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Introduction: Measurement of left and right atrial size is
important for the management of arrhythmias, valvular
and congenital heart disease. We have demonstrated that
freehand three-dimensional (3D) echocardiography is more
accurate and reproducible than two-dimensional (2D)
echocardiography for measurement of left ventricular mass
and volume. However, no prior study has validated the
accuracy of freehand 3D for the determination of left or
right atrial volume

Methods: End-systolic (maximum) left and right atrial
volumes were determined in 21 volunteer patients and
normal subjects by one, two, and freehand 3D trans-
thoracic echocardiography and compared to volumes
obtained by gradient recalled magnetic resonance imaging.
Three-dimensional echocardiographic determination of
atrial volume was obtained using an acoustic spatial
locator, a line-of-intersection display, and a surface recon-
struction algorithm. Two-dimensional echocardiographic
atrial volumes were obtained from apical biplane images of
the left atrium and an apical single plane image of the right
atrium using a summation of disks method. One-
dimensional (1D) estimates of left atrial volume were
determined by cubing the M-mode 1D antero-posterior
dimension obtained on the parasternal long axis view.

Results: An excellent correlation was obtained between
freehand 3D echocardiography and magnetic resonance
1525-2167/00/010055+11 $35.00/0
imaging (MRI) for the left atrium (r=0·90, SEE=9·6 ml)
and for the right atrium (r=0·91, SEE=8·8 ml) with a small
bias (left atrium 5·25 ml, right atrium 12·06 ml) and narrow
limits of agreement (left atrium 22·14 ml, right atrium
25·54 ml). Two-dimensional echocardiography correlated
less well (left atrium r=0·87, SEE=10·23 ml, right atrium
r=0·79, SEE=19·74 ml), and had a higher bias (left atrium
14·46 ml, right atrium 8·99 ml) and larger limits of agree-
ment (left atrium 24·37 ml, right atrium 41·16 ml). One-
dimensional estimates of left atrial volume correlated
poorly with magnetic resonance determined left atrial
volume (r=0·80, SEE=6·61 ml) and had unacceptably high
bias (45·09 ml) and limits of agreement (35·52 ml). Inter-
observer variability was lowest for 3D echocardiography
(left atrium 7·2 ml, 11%, right atrium 8·7 ml, 16%).

Conclusions: Freehand 3D echocardiography using the
line of intersection display for guidance of image position-
ing and a polyhedral surface reconstruction algorithm is a
valid, accurate, reproducible method for determining left
and right atrial volume in humans that is comparable to
magnetic resonance imaging and is superior to current 1D
and 2D echocardiographic techniques.
(Eur J Echocardiography 2000; 1: 55–65)
� 2000 The European Society of Cardiology
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Introduction
Measurement of left and right atrial size is clinically
relevant and useful for the management of arrhythmias,
valvular and congenital heart disease[1–4]. For decades
the standard 12-lead electrocardiogram or a chest radio-
graph (with or without a barium swallow) has been used
to gauge the presence of left or right atrial enlarge-
ment[5]. These methods, however, are qualitative and
imprecise. Electron beam computed tomography and
magnetic resonance imaging (MRI) have been used to
*Address for correspondence: Donald L. King, 19 Searles Road,
Darien, CT. 06820, U.S.A.
� 2000 The European Society of Cardiology
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measure left and right atrial volume and may represent
the current standard[6–10]. However, the former may
expose the patient to high doses of ionizing radiation.
Neither technique is portable, and both are expensive
and may require administration of an intravenous con-
trast agent. For these reasons, despite their accuracy,
neither technique is well suited for routine serial
determination of atrial volumes.

Echocardiography is used extensively to evaluate
atrial size because it is relatively inexpensive, widely
available, portable, non-invasive, acceptable to patients
and easily repeatable for serial measurements. Current
techniques for echocardiographic atrial volume determi-
nation are limited in their accuracy and reproducibility.
The one-dimensional (1D) technique is not standardized
and is subject to image positioning and operator
measurement errors[11]. Furthermore, the antero-
posterior measurement does not relate linearly to atrial
volume[12].

The two-dimensional (2D) measurement techniques
use either a single or a pair of apical views of the atrium
from which atrial volume is calculated using either a
summation of disks algorithm or the area-length
method. However, errors due to geometric assumptions,
image plane positioning or inadequate sampling
may result in errors of volume calculation with these
techniques[13,14].

Three-dimensional (3D) echocardiography overcomes
these limitations. Our laboratory and others have dem-
onstrated that 3D echocardiography typically achieves a
two- to three-fold improvement in accuracy and repro-
ducibility measuring of left ventricular volume, mass and
ejection fraction[11,15,16–19]. Therefore, we hypothesized
that 3D echocardiography would also be an accurate,
reproducible and valid technique for determination of
left and right atrial volume, and would be more accurate
than conventional 1D and 2D methods when compared
to MRI as a standard. To test this hypothesis, and to
determine the relative advantage of 3D echocardiogra-
phy over conventional echo methods, we compared 1D,
2D and 3D echocardiographic methods of atrial volume
measurement to atrial volumes determined by MRI in a
group of normal subjects and patients.
 2023
Methods

Subjects
This research protocol was approved by the Institutional
Review Board. All subjects were voluntary participants
and gave written informed consent before entry into the
study. Subjects included normal volunteers and patients.
Subjects were screened for good quality echocardio-
graphic studies and for contraindications to MRI.
Three-dimensional Echocardiography

Instrumentation

The components, operation and major features of our
freehand 3D echocardiographic system (FreeScan�, K3
Eur J Echocardiography, Vol. 1, issue 1, March 2000
Systems Inc., Darien, CT, U.S.A.) have been previously
reported[20]. Briefly, the 3D echocardiography scanner
consists of a real time 2D scanner (Model 77035A,
Hewlett Packard) linked to an acoustic 3D spatial
locator (Model GP 8-3D, GTCO Corporation,
Columbia, MD, U.S.A.) that associates 3D spatial co-
ordinates of an external coordinate system with each
image. The real-time images and spatial co-ordinates are
transmitted to a computer that controls the system
operation, creates the line of intersection display, and
provides a means for subsequent 3D analysis of acquired
data.

All examinations were performed in the left lateral
decubitus position and were of minimal technical diffi-
culty. Images were acquired at end-expiration using a
defined 3D echocardiographic image acquisition proto-
col. If significant patient motion occurred during image
acquisition, the data set was discarded and the pro-
cedure repeated. Total time required for acquisition of
right and left atrial data sets by 3D echocardiography
was approximately 20 mins per subject.

Acquisition and Analysis of Left Atrial Volume

Left atrial volumes were determined as follows. A par-
asternal long axis image was obtained from the third or
fourth intercostal space by orienting the transducer to
maximize left atrial size between the tips of the mitral
valve leaflets and the superior left atrial wall (Fig. 1A).
A 16-frame cine loop was then acquired. The cine loop
was then advanced to the end systolic frame (largest
atrial volume just prior to the initial opening of the
mitral valve leaflets), and that frame was used as a
reference image to guide subsequent short axis imaging.
Five to eight non-parallel, non-intersecting short axis
real-time data image loops approximately perpendicular
to the reference image plane were then obtained span-
ning the atrium from the coaptation point of the mitral
valve to the superior wall (Fig. 1B). Positioning of these
short axis data images relied upon the line of inter-
section display to ensure adequate sampling and that
the image planes did not intersect within the atrial cavity
(a prerequisite of the reconstruction algorithm).

The end systolic images were then independently
selected from each short axis cine loop and traced
off-line by two observers blinded to each other and the
results of MRI (Fig. 1B). Atrial volumes were automati-
cally computed from these traced boundaries using the
polyhedral surface reconstruction algorithm described
below. The average of both observers was taken as the
final value for comparison to MRI. Conventions for
boundary tracing were to trace on the white side of the
atrial black-white boundary. To aid in the determination
of the boundary (especially in areas prone to signal
drop-out) the images were viewed as a cine loop just
prior to outlining. The first image through the mitral
leaflets was drawn as a small circle located at the centre
of the mitral valve coaptation point. The last, superior
slice was drawn as a small circle located in the centre of
the superior wall of the atrium in order to exclude the
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confluence of pulmonary veins. The contribution to
atrial volume of the atrial appendage was excluded by
tracing the atrial margins across the orifice of the
appendage (Fig. 1B).

Acquisition and Analysis of Right Atrial Volume

Right atrial volumes were determined as follows. A
single reference, parasternal long axis right ventricular
inflow image was obtained to maximize right atrial size
between the tips of the tricuspid valve leaflets and the
posterior right atrial wall (Fig. 2A). The reference image
was then advanced to the end systolic frame. Five to
eight non-parallel short axis data cine loops perpendicu-
lar to the reference image plane were then obtained
spanning the right atrium from the postero-inferior wall
to the antero-superior wall (Fig. 2B). Atrial volume was
then determined using the same tracing and analysis
technique described for the left atrium.

The 3D Echocardiographic Polyhedral Surface
Reconstruction Algorithm

The volume of the atria were computed from the traced
boundaries obtained from the series of five to eight
cross-sectional images using a polyhedral surface re-
construction algorithm[21]. The traced boundary of each
cross-section was automatically divided into 180 co-
ordinate points by interpolation. The surface between
two adjacent slices was reconstructed by using pairs of
triangular ‘tiles’. Each tile was defined between two
consecutive co-ordinate points on the same boundary
and a single point on an adjacent boundary. Hence,
there were 360 triangles approximating the surface area
between adjacent cross-sections. To compute volume, a
centroid was automatically defined for each slice, and
vectors were formed connecting the centroids and pairs
of surface triangles, forming a solid sector or wedge.
Each wedge was then decomposed into three tetra-
hedrons. Thus, the volume between two slices was
decomposed into 180�3=540 tetrahedrons. The
volumes of all tetrahedrons were summed to yield the
total volume of each atrium.
Conventional 2D and 1D Echocardiography

Two-dimensional echocardiographic imaging was per-
formed using the same conventional real-time 2D scan-
ner (model 77035A, Hewlett Packard) with a 2·5 MHz
transducer. Apical two and four chamber views, along
with a parasternal long axis view centred on the base of
the heart were obtained and recorded on video tape.
Images were analysed off-line using a CineView work-
station (TomTec-Prism Imaging Inc.). Left atrial volume
was determined by 2D echocardiography using a biplane
summation of disks method from the two apical
views[12]. The left atrial boundary was traced, using the
mitral valve surface as the inferior boundary, from the
end-systolic image displaying the largest atrial size just
prior to the mitral valve opening.

One-dimensional estimates of left atrial volume were
obtained from a conventional parasternal long axis
image. The image with the largest left atrial size was
determined (just prior to the mitral valve opening) and
displayed. An antero-posterior line was drawn perpen-
dicular to the long axis of the atrium such that the length
of the line was the maximum distance between the
anterior and posterior walls of the left atrium just under
the aortic root. The volume of the atrium was estimated
Figure 1. (A) A typical parasternal long axis reference image used for 3D echocardiography data acquisition of the
left atrium. The reference image with the line of intersection display at end-systole demonstrates the location of the
orthogonal short axis images used to determine left atrial volume. These short axis data images were acquired so as
to span the left atrium from the tips of the mitral valve leaflets to the superior atrial wall. (B) A representative
orthogonal data image obtained relatively perpendicular to the reference image. This figure demonstrates how the
atrial surface is traced on the white portion of the black–white interface ignoring the boundaries of the atrial
appendage.
Eur J Echocardiography, Vol. 1, issue 1, March 2000
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from this 1D measurement using the formula for a
sphere and the length of the line as twice the radius.

Right atrial volume was determined from the single
four chamber 2D image using a single plane summation
of disks method[22]. The right atrium was traced in the
same manner as described for the left atrium.
Magnetic Resonance Imaging

Data Set Acquisition

Each subject underwent MRI within 1 h of echocardio-
graphic imaging using a 1·5T General Electric Signa
Version 4 imaging system (GE Medical). Subjects were
connected to a telemetered electrocardiographic (ECG)
gating system with respiratory compensation and then
placed on an imaging table in a 30� left lateral decubitus
Eur J Echocardiography, Vol. 1, issue 1, March 2000
position (left shoulder down). Three sets of H1 images
were obtained: an initial ‘scout’ series, a long axis
‘localization’ series, and a final short axis oblique ‘data’
series. The scout series was obtained using a non-gated
fast spin echo sequence with a time to echo (TE) of 13 ms,
a time to repetition (TR) of 2500 ms, a 36 cm field of view
(FOV), and a 10 mm slice thickness. Seven images were
acquired in this fashion into a 192 by 252 matrix using two
averages. The scout series was parallel to the table-top
and was used to confirm the proper vertical placement of
the subject in the bore of the magnet. Imaging time was
approximately 2 min for this series.

The second long axis localization series consisted of a
set of gated images also obtained parallel to the table-
top to display the long axis of the heart. This series was
acquired using a gradient recalled acquisition in steady
state (GRASS) with a flip angle of 30�, a TE of 14 ms, a
Figure 2. (A) A typical parasternal long axis right ventricular inflow reference image used for 3D echocardiography
data acquisition of the right atrium. The reference image at end-systole encompasses the right atrium from the
inferior (tricuspid valve) surface to the superior aspect. (B) The line of intersection display is overlaid on the same
reference image shown in (A) displaying the position of the orthogonal short axis data images used to determine
right atrial volume. (C) A representative orthogonal short axis data image of the right atria demonstrating how the
atrial boundary was traced.
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TR of 29 ms, a 32 cm FOV, a 10 mm slice thickness and
a 1 mm slice gap. Images were acquired into a 128 by
256 matrix using one acquisition and 16 cardiac phases.
Time for this long axis localization series ranged from 5
to 10 min depending on heart rate. The localizing long
axis image that displayed the largest long axis image of
the heart (the atrio-ventricular axis) was selected, and
advanced to the end systolic frame in which the atrial
size was maximized. This image was used to establish the
orientation of the final set of data images, an oblique
short axis series approximately orthogonal to the
cardiac long axis spanning the atria from below the AV
ring to above the superior pole of the atria. This final
data series was obtained using a cine GRASS protocol
with a 30� flip angle, a TE of 14 ms, a TR of 30 ms, a
FOV of 32 cm, a 7 mm slice thickness, and a 1 mm slice
gap. A total of 12 slice locations were usually chosen and
acquired into a 128 by 256 matrix using two averages, 16
phases per locations, and three locations per acquisition.
Imaging time for this series averaged 15 to 20 min
depending on heart rate.

Data Set Analysis

Image loops from the final oblique short axis data series
were displayed on an off-line analysis station (Advan-
tage Windows Workstation, GE Medical) for analysis.
The images demonstrating the largest atrial size at
end-systole were identified for each image position and
traced to determine atrial volume. The superior and
inferior boundaries of the atria were defined as follows.
The inferior (most apical) image was defined as that
containing the coronary sinus (Fig. 3). In the case where
more than one image loop demonstrated a portion of the
coronary sinus, the most superior image was used. The
same image loop was used to arbitrarily define the most
inferior location of the right atrium as well. Thus, atrial
volume calculated from MRI excluded a small volume
contained between the boundaries of the mitral or
tricuspid valve leaflets and the most inferior image.

The superior boundary of the atria was defined as the
image just after any portion of the atria was visualized.
In this fashion the superior pole of the left atrium was
arbitrarily defined as just below the confluence of pul-
monary veins. Using these landmarks, typically eight to
10 slices spanned the atria from the superior pole to the
inferior plane.

Atrial boundaries were traced excluding the atrial
appendages, the caval veins, and the pulmonary veins.
Each image volume was calculated from the traced
image area and the known image thickness, and summed
with an interpolated gap volume. The interpolated gap
volume was estimated by averaging the area of the
adjacent images and then multiplying the average by the
gap thickness. The image volumes were then summed to
determine the total atrial volume. Each image series was
outlined by two observers, neither having knowledge of
the results of the other observer or of the echocardio-
graphic results. Reported results represent the average of
these two observations.
Statistical Analysis

Values were compared between measurement techniques
using a simple linear regression[23]. Interobserver varia-
bility for selection of images and boundary tracing was
determined for each method using the following formula

Interobserver Variability=
√[�(x1�x2)2/n]/0·5(�x1/n+�x2/n)

Where x1=value from observer l, x2=value from ob-
server 2, and n=the number of observations. For the
Bland–Altman analysis, bias and variability were de-
fined by the mean and twice the standard deviation of
the differences between atrial volume by MRI and
volume determined by echocardiography.
Results

Subject Demographics

Of 33 subjects screened for echocardiographic image
quality, a total of 25 subjects were enrolled in this study.
The mean age was 47·4�12·9 (mean�SD). There were
15 males and 10 females. Eight were patients and 17
were normal volunteers. Of the 25 subjects, four were
unable to complete the MRI protocol due to claustro-
phobia and were excluded from the data analysis.
Comparison of 3D Echocardiography to
Magnetic Resonance Imaging

Left Atrium

The results of the linear regression analysis for left atrial
volumes comparing 3D echocardiography to MRI are
Figure 3. Representative MRI study demonstrating the
most inferior slice traced for the determination of atrial
volume. The coronary sinus was used to determine the
location of the fibrous atrio-ventricular skeleton that
was defined as the inferior margin of the atrium. The
atrial appendage was excluded from the atrial volume.
Eur J Echocardiography, Vol. 1, issue 1, March 2000
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shown in Table 1 and the left panel of Figure 4. The
correlation coefficient was 0·90, and the standard error
of the estimate was 9·6 ml. The Bland–Altman analysis
is presented in Table 2 and the left panel of Figure 5.
Bias was 5·25 ml and the limits of agreement (2SD) were
22·14 ml.
Eur J Echocardiography, Vol. 1, issue 1, March 2000
Right Atrium

The results of the linear regression analysis for right
atrial volumes comparing 3D echocardiography to MRI
are shown in Table 1 and Figure 6 (top left). The
correlation coefficient was 0·91 and the standard error of
the estimate was 8·78ml. The Bland–Altman analysis is
presented in Table 2 and Figure 6 (bottom left). Bias was
12·06ml and the limits of agreement (2SD) were
25·54 ml.
Comparison of 1D and 2D
Echocardiography to MRI

Left Atrium

The results of the linear regression analysis for left atrial
volumes comparing 1D echocardiography to MRI are
shown in Table 1 and the right panel of Figure 4. The
correlation coefficient was 0·80 and the standard error of
the estimate was 6·61 ml. The Bland-Altman analysis is
presented in Table 2 and the right panel of Figure 5. Bias
was 45·09 ml and the limits of agreement (2SD) were
35·52 ml.
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Figure 4. Three-panel figure demonstrating the results of a linear regression analysis of left atrial volume measured
by 3D, 2D and 1D echocardiography (left, centre and right, respectively) when compared to left atrial volume
determined from MRI. Each regression depicts the regression line as well as the 95% confidence intervals for the
regression. The equation for the regression, the correlation coefficient, and the standard error for each regression are
shown in Table 1. Three-dimensional echocardiography related best to MRI measurements.
Table 1. Comparison of echocardiography to MRI: regression analysis.

r SEE (ml) P Regression equation

Left atrium
3D Echo 0·90 9·600 <0·0001 3D=10·5+(0·76) MRI
2D Echo 0·870 10·230 <0·0001 2D=4·25+(0·72) MRI
1D Echo 0·80 6·610 <0·0001 1D=0·88+(0·34) MRI

Right atrium
3D Echo 0·91 8·780 <0·0001 3D=9·93+(0·68) MRI
2D Echo 0·790 19·740 <0·0001 2D= �1·6+(0·90) MRI

r=correlation coefficient for the regression; SEE=standard error for the regression; P=probability.
Table 2. Comparison of echocardiography to MRI:
Bland–Altman analysis.

Bias (ml) Limits of
agreement (ml)

Left atrium
3D Echo 5·250 22·140
2D Echo 14·460 24·370
1D Echo 45·090 35·520

Right atrium
3D Echo 12·060 25·540
2D Echo 8·990 41·160

Bias=VolumeMRI — VolumeECHO; limits of agreement=two
standard deviations of bias.
Other abbreviations are defined in Table 1.



Atrial Volume by 3D Echocardiography 61

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjcim

aging/article/1/1/55/2366701 by g
The results of the linear regression analysis for left
atrial volumes comparing 2D echocardiography to MRI
are shown in Table 1 and the centre panel of Figure 4.
The correlation coefficient was 0·87 and the standard
error of the estimate was 10·23 ml. The Bland–Altman
analysis is presented in Table 2 and the centre panel of
Figure 5. Bias was 14·46 ml and the limits of agreement
(2SD) were 24·37 ml.

Right Atrium

The results of the linear regression analysis for right
atrial volumes comparing 2D echocardiography to MRI
are shown in Table 1 and Figure 6 (top right). The
correlation coefficient was 0·79 and the standard error of
the estimate was 19·74 ml. The Bland-Altman analysis is
presented in Table 2 and Figure 6 (bottom right). Bias
was 8·99 ml and the limits of agreement (2SD) were
41·16 ml.
 uest on 17 M

ay 2023
Interobserver Variability

Interobserver variability was determined for each
measurement by comparison of the blinded observers.
The results of the comparison are shown in Table 3.
Three-dimensional echocardiography had the lowest
interobserver variability for left and right atrial volume
determination of 7·2 and 8·7 ml, respectively. Inter-
observer variability for 2D echocardiography for the
left atrial volume was 22·3 ml. Interobserver variability
for 1D echocardiography for the left atrial volume
was 27·9 ml. Interobserver variability for MRI for the
left and right atrial volumes was 11·7 and 14·5 ml,
respectively.
Discussion

This investigation demonstrates that 3D echocardi-
ography is a valid, accurate, reproducible method for
measuring atrial volume that is comparable to MRI and
superior to current 1D and 2D echocardiographic tech-
niques. Three-dimensional echocardiography has the
highest correlation, lowest bias and limits of agreement,
and lowest interobserver variability of the echocardio-
graphic methods evaluated using MRI as a reference
standard. This is due, we believe, to eliminating the
use of geometric assumptions, reducing or eliminating
image positioning errors and to significantly increasing
sampling of the atrial boundaries.

In contrast, 2D echocardiography using apical biplane
images and a summation of disks algorithm assumes
that the two image planes are orthogonal and rotated
about a single central axis through the chamber. These
assumptions cannot be verified, and are not likely to be
achieved. We have previously demonstrated for the left
ventricle that the apical biplane views achieved optimal
positioning only 24% of the time[24]. Also, for each of the
summed disks only four boundary points are available
to define its size and shape. Thus, it automatically
becomes either oval or circular, and therefore may not
accurately define its true shape.

The 1D or M-mode echocardiography method of
estimating left atrial size is commonly used and widely
accepted because of its simplicity, historical precedent
and some clinical predictive value[1]. It assumes the
shape of the left atrial chamber to be spherical. Al-
though a single linear measurement relates to left atrial
volume (Fig. 4), it seriously underestimates volume
(Fig. 5). The high limits of agreement obtained in this
study for the single dimensional measurement indicates
not only its high technical variation, but also the wide
biological variation in the shape of the atrium.

Limitations of 3D Echocardiography

Positioning errors from the acoustic locator are effec-
tively eliminated by continuously checking the accuracy
of the locator data by calculating transmitter geometry
and rejecting acquisitions that do not conform[20]. The
polyhedral surface reconstruction algorithm slightly
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Figure 5. Three-panel figure demonstrating the results of a Bland–Altman analysis of left atrial volume measured by
3D, 2D and 1D echocardiography (left, centre, and right, respectively) when compared to left atrial volume
determined from MRI. The individual bias and limits of agreement are shown in Table 2. Three-dimensional
echocardiography had the lowest bias and limits of agreement when compared to 2D and 1D echocardiography.
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underestimates true volume of a chamber enclosed by a

convex surface, such as the atrial wall, by assuming
straight lines between surface points. However, the
underestimation of volume is insignificant as shown by
extensive previous validations[21,25]. To minimize this
underestimation, our system employs 180 points per
boundary to reconstruct the subtended volume.

Three-dimensional echocardiography requires ad-
ditional equipment and additional technician time for
data acquisition and analysis. The cost of the equipment
is comparatively small and should not be a barrier to its
use in appropriate settings. Proficiency performing and
analysing 3D echocardiographic examinations is gener-
ally attained by an experienced echocardiographer after
a training set of 30–50 examinations. The typical time
for acquisition of a 3D image data set of the atrium in
Eur J Echocardiography, Vol. 1, issue 1, March 2000
our laboratory is 6–10 min. Our success rate obtaining
an adequate data set is greater than 90%. The acquired
data set is analysed off-line by a technician tracing and
reconstructing the appropriate surfaces of the chambers
being studied. Typically, it takes an experienced tech-
nician about 1 min to trace each boundary. This time
includes loading, viewing the cine loop and tracing the
boundary. Thus, tracing a left atrial data set of eight
images requires approximately 8–10 min. Computation
time is a matter of seconds.

Magnetic Resonance Imaging as a Standard for Atrial
Volume Determination

The advantage of magnetic resonance imaging as a
standard is its ability to rapidly acquire thin, registered
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Figure 6. Four panel figure demonstrating the results of a linear regression analysis of right atrial volume measured
by 3D and 2D echocardiography (top left and top right, respectively) and the results of a Bland–Altman analysis of
right atrial volume measured by 3D and 2D echocardiography (bottom left and bottom right, respectively) when
compared to right atrial volume determined from MRI. The equation for the regression, the correlation coefficient,
and the standard error for each regression are detailed in Table 1. The individual bias and limits of agreement are
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parallel image planes of high spatial and temporal
resolution in vivo. Images may be acquired in a single
breath-hold. Left and right atrial volume measurements
made with MRI have been previously validated using an
excised heart cast model[9,10]. One limitation of MRI
using the GRASS sequence is generation of chamber
signal related to blood flow. Slow flowing or non-flowing
blood may generate tissue signal and misregister the
atrial wall as being inside the true atrial chamber. In this
study only clinically stable volunteers without atrial fib-
rillation or unusually large atria were chosen to reduce
the possibility of stagnant atrial blood flow and misreg-
istration of the atrial wall. Partial volume effect may also
result in misrepresentation of the chamber boundary,
especially near the superior borders of the atria where
boundary curvature is greatest. To minimize this effect,
we employed thin (7 mm) slices to span the atria.

Underestimation of Atrial Volume by Echocardiography

The current study demonstrates that echocardiography
systematically underestimates atrial volume as deter-
mined by magnetic resonance imaging (Table 2), al-
though this bias by 3D echocardiography is relatively
small (5·25 ml for the left atrium). Low lateral resolution
of the ultrasound beam and the gain dependent nature
of boundary echoes are likely to be the most important
sources of underestimation error by echocardiography.
Magnetic resonance imaging may overestimate atrial
volume by including the caval and pulmonary venous
confluence into the right and left atrial volumes, respect-
ively. Additionally, it is possible that a portion of the
appendage volume may have been included by MRI to a
greater degree than by echocardiography despite efforts
to exclude it. The inferior boundary of the atria, the
annular plane, also may have been incorrectly defined by
MRI in this study. We arbitrarily defined the annular
plane of the left atrium using the coronary sinus. This
structure was easily visualized on all MRI studies and is
anatomically adjacent to the atrio-ventricular fibrous
skeleton that defines the location of the posterior annu-
lar plane. The plane of the mitral annulus, however, may
not have coincided with the imaging plane, since the
former is not orthogonal to the long axis of the ventricle,
as is the latter. For the right atrium, the annulus was
arbitrarily defined at the same level as the left atrium.
This might have lead to either underestimation or over-
estimation of right atrial volume, depending on the
relative position of the MRI plane to the plane of the
tricuspid annulus.

Comparison to Other Investigations

Evaluating 2D echocardiography, Vandenberg et al.
compared 15 area length methods and a modified
Simpson’s rule technique for determining left atrial
volume to atrial volume determined by electron beam
computed tomography in 18 subjects[6]. In their study
the mean atrial volume was 92 ml (�48, standard
deviation), and the left atrial volume by Simpson’s rule
was 62 ml with a correlation coefficient of 0·94. Of the 15
area-length methods, only one (the 2/4-chamber area
plus 2-chamber minor length formula) yielded values
larger than those obtained by electron beam CT. These
authors also performed separate in vitro experiments
demonstrating no systematic over or underestimation of
volume by the electron beam technique. Kircher et al.
also used electron beam computed tomography to evalu-
ate left atrial volume measurements with echocardiogra-
phy[7]. In their study, left atrial volume was calculated
using a modification of Simpson’s rule. In those subjects
with atrial volumes under 300 ml the volumes correlated
well, but there also was a systematic underestimation of
volume by echocardiography. From these studies it can
be concluded that echocardiography using a Simpson’s
rule technique (and most other techniques) underesti-
mates atrial volume on the basis of errors inherent to
echocardiography rather than on errors resulting in
systematic overestimation by electron beam computed
tomography.

Evaluating the left atrium by 3D echocardiography
using apical views, Rodevan et al.[26] also demonstrated
an underestimation bias for all echocardiography tech-
niques. They showed only a slight improvement of
volume estimation by 3D echocardiography, citing poor
image quality of apical views as a possible explanation.
Table 3. Comparison of echocardiography to MRI: interobserver variability.

Mean volume
(ml)

Range
(ml)

Variability
(ml) %

MRI
Left atrium 67·0 25·3–109·7 11·700 17%
Right atrium 67·300 26·4–121·5 14·500 21%

3D Echo
Left atrium 62·8 22·6–98·2 7·200 11%
Right atrium 54·500 22·4–98·0 8·700 15%

2D Echo
Left atrium 56·0 21·0–98·8 22·300 39%
Right atrium 57·100 20·2–137·5

1D Echo
Left atrium 22·500 6·24–68·0 27·900 124%

Abbreviations are as defined in Table 1.
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Study Limitations

Three-dimensional echocardiography and MRI have
minor differences in the algorithms used for volume
computation. One difference involves the volume sub-
tended by the mitral or tricuspid valve leaflets and the
annulus. For echocardiography this volume was in-
cluded, but for MRI this volume was excluded since
neither the mitral or tricuspid valve were adequately
visualized in this study with the GRASS imaging se-
quence. This limitation was recognized at the outset of
the study; however, it would be expected to result in
an overestimation by echocardiography rather than an
underestimation of volume.

Another limitation of the study involves a gating
difference between the two techniques. Magnetic reso-
nance imaging was gated at approximately 45 ms inter-
vals, whereas 3D echocardiography image acquisition
occurred at 66 ms intervals. Atrial end-systolic frames
were deliberately chosen to match each other so that the
frame displaying the largest atrial area was selected.
However, differences in the end-systolic frames may
have led to the selection of images that may not have
been at a comparable phase of the cardiac cycle and may
have resulted in variation between the two techniques.

A major source of error common to all imaging
systems is the error related to boundary tracing. Bound-
ary tracing error is probably the major source of
echocardiographic error and overshadows any error
inherent in the acquisition and processing of data. For
echocardiography this error is caused primarily by im-
precise definition of the atrial wall boundary due to
relatively poor lateral resolution of the ultrasound beam
within and perpendicular to the image plane. In this
study we attempted to minimize this error by adjusting
the gain to the lowest level sufficient to define the border,
and by using non-parallel cross sections to select short
axis images optimized for acoustic windows and atrial
wall definition. For MRI boundary tracing errors are
predominately due to misregistration of signal from the
blood pool and due to the partial volume effect.
 17 M
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Conclusions

Freehand 3D echocardiography is a valid, accurate,
reproducible method for determination of atrial volume
that is comparable to MRI and is superior to current
1D- and 2D echocardiographic techniques. It is expected
to be of significant clinical value when accurate and
serially reproducible atrial volume measurements are
required. For example, it may have important clinical
use for determining the risk of atrial arrhythmias, for
evaluating progression of valvular or myocardial heart
disease, and for timing of surgical interventions. These
specific applications await further clinical studies.
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