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Abstract Real-time three-dimensional echocardiography

(RT3DE) is superior to two-dimensional echocardiography

in assessing left atrial (LA) parameters, but to date algo-

rithms developed for the left ventricle were applied due to

a lack of dedicated LA software. In addition, no data are

available on RT3DE assessment of active atrial contrac-

tion. The aim of this study was to validate a novel RT3DE

analysis tool specifically dedicated to evaluate the LA.

Cardiac magnetic resonance imaging (MRI) served as

standard of reference. Fifty-five patients scheduled for

pulmonary vein isolation underwent cardiac MRI and

RT3DE. On ultrasound image datasets, a dynamic poly-

hedron model of the LA was generated from which LA

maximum and minimum volumes (LAmax and LAmin),

passive atrial emptying fraction (LAEF), and active atrial

ejection fraction (LAEFtrue) were derived and compared to

values obtained from cardiac MRI. High intraclass corre-

lations between RT3DE and MRI were found for LAmax

(r = 0.94, p \ 0.001), LAmin (r = 0.95, p \ 0.001), LAEF

(r = 0.92, p \ 0.001), and LAEFtrue (r = 0.87, p \ 0.001).

Similarly, Bland–Altman analysis revealed narrow limits

of agreement for LAmax (-28.6 to 14.1 ml), LAmin (-26.8

to 12.4 ml), LAEF (-11.2 to 14.9 %), and LAEFtrue (-10.6

to 6.8 %). LAmax, LAmin and LAEFtrue were measured

significantly (p \ 0.05) lower by RT3DE (111 ± 38 ml vs.

118 ± 39 ml, 73 ± 38 ml vs. 80 ± 41 ml, and 23 ± 14 %

vs. 27 ± 14 %, respectively). Interobserver and intraob-

server RT3DE measurements correlated closely. RT3DE

using a novel dedicated software tool is valid, accurate and

reproducible for assessing LA dimensional and functional

parameters. This study corroborates previous reports and

extends its validity to the assessment of active LA

contraction.
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Introduction

There is growing evidence that left atrial (LA) size and

function serves as an important diagnostic and prognostic

factor in a variety of conditions [1–7]. Furthermore, recent

advances in pulmonary vein isolation (PVI) for the treat-

ment of atrial fibrillation have further increased the interest

in accurately imaging LA function [8]. While magnetic

resonance imaging (MRI) represents the current gold

standard for assessment of LA size and function [9], the

technique is not very well suited for routine or even serial

assessment of the LA due to a lack of portability and

availability combined with the relatively high cost of this

modality.
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By contrast, echocardiography is inexpensive, widely

available and portable and therefore preferable to evaluate

LA dimensions and functional parameters. However, as

of today the echocardiographic assessment of LA size and

function relied heavily on estimates based on M-mode

and two-dimensional (2D) echocardiography. While

M-mode echocardiography has traditionally been used to

make assumptions on LA size by measuring the LA

diameter, calculation of LA volumes using the area-

length-method, the ellipsoid formula or biplane methods

were shown to be superior in terms of accuracy and

prognostic value [10]. Both methods, however, rely on

geometric assumptions and may therefore reflect rela-

tively rough approximations.

The recent advent of real-time three-dimensional echo-

cardiography (RT3DE) has enabled cardiologists to obtain

LA volumes and functional parameters based on real ana-

tomical conditions and has been shown to be superior to

conventional two-dimensional 2D techniques [11–14].

Previously published studies assessing LA functional

parameters using RT3DE, however, had to rely on semi-

automatic contour tracing algorithms originally developed

for the left ventricle [15–17].

A novel software analysis tool specifically dedicated to

the functional assessment of the LA has recently been

introduced and allows obtaining comprehensive global as

well as regional LA functional parameters [18]. Moreover,

beside calculation of the passive atrial emptying fraction

(LAEF) it also enables to assess functional parameters

concerning the active contraction of the LA during each

heart cycle (LAEFtrue) and potentially even LA dyssyn-

chrony parameters.

The aim of the present study was to clinically validate

this novel RT3DE analysis tool with cardiac MRI serving

as the standard of reference.

Methods

Patient population

Sixty consecutive patients scheduled for pulmonary vein

isolation (PVI) due to symptomatic persistent or paroxys-

mal atrial fibrillation who underwent clinically indicated

cardiac MRI were prospectively enrolled in the present

study. RT3DE was performed in all patients on the same

day as MRI and patients were enrolled regardless of

the quality of the acoustic window obtained during

echocardiography.

Informed consent was obtained from all patients and the

study protocol was approved by the local institutional

review board.

RT3DE image acquisition and post-processing

RT3DE datasets were acquired using a Philips IE33TM

ultrasound system equipped with a matrix array transducer

(X3-1 and X5-1 transducers, Philips Medical Systems,

Andover, USA). An apical view enabling full coverage of

the LA was selected and lateral sector size was carefully

adjusted to achieve the highest possible frame rate during

image acquisition. Trigger delay was set to 300 ms after

the electrocardiographic QRS complex to ensure temporal

coverage of the entire diastole. On average, two to four

datasets were acquired per patient, from which the best

dataset in terms of image quality, frame rate and correct

electrocardiographic triggering was selected.

All RT3DE datasets were transferred to a dedicated

workstation for final offline analysis of left atrial volumes and

functional parameters using a novel software tool (4D LA

Analysis�, TomTec Imaging Systems Inc., Unterschleiss-

heim, Germany). Analysis was performed by an experienced

cardiologist. Only a single dataset with the highest subjective

overall quality was selected and used for analysis.

Details on the workflow of the LA analysis software have

been previously published [18] and are demonstrated in the

animation (Online Resource 1). In short, the reader uses

mitral valve closure and mitral valve opening to manually

define an end-diastolic (mitral valve opening) and an end-

systolic frame (frame before mitral valve closure). For the

definition of the start of active atrial contraction the frame

immediately before a slight countermovement or re-opening

of the mitral valve due to atrial systolic flow becomes visible

during diastole was selected. In a further step, initial contours

of the LA at end-diastole and end-systole were manually

defined for the apical four-chamber, two-chamber, and long-

axis view. Using an automated border-detection technique,

a polyhedron model of the LA was automatically created

which was manually corrected. Pulmonary vein orifices and/

or left atrial appendage were not included into the contour.

Finally, maximum and minimum LA volumes (LAmax and

LAmin), left atrial emptying fraction (LAEF, encompassing

the fraction ejected through both passive suction and active

atrial contraction), and left atrial active ejection fraction

(LAEFtrue, describing only of the ejection fraction generated

by active atrial contraction) were calculated for analysis

(Fig. 1).

MRI image acquisition and post-processing

MRI studies were performed using a 1.5 T clinical MRI

system (Magnetom Espree, Siemens Medical Solutions,

Erlangen Germany) with multi-channel phased-array recei-

ver coils (Total imaging matrix (TIM), Siemens Medical

Solutions). Imaging was performed with the patient in a

supine position. Localizing scans were followed by a series
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of transversely oriented cine acquisitions using a balanced

steady state free precession (b-SSFP) sequence (TR =

40 ms, TE = 1.2 ms, flip angle 63�, matrix 192 9 156, in

plane resolution 1.6 9 1.6 mm2). Slices were acquired to

cover the LA with a section thickness of 6 mm and no inter-

slice gaps. Each slice was obtained during breath-hold at

expiration with retrospective electrocardiography gating.

Temporal resolution was 25 frames per heart cycle using

parallel imaging with an acceleration factor of 2.

All MRI datasets were transferred to a dedicated

workstation and were analyzed by an experienced radiol-

ogist blinded to the results of 3DRTE. A dedicated soft-

ware tool was used (Argus, Siemens Medical Solutions)

and the LA border was contoured in axial slices, while the

timing of LA volume measurements and calculation of

functional parameters were identical to that described

under 3DRTE acquisition methods. As with RT3DE, pul-

monary vein orifices and/or left atrial appendage were not

included into the contour.

Interobserver and intraobserver agreement

Interobserver agreement was assessed from 10 randomly

selected images by a second reader blinded to the results of

the first reader and those obtained by MRI. Intraobserver

agreement was assessed by repeated measurements from 10

randomly selected images by the same observer at least

1 month after the first analysis. For each subject, the same

Fig. 1 Results of LA analysis of two patients diagnosed with

paroxysmal atrial fibrillation who presented with sinus rhythm during

image acquisition. On the left a severely enlarged LA (LAmax 80 ml/

m2) and a markedly reduced LAEFtrue is shown while the patient on

the right presents with a slightly enlarged LA (LAmax 31 ml/m2) and a

substantially higher LAEFtrue. LA = left atrium; VMIN =

LAmin = minimum LA volume at end-diastole; VMAX = LAmax =

maximum LA volume at end-systole; TOTAL SV = atrial stroke

volume throughout the entire diastole (passive emptying and atrial

contraction); TOTAL EF = LAEF = LA emptying fraction regarding

the entire diastole (Vmax–Vmin/Vmax); VpreA = LA volume at the

beginning of atrial contraction; VpostA = LA volume at the end of

atrial contraction; ASV = stroke volume during atrial contraction

(VpreA–VpostA); TrueEF = LAEFtrue = EF during atrial contraction

(VpreA–VpostA/VpreA)
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RT3DE dataset used for the initial measurements by the

first reader were used by the second reader [16, 17].

Statistics

SPSS 18 (SPSS Inc.) was used for statistical testing.

Quantitative variables were expressed as mean ± standard

deviation and categorical variables as frequencies or per-

centages. Paired t test and Wilcoxon rank-sum test were

used for parametric and non-parametric variables, respec-

tively, to test for differences between parameters acquired

during scans. The correlation of dimensional and functional

parameters between RT3DE and MRI as well as interob-

server and intraobserver agreement was assessed by cal-

culating Bland–Altman limits of agreement and coefficients

of variation (CV). In addition, Bland–Altman limits of

agreement were calculated. p values of less than 0.05 were

considered statistically significant and the 95 % confidence

intervals are presented where suitable.

Results

Patient population characteristics

Out of 60 enrolled patients, image acquisition did not yield

usable data for conclusive LA analysis in 5 patients (9 %), i.e.

2 RT3DE datasets with insufficient frame rates and 3 MRI

datasets of insufficient image quality. Thus, final analysis and

comparison to MRI was performed in 55 patients. Patient

baseline characteristics are given in Table 1.

Image acquisition

Mean frame rate during RT3DE acquisition was 26 ± 4 Hz

(range 16–37 Hz). Heart rates during acquisition did not

differ significantly between RT3DE (68 ± 16 bpm, range

42–110 bpm) and MRI (64 ± 13 bpm, range 40–97 bpm).

During acquisition of RT3DE datasets 12 patients

(22 %) presented with atrial fibrillation, while during MRI

image acquisition 18 patients (33 %) had atrial fibrillation.

Out of 55 patients, 36 (65 %) showed sinus rhythm during

both acquisitions, thus enabling to additionally assess

active contraction parameters (i.e. calculating LAEFtrue by

defining the ‘‘preA’’-frame). LAmax, LAmin and LAEF were

calculated in all 55 patients, as sinus rhythm is not man-

datory for the calculation of these parameters.

Indexed LA volumes as assessed by RT3DE and MRI

are given in Table 2. Of note, when indexed to body sur-

face as recommended by guidelines [19] a majority of the

subjects (n = 45, 82 %) included in this study presented

with LAmax above the reference values for RT3DE as

suggested by Aune et al. [20].

Comparison of RT3DE versus MRI

LA volumes were significantly lower when assessed by

RT3DE than by MRI (LAmax 111 ± 38 ml vs. 118 ± 39 ml,

p \ 0.001; LAmin 73 ± 38 ml vs. 80 ± 41 ml, p \ 0.001),

while LAEF showed a trend towards slightly higher per-

centages when assessed by RT3DE (36 ± 17 % vs.

34 ± 18 %, p = 0.051). Regarding the active component of

atrial contraction, LAEFtrue was significantly lower when

assessed by RT3DE in comparison to MRI (23 ± 14 % vs.

27 ± 14 %; p \ 0.05) (Fig. 2).

All functional parameters assessed by RT3DE correlated

highly with MRI as shown in Fig. 3 with intraclass corre-

lation coefficients ranging from 0.87 to 0.95.

In addition, Bland–Altman analysis (Fig. 4) revealed

narrow limits of agreement for LAmax (-28.6 to 14.1 ml),

LAmin (-26.8 to 12.4 ml), LAEF (-11.2 to 14.9 %), and

LAEFtrue (-10.6 to 6.8 %).

Table 1 Patient baseline characteristics (n = 55)

Male 37 (67 %)

Age (years)

Mean ± standard deviation 61 ± 10

Range 32–77

Body mass index (kg/m2)

Mean ± standard deviation 27 ± 5

Range 19–40

Left ventricular ejection fraction (%)

Mean ± standard deviation 55 ± 8

Range 35–75

Cardiovascular risk factors

Obesity (BMI [ 30 kg/m2) 13 (24 %)

Smoking 7 (13 %)

Diabetes mellitus 3 (5 %)

Hypertension 32 (58 %)

Dyslipidaemia 24 (44 %)

Positive family history 17 (31 %)

Type of atrial fibrillation

Paroxysmal 38 (69 %)

Persistent 17 (31 %)

Table 2 Indexed left atrial volumes assessed by MRI and RT3DE

(n = 55)

MRI

Mean ± SD (range)

RT3DE

Mean ± SD (range)

LAmax (ml/m2) 60 ± 17 (30–106) 56 ± 16 (27–106)

LAmin (ml/m2) 40 ± 20 (13–102) 37 ± 18 (13–101)

SD standard deviation, MRI magnetic resonance imaging, RT3DE
real-time three-dimensional echocardiography, LAmax maximum LA

volume at end-systole, LAmin minimum LA volume at end-diastole
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Reproducibility

Interobserver agreement as assessed by Bland–Altman

analysis and calculation of coefficients of variation

revealed narrow limits of agreement and similar variance

for both observers for LAmax (-7.0 to 14.7 ml; CV 0.28 vs.

0.25), LAmin (-9.4 to 14.6 ml; CV 0.27 vs. 0.25), LAEF

(-8.1 to 10.2 %; CV 0.23 vs. 0.25), and LAEFtrue (-7.2 to

8.9 %; CV 0.69 vs. 0.70). Intraobserver agreement analysis

showed similarly narrow limits of agreement and variance

for LAmax (-8.4 to 7.4 ml; CV 0.22 vs. 0.22), LAmin (-7.0

to 8.8 ml; CV 0.24 vs. 0.26), LAEF (-7.2 to 7.2 %; CV

0.32 vs. 0.34), and LAEFtrue (-3.8 to 2.7 %; CV 0.62 vs.

0.55).

Discussion

The present study demonstrates that RT3DE using a ded-

icated analysis tool is a valid and highly accurate method

for measuring passive and active LA functional parameters.

Our data demonstrate very high correlations for LAmax,

LAmin, LAEF, and LAEFtrue when compared to cardiac

MRI. In line with previous studies comparing RT3DE

assessment of the LA to MRI or CT, the present data

demonstrate a consistent underestimation of RT3DE vol-

umes [15, 18].

In the present study, however, the differences were less

pronounced than previously reported [15, 18]. The higher

spatial resolution of MRI in comparison to RT3DE has

been repeatedly suggested as a likely explanation for the

general underestimation of LA volumes by RT3DE along

with a possible inclusion of pulmonary venous confluence

or even part of the LA appendage into the actual LA vol-

ume when assessed by MRI. Of note, in the present study,

we have used axial slices for LA volume assessment by

MRI which enables better delineation of the pulmonary

vein orifices, thus eliminating accidental inclusion of the

venous confluence into the LA volume [21]. By contrast,

using axial slices instead of a short axis stack may itself

have an impact on volume calculation, possibly leading to

higher volumes by MRI. Furthermore, in 2D and 3D

echocardiography, the apical four-chamber view places the

left atrium at the far field of the ultrasound beam, resulting

in loss of lateral image resolution. In the present study,

however, an apical view with full coverage of the centered

LA was selected and lateral sector size was carefully

adjusted to achieve the highest possible frame rate during

image acquisition potentially leading to improved overall

image quality in terms of better atrial wall delineation and/

or higher frame rates during acquisition. This may have

contributed to the less pronounced differences in LA vol-

umes in the present study. Although the use of different

standard references, namely MRI and CT, in previous

studies may to some extent have further contributed to a

less pronounced underestimation of RT3DE volumes in the

present study, we cannot further comment on this as it was

beyond the scope of the present study to assess differences

in LA volume assessment between MRI and CT. Impor-

tantly, Bland–Altman limits of agreement were narrow and

comparable to previously published results [18]. Never-

theless, while our data suggest that functional parameters

of the LA can very accurately be assessed by RT3DE, it

has to be kept in mind that the systematic underestimation

of volumes by RT3DE constitutes a difference that may

have clinical significance.

In the present study, only 2 (4 %) patients had to be

excluded from LA analysis due to non-evaluable RT3DE

datasets, both owing to insufficient frame rates. In fact, no

subjects were excluded from RT3DE analysis due to

insufficient image quality. The latter, along with a high

interobserver and intraobserver agreement, further under-

lines the robustness of this technique and its suitability for

clinical use in an every-day setting.

While accuracy and consistency for LA volumes and the

passive emptying fraction have been shown in a previous

study comparing the same dedicated LA RT3DE analysis

tool with CT [18], no data have been available on the

accuracy of left atrial active contraction (i.e. LAEFtrue). In

fact, to the best of our knowledge, the present study is the

Fig. 2 Mean values of LA dimensional and functional parameters

obtained by MRI in comparison to RT3DE. Error bars indicate the

standard deviation. Maximum (LAmax) and minimum (LAmin) LA

volumes as well as the active LA ejection fraction (LAEFtrue) were

significantly lower when assessed by RT3DE than by MRI, whereas

the passive emptying fraction (LAEF) showed a trend towards slightly

higher values
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first to validate echocardiographic LA active contraction

measurements using a dedicated tool for the LA against an

independent reference technique. This is of importance, as

recent advances in PVI for the treatment of atrial fibrilla-

tion and the increasing application of cardiac resynchro-

nization therapy for heart failure may prospectively even

further augment the interest in an accurate assessment

particularly of the active component of LA function [22,

23]. Against this background, a dedicated analysis tool for

RT3DE that allows in-depth analysis of the LA as pre-

sented in our study has the potential to further expand our

knowledge and understanding in this field of research

where an easily applicable, comprehensive and economical

diagnostic tool is highly welcome. RT3DE potentially even

allows assessing LA synchrony and dyssynchrony

parameters. Further studies assessing the latter as well as

the prognostic value of overall and regional LA functional

parameters in various conditions, however, are needed to

fully reveal the clinical potential of LA assessment using

RT3DE.

Limitations

It may be perceived as a limitation that the present study

evaluated patients of a cohort referred to PVI rather than a

normal population. Thus, a majority of patients (n = 45,

82 %) expectedly presented with a dilated LA. This,

however, allowed us to cover a broader range of volumes.

The high overall correlation and consistently narrow

Bland–Altman limits of agreement even for dilated atriae

Fig. 3 Linear regression analysis comparing measurements obtained by RT3DE to MRI. LAmax maximum LA volume at end-systole, LAmin

minimum LA volume at end-diastole, LAEF LA emptying fraction, LAEFtrue LA ejection fraction during atrial contraction
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further emphasize the applicability of the LA analysis tool

in this clinically relevant population. We did not compare

the dedicated LA analysis tool to other echocardiographic

methods previously used for the assessment of LA func-

tional parameters as the aim of the present study was

particularly to validate this novel technique against the

gold standard MRI.

In addition to the accuracy of the measurement of vol-

umetric datasets, differences in the timing of events during

the cardiac cycle could also influence the values obtained.

While this can be assumed to be less of an issue for

maximal and minimal volumes, which are derived from the

volumetric dataset independent of the definition of end-

systole and end-diastole, the calculation of LAEFtrue

depends on the definition of the onset of atrial contraction

(i.e. the preA-frame). The pre-A frame was set carefully for

both RT3DE and MRI datasets using the timing of mitral

valve re-opening after diastolic diastasis. However, given

the slightly different heart rates and imaging frame rates

during RT3DE versus MRI, we are not able to assess

whether there were small differences in the definition of the

onset of active atrial contraction.

Finally, it may be perceived as a limitation that the

software tools used for MRI and RT3DE analysis were not

identical which may have led to systematic differences

between both modalities.

Conclusion

RT3DE using a novel dedicated software tool is a valid,

highly accurate and reproducible method to rapidly

assess LA dimensional and functional parameters. The

present study corroborates previous reports and extends

its validity to the assessment of the active contraction of

the LA.

Fig. 4 Bland–Altman plots comparing measurements obtained by RT3DE and MRI. LAmax maximum LA volume at end-systole, LAmin

minimum LA volume at end-diastole, LAEF LA emptying fraction, LAEFtrue LA ejection fraction during atrial contraction
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