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Chapter 2

Three-dimensional echocardiography for left ventricular
quantification: fundamental validation and clinical applications

J.A. van der Heide, S.A. Kleijn, M. F.A. Aly, J. Slikkerveer, O. Kamp
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Introduction
One of the earliest and most common applications of clinical echocardiography is
evaluation of left ventricular (LV) function and size. Accurate, reproducible and
quantitative evaluation of LV function and size is vital for diagnosis, treatment and
prediction of prognosis of heart disease. Early three-dimensional (3D) echocardiographic
techniques showed better reproducibility than two-dimensional (2D) echocardiography and
narrower limits of agreement for assessment of LV function and size in comparison to
reference methods, mostly cardiac magnetic resonance (CMR) imaging, but acquisition
methods were cumbersome and a lack of user-friendly analysis software initially precluded
widespread use [1-3]. Through the advent of matrix transducers enabling real-time 3D
echocardiography and impressive improvements in analysis software featuring semiautomated volumetric analysis, 3D echocardiography evolved into a simple and fast
imaging modality for everyday clinical use. 3DE provides the possibility to evaluate the
entire LV in three spatial dimensions during the complete cardiac cycle, offering a more
accurate and complete quantitative evaluation the LV [4-7]. Improved efficiency in
acquisition and analysis may provide clinicians with important diagnostic information
within minutes.

The current article reviews the methodology and application of 3DE for quantitative
evaluation of the LV, provides the scientific evidence for its current clinical use, and
discusses its current limitations and potential future directions.

Methodology

Technology
3DE has been made possible in particular by the development of matrix transducers. A
matrix transducer contains thousands of piezoelectric elements in a 2D array, which can be
electronically steered in multiple directions very rapidly, enabling the acquisition of a realtime 3D volume dataset. Such a volume dataset has a pyramidal shape with a curved base
and is approximately 30º x 60º, depending on which manufacturer’s hardware is used. This
is more than adequate for visualization of different structures within the heart such as
valves and masses. Inclusion of the entire LV within a dataset until recently necessitated an
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automated ECG-triggered capture of multiple consecutive real-time datasets (usually four
to seven) during briefly held respiration and electronically stitching these datasets together.
The latest generation 3D scanners provide acquisition of a “full volume” at a frame rate of
40-50 Hz. Either method results in a ‘full-volume’ dataset of up to 90º x 110 º, which in
general is sufficient to allow for accurate analysis of the LV. The use of more sub-volumes
results in higher line density and higher resolution. However, it also increases the chance
of stitching artifacts due to potentially erroneous ECG-triggering causing unsynchronized
sub-volumes. Until recently, this precluded 3D analysis in patients with irregular heart
rhythms such as atrial fibrillation. Fortunately, one of the more recent developments in
3DE is the possibility of acquiring a full-volume dataset within a single heartbeat,
obviating this limitation by providing instantaneous real-time volumetric imaging of the
entire LV and decreasing acquisition time. A recent comparison between multiple
consecutive real-time acquisitions, two-beat and single-beat acquisitions demonstrated a
significantly lower frame rate in single-beat acquisitions with, as a consequence,
underestimation of ejection fraction (EF) [8]. The 2-beat modality provided similar
accuracy in LV volume and EF measurements and may be preferred due to fewer stitching
artifacts. In atrial fibrillation however, single-beat acquisition may be superior because
absence of stitching artifacts may be more important than image quality deterioration [9].

Acquisition
After positioning the transducer accurately to include the whole LV into the 3D volume, a
single 3D acquisition generally takes less than 10 seconds. Although all standard
acquisition windows for echocardiography are available and useful for 3D acquisitions, the
ideal and generally preferred approach for acquisition of the LV is from the apical window.
Depending on the shape of the heart and its position within the chest, a more off-axis
position may be appropriate to ensure the acquisition of the entire LV. To guarantee
optimal image quality, transducer frequency and overall gain should be adjusted
accordingly. Typically, the gain setting should be somewhat higher than used for 2D
echocardiography to get the most favourable result. In addition, the smallest possible
dataset encompassing the whole LV should be acquired to ensure maximal temporal and
spatial resolution. Finally, it is important to ascertain that the acquisition is made during
breath hold to minimize the risk of breathing artifacts. In multi-beat acquisitions, stitching
artifacts may be easily detected in the transversal plane.
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Visualization
Concurrently with the acquisition of a 3D dataset, it is volume rendered within the
echocardiography system, resulting in a 3D volume dataset which can be rotated and
viewed from any angle. In combination with the ability to crop part of the dataset away, it
is possible to visualize the anatomy and function of the LV in great detail. Cropping a 3D
volume can be done by utilizing a ‘crop-box’ and by use of an ‘anyplane’ mode. With the
first method the 3D dataset is displayed within a box, which sides can be selected and
cropped away. The more conventional 2D long-axis and short-axis views can be inspected
easily and rapidly this way but ultimately any long-axis or short-axis view can be chosen.
The ‘anyplane’ mode enables cropping of the 3D volume from every conceivable
orientation, providing unlimited sections of the LV. Although the interpretation of such
unconventional cut-planes can initially be difficult, the learning curve is relatively steep
due to the 3D nature of the acquired images.

Analysis
Most vendors offer software packages for both online and offline quantitative analysis of
the LV. Most of these commercially available software packages provide the possibility to
check for stitching artifacts in a transversal plane using the slicing (particularly multislice)
function that can also be used to analyze wall motion and distribution of hypertrophy.
Furthermore, certain anatomical landmarks such as the mitral annulus and apex are
identified in multiple conventional 2D planes. Thereafter, the software semi-automatically
detects and traces the endocardial border of the LV during the cardiac cycle, with a
possibility to perform manual corrections as needed [10]. Subsequently the software
creates a cast of the LV, allowing comprehensive volumetric analysis of LV function and
morphology. Not only LV volumes and ejection fraction (EF) can automatically be
calculated, but time-volume curves can be generated to evaluate segmental LV function
and the presence of dyssynchrony. Figure 1 is a screen shot of the work flow of one of the
commercially available software packages.
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Fig. 1 Example of the work flow of one of the commercially available software packages.

Top, left and right: two perpendicular long-axis images of the LV. The endocardial contour is detected semiautomatically and is projected on the image. Centre left: a third perpendicular short-axis image, again with
the endocardial contour. Note that this short-axis image was made with the ultrasound transducer in the
apical position. Centre right: The LV ‘cast’ is shown with colourcoding of individual LV segments. Bottom:
For each LV segment, a time-volume curve is generated. Regional wall motion and dyssynchrony can be
appreciated easily.
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Finally, the segmental contraction pattern can be displayed graphically through parametric
imaging in a dynamic ‘bulls eye’ display (an example is shown in Figure 2), providing
information on segmental volume changes and timing of segmental contraction, which may
be of particular interest in guiding optimal LV lead placement for cardiac
resynchronisation therapy (CRT).

Fig. 2 Parametric images derived from three-dimensional datasets.

Images of a patient are shown with CRT turned off (left) and on (right), respectively. The LV is divided into
16 segments as described by the American Society of Echocardiography. Colour coding is used to represent
regional time-to-minimum systolic volume, with red indicating late activation. In the left hand map, the
lateral wall is identified as the latest activated LV region without CRT (left). As can be appreciated in the
right hand map by the overall homogenous blue colour indicating the absence of large regions with delayed
contraction, synchronicity is re-established when CRT is applied (right).

Feasibility
An adequate echocardiographic image quality is a prerequisite for meaningful 3DE and
most authors use image quality as an inclusion criterion. Four articles provide information
about image quality in an unselected population [9,11-13]. In a total of 270 patients, 162
had good or optimal image quality, 51 had average image quality, and 41 had poor image
quality.
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Furthermore we would like to comment that in our experience, semi-automated
endocardial contour detection is influenced negatively by the presence of chordae
tendiniae, papillary mucles and sub-valvular mitral calcification, even in patients with a
good image quality necessitating doing some manual corrections of the automated
endocardial contour in the majority of patients.

Recently a new matrix transducer (X Matrix X5-1, Philips, Andover, MA) was introduced
that has a smaller footprint and allows acquisition of both 2D images and 3D data sets
without the need to change the probe providing a higher temporal and spatial resolution
and improving the feasibility and quality of acquisitions. In addition to the need to improve
image quality, wider angle acquisition is also indispensable for adequate visualization of
the entire heart in one volume in severely enlarged ventricles. Further improvement in
border detection and speckle tracking algorithms is necessary to obviate the need for
offline analysis. Moreover, further development of DICOM algorithms which allow to
display and analyze 3D data sets independent on vendor specific softwares are also needed

Clinical applications

LV volumes and function
In evaluation of LV function, 2D echocardiography has its own limitations, mainly that
quantitative measurements such as Simpson’s biplane summation-of-disks method for LV
volume measurement are based on assumptions of symmetrical LV geometry that are
inherently unreliable. These assumptions as well as the unintentional use of foreshortened
views account for the relative inaccuracy and poor reproducibility of these techniques.
3DE obviates both these limitations, and therefore measurements of LV volumes and EF
are significantly more accurate and reproducible than conventional 2D echocardiography
when compared with CMR as the reference technique (Figures 3 and 4) [6-30].
Unsurprisingly, studies that only included patients with good echocardiographic image
quality [6,7,21,22,30] showed better agreement than those who did not [13,19,23].
Furthermore, studies using semi-automated endocardial contour analysis [6,13,26,28,29] in
3DE generally showed better agreement than those using manual contour tracing
[19,23,27]. An exception to the rule is an early study by Kühl et al.4 published in 2004, but
it is likely that semi-automatic contour detection software has substantially improved since
27

then. Finally, two studies focusing on potential differences between semi-automated
contour tracing algorithms found some of the differences to be statistically significant, but
clinically irrelevant [22,30].

Fig. 3 LV volumes and EF measurements by 3DE: comparison to CMR.

Legend: In total, we identified 21 studies including 1040 patients (747 males, 60 ± 9 years) in which LV
volumes and ejection fraction as measured by 3DE were compared with CMR as the reference method [4-7,
11-17, 19-23, 25-29]. Bland-Altman statistics are shown for EDV, ESV, and EF by 3DE in comparison with
CMR as the reference method. Mean difference ± 2 standard deviations are shown as a percentage of the
mean value, as measured by 3DE. Studies are shown in chronological order, with the most recent
publications to the right. Jenkins et al. [12]: a TomTec offline, b QLAB online; Soliman et al. [21]: a
multiplane interpolation, b full-volume reconstruction; Soliman et al. [22]: a TomTec 4D LV-Analysis ver.
2.0, b QLAB V4.2; Mor-Avi et al. [25]: a CMR short-axis vs. 3DE long-axis image analysis, b CMR and
3DE long-axis image analysis, c trabeculae included in LV volume in CMR analysis, d trabeculae excluded
from LV volume in CMR analysis; Chukwu et al. [29]: a normal volunteers, b myocardial infarction patients.
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Fig. 4 LV volumes and function measurements by 3DE : A intra-observer variability; B inter- observer variability.

Legend: To study the reproducibility of LV volumes and EF measurements, we identified 16 studies including 407 patients in which reproducibility of these measurements by
3DE was assessed [4-5,13-17,20,22-25,28,30]. Studies are shown in chronological order, with the most recent publications to the right. Kühl et al. [4]: a TomTec CardioView
RT semi-automated analysis, b TomTec CardioView RT manual analysis; Soliman et al. [22]: a TomTec 4D LV-Analysis ver. 2.0, b Philips QLAB V4.2; Hansegård et al.
[30]: a TomTec 4D LV-Analysis ver. 2.2, b GE 4DLVQ software, EchoPAC ver. 108.1.0.
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Despite the high correlation with CMR as a reference technique, most studies showed
significant underestimation of 3DE-derived LV volumes, irrespective of the method of
analysis [19,23,26]. The potential reasons for this systematic underestimation of LV
volumes by 3DE as compared with CMR were identified in a recent multicenter study by
Mor-Avi et al [25]. They concluded that 3DE-derived LV volumes are underestimated in
most patients because, unlike CMR, 3DE imaging cannot differentiate between the
myocardium and trabeculae. Therefore, in most patients the endocardial contour is traced
along the innermost endocardial border by 3DE, i.e. excluding the trabeculae from the LV
cavity. By convention however, the endocardial contour is traced along the outermost
endocardial border by CMR, i.e. including the trabeculae in the LV cavity. To minimize
the difference between both modalities, tracing the endocardium to include trabeculae in
the LV cavity is recommended for 3DE. In addition to tracing the endocardium beyond the
visible interface, sufficient experience [25] and good image quality [31] are the most
important factors to achieve accurate and reproducible 3DE quantification of LV volumes.
Finally, if image quality is poor, multiple studies have shown that echo contrast agents can
be of incremental value to improve the accuracy and reproducibility of LV volume and
function measurements [13,23,32].

The superiority of 3DE over 2DE in clinical decision-making was proven in a study
comparing the clinical impact of 3DE versus 2DE in different clinical scenarios. This study
concluded that measurement of LV volumes and EF by 3DE is clinically feasible and has
the potential to significantly alter clinical decision-making.[33] Further studies and more
robust outcome data on defining 3DE cut-offs for clinical decision are still needed to
confirm such clinical superiority on definite and clinically meaningful end-points to be part
of the routine clinical use.

LV dyssynchrony
Cardiac resynchronisation therapy has been shown to improve LV function, survival and
quality of life. However, accurate prediction of response to pacing remains difficult as
approximately 30% of patients selected with current selection criteria do not respond to
CRT [34]. A low correlation exists between LV mechanical dyssynchrony and QRS
duration, and mechanical dyssynchrony might be a better predictor of response to CRT
than QRS duration. At present, tissue Doppler imaging (TDI) is the mostly used
echocardiographic technique for quantification of mechanical dyssynchrony [35,36].
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However, TDI can only provide information on the systolic myocardial motion of the basal
and mid-segments, in the longitudinal direction. Because its reproducibility is relatively
low and no TDI-based dyssynchrony parameter has proven to be useful for the prediction
of response to CRT in a large clinical trial [37], the need for reliable alternative
echocardiographic parameters of dyssynchrony has been recognised. 3DE offers
information on systolic contraction based on inward endocardial motion, providing a
complete evaluation of intraventricular mechanical dyssynchrony of all LV segments
simultaneously. The site of maximal mechanical delay can be visualised in a polar map. In
addition, quantitative dyssynchrony analysis is possible by measuring time needed for each
individual segment to reach minimum systolic volume. The standard deviation of the
dispersion in time from the onset of QRS-complex to minimal regional volume of all
segments can be used as a parameter of LV dyssynchrony.

Table 1. Reference values for 3DE derived systolic dyssynchrony index (SDI)

Study (reference)

SDI (%) in
Segments healthy volunteers

n

SDI (%) in chronic
heart failure patients

n

Kapetanakis et al. [38]

16

3.5 ± 1.6

78

15.7 ± 6.7

44

Soliman et al. [42]

17

4.1 ± 2.2

60

13.4 ± 8.1

84

Kleijn et al. [43]

16

3.7 ± 2.6

30

9.7 ± 4.0

60

Van Dijk et al. [45]

16

5.6 ± 3.6

16

12.8 ± 4.8

23

Delgado et al. [47]

17

1.5 ± 0.7

10

14.3 ± 7.5

22

Gimenes et al. [48]

16

1.6 ± 1.0

120

Liodakis et al. [49]

16

9.8 ± 2.1

35

17.3 ± 4.0

35

Sonne et al. [51]

16

2.2 ± 0.9

16

9.1 ± 1.1 a
8.7 ± 2.9 b

16
16

Legend: a, patients with dilated cardiomyopathy without left bundle branch block; b, patients with dilated
cardiomyopathy and left bundle branch block
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Table 2. Intra- and inter-observer variability of SDI measurement by 3DE

Average
value

Intra-observer
variability
(bias ± 2SD)

Inter-observer
variability
(bias ± 2SD)

n

Marsan et al. [24]

7,3

0,0 ± 0,5

0,1 ± 1,0

20

Kapetanakis et al. [38]

6,6

0,6 ± 4,9

0,5 ± 2,9

20

Marsan et al. [41]

8,4

0,1 ± 1,0

20

Van Dijk et al. [45]

8,9

0,0 ± 7,6

1,9 ± 5,0

20

Marsan et al. [46]

7,8

0,0 ± 0,4

0,1 ± 2,0

20

Delgado et al. [47]

7,9

0,0 ± 5,0

0,4 ± 6,4

18

Soliman et al. [50]

11,5

0,3 ± 3,4

0,3 ± 5,1

50

Study (reference)

There are conflicting reports on the correlation between LV dyssynchrony measured by
TDI and 3DE methods, ranging from fair to poor agreement [38-43]. In large part this has
been attributed to the fact that 3DE and TDI provide distinctly different measures of
ventricular motion. When both techniques where directly compared for prediction of
volumetric and clinical response to CRT, results clearly showed that 3DE has better
sensitivity and specificity to predict response to CRT than TDI [43]. Three other studies
demonstrated that 3DE derived SDI was highly predictive of both the acute and chronic
response [24,42,44]. However, currently there is no agreement on cutoff values for the
prediction of response to CRT and a larger multicenter study assessing reproducibility and
predictive value for clinical end points is warranted. Reference values and reproducibility
of LV dyssynchrony in normal volunteers and in various groups of patients are given in
Tables 1 and 2. These values are highly variable and are based on relatively small studies
in which varying software was used [24, 38, 41-51].

Finally, the importance of optimal LV pacing lead position was emphasised in a 3DE study
[52] comparing response to CRT, defined as increase in oxygen uptake and decrease in LV
volume, in patients with the LV pacing lead at the segment with the maximum mechanical
delay to patients with the LV pacing lead at other segments. Response was optimal in
patients with optimal LV pacing lead position as assessed by 3DE, and decreased
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significantly with increasing distance between optimal pacing site and achieved pacing
site. In this regard, 3DE may prove to be useful for the optimisation of LV lead placement
[39,52]. In contrast, a smaller study [53] with a similar design found that implantation of
the LV lead in the most delayed LV segment determined by 3DE did not result in
additional improvement in symptoms or LV function.

Future perspectives
Semi-automated endocardial contour detection provides information of systolic contraction
based on 3D endocardial excursion only. In contrast, speckle tracking is an angleindependent technique that can quantitatively evaluate myocardial deformation or strain in
multiple directions by tracking the movement of natural acoustic markers of the
myocardium known as speckles which appear on grey scale images. When applied to 2D
echocardiography images however, speckle tracking is significantly hampered by the
intrinsic nature of its 2D methodology. Not only foreshortened views and geometric
assumptions limit the applicability of 2D speckle tracking, but out-of-plane motion of
speckles during the cardiac cycle also result in suboptimal tracking and considerable noise,
reducing the accuracy and reproducibility of its quantitative evaluation of strain.

Recently, 3D speckle tracking has been introduced to overcome these limitations. With 3D
speckle tracking, the complex LV wall motion can be assessed in all three spatial
dimensions and there is no loss of information because the speckles do not move in and out
of the volume. Measurements are based on regions of interest rather than (semi-automated)
contour detection. 3D speckle tracking measurements of LV volumes shows higher
correlation with CMR, smaller biases, and narrower limits of agreement compared to 2D
speckle tracking [54]. LV twist has been reliably measured, but as yet

in healthy

volunteers only [55]. In left LV mechanical dyssynchrony, semi-automatic assessment is
reasonbly reproducible and a clear difference was demonstrated between RV apical and
biventricular pacing [56]. The ability to identify the site of latest mechanical activation
may aid in optimisation of biventricular lead placement [57]. Additional studies will have
to validate the use of this novel technology for different clinical purposes and establish its
incremental value compared to volumetric endocardial contour tracing.
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Conclusions
In the last two decades the technology behind 3DE has greatly evolved, continually
expanding its clinical applications. Ample evidence suggests that LV volumes and function
measurements by 3DE have closer limits of agreement with CMR measurements as a
reference method and better reproducibility than 2D echocardiography. 3DE assessment of
LV dyssynchrony shows great potential. Future advancements in hardware will facilitate
the acquisition of wide-angle, single-cycle pyramidal datasets with higher spatial and
temporal resolution. Automatic analysis of endocardial contours and speckle tracking will
enable fast online measurements that are accurate and reproducible and will ensure its
integration into the routine echocardiographic examination.

J.A. van der Heide and S.A. Kleijn contributed equally to this paper.
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