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Abstract. 
 
Objective: Our goal was to develop a technique for volumetric analysis of real-time 
three-dimensional echocardiography (RT3DE) data aimed at quantification of LV mass 
and validate it against magnetic resonance (MR) assumed as “gold standard”.  
Design: RT3DE, which has recently become widely available, provides dynamic 
pyramidal data structures that encompass the entire heart and allows four-dimensional 
assessment of cardiac anatomy and function. However, analysis techniques for the 
quantification of left ventricular (LV) mass from RT3DE data are fundamentally two-
dimensional, rely on geometric modelling and do not fully exploit the volumetric 
information contained in RT3DE datasets. Twenty-one patients underwent 2D 
echocardiography (2DE), RT3DE and cardiac MR. LV mass was measured from 2DE 
and MR images using conventional techniques. RT3DE data were analyzed to semi-
automatically detect endocardial and epicardial LV surfaces using the level-set 
approach. From the detected surfaces, LV mass was computed directly in the 3D space 
as voxel counts.  
Results: RT3DE measurements were feasible in 19/21 patients and resulted in higher 
correlation with MR (r=0.96) than 2DE (r=0.79). RT3DE measurements also had a 
significantly smaller bias (-2.1g) and tighter limits of agreement (2SD:±23g) with MR 
than the 2DE values (bias (2SD):-34.9 (50) g). Additionally, interobserver variability of 
RT3DE (12.5%) was significantly lower than that of 2DE (24.1%).  
Conclusions: Direct 3D model-independent LV mass measurements from RT3DE 
images are feasible in the clinical setting and provide fast and accurate assessment of 
LV mass, superior to the 2D analysis techniques. 
 
Keywords: real-time three-dimensional echocardiography; semi-automated surface 
detection; left ventricular mass; cardiac magnetic resonance imaging.
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1. Introduction 
The evaluation of left ventricular (LV) mass is an important clinical variable in 

patient management, since this parameter is an independent and strong predictor of 
morbid cardiac events and death.[1][2] Conventional LV mass measurements derived 
from manual tracing of two-dimensional echocardiographic (2DE) images are 
subjective,[3] time-consuming and rely on geometric assumptions of uniform chamber 
size and shape.[4] Importantly, the LV mass measurements are highly dependent on the 
ability to obtain non-foreshortened long-axis images from apical acoustic windows,[5] 
which is in many patients compromised by limited access to the apex through the inter-
costal spaces. 

We have recently shown that this limitation can be overcome by extracting 
anatomically correct,[6] non-foreshortened, orthogonal 2D apical views from 
transthoracic real-time three-dimensional echocardiographic (RT3DE) data. From these 
views, biplane calculation of LV volumes is obtained by manually tracing endocardial 
and epicardial contours. This approach was used to test a fast and simple, widely 
available technique to asses LV mass and to evaluate the effects of the foreshortening 
as the source of the underestimation of LV mass by the conventional 2DE analysis.  

While our previous results demonstrated that LV mass can be measured from 
RT3DE datasets more accurately than with the conventional 2DE approach,[6] the data 
analysis procedure we used is still two-dimensional, and thus fraught with the limitations 
inherent to this methodology. First, it relies on the subjective selection of non-
foreshortened 2D apical views and manual tracing of endo- and epicardial boundaries, 
and second, LV mass computations are derived from model-based biplane volumes, 
which may be inaccurate. 

RT3DE datasets are dynamic pyramidal data structures that encompass the 
entire heart and are obtained from a single acoustic window, allowing four-dimensional 
assessment of cardiac anatomy and function.[7][8] Our current study was designed to 
test the hypothesis that detection of LV endo- and epicardial surfaces in 3D space could 
allow even more accurate direct measurements of LV mass, without the need for 
subjective plane selection and geometrical modelling. Accordingly, our goal was to 
develop and validate a new semi-automated method, based on level set 
models,[9][10][11] to measure LV mass based on rapid detection of LV endocardial and 
epicardial surfaces. To achieve this goal, we evaluated the accuracy and interobserver 
variability of LV mass measurements based on this newly developed technique, using 
cardiac MR measurements as the reference for comparison. 

2. Methods 
In the current investigation, we studied the same group of patients reported 

previously. [6] Patients referred for cardiac MR imaging were included in the study if they 
had adequate transthoracic 2D acoustic windows (apical 4- and 2-chambers) that 
allowed adequate endocardial visualization without contrast enhancement. Exclusion 
criteria included dyspnea precluding a 12 sec breath-hold, atrial fibrillation, pacemaker 
or defibrillator implantation, claustrophobia and other well-known contraindications to 
MR. Using these criteria, twenty-one patients (age (SD), 48 (16) years; 13 men, 8 
women) were recruited, including 7 patients with suspected coronary artery disease, 7 
with dilated cardiomiopathy, 2 post myocardial infarction, 3 with aortic disease, 1 with a 
right atrial mass and 1 with mitral valve regurgitation. After Institutional Review Board 
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committee approval, written informed consent was obtained from all patients. 
Echocardiographic imaging, including 2DE and RT3DE data acquisition, was performed 
on the same day as the MR study.  

MAGNETIC RESONANCE IMAGING 
Cardiac MR images were obtained with a 1.5 Tesla scanner (General Electric) 

with a phased-array cardiac coil. Electrocardiogram-gated localizing spin-echo 
sequences were used to identify the long-axis of the heart. Steady-state free precession 
(FIESTA) dynamic gradient-echo cine-loops were obtained during 12-second breath-
holds with a temporal resolution of 20 frames per cardiac cycle. In all patients, 6 to 10 
short-axis cine-loops were obtained from the atrioventricular ring to the apex (9 mm slice 
thickness, no gaps). 

TWO-DIMENSIONAL ECHOCARDIOGRAPHY 
Transthoracic 2DE harmonic imaging was performed using a commercial 

ultrasound scanner (SONOS 7500, Philips Medical Systems) equipped with a broad-
band transducer (S3, 2-4 MHz). Echocardiographic imaging was performed from the 
apical window, with the patient in the left lateral decubitus position. Five consecutive 
apical 4- and 2-chamber loops were acquired during a breath-hold while taking care to 
avoid foreshortening during acquisition. Loops were stored digitally for off-line review 
and analysis (EnConcert, Philips Medical Systems). 

REAL-TIME THREE-DIMENSIONAL ECHOCARDIOGRAPHY 
Transthoracic RT3DE imaging was performed in the same setting, using a fully 

sampled matrix array transducer (X4) in the harmonic 3D mode. Care was taken to 
include the entire LV cavity within the pyramidal 3D scan volume. RT3DE datasets were 
then acquired using the wide-angled acquisition mode, wherein four wedge-shaped sub-
volumes (93°x21°) were acquired over four cardiac cycles during a breath-hold with 
ECG gating. Acquisition of each sub-volume was triggered to the R-wave of every other 
heartbeat in order to allow sufficient time for the probe to be recalibrated and each sub-
volume stored. 

ANALYSIS OF MR IMAGES 
Cardiac MR images were analyzed using commercial software (MASS Analysis, 

General Electric). Consecutive slices from the LV base, defined as the highest slice in 
which the LV outflow tract was not visible, down to the lowest slice in which LV cavity 
was visible, were selected for analysis. In every slice, LV endocardial contours were 
traced semi-automatically frame-by-frame, with the papillary muscles included in the LV 
cavity, and manually corrected when necessary to optimize boundary position. Then, LV 
volumes were computed throughout the cardiac cycle using a disk-area summation 
method (modified Simpson’s rule). The end-diastolic (ED) frame was then identified as 
the frame with the maximum LV volume reached during the cardiac cycle, and used to 
trace the LV epicardial contour. The volume included in the epicardium (EDVep) was 
computed with the same disk-area summation method and used to calculate the LV 
mass as (EDVep – EDV) times the mass density constant (1.05 g/cc). The MR data 
served as the “gold standard” for comparisons against 2DE and RT3DE 
echocardiographic data. All tracings were performed by an investigator experienced in 
cardiac MR analysis who had no knowledge of the echocardiographic measurements. 
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ANALYSIS OF 2DE IMAGES 
The 2DE loops were analyzed off-line (Enconcert, Philips Medical Systems). For 

both apical 4- and 2-chamber views, from the five acquired loops, the one with the best 
image quality and least apical foreshortening was selected for analysis. The ED frame 
was selected as the image with the largest LV cavity area. Endocardial and epicardial 
contours were manually traced while including the papillary muscles in the LV cavity, 
and used to calculate ED endocardial and epicardial volumes using the biplane 
Simpson’s formula.[4][12] The difference between epicardial and endocardial volumes 
was computed for each view, averaged for both views and multiplied by the mass 
density constant (1.05 g/cc) to calculate a biplane estimate of LV mass. 

ANALYSIS OF RT3DE IMAGES 
The RT3DE datasets were analyzed using custom software,[11] which allows 

semi-automated LV surface detection based on the level set approach.[9] This method 
uses an implicit representation of curves in the form of a partial differential equation to 
track boundaries, without geometrical assumptions or a-priori shape knowledge.[10] 

Initially, the dynamic dataset was displayed in the 3D space. Then, a manual 
initialization procedure of the LV endocardial position was required. The ED frame, 
visually determined by the operator as the largest LV cavity in the cardiac cycle, was 
selected for analysis. In order to detect the LV endocardium (fig 1), the operator 
manually defined the long axis of the left ventricle in the 3D dataset; then, two points 
were manually selected in each of four evenly 45°-rotated long-axis planes, one on each 
side of the endocardial interface. This procedure was repeated at six to eight different 
short axis planes, from apex to base. To be consistent with cardiac MR tracings, 
papillary muscles were included in the LV cavity initialization. Once the points were 
manually initialized on the four evenly 45°-rotated long-axis planes, verification of the 
position of the points was performed in multiple short-axis views from base to apex, thus 
resolving possible ambiguities, During this phase, the operator had the opportunity to 
adjust the position of the points, if needed (fig 2, A,B). 

All selected points were then joined to define a surface (fig 2, C), representing the 
initial condition for the level-set partial differential equation, which guided the evolution of 
this surface within the volumetric dataset towards the endocardial position.  

Following a fully automated iterative process, the final endocardial surface was 
detected (fig 2, D), from which the EDV was measured by counting voxel confined within 
the surface. 

To detect the epicardial surface (fig 3), the same initialization procedure was 
repeated on the same frame. The epicardial points were then selected on the same four 
long-axis planes with the cross-section of the detected LV endocardial surface, which 
was superimposed to guide the initialization. The initial epicardial surface was then 
calculated by joining the selected points and, following an iterative process, the final 
epicardial surface was obtained (fig 4). The epicardial volume (EDVep) was measured 
from voxel counts, and LV mass was then obtained as 1.05*(EDVep - EDV).  

To visually verify the correctness of the detected endo- and epicardial surfaces, 
both surfaces were superimposed on the volumetric data (fig 5), which allowed cross-
sectioning in any arbitrary plane and corrections in the initial points when necessary. 
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INTEROBSERVER VARIABILITY 
To determine the interobserver variability in the measurement of LV mass, 2DE 

and RT3DE images were analyzed on separate days by three independent observers 
blinded to the results obtained with MR and the other echocardiographic technique. 
Inter-observer variability for 2DE and RT3DE was calculated as the SD of the mean of 
three observers and expressed in percent of the mean. 

STATISTICAL ANALYSIS 
Values were expressed as mean (SD). 2DE and RT3DE measurements obtained 

by each observer were compared with MR values using paired t-test. Linear regression 
analysis was performed, and Pearson’s correlation coefficient and SEE were computed. 
In addition, agreement between 2DE and RT3DE with MR “gold standard” was 
evaluated using Bland-Altman analysis. T-test was applied to verify the significance of 
the bias (paired t-test versus null values). 

3. Results 
RT3DE echocardiography was feasible in all patients with the exception of two 

patients with dilated cardiomiopathy, whose hearts did not completely fit into the 
pyramidal scan volume. In the remaining 19 patients, MR values for EDV ranged from 
79 to 390 ml (172 (74) ml), while LV mass measurements ranged from 57 to 222 g, with 
a mean value of 126 (39) g. 

The time required to analyze a single RT3DE dataset, including endocardial and 
epicardial surface initialization, correction and computation of LV mass was 190 (60) 
sec. The mean (SD) for LV mass obtained by each of the three observers from RT3DE 
and 2DE data sets is presented in Table 1.  

 
Table 1. LV mass measurements as mean (SD) obtained in 19 patients by three 
observers using manual tracing of two-dimensional echocardiography (2DE) and semi-
automated surface detection applied to real-time three-dimensional echocardiography 
(RT3DE). All values were compared with MR reference of 126 (39) g. 
 

 Observer 1 Observer 2 Observer 3 

RT3DE (g) 119 (41) 127 (37) 129 (35) 

2DE (g) 99 (37)* 70 (21)* 95 (26)* 
  
* p<0.05, paired t-test versus MR 

 
While no significant differences in mean values of LV mass were noted between 

MR and RT3DE, with 2DE all three observers consistently and significantly (p=0.001) 
underestimated LV mass (average error: 28 (19) %) compared to MR. 

The combined measurements of LV mass for the three observes using biplane 
2DE resulted in a correlation of r=0.79 (SEE = 20 g, p<0.001) with MR values (fig 6, top 
left). Bland-Altman analysis (fig 6, bottom left) confirmed the underestimation by 2DE by 
demonstrating a bias (p=0.001) of –34.9 g, (28% of the mean) with relatively wide 95% 
limits of agreement at ± 50 g (± 40 % of the mean MR value). 

The combined semi-automated measurements of LV mass by the 3 observers 
using the RT3DE technique resulted in a correlation of r=0.96 (SEE = 10.5 g, p<0.001) 
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with MR values (fig 6, top right). Bland-Altman analysis (fig 6, bottom right) 
demonstrated no significant underestimation by RT3DE, as reflected by a minimal bias 
of –2.1 g (2 % of the mean) and narrow 95% limits of agreement at ± 23 g (± 18 % of the 
mean MR value). 

The interobserver variability of LV mass values derived from manual tracing of the 
2DE images was 24 (12) % (ranging in individual patients from 4 to 50 %). Using RT3DE 
data and the semi-automated surface detection algorithm, the interobserver variability 
was significantly lower (12 (8) %, p=0.001 vs 2DE, range: 1 to 26 %). 

4. Discussion  
Although M-mode and 2DE have been traditionally utilized for the quantification of 

LV mass,[13] their dependence on geometric modelling have limited their use. In fact, 
both the M-mode and 2D area-length formulas for calculating LV mass assume that the 
left ventricle has a fixed geometric shape, which may result in errors, particularly in 
patients with wall motion abnormalities. Moreover, the inadvertent use of oblique cuts in 
M-mode echocardiography and foreshortened apical views with 2DE can potentially 
result in additional inaccuracies.[6][14][15][16][17] 

Three-dimensional echocardiography, as a basis for off-line 3D reconstruction 
from multiple planes, has been demonstrated to reliably quantify LV mass in both animal 
experiments,[18][19][20][21] and human studies.[16][22][23] The enhanced accuracy 
with reduced interobserver variability has been demonstrated with a variety of methods 
for data acquisition, including the gated rotational approach,[18][24] and free-hand 
scanning using locator devices.[21][25][26] Despite the obvious advantages of using a 
3D imaging approach to quantify LV mass, these methods have not been successfully 
incorporated into the clinical practice. This is probably due to the cumbersome and 
lengthy data acquisition coupled with the extensive time requirements for data analysis. 

The recent introduction of the fully-sampled matrix array transducer for near real-
time 3D imaging and rendering of the left ventricle has solved the majority of the 
problems inherent to the 3D acquisition. However, in all previous 
studies,[24][27][28][29][30] the analysis of RT3DE datasets was essentially two-
dimensional, since it relied on the computation of LV endocardial or epicardial surface by 
interpolating manually traced or semi-automatically detected contours on multiple 2D 
planes extracted from the 3D datasets. This 2D analysis can potentially introduce errors 
due to its inability to detect asymmetries or changes in LV shape between individually 
traced planes. In our recent paper,[6] we proved that even 2D analysis of RT3DE data 
by extraction of biplane views improves the accuracy of LV mass measurements 
compared to the conventional 2DE methodology. 

In the present study, we hypothesised that true 3D analysis, free of both 
geometric modelling and the need to subjectively select and manually trace non-
foreshortened 2D apical views, could further improve the accuracy of echocardiographic 
evaluation of LV mass. To test this hypothesis, we developed a novel volumetric 
analysis technique for direct LV mass measurement from endo- and epicardial surfaces 
detected from the RT3DE data. This technique was validated against MR “gold 
standard” in the same group of patients used in our previous study, using the same 
datasets to obtain reference measurements.[6] 

Differently to previously presented approaches for RT3DE data 
analysis,[24][27][28][29][30] which were based on detection of LV contours on multiple 
2D planes, and their interpolation in order to generate the LV surface, our 3D technique 
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directly detects the LV surface in 3D space, using all the voxel information contained in 
the volumetric dataset to guide the evolution of the surface, starting from the manually 
initialized cloud of points. Differently to another recently described 3D analysis 
techniques applied to RT3DE data,[31] the level set image segmentation approach that 
we used to detect LV endo- and epicardial surfaces is completely independent from any 
a-priori information about the shape characteristics of the left ventricle and its 
deformation throughout the cardiac cycle. [9] Therefore, this novel approach allows the 
detection of a variety of ventricular endocardial and epicardial shapes. 

Our results showed that LV mass obtained from the RT3DE data using this 
analysis technique resulted in higher level of agreement with MR values compared to 
conventional 2DE measurements. 2DE manual tracings consistently underestimated LV 
mass compared to MR, resulting in larger biases and wider limits of agreement when 
compared to RT3DE. The interobserver variability of the 2DE LV mass measurements 
was twice that of the RT3DE technique, indicating that the semi-automated surface 
detection procedure applied to RT3DE datasets provides more reproducible 
measurements compared to conventional 2DE technique. This interobserver variability 
was achieved despite the fact that every reader, during the initialization procedure, was 
allowed to modify the image contrast and luminance by linear stretching of the 
histogram, to optimize point selection. Since the algorithm utilizes all the information 
contained in the original 3D dataset, once the LV surface was initialized these changes 
had no effect on the determination of the final LV endo- or epicardial surface. However, 
compared to other imaging techniques, the interobserver variability of LV mass with 
RT3DE is still relatively high at 12.5%. The reasons for these results are multiple: 1) not 
optimal visualization of the epicardium; 2) manual selection of initialization points in 
different planes; 3) the basal segments of the heart are usually not as well visualized as 
the proximal ones, thus increasing the subjectivity of the analysis. 

Despite the fact that the manual initialization step might have introduced certain 
variability in the results, the initialization process required manual selection of points at 
only six to eight different short-axis levels in four rotated long-axis planes, which 
constitutes an improvement compared to the conventional techniques. Also, the 
visualization of the selected points in both the long-axis and in multiple short-axis views 
allowed the operator to verify and correct their position prior to automated endocardial 
and epicardial surface detection. 

Moreover, the results of this study confirmed our hypothesis that true 3D analysis 
provides higher accuracy in LV mass measurements (r=0.96) than the biplane 
calculation from anatomically correct apical views extracted from RT3DE data (r=0.90 
(6)). Importantly, Bland-Altman analysis showed tighter limits of agreement (2SD=±23 g) 
with the MR reference compared to the latter technique (2SD=±34 g).[6] Compared to 
other previous studies, based on manual or semi-automated tracing of multiple 2D LV 
contours for computation of LV mass in humans,[19][30] our method resulted in similar 
or even higher correlations, with no significant underestimation of LV mass, and 
comparable interobserver variability.  

The availability of an accurate, fast and easy-to-use quantification tool for LV 
mass computation from RT3DE images, without the need for time consuming and 
cumbersome volume reconstruction, may represent the initial steps for the utilization of 
this technique in clinical practice. 

Although 3D echocardiography using a fully-sampled matrix array transducer is 
frequently referred to as a real-time technique, it requires separate acquisition of sub-
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volumes over eight consecutive beats. This may limit the applicability of this method in 
patients with severe dyspnea, atrial fibrillation and cardiac arrhythmias. Moreover, LV 
mass cannot be measured in patients with severely dilated hearts, which do not 
completely fit into the pyramidal scan volume. Further studies on patients with severe 
dilated cardiomiopathy, ventricular aneurysms or ventricles with heavy trabeculations 
need to be performed to better define the applicability of this technique to this 
population. However, these patients were excluded, since our goal was to test and 
validate the newly developed 3D analysis technique rather than establish the 
applicability of RT3DE imaging in a wide range of clinical scenarios. 

Another limitation is the limited image quality which sometimes precludes the 
accurate delineation of endocardial and epicardial borders with RT3DE. The use of 
contrast enhancement could potentially solve this problem. However, the potential 
increased accuracy of LV measurements with contrast-enhanced RT3DE still has to be 
determined.  

In summary, despite these limitations, this study indicates that our 3D analysis 
based on semi-automated detection of the LV endo- and epicardial surface applied to 
RT3DE images allows rapid and accurate measurements of LV mass, superior to the 
conventional 2DE measurements and 2D analysis techniques applied to RT3DE data. 
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Figure legends 
 
Figure 1. LV endocardial surface initialization was performed in four 45°-rotated apical 
planes. After selecting the long axis of the left ventricle (vertical line), two points were 
manually selected in each plane at each of six different levels (from apex to base, white 
dots), (see text for details). 
Figure 2. Point verification/correction (A,B) and endocardial surface detection (C,D). 
The initialized points (A) are shown in each short-axis plane (B) for verification and 
correction if required. The endocardial surface (C) obtained by joining these points 
represents the initial condition for the 3D endocardial detection algorithm, which results 
in the calculated LV endocardial surface (D). 
 
Figure 3. LV epicardial surface initialization procedure shown in the format of figure 1. 
The cross-section of the detected endocardial surface was displayed to guide the 
selection of epicardial points (white dots, see text for details). 
Figure 4. Initial LV epicardial surface obtained by joining the selected points (left), and 
the final calculated LV epicardial surface (right) shown in semi-transparent green with 
the endocardial surface shown in yellow. 
 
Figure 5. Example of the detected LV endocardial and epicardial surfaces (left), and 
corresponding short-axis cross-sections from apex to base (right panels). This display 
allowed visual verification of the position of the calculated endocardial and epicardial 
surfaces in multiple planes. LV, left ventricle. 
 
Figure 6. Comparison between 2DE (left) and RT3DE (right) echocardiographic data 
with MR measurements of LV mass obtained in 19 subjects. Linear regression (top) and 
Bland-Altman (bottom) analyses: each dot represents the mean of the three observers. 
Horizontal dashed lines represent the 95% limits of agreement. 2DE, two-dimensional 
echocardiography; RT3DE, real-time three-dimensional echocardiography; MR, 
magnetic resonance; SD, standard deviation. 
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