion was 91%/ 94% 

for FFR <0.75 and 82%/98% for FFR <0.8105,106.  A meta-analysis comparing coronary FFR 

to CMR perfusion demonstrated the sensitivity and specificity of perfusion CMR was 87% 

and 91% respectively107.  
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Due to the lack of a specific diagnostic modality the prevalence of microvascular CAD is 

less well understood. Histopathological evidence of coronary microvascular rarefaction is 

seen in HFpEF108. The results from the Women's Ischemia Syndrome Evaluation (WISE) 

study demonstrate the prevalence of impaired coronary flow reserve (CFR) in 47% of 

patients with HFpEF109. A sub study of this population demonstrated that CMR derived 

myocardial perfusion reserve index has a sensitivity and specificity of 73% and 74 % 

respectively for microvascular ischaemia when compared to invasive CFR110. More recently, 

transmural gradients during first pass perfusion imaging have been related to microvascular 

disease111. 

Phase contrast imaging of coronary sinus flow during rest and stress, demonstrated 

significantly lower CFR in HFpEF patients than in patients with hypertensive left ventricular 

hypertrophy due to a significantly higher prevalence of coronary microvascular dysfunction 

in HFpEF  in comparison to hypertensive patients or control subjects (76% vs 31% vs 8%; 

P<0.05) 112. 

The above evidence suggests that CMR is ideally suited to identify macrovascular epicardial 

CAD and microvascular dysfunction (Figure 3.3) and guide therapy113. In patients with 

HFpEF syndrome and undiagnosed epicardial coronary artery disease appropriate treatment 

Figure 3.3. Perfusion CMR 

 

First pass myocardial perfusion imaging following 0.1ml/kg Gadolinium infusion. 3a. normal perfusion, 3b. Circumferential 
subendocardial hypoperfusion consistent with microvascular dysfunction and 3c. Lateral and inferolateral subendocardial perfusion defect 
in HFpEF patient with severe circumflex artery stenosis. 
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may be delayed and therapy (e.g. with diuretics) may not result in clinical improvement as 

the patients’ dyspnea represents an angina equivalent114. 

Microvascular dysfunction has been improved in patients with diabetes by Ranolazine, 

which also resulted in an improvement of septal and lateral E/e’115.  

3.4.3.2 Inflammation and fibrosis. 
The understanding of HFpEF has evolved from one of after load induced left ventricular 

remodelling to one of a systemic inflammatory condition and resultant endothelial 

dysfunction. This hypothesis 

proposes that risk factors such 

as obesity, hypertension, 

diabetes, chronic airways 

disease and aging result in a 

systemic proinflammatory state 

causing coronary 

microvascular endothelial 

inflammation 68 

CMR tissue mapping based on native T1, T2, post contrast T1 and the calculated parameter 

ECV provides a novel approach to quantifying and monitoring acute and chronic myocardial 

inflammation and fibrosis 116,117.  

Native and post-contrast T1 have shown an excellent diagnostic accuracy for the 

discrimination of normal and diffusely diseased myocardium in patient subsets ranging from 

dilated to hypertrophic cardiomyopathy118. Native T1 discriminates between various 

hypertensive phenotypes (hypertensive heart disease, HCM and HCM gene positive/ 

phenotype negative patients)93. In addition, native T1 and T2 were raised in conditions such 

as cardiac sarcoid, rheumatoid arthritis and systemic lupus erythematosus and acute/chronic 

Figure 3.4 Myocardial T1 mapping. 

 

A mid septal region of interest is drawn to calculate the respective T1 score. T1 protocol 

((MOLLI (3(2)3(2)5, FA 50deg), 1a. T1= 1190 ms (normal range 1010- 1100 ms), 1b. 

T2= 39 (normal range < 38ms). Evidence of fibrosis and mild inflammation. 
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myocarditis 119-121 (Figure 3.4) demonstrating its ability to pick up diffuse cardiac 

inflammatory involvement.  

Native T1 is associated with aortic stiffness, left ventricular mass, left ventricular end 

diastolic volume and E/e’ in a dilated cardiomyopathy population showing its sensitivity to 

diffuse fibrotic changes (Figure 3.5)122. ECV discriminates between HFpEF and non-heart 

failure subjects and 

shows a significant 

albeit modest 

correlation with 

diastolic function123.  

 

Importantly, the new 

mapping techniques 

also have a strong 

prognostic power. 

Native T1 provides 

incremental value to 

ejection fraction and 

LGE in non-

ischaemic 

cardiomyopathy124. Post contrast T1 values have demonstrated incremental prognostic utility 

compared to left atrial area and pulmonary vascular resistance in patients with HFpEF125. 

Tissue mapping techniques have been validated against histology and while the strength of 

correlations between histologic parameters and mapping results varies between studies and 

sequences119,126 there is robust evidence that they provide a strong and stable signal for 

diffuse myocardial abnormalities. Moreover they have been standardized, externally 

Figure 3.5. Associations between native T1 and pulse wave velocity 

(a) and markers of left ventricular (LV) remodelling, LV mass (b) 

and LV end-diastolic volume (EDV) (c) and echocardiographic 

parameter of diastolic impairment (D) with fit-lines for subgroups.  

 

DCM dilated cardiomyopathy; IHD, ischemic heart disease; NICM, nonischemic dilated 
cardiomyopathy. Puntmann et al. Hypertension. 2014; Reproduced with permission. 
Copyright © American Heart Association, Inc. All rights reserved. 
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validated and demonstrate excellent inter test and inter/ intra observer reproducibility127. For 

local adoption of these techniques it is important to use exactly the same sequences as 

provided in the literature, generate own normal values and cut-off values and ensure strict 

standardisation during data acquisition and post processing127. 

Myocardial inflammation and myocardial fibrosis represent therapeutic targets with 

spironolactone and statins showing promise in smaller trials69. CMR based evaluation of 

ECV demonstrated regression of fibrosis in mice treated with spironolactone128. Statin 

therapy has been associated with improved outcomes based on data from the Swedish Heart 

Failure Registry and in a meta-analysis129,130. The pleotropic anti-inflammatory, anti-fibrotic 

effects of statins are thought to play a role. In a rat model of HFpEF cardiosphere-derived 

cells with anti-fibrotic and anti-inflammatory properties normalized LV relaxation, diastolic 

pressure and improved survival 131.  

The development and optimization of future interventions requires identifying patient 

phenotypes where inflammation and/or fibrosis are significant contributors to the HFpEF 

syndrome. In these patients therapeutic effects may be quantified noninvasively using 

surrogate endpoints measuring change of inflammation and/or fibrosis before larger outcome 

studies are performed. These developments can be best achieved by using quantifiable non-

invasive markers which reflect burden of fibrosis and inflammation. Optimally such markers 

would be fast to obtain, non-invasive and not require application of contrast agents. Native 

T1 and T2 seem to be well suited to fill this gap. 

3.4.3.3 Afterload and ventriculo-arterial coupling. 
Aortic pulse wave velocity (PWV) is a measure of aortic stiffness and distensibility which is 

a predictor of cardiovascular risk in a general population 132, in hypertensive patients133 and 

in patients with HFrEF 134. Increased systolic arterial pressure and arterial stiffness create an 

excessive afterload on the left ventricle leading to afterload mismatch, ventriculo-arterial 

uncoupling and reduced global longitudinal strain114 135. Importantly, increased aortic 

stiffness causes left ventricular diastolic dysfunction 114 and precedes the development of 
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HFpEF in patients with diastolic 

dysfunction136. A meta-analysis of 

27 studies found significant 

correlation between indices of 

arterial stiffness (including PWV) 

as measured by arterial tonometry 

and diastolic indices (E/A, E/e’, E’) 

137. Measuring pulsatile 

hemodynamics can improve 

echocardiographic classification of 

HFpEF (Net Reclassification 

Index: 32.9, P< 0.001)138. 

CMR is a reproducible technique 

for evaluating central PWV (Figure 

3.6)139, a direct measure of central aortic stiffness 140. Gender specific differences between 

left ventricular systolic reserve and ventriculo-arterial coupling were evaluated by CMR 

using PWV during rest and dobutamine stress. The study highlighted significantly greater 

stress induced uncoupling of ventriculo-arterial function in women, reflecting limited 

systolic reserve and in part explaining the greater prevalence of HFpEF in women141. Some 

of the conflicting evidence on HFpEF and aortic stiffness71,142,143 may reflect a lack of 

precision inherent in indirect non CMR methods of measuring central aortic stiffness as well 

as the difficulties to accurately define HFpEF. There are, however, data, that further 

elucidate the pathophysiological aspects of HFpEF including stroke volume reserve, blood 

pressure lability and pre-load sensitivity144. The importance of pre load sensitivity 67 and the 

observation, that increased aortic stiffness preceded myocardial alterations 122 may yield 

additional important clinical information, which may help to develop optimized therapy in 

these patients.  

Figure 3.6. Aortic Pulse Wave velocity calculation.  

 

Aortic PWV= ds/dt where dt is the phase decoherence time interval 

between the ascending aortic and descending aortic waveform. AA 

Ascending Aorta, DA Descending Aorta, ds- Distance between ROI in 

ascending aorta and descending aorta. Copyright ©2013 Puntmann et 

al; licensee BioMed Central Ltd. 
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 A multi-modality and multi system problem 
HFpEF is a multidimensional and complex clinical syndrome underpinned by afterload, left 

ventricular remodelling, systemic endothelial inflammation causing fibrosis, disordered 

volume regulation and cardiovascular senescence.  

CMR examination for patients with HFpEF should be incorporated into a multimodality 

imaging strategy which also includes rest/stress echocardiography. The two modalities have 

specific and complementary advantages. CMR is unparalleled in its ability to precisely 

quantify biventricular volumes, mass and function and provide additional tissue 

characterisation based on mapping and scar imaging. Presently the data on CMR evaluation 

and quantification of diastolic dysfunction and pulmonary hypertension is limited. On the 

other hand echocardiography enables evaluation of diastolic parameters, pulmonary 

pressures and stress echocardiography provides additional insight on exercise tolerance, 

chronotropic response to exercise and diastolic/ systolic reserve35. However, 

echocardiography is limited due to imprecision in left and right ventricular volumetric 

analysis, detection of microvascular ischemia, regional or diffuse fibrosis and edema.  

An ideal strategy would evaluate patients manifesting the clinical symptoms of heart failure 

with a CMR and echocardiographic examination. First to precisely determine the presence 

and quantify underlying pathophysiologies for HFpEF using left ventricular mass, 

biventricular volumes, systolic and diastolic function, severity of pulmonary hypertension, 

valvular disease, microvascular disease, inflammation or diffuse fibrosis. Second to exclude 

specific disease, such as epicardial coronary artery disease or specific cardiomyopathies. In 

those where an underlying mechanism is not identified an exercise stress echocardiogram 

would be the next step. 

In the absence of left ventricular remodelling, Inflammation, fibrosis or ischemia, attention 

should be focused on other potential pathophysiologic subsets of HFpEF which account for 

45% of preventable hospitalizations. HFpEF patients have a significantly higher burden of 
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non-cardiac comorbidities compared to HFrEF patients including: chronic airways disease, 

sleep disordered breathing, diabetes, renal dysfunction, anaemia and frailty114,145,146. 

 Conclusion 

 

Informed by the comprehensive multi-modality evaluation, a tailored therapeutic strategy 

would target underlying inflammation (Statin therapy), fibrosis (spironolactone), ischaemia 

(revascularization, Ranolazine) and ventriculo-arterial coupling (after load and pre load 

titration with anti-hypertensive medications). 

There is evidence to suggest that targeting the underlying mechanisms may improve patient 

outcomes. Registered trials such as the DECIPHER HFpEF (NCT03251183) and 

DIAMOND HFpEF (NCT03050593) studies represent the necessary evolution of clinical 

trials which seek to elucidate the underlying mechanisms of this syndrome. Once this 

syndrome is further stratified prospective and randomised outcome driven trials can target 

those who may benefit from treatment and importantly exclude those who will not.  
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 Abstract 2 

Evaluation of the left atrium/left atrial appendage (LA/LAA) for the presence of thrombus 

prior to cardioversion and pulmonary vein isolation, and of the entire heart for embolic 

sources in the setting of cryptogenic stroke, have long been standard medical care. 

Guidelines have uniformly recommended transesophageal echocardiography (TEE) to 

accomplish these goals. In recent years, cardiac computed tomographic angiography (CTA) 

has demonstrated diagnostic accuracy similar to TEE for the detection of thrombus. Analysis 

of the pertinent data and relative merits of the two technologies lead to the conclusions that: 

1) Both modalities have some unique non-overlapping capabilities that may dictate their use 

in specific situations; 2) CTA is a reasonable alternative to TEE when the primary aim is to 

exclude LA/LAA thrombus and in patients where the risks associated with TEE outweigh the 

benefits; and 3) Both options should be discussed with the patient in the setting of shared 

decision making.  

Pathan F, Hecht H, Narula J, Marwick TH. Roles of Transesophageal Echocardiography and Cardiac 

Computed Tomography for Evaluation of Left Atrial Thrombus and Associated Pathology: A Review 

and Critical Analysis. JACC Cardiovascular imaging 2018;11:616-627. 

  

 Introduction 

After a steady increase over the last 50 years, the prevalence of atrial fibrillation (AF) has 

reached 3%22. The burden of AF is projected to more than double between 2010 and 2030147, 

driven particularly by the aging population. The primary driver of the association of AF with 

significant morbidity and mortality is thromboembolism, and AF ablation and cardioversion 

have an inherent risk related to left atrial (LA) appendage thrombi. Transesophageal 

echocardiography (TEE) has underpinned exclusion of thromboembolic sources before 

cardioversion, following cryptogenic cerebrovascular accidents (CVA) and before 

pulmonary vein isolation (PVI) and other procedures requiring LA and left atrial appendage 

(LAA) instrumentation. The Heart Rhythm Society (HRS) has mandated that in the absence 

of 3 weeks of therapeutic systemic anticoagulation TEE should be performed to screen for 

thrombus prior to these procedures if the patient has been in AF for >48 hours or for an 
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unknown duration148. Cardiac computed tomographic angiography (CTA) is also able to fill 

this role, and as a low risk non-invasive test, would need to be considered. However, the 

above HRS Task Force did not recommend that CTA be used to screen for LA thrombi in 

patients at high risk of stroke. Likewise, the evaluation of embolic sources for stroke is 

routinely performed by TEE rather than CTA. A review of the data pertinent to the 

capabilities of the two technologies may facilitate the development of new recommendations 

for a variety of clinical scenarios. In comparing the relative merits of TEE and CTA we 

evaluated the role of each modality with reference to patient populations undergoing 

cardioversion and PVI, as well as patients tested for a cardioembolic source in the context of 

cryptogenic stroke. These recommendations are the authors’ opinions and are not to be 

construed as societal guidelines. 

 Targets of imaging 
 

 LAA thrombus and spontaneous echocardiographic contrast (SEC).  

The presence of LAA thrombus is an adverse prognostic marker for future cardiovascular 

events149. Absence of a thrombus confirms that it is safe to proceed with cardioversion with a 

low thromboembolic event rate (0-0.8%) in patients who are appropriately 

anticoagulated150,151. The presence of an LAA thrombus mandates deferring cardioversion, 

and prolonged anticoagulation. 

The complex interplay of atrial endothelium, blood constituents and stasis of blood flow, i.e. 

the components of Virchow’s triad, results in erythrocyte Rouleau formation which manifest 

as SEC or smoke. These red cell aggregates can progress to sludge and eventually to 

thrombus (Figure 3.7)152,153.  
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The long-term risk of 

thromboembolic events is 

greater in presence of SEC 

than in the patients without 

(12% vs 3%/year, p= 

0.002), even in the absence 

of LA thrombi. SEC and 

warfarin use have been 

reported as the significant 

predictors of future 

thromboembolic events, 

independent of moderate to 

severe LV dysfunction, previous thromboembolism and complex arch atheroma154.  The 

density of SEC determines the risk of thromboembolism, and patients with AF and dense 

SEC have a higher likelihood of cerebral embolism (22%) and death155. Patients with dense 

SEC have a stroke rate of 18.2% per year if not treated with warfarin compared to 4.5% per 

year when on warfarin156. The detection of stroke risk in this setting is dependent not just on 

the detection of thrombus; 3% of patients with a CHADS score of 0/1 have a left atrial 

thrombus and 8% have dense SEC157. Assessment of SEC is a critical albeit underutilized 

determinant of duration, intensity and type of anticoagulant therapy. 

 LAA morphology. 

 CTA has been used successfully to categorize LAA morphology. The LAA can broadly be 

classified into 4 morphological categories - chicken wing (most common), cactus, windsock 

and cauliflower (Figure 3.8), the latter most often associated with embolic events153.  

Figure 3.7 Abnormal Transesophageal Echocardiographic 

Findings 

 

Within the Left Atrial Appendage (A) The presence of a large pectinate muscle 

can sometimes be confused for a left atrial appendage (LAA) thrombus. (B) In 
this case, the pectinate muscle is better defined by 3-dimensional (3D) 

transesophageal echocardiography. (C) Spontaneous echocardiographic contrast is 

seen in the LAA. (D) A more echo-dense, amorphous finding consistent with 
sludge is seen within the LAA (arrowheads). Zero-degree (E) and 95° (F) views 
and 3D imaging (G) show a thrombus within the LAA (arrows). 
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Morphology evaluation for the 

purpose of atrial appendage 

occluder devices has been 

reviewed158, however it merits 

discussion since it elegantly 

demonstrates the intersectionality 

of the two modalities. 

Comprehensive evaluation of LAA 

morphology is essential prior to 

and during deployment of closure 

devices. Important parameters 

include assessment of the ostium, 

landing zone, depth of the main 

lobe, relationship of the main lobe to additional lobes and proximity to the circumflex 

artery158.  

TEE and CTA can be used for sizing purposes though recent evidence suggests that CTA is 

more accurate and results in change to device size in up to half of the patients undergoing 

left atrial appendage closure159. Nevertheless TEE is indispensable as it enables assessment 

and planning, monitoring of procedure from septal puncture to instantaneous assessment of 

complications. Furthermore 3D TEE improves sizing compared to 2D multiplanar imaging 

and has better reproducibility160,161. An ideal strategy to facilitate safe deployment of atrial 

appendage occluders involves both multiplanar CTA and TEE162. 

 LAA functional evaluation.  

LAA function can be assessed using ejection fraction, pulse wave velocities and deformation 

imaging. LAA flow velocities have been the most robustly studied functional parameter; 

there are 4 separate phases including emptying (range 50±6 to 83±25 cm/s), filling (46±12 to 

60±19 cm/s), a biphasic systolic reflection wave and an early diastolic emptying 

Figure 3.8 Left Atrial Appendage Morphology by 

Multiple Modalities 

 

The 4 different left atrial appendage morphologies as shown by 
transesophageal echocardiography (top), cine angiography (middle), 

and 3-dimensional computed tomography (bottom): cauliflower (A to 

C), windsock (D to F), cactus (G to I), and chicken wing (J to L). 
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waveform153. An emptying velocity <20cm/s is associated with thrombus, SEC and 

subsequent thromboembolic risk163. Low emptying velocities should serve as a reminder to 

reassess the LAA for thrombus and clarify any uncertainty with contrast153.  

 Evaluation of coexistent and interdependent pathology.  

 AF is often associated with multiple cardiac pathologies. Recent multicenter trials 

documented between 14-26% of patients with AF have significant valvular disease 164, and 

registry data shows valvular abnormalities in >60% 165. The prevalence of coronary artery 

disease in AF is between 17-46.5% and has prognostic implications 166. Finally, diastolic 

dysfunction is associated with AF in up to 27% of cases167. 

The unique non-overlapping qualities of TEE and CTA are critical to evaluating certain 

cardiac pathologies and may dictate physician and or patient choice. 

TEE is ideal for determining the presence, severity and mechanism of coexistent valvular 

pathology particularly mitral regurgitation and identifying a potentially reversible 

phenotype168-171.  

Diastolic function, assessed at TEE is a predictor of success of ablation and maintenance of 

sinus rhythm after AF ablation172. Pulmonary venous flow patterns may predict AF 

recurrence post-cardioversion 173.  

CTA provides delineation of the coronary anatomy without additional contrast or radiation, 

since it is available for analysis in all gated studies. With appropriate phase selection the 

coronary arteries can be accurately interpreted in the setting of atrial fibrillation, and provide 

important prognostic information that can lead to therapeutic intervention.  
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 Indications for TEE imaging 

TEE has been the reference 

standard for assessing thrombus, 

SEC, and sludge in the LAA and 

is recommended by clinical 

guidelines148,152. The sensitivity 

of TEE for left atrial thrombus 

against a surgicopathological 

reference standard is 93-

100%174,175; false negative scans 

can result in thromboembolic 

sequelae151. Despite 99-100% specificity, false positive results (eg. due to pectinate muscles, 

dense SEC or sludge, which also increase the probability of underlying thrombus, may lead 

to an inappropriate cancellation of cardioversion or ablation. The use of echocardiographic 

contrast is associated with a lower incidence of artefacts compared with routine TEE (2% vs 

29%, p <0.001)176, with increased ability to exclude thrombus (Figure 3.9)177.  

 Cardioversion 

 In the ACUTE trial, 13.8% of patients in the TEE arm were found to have a thrombus, 88% 

of which were in the LAA151. This contrasts with 4.4% and 2.9% of patients anticoagulated 

for >4 weeks on NOAC or warfarin 178.TEE-guided early cardioversion is equivalent to 

prolonged anticoagulation prior to cardioversion, with fewer bleeding complications and 

greater success of cardioversion.  

LAA velocity can also be used to predict success of cardioversion and long-term 

maintenance of sinus rhythm; a velocity <33.9 cm/s was independently associated with AF 

recurrence and stroke after successful electrical cardioversion, and a velocity <20.2 cm/s 

with mortality179. Conversely, an LAA emptying velocity >40 cm/s is significantly 

Figure 3.9 Microbubble Contrast-Enhanced Transesophageal 

Echocardiography 

 

Example of native (A) and contrast-enhanced (B) transesophageal echocardiography 

in a patient with atrial fibrillation (arrows: left atrial appendage with sludge-like 
material in the tip of the left atrial appendage during native imaging and homogenous 
contrast distribution after application of the transpulmonary contrast agent). 
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associated with maintenance of sinus rhythm following cardioversion at 1 year, independent 

of SEC, LA dimension, LV EF and duration of AF <1 week 180. 

Where the duration of AF is >48 hours, uncertain or where the compliance with 

anticoagulation is uncertain, TEE guided cardioversion is recommended148. 

 Pulmonary vein isolation.  

LAA thrombus is reported in up to 5.4% of appropriately anticoagulated patients prior to 

ablation 178, so exclusion of LAA thrombi is imperative. A particularly high rate of LAA 

thrombus (21%) and CVA (6%) have been observed after electrical isolation of LAA, 

despite anticoagulation. Silent cerebral lesions (SCL) following AF ablation are associated 

with cognitive decline, and are identified in 4-39% of cases181,182. SCL are related to 

procedural and patient-related factors (age, low LVEF and the presence of SEC)183, although 

SEC lacks association with an increase in early or late occurrence of stroke184. Nonetheless, 

more intense anticoagulation is associated with a lower incidence of LA thrombus in patients 

with SEC185.  

In patients undergoing ablation, an emptying velocity <28 cm/s is an independent predictor 

of the risk of AF recurrence186. 

 Cryptogenic stroke.  

Potential cardiac embolic sources in addition to LA thrombus include LV thrombi, 

vegetation, tumor, and intracardiac shunt and all are identified by TEE with good to 

excellent sensitivity and specificity152.  Imaging following stroke can identify cardioembolic 

source(s), and determine the plausibility that the identified source(s) are the cause of 

embolism. Imaging is of value when these coexist (eg PFO in the setting of SEC and arch 

atheroma), or are inter-dependent (mitral stenosis causing AF, SEC and LA thrombus).  Real 

time assessment (mobility, attachment, echodensity, Valsalva demonstrating reversal of 

shunting) can help to make decisions about anticoagulation, device closure, or rhythm 

monitoring by detecting the likely culprit152. Nonetheless, emboli originate from the LAA in 
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75% of patients with cardioembolic strokes 152, and TEE has the benefit of detecting not only 

aortic plaque and LAA thrombus, but also LAA peak flow velocity (<27 cm/sec), as 

associations of thromboembolic events. Low LAA emptying velocities may be a sign of 

paroxysmal AF187. Conversely, in the stroke population, an emptying velocity >55cm/s has 

excellent negative predictive value for thrombus and SEC188.  

Impaired LAA-EF (<40%) predicts paroxysmal AF after cryptogenic stroke189. Patients with 

LA thrombus tend to have lower speckle tracking-derived LAA EF than those without 190 

and may be of value in predicting short and long-term outcomes post stroke191. 

Indeed, LAA dysfunction could represent a new therapeutic target for anticoagulation 

irrespective of rhythm following a cryptogenic stroke. 

 Indications for CTA imaging  

Cardiac computed tomographic angiography (CTA) provides accuracy similar to TEE for the 

detection of left atrial thrombus192. Unlike TEE, for which the reference standards were post 

mortem and operative findings, CTA has been validated only by comparison to TEE. 

Appendix Table 3.1 summarizes a meta-analysis of 19 studies with 2955 patients in which 

both CTA and TEE were performed within 7 days to rule out LA/LAA thrombi before PVI 

or cardioversion for AF and likelihood of stroke192. For the entire population, the sensitivity, 

specificity and accuracy were 96%, 92% and 99% respectively, with PPV of 41% and NPV 

of 94%. In 753 patients with delayed imaging from 30-180 seconds after contrast injection, 

Table 3.1. Accuracy of CTA for LA/LAA Thrombus with a TEE Gold Standard 

 N %thrombus Sensitivity Specificity PPV NPV Accuracy 

All 2955 8.9±7% 96% 92% 41% 99% 94% 

Delayed Phase 753 14±8% 100% 99% 92% 100% 99% 

All PVI 1836 5.8±5% 91% 95% 33% 100% 95% 

Delayed Phase 

PVI 

101 2.9-19.3% 100% 100% 100% 100% 100% 

Abbreviations: CTA= computed tomographic angiography, LA/LAA= left atrial/left atrial appendage, NPV= negative predictive 
value, PPV= positive predictive value, PVI= pulmonary vein isolation, TEE= transesophageal echocardiography 
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the sensitivity, specificity, and accuracy were nearly 100% and the PPV increased to 92% 

(Appendix Table 3.2). The results were very similar for the 1836 PVI patients (Table 3.1).  

There were no significant differences between studies with retrospective data analysis and 

prospectively designed studies and between 

studies with and without EKG gating. Those 

cases which demonstrate complete resolution on 

delayed imaging are routinely reported as slow 

flow and are thought to represent the equivalent 

of SEC, with partial resolution on delayed 

imaging consistent with a combination of SEC 

and thrombus. However, there are no formal 

comparisons of SEC and slow flow in the 

literature. CTA examples of LAA filling patterns 

are shown in (Figure 3.10).  

 PVI and cardioversion. 

CTA is an essential component for the work up 

of pulmonary vein isolation describing the 

number of pulmonary veins, location and 

geometrical relationships of the ostia and 

evaluating the presence/ severity of stenosis 193. The additional utility of CTA prior to PVI 

and cardioversion is its ability to accurately identify LA/LAA thrombus as discussed above, 

and decrease the likelihood of embolic strokes. The pertinent information has already been 

acquired since the LA/LAA are always in the field of view and available for analysis. The 

addition of delayed phase imaging increases the absorbed radiation dose, which is minimized 

by restricting the acquisition to encompass just the LAA. When the CTA has already been 

performed for PVI planning the delayed phase imaging is the only additional radiation 

exposure.  

Figure 3.10 Examples of LAA filling patterns 

by CTA. 

 

Top: LAA filling defect (A) remaining essentially 

unchanged (B) after 90 second delayed imaging, consistent 

with thrombus. Middle: LAA filling defect (C) with 
moderate resolution (D) after 90 second delayed imaging, 

consistent with a combination of thrombus and “slow flow” 

Bottom: LAA filling defect (E) with total resolution (F) 
after 90 second delayed imaging, consistent with “slow 

flow” without thrombus. Abbreviation: LAA= left atrial 
appendage 
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The effectiveness of delayed imaging 

in the clinical practice of ablation for 

atrial fibrillation and atrial flutter 

was studied by Bilchik et al in 320 

ablation patients who underwent 

nongated CTA with delayed imaging 

40 seconds after contrast injection, 

with TEE only after abnormal or 

equivocal CTA findings but not after 

normal CTA studies. As part of their 

routine ablation protocol, 

intracardiac echocardiography (ICE) 

was performed in all patients194. 

Using ICE as the reference standard, 

the sensitivity and NPV of CTA were 100%. With equivocal CTA results classified as 

negative, the specificity and PPV were also 100%; when classified as positive the specificity 

was 98%.  Patients with normal CTA had neither thrombus on ICE nor procedure-related 

stroke or TIA. TEE was performed in 57.5% prior to implementation of the protocol. After 

implementation, 24% underwent post CTA TEE at the request of the referring physician 

despite normal CTA findings; none had thrombus on TEE. These excellent results persisted 

across all levels of stroke risk and CHA2DS2-VASc score.  

Similarly, Sawit et al. demonstrated the incremental diagnostic value of delayed imaging in a 

cohort of 176 patients acquiring both early and delayed images. They demonstrated 

sensitivity and specificity of 100% with good to excellent intra class correlation using the 

delayed Imaging protocol195.  

Figure 3.11 Demonstration of Non–Left Atrial 

Appendage Embolic Sources by Computed 

Tomographic Angiography 

 

 (Left) (A) Apical thrombus post–myocardial infarction (arrow). (B) 

Ulcerated ascending aortic plaque (arrows). (C) Sinus venosus atrial septal 
defect (ASD) (arrow). (D) Patent foramen ovale (PFO) (arrow). (Bottom) 

Pericardial aortic valve subacute bacterial endocarditis: vegetation (white 

arrows) and abscess (orange arrow) on computed tomographic 
angiography. Sagittal (E), axial (F), and transverse (G) views. (Right) (A) 

Aortic valve fibroelastoma on 3-dimensional transesophageal 

echocardiography. Fibroelastoma on axial (B), sagittal (C), and transverse 
(D) views on computed tomographic angiography. LA = left atrium; LV = 

left ventricular; RA = right atrium; SVC = superior vena cava. 
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 Cryptogenic stroke. 

There has not been a separate meta-analysis for cryptogenic stroke alone, but the individual 

study results are presented in Appendix Table 3.1 and are similar to PVI/CV (Sensitivity 

100% and Specificity 98% for delayed imaging protocols). Hur et al. evaluated the relative 

diagnostic yield of CTA compared to TEE following cryptogenic strokes with an expanded 

scope including high risk (cardiac thrombi, cardiac tumor, valvular vegetations and 

endocarditis and aortic arch atheroma) and medium risk sources (SEC, PFO, atrial septal 

aneurysm and mitral annular calcification).  

The overall sensitivity and specificity for CTA were 93% and 100% respectively, and were 

96% and 100% for high risk sources196. In the setting of cryptogenic stroke, as for TEE, the 

evaluation of embolic sources other than the LA/LAA is critical and can be easily 

accomplished by CTA (Figure 3.11) which represents a robust alternative for patients with 

absolute or relative TEE contraindications. 

 Analysis and Potential Clinical Implications (Figure 3.12) 

 When to do a CTA? (Tables 3.2 and 3.3) 

In patients who have 

already undergone 

CTA for PVI planning, 

the equivalency of the 

data presented above 

suggests that TEE need 

be done only if the 

LAA evaluation is 

indeterminate or other 

information is 

required. Despite the 

excellent safety profile 

Figure 3.12 Targets of Imaging and Clinical Scenario based 

recommendations 

 
Panel (A) Thrombus on CTA and SEC on TEE. Panel (B) Imaging targets for 

morphological evaluation of LA. Panel (C) left atrial function assessed using LAA 
emptying pulse wave velocity. Panel (D) Coexistent and interdependent pathology 

(TEE demonstrating severe mitral regurgitation and CTA demonstrating significant > 

50% stenosis of LAD due to mixed plaque). Panel (E) Alternative thromboembolic 
sources: LV thrombus on CTA and complex aortic arch atheroma on TEE. 

Abbreviations: CTA= computed tomographic angiography, LA= left atrium, LAA= 

left atrial appendage, LAD= left anterior descending artery, LM= left main coronary 
artery, SEC=spontaneous echocardiographic contrast, TEE= transesophageal 
echocardiography. 
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of TEE (major morbidity or mortality <0.01% in >27,000 conscious/sedated patients197), 

major complications can occur, and include esophageal perforation/laceration, bleeding or 

airway compromise. Certain patient populations have been identified as higher risk for 

complications and comprise absolute or relative contraindications for TEE (Table 3.4)197. In 

patients with oral, esophageal, or gastric disease, the American Society of Echocardiography 

(ASE) recommends considering other imaging modalities including CTA197. Other 

populations who present a challenge include the frail elderly, those requiring significant 

sedation, patients with severely reduced LVEF, severe valvular stenosis, severe pulmonary 

hypertension, obstructive sleep apnea and significant pulmonary disease where advanced 

airway or anaesthetic skill set would be mandated. In these groups, the risk benefit profile 

may favour CTA over TEE197,198. Similarly, despite studies demonstrating safety of TEE in 

patients with varices the selection bias in such retrospective datasets means that CTA, 

particularly for Stage 3 varices, is preferable199. 

In 1.9% of cases, TEE cannot 

be performed because of 

difficulty in advancing the 

probe, and in 0.88% of cases 

the procedure might need to 

be abandoned due to patient 

intolerance. In both situations 

persisting with attempts at 

intubation or continuing the 

procedure risks 

complications. In such 

situations CTA offers a robust 

alternative 200. The lack of 

availability of personnel to 

Table 3.2. Relative utility of TEE versus CTA for underlying 
pathologies 

Thrombotic substrate TEE CTA 

LAA Thrombus +++ +++ (Delayed 

protocol) 

SEC +++ ++ 

Alternative  
  

Thromboembolic sources 
  

Aortic Arch Atheroma ++ +++ 

Patent Foramen Ovale +++ ++ 

Vegetations +++ ++ 

LV Thrombus ++ +++ 

Left Atrial Function/  
  

Morphology 
  

LAA emptying velocity +++ ND 

LA/ LAA EF +++ + (Retrospective) 

LAA Morphology/ Device 

sizing 

++ (3D TEE) +++ 

Coexistent/ 
  

Interdependent pathology 
  

Systolic/ Diastolic function ++ + (Retrospective 

gating) 

Valvular pathology +++ + 

Coronary Artery Disease - +++ 

Abbreviations: CTA= computed tomographic angiography, LA/LAA= left atrial/left atrial 
appendage, LV= Left Ventricle, ND= no data 
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perform a TEE may lend to a dedicated CTA protocol in emergent settings that may enable 

exclusion of thrombus and discharge from the emergency department reducing both the 

length of stay and time spent in AF. Clearly, this does not obviate the need for a 

comprehensive cardiac evaluation including echocardiographic assessment. 

Table 3.3 Prevalence of thrombus and other embolic sources and recommendations for 

evaluation.   

Indication Incidence of LA/LAA thrombus Recommendation 

Cardioversion 2.9/4.4†*178- 13.8%‡151 TEE/ CTA  

Pulmonary Vein Isolation 1.9201- 5.4%†178  CTA 

Stroke Evaluation thrombus 1.1-8.3%  

PFO 36.3- 50.4% 

arch atheroma 27.4-74.5%(57) 

TEE 

Atrial Appendage 

Occlusion 
6.3%202 CTA+ TEE 

 

 When to do a TEE? 

(Tables 3.2 and 3.3) 

 In the context of cardioversion 

or cryptogenic stroke workup, the 

questions that should be asked of 

imaging exceed the exclusion of 

thrombus, and include 

prognostication and assessment 

of coexistent or interdependent 

pathology. The supplemental 

SEC, LA, LAA, LV and valvular function information gained from TEE can impact 

downstream management decisions, should be provided in all patients undergoing TEE and 

provide value not afforded by CTA.  TEE should be utilized when there are contraindications 

to CTA. CTA should not be performed in the setting of renal dysfunction (creatinine >1.5-

1.8 mg/dl) except in dialysis patients. Contrast anaphylaxis is a contraindication to CTA; less 

severe contrast reactions are routinely addressed by pre-procedural steroid and antihistamine 

Table 3.4. Absolute and relative contraindications to transesophageal 
echocardiography. 

Absolute Contraindications Relative Contraindications 

Esophageal pathology (stricture, Symptomatic hiatal hernia 

trauma, tumour, scleroderma,  History of GI surgery 

Mallory-Weiss tear, Recent upper GI bleed 

diverticulum) Esophagitis, peptic ulcer disease 

Active upper GI bleeding  Thoracoabdominal aneurysm 

Recent upper GI surgery Barrett’s esophagus 

Esophagectomy, History of dysphagia 

Esophagogastrectomy Coagulopathy, thrombocytopenia 
Adapted from Hilberath et al. 
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administration and are not a contraindication. Subcutaneous contrast extravasation may 

occur but rarely has long term sequelae. Atrial fibrillation or other arrhythmias are not a 

contraindication since, unlike in coronary CTA in which they may raise problems of 

interpretation and require retrospective imaging, the noncontractile LAA is easily imaged 

without motion artefact and some centers do not even gate their scans to the EKG.  

 Shared decision-making.  

Patient involvement in decision making has become an integral part of patient care. 

However, the average patient’s expected preference for non-invasive CTA rather than more 

invasive TEE should not cloud the appropriate choice of procedure. Both procedures should 

be explained and the patients should be informed that TEE is the procedure currently 

recommended by the professional societies. The physician recommendation should be for the 

best procedure to obtain the necessary data with the highest benefit/harm ratio for that 

individual patient based upon an integration of the nuances of each case. When TEE and 

CTA are equally viable alternatives, patient preference should be the deciding factor. 

 Conclusions 

TEE has been the standard of care, but CTA is non-invasive and the delayed imaging 

protocols have excellent sensitivity and specificity comparable to TEE. CTA is a reasonable 

alternative to TEE when the primary aim is to exclude LA/LAA thrombus and in patients 

where the risks associated with TEE outweigh the benefits; this may be an increasingly 

important consideration as the target population ages. The low event rates in trials such as 

ACUTE make a head to head comparison against CTA a difficult task. 

 Supplementary Appendix 

 
Appendix Table 3.1. Sensitivities/Specificities and Predictive Values for All Cardiac Computed 

Tomography Studies Compared to Transesophageal Echocardiography 

Reference %Sensitivity %Specificity  % PPV % NPV %Accuracy  

Indication 
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Achenbach 
203 

100 (7/7) 87 (39/45) 54 (7/13) 100 (39/39) 88 (46/52) CV 

Dorenkamp204 29 (2/7) 98 (314/322) 20 (2/10) 98 (314/319) 96 (316/329) PVI 

Feuchtner 205 100 (4/4) 97 (58/60) 67 (4/6) 100 (58/58) 97 (62/64) PVI 

Hur 206 100 (8/8) 96 (89/93) 67 (8/12) 100 (89/89) 96 (97/101) stroke 

Hur 207 100 (14/14) 98 (40/41) 93 (14/15) 100 (40/40) 98 (54/55) stroke 

Hur 196 100 (12/12) 100 

(125/125) 

100 (12/12) 100 (125/125) 100 (137/137) stroke 

Hur 208 100 (13/13) 100 (70/70) 100 (13/13) 100 (70/70) 100 (83/83) stroke 

Hur 209 100 (13/13) 100 (50/50) 100 (13/13) 100 (50/50) 100 (63/63) stroke 

Jaber 210 100 (6/6) 100 (25/25) 100 (6/6) 100 (25/25) 100 (31/31) PVI 

Kapa 211 100 (4/4) 88 (222/251) 12 (4/33) 100 (222/222) 89 (226/255) PVI 

Kim 212 93 (14/15) 85 (177/208) 31 (14/45) 99 (177/178) 86 (191/223) PVI 

Kim 213 100 (23/23) 67 (195/291) 19 (23/119) 100 (195/195) 69 (218/314) stroke 

Kim 213 100 (23/23) 98 (285/291) 79 (23/29) 100 (285/285) 98 (308/314) stroke 

Maltagliati 214 100 (4/4) 92 (153/167) 22 (4/18) 100 (153/153) 92 (157/171) PVI 

Martinez 215 100 (9/9) 92 (362/393) 23 (9/40) 100 (362/362) 92 (371/402) PVI 

Sawit 216 100 (2/2) 84 (57/68) 15 (2/13) 100 (57/57) 84 (59/70) PVI 

Sawit 216 100 (2/2) 100 (68/68) 100 (2/2) 100 (68/68) 100 (70/70) PVI 

Singh 217 100 (2/2) 96 (47/49) 50 (2/4) 100 (47/47) 96 (49/51) PVI 

Tang 218 36 (4/11) 94 (149/159) 29 (4/14) 96 (149/156) 90 (153/170) PVI 

Weighted 

mean 

96 92 41 99 94  

 

 

Appendix Table 3.2. Sensitivities, Specificities and Predictive Values for Delayed Phase Computed 
Tomographic Angiography Studies Compared to Transesophageal Echocardiography 

Reference %Sensitivity %Specificity %PPV %NPV % Accuracy Indication 

Kim 213 100 (23/23) 98 (285/291) 79 (23/29) 100 (285/285) 98 (308/314) stroke 

Jaber 210 100 (6/6) 100 (25/25) 100 (6/6) 100 (25/25) 100 (31/31) PVI 

Hur 207 100 (14/14) 98 (40/41) 93 (14/15) 100 (40/40) 98 (54/55) stroke 

Hur 196 100 (12/12) 100 (125/125) 100 (12/12) 100 (125/125) 100 (137/137) stroke 

Hur 208 100 (13/13) 100 (70/70) 100 (13/13) 100 (70/70) 100 (83/83) stroke 

Hur 209  100 (13/13) 100 (50/50) 100 (13/13) 100 (50/50) 100 (63/63) stroke 

Sawit 216 100 (2/2) 100 (68/68) 100 (2/2) 100 (68/68) 100 (70/70) PVI 

Weighted mean 100 99 92 100 99  

Adapted from Romero et al  

Abbreviations: NPV= negative predictive value, PPV= positive predictive value, PVI= pulmonary vein isolation    

 

 

 

 Additional issues in Multimodality evaluation for Assessment of 

HFpEF and AF. 
The above two manuscripts focus on the role of CMR in HFpEF and the roles of TOE and 

CT in evaluation for cardioembolic sources. The necessary brevity required in publications 

resulted in omissions which will be addressed in the following section. These include the 
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role of CT coronary angiography in HFpEF and the role of CMR in assessment of 

cardioembolic sources. 

Firstly, Cardiac computed tomography coronary angiography may be used to evaluate 

presence or absence of coronary artery disease. It is a highly sensitive investigation for 

exclusion of coronary artery disease219 and offers an ability to assess chamber volumes and 

in the case of higher dose retrospectively gated studies systolic function can be assessed. 

There are limitations in CT assessment of cardiac function beyond coronary assessment due 

to limited frame rate.  

There are differences between volumetric assessment of the LA with TTE under estimating 

LA volume compared to cardiac CT and CMR220,221. Finally, the data presented on the role of 

CMR as a gatekeeper to angiography102 challenges the existing paradigm of invasive 

angiography to exclude coronary artery disease and supports the role for a single 

investigation which provides the greatest coverage based on overlapping capabilities such as 

CMR. 

With respect to AF and exclusion of LA and LAA thrombus, CMR has been shown on a 

meta-analysis of 4 studies to have a sensitivity and specificity of (80% and 98%) 

respectively222. On the balance of evidence, the limited sensitivity and need for additional 

sequences make it a less appropriate option for assessment of cardioembolic sources 

compared to CCT. 

Despite utilizing different principles and technologies; echocardiography, CT and CMR 

share overlapping areas. Speckle tracking echocardiography can diagnose cardiac amyloid 

with a high degree of accuracy (area under curve 0.85) in an enriched and biopsy confirmed 

population223. It does so by documenting reduced and regionally different global longitudinal 

strain. CMR, in addition to providing strain data, also demonstrates expansion of the extra 

cellular matrix and deposition of amyloid directly. In cases of overlap the single best and 

most cost efficient strategy would be preferable. 
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Efficiency of health care mandates that one minimises multiple investigations. Guided by the 

core tenants of allocative efficiency, the current weight of evidence and additional 

functionality for CMR supports its role in the assessment of HFpEF. Similarly the better 

sensitivity and specificity of CCT shown above supports the role of CCT and TTE/TEE for 

assessment of cardioembolic sources. 

 

 Postscript 

 

The reviews of literature spanning Cardiac CT, CMR, and echocardiography challenge 

existing paradigms with respect to the management of cardiovascular epidemics. The reviews 

each highlight the current state of evidence and practice for CT, CMR with respect to the 

epidemics of AF and HFpEF.  

Firstly the equivalence of data presented comparing CT to TEE argues that in a system 

prioritising allocative efficiency, CT should be considered as a sensitive and specific 

alternative to TEE. Given all patients post CVA have a CT brain it is efficient to screen for 

cardioembolic sources at the same time thereby streamlining care. The 295% rise in AF 

hospitalisations presents a logistical challenge to the health care system26. Currently if AF is 

greater than 48 hours duration or the duration is uncertain, cardioversion needs to be delayed 

by 3 weeks or performed with TEE. The expertise required to perform TEE are not necessarily 

available 24 hours a day and are certainly not available in all hospitals. CT represents a health 

economic trade-off with access, availability, non-invasive assessment coming at the expense 

of radiation and contrast exposure. 

CT and TEE evaluate the same pathology and thus may be seen as an allocative binary (either/ 

or) option in the context of AF or for the purpose of excluding cardioembolic sources following 

a cryptogenic stroke. The review argued that a CT could be a substitute, however a 

comprehensive TTE would still be required and important functional information about the 

LA and atrial appendage would not be available on CT. Indeed the standard TTE examination 
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itself provides very little functional information about the LA. There is a need to extract greater 

information about LA function on standard TTE examinations. 

TTE and CMR provide complementary information with respect to HFpEF. The questions 

each modality seeks to answer only partially overlap. TTE has been the reference standard 

with respect to diagnosis of HFpEF. The review of the role of CMR in HFpEF highlights some 

areas where CMR may be superior- specifically in precise measurement of biventricular 

volumes and function, assessment of specific disease entities and detection of underlying 

pathophysiological drivers such as inflammation, fibrosis and macro/micro vascular 

ischaemia. Despite this potential, CMR has not been applied to the diagnosis and management 

of HFpEF. Furthermore when it comes to assessment of hemodynamics, assessment of 

valvular pathology and screening the ease, temporal resolution and availability of TTE make 

it the ideal tool. 

If CMR is widely available (and this is not necessarily the case, especially in Australia), there 

are two options. Firstly a competitive model where CMR replaces TTE. For this to eventuate, 

CMR must be able to evaluate haemodynamics and diastolic function with the same degree of 

precision and accuracy as TTE. The second option is to create a hybrid protocol where TTE 

informs on diastolic indices and pulmonary hypertension and CMR informs on precise 

biventricular volumes, systolic function and underlying pathophysiological mechanisms 

contributing to the HFpEF syndrome. Improving speed is a necessary goal to improve 

efficiency and applicability of hybrid imaging. The review therefore informs research goals 

1.) Assessment of diastolic function on CMR and 2.) Improving speed of CMR. 

An efficient application of advances in cardiovascular imaging requires appropriate 

stewardship and minimising inappropriate investigations. The above issues highlighted areas 

of research in multi-modality cardiac imaging. These inform the subsequent focused questions 

about efficient utilisation of cardiac imaging to service current cardiovascular epidemics. 
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These included: 

1.) The need to extract greater functional information about the left atrium from non-

invasive tools 

2.) Improving speed of CMR 

3.) Assessment of diastolic function on CMR 

4.) Reducing inappropriate investigations using imaging advances 

The remainder of this thesis pertains to gathering experimental evidence regarding the above 

issues.
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4 Normal Reference ranges for left atrial strain 
 

 

 Preface 
 

The previous chapter identified the role of CT and TEE in evaluation of AF. A key deficiency 

of TTE and cardiac CT are their inability to adequately describe atrial function and specifically 

LA function as it relates to AF. LA strain might be useful for assessment of LV filling pressure 

and in the prediction of the onset or recurrence of AF making it a useful tool prior to 

cardioversion and when screening for cardioembolic sources224-228. 

Certain steps are necessary when aiming to introduce a new imaging biomarker into clinical 

practice. This is a necessary exercise to ensure that the biomarker, which in this case is LA 

strain- adds independent information, incremental value and improves prognostication of 

patients. The steps include describing normal values in healthy subjects, validating the 

biomarker across a range of patients and against established reference standards, and finally 

demonstrating independent and incremental value over and above existing AF prediction 

models. 

I sought to address the first of these goals by evaluating normal reference values for different 

components of LA strain. Despite a range of publications there is no clear consensus on normal 

reference ranges. I performed a systematic review and meta-analysis of normal reference 

ranges for left atrial strain. I sought to explore differences in reported values using meta-

regression and sub group analysis. 

 

.  
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 Abstract 
 

Background: Recent advances in the assessment of myocardial function have facilitated the 

direct measurement of atrial function using speckle-tracking echocardiography. Currently, 

normal reference ranges for atrial function using speckle-tracking echocardiography are based 

on a few initial studies, with variations among modestly sized (n = 100–350) studies. 

Methods: The authors searched the PubMed, Embase, and Scopus databases for the key terms 

left atrial/atrial/atrium and strain/function/deformation/stiffness and speckle tracking/Velocity 

Vector Imaging/edge tracking. Studies of global left atrial function using speckle-tracking 

were selected if they involved >30 normal or healthy participants without any cardiac risk 

factors. Normal ranges for reservoir strain, conduit strain, and contractile strain were computed 

using a random-effects model. Meta-regression and subgroup analysis was performed to 

explore between-study heterogeneity. 

Results: Forty studies (2,542 healthy subjects) satisfied the inclusion criteria. Meta-analysis 

revealed a normal reference range for reservoir strain of 39% (95% CI, 38%–41%, from 40 

articles), for conduit strain of 23% (95% CI, 21%–25%, from 14 articles), and for contractile 

strain of 17% (95% CI, 16%–19%, from 18 articles). Meta-regression identified heart rate (P 

= .02) and body surface area (P = .003) as contributors to this heterogeneity. Subgroup analyses 

revealed heterogeneity due to sample size (n > 100 vs N < 100, P = .02). 

Conclusions: The normal reference ranges for the three components of left atrial function are 

demonstrated. The between-study heterogeneity is explained partly by heart rate, body surface 

area, and sample size. 

Pathan F, D’Elia N, Nolan MT, Marwick TH, Negishi K. Normal ranges of left atrial strain 

by speckle tracking echocardiography: A systematic review and meta-analysis. J Am Soc 

Echocardiogr 2017 
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 Introduction 
The left atrium (LA) contributes to cardiac hemodynamics by modulating left ventricular (LV) 

filling through the interplay of atrial reservoir, conduit and booster contractile function. LA 

function has been assessed from pressure volume curves via invasive assessment229. The non-

invasive assessment of the LA anatomy and function predominantly has been performed by 

echocardiographic volumetric and Doppler analyses 230,231 as well as other modalities232. 

Speckle tracking echocardiography (STE) has been well validated as a quantitative assessment 

tool of LV function, and more recently this technique has been described for assessment of 

regional and global left atrial function233,234. Atrial strain has now been evaluated in multiple 

conditions including hypertension, diabetes, heart failure, ischemic/ valvular heart disease, and 

atrial fibrillation224-226,235,236 – including the facilitation of stroke risk calculation 228 and 

assessment of prognostic implications.227,228   

The widespread clinical adoption of this approach will require the definition of 

normal reference ranges – to date, 2 review articles 231,237, have recommended reference 

ranges based on 3 studies 234,238,239. However, reported normal ranges of the LA strains have 

some degree of methodological variations, for example, timing of initial onset (the onset of 

P-wave or QRS complex), inclusion/exclusion of the roof of the LA, and which apical views 

were used (4 chamber view [CV] only or 4CV and 2CV or all three views), resulting in a 

wide range of normal values of LA reservoir strain from 27.6 to 59.8%240,241.  

Speckle tracking values for mean left ventricular strain and right ventricular strain 

(in children) have displayed a high level of heterogeneity (I2 99 and 94.6% respectively), 

meta-analysis for both has resulted in a demonstration of normal values and encouraged 

further research242,243.  Given the variability of reported normal atrial strain values, the more 

recent publication of LA strain values in larger patient cohorts have presented an opportunity 

to establish a consensus by meta-analysis of a large number of healthy control subjects to 

establish a normal reference range. Thus, the aims of study were 1) to demonstrate normal 

ranges of the LA strains via systematic review of the literature and meta-analysis, 2) to 
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identify sources of variations affecting these strains by meta-regression and 3) to explore 

methodological differences via subgroup analysis. 

 

 Methods 

 Search profile.  
We followed the Preferred Reporting Items for Systematic reviews and Meta-Analysis 

(PRISMA) guideline when performing our systematic review and meta-analysis.244 Under 

the guidance of a librarian trained in systematic review, we searched PubMed, Embase and 

Scopus databases for key terms: Left atrial/ atrial/ atrium and Strain/ function/ deformation/ 

stiffness and Speckle tracking/ Velocity vector imaging/ Edge tracking. Additional strategies 

involved reference searches to identify further relevant studies. The search was limited to 

adult human studies published in English. Abstracts without complete published articles, 

review articles, editorials, and letters were excluded on secondary review. The search was 

completed on July 25th 2016. The study was prospectively registered with the Prospero 

database on 01/09/2015 CRD42015026143. 

 

 Study selection.  
Studies were included if articles included LA strain as measured by 2D speckle tracking, 

including velocity vector imaging and edge tracking among healthy controls. We excluded 

studies of controls with cardiovascular risk factors, or studies which did not provide 

adequate description of baseline characteristics of their control population, thereby making 

assessment of normality/health of participants impossible. We also excluded studies in which 

LA strain was calculated using tissue Doppler imaging, as this technique is angle-dependent 

and has been made obsolete as a result of the more robust speckle tracking techniques 

231,237,245. Studies were assessed for internal consistencies and whether their reported 

echocardiographic parameters were consistent with known normal reference ranges. Abstract 

posters were excluded due to inadequate baseline characteristics or methodology. Finally, we 

excluded studies with sample sizes less than 30 healthy/normal controls.  
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 Data collection.  

Two investigators (FP and ND) collected study characteristics, clinical characteristics, 

echocardiographic and strain data from individual studies. Disagreements were resolved by 

consensus or in combination with a third investigator (KN).  

Strain values corresponding to reservoir, conduit and contractile function were recorded. 

Two protocols for LA strain measurement have been described, depending on the use of the 

P wave (P-P gating) or the QRS complex (R-R gating) as the initiation of the strain 

calculation (Figure 4.1)237. When the R wave is used, all strain values are positive, and there 

are 2 peaks which correspond to reservoir function (1st peak between R wave and T wave) 

and atrial contractile function (starting on the P wave); the difference between reservoir 

strain and atrial contractile strain values reflects conduit function.  

When the P wave is used, 

the cycle is defined by an 

asymmetrical sinusoidal 

curve – an initial negative 

deflection that represents 

atrial contractile function, 

and positive peak that 

represents conduit 

function; the sum of these equals reservoir strain. With these methods, LA reservoir (ƐR), 

conduit (ƐCD) and contractile function (ƐCT) should be interchangeable when viewed as 

scalar quantities. As the nomenclature of these values is predicated upon the type of gating, 

the zero reference point (R-R or P-P) was recorded, inferred from the images available or in 

1 case established by correspondence with the author246. In situations where multiple articles 

were published using the same data set, the largest study was included in our analysis. 

 Statistical analysis.  
The means and 95% confidence intervals (CIs) for reservoir, conduit and contractile function 

were computed using a random-effects model. Heterogeneity between studies was assessed 

Figure 4.1 Two types of zero reference points. 
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using Cochrane’s Q test with a significant p value of < 0.1 and the I2 statistic. Because there 

are a number of variables which affect atrial strain values, we performed a meta-regression 

analysis to assess their influence on the normal strain values. Univariate regression was 

performed if at least 10 studies reported the corresponding variable. Subgroup analysis was 

performed to evaluate the effect of distinct groups on strain values. A sensitivity analysis 

was performed by comparing the random effects model to a fixed effects model and by 

removing Non GE studies and demonstrating stability of the estimates.  

Publication bias was assessed using a funnel plot and the Egger’s test with a p value 

< 0.1 considered significant247. Statistical analysis was performed using Comprehensive 

Meta-Analysis software (Biostat, Englewood, NJ, USA Version 2.2.064 July 27 2011) and R 

(The R Foundation for Statistical Computing Version 3.2.2 August 14 2015) with two-tailed 

P values < 0.05 considered significant. 

Quality of studies was assessed using quality assessment tool by Downs and Black 

248, which covers quality of reporting, external and internal validity. As has been 

implemented in a recent meta-analysis of right ventricular strain, we identified 

documentation of inter and intraobserver variability, documentation of blood pressure/ heart 

rate, blinding of those acquiring and generating data and a defined strain computation 

protocol as important quality metrics 243. 

 Results 

 Study selection. 
Figure 4.2 shows the PRISMA flow chart of our study, where our initial search strategy 

revealed 2321 results, with 20 additional articles identified through other sources. After 

removing duplicates (865 studies), studies based on titles (659 studies) and abstracts (726 

studies) were excluded following review for the following reasons: no 2D global atrial strain 

data; no normal/healthy patients or controls with cardiovascular risk factors; n < 30; abstracts 

presented in meetings/conferences with incomplete patients’ or tests’ characteristics without 

corresponding manuscripts; and miscellaneous exclusions- editorials, letters and review 

papers. 91 full-text studies were assessed for eligibility. An additional 51 studies were 
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excluded for reasons such as, those cited above and studies with repeat datasets 

(Supplementary table 4.1). Finally, we included 40 valid studies (2542 patients) providing 

information on reservoir function for our final analysis. Fourteen studies (805 patients) 

reported conduit function, and 18 studies (1005 patients) were suitable for meta-analysis of 

contractile function (Figure 4.2).  

 

 

The baseline study characteristics recorded are shown in Table 4.1 224,234,236,238-

241,246,249-280 . Most studies (n= 34) used GE (GE Health Care, Milwaukee, WI) 

echocardiographic platforms and its proprietary software. Six studies were performed on non 

GE platforms. Similarly, all but 3 studies used R-R gating as the zero reference point. There 

was considerable variation with respect to age (mean age ranged from 25 to 68), gender  

Figure 4.2 Study design. 

 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart demonstrating study 
selection process. Reasons for full-text exclusion are reported in Supplemental Table 4.1. 
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Table 4.1. All Studies Included in Meta Analysis 

Study  Year   N  Tracking* 

(%) 

Gating Views Model Age Female 

(%) 

HR BMI SBP LAVI 

ml/m2 

LVMI 

g/m2 

LVEF 

(%) 

Avg 

E/e'* 

FR Platform Software Strain 

Cameli 2009 60 96.9 (83.3 

pts) 

R-R 4,2 12 33±14 48 73±10 23±2 120±11 nr nr 60±4 nr 60-80 Vivid 7 EchoPAC R 

Kim  2009 54 94 R-R 4,2 12 44±10 69 76±11 24±3 119±12 24±4 71±17 63±5 nr 40-80 Vivid 7 EchoPAC R,CD,CT 

Rosca  2010 37 nr R-R 4 6 48±12 57 nr 25±3 nr 33±8 87±13 62±3 6.3±1.5 60-100 Vivid 7 EchoPAC R 

Saraiva  2010 64 93.8 P-P 4,2,3 15! 40±14 69 69±10 26±4 118±12 22±5 nr 74±7 6.4±1.6 64±7 Vivid 7 EchoPAC R,CD,CT 
Cameli  2011 52 95.9 R-R 4,2 12 64±16 48 77±12 24±2 122±9 25±5 84±26 59±7 nr 60-80 Vivid 7 EchoPAC R,CD 

Miyoshi  2011 30 nr R-R 4 6 58±7 nr 70±9 24±3 132±11 25±10 110±21 74±8 nr 60-100 Vivid 7 EchoPAC R,CD,CT 
Mondillo  2011 36 95.1 R-R 4,2 12 62±13 53 76±14 24±2 127±11 22±4 82±29 59±7 6.9±4.3 60-80 Vivid 7 EchoPAC R,CD,CT 

Kadappu  2012 73 nr R-R 4 6 43±10 nr nr nr 126+11 21±5 81±27 61±4 8.1±2.1 70 Vivid 7 EchoPAC R 

Yoon  2012 36 nr R-R 4 nr 53±14 39 63±9 nr nr 27±9 86±18 62±4 nr 50-80 Vivid 7 EchoPAC R 
Altekin  2013 60 nr R-R 4,2 12 39±10 48 75±10 26±4 119±11 24±6 nr nr 7.3±1.7 60-80 Vivid 7 EchoPAC R, CD,CT 

Ancona  2013 70 nr R-R 4,2 12 51±12 84 76±16 nr 114±9 22±6 nr 58±5 nr 50-90 Vivid 7 EchoPAC R 

Hong  2013 30 96.8 P-P 4,2 12 49±8 40 64±8 24±3 114±11 28±5 nr 65±6 7.0±2.4 > 40 Vivid 7 EchoPAC R,CD,CT 
Liu  2013 30 nr R-R 4 6 40±11 30 70±11 nr 102±20 24±5 nr 63±4 nr 57-72 Vivid 7 EchoPAC R 

Mochizuki  2013 77 99 R-R 4,2 12 32±14 38 68±12 22±3 113±10 23±7 69±18 69±5 nr > 40 Artida Artida R 

Oishi  2013 56 nr R-R 4 6 66±14 nr nr 21±3 124±14 28±9 101±26 73±7 8.7±2.4 60-100 Vivid 7 EchoPAC R,CD,CT 

Sun  2013 12

1 

98.1 (96.7 

pts) 

R-R 4,2,3 12# 45±17 46 72±10 nr 118±13 32±8(NI) nr 63±6 nr 60-90 Vivid 7 EchoPAC R,CT 

Deschle  2014 32 nr R-R 4,2 12 44± 5 38 nr nr nr nr 84± 18 nr 9± 2 > 40 Vivid 7 EchoPAC R 
Degirmenci  2014 80 nr R-R 4,2 15 55±8 17 nr nr 121±3 41±10(NI) nr 60±5 nr 60-90 Vivid 7 EchoPAC R 

Santos  2014 40 nr R-R 4,2 12 68±6 68 71±14 25±4 127±15 21±5 78±17 60±3 nr 50-80 nr TomTec R 
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Table 4.1 continued 

Study  Year   N  Tracking Gating Views Model Age Female 

(%) 

HR BMI SBP LAVI 

ml/m2 

LVMI 

g/m2 

LVEF 

(%) 

Avg 

E/e'* 

FR Platform Software Strain 

Tadic  2014 64 nr R-R 4,2 12 46±9 42 70±7 24±3 118±6 29±6 38±5# 65±5 5.7±1.9 nr Vivid 7 EchoPAC R 

Tadic  2014 38 nr R-R 4,2 12 41±8 100 72±9 25±5 120±9 26±5 38.8# 64±4 5.0±1.4 nr Vivid 7 EchoPAC R 
Tigen  2014 40 nr R-R 4 6 47±11 45 nr nr nr 39±12 89±20 71±6 nr >40 Vivid 7 EchoPAC R 

Yang 2014 15

2 

nr R-R 4 6 48±8 46 nr 23±3 115±11 nr 70±17 65±5 nr 60-80 Vivid E9 EchoPAC R 

D’Ascenzi  2015 90 nr R-R 4,2 12 25±4 39 72±17 nr 120±8 18±8 71±15 62±4 6.1±1.4 nr Vivid 7 EchoPAC R, CT 

Kocabay  2015 30 97 R-R 4 6 35±6 0 nr 26±3 119±8 20±2 68±12 63±5 6.1±1.5 60-90 Vivid 7 EchoPAC R,CT 

Miyoshi  2015 50 nr R-R 4 6 60±10 nr 63±12 21±2 115±11 23±4 75±17 73±7 8.2±1.9 60-100 Vivid 7 EchoPAC R,CD,CT 
Montserrat  2015 33 nr R-R 4 6 50±12 21 nr 25±3 nr 23±7 nr 62±4 nr >50 iE33 QLAB R 

Morris  2015 32

9 

95.1 pts R-R 4,2 12 36±13 47 nr 22±3 119±10 18±6 75±15 64±6 nr nr Vivid 7/E 9 EchoPAC R 

Song  2015 50 nr R-R 4 6 28±3 100 76±5 nr 117±7 19±3 nr 66±4 nr 60-91 Vivid 7 EchoPAC R,CD 

Xu  2015 12

4 

nr R-R 4,2,3 18 51±12 39 70±10 22±2 119±9 33±8 94±20 63±5 nr 60-90 Vivid 9 EchoPAC R 

Badran  2015 33 nr R-R 4 6 43±12 46 72±15 nr 117±10 12±5 112±3

1 

62±6 nr 57-72 Esaote 

Mylab 
Gold 30 

Xstrain 

(Esaote) 

R 

Liu  2015 39 nr R-R 4 6 46±18 38 75±11 nr 119±15 24±5 nr 63±5 nr 40-81 Vivid 7 EchoPAC R 

Atas  2016 38 nr R-R 4 6 49±11 92 nr 25.3±
5.7 

nr nr 84±17 69±6 6.2±1.4 > 40 IE33 
Phillips 

Qlab R, CT 

Guo  2016 50 nr R-R 4,2 12 50 ± 7 46 nr 26 ± 2 128 ± 6 26±5 nr 65±5 7.4±1.6 40–80 Vivid E9 EchoPAC R,CD,CT 

Kadappu  2016 76 nr R-R 4,2 12 62±7 66 nr 26 ± 5 123 
±12 

22.3 ±4.5 85 
±28 

60 ±5 8.9 
±2.5 

>70 Vivid E9 EchoPAC R 

Karakoyun  2016 30 nr R-R 4 6 32±7 47 73±12 27±5 118±11 nr nr 62±3 nr 50-90 Vivid 7 EchoPAC R,CT 

Kim  2016 79 nr R-R 4 nr 54±11 24 65±11 nr nr 30±9 nr nr 8.6±2.7 50-80 Vivid 7 EchoPAC R 
Tadic  2016 45 nr P-P 4,2 12 43±12 100 70±7 23±4 122±8 23.5±7 nr 65±3 5.7±1.3 nr Vivid 7 EchoPAC R,CD,CT 

Mochizuki  2016 69 nr R-R 4,2 12 52±16 62 65±10 21±3 120±15 26±8 72±17 66±5  nr 60-80 Vivid E9 EchoPAC R 

Wang  2016 45 nr R-R 4,2 nr 49±8 51 72±10 23±3 116±12 26±6 nr 62±5 nr > 60 ProSound 
F75 Hitachi 

DAS-
RS1 

R,CD,CT 

                    

Avg, Average; BMI, Body Mass Index; CD, Conduit strain; CT, Contractile strain; R, Reservoir strain; FR, Frame Rate; HR, Heart Rate; LAVI, Left Atrium Volume Indexed; LVEF, Left Ventricular Ejection Fraction; LVMI, 

Left Ventricular Mass Indexed; nr, not reported; SBP, Systolic Blood Pressure, ! Aorta and AV curtain excluded in 3 CH view, # Roof Excluded in 4, 2 and 3 CH views, *Tracking reported as % of segments tracked or % of 

patients with appropriate images 
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 Figure 4.3.1 Reservoir function 
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 Figure 4.3.2 Conduit function 
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Figure 4.3.3 Contractile function. 
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composition (0% to 100% females). Baseline clinical [heart rate (HR), body surface area 

(BSA), body mass index (BMI)] and echocardiographic characteristics were within the 

normal range as would be expected in healthy control cohorts. Feasibility of measurement 

was reported by 10 studies ranging from 83.3 to 96.7% on a per patient basis and from 93.8 

to 98.1% on a per segment basis. 

 Normal strain Values.  
The pooled normal values for Reservoir (ƐR), Conduit (ƐCD) and Contractile (ƐCT) were 

39.4 [95% CI 38.0 to 40.8], 23.0 [20.7 to 25.2] and 17.4 [16.0 to 19.0], respectively (Table 

4.2). 

4.5.2.1 Reservoir Strain (ƐR) 
All 40 studies reported reservoir strain. Normal reservoir strain ranged from 27.6 to 

59.8%240,241. The mean ƐR was 39.4% [95% CI 38.01 to 40.8] (Figure 4.3.1). There was 

significant heterogeneity (Q statistic 1653, p<0.0001; I2 97.6%) (Table 4.2). 

4.5.2.2 Sensitivity Analysis  
We performed analysis using a fixed effects model and demonstrated a mean ƐR of 38.4 

[95% CI 38.2 to 38.6]. Removing 6 non-GE studies, we demonstrated that the mean strain 

value for GE based systems was 39.3 [95% CI 37.5 to 41.1] based on a random effects 

model. The Forest plot for GE only studies is provided in Supplemental Figure 4.1. 

4.5.2.3 Conduit strain (ƐCD).  
Normal conduit strain ranged from 15.7 to 33.4%,254,264 with a mean ƐCD of 23.0% [20.7 to 

25.2]. This was also heterogeneous (Q statistic 420 (P< 0.001); I2 96.9%) (Figure 4.3.2). 

Only 1 study was performed on a non GE platform.  

 

Table 4.2 Summary of normal ranges of LA strains  

LA strains Number of studies Mean 95% CI Cochrane’s Q test I2 Tau2 

Reservoir 40 39.4 38.0- 40.8 1653 (p < 0.001) 97.6 20.0 

Conduit 14 23.0 20.7- 25.2 420 (p < 0.001) 96.9 17.9 

Contractile 18 17.4 16.0- 19.0 631 (P < 0.001) 97.3 9.7 

CI, Confidence Interval 
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4.5.2.4 Contractile function (ƐCT).  

Reports of normal atrial contractile strain also varied, with values ranging from 14.0 to 

25.0%272,278. The mean ƐCT was 17.4% [16.0 to 19.0]. The heterogeneity was evidenced by a 

Q statistic of 631 (P < 0.001) and an I2 value of 97.3 

 

 Meta-regression (Table 4.3) 
The sources of the heterogeneity were examined by meta-regression (Table 4.3), heart rate 

(Beta 0.48, p=0.02) and BSA (Beta -25.2, p= 0.003) were significantly associated with ƐR.  

Corresponding regression analysis for ƐCD and ƐCT is provided in the supplementary 

appendix. Meta-regression analysis for conduit function revealed increasing BMI was 

associated with increasing ƐCD (Beta 1.5 P= 0.02) (Supplementary Table 4.2). For 

contractile function meta-regression analysis revealed, LA Volume indexed (Beta 0.46, p= 

0.02) and BSA (Beta -16.9, p= 0.04) had a significant influence on ƐCT with Sample size 

trending towards significance (p= 0.06) (Supplementary Table 4.3). 

 

 Subgroup Analysis (Figure 4.4) 
The results of subgroup analyses are summarized in Figure 4.4. With regard to the different 

zero reference points, 37 studies used R-R gating and 3 used P-P gating. Reservoir function 

Table 4.3 Meta-regression analysis for ƐR 

 ƐR Number of studies Beta (95% CI) P value 

Age, per 1 year 40 -0.10 (-0.26, 0.06) 0.21 

SBP, per 1 mmHg 33 -0.03 (-0.35, 0.28) 0.85 

LVEF, per 1 % 38 0.09 (-0.26, 0.43) 0.62 

E/e', per 1unit 18 -1.74 (-4.53, 1.04) 0.22 

LA volume, per 1 ml/m2 32 0.01 (-0.35, 0.36) 0.96 

LV mass, per 1 g/m2 22 -0.01 (-0.15, 0.13) 0.87 

Publication year, per 1year 40 0.40 (-0.31, 1.13) 0.26 

Sample size, per 1 patient 40 0.02 (-0.01, 0.05) 0.22 

% Female, per 1% 36 0.04 (-0.04, 0.11) 0.32 

Heart Rate, per 1 beat/min 27 0.48 (0.10, 0.87) 0.02 

BMI kg/m2 27 0.74 (-0.31, 1.79) 0.16 

BSA m2 24 -25.2 (-43.6, -8.7) 0.003 

EchoPAC version 14 0.49 (-0.53, 1.52) 0.35 
BMI, Body Mass Index, LA, Left Atrial; LV, Left Ventricular; LVEF, Left Ventricular Ejection Fraction; SBP, Systolic 

Blood Pressure. 
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was 40% [38 to 41] when R-R gating was used; and 37% [34 to 41] P-P gating used (p= 

0.24).  

Vendor difference was also sought but there was no significant difference between 

GE (n= 34) and Non- GE systems (n= 6), 39 [38 to 41] vs 40 [35 to 45] (p= 0.76).  

Methodological differences in the model used to evaluate strain was assessed by 

comparing studies which incorporated 1, 2 or 3 apical views (i.e. 4 CV only; 4 and 2 CV; 

and 4, 2 and 3 CV). The mean ƐRs for studies using 4 CV only (17 studies), 4 and 2 CV (19 

studies) and 4, 2 and 3 CV (4 studies) were 38 [35 to 41], 41 [39 to 43], and 39 [31 to 47], 

respectively (p= 0.33).  

As only one paper specifically stipulated the racial distribution of the population271, 

we compared studies performed in Asian countries (n= 17) to studies in non-Asian countries 

(n= 22), to seek the 

possibility of a racial 

influence. One multicenter 

study performed in 

Germany and Asia270 was 

excluded from this 

analysis. There was no 

significant difference in 

the mean ƐR values 

between studies 

performed in Asia 38 [35 to 41] and those outside of Asia 40 [38 to 42] (p=0.21). 

We also compared the mean ƐR between large (n≥ 100, 4 studies) and small (n <100, 

36) sample-sized studies, demonstrating that large studies yielded larger ƐR than small (44% 

[40 to 48] vs 38% [37 to 40], p=0.02).  

 

Figure 4.4 Subgroup analysis of εR 
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 Publication bias.  

Publication bias was explored using a funnel plot for all studies and those reporting conduit 

and contractile function.  There is no significant publication bias for reservoir, conduit, or 

contractile function as evidenced by the respective Eggers test p values of 0.39, 0.41 and 

0.56. These and the funnel plots are included in Supplemental figure 4.2. The Egger’s test p 

value for ƐR using GE only studies was 0.06, suggesting significant publication bias. 

 Quality of studies 
All studies defined study objective, described the outcomes and outlined the main findings. 

As specified, description of heart rate and blood pressure were essential in the 

characterization of controls and these data points were absent in 15 studies. All studies 

described echocardiographic confounders with variations consistent with echocardiographic 

parameters reported. All but one study defined the strain computation protocol260. Thirteen 

studies specifically stipulated blinding individuals generating outcome data and 4 studies 

blinded sonographers to patient characteristics. Lastly, reproducibility analysis was 

performed in 28 studies. The summary of quality analysis can be seen in Supplemental Table 

4.4. 

 Discussion 
This is the first meta-analysis to describe the normal ranges for all three components of left 

atrial strain. The normal reference values for reservoir, conduit strain and contractile 

function were demonstrated by meta-analyses. We also reported the results from meta-

regression and subgroup analyses to identify the sources of heterogeneity among the studies. 

The left atrium contributes to cardiac performance through its roles as a reservoir, 

conduit and booster pump. Reservoir function corresponds to left ventricular isovolumic 

contraction, ejection and isovolumic relaxation. Reservoir function is modulated by left 

ventricular systolic function, atrial size and compliance. Conduit function which corresponds 

to the E wave (early transmitral flow) is modulated by atrial compliance and left ventricular 

relaxation/compliance. Finally, contractile function corresponding to A wave (late 

transmitral flow) is modulated by atrial contractile reserve, dependent on the degree of 
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venous return (atrial preload), left ventricular end-diastolic pressures (atrial afterload), and 

left ventricular systolic reserve227,231. 

Atrial function can be assessed using volumetric, spectral/ tissue Doppler imaging 

and speckle tracking techniques. Phasic assessment of atrial function requires a volumetric 

approach or an assessment of deformation (previously with high frame rate tissue Doppler 

imaging and now with speckle tracking). Currently, LA indexed volume remains the main 

stay in evaluating remodelling and is a powerful prognostic tool227. Compared to assessment 

of atrial strain, volumetric measures of LA function may be limited by a lower sensitivity in 

early disease states270.  

   Unlike left ventricular strain, which has been validated using microcrystals and 

myocardial tagging on cardiac MRI, LA strain using speckle tracking echocardiography has 

not been validated281,282. Nonetheless, there is a growing body of outcome data to support the 

diagnostic and prognostic value of the LA strain using speckle tracking echocardiography231. 

It is therefore imperative to understand normality and heterogeneity of values to 

contextualize impact of early disease states on LA strain indices.   

 Normal ranges and comparison to previous guidelines:  

The normal reference values for reservoir strain was 39.4% [95% CI 38.01 to 40.8], conduit 

strain 23.0% [20.7, 25.2] and contractile function 17.4% [16.0, 19.0]. Our value for ƐR 

39.4% falls within the previous results of 35.7-42.2%234,238 cited in a review paper on left 

atrial mechanics in 2014231. The ƐCD of 23.0% is similar to those cited in this review 20.4-

23.2%; however, ƐCT of 17.4% is higher than was cited in this article 14.6 and 15.3%.  

 Sources of heterogeneity:  
Meta-regression analysis was performed to evaluate the presence of a linear relationship 

between strain and clinical, echocardiographic and methodological covariates to explain 

heterogeneity. A subgroup analysis was performed for categorical covariates which could 

not be explored by linear regression (race, vendor, gating and views employed) all of which 

were presepcified. In addition, questions raised by the meta-analysis such as sample size 

were dichotomized to detect a threshold effect (e.g. larger studies vs smaller studies). 
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As expected given a normal/ healthy population there was not a great degree of 

variance in clinical and echocardiographic characteristics thus blood pressure and 

echocardiographic characteristics did not significantly influence strain values.  

 Age, gender and race 
Our analysis did not show a significant relationship due to the narrow age range and problem 

with averaging results from different age groups in each study. Previous studies using strain 

or volumetric analysis have described a progressive decline in ƐR with increasing age 

accompanied by a rise in ƐCT paralleling the E/A reversal seen in grade 1 diastolic 

dysfunction with ageing 239,259,283-285. Boyd et al. described significant changes in strain 

values above the 6th decade283, given only 4 studies had a mean age over 60 and the mean ƐR 

for each study averages higher and lower strain values seen at different ends of the age 

spectrum we are limited in our ability to see this relationship. Morris demonstrated that 

volumetric assessment of left atrial reservoir and conduit function showed a decline with 

age. The same study when using speckle tracking showed the difference in reservoir function 

persisted however, there was no difference in contractile function270.  

Sex, racial, and ethnic differences have recently been described in LV systolic and 

diastolic function, 286 and a comprehensive meta-analysis has suggested that Sex- and/or 

ethnic-appropriate echocardiographic reference values are indicated for many measurements 

of LA and LV size, LV mass, and ejection fraction because of differences in sex and ethnic 

groups on upper reference ranges. Specifically the upper reference values for LA volume 

were higher for Europeans than East Asians, although the difference was less pronounced 

among women287. LA assessment of reservoir, conduit and contractile function, have 

previously shown no difference between men and women285. Similarly, our analysis did not 

show a relationship between gender composition of the study and left atrial strain. This result 

paralleled recent results showing no significant difference between healthy men and women 

with respect to volumetric and strain assessment of the left atrium270. 

Our results did not show significant racial differences between studies performed in 

Asia compared to those performed elsewhere. Though Morris et al. were excluded from the 
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subgroup analysis, their results did demonstrate a difference between volumetric assessment 

of LA ejection fraction between Asian and European healthy subjects. However, there were 

no significant differences with respect to strain or strain rate indices270. Clearly, these results 

only pertain to specific demographics and thus their generalizability to other populations is 

limited. 

 Anthropometric measures   
Our results demonstrated that with increasing BSA there was a significant decrease in ƐR 

and ƐCT. This may indicate a biological signal whereby with increasing height and 

increasing chamber size the L0 value used to compute Lagrangian strain (=L-L0/L0) is higher 

resulting in a lower strain values. 

 Zero reference point and atrial strain 
Our review also did not show significant difference between R-R and P-P gating with 

regards to the practice of measurement of atrial strain. The issue of gating (P-P or R-R 

gating) is characteristic for atrial strain however given only 3 studies used P-P gating an 

equivalence cannot be stated based on the results of this analysis. Rimbas et al evaluated 

potential sources of variation and found significantly higher ƐR and ƐCD values from R-R 

gating compared to P-P gating288. 

The differential impact of drift compensation algorithms on R-R compared to P-P 

gating has not previously been described. We were unable to elucidate this relationship due 

to lack of documentation about the status of the algorithm in each study. A recent consensus 

statement recommended that drift correction may mask poor tracking and should be 

indicated to the user289.  

 Regional and methodological differences in atrial strain 
Regional differences in atrial strain values have been described233. Previous studies have 

described differences in mean ƐR ranges between 2CV (37.6- 44.3) and 4CV (33.8- 40.1) 

strain234,238,239. The lower values for the latter may be due to insertion of pulmonary veins. 

Consequently, the number of apical echo views used in the model was tested in subgroup 

analysis. Interestingly and somewhat unexpectedly, there was no significant difference in 

normal values among them. There were absolute differences of point estimates between 4 
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chamber only, 4 and 2 chamber and 4, 2 and 3 chamber models. The wider confidence 

interval suggests that lack of power driven by the paucity of studies using all 3 apical views 

was the culprit (Figure 4.4). Furthermore, averaging results of 4CV and 2CV may minimize 

the overall and expected difference.  

 Vendor differences 
A potential source of heterogeneity was vendor difference. Although subsequent to the joint 

standardization task force290, there has been improvement in between-vendor concordance in 

global longitudinal left ventricular strain between two leading ultrasound manufactures291, 

less is known about atrial strain. Our subgroup analysis compared vendors (GE versus non-

GE) because vendor differences are primarily based on algorithms used to compute strain292. 

We found no significant difference between vendors. This corroborated a previous report by 

Motoki et al. where they concluded that two vendors provide comparable LA ε  

measurements for LA function, in patients with atrial fibrillation.293 It is difficult to make 

any statements about the equivalence of vendors given that only 6 studies used a non- GE 

vendor. This subgroup analysis is helpful in demonstrating a normal reference range for GE 

vendors only. 

 There were no differences between different iterations of EchoPAC software within 

the 12 studies which reported software version. Since the standardization initiative there has 

been greater concordance between vendors, and EchoPAC versions (E12 and E13)291. 

 Technical issues and Trackability 
Difficulties tracking atrial segments relate to the thin wall, insertion of pulmonary veins, the 

aorto-atrial curtain (in the 3 CV) and the lack of dedicated tracking algorithms for atrial 

strain assessment. Indeed, until very recently the approach to atrial strain and right 

ventricular strain involved tricking the left ventricular strain computation algorithm. Despite 

these challenges, feasibility as assessed by percentage of segments or patients successfully 

tracked was high (Table 4.1). Heart rate was significantly associated with ƐR. The complex 

interplay between heart rate and frame rate, which may result in under-sampling, is a 

concern237, perhaps more so with the thin wall of the left atrium. Given frame rate was 
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reported as a range rather than on a per patient basis this relationship requires further 

clarification.  

   Other potential technical contributors to between-study heterogeneity are settings, 

such as gain, depth of field and region of interest (ROI) width. These are important 

determinants of strain values.288,294,295 None of the studies reported these, though all 

acknowledged the use of manual correction of ROI width to obtain satisfactory tracking. 

ROI width may be an important characteristic to be considered in future studies reporting LA 

strains.  

 Operator experience  
As with any meta-analysis, the results are dependent on the individual studies which 

comprise the analysis. Level of expertise are rarely documented.  There was variability with 

respect to reported quality measures for the included studies. Consequently, an assumption is 

made that all studies carry equal weight and have been performed in accordance with 

guidelines. This variability in expertise is another source of heterogeneity which is difficult 

to elucidate and is a limitation of our analysis. We explored the issue of experience using 

both publication year and sample size as potential covariates reflecting duration and volume 

of experience with measurement of atrial strain. There was a trend towards significance for 

larger sample size and ƐCT on meta-regression. We dichotomized sample size in our 

subgroup analysis of larger studies (n> 100) versus smaller studies (n< 100), and 

demonstrated a significant difference in the two, which would argue that perhaps the true 

value for reservoir atrial strain is > 40. A fixed effects model, however, reported a slightly 

lower strain value. Level of experience plays an important role in strain measurements and 

should be reported in future studies296. 

 Limitations 
Our data should be interpreted in the context of their limitations. First, like all 

Meta-analyses, this work is limited by variations in the original studies, although all involved 

individuals without any known cardiovascular risk factors. Likewise, the constituent 

observational studies may be limited by biases in the recruitment process. We found the 
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marked heterogeneity of results from study to study, which has only partly been explained by 

our meta-regression and subgroup analyses. Given the marked heterogeneity, one may argue 

that an integrated assessment such a meta-analysis is limited in its ability to define normal 

values. However, this only reflects the extent of overlap in CIs among the articles because 

Higgins et al. defined I2 as between-study variance divided by total variance x 100 (%)297 . In 

addition, in the absence of large studies evaluating normal reference ranges, amalgamating 

the available data provides a preliminary indication of normal ranges. Furthermore, results of 

our meta-regression and subgroup analysis indicate potential covariates which require further 

consideration during interpretation of results and the design of future studies. 

The limited number of studies using non GE software platforms (n=6) and P-P 

gating (n=3) mean that vendor and gating differences cannot be conclusively evaluated.  

Additionally, we included studies with more than 30 healthy controls, thereby 

potentially missing smaller studies. A random effects model results in more equitable 

distribution of weight, whereby studies which are smaller in size may still have a significant 

impact on the mean value. Nevertheless, a sensitivity analysis explored using a fixed effects 

model and removing non GE studies demonstrated the stability of mean ER. 

Another limitation is that patient level data was not analyzed resulting in loss of 

information and signals due to averaging. As is evident, some relationships which would 

manifest within regression analysis of an individual study, e.g. age may not be evident in a 

meta-regression due to over lapping age ranges and averaging of these results. Lastly not all 

variables which influence strain values have been reported in some of the original studies.  

Finally, we did not perform a stratified meta-analysis based on study quality. As 

given the variable satisfaction of quality metrics, it was not possible to order studies on basis 

of quality. Quality is a multidimensional, non-additive and nonlinear property which even if 

it is captured in a one dimensional perspective introduces bias298. Nevertheless, we have 

included the quality data in the Supplementary Table S4. 
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 Conclusion.  
In this analysis of healthy controls without comorbid disease or risk factors, we 

demonstrated normal ranges of each component of LA strain. There was considerable 

between-study heterogeneity, which was partly explained by heart rate, body surface area 

and sample size. 
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 Supplementary Appendix 

 

Search criteria 

I. PUBMED: 

 

Keywords Search (((left atrial or atrial or atrium)) AND (strain or function or deformation or stiffness or speckle tacking)) AND speckle tracking. Filters: Humans; English, 

Adults 

Results: 307 

II. SCOPUS: 
1. ( TITLE-ABS-KEY ( left atrial )  OR  TITLE-ABS-KEY ( atrial ) OR  TITLE-ABS-KEY (atrium)) 

2. ( TITLE-ABS-KEY ( strain )  OR  TITLE-ABS-KEY ( function )  OR  TITLE-ABS-KEY ( deformation ) OR  TITLE-ABS-KEY ( stiffness ) OR  TITLE-ABS-

KEY ( speckle tracking )  )  

3. TITLE-ABS-KEY ( speckle tracking ) 

4. #1 AND #2 AND #3 

Filters: English, Humans 

Results: 459 articles 

III. EMBASE: 

1 ‘left’ and ‘atrial or atrium’/ exp or atrium 

2 'strain’ or ‘function’ or ‘deformation’ or ‘stiffness’ or ‘(speckle and tracking)’ 

3 'speckle and tracking’ 

4 #1 AND #2 AND #3 AND [humans]/lim and [English]/lim 

Results: 1555 

 

Last Search 25.07.2016  
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Supplementary Table 4.1: Reasons of Full text exclusion 

Author Year  Reason for Exclusion 

Sirbu 2006 Not Speckle Tracking 

Vianna- Pinton 2009 Global Strain values not reported (Only Segmental Strain reported) 

Mori 2011 Controls have CV disease or RF 

Saha 2011 Controls have CV disease or RF 

Tsai 2012 Inconsistent Data (Despite R-R Gating- Negative Atrial contractile function values) 

Hammerstingl 2012 Controls have CV disease or RF 

Hirose 2012 Prospective Study (CV disease/ RF in cohort) 

Kusunose 2012 Pooled analysis-No analysis on those free of CV Risk Factors 

Oxborough 2012 N < 30 

Tsai 2012 Only Atrial contractile Fn reported 

Jing 2013 Controls have Htn 

Miyoshi x2 2013  Repeat Dataset 

Debonnaire 2013 Controls have CV disease or RF 

Khan 2013 Controls Have RF 

Kutty 2013 Age Stratified Population includes < 18 

Watanabe 2013 Prospective Study (CV disease/ RF in cohort) 

Xia 2013 Global Strain values not reported (Only Segmental Strain reported) 

Miyoshi 2014 Repeat Dataset 

Onishi 2014 Controls have RF 
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Kurt 2014 Controls have RF 

Kuwaki 2014 Normal Diastolic function Group may have  CV disease or RF 

Pan 2014 Controls have CV disease or RF 

Rimbas  2014 Patients have RF 

Degrimenci 2015 Repeat Dataset 

Hou 2015 Controls include < 18 year olds 

Morris 2015 Repeat Dataset 

Moustafa 2015 Inconsistent Data (Despite R-R Gating- Negative Atrial contractile function values) 

Tadic   2015 Repeat Dataset 

Morris  2015 Repeat Dataset 

Addetia 2016 4 Chamber strain (Simultaneous)- Novel method 

Mihalia 2016 LA strain not reported 

Tadic 2016 No Left Atrial Strain 

Gjerdalen 2016  LA Strain not reported in controls 

Acar 2016  Controls have CV disease or RF 

Share 2016 No LA strain 

Abd El Rahman 2016 Controls < 18 yr 

Venkateshvaran 2016 No Left Atrial Strain 

Vural  2016 Controls have risk factors 

Tuluce 2016 No Global LA strain 

Strachinaru 2016 Controls have RF 

Bech- Hanssen 2016 Strain calculation inconsistent with standardised approaches (50% segments removed) 
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Williams 2016 MRI based feature tracking 

Aulie 2016 No LA Strain 

Giraldeau 2016 No LA stain for non-Athletes 

Gabrielli 2016 No Global LA strain (Only Contractile function reported) 

D’Andrea 2016 No LA strain 

Fang 2016 No Speckle Tracking 

Calleja 2016 Diastolic dysfunction in Controls 

Dai 2016 Diastolic Dysfunction in Controls 

Hassanin 2016 Controls had clinical echocardiograms (CV risk factors not excluded) 

Meel 2016 Inconsistent Data (Despite R-R Gating- Negative Atrial contractile function values) 

CV, Cardio Vascular; Fn, Function; Htn, Hypertension; RF, Risk Factors 

 

Supplementary Table 4.2: Meta regression for Conduit function 

 ƐCD Number of studies Beta (95% CI) P value 

Age (Years) 14 -0.24 (-0.51, 0.03) 0.08 

SBP (mmHg) 13 0.11 (-0.33, 0.55) 0.61 

LVEF, per 1 % 14 -0.16 (-0.67, 0.33) 0.51 

LA volume (ml/m2) 13 -0.35 (-0.83, 0.14) 0.17 

Publication Year 14 0.40 (-0.70, 1.50) 0.48 

Sample size, per 1 patient 14 0.02 (-0.06, 0.11) 0.65 
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% Female, per 1% 11 0.05 (-0.12, 0.21) 0.58 

Heart Rate, per 1 beat/min 11 0.23 (-0.37, 0.82) 0.46 

BMI kg/m2 12 1.5 (0.25, 2.68) 0.02 

BMI, Body Mass Index, LA, Left Atrial; LV, Left Ventricular; LVEF, Left Ventricular Ejection Fraction; SBP, Systolic Blood Pressure. 

 

Supplementary Table 4.3: Meta Regression for Contractile function 

 ƐCT Number of studies Beta (95% CI) P value 

Age (Years) 18 0.01 (-0.13, 0.15) 0.91 

SBP (mmHg) 17 -0.03 (-0.37, 0.31) 0.86 

LVEF (%) 18 -0.19 (-0.51, 0.11) 0.22 

E/e', per 1unit 11 0.28 (-1.77, 2.34) 0.79 

LA volume, per 1 ml/m2 14 0.46 (0.07, 0.85) 0.02 

LV mass, per 1 g/m2 10 0.01 (-0.15, 0.17) 0.88 

Publication year, per 1year 18 0.25 (-0.39, 0.91) 0.44 

Sample size, per 1 patient 18 0.05 (-0.0001, 0.10) 0.06 

% Female, per 1% 15 -0.03 (-0.10, 0.04) 0.40 

Heart Rate, per 1 beat/min 14 0.23 (-0.25, 0.71) 0.35 
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BMI kg/m2 16 0.21 (-0.74, 1.16) 0.67 

BSA m2 10 -16.9 (-33.2, -0.67) 0.04 

BMI, Body Mass Index, LA, Left Atrial; LV, Left Ventricular; LVEF, Left Ventricular Ejection Fraction; SBP, Systolic Blood Pressure. 

 

 

Supplementary Table 4.4: Quality data for eligible datasets 

Study  Year   Objective 

Defined 

Outcome 

Described 

Characteristics 

of controls 

described* 

Confounders 

Described# 

Main 

Findings 

Outlined 

Heterogeneous 

Population 

Strain 

Imaging 

Protocol  

Individuals 

generating 

data 

blinded to 

outcomes 

Sonographers 

blinded to 

outcome 

Was 

reproducibi

lity analysis 

performed 

Case/ 

Controls 

recruited 

over same 

time period 

Cameli  2009 Yes Yes Yes Yes Yes NS Yes NA NA Yes NA 

Kim  2009 Yes Yes Yes Yes Yes NS Yes NA NA Yes NA 

Rosca  2010 Yes Yes No Yes Yes NS Yes No NS No No 

Saraiva  2010 Yes Yes Yes Yes Yes NS Yes NA NA Yes NA 

Cameli  2011 Yes Yes Yes Yes Yes NS Yes Yes No No NS 

Miyoshi  2011 Yes Yes Yes Yes Yes NS Yes No No Yes NS 

Mondillo  2011 Yes Yes Yes Yes Yes NS Yes Yes No No Yes 

Kadappu  2012 Yes Yes Yes Yes Yes NS Yes No No No NS 

Yoon  2012 Yes Yes No Yes Yes NS Yes No No No NS 

Altekin  2013 Yes Yes Yes Yes Yes NS Yes NS Yes Yes NS 

Ancona  2013 Yes Yes Yes Yes Yes NS Yes No No Yes NS 

Hong  2013 Yes Yes Yes Yes Yes NS Yes Yes No Yes NS 

Liu  2013 Yes Yes Yes Yes Yes NS Yes No No No No 

Mochizuki 2013 Yes Yes Yes Yes Yes NS Yes Yes No Yes NS 

Oishi 2013 Yes Yes No Yes Yes NS Yes NS NS Yes Yes 

Sun 2013 Yes Yes No Yes Yes NS Yes NA NA Yes NA 

Deschle 2014 Yes Yes No Yes Yes NS No No No No Yes 

Degirmenci 2014 Yes Yes No Yes Yes NS Yes Yes Yes Yes NS 

Santos  2014 Yes Yes Yes Yes Yes NS Yes No No Yes No              
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Supplementary Table 4.4. Continued. 

         

Study  Year   Objective 

Defined 

Outcome 

Described 

Characteristics 

of controls 

described* 

Confounders 

Described 

Main 

Findings 

Outlined 

Heterogeneous 

Population 

Strain 

Imaging 

Protocol  

Individuals 

generating 

data 

blinded to 

outcomes 

Sonographers 

blinded to 

outcome 

Was 

reproducibi

lity analysis 

performed 

Case/ 

Controls 

recruited 

over same 

time period 

Tadic  2014 Yes Yes Yes Yes Yes NS Yes No No Yes Yes 

Tadic 2014 Yes Yes Yes Yes Yes NS Yes No No No Yes 

Tigen  2014 Yes Yes No Yes Yes NS Yes No No No No 

Yang  2014 Yes Yes No Yes Yes NS Yes Yes Yes No Yes 

D’Ascenzi  2015 Yes Yes Yes Yes Yes NS Yes Yes No No No 

Kocabay  2015 Yes Yes No Yes Yes NS Yes Yes No Yes No 

Miyoshi  2015 Yes Yes Yes Yes Yes NS Yes No No Yes Yes 

Montserrat 2015 Yes Yes No Yes Yes NS Yes Yes No Yes No 

Morris  2015 Yes Yes No Yes Yes Yes Yes Yes No Yes NA 

Song  2015 Yes Yes Yes Yes Yes NS Yes NS No Yes No 

Xu  2015 Yes Yes Yes Yes Yes NS Yes No No Yes NS 

Badran  2015 Yes Yes Yes Yes Yes NS Yes No No Yes No 

Liu  2015 Yes Yes Yes Yes Yes NS Yes No No Yes No 

Atas  2016 Yes Yes No Yes Yes NS Yes Yes Yes Yes NS 

Guo  2016 Yes Yes No Yes Yes NS Yes Yes Yes Yes No 

Kadappu  2016 Yes Yes No Yes Yes NS Yes Yes No Yes No 

Karakoyun  2016 Yes Yes Yes Yes Yes NS Yes No No Yes Yes 

Kim  2016 Yes Yes No Yes Yes NS Yes No No No No 

Tadic 2016 Yes Yes Yes Yes Yes NS Yes No No Yes Yes 

Mochizuki 2016 Yes Yes Yes Yes Yes NS Yes No No Yes NS 

Wang 2016 Yes Yes Yes Yes Yes NS Yes No No Yes NS 
NA Not Applicable, NS Not Specified, *Heart rate and Blood pressure need to be described to score yes  

 

Supplementary figures 
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 Supplementary Figure 4.1.1 GE Reservoir Function 
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 Supplementary Figure 4.1.2 GE Conduit Function 
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 Supplementary Figure 4.1.3 GE Contractile function 
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Figure 4.4 Atrial strain publication bias plots 

 

ƐCD ƐCTƐR
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 Postscript 
 

Understanding of normal ranges is critical to the effective implementation of a new 

biomarker and one of the first steps in determining clinical viability299. 

This meta-analysis revealed normal references ranges for the 3 components of LA strain. As 

described in the previous chapter, there is heterogeneity in published normal reference 

ranges.  

This meta-analysis is unable to answer questions pertaining to loading conditions on LA 

strain as these were not assessed in the included manuscripts. Similarly image quality has 

significant impact on the studies but image quality was only reported in 2 studies. 

Certain variables accounted for this heterogeneity including anthropometric measures, 

gating, baseline heart rate and operator experience. Sub group analysis showed no difference 

between vendors, however this was compromised by relative paucity of studies on 

equipment made by other manufacturers than General Electric. This difference is critical in 

implementing cut-points particularly if a non-GE machine is to be used.  

 

In the next project I sought to compare intervendor and intermodality differences. This is a 

key step in utilizing atrial strain as a clinically useful biomarker. 
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Chapter 5 

 

Validation of left atrial strain: A inter 

vendor and inter modality comparison 

 

 

Article Validation of left atrial strain: A multi-modality, multi-vendor 

comparison study was submitted and is under review by European Heart 

Journal CVI 

 

Faraz Pathan; Hafisyatul Aiza Zainal Abidin; Hui Zhou; Tommaso 

D’Angelo; Elen; Kazuaki Negishi; Valentina O. Puntmann; Thomas H. 

Marwick; Eike Nagel; 

  



Chapter 5 Validation of left atrial strain  116 

 

116 

 

5 Validation of left atrial strain: A inter vendor and inter 

modality comparison 
 

 Preface  
The meta-analysis on LA strain was underpowered to explain if intervendor differences might 

play a role in normal reference ranges, so I was unable to reach a conclusion regarding 

intervendor comparisons. This was a key limitation as the planned retrospective observational 

study on LA strain following cryptogenic stroke required the use of a non-GE vendor. 

Furthermore no comparisons have been made between modalities i.e. CMR vs TTE with 

respect to strain analysis or against validation datasets such as myocardial tagging. 

A new biomarker requires biological validation and technical validation299. In order to explore 

intervendor differences, inter modality differences and validate LA strain on multiple vendors 

I undertook a study which eliminated possible biological and logistical variables and enabled 

comparison of strain across TTE and CMR vendors. 

I sought to evaluate systematic differences in strain computation algorithms and assess degree 

of correlation between vendors and modalities. A high degree of correlation between vendors 

would validate this tool, poor correlation would mean it is not ready as an investigative tool. 
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 Abstract 
Background 

Left atrial (LA) strain is a prognostic biomarker with utility across a spectrum of acute and 

chronic cardiovascular pathologies. There is limited data on intervendor differences and no 

data on intermodality differences for LA strain. 

Objectives 

We sought to compare the intervendor/ intermodality differences between trans-thoracic 

echocardiography (TTE) and cardiac magnetic resonance (CMR). We hypothetized that 

various components of atrial strain would show good intervendor and intermodality 

correlation and that there would be systematic differences between vendors and modalities. 

Methods  

We evaluated fifty-four subjects (43 patients with a clinical indication for CMR and 11 

healthy volunteers) in a study comparing TTE and CMR derived LA reservoir strain (ƐR), 

conduit (ƐCD) and contractile strain (ƐCT). The LA strain components were evaluated using 

four dedicated post-processing software (EchoPAC/ TomTec for TTE) and (Medis / CVI for 

CMR). We evaluated the correlation and systematic bias between modalities and within each 

modality. 

Results 

Intervendor and intermodality correlation ranged from ƐR (r 0.74-0.92), ƐCD (r 0.71- 0.91) 

and ƐCT (r 0.55- 0.79). There was evidence of systematic bias between vendors and 

modalities with mean differences (MD) ranging from (-9.1% to 12.4%) for ƐR, (-5.8% to 

8.6%) and (-2.1% to 3.6%) for ƐCT.  

Conclusion. Vendor derived ƐR and ƐCD demonstrates good to excellent intervendor and 

intermodality correlation. The ƐCT had modest to good correlation across vendors, and 

between modalities. There are systematic differences in measurements depending on 

modality and vendor for all LA strain components. 

Keywords: Atrial strain, speckle tracking, feature tracking, atrial deformation 

Pathan F, et al. Validation of left atrial strain: A multi-modality, multi-vendor comparison 

study was submitted and is under review by EHJ CVI 
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 Background 
Left atrial (LA) strain is a prognostic biomarker, which has been evaluated for 

hypertension, diabetes, heart failure, ischemic and valvular heart disease, and atrial 

fibrillation224-228. It stands at the precipice of clinical applicability subject to fulfilling 

requirements of an imaging biomarker300, particularly, intervendor reproducibility and 

standardization, along a roadmap previously followed by left ventricular 

strain291,301,302.   

Normal reference ranges for LA reservoir strain (ƐR), contractile strain (ƐCt) and 

conduit strain (ƐCD) have been demonstrated by meta-analysis303. However, a 

subgroup analysis was underpowered to demonstrate inter-vendor differences303. A 

previous study has examined inter-vendor differences on TTE showing good 

correlation between vendors using P-P gating as the zero reference point304. To our 

knowledge, no study has compared intermodality differences between TTE and CMR 

derived atrial strain. Recent work by the European Association of Cardiovascular 

Imaging/ American Society of Echocardiography (EACVI/ ASE) Strain 

standardization taskforce305,306 has outlined an appropriate methodology for LA strain 

computation. However, modality and software differences were not discussed, due to 

limited data comparing atrial strain across post-processing algorithms and modalities.  

Two primary techniques inform strain computation algorithms: speckle-tracking 

echocardiography (STE) and boundary or edge tracking using velocity vector imaging 

(VVI). Prior intervendor studies comparing ventricular strain305,307 do not immediately 

translate to LA strain due to technical issues specific to computing atrial strain 

including pulmonary vein insertion points, LA appendage and the thin wall, which 

make feature and speckle tracking difficult. Furthermore there are differences between 

CMR and TTE including: single- vs multi-beat acquisition, the lower frame rate of 

CMR compared with TTE, impact of non-zero blood pool signal in CMR and finally 
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drop out and far field loss of spatial resolution in TTE 308. These inherent differences 

require a comparison of LA strain computation algorithms across vendors and 

modalities. 

We sought to evaluate the intervendor and intermodality comparisons of LA strain 

using the template set out by the EACVI/ ASE Strain standardization task force305. 

We hypothesized that left atrial strain components would show good correlation 

across both vendors and modalities, but that there would be systematic differences 

between modalities and vendors. 

 Methods 

 Study population.  

The study enrolled patients with clinical indications for CMR (such as heart failure, 

ischemic heart disease and cardiotoxicity) and healthy volunteers, between July and 

December 2017. Study entry required subjects to have undergone their CMR and TTE 

examination within 30 minutes. Patients with persistent arrhythmia (atrial fibrillation, 

multiple ectopic beats) or an inability to breath-hold were excluded from the study. All 

studies were conducted in compliance with the requirements for Good Clinical 

Practice after approval from the local ethics committee. Each participant provided 

written informed consent. 

 Cardiac magnetic resonance protocol.  

CMR examinations were performed on a 3T scanner (Magnetom Skyra, Siemens 

Healthcare, Erlangen, Germany).  The examination protocol included steady state free 

precession cine, native T1/T2 Mapping, phase-contrast imaging, stress perfusion, late 

Gadolinium enhancement and post-contrast T1 mapping. The protocol for the cine 

imaging are shown in supplementary Table 1. The Cine images were acquired prior to 

injection of gadolinium contrast at 0.1mmol/kg. All examinations were performed and 

reported in accordance with society guidelines52,53 
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 Echocardiography protocol.  

All TTEs were performed by a single experienced operator in accordance with ASE 

guidelines309 on a single machine (Vivid E95, General Electric, Milwaukee, WI).  

Zoomed views with optimization of the LA were used for computation of strain with 

a minimum frame rate of 80 Hz. Three-beat cine loops were acquired for the purposes 

of strain computation. The TTEs were performed specifically for a research goal to 

compare strain values between modalities. 

 Post processing.  

Atrial strain was analyzed on four separate commercial software products: two types 

of TTE analysis software - speckle-tracking echocardiography (STE; EchoPAC v20.1, 

General Electric, Milwaukee, WI, USA) and velocity vector imaging (VVI, TomTec 

Image Arena, Munich, Germany) and two types of CMR post processing software 

(Medis, Medical Imaging Systems, version 2.4.12.2. Leiden, the Netherlands; and 

(CVI version 5.6, Calgary, Alberta, Canada). A single operator (F.P.) experienced with 

strain computation analyzed both de-identified CMR and TTE datasets, using two- and 

four-chamber views with the onset of QRS as the zero reference point 303,310. A region 

of interest was drawn along the LA endocardial border in both views and tracking was 

reviewed to ensure that it was a true representation of atrial motion and adjusted 

accordingly for optimal tracking. For EchoPAC STE strain, endocardial and epicardial 

boundaries formed the region of interest (ROI)- The ROI width was adjusted to ensure 

optimal coverage of the LA wall. The final strain results were taken as an average of 

the two views. The resulting atrial strain curve provided two peaks consistent with the 

ƐR and ƐCT; the difference between these two peaks was ƐCD. We permitted 

exclusion of at most two poorly tracking segments from the 6-segment model in each 

view. If it was not possible to evaluate atrial strain in both two and four chamber views, 

then a single view was used. Three cine loops in the echocardiographic data sets were 
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analyzed separately and averaged. The CMR dataset had only one cine loop composed 

of 6-8 heart beats; this was analyzed three times and averaged. 

 Statistical analysis.  

Baseline categorical variables are shown as percentage, and computed using the Chi2 

test. Continuous variables are presented as mean ±standard deviation (SD). If not 

normally distributed, they are presented as median [interquartile range]. Normality of 

data was assessed using the Shapiro-Wilk test. The Pearson correlation coefficient was 

used to evaluate intervendor and intermodality linear relationships.  Repeated 

measures analysis of variance (ANOVA) was used to assess intervendor and 

intermodality differences. The reported p values were Bonferroni corrected. These are 

presented as mean difference (MD) +/- standard deviation of difference (SD). 

Correlation analysis and pairwise analyses compared each vendor and modality 

against one another, against the average of TTE vendors (average TTE), against the 

average of CMR vendors (average CMR) for ƐR, ƐCD and ƐCT. The results for ƐCD 

are included in the supplementary appendix. Intermodality comparisons were analyzed 

using two separate frames of reference: 1.) average CMR vs average TTE and 2.) 

Medis (CMR) vs TomTec (TTE) as these vendors share the same post-processing 

algorithm. We evaluated systematic bias (Mean difference (MD)) and limits of 

agreement (LOA) for intramodality comparisons (STE vs VVI and Medis vs CVI) and 

intermodality comparisons (average TTE vs average CMR and Medis (CMR) vs 

TomTec (TTE)). Regression of mean difference plots was used to evaluate for 

proportional bias.  
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All statistical analysis was performed on IBM SPSS Statistics version 24 (SPSS, 

Chicago, IL, USA) and correlation/ Bland-Altman plots were created on MedCalc® 

Version 17.9.7(MedCalc Ostend, Belgium). 

 Results 

 

60 consecutive 

patients (n=49) and 

healthy volunteers 

(n=11) were 

prospectively 

recruited for this 

study. Six patients 

were excluded, as it 

was not possible to 

perform an 

echocardiogram 

within 30 minutes of 

the CMR, hence 54 participants were included in the comparative analysis. The CMR 

indications for clinical scans were ischemia (stress perfusion CMR, 15/53), heart failure and 

cardiomyopathy (8/53), myocarditis (6/53), autoimmune and sarcoid screening (5/53), 

chemotherapy cardiotoxicity (7/53) and hypertrophic cardiomyopathy (2/53).  The baseline 

characteristics are shown in Table 5.1. 

Table 5.1. Baseline Characteristics 

 

Healthy Volunteers 

(n= 11) 

Patients (n= 

43) P 

Age (years) 27 ± 6 52 ± 15 < 0.001 

Female (%) 80.00% 40.60% 0.40 

Heart rate (beats/minute) 69 ± 14 75 ± 10 0.16 

SBP (mmHg) 117 ± 16 127 ± 15 0.07 

DBP (mmHg) 73 ± 13 79 ± 10 0.09 

Hypertension n (%) 0(0) 18 (42) - 

Diabetes n (%) 0 (0) 5 (12) - 

Smoking history n (%) 0 (0)  15 (35) - 

Hypercholesterolemia n (%) 0 (0) 10 (23) - 

Family history IHD n (%) 4 (36) 16 (37) 0.41 

IHD n (%) 0 (0) 8 (19) - 

Heart failure n (%) 0 (0) 8 (19) - 

Malignancy n (%) 0 (0) 7 (16) - 

Systemic autoimmune disease 

n (%) 0 (0) 8  (19) - 
Abbreviations: DBP diastolic blood pressure; IHD ischaemic heart disease; n number; SBP 
systolic blood pressure 
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 Reservoir Strain.  

The mean ƐR by CMR was 39.3±13.8% (Medis 34.7±11.9%; CVI 43.8±16.7%), and by TTE 

was 35.0±10.5% (TomTec 38.4±11.7%; EchoPAC 31.6±9.7%) (Figure 5.1). Overall, CMR 

had higher strain values compared to TTE. Pairwise comparison demonstrated significant 

differences between ƐR for each vendor and modality (Figure 5.1a). The ƐR datasets were 

highly correlated on intervendor analysis (0.74-0.92) (Table 5.2).  

 

ƐR: Intervendor comparison in TTE. TTE vendors were highly correlated (r= 0.92, p < 0.01). 

There was a significant difference in mean values on pairwise comparison and on Bland-

Altman analysis mean difference (MD) and limits of agreement (LOA)) was (MD -6.9% LOA 

(-16.0%, 2.2%)), with TomTec having significantly higher values than EchoPAC. Regression 

analysis revealed a proportional bias at higher ƐR (beta -0.2, P< 0.01) (Figure 5.2a). 

 

 

 

 

 

Figure 5.1. ƐR and ƐCT mean values and pairwise comparison 

 
Mean ƐR and ƐCT of all study subjects presented per vendor (CMR green), (TTE Blue) and modality. Error bars represent the standard 
deviation (SD) of the mean values. Significant differences between vendors as shown in corresponding tables.  Mean difference (MD) 

± (SD) of difference based on repeated-measures ANOVA pairwise results.* Indicates differences, which were not statistically 

significant. Avg average; ƐR reservoir strain; ƐCT contractile strain; CMR cardiac magnetic resonance; TTE echocardiography. 
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ƐR: Intervendor comparisons in CMR. CMR vendors showed good correlation (r= 0.85, p < 

0.01). There was significant difference in mean ƐR on pairwise comparison and on Bland-

Altman analysis (MD 9.1% LOA (-8.7%, 26.9%)), with CVI having significantly higher 

values than Medis (Figure 

5.2b). Regression analysis 

demonstrated proportional bias 

with increasing ƐR (beta 0.36, p 

< 0.01).  

ƐR: Intermodality comparison. 

The correlation of ƐR between Avg TTE vs Avg CMR was 0.84 (p < 0.01). Avg CMR reported 

a significantly higher ƐR than Avg TTE (MD -4.3%, LOA (-19.1%, 10.5%). Regression 

demonstrated proportional bias (beta 0.29, p< 0.01) (Figure 5.3a). However, TomTec (TTE) 

reported higher ƐR than Medis (CMR) (MD 3.7%, LOA (-8.4%, 15.8%). Regression 

demonstrated no significant proportional bias (beta -0.02, p= 0.78). 

Figure 5.2. ƐR and ƐCT intervendor Bland-Altman plots. 

 
a.ƐR EchoPAC vs TomTec, b. ƐR CVI vs Medis, c. ƐCT EchoPAC vs TomTec and d. ƐCT CVI vs Medis. Blue lines 

indicate systematic bias or mean difference (MD) and the red dotted lines indicate limits of agreement (LOA). Pink dotted 

line represent the regression of differences for each analysis (proportional bias). Abbreviations as per figure 5.1. 

 

Table 5.2. Pearson correlation coefficients for ƐR intervendor and 
intermodality comparisons. 

 
Avg TTE Avg CMR EchoPAC TomTec  CVI 

Medis  0.87 0.95 0.85 0.86 0.85 

CVI  0.76 0.97 0.76 0.74 
 

TomTec  0.98 0.82 0.92 
  

EchoPAC 0.98 0.83 
   

Avg CMR 0.84     
All P < 0.001. Abbreviations as per figure 5.1.  
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 Contractile Strain.  

The mean ƐCT by CMR was 16.1% ± 4.8% (Medis 14.4 % ± 5.0%; CVI 17.7% ± 5.3%), and 

by TTE was 15.3% ± 4.5% (TomTec 16.5% ± 5.2%; EchoPAC 14.1% ± 4.3%) (Figure 5.1). 

ƐCT datasets showed modest to good intervendor correlation was modest (0.54- 0.79) (Table 

5.3.) 

ƐCT: Intervendor comparisons in TTE.  

TTE vendors showed good correlation (r= 0.79, p < 0.01). EchoPAC significantly 

underestimated ƐCT compared to TomTec as shown in Figure 1b. The Bland Altman analysis 

showed (MD -2.4%, LOA (-8.7%, 3.8%)) and a proportional bias (beta -0.22, p = 0.03) at 

higher values (Figure 5.2c). 

ƐCT: Intervendor comparisons 

in CMR. CMR vendors showed 

modest correlation (r= 0.69, p < 

0.01). CVI reported significantly 

higher ƐCT than Medis (MD 

3.3%, LOA (-4.7%, 11.3%) 

(Figure2d). There was no significant proportional bias.  

ƐCT: Intermodality comparison. The correlation between ƐCT between Avg TTE vs Avg 

CMR was (r=0.66, p< 0.01). There difference between Avg values was not significant on 

pairwise comparison (p= 1.0) and Bland-Altman analysis (MD -0.8%, LOA (-8.3%, 6.7%)) 

(Figure 5.3c). Regression did not reveal proportional bias. The was a statistically significant 

difference between TomTec (TTE) and Medis (CMR) (MD 2.1% (-6.7, 10.9)) (Figure 5.3d). 

Regression did not reveal a proportional bias (beta 0.04, p=0.75). 

 Conduit Strain 
The mean ƐCD by CMR was 23.2% ± 10.6% (Medis 20.3 % ± 8.8%; CVI 26.1% ± 13.3%), 

and by TTE was 19.7% ± 8.1% (TomTec 21.9% ± 8.9%; EchoPAC 17.5% ± 7.6%) 

(Supplementary Figure 5.1). There was good intervendor and intermodality correlation 

(0.71-0.91) (Supplementary table 5.2).  

Table 5.3. Pearson correlation coefficients for ƐCT intervendor and 
intermodality comparisons. 

 
Avg Echo Avg CMR EchoPAC TomTec  CVI 

Medis  0.62 0.92 0.55 0.62 0.69 

CVI  0.59 0.92 0.59 0.54 
 

TomTec  0.96 0.63 0.79 
  

EchoPAC 0.94 0.62 
   

Avg CMR 0.66     
All P < 0.001. Abbreviations as per figure 5.1.  
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ƐCD: Intervendor comparisons in TTE. TTE vendors showed good correlation (r= 0.91, p < 

0.01). EchoPAC significantly underestimated ƐCD compared to TomTec as shown in 

Suppelmentary Figure 1 on pairwsie analysis. The Bland Altman analysis showed of (MD -

4.4%, LOA (-11.7%, 2.7%)) and a proportional bias (beta -0.15, p = 0.01) at higher values 

(Supplementary Figure 5.2a). 

ƐCD: Intervendor comparisons in CMR. CMR vendors showed good correlation (r= 0.82, p < 

0.01). CVI ƐCD was significantly higher on pairwise ANOVA and on Bland Altman analysis 

bias (MD 5.9%, LOA (-9.8%, 21.4%) (Supplementary figure 5.1 and 5.2b). Proportional bias 

(beta 0.45, p<0.001) was seen at higher values. 

ƐCD: Intermodality comparison. The correlation between ƐCD between Avg TTE vs Avg 

CMR was (r= 0.84, p< 0.01). Avg reported significantly higher ƐCD than Avg TTE on 

pairwise ANOVA and on Bland Altman analysis bias (MD 3.5%, LOA (-8.4%, 15.4%) 

(Supplementary figures 5.1 and 5.2c). Proportional bias (beta 0.30, p<0.001) was seen at 

higher values. The difference between TomTec and Medis was not statistically significant on 

pairwise analysis (MD -1.6%, (-12.0 to 8.8)) (Supplementary Figures 5.1 and 5.2d).  

 

Figure 3. ƐR and ƐCT intermodality Bland-Altman plots. 

 
a.ƐR EchoPAC vs TomTec, b. ƐR CVI vs Medis, c. ƐCT EchoPAC vs TomTec and d. ƐCT CVI vs Medis. Abbreviations 

and annotations as per figure 1 and2. 
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 Discussion 
The results of this study of intermodality and intervendor differences for all 3 

components of LA strain using R-R gating demonstrate good to excellent correlation 

with respect to ƐR and ƐCD and modest to correlation for ƐCT, but systematic 

differences between vendors and modalities. This study is unique in that both 

echocardiographic and CMR examinations were performed contemporaneously, 

thereby removing any bias related to loading conditions or variation due to sampling 

times. Thus, while vendor differences in LV strain have largely been resolved, these 

findings indicate that current approaches to the assessment of atrial strain require 

equipment-specific follow-up. 

 Inter-vendor differences in TTE measurements.  

Variations in speckle-strain assessment of the LV have been largely addressed by a 

consensus process between professional groups and industry291,301,302. Moreover, while 

ventricular strain has been validated311, atrial strain derived using TTE or CMR has 

not been validated against an established gold standard (sonicated microcrystals or 

myocardial tagging).  

The echocardiographic assessment in this study showed STE reported significantly 

lower ƐR, ƐCD and ƐCT values compared to VVI. Our results are comparable to 

findings described by Motoki et al using P-P gating in a post-cardioversion 

population304, although differences in that study were not statistically significant. The 

differences in our study may be due to different inclusion criteria yielding higher strain 

values (Motoki exclusively studied AF patients who had reverted to sinus rhythm), 

different software for VVI analysis and R-R gating.  

There are a number of fundamental differences between STE and VVI algorithms. 

First, VVI tracks the endocardial border whereas STE tracks speckles distributed 

within the myocardium. Furthermore, STE relies on tracking speckles using the sum 
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of absolute difference method, data is fit to a polynomial curve constrained by original 

and tracked markers’ relationship to original markers - the regional strain of ROIs is 

calculated at about 50 points and distributed at 3 mm intervals along the LA 

circumference 304,312. In contrast, VVI relies on tracking endocardial features along the 

contour, based on tracking in an orthogonal direction313. 

 Difference between CMR vendors.  

CMR is unable to differentiate between the compact myocardium due to relatively 

large voxels, homogeneity of water content and tissue properties308, and therefore 

tracks the trabeculated endocardial boundaries. Hence, differences cannot be explained 

by ROI methodology, but nonetheless, CVI reported significantly higher ƐR and ƐCD 

than Medis software. There was evidence of proportional bias at the higher values of 

atrial strain, which has not been documented in previous inter-vendor comparisons of  

left ventricular strain using CMR 307. Higher strain values in our study may have 

unmasked an unrecognized proportional bias, as it was not seen in the lower range of 

ƐCT. Proportional bias at higher ranges of atrial strain is possibly explained by the 

geometrical assumptions, which inform the model.  

 Differences between modalities.  

The average CMR ƐR and ƐCD were higher than the average TTE values. There was 

no significant difference between average CMR and TTE for ƐCT. This result is likely 

a consequence of the proportional bias seen at higher values for CVI and the fact that 

both CMR vendors employ variance of VVI, which have higher values than 2D STE 

as demonstrated previously and in our intervendor comparison for TTE304. 

Medis (CMR) reported significantly lower values for ƐR and ƐCT compared to 

TomTec (TTE) on pairwise comparison. This is likely due to the lower frame rate on 

CMR (12.5 to 25 ms vs 30-40 ms) which may miss the true bimodal peak of the atrial 

strain curve313.  
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 Clinical Implications and Clinical relevance of LA assessment.  

The left atrium (LA) contributes to cardiac function by controlling left ventricular 

filling through three components: reservoir, conduit and contractile function303. LA 

function was initially evaluated noninvasively using atrial emptying fraction, and 

deformation (strain) using tissue Doppler imaging227,230,231,314. More recently speckle 

and feature tracking on echocardiography and CMR have been used for this 

purpose233,234,315. In addition to prognostic utility across multiple pathologies227, it has 

demonstrated incremental diagnostic value to traditional TTE parameters for 

predicting AF, following cryptogenic stroke 310. Atrial myopathy as measured by atrial 

strain is correlated with atrial fibrosis measured using late gadolinium enhanced 

CMR316. It seems likely that the clinical use of these parameters will increase. 

The observed intervendor and intermodality differences suggest that normal reference 

ranges should be software-specific. In other words, interpretation of results, 

application of cut points and follow up, all depend on modality and vendor used to 

compute atrial strain. These findings argue that greater effort is required to standardize 

analysis and interpretation of ƐCT values.  

Limitations. The cohort was modest in size with healthy volunteers under-represented 

in the dataset. We did not utilize P-P Gating as cine CMR datasets were triggered on 

the R wave which may compromise ƐCT correlation. However, while this study used 

R-R gating, rather than the P-P methodology by Motoki304, the intervendor TTE 

correlation of 0.79 for ƐCT in our study is identical to that reported by Motoki, 

suggesting that differences in gating are an unlikely explanation. Moreover, the R-R 

method is consistent with the ASE/EACVI consensus statement306. The lower frame 

rates of CMR may underestimate the peak strain, and higher frame rates may lead to 

better correlation both between CMR and TTE and within CMR datasets.  
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We did not perform a pre specified sample size computation and our analysis was 

guided by similar work by EACVI standardization task force and Motoki et al.304-306,. 

Finally the gold standard for LA strain phasic function is full volumetric phasic 

analysis on a short axis CMR data set. This was not performed in the current study and 

is therefore another limitation. Despite the above limitations, the current results inform 

the ongoing discussions about atrial strain and add inter-vendor and inter-modality 

comparisons, which are free from covariates such as time between scans and loading 

conditions. 

 Conclusion.   
 

LA ƐR and ƐCD show good to excellent correlation in between vendors, while ƐCT shows 

modest to good correlation within vendors. Despite demonstrated correlations, there are 

systematic differences between all vendors and evidence of proportional bias, which, should 

serve as a caution during clinical application with respect to cut-off values, normal reference 

ranges and comparisons of different approaches in follow-up studies. 

 Supplementary Material 
 

 

 

 

 

 

 

 

 

Supplementary table 5.1. SSFP CINE parameters 

 
SSFP  

TR, ms 44.66 
TE, ms 1.4 
Field of view, mm 369*369 
Spatial Resolution, mm 1.8 * 1.8 
Temporal Resolution 45 
Slice Thickness, mm 8 
Flip angle  42 
Bandwidth Hz/pixel 962 
Phases 25 
Heart beats/slice 5-7 
Gradient mode Fast 
Acquisition Cartesian 
Tag spacing NA 

Hz hertz, SSFP steady state free precession, TE echo time, TR repetition 

time 
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Supplementary table 5.2. Pearson correlation coefficient for ƐCD intervendor and 
intermodality comparison. 

 
Avg TTE Avg CMR EchoPAC TomTec  CVI42 

Medis  0.86 0.93 0.86 0.82 0.82 

CVI42  0.74 0.97 0.74 0.71 
 

TomTec  0.98 0.79 0.91 
  

EchoPAC 0.97 0.82 
   

Avg CMR 0.84     
All P < 0.001. Avg average; CMR cardiac magnetic resonance; TTE trans thoracic echocardiography. 

 Supplementary figure 5.1. ƐCD mean difference and standard deviation of difference. 

 

 

Differences represent mean difference and standard deviation of difference. Differences based on repeated-measures 

ANOVA pairwise results.* Indicate differences, which were not statistically significant (p > 0.05) following 

Bonferroni correction.  

 

Supplementary figure 5.2. ECD Bland-Altman Comparison- Intervendor and intermodality 
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 Postscript 
A full short axis stack of the left atrium during systole and diastole would provide a complete 

phasic understanding of left atrial ejection fraction and could serve as an alternative gold 

standard. Given the purpose of the current manuscript was assessment of intermodality and 

intervendor difference this specific protocol was not included. 

I have shown that both ƐR and ƐCD show good-to-excellent intervendor and intermodality 

correlation, despite systematic differences in how strain is computed across vendors. 

Furthermore, ƐCT shows modest to good intervendor correlation.  

A key step required to facilitate transition of an imaging biomarker from research to clinical 

practice is intermodality and intervendor validation/ reproducibility299. 

These findings have profound implications on research moving forward. Firstly they argue 

that intervendor differences do exist and are significant – and thereby build on the results of 

my meta-analysis. Furthermore, they argue that each vendor generate vendor/ modality 

specific normal reference values and cut points. 

In the previous 2 manuscripts, I have addressed 2 key barriers regarding adoption of a new 

imaging biomarker- normal references ranges, validation and inter-vendor comparison299. 

Fundamentally, however, we might question whether enhancement of a modality over 50 years 

old will prove superior to a newer modality. 

In the next two chapters I will explore whether CMR can be used to efficiently provide the 

information needed to better manage the CV diseases of old age. 
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6 Accelerated CMR 
 

 Preface 
The previous 2 manuscripts addressed barriers to the adoption of LA strain. However LA 

strain on TTE is an enhancement on a well utilised and sometimes over utilised modality.  

CMR, however, faces different barriers including issues of cost and accessibility. The 

duration of CMR ranges from 30 minutes to 1 hour317. Improving speed and throughput of 

CMR is a worthwhile goal which would improve adoption. Furthermore application of 

hybrid strategies which combine CMR and TTE would require improvements in speed of 

both modalities.  

This can be achieved by modifying protocols and omitting unnecessary protocols or 

protocols which are better serviced by one modality over another. CMR is the gold standard 

for assessment of biventricular volumes and function292. Currently the short axis cine data set 

which provides volumetric and functional information, requires multiple breath holds and > 

5-10 minutes to acquire. Accelerated techniques can improve speed of scan thereby 

improving throughput. 

I sought to determine if improving speed of cine CMR using accelerated imaging techniques 

would provide equivalent volumetric and functional information to the gold standard CMR.  

This is an example of technical and productive efficiency. The key question being whether 

reduced time input results in the same amount and quality of clinically relevant information. 
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 Abstract 
Background. Improving the speed of cardiac magnetic resonance (CMR) examinations is an 

important and essential goal to improve access. We compared the diagnostic performance of 

a real-time (RT) radial SSFP 2 breath hold (BH) protocol vs. a standard segmented ECG-gated 

BH Cartesian SSFP (Cine). 

Methods. 42 subjects were imaged with Cine and RT protocols using a 3T magnet. We 

compared acquisition time, biventricular volumes, function and left ventricular mass (LV 

Mass) as well as the inter- and intra-observer variability of both protocols.  

Results. The RT and Cine datasets showed good correlation for LVEDV, LVESV, LVEF, LV 

Mass, RVEDV, RVESV and RVEF (r 0.75-0.98, p<0.001). RT significantly underestimated 

RVEDV (144.3 ml vs 149.1 ml, p <0.001) and RVESV (59.6 ml vs 62.3 ml, p=0.03) compared 

to SSFP. There were no other systematic differences. The Cine protocol had better intra (COV 

1.3%-5.8%) and interobserver (COV 3.9- 13.6%) reproducibility compared to the RT protocol: 

Intraobserver (COV 5.8- 8.3%) and interobserver (COV 4.8- 16.9%). 

Conclusion. The results demonstrate that a 2 BH, RT protocol is an accurate and reproducible 

alternative to current standard SSFP for LV volumes and function. RT significantly 

underestimated RVEDV and RVESV, and showed good albeit lower correlation with Cine for 

RVEF suggesting further development is necessary before application to RV assessment. 

Keywords; Real-Time, CMR, Accuracy, Precision, CMR duration. 

Pathan F. Real-Time Cardiovascular Magnetic Resonance using radial SSFP acquisitions with 

nonlinear inverse reconstruction: An assessment of accuracy and precision. (Submitted JMRI) 

 

 Background 
Cardiac magnetic resonance (CMR) is the reference standard for the measurement bi 

ventricular volumes, mass and function. Accordingly it has been recognized in recent 

guidelines for diagnosis and management of ischaemic heart disease, heart failure and 

pericardial disease318-320. Despite the above indications issues of cost and availability are seen 

as barriers to widespread application of CMR292,321,322. 
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Data on duration of CMR is scarce. In practice scan duration is dictated by which and how 

many protocols are employed. A single centre study found that 49% of scans were > 45 

minutes duration323. 

Various strategies may reduce scan time, including process evaluation and feedback 324, 

semi-automatic planning and scanning 325 and post contrast balanced steady state free 

precession (SSFP) imaging326. 

Though process and protocol alterations address the “need for speed”, the end result of such 

refinement will meet a fundamental computational limitation imposed by time limits of each 

sequence. Traditionally, each phase of a CMR cine loop is generated by obtaining different 

parts of the k-space during multiple cardiac cycles using retrospective electrocardiogram 

(ECG) gating and then merging the data into one image. To acquire an entire short axis 

(SAX) data set, multiple breath holds are needed, which are susceptible to breathing 

artefacts, displacement of slices due to different breathing positions and arrhythmia 

compromising the image quality327. 

Real-time (RT) CMR has been proposed as a strategy to reduce scan time, improve temporal 

resolution and facilitate scanning of patients who are unable to breath hold (BH). 

One solution to accelerate Cine acquisitions is based on parallel imaging and iterative 

compressed sensing (CS) reconstruction. CS protocols have been evaluated with respect to 

left and right ventricular end diastolic and end systolic volumes (LVEDV, RVEDV, LVESV 

RVESV) and ejection fraction (EF) and demonstrated good agreement with standard SSFP 

protocol 328-331, though one study found a slight underestimation of LVEDV and LVESV 331. 

Furthermore, Haubenreisser et al demonstrated similar results for right ventricular volumes 

and ejection fraction (RVEDV, RVESV and RVEF) 330. The CS algorithms rely on 

incoherent undersampling, followed by sparsifying transformation and iterative 

reconstruction. This can result in increase in processing time to viewing the images. 
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An alternative approach utilizes undersampled radial encoding schemes for rapid gradient- 

echo MRI sequences combined with iterative reconstruction by regularized nonlinear 

inversion (NLINV) permitting a temporal resolution of up to 20 ms 332,333. The radial spokes 

are acquired in an interleaved multi turn arrangement, with each turn corresponding to an 

image made up of 9 to 25 spokes. The iterative reconstruction uses the previous frame for 

temporal regularization 332. While early applications to CMR were entirely based on FLASH 

sequences delivering T1 contrast (17), also radial SSFP versions have been evaluated for 27 

patients at 1.5 T comparing a free breathing RT protocol to a standard Cine protocol334. Voit 

et al demonstrated that RT in free breathing significantly underestimated LVEF334. It is not 

clear to what extent differences in LVEF were due to translational motion due to free 

breathing compared to an underestimation due to image quality and the RT acquisition itself.  

Although 3 T scans lead to greater susceptibility artefacts and pose SAR limitations for the 

high flip angles required for SSFP, more recent methodological work developed both 

FLASH and SSFP versions for CMR at 3 T (19). However, the authors did not go on to 

analyse the diagnostic accuracy of respective sequences for biventricular volumes and 

function. The current work therefore compares the diagnostic performance and 

reproducibility of RT radial SSFP (RT) vs standard Cine Cartesian SSFP (Cine) at a field 

strength of 3 T. 

We hypothesized that the real time (RT) technique based on undersampled radial data 

acquisition with NLINV reconstruction can be utilized for a rapid scanning protocol and (1) 

provides equivalent volumetric and functional information with respect to both the left and 

right ventricle and left ventricular mass (LVM), (2) improves speed of SAX acquisition and 

(3) has similar reproducibility as the standard Cine protocol. 

 Methodology 
All studies were conducted in compliance with the requirements for good clinical practice 

after approval from the local ethics committee. Each participant provided written informed 

consent. 
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 Subjects 
All patients were recruited and scanned at a single centre (Goethe University Hospital). 42 

subjects (10 healthy volunteers and 32 patients with clinical indication for CMR) were 

examined at 3T (Magnetom Skyra, Siemens Healthineers, Erlangen, Germany,) using 

standard breath hold Cine SSFP imaging as well as RT SSFP imaging. Patients with 

arrhythmia (atrial fibrillation, multiple ectopic beats) during the scan or inability to breath-

hold were excluded from the study. 

 CMR protocols 
Cine and RT acquisitions 

were acquired post contrast 

injection. Cine imaging was 

performed as a series of short 

axis views covering the 

ventricle in 13-19 slices. 

Acquisition of one cine data 

set requires 6- 8 heart beats 

usually allowing to acquire 

2-3 slices during one 

expiratory breath hold. Specific parameters are provided in Table 6.1. RT imaging was 

performed for the same geometries and coverage. The current RT protocol was developed as 

a free breathing non-gated protocol332.  To convert it to a gated protocol we employed the 

following conversion: The number of frames required to cover the entire R-R interval was 

determined by dividing the R-R interval by the temporal resolution (33 ms). This result was 

multiplied by 1.5 to provide a 50% buffer which incorporated changes in heart rate and a 

ramp time of 300 ms. Acquisition of one slice requires 1.5 to 2 heart beats (Figure 6.1). This 

usually allows acquisition of 7-10 slices during one expiratory breath hold.  

Table 6.1. Short Axis Acquisition protocol (Cine vs Real Time) 

 
Cine  MP Real Time 

TR, ms 2.8 2.56 
TE, ms 1.4 1.28 
Field of view, mm 369*369 256*256 
Imaging matrix 147 * 208 147*208 
Spatial Resolution, mm 1.8 * 1.8 1.8*1.8 
Temporal Resolution 45 33 
Slice Thickness, mm 8 8 
Flip angle  42 22 
Bandwidth Hz/pixel 962 1250 
Phases 25 30-50 
Heart beats/slice 5-7 1.5-2 
Gradient mode Fast Fast 
Acquisition Rectilinear Cartesian Radial 
Reconstruction Fourier NLINV 

(Iterative) 
Hz hertz, mm- millimetres; ms milliseconds; NLINV nonlinear inverse reconstruction; TE 

echo time; TR repetition time 
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Specific parameters 

are provided in 

Table 6.1. Figure 6.2 

demonstrates the 

image quality of 

Cine vs RT SSFP 

protocols.  

RT acquisitions were 

based on a gradient-

echo sequence with 

radial encoding and fully 

balanced gradients. The 

design results in a zero 

gradient moment (zero 

phase) for each repetition 

interval TR (i.e. SSFP 

contrast) and a 

symmetric echo at TE = TR/2. The actual implementations employed a highly undersampled 

radial encoding scheme (i.e., 13 to 15 spokes per frame) where 5 successive acquisitions 

comprised complementary sets of spokes. The spokes of each frame were equally distributed 

over a full 360° circle in order to homogeneously sample k space. NLINV reconstructions 

benefit from complementary sets of spokes by temporal regularization to the preceding 

frame, which constrains the range of possible solutions to the inverse problem334,335. Online 

reconstructions of serial images employed a parallelized algorithm of the NLINV method. 

332. The reconstruction was performed on a separate computer equipped with 8 graphical 

processing units. The resultant RT images were transferred back to the host CMR computer 

and appeared within 10 seconds of commencing the SAX acquisition. The process of data 

Figure 6.1. Calculation of number of measurements. Example 

calculation of live computation of measurements per slice based on 

heart rate.  

 

Figure 6.2. Standard SSFP (top panel) and Real-Time imaging 

(Bottom Panel): Basal, mid and apical slice in same patient 

Systolic/ diastolic phases. 
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transfer was fully automated and enabled evaluation of the entire SAX stack with minimal 

delay on scanning work station332,334.  

 Post processing. 
LVEDV, LVESV and LVM as well as RVEDV and RVESV were determined from the RT 

and standard SSFP cines. LVEF and RVEF were automatically calculated. In addition the 

time required for full SAX coverage from base to apical slice was recorded.  

Both Cine SAX data set and the RT SAX data set were evaluated using the same proprietary 

post processing software (SuiteHEART® Version 4.0.0, Neosoft Pewaukee, Wisconsin 

USA). The Cine data set was processed manually in accordance with Society guidelines by 

two experienced operators 53.  The trabeculation and papillary muscles were excluded from 

LV and RV contours. 

Each operator identified end systole and end diastole within each slice based on ventricular 

size. LV Mass was contoured in end diastole.  

Twenty randomly selected participants were evaluated twice by the same as well as by a 

different observer to assess intra- and inter-observer variability. Both users were blinded to 

the others or their own previous measurements. 

 Statistical analysis. 
Baseline categorical variables are shown as percentage and computed using the Chi2 test. 

Continuous variables are presented as mean±SD, and compared using the independent/ 

paired samples student t test as appropriate. If not normally-distributed, they are presented as 

median and interquartile range. Normality of data was assessed using the Shapiro-Wilk test.  

A paired student t test was used to evaluate systematic differences between measurements. 

Correlation was evaluated for left and right ventricular volumes, mass and function using the 

Pearson correlation coefficient (r). Inter protocol variability of measurements was assessed 

using the coefficient of variance (COV); defined as SD of repeat measures divided by the 

mean of the measurements. The Bland-Altman plot was used to illustrate mean difference 
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(MD) and limits of agreement (LOA). Regression of differences was used to evaluate for 

proportional bias 

Reproducibility of Cine and RT protocol was assessed using intraclass correlation coefficient 

(ICC), COV and Bland-Altman plots). Furthermore, the statistical significance of differences 

between reproducibility of the Cine and RT protocol were evaluated using extension of 

techniques described by Bland and Altman336 and described in detail by Grotheus et al337. 

The squared difference between the 2 observations is an estimate of the within-subject 

variance for that protocol times 2. For non-normally distributed squared differences a natural 

log transformation was performed. If the squared difference was zero, it was replaced by half 

the next smallest value before log transformation. A 2-tailed paired t test was then performed 

on the logged squared differences for the 2 tests. 

All statistical analyses were performed on IBM SPSS Statistics version 24 and Bland-

Altman plots were created on MedCalc® Version 17.9.7 (Ostend, Belgium) 

 Results 
Three of the 45 subjects were excluded from analysis due to arrhythmia resulting in a study 

population of 10 healthy volunteers and 32 patients with clinical indication for CMR. The 

clinical indications were: ischemia evaluation (11/32), cardiomyopathy/heart failure 

evaluation (12/32), auto immune disease (5/32), chemotherapy cardiotoxicity (3/32) and 

arrhythmogenic right ventricular cardiomyopathy (1/32). Patients were older, had a greater 

prevalence of males and higher BSA compared to the volunteers (Supplementary table 6.1.) 

 Cine vs Real-Time. 
Acquisition time for the Cine protocol was 175 ± 72 seconds and 71 ± 15 seconds for the RT 

protocol. 
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Right ventricular volumes were underestimated using the RT protocol: RVEDV (Cine: 

149.1ml  ± 36.6 ml vs RT: 144.3ml ± 33.4 ml, p= 0.004) and RVESV (62.3ml ± 21.7 ml vs 

59.6ml ± 17.2 ml, p= 0.03). There were no significant differences for RVEF and LVEF, LV 

volumes and LVM (Table 6.2.) 

The r and COVs are shown 

in Table 6.3. RT protocol 

showed excellent agreement 

with the reference standard 

with respect to LVEF, LVM, 

biventricular volumes and 

modest correlation with 

RVEF. The COV for all measures was < 10.3 % (Table 6.3.) The Bland-Altman plots shown 

in Figures 6.3 and 6.4 demonstrate MD and LOA for LVEF (MD 1.1, LOA (-5.6, 7.9)) and 

RVEF (MD -0.2, LOA (-10.3, 10.0)). The remaining bias coefficients (MD, LOA were as 

follows: LVEDV (2.3, (-15.2, 19.7)); LVESV (-0.4, (-15.1, 12.2)); LV Mass (1.1, (-10.7, 

12.9)); RVEDV (4.8, (-15.0, 24.6)) and RVESV (2.7, (-12.8, 18.2)). The bias coefficients are 

represented as mean difference ± SD in Table 6.3. Regression of mean differences showed a 

proportional bias for LVEDV LVESV, RVEDV and RVESV with RT underestimating 

Table 6.2. Paired sample comparison of SSFP vs Real-Time protocols 

 Cine RT P 

Scan Duration (s) 175± 72 71 ±15 <0.001 

LVEF (%) 59.0 (55.0, 64.0) 59.0 (54.6, 62.9) 0.11 

LVEDV (ml) 148.5 (130.0, 178.0) 151.0 (133.9, 171.0) 0.13 

LVESV (ml) 62.8 (45.8, 84.3) 61.3 (50.3, 81.5) 0.57 

LV Mass (g) 106.5 (80.0, 120.0) 104.5 (81.0, 123.0) 0.33 

RVEF (%) 58.6 ±6.5 58.7 ± 6.8 0.84 

RVEDV (ml) 149.1 ±36.6 144.3 ± 33.4 0.004 

RVESV (ml) 62.3 ±21.7 59.6 ± 17.2 0.03 
LV left ventricular, LVEDV left ventricular end diastolic volume, LVEF left ventricular ejection fraction, LVESV 

left ventricular end systolic volume, RT real time, RVEDV right ventricular end diastolic volume, RVEF right 
ventricular ejection fraction, RVESV right ventricular end systolic volume, SSFP steady state free precession 

 

Table 6.3 SSFP Cine SAX parameters vs Real time Cine SAX 

 
r COV RT Mean Difference 

(SD of Diff.) 

LVEF 0.94 4.40% 1.0 (3.5) 
RVEF 0.68 6.30% -0.2 (5.3) 
LV mass 0.98 4.10% 1.1 (6.0) 
LVEDV 0.98 4.10% 2.3 (8.9) 
RVEDV 0.96 5.30% 4.8 (10.1) 
LVESV 0.98 7.60% -0.4 (7.4) 
RVESV 0.94 10.30% 2.7 (7.9) 

Abbreviations in table 2. COV coefficient of variation; SAX short axis stack, 

All p values < 0.001 
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volumes compared to Cine at higher values. The proportional bias for LVEF was of 

borderline significance (p= 0.05). 

 Reproducibility. 
Inter and Intra-observer variability are shown in Table 6.4.The Cine protocol showed good 

intra-observer and inter-observer reproducibility with intra-observer ICC (0.94 - 0.99)/ intra-

observer COV (1.3% - 5.8%) and inter-observer ICC (0.92- 0.99)/ inter-observer COV (3.9% 

- 13.6%). The RT protocol showed good intra-observer variability with respect to ICC (0.81 

- 0.99) and COV (5.8% - 8.3%). The inter-observer variability for the RT protocol was good 

for LVEF, LVmass, LVEDV, LVESV RVEDV ICC (0.94-0.98)/ COV (4.9%- 8%). The 

reproducibility was modest for RVEF and RVESV ICC 0.68, 0.83 respectively and COV 

(12.7%, 16.9%). As can be seen in table 6.4, with respect to intra-observer variability the 

Cine protocol was significantly more reproducible for LVEF, RVEF, LV Mass, LVEDV, 

LVESV, RVEDV and RVESV. With respect to inter-observer variability the Cine protocol 

Table 6.4. Intra and interobserver reproducibility (SSFP vs RT) 

Intraobserver Cine 

ICC 

RT 

ICC 

Cine 

COV 

RT 

COV 

p SSFP Mean 

Difference  

(SD of Diff.) 

RT Mean 

Difference  

(SD of Diff.) 

LVEF 0.99 0.93 2.00% 5.80% 0.002 -0.3 (1.6) 1.3 (4.4) 

RVEF 0.94 0.81 4.50% 7.40% 0.05 0.4 (3.7) 2.1 (5.8) 

LV mass 0.99 0.98 1.90% 4.80% <0.001 0.9 (2.8) 1.9 (6.8) 

LVEDV 0.99 0.99 1.90% 3.30% <0.001 0.4 (4.3) -0.5 (7.4) 

RVEDV 0.99 0.98 3.40% 4.90% 0.023 -1.3 (7.2) 1.4 (9.7) 

LVESV 0.99 0.98 1.30% 6.90% 0.001 0.2 (1.3) -2.3 (6.7) 

RVESV 0.99 0.96 5.80% 8.30% 0.034 -1.2 (5.2) -2.9 (6.5) 

Interobserver        

LVEF 0.94 0.94 6.00% 5.4 0.94 -2.4 (4.3) 2.1 (3.7) 

RVEF 0.86 0.66 7.40% 12.7% 0.12 -3.5 (5.3) 7.7 (6.3) 

LV mass 0.99 0.98 5.40% 6.4 % 0.56 -2.5 (7.7) 2.9 (8.6) 

LVEDV 0.98 0.95 3.90% 7.8% 0.002 1.6 (10.5) 13.7 (8.9) 

RVEDV 0.97 0.98 4.30% 4.9% 0.65 2.6 (8.7) -0.7 (10.1) 

LVESV 0.97 0.97 8.60% 8.0% 0.02 3.5 (7.7) 3.5 (7.0) 

RVESV 0.92 0.83 13.60% 16.9 0.18 6.3 (9.7) -10.1 (23.3) 

Abbreviations as in table 2 and 3. ICC intra class correlation coefficient; SD standard deviation 
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demonstrated significantly better reproducibility for LVEDV and LVESV with the 

differences in reproducibility being similar for all other measures. 

 

Figure 6.3- Correlation and Bland-Altman plots RT vs Cine: a. LVEF, b. RVEF, c. LV Mass 

  

Blue line represents MD and red lines represent LOA, Pink line represents regression of differences. LOA limits 

of agreement, MD mean difference, rest of Abbreviations as per table 2. 
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Figure 6.4- Correlation and Bland-Altman plots RT vs Cine: a. LVEDV, b. LVESV, c. RVEDV and d. 

RVESV. 
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 Discussion 
Our study builds on previous work using undersampled radial K space population and 

NLINV reconstruction332,334. We report the diagnostic accuracy and reproducibility of a 

radial SSFP RT protocol on a 3T magnet. Our 2 BH, RT protocol allows direct comparison 

between Cine and RT SSFP imaging independent of variance due to free breathing. 

Previous studies used turbo-gradient echo technique, and echo-planar imaging (but not radial 

K-space population) for both rest and stress imaging338,339. However, these studies had 

limited spatial and temporal resolution. Furthermore comparison to current parallel 

acquisition protocols with baseline acceleration was not feasible at the time. 

Voit et al used a related protocol at 1.5T using RT SSFP imaging and demonstrated adequate 

image quality, non-significant volumetric differences, but underestimated EF compared to a 

standard Cine protocol. Correlation and Bland-Altman analysis was not performed334. 

Similarly Zhang et al. employed the FLASH T1 contrast balanced variation of current 

protocol at 3T, and demonstrated feasibility and image quality, however did not go on to 

analyse differences between left or right ventricular measures.332 

The current study compares favourably to acceleration protocols based on compressed 

sensing for real-time Cine MRI methods with continuous acquisition. The results of our 

study are comparable to both Vincenti et al.328 who reported LV measures correlation (r 

0.94-0.98) and Camargo et al.331 (r 0.92- 0.98). Kido et al also evaluated CS protocol for RT 

imaging329 and reported similar correlations and LOA to our study 328,329.  

Haubenreisser et al. demonstrated excellent correlation for RV measures (r 0.92-0.99) and 

significantly narrower limits of agreement than the current protocol using CS330. Our results 

were similar to reported correlations by Hori et al. (r 0.79- 0.94) for the RV using Cine SSFP 

sequence340. 

Inter and intra-observer variability was excellent for the Cine protocol and modest to good 

for RT imaging. The significant differences in reproducibility with respect to intra-observer 
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variability reflect accuracy of the standard Cine protocol. Importantly the inter-observer 

variability was similar across the 2 protocols with the exception of LVEDV and LVESV. 

This would suggest that the variance between observers is greater than the variance between 

protocols. 

Utilising the current protocol or CS techniques represents a trade-off between precision, 

accuracy and time/cost. Based on the reproducibility data presented in this study the RT 

protocol shows similar variability to the interobserver differences seen in the Cine protocol. 

Based on current results the RT protocol would suffice for measurements of the LV and is 

comparable to previously published data for accelerated RT Cine scans. However, the 

proportional bias of volumes leads to an underestimation- a likely consequence of the 

susceptibility artefact seen at SSFP 3T. This is potentially avoided using a FLASH variant. 

The RV measures are less reproducible but RVEF shows good albeit lower correlation 

compared to LV correlations and is inferior to results reported using RT Cine330, arguing that 

further protocol or post processing refinement is required prior to clinical translation. 

The NLINV reconstruction technique offers 3 choices: FLASH=T1 or spin density contrast, 

refocused FLASH=T2/T1 contrast, or fully balanced gradients= (SSFP). We employed the 

latter protocol, which faces greater susceptibility artefact at 3T, issues with specific 

absorption rate and low flip angles- all of which contribute to inferior SSFP contrast 

compared to the FLASH protocols. This may in part explain the issues with imaging a thin 

walled RV. Future studies at 3T may benefit from a FLASH RT protocol which does not 

suffer from susceptibility artefact and allows for more spokes given shorter TR times. 

 Clinical Implications. 
Our study informs on the inter protocol variance seen with RT SSFP imaging using radial 

undersampling. This is important when evaluating free breathing studies particularly at 

higher volumes where proportional bias may need to be corrected. 
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Improving the speed of CMR leads to a range of clinical implications. Improving equity in 

healthcare is an important goal and a fast and cheap CMR examination would expand 

application of CMR to currently underserved population groups. Furthermore, population 

studies can evaluate current biomarkers such as volume and mass with an unprecedented 

degree of accuracy. Finally a fast low-cost strategy represents an additional diagnostic tier in 

CMR, similar to the precedent set by hand held devices in echocardiography341. 

 Limitations. 
We did not specifically interrogate image quality however this protocol has previously been 

evaluated with respect to image quality metrics334. 

Significantly impaired LVEF was underrepresented in our sample and there were no cases of 

significantly reduced RVEF. Furthermore patients with arrhythmia were excluded limiting 

understanding in this population- this was a deliberate decision as we required a fixed gold 

standard with which to compare the RT protocol. A formal sample size was not computed 

however, the sample in the study was informed by similar previous RT studies. 

Direct comparison with compressed sensing protocols was not performed. This is a 

necessary next step to evaluate the performance of various real-time imaging protocols. 

Our standard SSFP protocol was already fast due to the underlying acceleration factor. 

Nevertheless the RT protocol reduced scan time by a factor of 2.5. However, this a seminal 

validation study on the current RT protocol and advantages extend to free breathing 

protocols and in situations such as arrhythmia when averaging multiple heart beats 

compromises volumetric evaluation. 

 Conclusion 
The results demonstrate that a two breath hold real-time protocol utilising radial K-space 

sampling and NLINV iterative reconstruction is an accurate and reproducible alternative to 

current SSFP protocols for assessment of LV volumes and function which significantly 

improves speed of the CMR examination. For an exact determination of RV volumes and 
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function the current RT imaging protocol shows larger deviation from standard SSFP 

imaging with higher inter- and intraobservervariability. Further studies are required to 

evaluate the relative merits of current RT protocols against each other and against 

echocardiography. 

 Supplementary Appendix.  

 

 Postscript 
 

In this chapter, I used a novel accelerated CMR imaging technique resulting in a 2.5 factor 

acceleration in speed, to determine left and right ventricular volumes and function and left 

ventricular mass. Two fundamental questions were examined: Firstly was the functional, 

volumetric and mass information gained from the accelerated protocol equivalent to the gold 

standard? The next question is about reproducibility of data in both protocols. 

Interesting points from the study were 1.) The standard protocol was faster than expected. This 

illustrates that definition of standard protocols varies, as with each software and hardware 

iteration the cine SSFP protocol has evolved due to parallel imaging and acceleration factors. 

Supplementary Table 6.1. Baseline characteristics of patients and healthy volunteers 

 
Volunteers (n= 10) Patients (n= 32) P     

Age (years) 25.8 ± 5.3 55.9 ± 14.5 < 0.001 

Female (%) 80.00% 40.60% 0.03 

BSA (m2) 1.71 ± 0.20 1.92 ± 0.24 0.01 

Heart rate (beats/minute) 74 ± 11 70 ± 9 0.38 

SBP (mmHg) 131 ± 17 113 ± 14 0.006 

DBP (mmHg) 82 ± 10 72 ± 13 0.01 

Hypertension (%) 0 71.9% - 

Diabetes (%) 0 25.0 - 

Smoking history (%) 10.0 56.0 0.01 

Hypercholesterolemia (%) 0 31.2 - 

Family history ischemic heart disease 

(%) 

59.4 50.0 0.28 

Known Ischaemic heart disease (%) 0 15.6 - 

Known heart failure (%) 0 12.5 - 

Malignancy (%) 0 15.6 - 

Systemic auto immune disease (%) 0 21.9 - 
BSA body surface area; DBP diastolic blood pressure; SBP systolic blood pressure 
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Despite a faster protocol the accelerated CMR protocol was faster (2.5*) and provided 

equivalent functional and volumetric information with the exception of RVEDV. 

The cost benefit equation for technical efficiency is similar to that seen in HHU. The price of 

increased efficiency is image quality, precision and reproducibility. As mentioned in the 

manuscript a rapid CMR is analogous the HHU examination, apart from inability to carry it 

around the wards. The increased efficiency can be used to improve access to CMR by 

increasing throughput. 

Despite a focus on AF and HFpEF AF was excluded from this study and HFpEF was 

underrepresented. The specific purpose of this study was to accelerate CMR so its scope can 

extend beyond currently serviced populations. 

Rapid assessment of biventricular function creates room on an examination protocol for 

additional functionalities which are not routinely evaluated, such a diastolic function. In this 

next chapter I seek to apply echocardiographic principles of diastolic function assessment to 

CMR. 
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7 Assessment of diastolic function  
 

 Preface:  
As the previous literature review on the role of CMR in HFpEF demonstrated, there are 

significant advantages to CMR when attempting to characterise HFpEF. A key barrier to 

adoption has been the ability for CMR to characterise diastolic dysfunction. TTE remains the 

main diagnostic modality for this purpose. There is currently a paucity of published literature 

on the role of CMR in computing diastolic dysfunction.  

An efficient use of resources would argue for both diastolic assessment and more 

comprehensive phenotyping be carried out at the same time on one machine. This however is 

heavily predicated on CMR approximating or exceeding the performance of TTE. 

Alternatively if the diastolic evaluation from CMR is discordant it would then point the way 

to a hybrid strategy which incorporates brief and targeted examinations using both TTE and 

CMR. Based on my earlier work proposing a rapid CMR exam, this hybrid imaging strategy 

would also be an efficient model of characterising the HFpEF population. 

Though technically feasible, comparisons to TTE have been in a small population and have 

not been reproduced since the initial study83. 

I sought to apply components of the echocardiographic evaluation of diastolic function to 

CMR, being informed by key parameters from the revised diastolic assessment guidelines35.  
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Purpose. Cardiac magnetic resonance (CMR) can help to better characterize the complex phenomenon 

of heart failure with preserved ejection fraction (HFpEF). However there is limited data on the ability 

of CMR to describe diastolic physiology and to date this need has been fulfilled by echocardiography 

(TTE). We sought to recreate the TTE assessment of diastolic function on CMR 

Methods. 46 subjects (11 healthy volunteers and 35 patients) underwent CMR and TTE examinations. 

We evaluated inplane transmitral flow (E and A velocity), through plane e’ velocities and computed 

E/e’ on CMR and compared these measures to those measured using TTE. We assessed reproducibility 

for both protocols. 

Results. The correlation between CMR and TTE was (E r= 0.69, A r= 0.71, e’ r= 0.91, E/e’ r= 0.81, all 

P <0.001). There were no significant differences between CMR and TTE derived measures on paired t 

test (p 0.10- 0.87).   Both CMR and TTE demonstrated excellent intraobserver reproducibility: TTE (r 

0.88- 0.97, COV 3.3%- 8.9%) and CMR (r 0.97- 0.99, COV 0.8- 6.2%). However, interobserver 

reproducibility was good for TTE (r 0.87- 0.93, COV 6.0%- 10.7%) and despite CMR demonstrating 

good interobserver correlation, the coefficient of variance was high for e’ and E/e’ (r 0.85- 0.96, COV 

4.55- 14.1%).  

Conclusion. An echoplane transmitral flow assessment combined with through plane e’ assessment 

shows modest to good correlation with TTE derived measures and good intraobserver reproducibility. 

Further studies are required to refine measurement of e’ on CMR and improve interobserver 

reproducibility 

Keywords: CMR diastology, CMR inplane Diastology, HFpEF. 
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 Introduction 
Heart failure with preserved ejection fraction (HFpEF) is responsible for 50% of patients 

with heart failure56. HFpEF is responsible for significant morbidity, mortality and hospital 

readmissions, similar in magnitude to heart failure with reduced ejection fraction (HFrEF)58. 

Whereas HFrEF has multiple treatment options, which impact on morbidity and mortality318, 

trials evaluating treatment of HFpEF have not demonstrated significant impact on 

prognosis342. Indeed a failure of clinical trials has led to a call for phenotypic management of 

HFpEF69. The pathophysiology of HFpEF is more complex than HFrEF and can be due to 

various causes including systemic and vascular inflammation, fibrosis, micro and 
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macrovascular ischaemia, pulmonary hypertension, ventriculo arterial uncoupling, 

chronotropic incompetence and cardiovascular senescence29. Identifying these underlying 

mechanisms may facilitate targeted treatment of HFpEF.  

Currently the diagnosis of HFpEF is predicated upon the presence of heart failure signs and 

symptoms, a preserved ejection fraction (EF >50%) and elevated BNP or presence of 

diastolic dysfunction on echocardiography28. Transthoracic echocardiography (TTE) has 

been the principle diagnostic modality used to characterise both EF and define diastolic 

dysfunction35. 

There are limitations to the current approach, firstly diastolic dysfunction may be absent in 

some patients with HFpEF and present in others without HFpEF37,38. Furthermore the current 

approach is unable to define the mechanistic drivers causing the HFpEF syndrome. 

Cardiac magnetic resonance imaging (CMR) has the ability to more precisely quantify 

volumes and ejection fraction compared to TTE. It can define specific disease entities 

manifesting as HFpEF such as amyloidosis, pericardial constriction and hypertrophic 

cardiomyopathy. Finally CMR can demonstrate underlying mechanisms including: 

inflammation, fibrosis, macro/ microvascular ischaemia, fatty infiltration and evidence of 

ventriculo arterial uncoupling343.  

Despite these advantages, CMR has not been systematically employed in the diagnosis and 

work up of patients with HFpEF. Cost and access issues have been cited though these are 

being addressed by improving throughput344. The key limitation is an ability to quantify the 

presence of diastolic dysfunction. Central to diastolic function computation are the following 

indices: E wave velocity, A wave velocity, medial, lateral and average e’ velocity and left 

atrial volume35. Various strategies have been proposed to evaluate diastolic function using 

CMR84 including: left ventricular time volume relationship curves345, through plane 

transmitral flow evaluation85, CMR tagging86 and E/e’ evaluation using posteroseptal e’83. 
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The final study performed on 18 patients showed CMR derived E/e’ had good correlation 

with Doppler E/e’ (r= 0.89) and pulmonary capillary wedge pressure (r- 0.80)83.  

Despite the encouraging results, routine diastolic function evaluation has not been adopted. 

Certain limitations of through plane transmittal flow evaluation include selection of basal 

slice for through plane computation which may miss peak E and A velocities. Variable 

breath holds and movement of the mitral annular plane during diastole mean that velocities 

are different to those measured in TTE. 

Earlier work has demonstrated the feasibility of calculating transmitral velocities using 

vector aligned inplane imaging346. We designed a protocol which would evaluate inplane 

transmitral flow to recreate the TTE 4 chamber view inflow for E and A wave velocity 

calculation and calculate e’ using through plane low velocity encoded (venc) imaging.  

We hypothesized that novel technique to compute transmitral flow velocities (E, A) and E/e’ 

would correlate well with TTE measures of diastolic function. 

 Methods 
All studies were conducted in compliance with the requirements for good clinical practice 

after approval from the local ethics committee. Each participant provided written informed 

consent. This was a single centre study conducted at Goethe University Hospital 

 Study population. 
The study enrolled patients with clinical indications for CMR (ischaemia assessment, heart 

failure, inflammatory cardiomyopathy) and healthy volunteers recruited from the local 

university.  Subjects were recruited for this study between July and December 2017. All 

subjects underwent a CMR and TTE examination within 30 minutes. Patients with persistent 

arrhythmia (atrial fibrillation, multiple ectopic beats) or an inability to breath-hold were 

excluded from the study. Patients who did not have a TTE within 30 minutes of the CMR 

examination were excluded from analysis. 
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 Cardiac magnetic resonance protocol 
All CMR examinations were performed on a 3T scanner (Magnetom Skyra, Siemens 

Healthcare, Erlangen, Germany).  The examination protocol included SSFP CINE imaging 

(long axis and short axis), T1/ T2 Mapping, stress perfusion imaging (if indicated), inplane 

and through plane phase contrast imaging. All examinations were performed and reported in 

accordance with society guidelines52,53 

 CMR diastolic flow evaluation protocol   
The inplane flow assessment copied the image position for the 4 chamber cine sequence. 

Phase encoding direction is head- foot, anterior- posterior or left to right depending on the 

orientation of the heart within the body. The phase encoding vector was oriented so as to 

maximise the angle of incidence to mitral inflow. Phase encoding velocity was 200 cm/s. 

The E and A velocities were analysed using echo plane (4 chamber inplane imaging) (Figure 

7.1a and 7.1b). 

For e’ computation a short axis basal subset was used with low venc (N 20 cm/s) and 

through plane encoding. Care was taken to ensure adequate myocardial tissue for placement 

of multiple ROIs (Figure 7.2a and 7.2b). The through plane parameters are as follows (Slice 

thickness 10 mm, resolution 1.6 by 1.6 mm, fast gradient, 2 measurement averages, parallel 

acquisition using GRAPPA sequence with saturation bands above and below basal subset to 

minimise aliasing of flow). 

Figure 7.1. Phase encoding vector alignment and measurement of transmitral flow velocities. 

a.)Original PA orientation of 4 chamber view, b.) 300 angulation of phase encoding vector to align optimally with 
transmitral inflow, c.) ROI in red covers whole ventricular cavity with orange square representing highest inflow velocity 

and d.) Peak E and A velocities. ROI region of interest 
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All measurements were 

performed on CMR post 

processing software (Medis, 

Medical Imaging Systems, 

version 2.4.12.2. Leiden, the 

Netherlands).  

The diastolic indices E, A and 

e’ prime velocity were 

computed using the following 

strategy: A wide ROI was 

drawn in the echo plane 4 

chamber view (Figure 7.1c), 

The peak E and A velocities 

was analysed using the semi-automatic maximal values generated by post processing 

software which correspond with peak E and A velocities (Figure 7.1d). The software 

automatically detects the region of maximum and minimum velocity in each phase and 

denotes these with orange and blue squares. 

The e’ velocities was calculated by placing 4 medial and lateral ROIs. The highest medial 

and lateral values were used for med and lateral e’ and were averaged for (Avg e’). Integrity 

of the e’ curve was evaluated by looking for uniformity of peak velocity within the ROI 

(Figure 7.2c and 7.2d.). As has been described earlier we specifically also calculated 

posteroseptal e’. 

 Echocardiography protocol. 
All TTEs were performed by a single experienced operator in accordance on a single 

machine (Vivid E 95, General Electric, Wisconsin, USA) in accordance with American 

Society of Echocardiography guidelines (24). These included parasternal long axis and short 

axis views of the LV, LA zoomed and optimized views and subcostal images. Pulse and 

Figure 7.2. Calculation of e’ velocity. 

 

a.)Basal subset selection-slice is chosen as close as possible to mitral annulus however 

thick enough to draw medial and lateral ROIs (usually basal slice subset 2 or 3, b.) 
Through plane low venc (20 cm/s) phase image c.) Magnitude image showing 4 ROIs d.) 

The highest velocity both medially and lateral is taken as the medial and lateral e’. ROI 

region of interest, venc velocity encoding 
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continuous wave spectral Doppler was performed on all patients. Spectral Doppler signal-

noise ratio was optimised to ensure a clear window. Measurements were not performed on 

beats which were post ectopic. All diastolic indices were calculated using 6-8 beat averages. 

Post processing was performed on GE EchoPAC PC analysis software (GE, v20.1) 

Wisconsin, USA). 

 Statistics 
Baseline categorical variables are shown as percentage, and computed using the Chi2 test. 

Continuous variables are presented as mean±SD, and compared using the independent/ 

paired samples student t test as appropriate. If not normally-distributed, they are presented as 

median and interquartile range (IQR). Normality of data was assessed using the Shapiro-

Wilk test. 

CMR derived E, A, e’ velocities and E/e’ ratio were compared to TTE derived diastolic 

indices. A paired sample t test was used to evaluate systematic differences between CMR 

and TTE diastolic indices. Pearson correlation coefficient (r) was used to examine 

relationship between TTE and diastolic indices. Bland-Altman analysis was used to illustrate 

systematic bias (mean difference) and limits of agreement (1.96 * Standard deviation of 

differences). 

Reproducibility was evaluated on 30 patients using Pearson correlation coefficient (r), 

coefficient of variance (COV) and Bland-Altman analysis. Both intraobserver and 

interobserver analysis were performed. Both examiners were blinded to each other’s results 

and to the results of their previous examinations. 
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 Results 
46 subjects (35 patients 

with various indications 

for CMR including: 

Ischaemic heart disease 

(n= 5), heart failure (n= 

5), autoimmune 

conditions or 

inflammatory 

myocarditis (n= 7), 

cardiotoxicity (n= 4), 

the remainder being 

unexplained chest pain or dyspnea for evaluation (n= 14) and 11 healthy volunteers) 

underwent CMR examination followed by TTE.  

The baseline characteristics for the healthy patients and volunteers are presented in table 7.1. 

The healthy volunteers are younger and have an absence of cardiovascular pathology and 

risk factors with the exemption of family history of ischaemic heart disease. CMR derived E 

showed modest correlation with TTE (r= 0.69) and good correlation with A, Avg e’ 

velocities and E/e’ ratio (Table 7.2 and Figure 7.3). Posteroseptal e’ showed good correlation 

with Avg TTE e’ (0.70), however, this was lower than Avg CMR e’ and Avg TTE e’ (r= 

0.91). Similarly CMR E/posteroseptal e’ showed only modest correlation with TTE Avg E/e’ 

(r= 0.63) (Table 7.2) 

Table 7.1. Baseline characteristics. 

 
Healthy 

Volunteers (n= 11) 

Patients 

(n= 35) 

P 

Age (years) 27 ± 6 50 ± 15 < 0.001 

Female (%) 7 (65) 16 (46) 0.30 

Heart rate (beats/minute) 67 ± 9 74 ± 13 0.13 

SBP (mmHg) 117 ± 16 127 ± 16 0.12 

DBP (mmHg) 73 ± 12 78 ± 11 0.26 

Hypertension n (%) 0(0) 14 (40) - 

Diabetes n (%) 0 (0) 4 (11) - 

Smoking history n (%) 0 (0)  13 (37) - 

Hypercholesterolemia n 

(%) 

0 (0) 8 (23) - 

Family history IHD n (%) 4 (36) 14 (40) 0.75 

IHD n (%) 0 (0) 5 (14) - 

Heart failure n (%) 0 (0) 5 (14) - 

Malignancy n (%) 0 (0) 4 (11) - 

Systemic autoimmune 

disease n (%) 

0 (0) 7 (20) - 

DBP diastolic blood pressure, IHD ischaemic heart disease, mmhg millimetres of mercury, n 

number, SBP systolic blood pressure 

Table 7.2. Assessment of transmitral flow, Avg e’ velocity and E/e’ ratio on TTE and CMR 

 
TTE CMR p Pearson r* MD (LOA) 

E  72.7 73.0 0.87 0.69 -0.3 (-22.8, 22.2) 

A 53.3 52.7 0.71 0.71 0.6 (-21.7, 22.9) 

Avg e' 10.5 10.1 0.10 0.91 0.4 (-2.7, 3.5) 

E/e' 7.8 7.9 0.50 0.81 -0.2 (-3.9, 3.6) 

PS e’ vs TTE e’ - - - 0.70 - 

E/PS e’ vs TTE E/e’ - - - 0.63 - 
All p values <0.001, Abbreviations CMR cardiac magnetic resonance, , LOA limits of agreement, MD mean difference, PS 

Posteroseptal, TTE transthoracic echocardiography 
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The paired t test revealed no significant difference between TTE and CMR derived diastolic 

indices. The mean velocities, E/e’ ratio and respective standard deviations were as follows: E 

(TTE 72.7 ± 13.5 cm/s, CMR 73.0 ± 15.2 cm/s ), A(TTE 53.3 ± 14.5 cm/s, CMR 52.7 ± 15.1 

cm/s), e’ (TTE 10.5 ± 3.7 cm/s, CMR 10.1 ± 3.6 cm/s), E/e’ (TTE 7.8 ± 3.1 cm/s, CMR 7.9 

± 2.7 cm/s). 

The mean difference (MD) and limits of agreement (LOA) between TTE and CMR are 

shown in (Table 7.2), there was no evidence of proportional bias on regression analysis 

(Figure 7.3).  

CMR and TTE both demonstrated excellent intraobserver reproducibility (Table 7.3). 

Interobserver reproducibility was good for TTE and modest to good for CMR (Table 7.3). 

 

 

 

Table 7.3. Intra and Interobserver variability for TTE and CMR derived diastolic measures. 

Intraobserver TTE r CMR r TTE 

COV 

CMR 

COV 

TTE MD (LOA) CMR MD (LOA) 

E 0.88 0.99 5.4% 1.3% 0.0 (-10.6,10.6) -0.2 (-2.7, 2.3) 

A 0.91 0.99 8.9% 0.8% 2.0 (-11.0, 14.9) -0.12 (-1.22, 0.98) 

e’ 0.99 0.97 3.3% 6.8% -0.08 (-1.01,0.85) -0.46 (-1.99, 1.06) 

E/e’ 0.97 0.97 6.6% 6.2% 0.09 (-1.29,1.46) -0.31 (-0.98, 1.61) 

Interobserver       

E 0.87 0.96 6.0% 4.5% -1.4 (-13.0, 10.1) -0.9 (-9.8, 7.9) 

A 0.88 0.96 10.7% 5.9% 2.4 (-13.0, 17.9) -0.5 (-8.8, 7.8) 

e’ 0.91 0.85 9.3% 14.1% -0.1 (-2.8, 2.6) -1.0 (-4.3, 2.3) 

E/e’ 0.93 0.85 9.6% 13.4% -0.1 (-2.1, 2.0) 0.8 (-1.8, 3.4) 
COV coefficient of variance, r Pearson correlation coefficient, remaining abbreviations as per table 2. 
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Figure 7.3. Correlation and Bland-Altman plots: CMR vs TTE for E, A, Avg e’ and E/e’ 

 

a.)E velocity, b.) A velocity, c.) e’ velocity and d.) E/e’ ratio. Correlation coefficients are shown in table 2 (all p < 0.001). 

Blue lines represent mean difference (bias) and red dotted lines represent LOA, pink line is regression of mean differences 

to explore for proportional bias as signified by slop (beta) and corresponding p value. SD standard deviation, other 

abbreviations as per table 2.  
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 Discussion 
We have evaluated an echo plane protocol for evaluation of diastolic function. One of the 

key strengths of our study is the contemporaneous acquisition of CMR and TTE data which 

minimises impact of loading conditions and timing between scans.  

Our results show modest correlation for E velocity between CMR and TTE, however good 

correlation for all other measures. There are no statistically significant differences between 

CMR and TTE on paired t-test analysis. Bland-Altman analysis for TTE vs CMR 

comparisons show wide limits of agreement and significant dispersion around the mean. This 

may be explained by single vs multi beat acquisition and the lower temporal resolution of 

CMR. We corrected for the multi-beat difference by averaging between 6-8 beats for TTE 

measurements.  

Two previous studies have attempted to characterise diastolic function using flow assessment 

on CMR compared to TTE. Rathi et al evaluated transmitral flow, deceleration time and 

pulmonary venous flow and demonstrated good correlation (r 0.77- 0.81), between through 

plane evaluations of transmitral and pulmonary flow and TTE derived measures85. The 

authors did not report on e’ or E/e’ which are now key components of diastolic evaluation35. 

Paelinck et al demonstrated excellent correlation between posteroseptal (PS) E/e’ on CMR 

and TTE derived E/e’ (r= 0.89) and to invasive pulmonary capillary wedge pressure (r= 

0.80)83. We were unable to replicate these findings, albeit, with a different protocol for 

calculation of E velocities. Compared to Paelinck et al the interobserver reproducibility of 

our protocol has a narrower LOA. 

Myocardial Tagged CMR and early diastolic strain rate has also been used for assessment of 

diastolic function however it requires a dedicated sequence and post processing software86. 

This study builds on previous inplane and through plane studies which attempted to 

characterise diastolic function83,85,346. It also challenges the findings of earlier studies83. 
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The current results do not support the role of CMR for assessment of diastolic dysfunction. 

The discordance of results requires clarification using invasive flow volume assessment. 

For now the best strategy would be a hybrid protocol where TTE is used for assessment of 

pressures and diastolic function and CMR for biventricular volumes, function, tissue 

characterisation and ischaemia evaluation. 

 Limitations 
This was a single centre study with an under representation of patients with true diastolic 

dysfunction. A formal sample size was not computed however, the sample size in the study 

was informed by similar studies .We were not able to replicate findings previously described, 

this is important as our averaging of medial and lateral e’ as recommended for TTE provided 

better correlation for e’ between modalities compared to posteroseptal e’. 

We did not evaluate deceleration time or pulmonary venous flow, however, both have taken 

on less significance since the publication of the revised diastolic function guidelines35. 

Nevertheless a composite classification system comparing composite CMR assessment of 

diastolic function to that of TTE would provide greater accuracy. 

The E velocity had the lowest intervendor correlation. It is unclear if this is due to 

positioning, temporal resolution or inplane vs through plane differences or whether the CMR 

E velocity more accurately reflected physiology. This requires a larger study with invasive 

flow volume assessment. 

The interobserver COV for e’ and E/e’ is high (>10%). Registration of cine and phase 

datasets and automatic contouring may minimise inter operator difference, as is evidenced by 

the excellent reproducibility of CMR derived transmitral velocities. 

 Conclusion 
An echoplane transmitral flow assessment combined with through plane e’ assessment shows 

modest to good correlation with TTE derived measures and good intraobserver 

reproducibility. Further studies are required to refine measurement of e’ on CMR and 
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improve interobserver reproducibility. Larger studies with direct measurement of left 

ventricular end diastolic pressures and mean left atrial pressure are needed to determine the 

optimal strategy for diastolic assessment on CMR. 

 Postscript.  
I have shown that CMR derived E velocity shows modest correlation, whilst e’ velocity and 

E/e’ ratio show good correlation with TTE derived measures. Despite the correlation there is 

significant dispersion around the mean TTE values. Furthermore, previous methods for 

evaluating e’ velocity or strain derived measures did not show good correlation with TTE 

derived measures. The reproducibility of CMR derived measures is similar to TTE derived 

measures with the exception of e’ and E/e’ both of which, despite high interobserver 

correlation report higher coefficient of variance. 

As mentioned the current results do not support the role of CMR for assessment of diastolic 

dysfunction. The discordance of results requires clarification using invasive flow volume 

assessment. 

For now the best strategy would be a hybrid protocol where TTE is used for assessment of 

pressures and diastolic function and CMR for biventricular volumes, function, tissue 

characterisation and ischaemia evaluation. 

One of the key problems with diastolic dysfunction is load dependence and the multi-

dimensional classification system. This results in marked discordance between earlier 

versions of guidelines and up to 15% of cases been classified as indeterminate.  

In response atrial strain has been proposed as a unidimensional measure with progressively 

declining strain as diastolic function worsens48. Given I have demonstrated excellent inter 

vendor and inter modality correlation this may be the best strategy with which to quantify 

diastolic dysfunction. Furthermore from an efficiency perspective it can be calculated from 

initial CMR 2, and 4 chamber cines.  
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The interplay between cardiac risk factors, systolic and diastolic function and ultimately AF 

is best manifested in both the size and function of the LA. In this context the intermodality 

and intervendor concordance of left atrial strain make it an ideal target with which to 

evaluate clinical endpoints such as major adverse cardiovascular events or AF. In the next 

section I use atrial strain to predict the clinical endpoint of AF.    
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8 Atrial strain to predict atrial fibrillation following 

cryptogenic stroke 
 

 Preface 
An important goal of investigation in the post-stroke patient is to identify those in whom the 

presentation is due to AF. The assessment of atrial function may be an important clue, because 

of the complex interplay between atrial structure, function and fibrillation. Indeed, the 

temporal separation of stroke from paroxysmal AF may attest to the presence of an atriopathy, 

caused by risk factors (ageing, obesity, hypertension and diabetes) and LA remodelling and 

scarring (due to diastolic dysfunction and elevated left ventricular end-diastolic and LA 

pressure).  

Despite the potential role of TEE for assessment of LA function (by evaluating LAA emptying 

velocities) and detection of thrombus, this is an invasive test. I therefore favour a combined 

Cardiac CT and TTE strategy post CVA as proposed in chapter 3 to 1.) Exclude thrombus and 

2.) Look for other potential sources of stroke- the most common one being AF. Alternatively 

given all patients undergo a brain MRI post CVA- a rapid cardiac MRI evaluation can provide 

information about atrial size and function. Scans at time of CT or MRI prioritize allocative 

efficiency. 

 Various methods have been proposed to predict AF from TTE derived measures such as LA 

size347, diastolic function348 and more recently LA strain46,47.  

I have previously validated atrial strain and compared intervendor/intermodality differences. I 

have also established normal references ranges for LA strain. Informed by the initial review, 

meta-analysis and multivendor study I conducted an observational study investigating multiple 

TTE parameters and their predictive ability for AF following cryptogenic CVA. It is necessary 

to perform this study using TTE, as currently CMR post stroke is not indicated. Nevertheless 

results from this study would translate well to CMR data given the demonstrated strong 

correlation between TTE and CMR as seen in chapter 5. 
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 Abstract 
Background. Atrial fibrillation (AF) is found in up to 30% of cryptogenic cerebrovascular 

accidents (CVAs), which themselves account for 30-40% of ischemic CVA. We examined 

whether atrial strain could be used as an imaging biomarker to predict AF. 

Methods. This observational study evaluated all patients who had an echocardiogram (TTE) 

following presentation with cryptogenic CVA from 2010-14. The TTEs were evaluated for 

reservoir (ƐR), contractile (ƐCt) and conduit atrial strain (ƐCd) using speckle tracking. We 

compared baseline clinical and TTE characteristics of patients who developed AF over 5 years 

follow-up and those who did not. The independent and incremental predictive value of atrial 

strain over established clinical models was assessed. We defined discriminatory cut points 

using a Classification and Regression Tree (CART) analysis to identify patients at risk of 

developing AF.  

Results. Of 538 patients, 61 (11%) developed AF. Patients who developed AF were older, had 

higher clinical risk scores, higher LA volume and lower atrial strain than those who did not 

develop AF. The nested Cox regression model showed that ƐR (p= 0.03) and ƐCt (p<0.001) 

demonstrated independent and incremental predictive value over the clinical risk. CART 

analysis identified ƐR≤21.4, ƐCd> 10.4 and CHARGE-AF>7.8 as discriminatory for AF, with 

a 13-fold greater hazard of AF (p< 0.001) in patients with increased clinical risk and reduced 

ƐR. 

Conclusion. Left atrial strain adds independent and incremental predictive value to current 

risk prediction models for AF following cryptogenic CVA. Further studies should examine the 

implications of these findings for AF monitoring or empiric anticoagulation. Keywords; Atrial 

strain, atrial fibrillation, cerebral ischemia 

Pathan F, Sivaraj E, Negishi K et al. Use of atrial strain to predict atrial fibrillation after cerebral 

ischemia. JACC Cardiovascular Imaging 2018 
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 Background 
Ischemic cerebrovascular accidents (CVA) and transient ischemic attack (TIA) are associated 

with death and disability, with 20-30% attributed to cardioembolic and 30-40% to cryptogenic 

sources349,350. AF is found in 9%, 12% and 30% of cryptogenic strokes at 6, 12 and 36 months 

respectively 351. Thus, in addition to brain, carotid and cardiac imaging, the diagnostic work 

up for cerebral ischemia includes 12-lead ECG and ECG monitoring 349,352,353. Current 

guidelines recommend that 24-hour Holter monitoring be used when occult AF is 

suspected353,354. However, as it is often asymptomatic and paroxysmal, AF can be difficult to 

detect; the detection rate of new AF after cerebral ischemia is approximately 2-5% from a 

standard 12-lead ECG 355,356 and 2-9.2% from 24-hour Holter 357,358.  

Long-term monitoring for AF is now possible with implantable loop recorders, but the best 

strategy for selecting patients for this intervention is unclear. A variety of clinical scores have 

been proposed to predict risk of AF, with C-statistic ranging from 0.72-0.78 359. While neuro-

imaging has been proposed to be of value in attributing strokes to AF, a blinded review of 

imaging data from CRYSTAL-AF showed no evidence for an association between acute brain 

infarction pattern and AF detection using an invasive cardiac monitor in patients with 

cryptogenic strokes360.  

Although in the absence of cardiac disease, 3% of TTEs performed after cerebral ischemia 

reveal a cardioembolic source 353, there is an association between left atrial (LA) size and 

cryptogenic or cardioembolic strokes 361. Atrial strain has been used to facilitate stroke risk 

calculation and has prognostic implications in AF 227. Patients with cryptogenic strokes have 

lower strain values compared to controls, possibly due to atrial myopathy and AF 362. However, 

the data are limited and heterogeneous; a reservoir strain (ƐR) <25.8% has a sensitivity of 70% 

and specificity of 75% for the prediction of AF after cerebral ischemia47, but in another study, 

ƐR <14.5% had a sensitivity of 60% and a specificity of 95%. Nonetheless, atrial strain has 

incremental value over age, gender, CHA₂DS₂-VASc, LAVi and E/e’ for prediction of AF 46. 

Although atrial contractile function is also impaired with AF due to atrial stunning 363, the 



Chapter 8 Atrial Strain to Predict Atrial Fibrillation after CVA 170 

 

170 

 

predictive value of contractile strain has not been evaluated following cryptogenic stroke. 

Accordingly, we sought to assess the independent value of ƐR, ƐCt and conduit strain (ƐCd), 

their incremental value to standard echocardiographic parameters and clinical risk scores, and 

their appropriate cutoffs, for the prediction of AF after cerebral ischemia. 

 Methods 
The aims of this study were to: determine if different components of atrial strain add 

independent and incremental value for the prediction of AF (primary endpoint) in addition to 

risk scores and standard echocardiographic parameters, and to define optimal strain cutoff 

values which can be integrated within existing clinical risk scores to improve prediction of 

AF. 

 Study group: 
 In this cohort study, we included consecutive patients admitted with a stroke or TIA, who 

underwent an echocardiogram at Royal Hobart Hospital from 2010-2014. We defined 

cryptogenic strokes according to the Trial of Acute Stroke Treatment (TOAST) guidelines 364. 

Patients were excluded if: 

1.) There was a history of AF or they were diagnosed with AF during admission or on 

outpatient Holter prior to the TTE being performed, 

2.) An alternative cause of cerebral ischemia was identified: ipsilateral carotid stenosis 

>70 %, left sided cardiac mass/thrombus, left sided endocarditis, atrial septal 

aneurysm with patent foramen ovale 

3.) Only transesophageal echocardiography was performed 

4.) Images were inadequate for strain analysis  

Patients were followed up until 06/06/2016, for the primary outcome of AF. Three 

investigators (SP, JG and SN) collected clinical and outcome data by reviewing electronic 

medical records, admission codes, clinic correspondence and cardiac investigations (ECG, 

telemetry, Holter, pacemaker reports). Date of death was obtained for all patients who died by 

the completion of follow-up.  
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The study was approved by the Tasmanian Health and Medical Human Ethics Research 

Committee (HERC ref No: H0015502). 

 Clinical variables: 
 We documented all relevant clinical variables including demographics, height, weight, body 

surface area (BSA), cardiac risk factors, presence or absence of heart failure, ischemic heart 

disease and vital signs. Using these measures, we computed the CHARGE-AF and CHA₂DS₂-

VASc scores. 

 Echocardiography: 
 All TTE’s were performed by accredited sonographers in accordance with ASE. Three 

investigators (RR, ES and ND) measured echocardiographic parameters in accordance with 

ASE guidelines365. Echocardiographic parameters included in analysis were: LA volume, left 

ventricular mass, left ventricular end systolic and end diastolic volume and systolic and 

diastolic function, presence and severity of valvular heart disease. All volumetric measures 

were indexed to BSA.  

 Strain Analysis: 
 Atrial strain was analyzed on commercial software (TomTec Image Arena, Munich, 

Germany). We used 2- and 4-chamber (CH) views with the onset of QRS used as the zero 

reference point (R-R Gating) as has been previously described 366. A region of interest was 

drawn along the LA endocardial border in both views (Figure 8.1a.), tracking was reviewed to 

ensure that it was appropriate and a true representation of atrial motion, and strain results were 

taken as an average of the 2 views. The resulting atrial strain curve provided 2 peaks consistent 

with reservoir and contractile strain. The difference between these was conduit strain. (Figure 

8.1 b and c.) 
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In cases where only one view 

(4CH or 2CH) was available, this 

view was used. We allowed 

exclusion of 2 segments in 2 

views or 1 segment from one view 

if tracking was inadequate; if 

more segments were inadequate, 

the patient was excluded. One 

investigator experienced with 

strain imaging, FP was blinded to 

the outcome and 

echocardiographic characteristics 

and evaluated atrial strain in all 

patients. Reproducibility of 

measurements was assessed in 20 randomly selected cases (10 AF, 10 Non-AF) by repeated 

measurements performed by FP and a second operator ES experienced in strain analysis. Both 

observers were blinded to one another’s strain measurements and the clinical endpoint. 

 Statistics:  
Baseline categorical variables are shown as number and percentage, and computed using the 

Chi2 test. Continuous variables are presented as mean±SD, and compared using the 

independent samples student t test. If not normally-distributed, they are presented as median 

and IQR, and compared with the Kruskal-Wallis test.  

Multiple ROC curve analysis was performed on echocardiographic parameters with respect to 

the prediction of AF. We performed a multivariable nested Cox regression model to evaluate 

incremental predictive value. Covariates were included if plausibly associated with AF or 

demonstrated discriminatory value based on AUC. Collinearity diagnostics were performed 

Figure 8.1 Methodology for Calculating and 

Representing Atrial Strain 

 
(A) Endocardial region of interest. (B) Following the R-wave with onset of 

ventricular systole there is apical movement of mitral valve apparatus and 

enlargement of the left atrium corresponding with reservoir strain (ƐR). In 
early diastole there is emptying of the left atrium corresponding with the E-

wave and conduit strain (ƐCd). Finally atrial contraction corresponding to 

the A-wave is represented as contractile strain (ƐCt). (C) Speckle tracking 

output atrial fibrillation (AF) versus no AF. 
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on variables to ensure stability of the multivariable model with Variance Inflation Factor (VIF) 

> 3 used as the threshold.  

We performed a sensitivity analysis by comparing the above model with a competing risk 

model that included death as a competing outcome variable and AF as the primary endpoint.  

Finally, we examined incremental value by comparing CHARGE-AF and CHA₂DS₂-VASc to 

CHARGE-AF, with ƐR and ƐCt, and CHA₂DS₂-VASc with ƐR and ƐCt, by examining the 

incremental area under ROC curve (AUC).  

The optimal strategy to predict AF was 

evaluated using a Classification and 

Regression Tree (CART) analysis 367. All 

baseline demographic, clinical, 

echocardiographic and strain 

measurements were used as input 

variables. The result of the CART analysis 

was used to define cut-off values to 

predict future development of AF. The net 

reclassification index (NRI) was 

calculated for the CART model compared to the CHARGE-AF model. 

Inter- and intra-observer variability was computed using the Intraclass correlation coefficients 

(ICC) using a two way mixed model with absolute agreement between measures. Reliability 

was also assessed using the Bland-Altman plots for inter- and intra-observer differences. A p 

value <0.05 was considered statistically significant. All statistical analysis was performed on 

IBM SPSS Statistics version 24 and R version 3.2.2.  

Figure 8.2 Patient Flowchart 

 

AF = atrial fibrillation; PFO = patent foramen ovale; TIA ¼ transient 
ischemic attack. 
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 Results 

 Patient selection.  
Of 1545 patients who had echocardiographic examinations following a cerebrovascular 

accident between 1st January 2010 and 30th December 2014, 929 were excluded as they were 

known to be or found to be in AF before the echocardiogram or had alternative explanations 

for the stroke/TIA. Of the remaining 616 patients whose echocardiograms were reviewed, 4 

were in AF at the time of the TTE, 5 only had a transesophageal echocardiogram, and 69 

patients were excluded due to images being unsuitable for strain computation.  

 Atrial fibrillation. 
 Of 538 patients included in our analysis, 61 (11%) went on to develop AF during follow-up 

(Figure 8.2). Eighty-five percent of patients who developed AF did so within 2 years of the 

stroke/TIA and 93% within 3 years.  

Table 8.1 shows the baseline characteristics of both the patients who developed AF and those 

who did not (n=477). The patients who developed AF were older (p<0.001), with a greater 

prevalence of 

hypertension (p=0.04) 

and heart failure 

(p<0.001) than the 

non-AF group. Both 

clinical risk scores, 

CHARGE-AF 

(p<0.001) and 

CHA₂DS₂-VASc 

(p<0.001) were 

significantly higher in 

patients who 

developed AF. LA 

volume was 

Table 8.1. Baseline Characteristics 

 No AF (n = 477)  AF (n = 61) p 

Age (yrs) median [IQR] 65 [43, 87] 80 [69, 91] <0.001 

Female Sex (%) 43.2 50.8 0.32 

Height (cm) mean (SD) 168 (10) 167 (9) 0.22 

Weight (Kg)  79 (17) 75 (18) 0.03 

BSA (Kg/m2) 1.92 (0.2) 1.85 (0.3) 0.03 

SBP (mmHg)  133 (14) 132 (14) 0.32 

DBP (mmhg)  74.0 (8.8) 70.5 (8.5) 0.003 

Heart Rate  69.2 (12.3) 69.6 (11.2) 0.899 

Hypertension (%) 68.0 82.0 0.04 

Heart Failure (%) 1.5 13.1 <0.001 

Myocardial Infarction (%) 11.3 18.0 0.192 

CHARGE-AF 4.0 [1.3, 11.0] 14 [9.8, 25.7] <0.001 

CHA₂DS₂-VASc 4.3 (1.47) 5.6 (1.3) <0.001 

ƐR (%) 32.7 (8.4) 21.3 (7.5) <0.001 

ƐCt (%) 15.3 (4.4) 9.6 (4.2) <0.001 

ƐCd (%) 17.4 (6.8) 11.69 (4.8) <0.001 

LA Volume (ml/m2) 33.87 (11.1) 40.92 (15.3) <0.001 

Average e’ 7.5 (2.5) 6.2 (1.9) <0.001 

E/e’ 10.3 (4.8) 13.3 (6.3) <0.001 
Values are median (interquartile range), %, or mean ± SD. AF ¼ atrial fibrillation; BSA ¼ body 

surface area; CHA2DS2-VASc ¼ congestive heart failure, hypertension, age $75 years, diabetes 
mellitus, prior stroke or transient ischemic attack or thromboembolism, vascular disease, age 65 to 

74 years, sex category; CHARGE-AF = Cohorts for Heart and Aging Research in Genomic 

Epidemiology Atrial Fibrillation; DBP = diastolic blood pressure; e’= mitral annular early diastolic 
velocity; E/e’= mitral inflow velocity and mitral annular early diastolic velocity ratio; ƐCd ¼ conduit 

strain; ƐCt ¼ contractile strain; ƐR = reservoir strain; LA = left atrium; SBP = systolic blood 
pressure. 
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significantly higher in the patients who developed AF 

(p<0.001). All atrial strain indices were significantly 

lower in the patients who went on to develop AF 

(p<0.001). Non-significant TTE variables are shown in 

Supplementary table 8.1.A higher proportion of the 

patients who developed AF died compared to those who 

did not develop AF 39% vs 12% (p<0.001). 

Table 8.2 summarizes the ROC curve analyses. ƐR, ƐCt, 

ƐCd, E/e', average e' and LA volume (ml/m2) were 

identified as the echocardiographic predictors with the 

highest AUC. ƐCd and Avg e' were excluded from the 

multivariable models because of co-linearity.  

Incremental value of LA strain.  

Two models were computed: 1. CHARGE-AF vs (CHARGE-AF, ƐR and ƐCt) and 2. 

CHA₂DS₂-VASc vs (CHA₂DS₂-VASc, ƐR and ƐCt). There was improvement for the AUC for 

both models by addition of ƐR and ƐCt for the prediction of AF (0.78 to 0.86 p<0.001 for 

CHARGE-AF and 0.74 to 0.86 p<0.001 for CHA₂DS₂-VASc). Figure 8.3 illustrates the results 

of the nested Cox regression algorithm which demonstrates independent and incremental 

predictive value for the CHARGE-AF score, ƐR and ƐCt. LA volume and E/e’ provided 

incremental predictive value though this was not independent of the remaining covariates. 

Similar independent and incremental 

value was shown when using the 

CHA₂DS₂-VASc score 

(Supplementary Figure 8.2). VIF 

values for all variables in models were 

<3.  

Table 8.3 Cox Regression with AF as Primary Outcome and Death 
as a Competing Risk 

 
HR Lower Upper p 

ƐR 0.94 0.90 0.99 0.02 

ƐCt 0.84 0.76 0.92 <0.001 

LA Volume (ml/m2) 0.99 0.96 1.01 0.26 

EF (%) 1.02 0.99 1.04 0.21 

E/e' 1.01 0.97 1.05 0.61 

CHARGE-AF  1.07 1.04 1.11 <0.001 

Abbreviations as in Tables 6.1 and 6.2. 

Table 8.2. AUC for ROC Analysis of 
Echocardiographic Variables 

TTE parameter AUC p 

ƐR 0.849 <0.001 

ƐCt 0.825 <0.001 

ƐCd 0.759 <0.001 

 E/e' 0.661 <0.001 

Avg e' 0.653 <0.001 

LAVolume(m l/m2) 0.646 <0.001 

LV mass (g/m2) 0.553 0.18 

EF (%) 0.55 0.20 

LV ESV (ml/m2) 0.48 0.62 

LV EDV (ml/m2) 0.447 0.18 

AUC = area under the receiver-operating characteristic 

curve; EF = ejection fraction; ESV = end-systolic volume; 
LV = left ventricular; LVEDV = left ventricular end-

diastolic volume; LVESV = left ventricular end-systolic 

volume; ROC = receiver-operating characteristic; TTE = 
transthoracic echocardiography; other abbreviations as in 

Table 6.1. 
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 Competing risk models.  
There were more deaths in the patients who developed AF (p<0.001). The sensitivity analysis 

with AF as the primary end point and death as a competing endpoint showed similar results to 

the initial Cox regression model (Supplementary Table 8.2). CHARGE-AF score, ƐR and ƐCt 

were significantly associated with future AF. LAVi, EF and E/e’ were not significant markers 

of future AF. Similar results were seen using CHA₂DS₂-VASc (Supplementary Table 8.2). 

Figure 8.3 Nested Cox Regression Model with CHARGE-AF Score 

 
Independent and Incremental value seen for CHARGE-AF (Cohorts for Heart and Aging Research in Genomic Epidemiology Atrial 
Fibrillation), ƐR, and ƐCt. E/e’= mitral inflow velocity and mitral annular early diastolic velocity; EF = ejection fraction; HR = hazard ratio; 

LAVi = left atrial volume index; other abbreviations as in Figure 8.1. 
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 Discriminatory cutoff.  
The CART decision tree analysis identified 3 discriminatory nodes as predictors of AF (Figure 

8.4): ƐR ≤ 21.4%, ƐCd> 10.4% and CHARGE-AF > 7.8. The strain nodes (ƐR≤ 21.4% and 

ƐCd> 10.4%) demonstrated a 

specificity of 99% and a sensitivity 

of 36% for development of AF. 

Based on these results we defined 

patients with ƐR >21.4% and 

CHARGE AF<7.8 as low risk and 

the remainder as high risk.  

The sensitivity and specificity for 

high risk patients were 92% and 

67% respectively, and these patients 

had a 21-fold increment of hazard (p<0.001). Even after adjustment for age, EF, LAVi, E/e’ 

and CHA₂DS₂-VASc, high risk status showed a 13-fold increment of hazard (p< 0.001) (Figure 

8.5). Compared to an existing clinical approach to risk (CHARGE-AF>5%), high risk status 

showed a NRI of 12% (95% CI 4%, 20%) for predicting AF.  

Figure 8.4 CART Analysis 

 
Low risk (Classification and Regression Tree [CART] -) with ƐR >21.4% and 

CHARGE-AF score ≤7.8. All others are considered High risk (CART +). 
Very high risk if ƐR ≤21.4% and ƐCd >10.4%. Abbreviations as in Figures 

6.1 and 6.3. 



Chapter 8 Atrial Strain to Predict Atrial Fibrillation after CVA 178 

 

178 

 

 Reproducibility.  
The ICC for intraobserver 

variability was 0.96 (95% CI 0.91, 

0.99) for ƐR and 0.90 (0.77, 0.96) 

for ƐCt. The mean difference and 

limits of agreement from the 

Bland-Altman plots for ƐR and ƐCt 

were -0.7(-7.2, 5.7) and -0.41 (-5.2, 

4.4) respectively (Supplementary 

Figure 8.3). The ICC for 

interobserver variability was 0.95 

(0.87, 0.98) for ƐR and ICC: 0.86 

(0.68, 0.94) for ƐCt. The mean 

difference and limits of agreement 

for ƐR and ƐCt were -0.6 (-7.9, 6.6) and -0.6(-6.0, 4.8) respectively (Supplementary Figure 

8.3) 

 Discussion 
In this study, 11% of cryptogenic stroke patients developed AF during follow-up – almost all 

within 3 years. We have demonstrated independent and incremental predictive value for atrial 

strain over and above all other clinical and echocardiographic variables with respect to AF 

prediction following cryptogenic CVAs. Our study is the first to utilize all phases of the atrial 

strain curve to predict risk of AF.  

Furthermore, to our knowledge this is the first study combining atrial strain with clinical risk 

prediction models (CHARGE-AF and CHA₂DS₂-VASc) to develop a sensitive algorithm with 

which to predict AF. As expected both CHARGE-AF and CHA₂DS₂-VASc were higher in 

those who developed AF. Although LA volume and E/e’ were higher and average e’ lower in 

patients who developed AF, they did not provide independent and incremental predictive value 

over the clinical risk scores. This result was stable despite adjustment for death as a competing 

Figure 8.5 Hazard Function CART (+) Versus CART (-) 

 

Multivariate Cox regression model with age, ejection fraction (%), E/e’ 

ratio, and CHA2DS2-VASc (congestive heart failure, hypertension, age 

>75 years, diabetes mellitus, prior stroke or transient ischemic attack or 
thromboembolism, vascular disease, age 65 to 74 years, sex category) 

score, and CART (+) as categorical variable. HR: 13:1. Abbreviations as in 

Figures 8.3 and 8.4. 
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outcome variable. Furthermore, an analysis of all clinical characteristics, risk scores and 

echocardiographic parameters identified 3 discriminatory nodes (CHARGE-AF, ƐR and ƐCd) 

which in composite provide both a sensitive and specific measures for evaluating patients at 

risk. Earlier studies employing atrial speckle tracking have not included ƐCd or ƐCt46,368.  

 Clinical implications of AF prediction.  
Multiple clinical risk scores have been developed which facilitate the prediction of atrial 

fibrillation. Recently the addition of BNP to the CHARGE-AF score demonstrated incremental 

predictive value369.  

Atrial strain using speckle tracking has been evaluated in multiple conditions including 

hypertension, diabetes, heart failure, ischemic/valvular heart disease, and atrial fibrillation in 

which the test has facilitated stroke risk calculation228  and assessment of prognostic 

implications 227. Atrial strain is a novel imaging biomarker, which has been shown to predict 

AF following CVA and maintenance of sinus rhythm post catheter ablation for AF46,368,370. 

Despite differences relating to age, BSA, DBP and the prevalence of hypertension and heart 

failure between the AF and non-AF patients, the discriminative value of these differences was 

limited. We did not assess individual risk factors, as the CHARGE-AF score calculated a 

proportional hazard prediction model adjusted for age, race, height, weight, SBP/DBP, 

antihypertensive treatment, smoking, diabetes, heart failure, and myocardial infarction 371. 

Similarly, despite differences in LAVi, LV ESV and LV mass, only atrial strain indices 

provided independent and predictive value. 

Use of strain indices alone (ƐR≤ 21.4 and ƐCd> 10.4) identified a very high risk subset of 

patients who may be a target for empirical anticoagulation, particularly given the independent 

and incremental value of LA strain in predicting thromboembolic risk over and above the 

CHA₂DS₂-VASc score228. A combined strain and clinical score decision algorithm (ƐR≤21.4 

or CHARGE-AF>7.8) identified 56 of the 61 patients who went on to develop AF, providing 

for a sensitive tool which could guide long-term AF monitoring. Given the underuse of 
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anticoagulation particularly in those at high risk of stroke 372 an imaging guided approach to 

anticoagulation may facilitate targeted therapy. 

Clinical trials (NCT02313909/ NCT02239120) are currently looking at the role of novel oral 

anticoagulants for embolic strokes of undetermined source (ESUS). The potential problem of 

this approach is that the majority of these patients do not actually have AF, so they will be 

exposed to bleeding risk without benefit. Whatever the outcome of these studies, the results of 

our study may serve to improve patient selection by identifying those at highest risk of AF. 

 Limitations.  
There are limitations in this observational study. First, the rate of AF is very likely 

underestimated given the absence of long term monitoring. However, this result is consistent 

with the control arm of the CRYSTAL-AF study with a 2% incidence of AF at 12 months351. 

Second, the incidence of AF in patients with TIA is lower than those with strokes, resulting in 

a lower AF prevalence compared to studies which enrolled only patients with strokes. The 

recent paradigm shift to ESUS represents an enriched population where the prevalence of AF 

is higher and may represent a more appropriate target for future studies 373. 

Images of the atrium were not optimized for strain analysis. Nevertheless, strain computation 

was feasible in 87% of echocardiograms. There is variability in strain measurement, lack of 

standardization between vendors and few dedicated atrial strain packages. These limitations 

can and should be overcome. 

 Conclusion.  
Left atrial strain is a novel imaging biomarker which adds independent and incremental 

predictive value to established clinical risk prediction tools for AF. The composite of ƐR and 

CHARGE-AF score is a sensitive predictor of AF following cryptogenic CVAs. An algorithm 

which incorporates imaging biomarkers with existing clinical risk scores can improve patient 

selection for long term rhythm monitoring strategies, and the use of anticoagulation in those 

at highest risk. 
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 Supplementary Appendix 

 

 

 

Supplementary Table 8.1 

Baseline Characteristics No AF (n = 477)  AF (n = 61) p 

IVS 1.0 (0.2) 1.05 (0.17) 0.38 

PW 1.0 (0.2) 0.9 (0.2) 0.43 

LV Diastolic diameter 4.9 (0.6) 5.0 (0.9) 0.499 

RWT 0.4 [0.3,0.5] 0.4[0.3,0.5] 0.542 

Indexed LV Mass (g/m2) 94.8 (27.6) 102.4 (32.9) 0.05 

Indexed LV EDV (ml/m2) 54.35 (18.9) 55.2 (30.4) 0.766 

Indexed LV ESV (ml/m2) 22.2 (11.7) 25.9 (24.9) 0.05 

EF  62 [54,66] 60 [52,65] 0.204 

E Velocity (cm/s) 70 (21) 69 (23) 0.754 

A Velocity (cm/s) 76 (24) 78 (25) 0.597 

E Decel Time (ms) 228 (67) 246 (78) 0.05 

E/A 0.9 [ 0.7, 1.2] 0.8 [0.7, 1.1] 0.284 
EDV End Diastolic Volume, EF Ejection Fraction, ESV End Systolic Volume, LV Left Ventricle, RWT Regional 

Wall Thickness 

 

Supplementary Table 8.2 (Multivariable cox regression with AF as primary outcome 

and death as a competing risk, CHA₂DS₂-VASc) 

 HR Lower Upper p 

ƐR 0.94 0.90 0.99 0.01 

ƐCt 0.86 0.78 0.94 <0.001 

LAVi (ml/m2) 1.00 0.97 1.02 0.80 

EF (%) 1.02 1.00 1.04 0.10 

E/e' 1.00 0.96 1.04 0.90 

CHA₂DS₂-VASc 1.53 1.25 1.86 <0.001 
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Supplementary figure 8.1a. ROC Curve 

 

EDV End Diastolic Volume, ESV End Systolic Volume, LA Left 

Atrium, LV Left Ventricle 

 

Supplementary figure 8.1b. ROC Curve 

 

EF Ejection Fraction, EDV End Diastolic Volume, ESV End 

Systolic Volume, LA Left Atrium, LV Left Ventricle 

Supplementary Figure 8.2. Nested Cox Regression model with CHA₂DS₂-VASc 

 

EF Ejection Fraction, LAVi Left Atrial Volume indexed, HR Hazzard Ratio, SE Standard Error 

 

 

 

 

 

 

EF Ejection Fraction 
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Figure 8.3a. Bland-Altman plots ƐR (Intra and Inter observer variability) 

 

 

 

Figure 8.3b. Bland-Altman plots ƐCt (Intra and Inter observer variability) 
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 Postscript 

 

I have shown that compared to standard echocardiographic markers LA strain is better than 

LA size, diastolic function and systolic function for predicting AF following cryptogenic 

CVAs. Unlike previous manuscripts demonstrating the value of atrial strain46,47 I 

contextualized the additional LA strain knowledge firmly within a clinical context by using 

the combined CART algorithm which affirmed the value of the validated CHARGE-AF score.  

This thesis builds on work to refine a preexisting bio marker (LA strain) by defining normal 

reference ranges, validating and performing intervendor and intermodality comparisons. In 

this chapter, I have applied it successfully to predict clinically important endpoints and shown 

independent and incremental value to existing clinical and imaging strategies. As proposed 

earlier, this research has implications for future studies, subject to external validation of this 

score. Given almost all patients with a CVA go on to have a brain MRI, an accelerated non-

contrast CMR could be performed within 10 minutes. Atrial strain calculated on the CMR at 

the time of brain MRI is an efficient model of care. 

This section is aimed at experimentally implementing tools developed during my thesis to 

demonstrate value to clinical problems and epidemics. In the previous manuscript the tool of 

LA strain was applied to AF and CVAs. Similarly in the next manuscript I apply the tool of 

HHU to inappropriate use and over use of echocardiography. 
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9 Hand held ultrasonography as a gatekeeper for 

inappropriate echocardiography requests 
 

 Preface 
There has been a relentless increase in the cost of diagnostic cardiac imaging. This is in part 

due to increasing prevalence of cardiovascular risk factors and the epidemics of AF and HF. 

Accompanying the appropriate increase of cardiac investigations to keep pace with the 

disease burden is the problem of inappropriate use and over use. This issue has itself reached 

epidemic proportions. With respect to cardiac imaging TTE is the “canary in the 

inappropriate use coal mine”. In 2013 there were 7.03 million TTEs performed compared 

with 2.31 million nuclear scans and Cardiac CT and CMR contributed only 0.1- 1% of TTE 

volumes374. Consequently, TTE is the appropriate modality with which to investigate 

appropriate use. 

The miniaturised, portable, low cost and extensively validated alternative as evidenced in my 

initial literature review is an ideal tool which could address the problem. 

Earlier research has identified problems with recognising inappropriate tests and even if 

identified, policing appropriateness relies on cancelling the test at point of request or point of 

service375. This leads to a concern about 1.) Missing important findings and 2.) That clinical 

uncertainty can impact changes in management9.  

I sought to demonstrate the utility of HHU by conducting a prospective experiment on 

allocative efficiency using historical controls. I evaluated the use of HHU as an alternative to 

standard echocardiography (STE) for inappropriate/ rarely appropriate requests. 
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 Abstract 
Adoption of Appropriate Use Criteria (AUC) has not had a major impact on the frequency of 

rarely appropriate tests, with the rarely appropriate tests rate remaining at ~20% in most 

institutions. We sought whether access to Hand-Held Ultrasound (HHU) could be an 

alternative means of reducing rarely appropriate requests. We compared two approaches to 

rarely appropriate requests; standard echocardiography (SE) as requested (control) and HHU 

as a gate keeper (HHU). Patients were followed up for 6 months and assessed for endpoints 

including: time until scan, repeat echocardiography/ cost of either strategy, new major 

pathology or change in management.  The most common rarely appropriate requests in both 

groups were assessment of infective endocarditis without positive blood cultures and 

precordial murmur evaluation in absence of any other signs or symptoms of cardiovascular 

disease.  The groups had comparable age, gender, requesting physician, and inpatient vs 

outpatient distribution. HHU led to a 59% reduction in rarely appropriate requests requiring 

SE. HHU significantly reduced time to decision for inpatients (0 [IQR: 0,1] vs 2 days [IQR: 

1,4], p<0.001) and total cost of echocardiography ($109±86 vs 181±37, p<0.001). New major 

pathology was identified in 29% and 23% of HHU and SE respectively. There was no 

difference with respect to change in management. In conclusion, HHU can be an effective 

gate-keeper to SE for rarely appropriate echocardiograms, reducing time to echocardiography 

and cost while satisfying the referring physician and avoiding repeat requests for SE. HHU 

provides a safety net which identifies potential important findings in rarely appropriate 

requests. 

Keywords: Handheld ultrasonography, Appropriate Use. 

Pathan F, Fonseca R, Marwick TH. Usefulness of hand held ultrasonography as a gatekeeper 

to standard echocardiography for rarely appropriate echocardiography requests. Am J 

Cardiol 2016 
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 Background 
The availability and safety profile of echocardiography have contributed to overutilization of 

this technique, with echocardiography being a significant contributor to the growth of 

Medicare reimbursements to cardiologists from USD 1.6 to 5.4 billion between 2000 and 

2006 5. The Appropriate Use Criteria (AUC) and educational initiatives have been 

components of efforts to curb inappropriate use and costly care6,376. Despite a decrease in 

reimbursements by 33% for echocardiography between 2006-2010377, there is limited 

evidence to suggest there is a decline in the rate of inappropriate echocardiography 7. Indeed, 

interventions targeting education and the use of point of order applications have been applied 

with varying degrees of success378,379. A problem with the AUC process is that restriction of 

tests may be contrary to the guidelines380 and risks missing important pathology. Parker 

Ward demonstrated that 17% of inappropriate studies have new important transthoracic 

echocardiography (TTE) abnormalities10; 22% of rarely appropriate tests resulted in an 

active change in management11. In the context of these observations, it is difficult to enforce 

an overarching prohibition on rarely appropriate requests. Although previously unconnected, 

hand-held ultrasonography (HHU) has developed over a similar timeline to the AUC. 

Validation studies against standard TTE (SE), show high levels of agreement for 

morphology, functional and valvular assessment (kappa 0.90 to 0.99)381. Comparisons of 

HHU to physical examination have demonstrated superiority of the former and its cost 

effectiveness382. We hypothesised that HHU could be applied as a gatekeeper to SE for rarely 

appropriate examinations and that such a strategy would: Reduce numbers of SE performed 

and cost, identify important pathology which would have been missed if the rarely 

appropriate tests were cancelled and facilitate decision making and patient management. 

 Methods 
This was a case control study designed to compare a HHU based approach to rarely appropriate 

tests to the current SE based system. It was performed across 2 hospitals and included both 

inpatients and outpatients. Rarely appropriate requests were identified using the AUC6. If the 
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clinical history was inadequate to ascertain appropriateness, medical records were consulted. 

The process of cancelling rarely appropriate requests is not systematic, and is dependent on 

inpatient and outpatient waiting lists. We performed HHU on requests which were destined to 

be cancelled.  

The study was performed 

between March 2015 and December 

2015.  All rarely appropriate requests 

during this time period were assessed 

for eligibility. Requests were excluded 

from analysis if deemed appropriate 

following review of medical records or 

if tests were mandated by guidelines. 

Requests beyond the scope of HHU 

were also excluded. The resulting 

cohort of HHU cases was case matched 

2:1 to a cohort of rarely appropriate requests which had undergone SE between 2013 and 2015. 

 Eligible patients with rarely appropriate requests received a cardiology consultation 

and HHU examination performed by a cardiologist (Figure 9.1). If the consult suggested the 

request was appropriate, then a SE was performed and these patients were excluded. The study 

was approved by the Tasmanian Human Research Ethics committee. 

 

Figure 9.1. Study Design 

AUC= Appropriate Use Criteria, RA= Rarely Appropriate, SE= Standard 

Echocardiographic examination 
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HHU was performed 

using the GE Vscan V1.2 hand 

held device (GE Health Care, 

Milwaukee, WI). The HHU study 

protocol involved 2D greyscale 

and color Doppler images across 

all standardised 

echocardiographic (Figure 9.2). 

 Linear or area measurements 

were made as appropriate. 

Spectral Doppler data was not 

obtained as this feature is not 

available on the HHU. Severity of disease was approximated using 2D signs of severity (eg. 

leaflet excursion, chamber dilatation) and size and duration of the color jet/ proximal 

convergence zone. All HHU examinations were limited to < 10 minutes’ duration. Results of 

the HHU study were communicated to the treating team, documented in clinical notes or 

provided as a short report for outpatients.  

Eligible patients went on to have a formal SE if the HHU suggested a full study was 

warranted: Non diagnostic HHU, Any HHU abnormality in patients without a previous 

echocardiogram and any new changes in patients with a previous examination. 

The HHU cohort was case-matched to a cohort of patients with rarely appropriate 

tests, who underwent the reference SE. The SE examination was performed on 3 machines: 

GE Vivid 9 (GE Health Care, Milwaukee, WI), Phillips IE33 (Philips Medical Systems, 

Andover, Massachusetts) and Acuson SC2000 (Siemens, North Rhine-Westphalia, Germany). 

All SE were performed over 45- 60 minutes by an experienced sonographer and interpreted 

by a cardiologist.   

Figure 9.2 HHU Protocol 

 

1,2) Parasternal long and short axis views including short axis sweep for left 

ventricular function and regional wall motion assessment. 3,4,5) Apical views as 

illustrated and 5 chamber for aortic valve assessment. 6) Subcostal- long axis and 
inferior vena cava views 7) Aortic Arch view. Color Doppler applied to all views. 
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Patients in both HHU and SE arms were followed up for 6 months and evaluated for 

the endpoints of: repeat TTE, cost of care, time to scan, length of stay (inpatients), new major 

TTE abnormality/ incidental findings and change in management. The cost of additional scans 

was incorporated into each arm. The cost of SE was standardised to $230 pre examination as 

per the Australian Medicare benefits schedule383. The cost of the hand-held device is $6000 

USD - assuming a depreciation of $750/ year and its use in 100 rarely appropriate requests per 

year, the cost per scan of the device would be $7.50 per rarely appropriate scan. We added to 

this the cost of storage of images, 15 minutes’ time for cardiologist to perform consultation, 

echocardiography and generate report to arrive at an estimate cost of $38 USD per scan. This 

approach is consistent with previous attempts to itemise a cost for HHU accounting for 

geographical variations (Table 9.1)381,382,384-390.  

Major pathology was defined as10: moderate or greater (left ventricular dysfunction, valvular 

regurgitation/ stenosis, pulmonary hypertension, diastolic dysfunction); a regional wall motion 

abnormality; right ventricular dysfunction and moderate or greater pericardial effusion, 

thrombus or vegetation.  

Changes in management were characterized as11: active change in care including: 

medication changes, subspecialty consultation, surgery or invasive procedures, diagnostic 

testing, change in level of care, cancellation of initially planned procedure or intervention.   

Continuation of care: no escalation or de-escalation of current care, following direct 

communication about TTE results to patients and documentation by providers in the medical 

record. 
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No change in care: no change in therapy or documentation of reassurance about TTE 

findings after TTE was performed, or the next step in management was already documented 

and the plan in place in place before the TTE result, or results were not accessed, 

acknowledged or noted in further correspondence or discharge summaries.  

The statistical analysis was performed using R version 3.2.2 software.142 Baseline 

characteristics and outcomes were compared for the HHU and SE groups. Categorical 

variables and outcomes were compared using a chi-squared test and continuous variables using 

the Student’s t-test with a p<0.05 considered statistically significant. 

 Results 
 

A total of 872 echocardiography requests were audited for appropriateness. Based on the 

AUC, 93 (10.6%) requests were deemed inappropriate. Routine follow up of pulmonary 

hypertension which is mandated by guidelines was responsible for 37 of these requests, 

which were then excluded. Of the remaining 56 requests, 15 were excluded due to: Inability 

to answer clinical question with HHU (3 requests), appropriate following cardiology 

consultation (2) and unable to attend appointment for echocardiography (10). The 41 

remaining cases included in the analysis were case matched 2: 1 with a retrospective cohort. 

Table 9.1.Cost benefit studies of hand held ultrasonography vs standard echocardiography.a 

Author Year Country Device HHU 
Cost 

Operator 
Cost 

Total HHU Cost 
(Device+Operator)  

Total StdE 
Cost 

Vourvouri 2003 Netherlands SonoHeart $5 $116b $121 $213 

Greaves 2005 UK OptiGo NR NR $8 $128 

Galasko 2006 UK OptiGo NR NR $65- $50  $258 

Trambaiolo 2007 Italy OptiGo $14 $26 $40 $122 

Gianstefani 2013 UK VScan $1 $33c $34 $137 

Kitada 2013 Japan VScan $2 NR $2 $88 

Khan 2014 USA VScan NR NR NR $800 

Mehta 2014 USA VScan $8 $11 $19 $1511d 

Kini 2015 USA VScan $9 $0- 23 $9- 32 $73 

Pathan 2016 Australia VScan $8 $30  $38 $173 

NR= Not Reported a.) All costs converted to US dollars based on conversion rate at time of publication, b.) Including Cardiology 
Consult, c.) £25 + 8 (Operator + Hospital costs), d.) $162 (Professional charge) + $1349 (Facility charge) 
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A total of 123 (41 HHU, 82 SE) patients in whom rarely appropriate tests were 

requested, were included in this study. There were no significant differences in the clinical or 

the request characteristics of the two groups (Table 9.2). A cardiologist was the requesting 

physician in 24% of the HHU and 32% of SE examinations (p=0.53). The remaining requests 

in each arm were ordered by a combination of medical and surgical physicians. Rarely 

appropriate endocarditis studies, routine heart failure follow-up and evaluation of a precordial 

murmur or ventricular function in the absence of cardiovascular signs and symptoms were the 

most common requests in both arms. 

Table 9.3 outlines the result of all endpoints. The time to scan and subsequent decision 

for inpatients was significantly shorter in the HHU arm [0 vs 2 days (p<0.001)]. There was no 

significant difference in relation to duration of inpatient stay between HHU 14 days and SE 9 

days (p=0.35). There was no significant difference between time to scan for outpatients 

between the HHU and SE [32 vs 35 (p= 0.54)]. 

Table 9.2. Patient and Request Characteristics at Baseline 

Patient Characteristics HHU (n= 41) SE (n= 82) p 

Age (median [IQR]) (years) 62 [52, 73] 61 [48, 72] 0.60 

Male 23 (56%) 40 (49%) 0.57 

Hypertension 21 (51%) 38 (46%) 0.75 

Diabetes mellitus 6 (15%) 11 (13%) 1.00 

Valvular heart disease  6 (15%) 15 (18%) 0.80 

Atrial fibrillation 4 (10%) 12 (15%) 0.58 

Ischemic heart disease 12 (29%) 15 (18%) 0.25 

Heart failure 7 (17%) 12 (15%) 0.93 

Lung disease 4 (10%) 14 (17%) 0.42 

Renal disease 4 (10%) 8 (10%) 1.00 

Liver disease 2 (5%) 10 (12%) 0.33 

Systemic disease 4 (10%) 8 (10%) 1.00 

Requested by Cardiologist 10 (24%) 26 (32%) 0.53 

Setting Ambulatory 

care/Outpatient 

20 (49%) 48 (58%) 0.41 

IQR= interquartile range, HHU= Hand held Ultrasound (Echocardiography), SE= Standard transthoracic 

echocardiography 
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As expected, more patients in the HHU arm, 41% required follow up SE study, which 

were mandated due to results of HHU and our safety protocol [new major pathology (12 cases), 

minor pathology (3) and non-diagnostic HHU (2)]. In the SE arm 11% required follow-up 

echocardiography, however 5 of these were due to new clinically appropriate indications over 

the course of 6 months’ follow-up and these costs were not included into the SE costing 

assessment.  The mean cost of the HHU strategy was significantly less than the SE arm [$109 

vs 181 USD (p<0.001)], resulting in a saving of $72 per study. 

During 6 months follow up of the 123 cases (HHU and SE) 31/123 (25%) of all rarely 

appropriate requests had new major pathology. There was no significant difference (p=0.15) 

between HHU arm and the SE arm with respect to major pathology. Only 1 patient in the HHU 

arm and 0 patients in the SE arm had a documented incidental finding - a liver mass requiring 

abdominal US. 

Of 123 requests which were deemed rarely appropriate, 15% of results led to an active 

change in management using either HHU or SE. Furthermore 64% of results led to 

Table 9.3. Endpoints 

Endpoints HHU (n= 41) SE (n= 82) p 

Time to scan days Inpatients, (median 
[IQR]) 

0 [0, 1] 2 [1, 4] <0.001 

LOS days Inpatients, (median [IQR]) 14 [7, 28] 9 [5, 21] 0.35 

Time to scan days Outpatients, (median 

[IQR]) 
31 [31, 32] 35 [21, 108] 0.54 

    

Follow up SE within 6 months n (%) 17 (41%) 9 (11%) <0.001 

Average cost USD, (mean (sd)) 

 
109 (86) 181 (37) <0.001 

New Major Pathology 12 (29%) 19 (23%) 0.15 

Change in management 
  

0.27 

No Change 8 (19%) 18 (22%) 
 

Continuation of Care 24 (58%) 55 (67%) 
 

Active change in management  9 (22%) 9 (11%) 0.18 

Change in Management or Continuation of 

Care 
33 (80%)      64 (78%)                              0.94 

USD= US Dollar (Costs were calculated in Australian dollars and converted to US dollars. 1 Australian dollar=0.75 

USD), HHU= Hand Held Ultrasound, IQR= interquartile range, LOS= length of stay, sd= Standard Deviation, SE= 

Standard transthoracic echocardiography 
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continuation of care. Thus only 21% of investigations resulted in absolutely no change in 

management. There were no significant differences between the two groups with regards to 

change in management (p=0.27).  

 Discussion 
The results of this study show that despite being classified as rarely appropriate, 25% 

of total requests had new major TTE abnormalities which would have been missed if these 

tests were cancelled. The use of HHU to screen rarely appropriate requests led to a 59% 

reduction in SE studies, without any compromise in outcomes related to management. To our 

knowledge this is the first study which specifically provides an alternate imaging strategy to 

the performance or cancellation of rarely appropriate tests.  

The current rate of rarely appropriate echocardiography remains at 10-20%7,391. 

Various strategies have been proposed to enforce the AUC, including education and point of 

order radiology benefit management software392. Ongoing rarely appropriate requests reflect 

the concern that these echocardiograms may still be clinically useful and influence 

management 10,11,393A HHU based approach would enable application of the AUC and reduce 

the performance of inappropriate echocardiograms whilst simultaneously creating a safety net 

to identify important findings. Indeed, a HHU-backed approach to the AUC was a cost-saving 

strategy, with a saving of $72 per study. 

All inpatient referrals were non-cardiology admissions and the longer duration of stay 

was unexpectedly higher than the expected 4 day length of stay 394.  The use of a HHU strategy 

in inpatients did not influence length of stay, reflecting the complex patient phenotype where 

that duration of stay is related to clinical factors. 

Although not specifically devoted to use of HHU in rarely appropriate tests, previous 

work supports the use of HHU in common situations associated with rarely appropriate tests. 

In a study of HHU and repeat TTE in 105 adult patients undergoing follow-up 

echocardiography, HHU showed good to excellent correlation with TTE390. In addition, a 
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HHU protocol could save between $41-64 per study. Twelve percent of these patients were 

deemed rarely appropriate, but a subgroup analysis was not performed.  

Our study was not a direct comparison of HHU vs SE, and cannot address the question 

of echocardiographic false negative scans, although the question of validation has been 

explored in great detail, including in recent studies381,390. A consensus statement published by 

the American Society of Echocardiography found that LV enlargement, LV hypertrophy, LV 

systolic function, LA enlargement, RV enlargement, RV systolic function, pericardial effusion 

and IVC size have all been accurately detected 395.  

This is a case control study; despite the patients in both arms being well matched the 

lack of a randomised controlled trial may have resulted in potential selection bias. A 

randomized study should be considered, with head-to-head comparison of HHU with SE. From 

a practical standpoint, a cardiologist may not always be able to provide a consultation.  Finally, 

the categorisation of change in management is a difficult task. In using the criteria proposed 

by Matuleviscius et al we recognise the limitations of relying on medical documentation and 

correspondence to differentiate between No change in Management and Continuation of Care.  

 Postscript 
This manuscript presents a novel solution to the emerging epidemic of inappropriate use.  

Initial assessment when there is absence of signs and symptoms to suggest cardiovascular 

disease and routine surveillance of known cardiovascular pathologies (HF, AF, IHD, 

valvular disease) are common indications for inappropriate use375.  

These indications in part reflect uncertainty raised during clinical assessment; concerns about 

new important pathology were once again confirmed in our study as 25% of inappropriate 

requests had new important pathology. Any strategy seeking to reduce the incidence of 

inappropriate use, needs to address these concerns. 
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I have shown that a time limited HHU examination reduces the need for formal TTE, 

improves access to investigations by reducing scan time and reduces overall cost of 

diagnostic work up for patients whose initial TTE requests were screened and deemed to be 

inappropriate, based on AUC criteria. Furthermore this strategy identified 25% of 

examinations with new important pathology which would have been missed if TTE was 

cancelled on grounds of being inappropriate. This rate is higher than previously reported, 

however, it highlights the issue with cancelling tests at point of request where all clinical 

data may not be available to the sonographer or cardiologist. The reason for such results may 

be insufficient documentation for clinical indication or lack of specificity of HHU 

examination. 

The earlier manuscripts in this thesis used advances in imaging to expand the diagnostic and 

predictive power and productive efficiency of TTE and CMR. The current manuscript 

demonstrates that imaging advances can also be directed to problems of overuse and 

inappropriate use. It highlights that imaging advances need not be the domain of larger, more 

expensive and more powerful machines. Rather, as a result of improved computing power 

and miniaturization certain clinical situations may be best served by a low end, cheaper and 

faster alternative. This is an example of technical, productive efficiency and its adoption 

would improve allocative efficiency.
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10 Conclusion 
 

The aim of this thesis was to determine the role of advanced imaging techniques in 

management of cardiovascular epidemics. I have addressed this question in 3 steps. The first 

step was reviewing literature pertinent to specific imaging advances and their relationship to 

the epidemics of HFpEF and AF. Informed by the literature review I sought to address key 

barriers preventing adoption of specific imaging advances. Finally, having addressed barriers 

and improving my understanding of the tools at my disposal, I sought to demonstrate how 

these advances can 1.) Improve the information gained and 2.) Improve cost and appropriate 

use. 

From this thesis, I have been able to draw a number of conclusions about the use of 

multimodality cardiac imaging with respect to the cardiovascular epidemics of AF, HFpEF 

and the related iatrogenic epidemic of inappropriate use.  

1) There is a degree of overlap between the functional capabilities of echocardiography, 

cardiac CT and CMR which mean that traditional models of disease management can 

be redesigned with a focus on greater efficiency. 

2) I have defined normal reference ranges for left atrial strain and explored the 

intervendor and intermodality differences.  

3) I have demonstrated CMR can be performed at faster speeds without a compromise in 

diagnostic accuracy with respect to biventricular volumes and function. 

4) CMR can evaluate diastolic function and shows good correlation to echocardiography 

5) Atrial strain can be used to predict which strokes may have occurred due to AF 

6) HHU can be applied to the problem of inappropriate use and reduce the amount of 

inappropriate echocardiograms which are preformed, improve delivery of diagnostic 

services and results in a cost saving. 
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Future Direction 

 

These findings will inform my ongoing research: 

 

I seek to develop a hybrid imaging protocol following stroke where the initial 

echocardiogram will be a HHU study (Chapter 9) focusing on valvular pathology and highly 

mobile mass lesions. If normal, patients will have a rapid CMR (Chapter 5) at the time of 

their clinically mandated brain MRI. I will compute atrial strain from CMR to assess the 

probability of cardioembolic events (Chapter 8). The results of this hybrid approach will be 

compared to the standard TTE/TOE diagnostic strategy. 
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