
Advanced
Three-Dimensional
Echocardiography
Ben Ren





Advanced Three-Dimensional 
Echocardiography

Ben Ren



ISBN: 978-94-6169-572-7
Advanced Three-Dimensional Echocardiography
Ben Ren

Cover design: Lu Tang 唐璐
Layout and printing: Optima Grafische Communicatie, Rotterdam, The Netherlands

© Ben Ren 2014.
All rights reserved. For all articles published or accepted, the copyright has been trans-
ferred to the respective publisher. No part of this publication may be reproduced or dis-
tributed in any form or by any means, or stored in a database or retrieval system, without 
the prior written permission of the author, or where appropriate, of the publisher of the 
publications.



Advanced Three-Dimensional 
Echocardiography

Geavanceerde driedimensionale echocardiografie

Proefschrift

ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam

op gezag van de rector magnificus

Prof.dr. H.A.P. Pols

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op
dinsdag 28/10/2014 om 15.30 uur

door

Ben Ren
geboren te Chengdu, China



PRomoTiEcommissiE

Promotor: Prof.dr. F. Zijlstra

Overige leden: Prof.dr.ir. H. Boersma
Prof.dr.ir. A.F.W van der Steen
Dr. O. Kamp
Prof.dr. J.W. Roos-Hesselink
Dr. R.B.A. van den Brink

Co-promotoren: Dr. M.L. Geleijnse
Dr.ir. J.G. Bosch

Financial support for the publication of this thesis was generously provided by:

Erasmus Universteit Rotterdam
Cardialysis
TomTec
St. Jude Medical Nederland B.V.
Abbott Vascular

The researches included in this thesis were supported by China Scholarship Council.

Financial support by the Dutch Heart Foundation for the publication of this thesis is 
gratefully acknowledged.



Every beginning is only a sequel, after all.
And the book of events

is always open halfway through.

Wislawa Szymborska

To my mother





conTEnTs

Part i introduction

Chapter 1.1 General introduction 13

Part ii 3D echocardiography in mitral valve regurgitation

Chapter 2.1 Geometric Errors of the Pulsed Wave Doppler Flow Method in 
Quantifying Degenerative Mitral Valve Regurgitation: A Three-
Dimensional Echocardiography Study

41

Chapter 2.2 Left Atrial Compliance in Asymptomatic versus Symptomatic 
Patients with Mitral Valve Regurgitation

59

Chapter 2.3 Left Atrial Function in Patients with Mitral Valve Regurgitation 75

Part iii 3D echocardiography in assessing left ventricular function

Chapter 3.1 Single-Beat Real-Time Three-Dimensional Echocardiographic 
Automated Contour Detection for Quantification of Left 
Ventricular Volumes and Systolic Function

95

Chapter 3.2 Application of Siemens Automated Three-Dimensional 
Echocardiographic Algorithm for Assessing Left Ventricular 
Systolic Function in the Real World

111

Chapter 3.3 Accuracy of Fully Automated Left Ventricular Function 
Quantification by Three-Dimensional Echocardiography

117

Part iV 3D echocardiography in reconstructing left atrium

Chapter 4.1 A Transoesophageal Echocardiographic Image Acquisition 
Protocol for Wide-View Fusion of Three-Dimensional Datasets to 
Support the Atrial Fibrillation Catheter Ablation

135

Chapter 4.2 Fusion of Three-Dimensional Transesophageal 
Echocardiographic Images of Left Atrium for Supporting 
Catheter Ablation Procedures: Comparison with Computed 
Tomography

147

Chapter 4.3 Segmentation of Multiple Cavities of the Heart in Fused Wide-
View 3D Transesophageal Echocardiograms

163



8 Contents

Part V Discussion

Chapter 5.1 Summary 185

Chapter 5.2 General discussion 191

Part Vi Appendix

Chapter 6.1 Nederlandse samenvatting 213

Chapter 6.2 Curriculum vitae 219

Chapter 6.3 PhD portfolio 223

Chapter 6.4 List of publications 227

Chapter 6.5 Acknowledgements 233







Part i

Introduction





chapter 1.1

General introduction





General introduction 15

 1
.1

inTRoDucTion

3D echocardiography

During the development of echocardiography, 3D echocardiography imaging repre-
sents a major innovation in cardiovascular ultrasound (Figure 1). Advancements in com-
puter and transducer technologies permit real-time 3D acquisition and presentation 
of cardiac structures from any view. An important milestone in the history of real-time 
3D echocardiography was reached shortly after the year 2000, with the development 
of fully sampled matrix-array transducers (Figure 2). These transducers provide excel-
lent real-time imaging of the beating heart in three dimensions and require significant 

Figure 1 Development of the echocardiography: from M-mode to 2D B-mode to 3D echocardiography. 
Courtesy of René Frowijn.

Figure 2 The 3D matrix-array transducers. A, Live xPlane imaging creates two full-resolution views simul-
taneously; B, Live volume imaging allows the acquisition and rendering of full volume data in real time.
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technological developments in both hardware and software. Currently, 3D matrix-array 
transducers are composed of nearly 3,000 piezoelectric elements with operating fre-
quencies ranging from 2 to 4 MHz for transthoracic echocardiographic imaging and 
from 2 to 7 MHz for transoesophageal echocardiographic (TOE) imaging. Basically, 
there are two different methods for data acquisition: real-time or live 3D imaging and 
electrocardiographically triggered multiple-beat 3D imaging. Real-time or live 3D 
echocardiography refers to the acquisition of multiple pyramidal data sets per second 
in a single heartbeat, including Live 3D, 3D Zoom and Live 3D colour modes. Limited 
by the temporal resolution and field of view, the live acquisition modes are mainly 
used in visualising individual cardiac structure, e.g. mitral valve, atrial septum and left 
atrial appendage. In contrast, the electrocardiographically triggered multiple-beat 3D 
echocardiography provides datasets of wider view and/or higher temporal and spatial 

Figure 3 Clinical uses of 3D echocardiography. A, 3D echocardiographic calculation of left ventricular 
global volumes and ejection fraction; B, 3D echocardiographic calculation of left ventricular segmental 
function and dyssynchrony; C, the “en-face” view (also the surgical view) of mitral valve showing the P2 
prolapse, acquired with the 3D zoom mode of transoesophageal echocardiography (the black arrow 
points to the prolapsed area); D, an elliptical flow convergent zone of functional mitral regurgitation 
acquired with the 3D colour Doppler imaging of transthoracic echocardiography.
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resolutions. This is achieved through multiple acquisitions of narrow subvolumes of data 
over several heartbeats (ranging from two to seven cardiac cycles) that are subsequently 
stitched together to create a single volumetric (full volume) dataset. Because of better 
temporal and spatial resolutions, 3D (colour) full volume acquisition modes are often 
used in clinical researches for quantitative analysis of valve morphology and chamber 
function. However, the gated imaging of the heart may produce imaging artefacts cre-
ated by the patient (body or respiratory motion) or irregular cardiac rhythms.

The usefulness of 3D echocardiography has been demonstrated in 1) the evaluation 
of cardiac chamber volumes and mass without geometric assumptions (Figure 3A), 2) 
the assessment of regional left ventricular (LV) wall motion and quantification of sys-
tolic dyssynchrony (Figure 3B), 3) presentation of realistic (en-face) views of heart valves 
(Figure 3C), 4) volumetric evaluation of regurgitant lesions and shunts with 3D colour 
Doppler imaging (Figure 3D), and 5) 3D stress imaging1.

Quantification of mitral valve regurgitation

Degenerative mitral regurgitation (MR) is the second most common valvular heart 
disease in Europe2, and causes symptoms such as dyspnea, fatigue, orthopnea, and 
palpitations3,4. Quantification of MR is essential to determine the severity of MR5 and 
clinical outcomes6. The two most used quantitative parameters are the regurgitant 
volume and effective regurgitant orifice area (EROA), which may be calculated by the 
proximal isovelocity surface area (PISA) and pulsed wave Doppler flow methods.

The PISA method is the most frequently used quantitative approach6. It is derived from 
the hydrodynamic principle stating that, as blood approaches a regurgitant orifice, its 
velocity increases forming concentric, roughly hemispheric shells of increasing velocity 
and decreasing surface area7. Colour flow mapping enables the imaging of one of these 
hemispheres corresponding to the Nyquist limit of the instrument. If a Nyquist limit can 
be chosen at which the flow convergence has a hemispheric shape, flow rate through 
the regurgitant orifice is calculated as the product of the surface area of the hemisphere 
(2πr2) and the aliasing velocity (Va) as: 2πr2 × Va (Figure 4). Assuming that the maximal 
PISA radius occurs at the time of peak regurgitant flow and peak regurgitant velocity, 
the maximal EROA is derived as: EROA = 2πr2 × Va / PkVRegurg, where PkVRegurg is the peak 
velocity of MR. The PISA method is based on the assumption of hemispheric symmetry 
of the velocity distribution proximal to the regurgitant lesion, which may not hold for 
eccentric jets, multiple jets, or complex or elliptical regurgitant orifices. The regurgitant 
volume and EROA are used to grade the severity of MR, as an EROA ≥ 40 mm2 or a re-
gurgitant volume ≥ 60 ml indicates severe organic MR. In functional MR, severe MR is 
defined as an EROA ≥ 20 mm2 or a regurgitant volume ≥ 30 ml.

The pulsed wave Doppler flow method can be used as an additive or alternative 
method, especially when the PISA is not accurate or not applicable. Pulsed wave Dop-
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pler recordings of flow velocity can be combined with 2D measurements to derive 
flow rates and stroke volume (SV)8. Briefly, SV at any valve annulus is derived as the 
product of cross-sectional area (CSA) and the velocity time integral (VTI) of flow at the 
annulus. For MR, the mitral annulus (MA) and left ventricular outflow tract (LVOT) are 
usually chosen for calculating the SVs. The diameter of the MA is usually measured in 
the transthoracic apical 4-chamber view in early-to-mid diastole (Figure 5A) and that of 
the LVOT is measured in the parasternal long-axis view in early-to-mid systole (Figure 
5B). Thus,

Figure 4 Schematic depiction of the flow convergence or proximal isovelocity surface area method for 
quantitating valvular regurgitation5. Va is the velocity at which aliasing occurs in the flow convergence 
towards the regurgitant orifice. PkVReg, Peak velocity of the regurgitant jet, determined by continuous 
wave Doppler. Reg flow, regurgitant flow; EROA, effective regurgitant orifice area; Reg jet, regurgitation 
jet. Permission obtained from Elsevier (License no. 3387000893041).

Figure 5 Dimension measurements in the 2D pulsed wave Doppler flow method. A, the diameter of the 
mitral annulus is measured between the inner edges of the base of the posterior and anterior leaflets in 
early-to-mid diastole at the maximal opening of the mitral valve in the apical 4-chamber view; B, the di-
ameter of the left ventricular outflow tract is measured just below the aortic valve in early-to-mid systole 
in the parasternal long-axis view.
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 Regurgitant volume = SVMA – SVLVOT = πrMA
2 × VTIMA - πrLVOT

2 × VTILVOT

 EROA = Regurgitant volume / VTIMR

The Doppler volumetric method is a more time-consuming approach, and therefore not 
recommended as a first line method to quantify MR severity9. The most common error 
encountered in determining these parameters is failure to measure the valve annulus 
properly and the potential error is squared in the formula. In fact, the MA is of a saddle 
shape with two high points at the middle of the anterior leaflet adjacent to the aortic 
valve and the middle of the posterior leaflet (Figure 6A). Moreover, the cross sections 
of both MA and LVOT may be oval rather than circular with major-axis and minor-axis 
diameters (Figure 6B).

Figure 6 Mitral annulus dimensions. A, a 3D model of the mitral annulus reconstructed with 3D transo-
esophageal echocardiographic dataset. The mitral annulus is of a saddle shape with two high points at 
the middle of the anterior leaflet adjacent to the aortic valve and the middle of the posterior leaflet; B, 
the “en face” views and cross sections of the mitral annulus and left ventricular outflow tract shown with 
3D transoesophageal echocardiography. Both the mitral annulus and left ventricular outflow tract are 
oval. A, anterior; AL, anterolateral; LA, left atrium; LV, left ventricle; P, posterior; PM, posteromedial.

Quantification of left atrial function

The left atrium (LA) fulfills three major physiologic roles that impact on LV filling and 
performance. The LA acts as a contractile pump that delivers 15% to 30% of the LV filling, 
as a reservoir that collects pulmonary venous return during ventricular systole, and as 
a conduit for the passage of stored blood from the LA to the LV during early ventricular 
diastole10. Increased LA size is associated with adverse cardiovascular outcomes, such as 
atrial fibrillation (AF) and stroke11-15 and mortality in patients with ischemic16,17 or dilated 
cardiomyopathy18-21. LA enlargement is a marker of both the severity and chronicity of 
diastolic dysfunction and magnitude of LA pressure elevation22-24. Any comprehensive 
assessment of LA function should include an accurate assessment of LA pressure, which 
can be indirectly estimated by echocardiography. Generally, 2D/3D echocardiographic 
measurements of LA volumes, speckle-tracking imaging analysis of LA mechanics, and 
Doppler analysis of mitral valve and pulmonary vein (PV) flows can provide a picture of 
LA function.
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Echocardiographic quantification of LA volumes
Conventionally, the LA size is measured at the end-ventricular systole when the LA 
chamber is at its greatest dimension. The LA size can be reflected with its linear dimen-
sion and volume. The M-mode or 2D anteroposterior linear dimension obtained from 
the parasternal long-axis view is the standard for linear LA measurement and used in 
many research papers11,12,15,19 (Figure 7). However, predominant enlargement in the 
superior-inferior and medial-lateral dimensions will alter LA geometry such that the 
anteroposterior dimension may not be representative of LA size25,26. For these reasons, 
the measure of LA size should be accompanied by LA volume measurement27.

When LA size is measured in clinical practice, volume determinations are preferred 
over linear dimensions because they allow accurate assessment of the asymmetric 
remodeling of the LA26. Using 2D echocardiography, LA volumes are best calculated 
using either an ellipsoid model or Simpson’s rule14,17,24,26,28-31. The ellipsoid model assumes 
that the LA can be represented as an ellipse with a volume of 8 × (A1) × (A2) / 3π(L), 
where A1 and A2 represent the maximal planimetered LA area acquired from the apical 
4- and 2-chamber views, and L is length (Figure 8). In the area-length formula the length 
is measured in both the 4- and 2-chamber views and the shortest of these 2 length 
measurements is used in the formula.

LA volume may also be measured using the modified bi-plane Simpson method, similar 
to its application for LV measurements, in which the volume of a geometric figure can be 
calculated from the sum of the volumes of smaller figures of similar shape. The Simpson’s 
algorithm divides the LA into a series of stacked oval disks whose height is h and whose 
orthogonal minor and major axes are D1 and D2. The volume of the entire LA can be 
derived from the sum of the volume of the individual disks, thus volume = π / 4 × (h) × 
∑(D1) (D2). The formula is integrated into the ultrasound system and the volume can be 
calculated with the software online (Figure 9).

Figure 7 Measurements of left atrial diameter indicated with the white line. A, from M-mode, guided by 
parasternal long-axis; B, from B-mode in the parasternal long-axis view.
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Figure 8 Measurement of left atrial volume using area-length method in the apical 4-chamber (left col-
umn) and 2-chamber (right column) views at end systole. The shorter length either from the 4-chamber 
or 2-chamber view is used in the formula.

Figure 9 Measurement of left atrial volume using the modified bi-plane Simpson’s method in apical 
4-chamber and 2-chamber views at end systole.
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Because 2D echocardiography is limited by the use of geometric models and by 
possible errors due to foreshortening, it may underestimate LA volume compared 
with computed tomography (CT), biplane contrast ventriculography, and magnetic 
resonance imaging (MRI)29,30,32. 3D echocardiography should provide the most accurate 
evaluation of LA volume (Figure 10). In recent years, 3D echocardiography has been 

Figure 10 Calculation of left atrial volume using 3D transthoracic echocardiography. The 3D dataset is 
displayed as three multiplanar reconstruction views. The reconstructed 3D model of the left atria and the 
volume-time curve are also seen.
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assessed in calculating LA volume and function by comparing with other imaging 
modalities in different patient populations33-38. Similarly as LV volume quantification, 
3D echocardiography provides improvement in accuracy and observer variability with 
respect to 2D echocardiography, but tends to provide smaller volume than CT, MRI and 
angiography do. In 2012, a recommendation of 3D acquisition of LA for volume quan-
tification was made by European Association of Echocardiography/American Society 
of Echocardiography1. However, to date no consensus exists on normal values for LA 
volume and function 3D echocardiography.

Because of the three functional phases of the LA, extra volumes are necessary for 
assessing the function besides the LA maximal volume. Furthermore, the LA minimal 
volume was recently found to correlate better with cardiovascular events39-43. The LA 
function indices can be calculated as the volume changes and corresponding emptying 
fraction as:
• LA reservoir function
 Total SV = LAVmax - LAVmin

 Distensibility = (LAVmax - LAVmin)/LAVmin × 100%
• LA conduit function
 Passive filling volume = LAVmax – LAVpre-A

 Passive emptying fraction = (LAVmax – LAVpre-A)/LAVmax × 100%
• LA contractile function
 Active SV = LAVpre-A – LAVmin

 Active emptying fraction = (LAVpre-A – LAVmin)/LAVpre-A × 100%
LAVmax is the maximum LA volume measured at end systole just before mitral valve 
opening; LAVmin is the minimum LA volume measured at end diastole just before the 
mitral valve closure; and LAVpre-A is the volume before atrial contraction measured at the 
frame just before mitral valve reopening.

Frank–Starling law
The Frank–Starling law of the heart is commonly applied in assessing LV function and 
states that the stroke volume of the heart increases in response to an increase in the 
volume of blood filling the heart (end diastolic volume) when all other factors remain 
constant (Figure 11). The increased volume of blood stretches the cardiac wall, causing 
cardiac muscle to contract more forcefully. SV may also increase as a result of greater 
contractility of the cardiac muscle during exercise, independent of the end-diastolic 
volume. The Frank–Starling mechanism appears to make its greatest contribution to 
increasing SV at lower work rates, and contractility has its greatest influence at higher 
work rates. The Frank–Starling behaviour has also been found existing in the LA muscle 
in an animal study44 and in a few clinical studies including different patient popula-
tions45-47.
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2D speckle-tracking echocardiographic quantification of LA mechanics
Echocardiographic imaging is ideally suited for the evaluation of cardiac mechanics 
because of its intrinsically dynamic nature. Two techniques have mainly been used in 
research: 1) Doppler based tissue velocity measurements referred as tissue Doppler, 
and 2) speckle tracking on the basis of displacement measurements. Both types of 
techniques lead to derivations of multiple parameters of myocardial function. Speckle-
tracking echocardiography is a relatively new and angle-independent technique used for 
the evaluation of myocardial function. The speckles seen in grayscale B-mode images 
are the result of constructive and destructive interference of ultrasound backscattered 
from structures smaller than the ultrasound wavelength, resulting in small temporally 
stable and unique myocardial features, referred to as speckles48,49. Blocks or kernels of 
speckles can be tracked from frame to frame (simultaneously in multiple regions within 
an image plane) using block matching, and provide local displacement information, 
from which parameters of myocardial function such as velocity, strain, and strain rate can 
be derived (Figure 12). In addition, instantaneous velocity vectors can be calculated and 
superimposed on the dynamic images (Figure 13). In contrast to tissue Doppler imaging, 
analysis of these velocity vectors allows the quantification of strain and strain rate in any 
direction within the imaging plane. Depending on spatial resolution, selective analysis 
of epicardial, myocardial, and endocardial functions are also possible50-52. 2D speckle-
tracking echocardiography allows measurements of myocardial mechanics by tracking 
groups of intramyocardial speckles (displacement or velocity) or myocardial deformation 
(strain or strain rate) in the imaging plane. It has been validated for the assessment of 
the LV myocardial deformation against sonomicrometry49,53,54 and clinically against tissue 
Doppler imaging55 and MRI56. Assessment of 2D strain by speckle-tracking echocardiog-
raphy is a semiautomatic method, which requires manual definition of the myocardium. 
When automated tracking does not fit with the visual impression of wall motion, regions 
of interest need to be adjusted manually until optimal tracking is achieved.

Figure 11 Frank–Starling law of the heart. The stroke volume increases in response to an increase in the 
end diastolic volume.
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Figure 12 Radial and longitudinal strain curves of left ventricle measured using 2D speckle-tracking 
echocardiography in apical 4-chamber view. Different colour curves represent different left ventricular 
segments. Curves of other parameters such as velocity, displacement and strain rate can also be ob-
tained.

Figure 13 Vectors of the velocities of the left atrial endocardial points and graphic displays of the left 
atrial regional and global strain and strain rate during one cardiac cycle obtained using 2D speckle-track-
ing echocardiography in the apical 4-chamber and 2-chamber views. Different colour curves represent 
different left atrial regions.
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Assessment of 2D strain using speckle-tracking echocardiography can be applied to 
both ventricles and atria. However, because of the thin wall of the atria, signal qual-
ity may be suboptimal. For the LA, 2D speckle-tracking echocardiography can provide 
volume curves during one cardiac cycle, from which various LA mechanical indices 
can be obtained57,58. It also allows a direct assessment of LA endocardial contractility 
and deformation. Two different approaches have been proposed. The first takes as a 
reference point the QRS onset and measures the positive peak atrial longitudinal strain 
(corresponding to atrial reservoir)57. The second uses the P-wave as the reference point, 
enabling the measurement of a first negative peak atrial longitudinal strain (correspond-
ing to atrial systole), a positive peak atrial strain (corresponding to LA conduit function), 
and their sum58.

Quantification of left ventricular volumes and ejection fraction

LV volumes and ejection fraction are the most used parameters in assessing LV function 
and have important prognostic significance59,60. With the development of echocardiog-
raphy, LV function has subsequently been quantified with M-mode, 2D and 3D echo-
cardiographic techniques. Similarly as the LA volume measurements, the linear and 2D 
approaches incompletely characterize the 3D chamber volume and function, especially 
in patients with regional LV dysfunction. Although in the past, these inaccuracies have 
been considered inevitable and of minor clinical importance, in most situations ac-
curate measurements are required, particularly when the LV dimension and function 
decide the timing of treatment, e.g. surgery or when following the course of a disease 
with serial examinations. During the last two decades, several 3D echocardiographic 
techniques became available to measure LV volumes and function61-68. These can be 
conceptually divided into two techniques, which are based on offline reconstruction 
from a set of multiple 2D cross sections, and online data acquisition using a matrix-array 
transducer, also known as real-time 3D echocardiography. After acquisition of the raw 
data, calculation of LV volumes and mass requires identification of endocardial borders 
using semi-automated and automatic algorithms (Figure 14).

Regardless of which acquisition or analysis method is used, 3D echocardiography 
does not rely on geometric assumptions for volume calculations and is not subject to 
plane positioning errors leading to chamber foreshortening. Studies comparing 3D 
echocardiographic LV volumes with MRI have confirmed 3D echocardiography to be 
better in accuracy and reproducibility than 2D echocardiography69-76.

Left atrial anatomy for catheter ablation procedures

AF is increasingly treated by catheter ablation, including PV isolation and complex left 
atrial ablation for non-PV triggers, thus eliminating the triggers initiating AF77. Studies 
found that AF is most commonly initiated by a premature beat from the ostia of the 
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PVs78,79. As a result, the procedure initially targeted elimination of foci inside the trigger-
ing vein, but this strategy was not effective enough to prevent recurrences which origi-
nated from the same or other veins. Therefore, electrical disconnection of all four PVs 
from the atrium became the proposed treatment option. The circumferential isolation 
of the veins is the approach that is most frequently used nowadays77,80. As the atrium 
becomes more dilated and fibrotic, other structures in addition to PVs are increasingly 
being recognised as a possible source of AF initiation and/or are key in the perpetuation 
of AF. Non-PV triggers initiating AF can be identified in up to one third of unselected 
patients referred for catheter ablation for paroxysmal AF78,79,81,82. Typical locations of trig-
gers and micro-reentry circuits in the LA are: left lateral ridge, left atrial isthmus (the area 
in the posterior-inferior wall of LA), left atrial appendage, fossa ovalis, and LA posterior 
wall. Other sites are superior vena cava, crista terminalis, coronary sinus and adjacent to 
the aortic annulus81-84.

The ablation of AF is a complex procedure requiring a profound knowledge of the 
anatomy of the LA. Being the most posteriorly situated of the cardiac chambers, it is 
only separated from the oesophagus by the pericardium. The LA consists of three parts: 
the vestibule, the appendage and the venous component and shares the septum with 
the right atrium. The vestibule is the part of the LA surrounding the mitral valve orifice 
without distinctive anatomic characteristics. The left atrial appendage is a blind-ending 
multilobar structure located next to the left superior PV. The venous component re-
ceives the PVs. The most common pattern of entry is two veins from the hilum of each 
lung. The PVs enter the posterior part of the LA body with the ostia of left veins located 

Figure 14 The 3D left ventricular volume analysis algorithms developed by different vendors. A, Philips 
QLAB 3DQA; B, Siemens LV analysis; C, TomTec 4D-LV analysis.
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more superiorly than the right veins. The typical arrangement of four distinct pulmonary 
venous orifices is present in 20% to 60% of subjects, but it is also common to find the 
presence of a short or long common venous trunk on the left side, and supernumerary 
veins on the right side85. Where there are four PVs, the inferior venous ostia are situated 
more posteriorly than the superior venous ostia. The superior PV ostia tend to be larger 
and have longer distances from the ostium to the first-order branches than the inferior 
veins. The right superior PV passes behind the junction between the right atrium and the 
superior vena cava, whereas the inferior PV passes behind the intercaval area. The left 
PVs are separated from the left atrial appendage by the left lateral ridge, also known as 
the ligament of Marshall. Because the LA lies close to the transoesophageal transducer, 
specific internal atrial anatomy can be visualised clearly from different perspectives with 
3D TOE.

Aims and outline of this thesis

3D echocardiography has been evaluated in multiple clinical studies for assessing cardiac 
valvular regurgitation, chamber function and facilitating catheter interventions. With its 
well-known strengths and drawbacks, the clinical application of 3D echocardiography 
in many field is still to be validated. In this thesis, the following research questions are 
addressed:
• How much error does the recommended 2D pulsed wave Doppler wave method 

make in calculating MR?
• How does LA function alter in patients with MR?
• How accurate is 3D echocardiography in automated analyses of LV function in real-

world clinical conditions?
• Is 3D transoesophageal reconstruction of the LA accurate and can it facilitate the 

catheter ablation procedure of AF?

3D echocardiography in mitral valve regurgitation
For MR, quantification of the regurgitant volume and LA function are of great impor-
tance in diagnosis, treatment and prognosis. We have assessed 2D pulsed wave Doppler 
method in calculating the regurgitant volume by comparing with 3D echocardiographic 
measures of the MA and LVOT areas (chapter 2.1). The LA compliant function was as-
sessed in asymptomatic and symptomatic patients with mitral regurgitation using 2D 
strain and strain rate imaging and the LA volumes were calculated using 3D echocar-
diography (chapter 2.2). The LA reservoir, conduit and contractile functions in patients 
with MR were also assessed using 3D echocardiography (chapter 2.3).
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3D echocardiography in assessing left ventricular function
3D echocardiography has been validated against MRI in evaluating LV volumes and 
function in different patient populations. However, the manual or semiautomatic 
approach in the analyzing algorithm leads to time consuming analyses and observer 
variability. We have assessed the Siemens LV-Analysis (chapter 3.1 & 3.2) and TomTec 
4D-LV Analysis (chapter 3.3) algorithms in the fully automated way in evaluating the LV 
function in patients in the real-world conditions.

3D echocardiography in LA reconstruction for facilitating the catheter ablation
Imaging of the LA is important in facilitating LA catheter ablation procedures. CT which 
is commonly used before the intervention has important limitations, e.g. radiation, high 
cost and non-real-time information. TOE can be a potential replacement of the pre-inter-
ventional CT. To overcome the limited field of view of one single 3D TOE dataset, we have 
developed a systematic imaging protocol in acquiring a minimal number of 3D datasets 
which could be registered and fused to reconstruct major parts of the LA (chapter 4.1). 
We have further assessed the accuracy of this 3D reconstruction by comparing with CT 
datasets (chapter 4.2). Finally, we have assessed the segmentation of multi-cavity from 
the wide-view fused 3D TOE datasets using a three-stage method by comparing with 
atlas based segmentation derived from CT angiographic images (chapter 4.3).
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ABsTRAcT

Background The aim of this study was to estimate geometric errors made by the two-
dimensional (2D) transthoracic echocardiographic (TTE) pulsed wave Doppler flow 
(PWDF) method in calculating regurgitant volume (R Vol) and effective regurgitant 
orifice area (EROA) in degenerative mitral regurgitation (MR) by comparison with the 
three-dimensional (3D) transesophageal echocardiographic (TEE) PWDF method.

methods RVol and EROA were calculated in 22 patients with degenerative MR using the 
conventional 2D TTE PWDF method on the basis of monoplanar dimensions and a circu-
lar geometric assumption of the crosssectional areas (CSAs) of the mitral annulus (MA) 
and the left ventricular outflow tract (LVOT) and the 3D TEE PWDF method, in which the 
CSAs of the MA and LVOT were measured directly in ‘‘en face’’ views. Diameters of the MA 
and LVOT were also measured in similar views as with TTE imaging in 3D TEE data sets.

Results Both the MA and LVOT were oval. Mean MA diameters were 41 ± 4 mm (3D 
TEE major axis), 31 ± 4 mm (3D TEE minor axis), 39 ± 5 mm (2D TTE imaging), and 38 
± 5 mm (2D TEE imaging). Mean LVOT diameters were 29 ± 4 mm (3D TEE major axis), 
21 ± 2mm (3D TEE minor axis), 22 ± 2 mm (2D TTE imaging), and 23 ± 2 mm (2D TEE 
imaging). Compared with 3D TEE measurements, mitral annular CSA was overestimated 
by 13 ± 12% on 2D TTE imaging and by 7 ± 14% on 2D TEE imaging, while LVOT CSA was 
underestimated by 23 ± 10% and 17 ± 10%, respectively. Mean values of RVol were 95 
± 43 mL (3D TEE PWDF), 137 ± 56 mL (2D TTE PWDF), 120 ± 45 mL (2D TEE PWDF), and 
111 ± 49 mL (flow convergence). Mean EROAs were 69 ± 34 mm2 (3D TEE PWDF), 98 ± 45 
mm2 (2D TTE PWDF), 88 ± 42 mm2 (2D TEE PWDF), and 79 ± 36 mm2 (flow convergence). 
Observer variability for 3D TEE imaging was better than for 2D imaging.

conclusions The 2D TTE PWDF method overestimates mitral RVol and EROA significantly 
because monoplanar 2D measurements represent mitral annular major-axis diameter 
and LVOT minor-axis diameter, and assumed circular CSAs of the MA and LVOT are oval.

Keywords: mitral regurgitation, three-dimensional echocardiography, pulsed wave 
Doppler flow method
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Quantification of mitral regurgitation (MR) is essential to determine the severity of MR1 
and clinical outcomes2. The two most used quantitative parameters are the regurgitant 
volume (R Vol) and effective regurgitant orifice area (EROA), which may be calculated 
by the flow convergence method and pulsed wave Doppler flow (PWDF) method as 
recommended1,3. However, both of these two methods suffer from geometric limitations 
of two-dimensional (2D) echocardiography. The flow convergence method potentially 
underestimates the R Vol and EROA in functional MR, because the shape of the flow con-
vergence zone may be elliptic instead of hemispheric in this situation4-11. In the PWDF 
method, important geometric errors are made in calculating the cross-sectional areas 
(CSAs) of the mitral annulus (MA) and left ventricular outflow tract (LVOT)12, because of 
the monoplanar measurements and assumption about the geometry. This study sought 
to ascertain the geometric errors the traditional 2D transthoracic ehchocardiography 
(TTE PWDF) method makes in calculating the R Vol and EROA in patients with degenera-
tive MR, by comparing it with the 3D transesophageal echocardiography (TEE) PWDF 
method. Using the latter method, the CSAs of the MA and LVOT were measured directly 
in state-of-the-art “en face” views in 3D TEE.

PATiEnTs AnD mEThoDs

study population

From November 2009 to September 2011, we enrolled prospectively 96 consecutive 
patients referred to our center for potential mitral valve (MV) repair and had undergone 
both baseline TTE and TEE examinations. In the present study, we included patients with: 
1) degenerative MR according to the preoperative TTE; 2) P2 scallop prolapse confirmed 
by both the 3D TEE exam and surgery; 3) good 3D image quality with complete region 
of interest and without stitching artifacts. The exclusion criteria were: 1) MR due to other 
etiologies or mechanisms, e.g., endocarditis, functional MR, etc. (n = 39); 2) Prolapse of 
other scallops (n = 19); 3) severely calcified MA (n = 11); 4) more than trivial aortic valve 
regurgitation (n = 3); 5) poor general image quality (n = 2). Eventually, 22 patients (12 
men, aged 64 ± 10 years) were included in the study. The protocols were approved by 
the institutional review board and informed consent was obtained from all patients.

Pulsed wave Doppler flow method

A. 2D TTE measurements
Two-dimensional TTE was performed using the iE33 ultrasound system (Philips Medical 
System) with the S5-1 transducer. The pulsed wave Doppler sample was carefully placed 
as parallel as possible (angle < 20°)13 to the blood flow in the apical 4-chamber and 



44 Chapter 2.1

3-chamber views to obtain the Doppler spectral profiles of the MA and LVOT. The MA 
diameter was measured between the inner edges of the base of posterior and ante-
rior leaflets in early-to-mid diastole at the maximal mitral valve opening in the apical 
4-chamber view; the LVOT diameter was measured just below the aortic valve in early-
to-mid systole in the parasternal long-axis view 3,13. Both diameters were measured at 
the level at which the volume sample had been placed. The modal velocity profile on 
Doppler recordings was traced to obtain the velocity–time integral (VTI) (Figure 1). The 
regurgitant VTI was averaged from measurements in the apical 4-chamber and 3-cham-
ber views. All measurements were averaged over three cardiac cycles.

B. 3D TEE measurements
Three-dimensional TEE was performed using the iE33 ultrasound system (Philips Medi-
cal System) with the X7-2t matrix-array transducer. Electrocardiographically gated full 
volume datasets (built from seven subvolumes) were acquired at the mid esophageal 
level during breath-hold with the ultrasound focus on the mitral valve in the 4-chamber 

Figure 1 Measurements of the 2D transthoracic echocardiography pulsed wave Doppler flow method: A, 
the diameter of the mitral annulus was measured between the inner edges of the base of the posterior 
and anterior leaflets in early-to-mid diastole at the maximal opening of the mitral valve (2-3 frames after 
the mitral valve opens) in the apical 4-chamber view; B, the diameter of the left ventricular outflow tract 
was measured just below the aortic valve in early-to-mid systole in the parasternal long-axis view; C, 
mitral annulus inflow pulsed wave Doppler was traced to obtain the velocity–time integral of the mitral 
inflow; D, left ventricular outflow tract pulsed wave Doppler was traced to obtain the velocity–time inte-
gral of the ventricular outflow.
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view and on the LVOT in the long-axis view. Care was taken to include the complete MA 
and LVOT circumferences throughout the acquisition. Each full volume dataset was digi-
tally stored and exported to QLAB 8.0 3DQ software (Philips Medical System) for offline 
analysis. The “en face” views of the MA or LVOT were revealed at time points during the 
cardiac cycle similar as in the 2D TTE measurements and adjusted to the level at which 
the pulsed wave Doppler volume sample had been placed in 2D TTE. Subsequently, the 
inner border of the cross-sectional planes of the MA and LVOT as well as the major and 
minor axis diameters were measured (Figure 2).

C. 2D TEE measurements
By adjusting the orthogonal multiplanar reconstruction views of the 3D TEE datasets, 
the diameters of the MA was measured in the 4-chamber view in early-to-mid diastole 
at the maximal opening of the MV and that of the LVOT was measured in early systole 
in the long-axis view (Figure 2). Both diameters were measured at the level at which the 
volume sample had been placed.

Using the same VTIMR, VTIMA, and VTILVOT values obtained during the 2D TTE examina-
tions, the 2D TTE, 3D TEE and 2D TEE measurements of the diameters or CSAs were taken 
into the following formulas to calculate the R Vol and EROA:

Figure 2 Measurements of the 3D and 2D transesophageal echocardiography pulsed wave Doppler flow 
methods: the 3D transoesopheageal echocardiographic datasets were displayed as three orthogonal 
images of the mitral annulus (A) and left ventricular outflow tract (B) and the visualization of the entire 
structures was optimized by adjusting the reference planes (the green, red and blue planes). The blue 
planes showed the “en face” views of the mitral annulus and left ventricular outflow tract, in which the 
inner border of the cross-sectional areas of the mitral annulus and left ventricular outflow tract were 
traced manually and the cross-sectional areas and major and minor diameters were measured directly. 
The green plane (A) was adjusted to 4-chamber view and the mitral annulus diameter was measured; 
the green plane (B) was adjusted to long-axis view and the left ventricular outflow tract diameter was 
measured. All measurements were performed at the level at which the sample volume of pulsed wave 
Doppler had been placed in the 2D transthoracic echocardiography examinations.
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 R Vol = SVMA – SVLVOT = πrMA
2 × VTIMA - πrLVOT

2 × VTILVOT

 EROA = R Vol / VTIMR

where r = radius; SV = stroke volume

Flow convergence method

The flow convergence of MR was shown in a zoomed view of color flow Doppler aliasing 
at the Nyquist velocity limit (30–40cm/s) in the apical 4-chamber and 3-chamber views. 
The selected cine loop was reviewed stepwise and a clearly defined mid-to-late systolic 
maximal flow convergence zone was measured from the zenith to the regurgitant ori-
fice. The averaged values measured in both views were used to calculate the R Vol and 
EROA from the following formulas:

 EROA = 2πr2 × Va / PkVRegurg

 R Vol = EROA × VTIMR

where r = radius of the flow convergence; Va = aliasing velocity; PkVRegurg = peak velocity 
of MR

Vena contracta (Vc) width

The VC width of the MR jet was measured at narrowest portion of the regurgitant jet in a 
zoom mode with an adapted Nyquist limit (59.3 cm/s) and averaged from the measure-
ments in the apical 4-chamber and 3-chamber views.

statistical methods

All values were expressed as median (minimum, maximum) or mean ± standard de-
viation. One-factorial repeated measures ANOVA or Friedman’s analysis of variance was 
used to compare the diameters, CSAs, SVs, R Vols and EROAs calculated by the different 
methods. When differences were found, any two methods were compared using the 
paired t test or Wilcoxon signed-rank test with Bonferroni correction. Linear regression 
analysis was used to assess the correlation of variables of interest. Agreement between 
methods was assessed by Bland–Altman method, in which differences were plotted 
against the means of measurements. Inter- and intraobserver variabilities were tested 
by analyzing 2D and 3D images by two blinded observers (BR, LdGdL) and by the same 
observer (BR) at two difference times. The results were analyzed by the relative difference 
(expressed as the absolute difference divided by mean) and Bland–Altman method.
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REsuLTs

Baseline characteristics of the patient population

All patients included underwent the MV repair. The baseline TTE was to ascertain the 
severity of the MR and the TEE performed on the same day was to find out the exact 
mechanism of the MR and guide the selection of the cardiac surgeon. However, the 
preoperative TEE was declined or unsuccessful in eight patients and in one patient the 
image quality was inferior due to poor general image quality and 3D stitching artifacts. 
For these nine patients, the intraoperative TEE under general anesthesia was chosen as 
the baseline TEE study. The intraoperative TEE was performed within 24 hours of the 
baseline TTE in three patients and 6 to 35 days after the baseline TTE in six patients. Of 
the 13 patients who had both baseline TTE and TEE in the out-patient clinic, nine of them 
also underwent intraoperative TEE. The time period between the preoperative TEE and 
intraoperative TEE was 1 to 32 days. Although the hemodynamic characteristics of these 
nine patients changed significantly, the shape and size of the MA and LVOT remained 
relatively constant (Table 1).

Table 1 Comparisons of the patients’ hemodynamic characteristics and mitral annulus and left ventricu-
lar outflow tract morphologies in the preoperative and intraoperative transesophageal echocardiogra-
phy (TEE) examinations (n = 9).

Preoperative TEE intraoperative TEE

heart rate (bpm) 97 (71, 123) 68 (48, 99)

Blood pressure (mmhg)

systolic 140 (110, 163) 105 (80, 125)

Diastolic 80 (60, 88) 50 (40, 75)

mitral annulus

major-minor axis diameter ratio 1.3 (1.0, 1.6) 1.4 (1.1, 1.5)

cross-sectional area (mm2) 1,058 (840, 1,542) 1,105 (747, 1,788)

Left ventricular outflow tract

major-minor axis diameter ratio 1.4 (1.2, 1.7) 1.4 (1.1, 1.5)

cross-sectional area (mm2) 497 (443, 723) 548 (424, 630)

All values were expressed as median (minimum, maximum).

comparison of the 2D and 3D dimensions and cross-sectional areas of mitral 
annulus and left ventricular outflow tract

Frame and volume rates of the 2D and 3D datasets were of no differences (49 ± 6 vs. 46 
± 8). As shown in Table 2, the 2D TTE and 2D TEE diameters of the MA and LVOT were 
not significant different from each other. Both the MA and LVOT were oval in the 3D “en 
face” views with a significant difference between the major and minor axis diameters 



48 Chapter 2.1

(both p < 0.001). The major-minor diameter ratio of the MA was 1.3 ± 0.2 and that of the 
LVOT was 1.4 ± 0.2. The 2D diameters of the MA and LVOT were significantly different 
from both the major and minor axis diameter (all p < 0.05). The CSAs of the MA and LVOT 
calculated from 2D TTE and 2D TEE diameters were similar. For the CSA of the MA, the 2D 
TTE measurements were significantly different from the 3D TEE directly measurement (p 
< 0.001), and overestimated the CSA by 13% ± 12%; although the 2D TEE measurements 
were not significantly different from the 3D TEE measurements, the CSA was still overes-
timated by 7% ± 14%. For the CSA of the LVOT, both 2D TTE and 2D TEE measurements 
were significantly different from the 3D TEE direct measurements (both p < 0.001), and 
the CSAs was underestimated by 23% ± 10% by the 2D TTE measurements and 17% ± 
10% by the 2D TEE measurements.

comparison of the mitral regurgitant volume and effective regurgitant orifice 
area by the 2D and 3D pulsed wave Doppler flow and flow convergence 
methods

As a result of the differences in CSAs obtained by 2D and 3D measurements, the SV at the 
MA level was overestimated by 13% ± 12% by the 2D TTE measurements and 7% ± 14% 
by the 2D TEE measurements, while the SV at the LVOT level was underestimated by 23% 
± 10% by the 2D TTE measurements and 17% ± 10% by the 2D TEE measurements. The 
R Vol and EROA obtained by the 3D TEE PWDF method were significantly smaller than 
those calculated by the 2D PWDF methods (all p <0.001) (Table 3). Compared with the 
3D TEE measurements, the R Vol and EROA were overestimated by 54% ± 39% by the 2D 
TTE PWDF method and 39% ± 40% by the 2D TEE PWDF method.

Compared with the flow convergence method, the R Vols obtained by the 3D PWDF 
methods correlated better with the R Vols obtained by using the flow convergence 
method than the 2D PWDF methods did (Figure 3: 2D TTE PWDF vs. flow convergence 

Table 2 The diameters and cross-sectional areas of the mitral annulus and left ventricular outflow tract  
obtained with the 2D and 3D measurements.

Diameter (mm) cross-sectional area (mm2)

2D measurements 3D TEE measurements 2D measurements 3D TEE
measurementsTTE TEE major axis minor axis TTE TEE

mitral annulus 39 ± 5*† 38 ± 5‡ 41 ± 4φ 31 ± 4 1,185 ± 304*ψ 1,117 ± 254τ 1,050 ± 247

Left ventricular
outflow tract

22 ± 2*† 23 ± 2‡ 29 ± 4φ 21 ± 2 391 ± 73*ψ 426 ± 80‡ 517 ± 110

*Non-significant (NS) for 2D TTE vs. 2D TEE measurements.
†p < 0.05 for 2D TTE vs. 3D TEE measurements.
‡p < 0.001 for 2D TEE vs. 3D TEE measurements.
φp < 0.001 for 3D TEE major vs. minor axis measurements.
ψp < 0.001 for 2D TTE vs. 3D TEE measurements.
τNS for 2D TEE vs. 3D TEE measurements.
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r = 0.91, 2D TEE PWDF vs. flow convergence r = 0.72, 3D PWDF vs. flow convergence r 
= 0.94). Comparisons with the flow convergence method revealed that the R Vol was 
overestimated by 24% ± 23% by the 2D TTE PWDF method (137 ± 56 ml vs. 111 ± 49 ml, 
p < 0.001) and 14% ± 40% by the 2D TEE PWDF method (120 ± 45 ml vs. 111 ± 49 ml), but 
underestimated by 17% ± 17% by the 3D TEE PWDF method (95 ± 43 ml vs. 111 ± 49 ml, 
p < 0.05). A very similar pattern was found for the EROA. Here too, the EROAs obtained 
by the 3D PWDF method correlated better with the EROAs obtained by using the flow 
convergence method that the 2D PWDF methods did (Figure 3: 2D TTE PWDF vs. flow 
convergence r = 0.92, 2D TEE PWDF vs. flow convergence r = 0.76, 3D PWDF vs. flow 
convergence r = 0.95). The magnitude of the overestimation and underestimation by 
comparison with the flow convergence method was the same as for the R Vol: the EROA 
was overestimated by 24% ± 23% by the 2D TTE PWDF method (98 ± 45 mm2 vs. 79 ± 36 
mm2, p < 0.001) and by 14% ± 40% by the 2D TEE PWDF method (88 ± 42 mm2 vs. 79 ± 
36 mm2), but underestimated by 17% ± 17% by the 3D PWDF method (69 ± 34 mm2 vs. 
79 ± 36 mm2, p < 0.05).

Bland–Altman analysis plots for the agreement of the R Vol and EROA between the 
PWDF methods and flow convergence method are also depicted in Figure 3. For R Vol, 
the bias ± 2 standard deviations were 26 ± 48 ml (2D TTE PWDF vs. flow convergence), 
9 ± 71 ml (2D TEE vs. flow convergence) and −16 ± 34 ml (3D TEE PWDF vs. flow conver-
gence). For the EROA, the bias ± 2 standard deviations were 20 ± 38 mm2 (2D TTE PWDF 
vs. flow convergence), 9 ± 56 mm2 (2D TEE PWDF vs. flow convergence) and −10 ± 23 
mm2 (3D TEE PWDF vs. flow convergence). There were a smaller bias and tighter limits 

Table 3 The stroke volumes at the level of the mitral annulus and left ventricular outflow tract, mitral 
regurgitation volume and effective regurgitant orifice area obtained by the flow convergence, 2D and 
3D PWDF methods.

Flow convergence
method

Pulsed wave Doppler flow method

2D TTE 2D TEE 3D TEE

stroke volume (ml)

mitral annulus — 198 ± 55*† 186 ± 44‡ 175 ± 42 

Left ventricular outflow tract —  61 ± 21*†  66 ± 20φ  80 ± 23 

Regurgitant volume (ml) 111 ± 49 137 ± 56ψ†τ 120 ± 45φσ  95 ± 43ς 

Effective regurgitant orifice area (mm2)  79 ± 36  98 ± 45*†τ  88 ± 42φσ  69 ± 34ς 

*Non significant (NS) for 2D TTE vs. 2D TEE pulsed wave Doppler flow methods.
†p < 0.001 for 2D TTE vs. 3D TEE pulsed wave Doppler flow methods.
‡NS for 2D TEE vs. 3D TEE pulsed wave Doppler flow methods.
φp < 0.001 for 2D TEE vs. 3D TEE pulsed wave Doppler flow methods.
ψp < 0.05 for 2D TTE vs. 2D TEE pulsed wave Doppler flow methods.
τp < 0.001 for 2D TTE pulsed wave Doppler flow vs. flow convergence methods.
σNS for 2D TEE pulsed wave Doppler flow vs. flow convergence methods.
ςp < 0.05 for 3D TEE pulsed wave Doppler flow vs. flow convergence methods.
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of agreement between the 3D TEE PWDF and flow convergence methods than between 
the 2D PWDF and flow convergence methods.

categorizations of the mR severity according to different methods

The MR severity of the patients included was categorized according to the R Vol and 
EROA calculated by 2D TTE, 2D TEE, 3D TEE PWDF and flow convergence methods and 

Figure 3 Linear regression and Bland–Altman analysis comparing the mitral regurgitant volume and 
effective regurgitant orifice area by the 2D transthoracic echocardiography (left column), 2D transesoph-
ageal echocardiography (middle column) and 3D transesophageal echocardiography (right column) 
pulsed wave Doppler flow methods with respective values by the flow convergence method.



Quantification of degenerative mitral valve regurgitation 51

 2
.1

VC width based on the American Society of Echocardiography recommendations for 
evaluation of the severity of native valvular regurgitation with two-dimensional and 
Doppler echocardiography1. The severity of MR was different in five patients (Table 4) 
and the same for the other 17 patients.

Table 4 The categorization of the MR severity of patients with discrepancy in MR severity using different 
methods (n = 5).

Patient no. 2D TTE PWDF 2D TEE PWDF 3D TEE PWDF Flow convergence Vena contracta

1 Severe Severe Moderate Severe Moderate

2 Severe Severe Moderate-to-severe Moderate-to-severe Moderate

3 Severe Severe Moderate-to-severe Severe Severe

4 Severe Severe Moderate-to-severe Moderate-to-severe Moderate

5 Severe Severe Moderate-to-severe Severe Severe

intra- and interobserver variabilities of 2D and 3D measurements

For all measurements, Intra- and interobserver variabilities of the 3D TEE PWDF method 
were better in terms of the relative difference and limits of agreement (Table 5).

Table 5 The intra- and interobserver variabilities of the 2D and 3D pulsed wave Doppler flow methods 
in measurements of the diameters and cross-sectional areas of the mitral annulus and left ventricular 
outflow tract, mitral regurgitant volume and effective regurgitant orifice area.

intraobserver variability interobserver variability

2D TTE 2D TEE 3D TEE 2D TTE 2D TEE 3D TEE

Relative difference (%)

mA diameter 6 ± 8 3 ± 2 — 13 ± 12 7 ± 8 —

mA cross-sectional area 12 ± 16 6 ± 4 10 ± 9 21 ± 20 14 ± 16 16 ± 11

LVoT diameter 6 ± 6 4 ± 3 — 8 ± 7 8 ± 6 —

LVoT cross-sectional area 11 ± 11 8 ± 6 6 ± 4 16 ± 13 16 ± 12  15 ± 9

Regurgitant volume 24 ± 31 19 ± 18 22 ± 21 46 ± 61 27 ± 31 33 ± 26

Effective regurgitant orifice area 24 ± 31 19 ± 18 22 ± 21 46 ± 61 27 ± 31 33 ± 26

Bias ± Limits of agreement

mA diameter (mm)  −1 ± 6 0 ± 3 —   −3 ± 8 1 ± 7 —

mA cross-sectional area (mm2) −21 ± 306   3 ± 174  −39 ± 271  −112 ± 325  55 ± 401  93 ± 228

LVoT diameter (mm)  −1 ± 3 0 ± 2 —  −1 ± 4 1 ± 4 —

LVoT cross-sectional area (mm2) −24 ± 106  7 ± 90  −13 ± 68  −37 ± 117  52 ± 122  −60 ± 114

Regurgitant volume (ml)   1 ± 57  0 ± 30  −4 ± 49  −13 ± 91 12 ± 78 27 ± 73

Effective regurgitant orifice area 
(mm2)

  1 ± 43  1 ± 23  −1 ± 36  −11 ± 69 10 ± 57 18 ± 50

Relative difference = absolute difference / mean × 100%; Bias = mean of differences; Limits of agreement 
= 2 standard deviations.
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Discussion

The main finding of this study is that compared with the 3D TEE PWDF method, the 
traditional 2D TTE PWDF method overestimated the mitral R Vol and EROA significantly. 
The overestimates were caused by the oversimplified 2D measurements and the geom-
etry assumption of the CSAs of the MA and LVOT, which led to the CSA and SV being 
overestimated at the MA level and underestimated at the LVOT level.

measurements of the cross-sectional areas of the mitral annulus and left 
ventricular outflow tract using the pulsed wave Doppler flow method

In the 2D TTE PWDF method, the preferred sites to calculate the SVs are the MA and LVOT, 
thus precise measurements of the MA and LVOT dimensions are crucial. Conventionally, 
the MA dimension is measured in the apical 4-chamber view and the LVOT dimension 
in the parasternal long-axis view1,3,13. These measurements have important limitations 
and lead to errors in calculating CSAs, because variable and unpredictable monoplanar 
cross-sections are made and circular geometry of the orifices is assumed. In reality, the 
CSAs of both the MA and LVOT are oval, with the major and minor diameters14-18. In 
this study, the 2D MA diameters approached the 3D major axis diameters and 2D LVOT 
diameters were close to the 3D minor axis diameters (Figure 4), which is consistent with 
previous findings16-19. The monoplanar measurements and false geometry assumption 
are important sources of error in measuring the MA and LVOT dimensions using the 2D 
PWDF method. And the error is even magnified because the diameter (radius) values are 
squared in the geometry assumption formula. The important geometric errors overes-
timated the CSA of the MA and corresponding SV by 13% ± 12% and underestimated 
the CSA of the LVOT and corresponding SV by 23% ± 10 % by the 2D TTE measurements, 
compared with the 3D CSAs measured directly in the “en face” views of the MA and LVOT 
at the level at which the velocity profiles had been recorded.

Figure 4 Orientations of the traditional 2D echocardiographic imaging planes of the mitral annulus (api-
cal 4-chamber view) and left ventricular outflow tract (parasternal long-axis view).
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The spatial resolution of the TEE images is better than the TTE images, thus allows 
a clearer identification of anatomical landmarks, e.g., the hinge points of the mitral 
leaflets. The difference in CSAs between 2D TEE and 3D TEE measurements was smaller 
(2D TEE overestimated MA CSA by 7% ± 14% and underestimated LVOT CSA by 17% ± 
10%). The errors, however, especially for the CSA of the LVOT, were still considerable. 
Additionally, the errors of both 2D TTE and TEE measurements made in calculating the 
SVs were in different directions, i.e. overestimation at the MA level and underestimation 
at the LVOT level, thus the consequent impact in calculating the R Vol and EROA was 
even more significant, with an overestimate of 54% ± 39% by the 2D TTE PWDF method 
and 39% ± 40% by the 2D TEE PWDF method.

To measure the cardiac structures using the echocardiographic approaches, especially, 
the CSAs of the MA and LVOT, we believe that the 3D echocardiography improves the 
accuracy of measurements greatly because the structures of interest can be revealed 
in the en face views and measured directly without geometry assumption used in the 
2D echocardiographic method. Additionally, the transesophageal imaging approach 
also contributes to improve the accuracy since the cardiac structures (e.g. the MA) lie 
in the near field of ultrasound field, thus a better spatial resolution. We assume that the 
observer variabilities of 3D TTE measurements would be higher than those of the 3D TEE 
measurements because of insufficient spatial resolution of the 3D TTE datasets.

The 2D and 3D pulsed wave Doppler flow methods in calculating the mitral 
regurgitant volume and effective regurgitant orifice area compared with the 
flow convergence method

The flow convergence method is one of the methods recommended for quantifying 
degenerative MR since the isovelocity surface is usually hemispheric10,20-22. The R Vol and 
EROA calculated by the 3D TEE PWDF method had a better correlation and agreement 
with the flow convergence method than the 2D PWDF methods did. The 2D PWDF meth-
ods overestimated the R Vol and EROA compared with both the 3D TEE PWDF and flow 
convergence methods. Surprisingly, the R Vol and EROA calculated by the 3D TEE PWDF 
method were smaller than those obtained by the flow convergence method. The prob-
able reason is that the flow convergence method overestimates true R Vol and EROA 
as it estimates regurgitant flow from the “maximal” flow rate and thus overestimates 
the mean flow rates, especially in the situation of a dynamic orifice area change during 
systole seen in degenerative MR23,24. In our study, the flow convergence was measured 
in late systole in six cases because of the late systolic enhancement of MR due to pro-
lapsed leaflets (Figure 5A). This overestimates the mean EROA because the timing of 
the flow convergence measurement and the peak velocity of the regurgitation are not 
synchronized. Additionally, the density of the continuous wave Doppler profile of MR 
in these cases was faint in early systole and became denser in late systole (Figure 5B), 
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probably overestimating the VTI of MR and thus further overestimating the R Vol. Other 
physiologic and technical factors can also substantially influence the flow quantification 
by this approach; they include the regurgitant orifice motion, aliasing velocity, and the 
ratio of the aliasing velocity to peak orifice velocity3,24.

Noteworthily, it is crucial to understand the etiology and mechanism of MR and un-
derlying principles and limitations of the flow convergence method when using this 
method to quantify the MR. The pitfalls of applying this method to the situations of non-
hemispheric flow convergence zone and dynamically changing regurgitant orifice have 
been highlighted by extensive in vitro and clinical studies4-11,23,25. The major advantage 
of the PWDF method is the volumetric measures in which the stroke volume at the MA 
level is measured in diastole, thus not affected by the spatial or temporal homogeneity 
of the MR in systole.

The discrepancies in grading the severity of mR according to different methods

In five patients, the categorization of severity of MR was different according to differ-
ent quantitative methods, and more specifically, it was less severe according to the 3D 
TEE PWDF method. For patient No.2 and No.4 (Table 4), the MR severity was probably 

Figure 5 The “late systolic enhancement” of mitral regurgitation due to prolapsed P2 scallop. A, color 
M-mode echocardiography shows that the regurgitation increased progressively with a maximum in late 
systole; B, continuous wave Doppler echocardiography shows the density of the profile was faint in early 
systole and became denser in late systole.
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overestimated by the 2D TTE PWDF method which was confirmed by the 3D TEE PWDF 
method, flow convergence method and vena contracta width. For patient No.1 and No. 
3, there was a late systolic enhancement of the MR, thus the severity was likely to be 
overestimated by the flow convergence method and vena contracta width as well. In 
only one patient, patient No.5, there were mismatches of MR severity according to dif-
ferent methods. Since all five patients had been symptomatic, although the MR severity 
was “less than severe” according to the 3D TEE PWDF method, the clinical management 
was not changed and all patients underwent the MV repair. There is no clinical evidence 
that the five patients benefited less from the MV repair.

intra- and interobserver variabilities

The TEE PWDF method was generally more reproducible than TTE PWDF method mainly 
due to a better spatial resolution of TEE imaging. Additionally, when the 3D TEE PWDF 
method was used, the relative differences and limits of agreement of the intra- and 
interobserver measurements for the R Vol and EROA were smaller than those in the 2D 
PWDF methods. As expected, the major cause of variability in PWDF methods was the 
measurements of the CSAs of the MA and LVOT. For the 2D and 3D PWDF methods, 
the variabilities resulted from the differences in choosing image frames and locating 
sampling planes for measurements. Although the intra- and interobserver variabilities 
of 2D diameters of the MA and LVOT were relatively small, corresponding variabilities 
of the CSAs of the MA and LVOT were significantly higher because the 2D diameters 
(radiuses) are squared in the geometry assumption formula of the CSA.

Limitations

A true gold standard for calculating the R Vol and EROA was absent in the present study. 
The flow convergence method was used as the reference method, but underlying as-
sumptions of this method is not entirely valid in the situations of eccentric regurgitant 
jet and dynamic regurgitant orfice change during systole as discussed above. We believe 
that a non-echocardiographic imaging modality, e.g., cardiac magnetic resonance imag-
ing, would be much more helpful in validating our findings.

Mitral regurgitant jets due to prolapsed leaflets usually direct eccentrically and the 
flow convergence method is less accurate. In this study, most patients were with isolated 
P2 scallop prolapse and the flow convergence zones were visually smooth and measur-
able.

The sample size in this study was relatively small because only patients who had 
optimal available echocardiographic assessments of CSAs of the MA and LVOT by 3D 
TEE were included. Nevertheless, in all patients included, a consistent trend of overes-
timating the mitral R Vol and EROA using the 2D TTE PWDF method was obvious and 
therefore meaningful for clinical practice.



56 Chapter 2.1

Since the MA and LVOT are dynamic structures, differences in timing of the measure-
ments may produce different values. In this study, the 2D frame rate and 3D volume rate 
were comparable and the time points of measurements were set approximately equal 
in the cardiac cycle. We assume that the acquisition depth in 3D TEE exam, which was 
half of that in the 2D acquisition, contributed most to the high volume rate of the 3D 
datasets.

Finally, in some cases the Doppler sound beam was not perfectly parallel to the blood 
flow. However, small deviations (<20°) in angle produce mild (<10%) errors in velocity 
measurements and these errors may be acceptable for low-velocity flows13.

concLusions

The traditional 2D TTE PWDF method tends to overestimate mitral R Vol and EROA be-
cause the 2D measurements are monoplanar and it is assumed that the CSAs of the MA 
and LOVT are circular, which results in the SV being overestimated at the MA level and 
underestimated at the LVOT level.
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ABsTRAcT

objective the aim of this study was to assess left atrial (LA) compliance in asymptomatic 
and symptomatic patients with degenerative mitral regurgitation (MR) using strain (S) 
and strain rate (SR) parameters.

methods forty-six patients with significant MR and normal lung function and left 
ventricular ejection fraction were divided according to NYHA class and mean pulmo-
nary artery pressure (mPAP) in two groups matched with MR volume. LA strain and SR 
parameters were measured in 2D transthoracic echocardiographic apical views using 
vector velocity imaging. LA positive strain during LA filling was used as a parameter of 
LA compliance.

Results LA compliance was better in asymptomatic patients than that in the symptom-
atic patients: positive S was 23.2 ± 8.9% vs. 16.3 ± 4.9%, and SR was 1.4 (1.1, 2.0) s−1 vs. 1.0 
(0.9, 1.2) s−1, all p < 0.02. Positive S in asymptomatic patients was comparable to values 
in normal controls (22.4 ± 12.3%) as was SR 1.5 (1.2, 2.0) s−1. The LA lateral and septal 
walls contributed most to the significant differences. Also, in patients with lower mPAP 
LA compliance was better: positive S was 20.3 (15.2, 30.0)% vs. 16.4 (12.2, 20.7)% and SR 
1.4 (1.1-2.0) s−1 vs. 1.0 (0.8, 1.2) s1.

conclusions in patients with degenerative MR who were matched for MR volume, LA 
compliance was better in asymptomatic patients and in patients with lower mPAP. LA 
compliance may be an important mechanism in buffering LA pressure rise in patients 
with severe MR.

Keywords: left atrial compliance, mitral valve regurgitation, strain and strain rate 
imaging
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Degenerative mitral regurgitation (MR) is the second most common valvular heart 
disease in Europe1, and causes symptoms such as dyspnea, fatigue, orthopnea, and pal-
pitations2,3. Although indeed most patients with severe MR have symptoms, surprisingly 
some patients with similar MR severity show no symptoms. Left atrial (LA) compliance 
defined as the ability of LA dilation during systolic filling may act as an important com-
pensatory mechanism in buffering LA pressure rise and thus in preventing symptoms. 
According to our knowledge, however, the LA compliance in patients with and without 
symptoms with significant degenerative MR has not been evaluated. Therefore, we 
sought to assess LA compliance in asymptomatic and symptomatic patients with de-
generative MR using strain (S) and strain rate (SR) parameters.

PATiEnTs AnD mEThoDs

study population

Forty-six consecutive patients with degenerative MR referred to mitral valve surgery 
who had fulfilled the following inclusion criteria were included: 1) normal lung function 
(forced expiratory volume in one second > 80%), 2) left ventricular (LV) ejection fraction 
(EF) larger than 50% by three-dimensional transthoracic echocardiography (TTE), 3) 
sinus rhythm at the time of the baseline TTE examination, 4) no other significant cardiac 
abnormalities, and 5) adequate image quality. Two-dimensional echocardiographic im-
ages of 20 normal subjects matched with gender (60% male) and age (54 ± 11 years) 
were retrospectively included for analyses of LA compliant deformation properties. The 
protocol was approved by the institutional review board and informed consent was 
obtained from all patients.

All patients were graded according to the New York Heart Association (NYHA) Func-
tional Classification4 and patients in NYHA class I were categorized into an asymptomatic 
group (defined as absence of symptoms in active patients or negative stress testing in 
inactive patients) and patients of higher NYHA class into the symptomatic group. The 
10 asymptomatic patients were referred for mitral valve surgery based on the European 
Society of Cardiology guideline of management of valvular heart disease, including 
end-systolic diameter ≥ 45mm (Class I) (n = 3), high likelihood of durable repair and 
low operative risk (Class IIa) (n = 6) and paroxymal atrial fibrillation (n = 1)5. The mean 
pulmonary artery pressure (mPAP) was measured by the right heart catheterization (n = 
31). For patients who had not undergone the right heart catheterization (n = 15), the PAP 
was estimated by echocardiography6.
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Echocardiographic study

Transthoracic echocardiography was performed using the iE33 ultrasound system (Phil-
ips Medical System, Best, the Netherlands) with a S5-1 and a X3-1 or X5-1 transducers. 
Two-dimensional, color Doppler images and 3D datasets were acquired in standard 
views.

The MR regurgitant volume and effective regurgitant orifice severity was calculated 
by the proximal isovelocity surface area (PISA) method7. A clearly defined maximal flow 
convergence zone was measured from the zenith to the regurgitant orifice. The duration 
of the PISA was calculated as percentage in which the number of frames of visible PISA 
was divided by the total number of the systolic frames in the same color flow Doppler 
image.

The systolic PAP was calculated as the sum of the peak pressure gradient of tricuspid 
regurgitation calculated from the tricuspid regurgitation velocity using the simplified 
Bernoulli equation and right atrial pressure estimated based on the diameter and respi-
ratory variation of the inferior vena cava8. The mPAP was than calculated as mPAP = 0.61 
× systolic PAP + 2 mmHg9.

Electrocardiographically gated full volume 3D datasets of the LA were built from 4 
or 7 subvolumes and digitally stored and exported to QLAB 9.0 3DQA software (Philips 
Medical System) for offline analysis. After adding five atrial points, the anterior, inferior, 
lateral and septal mitral annuli and the LA roof, in the multiplanar reconstruction views, 
the endocardial surface was automatically traced10. The maximum LA volume was mea-
sured at end systole just before mitral valve opening and the minimum LA volume was 
measured at end diastole just before the mitral valve closure. The LA EF was determined 
as the difference between the maximum and minimum LA volumes divided by the 
maximum LA volume. The LA volume change index during atrial relaxation during LV 
systole was calculated as the LA volume difference at aortic valve opening and that just 
before mitral valve opening divided by the body surface area.

Left atrial strain and strain rate analyses

Two-dimensional images from the apical 4-chamber and 2-chamber views of the LA were 
analyzed using the Vector Velocity Imaging (VVI) (Siemens Medical Solutions, Mountain 
View, USA). The mean frame rate was 55 ± 10 frames/s. For each view, endocardial 
borders were traced manually in the end-systolic frame, and the software subsequently 
traced the borders in the other frames automatically. In segments with poor tracking 
(assessed subjectively), endocardial borders were readjusted until better tracking was 
achieved. Quantitative curves of deformation parameters for each segment were gener-
ated automatically. The software calculated the LA global S and SR values of each apical 
view which were the average S and SR values of three LA regions (Figure 1), and the LA 
average S and SR were the averages of the global values from six LA regions of the two 
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apical views. The onset of the P wave was used as the reference point for calculating the S 
and SR, because it most relevantly represents the LA cavity just before its contraction11,12. 
Each regional LA S and SR curves were divided into component parts representing a 
different phase of the LA cardiac cycle. By definition, negative S designated as shorten-
ing represents LA contractile function, positive S as lengthening to LA compliance and 
total S (the absolute difference of the negative S and positive S) to LA reservoir13,14. The 
graphic display of the LA SR waveforms shows negative waves at atrial contraction and 
early diastolic LV filling and positive waves at atrial relaxation during LV systole.

statistical Analysis

Continuous values were expressed as mean ± standard deviation, median (percentile 25 
and 75), or number (percentage). Two-tailed p values were calculated and findings were 
considered statistically significantly when p < 0.05. To eliminate a significant difference in 
MR volume between asymptomatic and symptomatic patients, the statistical matching 
of the MR volume was performed between the asymptomatic and symptomatic patient 
groups with a 1:3 ratio (defined by the available number of patients). In the secondary 
analysis patients were divided into two groups with lower and higher mPAP accord-
ing to the same ratio. The Kruskal–Wallis H test, Mann–Whitney U-test or independent 
t-test with Bonferroni’s correction were used to compare parameters between differ-

Figure 1 Using the velocity vector imaging, the apical 4-chamber view (A) and 2-chamber view (B) with 
the vectors of the velocities of the endocardial points were obtained; graphic displays of the left atrial 
regional (blue, purple and green lines) and global (yellow lines with dots) strain (C, E) and strain rate (D, 
F) throughout the cardiac cycle obtained from the 4-chamber and 2-chamber views were shown in the 
report.
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ent groups. To analyze the inter- and intraobserver variabilities, 20 patients randomly 
selected were analyzed by two blinded observers (BR, LGL) and by the same observer 
(BR) at two difference times. The results were analyzed by Bland–Altman method.

REsuLTs

clinical and echocardiographic characteristics of the asymptomatic and 
symptomatic patients matched with mitral regurgitation volume

Of the total 46 patients, 10 were asymptomatic patients and 36 symptomatic. The MR 
volume was significantly different between the two groups: asymptomatic 88 (62, 107) 
ml vs. symptomatic 96 (62, 168) ml, p = 0.01 (Figure 2). After matching, measures of 10 
asymptomatic and 30 symptomatic patients (1:3) whose MR volumes were comparable 
were taken into the data analyses. The baseline characteristics of these 40 patients are 
shown in Table 1. All baseline parameters were comparable between two groups of 
patients, except for the LV end diastolic volume index (95 ± 25 ml/m2 vs. 75 ± 20 ml/m2, 
p = 0.02) and LA volume change index during LV systole (30 ± 8 ml/m2 vs. 21 ± 8 ml/m2, 
p = 0.024).

Figure 2 Mitral regurgitation volumes of 10 asymptomatic and 36 symptomatic patients included origi-
nally.
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strain analyses of asymptomatic and symptomatic patients matched by the 
mitral regurgitation volume

The LA average S and SR values of all 40 patients and 20 normal subjects are depicted in 
Table 2. All S and SR parameters were comparable between normal subjects and asymp-
tomatic patients, except for the negative S and SR (p < 0.02). The average LA positive S, 
total S and positive SR were significantly higher in asymptomatic patients (all p < 0.02). 
The comparisons of the global and regional S and SR parameters are shown in Figure 3. 
The LA global positive S, total S and positive SR of the 4-chamber view were significantly 
higher in asymptomatic patients than those in the symptomatic patients (all p < 0.02). 
The LA global positive S and positive SR of the 2-chamber view were significantly higher 
in asymptomatic patients than those in the symptomatic patients (both p < 0.05), while 
the total S values were comparable between two groups. In the deformation analysis, 

Table 1 Demographic and echocardiographic characteristics of the asymptomatic and symptomatic pa-
tients matched with mitral regurgitation volume.

Asymptomatic patients symptomatic patients p value

(n = 10) (n = 30)

Age (years) 60 ± 9 58 ± 14 NS

male (%) 70% 60% NS

Body suface area (m2) 2.0 ± 0.2 1.9 ± 0.2 NS

Paroxysmal AF 2 (20%) 5 (17%) NS

systolic blood pressure (mmhg) 135 (120, 155) 130 (124, 141) NS

Diastolic blood pressure (mmhg) 80 (70, 86) 80 (74, 86) NS

heart rate (bpm) 67 ± 15 67 ± 12 NS

LV EDVi (ml/m2) 95 ± 25 75 ± 20 0.020

LV EsVi (ml/m2) 33 ± 12 28 ± 10 NS

LV EF (%) 66 ± 8 63 ± 6 NS

LAVi (ml/m2) 84 (45, 110) 54 (41, 68) 0.038

LA EF (%) 49 (41, 58) 41 (33, 53) NS

ΔLAVi 30 ± 8 21 ± 8 0.024

regurgitant volume (ml) 88 (62, 107) 88 (60, 145) NS

ERoA (cm2) 0.61 ( 0.50, 0.95) 0.63 (0.50, 0.99) NS

Visible PisA (%) 75 (62, 82) 75 (50, 82) NS

Pulmonary vein s (m/s) 42.5 ± 24.9 48.1 ± 21.6 NS

Pulmonary vein D (m/s) 61.0 ± 15.5 62.9 ± 21.1 NS

Pulmonary vein s/D 0.7 ± 0.4 0.9 ± 0.5 NS

mPAP (mmhg) 16 (14, 19) 19 (13, 24) NS

AF, atrial fibrillation; D, diastolic; EDVi, end diastolic volume index; EF, ejection fraction; EROA, effective 
regurgitant orifice area; ESDi, end systolic volume index; LAVi, left atrial volume index; ΔLAVi, LA volume 
change index at atrial relaxation during left ventricular systole; LV, left ventricular; mPAP, mean pulmo-
nary artery pressure; NS, non-significant; PISA, proximal isovelocity surface area; S, systolic.
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it is shown that the positive S, total S and positive SR of the lateral and septal walls 
were significantly higher in the asymptomatic patients than those in the symptomatic 
patients (all p < 0.02).

comparisons between patients with lower and higher mean pulmonary artery 
pressures matched by mitral regurgitation volume

There were 11 patients in the group of lower mPAP (12 ± 1 mmHg) and 35 patients in 
the group of higher mPAP (25 ± 5 mmHg, p < 0.001). The MR volume was significantly 
different between the two groups: lower mPAP 90 (53, 112) ml vs. elevated mPAP 106 
(62, 171) ml, p < 0.05. After matching, measures of 9 patients with lower mPAP and 27 
patients with higher mPAP (1:3) whose MR volumes were comparable were taken into 
the data analyses. All baseline parameters were comparable between the two groups 
of patients, except for the LA EF (lower vs. higher mPAP: 59% ± 8% vs. 44% ± 13%, p 
= 0.004). The LA average S and SR values of all 36 patients are shown in Table 3. The 
average LA negative S and SR were significantly lower in patients in the lower mPAP 
group than those in patients in the higher mPAP group (all p < 0.017) and the average 
LA total S and positive SR were significantly higher in patients of lower mPAP (both p 
< 0.017). All S and SR parameters were comparable between the normal subjects and 
patients with lower mPAP except for the difference in the average LA late negative SR 
(p = 0.017).

Table 2 Left atrial longitudinal strain and strain rate values in the asymptomatic and symptomatic pa-
tients with mitral regurgitation.

controls
(n = 20)

Asymptomatic patients
(n = 10)

symptomatic patients
(n = 30)

strain (%)

negative −15.2 ± 5.2*† −10.9 ± 3.7  −8.7 ± 4.1

Positive 22.4 ± 12.3† 23.2 ± 8.9‡ 16.3 ± 4.9

Total 36.8 ± 12.3† 34.1 ± 11.3‡ 24.9 ± 6.7

strain rate (s−1)

Late negative −1.7 (−2.0, −1.3)*† −1.2 (−1.7, −0.9) −1.0 (−1.2, −0.7)

Positive 1.5 (1.2, 2.0)† 1.4 (1.1, 2.0)‡ 1.0 (0.9, 1.2)

Early negative −1.4 (−1.7, −0.8)† −1.1 (−1.7, −0.8) −0.9 (−1.1, −0.8)

Abbreviation as in Table 1.
*p ≤ 0.017, Controls vs. Asymptomatic patients;
†p ≤ 0.017, Controls vs. Symptomatic patients;
‡p < 0.017, Asymptomatic vs. Symptomatic patients.
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Table 3 Left atrial average strain and strain rate values in the patients with lower and higher mean pul-
monary artery pressures.

Patients with lower mPAP (n = 9) Patients with higher mPAP (n = 27)

strain (%)

negative −12.0 (−14.1, −11.6)* −8.5 (−9.1, −6.7)†

Positive 20.3 (15.2, 30.0)‡ 16.4 (12.2, 20.7)†

Total 31.5 (27.2, 44.3)* 25.6 (17.9, 29.6)†

strain rate (s−1)

Late negative −1.2 (−1.6, −1.2)‡§ −1.0 (1.2, −0.7)†

Positive 1.4 (1.1, 2.0)* 1.0 (0.8, 1.2)†

Early negative −1.1 (−1.5, −1.0)* −0.9 (−1.1, −0.8)†

Abbreviations as in Table 1. Controls’ values as in Table 2.
*p < 0.017, patients with lower mPAP vs. patients with higher mPAP;
†p < 0.017, patients with higher mPAP vs. controls;
‡p = 0.017, patients with lower mPAP vs. patients with higher mPAP;
§p = 0.017, controls vs. patients with lower mPAP.

Figure 4 The Bland–Altman analyses of the intraobserver (left column) and interobserver (right column) 
variabilities of the average LA positive strain (upper row) and strain rate (lower row) measures where the 
differences were plotted against the average.
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intra-observer and inter-observer reproducibilities

The Bland–Altman analysis of the intra-observer and inter-observer variabilities of the 
average and regional S and SR measures are shown in Figure 4.

Discussion

The major findings of our study were: 1) MR volumes were different in symptomatic 
versus asymptomatic patients, 2) in patients with matched MR volumes, asymptomatic 
patients showed better LA compliance, evidenced with higher positive atrial S and SR 
during LA filling; 3) the LA lateral and septal walls seemed to contribute most to the 
LA compliance differences between symptomatic and asymptomatic patients, and 4) 
in patients with matched MR volumes, patients with lower mPAP also showed better LA 
compliance.

mitral regurgitation and left atrial compliance

Mitral regurgitation causes important morphological and hemodynamic changes. In 
acute MR, the pressure in the normal-sized LA rises abruptly, causing an acute increase 
in pulmonary venous pressure with pulmonary edema and sudden onset of dyspnea. In 
contrast, during chronic MR, as regurgitation worsens gradually, the volume overload 
leads to LA and LV dilatation. In an animal study, it has been shown that in the com-
pensated phase of chronic MR, the LA becomes larger and more compliant with a more 
potent booster pump action15. The LA compliance plays an important role in buffering 
LA pressure rise15. However, LA remodelling may eventually cause chronic inflammatory 
changes, interstitial fibrosis, and decreased matrix metalloproteinase expression that 
may impair LA elastic properties and thus compliance16-18.

Assessment of the left atrial compliance using velocity vector imaging

Vector Velocity Imaging (Syngo SC2000 Workplace, Siemens Medical Solutions, Moun-
tain View, CA, USA) is a 2D speckle-tracking echocardiographic technique which is quite 
consistent in LA S and SR measurements with the more commonly applied standard 2D 
speckle tracking echocardiography techniques (EchoPAC, GE Healthcare, Waukesha, WI, 
USA) but has fewer difficulties in measuring longitudinal S in the thin LA wall19.

The positive S and SR and total S values of the asymptomatic MR patients were 
comparable with those of the controls, indicating preserved LA compliance despite 
LA enlargement. In contrast, the symptomatic patients (with matched MR volumes) 
showed lower S and SR values, indicating impaired LA compliance. This difference in 
compliance between asymptomatic and symptomatic patients identified by S analysis 
was confirmed with a 3D echocardiographic analysis of LA volumes in which it was 
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shown that in asymptomatic patients a larger LA volume change index during LV systole 
was present. Interestingly, unlike the positive S and SR, the LA negative S and SR were 
comparable between asymptomatic and symptomatic patients, both of which were 
lower than those of the controls. The LA EF was also comparable between asymptomatic 
and symptomatic patients (66% ± 8% vs. 63% ± 6%). This indicates that although the 
asymptomatic patients still showed normal LA compliance, the LA contractile function 
may have already declined. One possible reason might be that in the transitional phase 
of severe MR, the Frank–Starling mechanism responds less to the chamber dilation 
and the chamber shortening diminishes. The maintained LA compliance but impaired 
contractile function indicated by normal LA positive S and SR and significantly reduced 
LA negative S and SR may have an important prognostic value in asymptomatic patients 
with severe MR. In a recent report of patient with primary MR and sinus rhythm, severe LA 
dilation (LAVi ≥ 60 ml/m2) was associated with poor outcomes independently of known 
outcome predictors with MR, even in those without symptoms and with maintained LV 
EF17. In previous studies it has been shown that regional differences in atrial compliance 
exist with the LA inferior wall showing clearly higher positive20. In contrast, in our study 
the inferior wall showed the lowest values in the asymptomatic patients, which may 
relate to the jet direction in P2 prolapse that directed away from this wall.

Elevated LA pressure caused by chronic MR eventually leads to pulmonary hyperten-
sion, an important marker of adverse outcome21. A high LA compliance may sufficiently 
buffer the LA pressure rise and may thus prevent the systolic PAP rise. Marijon et al. 
reported a case presenting with a giant left atrium (73 cm2 based on apical 4-chamber 
view) due to severe rheumatic MR in contrast to a normal systolic PAP (29 mmHg based 
on Doppler velocity of tricuspid regurgitation), testifying the effect of the high LA 
compliance22. Strictly speaking, an end-systolic LA volume is not an indicator of high LA 
compliance which can only be concluded by changes from minimal to maximal volume. 
However, in current literatures, very few data have been reported on LA compliance and 
systolic PAP in case of MR. In this study, the group with lower mPAP had higher positive 
S and SR values than the counterpart did.

Limitations

Due to the stringent inclusion criteria (excluding confounding factors that may cause 
symptoms such as impaired pulmonary or LV function), the sample size of the study 
was relatively small. Besides LA compliance, the LA original volume may also determine 
the magnitude and rate of rise in atrial pressure in response to the regurgitant volume. 
In a larger LA with a given compliance, the same MR volume will cause less pressure 
rise than in a smaller LA with a similar compliance. However, the LA volumes before 
the development of MR were obviously not available. Other factors such as pulmonary 
vein-atrium junction area and pulmonary inertance and their interactions with the LA 
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volume and compliance might also be important determinants of LA pressure rise23,24. 
Atrial fibrillation interacts with LA compliance: patients with atrial fibrillation are known 
to have lower S and SR values24. We controlled this factor by excluding patients with 
persistent atrial fibrillation and the number of patients with paroxysmal atrial fibrillation 
was comparable in the matched groups. It cannot be excluded that the LA compliance 
was better in the asymptomatic patients because of a less complex myxomatous valve 
disease. However, 97% of the symptomatic patients had also undergone valve repair, 
pointing to a similar extent of myxomatous lesion as in the asymptomatic patients.

Using the PISA method, the regurgitant volume is calculated from the maximal flow 
rate, which potentially makes errors in non-holosystolic MR25. We took this into account 
by comparing the time duration of visible PISA in systole, which was shown as compa-
rable between groups. It should be understood that the MR volumes in valve prolapse 
are based also on the maximal PISA measurement (flow rate) and in reality should be 
much smaller, because in early systole, MR (and thus PISA) is usually absent and in the 
period of systole that the PISA was visible the maximal PISA was measured according to 
the guideline7. We did not use other quantitative methods to calculate the MR volumes 
since they also make significant errors26.

Finally, compliance is usually defined as a change in volume divided by change in 
pressure. With the strain measurements, we obviously did not measure a change in vol-
ume but in dimension, but this is expected to relate directly to a change in the volume.

concLusions

In patients with MR matched with MR volume LA compliance was better in asymptom-
atic patients and in patients with lower mPAP. LA compliance may be an important 
mechanism in buffering LA pressure rise in patients with MR.
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ABsTRAcT

Purpose The purpose of this study was to assess left atrial (LA) function and myocardial 
mechanics in patients with degenerative mitral regurgitation (MR).

methods Eighty patients with degenerative MR and 20 controls were included pro-
spectively. LA and right atrial (RA) volumes were measured with three-dimensional 
transthoracic echocardiography at three phases of the cardiac cycle as maximal volume 
(LAVmax/RAVmax ), minimal volume (LAVmin/ RAVmin) and volume before atrial contraction 
(LAVpre-A/ RAVpre-A). From these volumes, active stroke volume (SV), distensibility and 
emptying fraction (EF) were calculated. LA strain and strain rate were measured with 
vector velocity imaging on 4-chamber and 2-chamber views.

Results Left ventricular (LV) filling pressures were increased in patients with severe MR 
(E/E’ 16 ± 4 vs. 10 ± 3 in controls). LAVmax, LAVmin and LAVpre-A all increased with increasing 
MR volume. As LAVpre-A increased, both LA total SV (r = 0.68, p < 0.001) and passive filling 
volume (r = 0.76, p < 0.001) increased. LA active SV increased with LAVpre-A up to a certain 
point upon which it decreased despite further increased LAVpre-A (r = 0.53, p < 0.001). LA 
late negative strain decreased with increasing MR volume. A positive correlation existed 
between LA late negative strain and the LA active EF (r = 0.55, p < 0.001). In contrast, RA 
functions were comparable between groups.

conclusion LA contractility (active SV) increased in response to an increase in LA preload 
(LAVpre-A) up to a point beyond which LA contractility (active SV) decreased. Whether this 
was due to working of the LA at the descending limb of the Frank–Starling curve or 
mainly due to changes in afterload still remains unclear.

Keywords: left atrial function, myocardial mechanics, mitral valve regurgitation
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In chronic degenerative mitral regurgitation (MR), the left ventricle (LV) and left atrium 
(LA) are subject to increased preload. In previous animal studies it has been shown 
that in the compensated phase of chronic MR, the LA becomes larger and more com-
pliant with a more potent booster pump action as a result of the optimal use of the 
Frank–Starling mechanism of the LA muscle1. In accordance with animal studies, the 
Frank–Starling behaviour of the LA has been demonstrated in clinical studies including 
different patient populations2-4, but not including patients with MR. As MR progressively 
increased, the extent of LA shortening and expansion is diminished, indicating that the 
extreme dilation no longer provokes the Frank–Starling response because LA myocar-
dium may operate on the descending limb of the Frank–Starling curve. Two-dimensional 
echocardiographic assessment of LA size and function in patients with degenerative MR 
is of important prognostic value5-7. Nowadays, there are improved echocardiographic 
imaging techniques to study LA size and function. LA volume is a better index of LA size 
and may be best assessed by three-dimensional transthoracic echocardiography (3D 
TTE)2,8-10. Vector velocity imaging (VVI) can also quantitatively describe LA myocardial 
mechanics11,12. In this study, we sought to assess LA function and to confirm the Frank–
Starling law of the LA in patients with degenerative MR by measuring LA volume using 
3D TTE and myocardial mechanics using VVI.

mEThoDs

study population

Eighty consecutive patients with degenerative MR referred for assessment of MR degree 
and potential mitral valve repair who had fulfilled the following criteria were included 
prospectively: 1) LV ejection fraction larger than 50% by 3D TTE, 2) sinus rhythm at the 
time of the baseline TTE examination, 3) no other significant cardiac abnormalities, and 
4) adequate image quality. The patients were further divided into three groups based 
on the MR severity (based on regurgitant volume calculated by the proximal isovelocity 
surface area method) according to the American Society of Echocardiography recom-
mendations13: mild (n = 15), moderate (n = 20) and severe (n = 45). Twenty age- and 
gender-matched patients referred for routine TTE examination without significant car-
diac and systemic abnormalities were included as controls. The protocol was approved 
by the institutional review board and informed consent was obtained from all patients.

Left atrial volume by 3D tranthoracic echocardiography

Electrocardiographically gated full volume 3D TTE datasets of the LA built from four 
or seven subvolumes were acquired in apical views using the Philips iE33 ultrasound 
system (Philips Medical System, Best, the Netherlands) with the X3-1 or X5-1 transducer 
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and exported to QLAB 9.0 3DQA software (Philips Medical System) for offline analysis. 
To achieve a higher temporal resolution, the acquisition sector width was reduced to 
just include the complete LA. The average volume rate of the 3D TEE datasets were 
31 ± 9 volumes per second. After adding five atrial points, the anterior, inferior, lateral 
and septal mitral annuli and the LA apex, in the multiplanar reconstruction views, the 
endocardial surface was automatically traced2. The LA 3D model was then built and LA 
volumes were obtained (Figure 1). Manual corrections of the contours were made to 
majority of the patients to optimize the tracings. The LA volume was measured at three 
phases of the cardiac cycle: the maximum LA volume (LAVmax) measured at end systole 
just before mitral valve opening, the minimum LA volume (LAVmin) measured at end di-
astole just before the mitral valve closure and volume before atrial contraction (LAVpre-A) 
measured at the frame just before mitral valve reopening.

From the volumes, the following LA function indices were calculated:
• LA reservoir function

Figure 1 Left atrial 3D echocardiographic volume measures. Multiplanar reconstruction views and 3D 
model of the left atrium in QLAB 3DQA used for calculating the left atrial volumes.
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 Total stroke volume (SV) = LAVmax − LAVmin

 Distensibility = (LAVmax − LAVmin)/LAVmin × 100%
• LA conduit function
 Passive filling volume = LAVmax − LAVpre-A

 Passive emptying fraction (EF) = (LAVmax − LAVpre-A)/LAVmax × 100%
• LA contractile function
 Active SV = LAVpre-A − LAVmin

 Active EF = (LAVpre-A − LAVmin)/LAVpre-A × 100%
All volumes had been indexed by the body surface area before they were taken into 
further analyses.

Left atrial mechanics by velocity vector imaging

Two-dimensional images from the apical 4-chamber and 2-chamber views with proper 
depth to include the whole LA were acquired using the iE33 ultrasound system (Philips 
Medical System, Best, the Netherlands) with the S5-1 or X5-1 transducer and analyzed us-
ing the VVI (Siemens Medical Solutions, Mountain view, CA, USA). The average frame rate 
was 60 ± 10 frames per second. For each view, endocardial borders were traced manually 
in the end-systolic frame, and the software subsequently traced the borders in the other 
frames automatically. In segments with poor tracking (assessed subjectively), endocardial 
borders were readjusted until better tracking was achieved. Because all subjects were in 
sinus rhythm during the study, only one cardiac cycle was analysed. Quantitative curves 
of deformation parameters for each segment were then generated automatically. The 
software calculated the LA global strain and strain rate (SR) values of each apical view, 
which were the averages of three LA regions (in 4-chamber view, the lateral wall, septal 
wall and the roof were analysed; in 2-chamber view, the anterior wall, inferior wall and 
the roof were analysed.) (Figure 2). The LA average strain and SR were calculated as the 
averages of the global values of the two apical views. The onset of the P wave was used 
as the reference point for calculating the LA strain and SR, because it most relevantly rep-
resents the LA cavity just before its contraction14,15. Each regional LA strain and SR curves 
were divided into component parts representing a different phase of the LA cardiac 
cycle and the strain and SR were measured during LA contraction. By definition, negative 
strain designated as shortening represents LA contractile function, the positive strain as 
lengthening to LA distensibility, and the total strain (the absolute difference between 
the negative and positive strains) to LA reservoir16,17. In the graphic display of the LA SR 
waveforms, it showed negative peaks at atrial contraction (late diastolic negative SR) and 
early diastolic LV filling (early diastolic negative SR) and a positive peak at atrial relaxation 
during LV systole (positive SR). To study the Frank–Starling mechanism, the negative SR 
peak at atrial contraction (late diastolic negative SR) best represents the LA contractile 
function.
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Right atrial volume by 3D tranthoracic echocardiography

To serve as a control atrium, 3D echocardiographic analysis of right atrial (RA) volumes 
was in a similar manner also performed on 3D datasets that retrospectively included the 
complete RA with sufficient image quality (eight subjects in the control group, seven in 
the mild MR group, ten in the moderate MR group and 13 in the severe MR group).

statistical Analysis

Continuous values were expressed as mean ± standard deviation, median (percentile 25 
and 75), or number (percentage). Two-tailed p values were calculated and findings were 
considered statistically significantly when p < 0.05. The Kruskal–Wallis H test and Mann–
Whitney U-test with Bonferroni’s correction or one-way ANOVA followed by post hoc 
testing were used to compare parameters between different groups. Curve estimation 
with linear, quadratic and cubic models was used to define the best regression model 
between LA function indices. For the analyses of the inter- and intraobserver variabilities 
of the LA volumes and mechanics, 20 patients were randomly selected as representative 
samples and analyzed by two blinded observers (BR, LGL) and by the same observer (BR) 
at two difference times. The results were analyzed by Bland–Altman method expressed 
as bias ± limits of agreement (2 standard deviations), Pearson’s correlation analysis and 
relative difference where the absolute difference of two measurements was divided by 

Figure 2 Left atrial longitudinal strain and strain rate obtained by Vector Velocity Imaging. Apical 4-cham-
ber view (A) and 2-chamber view (B) with the vectors of the velocities of the endocardial points; graphic 
displays of the left atrial regional (blue, purple and green lines) and global (yellow lines with dots) strain 
(C) and strain rate (D) throughout the cardiac cycle obtained from the 4-chamber view and the strain (E) 
and strain rate (F) obtained from the 2-chamber view.
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their mean. All statistical analyses were performed using IBM SPSS Statistics Version 21.0 
(Armonk, NY: IBM Corp.).

REsuLTs

clinical characteristics and echocardiographic findings

The baseline and echocardiographic characteristics of the controls and three MR sever-
ity groups are shown in Table 1. The LV end-diastolic, end-systolic, and the volume at 

Table 1 Demographic and echocardiographic characteristics of the study population.

controls mild mR moderate mR severe mR

(n = 20) (n = 15) (n = 20) (n = 45)

Age (years) 62 ± 9 66 ± 11 59 ± 17 58 ± 15

male (%) 60 67 65 64

Paroxymal atrial 
fibrillation

0 3 (20%) 5 (25%) 9 (20%)

Body surface area (m2) 1.8 ± 0.2 1.9 ± 0.3 1.9 ± 0.2 1.9 ± 0.2

systolic blood pressure 
(mmhg)

140 ± 25 136 ± 19 128 ± 14 134 ± 16

Diastolic blood pressure 
(mmhg)

83 ± 12 81 ± 8 78 ± 8 79 ± 11

heart rate (bpm) 65 (61, 81) 58 (50, 70) 67 (60, 80) 69 (65, 78)

LV EDVi (ml/m2)a 51 ± 11b,c 65 ± 18D 72 ± 18 81 ± 22

LV EsVi (ml/m2)a 20 ± 6b,c 27 ± 10 29 ± 10 29 ± 10

LV ejection fraction (%) 61 ± 7 59 ± 6 59 ± 7 64 ± 7

LV volume index before 
atrial contraction (ml/m2)a 26 ± 8b,c 36 ± 11 39 ± 13 45 ± 17

mR volume (ml) — 20 (8, 25)d,e 45 (32, 53)f 124 (91, 168)

ERoA (cm2) — 0.14 (0.09, 0.18)d,e 0.30 (0.21, 0.49)f 0.93 (0.60, 1.25)

E wave (m/s) 0.7 ± 0.2c 0.7 ± 0.2e 0.9 ± 0.3f 1.1 ± 0.2

A wave (m/s) 0.7 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 0.6 ± 0.2

E/A 1.0 (0.7, 1.3)c 1.2 (0.9, 1.5)e 1.3 (1.1, 1.8)f 1.8 (1.4, 2.5)

E’ (cm/s) 7.6 ± 3.2 7.3 ± 2.1 6.9 ± 1.5 7.3 ± 1.5

E/E’ 10 ± 3b,c 10 ± 4e 13 ± 3 16 ± 4

a Indexed values were obtained by dividing the original values by the body surface area.
Significance (marked if p < 0.05): b controls vs. patients with moderate MR, c controls vs. patients with 
severe MR, d patients with mild MR vs. patients with moderate MR, e patients with mild MR vs. patients 
with severe MR, f patients with moderate MR vs. patients with severe MR.
A, peak late filling transmitral velocity; E, peak early filling transmitral velocity; E’, peak early diastolic 
velocity; EDVi, end diastolic volume index; EROA, effective regurgitant orifice area; ESDi, end systolic 
volume index; LV, left ventricular; MR, mitral regurgitation.
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late diastole before atrial contraction increased with increasing MR volume, whereas 
the LV ejection fraction did not change. Mitral inflow E-wave velocity and E/A ratio also 
increased with increasing MR volume. However, the mitral inflow A-wave velocity was 
comparable between the controls and MR patients and between the MR groups. The E/E’ 
ratio increased significantly in patients with moderate and severe MR.

Left atrial volumes and function in patients with degenerative mitral 
regurgitation

LA volumes and EFs are shown in Table 2. Indexed LAVmax, LAVmin and LAVpre-A all increased 
with increasing MR volume.

Table 2 Left atrial volumes and function.

controls mild mR moderate mR severe mR

(n = 20) (n = 15) (n = 20) (n = 45)

LAVmaxi (ml/m2) 27 (22, 35)b,c,d 39 (37, 61)e 49 (36, 61) 58 (47, 72)

LAVmini (ml/m2) 14 (9, 18)b,c,d 24 (17, 34) 29 (18, 32) 34 (25, 45)

LAVpre-Ai (ml/m2) 23 ± 6b,c,d 33 ± 17 39 ± 15 44 ± 16

LA reservoir function

Total sVi (ml/m2)a 15 (12, 17)d 16 (11, 19)e 19 (14, 22)f 24 (20, 32)

Distensibility (%) 121 ± 45b,c,d 75 ± 44 76 ± 34 76 ± 32

LA conduit function

Passive filling volume index (ml/m2)a 5 (4, 8)d 7 (6, 10)e 9 (6, 13)f 14 (10, 19)

Passive emptying fraction (%) 20 ± 11 19 ± 10 19 ± 8 25 ± 9

LA contractile function

Active sVi (ml/m2)a 8 ± 3 9 ± 3 11 ± 4 9 ± 5

Active emptying fraction (%) 36 (31, 47)b,c,d 26 (10, 37) 28 (17, 38) 20 (9, 31)

a Indexed values were obtained by dividing the original values by the body surface area.
Significance (marked if p < 0.05): b controls vs. patients with mild MR, c controls vs. patients with moderate 
MR, d controls vs. patients with severe MR, e patients with mild MR vs. patients with severe MR; f patients 
with moderate MR vs. patients with severe MR.
LAVmaxi, maximal left atrial volume index; LAVmini, minimal left atrial volume index; LAVpre-Ai, left atrial vol-
ume before atrial contraction; SVi, stroke volume index. Other abbreviations as in Table 1.

Left atrial reservoir function

In Table 2, it can be seen that the LA total SV index increased with increasing MR vol-
ume. However, the LA distensibility was decreased to a similar extent in all MR groups 
compared with that in the controls. In Figure 3A, it shows that the LA total SV index 
correlated positively with the LAVmax index (r = 0.68, p < 0.001), but the LA distensibility 
correlated negatively with the LAVmax index (r = −0.53, p < 0.001).
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Figure 3 Left atrial functions demonstrated with volume measures. Correlation between (A) left atrial 
(LA) total stroke volume/distensibility and LA maximum volume; (B) LA passive filling volume/emptying 
fraction and LA maximum volume; (C) LA active stroke volume/emptying fraction and LA volume before 
atrial contraction.
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Left atrial conduit function

In Table 2, it is shown the LA passive filling volume index increased with increasing MR 
volume. However, the passive EF was comparable between the controls and MR patients 
and between the MR groups. In Figure 3B, it shows that the LA passive filling volume 
index correlated positively with the LAVmax index (r = 0.76, p < 0.001). However, there was 
no linear correlation between the LA passive EF and the LAVmax index (p = 0.30).

Left atrial contractile function

In Table 2, it shows that the LA active SV was comparable between all groups but the LA 
active EF decreased in MR patients compared with that of the controls and tended to be 
lowest in the severe MR patients. In Figure 3C, it can be seen that LA active SV increased 
with indexed LAVpre-A up to a certain point upon which LA active SV decreased despite 
further increased indexed LAVpre-A (r = 0.53, p < 0.001). This curve was fitted with the 
quadratic model, which best interpreted the data. The LA active EF correlated negatively 
with the LAVpre-A index (r = −0.65, p < 0.001).

correlation between left atrial deformation and function

The LA longitudinal negative strain and strain rate measures of all subjects are shown in 
Table 3. LA late negative strain decreased with increasing MR volume, and was highest 

Figure 4 Correlation between (A) average left atrial (LA) total global strain and LA distensibility; (B) aver-
age LA negative global strain and LA active emptying fraction.

Table 3 Left atrial longitudinal myocardial deformation properties at atrial contraction.

controls mild mR moderate mR severe mR

(n = 20) (n = 15) (n = 20) (n = 45)

negative strain (%) −12.5 ± 3.4* −9.3 ± 4.2 −8.6 ± 4.5 −8.1 ± 3.6

Late negative strain rate (s−1)  −1.3 ± 0.4* −0.9 ± 0.4 −1.0 ± 0.5 −0.9 ± 0.4

* p < 0.05 controls vs. patients with severe MR. Abbreviation as in Table 1.
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in the controls. As shown in Figure 4, there was a positive correlation between the aver-
age LA total strain and LA distensibility (r = 0.56, p < 0.001) and a negative correlation 
between the LA late negative strain and LA active EF (r = −0.55, p < 0.001).

Right atrial function

The RA volumes and functions are shown in Table 4. No significant differences were 
found between the groups (all p > 0.05).

Table 4 Right atrial volumes and function.

controls mild mR moderate mR severe mR

(n = 8) (n = 7) (n = 10) (n = 13)

RAVmaxi (ml/m2) 24 ± 6 27 ± 9 29 ± 12 27 ± 7

RAVmini (ml/m2) 13 (10, 17) 16 (13, 19) 13 (10, 17) 14 (10, 18)

RAVpre-Ai (ml/m2) 20 (15, 22) 21 (18, 33) 22 (17, 26) 23 (18, 28)

RA reservoir function

Total sVi (ml/m2)a 11 (7, 12) 8 (7, 20) 13 (12, 15) 12 (9, 17)

Distensibility (%) 78 (55, 122) 74 (45, 107) 105 (80, 118) 90 (49, 151)

RA conduit function

Passive filling volume index 
(ml/m2)a 4 (3, 5) 2 (2, 5) 6 (3, 6) 4 (2, 7)

Passive emptying fraction (%) 17 ± 6 11 ± 5 16 ± 9  17 ± 10

RA contractile function

Active sVi (ml/m2)a  7 ± 4  9 ± 6 9 ± 3  8 ± 4

Active emptying fraction (%) 33 (16, 47) 38 (27, 47) 43 (30, 53) 34 (24, 51)

No significant differences were found among measurements (all p > 0.05). RA, right atrial; RAVmaxi, maxi-
mal right atrial volume index; RAVmini, minimal right atrial volume index; RAVpre-Ai, right atrial volume 
before atrial contraction; Other abbreviations as in Table 1 and 2.

observer variability

The Bland–Altman analysis, correlation coefficient and relative difference of the LA 
volumes, strains and strain rates are shown in Table 5.
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Table 5 Intra-observer and inter-observer variabilities of the left atrial volumes and deformation param-
eters.

intra-observer variability inter-observer variability

correlation coefficient (r)

LAVmax 0.97 0.96

LAVmin 0.99 0.97

LAVpre-A 0.98 0.98

negative strain 0.97 0.94

Late negative strain rate 0.92 0.88

Relative difference (%)

LAVmax 8 ± 9 10 ± 7

LAVmin 7 ± 7 14 ± 7

LAVpre-A 9 ± 7 5 ± 4

negative strain 9 ± 11 14 ± 10

Late negative strain rate 13 ± 15 14 ± 16

Bias ± 2sD

LAVmax (ml) −2 ± 19 5 ± 22

LAVmin (ml) −2 ± 9 5 ± 14

LAVpre-A (ml) −6 ± 10 2 ± 10

negative strain (%) −0.4 ± 2.3 −0.0 ± 3.8

Late negative strain rate (s−1) −0.1 ± 0.4 −0.0 ± 0.5

Relative difference = absolute difference/mean × 100% expressed as mean ± SD; Bias = mean of differ-
ences. SD, standard deviation; other abbreviations as in Table 2.

Discussion

The main findings of this study in patients with MR were 1) LA contractility (active SV) 
increased in response to an increase in LA preload (LAVpre-A) up to a point beyond which 
LA contractility (active SV) decreased; 2) LA late negative strain correlated negatively 
with the LA active EF and 3) the LA reservoir and conduit functions were augmented in 
significant MR, manifested by increased total SV and passive filling volume as the LAVmax 
increased.

Left atrial volumetric functions

In a normal heart, an increase in atrial preload, eg. during exercise, results in augmenta-
tion of the LA reservoir and booster functions, whereas conduit function is not aug-
mented 18. As shown in the present study, there was an increase in LAVmax from controls 
to more severe MR and a positive correlation between the LAVmax and total LA SV. The 
latter may be increased by both increased passive and active filling volumes. The LA 
passive filling volume (and E-wave velocity) increased with increasing MR volume and 
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was strongly positively correlated with LAVmax. This augmentation in LA conduit function 
was also shown by others19 and is consistent with the restrictive filling pattern detected 
in the pulsed wave Doppler profile of mitral inflow of patients with severe MR20. Despite 
a substantially increasing MR volume from mild to severe MR, the increase in passive 
filling volume led to a damped increase in the LAVpre-A among the MR groups (which was 
actually statistically non-significant). LA contractile function may also help in LV filling. 
In our study, it is shown that active SV increased as the LAVpre-A increased up to a point 
around a volume of 40 ml/m2, where the active SV decreased with increasing LAVpre-A. 
The decreased active SV in the patients with severe MR may be due to a Frank–Starling 
mechanism with an ultimate functioning of the LA at the descending limb of the curve 
(see next paragraph), but more likely due to elevated LV filling pressures at late diastole 
before atrial contraction. LV filling pressure can be indirectly measured with the mitral 
inflow E/A and mitral annular E/E’ ratio21. In the severe MR group the E/A ratio was 1.8 
(1.4, 2.5), indicating a moderately reduced LV compliance. The E/E’ ratio was 16 ± 4, 
consistent with a mean LV end-diastolic pressure of more than 15 mmHg22. Of note, the 
E/E’ ratio of the controls was 10 ± 3 which is a somewhat higher than the suggested 
normal value of < 8, implying a mildly decreased LV diastolic function commonly found 
in a normal population of about 60-year old. There are two possible main reasons for the 
elevated LV filling pressure. One is the increased LV volume before atrial contraction due 
to the increased passive filling volume and the other is increased LV stiffness caused by 
LV remodeling during MR progression.

In contrast, RA function seemed to remain normal even in patients with severe MR as 
no significant difference was found in any of the studied parameter. Although severe MR 
may cause an increase in pulmonary venous pressure which may eventually affect the 
right heart, subjects included in this study were without severe tricuspid regurgitation 
and symptoms of right heart failure.

Frank–starling mechanism in the left atrium

In the compensated stage of MR, the LA enlarges in size and mass and becomes more 
compliant with a more potent booster action1. The Frank–Starling behavior of the atrium 
is manifested as an increased of contraction force after increasing the muscle stretch 
level controlled by intra-atrial pressure, when other factors remain constant. In animal 
studies, it was observed that the LA diameter suddenly increased following the onset of 
acute MR and the atrial shortening was initially augmented, as a result of optimal use 
of the Frank–Starling mechanism. However, progressive increase in MR was associated 
with further increases in atrial size but diminished atrial stroke volume1,23, indicating this 
extreme dilation no long provokes Frank–Starling response and the atrial myocardium 
is made to operate on the descending limb of function. This diminished response may 
due to LA tissue structures disrupted by inflammatory cells and interstitial fibrosis24. 



88 Chapter 2.3

However, it should be noted that as in our study, in this animal experiment, the afterload 
was not kept constant (due to increasing MR) and the Frank–Starling law can formally 
not be applied. In our patients with degenerative MR, the LA contractile function altera-
tions may also present a Frank–Starling curve, in which the LA contraction augments 
in the early stage of MR and decreases in the later stage. Unfortunately, any animal 
model or patient study will be limited by a change in LA afterload due to the increased 
(regurgitant) volume in the LV.

Left atrial myocardial mechanics

In previous studies it has been shown that LA global and regional mechanics can be 
assessed by VVI11,12, a 2D speckle-tracking echocardiographic technique quite consistent 
in LA strain and strain rate measurements compared with the more commonly applied 
standard 2D speckle-tracking echocardiography techniques12. Moustafa et al.11 showed 
that in patients with chronic MR the reservoir and booster functions of LA were com-
promised in patients with significant MR manifested by decreased LA EF. However, this 
study was very small and did not subcategorize the MR severity. Also, the LA volumes 
(and thus EF) were measured in 2D images. For LA volume measures, the 3D technique 
used in our study has obvious advantage over the 2D echocardiography2,8-10. In the pres-
ent study, we showed that the late negative longitudinal strain, the relative change in 
length of myocardial fibers in the longitudinal direction, correlated well with the change 
in LA volumes and LA EF.

clinical implications

Chronic MR causes LA remodeling and alters LA function, which contributes to circula-
tory failure and atrial fibrillation25. In a recent report of patient with degenerative MR 
severe LA dilation (indexed LAVmax ≥ 60 ml/m2) was associated with poor outcome, in-
dependently of well-known outcome predictors like symptoms and LV EF26. It would be 
interesting to study whether the LA with depressed contractile function predicts poor 
outcome or poor reverse LA remodeling after surgery.

Limitations

As mentioned above, to study LA function changes during the progress of degenerative 
MR, a longitudinal study following the LA volume and function changes in individual 
patient would be ideal. However, this is admittedly difficult to perform in patients. For 
patients included in this study with mild MR, the follow-up clinical visit and TTE exam 
are undergoing and future studies should concentrate on the MR progress and LA func-
tion alteration. Atrial fibrillation may influence LV function and mechanics. As shown in 
Table 1, the percentages of patients with history of paroxysmal atrial fibrillation were 
comparable between different MR groups.
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LA myocardial contour tracking might be problematic due to insufficient spatial reso-
lution of 3D TTE, in particular because of the LA being in the far field of the ultrasound 
beam and echo loss because of the pulmonary vein-atrium junction area. For this reason, 
we included only subjects with adequate imaging quality (three patients were excluded 
from analyses). The temporal resolution of the 3D TTE should also be sufficient in order 
to catch the subtle movement of the mitral valve during systole. Although the depth of 
the acquisition sector was increased to include the LA lying in the far field, the sector 
width was minimized to compensate the potential drop in temporal resolution. Besides, 
the VVI algorithm is not designed specifically for LA mechanic analysis. However, it has 
been used in several clinical researches11,12 and proved to produce comparable measures 
compared with the commonly used 2D speckle-tracking technique12. To our knowledge, 
there is so far no software algorithm specially developed for LA analysis. Additionally, 
the QLAB 3DQA algorithm is developed for LV rather than LA volume quantification. 
However, the purpose of this study was to study changes in LA volume and the algo-
rithm produced measurements with good observer variabilities.

Three-dimemsional RA measurements were not available in all patients because 
acquisition of the RA images was not pre-defined in the protocol.

concLusions

LA contractility (active SV) increased in response to an increase in LA preload (LAVpre-A) 
up to a point beyond which LA contractility (active SV) decreased. Whether this is due to 
working of the LA at the descending limb of the Frank–Starling curve or mainly due to 
changes in afterload still remains unclear.
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ABsTRAcT

Purpose To assess the feasibility and accuracy in measuring left ventricular (LV) end-di-
astolic volume (EDV), end-systolic volume (ESV) and ejection fraction (EF) with Siemens 
single-beat real-time 3D transthoracic echocardiography (RT-3DE).

methods The LV volumes and EF were measured in 3D datasets acquired by six imag-
ing modes (Time-1-Harmonic (T1H), Time-1-Fundamental, Time-2-Harmonic, Time-2-
Fundamental, Space-1-Harmonic (S1H), and Space-1-Fundamental) in 41 patients using 
the automated contouring algorithm and compared with manually corrected 3DE QLAB 
measurements.

Results The main determinates of the temporal and spatial resolutions of 3D datasets 
acquired were the Fundamental and Harmonic modes. Consequently, the S1H mode 
had the lowest volume rate and highest spatial resolution. Compared with the 3DE 
QLAB analysis, the S1H mode resulted in the best LV volumes and EF estimates in all 
patients (0 ± 10% for EF, −7 ± 44 ml for EDV, −7 ± 39 ml for ESV) and in the 10 patients 
with correct LV contour tracking according to a visual assessment from the multiplanar 
reconstruction views in all six modes (0 ± 9% for EF, −3 ± 23 ml for EDV, −2 ± 14 ml 
for ESV). The T1H mode was the best alternative. Overall 28 patients (68%) could be 
analysed automatically and satisfyingly with the S1H and T1H modes: 0 ± 8% (EF), 0 ± 27 
ml (EDV) and −1 ± 16 ml (ESV).

conclusion The accuracy of the Siemens automated RT-3D algorithm in measuring LV 
volumes and EF was significantly influenced by the different imaging modes. The S1H 
mode may be the preferred 3D acquisition mode, supplemented by the T1H mode in 
enlarged LVs that do not fit in the S1H acquisition sector.

Keywords: Left ventricle, three-dimensional, echocardiography
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Left ventricular (LV) volumes and ejection fraction (EF) are the most used parameters 
in assessing LV function and have important prognostic significance1,2. To assess these 
parameters, echocardiography is the most commonly applied imaging modality in rou-
tine clinical practice. Three-dimensional transthoracic echocardiography (3DE) has been 
considered as the optimal echocardiographic technique, mainly because of the absence 
of geometric assumptions. Although the accuracy of 3DE has been validated against 
cardiac magnetic resonance (CMR) imaging3-8, it is still limited by the use of stitched LV 
subvolumes3,4,7 and semiautomatic contouring of the endocardial border that may result 
in time-consumption and less reproducible data analysis5,6,9,10. Single-beat full volume 
real-time 3D transthoracic echocardiography (RT-3DE) is a new imaging technique 
capable in acquiring the LV from a single heartbeat and also allows fully automated 
contouring of the 3D LV endocardial surface. This imaging modality has been validated 
recently in different patient populations11,12. However, several acquisition imaging 
modes of the RT-3DE are available with significant differences in temporal and spatial 
resolutions of 3D datasets acquired. In this study we sought to assess the feasibility and 
accuracy in measuring LV volumes and EF in the different harmonic and fundamental 
imaging modes of the RT-3DE.

PATiEnTs AnD mEThoDs

study population

Consecutive patients with sinus rhythm and non-hypertrophied LV scheduled for a rou-
tine echocardiographic examination for various indications were enrolled prospectively. 
Patients with severely distorted LV and inferior image quality were excluded from the 
study. All patients had undergone 3DE with the iE33 xMatrix ultrasound system (Philips 
Medical System) and RT-3DE with the Acuson SC2000 ultrasound system (Siemens Ul-
trasound). The protocols were approved by the institutional review board and informed 
consent was obtained from all patients.

3D transthoracic echocardiographic image acquisition and analysis

3DE was performed using the iE33 xMatrix ultrasound system (Philips Medical System) 
with the X5-1 transducer. Electrocardiographically gated full volume datasets of the LV 
(each built from four subvolumes) were acquired from the apical window during breath-
hold with proper gain and depth (11 to 14 cm) to optimize the volume rate. Care was 
taken to include the complete LV within the imaging volume throughout the acquisition 
by adjusting the lateral and elevation widths of the acquisition sector. Each full volume 
dataset was digitally stored and exported to QLAB 8.0 3DQA software (Philips Medical 
System) for offline analysis by a highly experienced blinded investigator (WBV). The full 
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volume LV 3DE dataset was displayed as three orthogonal multiplanar reconstruction 
(MPR) views of the LV. After selecting the end-diastolic (ED) and end-systolic (ES) refer-
ence frames, five reference points (four on the mitral annulus and one on the LV apex) 
were added in two orthogonal MPR views of the reference frames. The software traced 
the LV endocardial border and calculated the volumes and EF automatically. The endo-
cardial contours were corrected by the same investigator (WBV) manually if the QLAB 
automated contouring algorithm failed to trace the LV endocardium properly.

single-beat full volume real-time 3D transthoracic echocardiographic image 
acquisition and analysis

The RT-3DE was performed using the Acuson SC2000 ultrasound system (Siemens Ultra-
sound) with the 4Z1c real-time full volume transducer. After the gain and depth (12 to 14 
cm) were adjusted, real-time full volume datasets of LV were acquired in a single cardiac 
cycle from the apical window during breath-hold with six different imaging modes avail-
able: Time 1 Harmonic (T1H), Time 1 Fundamental (T1F), Time 2 Harmonic (T2H), Time 2 
Fundamental (T2F), Space 1 Harmonic (S1H), and Space 1 Fundamental (S1F). The Space 
2 modes were not used because the sector size was too small to include the complete 
LV. The maximum sector size of the T1H, T1F, T2H, T2F and S1F modes was 90° × 90° and 
that of the S1H modes was 69° × 66°. Care was taken to include the complete LV within 
the imaging volume throughout the acquisition. Each full volume RT-3DE dataset was 
digitally stored and exported to syngo SC2000 Workplace LV Analysis (Siemens Ultra-
sound). The offline analysis was done by an investigator (BR) blinded to the 3DE QLAB 
analysis. This custom algorithm traces the LV endocardial surface and selects the end-
diastolic volume (EDV) from the electrocardiographic R-wave signal and the minimal 
systolic volume as the end-systolic volume (ESV) automatically. No manual corrections 
of the ED and ES frames and endocardial contour tracing were made. Three 2D MPR 
planes with the automated contour, the 3D mesh rendering of the LV cavity, as well as 
the LV volumes, EF measurements and volume-time curve were presented automatically 
(Figure 1). The correctness of segmental motion of the automated 3D LV endocardial 
contours during the cardiac cycle of all six imaging modes was evaluated by the same 
observer (BR) in two MPR views (4-chamber and 2-chamber views) of the 3D datasets. If 
the LV endocardium was not seen clearly in the MPR views, the LV automated contour 
was accessed by comparing the contours with the 2D images of the transthoracic apical 
4-chamber and 2-chamber views.

statistical methods

All values were expressed as mean ± standard deviation and number (percentage). 
Linear regression analysis was used to assess the correlation of the EF, EDV and ESV be-
tween Siemens RT-3DE and 3DE QLAB measurements. Bland–Altman method in which 
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differences were plotted against the 3DE QLAB measurements was used to assess the 
agreement between the two modalities. Differences were considered statistical signifi-
cant when p < 0.05.

REsuLTs

Patient characteristics and feasibility of the siemens RT-3DE

Initially, 48 patients were included. The Siemens RT-3DE automated contouring algo-
rithm failed to trace the LV endocardium in datasets acquired by all six imaging modes 
in three patients because of false data-acquisition triggering and in four patients due to 
inferior image quality. Finally, 41 patients were enrolled in the data analysis. The feasibil-
ity of the Siemens RT-3DE automated contouring algorithm in all patients included was 
therefore 85%.

In the 41 patients, the mean age was 56 ± 17 years and 73% were male. Most patients 
had degenerative valvular heart disease (39%) or non-hypertrophic cardiomyopathy 
(46%). The apical acquisition of one to two consecutive cardiac cycles of RT-3DE data-

Figure 1 The result page of the automated contouring algorithm of Siemens single-beat full volume 
real-time 3D transthoracic echocardiography including three 2D multiplanar reconstruction planes with 
the automated contour, the 3D mesh rendering of the left ventricular cavity, left ventricular volumes and 
ejection fraction measures and volume-time curve.
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sets took three to five seconds depending on the heart rate. The automated algorithm 
analysis required 25 ± 3 seconds for one cardiac cycle and 34 ± 4 seconds for two cardiac 
cycles depending on the imaging modes. In the 3DE QLAB analysis, the semiautomated 
LV contour was corrected manually in 40 patients (98%), and the manual correction in 
each case required 10 ± 5 minutes.

Temporal and spatial resolutions of the imaging modes of the RT-3DE

The average volume rate of the Philips 3DE datasets was 26 ± 6 volume per second 
(vps) and that of Siemens RT-3DE datasets was 49 ± 7 vps (T2F), 34 ± 4 vps (T1F), 24 
± 4 vps (S1F), 24 ± 4 vps (T2H), 17 ± 2 vps (T1H) and 14 ± 2 vps (S1H). In addition, the 
spatial resolution was different in the different Siemens RT-3DE imaging modes. The 
Siemens RT-3DE images were generally smoother in visualizing the myocardial tissue in 
the Harmonic modes than that in the Fundamental modes (Figure 2). According to the 
visualization of the cardiac structures and recognisability of the LV endocardial motion 
during the cardiac cycle, the 3D spatial resolution of the Space modes was better than 
that of the Time modes (Figure 2).

Figure 2 Sample 3DE datasets acquired by the six imaging modes with different temporal and spa-
tial resolutions of Siemens single-beat full volume real-time 3D transthoracic echocardiography. S1H, 
Space 1 Harmonic; T1H, Time 1 Harmonic; T2H, Time 2 Harmonic; S1F, Space 1 Fundamental; T1F, Time 1 
Fundamental; T2F, Time 2 Fundamental.

Accuracy of the automated LV contouring algorithm of the RT-3DTTE with six 
different imaging settings

The comparisons of the LV volumes and EF between six imaging modes of the Siemens 
RT-3DE and the 3DE QLAB in all patients are shown in Table 1. The volumes and EF of 
all six imaging settings calculated by the automated algorithm correlated well with the 
3DE QLAB measurements (all p < 0.001). Bias of the EF was positive in S1H mode and 
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negative in all other imaging modes; biases of the EDV and ESV were negative in S1H 
mode and positive in all other imaging modes. The absolute bias values of EF, EDV and 
ESV from the S1H and T1H modes were smaller than those from the other modes.

Based on the visually assessed segmental motions of the LV contour during the car-
diac cycle in the MPR views of the Siemens RT-3DE datasets, the automated LV contour 
was correct in all six imaging modes in 10 patients (24%). The comparisons of the EF 
and LV volumes between six imaging modes of the Siemens RT-3DE and the 3DE QLAB 
in these 10 patients are shown in Table 2. The EF, EDV and ESV of all six imaging settings 
calculated by the automated algorithm had excellent correlations with the 3DE QLAB 
measurements (all p < 0.001). Bias of the EF was positive in S1H and negative in other 
modes; bias of the EDV was negative in S1H and T1H modes and positive in other modes; 
bias of the ESV was negative in S1H modes and positive in other modes. The bias of the 
EF and limits of agreement of the EF and LV volumes were improved for all six imaging 
modes in these ten patients.

use of the different imaging modes in routine clinical practice

Since the S1H mode led to the best results, this mode was selected as the primary imag-
ing mode for potential use in routine clinical practice. In 23 patients (56%), the LV cavity 
fitted completely in the acquisition sector and the automated LV contour tracking was, 
based on the visual assessment, correct. The comparisons of the EF and LV volumes of 
the S1H mode and the 3DE QLAB measurements in these 23 patients are depicted in 

Table 1 Pearson correlation coefficient and Bland–Altman analysis of the EF and left ventricular volumes 
between six imaging modes of Siemens single-beat full volume real-time 3D transthoracic echocardiog-
raphy (RT-3DE) and 3DE QLAB in all patients (n = 41).

siemens RT-3DE

T2F T1F s1F T2h T1h s1h

EF (%)

Pearson r 0.84 0.89 0.84 0.88 0.92 0.95

Bias −7 −7 −6 −3 −1 0.4

Limits of agreement(2sD) 14 14 16 15 12 10

EDV (ml)

Pearson r 0.88 0.91 0.88 0.93 0.91 0.92

Bias 21 20 21 11 6 −7

Limits of agreement(2sD) 40 46 46 42 46 44

EsV (ml)

Pearson r 0.85 0.92 0.90 0.91 0.93 0.92

Bias 22 22 21 10 3 −7

Limits of agreement(2sD) 38 38 38 41 36 39

EF, ejection fraction; EDV, end diastolic volume, ESV, end systolic volume, SD, standard deviation; other 
abbreviations as in Fig. 2.
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Figure 3A. Correlations between the S1H mode and 3DE QLAB were excellent for EF (r = 
0.95), EDV (r = 0.97) and ESV (r = 0.99) (all p < 0.001), with biases and limits of agreement 
of 1% ± 9% (EF), −2 ± 26 ml (EDV) and −3 ± 16 ml (ESV). In the eight patients in whom 
the LV cavity did not fit completely into the acquisition sector of the S1H mode, the 
automated contour tracking of the T1H mode as the best alternative was correct in five 
patients based on the visual assessment. Thus, overall 28 of 41 patients (68%) could be 
analysed automatically and satisfyingly with the following results compared with the 
3DE QLAB measurements (Figure 3B): correlation coefficient r = 0.95 (EF), r = 0.96 (EDV) 
and r = 0.98 (ESV); biases ± limits of agreement 0% ± 8% (EF), −0 ± 27 ml (EDV) and −1 
± 16 ml (ESV).

Discussion

This is the first study to assess the feasibility and accuracy of the Siemens RT-3DE au-
tomated algorithm in measuring the LV volumes and EF of 3D datasets acquired with 
the six different available imaging modes. The main finding of this study was that the 
accuracy of the automated algorithm was influenced significantly by the different im-
aging modes. Compared with the manually optimized 3DE QLAB measurements, the 
automated measurements of the S1H mode were superior particularly in terms of the 
bias, and to a less extend in correlation and limits of agreement.

Table 2 Pearson correlation coefficient and Bland–Altman analysis of the EF and left ventricular volumes 
between six imaging modes of Siemens RT-3DE and 3DE QLAB in the patients with (as assessed visually) 
correct automatic contour tracing of the Siemens RT-3DE (n = 10).

siemens RT-3DE

T2F T1F s1F T2h T1h s1h

EF (%)

Pearson r 0.95 0.96 0.88 0.92 0.89 0.95

Bias −7 −6 −5 −5 −2 0.4

Limits of agreement(2sD) 9 10 14 11 13 9

EDV (ml)

Pearson r 0.96 0.94 0.92 0.90 0.95 0.96

Bias 14 17 22 10 −1 −3

Limits of agreement(2sD) 21 30 39 34 25 23

EsV (ml)

Pearson r 0.99 0.99 0.99 0.97 0.98 0.99

Bias 16 17 19 11 1 −2

Limits of agreement(2sD) 13 14 15 20 18 14

Abbreviations as in Table 1.
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The temporal resolution of the different imaging modes

The major determinant of the temporal resolution was the Fundamental versus the 
Harmonic modes, i.e. the temporal resolution of the Fundamental mode was higher 
than that of the Harmonic mode. Besides, the Time and Space modes also influenced 
the temporal resolution, i.e. the temporal resolution of the Time mode was higher than 
that of the Space mode. Consequently, the 3DE datasets acquired by the S1H (Space 1 
Harmonic) mode were of the lowest volume rate (14 ± 2 vps). Data acquisition was trig-
gered by the R wave of the electrocardiogram and the Siemens automated contouring 
algorithm defined end diastole as the first (or occasionally the second) frame. Therefore, 
the EDV measure was independent of the volume rate. The ESV, however, was chosen 
from the smallest volume during the cardiac cycle. Since the normal time duration of the 
isovolumic relaxation period is 70 ± 12 ms (and will usually be even longer in pathologi-
cal hearts) even the lowest volume rate in this study, i.e. the S1H mode, may be expected 
to be sufficient in capturing the smallest volume in the cardiac cycle.

The spatial resolution of the different imaging modes

By definition, the spatial resolution is inversely correlated to the temporal resolution 
(volume rate) because more time available per volume allows more ultrasound scan 
lines per volume. Therefore, spatial resolution was better in Harmonic and Space modes 
and best in the S1H (Space 1 Harmonic) mode.

The accuracy of the different imaging modes

There were significant differences in the LV volume and EF measurements between the 
six different imaging modes. Differences in the LV volume measures resulted from two 
main reasons: the general automated LV contour tracking and the near-field artifact. The 
automated LV contour was more toward the epicardium in the datasets acquired by the 
Fundamental modes, while more toward the LV cavity (particularly in the apex) in those 
acquired by the Harmonic modes. This might explain why the LV volumes of the Funda-
mental modes were larger than those of the Harmonic modes and the biases of the LV 
volumes compared with the 3DE QLAB measurements were positive in all Fundamental 
modes. The near-field artifact was very common, particularly in the T2H and T1H modes. 
In the datasets of the Fundamental modes, the near-field artifact was less common and 
the automated contour was more likely to cross over the near-field artefact and to track 
the stationary epicardium. Whereas in the datasets of the Harmonic modes, the apical 
contour was tracked better but seemed too much into the LV cavity (Figure 4). In fact, 
the LV apical endocardium contour should be more outward toward the compacted 
myocardium13-15. However, since the apical segment is only one out of the total number 
of 17 LV segments and has a relatively limited volume capacity, the variances of the 
global LV volumes may only to a limited extend be caused by the variances in the apical 
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volume alone. As shown in the overall patient population and 10 patients with correct 
LV contour tracking in all six imaging modes, the limits of agreement of LV volumes 
were, in contrast to the biases, quite comparable among the imaging modes.

In the previous studies it was reported that the Siemens RT-3DE automated contour-
ing algorithm was accurate compared with CMR measurements11,12. However, these 
studies did not specify which imaging modes were used. In the study of Chang et al. 
a volume rate of 13 ± 1 vps was reported11, so most likely this study was performed 
using the S1H mode. In the study of Thavendiranathan et al. a volume rate of 32 ± 20 
vps was reported12. It is hard to establish what imaging mode they used, but it could 
not be the S1H mode because to achieve such a high volume rate in this mode it would 
require to decrease the maximal size of the S1H acquisition sector, which is impossible 
to include the complete LV cavity. As discussed above, the different imaging modes led 
to substantial differences in the temporal and spatial resolutions of datasets acquired 
and in the LV volume and EF estimates. Therefore, it is important to outline this issue in 
a scientific article.

Practical use of the different imaging modes

For the use of the Siemens system in the real-world, the S1H mode was chosen as the pri-
mary imaging mode because of the favourable bias, correlation and limits of agreement 
compared with the 3DE QLAB measurements, as shown in the overall patient population 
and in the 10 patients with correct automated LV contour in all six imaging modes. For 
similar reasons, the T1H mode was chosen as the best alternative if the LV cavity did 
not fit completely in the widest possible acquisition sector of the S1H mode. Using this 
approach, 28 patients out of 41 (68%) could be analysed automatically and satisfyingly 
(with the intraobserver and interobserver variabilities of 0% for analyzing the images 
acquired) with the automated algorithm; the S1H mode was used in 23 patients and 
the T1H mode in 5 patients. Compared with the 3DE QLAB measurements, the EF and 
LV volume estimates in these 28 patients were very accurate in terms of high correlation 
coefficient, small biases and tight limits of agreement. It should, however, also be rec-
ognized that due to false triggering of data acquisition and inferior echo quality, seven 
patients were not included in the data analysis of this study. Therefore, the true overall 
feasibility in the real-world of the Siemens RT-3DE automated algorithm was 28 of 48 pa-
tients (58%). Importantly, this study was performed in a research environment and the 
sonographer was highly experienced with more than 25 years in echocardiography. In 
the real world, the outcomes may actually be less favourable and should be investigated 
in a real-world clinical study.

In a previous study from our group, we have demonstrated that 3DE QLAB datasets 
acquired and analyzed by the same investigator who did the 3DE QLAB analysis in the 
present study led to a minimal underestimation of the LV volumes (−7 ± 20 ml for EDV 
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and −4 ± 8 ml for ESV) and EF (0% ± 6%), compared with the CMR8. Since the biases of the 
LV volumes between Siemens RT-3DE and 3DE QLAB in the 28 patients were less than 
1 ml, the extent of underestimation of LV volumes by the Siemens RT-3DE automated 
algorithm may be expected to be of similar magnitude.

Limitations

One limitation could be the use of the manually corrected 3DE QLAB analysis as a gold 
standard for LV volumes and EF rather than CMR. As stated before, in a previous study 
from our group we have shown that 3DE QLAB measurements analyzed by the same 
investigator showed that the underestimation of LV volumes (−7 ± 20 ml for EDV and 
−4 ± 8 ml for ESV) and EF (0 ± 6%) was extremely small, compared with CMR8. However, 
it should be recognized that in the literature in general 3DE underestimated the LV 
volumes compared with CMR. From this respect, it cannot be excluded that the positive 
volume bias seen in Fundamental mode may be to some extent false positive. Neverthe-
less, the bias in EF will still remain inferior to that seen in the Harmonic modes.

In particular in the T1F and T2F modes the LV endocardial border was more difficult to 
see in the MPR views of the 3D datasets and therefore the visual assessment of correct 
contour tracking by the Siemens automated algorithm may have been biased by the 
imaging modes.

Finally, patients with abnormal LV shapes as seen in severely dilated and hypertrophic 
cardiomyopathy were not included in this study and the influence of the imaging modes 
on the EF and LV volume estimates in these patients is therefore not known.

concLusions

The accuracy of the Siemens automated RT-3DE algorithm in measuring the LV volumes 
and EF is significantly influenced by the different imaging modes, caused by differences 
in temporal and spatial resolutions. The S1H mode may be the preferred 3D acquisition 
mode, supplemented by the T1H acquisition mode in enlarged LVs which cannot be 
included completely in the acquisition sector of the S1H mode. Using this method, the 
majority of patients could be analyzed automatically with excellent results.
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ABsTRAcT

objective The aim of this study was to assess the feasibility of the Siemens fully auto-
mated algorithm in assessing the LV function in real world clinical conditions.

method Fifty-one consecutive patients referred for a routine echocardiographic ex-
amination for evaluation of LV function were included. The real-time 3D transthoracic 
echocardiography was performed by eight sonographers. The S1H mode was chosen 
as the primary imaging mode, and the T1H mode was used if the LV was not complete 
in the S1H mode acquisition sector. Each full volume 3D dataset was analysed using the 
custom automatic algorithm. The automatic contour was assessed in two MPR views 
with eye-balling.

Results In 51 patients, 43 patients (84%) a 3D dataset was acquired. In the 20 patients 
(47%) where the S1H mode was used, the automatic contour was correct in 15 patients 
(75%) and In 23 patients (53%) where the T1H mode was used, the automatic contour 
was correct in 11 patients (48%).

conclusion In the real world, the Siemens fully automated 3D algorithm was useful in 
about half of the patients.

Keywords: Left ventricle, three-dimensional, echocardiography, real world
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As stated in the previous chapter, the Space 1 Harmonic (S1H) mode of the Siemens 
SC2000 ultrasound system may be the preferred three-dimensional (3D) acquisition 
mode in routine clinical practice, supplemented by Time 1 Harmonic (T1H) mode in an 
enlarged left ventricle (LV) which cannot be included completely in the acquisition sec-
tor of the S1H mode. Using this approach, more than halve of patients can be analysed 
automatically with reasonable results1. However, the study was conducted in a research 
environment and 3D datasets were acquired by one highly-experienced (> 1000 3D 
studies) sonographer2. Therefore, in this chapter we sought to assess the feasibility of 
the Siemens fully automated algorithm in assessing the LV function in real-world clini-
cal conditions, by implementing our recommendations in a routine echocardiographic 
examination carried out by eight sonographers with less experience in 3D echocardiog-
raphy.

PATiEnTs AnD mEThoDs

Fifty-one consecutive patients with cancer planned for systemic chemotherapy and 
referred for a routine echocardiographic 2D/3D examination for evaluation of LV func-
tion in 2013 were included. Real-time 3D transthoracic echocardiography (TTE) was 
performed using the Acuson SC2000 ultrasound system (Siemens Ultrasound, Mountain 
View, USA) with the 4Z1c real-time full volume transducer. After the gain and depth were 
adjusted, real-time full volume LV datasets were acquired in a single cardiac cycle from 
the apical window during breath-hold for two to three cardiac cycles by eight sonogra-
phers (level of experience in 3D studies < 25 in 6, 10-50 in 1 and 50-100 in 1 ). The S1H 
mode was chosen as the primary imaging mode. In an enlarged LV, the T1H mode was 
used if the LV was not complete in the S1H mode acquisition sector. Each full volume 
RT-3DE dataset was digitally stored and exported to the syngo SC2000 Workplace LV 
Analysis (Siemens Ultrasound). The custom algorithm traces the LV endocardial surface 
and produces the LV contour throughout the cardiac cycle. The automatic contour was 
assessed by an observer (BR) in two MPR views (4-chamber and its orthogonal view) 
of the 3D datasets whether it traced the endocardial border correctly and whether it 
followed the movement of the endocardium throughout the cardiac cycle correctly.

REsuLTs

As shown in the flow chart (Figure 1), in total 51 patients were examined with the Sie-
mens SC2000 ultrasound system in 2013. In 43 patients (84%) a 3D dataset was acquired. 
In the 8 patients (16%) in whom the 3D TTE datasets were not acquired, four patients 
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had a poor acoustic window precluding 3D analysis. In the remaining four patients the 
reason why a 3D dataset was not acquired was unknown. In the 43 patients in whom a 
3D dataset was acquired, the S1H mode was applied in 20 patients (47%) and the T1H 
mode was applied in 23 patients (53%). In the 23 patients where the T1H modes was 
used, six had enlarged LV which could not be included compeletely in the small-sized 
S1H sector and in three patients the S1H mode produced strong artefact either in the 
LV apex or cavity. In the remaining 14 patients the S1H mode was not used without an 
apparent reason. 50% of these 14 patients were restricted to 2 specific sonographers.

In the 43 patients in whom the 3D datasets were acquired, the automatic LV contour 
tracking was generally acceptable in 26 patients (60%). Thus, the automatic algorithm 
was feasible and correct in at least 51% of all 51 patients where the Siemens SC2000 
ultrasound system was used. Of the 26 patients with correct contours, the S1H mode 
was used in 15 patients (58%) and the T1H mode in 11 patients (42%). In the 20 patients 
where the S1H mode was used, the automatic contour was correct in 15 patients (75%) 
and not correct in 5 patients (25%). In 23 patients where the T1H mode was used, the 
automatic contour was correct in 11 patients (48%) and not correct in 12 patients (52%).

Figure 1 Flow chart of 3D datasets acquisition.
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Discussion

In this study, we assessed the Siemens automated 3D algorithm in assessing the LV 
function in consecutive clinical patients in real-world settings. The main findings were 
that 1) in the vast majority of clinical patients 3D imaging was done; 2) in about half of 
the patients the Siemens fully automated 3D algorithm generated correct LV contours.

In the vast majority of patients in whom image quality was not poor, 3D imaging was 
done (43 out of 47 patients, 91%). The true implementation of 3D LV analysis in the real 
world has often been debated because of the fear for a new technique or extra time con-
sumption (because 3D analysis does not replace 2D analysis but merely supplements it). 
This study shows that implementation of the Siemens 3D fully automated algorithm is 
feasible since the experience of the sonographers with 3D LV analysis was limited and 
none had prior experience with the specific Siemens 3D acquisition or algorithm. In the 
previous chapter, the fully automated 3D algorithm generated correct LV contours in 
58% of patients. That study was done by one highly-experienced sonographer. In the 
current study in consecutive patients referred for a routine echocardiographic 2D/3D 
examination for evaluation of LV function before application of systemic chemotherapy 
by less experienced sonographers, the overall feasibility was comparable (51%). In the 
patients in whom a 3D dataset was acquired the S1H mode was applied less frequently 
than the study in the previous chapter (47% vs. 82%). Apart from the known well-de-
scribed reasons (enlarged LV and 3D artefacts), this was mainly due to two sonographers 
who apparently did not comply to the protocol.

Limitations

In this study, we did not compare the LV volume and ejection fraction (EF) measures 
calculated using the Siemens automatic LV algorithm with another imaging modality 
or echocardiographic algorithms. The aim of the study was to assess the feasibility of 
the Siemens automatic algorithm in the real-world clinical settings. The accuracy of the 
measures is assumed to be similar as presented in the previous chapter in terms of bias 
and limits of agreement compared to the Philips QLAB 3DQA manual measures, ie. 0% ± 
8% (EF), −0 ± 27 ml (end-diastolic volume) and −1 ± 16 ml (end-systolic volume).

concLusion

In the real world, the Siemens fully automated 3D algorithm was useful in about half of 
the patients.
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ABsTRAcT

Purpose The aim of this study was to validate TomTec fully automated 3D-LV algorithm 
against cardiac magnetic resonance imaging (MRI) and echocardiographic QLAB manu-
ally corrected analysis.

methods In 76 subjects (46 patients with cardiac diseases and 30 normal controls), left 
ventricular (LV) volumes and ejection fraction (EF) were calculated with TomTec 3D-LV 
algorithm automatically, QLAB manually and MRI.

Results The TomTec fully automated algorithm was feasible in all patients and  the 
analysis required 30±5 seconds. In 49 patients (64%) the automated contour tracking 
was by expert consensus correct. In these patients, the bias and LOA were −38 ± 43 ml 
(EDV), −8 ± 34 ml (ESV) and −7 ± 11% (EF) compared with MRI and −1 ± 32 ml (EDV), 5 ± 
26ml (ESV) and −4 ± 10% (EF) compared with QLAB manually corrected measures. Poor 
automated tracking was seen in patients with reduced image quality, in particular in the 
apex and mitral annulus. In these patients manually correction resulted in improvement 
in the bias but still wide LOAs compared with MRI: −72 ± 61 ml to −40 ± 58 ml (EDV), −31 
± 55 ml to −13 ± 44 ml (ESV) and −4 ± 15% to −4 ± 11% (EF).

conclusions The TomTec 3D algorithm was feasible in assessing the LV volumes and EF 
in consecutive patients, independent of the vendor. In the real world, about two-thirds 
of echocardiograms can be analyzed fully automatically and accurately in a fast manner.

Keywords: left ventricular function, echocardiography, three-dimensional, magnetic 
resonance imaging
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Left ventricular (LV) volumes and ejection fraction (EF) are the most used parameters in 
assessing LV function and have important prognostic significance1,2. Three-dimensional 
transthoracic echocardiography (3D TTE) has been validated against cardiac magnetic 
resonance imaging (MRI) as an accurate and reproducible imaging modality in mea-
suring the LV volumes and EF in different patient populations3-10. However, compared 
with MRI, 3D TTE still underestimates the volumes and has wide limits of agreement 
(LOA)11. In addition, some manual input is still required and corrections are not infre-
quently necessary, which results in significant inter-observer variability, in particular 
between institutions12, and variable time consumption. Therefore, the ultimate goal of 
assessment of LV volumes (and thus EF) in routine clinical practice should be a fast, fully 
automated system reducing observer variability to zero values. TomTec (Unterschleis-
sheim, Germany) recently developed such an algorithm that is able to analyze datasets 
from all different echocardiographic machine vendors. In this study, we sought to assess 
the value of this fully automated analysis against MRI and manually corrected QLAB 
echocardiographic analysis in consecutive subjects.

PATiEnTs AnD mEThoDs

Patient population

The study included 76 subjects who had undergone both MRI and 3D TTE examinations 
within 24 hours from August 2008 to November 2011: 46 consecutive patients (37 men, 
62 ± 12 years old) who were included in stem cell therapy, heart failure or hyperten-
sion trials, and 30 consecutive control subjects (15 men, 31 ± 7 years old) without 
cardiac and systemic abnormalities. Patient inclusion in these trials was independent 
on echocardiographic image quality. Thirty-four patients (45%) had suffered myocardial 
infarction treated with percutaneous coronary intervention, 7 patients (9%) were known 
with dilated cardiomyopathy, and 5 patients (6%) were known with hypertension. All 
imaging examinations were undertaken according to institutional trial protocols and 
written consents were obtained.

Three-dimensional transthoracic echocardiography

Electrocardiographically gated full volume 3D TTE datasets of the LV built from 4 or 7 
subvolumes with breath-hold were acquired in apical views using Philips iE33 ultrasound 
system (Philips Medical System, Best, the Netherlands) with the X5-1 or X3-1 transducer. 
Efforts were taken to include the complete LV cavity into the datasets. The average vol-
ume rate of the 3D TTE datasets was 36 ± 6 vps. The 3D datasests were analyzed off-line 
using 4D LV-Analysis 3.1 (TomTec Imaging systems, Unterschleissheim, Germany) by one 
independent observer (BR). The 3D datasets were displayed as 3-chamber, 2-chamber, 
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4-chamber and short-axis views. The end-diastolic and end-systolic frames were defined 
automatically (Figure 1A). Then the endocardial border in end-diastolic frame was 
traced first as the beutel images. Subsequent frames including the end-systolic frame 
were then traced (Figure 1B). All contour trackings were performed automatically. In 
the report page, the LV volumes and EF as well as deformational analysis results were 
presented. Manual corrections of the automatic contours were applied only in cases 
where the automatic algorithm clearly failed to trace the endocardial border or to follow 
the motion of the LV endocardium.

In particular to analyze if any LV volume under- or overestimation compared with MRI 
was a specific TomTec algorithm problem or a non-specific echocardiographic problem, 
the same 3D datasets were also analyzed by a highly experienced blinded observer 
(WBV) using the 3DQA, QLAB 9.0 (Philips Medical System, Best, the Netherlands). The 
3D dataset was displayed as 3 orthogonal multiplanar reconstruction views of LV. After 
selecting the end-diastolic and end-systolic reference frames, 5 reference points (four 
on the mitral annulus and one on the LV apex) were added manually in two orthogonal 
views of the reference frames. Although the software traced the LV endocardial border 
and calculated the volumes and EF automatically the contours were corrected manually 
in all patients to achieve optimal contour tracing and results.

cardiac magnetic resonance imaging

A 1.5 Tesla scanner with a dedicated eight-element phased-array receiver coil was used 
for imaging (Signa CV/i, GE Medical systems, Milwaukee, Wisconsin USA). Cine MRI was 
performed using a steady-state free-precession technique (FIESTA). Imaging parameters 
were: 10-15 seconds breath hold (depending on the heart rate); repetition time, 3.4 ms; 

Figure 1 The TomTec 4D LV-Analysis automatic algorithm. A, two-dimensional reference views extracted 
from the 3D datasets; B, the left ventricular endocardial contour throughout the cardiac cycle which can 
be adjusted manually at end-diastolic and end-systolic frames.
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echo time, 1.5 ms; flip angle, 45 degrees; slice thickness 8.0 mm with a 2.0 mm slice 
gap; field of view 36-40 x 28-36 cm; 12 views per segment and matrix size was 192 × 
192. These parameters resulted in a temporal resolution per image of less than 41 ms. 
Repeated breath holds and gating to the electrocardiogram were applied to minimize 
the influence of cardiac and respiratory motion on data collection. Using standard tech-
niques to identify the major cardiac axes, 2-chamber and 4-chamber cine MR images 
were obtained. The 2- and 4-chamber end diastolic images at end expiration provided 
the reference images to obtain a series of short axis views. The first slice was positioned 
at the basis covering the mitral valve and the last slice covering the apex. This resulted in 
10-12 cine breath-hold short axis images to cover the entire left ventricle.

All images were transferred to a Microsoft Windows™ based personal computer for 
analysis using the CAAS-MRV program (Pie Medical Imaging version 3.2, Maastricht, The 
Netherlands) and analysed by the third independent observer (SWK) who was blinded 
to the echocardiographic analyses. Left ventricular volumes and EF were analysed using 
the additional information of the long axis to limit the extent of volume at the base and 
the apex of the heart13. Papillary muscles and trabeculations were considered as being 
part of the blood pool volume (Figure 2).

statistical methods

All values were expressed as mean ± standard deviation and number (percentage). 
Linear regression analysis was used to assess the correlation of the EF, end-diastolic 
volume (EDV) and end-systolic volume (ESV) between echocardiographic and MRI 
measurements. The agreement between the TomTec analysis and MRI was assessed by 
Bland–Altman method in which differences were plotted against the average and the 
percentage error where the absolute difference between the echocardiographic and 

Figure 2 The magnetic resonance imaging analysis algorithm. The 4-chamber view with all short axis 
slices are first displayed. Four intersection points are then interpolated on the short axis view. According 
to the signal intensity, the software traces the endocardial border automatically.
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MRI measures was divided by the MRI measures. The TomTec analysis was also compared 
with the QLAB analysis using the Bland–Altman method and the relative difference 
where the absolute difference between two measures was divided by the average value. 
Differences were considered statistical significant when p < 0.05.

REsuLTs

Feasibility of the TomTec automated LV volumes algorithm

The automated TomTec 3D algorithm was feasible in all 76 patients (100%) and required 
30 ± 5 seconds for one 3D dataset. In 14 patients (18%) the automated contour tracking 
was by visual assessment excellent. Although visually the contour seemed somewhat 
inward (not fully including the trabeculations in the volume) in 35 patients (46%) the 
contours were also accepted because the influence on the EF was expected to be mini-
mal. Thus, in total in 49 patients (64%) the automated contour was generally considered 
correct and adjustments were not required or only expected to result in minor changes. 
In 27 patients (36%) with reduced image quality, the automated algorithm failed to trace 
the endocardial border correctly due to three main reasons : 1) the apical reference point 
was not set at the true apex but into the LV cavity resulting in to inner contour at the 
apex (Figure 3A); 2) the mitral valve reference plane was set below (ventricular side) the 
annular level (Figure 3B); 3) the contour traced an artifact or papillary muscle. In these 
latter 27 patients, manual correction was applied which took 3 ± 1 minutes and both the 
automated and manually corrected results were analyzed.

Accuracy of the automated TomTec LV volumes algorithm versus mRi

The comparisons between the 3D TomTec automated measures (in all patients) against 
the MRI measures in all patients are shown in Table 1 and Figure 4. The LV volumes and 
EFs were significantly different between 3D echocardiography and MRI. The volumes 
were respectively for EDV 132 ± 32 vs. 181 ± 44 ml, ESV 70 ± 29 vs. 86 ± 39 ml, and for EF 
48 ± 11% vs. 54 ± 11% (all p < 0.01). The correlations of the LV volumes and EF between 
3D echocardiography and MRI were all statistically significant (all p < 0.001).

Accuracy of the automated TomTec LV volumes algorithm versus manual QLAB

The manually corrected QLAB 3DQA analysis required 10 ± 5 minutes. The comparisons 
between the automated TomTec (in all patients) and manual QLAB analysis are also 
shown in Table 1 and Figure 4. The EDVs were significantly different between the auto-
mated TomTec and manual QLAB analysis (132 ± 32 vs. 138 ± 33 ml, p < 0.02). The ESVs 
between the automated TomTec and manual QLAB analysis were comparable (70 ± 29 
vs. 68 ± 30 ml). The EFs were also significantly different from between the automated 
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TomTec and manual QLAB analysis (48 ± 11% vs. 53 ± 11%, p < 0.001). The correlations of 
the LV volumes and EF between the automated TomTec and manual QLAB analysis were 
all statistically significant (all p < 0.001).

Table 1 Accuracy of the automated TomTec LV volumes algorithm versus MRI and manual QLAB analyses 
in all patients (n = 76).

mRi QLAB manual

EDV

Pearson r 0.74 0.81

Bias ± 2sD (ml) −50 ± 60 −7 ± 40

Percentage error (%) 26 ± 12 12 ± 10

EsV

Pearson r 0.80 0.84

Bias ± 2sD (ml) −16 ± 48 2 ± 34

Percentage error (%) 22 ± 14 18 ± 14

EF

Pearson r 0.83 0.84

Bias ± 2sD (%) −6 ± 12 −5 ± 12

Percentage error (%) 14 ± 9 13 ± 10

Percentage error = absolute difference/MRI (QLAB manual) measures × 100% and presented as bias ± 
SD. EF, ejection fraction; EDV, end diastolic volume; ESV, end systolic volume; MRI, magnetic resonance 
imaging; SD, standard deviation.

Table 2 Accuracy of the automated TomTec LV volumes algorithm versus MRI and manual QLAB analyses 
in the subgroups defined by the quality of the generated automated contour.

Good*

(n = 14)

Fair†

(n= 35)

Good / Fair‡

(n = 49)

Poor§

(n = 27)

Poor after manual
correction||

(n = 27)

mRi EDV (ml) −37 ± 32 −38 ± 47 −38 ± 43 −72 ± 61 −40 ± 58

EsV (ml)  −9 ± 28  −8 ± 36  −8 ± 34 −31 ± 55 −13 ± 44

EF (%) −6 ± 9  −7 ± 12  −7 ± 11  −4 ± 15  −4 ± 11

QLAB manual EDV (ml)   4 ± 34  −3 ± 31  −1 ± 32 −18 ± 45  13 ± 47

EsV (ml)   7 ± 20   4 ± 28   5 ± 26  −3 ± 43  15 ± 39 

EF (%) −4 ± 7  −5 ± 11  −4 ± 10  −5 ± 15  −4 ± 12 

*Good: no manual correction was required for the contour generated by the automatic algorithm;
†Fair: the automatic contour was generally correct and adjustments were only expected to result in minor 
changes of contour;
‡Good/Fair: mixed patients of the Good and Fair groups;
§Poor: the automatic contour failed to trace the endocardium correctly and manual correction thus 
seemed mandatory;
||Poor after manual correction: the measures obtained after manual correction of the automatic contour 
failed to trace correctly in the 27 patients. Data presented as bias ± 2SD. Abbreviations as in Table 1.
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subgroup analysis

As described before, the patients were divided into 3 subgroups according to the visual 
assessment of the quality of the automated contour tracking. The comparison of LV 
volumes and EF measures of patients in these 3 subgroups as well as the grouped good 
and fair quality patients with MRI and QLAB measurements are presented in Table 2 and 
Figure 5. The correlations of the LV volumes and EF between 3D echocardiography and 
MRI were all statistically significant (all p < 0.001). Both the biases and LOAs were smaller 

Figure 5 Linear regression and Bland–Altman analysis comparing the EDV, ESV and EF for TomTec versus 
MRI in patients with good/fair automated contour tracking contour. Abbreviations as in Figure 4.
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in the grouped good and fair tracking group compared to the poor-tracking group. For 
the LV volumes, the biases in the combined TomTec good/fair group of patients almost 
reached zero values compared with the QLAB manual analysis (−1 ± 32 ml and, and 5 ± 
26 ml for ESV). Additionally, manual corrections were made in the poor group (Table 2). 
Compared with MRI, the biases in the manually corrected poor group were comparable 
to the automated good/fair group. Compared with the QLAB manual measures, a posi-
tive bias was now seen (EDV: 13 ± 47 ml, ESV: 15 ± 39 ml).

Discussion

This is the first clinical study validating the fully automated TomTec 4D-analysis algo-
rithm against MRI and manually corrected QLAB measurements in consecutive patients. 
The main findings of this study were 1) the TomTec automatic algorithm was feasible in 
calculating LV volumes and EF in all consecutive patients; 2) the contour tracking was 
acceptable (not requiring major corrections) in about two thirds of patients (64%); 3) the 
biases and LOAs compared with the MRI measures in these acceptable analyses were 
comparable with published data on manually corrected 3D sets; and 4) the underesti-
mation of LV volumes compared with the MRI was not seen when compared with the 
QLAB manual analysis.

Automated TomTec 4D-LV analysis compared with mRi

In the last decade, several vendors have developed different 3D algorithms for analysis 
of LV volumes. These 3D algorithms have been validated in different patient populations 
against MRI, and it has been shown that the assessment of 3D LV volumes is superior 
to 2D analyses3,5,6,8,9. However, it has also been recognized that 3D echocardiography is 
limited in spatial and temporal resolutions and still underestimates LV volumes com-
pared with MRI. Additionally, apart from one recently developed algorithm14,15, all but 
one software packages require manual input and in a substantial number of patients 
manual corrections. As a consequence, although improved compared with the standard 
2D tracing, there is still a significant inter-observer and in particular inter-institutional12 
variability in measures11.

In the present study the fully automated TomTec algorithm resulted in a zero inter-
observer variability but significant differences in LV volumes and EF compared with MRI 
in terms of bias and LOA (−50 ± 60 ml for EDV, −16 ± 48 ml for ESV and −6 ± 12% for 
EF). However, it should be recognised that in one-third of the consecutive patients, the 
tracking software was not able to track the contours reliably according to a subjective 
interpretation. When these patients were excluded from the analysis, the biases and 
LOAs were improved in particular for the volumes (from −50 ± 60 ml to −38 ± 43 ml for 
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EDV and from −16 ± 48 ml to −8 ± 34 ml for ESV). These numbers were comparable to 
numbers recently reported by Dorosz et al. in a systemic review of studies comparing 
manually corrected 3D echocardiographic analysis with MRI11. The main reasons for 
the LV volume underestimation by the automated TomTec algorithm were (as shown 
in Figure 3) the LV contour was set to inward into the LV cavity at the LV apex, and the 
mitral annular plane was below the true annular level. In the poor automated tracking 
subset of patients, correction of the apical point led to an increase of 3-18% in EDV and 
correction of the mitral annular points led to a change of 10-28% in EDV.

In the literature, only one study was identified describing the results of a fully auto-
mated algorithm versus MRI. After excluding almost one-third of patients from analysis 
because of poor image quality, artefacts or technical problems in acquisition, Thavendi-
ranathan et al. reported for the Siemens fully automated algorithm (eSie LVA, Siemens 
Ultrasound) volumes comparable to those in our study (−18 ± 54 ml for EDV and −10 ± 
36 ml for ESV)15.

In one-third of our patients the automated contour tracking was defined as not ac-
ceptable, thus requiring manual correction. This was mainly due to a poor echocardio-
graphic window and artefacts especially in the near-field. As shown in Table 2, in these 
patients the biases were highest and LOAs were widest. Interestingly, manual correction 
improved the negative biases of the LV volumes substantially to a level approaching 
the numbers in the grouped good and fair quality patients. In contrast, the LOAs were 
improved only to a small extent.

TomTec 4D-LV analysis compared with QLAB manual analysis

Magnetic resonance imaging has been often used as the gold standard for measuring LV 
volumes and EF 16. However, MRI itself is not perfect because it also has errors related to 
endocardial border-detection due to sub-optimal spatial resolution in particular for de-
fining trabeculations and there may be controversy on the inclusion of basal LV planes. 
The difference in measuring LV volumes and EF using echocardiography and MRI may 
also be due to differences in the planimetric approach to LV contour tracing since the LV 
contour is generally traced in long-axis views using echocardiography but in short-axis 
views using MRI. As the QLAB software has been well established and validated in differ-
ent patient populations in measuring LV volumes and EF with well-known advantages 
and drawbacks5,6,10,12,17-19, we intended to compare the fully automated TomTec algorithm 
also with the manually corrected QLAB measures, in particular to investigate potential 
underestimation of volumes (that was indeed confirmed by MRI). When compared with 
the QLAB analysis, the TomTec “underestimation” of EDV was improved from −50 to −7 ml 
in the overall patient group and from −38 to −1 ml in the subgroup with visually accept-
able contours. Thus, the “volume underestimation” seemed not a specific property of the 
automated TomTec algorithm but an inherent property of echocardiographic analysis.
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clinical application of the TomTec 4D-LV analysis

The greatest advantage of the TomTec 4D-LV analysis in routine clinical practice is the 
ability to analyze datasets from different vendors fully automatically in a fast manner, 
giving reasonable LV volume and EF measures in about two-thirds of routine clinical 
patients with a zero inter-observer variability. However, the assessment of the reliability 
of the automated contour tracking was performed with subjective eye-balling by expert 
consensus. An objective quality score system embedded in the program to show how 
reliable the automatic contour tracking might be very useful in particular for less experi-
enced users. Additionally, the algorithm is included in the TomTec Image Arena platform 
and analysis is therefore only possible offline which could limit its application in routine 
practice. In the one-third of patients with less favourable image quality, although con-
tour corrections were relatively easily made compared with other software packages, 
the results were still far from optimal.

other limitations

In this study, we included consecutive patients who had undergone 3D TTE and MRI 
within 24 hours. Nevertheless, all patients included in the study were in sinus rhythm 
during image acquisition. For patients with permanent atrial fibrillation, the image qual-
ity of 3D datasets will be potentially further compromised by stitching artefacts, which 
may adversely affect this automatic algorithm. We did not report the observer variability 
of the QLAB manual analysis in this study. Based on previous studies by our group, the 
interobserver variability was maximal 12.2 ± 10.1% for EDV, 13.6 ± 11.2% for ESV, and 9.7 
± 8.8% for EF18,20,21. As mentioned before, the variability in the choice of the basal slice is 
a limitation of MRI, but this was controlled by the selection of the basal slice by referring 
to the long axis image13.

concLusions

The TomTec algorithm was feasible in assessing the LV volumes and EF in consecutive 
patients independent of the vendor. In the real world, about two-thirds of echocardio-
grams could be analyzed fully automatically and accurately in a very fast manner.
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ABsTRAcT

Purpose The aim of this study was to propose a transoesophageal echocardiography 
(TOE) image acquisition protocol which provided a systematic manner of acquiring a 
minimal number of overlapping 3D TOE datasets allowing the reconstruction of a wide 
3D view of the left atrium (LA) with anatomical landmarks important for the atrial fibril-
lation catheter ablation.

methods In eight cardiac surgical patients, 3D TOE datasets were acquired with a 6-step 
protocol. In the protocol, Step 1 aims to acquire the central view of the mitral valve 
(MV), aortic valve (AV) and left atrial appendage (LAA). Step 2 was developed to acquire 
the left pulmonary veins (PVs) and Step 3 to acquire the right PVs. Step 4, 5 and 6 were 
developed to create sufficient overlap between different datasets. 3D TOE datasets were 
registered and fused manually in end diastole.

Results The image acquisition protocol was feasible in all patients. In the fused 3D 
dataset, a wide 3D view of the LA was shown and left and right PVs could be seen simul-
taneously. The LAA, MV, AV, and fossa ovalis (FO) were visualised clearly in the 3D TOE 
datasets. The PV ostia located at the edges of the 3D datasets, suffered more from echo 
loss. The volume overlaps between neighbouring TOE datasets were 50–75%.

conclusion The major part of the LA anatomy incorporating the PVs, LAA, MV, AV and 
FO as important anatomical landmarks could be reconstructed by registering and fusing 
3D datasets acquired with the 6-step TOE image acquisition protocol.

Keywords: three-dimensional, transoesophageal echocardiography, wide-view fusion, 
atrial fibrillation, catheter ablation
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Atrial fibrillation (AF) is increasingly treated by catheter ablation, during which cir-
cumferential lesions are created around the left and right pulmonary vein (PV) ostia to 
isolate the PVs, thus eliminating the triggers initiating AF1. To support the procedure, 
imaging the left atrium (LA) along with the PVs, left atrial appendage (LAA) and mitral 
valve (MV) is important. Several imaging modalities are commonly applied. Rotational 
angiography2, computed tomography (CT), or magnetic resonance imaging (MRI) are 
often used before the ablation procedure, and the pre-acquired CT or MRI images are 
segmented and registered in the electro-anatomical surface mapping (EAM) system 
to the real time mapping space during the procedure3. However, the substantial dose 
of ionizing radiation of CT scans, rotational angiography and fluoroscopy required by 
the catheter ablation causes important delayed effects on patients4-6. As AF ablation 
procedures often need to be repeated, there is a consensus that every attempt should 
be taken to minimize radiation exposure7. Additionally, CT and MRI are of cumbersome 
logistics and high cost. Up till now, the contribution of pre-interventional CT or MRI to 
the efficacy of the AF catheter ablation procedure is still under debate.

Transoesophageal echocardiography (TOE) is used routinely to exclude LAA thrombus a 
few days or immediately before the catheter ablation. The anatomy of the LA and adjacent 
structures can be visualised in high resolution 2D and 3D TOE images8-10. However, the 
field of view of one single full volume 3D TOE dataset is not large enough to visualise 
all important cardiac structures simultaneously, and this holds particularly true for the 
PVs which are located at the left and right edges of the LA. In theory, it is possible to 
reconstruct a 3D anatomical surface of the LA using overlapping and fused 3D TOE data-
sets, potentially eliminating the need for pre-interventional CT or MRI 11. In this study, we 
proposed a stepwise TOE image acquisition protocol which provided a fast and systematic 
manner of acquiring a minimal number of overlapping 3D TOE datasets which the recon-
struction of a wide 3D view of the LA along with all important anatomical landmarks.

mEThoDs

study population and ultrasound system

In eight cardiac surgical patients (five men, aged 59 ± 14 years), intraoperative TOE was 
performed with the iE33 xMatrix ultrasound system (Philips Medical System, the Neth-
erlands) with the X7-2t matrix-array transducer under general anaesthesia. The protocol 
was approved by the institutional review board.

Transoesophageal echocardiography image acquisition protocol

The stepwise TOE image acquisition protocol with the rotation angle and probe manipu-
lation is depicted in Table 1. All acquisitions were performed at the mid-oesophageal 
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level. All structures of interest were first visualised in 2D images of each step (Figure 1A); 
then, the corresponding 3D datasets were acquired according with one cardiac cycle 
with a proper depth and the largest volume size to include the structures of interest. The 
2D reference views and 3D datasets were acquired according to the ASE guidelines for 
performing the intraoperative TOE examination12 and the latest EAE/ASE recommenda-
tions for image acquisition and display using 3D echocardiography13. In the protocol, 
Step 1 aims to acquire the central view of the MV, LAA and AV; Step 2 was developed to 
acquire the left PVs and Step 3 to acquire the right PVs (Figure 1B). Step 4, 5 and 6 were 
developed to create sufficient overlap between different datasets for image registration 
and fusion.

image registration

To construct a wide 3D view of the LA including the left and right PVs, the datasets of 
the six different steps were registered manually in a pairwise fashion in end diastole in 
two stages. Firstly, three landmarks were indicated in each dataset. For all datasets, the 
tip of the pyramidal 3D datasets and the coaptation point of the aortic valve (AV) leaflets 
were used as soft landmarks. Depending on the view, the coaptation point of the MV 
leaflets or the fossa ovalis (FO) was chosen as the third landmark. Since correspond-
ing time frames were registered, only rotational and translational differences between 
the volumes were expected and therefore a rigid transformation model was used. The 
landmarks were registered by a closed-form least squares optimization algorithm14. 
Secondly, the image alignment was improved manually by rotating and translating 
one volume with respect to the other, viewing the result in all three orthogonal views. 
Once an adequate transformation was found, the datasets were fused with maximum 

Table 1 The 6-step transoesophageal echocardiographic image acquisition protocol.

step Angle manipulation of the probe

1 60–80° First position the probe at the mid-oesophageal level at 0° and retroflex the probe tip slightly 
to develop the 4-chamber view; rotate the angle forward to 60–80° to develop the imaging 
plane parallel to the line intersecting the two commissures of the mitral valve12.

2 60–80° From Step 1, withdraw the probe by 1–2 cm and turn it anticlockwise about 15° to visualise 
the left PVs.

3 100–130° Turn the probe back to the position in Step 1; rotate the angle forward to 100–130° and turn 
the probe clockwise until the left atrium appears in the upper part of the screen and right 
atrium in the lower part with the superior vena cava at the right side to develop the bicaval 
view; turn the probe further clockwise about 15° to reveal the right upper pulmonary vein at 
the right side of the screen and the superior vena cava is not seen.

4 120–160° From Step 3, rotate the angle to 120–160° and turn the probe anticlockwise until the left 
ventricular outflow tract, aortic valve and proximal ascending aorta line up and the aortic 
valve appears in the centre of the image.12

5 120–160° From Step 4, turn the probe clockwise by about 40°, half way back to the 2D view of Step 3.

6 120–160° Turn the probe back to the position in Step 4; turn the probe further anticlockwise about 20°.
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intensity fusion. Severe near-field artefacts were removed by cropping the ultrasound 
pyramid before the image fusion.

REsuLTs

The clinical characteristics of all patients are depicted in Table 2. The image acquisition 
protocol was feasible in all eight patients and in total 48 3D TOE datasets were acquired. 

Figure 1 A, two-dimensional transoesophageal echocardiography reference views of the 6-step image 
acquisition protocol. 1, the mitral commissural view; 2, the superior commissural view including the left 
upper pulmonary vein; 3, the modified bicaval view including the right upper pulmonary vein; 4, the 
aortic valve long axis view; 5, the midpoint view between the aortic valve long axis and bicaval views; 
6, Further left to the aortic valve long axis view. B, cardiac structures acquired in the 3D datasets of Step 
1 (yellow), Step 2 (blue) and Step 3 (red). The grey areas represent the area of the pulmonary vein ostia 
projected to the cross-section of the anatomical view. AV, aortic valve; LA, left atrium; LAA, left atrial ap-
pendage; LPVs, left pulmonary veins; LUPV, left upper pulmonary vein; LV, left ventricle; MV, mitral valve; 
PV, pulmonary valve; RA, right atrium; RPVs, right pulmonary veins; RUPV, right upper pulmonary vein; 
SVC, superior vena cava; TV, tricuspid valve.
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For all full volume 3D datasets, the average volume size was 91° (lateral width) × 93° 
(elevation width). The average volume rate of the 3D TOE datasets was six volumes per 
second.

The cardiac structures captured in the 3D datasets of each step and the corresponding 
image qualities are shown in Table 3. The main 3D artefact was the echo loss. In general, 
the LAA, MV, AV, and FO were always visualised with good image quality, i.e. visualised 

Table 2 Clinical characteristics of the patients (n = 8).

no. Age Gender BsA 
(m2)

LA size* surgical indications Rhythm hypertension hR 
(bpm)†

BP 
(mmhg)†

1 76 F 1.96 Severely 
enlarged

Severe MR Sinus No 66 110/65

2 67 F 1.78 Normal Severe MR Sinus Yes 87 115/60

3 30 M 1.99 Severely 
enlarged

Severe MR Sinus No 50 115/65

4 58 M 2.15 Normal MI Sinus Yes 64 135/75

5 56 M 2.04 Normal MI Sinus Yes 46 130/80

6 58 M 1.90 Severely 
enlarged

Paravalvular leak after 
mitral valve repair

Sinus No 57 80/55

7 61 F 1.77 Severely 
enlarged

Severe MR, ventricle 
aneurysm,

Sinus Yes 56 125/65

8 68 M 2.04 Severely 
enlarged

Severe MR, MI, 
tricuspid regurgitation

Pacemaker Yes 60 125/65

BSA, body surface area; LA, left atrium; HR, heart rate; BP, blood pressure; F, female; M, male; MR, mitral 
regurgitation; MI, myocardial infarction.
*The grading of the LA size was based on LA volume index (LA volume divided by BSA) according to the 
ASE recommendations for chamber quantification19.
†Heart rate and blood pressure were measured instantaneously during image acquisition.

Table 3 Cardiac structures in and image quality of the 3D TOE datasets.

step cardiac structures in 3D ToE datasets image quality

1 MV, AV, LAA Good* in 8 patients.

2 part of MV, part of AV, LAA, ostia of 
left PVs

MV, AV and LAA: good* in 8 patients; left PVs: two ostia could 
be seen in 2 patients, one ostium could be seen in 2 patients, 
poor† in 4 patients.

3 part of AV, FO, ostia of right PVs AV and FO: good* in 8 patients; right PVs: one ostium could 
be seen in 5 patients, poor† in 3 patients.

4 MV, AV Good* in 8 patients.

5 part of AV, FO Good* in 8 patients.

6 MV, AV Good* in 8 patients.

TOE, transoesophageal echocardiography; MV, mitral valve; AV, aortic valve; LAA, left atrial appendage; 
PV, pulmonary vein; FO, fossa ovalis.
*Good: visualised clearly and distinguished easily in the 3D datasets without artefacts of echo loss.
†Poor: indistinguishable due to too much echo loss.
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clearly and distinguished easily in the 3D datasets without artefacts of echo loss. The 
ostia of the PVs, which are located at the edges of the 3D datasets, suffered more from 
the artefact of echo loss.

Three orthogonal views of a fused 3D dataset and its orientation with respect to 
the heart are shown in Figure 2. The different colours represent the different steps. An 
example of a fused 3D TOE dataset in different orientations revealing the important 
anatomical structures is shown in Figure 3. It is clearly shown that the extension of the 
field of view gives a wider 3D view of the LA than the 3D TOE dataset of a single step 
does. Using the described protocol, the average volume overlap between neighbouring 
TOE datasets ranged from 50–75%.

Figure 2 The orientation of 3D TOE datasets of each step with respect to the heart (the left upper quad-
rate) and orthogonal views of a fused 3D TOE dataset. Step 1 (yellow); Step2 (blue); Step 3 (red); Step 4 
(orange); Step 5 (green); Step 6 (purple).

Figure 3 An example of a fused 3D TOE dataset and important cardiac structures are indicated. LAA, left 
atrial appendage; LPV, left pulmonary vein; MV, mitral valve; RPV, right pulmonary vein. Since the com-
plete dataset was fused from six 3D TEE datasets, some part of the fused dataset was cropped to reveal 
the important anatomic landmarks.
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Discussion

In this study, we developed a systematic TOE image acquisition protocol with which 
six 3D TOE datasets were acquired and fused, providing a much wider reconstructed 
3D view of the LA, incorporating the PVs, LAA, MV and AV. The protocol provides an 
important step towards using the pre- and/or intra-interventional 3D TOE to generate 
an anatomical map of LA for AF catheter ablation, potentially eliminating the need for 
pre-interventional CT or MRI.

The six steps of the protocol were chosen based on their feasibility and reproduc-
ibility in acquiring 3D TOE datasets which provide sufficient overlap among each step 
for registration.

Of all important anatomical landmarks, the LAA, MV, and AV were always of good im-
age quality because they are located in the relative central part of the pyramidal 3D TOE 
datasets. Although the thin membranous area of the FO is likely to suffer from echo loss, 
its appositional muscular rim (limbus) can be distinguished easily in the 3D datasets. 
Since the PVs are adjacent to the lung and the 3D datasets are likely to suffer from the 
echo loss, the ostia of the PVs were less distinguishable than other cardiac structures, 
especially in those of inferior general image quality. The typical arrangement of four 
distinct pulmonary venous ostia is present in 20–60% of subjects, but it is also common 
to find the presence of a short or long common venous trunk on the left side, and super-
numerary veins on the right side15, The variances in the PVs’ anatomy greatly influence 
the success rate of the AF catheter ablation if the variant PVs are treated inadequately. 
In this study, a short common venous stem of the left PVs was revealed in the 3D TOE 
datasets of one case and three right PVs in another case.

In this study, five patients had had severely enlarged LA due to severe mitral regurgita-
tion. The relative positions of the PVs, lung and probe might be altered in this situation, 
which may compromise the general image quality. This might also be the case for 
patients with AF because they usually have an enlarged LA16,17. In addition, the patients’ 
position during the acquisition may also influence the general image quality as the posi-
tion of the heart relative to the lung might be changed. The lateral decubitus position 
tends to rotate the heart to the left of the sternum18 and towards the chest wall. In this 
study, all patients were supine during the image acquisition.

Limitations

Although the major part of the LA including important anatomical structures was re-
constructed successfully by registering the 3D TOE datasets, it was still not possible to 
reconstruct the whole LA. The roof of the LA was always lost in the 3D datasets, because 
the currently used matrix TOE probe (Philips X7-2t) is not capable of visualising the 
structures in the near field of the ultrasound beam. We tried to acquire 3D TOE datasets 
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in the transgastric view in which the LA roof lies in the far field of the ultrasound beam, 
but the spatial resolution dropped substantially and essential structures could hardly be 
distinguished. Nevertheless, we intend to carry out the 3D reconstructions also using 
images acquired by the Philips S8-3t micro-TOE probe which is of higher frequency (up 
to 6 MHz). According to our primary experience, the micro-TOE probe is able to visualise 
the LA roof in adults.

In this study, all 3D TOE datasets were registered manually, which requires specific 
expertise and relatively long time. However, the manual registration time consumption 
highly depends on the image quality of the 3D TOE datasets which determines the 
recognisability of the anatomical landmarks. Currently, we are developing an automatic 
registration method which will eliminate manual input and speed up the registration 
process. The automatic registration algorithm will take much less time than the manual 
registration and can be further incorporated into the ultrasound system, thus allows 
an on-line reconstruction. Therefore, the wide-view fused 3D TOE dataset can be made 
available to the electrophysiology physician during the ablation procedure.

All single full volume 3D datasets were free from 3D stitching artefacts because they 
were acquired from only one cardiac cycle, but as a result, the volume rates were very low. 
This limits temporal alignment and results in different positions of fast moving cardiac 
structures, thus influencing the quality of the fused dataset negatively. To acquire full 
volume 3D datasets from two or four cardiac cycles can greatly improve the volume rate 
(up to about 32 volumes per second) at the cost of longer acquisition time and stitching 
artefacts. Additionally, it should be noticed that the patients included in this study were 
under general anaesthesia and in non-anaesthetised patients stitching artefacts might 
be a bigger problem. These issues need to be investigated further.

Future clinical implications

The wide-view fused 3D TOE dataset will be very useful to reconstruct the LA anatomy; 
the segmented 3D surface could be imported to the EAM system. Additionally, intra-
interventional 2D echocardiographic images can be matched to the pre-interventional 
3D TOE images, preventing cumbersome multi-modality registration to CT or MRI im-
ages. The wide-view fused 3D TOE dataset may also serve as a substrate for registering 
and merging intra-interventional 2D echocardiographic images into the EAM system 
without errors from the probe position sensing.



144 Chapter 4.1

concLusion

The major part of the LA anatomy incorporating the PVs, LAA, MV, AV and FO as im-
portant anatomical landmarks could be reconstructed successfully by registering and 
fusing 3D datasets acquired with the proposed 6-step TOE image acquisition protocol.
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ABsTRAcT

objective The aim of the study was to evaluate wide-view fused 3D transesophageal 
echocardiography (TEE) datasets of the left atrium (LA) for supporting catheter ablation 
procedures by comparing with computed tomography (CT).

methods Twenty-two patients undergoing transcatheter aortic valve implantation were 
included, who had had both CT and 3D TEE examinations. Six 3D TEE datasets were 
acquired according to the imaging protocol and were registered and fused manually 
in end diastole. Eight landmarks including mitral valve (MV), aortic valve (AV), left atrial 
appendage (LAA), fossa ovalis (FO), left superior pulmonary vein (LSPV), left inferior 
pulmonary vein, right superior pulmonary vein (RSPV), and right inferior pulmonary 
vein were marked in both fused 3D TEE and CT datasets. The Euclidean distances were 
calculated between corresponding landmarks.

Results The wide-view registration and fusion of the 3D TEE datasets was feasible in 
all patients. The MV, AV, and LAA were visualized in all cases and FO in 77% of cases. 
LSPV including the common ostium was visualized in 64% and RSPV including the com-
mon ostium in 77% of the patients. The inferior PVs were visualized with 3D TEE in only 
one patient. The distances between the landmarks marked in the fused 3D TEE and CT 
datasets were 5 ± 3 mm.

conclusion Wide-view registration and fusion of the 3D TEE datasets were feasible 
and accurate in reconstructing the major part of the LA compared with the CT dataset. 
This technique can potentially replace the pre-interventional CT or MRI in complex LA 
catheter ablation procedures.

Keywords: transesophageal echocardiography, three-dimensional, wide-view fusion, 
left atrium, computed tomography
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Atrial fibrillation (AF) is increasingly treated by catheter ablation, including pulmonary 
vein (PV) isolation and complex left atrial ablation for non-PV triggers, thus eliminating 
the triggers initiating AF1. Several imaging modalities are commonly applied before the 
intervention to visualize the left atrium (LA) along with the PVs, left atrial appendage 
(LAA) and mitral valve (MV), such as rotational angiography, computed tomography 
(CT), and magnetic resonance imaging (MRI)2. The pre-acquired CT or MRI images are 
segmented and registered within the electro-anatomical surface mapping (EAM) system 
to the real time mapping space during the procedure3. Since AF ablation procedures 
often need to be repeated and the substantial dose of ionizing radiation of CT scans, 
rotational angiography and fluoroscopy required by the procedures causes important 
delayed effects on patients4-6, every attempt should be taken to minimize radiation 
exposure1. Additionally, CT and MRI are of cumbersome logistics and high cost.

Transesophageal echocardiography (TEE) is performed routinely to exclude LA/LAA 
thrombus before the catheter ablation. The anatomy of the LA and adjacent structures 
can be visualised in high resolution 2D and 3D TEE images7-9. However, the field of view 
of one single full volume 3D TEE dataset is not enough to visualize all important cardiac 
structures simultaneously, which is particularly true for the PVs at the left and right 
edges of the LA. We have shown in a previous study that it is feasible to reconstruct 
the majority of the LA with important anatomical landmarks with six single-view 3D 
TEE datasets acquired with a stepwise TEE image acquisition protocol10. In the present 
study, we sought to validate the wide-view fused 3D TEE dataset of the LA against CT by 
indicating the important anatomical landmarks in both fused 3D TEE and CT datasets. 
This is an important prerequisite in the process to replace pre-interventional CT by TEE 
in the catheter ablation procedures.

PATiEnTs AnD mEThoDs

Twenty-two patients (15 men, aged 79 ± 7 years old) who had undergone transcatheter 
aortic valve implantation (TAVI) for severe aortic valve stenosis were included in this 
study. These patients had undergone the CT examination three to five weeks before 
the procedure and 3D TEE examination during the procedure. The patients were under 
general anesthesia during the 3D TEE image acquisition. The protocol was approved by 
the institutional review board.

The TAVI patients were chosen as the study sample because they had had both CT 
and 3D TEE examinations. Although patients planned for catheter ablation all undertake 
the TEE exam a few days or immediately before the procedure, the TEE exam is always 
kept short and focused in our out-patient clinic in order to minimize patients’ discomfort 
and 3D acquisition is not frequently performed. On contrary, the TAVI patients are under 
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general anesthesia during the procedure, which provides more time for 3D TEE acquisi-
tion and image optimization, thus are comparable ideal research subjects.

3D TEE image acquisition and registration

Intra-interventional TEE was performed with the Philips iE33 xMatrix ultrasound system 
(Philips Medical System, Best, the Netherlands) with the CX7-2t matrix-array transducer. 
All acquisitions were performed at the mid-esophageal level. The image acquisition 
was performed following the stepwise image acquisition protocol depicted in our 

Figure 1 A, 2D transoesophageal echocardiography reference views of the 6-step image acquisition pro-
tocol10. 1, the mitral commissural view; 2, the superior commissural view including the left upper pulmo-
nary vein; 3, the modified bicaval view including the right upper pulmonary vein; 4, the aortic valve long 
axis view; 5, the midpoint view between the aortic valve long axis and bicaval views; 6, Further left to 
the aortic valve long axis view. B, cardiac structures acquired in the 3D datasets of Step 1 (yellow), Step 
2 (blue) and Step 3 (red). The grey areas represent the area of the pulmonary vein ostia projected to the 
cross-section of the anatomical view. AV, aortic valve; LA, left atrium; LAA, left atrial appendage; LPVs, left 
pulmonary veins; LSPV, left superior pulmonary vein; LV, left ventricle; MV, mitral valve; PV, pulmonary 
valve; RA, right atrium; RPVs, right pulmonary veins; RSPV, right superior pulmonary vein; SVC, superior 
vena cava; TV, tricuspid valve. Permission obtained from Springer (License no. 3441910283392).
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previous study10 (Figure 1). In the protocol, Step 1 aimed to acquire the central view 
of the MV, LAA and aortic valve (AV); Step 2 was developed to acquire the left PVs and 
Step 3 to acquire the right PVs. Step 4, 5 and 6 were mainly used to create sufficient 
overlap between different datasets for image registration and fusion. The 2D reference 
views and 3D datasets were acquired according to the ASE guidelines for performing a 
comprehensive TEE examination11 and the latest EAE/ASE recommendations for image 
acquisition and display using 3D echocardiography12. The 3D datasets were acquired 
with the full volume mode during one cardiac cycle with a proper depth and the largest 
volume size to include the structures of interest.

To construct a wide 3D view of the LA, the datasets of the six different steps were 
registered manually to the CT image in end diastole by a single observer (HWM). 
Firstly, a minimum of three landmarks was indicated in both the TEE and CT datasets. 
Depending on the TEE view, the coaptation point of the AV leaflets, coaptation point 
of the MV leaflets, fossa ovalis (FO) and LAA were used as soft landmarks. Occasionally, 
some additional corresponding points were indicated to improve the initial alignment 
between the images. Since corresponding time frames were registered, only rotational 
and translational differences between the volumes were expected and therefore a rigid 
transformation model was used. The landmarks were registered by a closed-form least 
squares optimization algorithm13. Secondly, image alignment was improved manually 
by rotating and translating the TEE volume with respect to the CT, viewing the result in 
all three orthogonal views. Thirdly, all different TEE images were jointly displayed with 
respect to the CT image and each other, to optimize the image alignment between the 
different TEE views, thus minimizing TEE misalignment. Once an adequate transforma-
tion was found, the datasets belonging to step 1, 2, 3, and 4, the views that were required 
for coverage of the heart, were fused with maximum intensity fusion. Data of step 5 and 
6 were used only in the registration process and not included in the fusion.

multislice cT image acquisition

Contrast-enhanced cardiac CT was performed using a dual-source CT system (Somatom 
Definition, Siemens Medical Solutions, Forchheim, Germany), with the following acquisi-
tion parameters: two tube-detector systems with a detector collimation of 32 × 0.6 mm, 
Z-axis flying focal spot for double sampling in the longitudinal axis, rotation time 330 ms 
(temporal resolution 85 ms), tube voltage 120 kV. The pitch varied between 0.2 for low 
heart rates (<40 min−1) and 0.53 for high heart rates (>100 min−1). Each tube provided 
412 mA/rot (625 mA), and full X-ray tube current (100%) was given during the 14–46% 
of the R – R interval. The scan ranged from the top of the aortic arch to the diaphragm. 
The radiation dose ranged from 8 to 20 mSv depending on body habitus and heart rate 
dependent table speed. The volume of iodinated contrast material (Iodixanol 320 mg/
ml, GE Healthcare) was adapted to the expected scan duration. A contrast bolus (50–60 
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ml) was injected in an antecubital vein at a flow rate of 5.0 mL/s, followed by a second 
bolus of 30 – 40 at 3.0 ml/s. Bolus tracking was used to synchronize the start of the scan 
with opacification of the aortic root. Images were reconstructed at 5%-R-R intervals: slice 
thickness 1.5 mm; increment 0.4 mm; medium-to-smooth convolution kernel (B26f ). In 
this study, we assessed CT datasets reconstructed during diastole, the same cardiac 
phase used in the TEE registration and fusion.

indication of landmarks in the 3D TEE and cT datasets

Eight cardiac structures were chosen as the landmarks to be indicated in both fused 3D 
TEE and CT datasets: MV, AV, LAA, FO, left superior pulmonary vein (LSPV), left inferior 
pulmonary vein (LIPV), right superior pulmonary vein (RSPV), and right inferior pulmo-
nary vein (RIPV). The common ostium of the PVs was defined if two PVs join each other 
and share a common stem before entering the LA or they enter the LA through the 
same ostium. All 3D TEE datasets were displayed as three orthogonal 2D views, which 
could be rotated and panned to locate the landmarks. The landmarks were indicated 
independently in the TEE and CT datasets at two different times in all 22 patients by one 
observer (BR) blinded to the image registration process. The landmarks were indicated 
in the following locations: 1) MV: in the center of the mitral annulus plane; 2) AV: in the 
center of the aortic annulus plane; 3) LAA: in the center of the ostium of the LAA; 4) FO: 
in the center of the thin fossa ovalis area; 5) LSPV: in the center of the ostium of the LSPV; 
6) LIPV: in the center of the ostium of the LIPV; 7) RSPV: in the center of the ostium of the 
RSPV; 8) RIPV: in the center of the ostium of the RIPV. For a common ostium, only one 
landmark was marked in the center of the common ostium. If the cardiac structures were 
not visible in the datasets, the landmarks were skipped.

For correspondence evaluation, the differences between corresponding landmarks in 
the fused 3D TEE (pTEE = (xTEE, yTEE, zTEE)

T) and CT (pCT = (xCT, yCT, zCT)
T) datasets were calculated 

as Euclidean distances: d = √ (xTEE − xCT)
2 + (yTEE − yCT)

2 + (zTEE − zCT)
2

intra- and interobserver variability analysis

The landmarks were indicated a second time by the same observer (BR) and indepen-
dently by a second observer (JMG) in five patients randomly chosen. The distances of 
40 corresponding landmarks of CT-CT, TEE-TEE and CT-TEE by the same observer and 
between two observers were calculated.
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REsuLTs

In Figure 2, a fused 3D TEE dataset of one patient are shown along with the CT dataset 
in different orientations to show important cardiac structures. In Figure 3, one fused 3D 
TEE dataset with the landmarks indicated for TEE and CT is shown.

Using CT as the gold standard, the visibility of eight landmarks in fused 3D TEE data-
sets in all patients is depicted in Table 1. As shown in Table 1, a left PV common ostium 
was observed in 14 cases using CT and seen in the fused 3D TEE datasets in 10 cases 
(71%). A right PV common ostium was seen in 2 patients using CT and also in the fused 
3D TEE dataset (100%).

For the eight cardiac structures chosen as the landmarks, the distances between the 
corresponding landmarks placed in the fused 3D TEE and CT datasets are shown in Fig-
ure 4. The distances of the landmarks of the LIPV and RIPV were not calculated because 
they were seen in the fused 3D TEE dataset only in one patient. The distance between 
landmarks was 5 ± 2 mm for MV, 4 ± 2 mm for AV, 5 ± 2 mm for LAA, 6 ± 3 mm for FO, 9 
± 4 mm for LSPV, and 5 ± 3 mm for RSPV.

Table 1 The visibility of eight anatomic landmarks in the fused 3D TEE dataset compared with CT in 22 
patients.

cT Fused 3D TEE Visibility

mV 22 22 100%

AV 22 22 100%

LAA 22 22 100%

Fo 22 17  77%

LPV common ostium 14 10  71%

LsPV  8  4  50%

LiPV  8  1  13%

RPV common ostium  2  2 100%

RsPV 20 15  75% 

RiPV 20  0  0

Visibility was calculated as the number of fused 3D TEE divided by the number of CT. CT, computed to-
mography; TEE, transesophageal echocardiography; other abbreviations as in Figure 1, 2 and 3.

Table 2 Distances between 40 landmarks marked in CT and fused 3D TEE datasets, and distances be-
tween landmarks in CT and 3D TEE datasets in five patients from the same observer (intraobserver) and 
two observers (interobserver).

intraobserver interobserver

cT – cT (mm) 3 ± 2  5 ± 3

TEE – TEE (mm) 3 ± 2  7 ± 4

cT – TEE (mm) 6 ± 4 10 ± 5

Data presented as bias ± standard deviation. Abbreviations as in Table 1.
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Figure 2 An example of a fused 3D transesophageal echocardiographic dataset and the corresponding 
CT dataset with important cardiac structures indicated. The 2D multiplanar reconstruction planes of both 
3D echocardiographic and CT data are also shown. A, mitral valve en-face view with left pulmonary veins; 
B, left atrial appendage and left pulmonary veins; C, right inferior pulmonary vein. Some part of the fused 
3D echocardiographic and CT datasets was cropped to reveal the anatomic landmarks. CT, computed 
tomography; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; other abbreviations 
as in Figure 1.
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Figure 3 An example of a fused 3D transesophageal echocardiographic dataset with landmarks on the 
important cardiac structures. Red crosses are the landmarks marked in the CT dataset and blue crosses 
are the landmarks marked in the fused 3D TEE datasets. The right superior pulmonary vein ostium was 
not visible in the 3D TEE dataset. FO, fossa ovalis; other abbreviations as in Figure 1 and 2.

Figure 4 Boxplots showing the distance between corresponding landmarks. Open dot as outlier. 
Abbreviations as in Figure 1, 2 and 3.
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The intra- and interobserver variabilities in landmarks are shown in Table 2. The intrao-
bserver and interobserver variabilities of TEE-TEE and CT-CT distances were small, but 
were also shown to constitute a considerable part of the CT-TEE distances.

Discussion

In this study, we compared the wide-view fused 3D TEE datasets of the LA with the CT 
data. The main findings were 1) the wide-view registration and fusion of the 3D TEE 
datasets was feasible in all patients and enabled the visualization of major parts of the 
LA; 2) important anatomical landmarks such as the MV, AV, LAA and FO could be clearly 
visualized in the fused 3D TEE in all (MV, AV and LAA) or almost all patients (FO); 3) LSPV in-
cluding the common ostium could be visualized in 64% and RSPV including the common 
ostium in 77% of the patients. However, the LIPV and RIPV were very difficult to visualize 
with 3D TEE; 4) the registration and fusion of the 3D TEE datasets tended to be accurate 
as the average distances between the landmarks marked in the fused 3D TEE dataset and 
those made in the CT dataset were 5 ± 3 mm for the important cardiac structures.

The single view 3D TEE datasets were acquired with a systematic step-wise TEE image 
acquisition protocol as described in our previous study10. This image acquisition proto-
col provides a systematic and fast procedure for acquiring 3D TEE datasets which allows 
the manual registration and fusion. Important anatomical structures for the ablation 
procedure could be clearly visualized in the fused 3D TEE datasets. Centrally located 
structures such as MV, AV, LAA and FO were well visualized in the fused 3D TEE datasets 
in all (MV, AV, LAA) or the majority of the patients (FO in 77%). The reason why the FO 
was not visible in all patients was because it was not included in the 3D acquisition sec-
tor in some patients since the image protocol was set to focus on PVs. In fact, the atrial 
septum including the FO can be excellently visualized with 3D TEE12,14, as this technique 
is commonly used to diagnose atrial septum defect15,16. Since the PVs are adjacent to 
the lung and the 3D datasets are likely to suffer from the echo drop-out, the ostia of 
the PVs were less distinguishable than other cardiac structures. This might be the main 
reason for the invisibility of the inferior PVs because the inferior veins tend to be smaller 
and have shorter distances from the ostia to the first-order branches than the superior 
veins and the LIPV is surrounded by descending aorta and lung. In addition, the superior 
veins enter the LA in an anterosuperior direction, whereas the inferior veins open into 
the LA perpendicular to the posterior wall17. The posterior wall of LA was always lost 
in the 3D TEE datasets, because the currently used matrix TEE probe (Philips CX7-2t) is 
not capable of visualizing the structures in the very near field of the ultrasound beam. 
Variances in the PV anatomy are commonly seen, such as a short or long common ve-
nous trunk or supernumerary veins18. These increase the difficulty in distinguishing the 
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PVs in the fused 3D TEE datasets. Additionally, the variable distance of the transducer 
placed into the esophagus and the PVs may also affect imaging. When the esophagus 
and transducer inside is close to the left PVs, imaging of right PVs can be easier, while 
imaging of the lower left PV is troublesome, and vice versa. There is quite a variance 
in the chance of visualizing the inferior PVs in the literature19,20 and it should be noted 
that the visualization of PVs using TEE also depends on the operator’s experience and 
apparently requires certain training.

As shown in the results, the distances between landmarks in the fused 3D TEE and CT 
datasets were around 5 mm, which is quite small for such cardiac structures compared 
with the reported inaccuracies in the EAM21. The reported distances were a combination 
of several inaccuracies: the TEE fusion and reconstruction inaccuracies, the observer 
variability in the landmarks, different physiological conditions between the CT and TEE 
images taken weeks apart and inherent differences between the CT and TEE images. 
Since the intraobserver and interobserver CT-CT and TEE-TEE distances were 3 to 7 mm 
(Table 2) , the CT-TEE distances could be largely attributed to observer variability, and the 
errors due to registration and modality differences were actually much smaller than sug-
gested by the measurements. In order to investigate the cause of the distances between 
landmarks in 3D TEE and CT datasets, especially for the distances larger than 10 mm, we 
further calculated the distance vector in two directions: radial and circumferential (with 
respect to the centre of the LA). The results, however, showed no significant correlation 
between the absolute distance and the radial distance. On inspection, in all four cases 
where the landmark indicated in the fused 3D TEE datasets was not reliable, this was 
proven to be because of inferior 3D image quality, not because of registration errors.

Limitations

Although the major part of the LA was reconstructed accurately by registering the 3D 
TEE datasets, it was still not possible to reconstruct the whole LA as the posterior wall of 
the LA was always lost in the 3D datasets as discussed above. There may be several solu-
tions for this, e.g., using a balloon standoff or using a probe of higher frequency. These 
solutions are subject of further study. In the imaging protocol, the inferior PVs are not 
visualized in the 2D reference views. Because of the close location between the superior 
and inferior PVs, we assumed that with sufficient image quality, both veins could be 
included in the 90º × 90º 3D acquisition sector even if only one vein was seen in the 
2D reference view. Different 2D views specially targeting at the inferior PVs could be 
used12,20, yet the inferior PVs cannot always be visualized in certain views as the success 
rate reported largely varied19,20, especially in diseased hearts whose orientations maybe 
changed due to chamber enlargement.

The study was carried out in patients undergoing the TAVI procedure, in whom both 
CT and TEE studies were available. Although the AV and MV annuli were often heav-
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ily calcified in this patient population, the 3D TEE image quality in terms of structure 
recognition was not influenced by the strong echo of calcified annuli. Nevertheless, this 
study ultimately aims at facilitating the catheter ablation procedures in patients with 
AF. Thus, the ideal patient population would be patients undergoing the catheter abla-
tion. However, the accuracy of fusing 3D TEE datasets acquired in the patients with AF 
compared with CT is assumed to be similar as shown in this study. Besides, patients with 
AF usually have enlarged LA as patients with aortic stenosis, but whether the degree of 
LA enlargement is comparable between the two patient populations and its influence 
on visualization, registration and fusion still need interrogation.

In this study, all 3D TEE datasets were registered manually, which requires specific 
expertise and relatively long time. An automatic registration method is highly desirable. 
This will eliminate manual input and speed up the registration process, which can be 
further incorporated into the ultrasound system, thus allowing an on-line reconstruc-
tion. In fact, this current study constitutes a proof of principle for the future case where 
such an automated registration will be available, and shows that TEE may support the 
ablation procedure as the fused 3D TEE dataset can be made available during the proce-
dure. The parts that are not well visualized (atrial posterior wall and inferior PVs) should 
then be further elucidated during the simplified EAM procedure.

The temporal mismatch between the different TEE subsets may play an important role 
in the registration errors. The volume rates of the 3D TEE datasets were very low (4 Hz) 
because they were acquired from one cardiac cycle, which limited temporal alignment 
and resulted in different positions of fast moving cardiac structures. The volume rate can 
be improved if full volume 3D datasets are acquired from more cardiac cycles. However, 
it should be noted that the patients included in this study were under general anesthe-
sia and had a stable heart rate. In non-anesthetized patients, the heart rate may vary 
more especially in patients with AF who usually have irregular R-R interval, thus stitching 
artefacts might adversely affect the registration.

The use of CT as the basis and aid for the manual TEE registration may provide a bias in 
the CT-TEE comparison, especially since some landmarks (MV, AV, FO) were used in both 
processes. However, the landmarks indicated in the TEE registration were not known to 
the observers performing the landmark indication. In fact, the TEE registration could 
also be performed without the CT and alignment of the TEE sets was finally performed 
between TEE datasets.

clinical implications

The wide-view fused 3D TEE dataset can represent the atrial anatomy in a similar way as 
the preoperative CT does. Apart from some of the inferior PVs and the atrial posterior 
wall, the major structures are represented correctly. Regarding the poor visibility of the 
inferior PVs in the fused 3D TEE datasets, implementing 3D TEE in the PV isolation pro-
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cedure may be limited. However, this technique might replace pre-interventional CT or 
MRI in facilitating ablation approaches not targeting the PVs, including ablation of peri-
mitral flutter, LA tachycardia (post-ablational superior PVs and LAA tachycardias), septal 
atrial tachycardia, and LAA occlusion which is performed frequently during the catheter 
ablation procedure. In a separate study, we have shown that a multicavity anatomy 
can be successfully segmented from these TEE images22. This segmented 3D surface 
could be imported to the EAM system, which may obviate the need for preoperative 
CT. Additionally, intra-interventional 2D echocardiographic images can be matched to 
the pre-interventional 3D TEE images, preventing cumbersome multi-modality registra-
tion to CT or MRI images. TEE probes equipped with 3D position sensing or X-ray based 
position/orientation estimation23 will fit this application even better. The wide-view 
fused 3D TEE dataset may also serve as a substrate for registering and merging intra-
interventional 2D echocardiographic images into the EAM system without errors from 
the probe position sensing.

concLusion

Wide-view registration and fusion of the 3D TEE datasets were feasible and accurate in 
reconstructing the major part of the LA compared with the CT dataset. This technique 
may replace the pre-interventional CT or MRI in complex LA catheter ablation proce-
dures. When the visualization of the ostia of inferior PVs is improved, this technique 
could be applied in catheter ablations targeting at PVs as well.
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ABsTRAcT

Minimally-invasive interventions of the heart such as in electrophysiology (EP) are be-
coming more and more important in clinical practice. Currently, preoperative computed 
tomography angiography (CTA) is used to provide anatomical information during EP 
intervention, but this does not provide real-time feedback and burdens the patient with 
additional radiation and side effects of the contrast agent. Three-dimensional trans-
esophageal echocardiography (3D TEE) is an excellent modality to visualize anatomical 
structures and instruments in real-time. However, especially the visualization of the left 
atrium (LA) suffers from the limited coverage of the 3D TEE volumes due to the close 
location of the TEE probe to the LA. This makes segmentation of the LA and therefore in-
tegration with electroanatomic maps difficult. Combining multiple rotated TEE volumes 
and creating a fused wide-view volume may overcome these shortcomings.

We propose in this paper to replace or complement preoperative CTA imaging by 
wide-view TEE. We tested this on twenty patients for which six overlapping 3D TEE im-
age volumes covering the LA were acquired and CTA images were available. The TEE 
images were manually registered and combined based on minimum-intensity fusion to 
create wide-view volumes. Five heart cavities in single-view TEE and the wide-view TEE 
were segmented and compared with atlas based segmentations derived from the CTA 
images.

We could show that the segmentation accuracy (Dice coefficients) was improved by 5, 
15, and 9 percent points for LA, right atrium, and aorta respectively. Average coverage 
was improved by 2, 29, 62, and 49 percent points for right ventricle, LA, right atrium, 
and aorta respectively. This demonstrates that the fusion of multiple views improves 
segmentation accuracy, especially for those cavities where the fusion improves the 
coverage. This finding confirms that wide-view 3D TEE can be useful for support of 
electrophysiology interventions.

Keywords: Transesophageal, echocardiography, segmentation, gamma mixture model, 
expectation maximization, three-dimensional, ultrasound, active shape model, electro-
physiology
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inTRoDucTion

With the aging population in the western world and improved survival of congenital 
diseases and infarcts, treatment of cardiac arrhythmias becomes more and more im-
portant. Cardiac electrophysiology (EP) is therefore a rapidly growing specialization in 
cardiac care. Atrial fibrillation (AF) is an unsynchronized or reduced contraction of the 
atria due to abnormal electrical activation patterns in the atria, and it is very common 
in elderly people. When pharmacological treatment is no longer effective, AF can be 
treated by interruption of the electrical pathways that induce the arrhythmia. Open 
heart surgery1 is one way of isolating erroneous conduction sites but the involved risks 
are often too high for patients in this population2.

In EP, AF is generally treated in a minimally invasive way by mapping the electrocardio-
graphic (ECG) signals inside the atrium and ablating the culprit sites with radiofrequency 
ablation catheters. The ablation may sometimes be limited to a few points, but in many 
procedures continuous lines of ablation points need to be created to isolate a region on 
the atrial wall, leading to very lengthy and costly procedures. In the last decade, anatomical 
features became more important for treating AF; for instance, by creating circumferential 
lines around the pulmonary veins (PVs)3,4. The large anatomical variability in the PVs5 and 
the high risk of complications6 made 3D visualization of anatomical structures necessary.

Currently, the major means of real-time visualization during the intervention is X-ray 
fluoroscopy, which produces a 2D projection image only, has poor or no soft tissue con-
trast, and uses ionizing radiation7. The ablation and ECG catheters are equipped with 3D 
position sensors and their position is continuously tracked. By moving these catheters 
over the atrial wall, a rough 3D electro-anatomical map (EAM) of the atrium can be con-
structed8. This map is not very precise because of the limited number of contact points 
involved, influence of breathing and cardiac motion and the inaccuracy of 3D sensing. This 
led to the integration of preoperative computed tomography angiography (CTA) images 
into the EAM9. to supply a better impression of the patient’s specific LA anatomy. These 
preoperative images are segmented and the resulting surfaces are imported into the EAM 
system. By indicating a number of anatomical landmarks in EAM and segmentation, the 
segmentation can be registered to the EAM. However, the preoperative CTA is a relatively 
costly, logistically cumbersome procedure, and burdens the patient with ionizing radiation. 
Moreover, these preoperative images are often acquired weeks before the intervention, 
and the current physiological state of the LA can be quite different from the preoperative 
images. Therefore, it is sometimes still difficult to ensure continuous ablation lines espe-
cially when dealing with abnormal anatomies. We believe that these shortcomings in the 
visualization of the anatomical structure are an important cause of the low success rate of 
the EP procedures: 52% without and 76% with the use of antiarrhythmic drugs10. In order 
to achieve these success rates in 27% of the patients multiple procedures were necessary.
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Three-dimensional transesophageal echocardiography (TEE) with its good tissue-to-
blood contrast could be an ideal real-time and preoperative modality to guide EP in-
terventions. Preoperative TEE is generally performed shortly before the EP intervention 
to exclude the thrombus in atria and left atrial appendage. To complement or replace 
preoperative CTA, segmentation of the cardiac cavities in 3D TEE is required to allow the 
endocardial surfaces to be shown within the EAM system. We showed previously11 that 
segmenting heart cavities in single TEE volumes is possible but may be limited by the 
narrow field of view (FoV). Wide-view image fusion is one way to increase the FoV12 and 
we showed that by combining four TEE volumes we could cover most of the left atrium 
(LA), identify the main LA structures with accuracy similar to CTA and thus possibly 
replace preoperative CTA13.

The purpose of this study is to investigate to what extent the wide-view fused TEE 
images can be segmented appropriately and that the segmentation accuracy improves 
with respect to single views. We hypothesize that the wide-view TEE will result in more 
accurate image segmentations. We tested our hypothesis on a set of twenty patients 
for whom CTA and TEE were available. We registered six TEE volumes aiming at different 
sites to generate wide-view TEE volumes. The preoperative CTA images were segmented 
using an atlas-based method14. These 3D segmentations covered the whole heart in 3D 
and served as the ground truth.

mATERiALs AnD mEThoDs

A schematic outline of the used data and involved processing steps is shown in Figure 1. 
For each patient six TEE views were manually registered and fused to create a wide-view 

Figure 1 Block diagram of our methods and validation. For each patient six TEE images and one CTA im-
age were acquired. We used a manual registration to align the six TEE views and subsequently a wide-view 
TEE image was created. A blood/tissue classifier was run on the single and wide-view images followed by 
a segmentation. The segmentations were validated with a ground truth derived from the CTA image.
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image. A blood/tissue classifier and segmentation was applied to the wide-view images 
and the segmentation results were validated with CTA segmentations. We compared the 
segmentation results of the wide-view images with the results of a single-view image.

TEE image Acquisition

Six 3D TEE image volumes were acquired at mid-esophageal level following the protocol 
described earlier13. There are three main volumes: 1) covering the central view including 
the mitral valve, the left atrial appendage, and the aortic valve; 2) aiming to the left in-
cluding left PVs; 3) covering the atrial septum and the right PVs. The other three volumes 
are intermediate steps to ensure sufficient overlap of volumes 1 to 3. More details on 
the acquisition protocol can be found in the study of Ren et al.13 and an example of the 
different views can be seen in Figure 2.

Figure 2 Display of the registered six TEE volumes. The center view (view 1) is shown in yellow, the view 
the furthest to the left (view 2) is shown in blue, and the view to the furthest to the right (view 3) is shown 
in red. The intermediate views four (green), five (turquoise), and six (purple) are recorded to ensure suffi-
cient overlap between the center and the most right view. For image fusion views 1, 2, 3 , and 4 were used.

TEE image Registration and Fusion

To build a 3D wide-view of the heart, the data sets of the six different volumes were 
registered manually to the corresponding CTA image and to each other. Since we aimed 
at a proof-of-principle for the segmentation of fused sets, we wanted to test our seg-
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mentation on the best possible registration and fusion. Even though we expected that 
artifacts caused by registration errors and fusion in the wide-view images would only 
minimally affect our segmentation scheme, we did not want to mix the errors of the 
registration and segmentation and chose to evaluate our wide-view segmentation with 
the best possible registration. Therefore, we chose to use an elaborate manual registra-
tion in order to minimize the effect of registration errors on the segmentation results. 
First, a single observer picked in each of the six TEE images and the CTA image the end 
diastolic volume and indicated a minimum of three anatomical landmarks (from a set of 
8) in all volumes. From corresponding landmarks an initial rigid transform (rotation and 
translation only) was computed. Second, image alignment was improved by manually 
refining the rotation and translation of the TEE volume with respect to the CTA image. 
The correct alignment of the anatomical structures was checked by slicing the volumes 
in three orthogonal cross-sections and overlaying the resulting 2D images. Third, after 
repeating step one to two for all 6 TEE views, all TEE images were jointly displayed with 
respect to the CTA image and each other. With small manipulations of the rotations 
and translations of the individual TEE volumes the alignment of the overall anatomical 
structures was optimized. The registered TEE volumes are shown in Figure 2. Once the 
adequate transformations were found, the volumes 1 to 4 were fused. We excluded view 
5 and 6 from the fusion to minimize fusion artifacts. Furthermore, minimum-intensity 
fusion was chosen to suppress artifacts especially at the edge of the imaging cones.

The registration accuracy and the correspondence of anatomical landmarks in fused 
TEE volumes and CTA volumes was assessed previously15. The good correspondence 
between CTA and fused TEE can be visually appreciated in Figure 3.

Gamma mixture model

Classifying different tissues such as myocardium and blood can be done based on the 
differences in intensity distribution of the so-called ultrasound speckle for these tissues. 
Previously, Vegas-Sánchez-Ferrero et al.16-18 showed that a Gamma Mixture Model (GMM) 
can accurately represent the intensity distribution (X = {Xi} , i = 1…N, with N denoting the 
number of voxels) of ultrasound images after beam-forming, post-processing, and inter-
polation. An Expectation Maximization algorithm19 was used to estimate the parameters 
(Θ = π1, …, πJ, α1, …, αJ, β1, …, βJ) of a two-class (j = {1, …, J}, J = 2) mixture model with the 
probability density function

 p(x|Θ) = ∑
2

j=1
 πj fx (x|αj, βj) (1)

where fX denotes the Gamma density function. A 3D map showing the voxel-wise prob-
ability of blood versus tissue is then computed by applying Bayes’ theorem. An example 
slice of a TEE volume and the computed tissue probability map is shown in Figure 4.
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Active shape model

Active shape models (ASM)20 employ statistical shape models (SSM) generated from a 
large training set to model all probable anatomical variations in organ shape. The SSMs 
used in this work were derived from 151 3D CTA segmentations14,21 containing the left 
and right atria (LA and RA), left and right ventricles (LV and RV), and the aorta (Ao). We 
created SSMs for the complete heart keeping 90% and for the individual cavities keeping 
98% of the shape variation. The CTA scans were made from a mixed population of pa-
tients covering a large variability in anatomy and pathology21. In our TEE segmentation 
scheme, update points (r′) are found along the surface normal of each shape vertex (r) 
in the tissue probability maps by minimizing an objective function as described by Van 
Ginneken et al.22. The pose and/or shape of the ASM is updated until convergence. The 
pose (scale, rotation and translation) is estimated with a weighted least square scheme 
which was described in23,24. Shape updates are estimated by a weighted projection to 
the shape parameter space as described by Cootes et al.25. The weights w used for the 
pose and shape updates are composed from a GMM based edge probability, wGMM (r′), a 
model distance term, wASM (r′), and a term to disqualify points outside the pyramidal TEE 
volume, wUS (r′). The weighting factor is computed as follows:

 w(r′) = wASM (r′) wUS (r′) wGMM (r′) (2)

where

wASM (r′) = exp

−


|| r − r′ ||2 
 (3)
σ2

Figure 4 Short axis cross section through a TEE volume (left) and the corresponding tissue probability map 
(right). Note the suppression of speckle in the tissue probability map compared with the intensity map.
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σ is used to adjust the model distance penalty term, and || · || indicates the Euclidean 
distance. The term wUS (r′), is derived by convolving the binary TEE mask with Gauss-
ian kernel with a standard deviation of √ 20 voxels. The GMM term, wGMM (r′), enhances 
update points being close to the blood/tissue transition zone (probability of 0.5) and is 
defined as

wGMM (r′) = 1 −
| p2 (I(r′)|Θ) − 0.5 |

 (4)
0.5

where I (r′) is the intensity in the TEE image at r′.

segmentation scheme

We used a three-stage segmentation scheme where the mean shape of the SSM is initial-
ized by a rigid transform computed from three landmark points. Generally, each stage 
is initialized with the results of the previous stage while the model pose is more and 
more constrained and the shape is more and more relaxed. The different stages and their 
function are described by the flow chart in Figure 5.

Figure 5 Three-stage segmentation scheme: At each stage the model is updated until convergence. 
Convergence criterion is a RMS difference between the current and previous shape of less than 0.1 mm. 
First stage, the mean shape of the SSM containing all five cavities is initialized using a rigid transform de-
rived from three landmark point pairs. In this stage only the pose is updated and the resulting transform 
is passed to the next stage. second stage, pose and shape of the complete heart SSM are simultaneously 
updated. Third stage, For each heart cavity a separate SSM is used and initialized based on the pose 
and shape of the previous stage. The shape estimates for stage 2 and 3 are limited to a hyper-ellipsoid 
defined by the 98th percentile of the shape parameters’ χ2 distribution20. Please note that in this segmen-
tation scheme the pose is more and more constrained while the shape is more and more relaxed while 
propagating through the stages. The constraining and limiting parameters used for all stages are shown 
in Table 1.
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To guarantee a high robustness of the segmentation scheme, the pose parameters 
and the shape are constrained and limited to a plausible range.

In the different stages we constrain the pose parameters (scale, rotation, and transla-
tion) and shape parameters to prevent large jumps of the model due to erroneous edge 
responses. Each of the parameters p at iteration i is constrained by

 pi = cpi−1 + (1 − c)p̂i, (5)

where p̂i indicates the estimated unconstrained parameter at iteration i. The used con-
straints are shown in Table 1. These constraints are identical to those used in single TEE 
segmentations11 for fair comparison.

The scale (alim), the rotation angles (θlim), the translation (tlim) and the shape (blim) and 
their values for the different stages are shown in table 1 as well.

Table 1 Segmentation parameters: σ defines the range of wASM, c constrains θ, t, b, and ca constrains a at 
each iteration. Upper and lower limits for the pose and shape parameters have the subscript lim.

parameters stage 1 (s1) stage 2 (s2) stage 3 (s3)

c 0.0 0.2 0.6

ca 0.0 0.2 0.3

σ (voxel) 44 20 20

alim (%) ±30 of ainit ±18 of aS1 ±15 of aS2

θlim (°) ±30 of θinit ±20 of θS1 ±5 of θS2

tlim (mm) ±30 of tinit ±20 of tS1 ±5 of tS2

blim (%) 0.0 98.0 99.7

ExPERimEnTs

Data

The segmentation method was validated in 3D TEE data sets obtained from 20 patients 
(13 male, 7 female; mean age ± standard deviation: 80 ± 7) undergoing a transcatheter 
aortic valve implantation. Data were acquired in accordance with the hospital ethical 
regulations (MEC-2013-257). The protocols were approved by the institutional review 
board, and informed consent was obtained from all patients. All patients had severe 
aortic valve stenosis with different severity of valve regurgitation. This caused for all 
patients severe pathologies with different degrees of LV hypertrophy and enlargement 
as well as LA enlargement. All TAVI patients had 3D TEE data acquired with an iE33 
system with a matrixTEE probe (CX7-2t, Philips Healthcare, The Netherlands) during the 
preparation of the intervention. The patients were anesthetized and in supine position. 
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One to three heart cycles were acquired in full volume mode with a volume rate of 4.3 ± 
0.9 volumes/sec. The end-diastolic (ED) time frame was manually selected. All patients 
hadalso underwent a gated CTA three to five weeks before the intervention for preop-
erative planning. More details on the CTA acquisition protocol can be found in the study 
of Ren et al.13.

Gold standard

Segmentations of CTA images from the same twenty patients served as the ground 
truth. We generated these using a multi-atlas based approach14. The CTA volumes were 
cropped so that only the heart was in the image volume. The ASM was generated earlier 
on 151 patients and did not include any of the CTA segmentations which were used for 
our validation. All CTA segmentations were visually inspected and considered of good 
quality. The CTA segmentations provide an independent ground truth of the cavity 
outline and are not limited to the TEE FoV. One should note that the CTA supplies the 
anatomy of the same patient but at a different time and with a different modality, so one 
cannot expect a perfect match with TEE.

Evaluation measures

For comparing the different segmentations, overlap in volume for each cavity was ex-
pressed as a Dice coefficient in 3D26. The distance between corresponding 3D segmen-
tations was computed as average Euclidean point-to-surface distance (P2Smean). Please 
note that the Dice coefficient and the P2Smean were computed for the whole heart and 
not limited to the FoV. Furthermore, the percentage of each cavity that was contained 
within the FoV was measured, both for the single-view segmentations and the wide-
view. It was expected that the segmentation accuracy of each cavity was related to this 
coverage.

REsuLTs

spatial coverage

The coverage of the FoV for each heart cavity for the single-view and wide-view images 
was computed based on the CTA segmentations and is shown in Figure 6. It is shown 
that the wide-view images contained a much larger portion of the different cavities. The 
median coverage increased by 2, 29, 62, and 49 percent points for RV, LA, RA, and Ao 
respectively. The FoV of the LV did not improve since it was captured already within the 
single-view volumes (view 1).
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Figure 6 Coverage of the different heart cavities within the field of view (FoV) of the single-view TEE 
image (left) and of the fused wide-view TEE image (right). The red horizontal line indicates the median, 
the blue box indicates the 25 and 75 percentiles, and the whiskers indicate the range excluding outliers. 
Outliers are considered data points beyond mean ±2.7 times the standard deviation and plotted as red 
+. Note the improved coverage of the LA, RA, and Ao cavities compared with the single-view images.

Figure 7 Three orthogonal cross sections of the CTA volume with the segmentation overlaid (top). The 
same cross sections are displayed for the fused TEE data set (bottom) together with the segmentation 
results based on the single-view (red) and the fused wide-view data (blue). The outline of the CTA based 
segmentation is shown in green.
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segmentation

A qualitative example of a wide-view TEE volume with corresponding CTA and their 
segmentations are shown in Figure 7. In Figure 8 the box-plots of the Dice coefficients 
and in Figure 9 the P2Smean distances for all cavities are shown. On the left of Figure 8 
and 9 the segmentation results using only the central TEE volume (view 1) are shown, 
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Figure 9 Comparison (Point-to-surface distance) of single-view segmentation and fused TEE segmenta-
tion vs. CTA segmentations. The computation of the mean point-to-surface distances was not restricted 
to the FoV of the TEE images.

LV RV LA RA Ao
0

10

20

30

40

50

60

70

80

90

D
ic

e 
(%

)

center view

LV RV LA RA Ao

fused TEE

Figure 8 Comparison (Dice) of single-view segmentation (left) and fused TEE segmentation (right) vs. CTA 
segmentations. The computation of the Dice coefficients was not restricted to the FoV of the TEE images.
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whereas on the right the segmentation results using the fused TEE volumes are shown. It 
is shown that the cavities which had an improved coverage with the wide-view TEE FoV 
also had an improved segmentation accuracy.

Discussion

We showed previously that wide-view TEE images can provide an alternative to preop-
erative CT images in clinical applications15. In this work we investigated to what extent 
wide-view TEE volumes could be used to improve segmentation accuracy. To that end, 
we segmented twenty single and wide-view patient data sets successfully with our seg-
mentation scheme and compared them with CTA derived segmentations which served 
as ground truth.

Generally, the wide-view TEE images helped to improve the coverage of the FoV for the 
different heart cavities and fusion artifacts did not hamper the segmentation accuracy.

We obtained improvements of the segmentation results of LA, RA, and Ao which im-
proved the median Dice coefficient by 5, 15, and 9 percent points respectively (see Figure 
8). This may be mostly due to the improved field of view which resulted in a coverage 
of 82, 94, and 97 percent compared with the single-view coverage of 56, 17, and 56 for 
LA, RA, and Ao, respectively. For LV and RV, which had no improved FoV compared with 
the single-view TEE segmentations, the segmentation accuracy stayed the same. This 
implies that generally the segmentation accuracy was not deteriorated by the fusion.

For one fused patient data set segmentation failed (see Figure 8, outliers). Visual 
inspection of the fused image data and the segmentation indicated that for this patient 
the image data of the different views was quite noisy, had low SNR and the individual 
views seemed to have quite different mean intensities. This resulted in a wide-view im-
age with considerable artifacts which misguided the segmentation.

Four registered TEE volumes were fused to a wide-view image utilizing a minimum-
intensity fusion which creates in our opinion the least fusion artifacts. However, this 
method still created some fusion artifacts, such as propagating echo drop outs and 
edges of the single-view sectors, which will create false edges and may influence the 
segmentation scheme (see Figure 3). There could also be some temporal mismatches 
between the different single view volumes which also will influence the cavity borders 
in the fused image. With a higher volume rate these errors should be reduced.

We did not obtain a significant improvement of the segmentation results for LV and RV 
(see Figure 8 and 9). This may be due to the fact that the center view (view 1) contained 
most of the LV and RV and the wide-view fusion did not add much information. This is 
supported by the finding that the FoV did not improve for LV and RV, respectively (see 
Figure 6). Although it has been reported by others that multi-view fusion may improve 
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the image quality in transthoracic echocardiography27, this is not very apparent in TEE. 
The effect of multi-angle compounding is small in TEE, since the position of the probe 
in the esophagus is almost the same for all views. Also, the minimum-intensity fusion 
that we applied is not improving local image quality, although it is good for reducing 
artifacts.

Limitations

Up to now our segmentation work is based on manual registration of the single TEE 
volumes. Our next step is to apply the segmentation in combination with an automated 
registration approach for TEE images. Our group previously reported good results for 
different registration metrics for transthoracic US/US registration12 which is promising 
for replacement of CTA/MR. However, we chose to use an elaborate manual registration 
scheme since this is currently the most accurate method and will minimally deteriorate 
the results of our segmentation.

Our final goal is to replace or complement CTA/MR. For complementing CTA/MR with 
wide-view TEE, automatic intermodality registration would be desired. However, to our 
knowledge there is not yet a reliable standard method of registering ultrasound images 
to CT or MR and this is an ongoing research topic.

Another limitations is that the ground truth segmentations are derived from a differ-
ent imaging modality (CTA) which uses different physical principles for image contrast 
formation. Furthermore, there are weeks between CTA and TEE image acquisitions which 
may have resulted in changes in anatomy and physiological state. Therefore, we cannot 
expect perfect correspondence between wide-view TEE and CTA. In a previous study15 
we investigated the correspondence between fiducial landmarks in CTA and wide-view 
TEE. We found an average Euclidean distance of about 6 mm between fused TEE and CTA 
landmarks. The intra-observer variability of repeated indications of the markers in CTA 
volumes proved to be already about 4 mm, which implies that correspondence between 
CTA and fused TEE was actually quite good. The P2Smean in our study included a similar 
intermodality difference error which means that the difference between TEE segmenta-
tions and anatomical reality may be considerably smaller than the values reported in 
Figure 9.

Future work

We expect that a more sophisticated fusion method than minimum-intensity fusion 
may improve the segmentation results further. The outer edges of ultrasound image 
volumes are usually hampered by artifacts and low SNR due to side lobes. Taking this 
information into account, a weighted-mean fusion with lower weights at the sides of the 
imaging pyramid than in the center portion may improve the image quality of the fused 
volumes. However, the fusion artifacts did not affect the segmentation scheme in all but 
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one extreme case. Also, the quality of our segmentation should still be investigated in 
combination with an automated registration approach, when this becomes available.

We are confident that our technique can improve the intra-operative visualization in 
EP procedures and may reduce the need of pre-operative imaging such as CT/MR and 
the use of X-ray fluoroscopy.

concLusions

We showed that wide-view fusion could improve segmentation accuracy for TEE im-
ages by 5, 15, and 9 percent points for LA, RA, and Ao respectively. This proves that in 
principle 3D TEE is capable of visualizing large parts of the heart and that segmentation 
accuracy can be improved compared with single-view TEE, which makes this wide-view 
segmentation a good candidate for support of EP interventions.
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summARy

The main goal of this thesis was to investigate the clinical implications of advanced 
three-dimensional (3D) echocardiography in assessing mitral valve regurgitation, left 
atrial (LA) function, left ventricular (LV) function and reconstructing the LA. Chapter 1 
is the introduction to this thesis, in which the techniques to study mitral regurgitation 
(MR) quantification, LA and LV volume and function assessment and LA anatomy for 
catheter ablation are introduced. Thereafter, the feasibility and accuracy in applying 3D 
echocardiography in the mentioned topics are described.

3D echocardiography in quantification of mitral valve regurgitation

Quantification of MR is essential to determine the severity of MR and clinical outcome. In 
Chapter 2.1 the error made by the traditional 2D transthoracic echocardiographic (TTE) 
pulsed wave Doppler flow method in calculating regurgitant volume was estimated. In 
particular, the circular geometric assumption of the mitral annulus (MA) and left ventric-
ular outflow tract (LVOT) was analyzed. This was done by comparing this method with 
a 3D transoesophageal echocardiographic (TOE) method in which the cross-sectional 
areas of the MA and LVOT were measured directly in ‘‘en face’’ views. In this study it is 
shown that both the MA and LVOT are oval with significantly different major and minor 
axis diameters. It is also shown that the MA cross-sectional area is overestimated by 
about 13% and the LVOT cross-sectional area is underestimated by about 23% by the 
2D method. Moreover, since the errors are in different directions, the error in calculating 
the regurgitant volumes is even more significant, with an overestimate of about 54% by 
the 2D method.

3D echocardiography in assessing left atrial function in mitral valve 
regurgitation

Chronic degenerative MR causes important remodeling of the LA. LA compliance may 
play an important role in buffering LA pressure rise. In Chapter 2.2 we sought to assess 
LA compliance in asymptomatic versus symptomatic patients with degenerative MR us-
ing strain and strain rate imaging. In patients with matched MR volumes, asymptomatic 
patients show better LA compliance, evidenced by higher positive atrial strain and strain 
rate during LA filling comparable to the values of normal controls. The difference in posi-
tive strain and strain rate values between asymptomatic and symptomatic patients is 
further confirmed with a 3D echocardiographic analysis of LA volumes in which a larger 
LA volume change index during LV systole is found in the asymptomatic patients. Finally, 
patients with lower mean pulmonary arterial pressure also have better LA compliance.

In previous animal studies it has been shown that in the compensated phase of 
chronic MR, the LA becomes larger and more compliant with a more potent booster 
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pump action as a result of the optimal use of the Frank–Starling mechanism of the LA 
muscle. In Chapter 2.3 we aim to investigate the LA function changes in patients with 
chronic MR and preserved LV function by calculating the LA volumes using 3D TTE and 
myocardial mechanics using strain and strain rate imaging. In this study it is demon-
strated that the LA contractile function decreased significantly in patients with severe 
MR, while did not show significant decrease in patients with mild and moderate MR. 
Additionally, the LA reservoir and conduit functions are augmented in significant MR, 
manifested by increased total stroke volume and passive filling volume as the maximal 
LA volume increased. By deformation analysis, we also find that LA late negative strain 
correlated well with LA active EF.

3D echocardiography in assessing the ventricular function

Left ventricular volumes and ejection fraction (EF) are the most commonly used param-
eters in assessing LV function and have important prognostic significance. In the 3rd part 
of this thesis, we sought to evaluate the accuracy of two automated algorithms in calcu-
lating LV volumes and EF. In Chapter 3.1 we apply the single-beat 3D echocardiographic 
automatic LV Analysis (Siemens Medical Solutions, Mountain view, USA) in calculating LV 
volumes and EF in datasets acquired with six different imaging modes and the measure-
ments were compared with 3DQA QLAB manual analysis (Philips Medical System, Best, 
the Netherlands). In this study, it is shown that the accuracy of the Siemens automated 
3D algorithm in measuring LV volumes and EF is significantly influenced by the different 
imaging modes, caused by differences in temporal and spatial resolutions. The Space 
1 Harmonic (S1H) mode may be the preferred 3D acquisition mode, supplemented by 
the Time 1 Harmonic (T1H) acquisition mode in enlarged LVs which cannot be included 
completely in the acquisition sector of the S1H mode. Using this method, about two-
thirds of the patients can be analysed automatically with favourable results compared 
with the QLAB manual analysis. In order to evaluate this algorithm in a real-world setting, 
we further apply this algorithm in consecutive patients with cancer planned for systemic 
chemotherapy and referred for routine echocardiographic examination for evaluation of 
LV function as shown in Chapter 3.2. The S1H mode was chosen as the primary imaging 
mode and the T1H mode as the first alternative in enlarged LV. The 3D imaging modes 
are applicable in a majority of clinical patients. The results in this study were in line with 
the previous study conducted in a scientific research condition.

In Chapter 3.3 we evaluate the TomTec 4D LV-Analysis (TomTec Imaging systems, Un-
terschleissheim, Germany) against cardiac magnetic resonance imaging (MRI) and QLAB 
manual analysis in consecutive subjects. The TomTec automatic algorithm is feasible in 
calculating LV volumes and EF in all consecutive patients and the contour tracking is 
acceptable (not requiring major corrections) in about two thirds of patients. In these 
patients with acceptable automatic contours, negative biases and quite considerable 
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limits of agreements compared with the MRI measures are found, which are comparable 
to previously published data using a manual approach. Furthermore, when compared 
with the QLAB manual measures, the negative biases especially in LV volumes are not 
seen. This indicates that the “volume underestimation” seems not a specific property 
of the automated TomTec algorithm but an inherent property of echocardiographic 
analysis.

3D echocardiography in reconstruction of the left atrium

Imaging of the LA is critical for catheter ablation of atrial fibrillation. Computed tomog-
raphy (CT) is commonly used before the procedure and the images are segmented and 
registered by the electro-anatomical surface mapping (EAM) system to the real time 
mapping space during the procedure. However, the drawbacks of CT such as ionizing ra-
diation are well recognized. In part 4 of the thesis, the aims are to develop a TOE imaging 
protocol in order to acquire a minimal number of overlapping 3D TOE datasets, allowing 
reconstruction of a wide 3D view of the LA with important anatomical structures and 
to validate the fused 3D TOE dataset with CT. In Chapter 4.1 the six-step TOE imaging 
protocol is described. The acquired datasets are registered and fused, providing a much 
wider reconstructed 3D view of the LA, incorporating the pulmonary veins, LA append-
age, and the mitral and aortic valves. The protocol provides an important step towards 
using the pre- and/or intra-interventional 3D TOE to generate an anatomical map of LA 
for AF catheter ablation, eliminating the need for pre-interventional CT or MRI.

In Chapter 4.2, the accuracy of the image registration and fusion of the 3D TOE da-
tasets is assessed by calculating the absolute distances between eight corresponding 
landmarks indicated in the fused 3D TOE and CT datasets. It is shown that the wide-view 
registration and fusion of the 3D TOE datasets are feasible in all patients and enabled the 
visualisation of major parts of the LA. The comparably central located structures such as 
the mitral and aortic valves, LA appendage and fossa ovalis can be clearly visualised in 
the fused 3D TOE in almost all patients. The superior pulmonary veins including common 
ostia are less well visible and the inferior pulmonary veins are very difficult to visualise in 
the fused 3D TOE datasets. The distances between landmarks in 3D TOE and CT datasets 
are 5 ± 3 mm for the important cardiac structures, which indicates the registration and 
fusion of the 3D TOE datasets tend to be accurate as compared with the routinely used 
EAM system.

In Chapter 4.3, the segmentation of multi-cavity anatomy from the wide-view fused 
3D TOE datasets is further assessed in patients using a three-stage segmentation by 
comparing with a ground truth provided by atlas based segmentations derived from 
the CT angiographic images. The segmentation accuracy of single view TOE volumes 
and wide-view volumes is compared. It is shown that the segmentation accuracy is 
improved for LA, right atrium, and the aortic valve and is equally good in right ventricle 
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and LV. This implies that the automated segmentation is feasible in wide-view fused 
datasets and that the segmentation accuracy is improved for most cardiac cavities. 
This segmented 3D surface could be imported into the EAM system for supporting the 
electrophysiology interventions.
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GEnERAL Discussion

To investigate the clinical implications of  three-dimensional (3D) echocardiography, 
this thesis focuses on using 3D echocardiography in assessing cardiac geometry, cardiac 
chamber function and left atrium (LA) anatomical reconstruction. This chapter provides 
a brief summary of the main findings presented in the previous chapters and a general 
discussion in perspective of the published literature. Additionally, limitations of current 
studies and future perspectives in clinical application of 3D echocardiography are also 
suggested.

can 3D echocardiography improve the assessment of mitral regurgitation 
severity?

It is of paramount importance to quantify mitral regurgitation (MR) because it is a criti-
cal parameter in determining clinical prognosis1. In both the American and European 
Society of Echocardiography guidelines on quantification of MR severity, an integral 
approach combining 2D/3D imaging of the valve and ventricle as well as Doppler mea-
sures of regurgitation severity is recommended. Two quantitative methods, the pulsed 
wave Doppler flow (PWDF) and proximal isovelocity surface area (PISA) methods are 
specifically described2,3. In order to use the measurements obtained with 2D echocar-
diography, important geometry assumptions are assumed in both methods: circular 
cross-sectional area (CSA) of the mitral annulus (MA) and left ventricular outflow tract 
(LVOT) in the PWDF method and hemispherical isovelocity surface in the PISA method. 
These assumptions bring essential errors in calculating the stroke volume or regurgitant 
volume because the target structures are not necessarily circular or hemispherical and 
the error of the monoplane diameter (radius) is further squared in the formulas.

Both the MA and LVOT have been confirmed to be oval in multiple studies with differ-
ent imaging modalities4-10. In our study (Chapter 2.1), similar findings are presented. In 
state-of-the-art “en face” views in 3D transoesophageal echocardiography (TOE), both 
the MA and LVOT are oval with a major and minor diameters. However, in the 2D PWDF 
method, the MA dimension is measured only in the apical 4-chamber view and the 
LVOT dimension in the parasternal long-axis view2,3,11. As shown in our study, the 2D MA 
diameters approached the 3D major axis diameters and 2D LVOT diameters were close 
to the 3D minor axis diameters, which led to an overestimation of the CSA of the MA by 
13 ± 12% and underestimation of the CSA of the LVOT by 23 ± 10%. The same extent of 
errors was made in calculating the SVs at the mitral annular and LVOT levels. Because the 
errors were in different directions (overestimation at the MA level and underestimation 
at the LVOT level), the consequent error (overestimation) in calculating the regurgitant 
volume was even more significant. Although in our study, the correction of regurgitant 
volume using 3D TOE did not change the clinical management of the patients because 
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all patients were symptomatic, it may have serious consequences in patients without 
symptoms who are referred for surgery solely on the basis of echocardiographic param-
eters.

In our study, we used the 2D PISA method as a reference method due to a lack of 
a golden standard in calculating the regurgitant volume. The underlying concepts in 
calculating the regurgitant volume using the PWDF method and PISA method are basi-
cally different. In the latter method, both spatial and temporal homogeneities of MR in 
systole are required, i.e. hemispherical isovelocity surface and holo-systolic regurgitant 
jet. In our study, the assumption that the isovelocity surface is hemispherical12-15 was 
usually valid in degenerative MR, while the requirement of temporal homogeneity was 
not entirely met. In mitral valve (MV) prolapse, a dynamic orifice area change during 
systole typically presented as “late-systolic enhancement” is commonly seen. In the 
PISA method, the regurgitant volume is calculated from the maximal flow rate obtained 
by measuring the largest PISA radius, which is likely to overestimate regurgitant vol-
ume16-18. In contrast, in the PWDF method, the stroke volume at the MA level is measured 
in diastole, thus not affected by the dynamics of the MR in systole. The other crucial 
point, the hemispherical assumption in the PISA method, has been studied extensively 
(especially in functional MR because of its ellipsoid isovelocity surface as visualised with 
3D echocardiography), and it has been demonstrated that it potentially underestimates 
the regurgitant volume19-24. Many studies proposed a direct measurement of the vena 
contracta area as it can be measured in the en-face view in 3D colour echocardiogra-
phy25-28. The major advantages of this approach are the absence of geometric assump-
tions, relative independence of hemodynamic conditions and the capability of assessing 
multiple jets. The limitations are artefacts and comparably lower spatial and temporal 
resolutions than 2D echocardiography, which potentially causes considerable observer 
variability. Recently, an automated algorithm (Siemens 3D PISA) capable of measuring 
3D PISA has been studied29-31, and it was claimed to be more accurate than the 2D PISA 
method. The limitations of those studies, however, are also noted, being the lack of a 
golden standard and low temporal resolution. More investigations are needed before 
this new technique can be implemented in clinical practice.

can 3D echocardiography improve the assessment of left atrial function in 
degenerative mitral regurgitation?

Mitral regurgitation causes important morphological and hemodynamic changes. Dur-
ing chronic MR, as regurgitation worsens gradually, the volume overload leads to LA 
and left ventricular (LV) dilatation. Many patients with chronic severe degenerative MR 
show symptoms such as dyspnoea, fatigue, and orthopnoea32,33, while some patients 
with similar MR severity surprisingly show no symptoms. Left atrial compliance, defined 
as the ability of LA dilation during systolic filling, may act as an important compensatory 
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mechanism in buffering LA pressure rise and thus in preventing symptoms. Whereas 
in end-stage MR, LA compliance may eventually be compromised due to impaired LA 
elastic properties caused by chronic inflammatory changes, interstitial fibrosis, and 
decreased matrix metalloproteinase expression34-36.

2D speckle tracking echocardiography techniques has been used to analyse myocar-
dial mechanics in different patient populations37-44. In our study (Chapter 2.2), the posi-
tive strain and strain rate (SR) parameters were used to represent LA compliant function. 
The positive strain and SR and total strain values of the asymptomatic MR patients were 
found to be comparable with those of normal controls, indicating preserved LA com-
pliance despite LA enlargement. In contrast, symptomatic patients with matched MR 
volumes showed lower strain and SR values, indicating impaired LA compliance. More-
over, the LA volume change index during LV systole obtained using 3D TTE was larger 
in the asymptomatic patients than in the symptomatic patients, which confirmed the 
difference in compliance between asymptomatic and symptomatic patients identified 
by the strain analysis. The main limitations of the 2D speckle tracking echocardiography 
in assessing the LA are that 1) it is dependent on image quality and suffers from errors 
due to the loss of some speckles that move out of the image plane, i.e. through-plane 
motion45; and 2) it assesses the LA function only in the longitudinal direction which 
might overlook some LA dysfunction because LA myocardial fibres are arranged in both 
longitudinal and circumferential directions46. 3D speckle tracking echocardiography 
has recently been developed and evaluated in assessing the LA mechanics in different 
subjects47-49. The major advantages of 3D over 2D speckle tracking have been reported 
as a more comprehensive assessment of LA function including LA synchrony with bet-
ter reproducibility. The limitations of this new technique are also noted. First of all, the 
current 3D speckle tracking software was designed for LV analysis and there is no such 
software specific to LA strain analysis. Secondly, as a common drawback of 3D TTE, the 
3D datasets are limited in temporal and spatial resolutions, especially for structures like 
the LA which lies in the far field of the ultrasound beam and has a thin wall. The relatively 
low volume rate would limit the accurate identification of the peak LA strain50 and the 
echo drop-out on the LA wall adversely affects the image analysis.

In our study, although symptomatic patients showed reduced positive strain and SR, 
the LA negative strain and SR were comparable between asymptomatic and symptom-
atic patients, both of which were lower than those of the controls. This indicates that 
even though the asymptomatic patients still showed normal LA compliance, the LA 
contractile function may have already declined. This may have an important prognostic 
value in asymptomatic patients with severe MR. The possible reason for the maintained 
LA compliance but impaired contractile function might be probably due to an elevated 
LV filling pressure at late diastole before the atrial contraction caused by increased 
LV volume before atrial contraction due to the increased passive filling volume and 
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increased LV stiffness during LV remodeling due to MR progression. In animal studies, 
Frank–Starling behavior of the atrium was shown. In patients with degenerative MR, the 
LA contractile function alterations may also present a Frank–Starling curve, in which the 
LA contraction augments in the early stage of MR and decreases in the later stage. In 
our study (Chapter 2.3), the LA active stroke volume calculated using 3D TTE presented 
a curve similar as the Frank–Starling curve. However, this can be best appreciated by a 
longitudinal study following individual patients as MR progresses and assessing the LA 
contractile function change as regurgitant volume and LA volume increase when the 
after-load remains constant.

Traditionally, LA volumes are calculated with either an ellipsoid model or the modified 
bi-plane Simpson’s rule using 2D echocardiography51. However, insights from cardiac 
computed tomography (CT) and anatomic studies showed that the LA has a complex 
shape with an irregular ellipsoid LA free wall and oblique planar interatrial septal 
wall52,53. Pitfalls exist in 2D echocardiographic determination of LA volumes because 1) 
the LV long axis does not necessarily cut through the long axis of the LA; 2) the apical 
4-chamber and 2-chamber views are not exactly 90° perpendicular to each other; and 
3) the 2D cutting plane does not always bisect the centre of the LA short axis view54. 
For these reasons, the observer variabilities of 2D echocardiographic measurements 
were reported to be larger than those of 3D echocardiographic measurements54-56. In 
3D echocardiographic studies, also LA volume underestimation was consistently lower 
than that of 2D echocardiography56,57. In addition, it has been shown that 3D LA volumes 
better predicted cardiac outcome58-62. A recent report on patients with MR showed that 
even in those without symptoms and with maintained LV ejection fraction (EF), severe 
LA dilation was associated with poor outcomes independently of known outcome 
predictors with MR36. Thus, further 3D echocardiographic studies concentrating on 
whether a depressed LA contractile function may predict poor outcome or poor reverse 
LA remodeling after MV surgery would be interesting.

is 3D echocardiography ready for routine clinical practice in evaluating left 
ventricular function?

Accurate and reproducible quantitative assessment of LV size and function are pivotal for 
diagnosis, treatment, and prediction of prognosis in structural heart disease. Despite the 
utility and established role of 2D echocardiography to assess LV function, it has a num-
ber of important limitations for LV imaging, including foreshortening, malrotation and 
angulation. Because of the geometric assumptions of 2D echocardiography, volumetric 
measurements may be inaccurate if the acquisition of 2D images is suboptimal. In this 
regard, the most important contribution of 3D echocardiography may be in LV quantifi-
cation, in which volumes and EF are measured independent of geometric assumptions 
regarding LV shape63. The matrix transducers which can acquire “live” 3D datasets with 
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minimal post-processing, together with improvements in semiautomated/automated 
volumetric analysis, have allowed 3D echocardiography to evolve from a complicated 
and time consuming research tool into a simple and fast imaging modality suitable for 
everyday clinical use.

Multiple studies have investigated the performance of 3D echocardiography in 
measuring the LV volumes and EF against MRI in different populations64-73 and recently 
a meta-analysis was undertaken to evaluate published studies on performance of 3D 
echocardiography against MRI and its advantages over 2D echocardiography74. In this 
systematic review, it was shown that under controlled study settings in patients with 
adequate image quality, 3D echocardiography offers better accuracy and precision in 
measuring LV volumes and EF than 2D echocardiography does. However, compared 
with MRI, 3D echocardiography still consistently underestimated LV volumes, and more 
importantly, there is substantial variability (limits of agreement) in 95% confidence in-
tervals (±38 ml for EDV, ±34 ml for ESV, and ±15% for EF) if datasets were not selected for 
higher image quality. All studies included in the systematic review were conducted in a 
manual way in which the LV contour generated in the (semi)automated algorithm was 
corrected manually. The manual correction seemed to improve the contour tracking, 
yet  resulted in significant inter-observer variability, in particular between institutions75.

In our studies (Part III), we have evaluated two fully automated algorithms (Siemens 
LV-analysis and TomTec 4D-LV analysis). The main purpose of those two studies was 
to evaluate the feasibility and accuracy of the fully automated 3D echocardiographic 
algorithms in calculating the LV volumes and EF in the real-world settings. We found 
that (excluding patients with ECG triggering problems in acquisition) about two-thirds 
of patients could be analysed automatically and reasonably with the Siemens Space 1 
Harmonic mode (or the Time 1 Harmonic mode in case of a large LV). In the real clini-
cal world of consecutive cancer patients referred for evaluation of EF, the results were 
slightly less favourable (50%). Similar results were found in the TomTec 4D-LV analysis. 
Compared with the MRI measures, the same extent of volume underestimation and vari-
ability were found as shown in the previous studies with manual input. By comparing 
with QLAB manual measures, we further concluded that the volume underestimation is 
most likely an inherent property of echocardiographic analysis as the biases compared 
with the manually corrected 3D datasets were quite small. The common merit of both 
automated algorithms is the ability to analyse datasets fully automatically in a fast man-
ner, giving reasonable LV volume and EF measures in about two-thirds of routine clinical 
patients with a zero inter-observer variability. The major advantages of the Siemens 
LV-analysis are that 1) this algorithm works on datasets acquired with the single-beat 3D 
full volume mode (Siemens SC2000 ultrasound system) which eliminates the subvolume 
stitching and would be particularly useful for patients with permanent atrial fibrillation 
(AF); and 2) this software is embedded in the ultrasound system allowing a fast online 
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analysis. The major advantages of the TomTec 4D-LV analysis are that 1) it accepts 3D 
datasets regardless of the vendors; and 2) the contour correction if needed is relatively 
easy compared with software packages from other vendors. However, both algorithm 
share similar drawbacks in producing correct LV contours. Firstly, the most problematic 
areas for the automatic contours are the LV apex and mitral annulus. The contour at the 
apex is commonly set too much into the cavity and the mitral annulus points are often 
mistracked. The possible reason could be insufficient image quality due to artefacts 
in particular at the apex. Secondly, the LV contour was generally set inwardly into the 
cavity rather than along the compacted myocardium. According to the contrast echo-
cardiographic studies, the LV contour should be set along the most compacted myocar-
dium seen in the 3D echocardiographic datasets76-78. Lastly, an objective quality score 
system assessing how reliable the automatic contour tracking is, is currently lacking in 
both algorithms. This might be very useful especially for less experienced users. Beside 
the common drawbacks, the Siemens LV-analysis is also limited by only accepting 3D 
datasets acquired with Siemens machines.

In both studies, the QLAB manual analysis was used as a reference method besides 
the golden standard MRI analysis because the QLAB 3DQA software has been well 
established and validated in different patient populations in measuring LV volumes and 
EF with well-known advantages and drawbacks66,67,70,73,75,79,80 and is considered as the 
echocardiographic golden standard. The main limitation of this algorithm is its semiau-
tomatic approach in which time consuming manual input is mandatory. This hampers its 
application in the routine clinical practice.

On base of current studies, 3D echocardiography with automatic volumetric analysis 
provides a fast and accountable approach in assessing LV function in routine clinical 
practice. However, regarding the substantial volume underestimation and degree of 
variance, especially in patients with poor image quality and large ventricles, a degree of 
scepticism is still warranted.

can 3D transoesphageal echocardiography replace computed tomography in 
catheter ablation of atrial fibrillation?

During the catheter ablation procedure of AF, either pulmonary vein (PV) isolation or 
complex LA ablation for non-PV triggers is performed. Therefore, imaging of the LA and 
especially the PVs is crucial. The pre-interventional CT is commonly used for imaging 
the anatomic features of the PVs and LA81. The pre-acquired images can be registered 
to the real time mapping space in the electro-anatomic mapping (EAM) systems during 
the procedures82,83. However, because of the time interval between the CT examination 
and the ablation procedure, the differences in the volume status and cardiac rhythm 
might be potential sources of error which influence the accuracy of the registration 
process. Additionally, the substantial dose of ionizing radiation of CT scans, rotational 
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angiography and fluoroscopy required by the catheter ablation causes important de-
layed effects on patients84-86. As AF ablation procedures often need to be repeated, it is a 
consensus that every attempt should be taken to minimize radiation exposure81. In our 
studies (Part IV), we assessed the feasibility and accuracy of 3D TOE registration, fusion 
and segmentation of the LA. The major advantages of implementing TOE in the ablation 
procedure are that it may ultimately provide real-time data and continuous assessment 
of catheter-tissue contact and is radiation free. In addition, coagulum/thrombus formed 
on the catheter during ablation and air bubble formation can also be detected. Never-
theless, several questions need to be answered in order to investigate the possibility of 
replacing pre-interventional CT with intra-interventional TOE.

First of all, is it possible to acquire the whole LA with 3D TOE? Limited by the field of 
view of the 3D acquisition sector, it is impossible to acquire the whole LA in one single 
3D dataset, especially for the PVs. For this reason, we have developed a TOE image ac-
quisition protocol with which the acquired 3D datasets cover the major part of the LA, 
except for the posterior wall. As explained in Part IV, the currently used matrix TOE probe 
(Philips CX7-2t) is not capable of visualising the structures in the near field of the ultra-
sound beam, e.g. the LA posterior wall. Possible solutions may be the use of a balloon 
standoff or a higher frequency probe. In a future study, we intend to carry out the 3D 
reconstructions with images acquired by the Philips S8-3t micro-TOE probe with a fre-
quency up to 6 MHz. According to our initial experience, the micro-TOE probe is able to 
visualise the LA posterior wall in adults. The PVs, especially the inferior veins seem to be 
the most difficult task for 3D TOE. As discussed in detail in Chapter 4.2, the main reason 
of the invisibility of the PVs is the 3D echo loss because of the short distance between 
the PV ostia and the lung. Additionally, the visualisation also depends on the operator’s 
experience and an experienced cardiac imaging physician may be required during PV 
ablation. Therefore, the application of 3D TOE in PV isolation procedure is still limited 
and a research focus. However, 3D TOE is excellent in visualising cardiac structures such 
as the MV, aortic valve, left atrial appendage and foramen ovale. For non-PV triggered 
AF which is identified in up to one-third of unselected patients referred for catheter 
ablation for paroxysmal AF87-89, this technique may actually replace CT in facilitating 
the complex LA catheter ablation and also ablation of peri-mitral flutter, LA tachycardia 
(post-ablational superior PVs and LAA tachycardias), septal atrial tachycardia, and LAA 
occlusion which is performed frequently during the catheter ablation procedure.

Secondly, how accurate is the registration and fusion of 3D TOE datasets? As shown 
in Chapter 4.2, Euclidean distances between TOE landmarks and corresponding CT 
landmarks was in average 5 ± 3 mm for cardiac structures important to the catheter 
ablation procedures, which can be considered as accurate, compared with inaccuracies 
reported for the EAM system90. Two reasons that contribute most to the inaccuracies 
of the fused 3D TOE datasets are the less optimal 3D spatial resolution which leads to 
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unreliable landmarks, and observer variability which was shown to constitute a consid-
erable part of the CT-TOE distance. Other sources of the inaccuracy might be the TOE 
fusion and reconstruction inaccuracies, different physiological conditions between the 
CT and TOE images taken weeks apart and inherent differences between the CT and TOE 
images. Considering the observer variability, the errors due to registration and modality 
differences are actually much smaller than the suggested 5 mm.

Thirdly, can the 3D TOE images be segmented and registered within the EAM system? 
Currently, the pre-acquired CT or MRI data is segmented and the surfaces are imported 
into the EAM system to improve the guidance of the catheter position. Considering the 
limitation of pre-interventional CT, ideally the live 3D TOE data should be segmented, 
which allows real-time guidance of the catheter with respect to the EAM. In general, 
the segmentation of the cardiac echocardiographic data is challenging because of the 
multiple and complex cardiac structures involved. In Chapter 4.3, we have segmented 
five heart chambers in the wide-view fused 3D TOE datasets using a three-stage seg-
mentation scheme, which has been proven to be robust and accurate compared with 
the atlas based segmentations CT angiographic images. By comparing the segmenta-
tion accuracy of single-view and wide-view 3D TOE volumes, the accuracy was shown 
improved for LA, right atrium and aoritic valve in the wide-view 3D TOE datasets. Even 
though the study population all had dilated LA (similar as patients with AF), which sets 
a challenge for the statistical shape model coverage, the achieved segmentation is still 
considered to be very acceptable.

Finally, how fast is the whole process, i.e. data acquisition, registration, fusion and 
segmentation? This question is important for implementing intra-interventional TOE 
to provide real-time anatomical information. The TOE imaging protocol described in 
Chapter 4.1 provides a fast and systematic manner of acquiring a minimal number of 3D 
TOE datasets for registration and fusion. The acquisition procedure usually takes about 
5 minutes. One should note that a learning curve exists in TOE practice and a certain 
training is required for identifying and acquiring the PVs as they are more difficult to 
be visualised in TOE images than other cardiac structures. Currently, the registration 
and fusion of 3D TOE datasets are done in a manual approach, requiring expertise and 
relatively long time. However, this current study constitutes a proof of principle for the 
future case where an automated registration will be available. The automatic registra-
tion method will eliminate manual input and speed up the registration process. More 
importantly, it can be incorporated into the ultrasound system, thus allowing an on-line 
reconstruction. Finally, the segmentation of multiple heart chambers in the 3D TOE im-
ages can be done within minutes.

Besides strengths and limitations of 3D TOE mentioned above, there are other limi-
tations that need to be addressed. First of all, TOE requires general anaesthesia which 
adds additional cost to the procedure. It is almost impossible for patients to stand the 
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whole procedure with TOE examination without general anaesthesia. Secondly, The 
temperature of the probe and the contact tissue temperature during visualisation of 
PVs is about 38°C. However, the prolonged and continuous use of 3D imaging may 
cause an increase in the temperature of the probe up to 40°C. Whether this temperature 
interferes with or adds to the heating produced by radiofrequency ablation remains an 
open question. Finally, artefacts created by ablation catheters may produce disturbing 
reverberations and artificial dropout beyond the catheter. Whenever the catheter is 
parallel to the ultrasound beam, the reverberation appears to prolong the catheter and 
can be misinterpreted as the catheter tip91. The new cryoballoon catheter, by covering 
the PV’s ostium, may limit artefacts while maintaining interpretable images.

conclusions and prospects

3D echocardiography provides a more accurate method in quantitative analysis of 
valvular regurgitation and cardiac chamber volumes mainly because it eliminates the 
geometric assumptions applied in 2D echocardiography. Additionally, it is a low cost 
and safer image technique compared with cardiac CT or MRI. Exciting new develop-
ments are currently available or at the horizon such as automated 3D PISA and fully 
automated assessment of all four cardiac chamber volumes. To achieve optimal results, 
improvements particularly in near-field artifacts (for LV analysis) and volume rate (for 
PISA analysis) are essential.
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nEDERLAnDsE sAmEnVATTinG

Het hoofddoel van dit proefschrift is het onderzoeken van de klinische implicaties van 
geavanceerde driedimensionele (3D) echocardiografie voor de beoordeling van mitra-
lisklep insufficiëntie (MI), linker atrium (LA) functie, linker ventrikel (LV) functie en LA re-
constructie. hoofdstuk 1 is de inleiding van dit proefschrift, waarin de technieken voor 
kwantificatie van MI, de evaluatie van LA en LV volumes en functie, en de LA anatomie 
voor katheterablatie geïntroduceerd worden. Vervolgens worden de haalbaarheid en 
nauwkeurigheid bij toepassing van 3D echocardiografie bij de genoemde onderwerpen 
beschreven.

3D echocardiografie voor kwantificatie van mitralisklep insufficiëntie

Kwantificatie van MI is essentieel om de ernst van de MI te bepalen. In hoofdstuk 2.1 
werd de fout gemaakt bij de 2D transthoracale echocardiografie (TTE) pulsed wave 
Doppler flow methode voor het berekenen van het insufficiëntie volume ingeschat. Met 
name de cirkelvormige geometrische aanname van de mitralis annulus (MA) en linker 
ventrikel outflow tract (LVOT) werden geanalyseerd. Dit werd gedaan door het vergelij-
ken van deze methode met een 3D transoesofageale echocardiografie (TEE) methode 
waarbij de dwarsdoorsneden van de MA en LVOT in de ‘’en face’’ views direct gemeten 
werden. In deze studie werd aangetoond dat de MA en LVOT ovaal van vorm zijn met 
significant verschillend grote en kleine as diameters. Er werd ook aangetoond dat met 
de 2D methode het MA oppervlak met ongeveer 13% wordt overschat en het LVOT op-
pervlak met ongeveer 23% wordt onderschat. Belangrijk is dat de gemaakte fouten in 
verschillende richtingen zijn, dus de fout in de berekening van de insufficiëntie volume 
is nog groter, een overschatting van ongeveer 54%.

3D echocardiografie voor kwantificatie van linkeratrium functie

Chronische degeneratieve MI veroorzaakt belangrijke veranderingen van het LA. Een 
soepel LA kan een belangrijke rol spelen in het opvangen van stijging in de druk van het 
LA. In hoofdstuk 2.2 beoordeelden we de LA stijfheid in asymptomatische en sympto-
matische patiënten met degeneratieve MI met strain en strain rate imaging. Bij patiënten 
met gelijke insufficiëntie volumes bleken asymptomatische patiënten een minder stijf 
LA te hebben met hogere positieve strain en strain rate waardes gedurende het vullen 
van het LA; de waardes waren vergelijkbaar met die van normale controles. Het verschil 
in positieve strain en strain rate waarden tussen asymptomatische en symptomatische 
patiënten werd ook bevestigd met een 3D echocardiografische analyse van de LA vo-
lumes. Asymptomatische patiënten lieten een grotere LA volumeverandering in de LV 
systole zien. Ook bleken patiënten met een lagere gemiddelde pulmonale arteriële druk 
een soepeler LA te hebben.
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In dierstudies is aangetoond dat gedurende de gecompenseerde fase van chronische 
MI, het LA groter en meer compliant wordt met een grotere booster pomp functie als 
gevolg van een optimaal gebruik van de Frank–Starling mechanisme van het LA spier-
weefsel. In hoofdstuk 2.3 werd de LA functie bij patiënten met chronische MI en een 
behouden LV functie ondergezocht door het berekenen van de LA volumes met 3D TTE 
en de LA spierfunctie met strain en strain rate imaging. In deze studie werd aangetoond 
dat de LA contractiele functie bij patiënten met een ernstige MI was afgenomen. De LA 
reservoir en conduit functies bij belangrijke MI waren verhoogd, zichtbaar door een ver-
hoogd totale slagvolume en passieve vulvolume bij een verhoogd maximaal LA volume. 
Bij de strain analyse bleek ook dat de late LA negatieve strain goed correleerde met de 
LA actieve ejectiefractie (EF).

3D echocardiografie voor kwantificatie van linkerventrikel functie

LV volumes en EF zijn de meest gebruikte parameters in de beoordeling van LV functie 
en hebben belangrijke prognostische betekenis. In het 3de deel van dit proefschrift 
werden de nauwkeurigheid van twee automatische algoritmen voor het berekenen 
van LV volumes en EF onderzocht. In hoofdstuk 3.1 werden de metingen van de zes 
verschillende Siemens single-beat automatische 3D LV analyses vergeleken met Philips 
handmatig gecorrigeerde 3DQA QLAB analyses. In deze studie werd aangetoond dat 
de nauwkeurigheid van het Siemens automatische 3D   algoritme sterk wordt beïnvloed 
door de gebruikte opname setting, veroorzaakt door belangrijke verschillen in de tem-
porele en ruimtelijke resolutie. De beste acquisitie setting bleek de Space 1 Harmonische 
setting te zijn, aangevuld met de Space 1 Harmonische acquisitie setting voor vergrote 
LVs die niet volledig in de opname sector van de S1H mode passen. Door op deze manier 
beelden op te nemen konden ongeveer twee derde van de patiënten automatisch en 
betrouwbaar worden geanalyseerd. Om dit algoritme in de “real-world” van de dagelijkse 
zorg te evalueren werd in hoofdstuk 3.2 dit algoritme toegepast in opeenvolgende 
patiënten met kanker waarbij de LV functie essentieel is voor het al dan niet starten 
met systemische chemotherapie. De resultaten in deze studie waren consistent met de 
eerdere beschreven studie uitgevoerd in een meer wetenschappelijk setting. In hoofd-
stuk 3.3 werden de metingen van de TomTec automatische 3D LV analyses vergeleken 
met Philips handmatig gecorrigeerde 3DQA QLAB analyses en magnetische resonantie 
imaging (MRI). In deze studie bleek dat ook het TomTec automatische algoritme in on-
geveer twee derde van de patiënten goede resultaten liet zien. De negatieve biases (on-
derschatting) en limits of agreement van de LV volumes en EF waren vergelijkbaar met 
eerder gepubliceerde getallen van handmatig gecorrigeerde 3D datasets. Vergeleken 
met de QLAB handmatige gecorrigeerde metingen waren de LV volumes vergelijkbaar; 
de “volume onderschatting” is dus niet een specifieke eigenschap van het automatische 
TomTec algoritme maar een inherente eigenschap van echocardiografische analyse.
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3D echocardiografie in de reconstructie van het linker atrium

Beeldvorming van het LA is van cruciaal belang voor catheter ablatie van boezemfibril-
leren. Voor de procedure gemaakte beelden met computed tomography (CT) worden 
gesegmenteerd en geregistreerd met een electro-anatomical surface mapping (EAM) 
systeem om real-time mapping mogelijk te maken. Echter CT heeft belangrijke nadelen 
zoals bijvoorbeeld het gebruik van ioniserende straling. In hoofdstuk 4.1 werd een 
3D TEE protocol beschreven waarmee met behulp van een minimaal aantal van zes 
overlappende 3D   TEE datasets een complete wide-view LA reconstructie gemaakt kon 
worden met daarin alle belangrijke anatomische structuren. In hoofdstuk 4.2 werd de 
nauwkeurigheid van de registratie en fusie van de 3D   TEE datasets bepaald door het 
bepalen van de absolute afstanden tussen acht corresponderende herkenbare punten 
in de gereconstrueerde wide-view 3D echo en CT datasets. Er werd aangetoond dat 
de registratie en fusie van de 3D   TEE datasets haalbaar is bij alle patiënten. Relatief 
centraal gelegen structuren zoals de mitralisklep, aortaklep, LA hartoor en fossa ovalis 
waren goed herkenbaar. De bovengelegen longaders waren minder goed zichtbaar en 
de ondergelegen longaders zelfs zeer moeilijk. De afstanden tussen de belangrijkste 
herkenbare cardiale structuren in de 3D TEE en CT datasets waren 5 ± 3. Deze afstanden 
zijn vergelijkbaar met gerapporteerde afstanden voor het routinematig gebruikt EAM 
systeem. In hoofdstuk 4.3 werd de segmentatie van multi-cavity anatomie van de 
gereconstrueerde wide-view 3D TEE datasets in patiënten verder onderzocht. De drie-
traps segmentatie werd vergeleken met een atlas gebaseerde segmentatie afgeleid van 
CT angiografische beelden. De nauwkeurigheid van de segmentatie van een enkele 3D 
TEE dataset en een gereconstrueerde 3D wide-view werd vergeleken. Er werd een even 
goede nauwkeurigheid van de segmentatie van het linker en rechter atrium en de aor-
taklep aangetoond terwijl die voor de rechterventrikel en LV gelijk was. Dit betekent dat 
de automatische segmentatie van de gereconstrueerde wide-view datasets haalbaar is 
en de nauwkeurigheid van de segmentatie meestal verbeterd.
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