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ABSTRACT  

The validity and reproducibility of systolic function assessment in patients with atrial 

fibrillation (AF) using cardiac magnetic resonance (CMR), echocardiography, nuclear 

imaging and computed tomography (CT) is unknown.  A prospectively-registered systematic 

review was performed, including 24 published studies with patients in AF at the time of 

imaging and reporting validity or reproducibility data on left ventricular systolic parameters 

(PROSPERO: CRD42018091674).  Data extraction and risk of bias were performed by 2 

investigators independently and synthesized qualitatively.  In 3 CMR studies (40 AF 

patients), LVEF and stroke volume measurements correlated highly with catheter 

angiography (r≥0.85), and intra/inter-observer variability were low.  From 3 nuclear studies 

(171 AF patients), there were no external validation assessments but intra/inter-observer and 

inter-session variability were low.  In 18 echocardiography studies (2566 AF patients), 2 

studies showed high external validity of global longitudinal strain (GLS) and tissue Doppler 

s’ with angiography-derived dP/dt (r≥0.88).  GLS and myocardial performance index were 

both associated with adverse cardiovascular events.  Reproducibility of echocardiography 

was better when selecting an index beat (where two preceding RR intervals are similar) 

compared to averaging of consecutive beats.  There were no studies relating to CT.  Most 

studies were small and biased by selection of patients with good quality images, limiting 

clinical extrapolation of results.  The validity of systolic function measurements in patients 

with AF remains unclear due to the paucity of good-quality data.  

Keywords  

Atrial fibrillation; systolic function; multi-modality imaging; validity
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INTRODUCTION 

Atrial fibrillation (AF) prevalence is expected to rise considerably over the next few decades.1  To 

enable clinicians to provide appropriate therapy and improve prognosis, it is essential that systolic 

function can be accurately assessed.2  Echocardiography, cardiovascular magnetic resonance 

imaging (CMR), computed tomography (CT), invasive angiography and nuclear scintigraphy are all 

used to assess systolic function.  However, cardiac imaging in patients with AF is challenging due 

to R-R interval irregularity and/or elevated heart rate3 which impact on validity and reproducibility, 

causing difficulties in acquiring diagnostic-quality images and interpretation of results.4  The 

assumption that parameters used to quantify systolic dysfunction in patients with sinus rhythm have 

the same validity in AF may also be incorrect.5,6  The aim of this systematic review was to 

determine if different modalities of systolic assessment have clinical value in patients with AF, to 

assist in the diagnosis of heart failure and guide optimal management for patients.    

METHODS 

All studies reporting validity or reproducibility data on left ventricular (LV) systolic 

function in AF patients were examined.  There was no restriction on study design, however only 

human populations with AF at the time of imaging were included.  Exclusion criteria were case 

reports, studies that were only published in abstract form, and those in a language other than 

English.  All editorials, commentaries and informal reviews of other literature were also excluded.  

An online search was performed of PubMed, Embase and MEDLINE through the OVID library 

(inception to February 2019), including the broad terms “atrial fibrillation”, “angiography”, 

“computed tomography”, “cardiac magnetic resonance”, “nuclear imaging” and 

“echocardiography” using MESH headings and title/abstract searches, including syntax variations 

(Supplementary Table 1).  We also conducted manual screening of relevant reviews and reference 

lists.  The review was prospectively published on PROSPERO 
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(https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=91674) and reported 

according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) 

guidelines.   

The primary outcomes of interest were the validity and reproducibility of LV systolic 

assessment in AF patients using different imaging modalities.  For echocardiography, these 

included left ventricular ejection fraction (LVEF) (measured either by Simpson’s biplane method or 

three-dimensional [3D] volume assessment), fractional shortening, stroke volume derived from left 

ventricular outflow tract pulsed wave Doppler, tissue Doppler velocities, pre-ejection period 

derived myocardial performance index (MPI),  peak longitudinal systolic strain and global 

longitudinal strain [GLS].  For CMR, this included volume-derived LVEF, GLS using either feature 

tracking or myocardial tagging, and stroke volume derived from flow mapping in the aortic root.  

For nuclear medicine, this included measurements of LVEF derived from radionuclide equilibrium 

angiography, gated single photon positron emission tomography (SPECT) and gated positron 

emission tomography.  We extracted data systematically using a standardised extraction form to 

ascertain: (1) validity against other imaging modalities (external validation); (2) association with 

clinical or surrogate endpoints; (3) comparison within an imaging modality (internal validity); and 

(4) measurements of intra- and inter-operator reproducibility. 

Two investigators independently assessed inclusion at full text level and extracted relevant 

variables (KB and KO).  Disagreements were resolved by consensus review and additional 

independent adjudication (DK).  Variables of interest for validity were strength of association using 

correlation (r) and intra-class correlation coefficient (ICC), and agreement using Bland and Altman 

analysis.  For association with clinical parameters, hazard ratios, chi-squared tests, area under the 

curve and Kaplan-Meier analysis were also included.  Variables of interest for reproducibility were 

agreement using Bland and Altman analysis and mean difference, association measured using 

correlation coefficients, linear regression (r2) and ICC, and variability measured using percentage 

change, coefficient of variation and repeatability coefficient.  Study quality was assessed using 
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Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2).7  Risk of bias was similarly 

assessed by 2 investigators independently, covering bias and applicability on the level of patient 

selection, the index test, reference standard and study flow and timing (Supplementary Table 2).  

Baseline demographics were pooled from all studies providing suitable data (including 

variance where applicable), and are summarized as a weighted mean according to sample size.  

Outcomes were synthesized qualitatively.  Meta-analysis of comparative data between AF and sinus 

rhythm was not possible due to the limited studies available and a lack of published data on the 

variance of outcome measures. 

RESULTS 

The search strategy identified a total of 7382 papers of which 7058 were excluded mainly 

due to a lack of relevance to the research question.  After the full text was screened, a further 310 

studies were excluded leaving a total of 24 studies which were then sorted into each imaging 

modality (Figure 1).  Overall risk of bias is presented in Figure 2, highlighting concern about 

patient selection bias.  Results are presented by imaging modality in the text below, and are 

categorised in the tables according to external validity (Table 1), internal validity (Table 2), 

association with clinical or surrogate endpoints (Table 3), and reproducibility (Table 4).  The full 

list of included studies with population details and methods is presented in Supplemental Table 3. 

Cardiac Magnetic Resonance Imaging 

Three CMR studies were included, assessing a total of 40 AF patients with breath-hold cines 

using steady-state free precession imaging (SSFP) of the LV to calculate stroke volume or LVEF.  

We identified no studies assessing the reproducibility or validity of phase mapping or strain 

imaging in patients with AF at the time of imaging.  The method of patient selection, and flow and 

timing of data obtained was unclear for these studies; hence the risk of bias was unclear.  
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One study externally validated CMR parameters of LVEF and stroke volume against 

invasive catheter angiography in 13 AF patients; 3 of these patients were excluded due to frequent 

ventricular ectopy, the need to void, or data corruption.8  Of the remaining patients, “several” 

required hand-drawn endocardial borders rather than the semi-automated process due to insufficient 

contrast with the blood pool (this may have led to differential risk of bias compared to 12 patients in 

sinus rhythm).  CMR-derived LVEF was shown to correlate strongly with left ventriculography 

(r=0.85), with a mean difference of 0% (SD 0.08) and no excess variability compared to sinus 

rhythm patients (p=0.37).  Similar results were seen for CMR-derived stroke volume using both 

flow-based and volume-based measurements.  Another study internally validated LVEF by 

comparing compressed sensing and parallel imaging (SPARSE-SENSE) with conventional SSFP in 

20 patients with AF; they identified a strong correlation between techniques (ICC=0.97, 95% CI 

0.93-0.99; p=0.14), but heart rate at the time of assessment was not stated.9 

Three studies examined the reproducibility of systolic parameters using CMR.  LVEF inter-

observer reproducibility in 10 patients was better using CMR as compared to angiography (SE 8% 

versus 14%), with similar results for stroke volume (SE 9mL versus 24mL), but again no comment 

on heart rate.8  In 20 patients there was no relevant difference in intra/inter-observer reproducibility 

between SSFP and real-time SPARSE-SENSE.  In 10 patients with permanent AF and a mean heart 

rate of 82 bpm (range 57-109), intra-observer reproducibility was good (R2=0.97), repeatability 

coefficient was 3.8 and Bland and Altman bias was -1.9%.  Inter-study reproducibility was also 

good (R2=0.99), with repeatability coefficient 1.3 and Bland and Altman bias of 0.5%.10  

Nuclear Imaging  

We identified no studies in which systolic parameters were externally validated or correlated 

with other clinical parameters in patients with AF.  Three nuclear imaging studies were included 

that addressed either internal validity (i.e. against other nuclear imaging) or reproducibility, with a 

total of 171 AF patients.  The method of patient selection, and degree of blinding to the index and 

reference test was not stated clearly in these studies, making the risk of bias unclear.  
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AF gating errors significantly affected the measurement of wall thickening (60% ± 299%) 

and myocardial perfusion (76% ± 352%) in a study of 35 AF patients with suspected coronary 

artery disease.11  Gated SPECT in this study had a strong correlation with equilibrium radionuclide 

angiocardiography (r=0.89; p<0.0001), however LVEF measured by SPECT was consistently lower 

by 3-4%.  In a study of 20 AF patients, cycle length windowing as a way to overcome the variable 

rhythm in AF showed similar LVEF values compared to non-windowed parameters (p=0.16), with 

strong correlation between the 2 methods (r=0.97).12   

The reproducibility of measuring volumes and LVEF was assessed in 115 patients with AF 

using myocardial perfusion gated SPECT, demonstrating low intra/inter-observer variability (0.22% 

and 0.47%), and low variation between two consecutively taken studies (ICC=0.95).13  

Echocardiography  

Eighteen echocardiography studies were included, with a total of 2566 AF patients.  The 

method of patient selection for most echocardiography studies incurred a high risk of bias, due to 

the exclusion of patients with poor imaging windows. 

Two studies (total 64 patients) externally validated echocardiographic systolic parameters 

against dP/dt derived from invasive angiography, with GLS found to have a strong correlation with 

averaged dP/dt (r=0.94; p<0.001).14  The tissue Doppler parameter s’ was also shown to correlate 

strongly with dP/dt (r=0.88; p<0.0001).15  Eight studies compared echocardiographic indices of 

systolic function with clinical parameters or surrogate biomarkers. 16-23  In 1293 AF patients who 

had suffered a myocardial infarction, lower LVEF (estimated using an echocardiographic wall 

motion score) was associated with an increase in the risk of 30-day mortality (8% for patients with 

LVEF >50%, 10% for LVEF 36-50%, 24% for LVEF 26-35% and 40% for LVEF <25%).19  

However, lower LVEF did not appear to predict long-term mortality in AF patients.  Lower GLS 

was associated with adverse cardiovascular events in two studies of 196 and 204 AF patients17, 20, 

with similar results seen with global circumferential strain and when GLS was corrected for R to R 
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interval.21  MPI was associated with cardiovascular events in 196 patients (hazard ratio 1.10 per 0.1 

unit increase; 95% CI 1.03-1.18; p= 0.004).22  In 104 patients with AF, Simpson’s biplane LVEF 

correlated only weakly with B-type natriuretic peptide (r=-0.25; p=0.07).16  Similar results were 

seen for atrial natriuretic peptide in 67 patients using Teichholz-derived LVEF (r=-0.42, p=0.01).18 

Four studies performed internal validation with other echocardiographic parameters (Table 

2).24-27  Eight studies assessed reproducibility, but there have been no echocardiographic studies 

comparing reproducibility directly with other imaging modalities.  A variety of small studies have 

demonstrated low levels of intra and inter-observer variability for LVEF, GLS and MPI when 

reassessing systolic function in AF patients using echocardiography (Table 4).  3D measurement of 

LVEF was shown to be more reproducible when calculated using a single-beat analysis compared to 

4-beat averaging (intra-observer variability 4.8% versus 8.3%; inter-observer 5.6% versus 18%).28  

An index beat approach, whereby measurement is made following two RR intervals of similar 

length resulted in lower intra and inter-observer variability compared to conventional averaging of 

consecutive beats.14, 17, 29 

Computed Tomography  

There were no studies assessing validity, association with clinical endpoints, or 

reproducibility of systolic function in patients with AF using computed tomography. 

DISCUSSION 

This is the first systematic review of the validity and reproducibility of systolic 

measurements made using standard cardiovascular imaging modalities for patients in AF at the time 

of assessment.  Adequate data on external validation against clinical events or surrogate outcomes is 

severely lacking, meaning that the clinical utility of systolic function assessment in the context of 

AF is uncertain particularly for CMR, nuclear and CT imaging modalities where there were no 

validation studies with clinical outcome.  Comparison of validity and reproducibility between 

different imaging modalities is also extremely limited; hence measurements of systolic LV function 
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commonly used in patients with AF cannot reliably be interchanged.  Assessment of systolic 

function in patients with AF is performed in every cardiac centre globally, and yet there is limited 

scientific data on measurement quality or validity. 

Most of the studies included in this systematic review addressed echocardiography, with 

limited examination of other modalities.  Even within echocardiography, there is a clear lack of 

external validation.  CMR is generally considered the gold-standard method for assessing systolic 

function in routine practice30, however in AF patients we do not have sufficient data on direct 

comparison with high-fidelity invasive pressure assessment.  dP/dt is only a good marker for end-

systolic elastance (the true gold standard for assessing LV contractility) when arterial pulse pressure 

variation is low31, which is unlikely in those with AF.  There have been no studies externally 

validating LVEF in AF patients, which is a concern given that this measurement is used as key 

parameter to guide patient management.2  In heart failure patients with sinus rhythm, LVEF is 

closely related to clinical outcomes, with each 5% lower LVEF increasing the risk of all-cause 

mortality by 24% (n=14261 patients; 95% CI 21-28%; p<0.0001).6  However in patients with AF, 

the relationship of LVEF with clinical outcomes is less substantial, with a 9% increase in mortality 

per 5% lower LVEF (95% CI 3-15%; p=0.002), likely reflecting the higher variability in AF 

patients.6  LVEF thresholds guide management decisions for patients.2  This highlights the 

importance of understanding the accuracy and validity of systolic function assessment in patients 

with AF; unfortunately our review suggests that this is far from secure.  GLS has been shown to 

provide prognostic information and so may be reliable method of assessing systolic function in 

patients with AF, however these studies were all highly biased for only selecting patients with 

adequate echocardiographic windows.17, 20, 21  

The reproducibility of LVEF appears to be reasonable in these AF studies, with low levels 

of intra and inter-observer variability.  However, the patients included were selected for good 

quality imaging32, 33 and reproducibility assessment did not include the full range of testing (for 

example, repeatability and reliability).4  These studies are unlikely to represent the AF population 



10 
 

Bunting et al. Cardiac imaging in AF    

scanned in routine practice, as AF patients usually have multiple co-morbidities such as obesity and 

airways disease limiting image quality.  Moreover, the same images were often re-analysed, rather 

than the study itself repeated, thereby excluding the inter-session variability in measurements that 

would be expected in clinical practice.  For calculation of parameters, guidelines recommend 

averaging 5-10 consecutive beats in patients with AF34, 35, which is time-consuming and is often not 

completed in routine care.22  In contrast, the use of an index beat has been shown to be reproducible 

and could have advantages over averaging beats in AF.14, 20, 28, 29  

Finally, in all studies where heart rate was reported, values were within a well-controlled range of 

60-90 beats per minute.  There have been no studies assessing the validity or reproducibility of 

systolic parameters when heart rates are outside this range.  It is generally considered that 

measurements taken in patients with a ventricular rate >100 bpm are unreliable36, however there 

have been no studies to allow us to make an evidence-based recommendation.   

 In conclusion, there is a clear need for external validation of systolic measurements in 

patients with AF and also inter-operator/inter-session studies to better assess reproducibility.  Data 

on the validity of measurements in CMR, nuclear imaging and CT were extremely limited, making 

it difficult to draw any conclusions.  A major limitation of the reproducibility studies was the lack 

of blinding of observers, leading to an uncertain risk of bias for work flow, index and reference 

values.  Moving forward, we urgently need prospective, blinded comparison studies in AF patients, 

with imaging not restricted to participants with high quality images.  Only with this knowledge can 

we be certain that measurements derived from cardiac imaging truly reflect underlying systolic 

function in patients with AF. 

Acknowledgements 

With thanks to Dr Michael Wilson and Dr Ravi Vijapurapu (University Hospitals Birmingham NHS 

Foundation Trust, Birmingham, UK). 



11 
 

Bunting et al. Cardiac imaging in AF    

Conflicts 

All authors have completed the ICMJE uniform disclosure form and declare:  

Dr Bunting was the research fellow for the RAte control Therapy Evaluation in permanent Atrial 

Fibrillation trial (RATE-AF; NCT02391337).  Prof. Kotecha reports grants from the National 

Institute for Health Research (NIHR CDF-2015-08-074; NIHR HTA-130280), the British Heart 

Foundation (PG/17/55/33087 and AA/18/2/34218), EU/EFPIA Innovative Medicines Initiative 

(BigData@Heart 116074), the European Society of Cardiology in collaboration with Boehringer 

Ingelheim/BMS-Pfizer Alliance/Bayer/Daiichi Sankyo/Boston Scientific (STEEER-AF 

NCT04396418), Amomed Pharma and IRCCS San Raffaele/Menarini (Beta-blockers in Heart 

Failure Collaborative Group NCT0083244); in addition personal fees from Bayer (Advisory Board), 

AtriCure (Speaker fees), Amomed (Advisory Board) and Myokardia (Advisory Board).  Mr 

O’Connor and Dr Steeds have no conflicts of interest to declare. 



12 
 

Bunting et al. Cardiac imaging in AF    

REFERENCES 

1. Lane DA, Skjoth F, Lip GYH, Larsen TB, Kotecha D. Temporal Trends in Incidence, 

Prevalence, and Mortality of Atrial Fibrillation in Primary Care. J Am Heart Assoc 

2017;6:e005155 

2. Kirchhof P, Benussi S, Kotecha D, Ahlsson A, Atar D, Casadei B, Castella M, Diener HC, 

Heidbuchel H, Hendriks J, Hindricks G, Manolis AS, Oldgren J, Popescu BA, Schotten U, 

Van Putte B, Vardas P. 2016 ESC Guidelines for the management of atrial fibrillation 

developed in collaboration with EACTS. Eur Heart J 2016;37:2893-2962 

3. Chiang CE, Naditch-Brule L, Murin J, Goethals M, Inoue H, O'Neill J, Silva-Cardoso J, 

Zharinov O, Gamra H, Alam S, Ponikowski P, Lewalter T, Rosenqvist M, Steg PG. 

Distribution and risk profile of paroxysmal, persistent, and permanent atrial fibrillation in 

routine clinical practice: insight from the real-life global survey evaluating patients with 

atrial fibrillation international registry. Circ Arrhythm Electrophysiol 2012;5:632-639 

4. Bunting KV, Steeds RP, Slater LT, Rogers JK, Gkoutos GV, Kotecha D. A Practical Guide 

to Assess the Reproducibility of Echocardiographic Measurements. J Am Soc Echocardiogr 

2019;32:1505-1515 

5. Kotecha D, Mohamed M, Shantsila E, Popescu BA, Steeds RP. Is echocardiography valid 

and reproducible in patients with atrial fibrillation? A systematic review. Europace 

2017;19:1427-1438 

6. Cleland JGF, Bunting KV, Flather MD, Altman DG, Holmes J, Coats AJS, Manzano L, 

McMurray JJV, Ruschitzka F, van Veldhuisen DJ, von Lueder TG, Bohm M, Andersson B, 

Kjekshus J, Packer M, Rigby AS, Rosano G, Wedel H, Hjalmarson A, Wikstrand J, Kotecha 

D. Beta-blockers for heart failure with reduced, mid-range, and preserved ejection fraction: 

an individual patient-level analysis of double-blind randomized trials. Eur Heart J 

2018;39:26-35 



13 
 

Bunting et al. Cardiac imaging in AF    

7. Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, Leeflang MM, 

Sterne JA, Bossuyt PM. QUADAS-2: a revised tool for the quality assessment of diagnostic 

accuracy studies. Ann Intern Med 2011;155:529-536 

8. Hundley WG, Meshack BM, Willett DL, Sayad DE, Lange RA, Willard JE, Landau C, 

Hillis LD, Peshock RM. Comparison of quantitation of left ventricular volume, ejection 

fraction, and cardiac output in patients with atrial fibrillation by cine magnetic resonance 

imaging versus invasive measurements. Am J Cardiol 1996;78:1119-1123 

9. Goebel J, Nensa F, Schemuth HP, Maderwald S, Quick HH, Schlosser T, Nassenstein K. 

Real-time SPARSE-SENSE cine MR imaging in atrial fibrillation: a feasibility study. Acta 

Radiol 2017;58:922-928 

10. Therkelsen SK, Groenning BA, Svendsen JH, Jensen GB. Atrial and ventricular volume and 

function evaluated by magnetic resonance imaging in patients with persistent atrial 

fibrillation before and after cardioversion. Am J Cardiol 2006;97:1213-1219 

11. Nichols K, Dorbala S, DePuey EG, Yao SS, Sharma A, Rozanski A. Influence of 

arrhythmias on gated SPECT myocardial perfusion and function quantification. J Nucl Med 

1999;40:924-934 

12. Wallis JW, Juni JE, Wu L. Gated cardiac blood pool studies in atrial fibrillation: role of 

cycle length windowing. Eur J Nucl Med 1991;18:23-27 

13. Aguade-Bruix S, Romero-Farina G, Cuberas-Borros G, Mila-Lopez M, Pubul-Nunez V, 

Siurana-Escuer R, Garcia-Dorado D, Candell-Riera J. Interassay reproducibility of 

myocardial perfusion gated SPECT in patients with atrial fibrillation. J Nucl Cardiol 

2010;17:450-458 

14. Kusunose K, Yamada H, Nishio S, Tomita N, Hotchi J, Bando M, Niki T, Yamaguchi K, 

Taketani Y, Iwase T, Soeki T, Wakatsuki T, Sata M. Index-beat assessment of left 

ventricular systolic and diastolic function during atrial fibrillation using myocardial strain 

and strain rate. J Am Soc Echocardiogr 2012;25:953-959 



14 
 

Bunting et al. Cardiac imaging in AF    

15. Oki T, Iuchi A, Tabata T, Mishiro Y, Yamada H, Abe M, Onose Y, Wakatsuki T, Ito S. Left 

ventricular systolic wall motion velocities along the long and short axes measured by pulsed 

tissue Doppler imaging in patients with atrial fibrillation. J Am Soc Echocardiogr 

1999;12:121-128 

16. Kim BJ, Hwang SJ, Sung KC, Kim BS, Kang JH, Lee MH, Park JR. Assessment of factors 

affecting plasma BNP levels in patients with chronic atrial fibrillation and preserved left 

ventricular systolic function. Int J Cardiol 2007;118:145-150 

17. Su HM, Lin TH, Hsu PC, Lee WH, Chu CY, Lee CS, Voon WC, Lai WT, Sheu SH. Global 

left ventricular longitudinal systolic strain as a major predictor of cardiovascular events in 

patients with atrial fibrillation. Heart 2013;99:1588-1596 

18. Wozakowska-Kaplon B, Opolski G. No correlation between atrial natriuretic peptide 

concentrations and echocardiographic measurements of left atrial size or left ventricular size 

and function in patients with persistent atrial fibrillation. Pacing Clin Electrophysiol 

2005;28 Suppl 1:S110-114 

19. Pedersen OD, Bagger H, Kober L, Torp-Pedersen C. Impact of congestive heart failure and 

left ventricular systolic function on the prognostic significance of atrial fibrillation and atrial 

flutter following acute myocardial infarction. Int J Cardiol 2005;100:65-71 

20. Dons M, Jensen JS, Olsen FJ, de Knegt MC, Fritz-Hansen T, Vazir A, Biering-Sorensen T. 

Global longitudinal strain corrected by RR-interval is a superior echocardiographic predictor 

of outcome in patients with atrial fibrillation. Int J Cardiol 2018;263:42-47 

21. Modin D, Sengelov M, Jorgensen PG, Bruun NE, Olsen FJ, Dons M, Fritz Hansen T, Jensen 

JS, Biering-Sorensen T. Global longitudinal strain corrected by RR interval is a superior 

predictor of all-cause mortality in patients with systolic heart failure and atrial fibrillation. 

ESC Heart Fail 2018;5:311-318 

22. Chu CY, Lee WH, Hsu PC, Lee HH, Chiu CA, Su HM, Lin TH, Lee CS, Yen HW, Voon 

WC, Lai WT, Sheu SH. Myocardial performance index derived from pre-ejection period as 



15 
 

Bunting et al. Cardiac imaging in AF    

a novel and useful predictor of cardiovascular events in atrial fibrillation. J Cardiol 

2015;65:466-473 

23. Lee WS, Lee KJ, Kim CJ. Association of the parameters derived from the relation between 

RR intervals and left ventricle performance with a history of heart failure in patients with 

atrial fibrillation. Am J Cardiol 2009;104:959-965 

24. Thavendiranathan P, Liu S, Verhaert D, Calleja A, Nitinunu A, Van Houten T, De Michelis 

N, Simonetti O, Rajagopalan S, Ryan T, Vannan MA. Feasibility, Accuracy, and 

Reproducibility of Real-Time Full-Volume 3D Transthoracic Echocardiography to Measure 

LV Volumes and Systolic Function: A Fully Automated Endocardial Contouring Algorithm 

in Sinus Rhythm and Atrial Fibrillation. JACC: Cardiovascular Imaging 2012;5:239-251 

25. Emilsson K, Wandt B. The relation between mitral annulus motion and left ventricular 

ejection fraction in atrial fibrillation. Clin Physiol 2000;20:44-49 

26. Ko HS, Kim CJ, Ryu WS. New parameters for left ventricular function in atrial fibrillation: 

based on the relationship between RR interval and performance. J Korean Med Sci 

2005;20:20-25 

27. Su H-M, Lin T-H, Hsu P-C, Chu C-Y, Lee W-H, Lee C-S, Lai W-T, Sheu S-H, Voon W-C. 

Myocardial performance index derived from preejection period: a novel and feasible 

parameter in evaluation of cardiac performance in patients with permanent atrial fibrillation. 

Echocardiography (Mount Kisco, NY) 2011;28:1081 

28. Shahgaldi K, Manouras A, Abrahamsson A, Gudmundsson P, Brodin LA, Winter R. Three-

dimensional echocardiography using single-heartbeat modality decreases variability in 

measuring left ventricular volumes and function in comparison to four-beat technique in 

atrial fibrillation. Cardiovasc Ultrasound 2010;8:45 

29. Lee CS, Lin TH, Hsu PC, Chu CY, Lee WH, Su HM, Voon WC, Lai WT, Sheu SH. 

Measuring left ventricular peak longitudinal systolic strain from a single beat in atrial 

fibrillation: validation of the index beat method. J Am Soc Echocardiogr 2012;25:945-952 



16 
 

Bunting et al. Cardiac imaging in AF    

30. Mehrotra R, Alagesan R, Srivastava S. Quantitative assessment of left ventricular systolic 

function using 3-dimensional echocardiography. Indian Heart J 2013;65:620-628 

31. Morimont P, Lambermont B, Desaive T, Janssen N, Chase G, D'Orio V. Arterial dP/dtmax 

accurately reflects left ventricular contractility during shock when adequate vascular filling 

is achieved. BMC Cardiovasc Disord 2012;12:13 

32. Egami Y, Nishino M, Taniike M, Makino N, Kato H, Shutta R, Yamaguchi H, Tanouchi J, 

Yamada Y. Renin-angiotensin system blockade is associated with the long-term protection 

against cardiac remodeling after cardioversion in hypertensive patients with atrial 

fibrillation. Tohoku J Exp Med 2010;221:251-255 

33. Henrard V, Ducharme A, Khairy P, Gisbert A, Roy D, Levesque S, Talajic M, Thibault B, 

Racine N, White M, Guerra PG, Tardif JC. Cardiac remodeling with rhythm versus rate 

control strategies for atrial fibrillation in patients with heart failure: insights from the AF-

CHF echocardiographic sub-study. Int J Cardiol 2013;165:430-436 

34. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf FA, 

Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, 

Rudski L, Spencer KT, Tsang W, Voigt JU. Recommendations for cardiac chamber 

quantification by echocardiography in adults: an update from the American Society of 

Echocardiography and the European Association of Cardiovascular Imaging. J Am Soc 

Echocardiogr 2015;28:1-39.e14 

35. Donal E, Lip GY, Galderisi M, Goette A, Shah D, Marwan M, Lederlin M, Mondillo S, 

Edvardsen T, Sitges M, Grapsa J, Garbi M, Senior R, Gimelli A, Potpara TS, Van Gelder 

IC, Gorenek B, Mabo P, Lancellotti P, Kuck KH, Popescu BA, Hindricks G, Habib G, 

Cardim NM, Cosyns B, Delgado V, Haugaa KH, Muraru D, Nieman K, Boriani G, Cohen 

A. EACVI/EHRA Expert Consensus Document on the role of multi-modality imaging for 

the evaluation of patients with atrial fibrillation. Eur Heart J Cardiovasc Imaging 

2016;17:355-383 



17 
 

Bunting et al. Cardiac imaging in AF    

36. Mathew T SR, Jones R, Kanagala P, Lloyd G, KnightD, O'Gallagher K, Oxborough D, Rana 

B, Ring L, Sandoval J, Wharton G, Wheeler R. A Guideline Protocol for the 

Echocardiographic assessment of Diastolic Dysfunction. British Society of 

Echocardiography. 2013 



18 
 

18 

FIGURE LEGENDS 

Figure 1. Systematic review flowchart.   

Flowchart showing the number of papers included and excluded at each stage of the 

screening process. 

AF= atrial fibrillation; CT= computed tomography; MRI= magnetic resonance imaging.  

 

Figure 2. Risk of bias overall studies according to QUADAS-2 assessment 

Bar chart (left panel) to display the proportion of studies with low, high or unclear bias 

according to the categories: work flow, reference test, index test and patient selection. Bar 

chart (right panel) to display the proportion of studies with low, high or unclear concerns of 

applicability according to the categories: reference test, index test and patient selection.  

 

Figure 3. Summary of findings from each imaging modality  

CMR image of a mid-short axis slice acquired by SSFP retrospective gating (top left panel); 

TTE three-dimensional imaging of the left ventricle in the apical window (bottom left panel);  

radionuclide ventriculography imaging with left ventricular contours (top right panel); 

cardiac CT image of the left ventricle (bottom right panel). 

CMR= cardiac magnetic resonance; SSFP= standard steady state free precession; TTE= 

transthoracic echocardiography; CCT= cardiac computed tomography 


