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Dual Triggering Improves the Accuracy of
Left Ventricular Volume Measurements by
Contrast-enhanced Real-time 3-Dimensional

Echocardiography
Enrico G. Caiani, PhD, Patrick Coon, BS, RDCS, Cristiana Corsi, PhD, Sascha Goonewardena, MD,

Dianna Bardo, MD, Patrick Rafter, MS, Lissa Sugeng, MD, Victor Mor-Avi, PhD, and
Roberto M. Lang, MD, Chicago, Illinois; Milan and Bologna, Italy;
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Real-time 3-dimensional echocardiographic contin-
uous imaging (CI) with contrast underestimates left
ventricular (LV) volumes. We studied the effects of
dual-triggered (DT) acquisition on the accuracy of LV
volume measurements for patients with poor acous-
tic windows. Real-time 3-dimensional echocardio-
graphic imaging was performed in 20 patients dur-
ing LV opacification (Definity) on the same day as
cardiac magnetic resonance imaging. Both CI and DT
data were analyzed using custom software to calculate
end-systolic volume (ESV) and end-diastolic volume
(EDV), which were compared with the cardiac mag-
C
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R
Onetic resonance reference. CI correlated well with the

cardiac magnetic resonance reference (EDV: r � 0.89;
ESV: r � 0.93), but underestimated EDV and ESV by
17% and 19%, respectively. In contrast, DT resulted
in higher correlation (EDV: r � 0.95; ESV: r � 0.96)
and smaller biases (9% and 6%, respectively). In
conclusion, because the accuracy of LV volume mea-
surements depends on the acquisition strategy of
contrast-enhanced real-time 3-dimensional echocar-
diographic images, the use of DT instead of the
conventional CI acquisition is recommended. (J Am
Soc Echocardiogr 2005;xx:xxx.)
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Accurate quantification of left ventricular (LV) vol-
umes and ejection fraction (EF) is essential in clinical
decision making and follow-up assessment.1-3 Today,
the most commonly used imaging modality to assess
LV function is 2-dimensional (2D) echocardiography
(2DE).4 Nevertheless, 2DE estimates of LV volumes
and EF rely on the ability to visualize the entire LV
endocardium in nonforeshortened apical views and
are based on geometric assumptions, which can
introduce errors, especially in odd-shaped ventricles
or in the presence of wall-motion abnormalities.5-8

The recently developed transthoracic real-time 3-di-
mensional (3D) echocardiographic (RT3DE) imaging
with full matrix–array technology has the potential
to overcome these limitations. Although LV volume

From the Noninvasive Cardiac Imaging Laboratory, University of
Chicago (E.G.C., P.C., S.G., D.B., L.S., V.M-A., R.M.L.); Dipar-
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Università di Bologna (C.C.); and Philips Medical Systems, An-
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Squibb.
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60637 (E-mail: rlang@medicine.bsd.uchicago.edu).
0894-7317/$30.00
Copyright 2005 by the American Society of Echocardiography.
doi:10.1016/j.echo.2005.06.008
and EF measurements obtained from RT3DE data
sets are more accurate than those derived from
2DE,9-11 their accuracy depends on image quality
and the ability to visualize the LV endocardium in
multiple cut planes, which are limited in approxi-
mately 20% to 30% of consecutive patients.12

LV opacification is routinely used with 2DE to
improve endocardial visualization and, thus, increase
the accuracy of LV function assessment for patients
with poor acoustic windows.13-18 To date, the feasi-
bility of LV volume quantification from contrast-
enhanced RT3DE data sets in these patients has not
been tested, and the potential improvement in the
accuracy of LV volume measurements remains hy-
pothetical. In fact, in our recent study,11 we found
that contrast enhancement in patients with good
image quality unexpectedly reduced the accuracy of
RT3DE-derived LV volume measurements, which
were consistently underestimated compared with
both nonenhanced RT3DE and cardiac magnetic
resonance (CMR) measurements, suggesting in-
creased bubble destruction by the high density of
scan lines and increased duration of bubble expo-
sure with volumetric imaging.

In this study, we hypothesized that contrast-
enhanced RT3DE image acquisition using selective
end-diastolic (ED) and end-systolic (ES) dual trigger-
ing (DT) instead of continuous imaging (CI) would
reduce bubble destruction and, thus, improve the
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accuracy of LV volume measurements. Accordingly,
our aim was to evaluate the effects of this acquisi-
tion strategy on the accuracy of LV volume and EF
measurements against a CMR reference for patients
with poor acoustic windows who require contrast
enhancement for endocardial visualization.

METHODS

Study Design

Patients referred for CMR evaluation of LV function were
studied.

Exclusion criteria were: dyspnea precluding a 10- to
15-second breath hold, cardiac arrhythmias, left bundle
branch block, prior sternotomy, pacemaker or defibrillator
implantation, claustrophobia, and other known contraindi-
cations to CMR imaging. Before enrollment, patients were
screened by 2D transthoracic echocardiography. Patients
with suboptimal acoustic windows, defined as inadequate
LV endocardial visualization in at least two contiguous
segments in each of the 3 conventional 2D apical views,
were included in the study. Using these criteria, 20
patients were enrolled (age 58 � 17 years; 10 men),
including 7 patients with coronary artery disease, 9 with
dilated cardiomyopathy, 2 with hypertrophic cardiomyop-
athy, 1 with pulmonary hypertension, and 1 with normal
LV function. Written informed consent was obtained from
all patients. The RT3DE examination was performed on
the same day as the CMR study.

CMR Imaging

Images were acquired with a 1.5-T scanner (General Elec-
tric, Milwaukee, Wis) with a phased-array cardiac coil. Elec-
trocardiographically gated localizing spin-echo sequences
were used to identify the long axis of the heart to allow
imaging in anatomically correct short-axis slices. Steady-state
free precession dynamic gradient-echo cineloops were ob-
tained during a 10- to 15-second breath hold with a tempo-
ral resolution of 20 frames per cardiac cycle. In all
patients, 6 to 10 cineloops were obtained at different LV
levels from the atrioventricular ring to the LV apex (9-mm
slice thickness, no gaps).

RT3DE Imaging

Contrast-enhanced RT3DE imaging was performed using a
commercial ultrasound scanner (Sonos 7500, Philips Med-
ical Systems, Andover, Mass) equipped with a full matrix–
array transducer (X4, 2-4 MHz) from the apical windows
during intravenous infusion of the contrast agent Definity
(1.3 mL in 50 mL normal saline, at 4.0 mL/min). Imaging
was performed in the harmonic mode at low mechanical
index (0.3-0.4). The 3D images were optimized and spe-
cial care was taken to include the entire LV cavity within
the pyramidal scan volume. Wide-angled acquisition of the
entire LV was performed by separately acquiring 4 subvol-
umes over 8 consecutive cardiac cycles. First, RT3DE data
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set was acquired during CI. Then, two triggers were set to
the electrocardiographic R wave and the end of the T
wave for ED and ES acquisitions, respectively, and a DT
data set including only ED and ES frames was obtained. For
both strategies, acquisition was performed during a breath
hold to minimize motion artifacts. In addition, at the end
of the protocol, a nonenhanced RT3DE data set was
acquired in CI mode.

CMR Image Analysis

Images were analyzed using commercial software (MASS
Analysis, General Electric). Initially, LV slices were se-
lected for analysis beginning with the highest basal slice
where the LV outflow tract was not visible, and ending
with the lowest apical slice where the LV cavity was
visualized. Endocardial contours were traced semiauto-
matically in every frame of each slice including the
papillary muscles in the LV cavity. From these contours,
LV volume was computed throughout the cardiac cycle
using a disk-area summation method (modified Simpson’s
rule). The ED volume (EDV) and ES volume (ESV) were
determined as the maximum and the minimum volumes
reached during the cardiac cycle, respectively, and used to
compute the EF, as 100 � (EDV � ESV)/EDV. The CMR
data served as the gold standard for comparisons against
contrast-enhanced RT3DE data. All tracings were per-
formed by an investigator experienced in CMR analysis
who had no knowledge of the echocardiographic mea-
surements.

Contrast-enhanced RT3DE Volume Calculations

The contrast-enhanced RT3DE data sets were analyzed
using custom software11 for semiautomated LV surface
detection based on the level-set approach.19-21 First, the
ED and ES frames, visually determined as the largest and
smallest LV cavities in the cardiac cycle, were selected for
analysis. LV long axis was manually identified and LV
surface was initialized in 4 evenly rotated long-axis imag-
ing planes (45-degree step) by manually selecting two
points at each of 6 to 8 different depths from apex to base
(Figure 1). To be consistent with the CMR tracings,
papillary muscles when visible were included in the LV
cavity. Subsequently, the verification and adjustment of
the selected points was performed in the short-axis
planes, at each of the previously initialized depths. The
final LV endocardial surface (Figure 1) was obtained as
the solution of the partial differential equation guiding the
level-set function, using the manually initialized surface as
the initial condition. The LV volume was measured from
the number of voxels inside the detected surface, and EF
calculated using the same formula as used for the CMR
measurements.

RT3DE LV Long-axis Dimension Measurement

To evaluate the effects of contrast enhancement and
different acquisition strategies on the LV long-axis dimen-
sion, ED and ES frames from both nonenhanced RT3DE,
and CI and DT contrast-enhanced data sets, were analyzed
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using commercial software (3DQ–QLab, Philips Medical
Systems). Cut planes were manually manipulated to obtain
the anatomically correct apical 2- and 4-chamber views of
the LV with the largest long-axis dimension, as previously
described.22 In each view, the points of insertion of the
mitral leaflets into the annulus were connected by a
straight line, and the LV long-axis dimension measured as
the distance between the center of this line and the most
distal apical endocardium. The LV long-axis dimension
was then determined as the average of the apical 2- and
4-chamber measurements.

Reproducibility

To assess the reproducibility of EDV, ESV, and EF mea-
surements from contrast-enhanced CI and DT RT3DE data
sets, a subgroup of 10 patients was randomly selected. To
determine the interobserver variability, data sets obtained
in this subgroup of patients were analyzed by two inde-
pendent observers blinded to the CMR measurements.
The intraobserver variability was assessed by having the
same data sets analyzed a second time after 1 month by
one of the investigators, who was blinded to the results of
the previous tracings and the CMR measurements.

Statistical Analysis

Values were expressed as mean � SD. Contrast-enhanced
CI and DT RT3DE measurements were compared with
CMR values using paired t test. Agreement between CI and
DT values of EDV, ESV, and EF with the CMR reference
values was evaluated using linear regression and Pearson’s
correlation coefficients. In addition, Bland-Altman analysis
was performed to calculate the bias and limits of agree-
ment, and paired t tests were used to verify the signifi-
cance of the biases. In addition, RT3DE EDV and ESV were
combined to evaluate the relationship between the mea-
surement errors and LV size. This was performed sepa-

Figure 1 Left, Cut plane of left ventricle (LV) extracted
from contrast-enhanced real-time 3-dimensional echocar-
diographic end-systolic data set obtained with dual trigger-
ing shown with set of points defined during manual initial-
ization of endocardial surface. Dark gray vertical line, Long
axis of ventricle. Right, LV endocardial surface obtained
from initialized points using level-set algorithm.
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rately for CI and DT by comparing LV volumes against the
CMR reference using linear regression. Interobserver and
intraobserver variability of the CI and DT measurements
were calculated as the SD of the corresponding repeated
measurements and expressed in percent of their mean. A
1-way analysis of variance for correlated samples and
Tukey test were applied to verify the significance of the
differences in the ED and ES LV long-axis measurements of
the nonenhanced RT3DE and the contrast-enhanced CI
and DT data.

RESULTS

CMR values for EDV and ESV ranged from 83 to 281
mL and from 26 to 188 mL, respectively, whereas
the EF ranged from 24% to 71%. Acquisition of
RT3DE data sets was feasible in all 20 patients
enrolled in the study. The time required to analyze a
single contrast-enhanced RT3DE data set, including
data retrieval, frame selection, surface detection,
and computation of LV volumes, was approximately
5 minutes.

Figure 2 shows an example of a slice extracted from
two contrast-enhanced RT3DE data sets, acquired with
CI and DT at ED and in the same patient. These images
represent the same anatomic slice, with the only

Figure 2 Slice extracted from two contrast-enhanced real-
time 3-dimensional echocardiographic data sets acquired
with continuous imaging (left) and selective dual triggering
(right) in same patient at end diastole (top) and end systole
(bottom). Images represent same anatomic slice.
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difference being the acquisition strategy. Bubble de-
struction, reflected by the apparent smaller size of the
opacified LV cavity, is more pronounced in the CI
images compared with the DT images. In addition, this
increased destruction is more pronounced at ED than
at ES for both acquisition modes. As a result, the mean
LV long-axis dimensions measured in all patients were
smaller with CI than DT (Table 1). Of note, compared
with contrast-enhanced DT, ED and ES LV long-axis
dimensions were significantly underestimated for both
contrast-enhanced CI (ED frame: �0.41 cm, P � .01;
ES frame: �0.39 cm, P � .02) and nonenhanced
RT3DE (ED frame: �0.68 cm, P � .01; ES frame:
�0.41 cm, P � .01).

The mean values of LV volumes and EF obtained
with each technique (ie, CI, DT, and CMR) are pre-
sented in Table 2. A significant underestimation in
both EDV and ESV compared with CMR was noted for
CI, whereas DT was found to underestimate only the
EDV. No significant differences were found in EF
values. DT-derived measurements showed better cor-
relation with CMR (EDV: r � 0.95, standard error of
the estimate [SEE] � 21 mL; ESV: r � 0.96, SEE � 14
mL; EF: r � 0.77, SEE � 11%) compared with the CI
values (EDV: r � 0.89, SEE � 27 mL; ESV: r � 0.93, SEE
� 18 mL; EF: r � 0.77, SEE � 10%) (Figures 3 to 5).

With CI, Bland-Altman analysis showed a signifi-
cant underestimation (P � .01) compared with CMR
values in both EDV, with a bias of �23 mL (17% of
the mean) and 95% limits of agreement at �59 mL,
and ESV, with a bias of �15 mL (19% of the mean)
and 95% limits of agreement at �41 mL. Conversely,

Table 1 The left ventricular end-diastolic, end-systolic
long-axis dimension measured in 20 patients (mean �
SD) from nonenhanced and contrast-enhanced real-time
3-dimensional echocardiography, with dual triggering
and continuous imaging acquisition

ED, cm ES, cm

RT3DE 9.1 � 0.7* 8.2 � 1.1*
Contrast-enhanced CI 9.3 � 0.9* 8.2 � 1.0*
Contrast-enhanced DT 9.7 � 0.9 8.6 � 1.0

*P � .01, 1-way analysis of variance for correlated samples and Tukey test
versus DT.

Table 2 Left ventricular end-diastolic and end-systolic
volumes and ejection fraction measured in 20 patients
(mean � SD) by cardiac magnetic resonance and
contrast- enhanced real-time 3-dimensional
echocardiography with dual triggering and with
continuous imaging

EDV, mL ESV, mL EF, %

CMR 164 � 64 94 � 55 47 � 16
RT3DE DT 150 � 65* 89 � 48 42 � 17
RT3DE CI 141 � 57* 79 � 48* 47 � 16

*P � .05, paired t test compared with CMR values.
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EF showed zero bias with 95% limits of agreement of
�22% (Figures 3 to 5). DT values resulted in smaller
biases compared with CMR in LV volumes (EDV:
�14 mL, equal to 9% of the mean; ESV: �5.3 mL,
equal to 6% of the mean), with a significant under-
estimation (P � .01) in EDV only. In addition, the
95% limits of agreement were narrower (EDV: �41

Figure 3 Linear regression (top) and Bland-Altman analy-
sis (bottom) of left ventricular end-diastolic volume (EDV)
measured in 20 patients from contrast-enhanced real-time
3-dimensional echocardiographic (RT3DE) data sets ac-
quired with continuous imaging (left) and selective dual
triggering (right) against cardiac magnetic resonance refer-
ence. Horizontal dashed lines, 95% limits of agreement.

Figure 4 Linear regression (top) and Bland-Altman analy-
sis (bottom) of left ventricular end-systolic volume (ESV)
measured in 20 patients from contrast-enhanced real-time
3-dimensional echocardiographic (RT3DE) data sets ac-
quired with continuous imaging (left) and selective dual
triggering (right), against cardiac magnetic resonance ref-
erence. Horizontal dashed lines, 95% limits of agreement.
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mL, ESV: �33 mL) than those of CI measurements.
With DT, EF showed a nonsignificant bias of �4.4%
with 95% limits of agreement of 22%.

Figure 6 shows the linear regression of the com-
bined EDV and ESV measurement errors plotted
against the CMR values, separately for CI and DT.
Interestingly, CI-related errors showed a trend to-
ward increasing underestimation with increasing LV
size (r � 0.48, SEE � 22.6). This observation was
less pronounced with DT data (r � 0.36, SEE �
17.9).

The interobserver variability in EDV, ESV, and EF
was similar for both acquisition strategies (CI: 8.2%,
11.8%, 10.2%, respectively; DT: 7.7%, 12.4%, 12.6%,
respectively). The intraobserver variability in EDV,
ESV, and EF also showed similar values for both CI
(6.1%, 10.8%, 10.3%, respectively) and DT (7.6%,
7.9%, 11.4%, respectively) measurements.

DISCUSSION

Currently, 2DE is the most commonly used imaging
technique to estimate LV volumes and EF, which is
usually performed in a subjective23 and experience-
dependent24 manner. The recent development of a
full matrix–array transducer technology,25 suitable
for the acquisition of wide-angle pyramidal volume
data sets with adequate spatial and time resolution,
offers the opportunity to quantify LV dimensions
and EF in a more accurate way compared with
conventional 2DE.26 -

Figure 5 Linear regression (top) and Bland-Altman analy-
sis (bottom) of left ventricular ejection fraction (EF) mea-
sured in 20 patients from contrast-enhanced real-time 3-di-
mensional echocardiographic (RT3DE) data sets acquired
with continuous imaging (left) and selective dual triggering
(right), against cardiac magnetic resonance reference. Hor-
izontal dashed lines, 95% limits of agreement.
However, commercially avail
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able tools for analysis of RT3DE data sets still rely on
manual or semiautomated tracing of LV endocardial
borders on multiple 2D views extracted from the 3D
data sets.9,10,27-29 Thus, the clinical applicability of
this new technology still depends on the acoustic
window of the patient, which determines the image
quality of RT3DE data sets and the ability to visualize
the endocardium in all cut planes.

LV opacification is a well-established technique
for improving LV endocardial visualization, and, as a
result, the accuracy of LV dimension measurements,
which is widely used with 2DE imaging in patients
with poor acoustic windows.13-18 An extension of
this technique to RT3DE imaging could be expected
to also improve the visualization of LV endocardial
borders in these patients. However, to our knowl-
edge, there are no data in the literature on improved
accuracy in LV volume and EF measurements from
RT3DE data sets with LV opacification. We previ-
ously observed that contrast-enhanced RT3DE data
sets, obtained for patients with good acoustic win-
dows, significantly underestimated LV volumes com-
pared with nonenhanced RT3DE data sets, when
using CMR data as a reference. We hypothesized
that this observation was likely caused by increased
bubble destruction with 3D scanning as a result of:
(1) the high density of scan lines required to gener-
ate a 3D data set; and (2) the increased bubble
exposure to ultrasound because each bubble travers-
ing the heart is exposed as long as it is within the
scanned volume rather than within a single plane.

The aim of this study was to test the accuracy of
LV volumes and EF measurements obtained from
contrast-enhanced RT3DE in a group of patients
with poor acoustic windows, using two different
image acquisition strategies: CI and selective DT.
Our hypothesis was that DT acquisition of ED and ES
frames would decrease bubble exposure to ultra-
sound and, thus, minimize bubble destruction and
result in improved accuracy of LV volume measure-
ments.

Figure 6 Linear regression between measurement errors
in left ventricular volumes (combined end-systolic and
end-diastolic data obtained in 20 patients) and cardiac
magnetic resonance–derived volume values obtained
from contrast-enhanced real-time 3-dimensional echo-
cardiographic (RT3DE) data sets: continuous imaging
(left) and selective dual triggering (right).
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To quantify LV volumes from contrast-enhanced
RT3DE data sets, we used previously validated cus-
tom software11 capable of fast, semiautomated de-
tection of LV endocardial surfaces, based on the
level-set approach.19-21 Compared with other meth-
odologies,9,22,30,31 this image segmentation tech-
nique is directly applied to the 3D data set, resulting
in accurate detection of the 3D LV endocardial
surface. This method was shown to provide excel-
lent LV volume correlation with CMR values, to-
gether with reduced interobserver variability com-
pared with manual tracings of 2DE images.11

We studied patients referred to CMR for assessment
of LV function who had poor echocardiographic image
quality precluding LV function evaluation without
contrast enhancement. The poor quality of the nonen-
hanced RT3DE data sets was confirmed by visual
inspection in multiple cut planes. Because of the
inability to properly visualize the LV endocardium
for the required manual initialization procedure,
nonenhanced RT3DE data sets were not analyzed for
LV volume quantification.

Both contrast-enhanced (CI and DT) and nonen-
hanced RT3DE data sets were analyzed to obtain the
LV long-axis dimension. This was done to determine
whether LV opacification could aid in visualizing the
true LV apex and, thus, avoid foreshortened apical
view from which LV length cannot be measured
correctly. Our results showed that both nonen-
hanced and contrast-enhanced CI data resulted in
underestimation of LV length in the ED and ES
frames when compared with DT.

Moreover, our results showed that contrast-en-
hanced RT3DE consistently underestimated EDV,
independently of the acquisition strategy, with the
error being smaller with the DT approach compared
with CI, probably as a result of cumulative effects of
bubble destruction in consecutive frames. We dem-
onstrated that the use of selective DT reduces
bubble destruction at ES, resulting in a more accu-
rate and nonbiased estimate of ESV compared with
CI. Interestingly, EF was found to be not signifi-
cantly different from CMR values in both acquisition
strategies. Specifically, CI resulted in a zero bias,
which could be explained by cancellation of simulta-
neous errors in EDV and ESV. Importantly, the repro-
ducibility of the CI and DT volume measurements was
similar, as reflected by interobserver and intraobserver
variability of approximately 10%, which is acceptable
and common for clinically used techniques.

Linear regression of errors in combined LV EDV and
ESV measurements compared with CMR showed a
trend toward increased underestimation with increas-
ing LV volumes, indicating that bubble destruction was
more pronounced farther away from the axis of the
pyramid, which is probably related to the specific
beam geometry. This trend, however, was less
marked with DT compared with CI, providing addi-
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tional support to our hypothesis that this imaging
strategy could allow more accurate measurements of
LV volumes.

The use of CMR imaging as the standard reference
technique could be viewed as a limitation of this study.
Despite its superior endocardial definition, CMR imag-
ing cannot provide perfectly accurate LV volume mea-
surements, because these measurements are derived
from discrete slices and rely on operator-dependent
endocardial tracing. However, CMR is widely ac-
cepted as a standard reference technique for LV
volume measurements. In addition, although RT3DE
imaging is frequently referred to as a real-time
technique, acquiring the entire LV in the wide-
angled mode requires separate acquisition of 4
subvolumes over 8 consecutive cardiac cycles. This
may limit the applicability of this method for pa-
tients with severe dyspnea, atrial fibrillation, and
cardiac arrhythmias. A methodologic limitation is
that the semiautomated surface detection technique
requires manual initialization, which may be viewed
as providing the surface detection algorithm with
some sort of LV shape information. Despite the fact
that this is a subjective procedure, this technique
was found to be reproducible and accurate. Never-
theless, further validation is necessary before at-
tempted clinical use, including a more complete
assessment of the reproducibility of RT3DE-derived
measurements. Such assessment would require re-
peated data acquisitions in addition to repeated
analyses, which was not performed in this study.

In summary, the accuracy of LV volume measure-
ments from contrast-enhanced RT3DE data sets de-
pends on image acquisition strategy. DT acquisition
reduced bubbles destruction, thus, improving the
visualization of the LV apex and increasing the
accuracy of LV volume measurements. Therefore,
the use of this acquisition strategy instead of the
conventional CI is recommended.
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