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Objectives. Recently, a real-time three-dimensional echocardiography (RT3DE) volume scanning tech-
nique was developed and used clinically. For precise ventricular volumetry, independent of mathematical
assumptions, imaging techniques such as three-dimensional echocardiography are required in children with
heart disease. This study evaluated whether RT3DE is suitable for left ventricular volumetry in children,
and whether left ventricular volumes measured by RT3DE correlate sufficiently well with those measured
by left ventriculography (LVG).

Methods. Twenty-five children with heart disease, 17 boys and 8 girls aged from 8 months to 18 years
(mean age 5.9 + 5.3 years), underwent cardiac catheterization at our institution. RT3DE was performed
within 30 min after LVG using the Philips SONOS 7500 ultrasound system with an electronic sector probe
consisting of a X 4 matrix phased array transducer (center frequency of 2—4 MHz) . Ultrasound images of
the ventricle were calculated offline using TomTec 4D Cardio-View RT 1.2 software. Left ventricular vol-
umes by LVG were calculated using Siemens Hicor T.O.P. Finally, the left ventricular volumes by RT3DE
and LVG were compared.

Results. Left ventricular volumes measured by RT3DE correlated and agreed well with those measured
by LVG(r=10.996, Y =0.566 + 0.964 X, mean difference —0.29 & 1.90m/; left ventricular end-systolic
volume, »r =0.979, Y=-0.187 + 0.897 X, mean difference —6.76 * 10.58 m/; left ventricular end-dias-
tolic volume) .

Conclusions. RT3DE is suitable for left ventricular volumetry in children. There was a good correlation
between RT3DE and LVG, but the volume of left ventricular end-diastolic volume estimated by RT3DE
was smaller than that by LVG.
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INTRODUCTION

Volume measurement of the left ventricle is nec-
essary to evaluate cardiac function and is currently
performed using two-dimensional echocardiogra-
phy (2DE) or angiocardiography. Echocardi-
ography is an inexpensive, noninvasive, portable,
and easily repeatable modality for evaluating car-
diac function in comparison with angiocardiogra-
phy, although the 2D echocardiographic measure-
ment of ventricular volume is limited by assump-
tions of ventricular geometry and image position-
ing. More accurate ventricular volume measure-
ment using three-dimensional echocardiography
(3DE) will mark a new step in pediatric cardiovas-
cular diagnosis and treatment.'®

Recently, a real-time three-dimensional echocar-
diography (RT3DE) volume scanning technique
was developed and used clinically.” ' However,
there are insufficient data with regard to the feasi-
bility, accuracy and reproducibility of measuring
left ventricular volumes using this system, and
comparing and validating RT3DE measurements
with other established modalities, such as left ven-
triculography (LVG) in children.'> 2%

This study evaluated whether RT3DE is suitable
for left ventricular volumetry in children, and
whether left ventricular volumes measured by
RT3DE correlate sufficiently well with those mea-
sured by LVG.

SUBJECTS AND METHODS

Patient data

Twenty-five children with heart disease, 17 boys
and 8 girls aged from 8 months to 18 years (mean
age 5.9 = 5.3 years), underwent cardiac catheteri-
zation at our institution. The indications for cardiac
catheterization were pre- and post-operative assess-
ment of cardiac anatomy and hemodynamics in
patients with known congenital heart disease or
assessment of coronary lesion in patients with
Kawasaki disease, arteritis and chest pain (Table
1). Informed consent was obtained from the par-
ents.

Real-time three-dimensional echocardiographic
data

RT3DE was performed within 30 min after LVG.
To confirm essentially unchanged hemodynamics,
the scan immediately followed the cardiac catheter
investigation, which was performed with patients in

Table 1 Patients investigated in this study
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Heart disease

Patent ductus arteriosus

Ventricular septal defect

Atrial septal defect

Kawasaki disease

Tetralogy of Fallot post intracardiac repair
Cor triatrium

Takayasu arteritis

— = = = e N

Chest pain

Twenty-five children (mean age 5.3+5.9 years, 17 boys and 8
girls) with heart disease were prospectively enrolled.

the supine position. Depending on the location for
ideal imaging quality, the transducer was positioned
apically.

The ultrasonic diagnostic equipment used in this
study was SONOS 7500 (Philips Medical Systems)
with an electronic sector probe consisting of a X 4
Matrix phased array transducer (center frequency of
2—4 MHz). The X 4 Matrix phased array houses
3,000 elements and a conical volumetric data set
can be acquired. The images were optimized using
the biplane mode to visualize all left ventricular
epicardial and endocardial contours. For a full vol-
ume image, a large conical 3D data set with a field
of view of 90 X 90 degrees was acquired. The full
volume data set was compiled from four 23 X 90
degree subvolumes with electrocardiography(ECG)
triggering and the acquisition time was about 3—4
sec (4 beats) with the full cycle on mode. All data
sets were saved onto a hard disk drive, and then
downloaded to compact disks for offline
analysis.m*M‘ 25, 26)

Ultrasound images of the ventricle were calculat-
ed offline using 4D Cardio-View RT 1.2 software
(TomTec Imaging Systems GmbH). The software
includes the average rotation method which can set
up a central shaft and trace the long-axis plane. The
software can calculate from the upper to the lower
plane areas by integral calculus, and the accuracy
of this method is reported to be greater than that of
Simpson’s method using 2DE.'" This software can
calculate ventricular volumes using two, four, eight,
and sixteen cut planes. Images of the left ventricle
were calculated using four and eight cut planes in
this study. The 3D data set was displayed in a 4-
tiled image screen. The two upper images were
long-axis images, and the left lower image was a
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LV EDV 34.1ml
@ LVESV16.2ml

Fig. 1 Offline analysis of real-time three-dimensional echocardiography data
The data set is displayed in a 4-tiled image screen. The two upper images are long-axis images, and the left
lower image is a short-axis image. Left ventricular endocardial borders were traced manually after fine tuning
at end-systole and end-diastole. Four slices of the left ventricle along the long axis were obtained from a
short-axis reference image at 45-degree increments around a 180-degree plane on four cut planes. The right
lower images are left ventricular end-systolic (blue) and end-diastole (orange) volumes.
LVEDV = left ventricular end-diastolic volume; LVESV = left ventricular end-systolic volume.

short-axis image. Left ventricular endocardial bor-
ders were traced manually after fine-tuning at end-
systole and end-diastole. Left ventricular volumes
and ejection fraction were calculated using an inter-
active splice algorithm with software for the right
lower image.?” Four slices of the left ventricle
along the long axis were obtained from short-axis
reference images at 45-degree increments around a
180-degree plane on four cut planes, and eight
slices of the left ventricle along the long axis were
obtained from short-axis reference images at 22.5-
degree increments around a 180-degree plane on
eight cut planes. Volumes of the left ventricle were
calculated using an interactive splice algorithm
with software (Fig. 1). The image at the QRS com-
plex of the simultaneously registered ECG was
selected as the end-diastolic condition and the first
image after closure of the aortic valve was selected
to represent the end-systolic state. The endocardial
borders were traced manually on the end-diastolic
and end-systolic images. The papillary muscles
were included within the left ventricular cavity
inseparable from the myocardium.
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Angiocardiographic data

All younger children were investigated under
deep sedation (thiopental sodium), whereas older
patients, usually over the age of 10 years, received
local anesthesia with lidocaine hydrocholoride. For
most patients, complete assessment of hemodynam-
ics was undertaken, including pressure measure-
ment and oxymetry. Left ventriculograms were reg-
istered simultaneously on right anterior oblique (30-
degree)and left lateral oblique (60—degree)ﬁlms.
Contrast medium ranging from 1 to 1.5m/ / kg
was selectively injected into the left ventricular
within 2 sec using a Pigtail catheter (CX catheter;
Cathex Limited) inserted into the femoral artery.

The image at the QRS complex of simultaneous-
ly registered ECG was selected as the end-diastolic
condition and the first image after closure of the
aortic valve was selected to represent the end-sys-
tolic state. On the end-diastolic and end-systolic
images, the endocardial borders were traced manu-
ally on right anterior oblique films, and the data
were fed into a computer program for analysis (Fig.
2).

Left ventricular volumes were calculated by the
area-length’s rule using Hicor T.P.O. (Siemens
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Fig. 2 Analysis of left ventriculography data on right anterior oblique films
The left side shows a left ventricular end-diastolic image and the right side shows an end-
systolic image. Left ventricular endocardial borders were traced manually to calculate left
ventricular volumes and ejection fraction. Left ventricular ejection fraction = 64%. Stroke
volume = 24.7 ml. Left ventricular end-diastolic volume = 38.6 m/. Left ventricular end-sys-
tolic volume = 13.9m/.

AG). The longitudinal ventricular axis was defined
between the middle of the aortic valve and the ven-
tricular apex. The papillary muscles were included
within the left ventricular cavity inseparable from
the myocardium.

Statistical analysis

Measurements of left ventricular end-systolic
volume (LVESV) , left ventricular end-diastolic vol-
ume (LVEDV), and left ventricular ejection frac-
tion (LVEF) by RT3DE were analyzed using left
ventriculographic measurements as the reference
standard. To examine the correlation and agreement
between the two sets of measurement, linear regres-
sion analysis and the Bland-Altman method were
used. 22

Inter- and intraobserver variability

To test the variability in ventricular volume cal-
culations using RT3DE, the first observer (M.1.) and
the second observer (H.S.), who were both unaware
of previous results, repeated randomly selected
RT3DE calculations. Variability was expressed as
the difference of the mean of the two results, as a
percentage of the mean.

RESULTS

Data for RT3DE and LVG were acquired suc-
cessfully for analysis. Measurements of LVESV
using RT3DE correlated and agreed well with LVG,
but LVEDV measurements using RT3DE were

smaller than those of LVG.

Figs. 3—7 show linear regression analysis and
the Bland-Altman method of LVESV, LVEDYV,
LVEF using RT3DE and LVG measurements.
There was good correlation and agreement in the
measurement of LVESV (Y = 0.566 + 0.964 X, r =
0.996, mean difference —0.29 &= 1.90m!; four cut
planes, Y =10.618 + 0.983 X, r=0.995, mean dif-
ference 0.22 & 1.95ml; eight cut planes) between
RT3DE and LVG (Figs. 3, 4). There was also good
correlation in LVEDV (Y =—0.187 + 0.897 X, r =
0.979; four cut planes, Y =—0.631 +0.926 X, r =
0.982; eight cut planes). However, there was
underestimation of the LVEDV (mean difference
—6.76 £ 10.58 m/ ; four cut planes, —5.34 £
9.64ml; eight cut planes)between RT3DE and
LVG (Figs. 5, 6). There was loose correlation in
LVEF (Y= 17.552 + 0.66 X, r = 0.686, mean dif-
ference —3.26 =4.22% ; four cut planes, ¥ =
20.779 +0.612 X, r=0.627, —3.19 2 4.62%;
eight cut planes) (Fig. 7)using RT3DE compared
with LVG measurements.

Interobserver variability of RT3DE measure-
ments was: 14% for LVESV ; 8% for LVEDV ;
and 3% for LVEF on four cut planes, 16% for
LVESV; 9% for LVEDV; and 12% for LVEF on
eight cut planes. Intraobserver variability of
RT3DE measurementswas: 7% for LVESV ; 3%
for LVEDV ; and 6% for LVEF on four cut planes,
6% for LVESV ; 2% for LVEDV ; and 7% for
LVEF on eight cut planes.

J Cardiol 2007 May; 49(5): 221-229
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Fig. 3 Linear regression analysis of left ventricular end-systolic volumes by left ventriculography
and real-time three-dimensional echocardiography
RT3DE = real-time three-dimensional echocardiography; LVG = left ventriculography. Other abbrevia-

tion as in Fig. 1.
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Fig. 4 Bland-Altman method of left ventricular end-systolic volumes by left ventriculography and
real-time three-dimensional echocardiography

Abbreviations as in Figs. 1, 3.

DISCUSSION

This study demonstrated that RT3DE measure-
ments of left ventricular volumes in children with
heart disease using a full-volume acquisition strate-
gy are accurate and comparable with angiographic
measurements. RT3DE can provide accurate vol-
ume measurement of the left ventricle in children.
Linear regression analysis and the Bland-Altman
method showed good correlation and agreement
using RT3DE compared with LVG.

3DE is not dependent on left ventricular geome-

J Cardiol 2007 May; 49(5) : 221-229

try and is superior to 2DE for measurements of left
ventricular indexes.' ® Conventional 2D echocar-
diographic measurement of ventricular volume is
limited by assumptions of ventricular geometry and
image positioning, and is reported to underestimate
left ventricular volume.® There are many clinical
conditions in children with congenital heart dis-
eases in which left ventricular geometry is altered
significantly, which leads to erroneous measure-
ments of left ventricular indexes by M-mode and
2DE methods. The software used in our study has
an average rotation method that can set up a central
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Fig. 6 Bland-Altman method of left ventricular end-diastolic volumes by left ventriculography and
real-time three-dimensional echocardiography

Abbreviations as in Figs. 1, 3.

shaft and can trace the long-axis plane, and then
calculate upper from lower plane areas using inte-
gral calculus. The accuracy of this method is
reported to be greater than that of Simpson’s
method with 2DE."""'¥ Quantititative RT3DE has
been applied for left ventricular volumes and func-
tions in humans, animals and phantom models of
adults.>”*1%% We studied the volume measurement
of a pediatric ventricular model using 3DE.
Experimental studies demonstrated that calculation
by manual tracing of the interior surface is the best
method for accurate volume measurement.>2®

Accordingly, the endocardial borders were traced
manually for accurate left ventricular volume mea-
surement.

Previous studies assessed left ventricular indexes
using RT3DE compared with quantitative gated sin-
gle-photon emission computed tomography
(QGSPECT)in adults.*'” RT3DE correlated well
with QGSPECT in the measurement of LVEDV
and LVESV (r = 0.97, mean difference 3.4m! for
LVEDYV, r= 0.98, mean difference 2m/ for
LVESV), and LVEF obtained by RT3DE had good
agreement with that obtained by QGSPECT (r =

J Cardiol 2007 May; 49(5): 221-229
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time three-dimensional echocardiography

LVEF = left ventricular ejection fraction. Other abbreviations as in Figs. 1, 3.

0.92, mean difference —0.2%) in patients with wall
motion abnormality.'” However, the measurement
of left ventricular indexes using QGSPECT is not
currently used in children. Therefore, QGSPECT
could not be used as the reference standard for the
measurement of left ventricular volume in our
study.

In our study, children aged 8 months to 18 years
were investgated. In previous comparative studies
using magnetic resonance imaging (MRI), patients
needed to be kept quiet and to achieve prolonged
breath holding during MRL"*'*'*3? Infants who
are not cooperative and cannot hold their breath
may need sedation and possibly endotracheal intu-
bation during MRI, and patients with a cardiac
pacemaker are contraindicated for MRI. Therefore,
MRI cannot be used as the first-line modality for
the assessment of left ventricular volume in chil-
dren, and could not be used as the reference stan-
dard for the measurement of left ventricular volume
in our study. Measurements of LVESV, LVEDY,
mass, stroke volume and LVEF by RT3DE correlat-
ed well (r = 0.86—0.97, p < 0.001) and agreed well
with MRI in children.'” However, only children
aged 6 to 18 years were enrolled in that study. In
our study, RT3DE was applied in much younger
children.

The measurement of left ventricular volume
using angiocardiography is the standard method,
especially in children with congenital heart dis-
ease.'® Therefore, we compared left ventricular
volumes using RT3DE with those measured using

J Cardiol 2007 May; 49(5) : 221-229

angiocardiography, the reference standard, to deter-
mine its feasibility, accuracy, and reproducibility.
Volume measurement of the left ventricle (10—
80ml) by RT3DE was correlated with LVG in an
animal study.” We measured a wide range of pedi-
atric hearts in children aged 8 months to 18 years.
Our study estimated volume measurements of small
to moderate left ventricular volumes (5—200m/),
and demonstrated that RT3DE is feasible, accurate
and reproducible to measure left ventricular vol-
umes in children.

In our study, there was good correlation and
agreement between the measurements of LVESV
using RT3DE and LVG. However, measurements of
LVEDYV using RT3DE were smaller than LVG.
Previous studies demonstrated a tendency to under-
estimate left ventricular volumes by 3DE compared
with MRI or angiocardiography.'>'¥ There are vari-
ous reasons for the underestimation of LVEDV
using RT3DE in our study. First, the patient’s respi-
ratory movement was difficult to control to acquire
RT3DE images just after LVG. Second, the trans-
ducer was positioned in only an apical acoustic
window. Technically, to acquire an RT3DE data set,
the whole left venticular cavity could not always be
placed within the image angle. This may also con-
tribute to the underestimation of LVEDV by
RT3DE in our study.

There are several limitations in this study. First,
it was performed under anesthesia for catheteriza-
tion under static conditions. When we measure ven-
tricular volume in daily examination, we must con-
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sider the effect of patient movement. Second, the
only available RT3DE transducer had an operating
frequency of 2—4MHz. To acquire images with
superior quality and to measure more accurately,
harmonic imaging or intracardiac contrast injection
may enhance endocardial border delineation. Third,
current ECG trigging is necessary for a full volume
data set from four subvolumes that may potentially
cause data discontinuity between the four individ-
ual data sets due to breathing, patient movement, or
arrhythmia. Finally, the software in our study
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required manual tracing of the endocardial bound-
aries. The introduction of automated border detec-
tion, if accurate, would make this technique even
more attractive in the future.

CONCLUSIONS

RT3DE is feasible for volumetry of the left ven-
tricle in most children. There was good correlation
between RT3DE and LVG. The volumes of LVEDV
measured by RT3DE may be smaller than those
measured by LVG.
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