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CLINICAL INVESTIGATIONS
REAL-TIME 3D ECHO

Relative Importance of Errors in Left Ventricular
Quantitation by Two-Dimensional Echocardiography:
Insights From Three-Dimensional Echocardiography

and Cardiac Magnetic Resonance Imaging
Ebere O. Chukwu, MD, Eddy Barasch, MD, Dennis G. Mihalatos, MD, Alan Katz, MD,

Justine Lachmann, MD, Jing Han, PhD, Nathaniel Reichek, MD, and
Aasha S. Gopal, MD, Roslyn and Stony Brook, NY

Background: The accuracy of left ventricular (LV) volumes and ejection fraction (EF) on two-dimensional
echocardiography (2DE) is limited by image position (IP), geometric assumption (GA), and boundary tracing
(BT) errors.

Methods: Real-time three-dimensional echocardiography (RT3DE) and cardiac magnetic resonance imaging
(CMR) were used to determine the relative contribution of each error source in normal controls (n � 35) and
patients with myocardial infarctions (MIs) (n � 34). LV volumes and EFs were calculated using (1) apical
biplane disk summation on 2DE (IP � GA � BT errors), (2) biplane disk summation on RT3DE (GA � BT
errors), (3) 4-multiplane to 8-multiplane surface approximation on RT3DE (GA � BT errors), (4) voxel-based
surface approximation on RT3DE (BT error alone) and (5) CMR. By comparing each method with CMR, the
absolute and relative contributions of each error source were determined.

Results: IP error predominated in LV volume quantification on 2DE in normal controls, whereas GA error
predominated in patients with MIs. Underestimation of volumes on 2DE was overcome by increasing the number
of imaging planes on RT3DE. Although 4 equidistant image planes were acceptable, the best results were
achieved with voxel-based RT3DE. For EF estimation, IP error predominated in normal controls, whereas BT error
predominated in patients with MIs. Nevertheless, one third of the EF estimation error in patients with MIs was due
to a combination of IP and GA errors, both of which may be addressed using RT3DE.

Conclusions: The relative contribution of each source of LV quantitation error on 2DE was defined and quantified.
Each source of error differed depending on patient characteristics and LV geometry. (J Am Soc Echocardiogr
2008;21:990-997.)
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The accuracy of left ventricular (LV) volumes and ejection fraction (EF)
on two-dimensional echocardiography (2DE) is limited by image posi-
tion (IP), geometric assumption (GA), and boundary tracing (BT) errors.
We used real-time three-dimensional echocardiography (RT3DE; bi-
plane, 4-multiplane to 8-multiplane, and voxel-based surface approxima-
tion) and cardiac magnetic resonance imaging (CMR) to determine the
relative contribution of each error source in normal controls and patients
with myocardial infarctions (MIs). IP error predominated in volume and
EF quantitation in normal controls, whereas GA error predominated in
patients withMIs. Although BT error predominated in EF quantitation in
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patients with MIs, one third of the EF estimation error in patients with
MIs was due to a combination of IP and GA errors, which may be
addressed using RT3DE.

The assessment of LV size and function on 2DE is used as a
decision-making tool in patients with heart disease. The accurate
quantification of LV volumes and EF is therefore essential. However,
there are 3 major sources of error associated with 2DE. The freehand
image planes have an unknown spatial relationship with respect to
one another (IP error) and are thus prescribed on the basis of
anatomic landmarks and available echocardiographic views. The
apical 4-chamber and 2-chamber views are seldom orthogonal to
each other.1 Foreshortening of the LV long axis also occurs because
of incomplete visualization of the true apex.2,3 Because the trans-
ducer may be manipulated manually in many ways, measurements
obtained from unguided 2-dimensional views are highly variable, do
not accurately reflect LV size, and have poor test-retest reproducibil-
ity on serial exams.1,4 However, IP error can be corrected by provid-

ing a 3-dimensional frame of reference.1
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Another limitation of volume algorithms on 2DE relates to im-
proper GA (GA error), particularly in patients with MIs in whom
variations in LV geometry are encountered.5 Accordingly, volume
underestimation frequently occurs when 2DE is compared with a
3-dimensional reference technique, such as CMR.4

Last, endocardial BT error due to variable signal/noise ratios
remains a source of error in all imaging modalities. The importance of
each source of error with routine 2DE has not been defined, and the
relative contribution of each may differ on the basis of patient
population characteristics.

Matrix-array transducers provide three-dimensional image acquisition
and display in real time using high-speed parallel processing.4,6-8

RT3DE offers a more accurate and reproducible method for LV
quantitation compared with 2DE because it provides options for
biplane, triplane, and full-volume scanning.4,9 Biplane images on
RT3DE are free from IP errors because the 2 apical images can be
obtained electronically from the 3-dimensional data set, have a
known orthogonal relationship, and can be manipulated to avoid
apical foreshortening. However, biplane RT3DE, like 2DE, still as-
sumes an ellipsoid LV geometric shape and is therefore subject to
both GA and BT errors.

A successive increase in the number of image planes reduces data
interpolation between planes and produces less reliance on the
ellipsoid shape assumption.10-13 Beat-to-beat detection of the total
endocardial surface is also possible from semiautomated three-
dimensional endocardial border–tracking algorithms using the entire
voxel-based 3-dimensional dataset (voxel-based RT3DE),14-16 thus
eliminating GA and IP errors but not BT error. The aims of our study
were to use RT3DE and CMR to (1) quantify the absolute and
relative sources of errors associated with LV quantitation methods on
2DE in normal controls and patients with MIs and (2) determine the
minimum number of image planes required for adequate sampling of
the left ventricle on RT3DE, while limiting the effort devoted to BT
and/or editing and maintaining the accuracy of results.

We hypothesized as follows: (1) The contribution of the 3 main
sources of error associated with LV quantitation differs depending on
patient characteristics, with the expectation that GA error predomi-
nates in patients with MIs, and (2) underestimation of LV volumes is
progressively reduced with an increasing number of image planes
analyzed.

METHODS

Subjects
A total of 70 subjects, 35 with normal LV systolic function (mean age,
55.2 � 15.4 years; 13 women) and 35 with depressed LV systolic
function due to MIs (mean age, 65.8 � 5.5 years; 2 women), were
enrolled. Image quality was assessed by visualizing the 6 contiguous
myocardial segments of the left ventricle as visualized in the apical
2-chamber, 3-chamber, and 4-chamber views. Image quality was
deemed good if only 1 segment was not visualized and suboptimal if
2 or more contiguous segments were not visualized. Because only 1
patient with an MI was excluded for poor image quality, no echocar-
diographic contrast agent was used. The exclusion criteria for normal
controls were body mass index � 28 kg/m2, a history of hyperten-
sion (blood pressure � 140/90 mm Hg or antihypertensive medica-
tion use), diabetes, cardiovascular disease, anemia, uncorrected thy-
roid dysfunction, neoplasia, pregnancy, or any other condition or
medication likely to affect cardiovascular function or body size or
composition. Cardiac abnormalities such as valvular stenosis or regur-

gitation of 1� or more and abnormalities of chamber sizes, systolic or
diastolic function, myocardial mass, or regional wall motion were
excluded by 2DE. All patients with MIs fulfilled Multicenter Auto-
matic Defibrillator Implantation Trial (MADIT) II criteria, which are
(1) MI � 1 month previously, (2) no revascularization � 3 months,
and (3) clinical EF � 30% on 2DE, nuclear imaging, or cine ventricu-
lography. RT3DE and CMR were performed within 24 hours.

2DE
Subjects were imaged by an experienced research sonographer using
2DE (Philips 7500, 3.2 MHz; Philips Medical Systems, Andover, MA)
with tissue harmonic imaging. The LV long axis was maximized to
avoid apical foreshortening, and digital cine loops were manually
traced by an experienced operator who was blinded to the results of
RT3DE and CMR. The video frames with the largest and smallest
cavity sizes were designated as end-diastole and end-systole, respec-
tively. Papillary muscles were treated as part of the cavity. LV
end-diastolic volume (EDV), end-systolic volume (ESV), and EF were
calculated using 2-dimensional apical biplane summation of disks
(ellipsoid GA) from 2 apical views (orthogonal planes assumption).
This method is subject to IP, GA, and BT errors.

RT3DE
RT3DE (X4, 2-4 MHz) was performed (s3 Sonos 7500; Philips
Medical Systems) using an apical wide-angle full-volume scan at low
density to maximize sector width. Four wedges (15° � 60°) were
obtained over 8 consecutive electrocardiographically gated cardiac
cycles to provide output that was reconstructed from the subvol-
umes. The 3-dimensional data set was first inspected for whole-body
motion artifacts and then played as a loop (temporal resolution,
15-18 volumes/s, or 55-65 ms between successive frames). The
3-dimensional data were displayed as 3 orthogonal planes, which

Figure 1 Biplane RT3DE method of calculation of end-diastolic
volume. Orthogonal biplane views with traced endocardial
boundaries are displayed in the top panels from an apical
RT3DE biplane acquisition. The corresponding orthogonal
short-axis views with traced endocardial boundaries are shown
in the bottom panels. Color figure online.
were manipulated independently by a series of rotational and slicing
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maneuvers to maximize the LV long axis to obtain a biplane real-time
3-dimensional echocardiographic image (Figure 1).

Biplane RT3DE
End-diastole and end-systole were chosen in a manner similar to that
used in 2DE, and EDV and ESV were determined by disk summation
(4D Echoview version 5.3; TomTec Imaging Systems GmbH, Mu-
nich, Germany; Figure 1). The disk summation algorithm was chosen
to maintain consistency among biplane and CMR methods. The
method for biplane RT3DE is subject to GA and BT errors.

Multiplane RT3DE
The number of image planes from the three-dimensional data set was

Figure 2 Multiplane RT3DE method of calculation of end-diast
short-axis plane) taken from an apical RT3DE data set. The sho
prescribed from the acquired RT3DE data set. Therefore, a tota
intersection of orthogonal long-axis and short-axis image plane
plane) taken from an apical RT3DE data set. The short-axis ima
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increased to generate 4, 6, and 8 apical images (4D Echoview version
5.3). End-diastole and end-systole were chosen in a manner similar to
that used in 2DE, and volumes and EF were determined using 4, 6,
and 8 planes (Figure 2) from an apical rotation surface approximation
algorithm.17 Multiplane RT3DE is subject to variable GA error and
BT error.

Voxel-Based RT3DE
An offline three-dimensional voxel-based algorithm (4D LV analysis
version 2.0; TomTec Imaging Systems) was applied to the 3-dimen-
sional data set after minimizing the effects of apical foreshortening by
the selection of planes with the maximum LV long axis. End-diastole
and end-systole were automatically defined on 3 equidistant apical
planes, and manual tracings of 3 end-diastolic and end-systolic con-

volume. (A) Three orthogonal planes (2 long-axis planes and 1
xis image indicates that 4 equidistant apical planes have been
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rithm. On the basis of expansion and rotation of the initial operator-
provided contours, a dynamic expanding balloon model was created
that detected the endocardial surface continuously from the three-
dimensional voxel data set without data interpolation, and the vol-
ume was computed by surface approximation (Figure 3, Video).17

Voxel RT3DE is subject to BT error alone.

CMR
CMR was performed on a 1.5-T system (Siemens Medical Solutions,
Erlangen, Germany). The short axis of the left ventricle was defined,
and electrocardiographically gated breath-hold segmented k-space
true fast imaging with steady-state precession images were obtained
over the cardiac cycle from the LV apex to above the mitral valve
plane using standard parameters (matrix size, 128 � 256; field of
view, 31-38 cm; slice thickness, 8 mm; temporal resolution, 40 ms).
Basal slices that were fully bounded by visible myocardium were
completely included as part of the LV cavity volume. In slices
demonstrating both tissue and blood pool, tissue (ventricular or atrial
myocardium and valves) was carefully excluded from the blood pool,
except for the papillary muscles, which by convention were consid-
ered part of the blood pool; only the intracavitary blood pool was
used to determine LV volume. Slices that did not contain any visible
myocardium (ie, left atrium, base of mitral valve, and aortic compo-
nents only) were excluded from the LV cavity volume. Image analysis
was performed usingMEDISMass software (MEDISMedical Imaging
Systems, Leiden, The Netherlands). Slice volumes were determined
as the product of slice thickness and cavity area, and LV volume was

Figure 3 Voxel-based RT3DE method of calculation of end-
diastolic volume. Orthogonal planes taken from the apical
RT3DE data set are displayed in the top left, top right, and
bottom left panels. The endocardial boundaries are generated
from a semiautomated voxel-based endocardial border–track-
ing algorithm. The resulting end-diastolic volumetric cast of the
left ventricle is displayed in the bottom right panel. View
video clip online. Color figure online.
determined by disk summation.
Statistical Analysis
RT3DE and 2DE were compared with CMR using Pearson’s corre-
lation, linear regression, Bland-Altman analysis, and analysis of vari-
ance. The root mean square (RMS) percentage error associated with
each echocardiographic method (2DE, biplane RT3DE, multiplane
RT3DE, and voxel-based RT3DE) relative to the CMR reference
method is given by the formula

��1
n �X � Xt�2 ⁄ n � 1

Xt

where X is the echocardiographic LV volume or EF, Xt is the
corresponding CMR LV volume and EF, X� t is the average of CMR
volume and EF values, and n � 35. The RMS error on 2DE relative
to CMR is equal to the sum of IP, GA, and BT errors. The RMS error
on biplane RT3DE relative to CMR is equal to the sum of GA and BT
errors. The RMS error on voxel-based RT3DE relative to CMR is
equal to the BT error. By solving simultaneous equations, IP, GA, and
BT errors can each be expressed as an RMS error relative to CMR.
The absolute total RMS error is defined as the sum of IP, GA, and BT
errors. Relative RMS error due to IP, GA, and BT can then be
expressed as a percentage of the absolute total RMS error.

RESULTS

The post-MI group consisted of 28 patients with hypertension, 13
with mild mitral regurgitation, 6 with moderate mitral regurgitation,
1 with moderate aortic stenosis, 2 with severe aortic stenosis, and 6
with mild aortic regurgitation. The wall motion abnormalities noted in
the post-MI group were anterior (n � 9), inferior (n � 11), and
multiple (n � 14). The mean EDV, ESV, and EF on CMR were
213.6 � 65.7 mL, 141.8 � 69.2 mL, and 37.4 � 15.9%,
respectively. The corresponding values for the normal controls
were 130.3 � 28.3 mL, 54.5 � 15.4 mL, and 58.4 � 6.2%.

In normal controls and patients with MIs, LV volumes and EF
obtained on 2DE and biplane RT3DE were significantly different
from those obtained on CMR by analysis of variance, whereas
voxel-based RT3DE did not differ from CMR. LV volumes and EF by
echocardiographic methods were compared with corresponding
CMR values for normal controls (Table 1) and patients with MIs
(Table 2). The P values in Tables 1 and 2 refer to linear regression
analysis of each echocardiographic method with CMR. The small P
values indicate that all methods were statistically significantly corre-
lated with CMR, but with differing absolute error as measured by the
RMS percentage. For all patients, the volumes on RT3DE had better
correlation, less bias, and less underestimation than on 2DE. In
patients with MIs, a progressive increase in the number of image
planes from 2 to 4 equidistant planes yielded 4-fold and 3-fold
decreases in EDV underestimation (�39.5 vs 10.1 mL) and ESV
underestimation (�32.3 vs �11.3 mL), respectively. There was a
negligible difference in the EF. With a progressive increase in the
number of image planes from 4 planes to voxel-based RT3DE, there
was a decrease in EDV and ESV underestimation from �10.1 to
�4.8 mL and from �11.3 to �4.3 mL, respectively. The EF overes-
timation decreased from 1.7% to a negligible value. Absolute RMS
percentage error also progressively decreased with an increasing
number of image planes. Similar results were obtained for LV volume
and EF analysis in normal controls.

In normal controls, IP, GA, and BT errors contributed 58.3%,

33.3%, and 8.3%, respectively, to the total error for EDV quantita-
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tion; 52.0%, 29.0%, and 19.0%, respectively, to the total error for
ESV quantitation; and 48%, 19%, and 33%, respectively, to the total
error for EF quantitation (Table 3).

In contrast, in patients with MIs, IP, GA, and BT errors contributed
33.3%, 42.4%, and 24.2%, respectively, to the total error for EDV
quantitation; 29.0%, 44.0%, and 27.0%, respectively, to the total
error for ESV quantitation; and 19.0%, 15.0%, and 67.0%, respec-
tively, to the total error for EF quantitation (Table 3).

DISCUSSION

This study demonstrates that both absolute and relative sources of
error associated with LV volume and EF estimation on 2DE vary
depending on patient population characteristics. The dominant
source of error for volume computation in patients with MIs is GA
error, whereas IP error predominates in normal controls. These novel
results confirm our primary hypothesis.

Errors Pertaining to Assumptions About Image Plane Position
Conventional 2DE does not register the spatial relationships among
sequentially acquired images. Operators rely solely on image content
and knowledge of cardiac anatomy to select the correct IP. Prior
three-dimensional work showed that approximately 50% of 2-di-
mensional echocardiographic views by experienced sonographers are
not optimally positioned with respect to displacement and angula-
tion.1 Specifically, only 12% of apical 4-chamber and 2-chamber
views were orthogonal.1

IP error is calculated by comparing apical biplane 2DE with
biplane RT3DE. Although both methods are subject to GA and BT

Table 1 Comparison of echocardiographic methods with cardi

Variable 2DE Biplane RT3DE

EDV
Mean (mL) 91.5 � 20.9 115.0 � 22.6
r 0.50 0.93
SEE (mL) 14.7 6.8
P .002 �.0001
RMS percentage error 36 15
Bias (mL) �38.8 �15.3
Width of limits of agreement �89.4 to 11.7 �37.7 to 7.1

ESV
Mean (mL) 30.0 � 9.7 43.7 � 10.7
r 0.53 0.87
SEE (mL) 5.1 3.4
P .001 �.0001
RMS percentage error 52 25
Bias (mL) �24.6 �10.9
Width of limits of agreement �50.7 to 1.5 �27.3 to 5.4

EF
Mean (mL) 67.5 � 6.6 61.8 � 40.3
r 0.23 0.66
SEE (mL) 10.4 7.7
P �.0001 �.0001
RMS percentage error 21 11
Bias (mL) 9.1 3.4
Width of limits of agreement �6.6 to 24.8 �6.8 to 13.7

EDV, End-diastolic volume; EF, ejection fraction; ESV, end-systolic
echocardiography; SEE, standard error of estimation; 2DE, two-dimen
errors, 2DE is also subject to IP error, whereas biplane RT3DE is
not. Correcting the IP error resulted in approximately a 2-fold
decrease in volume underestimation, because biplane RT3DE
ensures that (1) the apical images are orthogonal, allowing uniform
LV sampling with as few as 2 planes, and (2) apical foreshortening is
minimized. Although previous studies14-16 have discussed potential
sources or error and quantified bias and variability, the relative
contribution of different sources of error has not been previously
measured.

Nosir et al18 measured the average angle between unguided apical
4-chamber and 2-chamber views to be 63° and that between apical
4-chamber and apical long-axis views to be 99°. They further com-
pared biplane volumes on 2DE from the former pair of apical views
and the latter pair of apical views with that of 3-dimensional echo-
cardiography. An improved correlation, less underestimation, and
better observer variability were noted if the apical long-axis view was
used instead of the apical 2-chamber view in conjunction with the
apical 4-chamber view, suggesting that better results may be obtained
when orthogonality criteria are satisfied.

Improper IP during standard 2DE also results in apical foreshort-
ening, even in experienced hands. Erbel et al2 showed that 95% of
apical 2-chamber views were displaced anteriorly and superiorly to
the apex, resulting in foreshortening of the left ventricle. Jacobs et al14

also noted that the LV long axis and hence volumes for images on
biplane RT3DE were greater than that obtained by standard biplane
2DE.

Errors Pertaining to Assumptions About LV Geometry
GAs are necessary in estimating LV volume on 2DE because of the
lack of three-dimensional spatial registration of images. Because

agnetic resonance imaging in normal subjects (n � 35)

Multiplane RT3DE

4 planes 6 planes 8 planes Voxelbased RT3DE

3.5 � 26.5 124.8 � 26.1 129.1 � 26.7 131.4 � 28.9
0.97 0.98 0.99 0.99
6.2 3.7 3.5 2.5
�.0001 �.0001 �.0001 �.0001
7 6 4 3

�6.8 �5.6 �1.2 1.0
9.8 to 6.1 �16.5 to 5.3 �10.9 to 8.5 �5.2 to 7.3

8.7 � 13.7 48.7 � 13.8 51.1 � 11.9 52.5 � 13.6
0.89 0.89 0.95 0.95
3.9 4.0 2.4 2.6
�.0001 �.0001 �.0001 �.0001

17 16 12 10
�5.9 �4.9 �3.5 �2.2
0.0 to 8.2 �18.9 to 9.1 �14.8 to 7.8 �11.7 to 7.4

0.8 � 6.3 60.4 � 6.3 60.5 � 5.2 60.1 � 6.0
0.61 0.60 0.79 0.84
8.0 8.1 5.2 5.3
�.0001 �.0001 �.0001 �.0001

10 10 8 7
2.5 2.0 2.1 1.7

8.4 to 13.3 �9.1 to 13.1 �5.5 to 9.7 �5.2 to 8.6

me; RMS, root mean square; RT3DE, real-time three-dimensional
l echocardiography.
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planes is impossible, several geometric models based on a truncated
ellipsoid shape have been devised. This study suggests that error due
to incorrect GA is proportionally more important than other sources
of error in post-MI ventricles. These results were supported in a study

Table 2 Comparison of echocardiographic methods with cardi
infarctions (n � 34)

Variable 2DE Biplane RT3DE

EDV
Mean (mL) 155.8 � 55.4 174.1 � 57.3
r 0.79 0.94
SEE (mL) 20.3 12.0
P �.0001 �.0001
RMS percentage error 33 22
Bias (mL) �57.7 39.5
Width of limits of agreement �138.7 to 23.3 �86.8 to 7.8

ESV
Mean (mL) 96.4 � 51.2 109.6 � 53.4
r 0.86 0.94
SEE (mL) 10.3 7.1
P �.0001 �.0001
RMS percentage error 41 29
Bias (mL) �45.5 32.3
Width of limits of agreement �117.9 to 27.0 �84.5 to 19.9

EF
Mean (mL) 42.0 � 17.4 40.7 � 14.0
r 0.86 0.87
SEE (mL) 4.0 3.3
P �.0001 �.0001
RMS percentage error 27 22
Bias (mL) 4.6 2.5
Width of limits of agreement �13.3 to 22.5 �12.9 to 17.9

EDV, End-diastolic volume; EF, ejection fraction; ESV, end-systolic
echocardiography; SEE, standard error of estimation; 2DE, two-dimen

Table 3 Absolute and relative errors

Absolute error Relative error

Error source
Normal
controls

Patients
with MIs

Normal
controls

Patients
with MIs

EDV
IP 21 11 58.3 33.3
GA 12 14 33.3 42.4
BT 3 8 8.3 24.2
Total 36 33 99.9 99.9

ESV
IP 27 12 52 29
GA 15 18 29 44
BT 10 11 19 27
Total 52 41 100 100

EF
IP 10 5 48 19
GA 4 4 19 15
BT 7 18 33 67
Total 21 27 100 101

BT, Border tracing; EDV, end-diastolic volume; EF, ejection fraction;
ESV, end-systolic volume; GA, geometric assumption; IP, image posi-
tion.
by Wyatt et al19 in which an in vitro comparison of symmetric
ventricles revealed a mean percentage error of 6% to 31%, whereas
asymmetric ventricles showed higher mean percentage errors (52%-
54%). The absolute RMS percentage errors of volumes in our study
were lower, ranging from 12% to 18%. The reason for the difference
is that whereas in this study, the contributions of IP error and GA
error were isolated, earlier studies using 2DE reported only a combi-
nation of the two. Buck et al20 correlated various single-plane and
biplane 2-dimensional echocardiographic LV volume algorithms
against a mechanical 3-dimensional scanner using in vitro asymmetric
aneurysmal model hearts. The worst correlation and highest under-
estimation were found between single-plane and biplane 2DE and
three-dimensional echocardiography.

Effect of the Number of Image Planes on Volume
Underestimation
This study showed better correlation and less volume underestima-
tion on RT3DE compared with 2DE, regardless of the number of
image planes analyzed. Progressively increasing the number of image
planes on RT3DE from biplane RT3DE to that of a full-volume,
voxel-based method resulted in a 4-fold decrease in volume under-
estimation for both subgroups, thus confirming the second hypothe-
sis. These results are consistent with prior validations of 3-dimen-
sional echocardiography with CMR.7,13-16,21 The degree of volume
underestimation in normal controls is similar to that noted by Jacobs
et al.14 However, underestimation is higher in patients with MIs.
Others have also shown that increasing the number of planes ana-
lyzed is associated with increased accuracy in LV quantita-
tion.11,16,22,23 Gutierrez-Chico et al13 found that 8 planes produced

agnetic resonance imaging in patients with myocardial

Multiplane RT3DE

4 planes 6 planes 8 planes Voxelbased RT3DE

3.4 � 65.3 203.6 � 64.6 206.7 � 67.5 208.8 � 68.2
0.95 0.96 0.97 0.97

11.7 11.3 10.5 10.1
�.0001 �.0001 �.0001 �.0001

10 10 9 8
10.1 �9.9 �6.8 �4.8

9.8 to 29.6 48.6 to 28.6 �41.6 to 28.0 �38.1 to 28.5

0.6 � 63.4 131.6 � 62.7 134.2 � 65.7 137.5 � 67.4
0.97 0.97 0.97 0.97
6.2 6.2 6.1 6.0
�.0001 �.0001 �.0001 �.0001

15 15 13 11
11.3 �10.2 �7.6 �4.3

6.5 to 23.9 �46.0 to 25.5 �40.3 to 24.9 �35.3 to 26.7

9.1 � 14.4 38.5 � 14.2 38.5 � 14.3 37.5 � 14.4
0.89 0.89 0.90 0.90
2.9 2.9 2.8 2.8
�.0001 �.0001 �.0001 �.0001

20 20 19 18
1.7 1.1 1.1 0.08

2.9 to 16.2 �13.5 to 15.7 �12.8 to 14.9 �13.6 to 13.8

me; RMS, root mean square; RT3DE, real-time three-dimensional
l echocardiography.
ac m

20

�
�7

13

�
�4

3

�1

volu
the least underestimation in patients with EDVs � 150 mL, while 4



996 Chukwu et al Journal of the American Society of Echocardiography
September 2008
planes were sufficient for patients with EDVs � 150 mL. Although
our results show that the best correlation and least underestimation
were noted with the full-volume three-dimensional voxel-based
method, the 4-plane model produced acceptable results for both
groups.

Errors in EF Estimation
Studies comparing mean differences between 2DE and CMR for EF
estimation have shown varying results, with mild overestima-
tion13,14,24 or underestimation.4 Although the mean differences
may be mild, inspection of the published data in full form shows
very wide confidence limits and very large individual errors.
Additionally, an increased interobserver variability of 2DE com-
pared with three-dimensional echocardiography and CMR in EF
estimation is present.4,13,14,21,24 Mild overestimation of EF by 2DE
compared with CMRwas noted in this study. Progressively increasing
the number of planes analyzed, culminating in voxel-based RT3DE,
reduced the bias to a negligible value, as Jacobs et al14 reported.
However, in contrast to their study, we have clarified the relative
contribution of each source of error to EF computation. The main
source of error in EF determination in normal controls was IP error,
whereas that in patients with MIs was BT error, which may be
explained by subtle differences in image quality between the 2
subject groups. Nevertheless, one third of the error was still attributed
to a combination of IP and GA errors in the post-MI cohort. To
reduce BT error, Caiani et al24 imaged subjects using RT3DE before
and after the infusion of intravenous contrast. RT3DE contrast
datasets showed larger biases for LV EDV, ESV, and EF compared
with non-contrast-enhanced datasets (�34 mL, �19 mL, and
�1.2% vs �5.7 mL, �4.0 mL, and 0%, respectively). This was
attributed to increased bubble destruction by the high line density
required for volumetric imaging, an effect that may be mitigated by a
dual-triggered acquisition approach.24

Study Limitations
Differences in temporal and spatial resolution among 2DE, RT3DE,
and CMRmay have contributed to a variable degree to the sources of
error. Although 2DE offers the best temporal resolution, that of
RT3DE is 15 to 18 volumes/s, or 55ms/frame, and that of CMR is 35
to 50 ms/frame, depending on the heart rate. Although CMR offers
the best spatial resolution and RT3DE the least spatial resolution,
image quality as assessed by American Society of Echocardiography
criteria25 was acceptable and did not warrant the use of echocardio-
graphic contrast. Reduced spatial resolution of transducers on RT3DE
may have resulted in the overestimation of the contribution of BT
error to the total error.

Differences in end-diastolic and end-systolic frame selection
among the imaging modalities may also have influenced the sources
of error, particularly in patients with MIs with severe intracardiac
dyssynchrony. The mechanism of video frame selection on 2DE,
biplane RT3DE, and multiplane RT3DE varies from that of voxel-
based RT3DE and CMR. End-diastolic frame selection is similar for all
methods and is based on the detection of the upslope of the R-wave
electrocardiographically triggered signal. However, end-systole was
based on the smallest cavity size by 2DE, biplane RT3DE, and
multiplane RT3DE. Voxel-based RT3DE used an automatic detection
of the smallest cavity volume, whereas the CMR method used the
first frame showing the aortic valve in the closed position as the
end-systolic frame.

Minor differences exist between the disk summation algorithms

used for volume quantitation on 2DE, biplane RT3DE, and CMR; the
apical rotation algorithm used for multiplane RT3DE; and the voxel-
based border-tracking algorithm used for voxel-based RT3DE. In
addition, the imaging planes were equiangular only for the biplane,
4-plane, and 8-plane methods, but not for 6-plane RT3DE because of
software constraints.

CONCLUSIONS

IP error predominated in LV volume quantification on 2DE in normal
controls, whereas GA error predominated in patients with MIs. The
underestimation of volumes on 2DEmay be overcome by increasing the
number of imaging planes on RT3DE. Although 4 equidistant image
planes produced acceptable results in normal controls and patients with
MIs, the best results were achieved with voxel-based RT3DE. For EF
estimation, IP error predominated in normal controls, whereas BT error
predominated in patients with MIs. Nevertheless, one third of the EF
estimation error in patients withMIs was due to a combination of IP and
GA errors, both of which may be addressed by RT3DE.
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