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Background: Assessment of right ventricular func-
tion by 2-dimensional echocardiography (2DECHO)
is difficult because of its complex shape. Real-time
3-dimensional echocardiography (RT3DECHO) may
be superior.
Methods: End-diastolic volume, end-systolic vol-
ume, stroke volume, and ejection fraction obtained
by 2DECHO, RT3DECHO short-axis disk summation
(DS), and RT3DECHO apical rotation were compared
with cardiac magnetic resonance imaging in 71
healthy individuals.
Results: RT3DECHO DS showed less volume under-
estimation compared with 2DECHO and RT3DECHO
apical rotation. Test-retest variability for RT3DECHO

DS end-diastolic volume, end-systolic volume, stroke

doi:10.1016/j.echo.2006.10.027
volume, and ejection fraction were 3.3%, 8.7%, 10%,
and 10.3%, respectively. Normal reference ranges of
indexed volumes (mean � 2SD) for right ventricular
end-diastolic volume, end-systolic volume, stroke
volume, and ejection fraction were 38.6 to 92.2
mL/m2, 7.8 to 50.6 mL/m2, 22.5 to 42.9 mL/m2, and
38.0% to 65.3%, respectively, for women and 47.0 to
100 mL/m2, 23.0 to 52.6 mL/m2, 14.2 to 48.4 mL/m2,
and 29.9% to 58.4%, respectively, for men.
Conclusions: RT3DECHO DS is superior to RT3DECHO
apical rotation and 2DECHO for right ventricular
quantification, and performs acceptably when com-
pared with cardiac magnetic resonance imaging in
healthy individuals. (J Am Soc Echocardiogr 2007;20:

445-455.)
Accurate estimation of right ventricular (RV) size
and function is essential for the management of
many cardiac disorders. However, evaluation of RV
function has been hampered by its complex cres-
centic shape, large infundibulum, and trabecular
nature. Its function by invasive angiography can be
characterized using area and length measurements
or Simpson’s rule from single or biplane projec-
tions.1 Single plane methods provide limited sam-
pling of the RV, depend on the orientation of the
imaging planes with respect to intrinsic RV axes,
and make shape assumptions. Biplane methods pro-
vide better sampling, but are invasive and often
overestimate volume. Although radionuclide ven-
triculography is not constrained by geometric as-
sumptions, results have been variable and scanning
requires the injection of radioactive agents.2

Several noninvasive single and biplane 2-dimen-
sional (2D) echocardiographic (2DECHO) methods
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have been proposed.3-8 The most common method
uses the area and length from an apical 4-chamber
view and an RV outflow tract view.8 The two views
are assumed to have an orthogonal relationship to
each other. However, the transducer is moved from
one position to another based on the sonographer’s
knowledge of cardiac anatomy, and orthogonality is
assumed but not verified and rarely satisfied. Fur-
thermore, a prolate-ellipsoid shape assumption is
made, which also may not accurately depict RV
anatomy.

Three-dimensional (3D) imaging techniques such
as computed tomography9 and cardiac magnetic
resonance imaging (CMR) overcome limitations
posed by other methods in that image planes are
precisely defined and geometric assumptions are
unnecessary.10 However, these imaging modalities
are expensive and are not widespread.

A variety of options for rapid 3D echocardio-
graphic (3DECHO) image acquisition and recon-
struction of the RV exists.11-25 Real-time 3DECHO
(RT3DECHO) using second-generation matrix-array
transducers retain all the advantages of echocardiog-
raphy but provide 3D spatial registration. Image
quality has improved over first-generation systems,
thereby offering a practical approach for assessment

of the RV for the first time without the use of
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geometric assumptions. Our purpose was to estab-
lish normal values using the best RT3DECHO ap-
proach to RV quantification, and to compare it with
2DECHO methods.

Hypothesis

We hypothesized that RT3DECHO is superior to
2DECHO for assessment of RV volumes and function
when compared with CMR by offering a method
that does not rely on image orientation or shape
assumptions.

METHODS

Recruitment of Participants

A total of 110 consecutive healthy volunteers were
screened. Participants with a body mass index of 28 kg/m2

or greater, hypertension (blood pressure � 140/90 mm
Hg or history of antihypertensive medication use), diabe-
tes mellitus, symptoms or history of cardiovascular dis-
ease, anemia, thyroid or other endocrine dysfunction,
neoplasia, or any other condition likely to affect cardio-
vascular function or body size/composition were ex-
cluded. A 2DECHO examination was performed to ex-
clude cardiac abnormalities such as valvular dysfunction
(any degree of valvular stenosis or �regurgitation 1�),
qualitative or quantitative abnormalities of chamber sizes,
systolic or diastolic function, myocardial mass, or regional
wall motion. Five individuals with claustrophobia were
unable to perform CMR, 18 were excluded because of
2DECHO abnormalities, 6 because of hypertension, 4
because of body mass index of 28 kg/m2 or greater, and 6
for valvular disease. A total of 71 individuals participated
in the study. No participant was excluded on the basis
of image quality. CMR, 2DECHO, and RT3DECHO were
performed within 24 hours to minimize the effects of

Figure 1 Two-dimensional echocardiographic lo
axis of RV infundibular area (B) in diastole for pur
biologic variability. Test-retest variability was determined
for the best echocardiography method in 20 participants.
Our hospital institutional review board approved the
study.

Comparison of Echocardiographic Methods
with CMR

2DECHO. The 2DECHO (3.2 MHz) (7500, Philips Imag-
ing Systems, Andover, Mass) was performed with tissue
harmonic imaging. A blinded operator analyzed digitized
cineloops offline. The videoframe corresponding to the R
wave of the electrocardiogram (ECG) was designated as
end diastole. The videoframe with the smallest cavity size
was designated as end systole. Papillary muscles, moder-
ator bands, and trabeculae were included as part of the
cavity volume. Endocardial boundaries were traced on the
myocardial side of the black-white boundary.

Then RV measurements were taken from two planes as
described by Levine et al.8 The maximum base-to-apex
length (L) in the apical 4-chamber view and the widest
planimetered area (A) in the RV outflow tract view were
obtained to compute volumes: V � 2/3 (A) (L) (Figure 1).
Stroke volume (SV) and ejection fraction (EF) were calcu-
lated from RV end-diastolic volume (EDV) and end-systolic
volume (ESV).

RT3DECHO. RT3DECHO data acquisition. RT3DECHO
was performed using a matrix-array transducer (2�4 MHz)
(X4, Philips Imaging Systems). The entire RT3DECHO data
set was acquired from a single apical transducer location
that was modified slightly from the traditional apical
4-chamber view such that the right-sided structures were
maximized, visualized clearly, and appeared in the center
of the field of view (Figure 2). A wide-angled, full-volume
scan was acquired during suspended respiration at low
density to maximize sector width. In this acquisition
mode, 4 wedges (15 � 60 degrees) were obtained over 8
consecutive ECG-gated cardiac cycles. Because the data
acquisition required ECG gating, the output was not truly
real time but actually reconstructed from the subvolumes.

is of right ventricle (RV) (length) (A) and short
of RV volume calculation by area-length method.
ng ax
Therefore, the entire reconstructed 3D data set was first
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inspected for whole body motion artifacts that may have
occurred during data acquisition. The reconstructed data
were then played as a loop and had a temporal resolution
of 15 to 18 volumes/s or 55 to 65 milliseconds between
successive frames. The 3D data set was also manipulated
offline by a series of translational, rotational, and pivoting
maneuvers to visualize the RV inflow and outflow tracts
and displayed in a multiplanar reconstruction (MPR) re-
view mode showing 3 orthogonal views (TomTec Imaging
Systems GmbH, Munich, Germany) (Figure 2).
RT3DECHO volume by apical rotation. The number of

image planes was then doubled successively, to obtain
8 rotationally equidistant, apical slices. The number of
planes was chosen on the basis of the work of Weiss
et al26 in which underestimation was minimized by
including 7 to 10 images and our own experience using
this method for left ventricular volume calculations.27

End-diastolic and end-systolic frame selection as well as
boundary tracing was performed in a manner similar to
2DECHO. Traced boundaries were displayed simulta-
neously in 3 MPRs, which were checked for consistency
by toggling back and forth and by viewing them interac-
tively (Figure 3). Volumes were generated by an experi-
enced blinded observer using apical rotation (AR) and
surface approximation (TomTec Imaging Systems GmbH).
A description of the AR surface approximation algorithm
is included in the Appendix. An unblinded training set of
10 studies with known CMR values was used initially to
gain experience and to establish consistent boundary

Figure 2 Real-time 3-dimensional (3D) echocardiographic
data acquisition from off-axis apical window. Top left, top
right, and bottom left, Three orthogonal multiplanar recon-
structions (MPR) of right ventricle. Bottom right, Partial
coronal view of 3D data set showing intersecting sagittal
and axial planes from which MPR were derived.
tracing rules.
RT3DECHO volume by disk summation. The MPR con-
taining the tricuspid valve, infundibulum, and pulmonic
valve in the same plane served as the basal slice of the RV.
End-diastolic and end-systolic videoframe selection was
performed in a manner similar to 2DECHO. Contrary to
the 2DECHO area-length method in which the long-axis
and infundibular short-axis views are not truly orthogonal,
the MPRs obtained in the RT3DECHO method are elec-
tronically derived from the same 3D data set and, thus,
have a known orthogonal relationship.

The RV was then displayed as 3 orthogonal MPRs
(Figure 4). The bottom left panel of each of the figures
represents an axial plane of the RV. The contour of the RV

Figure 3 Real-time 3-dimensional (3D) echocardiographic
apical rotation method. A, Top left, top right, and bottom
left, Three orthogonal multiplanar reconstructions (MPR)
of right ventricle (RV) taken at basal level showing discon-
tinuity of RV inflow and outflow tracts. B, Same 3D data
set shown in A is now advanced to show 3 orthogonal MPR
(top left, top right, and bottom left) of RV taken at midven-
tricular level.
was traced manually by the operator in the axial plane.
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The traced contour generated bricks or disks of fixed
height (10 mm) but varying lengths and widths as visual-
ized in the top left and top right MPRs of Figure 4. The
dimensions of the bricks or disks were used only as a
visual aid as the traced axial contours were manipulated at
each level so that the disks approximated the contours of
the RV as closely as possible in the orthogonal MPRs. The
volume of the RV cavity was computed by summating the
known areas of the axial traces obtained 10-mm apart and
the fixed height of 10 mm, ie, disk summation (DS)
(TomTec Imaging Systems GmbH). The number of disks
required to cover the RV from base to apex varied
according heart size, but typically numbered 7 to 8 slices.

Figure 4 Real-time 3-dimensional (3D) echocardiographic
disk summation method. A, Three orthogonal multiplanar
reconstructions (MPR) of right ventricle (RV) taken at
basal level showing discontinuity of RV inflow and outflow
tracts. B, Same 3D data set shown in A is now advanced to
show 3 orthogonal MPR of RV taken at midventricular
level.
Test-retest variability was computed for two separate
acquisitions by comparing the tracings from two blinded
observers. An unblinded training set of 10 studies with
known CMR values was used initially to gain experience
and to establish consistent boundary tracing rules as
mentioned previously.

CMR. CMR was performed on a 1.5-T scanner (Sonata,
Siemens, Erlangen, Germany). The short axis of the RV
was defined and ECG-gated breath hold TruFISP obtained
over the cardiac cycle with a 128-�-256 matrix, field of
view of 31 to 38 cm, slices thickness of 8 mm, and
temporal resolution of 40 milliseconds. RV short-axis
images were obtained from the apex to above the tricus-
pid valve. Blinded offline analysis was performed using
software (Medis Mass, Leiden, The Netherlands). Slice
cavity volume was determined as the product of slice
thickness and cavity area (Figure 5) and summed.

Statistical Analysis

RT3DECHO DS, RT3DECHO AR, and 2DECHO volumes
were compared with CMR using Pearson’s correlation,
linear regression, and Bland-Altman analysis. Then sex-
specific indexed (to body surface area) normal reference
ranges were determined. Test-retest variability for two
consecutive data acquisitions was calculated according to
the formula below, where X1 � value of observer 1, X2 �
value of observer 2, and n � 20.

��1
n �X1 � X2�2 ⁄ n

1 n n

Figure 5 TruFISP cine cardiac magnetic resonance imag-
ing of right ventricle (RV) in short axis at level of RV
outflow tract.
2
��1 X1 ⁄ n � �1 X2 ⁄ n�
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RESULTS

Of the 71 participants, 36 were female; mean age
was 56 � 14.3 years. Mean indexed CMR RV EDV,
ESV, SV, and EF were 71.3 � 12.9, 33.5 � 9.9, 37.8 �
8.7 mL/m2, and 53.3 � 9.0%, respectively.

We compared echocardiography measurements
with CMR values (Table 1). There was a statistically
significant correlation between 2DECHO RV EDV
and CMR, but none between 2DECHO RV ESV, SV,
EF, and CMR. RT3DECHO DS (r � 0.9 for EDV, r �
0.8 for ESV, r � 0.8 for SV, r � 0.8 for EF) and
RT3DECHO AR (r � 0.8 for EDV, r � 0.8 for ESV,
r � 0.6 for SV, r � 0.7 for EF) correlated significantly
with corresponding CMR values and were superior
to 2DECHO (r � 0.3 for EDV, r � 0.1 for ESV, r �
0.1 for SV, r � 0.2 for EF) with lower standard errors
of the estimate and narrower limits of agreement.
The Bland-Altman analysis revealed greater underes-
timation of volumes by 2DECHO compared with
both RT3DECHO methods using CMR as a refer-
ence. The EF conversely was overestimated by
2DECHO when compared with CMR.

RT3DECHO DS resulted in the best agreement
with CMR with the least underestimation of volumes
compared with RT3DECHO AR and was then used
to generate sex-specific normal values indexed to
body surface area (Table 2). Mean normal values
for RT3DECHO DS RV EDV, ESV, SV, and EF were
65.4 � 13.4 mL/m2, 29.2 � 10.7 mL/m2, 36.1 � 6.8
mL/m2, and 56.2 � 9.1%, respectively, for women.
Hence, normal reference ranges of indexed vol-
umes (mean � 2SD) for RV EDV, ESV, SV, and EF
were 38.6 to 92.2 mL/m2, 7.8 to 50.6 mL/m2, 22.5 to
42.9 mL/m2, and 38.0% to 65.3%, respectively, for

Table 1 Comparison of echocardiography to cardiac magn

Echocardiography

method r SEE, mL Regressio

EDV
2DECHO 0.3 9.1 y � 0.3
RT3DECHO-AR 0.8 5.7 y � 0.7
RT3DECHO-DS 0.9 4.3 y � 1.0

ESV
2DECHO 0.1 3.0 y � 0.1
RT3DECHO-AR 0.8 2.5 y � 0.9
RT3DECHO-DS 0.8 8.1 y � 0.7

SV
2DECHO 0.1 4.4 y � 0.1
RT3DECHO-AR 0.6 3.4 y � 0.5
RT3DECHO-DS 0.8 3.0 y � 0.9

EF
2DECHO 0.2 4.4 y � 0.1
RT3DECHO-AR 0.7 4.7 y � 0.7
RT3DECHO-DS 0.8 4.5 y � 0.9

AR, Apical rotation; DS, disk summation; EDV, end-diastolic volume; EF,
echocardiography; SEE, standard error of the estimate; SV, stroke volume;
women. Mean normal values for RT3DECHO DS RV
EDV, ESV, SV, and EF were 74.7 � 13.0 mL/m2,
37.8 � 7.4 mL/m2, 37.0 � 11.4 mL/m2, and 48.9 �
9.5%, respectively, for men. Hence, normal refer-
ence ranges of indexed volumes (mean � 2SD) for
RV EDV, ESV, SV, and EF were 47.0 to 100 mL/m2,
23.0 to 52.6 mL/m2, 14.2 to 48.4 mL/m2, and 29.9%
to 58.4%, respectively, for men. Test-retest variabil-
ity for the RT3DECHO DS was 3.3%, 8.7%, 10%, and
10.3% for RV EDV, ESV, SV, and EF, respectively.

DISCUSSION

Estimation of RV size and function is of central
importance for the management of various congen-
ital diseases.28 Echocardiography variables that re-
flect the severity of right heart failure in primary
pulmonary hypertension may help identify patients
appropriate for more intensive therapy or earlier
transplantation.29 Assessment of RV function is also
important in determining treatment options for pa-
tients with pulmonary embolism, myocardial infarc-
tion, and heart failure.30,31 Therefore, an accurate,
easily repeated, noninvasive method would be ideal
for the serial evaluation of patients.

Limitations of 2DECHO

Several efforts have been made to find echocardiog-
raphy methods based on simple geometric mod-
els,4,7,8,32-34 or on multiplane methods based on
Simpson’s rule.5,6,35 Although area-length methods
work in vitro and in animal models, they have wide
confidence limits in human beings when compared
with methods, which are not subject to geometric

sonance imaging (n � 71)

ion P Bias, mL

Agreement limits, mL

Lower Upper

9 .007 �19.5 �50.5 11.5
�.0001 �16.0 �33.8 1.8
�.0001 �1.2 �13.6 11.1

1 .32 �14.7 �37.2 7.8
�.0001 �8.3 �19.7 3.1

1 �.0001 �0.02 �11.7 11.6

3 .19 �4.8 �26.3 16.7
6 �.0001 �7.6 �22.7 7.4

�.0001 �1.2 �12.5 10.1

3 .18 11.1 �11.8 34.0
2 �.0001 �1.7 �11.9 15.3

�.0001 �0.7 �13.3 11.8

fraction; ESV, end-systolic volume; RT3DECHO, real-time 3-dimensional
O, 2-dimensional echocardiography.
etic re

n equat

x�26.
x�3.4
x�1.2

x�15.
x�4.6
x�23.

x�27.
x�11.
x�4.2

x�70.
x�16.
x�7.1

ejection
assumptions.36 Moreover, the geometric models
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used to describe the shape of the RV can be changed
unpredictably by disease.

Wide confidence limits also occur as a result of
reliance on anatomic visual information alone for
determining image plane orientation. Our earlier expe-
rience using a freehand 3DECHO system that docu-
ments image position revealed wide operator vari-
ability in the optimal positioning of short-axis and
apical image planes.37 In addition, apical views are
often foreshortened during 2DECHO scanning, re-
sulting in underestimation of the RV length that is
used in area-length formulas.38 Sheehan and cowork-
ers24 found that standard 2DECHO monoplane and
biplane RV algorithms performed better when the
images were positioned correctly using 3D electro-
magnetic guidance.

Previous 3DECHO Approaches

Early approaches to 3D reconstruction occurred
from fixed transducer positions (apical or subcostal)
and used rotational or fanlike scanning. Vogel et al16

studied 16 pediatric patients with congenital heart
disease and found similar agreement with CMR as
was found in our study. However, the patients were
prescreened for good image quality, a prerequisite
for this approach, and the method took up to 80
minutes for estimating RV SV. Fujimoto et al17 used
a rotational approach from a fixed apical position
in 15 healthy volunteers (mean age 28 years) and
compared the results with CMR. Their mean RV EDV
and ESV values were smaller than those obtained in
our study, and the degree of systematic error was
greater (5%-8%) than our values (1.7%). Papavassil-
iou et al18 also used a rotating 5-MHz omniplane
transthoracic transducer from a fixed subcostal or

Table 2 Normal right ventricular volumes indexed to bod

Volume n

CMR, mL/m2

Mean SD Reference range,

EDV
All 71 71.3 12.9 45.5-97
Female 36 67.1 12.1 42.9-90
Male 35 75.6 12.4 50.8-10

ESV
All 71 33.5 9.9 13.7-55
Female 36 28.6 8.1 12.4-44
Male 35 38.4 9.1 20.2-56

SV
All 71 37.8 8.7 20.4-46
Female 38 36.2 6.8 22.6-43
Male 34 37.2 9.9 17.4-47

EF
All 71 53.3 8.7 35.9-62
Female 38 57.5 7.0 43.5-64
Male 34 49.0 8.8 31.4-57

CMR, Cardiac magnetic resonance imaging; DS, disk summation; EDV, en
real-time 3-dimensional echocardiography; SV, stroke volume.
apical position in 13 pediatric patients (median age
6.3 years) with congenital heart disease and found a
good correlation to CMR. However, underestimation
was noted for volumes greater than 100 mL. Menzel
et al39 used this approach in 11 adult patients under-
going pulmonary thromboendarterectomy. How-
ever, a failure rate of 18% was noted in the postop-
erative cases because of limited echocardiographic
windows. Therefore, 3DECHO reconstruction from
a fixed transducer position provides mechanical 3D
spatial registration of cross-sectional images, but is
feasible only in those who are echogenic enough to
permit complete visualization of the RV from a
single echocardiographic position.

Acoustic and electromagnetic tracking devices
were developed to provide 3D spatial registration
while scanning in a freehand fashion, permitting the
sonographer to use all available echocardiographic
windows.14,24,40 Apfel et al14 studied 26 patients
with pulmonary hypertension with an acoustic spa-
tial locating system and found a good correlation to
spin-echo CMR but with 31% to 33% volume under-
estimation by 3DECHO. Because data acquisition
occurs over several cardiac cycles in the span of 8 to
10 minutes, respiratory, whole body, or transducer
motion will lead to data misregistration. Acoustic
spatial locating tracking devices consist of transmit-
ters and receivers that cannot function if there is an
interruption in the line of sight between them.
Electromagnetic locators are not approved for use in
patients with pacing devices and may be compro-
mised if the transmitter and receiver are not within
50 cm of each other.

Prior Work with RT3DECHO

RT3DECHO uses matrix-array transducer technol-

ce area

RT3DECHO-DS, mL/m2

2SD Mean SD Reference range, mean � 2SD

70.0 13.9 42.2-97.8
65.4 13.4 38.6-92.2
74.7 13.0 48.7-100

33.4 10.3 12.8-54.0
29.2 10.7 7.8-50.6
37.8 7.4 23-52.6

36.6 9.3 18-45.9
36.1 6.8 22.5-42.9
37.0 11.4 14.2-48.4

52.6 9.9 32.8-62.5
56.2 9.1 38-65.3
48.9 9.5 29.9-58.4

lic volume; EF, ejection fraction; ESV, end-systolic volume; RT3DECHO,
y surfa

mean �

.1

.2
0.4

.3

.8

.6

.5

.0

.1

.5

.8

d-diasto
ogy, pioneered by von Ramm and coworkers, and
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permits continuous acquisition of volumetric data,
thereby allowing rapid scanning and minimizing the
chance of motion artifacts. Cardiac motion can be
evaluated in a dynamic mode and the heart can be
viewed from any desired plane. Ota et al41 validated
RV volume measurements using a first-generation
RT3DECHO system in excised canine hearts and in
14 control subjects. Although their method per-
formed accurately in vitro, their in vivo standard of
comparison was not a 3D method but a 2D mono-
planar modified Simpson’s method. A good correla-
tion and interobserver variability (8.3%-9.4%) was
noted between 3D RV SV and monoplanar 2D SV.
Shiota et al19 validated the same technology in sheep
using electromagnetic flow probes. The correla-
tion obtained for RVSV (r � 0.8) was identical to
that noted in our study. The Bland-Altman analysis
showed a mean RV SV difference of �2.7 mL com-
pared with �1.2 mL noted in our study. First-genera-
tion RT3DECHO systems use a sparse-array matrix
transducer, which uses 256 nonsimultaneously fir-
ing elements to acquire a narrow sector angle (60 �
60 degrees) pyramidal data set. Although the 3D
data set can be captured in one heartbeat, frame
rates are low and image quality is relatively poor.
Because of the narrow sector angle, visualization of
the RV is difficult because a large portion of it is in
the near field where the sector is narrowest.

Second-generation RT3DECHO systems use full
matrix-array transducers using 3000 elements. This
results in improved image quality, greater contrast
resolution, and higher sensitivity and penetration, as
well as capabilities for harmonic imaging. The full
volume of the heart can be obtained by assembling
4 wedges of 15 � 60 degrees each over 8 consecu-
tive cardiac cycles to obtain a pyramidal sector of
90 � 90 degrees. The RT3DECHO DS algorithm
appears to be superior to an AR algorithm because it
is able to handle data from the RV inflow and outflow
tracts, which may appear to be discontinuous when
viewed in a basal short-axis cross section. Whereas the
RT3DECHO AR method appears to be appropriate for
the simple shape of the left ventricle, it is unable to
handle data in which the contours appear to overlap
(Figure 3, A). The short-axis DS algorithm is identical to
the algorithm used for analysis of CMR and is able to
handle discontinuous data and overlapping contours
(Figure 4, A). Test-retest variability for RV EDV was
excellent (3.3%). Although test-retest variability for
RV ESV, SV, and EF were acceptable (8.7%, 10%, and
10.3%, respectively) and comparable with those
reported for CMR,42 these values were somewhat
higher than those noted for EDV, probably reflecting
variability in end-systolic videoframe selection.

Comparison with CMR

Prior RT3DECHO studies have not provided a nor-

mal reference range of values. However, our range
of normal indexed values is consistent with prior
CMR studies, although with some differences that
may be attributable to differences in CMR tech-
nique. Rominger et al,43 using breath-hold CMR,
obtained RV volumes in 52 control subjects. Normal
reference ranges of indexed volumes for RV EDV
and ESV were similar to those noted in our study
(48-107.5 vs 42.2-97.8 mL/m2 and 13.1-47.2 vs 12.8-
54.0 mL/m2, respectively). In another study by
Alfakih et al,44 60 control subjects were examined
by CMR using steady-state free procession. Mean
indexed RV EDV was 86.2 � 14.1 and 75.2 � 13.8
mL/m2 for male and female participants, respec-
tively. The sex-based differences noted in their study
were noted in ours as well. Interstudy reproducibil-
ity of RV EDV, ESV, and EF by CMR has been
reported to be 6.2%, 14.1%, and 8.3%, respectively,
by Grothues et al.42 Their values are similar to those
reported by RT3DECHO in our study and similar
higher test-retest variability was noted for ESV as
compared with EDV.

Study Limitations

Although no patients were excluded on the basis
of image quality, good images were obtained in
all participants, likely because of stringent pre-
screening body mass index criteria for normality.
RT3DECHO is subject to error if the RV is large and
a large portion of the infundibulum falls outside the
near field afforded by the 90- � 90-degree pyramidal
sector size. Thus, although this method works well
in healthy individuals, its application in markedly
dilated RVs has not been established. In addition, if
the RV is large, undersampling can occur by the AR
method because the ventricular surface is usually
convex and the volume between the true surface
and the surface approximated by the AR algorithm is
omitted, resulting in underestimation. Underestima-
tion may also occur because the the RV inflow and
RV outflow tracts may be very large and may appear
to be discontinuous when viewed on a single image
plane and, therefore, not included by the volume
algorithm. This can be addressed by the short-axis
DS algorithm in which portions of the RV that appear
discontinuous on any given plane such as the inflow
and outflow tracts can be included in the volume by
summating separate discontinuous disks. In addition,
the thickness of the disks can be reduced to reduce
interpolation of data between traced areas. Based on
the work of Weiss et al,26 significant underestimation
can be minimized by including 7 to 10 images.

Variable designation of end-diastolic and end-
systolic frames by RT3DECHO and CMR is a source
of error. The diastolic frame in both modalities is
closely matched because the first videoframe coin-
ciding with the R wave on the ECG is chosen.
However, the end-systolic frame is chosen on the

basis of smallest cavity size by RT3DECHO, whereas
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the frame showing the aortic valve in the closed
position is chosen as end systole by CMR. Further-
more, there are heart rate–dependent differences in
temporal resolution of RT3DECHO and CMR. The
RT3DECHO data set is actually reconstructed from
subvolumes that are subject to motion artifacts.
They are played as a loop and have a temporal
resolution of 15 to 18 volumes/s or 55 to 65
milliseconds between frames whereas that of CMR is
between 35 to 50 milliseconds. In addition, the
choice of a single cycle, the relatively low frame
rate, and difficulty in defining end systole may all
have contributed to error. Because all the partici-
pants were healthy and in sinus rhythm, it is as-
sumed that the R-R interval variations were negligi-
ble. However, limiting the analysis to a single cycle
would limit accuracy in patients with widely varying
R-R intervals and rhythm abnormalities.

Differences in image acquisition approaches
(RT3DECHO long-axis rotational vs CMR short-axis
cross-sectional approaches) introduce different par-
tial volume effects, which may introduce error.
Endocardial boundaries may be obscured by tangen-
tial RT3DECHO apical slices, whereas variable inclu-
sion of the right atrium and RV outflow tract may
occur by CMR.

Boundary tracing error remains the largest source
of error. Our previous work suggests that tracing the
endocardium on the white side of the black-white
boundary minimizes underestimation of RT3DECHO
volumes when compared with CMR. Variable visu-
alization of the apex can be minimized by carefully
manipulating the entire 3D data set so that the
largest long axis is visualized and prescribing a series
of short-axis images such that they are perpendicular
to the long axis. Toggling between the traced endo-
cardial boundaries as displayed in the orthogonal
MPRs minimizes erroneous boundary tracing. At the
moment, boundary tracing is manual and requires
approximately 1 minute per boundary. Future devel-
opments in automatic image segmentation, possibly
with the help of contrast agents, may improve results.

Conclusions

RT3DECHO DS is superior to RT3DECHO AR and
2DECHO for RV quantification and performs accept-
ably when compared with CMR in healthy individu-
als because of its independence from geometric
assumptions and ability to process discontinous
data. Normal reference ranges of indexed volumes
(mean � 2SD) for RV EDV, ESV, SV, and EF were
38.6 to 92.2 mL/m2, 7.8 to 50.6 mL/m2, 22.5 to 42.9
mL/m2, and 38.0% to 65.3%, respectively, for
women. Normal reference ranges of indexed vol-
umes (mean � 2SD) for RV EDV, ESV, SV, and EF
were 47.0 to 100 mL/m2, 23.0 to 52.6 mL/m2, 14.2
to 48.4 mL/m2, and 29.9% to 58.4%, respectively, for

men. Test-retest variability for the RT3DECHO DS
was 3.3%, 8.7%, 10%, and 10.3% for RV EDV, ESV,
SV, and EF, respectively.

Although excellent agreement and interobserver
variability has been found for RV volumes and EF
between RT3DECHO DS and CMR in healthy individ-
uals, further work is necessary to demonstrate use in
the setting of a clinical laboratory in which a variety of
RV shapes, sizes, and pathologies are encountered.
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APPENDIX

VOLUME CALCULATION BY APICAL
ROTATION AND SURFACE APPROXIMATION

Volume calculation by apical rotation and surface
approximation occurs in 3 steps as described
below.

Generation of the Beutel surface: the following
description of surface reconstruction refers to each
single phase.

1. Endocardial contours of all the different acquisi-
tion planes are reconstructed in 3-dimensional
space (Figure 6, A).

2. A 2-dimensional vector parameter (u,v) is as-

Figure 6 Real-time 3-dimensional (3D) echocard
ation of Beutel surface. A, For each single phase, it
of all different acquisition planes in 3D space. B
functions is applied to approximate parameterized
Error is measured as euclidean distance between

Figure 7 Real-time 3-dimensional echocardiogra
cap surface. A, Closed boundary curve of previous
model based on radial basis functions is applied to
surface patch.
signed to all contour points according to their
relative spatial relationship (similar to longitude
and latitude).

3. A smooth spherical spline model based on radial
basis functions is applied to approximate the
parameterized contour points with minimum
root mean square error. This yields a surface
model of the left ventricular cavity, called the
Beutel surface. Error is measured as the euclid-
ean distance between contour point and corre-
sponding surface point (Figure 6, B).

Note that the surface models the endocardium only,
ie, the surface has an opening that corresponds to
the mitral valve orifice.

GENERATION OF THE CAP SURFACE

To close the Beutel surface, no model of the mitral
valve is used, as the valve opens and closes during
the cardiac cycle. While the valve is closed, the true

hic apical rotation surface approximation gener-
mplished by reconstructing endocardial contours
oth spherical spline model based on radial basis
ur points with minimum root mean square error.
r point and corresponding surface point.

ical rotation surface approximation generation of
erated Beutel surface is extracted. B, Planar spline
olate all curve points with curvature minimizing
iograp
is acco
, Smo
conto
phic ap
ly gen
interp
mitral valve geometry is used for closure. However,
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for the remaining time some closing cap surface
must be defined to compute the enclosed volume.
Thus, discontinuities in the volume over time curves
would arise when switching between true mitral
valve geometry and cap surface. Therefore, a curva-
ture minimizing cap surface is applied for all phases.
Note that this induces slightly different end-diastolic
and end-systolic volumes compared with static vol-
ume measurements where the closed valve is in-
cluded in the contour tracing. The following steps
are performed to define the cap surface for each
Beutel.

1. The closed boundary curve of the previously
generated Beutel surface is extracted (Figure 7, A).

2. A planar spline model based on radial basis
functions is applied to interpolate all curve
points with a curvature minimizing the surface
patch (cap surface of Beutel, Figure 7, B).

POLYHEDRON MEASURES

Volume computation is performed based on the
work of Messner and Taylor.45
Using the gauss divergence theorem

ZY, Marwick TH. Role of diastolic dyssynchrony
��� divFdV � �� F · ndS

volume integrals can be transformed to equivalent
surface integrals by defining an appropriate vector
field.

Example mass (or volume for � � 1):
The mass of a solid body � in Cartesian coordi-

nates with constant density can be computed as:

M � ��� �dV

Let a vector field be defined as

F �
�

3
(xex � yey � zez)

with unit vectors in direction of the coordinate axes ei.
The divergence is then:

div F �
�

3��x

�x
�

�y

�y
�

�z

�z� � �

Thus the mass can be rewritten as

M � �� F · ndS � �� �

3
(xex � yey � zez) · ndS

� �� �

3
(xnx � yny � znz)dS
We obtain the enclosed volume for � � 1.
Correction
The following article was published with the
incorrect list of authors in the online version of
the January 2007 issue of Journal of American
Society of Echocardiography: Burgess MI, Fang
in the delayed relaxation pattern of left ventricle
filling. J Am Soc Echocardiogr 2007;20:63-69.
This error has been corrected. We apologize for
any inconvenience or confusion this error has

caused.
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