
Multimodality imaging for myocardial injury in acute
myocardial infarction and the assessment of valvular heart
disease
Podlesnikar, T.

Citation
Podlesnikar, T. (2022, June 28). Multimodality imaging for myocardial injury
in acute myocardial infarction and the assessment of valvular heart disease.
Retrieved from https://hdl.handle.net/1887/3420621
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3420621
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3420621




Multimodality Imaging for  
Myocardial Injury in Acute Myocardial  

Infarction and the Assessment of  
Valvular Heart Disease

Tomaž Podlesnikar



Multimodality Imaging  
for Myocardial Injury in Acute Myocardial Infarction 

 and the Assessment of Valvular Heart Disease

Proefschrift

ter verkrijging van  

de graad van doctor aan de Universiteit Leiden, 

op gezag van rector magnificus prof.dr.ir. H. Bijl, 

volgens besluit van het college voor promoties 

te verdedigen op dinsdag 28 juni 2022  

klokke 13.30 uur

door

Tomaž Podlesnikar 

geboren te Maribor, Slovenië  

in 1981 

Multimodality Imaging for Myocardial Injury in Acute Myocardial Infarction and the 

Assessment of Valvular Heart Disease

The studies described in this thesis were performed at the Department of Cardiology of the 

Leiden University Medical Center, Leiden, The Netherlands

Cover: T. Podlesnikar

Layout: T. Podlesnikar, T. Pogorevc

Edition: 1st edition

Place: Leiden, The Netherlands

Self-published by T. Podlesnikar

Year of publishing: 2022

Printrun: 50 copies

Printing: Design Sudio

CIP - Kataložni zapis o publikaciji 

Univerzitetna knjižnica Maribor

616.127-005.8-073(043.3)

PODLESNIKAR, Tomaž

    Multimodality imaging for myocardial injury in acute myocardial infarction and the asses-

ment of valvular heart disease : [the studies described in this thesis were performed at the 

Department of Cardiology of the Leiden University Medical Center, Leiden, The Netherlands] 

/ Tomaž Podlesnikar. - 1st ed. - Maribor : [samozal.] T. Podlesnikar, 2022

ISBN 978-961-07-1172-8

COBISS.SI-ID 111722755

Copyright® 2022 Tomaz Podlesnikar, Leiden, The Netherlands. All rights reserved. 

No part of this book may be reproduced or transmitted, in any form or by any means, without 

prior permission of the author.



To Blanka and Tibor,
to my mum and dad

Promotor:

Prof. dr. J.J. Bax

Co-promotor:

Dr. V. Delgado

Leiden Promotiecommissie:

Prof. dr. J. Braun

Dr. N. Ajmone Marsan

Dr. M. Bootsma 

Prof. dr. B. Ibáñez	 Centro Nacional de Investigaciones Cardiovasculares (CNIC), Ma-

drid, Spain; IIS-Fundación Jiménez Díaz University Hospital, Ma-

drid, Spain

Dr. C. Bucciarelli-Ducci	 Royal Brompton & Harefield Hospitals, London, United Kingdom

Prof. dr. Z. Fras	 Univerzitetni klinični center Ljubljana, Ljubljana, Slovenia

Financial support by the Dutch Heart Foundation for the publication of this thesis is grate-

fully acknowledged



TABLE OF CONTENTS

Chapter 1 General introduction and outline of the thesis 8

Part I Cardiovascular magnetic resonance-derived left ventricular 
strain in acute myocardial infarction

Chapter 2 Effect of early metoprolol during ST-segment elevation myocardial 
infarction on left ventricular strain: feature-tracking cardiovascular 
magnetic resonance substudy from the METOCARD-CNIC trial 

26

Chapter 3 Left ventricular functional recovery of infarcted and remote 
myocardium after ST-segment elevation myocardial infarction 
(METOCARD-CNIC randomized clinical trial substudy) 

46

Chapter 4 Five-year outcomes and prognostic value of feature-tracking 
cardiovascular magnetic resonance in patients receiving early 
prereperfusion metoprolol in acute myocardial infarction 

68

Part II Multimodality cardiac imaging in valvular heart disease

Chapter 5 Imaging of valvular heart disease in heart failure 88

Chapter 6 Transcatheter aortic valve replacement: advantages and limitations 
of different cardiac imaging techniques 

110

Chapter 7 Influence of the quantity of aortic valve calcium on the 
agreement between automated 3-dimensional transesophageal 
echocardiography and multidetector row computed tomography  
for aortic annulus sizing

140

Chapter 8 Cardiovascular magnetic resonance imaging to assess myocardial 
fibrosis in valvular heart disease 

158

Chapter 9 Focal replacement and diffuse fibrosis in primary mitral 
regurgitation: a new piece to the puzzle 

186

Chapter 10 Summary, conclusions and future perspectives 194

Samenvatting, conclusies en toekomstperspectieven

Appendix List of publications 219

Acknowledgements 223

Curriculum vitae 225



1 General introduction  
and outline of the thesis



11

GENERAL INTRODUCTION

The outcome of patients with ST-segment elevation myocardial infarction (STEMI) has signifi-

cantly improved over the last decades.1,2 Timely reperfusion with primary percutaneous coro-

nary intervention (PCI) and implementation of evidence-based and guideline-recommended 

treatments have contributed significantly to these improved outcomes.3,4 However, STEMI 

survivors are still at high risk of recurrent cardiovascular events such as congestive heart fail-

ure, arrhythmia, and sudden death.5,6 Thus, the search continues for novel effective therapies 

that can be administered as an adjunct to primary PCI in STEMI to reduce myocardial infarct 

size and prevent heart failure.7,8 In order to demonstrate a clear clinical benefit of any such 

intervention advanced cardiac imaging plays an important role. Although electrocardiogram, 

echocardiography, single photon emission computed tomography and cardiac biomarker re-

lease have been widely used, cardiovascular magnetic resonance (CMR) is currently the rec-

ommended technique for the assessment of myocardial injury in STEMI trials.8,9 CMR is the 

gold standard to assess left ventricular ejection fraction (LVEF), the widely implemented func-

tional parameter, and infarct size, the structural surrogate of myocardial infarction.10 Both pa-

rameters have been associated with long-term mortality and morbidity after STEMI.11,12 How-

ever, CMR also allows for the assessment of myocardial edema, microvascular damage and 

left ventricular (LV) strain, which can serve as powerful complementary tools to evaluate the 

benefits of cardioprotective therapies (Figure 1).

Figure 1: Cardiovascular magnetic resonance after acute myocardial infarction. Within a single scan, 
the assessment of left and right ventricular volumes and function, myocardial edema, infarct extent and 
transmurality, and microvascular damage can be performed. IMH, intramyocardial hemorrhage; LGE, late 
gadolinium enhancement; LV, left ventricular; LVEF, left ventricular ejection fraction; MVO, microvascular 
obstruction; RV, right ventricular; RVEF, right ventricular ejection fraction; T2w, T2-weighted.
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time.27 However, recent development of feature-tracking CMR, a post-processing software 

platform that allows multidirectional LV strain assessment from routinely acquired functional 

cine images (in a similar fashion to speckle-tracking echocardiography), has opened a gate-

way to wider implementation of LV strain assessment with CMR in the research and clinical 

practice.28,29 Time course of global LV longitudinal (GLS) and circumferential (GCS) strain after 

acute myocardial infarction has not yet been evaluated with feature-tracking CMR. In addition, 

the impact of early intravenous metoprolol on global LV myocardial strain in the acute and 

chronic stage of STEMI remain to be elucidated.

The tissue healing process after reperfused myocardial infarction is complex and affects 

the infarcted area as well as the distant myocardium.30,31 Several studies have described the 

evolution of regional LV strain with CMR after myocardial infarction, mostly showing gradual 

improvement of LV strain in the infarct zone and no significant changes in the remote zone.32-36 

However, none of them employed the novel feature-tracking algorithm to investigate regional 

LV strain. Furthermore, it remains to be elucidated whether the cardioprotective effects of ear-

ly intravenous metoprolol are confined to the infarct zone strain, remote zone strain or both. 

There is as well conflicting evidence on the impact of microvascular obstruction (MVO) and 

intramyocardial hemorrhage (IMH), both surrogates of microvascular damage in acute myo-

cardial infarction, on regional strain recovery.34-36 Finally, the effect of adverse LV remodeling 

(commonly defined as ≥20% increase in LV end-diastolic volume) on the infarct and remote 

zone myocardial strain has not yet been evaluated. 

While the results of the METOCARD-CNIC clinical trial have shown a clear clinical bene-

fit among patients receiving early intravenous metoprolol in terms of smaller LV infarct size21 

and more preserved long-term LV systolic function22 this has not been fully translated into 

improved patient prognosis. Namely, early intravenous metoprolol administration was asso-

ciated with a nonsignificant trend towards reduced occurrence of pre-specified MACE (10.8% 

in the metoprolol group versus 18.3% in the control group; P=0.065) at a median follow-up 

of 2 years.22 However, the prognostic value of early intravenous metoprolol has not yet been 

explored with longer follow-up data. In addition, the prognostic value of global LV strain with 

feature tracking CMR over traditional markers of myocardial injury, such as LVEF and infarct 

size with LGE should be evaluated, especially in the view of the recent studies showing con-

flicting results.37-40 Finally, it remains to be elucidated whether the association between global 

LV strain and prognosis is modulated by the early intravenous metoprolol treatment.

Multimodality cardiac imaging plays a central role in management of patients with val-

vular heart disease (VHD). Whenever VHD and heart failure coexist, advanced imaging may 

help answering the dilemma whether the LV dysfunction is due the disease of the valve or the 

ventricle.13,14 In patients with transcatheter aortic valve replacement (TAVR) multiple imaging 

modalities define procedural planning, periprocedural guidance and long-term follow-up.15,16 

Furthermore, novel biomarkers of myocardial injury, like focal replacement and diffuse inter-

stitial myocardial fibrosis with CMR, hold promise to redefine the optimal timing for interven-

tion in asymptomatic patients with severe VHD.17

Cardiovascular magnetic resonance-derived left ventricular strain after acute 

myocardial infarction 

Acute myocardial infarction results in myocardial cell necrosis and changes in extracellular 

collagen matrix that portend adverse consequences on LV structure and function.18 While early 

intravenous beta-blocker administration offers physiological rationale for lowering the myo-

cardial infarction burden,19 their routine use has been disputed over the last decades due to 

conflicting data on patients outcome.20 The Effect of Metoprolol in Cardioprotection During an 

Acute Myocardial Infarction (METOCARD-CNIC) trial was the first randomized control clinical 

trial in the modern era of primary PCI, that showed a clear clinical benefit of early administra-

tion of intravenous beta blockade in STEMI patients.21,22 Early intravenous metoprolol resulted 

in a significant reduction of LV end-systolic volumes, an increase in LVEF and a smaller infarct 

size, assessed with late gadolinium enhancement (LGE), 1 week after anterior STEMI, as evalu-

ated with CMR imaging.21 In addition, early metoprolol administration was associated with an 

improved LVEF after 6 months.22 

While LVEF and infarct size are the cornerstones to evaluate myocardial injury after acute 

myocardial infarction, LV strain assessment can provide additional important information. It 

detects subtle systolic dysfunction in patients with preserved LVEF and allows excellent intra- 

and inter-observer reproducibility.23,24 Moreover, LV strain with speckle tracking echocardiog-

raphy has shown incremental prognostic value to predict adverse LV remodeling and outcome 

after STEMI.25,26 On the other hand, LV strain with CMR has been much less extensively eval-

uated, mainly due to the complex acquisition and postprocessing techniques. Until recent-

ly, LV strain with CMR could only be investigated with tissue tracking technologies, such as 

myocardial tagging, strain encoded (SENC) imaging, displacement encoding with stimulated 

echoes (DENSE) imaging, which rely on specialized pulse sequences and additional scanning 
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ware for aortic annulus assessment and TAVR prosthesis size selection has not yet been per-

formed. Furthermore, the effect of the aortic valve calcification burden on the accuracy of the 

3D TEE measurements has not yet been studied.

The decision to operate in patients with severe VHD is frequently complex and relies on 

an individual risk-benefit analysis. Current guidelines recommend to intervene in patients 

with symptomatic severe VHD and in asymptomatic patients with reduced LVEF, LV dilata-

tion, pulmonary hypertension, right ventricular dilatation and dysfunction and presence 

of atrial fibrillation.41,42 However, most of these adverse consequences of severe VHD are 

observed in advanced stages of the disease and are partially irreversible after intervention, 

leading to suboptimal long-term clinical outcomes.51 Therefore, additional markers that 

identify early structural and functional consequences of severe VHD would help to redefine 

the optimal timing for intervention. CMR imaging with T1 mapping and LGE assessment 

permit myocardial tissue characterization and provide measures of focal replacement and 

diffuse myocardial fibrosis, whereas CMR tagging and feature-tracking CMR allow for the as-

sessment of myocardial deformation (strain), a functional parameter that indirectly reflects 

myocardial fibrosis. Accumulating evidence on the deleterious impact of LV myocardial fi-

brosis on clinical outcomes after surgical treatment of left-sided VHD has raised interest on 

tissue characterization with CMR techniques.52-55

Recent investigations demonstrated an association between mitral valve prolapse (MVP) 

and malignant ventricular arrhythmias.56-58 Various imaging parameters have been proposed 

to predict the risk for developing malignant ventricular arrythmias and sudden cardiac death 

in patients with MVP, among which fibrosis of the papillary muscles and of the inferolateral 

LV wall has gained prominence.59-62 However, it remains to be elucidated whether MVP also 

associates with diffuse myocardial fibrosis, detected with novel CMR techniques such as ex-

tracellular volume (ECV). Moreover, the interplay between patient characteristics, mitral re-

gurgitation grade and markers of LV fibrosis needs to be explored in order to translate this 

information into clinical practice.

OUTLINE OF THE THESIS

The objective of this thesis was twofold: i) to evaluate myocardial injury and cardioprotective 

effects of early intravenous metoprolol after STEMI with feature-tracking CMR, and ii) to ex-

plore the role of multimodality cardiac imaging in patients with VHD.

Multimodality cardiac imaging in valvular heart disease

VHD and heart failure are major health issues that are steadily increasing in prevalence in 

Western populations.41-44 VHD and heart failure frequently co-exist, which can complicate ac-

curate diagnosis of the severity of valve stenosis or regurgitation and affect therapy.45,46 Car-

diac imaging plays a central role in determining the mechanism and the severity of VHD as 

well as the degree of accompanying LV remodeling and systolic dysfunction. Furthermore, the 

decision upon the optimal treatment strategy (e.g., surgical valve repair versus replacement, 

feasibility of percutaneous valve interventions) rely heavily on accurate and detailed cardiac 

imaging.41,42 Echocardiography is the primary imaging modality and may be complemented 

by cardiac computed tomography (CT) and CMR when additional anatomical or functional 

information is needed.

Over the last decades, TAVR has emerged as an effective alternative to surgical aortic valve 

replacement for patients with symptomatic severe aortic stenosis.41,42 Patient selection, ac-

curate sizing of the prosthesis, choice of the procedural approach requires the use of several 

imaging modalities to optimize the results and minimize complications such as paravalvular 

regurgitation, aortic annulus rupture, pacemaker implantation or vascular injury.15,47 Multide-

tector row computed tomography (MDCT) has become the key imaging modality for pre-pro-

cedural evaluation of TAVR candidates in most centers due to its low invasiveness and com-

prehensive evaluation. Procedural guidance is mainly performed with fluoroscopy assistance, 

however, in high-risk situations transthoracic echocardiography or transesophageal echocar-

diography (TEE) can be employed. Prosthesis durability, indices of valve stenosis and regurgi-

tation, thrombosis, infective endocarditis and LV function and remodeling are the key imaging 

parameters during the follow-up of TAVR patients. 

Selection of appropriate TAVR prosthesis size relies on accurate measurement of the aor-

tic annulus, which is a virtual ring at the hinge points of the aortic valve leaflets and as such 

difficult to characterize with 2-dimensional imaging techniques.48 Although MDCT is currently 

considered the reference standard to measure the aortic valve annulus, it requires the use of 

nephrotoxic contrast and data acquisition during the systolic phase may lead to motion arti-

facts that reduce the accuracy of the aortic annulus measurements. In contrast, 3-dimensional 

(3D) TEE permits the acquisition of 3D data along the entire cardiac cycle with adequate tem-

poral and spatial resolution, allowing for accurate measurements of the aortic annulus.49,50 

Recently, automated software for post-processing of 3D TEE datasets have been developed. 

However, a head-to-head comparison between MDCT and dedicated automated 3D TEE soft-
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INTRODUCTION 

The long-term treatment with beta-blockers after ST-segment elevation myocardial infarction 

(STEMI) is well established and the benefit appears to be greatest for patients with myocar-

dial infarction complicated by heart failure, left ventricular (LV) systolic dysfunction, or ven-

tricular arrhythmias.1,2 Current European and American guidelines recommend initiating 

oral beta-blockers in the first 24 hours after STEMI.1,2 The role of routine early, intravenous 

beta-blockers administration prior to primary percutaneous coronary intervention (PCI) is 

less firmly established. In the context of reduced oxygen supply during myocardial infarction, 

beta-blockers have the potential to reduce ischemic injury when administered prior to PCI, 

through their effect on slowing of heart rate, decreasing myocardial contractility, and lowering 

systemic blood pressure. In addition, some beta-blockers have shown to be able to reduce 

reperfusion-injury by inhibiting neutrophils function.3 The Effect of Metoprolol in Cardiopro-

tection During an Acute Myocardial Infarction (METOCARD-CNIC) trial showed that early ad-

ministration of intravenous metoprolol before primary PCI significantly reduced infarct size 1 

week post-STEMI as evaluated by cardiovascular magnetic resonance (CMR) imaging.4 In ad-

dition, early metoprolol administration was associated with improved long-term LV ejection 

fraction (LVEF), fewer indications for cardioverter-defibrillator implantation, and fewer heart 

failure readmissions.5 Accordingly, current European guidelines indicate that intravenous be-

ta-blockers should be considered at the time of presentation in STEMI patients undergoing 

primary PCI provided that there are no contraindications, no signs of acute heart failure, and 

the systolic blood pressure is >120 mmHg.1 

The impact of early intravenous metoprolol on LV myocardial strain has not yet been eval-

uated. In contrast to LVEF, LV strain does not rely on geometrical assumptions, shows superior 

intra- and inter-observer reproducibility and can detect subtle systolic dysfunction in patients 

with preserved LVEF.6,7 Recent development of feature-tracking CMR allows multidirectional 

myocardial strain assessment from standard cine images without the need for specialized 

pulse sequences or additional scanning time.8 In the METOCARD-CNIC trial population, we 

evaluated LV global circumferential (GCS) and longitudinal (GLS) strain measured with fea-

ture-tracking CMR both at 1 week and 6 months after primary PCI.

ABSTRACT

Background: Early intravenous metoprolol before primary percutaneous coronary interven-

tion (PCI) in ST-segment elevation myocardial infarction (STEMI) portends better outcomes 

in the METOCARD-CNIC trial. The aim of the present study was to evaluate the effect of early 

intravenous metoprolol on left ventricular (LV) strain assessed with feature-tracking cardio-

vascular magnetic resonance (CMR).

Methods: A total of 197 patients with acute anterior STEMI who were enrolled in the METO-

CARD-CNIC trial (100 allocated to intravenous metoprolol before primary PCI and 97 control 

patients) were evaluated. LV global circumferential strain (GCS) and global longitudinal strain 

(GLS) were measured with feature-tracking CMR at 1 week and 6 months after STEMI and com-

pared between randomization groups. 

Results: Patients who received early intravenous metoprolol had significantly more preserved 

LV strain compared to the control patients at 1 week after STEMI (GCS: -13.9±3.8% versus 

-12.6±3.9%, respectively; P=0.013; GLS: -11.9±2.8% versus -10.9±3.2%, respectively; P=0.032). 

In both groups, LV strain significantly improved during follow-up (mean difference between 

6-month and 1-week strain for the metoprolol group: GCS: -2.9%, 95% CI: -3.5% to -2.4; GLS: 

-2.9%, 95% CI: -3.4 to -2.4; both P<0.001; the control group: GCS: -3.4%, 95% CI: -3.9% to -2.8%; 

GLS: -3.4%, 95% CI: -3.9% to -3.0%; both P<0.001). When dividing the overall cohort of patients 

in quartiles of GCS and GLS, there were significantly less patients in the first quartile (i.e. the 

worst LV systolic function) who received early intravenous metoprolol compared to control 

patients at 1 week and 6 months (P<0.05 for GCS and GLS at both time points).

Conclusions: In patients with anterior STEMI, early administration of intravenous metoprolol 

before primary PCI was associated with significantly less patients with severely depressed LV 

GCS and GLS, both at 1 week and 6 months. Feature-tracking CMR represents a complementa-

ry tool to evaluate the benefits of cardioprotective therapies. 
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1 and 2). First, the LV endo- and epicardium were delineated at end-diastole in the LV 2-, 3- and 

4-chamber views and contiguous short-axis slices and the LV reference points were defined: the 

mitral annulus and the LV apex in long-axis views and the anterior right ventricular insertion 

point in the short-axis slices. The most basal short-axis slices, in which the image plane showed 

LV myocardium only at end-diastole but not at end-systole were excluded. The outlined myo-

cardium borders were automatically tracked throughout the cardiac cycle with fully automated 

feature-tracking analysis. The quality of the myocardium tracking was visually evaluated. Global 

time-strain curves were obtained and peak LV GCS and GLS values were recorded. 

Figure 1: Feature tracking cardiovascular magnetic resonance. (A) Left ventricular (LV) mid-cavity 
short-axis and 4-chamber long-axis end-diastolic steady-state free precession images. LV endo- and epi-
cardium (red and green lines) were delineated and LV reference points were defined: the anterior right 
ventricular insertion point in the short-axis view and the mitral annulus and LV apex in the 4-chamber 
view. The same method was repeated in the remaining long- and short-axis slices. (B and C) Visual evalua-
tion of myocardium tracking (Video 1 and 2 in supplementary material). The interventricular septum and 
LV anterior wall in the short-axis view and the mid-to-apical septum and apex in 4-chamber view (infarct-
ed area) show impaired deformation compared to the other myocardial segments (B = end-diastole, C = 
end-systole). (D) Global time-strain curves were obtained and peak global circumferential strain (-11.9%, 
top image) and peak global longitudinal strain (-10.2%, bottom image) values were recorded.

A single observer (TP) performed feature-tracking analysis of CMR data. The same ob-

server repeated the analysis of 20 randomly selected CMR scans after 4 weeks to assess the 

intra-observer variability. A second observer (JMMC), blinded to the results of the first observ-

er, re-measured a different subset of 20 randomly selected CMR scans for the assessment of 

inter-observer variability. 

METHODS 

Patient population

The present study included patients who were enrolled in the METOCARD-CNIC trial and com-

pleted 1-week and 6-month CMR study. Briefly, the multicenter randomized METOCARD-CNIC 

clinical trial recruited patients with first anterior STEMI undergoing primary PCI.9 A total of 270 

patients were randomized to receive up to 15 mg intravenous metoprolol before reperfusion 

versus conventional therapy. All patients received oral metoprolol, first dose 12-24 hours after 

STEMI. Exclusion criteria were Killip class III to IV acute heart failure, systolic blood pressure per-

sistently <120 mmHg, PR interval >240 milliseconds (or type II–III atrioventricular block), heart 

rate persistently <60 beats/min, or active treatment with any beta-blocker agent. Of the initial 

population, 202 patients underwent 2 CMR studies, at 1 week (5 to 7 days) and 6 months after 

STEMI. Conventional CMR parameters of LV dimensions, function and myocardial scar and LV 

GCS and GLS measured with feature-tracking analysis were evaluated at both time points for the 

overall population as a single group, and for each randomization treatment arm individually. 

The study was approved by the ethical committees and institutional review boards at each 

participating center. All eligible patients gave written informed consent.

Cardiovascular magnetic resonance

The CMR protocol has been described in detail elsewhere.9 Data acquisition was performed with 

1.5 and 3.0 T CMR scanners. LV 2-, 3- and 4-chamber views and a stack of contiguous short-ax-

is slices covering the whole LV were acquired with steady-state free precession functional cine 

imaging. Typical acquisition parameters were: voxel size 1.6×2 mm, slice thickness 8 mm, gap 0 

mm, cardiac phases 25-30, TR 3.5, TE 1.7, flip angle 40, SENSE 1.5, averages 1, FOV 360 × 360 mm. 

Subsequently, segmented inversion recovery gradient echo sequence acquired 10-15 minutes 

after a cumulative dose of 0.2 mmol/kg intravenous gadolinium contrast agent (Magnevist, Sch-

ering AG, Berlin, Germany) was employed for myocardial necrosis/fibrosis imaging. LV volumes, 

LV mass, LVEF and late gadolinium enhancement (LGE) data were analyzed with dedicated soft-

ware (QMass MR 7.5; Medis, Leiden, the Netherlands) as described previously.9 

Feature-tracking CMR analysis

Feature-tracking CMR analysis was performed on steady-state free precession cine images with 

dedicated software (CVI42 v5.3, Circle Cardiovascular Imaging, Calgary, Canada) (Figure 1, Videos 
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Table 1: Patients demographics, cardiovascular risk factors, clinical status at recruitment and pro-
cedural characteristics.

Total
(N=197)

Metoprolol 
(N=100)

Control
(N=97) P-value

Demographics
Age (years) 58.1±11.3 57.8±12.3 58.4±10.1 0.698
Sex (male) 173 (88) 87 (87) 86 (89) 0.865
BMI (kg/m2) 27.6±3.5 27.6±3.5 27.6±3.5 0.900
Cardiovascular risk factors
Hypertension 74 (38) 37 (37) 37 (38) 0.955
Diabetes mellitus 39 (20) 21 (21) 18 (19) 0.616
Dyslipidemia 85 (43) 43 (43) 42 (43) 0.935
Smoking* 126 (64) 64 (64) 62 (64) 0.839
Clinical status at recruitment
Killip class II† 19 (10) 8 (8) 11 (11) 0.441
Systolic BP (mmHg) 142±19 142±18 142±19 0.949
Diastolic BP (mmHg) 88±16 89±16 87±15 0.266
Heart rate (bpm) 82±13 82±14 81±13 0.539
Procedural characteristics
Ischemia duration (min) 194±65 197±62 191±68 0.488
TIMI grade 0-1 flow before primary PCI 163 (83) 80 (80) 83 (86) 0.373
Successful PCI (TIMI grade 2-3 flow) 194 (99) 100 (100) 94 (97) 0.117

BMI = body mass index; BP = blood pressure; PCI = percutaneous coronary intervention; TIMI = Thrombolysis in Myocar-
dial Infarction. Values are mean ± SD or n (%). 
*smoking was defined as current or quitted <10 years ago. 
†all other patients were Killip class I (Killip class III to IV were study’s exclusion criteria). 

Table 2: Effect of treatment randomization on conventional and feature tracking CMR parameters.

1 week 6 months

Overall
(N=197)

Metoprolol
(N=100)

Control
(N=97)

Mean 
difference 
[95% CI]

P-value
Overall
(N=197)

Metoprolol
(N=100)

Control
(N=97)

Mean 
difference 
[95% CI]

P-value

LVEDV  
(mL)

172.6±36.2 169.8±33.4 175.5±38.8
-5.6 [-15.8 

to 4.5]
0.276 191.6±42.6 187.0±38.8 196.5±45.9

-9.5 [-21.5 
 to 2.5]

0.119

LVESV  
(mL)

97.8±31.3 92.9±26.6 102.8±34.9
-9.8 [-18.6  

to -1.1]
0.028 104.4±40.8 98.2±36.1 110.8±44.5

-12.6 [-24.1  
to -1.2]

0.031

LVEF  
(%)

44.2±9.4 45.8±9.1 42.6±9.6
3.2 [0.6  
to 5.8]

0.017 47.0±10.8 48.7±10.0 45.3±11.4
3.4 [0.4  
to 6.4]

0.028

LV mass  
(g)

111.5±25.4 109.1±25.2 113.9±25.5
-4.7 [-11.9 

to 2.4]
0.192 85.7±17.6 84.6±17.4 86.8±17.7

-2.3 [-7.2  
to 2.7]

0.371

LGE  
(%)

22.7±12.8 20.9±11.6 24.7±13.8
-3.8 [-7.4  
to -0.2]

0.039 16.9±9.7 15.7±9.5 18.0±9.7
-2.3 [-5.1  

to 0.5]
0.104

LV GCS  
(%)

-13.3±3.9 -13.9±3.8 -12.6±3.9
-1.4 [-2.4  
to -0.3]

0.013 -16.4±4.2 -16.9±4.0 -15.9±4.4
-0.9 [-2.1  

to 0.3]
0.122

LV GLS  
(%)

-11.4±3.0 -11.9±2.8 -10.9±3.2
-0.9 [-1.8  
to -0.1]

0.032 -14.6±3.0 -14.8±2.9 -14.4±3.0
-0.4 [-1.2  

to 0.5]
0.379

CI = confidence interval; CMR = cardiovascular magnetic resonance; GCS = global circumferential strain; GLS = global lon-
gitudinal strain; LGE = late gadolinium enhancement; LV = left ventricular; LVEDV = left ventricular end-diastolic volume; 
LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic volume. 
Values are mean ± SD unless otherwise indicated.

Statistical analysis

Continuous variables are presented as mean ± standard deviation and categorical variables as fre-

quencies (percentages). Patients were divided into 2 groups according to the treatment received. 

Comparisons between the early metoprolol group and the control group were performed using 

independent samples t-test for continuous variables and Pearson’s Chi square test or Fischer’s ex-

act test for categorical variables. Fischer’s exact test was used when the expected value of a cat-

egorical variable was <5. Comparisons between 1-week and 6-month CMR data were performed 

using paired samples t-test. In addition, the study population was divided in quartiles of LV GCS 

and GLS. The number of patients within the first quartile of LV GCS and GLS (worst LV systolic func-

tion) at each randomization treatment arm (early intravenous metoprolol vs control patients) was 

compared with Pearson’s Chi square test at 1 week and 6 months of follow-up. In addition, logis-

tic regression analysis was performed to assess the value of LV GCS and GLS 1 week after STEMI 

to predict LVEF normalization (≥50%) at 6 months. Odds ratios and 95% confidence intervals (CI) 

were calculated and adjusted for infarct size (LGE extent) at 1-week CMR, demographic and clinical 

variables (age, sex, body mass index, presence of hypertension, diabetes, dyslipidemia, smoking 

status) and treatment randomization arm (early intravenous metoprolol vs. control patients).

The intra- and inter-observer agreement for GCS and GLS measurements were assessed 

with intraclass correlation coefficients. A two-sided P-value of <0.05 was statistically signif-

icant and excellent agreement was defined as an intraclass correlation coefficient >0.9. All 

statistical analyses were performed using IBM SPSS Statistics 23 (IBM, Armonk, New York).

RESULTS

Of the initial 202 patients who underwent 2 CMR studies, feature-tracking CMR analysis was 

feasible in 197 patients (early metoprolol group: N=100; control group: N=97) and they formed 

the population of the present analysis. LV GLS analysis at 6 months was feasible in 195 patients 

(early metoprolol group: N=99; control group: N=96).

Patients demographics, cardiovascular risk factors, clinical characteristics at recruitment 

and procedural characteristics of the overall population (mean age 58.1 years, 88% male) and 

the patients divided according to received randomization treatment (metoprolol vs control) 

are presented in Table 1. There were no statistically significant differences between both 

groups. Conventional and feature-tracking CMR parameters of LV structure and function, eval-

uated at 1 week and 6 months after STEMI for the overall population and for each randomiza-

tion treatment arm individually, are presented in Table 2. 
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Changes in LV conventional and feature-tracking CMR parameters between 

1-week and 6-month follow-up after STEMI

There were significant changes in conventional CMR parameters and LV strain between 

1-week and 6-month follow-up in the overall population and in both study treatment 

arms (Table 3, Figure 2 and 3). LV end-diastolic and end-systolic volumes significantly in-

creased over time. However, LV dilation was more pronounced for LV end-diastolic vol-

umes than for LV end-systolic volumes, partly explaining the significant improvement of 

LVEF over time. The percentage of LV myocardium with LGE significantly decreased over 

the 6 months of follow-up. In addition, LV GCS and GLS significantly improved over the 

6-month follow-up (mean difference between 6-month and 1-week strain for the metopr-

olol group: GCS: -2.9%, 95% CI: -3.5% to -2.4; GLS: -2.9%, 95% CI: -3.4 to -2.4; both P<0.001; 

the control group: GCS: -3.4%, 95% CI: -3.9% to -2.8%; GLS: -3.4%, 95% CI: -3.9% to -3.0%; 

both P<0.001).

Table 3: Time course of LV conventional and feature tracking CMR parameters after STEMI.
Overall (N=197) Metoprolol (N=100) Control (N=97)

Mean  
difference

95% CI P-value
Mean  

difference
95% CI P-value

Mean  
difference

95% CI P-value

LVEDV (mL) 18.9 15.3 to 22.5 <0.001 16.4 11.6 to 21.2 <0.001 21.5 16.2 to 26.8 <0.001

LVESV (mL) 6.7 3.4 to 9.9 <0.001 4.9 0.4 to 9.3 0.032 8.5 3.6 to 13.4 0.001

LVEF (%) 2.7 1.8 to 3.6 <0.001 2.9 1.5 to 4.2 <0.001 2.6 1.3 to 3.9 <0.001

LV mass (g) -25.8 -28.5 to -23.2 <0.001 -24.6 -28.3 to -20.9 <0.001 -27.0 -30.9 to -23.1 <0.001

LGE (%) -5.8 -6.7 to -4.8 <0.001 -5.1 -6.5 to -3.8 <0.001 -6.5 -7.8 to -5.1 <0.001

LV GCS (%) -3.2 -3.5 to -2.8 <0.001 -2.9 -3.5 to -2.4 <0.001 -3.4 -3.9 to -2.8 <0.001

LV GLS (%) -3.2 -3.5 to -2.8 <0.001 -2.9 -3.4 to -2.4 <0.001 -3.4 -3.9 to -3.0 <0.001

STEMI = ST-segment elevation myocardial infarction; other abbreviations as in Table 2.

LV conventional and feature-tracking CMR parameters 1 week after STEMI

One week after intervention (metoprolol or control), patients who received early intravenous 

metoprolol showed significantly smaller LV end-systolic volumes, higher LVEF and smaller in-

farct sizes assessed by LGE (Table 2, Figure 2). In addition, patients who received early intrave-

nous metoprolol had more preserved LV GCS and GLS than patients in the control group (GCS: 

-13.9±3.8% versus -12.6±3.9%, respectively; P=0.013; GLS: -11.9±2.8% versus -10.9±3.2%, re-

spectively; P=0.032). 

Figure 2: Time course and effect of treatment randomization on conventional and feature tracking 
cardiovascular magnetic resonance parameters after ST-segment elevation myocardial infarction. 
Left ventricular end-diastolic volume (LVEDV) (A), left ventricular end-systolic volume (LVESV) (B), left ven-
tricular ejection fraction (LVEF) (C), late gadolinium enhancement (LGE) (D), peak global circumferential 
strain (GCS) (E) and peak global longitudinal strain (GLS) (F) in the early intravenous metoprolol and the 
control group, at 1 week and at 6 months after the acute event. The asterisks represent the mean values 
and the error bars represent the standard errors of the mean. P-values describe the statistical significance 
between both treatment arms at each time point.
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Table 4: Left ventricular ejection fraction (LVEF), left ventricular global circumferential (GCS) and 
longitudinal (GLS) strain at 1 week after myocardial infarction as predictors of LVEF normalization 
(LVEF ≥50%) at 6 months after the acute event.

Univariate analysis Multivariate analysis 1* Multivariate analysis 2†

Odds 
ratio 95% CI P-value

Odds 
ratio 95% CI P-value

Odds 
ratio 95% CI P-value

LVEF (%) 1.289 1.203-
1.382 <0.001 1.190 1.100-

1.286 <0.001 1.231 1.129-
1.342 <0.001

GCS (%) 0.592 0.513-
0.682 <0.001 0.723 0.619-

0.843 <0.001 0.715 0.610-
0.839 <0.001

GLS (%) 0.591 0.505-
0.692 <0.001 0.718 0.600-

0.860 <0.001 0.666 0.542-
0.819 <0.001

CI = confidence interval.
*adjusted for the extent of late gadolinium enhancement (LGE) on 1-week cardiovascular magnetic resonance (CMR). 
†adjusted for the extent of LGE on 1-week CMR, age, sex, body mass index, presence of hypertension, diabetes, dyslipid-
emia, smoking status and treatment randomization arm (early intravenous metoprolol vs control).

LV conventional and feature-tracking CMR parameters 6 months after STEMI

The improvements in LV conventional and feature-tracking CMR parameters resulted in 

non-significant differences in LV end-diastolic volumes, LV mass and LGE between both 

treatment arms at 6 months (Table 2, Figure 2). However, patients who received early in-

travenous metoprolol still had significantly smaller LV end-systolic volumes and higher 

LVEF. In addition, patients who received early intravenous metoprolol showed a non-sig-

nificant trend for more preserved LV strain compared to patients in the control group (GCS: 

-16.9±4.0% versus -15.9±4.4%, respectively; P=0.122; GLS: -14.8±2.9% versus -14.4±3.0%, 

respectively; P=0.379). 

The effect of early metoprolol on severe LV systolic dysfunction 

When dividing the overall cohort of patients in quartiles of GCS and GLS, there were signifi-

cantly less number of patients receiving early intravenous metoprolol in the first GCS and GLS 

quartile (i.e. the worst LV systolic function), both at 1 week and at 6 months (Table 5, Figure 

4). At 1 week after STEMI, there were 18 patients who received early intravenous metoprolol 

versus 31 patients with the conventional treatment in the first GCS quartile group (≥-10.0%) 

(P=0.023) and 13 patients who received early metoprolol versus 36 control patients in the first 

GLS quartile group (≥-9.3%) (P<0.001). At 6 months after STEMI, there were 17 patients who 

received early intravenous metoprolol versus 32 patients with the conventional treatment in 

the first GCS quartile group (≥-13.1%) (P=0.009) and 18 patients who received early metoprolol 

versus 31 control patients in the first GLS quartile group (≥-12.8%) (P=0.023).

Figure 3: Time course of conventional and feature tracking cardiovascular magnetic resonance pa-
rameters after ST-segment elevation myocardial infarction in the overall population. Left ventricular 
end-diastolic volume (LVEDV) (A), left ventricular end-systolic volume (LVESV) (B), left ventricular ejection 
fraction (LVEF) (C), late gadolinium enhancement (LGE) (D), peak global circumferential strain (GCS) (E) 
and peak global longitudinal strain (GLS) (F) in the overall population at 1 week and at 6 months after the 
acute event. Dots are individual patient data. Blue lines represent the mean ± standard error of the mean. 
P-values describe the statistical significance between the two time points. 

LV GCS and GLS at 1 week after STEMI were significant predictors of LVEF normalization 

(LVEF ≥50%) at 6-month follow-up (Table 4). Each 1 percent increase in LV GCS was associat-

ed with 40.8% higher likelihood of LVEF normalization (P<0.001) and each 1% of increase in 

LV GLS was associated with 40.9% higher likelihood of LVEF normalization at 6 months after 

STEMI (P<0.001). Both, LV GCS and GLS, remained significant predictors of LVEF normalization 

after adjusting for the extent of LGE on 1-week CMR, demographic and clinical variables and 

treatment randomization arm (P<0.001 for both). 
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ly. Furthermore, the inter-observer intraclass correlation coefficients (95% CI) for the mea-

surement of LV GCS and GLS were 0.995 (0.987-0.998) and 0.990 (0.976-0.996), respectively. 

DISCUSSION

The present study demonstrates that in patients with anterior STEMI treated with primary PCI, 

early administration of intravenous metoprolol was associated with more preserved LV GCS 

and GLS at 1 week after myocardial infarction as compared to control patients. In addition, 

early administration of intravenous metoprolol before primary PCI was associated with sig-

nificantly less patients with severely depressed GCS and GLS both at 1 week and 6 months. 

Altogether, these data indicate that early intravenous metoprolol before reperfusion improves 

short and long-term LV systolic dysfunction as evaluated with feature-tracking CMR.

LV conventional and feature-tracking CMR parameters 1 week after STEMI

Acute myocardial infarction results in myocardial cell necrosis and changes in extracellular 

collagen matrix that portend adverse consequences on LV structure and function.10 While early 

intravenous beta-blocker administration offers physiological rationale for lowering the myo-

cardial infarction burden, their routine use has been disputed over the last decades due to the 

conflicting data on patients outcome.11 The METOCARD-CNIC trial was the first randomized 

control trial in the modern era of primary PCI in STEMI patients, showing that early admin-

istration of intravenous metoprolol resulted in significant reduction of LV end-systolic vol-

umes, increase in LVEF and smaller LGE-assessed infarct size 1 week after anterior STEMI, as 

evaluated by CMR imaging.4 The present study provides additional information on the effect 

of early intravenous metoprolol on LV systolic function by means of circumferential and lon-

gitudinal shortening, assessed with novel feature-tracking CMR algorithm. This is important 

since LV strain with speckle tracking echocardiography has been shown to be a more sensitive 

marker of LV dysfunction7 and to provide incremental prognostic information over LVEF in the 

STEMI population.12 Recently, clinical implications of feature-tracking CMR in STEMI have been 

demonstrated.13,14 Our results show that GCS and GLS were more preserved in patients who 

received early intravenous metoprolol, supporting the rationale to use beta-blocker intrave-

nously in clinically stable STEMI patients before primary PCI.1

Table 5: Number of patients in GCS and GLS quartiles at 1 week and 6 months after STEMI.

LV GCS 1 week

1st quartile
(≥-10.0%)

2nd quartile
(-10.0% to -13.1%)

3rd quartile
(-13.1% to -16.3%)

4th quartile
(<-16.3%)

Metoprolol 18 22 34 26

Control 31 28 15 23

LV GLS 1 week

1st quartile
(≥-9.3%)

2nd quartile
(-9.3% to -11.3%)

3rd quartile
(-11.3% to -13.2%)

4th quartile
(<-13.2%)

Metoprolol 13 34 25 28

Control 36 16 25 20

LV GCS 6 months

1st quartile
(≥-13.1%)

2nd quartile
(-13.1% to -16.4%)

3rd quartile
(-16.4% to -19.8%)

4th quartile
(<-19.8%)

Metoprolol 17 30 27 26

Control 32 20 22 23

LV GLS 6 months

1st quartile
(≥-12.8%)

2nd quartile
(-12.8% to -15.0%)

3rd quartile
(-15.0% to -16.8%)

4th quartile
(<-16.8%)

Metoprolol 18 26 29 26

Control 31 23 20 22

Abbreviations as in Table 2.

Figure 4: Number of patients within the first quartile of LV GCS and GLS (worst LV systolic function) 
in the early metoprolol group versus controls at 1-week and 6-month follow-up. Patients in the first 
global circumferential strain (GCS) and global longitudinal strain (GLS) quartile (worst LV systolic function) 
were compared according to the treatment received (early intravenous metoprolol vs conventional thera-
py) at 1 week and at 6 months after acute ST-segment elevation myocardial infarction. 

Reproducibility of global left ventricular strain measurements

Excellent intra- and inter-observer variabilities for the feature-tracking CMR analysis of GCS 

and GLS were obtained. The intra-observer intraclass correlation coefficients (95% CI) for the 

measurement of LV GCS and GLS were 0.990 (0.975-0.996) and 0.982 (0.955-0.993), respective-
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The effect of metoprolol on long-term results 

The results of the METOCARD-CNIC trial have shown long-term benefit of early intravenous 

metoprolol after acute anterior STEMI.5 Patients who received early intravenous metoprolol 

had smaller LV end-systolic volumes and more preserved LVEF at 6 months after STEMI, how-

ever there were no statistically significant differences in LGE-assessed infarct size between 

both treatment arms. In the present analysis, GCS and GLS showed a tendency towards more 

preserved values in the metoprolol group, but the differences did not reach the level of sta-

tistical significance. These results suggest that GCS and GLS are more closely related to myo-

cardial infarct size, assessed with LGE CMR, than to changes in LV volumes, described by LVEF. 

This is in line with the published reports, showing that GLS with echocardiography is a better 

predictor of LGE-assessed infarct size compared to LVEF, whether measured in the acute phase 

after revascularization or at follow-up.22,23

The different effects of metoprolol on GCS and GLS between 1-week and 6-month fol-

low-up might be explained by the kinetics of the healing process of myocardial infarction. 

Edema is a very dynamic process during the first week after myocardial infarction,24 and strain 

closely associates with its intensity and volume.20 Moreover, cardioprotective therapies may 

affect the extent and intensity of post-myocardial infarction edema.25 We may reasonably as-

sume that the differences in LV GCS and GLS between both treatment arms were more pro-

nounced in the acute phase because of a blunted edematous reaction in metoprolol treated 

patients as compared to control patients and have diluted at 6-month follow-up due an overall 

large resorption of edema and necrotic tissue.26,27 

Importantly however, when dividing the overall cohort of patients in quartiles of GCS and 

GLS, there was a significantly fewer number of patients receiving early intravenous metoprolol 

in the first GCS and GLS quartile (i.e. the worst LV systolic function), both at 1 week and at 6 

months after STEMI (Figure 4). This shows that early metoprolol administration has a long-

term beneficial effect on the healing process of STEMI and prevents severe LV systolic dysfunc-

tion. Our results support the use of early intravenous metoprolol in STEMI patients without 

contraindications to beta-blockers undergoing primary PCI.

Study limitations

Feature-tracking is a novel technique to assess LV strain with CMR. Recommendations on how 

to perform feature-tracking analysis are lacking, there are no accepted standard reference val-

ues for LV strain and the agreement between different vendors of feature-tracking software is 

Time course of LV structural and functional changes after STEMI

In the healing process of acute myocardial infarction important structural and functional chang-

es take place in both the infarct area and the remote zone.10 Several studies have focused on LV 

remodeling after acute myocardial infarction.15-17 In a large prospective STEMI registry including 

507 patients treated with primary PCI and imaged with CMR at 1 week and 6 months, LV end-dia-

stolic volume increased (from 79±21 mL/m2 to 81±23 mL/m2; P=0.06) and LV end-systolic volume 

decreased (from 41±19 mL/m2 to 39±21 mL/m2; P=0.02) over time.16 This resulted in a significant 

increase in LVEF (from 50±12% to 54±13%, respectively; P<0.001). In the present study including 

a homogenous population with anterior STEMI patients treated with primary PCI, LV end-dia-

stolic and LV end-systolic volumes both increased significantly over time in patients receiving 

early intravenous metoprolol as well as in control patients (Table 3, Figure 2 and 3). However, 

the increase was proportionally larger for LV end-diastolic volume than for LV end-systolic vol-

ume, resulting in an increase in LVEF. Furthermore, several authors have reported a reduction in 

infarct size, assessed with LGE CMR in STEMI patients treated with primary PCI.16,18 Engblom et 

al.18 showed a progressive decrease of LGE, expressed as the percentage of total LV mass, from 

days 1, 7, 42 to 182; however, there was no significant additional reduction of hyperenhanced 

myocardium at 1 year. The LGE reduction occurred predominantly during the first week after 

infarction (63% of the total 1-year reduction). In addition, Bodi et al.16 reported significant reduc-

tion of LGE from 1 week to 6 months after STEMI (21±14% and 17±12%, respectively; P<0.001). 

This is in line with the results of the present study, which also demonstrated a decrease in LV 

hyperenhancement from 1 week to 6 months post-infarction. 

In addition, the present study evaluated LV strain with feature-tracking CMR. LV strain has 

been extensively studied with speckle tracking echocardiography after acute myocardial infarc-

tion.19 On the other hand, global LV strain with CMR after myocardial infarction has been less ex-

tensively evaluated, but a few studies investigated the time changes of regional LV strain, using 

different myocardial tagging techniques.20,21 Kidambi et al.20 showed an improvement of infarct 

zone peak systolic circumferential strain from day 2 to day 90 in 39 patients after STEMI treat-

ed with primary PCI, using complementary spatial modulation of magnetization myocardial 

tagging technique. Neizel et al.21 demonstrated an improvement in peak systolic circumferen-

tial strain in the myocardial segments with >50% transmural LGE (P<0.05) with strain-encoded 

imaging. The present study is, however, the first to assess the time course of GCS and GLS in 

a large anterior STEMI population with feature-tracking CMR. We demonstrated an overall im-

provement of 3.2% of GCS and GLS between 1-week and 6-month follow-up (P<0.001 for both). 
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INTRODUCTION

Cardiovascular magnetic resonance (CMR) is a powerful noninvasive clinical and research 

imaging tool for the assessment of the sequelae of an acute myocardial infarction.1 Within 

a single scan, assessment of left ventricular (LV) volumes and function, myocardial edema, 

infarct extent and transmurality, and microvascular damage can be performed. Traditional 

parameters such as LV volumes and LV ejection fraction and CMR-specific parameters, such as 

infarct size with late gadolinium enhancement (LGE), presence of microvascular obstruction 

(MVO) and intramyocardial hemorrhage (IMH) have demonstrated to predict post-infarction LV 

remodeling and clinical outcome.2-4 Recently, feature-tracking CMR has been shown to allow 

for multidirectional myocardial strain assessment from standard CMR cine images without the 

need for specialized pulse sequences and additional scanning time.5,6 Global LV longitudinal 

strain and circumferential strain with feature-tracking CMR have provided important prognos-

tic information after myocardial infarction.7,8 On the other hand, regional LV deformation has 

been mostly studied in small single-center studies with different CMR tissue tracking tech-

niques, such as myocardial tagging, strain encoded (SENC) imaging, displacement encoding 

with stimulated echoes (DENSE) imaging or feature-tracking.9-15 However, the evolution of LV 

strain after a ST-segment elevation myocardial infarction (STEMI) within infarcted and remote 

myocardium has not yet been investigated with feature-tracking CMR. 

Accordingly, the present sub-analysis of the Effect of Metoprolol in Cardioprotection 

During an Acute Myocardial Infarction (METOCARD-CNIC) trial16 evaluated the changes in re-

gional LV peak circumferential strain after ST-segment elevation myocardial infarction (STEMI) 

using feature-tracking CMR. The infarct zone and the remote zone circumferential strain were 

assessed at 1 week and 6 months after STEMI and the effects of the treatment arm (metoprolol 

versus control), MVO, IMH and adverse LV remodeling on the evolution of infarct and remote 

zone strain were investigated.

METHODS 

Patient population

The present study included patients who were enrolled in the METOCARD-CNIC trial.16 Brief-

ly, the multicenter randomized METOCARD-CNIC clinical trial recruited patients with first 

anterior STEMI undergoing primary percutaneous coronary intervention (PCI). A total of 270 

patients were randomized to receive up to 15 mg intravenous metoprolol before reperfusion 

ABSTRACT

Background: We aimed to evaluate the effect of early intravenous metoprolol treatment, mi-

crovascular obstruction (MVO), intramyocardial hemorrhage (IMH) and adverse left ventric-

ular (LV) remodeling on the evolution of infarct and remote zone circumferential strain after 

acute anterior ST-segment elevation myocardial infarction (STEMI) with feature-tracking car-

diovascular magnetic resonance (CMR).

Methods: A total of 191 patients with acute anterior STEMI enrolled in the METOCARD-CNIC 

randomized clinical trial were evaluated. LV infarct zone and remote zone circumferential 

strain were measured with feature-tracking CMR at 1 week and 6 months after STEMI. 

Results: In the overall population, the infarct zone circumferential strain significantly im-

proved from 1 week to 6 months after STEMI (-8.6±9.0% to -14.5±8.0%; P<0.001), while no 

changes in the remote zone strain were observed (-19.5±5.9% to -19.2±3.9%; P=0.466). Pa-

tients who received early intravenous metoprolol had significantly more preserved infarct 

zone circumferential strain compared to the controls at 1 week (P=0.038) and at 6 months 

(P=0.033) after STEMI, while no differences in remote zone strain were observed. The infarct 

zone circumferential strain was significantly impaired in patients with MVO and IMH compared 

to those without (P<0.001 at 1 week and 6 months), however it improved between both time 

points regardless of the presence of MVO or IMH (P<0.001). In patients who developed adverse 

LV remodeling (defined as ≥20% increase in LV end-diastolic volume) remote zone circumfer-

ential strain worsened between 1 week and 6 months after STEMI (P=0.036), while in the ab-

sence of adverse LV remodeling no significant changes in remote zone strain were observed.

Conclusions: Regional LV circumferential strain with feature-tracking CMR allowed compre-

hensive evaluation of the sequelae of an acute STEMI treated with primary percutaneous 

coronary intervention and demonstrated long-lasting cardioprotective effects of early intra-

venous metoprolol.
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Feature-tracking cardiovascular magnetic resonance analysis

Feature-tracking CMR analysis was performed with dedicated software (cvi42 v5.3, Circle Car-

diovascular Imaging, Calgary, Canada). First, the LV endo- and epicardium were delineated in 

contiguous short-axis slices and the anterior right ventricular insertion point was defined. The 

most basal slice(s), if the aortic valve plane was present in systolic frames, and most apical 

slices(s), if myocardial borders were unclear, were excluded. In addition, the mitral annulus 

and the LV apex were defined in long-axis slices to allow for automated LV segmentation. The 

outlined myocardium borders were automatically tracked throughout the cardiac cycle with 

fully automated feature-tracking analysis. The quality of the myocardium tracking was visual-

ly evaluated with manual adjustments of the contours if necessary (<5% of cases). Segmental 

peak circumferential strain values were obtained according to the 16-segment model of LV.20 

Twenty randomly selected CMR scans were chosen (>4 weeks after the primary analysis) for 

the assessment of intra- and inter-observer reproducibility of the segmental circumferential 

strain measurements.

Definition of infarct zone and remote zone myocardium

The LV myocardium was divided into the infarct zone and the remote zone regions. Taking into 

consideration that the METOCARD-CNIC trial included a homogeneous population of patients 

with anterior STEMI and that in >98% of patients undergoing CMR the culprit lesion was in the 

left anterior descending coronary artery (LAD),16 the infarct zone was defined as the LAD per-

fusion territory. The segmental coronary artery distribution model from the American Society 

of Echocardiography and the European Association of Cardiovascular Imaging guidelines was 

used.20 In addition, according to previous studies with CMR and single-photon emission com-

puted tomography showing that the apical segments most commonly correspond to the LAD 

perfusion territory, all apical segments were included in the infarct zone.21,22 Importantly, the 

proximal and the mid-distal LAD infarctions were defined differently.23 When the culprit coro-

nary artery lesion was in the proximal LAD, the infarct zone included the segments 1-2, 7-8 and 

13-16 and the rest of LV myocardium was defined as the remote zone (Figure 1A). If the culprit 

lesion was in the mid or distal LAD, the infarct zone included the segments 7-8 and 13-16 (the 

basal anterior and anteroseptal segments were not included), while the rest of LV myocardium 

was defined as the remote zone (Figure 1B). 

versus conventional therapy. Of the initial population, 202 patients underwent CMR at 1 

week (5 to 7 days) and at 6 months after STEMI. Patients receiving intravenous metoprolol 

and controls were comparable in terms of demographic characteristics, cardiovascular risk 

profile, procedural characteristics and discharge medication, as previously described.16-18 

Infarct zone and remote zone circumferential strain were evaluated with feature-tracking 

CMR at 1 week and 6 months after STEMI. Moreover, the effects of the treatment arm (me-

toprolol versus control), MVO, IMH and adverse LV remodeling on infarct and remote zone 

strain were investigated. 

The study was approved by the ethical committees and institutional review boards at each 

participating center. All eligible patients gave written informed consent.

Cardiovascular magnetic resonance

The CMR protocol has been described in detail elsewhere.19 Data acquisition was performed 

with 1.5 and 3T CMR scanners at 1 week and 6 months after STEMI. LV long-axis views and 

a stack of contiguous short-axis slices to cover the whole LV were acquired with balanced 

steady-state free precession (bSSFP) functional cine imaging. Data acquisition parameters 

were: voxel size 1.6×2 mm, slice thickness 8 mm, gap 0 mm, cardiac phases 25-30, TR 3.5, TE 

1.7, flip angle 40, SENSE 1.5, averages 1, FOV 360×360 mm. Subsequently, edema imaging was 

performed using a T2-weighted short tau inversion recovery (STIR) sequence, followed by LGE 

imaging with segmented inversion recovery gradient echo sequence, acquired 10-15 minutes 

after intravenous gadolinium contrast agent.

CMR parameters were analyzed with dedicated software (QMass MR 7.5; Medis, Leiden, the 

Netherlands). LV volumes and function were determined from bSSFP cine short-axis image 

dataset. Infarct size was defined as the percent of LGE with full-width-half-maximum tech-

nique on delayed enhancement images. The presence of MVO, defined as hypointense areas 

within the hyperenhanced infarct zone, was evaluated by visual assessment on 1-week CMR. 

Areas with MVO were included in the infarct size. The presence of IMH, defined as hypointense 

areas within the brighter edematous zone on T2-STIR images, was evaluated by visual assess-

ment on 1-week CMR.
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Statistical analysis

Continuous variables are presented as mean ± standard deviation. Comparisons between 

1-week and 6-month infarct and remote zone circumferential strain were performed using 

paired samples t-test. Comparisons between infarct and remote zone circumferential strain 

among different groups of patients (with respect to the randomization treatment, the presence 

of MVO, IMH and adverse LV remodeling) were performed using independent samples t-test. 

The intra- and inter-observer agreement for the segmental circumferential LV strain measure-

ments were assessed with intraclass correlation coefficients. A two-sided P-value of <0.05 was 

statistically significant and excellent agreement was defined as an intraclass correlation coef-

ficient >0.9. All statistical analyses were performed with SPSS (v 23, Statistical Package for the 

Social Sciences, International Business Machines, Inc., Armonk, New York, USA). 

RESULTS

Of 202 patients with 1-week and 6-month CMR scans, 6 patients were excluded due to a non-

LAD infarction (3 patients in the metoprolol group and 3 patients in the control group).16 In ad-

dition, feature-tracking could not be performed in 5 patients (1 in the early metoprolol group 

and 4 in the control group) due to CMR image acquisition artefacts. Finally, LV circumferential 

strain analysis was feasible in 191 patients (early metoprolol group: N=97; control group: N=94) 

and they formed the population of the present analysis. A proximal LAD infarct was present 

in 60 patients and a mid-distal LAD infarct was present in 131 patients, with no statistically 

significant differences between both treatment arms. Patients demographics, cardiovascular 

risk factors, clinical status at recruitment, procedural characteristics and CMR parameters at 1 

week and 6 months after STEMI of the overall population and of the randomization treatment 

(metoprolol vs control) groups are presented in the Table 1 and do not differ from those pre-

viously published.16-18

Figure 1: Definition of the infarct and remote zone myocardium. (A) In case the culprit coronary 
artery lesion was in the proximal left anterior descending coronary artery (LAD), the infarct zone was 
defined according to the 16-segment model of the left ventricle (LV) with the segments 1-2, 7-8 and 13-
16 and the rest of the LV myocardium was defined as the remote zone. (B) If the culprit lesion was found 
in mid or distal LAD, the infarct zone included segments 7-8 and 13-16 and the rest of LV myocardium 
was defined as the remote zone. LAD = left anterior descending; LCX = left circumflex; LM = left main.

Study endpoints

The objective of the present analysis was to study the evolution of LV circumferential strain 

within the infarct zone and the remote zone myocardium in patients with anterior STEMI 

treated with primary PCI and receiving early intravenous metoprolol versus patients treat-

ed with standard of care. Furthermore, the impact of MVO and IMH on infarct and remote 

zone circumferential strain was investigated. Finally, regional circumferential strain was 

investigated in patients who developed adverse LV remodeling. Adverse LV remodeling 

was defined as ≥20% increase in LV end-diastolic volume at 6 months compared to the LV 

end-diastolic volume at 1 week after STEMI.24 For each patient population (metoprolol vs. 

control treatment; presence vs. absence of MVO and IMH; presence vs. absence of adverse 

LV remodeling) the infarct and remote zone strain values were compared at 1 week and at 

6 months after STEMI. 
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t-test for continuous variables and Pearson’s Chi square test or Fischer’s exact test for categorical variables. Fischer’s 
exact test was used when the expected value of a categorical variable was <5.
*smoking was defined as current or quitted <10 years ago.
†all other patients were Killip class I (Killip class III to IV were study’s exclusion criteria).
‡adverse LV remodeling was defined as ≥20% increase in LVEDV at 6 months.

Evolution of infarct and remote zone circumferential strain 

In the overall population the infarct zone strain significantly improved from 1 week to 6 

months after STEMI (from -8.6% to -14.5%, mean difference (MD) -5.9%; 95% confidence in-

terval (CI) -6.9 to -4.8; P<0.001), while no significant changes in the remote zone strain were 

observed (from -19.5% to -19.2%, MD 0.3%; 95% CI -0.5 to 1.1; P=0.466). 

The effect of early intravenous metoprolol on infarct and remote zone circum-

ferential strain

One week after STEMI, patients who received early intravenous metoprolol had more pre-

served infarct zone strain (P=0.038) compared to the control group, while no significant differ-

ences in the remote zone strain were observed (P=0.589). The infarct zone strain significantly 

improved from 1 week to 6 months after STEMI in both groups of patients (P<0.001), while the 

remote zone strain remained stable (P>0.05). At 6 months after STEMI, the infarct zone strain 

remained significantly more preserved among patients receiving early intravenous metopr-

olol compared to the controls (P=0.033), while no significant differences in the remote zone 

strain between both treatment arms were observed (P=0.879). The effects of early intravenous 

metoprolol on infarct and remote zone strain are summarized in Table 2 and Figure 2. In ad-

dition, two patient examples, one receiving early intravenous metoprolol and one receiving 

standard care, are shown in Figures 3 and 4.

Table 2: The effect of early intravenous metoprolol on infarct and remote zone strain.
Infarct zone circumferential strain (%) Remote zone circumferential strain (%)

1 week 6 months
MD  

[95% CI] P-value* 1 week 6 months
MD  

[95% CI] P-value*

Metoprolol 
(N=97) -9.9±7.6 -15.7±7.5 -5.7 [-6.8 

to -4.6] <0.001 -19.7±3.6 -19.2±4.1 0.6 [-0.2 to 
1.3] 0.153

Control (N=94) -7.2±10.1 -13.2±8.3 -6.0 [-7.7 
to -4.2] <0.001 -19.3±7.5 -19.3±3.7 0.0 [-1.4 to 

1.4] 0.984

MD [95% CI] -2.7 [-5.3 
to -0.1]

-2.5 [-4.7 
to -0.2]

-0.5 [-2.1 
to 1.2]

0.1 [-1.0 
to 1.2]

P-value† 0.038 0.033 0.589 0.876

CI = confidence interval; MD = mean difference.
*the P-values for the strain difference between 6 months and 1 week.
†the P-values for the strain difference between the groups.

Table 1: Patients demographics, cardiovascular risk factors, clinical status at recruitment, procedur-
al characteristics and CMR parameters at 1 week and 6 months after STEMI.

Total
(N=191)

Metoprolol
 (N=97)

Control
(N=94) P-value

Demographics

Age (years) 57.9±11.2 57.4±12.2 58.4±10.2 0.539

Sex (male) 168 (88) 83 (88) 85 (88) 0.887

BMI (kg/m2) 27.6±3.5 27.6±3.5 27.6±3.6 0.964

Cardiovascular risk factors

Hypertension 72 (38) 35 (36) 37 (39) 0.680

Diabetes mellitus 39 (20) 21 (22) 18 (19) 0.642

Dyslipidemia 83 (44) 42 (43) 41 (44) 0.985

Smoking* 124 (65) 64 (66) 60 (64) 0.681

Clinical status at recruitment

Killip class II† 19 (10) 8 (8) 11 (12) 0.425

Systolic BP (mmHg) 142±19 142±18 143±20 0.892

Diastolic BP (mmHg) 88±16 90±16 87±16 0.246

Heart rate (bpm) 82±13 82±14 81±13 0.777

Procedural characteristics

Ischemia duration (min) 194±65 198±63 190±67 0.354

TIMI grade 0-1 flow before primary PCI 158 (83) 77 (79) 81 (86) 0.272

Successful PCI (TIMI grade 2-3 flow) 188 (98) 97 (100) 91 (97) 0.117

CMR parameters at 1 week 

LVEDV (mL) 173.1±36.2 170.8±33.4 175.4±38.9 0.378

LVESV (mL) 98.4±31.4 93.6±26.8 103.3±35.1 0.032

LVEF (%) 44.0±25.5 45.7±9.2 42.3±9.5 0.012

LV mass (g) 111.8±25.5 109.9±25.2 113.8±25.8 0.287

LGE (%) 23.0±12.9 21.1±11.7 25.0±13.8 0.036

MVO 117 (61) 52 (54) 65 (69) 0.034

IMH 81 (42) 36 (37) 45 (48) 0.133

LV GCS (%) -13.2±3.9 13.9±3.8 12.5±3.9 0.011

CMR parameters at 6 months

LVEDV (mL) 192.3±43.2 187.4±39.0 197.4±46.8 0.112

LVESV (mL) 105.4±41.3 98.5±36.3 112.5±45.1 0.020

LVEF (%) 46.7±10.9 48.6±10.1 44.7±11.4 0.013

LV mass (g) 85.8±17.8 84.8±17.6 86.9±18.0 0.426

LGE (%) 17.0±9.8 15.8±9.7 18.2±9.8 0.099

Adverse LV remodeling‡ 52 (27) 21 (22) 31 (33) 0.079

LV GCS (%) -16.4±4.3 16.9±4.1 15.8±4.4 0.087

BMI = body mass index; BP = blood pressure; CMR = cardiovascular magnetic resonance; GCS = global circumferential 
strain; IMH = intramyocardial hemorrhage; LGE = late gadolinium enhancement; LV = left ventricular; LVEDV = left ventric-
ular end-diastolic volume; LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic volume; MVO = mi-
crovascular obstruction; PCI = percutaneous coronary intervention; STEMI = ST-segment elevation myocardial infarction; 
TIMI = Thrombolysis in Myocardial Infarction.
Continuous variables are presented as mean ± standard deviation and categorical variables as frequencies (percentages). 
Comparisons between the early metoprolol group and the control group were performed using independent samples 
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The effect of MVO and IMH on infarct and remote zone circumferential strain 

The infarct zone strain was significantly more impaired in patients with MVO or IMH, both at 1 

week and at 6 months after STEMI (P<0.001). In contrast, there were no differences in remote 

zone strain between the 2 groups at both time points (P>0.05). Importantly, the infarct zone 

strain improved from 1 week to 6 months regardless of the presence of MVO and IMH (P<0.001) 

and remote zone strain remained stable in all groups of patients (P>0.05). The effects of MVO 

and IMH on infarct and remote zone strain are summarized in Table 3 and 4. In addition, two 

patient examples, one with MVO and IMH and one without, are shown in Figures 3 and 4.

Table 3: The effect of microvascular obstruction (MVO) on infarct and remote zone strain.
Infarct zone circumferential strain (%) Remote zone circumferential strain (%)

1 week 6 months
MD  

[95% CI] P-value* 1 week 6 months
MD 

[95% CI] P-value*

MVO (N=117) -5.1±8.8 -11.2±7.8 -6.2 [-7.7 
to -4.7] <0.001 -19.3±7.0 -19.2±3.8 0.1 [-1.0 

to 1.3] 0.828

No MVO 
(N=73) -14.2±6.1 -19.5±5.1 -5.3 [-6.5 

to -4.1] <0.001 -19.7±3.4 -19.2±4.2 0.5 [-0.5 
to 1.5] 0.313

MD [95% CI] 9.2 [6.9 to 
11.5]

8.3 [6.5 to 
10.2]

0.4 [-1.4 
to 2.1]

0.0 [-1.2 
to 1.1]

P-value† <0.001 <0.001 0.677 0.981

MVO = microvascular obstruction; other abbreviations as in Table 2.
*the P-values for the strain difference between 6 months and 1 week.
†the P-values for the strain difference between the groups.

Table 4: The effect of intramyocardial hemorrhage (IMH) on infarct and remote zone strain.
Infarct zone circumferential strain (%) Remote zone circumferential strain (%)

1 week 6 months
MD  

[95% CI] P-value* 1 week 6 months
MD  

[95% CI] P-value*

IMH (N=81) -4.1±9.4 -10.5±7.8 -6.4 [-8.3 
to -4.4] <0.001 -19.2±7.7 -19.3±3.7 -0.2 [-1.7 

to 1.4] 0.852

No IMH 
(N=110) -11.9±7.1 -17.4±6.8 -5.5 [-6.5 

to -4.4] <0.001 -19.8±4.0 -19.1±4.1 0.6 [-0.1 
to 1.4] 0.102

MD [95% CI] 7.8 [5.5 to 
10.2]

6.9 [4.8 to 
9.0]

0.6 [-1.1 
to 2.3]

-0.2 [-1.3 
to 0.9]

P-value† <0.001 <0.001 0.504 0.736

IMH = intramyocardial hemorrhage; other abbreviations as in Table 2.
*the P-values for the strain difference between 6 months and 1 week.
†the P-values for the strain difference between the groups.

Figure 2: The infarct zone and the remote zone strain after ST-segment elevation myocardial infarc-
tion (STEMI) in patients receiving early intravenous metoprolol versus controls. Left ventricular (LV) 
infarct zone and remote zone strains are schematically presented with the mean values in patients re-
ceiving early intravenous metoprolol and in patients receiving conventional treatment at 1 week and at 6 
months after STEMI. LV was split into the infarct and the remote zone as explained in Figure 1. In order to 
schematically present different infarct territories in patients with proximal left anterior descending cor-
onary artery (LAD) coronary artery infarcts and mid-distal LAD infarcts, fainter colors were used to paint 
the basal anterior and anteroseptal segments, signifying that these segments were either included in the 
infarct zone (proximal LAD infarcts) or remote zone (mid-distal LAD infarcts) strain analysis. Comparisons 
between 1-week and 6-month strains are graphically represented on the right-hand side using the same 
model, with corresponding P-values shown separately for the infarct and remote zone strain analysis. In 
addition, comparisons between the metoprolol and the control group are shown in the bottom row. 
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Table 5: The effect of left ventricular (LV) remodeling on infarct and remote zone strain.
Infarct zone circumferential strain (%) Remote zone circumferential strain (%)

1 week 6 months
MD  

[95% CI] P-value* 1 week 6 months
MD  

[95% CI] P-value*

LV remodeling 
(N=52) -7.6±8.2 -12.6±9.4 -5.0 [-6.6 

to -3.4] <0.001 -20.2±3.7 -19.1±3.7 1.1 [0.1 to 
2.1] 0.036

No LV 
remodeling 
(N=139)

-9.0±9.3 -15.1±7.3 -6.2 [-7.4 
to -4.9] <0.001 -19.2±6.5 -19.3±4.0 0.0 [-1.0 

to 1.0] 0.991

MD [95% CI] 1.3 [-1.6 
to 4.2]

2.5 [-0.4 
to 5.4]

-1.0 [-2.8 
to 0.9]

0.1 [-1.1 
to 1.4]

P-value† 0.366 0.087 0.317 0.822

LV = left ventricular; other abbreviations as in Table 2.
*the P-values for the strain difference between 6 months and 1 week.
†the P-values for the strain difference between the groups.

Figure 4: A patient with a mid-LAD infarct receiving early intravenous metoprolol. (A) bSSFP end-di-
astolic images with endo- and epi-cardial contours. The LV volumes remained stable and the LVEF in-
creased at 6 months after STEMI. (B) T2-STIR images showing the presence of edema (white arrows) at 
1-week after STEMI. (C) LGE images showing the presence of acute ischemic injury/infarct scar (black ar-
rows) at 1 week/6-months after STEMI. (D) End-systolic bSSFP images with feature-tracking circumferen-
tial LV strain overlay. At 6 months the infarct zone circumferential strain improved while the remote zone 
strain remained stable. Abbreviations as in Figure 3.

Reproducibility of segmental circumferential left ventricular strain measurements

Excellent intra- and inter-observer variabilities for the feature-tracking CMR analysis of the 

segmental circumferential strain were obtained. The intra-observer intraclass correlation co-

efficient (95% CI) was 0.925 (0.906-0.940) and the inter-observer intraclass correlation coeffi-

cient (95% CI) was 0.907 (0.884-0.926).

Figure 3: A patient with a proximal LAD infarct receiving standard STEMI treatment. (A) Balanced steady 
state free precession (bSSFP) end-diastolic images with endo- and epi-cardial contours. The patient devel-
oped adverse left ventricular (LV) remodeling (defined as ≥20% increase in LV end-diastolic volume (LVEDV) 
and had a slight reduction in LV ejection fraction (LVEF) at 6 months after STEMI. (B) T2-weighted short tau 
inversion recovery (STIR) images, showing the presence of edema (white arrows) and intramyocardial hem-
orrhage (IMH) (yellow arrowheads) at 1-week after STEMI. (C) Late gadolinium enhancement (LGE) images, 
showing the presence of acute ischemic injury (white arrows) with microvascular obstruction (MVO, yellow 
arrowheads) at 1 week after STEMI and infarct scar (white arrows) at 6-months. (D) End-systolic bSSFP imag-
es with feature-tracking circumferential LV strain overlay. At 6 months the infarct zone circumferential strain 
improved despite the presence of a huge infarct with IMH and MVO in the acute phase, while the remote zone 
strain slightly declined. bSSFP = balanced steady state free precession; ED = end-diastolic; ES = end-systolic; 
IMH = intramyocardial hemorrhage; LAD = left anterior descending coronary artery = LGE = late gadolinium 
enhancement; LV = left ventricular; LVEDV = left ventricular end-diastolic volume; LVEF = left ventricular ejec-
tion fraction; MVO = microvascular obstruction; SSFP = steady-state free precession; STEMI = ST-segment 
elevation myocardial infarction; STIR = short tau inversion recovery.

The effect of adverse LV remodeling on infarct and remote zone circumferential strain 

There were no statistically significant differences in the infarct zone strain and remote zone 

strain between patients who did and those who did not develop adverse LV remodeling, both 

at 1 week and at 6 months after STEMI (P>0.05). Furthermore, in both patient populations the 

infarct zone strain improved between 1 week and 6 months after STEMI (P<0.001). However, in 

patients who developed adverse LV remodeling remote zone strain worsened between 1 week 

and 6 months after STEMI (P=0.036), while in the absence of adverse LV remodeling no signifi-

cant changes in remote zone strain were observed (P=0.991). The effects of adverse LV remod-

eling on infarct and remote zone strain are summarized in Table 5. In addition, two patient 

examples, one with adverse LV remodeling and one without, are shown in Figures 3 and 4.
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The effect of early intravenous metoprolol on infarct and remote zone circum-

ferential strain

Early intravenous metoprolol has been associated with improved short-term and long-term 

outcomes in the METOCARD-CNIC trial.16,17 Patients who received intravenous metoprolol pri-

or to primary PCI had significantly reduced infarct size 1 week after STEMI and had more pre-

served LVEF at 1 week and at 6 months after STEMI. In addition, we have previously shown that 

patients pre-treated with intravenous metoprolol had more preserved global circumferential 

strain at 1 week after STEMI, while at 6 months the differences were not significant.18 How-

ever, the present study demonstrates that the infarct zone circumferential strain was more 

preserved among patients receiving early intravenous metoprolol, both at 1 week and at 6 

months after STEMI. This is a very important finding, especially in the view that the differences 

between the treatment arms in global circumferential strain at 6 months were nonsignificant, 

underscoring the long-lasting cardioprotective effects of early intravenous metoprolol.

Interestingly, no differences in remote zone circumferential strain were found between 

patients receiving early intravenous metoprolol and controls. Recently, a slight progressive 

increase in T2 relaxation time of the remote myocardium has been reported in patients during 

the first week after STEMI, implying a mild degree of edema of the remote myocardium.25 Since 

LV strain is closely associated with post-myocardial infarction edema,9 we may have expected 

to observe more preserved remote LV circumferential strain in the early intravenous metopr-

olol group 1 week after STEMI. However, our results imply that the beneficial cardioprotective 

effects of early intravenous metoprolol were largely confined to the infarct zone myocardium.

The effect of microvascular obstruction and intramyocardial hemorrhage on 

infarct zone circumferential strain 

MVO and IMH are independent predictors of adverse LV remodeling and clinical outcome after 

STEMI.3,4 However, there is a conflicting evidence on the impact of MVO and IMH on regional 

strain recovery.10,12,13 Kidambi et al.10 demonstrated an improvement in infarct zone circumfer-

ential strain with myocardial tagging between day 2 and day 90 after STEMI in the presence of 

MVO or IMH. The changes were largely driven by the recovery of epicardial strain (P=0.03 in the 

presence of MVO and IMH, P<0.01 in the presence of MVO alone), while mid-myocardial and 

endocardial strain recovery was attenuated (P≥0.05). Moreover, O’Regan et al.12 demonstrated 

a modest improvement of circumferential strain with myocardial tagging in segments with 

MVO between day 3 and 1 year after STEMI (-8.1±0.8% and -14.1±1.0%, respectively; P=0.003). 

DISCUSSION 

The present study shows that the infarct zone circumferential strain improved while the re-

mote zone circumferential strain remained stable between 1 week and 6 months after STEMI. 

Early intravenous metoprolol had a long-lasting cardioprotective effect on the infarct zone 

circumferential strain and no significant effect on the remote zone circumferential strain. The 

infarct zone circumferential strain was significantly impaired in patients with MVO and IMH, 

but it improved between 1 week and 6 months after STEMI regardless of the presence of MVO 

or IMH. In patients with adverse LV remodeling, defined as ≥20% increase in LV end-diastolic 

volume, the infarct zone circumferential strain improved but the remote zone circumferential 

strain worsened between 1 week and 6 months after STEMI.

Evolution of the infarct and remote zone circumferential strain 

Several studies have used CMR to monitor the evolution of regional LV strain after reperfused 

myocardial infarction.9-13 Kidambi et al.9 compared changes in circumferential strain with 

myocardial tagging in the infarct and remote myocardium in 39 patients who underwent CMR 

at 2, 30 and 90 days after STEMI. A gradual improvement of the infarct zone circumferential 

strain was observed (-10.2%, -16.0% and -18.6% at days 2, 30 and 90, respectively, P<0.001 

for 30-day versus 2-day strain and P=0.04 for 90-day versus 30-day strain) while no significant 

dynamics in the remote myocardium circumferential strain was observed (-22.6%, -24.0%, 

-24.1% at days 2, 30 and 90, P=0.17 for 90-day versus 2-day strain). Moreover, Gerber et al.11 

studied regional circumferential strain with myocardial tagging in 20 patients after myocardial 

infarction. Myocardial strain improved between day 4 and 7 months in infarcted segments, 

with no changes observed in the remote myocardium. 

Similar to the reported literature, our results demonstrate an improvement in the infarct 

zone circumferential strain and no significant changes in the remote zone circumferential 

strain between the acute (1 week) and chronic stage (6 months) of STEMI. However, the pres-

ent study included a much larger, homogeneous group of patients with anterior STEMI pro-

spectively included in the multi-center randomized controlled clinical METOCARD-CNIC trial.16 

In addition, while other authors have employed different CMR tissue tracking techniques like 

myocardial tagging, SENC or DENSE imaging, in the present analysis LV circumferential strain 

was evaluated with feature-tracking CMR. 
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Limitations

Feature-tracking is a novel CMR technique to assess LV strain. Reference values for LV strain and 

the agreement between different vendors of feature-tracking software are largely unknown.29 

Furthermore, evaluation of LV strain was not a predefined study endpoint of the METO-

CARD-CNIC trial. Of the initial 196 patients with a LAD infarct who underwent 2 CMR studies 

in the METOCARD-CNIC trial, 5 patients were excluded from the LV strain analysis due to poor 

CMR cine image quality, which may have influenced our results. However, 97% feasibility of 

strain assessment with feature-tracking CMR is similar to what has been described previous-

ly,30,31 and excellent intra- and inter-observer reproducibility of the segmental feature-tracking 

strain analysis were observed, similar or slightly better to what has been reported in the litera-

ture.32,33 In the present analysis we did not analyze regional radial and longitudinal strain since 

previous studies have shown that, on the segmental level, feature-tracking-derived circum-

ferential strain is the most robust and has the lowest intra- and inter-observer variability.30,31

CONCLUSION

Regional LV circumferential strain analysis with feature-tracking CMR has revealed several im-

portant insights on the impact of MVO, IMH and adverse LV remodeling on the evolution of the 

infarct zone and remote zone circumferential strain. Furthermore, in patients with first ante-

rior STEMI treated with primary PCI long-lasting cardioprotective effects of early intravenous 

metoprolol treatment on the infarct zone strain were demonstrated.

On the other hand, Neizel et al.13 have demonstrated no segmental circumferential strain re-

covery in the presence of MVO between 3 days and 6 months after STEMI (P=0.2). In our study, 

the infarct zone circumferential strain was significantly more impaired in patients with MVO 

or IMH, both at 1 week and 6 months after STEMI, however, it improved between the two time 

points regardless of the presence of MVO or IMH.

These data indicate the complexity of the healing processes in the infarcted myocardium. 

Histopathological studies have shown that early infarct tissue consists of a necrotic core, hem-

orrhage, acute inflammation and islands of tissue repair.26 These zones often have irregular 

and patchy distributions and are not confined to the radial location (inner, middle, or outer 

third) within the infarct.26 We may reasonably assume that the improvement of infarct zone 

circumferential strain in patients with MVO and IMH was due to the resorption of edema and 

necrotic tissue, suggesting a preserved healing capacity of the infarcted myocardium even in 

the presence of adverse CMR findings. 

The effect of adverse LV remodeling on remote zone circumferential strain 

Similar to the majority of previous studies9,11 we have shown no differences in the evolution of 

remote zone circumferential strain in the overall population, as well as in patients divided ac-

cording to the randomization treatment, patients with MVO and IMH. However, patients with 

adverse LV remodeling presented with a small, but statistically significant worsening of the re-

mote zone circumferential strain. Bulluck et al.27 demonstrated increased extracellular volume 

fraction of the remote myocardium acutely and at 5±2 months after STEMI in patients who de-

veloped adverse LV remodeling (defined as ≥20% increase in LV end-diastolic volume). More-

over, remote zone noncontrast T1 mapping provided independent and incremental prognos-

tic information above the clinical risk factors and traditional CMR outcome markers in STEMI 

patients treated by primary PCI.28 These findings indicate that LV remodeling after myocardial 

infarction is a complex and multifactorial process that may involve excessive inflammation/

fibrosis of the remote myocardium and may result in impaired circumferential strain.
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INTRODUCTION

The outcome of patients with ST-segment elevation myocardial infarction (STEMI) has signifi-

cantly improved over the last decades.1,2 However, STEMI survivors are still at high risk of recur-

rent cardiovascular events such as congestive heart failure, arrhythmia, and sudden death.3,4 In 

the acute phase of STEMI, novel therapeutic approaches aiming at reducing the ischemia-reper-

fusion injury are being tested.5,6 The beneficial effect of early intravenous beta-blockade in 

STEMI population was demonstrated in the Effect of Metoprolol in Cardioprotection During an 

Acute Myocardial Infarction (METOCARD-CNIC) trial7,8 and was adopted by current guidelines.3 

Recently, the impact of multidirectional left ventricular (LV) strain with feature-tracking cardio-

vascular magnetic resonance (CMR) has been studied in STEMI patients.9-14 Conflicting results 

with respect to the incremental value of feature-tracking CMR over traditional markers of in-

farct injury, such as LV ejection fraction (LVEF) and infarct size with late gadolinium enhance-

ment (LGE), have been observed.9-14 The current analysis aims at addressing three questions: (1) 

whether early intravenous metoprolol offers a long-term beneficial effect in STEMI patients over 

a 5-year follow-up, (2) whether LV global circumferential (GCS) and longitudinal (GLS) strain with 

feature-tracking CMR show incremental prognostic value over conventional CMR parameters in 

STEMI patients and (3) whether the association between global LV strain and prognosis is modu-

lated by early intravenous metoprolol treatment. 

METHODS 

Patient population

The METOCARD-CNIC trial was a multicenter, randomized, parallel-group, single-blinded (to 

outcome evaluators) clinical trial (ClinicalTrials.gov identifier: NCT01311700). The study de-

sign and protocol have been previously described.15 Briefly, a total of 270 patients with first 

anterior STEMI were randomized to receive up to 15 mg intravenous metoprolol before prima-

ry percutaneous coronary intervention versus conventional therapy. Patients presenting with 

Killip class III to IV acute heart failure, systolic blood pressure persistently <120 mmHg, PR in-

terval >240 milliseconds (or type II–III atrioventricular block), heart rate persistently <60 bpm, 

or active treatment with any beta-blocker agent were excluded from the trial. All patients, 

including those in control arm, received oral metoprolol (first dose 12-24 hours after reperfu-

sion). CMR was performed in 220 patients at 1 week (5 to 7 days) after STEMI. There were no 

differences in demographic variables, cardiovascular risk profile and procedural character-

ABSTRACT

Background: The aim of the present study was to investigate the long-term impact of early in-

travenous metoprolol in ST-segment elevation myocardial infarction (STEMI) patients in terms 

of left ventricular (LV) strain with feature-tracking cardiovascular magnetic resonance (CMR) 

and its association with prognosis. 

Methods: A total of 270 patients with first anterior STEMI enrolled in the randomized METO-

CARD-CNIC clinical trial, assigned to receive up to 15 mg intravenous metoprolol before pri-

mary percutaneous coronary intervention (PCI) versus conventional STEMI therapy, were 

included. LV global circumferential (GCS) and longitudinal (GLS) strain were assessed with 

feature-tracking CMR at 1 week after STEMI in 215 patients. The occurrence of major adverse 

cardiac events (MACE) at 5-year follow-up was the primary endpoint. 

Results: Among 270 patients enrolled, 17 of 139 patients assigned to metoprolol arm and 

31 of 131 patients assigned to control arm experienced MACE (HR:0.500, 95%CI:0.277-0.903; 

P=0.022). Impaired LV GCS and GLS strain were significantly associated with increased occur-

rence of MACE (GCS: HR:1.208, 95%CI:1.076-1.356, P=0.001; GLS: HR:1.362, 95%CI:1.180-1.573, 

P<0.001). On multivariable analysis, LV GLS provided incremental prognostic value over late 

gadolinium enhancement (LGE) and LV ejection fraction (LVEF) (LGE+LVEF chi-square=12.865, 

LGE+LVEF+GLS chi-square=18.459; P=0.012). Patients with GLS ≥-11.5% (above median value) 

who received early intravenous metoprolol were 64% less likely to experience MACE than their 

counterparts with same degree of GLS impairment (HR:0.356, 95%CI:0.129-0.979; P=0.045). 

Conclusions: Early intravenous metoprolol has a long-term beneficial prognostic effect, par-

ticularly in patients with severely impaired LV systolic function. LV GLS with feature-tracking 

CMR early after PCI offers incremental prognostic value over conventional CMR parameters in 

risk stratification of STEMI patients.
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Feature-tracking cardiovascular magnetic resonance analysis

Feature-tracking CMR analysis was performed with dedicated software (cvi42 v5.3, Circle Car-

diovascular Imaging, Calgary, Canada). First, the LV endo- and epicardium were manually de-

lineated at end-diastole in short-axis and 2-, 3- and 4-chamber long-axis views. In addition, 

the anterior right ventricular insertion point, the mitral annulus and the LV apex were defined. 

Short-axis slices covering the whole LV were included in GCS analysis. Subsequently, the out-

lined myocardium borders were automatically tracked throughout the cardiac cycle with ful-

ly automated feature-tracking analysis. The quality of the myocardium tracking was visually 

evaluated with manual adjustments of the contours if necessary. Global time-strain curves 

were obtained and peak GCS and GLS values were recorded.

Clinical endpoints

The primary endpoint of the present analysis was the occurrence of major adverse cardiac 

events (MACE) at 5-year follow-up after STEMI. MACE was defined as the composite of death, 

rehospitalization for heart failure, reinfarction and malignant ventricular arrhythmias (ventric-

ular fibrillation, sustained ventricular tachycardia), as in the pre-specified METOCARD-CNIC 

trial endpoint.15 Readmissions because of the heart failure were due to heart failure decom-

pensation or due to the indication for implantable cardioverter defibrillator therapy. Clini-

cal follow-up was performed by telephone interview and access to hospital reports. Clinical 

events for the 2-year follow-up8 were blindly adjudicated by a committee but the extended 

follow up events were not adjudicated. Some events were self-reported by the patient and in 

other cases a discharge report was available. To evaluate the prognostic influence of LV strain 

on outcomes, only the events occurring after the first CMR scan, i.e. 1 week after STEMI, were 

included. In particular, all malignant ventricular arrhythmias occurred earlier and were not 

included in the analysis.

Statistical analysis

Normally distributed continuous variables are presented as mean and standard deviation and 

compared using independent samples t-tests. Non-normal data are reported as medians, first 

and third quartiles and were compared with Mann-Whitney U test. Categorical variables are 

presented as counts and percentages and compared using the Pearson’s Chi-square test. For 

the primary endpoint analysis, patients were censored at the occurrence of the first event. 

The impact of early intravenous metoprolol in the overall METOCARD-CNIC trial population 

istics between patients receiving early intravenous metoprolol and the controls.7 The study 

was approved by the ethical committees and institutional review boards at each participating 

center. All eligible patients gave written informed consent.

 
Figure 1: Study flow diagram. CMR = cardiovascular magnetic resonance.

Cardiovascular magnetic resonance data acquisition and conventional analysis

The CMR data acquisition was performed with 1.5 and 3.0 T CMR scanners. The 2-, 3- and 

4-chamber views and a stack of contiguous short-axis slices to cover the whole LV were ac-

quired with steady-state free precession functional cine imaging. Data acquisition parameters 

were: voxel size 1.6×2 mm, slice thickness 8 mm, gap 0 mm, cardiac phases 25-30, TR 3.5, TE 

1.7, flip angle 40, SENSE 1.5, averages 1, FOV 360×360 mm. Segmented inversion recovery gra-

dient echo sequence, acquired 10-15 minutes after a cumulative dose of 0.2 mmol/kg intrave-

nous gadolinium contrast agent was employed for myocardial necrosis/fibrosis imaging. CMR 

data were analyzed with dedicated software (QMass MR 7.5; Medis, Leiden, the Netherlands) 

as described before.15 LVEF was determined from the short-axis cine images with LV trabecu-

lations included within the blood pool. LGE was quantified according to full-width-half-max-

imum method from short-axis delayed enhancement images and expressed as the percent 

of LV mass. The presence of microvascular obstruction (MVO), defined as hypointense areas 

within the hyperenhanced zone on LGE images, was evaluated.
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Table 1: The occurrence of MACE in patients according to the randomization status in the overall 
METOCARD-CNIC trial population.

Metoprolol
(N=139)

Control
(N=131) HR (95% CI) P-value

MACE* 17 (12.2%) 31 (23.7%) 0.500 (0.277-0.903) 0.022

Death 8 (5.8%) 8 (6.1%) 0.903 (0.339-2.405) 0.838

Cardiac death 3 (2.2%) 6 (4.6%)

Non-cardiac death† 5 (3.6%) 2 (1.5%)

HF admission 4 (2.9%) 12 (9.2%) 0.298 (0.096-0.924) 0.036

Re-infarction 1 (0.7%) 5 (3.8%) 0.179 (0.021-1.536) 0.117

Malignant ventricular arrhythmia 5 (3.6%) 10 (7.6%) 0.477 (0.163-1.397) 0.177

CI = confidence interval; HF = heart failure; HR = hazard ratio; MACE = major adverse cardiac events.
*A few patients experienced more than 1 event, however in MACE only the first event was included. 
†Among non-cardiac deaths 6 were due to cancer and 1 due to hemoptysis (metoprolol group).

Figure 2: Kaplan Meier estimates for cumulative major adverse cardiac event rates in the overall 
METOCARD-CNIC trial population.

Prognostic value of LV GCS and GLS with feature-tracking CMR

Among 220 patients who underwent 1-week CMR scan, feature-tracking analysis was feasible 

in 215 patients (early metoprolol group: N=105 of 106; control group: N=110 of 114) and they 

formed the population for the LV strain analysis (Figure 1). A total of 185 patients (86.0%) com-

pleted the 5-year follow-up and 25 patients (11.6%) presented with MACE. Patients experienc-

ing MACE had higher body mass index, were more often diabetic and had more pronounced LV 

systolic dysfunction (demonstrated by impaired LVEF, GCS and GLS) and greater infarct size 1 

was evaluated with Kaplan-Meier method and with Cox proportional hazards regression mod-

el. Subsequently, Cox regression analysis was performed in the cohort with available 1-week 

CMR scan to identify the conventional and feature-tracking CMR variables associated with the 

primary endpoint. Hazard ratios (HR) and 95% confidence intervals (CI) were calculated and 

adjusted for demographic and clinical variables. To evaluate the incremental prognostic value 

of LV GCS and GLS over the conventional CMR parameters, nested regression models were cre-

ated and the global Chi-square values were compared. To investigate if patient prognosis was 

modulated by the interaction between global LV strain and early intravenous metoprolol treat-

ment, patients were divided according to the median GCS and GLS values and the randomiza-

tion status (early intravenous metoprolol vs. control group). The cumulative event rates were 

estimated using Kaplan-Meier survival curves. In addition, exploratory Cox regression analysis 

was performed to compare the HR for the occurrence of primary endpoint between individual 

groups. A two-sided P-value of <0.05 was statistically significant. All statistical analyses were 

performed using IBM SPSS Statistics 23 (IBM, Armonk, New York).

RESULTS

Impact of early intravenous metoprolol on long-term patient outcome

In the overall METOCARD-CNIC trial population of 270 patients (139 treated with early intrave-

nous metoprolol and 131 with conventional STEMI therapy) 214 patients (79.3%) completed 

the 5-year follow-up and 48 patients (17.8%) presented with MACE (Figure 1). Patients who 

received early intravenous metoprolol had fewer cumulative MACE (HR 0.500, 95%CI: 0.277-

0.903; P=0.022) and fewer heart failure admissions (HR 0.298, 95%CI: 0.096-0.924; P=0.036) 

(Table 1). The Kaplan-Meier curves for the occurrence of MACE in both treatment arms are 

shown in Figure 2. 
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Table 3: Clinical and CMR variables as predictors of the primary endpoint in patients with fea-
ture-tracking CMR analysis. 

Univariable analysis Multivariable analysis*

HR 95%CI P-value HR 95%CI P-value

Age (years) 1.026 0.991-1.063 0.140

Men 1.696 0.400-7.195 0.473

BMI (kg/m2) 1.118 1.023-1.222 0.014

Hypertension 2.088 0.948-4.599 0.068

Diabetes mellitus 2.537 1.121-5.743 0.025

Smoker† 0.831 0.373-1.850 0.650

LGE (%) 1.040 1.009-1.071 0.010 1.046 1.014-1.078 0.004

Presence of MVO 2.261 0.903-5.662 0.081 2.801 1.081-7.257 0.034

LVEF (%) 0.922 0.882-0.965 <0.001 0.908 0.868-0.951 <0.001

GCS (%) 1.208 1.076-1.356 0.001 1.228 1.094-1.378 <0.001

GLS (%) 1.362 1.180-1.573 <0.001 1.372 1.184-1.589 <0.001

BMI = body mass index; CI = confidence interval; GCS = global circumferential strain; GLS = global longitudinal strain; HR = 
hazard ratio; LGE = late gadolinium enhancement; LVEF = left ventricular ejection fraction; MVO = microvascular obstruction.
*CMR variables were adjusted for demographic and clinical parameters (age, sex, BMI, hypertension, diabetes mellitus, 
smoking status). 
†Smoker was defined as current or quitted <10 years ago.

Figure 3: Incremental prognostic value of left ventricular strain with feature-tracking CMR. Bar 
graphs illustrate the prognostic value of cardiovascular magnetic resonance (CMR) imaging parameters 
for the assessment of the occurrence of major adverse cardiac events, displayed by chi-square values 
on the y-axis. GCS = global circumferential strain; GLS = left ventricular global longitudinal strain; LGE = 
late gadolinium enhancement; LVEF = left ventricular ejection fraction; MVO = microvascular obstruction.

Impact of early intravenous metoprolol on the prognostic value of LV GCS and GLS

To explore the interaction between LV GCS and GLS and the effect of early intravenous me-

toprolol, 215 patients with 1-week CMR feasible for feature-tracking analysis (the LV strain 

population) were divided into 4 groups according to the median LV GCS (-13.1%; interquartile 

week after STEMI compared to patients without MACE (Table 2). On univariable Cox regression 

analysis, LV CMR imaging parameters (except for MVO) were significantly associated with the 

occurrence of the primary endpoint (Table 3). Each 1% increase in LV GCS was associated with 

21% increased risk of MACE whereas each 1% increase in LV GLS was associated with 36% 

increased risk of MACE. After adjusting for demographic and clinical variables, the association 

between LV GCS and GLS with the occurrence of MACE remained statistically significant (Table 3). 

Moreover, after adjusting for demographic and clinical variables also MVO was significantly asso-

ciated with the occurrence of the primary endpoint. To assess the incremental prognostic value 

of GCS and GLS over conventional CMR parameters, nested regression models were created and 

global chi-square values were calculated (Figure 3). Adding GLS to a model including LGE and 

LVEF significantly increased the chi-square value (LGE+LVEF chi-square = 12.865, LGE+LVEF+GLS 

chi-square = 18.459; P=0.012). In contrast, the addition of LV GCS or MVO to the model including 

LGE and LVEF did not have statistically significant incremental prognostic value. 

Table 2: Clinical and CMR characteristics of patients with feature-tracking CMR analysis.
Overall
(N=215)

MACE
(N=25)

No MACE
(N=190)

P-value

Age (years) 58.4±11.5 61.8±9.1 57.9±11.7 0.059

Men 187 (87%) 23 (92%) 164 (86%) 0.748

BMI (kg/m2) 27.3 (25.4-29.4) 28.1 (27.5-30.9) 26.7 (25.2-29.3) 0.006

Hypertension 84 (39%) 14 (56%) 70 (37%) 0.071

Diabetes mellitus 42 (20%) 9 (36%) 33 (17%) 0.029

Smoker* 136 (63%) 15 (60%) 121 (64%) 0.670

LGE (%) 22.0±13.3 28.4±14.1 21.1±13.0 0.009

Presence of MVO 126 (59%) 19 (76%) 107 (56%) 0.068

LVEF (%) 44.9±9.8 38.6±9.3 45.8±9.5 0.001

LV GCS (%) -13.5±4.0 -11.2±4.3 -13.8±3.9 0.002

LV GLS (%) -11.6±3.2 -9.1±3.0 -11.9±3.1 <0.001

BMI = body mass index; GCS = global circumferential strain; GLS = global longitudinal strain; LGE = late gadolinium enhance-
ment; LVEF = left ventricular ejection fraction; MACE = major adverse cardiac event; MVO = microvascular obstruction.
Values are mean±SD, median (interquartile range) or n (%). 
*Smoker was defined as current or quitted <10 years ago.
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Figure 4: Kaplan Meier estimates for cumulative major adverse cardiac event rates according to the 
global left ventricular strain and the randomization status. (A) Patients were divided according to the 
global left ventricular circumferential strain (GCS) ≥-13.1% (more impaired) vs. <-13.1% (more preserved) 
and the treatment group (early intravenous metoprolol vs. control group). (B) Patients were divided ac-
cording to the global left ventricular longitudinal strain (GLS) ≥-11.5% (more impaired) vs. <-11.5% (more 
preserved) and the treatment group.

DISCUSSION 

The present study demonstrated that: (1) early intravenous metoprolol has a long-term bene-

ficial prognostic value in STEMI patients, (2) LV GLS measured with feature-tracking CMR early 

after STEMI provides incremental prognostic value over LVEF and infarct size assessed with 

range -10.0 to -16.5%) and GLS values (-11.5%; interquartile range -9.4 to -13.4%) and the ran-

domization status (early intravenous metoprolol vs conventional therapy). The crude event 

rates in each patient group are presented in Table 4. The Kaplan–Meier curves show significant 

differences between groups for the cumulative MACE (Figure 4). Patients with more impaired 

strain who were treated with conventional STEMI therapy had the highest event rates while 

the differences between other 3 groups were less pronounced. In the exploratory subgroup 

analysis, patients with more impaired GLS (≥-11.5%) who received early intravenous metopro-

lol were 64% less likely to experience MACE (HR 0.356, 95%CI: 0.129-0.979; P=0.045) than their 

counterparts with same degree of GLS impairment but receiving conventional STEMI therapy. 

A similar, but not statistically significant trend was observed for patients with more impaired 

GCS (≥-13.1%) (HR for early metoprolol treatment 0.400, 95%CI: 0.132-1.216; P=0.106). 

Table 4: The occurrence of MACE in patients according to the median GCS and GLS and the random-
ization status. 

GCS ≥ -13.1% GCS < -13.1% 

Control
 (N=65)

Metoprolol
 (N=42)

Control 
(N=45)

Metoprolol
 (N=63)

MACE* 14 (21.5%) 4 (9.5%) 4 (8.9%) 3 (4.8%)

Death 3 (4.6%) 1 (2.4%) 1 (2.2%) 2 (3.2%)

Cardiac death 3 (4.6%) 0 0 0

Non-cardiac death† 0 1 (2.4%) 1 (2.2%) 2 (3.2%)

HF admission 9 (13.8%) 3 (7.1%) 1 (2.2%) 1 (1.6%)

Re-infarction 3 (4.6%) 0 2 (4.4%) 0

GLS ≥ -11.5% GLS < -11.5%

Control
 (N=58)

Metoprolol 
(N=49)

Control
 (N=52)

Metoprolol 
(N=56)

MACE* 15 (25.9%) 5 (10.2%) 3 (5.8%) 2 (3.6%)

Death 3 (5.2%) 1 (2.0%) 1 (1.9%) 2 (3.6%)

Cardiac death 3 (5.2%) 0 0 0

Non-cardiac death† 0 1 (2.0%) 1 (1.9%) 2 (3.6%)

HF admission 10 (17.2%) 4 (8.2%) 0 0

Re-infarction 3 (5.2%) 0 2 (3.8%) 0

GCS = global circumferential strain; GLS = global longitudinal strain; HF = heart failure; MACE = major adverse 
cardiac event.
*One patient in the impaired GCS/GLS group treated with conventional therapy experienced 2 events, 
however in MACE only the first event was included. 
†All 4 non-cardiac deaths were due to cancer.
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but not for the occurrence of MACE, over LVEF and infarct size. Gavara et al.10 studied 323 pa-

tients after STEMI and showed that LV GLS rather than GCS or global radial strain was an inde-

pendent predictor of MACE. However, in the multivariable models including clinical and CMR 

variables GLS did not significantly improve patients risk reclassification. Yoon et al.11 and Re-

indl et al.12 demonstrated incremental prognostic value of GLS with feature-tracking CMR over 

LVEF and CMR markers of infarct severity for the occurrence of MACE in in 247 STEMI and 451 

STEMI patients, respectively. Similarly, our results show that both impaired LV GCS and GLS 

were strong predictors of adverse cardiac events after myocardial infarction and LV GLS anal-

ysis provided incremental prognostic value over conventional CMR parameters. Compared to 

the other studies, the patient population in our study was homogenous, consisting of anterior 

STEMI patients without signs of acute heart failure, prospectively included in the multi-center 

randomized controlled clinical trial.7 

Why LV GLS provides incremental prognostic value over conventional CMR pa-

rameters of myocardial damage after STEMI and LV GCS does not?

The different prognostic value of LV GLS and GCS might be the explained by the difference 

in LV mechanics described by both indices. During acute myocardial infarction myocardial 

cell injury spreads from the endocardium to the epicardium with increasing duration of coro-

nary occlusion and severity of ischemia; the so-called ‘wavefront phenomenon of myocardi-

al death’.19 Since the majority of longitudinally-oriented myocardial fibers are located in the 

subendocardium20 the LV longitudinal systolic function becomes impaired first. On the other 

hand, the circumferential myocardial fibers that are found in the LV midwall20 require a great-

er degree of transmural myocardial injury to impact on circumferential shortening. We may 

reasonably assume that impaired LV GCS reflects more severe myocardial injury and as such 

provides similar prognostic information to other CMR parameters. On the other hand, the abil-

ity of LV GLS to account for the subendocardial infarct injury suggests that this parameter is a 

more sensitive marker of LV systolic dysfunction that adds additional prognostic information 

above other CMR parameters. 

Study limitations

Feature-tracking is a novel technique to assess LV strain with CMR. Standardization of fea-

ture-tracking analysis as well as the reference values for LV strain and the agreement across 

various vendors of feature-tracking software are not established.21 Furthermore, the evalua-

LGE and (3) the association between GCS, GLS and prognosis is modulated by early intrave-

nous metoprolol treatment with the majority of MACE occurring in patients with impaired LV 

strain treated with conventional STEMI therapy.

Long-term prognostic value of early intravenous metoprolol in STEMI

The METOCARD-CNIC trial was the first randomized control trial in the modern era of primary 

PCI in STEMI that evaluated the cardioprotective effect of intravenous beta-blockers.7 Early 

intravenous administration of metoprolol (prior to primary PCI) was associated with signif-

icant reduction of primary endpoint, the infarct size measured with LGE CMR 1 week after 

STEMI.7 In addition, early intravenous metoprolol administration was associated with a non-

significant trend towards reduced occurrence of pre-specified MACE (10.8% in the metoprolol 

group versus 18.3% in the control group; P=0.065) and a significant reduction in heart failure 

readmissions (2.2% in the metoprolol group versus 6.9% in the control group; P=0.046) at a 

median follow-up of 2 years.8 In the present article the impact of early intravenous metoprolol 

treatment in the METOCARD-CNIC trial population was re-investigated with extended 5-year 

follow-up data and significant reduction in both, MACE as well as heart failure readmissions, 

was demonstrated. In addition, we have previously shown that patients who received early 

intravenous metoprolol had more preserved global LV strain and infarct zone circumferential 

strain after STEMI.16,17 However, in the present analysis we have demonstrated that patients 

with impaired LV strain, particularly those with impaired GLS, who were treated with early 

intravenous metoprolol had lower adverse event rates than their counterparts with same de-

gree of LV strain impairment but receiving conventional STEMI therapy. These results strength-

en our current evidence of the beneficial long-term prognostic effect of early intravenous me-

toprolol in STEMI patients with primary PCI and without contraindications to beta-blockers.

Prognostic value of LV GCS and GLS with feature-tracking CMR

In recent years, several CMR techniques have emerged to assess regional and global LV sys-

tolic function in patients with acute myocardial infarction.18 Among these techniques, fea-

ture-tracking CMR has gained prominence as a fast and accurate modality for the assessment 

of LV strain using standard cine images. Recently, the association between multidirectional LV 

strain with feature-tracking CMR after myocardial infarction and patients outcome has been 

explored in 4 large patient cohorts.9-12 Eitel et al.9 included 1107 patients after myocardial in-

farction and demonstrated an incremental prognostic value of LV GLS for all-cause mortality 
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INTRODUCTION

Heart failure (HF) is a rapidly growing public health problem with an estimated prevalence of 

more than 26 million people worldwide.1 In developed countries the prevalence is 1–2% peak-

ing at ≥10% among people aged over 70 years.2 In the United States, the lifetime risk of de-

veloping HF is 20% among individuals aged 40 years old or older.3 Diagnosing the underlying 

cause of HF is central to the choice of appropriate treatment. Significant valvular heart disease 

(VHD; moderate and severe) was found in 14% of patients who were referred for echocardiog-

raphy due to suspected HF.4 Among patients with moderate and severe native VHD included 

in the Euro Heart Survey, 69.8% presented with HF symptoms and the most frequent valvular 

lesions were aortic stenosis (AS) and mitral regurgitation (MR).5 

Cardiac imaging plays a central role in determining the mechanism and the severity of 

VHD as well as the degree of accompanying left ventricular (LV) remodeling and systolic dys-

function. The primary dilemma in patients with VHD and HF is to determine whether the LV 

dysfunction is due to the disease of the valve or the ventricle. In patients with AS and HF symp-

toms, LV systolic dysfunction is usually secondary to the valve disease, while in patients with 

HF and functional MR, LV systolic dysfunction and remodeling are primary and are responsible 

for mitral valve malcoaptation. Furthermore, LV dimensions and ejection fraction (LVEF) are 

key parameters to indicate the need for valve surgery.6-8 With advances in percutaneous valve 

interventions – transcatheter aortic valve replacement (TAVR) and percutaneous transcathe-

ter mitral valve repair, several other imaging parameters need to be evaluated to assess feasi-

bility and predict therapeutic success. Echocardiography is the primary imaging modality and 

may be complemented by cardiac computed tomography (CT) and cardiovascular magnetic 

resonance (CMR) when additional anatomical or functional information is needed. This review 

article focuses on the use multimodality imaging to evaluate patients with HF and most fre-

quent VHD – MR and AS – and how to decide the optimal intervention. 

MITRAL REGURGITATION IN HEART FAILURE 

Significant (moderate and severe) MR is among the most common VHD, with an estimated 

prevalence of 1.7% in the United States peaking at 9.3% in people older than 75 years of age.9 

In a study involving 70,043 patients with suspected HF referred for echocardiography, MR of 

any severity was found in 12.5% and moderate or severe MR in 3.1% of patients.4 MR is clas-

sified as primary (organic) if there is primary structural abnormality of any component of the 

ABSTRACT 

Valvular heart disease (VHD) and heart failure (HF) are major health issues that are steadily 

increasing in prevalence in Western populations. VHD and HF frequently co-exist, which can 

complicate the accurate diagnosis of the severity of valve stenosis or regurgitation and affect 

decisions about therapeutic options. Transthoracic echocardiography is the first-line imag-

ing modality to determine left ventricular (LV) systolic function, to grade valvular stenosis or 

regurgitation and to characterize the mechanism underlying valvular dysfunction. 3D trans-

esophageal echocardiography, cardiovascular magnetic resonance and cardiac computed 

tomography are alternative imaging modalities that help in the diagnosis of patients with HF 

and VHD. The integration of multimodality cardiovascular imaging is important when decid-

ing whether the patient should receive transcatheter valve repair and replacement therapies. 

In this article, the use of multimodality imaging to diagnose and treat patients with VHD and 

HF is reviewed.
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Table 1: Echocardiographic criteria for the definition of severe mitral regurgitation. 
Signs of severe MR

Strengths Limitations
Primary Secondary

QUALITATIVE 

Valve 
morphology

Flail leaflet, ruptured 
papillary muscle, 
severe retraction, 
large perforation

Severe tenting, poor 
leaflet coaptation

•	 3D echocardiography provides 
detailed views of the MV, 
including surgical view

•	 Absence of specific signs does 
not exclude severe MR

LV and  
LA size Dilated •	 Normal size almost excludes 

severe chronic primary MR

•	 Nonspecific in secondary MR
•	 Can be within the normal range 

in acute severe MR or in smaller 
people

Color flow 
regurgitant 
jet*

Large central jet or eccentric wall-impinging 
jet of variable size

•	 Rapid qualitative assessment
•	 Good for screening for MR
•	 Evaluates the spatial orientation 

of the regurgitant jet

•	 Dependent on hemodynamic 
and technical variables

•	 May underestimate the severity 
in eccentric jets

Continuous 
wave Doppler 
signal of 
regurgitant 
jet

Holosystolic, dense, triangular •	 Easy to use •	 Triangular signal is insensitive 
•	 Signal density is gain dependent

Flow 
convergence

Large throughout systole (≥1 cm at a Nyquist 
limit of 30-40 cm/sec)

•	 Rapid qualitative assessment
•	 Can be used in eccentric jets
•	 Absence of PISA is usually a sign 

of mild MR

•	 PISA size is affected by
•	 Multiple jets
•	 Non-circular regurgitant orifices 

(common in secondary MR)
•	 non-holosystolic MR

SEMIQUANTITATIVE

Vena 
contracta 
width (mm)*

≥7 (>8 for average between apical two-  
and four-chamber views)

•	 Less dependent on 
hemodynamic and technical 
factors (e.g. pulse repetition 
frequency)

•	 Can be applied in eccentric jets

•	 Challenging in
•	 Multiple jets
•	 Non-circular regurgitant orifices 

(common in secondary MR)
•	 Non-holosystolic MR 

Pulmonary 
vein flow

Minimal to no systolic flow/systolic flow 
reversal

•	 Systolic flow reversal in ≥1 
pulmonary vein is specific for 
severe MR

•	 Insensitive
•	 Not accurate if MR jet is directed 

into the sampled vein 
•	 Blunting of the systolic wave in 

AF, elevated LA pressure 

Mitral inflow E-wave dominant (≥1.5 m/s6; ≥1.2 m/s10) 
•	 Easy to use
•	 Dominant A-wave inflow pattern 

virtually excludes severe MR

•	 Non-specific (high E waves in 
secondary MR, AF and MS)

QUANTITATIVE

2D EROA 
(mm2)† ≥40 ≥206 •	 PISA method

•	 Main method of MR 
quantification 

•	 Practical calculation
•	 Can be used in eccentric jets
•	 Volumetric method
•	 Valid with multiple and eccentric 

jets
•	 Valid in non-holosystolic MR

•	 PISA method
•	 PISA size affected by several 

factors (see flow convergence)
•	 Error in PISA radius is squared 
•	 Volumetric method
•	 Not valid for in concomitant AR
•	 Cumbersome, training needed
•	 Errors in measurements can 

combine in the final results 

Regurgitant 
volume (mL)† ≥60 ≥306

Regurgitant 
fraction (%)10 ≥50 •	 Accounts for low-flow conditions 

(common in secondary MR)

•	 Errors in measurements of each 
parameter (regurgitant volume, 
LV end-diastolic volume) can 
magnify in the final results

2D = 2-dimensional; 3D = 3-dimensional; AF = atrial fibrillation; AR = aortic regurgitation; CW = continuous wave; EROA = 
effective regurgitant orifice area; LA = left atrium; LV = left ventricle; MR = mitral stenosis; MR = mitral regurgitation; MV = 
mitral valve; PISA = proximal isovelocity surface area.
*At a Nyquist limit 50-70 cm/sec.
†European guidelines recommend lower thresholds values for severe secondary MR compared with the American guidelines.
Source: Baumgartner et al.6; Zoghbi et al.10

With the development of 3-dimensional (3D) echocardiography, the vena contracta area 

can be directly visualized using multiplanar reformation planes across the regurgitant orifice 

and measured by planimetry (Figure 1). Zeng et al.15 proposed definition of severe MR to have 

mitral valve apparatus (leaflets, chordae tendineae, papillary muscles or mitral annulus). The 

most common etiologies include degenerative disease, rheumatic disease and endocardi-

tis.10,11 In contrast, secondary (functional) MR results from LV dilation and dysfunction whereas 

the components of the mitral valve were originally normal. The main causes of secondary MR 

are ischemic heart disease and dilated cardiomyopathy.10,11 

Patients with severe primary MR commonly present with no or minimal symptoms.12 In 

contrast, HF is always present in secondary MR.13 In a large retrospective study including 1,256 

patients with ischemic and non-ischemic cardiomyopathy, any grade of secondary MR was 

present in 73% and 24% had severe MR.13 

Patients with HF and significant MR are usually evaluated using transthoracic and trans-

esophageal echocardiography. The underlying mechanism (primary versus secondary) and 

the severity of MR are systematically analyzed. Grading of MR is based on a multiparametric 

approach which includes qualitative, semiquantitative and quantitative parameters (Table 

1).6,10 It is important to note that the evaluation of MR severity is significantly influenced by 

the LV loading conditions and the systemic blood pressure.14 In patients with HF, decreased 

transmitral pressure gradients – due to lower systemic blood pressure and high left atrial (LA) 

pressures – result in lower velocity regurgitant jets, which appear small on Doppler color flow 

images. Furthermore, vena contracta and flow convergence assume circular geometry at the 

regurgitant jet orifice. In secondary MR, the regurgitant orifice is frequently crescent in shape, 

and vena contracta, regurgitant volume and effective regurgitant orifice area (EROA) calcu-

lated using the proximal isovelocity surface area (PISA) method may therefore significantly 

underestimate the severity of MR.10,11
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Figure 2: Cardiovascular magnetic resonance to quantify mitral regurgitation. A 74-year-old patient 
with heart failure symptoms had inconsistent grading of the severity of mitral regurgitation (MR) with echo-
cardiography and was referred for cardiovascular magnetic resonance (CMR). (A) Left ventricular systolic 
cine images show prominent MR jet (yellow arrowheads). MR was caused by mitral annular dilatation, sec-
ondary to severe left atrial dilatation. The patient had a long-lasting history of paroxysmal atrial fibrillation. 
(B) Left ventricular forward stroke volume (AoSV) was measured with phase contrast CMR in the ascending 
aorta, just above the aortic valve. (C) Total left ventricular stroke volume (LVSV) was obtained using planim-
etry of the short-axis cine images as the difference between left ventricular end-diastolic volume (LVEDV; 
left image) and left ventricular end-systolic volume (LVESV; right image). Since the patient had no aortic 
regurgitation the difference between the LVSV and AoSV was equal to mitral regurgitant volume (MRVol). The 
regurgitant fraction (RF) was calculated by dividing MRvol by LVSV. The results (MRVol 20 mL, RF 25%) clearly 
ruled out severe MR, which was further supported by normal left ventricular volumes.

SELECTING INTERVENTIONS FOR MITRAL REGURGITATION

After establishing the diagnosis of symptomatic severe secondary MR, the type of valve in-

tervention is based upon the degree of LV functional impairment, evidence of myocardial 

a cut-off value of 3D vena contracta area ≥0.41 cm2. In patients with functional MR, the 3D vena 

contracta area has been shown to be significantly larger than the 2-dimensional PISA-derived 

EROA (0.39±0.17 cm2 versus 0.27±0.11 cm2, respectively; P<0.001), resulting in an average 27% 

underestimation of the EROA by the PISA method compared with the 3D vena contracta area.15 

Figure 1: 3-dimensional vena contracta area in secondary mitral regurgitation. (A) Apical left ventric-
ular long axis view, showing restriction and severe tenting of both mitral valve leaflets (upper image); the 
coaptation depth (CD, yellow arrow) was 1.5 cm and the bend in the body of the anterior mitral leaflet 
(yellow arrowhead) demonstrated tethering by the secondary chordae (known as the ‘‘seagull’’ or ‘‘hock-
ey stick’’ sign). Bottom image shows prominent color flow Doppler regurgitant jet. (B) Multi-planar recon-
struction of the 3-dimensional color flow Doppler dataset across the regurgitant orifice. Note the highly 
crescentic shape of the vena contracta (bottom right image), which involved the whole coaptation line 
from the anterolateral to the posteromedial mitral valve commissure. 3-dimensional vena contracta area 
(VCA) of 0.9 cm2 (yellow dotted line) was in the range of severe mitral regurgitation.15 

The assessment of the severity of MR with color flow Doppler echocardiography is based on 

instantaneous peak flow rates and is therefore reliable only when there is little temporal varia-

tion of MR during the cardiac cycle. However, secondary MR is often dynamic, peaking in early 

and late systole and improves during mid systole when LV pressures are at their maximum.16 

In such circumstances, MR should be quantified with volumetric methods, which account for 

the whole systole. In the absence of aortic regurgitation or intracardiac shunt, the difference 

between stroke volume measured at the mitral annulus (LV inflow) and the LV outflow tract (LV 

outflow) equals MR volume. Volumetric method is frequently used with CMR.6,7 The preferred 

method to quantify MR with CMR is to use phase contrast CMR to subtract the aortic forward flow 

from the LV stroke volume, assessed by planimetry of the LV short-axis cine images (Figure 2).10
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ty index >0.7 and interpapillary muscle distance >20 mm predict a lower likelihood of suc-

cessful mitral valve repair.17,20 A leaflet coaptation depth >11 mm and coaptation length <2 

mm challenge the percutaneous edge-to-edge mitral valve repair since these parameters 

indicate advanced LV remodeling with excessive tethering of the mitral leaflets.17 Large re-

gurgitant orifices often require implantation of >1 MitraClip to reduce MR. Short posterior 

leaflet, cleft, severe annular calcification and calcification in the grasping area are other 

anatomical conditions that challenge percutaneous edge-to-edge repair.17 Peri-procedural 

transesophageal echocardiography is crucial to perform successful percutaneous implanta-

tion of a MitraClip device (Figure 3).

Table 2: Unfavorable anatomical conditions for successful surgical and percutaneous edge-to-edge 
repair in secondary mitral regurgitation. 

SURGICAL REPAIR PERCUTANEOUS REPAIR

Parameters related to mitral valve tethering

Coaptation depth >1 cm Coaptation depth >11 mm

Systolic tenting area >2.5 cm2 Coaptation length <2 mm

Posterior mitral leaflet angle >45° Severe asymmetric tethering

Distal anterior mitral leaflet angle >25° Large (>50%) inter-commissural extension of regurgitant jet

Parameters related to left ventricular remodeling

LV end-diastolic diameter >65 mm Severe annular dilatation

LV end-systolic diameter >51 mm Severe LV remodeling

End-systolic inter-papillary muscle distance >20 mm

Systolic sphericity index >0.7

Unfavorable anatomical conditions specific for percutaneous edge-to-edge repair

Short posterior leaflet

Calcification in the grasping area

Severe annular calcification

Cleft

LV = left ventricular. Source: De Bonis et al.17

viability and the ability to perform revascularization. When revascularization is indicated, 

surgical intervention should be considered.6,8 However, the preferred type of surgical treat-

ment, i.e. mitral valve repair by means of restrictive annuloplasty or chordal-sparing valve 

replacement, is not agreed upon. European guidelines recommend mitral valve repair as 

the preferred method, while mitral valve replacement may be considered in patients with 

echocardiographic risk factors for residual or recurrent MR (Table 2).6,17 In contrast, Amer-

ican guidelines recommend chordal-sparing mitral valve replacement for severely symp-

tomatic patients (New York Heart Association Class III to IV) with chronic severe ischemic 

MR.8 This recommendation is based on the results of a randomized control trial that showed 

a higher rate of moderate or severe MR recurrence at 2 years follow-up in patients who un-

derwent mitral valve repair compared with patients who underwent chordal-sparing mitral 

valve replacement (58.8% versus 3.8%, P<0.001), leading to higher incidence of HF and re-

peat hospitalizations in the mitral valve repair group.18 When revascularization is not indi-

cated, the decision between surgery and percutaneous edge-to-edge repair is made based 

on the degree of LV dysfunction and the surgical risk. When the surgical risk is low and LVEF 

>30%, surgery may be considered, while percutaneous edge-to-edge repair is preferred for 

patients presenting with high surgical risk or LVEF <30% despite optimal medical manage-

ment (including pharmacological treatment and cardiac resynchronization therapy).6 In the 

United States, percutaneous edge-to-edge repair is currently not approved for clinical use 

in secondary MR.8 

For successful surgical and percutaneous mitral valve repair in secondary MR, accurate 

LV assessment, including LV volumes, LVEF and sphericity index, is mandatory, accompa-

nied by geometric assessment of the MV apparatus (tenting area, coaptation depth, leaflet 

angles, and inter-papillary muscle distance). Transthoracic and transesophageal echocar-

diography are the primary modalities; however, detailed information can also be obtained 

with cardiac CT and CMR. Table 2 summarizes the echocardiographic criteria that suggest 

increased risk of MR recurrence after mitral valve repair as well as unfavorable anatomical 

conditions for percutaneous edge-to-edge repair with a MitraClip device (Abbott Vascular, 

Menlo Park, CA, US).17 In patients with secondary MR who are undergoing surgery, successful 

repair is less likely in the presence of severe mitral valve tethering with coaptation depth 

>1 cm, systolic tenting area >2.5 cm2, posterior mitral leaflet angle >45° and distal anteri-

or mitral leaflet angle >25°.17,19 Furthermore, global and regional LV remodeling, indicated 

by LV end-diastolic dimension >65 mm, end-systolic dimension >51 mm, systolic spherici-
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in 26.6% of the patients.22 Data from the American Transcatheter Valve Therapy (TVT) Registry 

showed a 25.6% prevalence of reduced LVEF (<45%) among 42,988 patients undergoing TAVR.23

Doppler echocardiography is the preferred technique for the assessment of the severity 

of AS. The primary hemodynamic parameters defining severe AS with echocardiography are 

the peak jet velocity ≥4 m/s, mean transvalvular pressure gradient ≥40 mmHg and aortic valve 

area (AVA) by continuity equation <1.0 cm2 (Table 3).24 In the majority of patients, these criteria 

coincide. However, up to 30% of patients may show low peak jet velocity and transaortic valve 

gradient with an AVA <1 cm2.25 This is frequently observed among patients with LVEF <50%, the 

so-called classical low-flow low-gradient severe AS.

Table 3: Echocardiographic criteria for the definition of severe AS. 
Severe 

AS
Common mistakes in the assessment 

of LFLG AS
Recommendations to avoid mistakes  

in the assessment of LFLG AS

Peak velocity (m/s) ≥4.0 •	 Underestimation of peak velocity and 
mean gradient:

•	 misalignment of the ultrasound beam 
with the AS jet

•	 high blood pressure

•	 Multiple acoustic windows to 
determine the highest velocity

•	 Parallel ultrasound beam alignment 
with the direction of flow 

•	 Measurements when patient has 
normal blood pressure

Mean gradient 
(mmHg)

≥40

AVA (cm2) by 
continuity  
equation (LVOT  
area × LVOT VTI)

<1.0 •	 Underestimation of LVOT area:
•	 Elliptical shape of LVOT
•	 Calcifications 
•	 Sigmoid septum 
•	 Diastolic measurements
•	 Underestimation of LVOT VTI:
•	 PW Doppler sample volume placed 

too apically

•	 Systolic LVOT diameter in ≥3 beats 
(sinus rhythm) and in ≥5 beats 
(irregular rhythm)

•	 3D planimetric measurement of the 
LVOT area (3D TEE, CT)

•	 PW Doppler sample volume should 
be in the middle of LVOT just below 
the flow convergence where smooth 
velocity curve is obtained 

AVAi (cm2/m2) <0.6 •	 Underestimation in obese patients •	 Important measure in children, 
adolescents, small adults

Velocity ratio  
(LVOT velocity /  
peak velocity)

<0.25 •	 Underestimation of LVOT velocity or 
peak velocity

•	 Multiple acoustic windows to 
determine the highest peak velocity

•	 Parallel ultrasound beam alignment 
with the direction of flow 

•	 Measurements when patient has 
normal blood pressure

•	 PW Doppler sample volume in the 
middle of LVOT just below the flow 
convergence where smooth velocity 
curve is obtained

3D = 3-dimensional; AS = aortic stenosis; AVA = aortic valve area; AVAi = indexed aortic valve area; CT = computed tomog-
raphy; LFLG = low-flow low-gradient; LVOT = left ventricular outflow tract; PW = pulsed wave; TEE = transesophageal 
echocardiography; VTI = velocity time integral.
Source: Baumgartner et al.24

Low-dose dobutamine stress echocardiography is the primary diagnostic method to dif-

ferentiate between true severe AS and pseudo-severe AS in patients with reduced LVEF.24 In 

patients with true severe AS, intravenous infusion of low-dose dobutamine will increase the 

LV contractility and stroke volume leading to an increase in mean transvalvular gradient while 

the AVA will remain narrow (Figure 4). In contrast, pseudo-severe AS is diagnosed when the 

Figure 3: Transesophageal echocardiography during MitraClip implantation: guiding the interven-
tion (A-C) and the assessment of procedural results (D-E). (A) Transseptal puncture. Arrows point at the 
tenting of the interatrial septum before the puncture in two simultaneous perpendicular image planes. 
(B) Opening of the Mitraclip device in the left atrium. (C) The MitraClip implantation – orienting the de-
vice arms perpendicular to the leaflets (arrows) is essential for successful grasping of the mitral valve. (D) 
Three MitraClips were implanted (asterisks) in a patient with severe secondary mitral regurgitation. (E) 
Assessment of residual mitral regurgitation. (F) Transmitral gradient measurement for the evaluation of 
post-implant mitral valve stenosis.

AORTIC STENOSIS IN HEART FAILURE

The LV pressure overload caused by AS increases LV wall stress and as a consequence the LV 

responds with myocyte hypertrophy to maintain a normal LVEF. However, this response is 

counterproductive in the long-term and causes LV diastolic dysfunction, myocardial ischemia 

in the subendocardium, increased myocardial fibrosis (reactive and replacement) and even-

tually LV systolic dysfunction.21 Clinically, patients with severe AS may present with dyspnea, 

chest pain and syncope. 

The prevalence of HF among patients with severe AS varies largely based on the definition 

of HF (e.g. reduced LVEF, presence of symptoms) and the characteristics of patients included in 

the studies. In a large cohort study (n=79,043) involving people with HF symptoms referred for 

echocardiography, at least mild AS was found in 10.1% and moderate or severe AS in 3.2%.4 Fur-

thermore, in the Euro Heart Survey 19.3% of patients with severe AS undergoing surgical aortic 

valve replacement (SAVR) had LVEF <50%.5 In a more contemporary series of 42,776 patients 

with AS undergoing SAVR included in the German Aortic Valve Registry, LVEF <50% was present 
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Figure 5: Pseudo-severe low-flow low-gradient aortic stenosis. (A) An 80-year old male with dilated 
cardiomyopathy, reduced left ventricular ejection fraction (21%) and low cardiac output. At rest, echo-
cardiography showed calcified aortic valve with an area <1.0 cm2 (suggesting severe aortic stenosis), 
while peak velocity and mean gradient were representative of mild aortic stenosis. (B) During low-dose 
dobutamine stress echocardiography, the peak jet velocity and mean gradient marginally increased 
and the aortic valve area increased >1.0 cm2, revealing pseudo-severe aortic stenosis. (C) Computed 
tomography showed tricuspid aortic valve with low calcium score, suggesting non-severe aortic steno-
sis. AU = arbitrary units; AVA = aortic valve area; CI = cardiac index; Mean gr = mean gradient; SVi = stroke 
volume index; Vmax = peak velocity.

In patients without contractile reserve, defined as failure to increase stroke volume >20% 

during dobutamine stress echocardiography, the assessment of aortic valve calcification bur-

den with cardiac CT may help to estimate the severity of AS (Figure 4 and 5).24 Aortic valve 

calcium score is quantified using the Agatston method and expressed in arbitrary units (AU).30 

Cueff et al.31 demonstrated a good overall correlation between the degree of aortic valve calci-

fication and hemodynamic parameters of AS severity assessed by the AVA (r=-0.63, P<0.001), 

indexed AVA (r=-0.67, P<0.001), mean gradient (r=0.78, P<0.001) and peak velocity (r=0.79, 

P<0.001). The proposed cut-off value of 1,651 AU yielded a 93% sensitivity and 75% specificity 

in grading AS severity in patients with classical low-flow low-gradient AS. Clavel et al.32 pro-

posed different cut-off values to define severe AS for men and women, 2,065 AU and 1,274 AU, 

respectively. The joint European and American recommendations for the assessment of AS 

consider the aortic valve calcium score as a continuum – a very high calcium score suggests 

severe AS and low calcium score suggests severe AS is unlikely (Table 4).24 

increase in LV contractility and stroke volume is accompanied by an increase in AVA >1.0 cm2 

(Figure 5). While patients with true severe low-flow low-gradient AS should undergo prompt 

aortic valve intervention, the course of action for patients with pseudo-severe AS is less clear. 

Fougeres et al.26 demonstrated comparable survival of patients with pseudo-severe AS to that 

of propensity-matched patients with systolic HF and no evidence of VHD. However, this has re-

cently been challenged by another study that demonstrated a very high risk for clinical events 

(defined as the composite of all-cause death, aortic valve replacement and HF hospitaliza-

tion) among patients with HF and moderate AS.27 Furthermore, in a retrospective analysis of 

1,090 patients with moderate AS and LVEF ≤50% aortic valve surgery was associated with a 

higher 5-year survival compared to medical therapy.28 While current guidelines do not recom-

mend aortic valve intervention in HF patients with moderate AS, this view might change after 

the results of the ongoing international, multicenter, randomized, clinical trial TAVR UNLOAD 

(NCT02661451), which has been designed to compare the efficacy and safety of transfemoral 

TAVR in addition to optimal HF therapy vs HF therapy alone in HF patients with moderate AS.29 

Figure 4: Classical low-flow low-gradient severe aortic stenosis. (A) A 75-year old male with isch-
emic cardiomyopathy, reduced left ventricular ejection fraction (32%) and low cardiac output. At rest, 
echocardiography showed calcified aortic valve with severely narrowed valve area <1.0 cm2, while 
peak velocity and mean gradient were in the range of moderate aortic stenosis. (B) During low-dose 
dobutamine stress echocardiography peak jet velocity and mean gradient increased ≥4.0 m/s and ≥40 
mmHg respectively, and the aortic valve area remained <1.0 cm2, revealing true severe aortic stenosis. 
Furthermore, an increase in cardiac output demonstrated left ventricular contractile reserve. (C) Com-
puted tomography showed a tricuspid aortic valve with high calcium score, suggesting high likelihood 
of severe aortic stenosis. AU = arbitrary units; AVA = aortic valve area; CI = cardiac index; Mean gr = mean 
gradient; SVi = stroke volume index; Vmax = peak velocity.
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ed (e.g., if the patient has severely impaired renal function), 3D transesophageal echocardi-

ography can be used to determine the aortic annulus size. It is important to remember that 

the obtained annulus dimensions with 3D transesophageal echocardiography are smaller 

than those measured with cardiac CT and the echocardiographic accuracy can be reduced 

in heavily calcified aortic valves.34,35 Cardiac CT also allows assessment of the peripheral 

arteries to determine feasibility of transfemoral access, which is the least invasive TAVR 

approach, used in the majority of patients.23,36 Cardiac CT allows detailed visualization of 

iliofemoral arteries and aorta with the assessment of size, tortuosity, degree of calcification 

and plaque burden (Figure 6). For currently available TAVR delivery catheters, a 6.0-6.5 mm 

minimal luminal vessel diameter of femoral arteries is considered acceptable.37 In case of 

contraindications to CT, invasive angiography or, less commonly, CMR angiography might 

be employed.

Table 5: Imaging-derived characteristics that guide the decision between TAVR and SAVR in patient at 
increased surgical risk. 

Favours TAVR Favours SAVR

Peripheral arteries anatomy favorable for transfemoral TAVR +

Unfavorable access (any) for TAVR +

Porcelain aorta +

Expected patient-prosthesis mismatch +

Short distance between coronary ostia and aortic valve annulus +

Size of aortic valve annulus out of range for TAVR +

Aortic root morphology unfavorable for TAVR +

Valve morphology (bicuspid, degree of calcification, calcification 
pattern) unfavorable for TAVR

+

Presence of thrombi in aorta or left ventricle +

SAVR = surgical aortic valve replacement; TAVR = transcatheter aortic valve replacement.
Source: Baumgartner et al.6

Table 4: Calcium score by computed tomography in grading of aortic stenosis. 
Men Women

Severe aortic stenosis very likely ≥3,000 ≥1,600

Severe aortic stenosis likely ≥2,000 ≥1,200

Sever aortic stenosis unlikely <1,600 <800

Source: Baumgartner et al.24

TREATMENT OPTIONS FOR AORTIC STENOSIS 

Current therapeutic options for patients with severe AS and HF are conservative medical 

therapy, SAVR and TAVR. For patients with symptomatic high-gradient severe AS there is no 

lower LVEF limit for aortic valve intervention (Class I recommendation), since LV function will 

likely improve after relief of stenosis.6,7 Asymptomatic severe AS patients with an LVEF <50% 

should undergo aortic valve replacement (Class I recommendation).6,7 In patients with clas-

sical low-flow low-gradient severe AS (with reduced LVEF) aortic valve intervention is indi-

cated when dobutamine stress echocardiography shows evidence of LV contractile reserve 

(Class I recommendation in European guidelines and Class IIa in American guidelines).6,7 An 

intervention should also be considered in patients without LV contractile reserve, particularly 

when CT calcium score is high (Class IIa recommendation in European guidelines, while the 

American guidelines stress the importance of individualized decisions in these high-risk pa-

tients).6,7 Tribouilloy et al.33 demonstrated that patients with low-flow low-gradient severe AS 

without contractile reserve experience high operative mortality, but SAVR was associated with 

better outcomes compared with patients who were treated conservatively. Only symptomatic 

patients with severe comorbidities, in whom aortic valve intervention is unlikely to improve 

survival or quality of life, should be treated with medical therapy.6 

The choice of the intervention in patients with symptomatic severe AS and HF should be 

made by the specialist heart team and should take into account patient’s cardiac and extra-

cardiac characteristics, the individual risk of surgery, the feasibility of TAVR, as well as the 

local experience and outcome data.6,8 Table 5 lists the imaging-derived characteristics that 

guide the decision to choose TAVR or SAVR. Multi-slice CT has become the imaging modality 

of choice for pre-procedural evaluation of TAVR candidates in most centers due to its low 

invasiveness and comprehensive evaluation.6 It allows assessment of the size and the shape 

of the aortic annulus, its distance to the coronary ostia, the distribution of calcifications and 

the dimensions of the aortic root, which is of paramount importance to determine feasibility 

of TAVR and to choose appropriate prosthesis size (Figure 6). However, if CT is contraindicat-
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CONCLUSION

Accurate grading of valvular lesion and reliable assessment of LV dysfunction is of paramount 

importance when deciding the most appropriate therapy for patients with VHD and HF. Trans-

thoracic echocardiography is the first-line imaging modality to quantify LV systolic function and 

grade of valvular stenosis and regurgitation, as well as characterizing the mechanism of valvular 

dysfunction. However, in HF patients, quantification of valvular dysfunction remains challeng-

ing and the use of other imaging techniques such as 3D transesophageal echocardiography, 

CMR and CT is needed to determine whether the valve stenosis and regurgitation are severe. 

The integration of multimodality cardiovascular imaging is even more important when assess-

ing suitability for transcatheter valve repair and replacement therapies. CT has become the key 

imaging modality for pre-procedural evaluation of patients undergoing TAVR, and 3D transe-

sophageal echocardiography is crucial to guide percutaneous edge-to-edge mitral valve repair.

Figure 6: Computed tomography (CT) in pre-procedural assessment for transcatheter aortic valve 
replacement (TAVR). (A) Double oblique transverse view of a calcified tricuspid aortic valve. (B) Planim-
etry of the aortic annulus. The posterior part of the annulus was severely calcified (arrow), increasing the 
likelihood of aortic rupture in case of an oversized TAVR prosthesis implantation or post-dilatation with an 
oversized balloon. (C) The calcification extended form the aortic annulus into the left ventricular outflow 
tract towards the anterior mitral valve leaflet (arrow). (D) Measurement of the distance between left main 
coronary artery and the aortic annulus (arrow). A calcified plaque in the left coronary artery is visible (ar-
rowhead). (E) Tortuous bilateral iliofemoral arteries. (F) Multi-planar reconstruction revealed only mildly 
calcified right iliofemoral artery with adequate lumen diameter to allow for transfemoral TAVR. 
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INTRODUCTION 

Transcatheter aortic valve replacement (TAVR) has become a safe and feasible alternative 

treatment for patients with severe aortic stenosis (AS) who have contraindications or are at 

high risk for surgical aortic valve (AV) replacement. In terms of survival and improvement in 

clinical symptoms, large randomized clinical trials have proven TAVR to be superior to medical 

therapy (and balloon valvuloplasty) in patients deemed inoperable1,2 and non-inferior to sur-

gical AV replacement in patients with high operative risk.3,4 These results encouraged the rapid 

implementation of TAVR in current practice with more than 200.000 patients treated world-

wide.5 Patient selection, accurate sizing of the prosthesis and procedural planning require the 

use of several imaging modalities to optimize results and minimize the complications such 

as paravalvular regurgitation (PVAR), pacemaker implantation, vascular injury or annulus 

rupture. Procedural guidance is mainly performed under fluoroscopy assistance and, still, in 

many laboratories, with the help of transthoracic echocardiography (TTE) or transesophageal 

echocardiography (TEE). The steep learning curve of the procedure and the low number of 

periprocedural complications in high-volume centers have allowed less invasive TAVR by im-

planting the device under conscious sedation. Therefore, the need for TEE during the proce-

dure has recently been questioned. In addition, prosthesis durability is an important factor to 

eventually expand this procedure to patients with low-intermediate operative risk. Five years 

follow-up data from the Placement of AoRTic TraNscathetER valves (PARTNER) trial showed 

no structural degeneration of the balloon expandable prosthesis with stable transvalvular 

gradients and aortic valve areas (AVA).6,7 However, the use of high spatial resolution imaging 

techniques such as multidetector row computed tomography (MDCT) have raised concern due 

to the presence of thickening and restriction of the prosthetic leaflets suggesting subclinical 

thrombosis that could not be appreciated with echocardiography.8 The present review article 

summarizes the role of multimodality imaging for preprocedural planning (patient selection, 

device sizing and procedural access), procedural guidance and follow-up, highlighting the 

pros and cons of each imaging modality. 

PREPROCEDURAL PLANNING 

Accurate assessment of AS severity, aortic valve and root anatomy and geometry and evalu-

ation of feasibility of peripheral vascular access are three key steps during planning of TAVR.

ABSTRACT

Transcatheter aortic valve replacement is an established therapy for patients with symptomat-

ic severe aortic stenosis and contraindications or high risk for surgery. Advances in prosthesis 

and delivery systems designs and continuous advances in multimodality imaging, particularly 

the 3-dimensional techniques, have led to improved outcomes with significant reductions in 

the incidence of frequent complications such as paravalvular aortic regurgitation. In addition, 

data on prosthesis durability are accumulating. Multimodality imaging plays a central role in 

the selection of patients who are candidates for transcatheter aortic valve replacement, pro-

cedure planning and guidance, and follow-up of prosthesis function. The strengths and limita-

tions of each imaging technique for transcatheter aortic valve replacement will be discussed 

in this review article.
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Figure 1: Low-dose dobutamine stress echocardiography (DSE) and aortic valve calcification (AVC) 
assessment with multidetector row computed tomography (MDCT) in a patient with low-flow 
low-gradient severe aortic stenosis (AS) with reduced left ventricular systolic function. (A) Baseline 
echocardiographic assessment revealed discrepant indices of AS severity. The mean gradient was 32 mm 
Hg and aortic valve area (AVA) was 0.8 cm2. Stroke volume index (SVI) of 33 ml/m2. (B) Low-dose DSE 
resulted in an increase of the mean gradient to 50 mm Hg, the AVA remained unchanged and the SVI 
increased by 21%. This indicates that the patient had classical low-flow low-gradient severe AS and a 
presence of flow reserve (SVI increased >20%). (C) Volume rendered cardiac MDCT with a plane across the 
aortic annulus. (D) AVC load, using the Agatston method, was measured 2543 arbitrary units (AU), indicat-
ing severe aortic stenosis (cut-offs for severe AS ≥2,065 AU in men and ≥1,274 AU in women14).

Patients with paradoxical low-flow low-gradient severe AS present with preserved LVEF, 

AVA <1.0 cm2, mean gradient <40 mmHg and LV stroke volume index <35 mL/m2.9,10 In this sub-

group of patients, the low-flow condition is determined by the small LV cavity due to severe 

LV hypertrophy. The management of these patients remains challenging. Clavel et al.16 com-

pared the outcome of 187 patients with paradoxical low-flow low-gradient severe AS with 187 

patients with severe AS and high gradient (matched according to AVA) and with 187 patients 

with moderate AS (matched according to mean transvalvular gradient) and showed that pa-

tients with paradoxical low-flow low-gradient severe AS have reduced overall survival (1-year 

89±2%; 5-year 64±4%) compared with patients with high gradient severe AS (1-year 96±1%; 

5-year 82±3%) or moderate AS (1-year 96±1%; 5-year 81±3%). Moreover, AV replacement was 

significantly associated with improved survival in patients with paradoxical low-flow low-gra-

Aortic stenosis severity

Doppler TTE is the imaging technique of choice to assess AS severity.9,10 It provides key in-

sights into AV anatomy, degree of calcification, hemodynamic consequences of AS (left ven-

tricular [LV] size, wall thickness and function, pulmonary arterial pressure), concomitant valve 

disease and aortic pathology. Aortic jet velocity >4 m/s, mean transvalvular pressure gradient 

>40 mmHg and calculated aortic valve area (AVA) <1.0 cm2 define severe AS.9,10 There are situa-

tions however where these parameters are not congruent, challenging the diagnosis of severe 

AS and the management of the patients. 

When severe AS coexists with reduced LV systolic function, the flow derived indices may 

underestimate the degree of AS. Such condition is termed classical low-flow low-gradient AS 

and is characterized by reduced LV ejection fraction (LVEF), an AVA <1.0 cm2, aortic velocity <4 

m/s, mean gradient <40 mmHg and stroke volume index <35 mL/m2.10,11 In this subgroup of pa-

tients differentiation between true severe AS and pseudosevere AS has important therapeutic 

implications.12,13 Using low dose dobutamine stress echocardiography (DSE), the contractile 

reserve of the left ventricle is increased leading to an increase in LV stroke volume (flow).11 In 

a true severe AS the increase in flow is associated with an increase in transvalvular gradients 

while the AVA remains <1.0 cm2  (Figure 1). In contrast, in pseudosevere AS the increase in LV 

contractility and flow results in an increase in AVA >1.0 cm2 while the transvalvular gradients 

remain low. However, 30-40% of patients with classical low-flow low-gradient severe AS do 

not show contractile reserve during low dose DSE.13 In this specific group of patients, the use 

of computed tomography and the assessment of aortic valve calcification burden may help to 

estimate the severity of AS (Figure 1).14,15 A cut-off value of aortic valve calcification of ≥1,274 

AU in women and ≥2,065 AU in men were more frequently associated with severe AS.14
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Figure 2: Assessment of left ventricular outflow tract (LVOT) with transthoracic (A) and transesoph-
ageal (B) echocardiography and multidetector row computed tomography (C). On 2-dimensional 
transthoracic and transesophageal echocardiography the measurement of the LVOT may vary significant-
ly (arrows), particularly in patients with sigmoid septum, having important implications on aortic valve 
area calculation. On MDCT, the cross-sectional area of the LVOT at each level shows the increase of the 
elliptical shape for the aortic annulus toward the left ventricle. Red lines depict LVOT areas at 3 different 
levels showing the change in area and ellipticity of the LVOT.

Aortic annulus size

In contrast to surgical AV replacement, where surgeons can directly determine the optimal 

prosthesis size and visualize the adaptation of the prosthesis to the aortic root, in TAVR ap-

propriate prosthesis selection rely mostly on preprocedural imaging. Too small prosthesis 

increases the risk of significant paravalvular regurgitation (PVAR) and prosthesis migration, 

while oversized prostheses may lead to incomplete deployment, potentially resulting in both, 

valvular and paravalvular regurgitation, or even catastrophic aortic annulus rupture.22,23 

dient severe AS, but not in the moderate AS group.16 Of note, the study population was rela-

tively heterogeneous with a significant proportion of patients being asymptomatic and with 

heterogeneous management (80% of patients with severe AS and high gradient underwent AV 

replacement compared with 56% in the group of paradoxical low-flow low-gradient and 40% 

in moderate AS). In contrast, Jander et al.17 demonstrated that patients with asymptomatic 

severe AS, low gradient and preserved LVEF (low stroke volume index <35 mL/m2 was present 

in 51%) had comparable outcome to that of patients with moderate AS (major cardiovascular 

events 14.8±1.0% versus 14.1±1.5%, respectively; P=0.59).

According to current guidelines the finding of paradoxical low-flow low-gradient AS has to 

be approached stepwise.9 Any source of error in measured parameters of the continuity equa-

tion used for AVA calculation has to be addressed first. Left ventricular outflow tract (LVOT) 

cross-sectional area (CSA) is one of the key parameters. With 2-dimensional (2D) echocardiog-

raphy, LVOT CSA is traditionally derived by measuring mid-systolic sagittal LVOT diameter in 

the parasternal long-axis view assuming a circular geometry. However, a sigmoid septal bas-

al hypertrophy characteristic of elderly patients may challenge the accuracy of this method 

since the LVOT may become elliptical (Figure 2).18,19 By measuring the planimetric area of the 

LVOT with a 3-dimensional (3D) imaging technique such as MDCT and introducing the value 

into the continuity equation it has been demonstrated that 33% of the low-gradient severe 

AS patients with preserved LVEF could be reclassified into moderate AS.20 In case of small 

body surface area (BSA) the correction for BSA is necessary, with an AVA index <0.6 cm2/m2 

indicating severe AS. A severely increased global hemodynamic afterload (i.e. valvulo-arterial 

impedance) should be also excluded. Furthermore, particular attention has to be paid to ac-

curately determine the LV stroke volume, preferably by confronting measurements from other 

independent methods (2D or 3D volumetric methods by means of echocardiography, cardiac 

magnetic resonance imaging [CMR] or MDCT). Low dose DSE can provide additional informa-

tion about the actual severity of the AS and can predict the risk of adverse events, but safety 

of DSE in patients with pronounced LV concentric remodeling and small LV cavities has yet to 

be established.21 In addition, evaluation of the degree of AV calcification by computed tomog-

raphy may be of help in this group of patients.14,15 
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Figure 3: The role of multidetector row computed tomography (MDCT) in preprocedural assessment. 
(A) Double oblique transverse view of severely calcified tricuspid aortic valve. (B) Planimetry of the aortic 
annulus. (C) Measurement of the distance between the left main coronary artery and the aortic annulus 
(white arrow). (D) CT aortography reveals severely calcified aorta, particularly in the aortic arch and in the 
descendent part. Calcifications are present in both iliofemoral arteries as well.

3D imaging techniques (3D echocardiography, MDCT, CMR) are currently the preferred 

tools to assess the aortic annulus size. Sagittal aortic annulus diameter, normally measured 

with 2D echocardiography tends to underestimate the true aortic annulus size.24 In contrast, 

studies using 3D TEE or MDCT have shown that selection of prosthesis size based on these im-

aging modalities is associated with lower incidence of significant PVAR.25 26,27 These 3D imag-

ing techniques permit the measurement of the aortic annulus area and perimeter using direct 

planimetry and diameters derived from the area and the perimeter. The majority of manu-

facturers have also included these measurements into the prosthesis size charts allowing the 

standardization of the prosthesis selection.

The MDCT provides high spatial resolution images of the aortic annulus and aortic root. 

This imaging technique has become key in TAVR due to its low invasiveness and comprehen-

sive evaluation of candidates for TAVR, including assessment of aortic annulus, burden of aor-

tic valve and root calcification and peripheral arteries anatomy (Figure 3). In addition, MDCT 

permits planning of the C-arm projections needed for AV balloon dilation and prosthesis de-

ployment, reducing the need of repeated angiographies during the procedure.28,29 However, in 

patients with associated impaired renal function, the use of MDCT should be tailored in order 

to reduce the risk of periprocedural acute kidney injury. 3D TEE has also shown to be of value 

to size the aortic annulus, aortic root dimensions, aortic valve calcification burden and height 

of coronary ostia relative to the aortic annulus (Figure 4).30 This imaging modality is however 

relatively uncomfortable for patients and the acoustic shadowing caused by the aortic cusp 

calcifications may impact on the spatial resolution of the images and on the accuracy of the 

measurements. CMR permits 3D analysis of the aortic annulus and root anatomy similarly 

to MDCT. However, this imaging technique is less available and not feasible in patients with 

non-MRI compatible implanted devices. These 3D imaging modalities have been compared 

in several studies showing similar accuracy to size the aortic annulus.24,31,32 Of note, the data 

acquisition should be preferably performed with electrocardiogram (ECG) gating to obtain the 

systolic and diastolic dimensions of the aortic annulus. A recent study by Murphy and co-work-

ers including 507 patients with severe AS who underwent ECG-gated MDCT showed significant 

changes in aortic annulus area and perimeter between systole and diastole (8.23% and 3.36%, 

respectively).33 The implications of these findings are relevant since the use of the diastolic 

measure would have resulted in change of the prosthesis size (undersizing) in 50% of the pa-

tients. Therefore, assessment of systolic and diastolic measurements is recommended.34
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Figure 5: Supra-aortic angiography during balloon aortic valvuloplasty (BAV) for prosthesis size 
selection. (A) A 23-mm balloon (white dotted line) was chosen for a preparatory BAV according to the 
2-dimensional transesophageal echocardiography (2D TEE) data on the aortic annulus size. Concurrent 
supra-aortic angiography, showing contrast regurgitation into the left ventricle (white arrow), indicated 
annulus size underestimation by 2D TEE and resulted in the selection of a bigger prosthesis. (B) Absence 
of contrast regurgitation into the left ventricle during BAV with a 23-mm balloon confirmed correct annu-
lar sizing based on pre-interventional 2D TEE. Reproduced with permission from Patsalis et al.36

Procedural access

One of the key aspects of preprocedural planning in TAVR is to choose the optimal access 

route. Potential TAVR access sites are transfemoral (TF), transapical (TA), transaortic (TAo), 

transsubclavian, transaxillary and transcarotid. The predominant approach worldwide is TF, 

since it is the least invasive and the most familiar to interventional cardiologists. According to 

the data from TAVR registries TF approach is chosen in Europe in 71-75%37,38, while in USA in 

56%.39 Suitability of TF approach is predominately evaluated with angiographic assessment 

of the iliofemoral anatomy during coronary angiography. However, MDCT has shown better 

characterization of iliofemoral arteries and aortic size, tortuosity, degree of calcifications and 

plaque burden (Figure 6). Moreover, a detailed vascular anatomy can be clearly visualized with 

3D volume rendered and multiplanar reconstructions. For currently available TAVR delivery 

catheters, a 6-6.5 mm threshold for minimal luminal vessel diameter of the femoral artery is 

considered to be acceptable.40

Figure 4: 3-dimensional transesophageal echocardiography (3D-TEE) in TAVR planning. (A) Automat-
ed analysis of the aortic root (AVQ software, GE, Horten, Norway) allows quick alignment of the orthogo-
nal planes across the aortic annulus (AA) and accurate sizing. (B) Multiplanar 3D reconstruction of the aor-
tic root to measure the distance between the main (LM) coronary artery from the aortic annulus (yellow 
arrows). At the same time the presence of bulky calcified cusps that may obstruct the coronary ostia can 
be appreciated, particularly in the 3D reconstruction.

During the procedure, aortic annulus can be also measured with supraaortic angiography 

during balloon aortic valvuloplasty (Figure 5). Several studies have shown the accuracy of this 

methodology to size the prosthesis.35,36 During the balloon valvuloplasty, the presence of residu-

al PVAR on angiography indicates undersized balloon.36 Other authors have proposed the mea-

surement of the balloon with sterile calipers during inflation at 2 atms and during full volume 

balloon inflation at the level of the valve any additional increase in the intraballoon pressure >2 

atms will indicate that the diameter of the balloon is equal or larger than the aortic annulus.35 
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Figure 6: Assessment of TAVR access with multidetector row computed tomography (MDCT). (A) Se-
verely tortuous iliofemoral arteries visualized with 3D volume rendering. (B) Segment of the right exter-
nal iliac artery (green line) was more closely studied in a multiplanar reconstruction plane outlining high 
atherosclerotic burden with multiple plaques. (C) The cross-sectional lumen of the narrowest part of the 
vessel (blue line) was assessed. The smallest diameter was 5.5 mm (yellow arrow), precluding a safe trans-
femoral approach for the transcatheter aortic valve replacement (TAVR). (D) Severely calcified thoracic 
aorta – porcelain aorta particularly in the anterolateral portion of the ascendant aorta, corresponding to 
the landing zone for transaortic approach (yellow arrow).

Traditionally the TA approach is preferred for patients whose peripheral vasculature is 

not suitable for TF. However, TA is the most invasive technique and it might be contraindicat-

ed in patients with certain comorbidities or high frailty indexes (severe pulmonary disease, 

chest wall deformity, very poor LV function, intracavitary thrombus). Alternatively, TAo has 

gained popularity due the simplicity of the procedure and superior results compared with the 

TA access in terms of survival.41,42 MDCT analysis of the ascending aorta is essential in select-

ing patients for the TAo TAVR. The anterolateral portion of the ascending aorta 5-7 cm above 

the aortic annulus, where the cannulation of the aorta takes place (the so called TAo landing 

zone), should be free of calcium (Figure 6). Bapat et al.43 have shown that the TAo approach 

is feasible in patients with severe aortic calcifications (porcelain aorta) since the TAo landing 

zone is frequently spared. Moreover, MDCT permits the evaluation of the spatial relationships 

between sternum and major vessels in the thorax. This is particularly important in patients 

with previous coronary artery bypass surgery, where a close proximity of the aforementioned 

structures or high proximal venous graft anastomoses affect the preferred TAo access route 

(e.g. opting for mini right thoracotomy instead of mini J sternotomy).42
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Figure 7: Multimodality imaging during transcatheter aortic valve replacement (TAVR). (A) Periproce-
dural 3-dimensional transesophageal echocardiography (3D-TEE) revealed severely calcified tricuspid aortic 
valve (AV). Particularly prominent calcifications were at the level of left- and non-coronary cusps commis-
sure (white arrowheads) and at the level of left- and right-coronary cusps commissure (yellow arrowhead). 
(B) Balloon expandable transcatheter valve deployment, guided by fluoroscopy. (C) Concurrent real-time 
2D-TEE image of the valve deployment. (D) Paravalvular aortic regurgitation (PVAR) visualized with colour 
Doppler biplane echocardiography (yellow arrowheads). PVAR originates at the level of highest annular cal-
cification burden. The circumference of the PVAR is 20% of the prosthesis frame (short axis view on the right 
side), suggesting moderate PVAR according to Valve Academic Research Consortium-2 (VARC-2) criteria.44

IMAGING DURING TRANSCATHETER HEART VALVE IMPLANTATION 

Procedural guidance during TAVR has been traditionally performed under fluoroscopy and 

angiography with the support of TEE (Figure 7).44 This approach is still advocated by the Eu-

ropean Association of Cardiovascular Imaging/American Society of Echocardiography (EACVI/

ASE) recommendations.45 However, current generation of TAVR devices with smaller delivery 

systems have increased the feasibility of TF approach, reduced procedural timings and inva-

siveness (similar to balloon valvuloplasty) questioning the need of general anesthesia. Indeed 

some large European TAVR centers have demonstrated excellent feasibility and safety of a sim-

plified TF approach, performed using monitored anesthesia care (defined as cardiovascular 

and respiratory monitoring of the patient by a qualified anesthesiologist who may or may not 

be administering concomitant sedation46) or local anesthesia only.47-49 

However, TEE, especially the real time 3D TEE, offers an incremental value over fluoro-

scopic and angiographic guidance in TAVR: it supports crossing severely calcified native aortic 

valve, significantly reduces radiation exposure and the use of nephrotoxic iodine contrast50 

and it allows detection of life-threatening complications at an early stage. Aortic annulus rup-

ture, perforation of the myocardium with subsequent pericardial hemorrhage, coronary ostia 

occlusion resulting in myocardial ischemia, aortic perforation or dissection, prosthesis mal-

positioning or dislodgement and valvular or paravalvular leaks are the complications that TEE 

can immediately detect and influence the decision making (Figure 7). 
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need for high expertise, lower image quality in comparison to TEE (especially 3D), possible 

interference with the pacemaker lead and particularly its high cost limit the widespread use 

of ICE in TAVR.

LONG-TERM FOLLOW-UP 

After TAVR, TTE remains the imaging technique of first choice to evaluate the procedural results, 

the durability of the prosthesis and changes in LV dimensions and function. Post-discharge 

clinical, ECG and TTE evaluations at 30 days after TAVR are mandatory.23,44 Further follow-up 

recommendations suggest TTE evaluation at 6 months and 1 year following implantation and 

yearly thereafter.44 The frequency of follow-up evaluations should be increased if there is any 

change in clinical status or worsening of echocardiographic findings. However, as the experience 

with TAVR grows, the frequency of TTE assessment may likely decline towards that of surgical AV 

replacement with proposed annual check-ups 5 years after valve implantation.54 

In terms of durability of the implanted prosthesis, valve position, morphology of the 

prosthetic leaflets and indices of valve stenosis and regurgitation should be evaluated 

with echocardiography. When calculating the effective orifice area (EOA) or another index 

of valve opening that employs the ratio of pre- to post-valvular velocities (e.g. Doppler 

velocity index [DVI]) it is essential to record the pre-valvular velocity (and LVOT CSA) im-

mediately proximal to the stent of the implanted prosthesis. Due to the flow accelera-

tion within the stent, measuring velocities even proximal to the valve cusps results in an 

overestimation of EOA or AVA.23,44,45 Clavel et al.56 reported slightly superior hemodynamic 

performance of transcatheter prostheses compared with the surgical bioprostheses. Fifty 

patients, who underwent TAVR were matched 1:1 for sex, aortic annulus diameter, LVEF, 

body surface area, and body mass index with 2 groups of 50 patients that underwent sur-

gical AV replacement with stented or stentless valve prosthesis. Mean transvalvular gradi-

ents at 6-12 months after the procedure were significantly lower in the TAVR group (10 ± 4 

mm Hg) compared to the surgical AV replacement group with a stented frame prosthesis 

(13 ± 5 mm Hg) and non-significantly different to the surgical AV replacement group with 

a stentless valve (9 ± 4 mm Hg).56 Better hemodynamic results of the transcatheter valves 

were attributed to the thinner stent frameworks. In addition, the 5-year follow-up results 

of the PARTNER trial show stable hemodynamic performance of the transcatheter and 

surgical prostheses without signs of valve degeneration (Figure 8).7 However, Latib et al.57 

Although currently available prostheses have been associated with lower incidence of 

significant aortic regurgitation (AR) after TAVR51,52, this complication remains still of concern 

since it has been associated with poor prognosis7,53. Evaluating the presence and severity of 

AR should include assessment of both central and paravalvular components, with a com-

bined measurement of “total” AR, reflecting the total volume load imposed on the LV. The 

methods used in native valve regurgitation (qualitative assessment of the color flow Dop-

pler, vena contracta, pressure half-time on the continuous-wave Doppler recordings) are 

limited in the setting of paravalvular jets, which are frequently multiple, eccentric and irreg-

ular in shape. Moreover, certain portions of the prosthesis ring and LVOT may be difficult to 

image due to acoustic shadowing. The EACVI/ASE guidelines for evaluation of the prosthetic 

valves propose the proportion of the circumference of the sewing ring, occupied by the jets, 

as an alternative semi-quantitative measure of paravalvular aortic regurgitation (PVAR) se-

verity: <10% of the sewing ring suggests mild, 10–20% moderate and >20% suggests severe 

PVAR.54 The Valve Academic Research Consortium-2 (VARC-2) has slightly modified these 

cut-of values in the TAVR setting; mild, moderate, and severe PAVR are defined by <10%, 10 – 

29% and ≥30% of the circumference of the prosthesis frame, respectively (Figure 7).44 Regur-

gitant volume calculation can be helpful in the TAVR setting as well. The method relies on 

the comparison of stroke volumes across the AV and another non-regurgitant valve (either 

mitral or pulmonary). The former can be obtained by subtracting the LV end-systolic volume 

from the end-diastolic volume or (more commonly) by employing the continuity equation 

and calculating the stroke volume across the AV. The difference between the stroke volume 

across AV and the non-regurgitant valve represents the estimate of total AV regurgitant vol-

ume. Secondary indices, such as diastolic flow reversal in descending aorta, may provide 

additional help in assessing the severity of PVAR after TAVR.

Another alternative periprocedural imaging method is the transnasal TEE.23,45 Smaller 

transnasal probes allow prolonged monitoring without general anesthesia. However, im-

age quality is lower compared with conventional TEE and transnasal probes do not have 

3D capabilities. Some centers have adapted intracardiac echo (ICE) for TAVR guidance.55 

The ICE probe is advanced through the femoral vein into the right atrium, where it brings a 

close-up view of the aortic root. In addition to obviating the need for general anesthesia, ICE 

allows uninterrupted monitoring in TAVR (no fluoroscopic interference) and more feasible 

Doppler-based assessment of pulmonary artery pressures.55 ICE technology is quickly de-

veloping allowing also live 3D imaging (though with a limited 22-90° volume). However, the 
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Figure 8: Prosthesis degeneration 4 years after transcatheter valve replacement (TAVR). (A) Trans-
esophageal echocardiography (TEE) shows focally thickened and calcified prosthesis leaflets (yellow ar-
rowhead). (B) Color Doppler image in the mid-esophageal short-axis view of the aortic valve reveals tur-
bulent antegrade flow in a limited cross-sectional area. (C) Color Doppler of the long-axis view confirms 
high turbulence downstream the prosthesis, implying severe prosthetic valve stenosis. (D) High gradients 
obtained with continuous wave Doppler confirm significant prosthesis stenosis. (E) Color Doppler trans-
gastric view shows severe aortic regurgitation. (F) High density and steep downsloping of the continuous 
wave Doppler recordings of the regurgitant flow confirm severe AR.

showed in a retrospective analysis of 4266 patients who underwent TAVR in 12 different 

centers worldwide an incidence of 0.61% of transcatheter valve thrombosis after a median 

follow-up of 6 years. Of the 26 patients with suspected valve thrombosis, 92% presented 

with raised mean transvalvular gradients >20 mm Hg and 65% had exertional dyspnoea. 

Anticoagulation resulted in a significant decrease of transvalvular gradients in all medi-

cally treated cases.57 However, recent studies using 4-dimensional MDCT have suggested 

that transcatheter valve thrombosis may be more frequent. Leetma et al.58 reported an 

incidence of 4% in a cohort of 140 patients who underwent MDCT 1-3 months after TAVR. 

Transcatheter valve thrombosis was defined by the presence of leaflet thickening (low-at-

tenuation masses attached to valve cusps or a diffuse thickening of ≥1 valve cusps) and 

restriction. Anticoagulation treatment was successful, leading to a complete resolution of 

thrombi on a control MDCT.58 Theses MDCT findings may not be accompanied by changes 

in symptoms or changes in valve hemodynamics as assessed with TTE suggesting that 

MDCT may detect valve thrombosis at an earlier stage. Makkar et al.8 reported reduced bi-

oprosthesis leaflet motion, detected on 4-dimensional volume-rendered CT scans in 40% 

(22 of 55 patients) in the Portico Re-sheathable Transcatheter Aortic Valve System US IDE 

Trial (PORTICO IDE) and in 13% (17 of 132 patients) in two registries of aortic transcatheter 

and surgical bioprostheses in USA and Denmark. Restoration of leaflet motion was noted 

in all 11 patients who started warfarin anticoagulation after the CT findings and only in 1 

of 10 patients who did not.8 Of note, again no echocardiographic indices of valve dysfunc-

tion were noted. These findings indicated the need for prospective, well-designed, and 

adequately powered studies that will provide relevant answers about the clinical signifi-

cance of these findings (both, in terms of neurological outcome and prosthesis durability), 

the optimal antithrombotic treatment after TAVR as well as the imaging approach in the 

long-term follow-up. 
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Table 1: Multimodality imaging techniques in TAVR.
Imaging technique Pre-procedural Peri-procedural Follow-up

Echocardiography 
(TTE/TEE)

•	 AS severity
•	 AV anatomy and degree of 

calcification
•	 Aortic annulus size and root 

anatomy (3D)
•	 Concomitant valvular 

disease
•	 LV function

•	 Guiding catheters
•	 Position and deployment of 

the prosthesis
•	 Valve hemodynamics
•	 Other procedure related 

complications (pericardial 
effusion, myocardial 
ischemia, aortic 
dissection…)

•	 Prosthesis deployment and 
hemodynamics

•	 LV function
•	 Concomitant valvular 

disease
•	 Valve thrombosis, infective 

endocarditis (TEE)

Multidetector 
row Computed 
Tomography 

•	 Aortic annulus size and root 
anatomy 

•	 AV anatomy and degree of 
calcification

•	 Thoracic aorta, including 
calcification burden

•	 Peripheral arteries
•	 LV function
•	 C-arm projections

•	 Deployment of prosthesis
•	 Valve thrombosis 

(subclinical)
•	 Infective endocarditis

Cardiac Magnetic 
Resonance

•	 Aortic annulus size and root 
anatomy 

•	 AV anatomy
•	 LV function
•	 Thoracic aorta
•	 Peripheral arteries

•	 Prosthesis deployment 
and hemodynamics 
(regurgitation volume)

•	 LV function

Fluoroscopy •	 Aortic annulus dimension
•	 Peripheral arteries

•	 Guiding catheters
•	 Position and deployment of 

the prosthesis
•	 Valve hemodynamics
•	 Other procedure related 

complications (aortic 
annulus rupture, coronary 
ostia occlusion, aortic 
dissection…)

Nuclear Imaging •	 SPECT/CT and 18F-FDG 
PET/CT in assessment of 
infective endocarditis

3D = 3-dimensional; 18F-FDG PET = 18F-fluorodeoxyglucose positron emission tomography; AS = aortic stenosis; AV = aortic 
valve; CT = computed tomography; LV = left ventricle; SPECT = single-photon emission computed tomography; TEE = 
transesophageal echocardiography: TTE = transthoracic echocardiography.

CONCLUSIONS

TAVR is an established therapy for patients with symptomatic severe AS and contraindications 

or high risk for surgery. To optimize the results of this therapy, accurate selection of patients, 

planning of the procedure and appropriate surveillance at follow-up are essential. Multi-

modality imaging plays a central role in these steps. The possibilities are numerous and the 

strengths and limitations of each imaging technique, the local expertise and availability are 

important to select the imaging technique to answer the questions arising at each procedur-

al step (Table 1). The learning curve and cumulative evidence show superior accuracy of 3D 

imaging techniques to size the aortic annulus and select the prosthesis and the refinement in 

prosthesis design has led to important changes, reducing the invasiveness of the procedure 

Changes in PAVR grade over time should be also evaluated at follow-up. In addition to 

TTE and TEE, CMR may be employed to assess the severity of PVAR. CMR phase-velocity 

mapping of the blood flow in ascendant aorta allows independent estimation of the AV 

regurgitant volume and regurgitant fraction.59 Sherif et al.60 have shown that quantitative 

measurements of AR by CMR is superior to semi-quantitative echocardiographic assess-

ment with color flow Doppler imaging and that the latter may underestimate the degree of 

PVAR after TAVR.

Another adverse outcome after TAVR is infective endocarditis. Results from a large mul-

ticenter study report 0.50% incidence of infective endocarditis at 1 year after TAVR.61 Howev-

er, the outcome is devastating, with 47% and 66% mortality during the index hospitalization 

and at 1 year follow up, respectively.61 TTE and, particularly with prosthetic valves, TEE are 

the first choice imaging techniques in the diagnostic workup of suspected infective endo-

carditis, helping to reveal the presence of vegetations, abscesses, pseudoaneurysms, their 

hemodynamic consequences (usually severe valvular or paravalvular AR), possible involve-

ment of other valves (e.g. extension to anterior mitral leaflet) and to evaluate LV function. 

Importantly, infective endocarditis should always be suspected in patients with new peri-

prosthetic regurgitation until proven otherwise.62 Real time 3D TEE is of incremental value 

for the analysis of vegetation morphology and size and may lead to a better prediction of 

the embolic risk.63 MDCT can be used to detect abscesses/pseudoaneurysms with a diagnos-

tic accuracy similar to TEE, and is possibly superior in assessing the extent of perivalvular 

infective endocarditis extension.64 In addition, nuclear molecular techniques, particularly 

radiolabeled white blood cell SPECT/CT and 18F-FDG PET/CT imaging, are evolving as import-

ant supplementary methods for patients with suspected infective endocarditis. The main 

added value of these techniques is the reduction in the rate of misdiagnosed infective endo-

carditis, classified in the “Possible infective endocarditis” category using the Duke criteria, 

as well as the detection of peripheral embolic events.65
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INTRODUCTION 

Selection of appropriate transcatheter aortic valve implantation (TAVI) prosthesis size, based on 

accurate measurement of the aortic valve annulus, is crucial to avoid complications.1 Although 

the aortic valve annulus is not an anatomical structure, it is defined as the virtual plane bisecting 

the nadirs of the aortic cusps in their insertion into the aortic wall. Multidetector row computed 

tomography (MDCT) is currently considered the reference standard to measure the aortic valve 

annulus. Three-dimensional (3D) transesophageal echocardiography (TEE) permits the acquisi-

tion of 3D data along the entire cardiac cycle, allowing for accurate measurements of the aortic 

annulus without use of nephrotoxic agents and risk of radiation. However, aortic valve calcifi-

cation (AVC) may impact on the measurement accuracy of 3D TEE. This is an important clinical 

question, since TAVI is steadily increasing in lower operative risk populations and the most ap-

propriate imaging technique should be chosen considering the accuracy and the potential risks. 

The present study compared the new automated 3D TEE software with manual MDCT measure-

ments of the aortic annulus dimensions and assessed the agreement between both methods for 

TAVI prosthesis size selection. In addition, the analysis was stratified based on the AVC burden.

METHODS 

Patient population

This retrospective analysis included patients with severe aortic stenosis who underwent clin-

ically indicated TAVI at Leiden University Medical Center, Leiden, The Netherlands, between 

July 2015 and March 2017. Patients with pre-procedural MDCT data of the aortic valve ac-

quired in systole and 3D TEE data acquired during the procedure with commercially avail-

able ultrasound system (E9 or E95 GE-Vingmed, Horten, Norway) were selected. Patients with 

valve-in-valve procedures were excluded.

Demographic and clinical data were prospectively collected in the departmental electron-

ical clinical files (EPD Vision, Leiden, The Netherlands) and retrospectively analyzed. Baseline 

transthoracic echocardiographic and procedural TEE data were digitally stored and analyzed 

off-line with commercially available software (EchoPAC, version 201, GE-Vingmed, Horten, 

Norway). MDCT data were stored in institutional picture archiving and communication sys-

tems, and were analyzed off-line with commercially available software (Vitrea fX 6.7.4, Vital 

Images, Minnetonka, Minnesota). Aortic valve annulus was defined as the plane bisecting the 

ABSTRACT

Background: Accurate aortic annulus sizing is key for selection of appropriate transcatheter 

aortic valve implantation (TAVI) prosthesis size. The present study compared novel automated 

3-dimensional (3D) transesophageal echocardiography (TEE) software and multidetector row 

computed tomography (MDCT) for aortic annulus sizing and investigated the influence of the 

quantity of aortic valve calcium (AVC) on the selection of TAVI prosthesis size. 

Methods: A total of 83 patients with severe aortic stenosis undergoing TAVI were evaluated 

with MDCT and 3D TEE. Maximal and minimal aortic annulus diameter, perimeter and area 

were measured. AVC was assessed with computed tomography. The low and high AVC burden 

groups were defined according to the median AVC score. 

Results: Overall, 3D TEE measurements slightly underestimated the aortic annulus dimen-

sions as compared to MDCT (mean differences between maximum, minimum diameter, pe-

rimeter and area: -1.7 mm, 0.5 mm, -2.7 mm and -13 mm2, respectively). The agreement be-

tween 3D TEE and MDCT on aortic annulus dimensions was superior among patients with low 

AVC burden (<3025 AU) compared to patients with high AVC burden (≥3025 AU). The inter-ob-

server variability was excellent for both methods. 3D TEE and MDCT lead to same prosthesis 

size selection in 88%, 95% and 81% of patients in the total population, the low and the high 

AVC burden group, respectively. 

Conclusions: The novel automated 3D TEE imaging software allows accurate and highly re-

producible measurements of the aortic annulus dimensions and shows excellent agreement 

with MDCT to determine the TAVI prosthesis size, particularly in patients with low AVC burden.
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3D TEE data acquisition and analysis

Peri-procedural TEE was performed in all patients with commercially available ultrasound 

systems (E9 or E95, GE-Vingmed, Horten, Norway). In addition to the standard 2-dimensional 

TEE views,9 3D datasets of the aortic valve were acquired from mid-esophageal long-axis or 

short-axis views of the aortic valve. Real-time single-beat 3D full volume images with at least 

a frame rate of 12 frames per second were acquired. To avoid shadowing of the anterior part 

of the aortic annulus caused by bulky calcifications of the aortic valve, out of plane images 

of the aortic root were acquired if needed (Figure 2). All images were digitally stored and the 

3D aortic valve datasets were analyzed offline with 4D Automated Aortic Valve Quantification 

(4D Auto AVQ) software (EchoPAC, version 201, GE-Vingmed, Horten, Norway). The 4D Auto 

AVQ allowed automated computation of the mid-systolic dimensions of the aortic annulus 

(maximum and minimum diameter, perimeter and planimetered area) in 3 steps (Figure 3). In 

addition, the eccentricity index was calculated.8 

lowest insertion points of all 3 aortic valve cusps.2,3 The agreement between automated 3D 

TEE software and manual analysis of MDCT data to measure the aortic valve annulus was eval-

uated within the overall population and divided according to the median value of AVC burden. 

For this retrospective analysis of clinically acquired data (which were handled anonymously), 

the institutional review board waived the need for patient’s informed consent.

MDCT data acquisition and analysis

Patients underwent pre-procedural MDCT with the volumetric 320-slice MDCT scanner (Aquil-

ionOne, Toshiba Medical Systems, Tochigi-ken, Japan) as previously described.4,5 Aortic valve 

morphology (tricuspid/bicuspid) was evaluated from double oblique transverse views of the 

aortic valve. On non-contrast calcium scans, the AVC was quantified according to the Agatston 

method,6,7 and the calcium score was expressed in arbitrary units (AU) (Figure 1). The aortic an-

nulus size was measured from the systolic images (30% to 35% of R-R interval) using multiplanar 

reformation planes (Figure 1). Maximum and minimum diameters, perimeter and planimetered 

area of the aortic annulus were measured and eccentricity index was calculated.8 

Figure 1: Multidetector row computed tomography of the aortic root. (A) Aortic valve calcium (AVC) 
burden assessment on non-contrast calcium scan. A series of contiguous transverse slices at the level of 
the aortic root encompassing the aortic valve were analyzed. The AVC score was determined by delineat-
ing the calcium of the aortic valve (yellow line in the bottom image) and expressed in arbitrary units (AU). 
Calcium in the coronary arteries, the mitral valve annulus and the aortic wall were excluded. (B) Multipla-
nar reconstruction of the aortic valve for measurements of the aortic annulus dimensions. Two orthog-
onal planes, bisecting the long axis of the left ventricular outflow tract and the ascending aorta, were 
carefully aligned and a third transverse plane (red line) was moved directly beneath the lowest insertion 
points of all 3 aortic cusps to obtain the double oblique transverse view of the aortic annulus. Maximum 
and minimum diameters, perimeter and aortic annulus area were obtained. The right lower image depicts 
the 3-dimensional volume rendered reconstruction of the aortic root.
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Figure 3: Automated 3-dimensional transesophageal echocardiography analysis of the aortic valve. 
(A) Mid-systolic multiplanar reconstruction of the aortic valve. First, the 2 long-axis orthogonal planes 
through the aortic valve were aligned and the transverse plane was moved to the hinge points of the 
aortic valve cusps. Subsequently, the software automatically delineated the left ventricular outflow tract 
and the aortic root anatomy, allowing for manual adjustments if needed. (B) Once the contouring of the 
aortic root and aortic annulus (AA) had been approved, the 4D Auto AVQ program automatically computed 
AA dimensions: average diameter (diameter calculated based on the perimeter), maximum and minimum 
diameter, perimeter and area of the aortic annulus. Graphical presentation of the cross-sectional area 
along the left ventricular outflow tract and the aortic root is shown below.

Prosthesis size selection

The TAVI prosthesis size was determined according to the sizing charts for the aortic annulus 

dimensions provided by the manufacturers. Edwards SAPIEN 3 prosthesis size was decided 

based on the measurements of the aortic annulus area with the following cut-off values: 338-

430 mm2 for a 23-mm, 430-546 mm2 for a 26-mm, and 540-680 mm2 for a 29-mm TAVI prosthe-

sis size. Similarly, the Medtronic CoreValve Evolut prosthesis size was decided based on mea-

surements of aortic annulus perimeter: 56.5-62.8 mm for a 23-mm, 62.8-72.3 mm for a 26-mm, 

and 72.3-81.7 mm for a 29-mm prosthesis size. Paravalvular leak after valve implantation was 

classified according to the Valve Academic Research Consortium-2 criteria.10

Figure 2: Three-dimensional transesophageal echocardiography acquisition. To avoid shadowing 
over the aortic annulus caused by calcified aortic cusps, two different 3-dimensional (3D) transesoph-
ageal echocardiography datasets of the aortic valve are presented side-to-side with 3D long-axis image 
on the top, 2-dimensional long-axis multiplanar reconstruction image in the middle and a short-axis 
multiplanar reconstruction image at the level of aortic annulus in the bottom. (A) The aortic valve is 
parallel to the ultrasound beam and the calcified aortic wall and aortic cusps cause extensive acoustic 
shadowing over the distal aortic annulus (green arrows), challenging the measurements of the aortic 
annulus dimensions. (B) the 3D aortic valve dataset was acquired with an oblique angle with respect 
to the ultrasound beam. The acoustic shadowing caused by the calcium is projected over the sinuses 
of Valsalva (green arrows), leaving the aortic annulus unaffected and enabling us to measure the aortic 
annulus dimensions accurately.
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Table 1: Demographic, clinical, procedural, echocardiographic, multidetector row computed tomog-
raphy and 3-dimensional transesophageal echocardiography characteristics. 

Total
population

(N=83)

Aortic valve calcium burden

Low
(N=41)

High
(N=42) P-value

Patient characteristics

Age (years) 82 [77-86] 80 [75-85] 82 [79-86] 0.092

Men 39 (47%) 12 (29%) 27 (64%) 0.001

Body surface area (m2) 1.84±0.23 1.81±0.20 1.87±0.25 0.274

Body mass index (kg/m2) 27.0±4.5 27.1±4.5 26.8±4.6 0.805

Bicuspid aortic valve 2 (2%) 1 (2%) 1 (2%) 0.986

Logistic EuroSCORE (%) 13.1 [9.5-20.8] 13.2 [9.4-20.5] 12.6 [9.6-20.9] 0.884

Procedural characteristics

Transcatheter aortic valve implantation access 0.668

Transfemoral 76 (92%) 37 (90%) 39 (93%)

Transapical 7 (8%) 4 (10%) 3 (7%)

Transcatheter aortic valve implantation 
prosthesis

0.364

Edwards SAPIEN 3 68 (82%) 32 (78%) 36 (86%)

Medtronic CoreValve Evolut 15 (18%) 9 (22%) 6 (14%)

More-than-mild paravalvular leak 1 (1%) 0 1 (2%) 1.000

Aortic annulus rupture 1 (1%) 0 1 (2%) 1.000

Echocardiography

Peak transvalvular gradient (mmHg) 70±24 60±19 79±24 <0.001

Mean transvalvular gradient (mmHg) 44±16 38±14 51±16 <0.001

Aortic valve area (cm2) 0.7±0.2 0.8±0.2 0.7±0.2 0.181

Aortic valve area index (cm2/m2) 0.40±0.09 0.42±0.10 0.38±0.08 0.044

Left ventricular stroke volume index (mL/m2) 36±10 34±10 38±10 0.140

Left ventricular ejection fraction (%) 60 [42-71] 62 [43-70] 59 [40-72] 0.672

Multidetector row computed tomography

Aortic valve calcium burden (AU) 3025
[1873-3870]

1873
[1198-2520]

3803
[3512-5176]

Aortic annulus maximum diameter (mm) 27.3±2.9 26.4±3.0 28.0±2.6 0.013

Aortic annulus minimum diameter (mm) 22.1±2.4 21.3±2.0 22.9±2.6 0.003

Aortic annulus perimeter (mm) 78.4±8.3 75.6±7.6 81.2±8.0 0.002

Aortic annulus area (mm2) 470±95 441±86 498±97 0.006

Eccentricity index 0.19 0.19 0.18 0.620

3-dimensional transesophageal echocardiography

Aortic annulus maximum diameter (mm) 25.5±2.6 24.9±2.6 26.2±2.5 0.024

Aortic annulus minimum diameter (mm) 22.6±2.5 22.0±2.5 23.2±2.5 0.027

Aortic annulus perimeter (mm) 75.7±7.7 73.7±7.5 77.7±7.5 0.019

Aortic annulus area (mm2) 458±95 434±90 481±96 0.023

Eccentricity index 0.11 0.11 0.11 0.915

Data are presented as mean ± standard deviation, median [interquartile range] or as number (percentage).
AU = arbitrary units.

Statistical Analysis

Continuous variables are presented as mean ± standard deviation if normally distributed and 

as median and interquartile range otherwise. Categorical variables are shown as frequencies 

and percentages. Patients were divided into 2 groups according to the AVC burden: below and 

above the median value of AVC obtained on MDCT aortic valve calcium scans. Comparisons 

between the low and high AVC burden groups were performed using independent samples 

t-test, Mann-Whitney U test, Pearson Chi-Square test or Fischer’s exact test, as appropriate. 

Fischer’s exact test was used when the expected value of a categorical variable was <5. The 

agreement between 3D TEE and MDCT measurements of the aortic annulus dimensions was 

assessed with Bland and Altman method.11 A single observer analyzed all data and a second 

observer, blinded to the results of the first observer, re-measured the first 35 3D TEE and MDCT 

datasets for assessment of inter-observer variability with intraclass correlation coefficients. 

Excellent agreement was defined as an intraclass correlation coefficient >0.8. The agreement 

between 3D TEE and MDCT to determine the TAVI prosthesis size was assessed with Kappa 

statistics. Excellent agreement was defined by a Kappa >0.8. All statistical analyses were per-

formed using IBM SPSS Statistics 23 (IBM, Armonk, New York) and GraphPad Prism 7 (Graph-

Pad Software, San Diego, California).

RESULTS 

Of 85 patients with MDCT and 3D TEE data eligible for the analysis, 2 patients were excluded 

either due to poor 3D TEE image quality or ECG gating artefacts on MDCT at the level of aor-

tic valve annulus, leaving 83 patients for the final analysis. Demographic, clinical, procedural, 

echocardiographic and MDCT characteristics are presented in Table 1. 
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The effect of AVC burden on 3D TEE and MDCT derived aortic annulus dimensions

The median AVC burden on calcium scans was 3025 AU. Patients were divided into low AVC 

burden (<3025 AU) and high AVC burden (≥3025 AU). Patients with high AVC burden were more 

frequently men, had higher transaortic pressure gradients, smaller indexed aortic valve area 

and larger aortic annulus dimensions compared to patients with low AVC burden (Table 1). 

The AVC burden was not associated with the incidence of significant paravalvular regurgita-

tion or aortic annulus rupture. The agreement between 3D TEE and MDCT for the measure-

ment of the aortic annulus dimensions was superior among patients with low AVC burden as 

compared to patients with high AVC burden (Figure 5).

Figure 5: Agreement between automated 3D TEE software and MDCT for the measurement of the 
aortic annulus dimensions according to the AVC burden. Bland-Altman plots, showing better agree-
ment between automated 3-dimensional (3D) transesophageal echocardiography (TEE) analysis and mul-
tidetector row computed tomography (MDCT) on aortic annulus area (A) and perimeter (B) in patients 
with low aortic valve calcium (AVC) burden, as compared to the patients with high AVC burden.

Agreement between 3D TEE and MDCT to determine the TAVI prosthesis size

In 73 (88%) patients, 3D TEE and MDCT measurements led to the selection of same TAVI pros-

thesis size, resulting in excellent agreement in the overall population (Kappa = 0.820) (Table 

3). When dividing the population according to the AVC burden, the agreement between 3D TEE 

and MDCT was superior in the low AVC burden group (the same prosthesis size would have 

Comparison of 3D TEE and MDCT measurements of the aortic annulus dimensions

In the overall population, 3D TEE slightly underestimated the aortic annulus maximum diameter, 

perimeter and area as compared to MDCT (Table 1, Figure 4). In contrast, 3D TEE yielded slightly 

larger minimum aortic annulus diameter, leading to smaller eccentricity index compared to MDCT 

(0.11 versus 0.19, P<0.001; respectively). There was a very good agreement between 3D TEE and 

MDCT for the measurement of the aortic annulus dimensions (Figure 4). Furthermore, excellent 

inter-observer agreement was observed for each imaging method in the subset of first 35 consec-

utive patients, with MDCT showing only minimally superior reproducibility than 3D TEE (Table 2).

Figure 4: Agreement between automated 3D TEE software and MDCT for the measurement of the aor-
tic annulus dimensions. Bland-Altman plots, showing overall good agreement between 3-dimensional 
(3D) transesophageal echocardiography (TEE) and multidetector row computed tomography (MDCT) on 
aortic annulus dimensions measurements.

Table 2: Inter-observer agreement for automated 3-dimensional transesophageal echocardiography 
analysis and multidetector row computed tomography for the measurement of the aortic annulus di-
mensions (N = 35 paired measurements).

3-dimensional transesophageal 
echocardiography

Multidetector row  
computed tomography

Maximum diameter 0.912 (0.826-0.956) 0.962 (0.925-0.981)

Minimum diameter 0.925 (0.852-0.962) 0.950 (0.901-0.975)

Perimeter 0.963 (0.927-0.981) 0.984 (0.969-0.992)

Area 0.966 (0.934-0.983) 0.984 (0.943-0.994)

The intraclass correlation coefficients and the 95% confidence intervals are presented.
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selection in the majority of the patients. However, the agreement between 3D TEE and MDCT 

on prosthesis size selection was better among patients with low versus high AVC burden. 

Comparison of 3D TEE and MDCT measurements of the aortic annulus dimensions

Several studies have compared the agreement between 3D TEE and MDCT to measure the 

aortic annulus dimensions.12-14 Ng et al.12 demonstrated in 53 patients undergoing TAVI 

that the aortic annulus areas calculated from 3D TEE derived long-axis diameter, as well 

as measured by 3D TEE planimetry, were smaller compared to MDCT (4.06±0.79 cm2 versus 

4.22±0.77 cm2 and 4.65±0.82 cm2, respectively; P<0.001). Vaquerizo et al.13 also showed 

significant underestimation of 3D TEE derived aortic annulus dimensions compared to 

MDCT (mean perimeter: 68.6±5.9 mm versus 75.1±5.7 mm, respectively; P<0.001; mean 

area: 345.6±64.5 mm2 versus 426.9±68.9 mm2, respectively; P<0.001). The methodology 

used to measure the aortic annulus has an important influence on the agreement between 

MDCT and 3D TEE. Khalique et al.14 showed that when the aortic annulus was measured on 

3D TEE data by using an off-label software that permits semiautomated delineation of the 

aortic annulus in the short-axis view, the underestimation of the aortic annulus size was 

less than with the manual tracing (435±81 mm2 for semiautomated 3D TEE post-process-

ing software versus 429±82 mm2 for manual measurements versus 442±79 mm2 for MDCT). 

Moreover, the semiautomated 3D TEE planimetry demonstrated better reproducibility of 

the aortic annulus measurements compared to manual planimetry. Similarly, we found a 

slight underestimation of the aortic annulus dimension using novel dedicated automated 

3D TEE software as compared to MDCT. In addition, MDCT measurements resulted in larger 

aortic annulus eccentricity indexes compared to 3D TEE. Automated 3D TEE software algo-

rithm may have accounted for a more circular shape of the aortic annulus; however, larger 

eccentricity indexes compared to MDCT have also been reported previously with manual 

3D TEE measurements.12,13 

The effect of AVC burden on 3D TEE and MDCT derived aortic annulus dimensions

One of the factors that may influence the accuracy of 3D TEE measurements of the aortic an-

nulus is the AVC burden. Bulky calcification of the aortic valve leaflets and of the aortic root, 

causing acoustic shadowing over distal aortic annulus, pose a major challenge to accurately 

delineate the aortic annulus plane on 3D TEE. This may explain the better agreement between 

3D TEE and MDCT in patients with low compared to high AVC burden in present study. The 

been selected in 95% of patients, Kappa = 0.926) as compared to the high AVC burden group 

(agreement in 81% of patients, Kappa = 0.709). The agreement between 3D TEE and MDCT to 

determine the prosthesis size was not influenced by the eccentricity of the aortic annulus; the 

eccentricity indexes in 73 patients with concordant and 10 patients with discordant prosthesis 

sizing were 0.19 versus 0.16 (P=0.336) by MDCT and 0.12 versus 0.10 (P=0.554) by 3D TEE.

Table 3: Agreement between automated 3-dimensional transesophageal echocardiography analysis 
and multidetector row computed tomography on the selection of transcatheter aortic valve implan-
tation prosthesis size. The agreement is shown for the total population, for the low aortic valve cal-
cium burden group and for the high aortic valve calcium burden group. 

TOTAL POPULATION (N=83)

Prosthesis size according to MDCT (N)

23 mm 26 mm 29 mm

Prosthesis size according to 3D TEE (N)

23 mm 22 7

26 mm 24 2

29 mm 1 27

Inter-rater agreement: Kappa = 0.820

Low aortic valve calcification (N=41)

Prosthesis size according to MDCT (N)

23 mm 26 mm 29 mm

Prosthesis size according to 3D TEE (N)

23 mm 15 2

26 mm 11

29 mm 13

Inter-rater agreement: Kappa = 0.926

High aortic valve calcification (N=42)

Prosthesis size according to MDCT (N)

23 mm 26 mm 29 mm

Prosthesis size according to 3D TEE (N)

23 mm 7 5

26 mm 13 2

29 mm 1 14

Inter-rater agreement: Kappa = 0.709

3D = 3-dimensional; MDCT = multidetector row computed tomography; TEE = transesophageal echocardiography.

DISCUSSION

The present study demonstrates that novel automated 3D TEE imaging software (4D Auto 

AVQ) allows reliable assessment of aortic annulus dimensions in patients with severe aortic 

stenosis undergoing TAVI. Compared to MDCT, 3D TEE measurements slightly underestimat-

ed the aortic annulus dimensions, particularly in patients with high AVC burden. Important-

ly, 3D TEE measurements based on 4D Auto AVQ and MDCT led to the same prosthesis size 
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Study limitations

The study was conducted retrospectively, in a single center. The impact of this automated 

post-processing software of 3D TEE data on annulus sizing, prosthesis selection and paraval-

vular regurgitation rates was not prospectively assessed. No automated MDCT software was 

used, the measurements were performed manually. However, the observers measuring MDCT 

data are highly experienced and have reported good inter- and intra-observer reproducibili-

ty.19 In the view of 3D TEE versus MDCT assessment of aortic annulus dimensions, it needs to 

be emphasized that MDCT allows for simultaneous peripheral arteries anatomy assessment 

and the planning of the C-arm projections needed for aortic valve prosthesis deployment. 

CONCLUSION

Novel automated 3D TEE imaging software (4D Auto AVQ) allows accurate and highly repro-

ducible measurements of aortic annulus dimensions and shows excellent agreement with 

MDCT to determine the TAVI prosthesis size. 3D TEE performs particularly well in patients with 

low AVC burden. In case of contraindications for MDCT, 3D TEE is an excellent alternative for 

preoperative assessment of candidates for TAVI.

deleterious effect of AVC on the definition of the aortic annulus plane can be reduced with 

appropriate 3D TEE data acquisition as indicated in Figure 2. However, it needs to be stressed 

that the terms low and high AVC burden groups identify patients in the upper and lower half of 

the AVC spectrum observed in our population. In fact, both groups of patients had extensively 

calcified aortic valves as the median AVC score to divide them into 2 groups, 3025 AU, was well 

above the suggested cutoff value for severe aortic stenosis proposed by Cueff et al.15 (1651 AU) 

and by Clavel et al.7 (1274 AU in women and 2065 AU in men). The importance of studying the 

impact of AVC on the accuracy of aortic annulus measurements should be viewed from the 

perspective of the anticipated TAVI use in intermediate and eventually low risk patients with 

severe aortic stenosis and in patients with moderate aortic stenosis with concomitant left ven-

tricular systolic dysfunction, where the AVC burden might be lower than in the classical high 

risk aortic stenosis population.16,17 Our results suggest that in these clinical scenarios 3D TEE 

might represent an attractive alternative to MDCT for preoperative TAVI assessment.

Agreement between 3D TEE and MDCT to determine the TAVI prosthesis size

The agreement between 3D TEE and MDCT to determine the TAVI prosthesis size has been 

described before.13,14,18 Vaquerizo et al.13 reported that MDCT and 3D TEE agreed in the pros-

thesis size in only 44% of patients, if the size was determined by aortic annulus perimeter, and 

in 38%, if the size was determined by aortic annulus area. On the other hand, Khalique et al.14 

observed excellent agreement between 3D TEE and MDCT valve sizing protocols (based on the 

aortic annulus area); in 94% of patients both imaging techniques would have recommended 

the same prosthesis size. Husser et al.18 applied the long-axis aortic annulus diameter mea-

surements to determine the TAVI prosthesis size and reported congruent results between 3D 

TEE and MDCT in 77% of patients (N = 57). Similarly, the present study showed excellent agree-

ment between 3D TEE and MDCT, leading to the same prosthesis size selection in 88% of the 

patients. When dividing the population according to the AVC burden, the agreement between 

3D TEE and MDCT further improved in patients with low AVC burden, as the same prosthesis 

size was recommended in 95% of patients, whereas high AVC burden had a negative impact, 

reducing the agreement to 81% of patients. In the majority of patients with high AVC burden 

and prosthesis-size mismatch, 3D TEE measurements suggested smaller prosthesis size com-

pared to MDCT. Future studies are therefore needed to determine whether these patients re-

quire different prosthesis sizing recommendations when assessed with 3D TEE.
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INTRODUCTION 

Valvular heart disease (VHD) is an important public-health problem with an increasing prev-

alence along with ageing of the population.1 Moderate and severe VHD on echocardiography 

affects 2.5% of the population of the United States and increases up to 11.7% in the group of 

patients aged 75 and older.2 The decision to operate in patients with severe VHD is frequently 

complex and relies on an individual risk-benefit analysis. In general, improvement in prog-

nosis compared with natural history of the disease should outweigh the risk of intervention 

and its potential late consequences, particularly prosthesis-related complications. Current 

guidelines recommend to intervene in patients with symptomatic severe VHD and in asymp-

tomatic patients with reduced left ventricular (LV) ejection fraction, LV dilatation, pulmonary 

hypertension, right ventricular dilatation and dysfunction and presence of atrial fibrillation.1,3 

However, most of these adverse consequences of severe VHD are observed in advanced stages 

of the disease and are partially irreversible after intervention, leading to suboptimal long-term 

clinical outcomes.4 Therefore, additional markers that identify early structural and function-

al consequences of severe VHD before irreversible damage of the myocardium occurs would 

help to redefine the optimal timing for intervention.

Chronic pressure and volume overload caused by severe left-sided VHD results in LV re-

modeling. Changes in the extracellular matrix with deposition of collagen I and loss of myofi-

bers at a later stage result in myocardial fibrosis, the hallmark of LV remodeling.5,6 Cardiovas-

cular magnetic resonance (CMR) imaging techniques permit direct and indirect assessment 

of myocardial fibrosis. T1 mapping and late gadolinium enhancement (LGE) permit myocar-

dial tissue characterization and provide measures of direct myocardial fibrosis whereas CMR 

tagging and feature tracking CMR allow for assessment of myocardial deformation (strain), 

a functional parameter that indirectly reflects myocardial fibrosis. In addition, advances in 

molecular CMR imaging provide high-specificity tools for detection of myocardial fibrosis. 

This article provides an overview of current CMR techniques to assess myocardial fibrosis in 

patients with left-sided VHD. 

CMR TECHNIQUES FOR DIRECT ASSESSMENT OF 
MYOCARDIAL FIBROSIS

LV remodeling in response to chronic pressure and volume overload caused by VHD is char-

acterized by progressive increase of the interstitial space with increased collagen volume 

ABSTRACT

The left ventricular (LV) remodeling process associated with significant valvular heart disease 

(VHD) is characterized by an increase of myocardial interstitial space with deposition of colla-

gen and loss of myofibers. These changes occur before LV systolic function deteriorates or the 

patient develops symptoms. Cardiovascular magnetic resonance (CMR) permits assessment 

of reactive fibrosis, with the use of T1 mapping techniques, and replacement fibrosis, with the 

use of late gadolinium contrast enhancement. In addition, functional consequences of these 

structural changes can be evaluated with myocardial tagging and feature tracking CMR, which 

assess the active deformation (strain) of the LV myocardium. Several studies have demonstrat-

ed that CMR techniques may be more sensitive than the conventional measures (LV ejection 

fraction or LV dimensions) to detect these structural and functional changes in patients with 

severe left-sided VHD and have shown that myocardial fibrosis may not be reversible after 

valve surgery. More important, the presence of myocardial fibrosis has been associated with 

lesser improvement in clinical symptoms and recovery of LV systolic function. Whether as-

sessment of myocardial fibrosis may better select the patients with severe left-sided VHD who 

may benefit from surgery in terms of LV function and clinical symptoms improvement, needs 

to be demonstrated in prospective studies. The present review article summarizes the current 

status of CMR techniques to assess myocardial fibrosis and appraises the current evidence 

on the use of these techniques for risk stratification of patients with severe aortic stenosis or 

regurgitation and mitral regurgitation.
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computed, which quantifies the extracellular matrix space. In the absence of amyloid deposition 

or edema, collagen I is the main component of the extracellular matrix space and therefore the 

myocardial ECV fraction is considered a robust marker of myocardial fibrosis.8-10 The added value 

of these metrics over LGE is the ability to quantify the degree of fibrosis and, particularly, to de-

tect diffuse interstitial fibrosis, often associated with early stages of the disease. 

Figure 1: Modified Look-Locker (MOLLI) technique for myocardial T1 mapping. (A) After radiofrequen-
cy inversion pulse, myocardial tissue longitudinal magnetization in a stable magnetic field returns to the 
equilibrium and a series of images are acquired in diastole over several heart beats. The images are sorted 
in order of increasing T1 times and the T1 recovery curve is obtained by plotting respective signal intensi-
ties against T1 time (B). The T1 map is obtained by applying this technique for all pixels in the image (C). 
Reproduced with permission from Taylor et al.7

However, it should be noted that the cut-off values of the T1 mapping-derived metrics to 

define fibrosis cannot be currently established since the values show considerable overlap in 

normal and diseased myocardium.11 Moreover, neither of the techniques is entirely specific to 

myocardial fibrosis; abnormal myocardial ECV fraction can be observed in infiltrative diseases 

(i.e. amyloidosis) and edema, while native T1 values may also be altered in iron deposition and 

diffuse fat infiltration.12 Furthermore, standardization of CMR T1 mapping techniques is neces-

sary to obtain reproducible measurements across different vendors and institutions. 

fraction (reactive fibrosis) and eventually apoptosis of myocardial cells which are replaced 

by firm fibrous tissue (replacement fibrosis or scar). T1 mapping and LGE CMR techniques are 

currently the most frequently used techniques to directly assess myocardial fibrosis (Table 1).

Table 1: Cardiovascular magnetic resonance techniques to assess myocardial fibrosis valvular 
heart disease.

CMR technique Availability
Fibrosis 

specificity Advantages Limitations
Experience 

in VHD

T1 mapping 
(native T1 
and ECV 
quantification)

++ +++

Assessment of diffuse 
fibrosis, early disease 
changes (preclinical 
stages). Quantification of 
the degree of fibrosis.

Multiple methodologies, 
no standardized 
reference values, overlap 
between normal and 
diseased myocardium.

++

Late 
gadolinium 
enhancement

+++ +++
Reference standard 
for assessment of 
replacement fibrosis. 

Focal fibrosis assessment 
only. +++

Molecular 
imaging ± ++++

Improved visualization 
of fibrosis, investigation 
of underlying processes 
(necrosis, apoptosis, 
inflammation, scar 
maturation…).

Experimental technique, 
animal studies only. -

CMR tagging ++ +

Current gold standard  
for myocardial 
deformation assessment, 
high reproducibility of 
the results.

Expertise, additional 
scan sequences, 
time consuming 
post-processing, tag 
fading through cardiac 
cycle (only with some 
techniques), limited 
in assessment of thin 
myocardium. 

++

Feature 
tracking CMR +++ +

Post-processing of SSFP 
cines (no additional scan 
sequences), relatively  
fast post-processing,  
high feasibility.

Susceptible to through-
plane motion artifacts, 
limited inter-vendor 
agreement.

+

CMR = cardiovascular magnetic resonance; ECV = extracellular volume; SSFP = steady state free precession; VHD = valvu-
lar heart disease.

CMR T1 mapping

The longitudinal magnetization relaxation time of the myocardium, so-called T1 time, is highly 

sensitive to processes that increase the interstitial space and can be quantified with various tech-

niques.7 One of the most commonly used in clinical practice is the modified Look-Locker pulse 

sequence where multiple single-shot images are acquired intermittently in diastole during 9-17 

cardiac cycles and the inversion recovery curves are generated (Figure 1, panels A and B). The T1 

time can be obtained for any myocardial segment and T1 maps can be generated by determining 

the T1 time at each pixel location (Figure 1, panel C). Three T1 mapping-derived metrics have 

been proposed as markers of increased myocardial fibrosis: the native T1 time, the post-con-

trast T1 time and the myocardial extracellular volume (ECV). With the increase of interstitial fi-

brosis, the native T1 values (without the use of gadolinium contrast) become longer whereas 

the post-contrast T1 values become shorter. By combining them, myocardial ECV fraction can be 
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myocardial infarction.20,21 Furthermore, an elastin/tropoelastin-targeting contrast agent has 

provided interesting insights into the pathophysiology of remote myocardium extracellular 

matrix remodeling in a mice model of acute myocardial infarction.22 Several other molecular 

probes have been synthesized to study individual processes involved in fibrosis formation, 

like necrosis, apoptosis, inflammation and scar maturation.23 Further efficacy and safety stud-

ies are needed before clinical implementation. However, the current evidence is promising for 

future improvements in fibrosis detection and monitoring of molecular processes associated 

with myocardial remodeling.

CMR TECHNIQUES FOR INDIRECT ASSESSMENT OF 
MYOCARDIAL FIBROSIS

The functional consequences of myocardial fibrosis such as increased LV stiffness, impaired LV 

diastolic and systolic function, can be evaluated with CMR tagging and feature tracking CMR (Ta-

ble 1). These techniques evaluate the active deformation (strain) of the myocardium in 3 orthog-

onal directions: radial, circumferential and longitudinal. In patients with VHD, the measurement 

of LV ejection fraction, which merely reflects the change in LV volumes between systole and dias-

tole, may be misleading. For example, in patients with mitral regurgitation, LV ejection fraction 

may be preserved for long time since the LV is emptying in a low-pressure chamber (left atrium) 

while myocardial longitudinal strain may be impaired.24 In patients with severe aortic stenosis, 

the LV hypertrophy, developed in response to the pressure overload, reduces the wall stress and 

maintains the LV ejection fraction. However, myocardial longitudinal strain may be impaired.25 

CMR tagging and feature tracking CMR track distinctive features of the myocardium throughout 

the cardiac cycle and calculate mechanical indices, such as strain, strain-rate, twist and torsion. 

CMR tagging

This method is based on alteration of the myocardial tissue magnetization to create trackable 

markers within the myocardium which are visualized as dark lines in the form of a grid pattern. 

This allows immediate visual assessment of myocardial deformation, but for a more objective 

approach and quantification additional post-processing is employed. Recent developments 

in pulse sequences and image processing have resulted in a plethora of new tagging tech-

niques.26 The main advantage of CMR tagging over feature tracking CMR is that the imposed 

tags are more clearly defined and easier tracked than the natural features and are not subject-

Late gadolinium contrast-enhanced CMR

LGE CMR is considered the reference standard to quantify myocardial replacement fibrosis and 

scar. The increased extracellular space and decreased capillary density of the fibrous tissue re-

sult in increased volume of distribution and prolonged wash-out of gadolinium in comparison 

to the normal myocardium.13 Ten to 20 minutes after intravenous administration of gadolinium, 

inversion recovery images are acquired in mid to late diastole. The inversion time is chosen to 

null the normal myocardium and provide the best tissue contrast between fibrous tissue, which 

appears bright, and normal myocardium, which appears black. Distinct patterns of LGE have 

been described in various cardiac diseases and associated with adverse prognosis (Figure 2).14-19 

Figure 2: Patterns of late gadolinium enhancement (LGE). (A) No LGE, no focal replacement fibrosis. 
(B-E) Different patterns of non-infarct myocardial fibrosis: (B) diffuse patchy LGE of the anterior and 
lateral wall (arrows); (C) focal nodular LGE of the inferior wall (arrow); (D) focal LGE of the anterior and 
inferior right ventricular insertion points (arrow) and (E) linear midwall septal LGE with additional foci 
at the right ventricular insertion points (arrows). (F) Typical infarct-type subendocardial LGE distribu-
tion is shown (arrows).

Molecular magnetic resonance imaging 

Molecular magnetic resonance imaging with the use of collagen-specific contrast agents is 

a new experimental method for the assessment of myocardial fibrosis. These novel contrast 

agents have shown to improve visualization of scar and perfusion defects in animal models of 
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CMR LEFT VENTRICULAR MYOCARDIAL FIBROSIS ASSESSMENT 
IN VHD: CLINICAL EVIDENCE 

Accumulating evidence on the deleterious impact of LV myocardial fibrosis on clinical out-

comes after surgical treatment of left-sided VHD has raised interest on tissue characteriza-

tion and LV strain with CMR techniques.19,32-36 This evidence is summarized for aortic stenosis 

(AS) and regurgitation (AR) and for mitral regurgitation (MR) in the following sections. 

Aortic stenosis

The pressure overload caused by AS increases LV wall stress and as a consequence the myo-

cardium responds with myocyte hypertrophy to maintain LV systolic function. This myocardial 

hypertrophy is characterized by an increased muscle fiber diameter with parallel addition of 

new myofibrils.37 Furthermore, there is an increase of interstitial fibrosis and myocyte apop-

tosis, partially as a consequence of oxygen supply-demand mismatch and myocardial isch-

emia.37-39 At a late stage in the natural history of severe AS, the LV myocardium is characterized 

by large areas of myocyte loss and replacement fibrosis causing LV systolic dysfunction and 

associated with poor prognosis.38 

The early changes in the interstitial space with increased deposition of collagen I can 

be assessed with CMR T1 mapping (Table 2).8,34,40-46 Several studies have validated LV native 

T1 values and myocardial ECV fraction against histology in patients with AS undergoing 

aortic valve replacement.8,34,40,41 In 109 patients with moderate and severe AS, Bull and col-

leagues40 showed that LV native T1 values were significantly higher among patients with 

symptomatic severe AS compared with moderate and asymptomatic severe AS (1014±38 

ms vs. 955±30 ms and 972±33 ms, respectively; P<0.05) (Figure 4). A significant correlation 

was observed between native T1 values and collagen volume fraction assessed on myo-

cardial biopsies (R=0.65, P=0.002). Similarly, Flett and coworkers8 validated the measure-

ment of myocardial ECV fraction in 18 patients with severe AS. ECV strongly correlated 

with the histological collagen volume fraction (R2=0.86; P<0.001). Although still not im-

plemented in routine clinical practice, the measurement of myocardial ECV in patients 

with AS has important clinical implications.34,43-46 Increased ECV has been associated with 

symptoms, worse LV systolic and diastolic function, higher levels of cardiac troponin T 

and ECG strain.34,43-46 Recently, Chin et al.34 reported the prognostic implications of myo-

cardial ECV fraction corrected for LV end-diastolic myocardial volume normalized to the 

ed to through plane displacements, thereby providing more reproducible measurements.27 

The main shortcomings of this technique are the need for additional, elaborate scan sequenc-

es with limited accuracy when applied to thin myocardium (such as the remodeled, thinned-

wall LV, the right ventricle and the atria) and the time-consuming post-processing.

Feature tracking CMR

Feature tracking CMR is based on post-processing of standard steady state free precession 

cine images, similar to echocardiographic speckle tracking. Feature tracking CMR algorithms 

focus on the endo- and epicardial borders and detect the in- and outward motion of the cavi-

ty-tissue interface.27,28 Global and segmental LV longitudinal, circumferential and radial strain, 

strain-rates, and LV rotational mechanics can be derived from standard long- and short-axis 

views (Figure 3). Global rather than segmental strain values appear the most reproducible.29-31 

Additional methodology standardization is an important prerequisite for wider dissemination 

of this technique in clinical practice. 

Figure 3: Feature tracking cardiovascular magnetic resonance (CMR) in a patient with severe aortic 
stenosis. (A) Long-axis (top) and a mid-cavity short-axis (bottom) end-diastolic steady state free preces-
sion images. Left ventricular endo- and epicardium are contoured (red and green lines) and the anterior 
right ventricular insertion point is marked in short-axis (blue dot). (B) Fully automated feature tracking 
analysis is performed by tracking distinctive features along the outlined myocardium borders. (C) The 
derived time-strain curves show a wide variation in segmental longitudinal strain (top) and normal global 
peak circumferential strain (bottom). The purple-colored curve corresponds to the anteroseptal segment. 
(D) The 16-segment bullseye plots for longitudinal (top) and circumferential (bottom) left ventricular 
strain, showing impaired myocardial deformation of the basal interventricular septum. (Feature tracking 
analysis was performed with cvi42 v5.3, Circle Cardiovascular Imaging, Calgary, Canada)
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Schneeweis  
et al.51,  
Singh et al.52

30, 18 AS CMR tagging, 
feature 

tracking CMR

Reasonable agreement between both techniques, but 
feature tracking CMR yielded higher strain values than 
CMR tagging.

Mahmod et al.53 39 AS CMR tagging Patients with AS had impaired LV strain compared to 
controls. 

Al Musa et al.54 42 AS CMR tagging, 
feature 

tracking CMR

Longitudinal strain rate was impaired in symptomatic 
vs asymptomatic patients with severe AS and preserved 
LVEF (−83.4±24.8 %/s and −106.3±43.3 %/s, respectively; 
P=0.048).

Musa et al.36 98 AS CMR tagging Impaired mid-LV circumferential strain was associated 
with all-cause mortality after aortic valve replacement 
(HR: 1.03; 95% CI: 1.01–1.05; P=0.009).

Meyer et al.55 44 AS Feature 
tracking CMR

Peak systolic LV strain of the apical segments was 
significantly impaired in transapical versus transfemoral 
transcatheter aortic valve replacement.

Sparrow et al.56 8 AR T1 mapping Post-contrast T1 values in abnormally contracting 
segments were prolonged compared to controls (532 vs 
501 ms, respectively; P=0.002).

de Meester de 
Ravenstein et al.57

9 AR ECV ECV measured on 3T CMR was strongly correlated with 
the extent of interstitial fibrosis on histology in patients 
with severe AR (r=0.79, P=0.011).

Pomerantz et al.58 14 AR Myocardial 
tagging

Global longitudinal and circumferential strain were 
decreased 2 years after aortic valve replacement, despite 
an improvement in LVEF and LV size.

Ungacta et al.59 8 AR Myocardial 
tagging

Posterior wall circumferential strain was decreased 6 
months after surgery.

Edwards et al.60 35 MR ECV, native 
T1 mapping, 

LGE

Patients with moderate to severe primary MR had higher 
ECV compared to controls (0.32±0.07 vs. 0.25±0.02, 
respectively; P<0.01). 

Han et al.61 25 MR LGE LGE of the papillary muscles was present in 63% of 
patients with MV prolapse.

Chaikriangkrai 
et al.35

48 MR LGE The presence of LV LGE in chronic severe MR was 
associated with worse clinical outcomes (HR: 4.8; 95% CI: 
1.1 to 20.7; P=0.037).

Maniar et al.62 15 MR CMR tagging Patients with chronic moderate and severe MR and 
preserved LVEF had impaired septal LV strain values 
compared to normal controls.

Mankad et al.63 7 MR CMR tagging Patients with severe MR and preserved LVEF had reduced 
circumferential strain compared to controls (12±6% vs. 
21±6%, respectively; p≤0.001).

Ahmed et al.64, 
Schiros et al.65, 
Ahmed et al.66

27, 35, 
22

MR CMR tagging Global longitudinal and circumferential strain parameters 
were decreased after MV repair.

AS = aortic stenosis; AR = aortic regurgitation; CMR = cardiovascular magnetic resonance; ECV = extracellular volume; HR 
= hazard ratio; ICU = intensive care unit; iECV = indexed extracellular volume; LGE = late gadolinium enhancement; LV = 
left ventricle; LVEF = left ventricular ejection fraction; MR = mitral regurgitation.

body surface area (iECV) in 166 patients with mild to severe AS. Patients with increased 

myocardial iECV (≥22.5 ml/m2) but without LGE (replacement fibrosis) showed significant-

ly higher all-cause mortality and AS-related mortality rates (36 per 1000 patients-year for 

both) as compared to the patients with normal myocardium (iECV <22.5 ml/m2, 8 and 0 

deaths/1000 patient-years) (Figure 5). 

Table 2: CMR studies to detect myocardial fibrosis in valvular heart disease.

Study
No. of 

patients
Valve 

Disease
CMR 

technique Main findings

Bull et al.40 109 AS native T1 
mapping

Native T1 values increased along with hemodynamic 
severity of AS and correlated with the degree of biopsy-
quantified fibrosis (R=0.65; P=0.002; N=23).

Lee et al.41 80 AS native T1 
mapping

Native T1 values at 3T CMR were significantly longer 
in asymptomatic patients with moderate to severe AS 
compared to normal controls.

Flett et al.8 18 AS ECV ECV correlated strongly with collagen volume fraction on 
histology (R2=0.86; P<0.001).

Dusenbery et al.44 35 AS ECV ECV was significantly higher in patients with congenital 
AS than in normal subjects.

Flett et al.43 66 AS ECV Patients with severe AS had higher ECV than normal 
controls.

Chin et al.34 166 AS iECV, LGE Increased iECV was associated with increased all-cause 
mortality compared to patients with normal iECV (36 vs. 8 
deaths/1000 patient-years, respectively).

Chin et al.45 122 AS ECV, LGE ECV and percent of midwall replacement fibrosis (LGE) 
were associated with increased high-sensitivity cardiac 
troponin I levels.

Shah et al.46 102 AS ECV, LGE LGE and ECV were associated with ECG strain in patients 
with mild to severe AS.

Debl et al.47 22 AS LGE LGE was associated with severe LV hypertrophy.

Rudolph et al.48 21 AS LGE LGE was associated with increased LV mass index and LV 
end-diastolic volume index. LGE was not associated with 
the severity of AS.

Dweck et al.19 143 AS LGE Midwall fibrosis on LGE CMR was associated with higher 
mortality than infarct-type LGE (HR: 8.59; 95% CI: 1.97-
37.38; P=0.004 and HR: 6.46; 95% CI: 1.39-30.00; P=0.017, 
respectively). 

Barone-Rochette 
et al.32

154 AS LGE LGE was an independent predictor of all-cause and 
cardiovascular mortality in patients with severe AS 
undergoing surgical valve replacement (HR for all-cause 
mortality: 2.8; 95% CI: 1.3-6.9; P=0.025). 

Weidemann  
et al.49

58 AS LGE The extent of LGE in patients with symptomatic severe AS 
undergoing aortic valve surgery correlated with biopsy-
quantified myocardial fibrosis and remained unchanged 
at 9 months after surgery.

Azevedo et al.33 54 AS + AR LGE LGE correlated with the extent of fibrosis on histology 
(r=0.69, P<0.001) and demonstrated significant inverse 
correlation with the LVEF improvement after surgery 
(r=-0.47, P=0.02).
LGE was associated with worse long-term survival (chi-
square=5.85; P=0.02).

Singh et al.50 174 AS LGE Patients with asymptomatic moderate and severe AS who 
presented with valve related complications during follow-
up showed comparable extent of LGE than patients who 
remained asymptomatic.
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LGE, myocardial replacement fibrosis, is detected in 19-62% of patients with severe 

AS.19,32,47,48 Two forms of LGE can be observed: the ischemic and the non-ischemic pattern. The 

ischemic pattern is characterized by subendocardial LGE along specific coronary artery terri-

tories whereas in the non-ischemic pattern the distribution of LGE can be diffuse, (multi)focal 

or linear, confined or patchy, and is predominantly located in the midwall myocardial layer 

and does not correspond to a specific coronary artery territory (Figure 2).19,32,47,48 The presence 

and the extent of LGE have been associated with increased LV mass, worse LV ejection frac-

tion, the presence of symptoms, markers of myocardial injury such NT-pro-brain natriuretic 

peptide and high-sensitivity cardiac troponins and ECG strain (Table 2).19,32,45,46,48,49 However, 

LGE was not significantly associated with transaortic gradients or the aortic valve area, com-

mon indices of AS severity,19,32,48 suggesting that there is different individual susceptibility to 

develop LV hypertrophy and myocardial fibrosis, likely influenced by multiple factors such as 

advanced age, male sex, obesity and certain genetic variants.67 

In addition, LGE is an important prognostic marker in patients with AS.19,32,33 In 143 patients 

with moderate and severe AS who were followed for 2.0±1.4 years, the presence of LGE was 

associated with an increase in all-cause and cardiac mortality (every 1% increase in LGE mass 

was associated with 5% increased risk of all-cause mortality; P=0.005).19 When dividing the 

population according to the pattern of LGE, patients with midwall fibrosis (N=54) had higher 

mortality than patients with infarct-type LGE (N=40) (HR: 8.59; 95% CI: 1.97-37.38; P=0.004 and 

HR: 6.46; 95% CI: 1.39-30.00; P=0.017, respectively). Furthermore, in 154 patients with severe 

AS undergoing surgical aortic valve replacement, the presence of LGE was an independent 

predictor of all-cause and cardiovascular mortality (HR for all-cause mortality: 2.8; 95% CI: 1.3-

6.9; P=0.025).32 Importantly, after aortic valve replacement, LGE does not completely regress 

and has been associated with incomplete LV functional recovery, worse New York Heart Asso-

ciation functional class and worse survival (Figure 6).32,33,49 However, detection of LV myocardi-

al fibrosis in patients with asymptomatic moderate and severe AS seems insufficient to iden-

tify the patients who will present valve related complications. In the PRIMID AS (PRognostic 

Importance of MIcrovascular Dysfunction in Aortic Stenosis) study, including 174 patients with 

asymptomatic moderate to severe AS, the group of patients who presented with cardiovas-

cular death, major adverse cardiovascular events and development of typical AS symptoms, 

necessitating referral for aortic valve replacement, showed comparable extent of LGE than pa-

tients who remained asymptomatic or free of valve related complications during follow-up.50

Figure 4: Native T1 mapping in aortic stenosis. (A) Color maps of T1 values of mid-ventricular short-axis 
slices (top row) and corresponding LGE images (bottom row) of normal controls and patients with moderate 
and severe AS. The left column shows a normal volunteer (T1=944 ms), the middle column a patient with 
moderate AS and moderate left ventricular hypertrophy (T1=951 ms) and the right column shows a patient 
with severe AS with severe left ventricular hypertrophy (T1=1020 ms). (B) Whisker-plots of myocardial T1 
values of normal controls and of patients with moderate AS, asymptomatic severe AS and symptomatic se-
vere AS. The between-group comparisons with the corresponding P-values are also presented. Adapted with 
permission from Bull et al.40 AS = aortic stenosis; LGE = late gadolinium enhancement; ns = non-significant. 

Figure 5: Prognostic implications of interstitial and replacement fibrosis in aortic stenosis. (A) Pa-
tients with mild to severe aortic stenosis were categorized into 3 groups based upon cardiovascular mag-
netic resonance assessments of myocardial fibrosis: normal myocardium (indexed extracellular volume 
[iECV] <22.5 ml/m2, no late gadolinium enhancement [LGE]), diffuse myocardial fibrosis (iECV ≥22.5 ml/m2, 
no LGE) and replacement fibrosis (presence of midwall LGE). There was a stepwise increase in: (B) sever-
ity of valve narrowing; (C) degree of left ventricular (LV) hypertrophy; (D) myocardial injury, assessed by 
high-sensitivity troponin I concentration (hsTni); (E) LV diastolic dysfunction; and (F) all-cause-mortality 
with increased diffuse myocardial fibrosis and replacement fibrosis. Adapted with permission from Chin 
et al.34
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%/s in moderate and severely symptomatic patients; P=0.048). The association between LV 

myocardial strain and outcomes after surgical or transcatheter treatment was demonstrated 

in two studies.53 36 Mahmod and coworkers53 showed that global LV circumferential, but not 

longitudinal strain measured on CMR significantly improved at 8 months after aortic valve re-

placement. Similarly, LV circumferential strain by CMR tagging was significantly associated 

with all-cause mortality in 98 severe AS patients undergoing surgical and transcatheter aortic 

valve replacement (HR per each 1% deterioration of circumferential strain: 1.03; 95% CI: 1.01–

1.05; P=0.009).36 Furthermore, the effect of procedural access (transfemoral vs. transapical) on 

LV mechanics was studied with CMR feature tracking in 44 patients undergoing transcatheter 

aortic valve replacement.55 The transapical approach was associated with impaired peak sys-

tolic longitudinal strain of the apical segments as compared to the transfemoral approach 

(-8.9±5.3 vs. -16.9±4.3%, respectively; P<0.001), while there were no differences in LV ejection 

fraction and peak systolic longitudinal strain of the basal and midventricular segments be-

tween both approaches (Figure 7). 
Figure 6: Prognostic implications of late gadolinium enhancement (LGE) cardiovascular magnetic 
resonance (CMR) in patients with severe aortic stenosis and aortic regurgitation after aortic valve 
replacement surgery. Linear regression graphs illustrate the inverse relationship between the degree of 
left ventricular ejection fraction improvement and the amount of myocardial fibrosis by histopathology 
(A) and by LGE CMR (B). The Kaplan-Meier graphs demonstrate significantly worse survival after aortic 
valve replacement in patients with larger myocardial fibrosis assessed by histopathology (C) or LGE (D). 
Reproduced with permission from Azevedo et al.33 ce-MRI = contrast-enhanced magnetic resonance imag-
ing; EF = ejection fraction; MF = myocardial fibrosis. 

Interstitial and replacement myocardial fibrosis lead to impaired LV myocardial deforma-

tion which can be detected with strain imaging. Myocardial tagging and feature tracking CMR 

demonstrated that global as well as regional LV strains were significantly correlated with LGE 

extent in patients with hypertrophic cardiomyopathy, who exhibit a similar pattern of midwall 

fibrosis to patients with AS: global and regional LV strain values impair as LGE increases.68,69 

Head-to-head comparisons between tagged and feature tracking CMR in moderate to severe 

AS have shown reasonable agreement for LV strain measurement, albeit feature tracking pro-

vided systematically higher values than CMR tagging.51,52 The correlation between CMR LV cir-

cumferential and longitudinal strain and strain rate and symptomatic status of patients with 

severe AS and preserved LV ejection fraction was demonstrated by Al Musa et al.54 LV longitu-

dinal strain rate was the most sensitive parameter to discriminate between asymptomatic vs. 

symptomatic patients (−106.3±43.3 %/s in patients with “no/mild” symptoms vs. −83.4±24.8 
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Aortic regurgitation

In aortic regurgitation (AR), pressure and volume overload induce growth of cardiomyocytes 

with addition of new sarcomeres in series and interstitial fibrosis, characterized by increased 

fibronectin and non-collagen components.70 Several clinical studies have histologically prov-

en pronounced myocardial fibrosis in severe AR at the time of valve surgery.37,71,72 A few studies 

have also evaluated myocardial fibrosis with CMR.33,56,57 Sparrow et al.56 compared myocardi-

al T1 values measured with a modified Look-Locker technique before and after gadolinium 

contrast in 8 patients with severe AR and 15 normal controls. Patients with AR had signifi-

cantly prolonged post-contrast T1 values in abnormally contracting segments compared to 

the controls (532 vs. 501 ms, respectively; P=0.002), suggesting increased interstitial fibrosis. 

Furthermore, in 9 patients with severe AR who underwent surgical aortic valve replacement, 

ECV measured on 3T CMR was strongly correlated with the extent of interstitial fibrosis on 

histology (r=0.79, P=0.011).57 Replacement fibrosis has been also described in 26 patients with 

severe AR by Azevedo and colleagues.33 The authors reported a 69% prevalence of LGE, most-

ly following a multifocal pattern. The correlation between myocardial replacement fibrosis 

assessed with LGE and histopathology was good (r=0.70, P<0.001). Moreover, in a combined 

cohort of 26 patients with severe AR and 28 patients with severe AS, the amount of myocardial 

fibrosis was inversely correlated with LV functional improvement (r=-0.47; P=0.02) and was 

associated with worse long-term survival after aortic valve replacement surgery (chi-square = 

5.85; P=0.02) (Figure 6).33 Furthermore, in 14 patients with chronic severe AR, myocardial CMR 

tagging showed an impairment in global longitudinal and circumferential strain at 2 years af-

ter aortic valve replacement (P<0.03 for both), despite an improvement in LV ejection fraction 

and a decrease in LV size (Figure 8).58 Similarly, Ungacta et al.59 showed a decrease in poste-

rior wall circumferential strain in patients with AR 6 months after valve replacement. These 

findings suggest that the presence of LV myocardial fibrosis in patients with AR is a marker 

of adverse remodeling that may lead to further deterioration in LV strain and poor prognosis 

after aortic valve surgery. 

Figure 7: The impact of transcatheter aortic valve implantation on the left ventricular (LV) mechan-
ics, assessed with feature tracking cardiovascular magnetic resonance (CMR). (A) Systolic CMR cine 
frames derived from four- (top row), three- (middle row), and two-chamber (bottom row) LV views of a 
patient before and after transfemoral (TF) access (left two columns) as well as from a patient before and 
after transapical (TA) access (right two columns). The green arrows represent velocity vectors illustrat-
ing systolic inward motion. The TA transcatheter aortic valve implantation (TAVI) patient shows reduced 
systolic deformation of the apical LV segments 3 months after the procedure. (B) Average peak systolic 
radial strain values of 49 analyzed segments obtained from all TF-TAVI patients (blue line) and all TA-TAVI 
patients (red line). The apical segments are displayed in the middle, while the basal segments are dis-
played on the left and on the right side of the graph. There is a reduction in peak radial strain of the apical 
segments after TA-TAVI. Adapted with permission from Meyer et al.55
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to MR patients without LGE (0.35±0.02 vs 0.27±0.03, P<0.01). The ECV values correlated with 

LV end-systolic volume, measures of systolic and diastolic LV dysfunction as well as with peak 

oxygen consumption on treadmill testing. The distribution of LGE in patients with MR varies 

significantly. Han et al.61 demonstrated the presence of LGE of the papillary muscles in 63% of 

patients with MV prolapse, whereas Chaikriangkrai and coworkers35 observed LV replacement 

fibrosis in 40% of patients with chronic severe MR. The presence of LV LGE was associated with 

worse clinical outcomes in terms of intensive care unit readmission, incidence of permanent 

pacemaker implantation and rehospitalization (HR: 4.775; 95% CI: 1.100 to 20.729; P=0.037).35 

Figure 9: Cardiovascular magnetic resonance (CMR) myocardial fibrosis assessment in primary de-
generative mitral regurgitation (MR). (A) Late gadolinium enhanced CMR images (top) and native T1 
maps (bottom) in patients with MR. The arrows indicate the presence of midwall replacement fibrosis in 
the inferolateral wall. The native T1 values were increased in corresponding areas (#=1045 ms and *=1102 
ms). (B) Left ventricular fibrosis demonstrated on histology: replacement fibrosis can be well-delineated 
(upper plot) or patchy (lower plot). (C) Individual patient data presented in the scatter plot demonstrate a 
wide overlap of the extracellular volume (ECV) values in patients with MR and controls. However, the mean 
and the standard error of the mean (error bars) were significantly larger in patients with MR as compared 
to the controls. Adapted with permission from Edwards et al.60

These structural changes of the LV myocardium may be associated with subtle functional ab-

normalities. In 15 patients with chronic moderate and severe MR and preserved LV ejection frac-

tion who underwent CMR with tissue tagging, Maniar et al.62 demonstrated preserved global lon-

gitudinal and circumferential strain but abnormal regional strain values: the septal LV segments 

exhibited impaired strain whereas the lateral segments showed compensatory hyper-contrac-

tility. Similarly, Mankad et al.63 showed with CMR tagging abnormal regional strain patterns in 

patients with severe MR and preserved LV ejection fraction: while radial strain was increased 

(19±9% vs. 16±6%, P=0.003), circumferential strain was reduced (12±6% vs. 21±6%, p≤0.001) as 

compared to healthy controls. Several authors have demonstrated a decrease in global longitu-

dinal and circumferential strain parameters on CMR tagging in patients with severe degenerative 

MR after mitral valve repair, which might imply an ongoing myocardial fibrosis after surgery.64-66 

Figure 8: CMR tagging in patients with chronic severe aortic regurgitation. Left ventricular (LV) 
long-axis (top row) and short-axis (bottom row) cardiovascular magnetic resonance (CMR) tagging images 
at end-diastole (A) and at end-systole (B). A tagging pattern in the form of parallel lines was used for the 
long-axis cines and a grid pattern for the short-axis cines. Dedicated software was employed for the myo-
cardial deformation analysis. (C) At an average of 28±11 months after aortic valve replacement global and 
regional LV longitudinal and circumferential strain decreased (P<0.05 for both global strain values) despite 
an improvement in LV ejection fraction and a decrease in LV size, which might imply an ongoing myocar-
dial fibrosis after valve surgery. Adapted with permission from Pomerantz et al.58 AI = aortic insufficiency; 
Ant = anterior; Lat = lateral; Post = posterior; preop = preoperative; postop = postoperative; Sept = septal.

Mitral regurgitation

Mitral regurgitation (MR) is a heterogeneous disease, broadly classified as organic (primary) 

or functional (secondary) based on the underlying mechanism. Organic MR is due to intrin-

sic valvular disease whereas functional MR is caused by regional and/or global LV remodeling 

without structural abnormalities of the mitral valve.73 Degenerative mitral valve disease (myx-

omatous disease and fibroelastic deficiency) is the most frequent etiology of primary MR in 

developed countries. The indication for mitral valve repair/replacement is determined by the 

presence of symptoms or LV function deterioration and LV remodeling.1,3 However, LV remod-

eling and myocardial fibrosis may occur before the development of symptoms. Chronic LV vol-

ume overload associated with MR leads to myocardial hypertrophy and increased interstitial 

fibrosis.74 In 35 asymptomatic patients with moderate to severe primary MR, Edwards and col-

leagues60 demonstrated higher ECV on CMR as compared to controls (0.32±0.07 vs. 0.25±0.02, 

P<0.01) (Figure 9). Furthermore, 31% of patients with MR exhibited a non-infarct LGE pattern 

on CMR. Patients who had non-infarct type LGE presented with higher ECV values compared 
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FUTURE PERSPECTIVES

Tissue characterization and strain imaging with CMR have provided new insights into the 

pathophysiology of VHD. Current guidelines recommend valve surgery in severe symptomatic 

VHD or when LV function decreases.1,3 However, early detection of LV structural and functional 

changes may help to identify patients who may benefit from early surgery. It is conceivable 

that early relief of the pressure or volume overload would result in less damage to the LV and 

better outcome at follow-up. However, there are currently no prospective data to evaluate 

whether early surgical valve treatment results in better prognosis in VHD. It may be challeng-

ing as well to define the cut-off values of ECV, T1 times, LGE and LV myocardial strains for ther-

apeutic intervention. Standardization in data acquisition and analysis are important issues to 

be resolved. 

The Early Valve Replacement guided by Biomarkers of Left Ventricular Decompensation in 

Asymptomatic Patients with Advanced Aortic Stenosis (EVOLVED) is the first multicenter ran-

domized controlled clinical trial that will investigate whether the early valve intervention in 

patients with asymptomatic severe AS and midwall fibrosis on CMR improves patients’ clinical 

outcomes compared to the standard care (NCT03094143). The results of this study may have 

an impact on future guidelines and recommendations on treatment of VHD.
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Mitral regurgitation (MR) is one of the most frequent valvular heart diseases. The most 

common etiology of primary MR is the myxomatous degeneration of the mitral valve, en-

compassing fibroelastic deficiency and Barlow’s disease. In severe chronic primary MR, 

the presence of symptoms, reduced left ventricular ejection fraction (LVEF ≤60%) or in-

creased left ventricular (LV) end-systolic diameter are indication for mitral valve repair.1,2 

In asymptomatic patients, surgery should be considered if there is high likelihood of du-

rable mitral valve repair, low operative risk and if there is atrial fibrillation, pulmonary hy-

pertension, flail leaflet or dilated left atrium (LA) at sinus rhythm.1,2 The evidence showing 

the benefits of early surgery is accumulating. Data from a large cohort of 1512 patients 

undergoing mitral valve surgery for isolated primary MR revealed that patients who were 

operated based only on high likelihood of successful mitral valve repair had the best out-

come.3 The rationale for an early intervention is that the longstanding volume overload 

caused by severe MR may lead to irreversible LV dysfunction. LVEF is considered the pa-

rameter of reference to define LV function and to base the decision making. However, LVEF 

is a late reflector of the structural changes that MR induces, and one fifth of the patients 

with preoperative LVEF >60% still develops postoperative LV dysfunction.4 Increased inter-

stitial fibrosis has been confirmed on autopsy in severe primary MR and is considered to 

play a key role in the development of LV dysfunction.5

In the current issue of JACC Cardiovascular Imaging, Kitkungvan and colleges6 investi-

gated the associates of extracellular volume (ECV) measured with cardiovascular magnetic 

resonance (CMR) T1 mapping and focal replacement fibrosis on late gadolinium contrast 

enhanced (LGE) CMR in 424 patients with chronic primary MR and LVEF ≥50%. Patients 

were divided into two cohorts: patients with mitral valve prolapse (MVP) and patients with 

primary MR of other etiologies. Patients with MVP were slightly older and were more fre-

quently male than the patients with non-MVP, whereas patients with non-MVP had more 

frequently history of heart failure and diabetes compared to their counterparts. In terms 

of CMR findings, patients with MVP had larger LV and right ventricular dimensions, larger 

LA volumes and more severe MR as compared to patients without MVP. Patients with MVP 

showed more frequently replacement fibrosis on LGE-CMR and larger ECV values than pa-

tients without MVP. The location of LGE was most commonly located in the basal infero-

lateral and inferior wall in patients with MVP, whereas in patients without MVP the LGE 

was located in the basal septum. MVP was independently associated with the presence 

of LGE. In contrast, ECV values increased along the mitral regurgitant fraction and volume 
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presence of LGE may help to identify the patients with primary MR that are at risk of ven-

tricular arrhythmias and who could benefit from an implantable cardioverter defibrilla-

tor. The majority of the patients with MVP who present with ventricular arrhythmias or 

sudden cardiac death do not present with severe MR to operate on.12 The ongoing “Mitral 

FINDER” trial13 will provide important answers to define the role of CMR in the manage-

ment of patients with primary MR.

independently of the etiology of the primary MR and the presence of LGE. Elevated ECV 

was independently associated with symptoms related to MR and clinical events during 

follow-up. Patients with moderate and severe MR and an ECV ≥30% had higher event rates 

than their counterparts with similar grade of MR and an ECV <30%.

The use of CMR in the evaluation of patients with primary MR is gaining followers. CMR 

has an additional value to echocardiography, since it is the reference standard to quantify 

chamber dimensions and, in multiple and eccentric regurgitant jets, CMR provides better 

estimation of the MR severity than 2-dimensional echocardiography.7 However, the most 

unique feature of CMR is its capability of noninvasive myocardial tissue characterization. 

In primary MR due to MVP, Han and coworkers8 were the first to describe the associ-

ation between focal LGE in the papillary muscles and the presence of complex ventricu-

lar arrythmias. Furthermore, Basso et al.9 proposed a pathophysiological mechanism, in 

which specific morphological abnormalities of the mitral apparatus (systolic curling and 

mitral annular disjunction) generate regional myocardial stress that leads to hypertrophy 

and replacement fibrosis of the papillary muscles and adjacent myocardium providing a 

substrate for the development of malignant ventricular arrhythmia. The present results 

demonstrate that focal LV fibrosis in the inferior and inferolateral LV wall is a unique fea-

ture of MVP and is not observed in primary MR of other etiologies.6 However, the present 

study does not provide data on the association between LGE and ventricular arrhythmias. 

When evaluating diffuse structural changes of the extracellular matrix, Edwards et al.10 

described for the first time increased ECV (suggestive of diffuse interstitial fibrosis) in 35 

patients with asymptomatic moderate and severe primary MR compared to the healthy 

individuals. In the current study,6 ECV was larger in patients with MVP than in patients with 

primary MR of other etiologies and the main determinants of larger ECV were age, male 

sex and larger mitral regurgitant fraction. However, it is important to note the significant 

overlap of the ECV values across individuals with various grades of MR.

The present study provides new knowledge in primary MR: while focal replacement 

fibrosis is related to the etiology of primary MR, diffuse myocardial fibrosis is associated 

with the severity of MR. How do we use this information in clinical practice? 

The measurement of ECV may help in the timing of intervention; increased ECV has 

been associated with reduced exercise capacity as well as with greater perceived level of 

exertion in patients with primary MR.10 In addition, among asymptomatic patients with 

primary MR, increased ECV has been associated with adverse outcome.6,11 In contrast, the 
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SUMMARY

SUMMARY Part I: Cardiovascular magnetic resonance-derived left ventricular 

strain after acute myocardial infarction

In Part I the role of left ventricular (LV) strain with feature-tracking cardiovascular magnetic 

resonance (CMR) to evaluate myocardial injury and cardioprotective effects of early intrave-

nous metoprolol were explored in the Effect of Metoprolol in Cardioprotection During an Acute 

Myocardial Infarction (METOCARD-CNIC) clinical trial. In Chapter 2 an overall improvement 

of global circumferential (GCS) and longitudinal (GLS) strain between 1-week and 6-month 

follow-up after the acute anterior ST-segment elevation myocardial infarction (STEMI) treat-

ed with primary percutaneous coronary intervention (PCI) was demonstrated (change in GCS 

and GLS 3.2%, P<0.001 for both). This was paralleled by an increase in left ventricular ejection 

fraction (LVEF) and a reduction in late gadolinium enhancement (LGE)-assessed infarct size 

over 6 months after STEMI, and is in line with previous findings from speckle-tracking echo-

cardiography.1 Moreover, early administration of intravenous metoprolol was associated with 

more preserved LV GCS and GLS at 1 week after myocardial infarction (GCS: -13.9±3.8% versus 

-12.6±3.9%, respectively; P=0.013; GLS: -11.9±2.8% versus -10.9±3.2%, respectively; P=0.032). 

On the other hand, the differences in global LV strain indices at 6 months after STEMI did not 

reach the level of statistical significance. However, when dividing the overall cohort of patients 

in quartiles of GCS and GLS, there were significantly lower number of patients receiving early 

intravenous metoprolol in the first GCS and GLS quartile (i.e., the worst LV systolic function), 

both at 1 week and at 6 months after STEMI. These results strengthen the evidence to support 

the use of early intravenous metoprolol in STEMI patients without contraindications to be-

ta-blockers undergoing primary PCI.

In Chapter 3 the evolution of the LV circumferential strain has been studied separately 

for the infarct and the remote zone myocardium. Since the METOCARD-CNIC trial included a 

homogeneous population of anterior STEMI patients with a culprit lesion in the left anterior 

descending coronary artery (LAD), the infarct zone was defined as the LAD perfusion territory 

while the rest of the LV myocardium was defined as the remote zone.2-4 In the overall popula-

tion the infarct zone strain significantly improved from 1 week to 6 months after STEMI (from 

-8.6% to -14.5%; P<0.001), while no significant changes in the remote zone strain were ob-

served (from -19.5% to -19.2%; P=0.466). Similar results were observed among different sub-

groups of patients – the infarct zone strain improved in patients who did and did not receive 
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SUMMARY Part II: Multimodality cardiac imaging in valvular heart disease

Multimodality cardiac imaging plays a central role in the management of patients with val-

vular heart disease (VHD). In Chapter 5 the role of imaging to assess patients with VHD and 

coexisting heart failure was explored. Two common scenarios were discussed, i.e. second-

ary mitral regurgitation (MR) and low-flow low-gradient severe aortic stenosis (AS) with re-

duced LVEF. The challenges to determine the severity of secondary MR and to decide upon 

the optimal treatment option (medical therapy versus surgical or percutaneous interven-

tion) with standard transthoracic echocardiography derive from the fact that the evaluation 

of MR severity is heavily influenced by the LV loading conditions, systemic blood pressure, 

the non-circular shape of regurgitant jet orifice and by temporal variation of MR during car-

diac cycle. 3-dimensional (3D) echocardiography with direct planimetric measurement of 

vena contracta and regurgitant volume estimation with phase-contrast CMR may overcome 

some of these difficulties. Among patients with AS, reduced LVEF and contractile reserve, 

dobutamine stress echocardiography is the primary diagnostic method to differentiate be-

tween true severe and pseudo-severe AS. On the other hand, among patients with discrep-

ant measures of AS severity and no contractile reserve, the assessment of aortic valve calci-

fication burden with cardiac computed tomography (CT) may help to estimate the severity 

of AS. Furthermore, the role of multimodality imaging to select the optimal intervention 

in patients with secondary MR (surgical repair, replacement or percutaneous edge-to-edge 

repair) and AS (surgical versus transcatheter aortic valve replacement) were discussed.

In Chapter 6 the advantages and limitations of different cardiac imaging techniques 

for patient selection, procedural planning and follow-up after transcatheter aortic valve 

replacement (TAVR) were explored. Compared to 2-dimensional methods 3D techniques 

like 3D transesophageal echocardiography (TEE), multidetector row computed tomography 

(MDCT) and CMR have proven to more accurately determine the aortic annulus size, the 

most important parameter for the choice of TAVR prosthesis size. The use of 3D methods 

has translated into lower incidence of significant paravalvular regurgitation after TAVR. The 

detailed vascular anatomy assessment (vessel size, tortuosity, degree of calcification and 

plaque burden) of the thoracoabdominal aorta and iliofemoral arteries using MDCT allows 

planning of the optimal TAVR access route (transfemoral, transaortic or transapical). While 

most of the centers currently perform TAVR under fluoroscopic guidance, periprocedural 

TEE as well as transthoracic echocardiography can be of an added value for early assess-

ment of procedural complications (e.g., paravalvular and valvular regurgitation, aortic an-

early intravenous metoprolol in addition to the standard STEMI therapy, in patients with and 

without microvascular obstruction (MVO), intramyocardial hemorrhage (IMH), and in patients 

who developed adverse LV remodeling at 6 months after STEMI (defined as ≥20% increase 

in LV end-diastolic volume). This demonstrates a preserved healing capacity of the infarcted 

myocardium even in the presence of adverse CMR findings (e.g., MVO or IMH). On the other 

hand, no significant dynamics in the remote zone circumferential strain were observed among 

the analyzed subgroups, apart from patients who developed adverse LV remodeling. Among 

them the remote zone strain worsened between 1 week and 6 months after STEMI (P=0.036), 

indicating that possible maladaptive processes like excessive inflammation/fibrosis of the re-

mote myocardium5 may become manifest as an impaired circumferential strain. Moreover, re-

gional strain analysis demonstrated that patients receiving early intravenous metoprolol had 

more preserved infarct zone circumferential strain compared to the control group, both at 1 

week and at 6 months after STEMI (P=0.038 and P=0.033; respectively). This is a very important 

finding, especially in the view that the differences in global strain between both treatment 

arms at 6 months were nonsignificant,6 underscoring the long-lasting cardioprotective effects 

of early intravenous metoprolol. Interestingly, no significant differences in the remote zone 

circumferential strain were found between both groups of patients, implying that the benefi-

cial cardioprotective effects were largely confined to the infarct zone myocardium.

Chapter 4 focuses on the long-term 5-year follow-up data of patients included in the 

METOCARD-CNIC trial. In contrast to the previously published results,7 a significant reduction 

in major adverse cardiac events (MACE; a prespecified clinical endpoint, comprised of death, 

rehospitalization for heart failure, reinfarction and malignant ventricular arrhythmias) among 

patients receiving early intravenous metoprolol was demonstrated (HR: 0.500, 95% CI: 0.277-

0.903; P=0.022). Impaired LV GCS and GLS strain were significantly associated with increased 

occurrence of MACE (GCS: HR:1.208, 95%CI:1.076-1.356, P=0.001; GLS: HR:1.362, 95%CI:1.180-

1.573, P<0.001). On multivariable analysis, LV GLS provided incremental prognostic value 

over LGE and LVEF for the occurrence of MACE (LGE+LVEF chi-square=12.865, LGE+LVEF+GLS 

chi-square=18.459; P=0.012). Patients with more impaired GLS (above median value ≥-11.5%) 

who received early intravenous metoprolol were 64% less likely to experience MACE than their 

counterparts with same degree of GLS impairment (HR:0.356, 95%CI:0.129-0.979; P=0.045). 

These results show that early intravenous metoprolol had a long-term beneficial clinical ef-

fect, particularly in patients who were at a greater risk for the adverse events due to severely 

impaired LV systolic function. 
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outcome with more advanced stages of myocardial fibrosis assessed with CMR. Similarly, 

LV circumferential strain with CMR tagging was significantly associated with all-cause mor-

tality in severe AS patients undergoing surgical and transcatheter aortic valve replacement. 

The data on myocardial fibrosis in aortic regurgitation and MR is less extensive, however 

studies have shown an inverse correlation between the amount of myocardial fibrosis and 

measures of systolic and diastolic function, functional capacity and long-term survival after 

valve surgery.

In Chapter 9 the role of myocardial fibrosis was further discussed with the emerging data 

on patients with mitral valve prolapse (MVP). Focal replacement fibrosis of the papillary mus-

cles and of the inferolateral LV wall, detected with LGE, has been characterized as a unique 

feature of MVP, that has neither been observed in primary MR of other etiologies nor has been 

associated with the severity of MR. On the other hand, the diffuse interstitial fibrosis detected 

with ECV was shown to be a marker of the severity of MR unrelated to the mechanism. Focal 

replacement fibrosis has been proposed as a substrate for the electrical instability of the ad-

jacent myocardium and represents a hallmark of the so-called arrhythmogenic MVP, which 

describes patients with MVP who have an increased risk for malignant ventricular arrythmias 

and sudden cardiac death.15 

CONCLUSIONS AND FUTURE PERSPECTIVES 

The assessment of LV strain as a functional surrogate of myocardial injury in acute myo-

cardial infarction with feature-tracking CMR is feasible, both as a global and regional 

functional parameter. LV strain can provide important insights into the healing process-

es in the myocardium. In particular, LV GLS assessed early after PCI can provide import-

ant prognostic information above conventional CMR parameters like LVEF and LGE in the 

risk stratification of STEMI patients. Paralleled with the advances of the primary PCI and 

long-term medical therapy after STEMI, novel therapies aiming at reducing the acute 

ischemia-reperfusion injury are pursued. Early intravenous beta blockade was the first 

cardioprotective medical therapy that showed prognostic benefit in a randomized clini-

cal trial and was adopted by the current European Society of Cardiology guidelines as a 

class IIa recommendation for hemodynamically stable STEMI patients undergoing prima-

ry PCI.16 However, large-number data from observational studies and patient registries 

are required to confirm the same findings in the real-life situation. Importantly, LV strain 

nulus rupture, coronary ostium occlusion, prosthesis malpositioning or dislodgement), re-

duced radiation exposure and lower use of nephrotoxic contrast. After TAVR, transthoracic 

echocardiography remains the first-choice imaging technique to evaluate the procedural 

results, the durability of the prosthesis, and the changes in LV dimensions and function. 

However, recent studies using MDCT, which showed an increased incidence of hypo-atten-

uated leaflet thickening with reduced leaflet motion of TAVR prostheses (an early marker 

of prosthetic valve thrombosis), raised a question whether MDCT should be systematically 

included in the surveillance of TAVR patients.8-10

In Chapter 7 novel automated 3D TEE imaging software was shown to allow reliable 

assessment of the aortic annulus dimensions in patients with severe AS undergoing TAVR. 

Compared to MDCT, 3D TEE measurements slightly underestimated the aortic annulus di-

mensions, which is in line with previously published literature.11-13 The agreement between 

3D TEE and MDCT for the measurement of the aortic annulus dimensions was superior 

among patients with low aortic valve calcification burden compared to the patients with 

high calcification burden. Importantly, 3D TEE measurements based on automatic software 

analysis and MDCT led to the same prosthesis size selection in the majority (88%) of the pa-

tients. However, the agreement between 3D TEE and MDCT on the prosthesis size selection 

was better among patients with low versus high aortic valve calcification burden (agree-

ment in 95% versus 81% of patients; respectively) and in the majority of patients the 3D 

TEE measurements suggested smaller prosthesis size compared to MDCT. 3D TEE thus rep-

resents a valuable alternative to MDCT in patients with AS undergoing TAVR when the latter 

is contraindicated (impaired renal function) and might be particularly attractive in patients 

with less calcified aortic valves. 

Chapter 8 focuses on the role of CMR to assess myocardial fibrosis in severe VHD. In pa-

tients with AS the presence of LGE, a marker of focal replacement fibrosis, and increased val-

ues of native T1 or extracellular volume (ECV), markers of diffuse interstitial myocardial fi-

brosis, have been associated with worse symptoms, worse LV systolic and diastolic function 

and higher levels of serum cardiac biomarkers. The presence of LGE was associated with an 

increase in all-cause mortality among patients with high grade AS, which has been recently 

confirmed in a large multi-center observational study.14 Furthermore, all-cause mortality 

rates rose progressively across patients with normal indexed ECV without LGE (no myocardi-

al fibrosis), patients with increased indexed ECV without LGE (diffuse interstitial myocardial 

fibrosis) and patients with LGE (focal replacement myocardial fibrosis), implying adverse 
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Figure 1: Multimodality cardiac imaging in valvular heart disease. LVEF = left ventricular ejection frac-
tion; RVEF = right ventricular ejection fraction; SCD = sudden cardiac death; VHD = valvular heart disease.

assessment with feature-tracking CMR can serve as a powerful complementary tool to 

evaluate the benefits of novel cardioprotective therapies.

Multimodality cardiac imaging plays a central role in the management of patients with VHD 

(Figure 1). Transthoracic echocardiography, TEE, cardiac CT and CMR help in the assessment 

of the etiology of VHD, valve anatomy, mechanism and severity of dysfunction and co-existing 

VHD. 3D techniques provide important advantages over standard 2-dimensional imaging. Fur-

thermore, imaging provides crucial insights into ventricular remodeling and dysfunction, the 

most important adverse consequences of VHD. Parameters like chamber volumes and ejec-

tion fraction are the key to decide the eligibility and optimal timing for valve intervention, as 

recommended by the current guidelines.17,18 However, novel risk markers, such as myocardial 

fibrosis with CMR and strain imaging with echocardiography and CMR may redefine our future 

treatment strategies. Clinical trials comparing early valve intervention versus standard care 

in patients with asymptomatic severe AS and primary MR, who do not meet current guide-

lines criteria for surgery but present with LV myocardial fibrosis, are recruiting patients.19,20 Ad-

vanced imaging helps in discovering high-risk features of adverse outcome, e.g. increased risk 

of life-threatening ventricular arrhythmias in MVP patients with papillary muscles or lateral 

LV wall fibrosis, detected with LGE-CMR. Future clinical trials need to investigate whether im-

plantable cardioverter defibrillator in these patients would lead to favorable outcomes. Wide 

implementation of TAVR established multimodality imaging, in particular cardiac CT, a key for 

procedural planning. With emerging transcatheter mitral and tricuspid valve therapies, CT and 

other 3D imaging techniques will have even greater impact on procedural planning. 3D TEE is 

fundamental to guide percutaneous edge-to-edge mitral valve repair and novel transcatheter 

therapies. Fusion imaging, i.e., side-by-side registration of data rendered by more than 1 non-

invasive imaging modality (CT or CMR with real-time fluoroscopy and TEE) may increase the 

smoothness of structural interventions by combining anatomic, morphological, and function-

al information. Finally, cardiac imaging is essential to evaluate the long-term results of valve 

interventions to detect possible complications and to compare the efficacy of novel therapies 

with the gold standards in order to improve patients outcome.
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SAMENVATTING

SAMENVATTING Deel I: De rol van magnetische resonantie imaging voor het 

bepalen van de linkerventrikel strain functie na een acuut myocardinfarct

In Deel I is onderzocht op wat voor manier het met magnetische resonantie imaging (MRI) 

analyseren van de linkerventrikel (LV) strain functie nieuwe inzichten kan geven in patiënten 

met een recent myocardinfarct. Met strain imaging wordt de mate en snelheid van het cyclisch 

(gedurende systole en diastole) deformeren van het myocardweefsel onderzocht en hier-

door weergeeft LV strain beter de intrinsieke cardiale functie dan bijvoorbeeld het bepalen 

van de ejectiefractie waarbij enkel wordt gekeken naar de ratio tussen het eind-diastolische 

en eind-systolische LV volume. Het met MRI beoordelen van de LV strain werd toegepast in 

de studie patiënten van de ”Metoprolol in Cardioprotection During an Acute Myocardial In-

farction (METOCARD-CNIC)” studie. Er werd onderzocht of het intraveneus (IV) toedienen van 

metoprolol een cardioprotectief effect oplevert. Hoofdstuk 2 toonde een verbetering van 

zowel de globale als de circumferentiële myocardiale contractiliteit tussen de eerste week, 

en 6 maanden na het gedotterde acute ST-elevatie infarct: de globaal longitudinale (GLS) en 

circumferentiële (GCS) strain verbeterde met 3.2%, P<0.001. MRI toonde ook een verbetering 

van LV functie aan als deze werd beoordeeld o.b.v. de ejectiefractie; hiernaast was er afname 

in de grootte van het litteken, gemeten o.b.v. de grootte van late gadolinium enhancement 

(LGE). Huidige verbetering van LV strain 6 maanden post-infarct, hier met MRI gemeten, komt 

overeen met eerdere echocardiografische studies waarin LV strain werd bepaald o.b.v. speck-

le-tracking echocardiografie.1 Het IV toedienen van metoprolol resulteerde in een betere glo-

bale longitudinale en in een circumferentiële LV strain 1 week na het infarct t.o.v. de patiënten 

die geen IV metoprolol kregen (GCS: -13.9±3.8% vs.12.6±3.9%; P=0.013; GLS: -11.9±2.8% vs. 

-10.9±3.2%. P=0.032). Na 6 maanden was er echter geen verschil in myocardiale functie tussen 

de 2 groepen. Bij het o.b.v. GCS en GLS in kwartielen categoriseren van de patiënten bleek wel 

dat er in de groep patiënten met de laagste contractiliteit ook het minst aantal patiënten was 

wat met IV metoprolol was behandeld. Deze resultaten onderbouwen de ratio voor het toedie-

nen van IV metoprolol als cardioprotectieve maatregel in ST-elevatie infarct patiënten die een 

acute dotterbehandeling ondergaan (indien niet gecontra-indiceerd). 

In Hoofdstuk 3 werd specifiek gekeken naar de verschillen in circumferentiële LV strain tussen 

geinfarceerd weefsel vs. “remote” weefsel. Aangezien in de METOCARD-CNIC trial enkel pati-

ënten met een acuut ST-elevatie infarct van de voorwand o.b.v. een culprit in de linker anteri-
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majeure negatieve events. Deze resultaten tonen dat het toedienen van IV metoprolol na een 

recent hartinfarct gunstige effecten kan hebben op de lange termijn, met name in de patiën-

ten met het hoogste risico vanwege ernstige LV dysfunctie. 

SAMENVATTING Deel 2: Multimodality imaging voor kleplijden 

Het met meerdere imaging modaliteiten onderzoeken van patiënten met kleplijden kan hel-

pen in het bepalen van de juiste behandeling voor deze patiënten. In Hoofdstuk 5 werd on-

derzocht hoe imaging kan helpen in patiënten met én kleplijden én hartfalen. Het hoofdstuk 

richtte zich op patiënten met secundaire mitralisklep insufficiëntie waarbij de insufficiënte 

mitralisklep het gevolg is van een gedilateerde of dysfunctionerende LV en naar patiënten 

met een verminderde LV ejectiefractie en ernstige low-flow-low-gradiënt aortaklepstenose. 

Het met standaard echocardiografie accuraat beoordelen van de ernst van de mitralisklep in-

sufficiëntie wordt bemoeilijkt doordat de ernst van de lekkage voor een groot deel bepaald 

wordt doordat volumestatus en bloeddruk weer de vorm en grootte van het sluitingsdefect 

beïnvloeden. Met 2-dimensionale (2D) echocardiografie wordt het sluitingsdefect van de mi-

tralisklep als circulair beschouwd, terwijl dit in de praktijk juist een door de hartcyclus heen 

wisselende, elliptische configuratie heeft. Door gebruik te maken van 3D echocardiografie 

kan de vorm en grootte van het sluitingsdefect direct worden beoordeeld in en-face views 

waardoor er geen geometrische assumpties nodig zijn. Hiernaast kan ook MRI data gebruikt 

worden voor de kwantificatie van de ernst van de mitralisklep insufficiëntie. Voor patiënten 

met een aortaklepstenose en verminderde LV ejectiefractie is het de vraag of de aortaklep 

niet goed opent vanwege een te laag slagvolume of dat de aortaklep daadwerkelijk ernstig 

aangetast is en daardoor niet goed opent. Ter differentiatie hiervoor is dobutamine stress 

echocardiografie de eerste aangewezen stap. Bij een intrinsieke aortaklepziekte zal met dobu-

tamine de gradiënt hierover toenemen, terwijl de gradiënt niet veel toeneemt in het geval de 

aortaklep ook beter gaat openen door een door de dobutamine gestimuleerde hogere LV flow. 

Voor patiënten wiens voorwaarts LV volume niet veel door dobutamine kan verbeteren (klein 

slagvolume, of onvoldoende contractiele reserve) kan ook computer tomografie (CT) gebruikt 

worden voor het kwantificeren van de ernst van de aortaklepstenose door de hoeveelheid cal-

cium te meten. Hiernaast werd in dit hoofdstuk nog de rol van multimodality imaging bespro-

ken om de optimale manier van interventie te bepalen: voor de mitralisklep een chirurgische 

reparatie of vervanging of een transcatheter edge-to-edge reparatie, en voor de aortaklep een 

chirurgische vs. transcatheter vervanging. 

eure descenderende coronair (LAD) geïncludeerd werden, werd het stroomgebied van de LAD 

gedefinieerd als infarctgebied, en de overige LV wanden als “remote”.2-4 In de gehele populatie 

verbeterde de circumferentiële strain in de infarct zone significant tussen 1 week en 6 maan-

den post infarct (van -8.6% tot -14.5%; P<0.001), terwijl in de remote zone de strain al direct 1 

week na het infarct weer hersteld was (-19.5% tot -19.2%; P=0.466). Eenzelfde verbetering in 

circumferentiële strain van het infarct gebied werden gevonden in verschillende subgroepen: 

in de patiënten met of zonder IV metoprolol, in de patiënten met en zonder microvasculaire 

obstructies, intramyocardiale bloeding en in de patiënten wiens myocard negatieve remode-

ling toonde 6 maanden na het infarct (≥20% stijging van het LV eind-diastolische volume). De 

verbetering in circumferentiële strain van het infarct gebied toont de genezende capaciteit 

van het myocard aan, zelfs als er al aanwijzingen zijn voor vergevorderde schade zoals micro-

vasculaire obstructies of bloedingen. In de patiënten met negatieve remodeling was te zien 

dat juist de circumferentiële strain van het “remote” myocard na 6 maanden was verslechterd 

t.o.v. week 1 post-infarct (P=0.036). Dit zou kunnen duiden op mogelijke excessieve inflam-

matie / fibrose van het “remote” myocard.5 Het met circumferentiële strain analyseren van de 

contractiliteit van het geinfarceerde myocard toonde een betere contractiliteit aan, zowel 1 

week, als 6 maanden post-infarct in de patiënten die IV metoprolol hadden gekregen. (P=0.038 

en P=0.033). Dit verschil in circumferentiële strain in het infarct gebied is een belangrijke be-

vinding omdat als de hartfunctie o.b.v. de globale strain wordt beoordeeld er tussen beide 

groepen geen verschil te zien was na 6 maanden.6 Op de circumferentiële strain van “remote” 

myocard had het toedienen van IV metoprolol geen significant effect. 

In Hoofdstuk 4 worden de 5-jaars data van de METOCARD-CNIC studie beschreven. In te-

genstelling tot eerdere studies,7 was er een significante vermindering in het aantal majeure ne-

gatieve events in de patiënten die IV metoprolol na hun infarct hadden gekregen. De gebruik-

te uitkomstmaat omvatte het aantal doden, de rehospitalisaties voor hartfalen, re-infarcten 

en maligne hartritmestoornissen: (IV metoprolol vs. geen IV metoprolol = HR: 0.500, 95% CI: 

0.277-0.903; P=0.022). Zowel een verminderde circumferentiële strain als globaal longitudina-

le strain waren geassocieerd met het ontstaan van majeure negatieve events. (GCS: HR:1.208, 

95% CI:1.076-1.356, P=0.001; GLS: HR:1.362, 95% CI:1.180-1.573, P<0.001). In de multivariate 

analyse bleek GLS van additief prognostische waarde t.o.v. LGE en de LV ejectiefractie voor 

het ontstaan van majeure negatieve events. (LGE+LVEF chi-square=12.865, LGE+LVEF+GLS 

chi-square=18.459; P=0.012). In de patiënten met een verminderde GLS (o.b.v. de mediane 

waarde van -11.5%) resulteerde het toedienen van IV metoprolol in een 64% lagere kans op 
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Hoofdstuk 8 richt zich op het met MRI onderzoeken van het ontstaan van myocardiale 

fibrose in patiënten met ernstig kleplijden. Met MRI kan middels LGE focale verlittekening (re-

placement fibrosis) worden aangetoond en middels de T1 techniek kan de mate van extracel-

lulair volume worden beoordeeld. Een toename van T1 waarden betekent een toegenomen 

aanwezigheid van extracellulair volume en dit is een marker voor diffuse (i.t.t. focale) fibro-

se. Zowel de aanwezigheid van LGE als toegenomen T1 waarden zijn geassocieerd met meer 

symptomen, meer systolische en diastolische LV dysfunctie en verhoogde cardiale enzymen. 

De aanwezigheid van LGE is geassocieerd met een hogere mortaliteit in patiënten met een 

significante aortaklepstenose.14 De mortaliteitscijfers nemen parallel toe aan de mate van fi-

brosering, met de beste prognose in de patiënten zonder fibrose (normale T1 waarden, geen 

LGE), een hogere mortaliteit in de patiënten met verhoogde T1 waarden maar zonder LGE, en 

de hoogste mortaliteit in de patiënten met en verhoogde T1 waarden en de aanwezigheid van 

LGE. Met MRI kan dus een risico-inschatting worden gemaakt voor patiënten met een signifi-

cante aortaklepstenose. Hiernaast bleek ook de met MRI bepaalde circumferentiële strain van 

de LV geassocieerd te zijn met de mortaliteit in patiënten die een chirurgische of transcatheter 

aortaklepvervanging ondergaan. Voor aorta- en mitralisklep insufficiëntie is de prognostische 

waarde van het met MRI beoordelen van de mate van myocardiale fibrose minder robuust 

onderbouwd in studies, al zijn er wel studies die een omgekeerd evenredige relatie laten zien 

tussen de mate van fibrosering en de systolische en diastolische LV functie, functionele capa-

citeit en lange-termijn uitkomsten na klepchirurgie. 

In Hoofstuk 9 werd bediscussieerd wat de rol van myocardiale fibrose is in patiënten met 

een mitralisklep prolaps. Het ontstaan van focale verlittekening (gedetecteerd met LGE) rond-

om de papillairspieren van de inferolaterale LV wand is een karakteristieke entiteit van een 

mitralisklep prolaps wat niet wordt gezien in andere oorzaken van mitralisklep insufficiëntie, 

en ook niet gerelateerd is aan de ernst. Daarentegen bleek de mate van diffuse fibrose (gede-

tecteerd met verhoogde T1 waarden) wel geassocieerd te zijn met de ernst van de mitralisklep 

insufficiëntie (ongeacht het mechanisme). Focale verlittekening is wel in verband gebracht 

met het ontstaan van ventriculaire ritmestoornissen en is hierdoor vermoedelijk een belang-

rijke factor in het zogenoemde aritmogene mitralisklep prolaps syndroom waarmee patiënten 

worden beschreven die en een mitralis prolaps hebben en zich presenteren met ventriculaire 

ritmestoornissen en hiermee een verhoogde kans op plotse hartdood hebben.15 

In Hoofdstuk 6 werden de voor- en nadelen besproken van de verschillende imaging tech-

nieken voor het bepalen van de juiste patiënt selectie criteria, de manier van preprocedurele 

planning en voor de follow-up van patiënten die een transcatheter aortaklep implantatie (TAVI) 

ondergaan. Vergeleken met 2D beeldvormingstechnieken is het bewezen dat 3D technieken 

zoals 3D slokdarmechocardiografie, CT en MRI accurater metingen van de aorta annulus ge-

ven, en de gemeten dimensies bepaalt de grootte van de te implanteren prothese. Het gebruik 

van 3D technieken vertaalde zich in een lagere incidentie van paravalvulaire lekkage na TAVI. 

Hiernaast weergeeft CT de gehele aorta en wordt een goed beeld verkregen van de vasculaire 

anatomie: grootte, tortuositeit, mate van calcificatie waardoor bepaald kan worden of een 

transfemorale toegang mogelijk is, of dat er toch voor een transapicale benadering gekozen 

dient te worden. Hoewel veel centra TAVI tegenwoordig verrichten met behulp van enkel flu-

oroscopie, kan echocardiografie (slokdarm en transthoracaal) van toegevoegde waarde zijn 

voor het vroegtijdig diagnosticeren van complicaties zoals paravalvulaire lekkage, het ruptu-

reren van de annulus, malappositie en coronaire occlusie. Hiernaast daalt de blootstelling aan 

ioniserende straling en aan nefrotoxisch contrast. Na TAVI is transthoracale echocardiografie 

de eerste modaliteit voor het bepalen van de hemodynamische resultaten, de durabiliteit van 

de prothese en de mate van LV remodeling. Nieuwere studies toonden dat juist CT gebruikt 

kan worden voor het vroegtijdig opsporen van “hypo-attennuated leaflet thickening” (HALT), 

een fenomeen waarbij de klepbladen van de prothese in beweging belemmerd worden door 

vroege kleptrombose. Dit resulteerde in de vraag of CT niet als standaard imaging techniek 

gebruikt dient te worden in de post-procedurele evaluatie van TAVI patiënten.8-10

In Hoofdstuk 7 werd aangetoond dat post-processing software voor 3D echocardiografie 

beelden gebruikt kan worden voor het automatisch meten van de annulus dimensies. Verge-

leken met CT waren de 3D echo metingen licht onderschat, en dit is vergelijkbaar met eerdere 

studies.11-13 De correlatie tussen 3D echo en CT voor het meten van de aorta annulus dimensies 

was beter in de patiënten met een lagere mate van aortaklepcalcificatie. Vanuit een klinisch 

oogpunt is het van belang dat in 88% van de patiënten de prothese maat hetzelfde zou zijn 

o.b.v. de 3D echo en o.b.v de CT metingen. In de patiënten met een lage calcificatie burden 

was dit zelfs 95%, vs. in 81% van de patiënten met een hoge calcificatie burden. In de geval-

len waarin 3D echo en CT verschilden, gaf 3D echo vaak een kleinere prothese maat aan. Het 

meten van de annulus dimensies voor het sizen van de prothese middels 3D TEE kan dus een 

goed alternatief zijn voor CT in patiënten met een (relatieve) contra-indicatie voor CT, met 

name in patiënten met een minder gecalcificeerde aortaklep. 
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tie hebben) wordt bekeken of vroegtijdige interventie beter is dan de standaard therapie als 

er wel aanwijzingen zijn voor myocardiale fibrosering.19,20 Geavanceerde beeldvorming helpt 

in het identificeren van factoren die geassocieerd zijn met een negatieve uitkomst. Een voor-

beeld hiervan is het aantonen van focale verlittekening rondom de papillairspieren in patiën-

ten met een mitralisklep prolaps want dit is geassocieerd met het ontstaan van ventriculaire 

ritmestoornissen. Toekomstige studies moeten aantonen of het implanteren van een interne 

defibrillator voor deze patiënten gunstig is voor de prognose. Voor transcatheter vervanging 

van de aortaklep is duidelijk aangetoond dat implementatie van multimodality imaging leidt 

tot betere resultaten. Voor transcatheter interventies voor de mitralis- en tricuspidalisklep zijn 

CT en 3D echocardiografie zelfs nog belangrijker omdat de geometrie van de mitralis- en tri-

cuspidalisklep nog een stuk complexer is dan van de aortaklep. 3D slokdarmechocardiografie 

is dé beeldvormingstechniek voor het tijdens de procedure begeleiden van de transcatheter 

mitralisklep- en tricuspidalisklep reparatie. De implementatie van fusion imaging, het simul-

taan gebruiken van meerdere technieken tijdens de procedure, bijvoorbeeld CT met real-time 

fluoroscopie en slokdarmechocardiografie zal de effectiviteit van deze procedures verder kun-

nen verbeteren. Ten slotte is beeldvorming essentieel in het beoordelen van de lange termijn 

resultaten en voor het diagnosticeren van mogelijke complicaties en op deze manier kunnen 

de nieuwe technieken ook beter worden vergeleken met de huidige therapie. 

Figure 1: Multimodality cardiac imaging in valvular heart disease. LVEF = left ventricular ejection frac-
tion; RVEF = right ventricular ejection fraction; SCD = sudden cardiac death; VHD = valvular heart disease.
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Chapter 10

CONCLUSIES EN TOEKOMSTPERSPECTIEVEN

Het met MRI beoordelen van de LV strain in patiënten met een acuut hartinfarct geeft vernieuw-

de inzichten in de mate van schade en de kans op herstel van de hartspier op langere termijn. 

De GLS gemeten enkele dagen na de dotterbehandeling voor een acuut hartinfarct blijkt de 

prognose beter te kunnen voorspellen dan LV ejectiefractie of de mate van verlittekening zoals 

bepaald met LGE. De acute dotterbehandeling en huidige medicamenteuze therapie hebben 

de prognose voor een acuut ST-elevatie infarct enorm verbeterd. Er is echter wel een discussie 

gaande of juist het ontstaan van reperfusie schade een deel van de gunstige effecten van een 

dotterbehandeling weer teniet doet en vanuit dit oogpunt worden er strategieën bedacht om 

de mate van reperfusie schade te beperken. Het IV toedienen van bètablokkers was de eerste 

therapie die cardioprotectieve effecten bleek te hebben in een gerandomiseerde studie en 

heeft een klasse IIa aanbeveling in de Europese richtlijn van het ST-elevatie infarct voor he-

modynamisch stabiele patiënten die een acute dotterbehandeling ondergaan.16 Desondanks 

zijn resultaten uit grotere observationele studies en registries nodig om deze bevindingen ook 

in de dagelijkse praktijk bevestigd te zien worden. Dit proefschrift heeft laten zien dat het be-

palen van de LV strain met MRI een geschikte imaging modaliteit kan zijn om te beoordelen of 

nieuwe therapieën cardioprotectieve effecten opleveren. 

Het met meerdere imaging modaliteiten beoordelen van patiënten met klepziekten speelt 

een belangrijke rol in het bepalen van de meest geschikte behandelstrategie (Figuur 1). Transt-

horacale en slokdarm echocardiografie, CT en MRI kunnen helpen met het bepalen van de 

oorzaak, mechanismen en ernst van het klepvitium, en met het beoordelen van de anatomie 

in het kader van eventuele chirurgische of percutane interventie. 3D technieken geven een 

geïntegreerder beeld van het probleem dan dat er met 2D imaging verkregen kan worden. 

Hiernaast wordt gekeken naar wat de impact van het klepvitium is op de ventriculaire geo-

metrische remodeling en eventuele dysfunctie. Vooralsnog zijn parameters als LV en rechter 

ventrikel dimensies en ejectiefractie doorslaggevend voor het bepalen van de indicatie en ti-

ming voor interventie.17,18 Aanvullende markers zoals het bepalen van de intrinsieke LV functie 

o.b.v. strain (echocardiografisch of met MRI) of de mate van myocardiale fibrose zoals wordt 

bepaald met MRI kunnen de besluitvorming voor patiënten met klepziekten verder verfijnen 

en helpen met het re-definiëren van de optimale behandel strategie. Er zijn klinische studies 

gaande waarin voor asymptomatische patiënten met een ernstige aortaklepstenose of struc-

turele mitralisklep insufficiëntie (die volgens huidige richtlijnen geen indicatie voor interven-
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