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Abstract:
This study was designed to determine the ability and reliability of three-dimensional
(3D) transesophageal echocardiography (TEE) to assess geometry and size of left atrial
appendage (LAA). 3D-TEE may allow more accurate assessment of, and provide
additional information on, LAA morphology as compared to two-dimensional TEE.
Validation studies for LAA morphology data derived from 3D-TEE were performed
using 10 isolated porcine LAA specimens. Of enrolled 107 patients, 55 patients were
sinus rhythm (NSR), in whom 3D-TEE images were obtained from full-volume mode
imaging, and in 52 patients with atrial fibrillation (AF), zoom mode imaging was used.
We assessed LAA orifice area, depth, volume, and number of LAA lobes on
reconstructed 3D imaging. LA volume was calculated using 2D echocardiographic
imaging. In experimental studies, excellent correlations (R>0.90, and P<0.001) between
the measurements by full-volume or zoom mode imaging and reference data were
observed in all parameters. The LAA orifice long diameter was 29.7 ± 7.4 mm, short
diameter was 20.6 ± 5.9 mm, orifice area was 5.1 ± 2.5 cm2, LAA depth was 38.5 ± 8.2
mm, and volume was 9.2 ± 5.6 ml. The most frequent number of LAA lobes was 2
(n=52), followed by 3 (n=28), 1 (n=18), and 4 (n=3). LA volume weakly correlated with
LAA orifice long diameter (R=0.33, P=0.001), short diameter (R=0.40, P<0.001), area
(R=0.39, P<0.001), LAA depth (R=0.21, P=0.03), and volume (R=0.36, P=0.001).
3D-TEE is a reliable modality to evaluate LAA geometry, and provides detailed
information to quantify varied LAA characteristics.
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As an intracardiac source of emboli, the left atrial appendage (LAA) is a critical site of
thrombus formation.1 Two-dimensional (2D) transesophageal echocardiography (TEE)
has been widely used to characterize LAA structure and evaluate LAA function.2
Pathologic specimens of the LAA display its complex and extremely variable
geometry.3,4 Now, three-dimensional (3D)-TEE can provide unique views using a
pyramidal ultrasound beam5 and slice the image in any plane to enable visualization of
any or all cardiac structures from multiple vantage points.6 The initial study with
3D-TEE showed the potential to assess LAA morphology more accurately as compared
to 2D-TEE studies.7 However, detailed LAA morphology has not been fully examined
with 3D-TEE. Therefore, this study was designed to determine the ability and reliability
of 3D-TEE to assess the geometry and size of the LAA.

Methods
Three-dimensional datasets of LAA morphology in 3D-TEE examinations were
validated using 10 isolated LAA specimens obtained from edible porcine hearts. The
LAA reference volume was determined by measuring the volume of saline required to
fill each LAA specimen. Reference long and short diameters of the LAA orifice were
measured as the maximum and minimum lengths of the orifice. LAA depth was
measured as the maximum length from the orifice to the leading edge of the lobes, and
LAA orifice area also was measured with software (Scion Image, Scion Corporation,
Frederick, MD). All data were measured by an observer (YS) who was blinded to the
3D-TEE data. Each LAA was suspended and placed into a water tank filled with
de-aerated saline. The distance from TEE probe placed in the tank to porcine LAA
specimens was set to approximately 5cm. 3D images were obtained for each LAA via
full-volume mode and zoom mode examinations, and the long and short diameter of the
LAA orifice, depth, orifice area, and LAA volume were each measured by an observer
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(HN) who was blinded to the reference data. Details of the method are summarized
below in the method section of human study.
Consecutive 107 patients ultimately found not to have LAA thrombus were studied
during clinically indicated TEE examinations to assess the presence of a LAA thrombus
at Tsukuba University Hospital. LAA thrombi were assessed using a real-time 3D-TEE
mode that can visualize two orthogonal images simultaneously (X-plane mode).
Informed consent was obtained at the time of consent for the clinical TEE procedure.
Standard 2D-TTE examinations were performed with an iE33 ultrasound system and
an S5-2 probe (Philips Medical Systems, Andover MA). The left ventricular (LV)
end-diastolic and -systolic diameters were measured on an M-mode image derived from
a LV short-axis view at the chordal level. LV end-diastolic and -systolic volume, and LV
ejection fraction were measured using a modified-Simpson’s method.8 End-systolic and
-diastolic LA volumes were measured using a modified-Simpson’s method in the apical
4-chamber and 2-chamber views.9
3D-TEE was performed using an iE33 ultrasound system with an S7-2 probe (Philips
Medical Systems). LAA emptying flow velocity was measured in the basal short-axis
view from the transverse scan (45° views). The LAA emptying flow velocity was
measured as the average of 3 consecutive cardiac cycles in patients with normal sinus
rhythm (NSR) and 5 consecutive cardiac cycles in patients with atrial fibrillation (AF).
Full-volume mode examinations were performed from 45° views during apnea at end
expiration. To obtain these data sets, 6 sectors were scanned with gating to the
electrocardiographic R wave and were automatically integrated into a wide-angle (76×
69 degrees) pyramidal data image covering the entire LAA. The frame rate of each
image was set at approximately 20 to 30 frames/s. In patients with AF during the
examination, zoom mode, which magnified the pyramidal scan by 1 cardiac beat, was
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used. The range of pyramidal scan was carefully regulated to include the entire LAA.
The frame rate of each image was set at approximately 10 frames/s.
Quantification of LAA morphology was performed with QLAB GI-3DQ software
(Philips). First, multi reconstruction planes of the LAA were obtained from 3D data sets
(pyramidal images) including the LAA at the end-systole. In the long-axis view (Figure
1), the LAA orifice was determined by two lines; one was connected between the
vestibule of the mitral valve annulus near the left coronary artery and the lateral ridge of
the left superior pulmonary vein (LSPV), and another was between a point near the
aortic valve annulus and the lateral ridge of the LSPV.10,11 We measured the LAA
orifice long and short diameters, and orifice area at LV end-systole and -diastole (Figure
1). The LAA depth of the orifice to a lobe tip, and the angle of the first bend from the
center of the LAA orifice on the center line to measure the LAA depth were measured at
LV end-systole. LAA volume was measured at LV end-systole on a reconstructed image
as follow: the inner-border of the LAA was manually traced within the distal area of the
orifice, and the transverse images of the longest axis of the LAA trace area were
automatically sliced at 10 levels from the orifice to the most distal site. On each sliced
transverse image, the inner border was manually traced and reconstructed into a 3D
image. On a reconstructed image, we measured LAA volume, and the number of LAA
lobes was assessed based on the definition by Veinot et al.5: 1) LAA lobe was a visible
out-pouching from the main tubular body of the LAA, usually demarcated by an
external crease; 2) it was internally capable of admitting a 2-mm probe (i.e., it was not
simply a tag of external adipose tissue); 3) it was occasionally but not necessarily
associated with a change in direction of the main tubular body of the LAA; 4) it could
lie in a different anatomic plane than the main tubular body; and 5) by definition, the
LAA must have at least one lobe (Figure2).
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Twenty studies were selected for assessment of intra- and inter-observer
reproducibility of LAA volume measurements by 3D-TEE. Because different methods
of acquiring 3D datasets were used between patients with NSR and those with AF, we
studied 10 patients with NSR and 10 with AF. In all measurements, two observers
independently obtained MPR images to assess LAA morphology from pyramidal 3D
datasets. To test intra-observer variability, a single observer (HN) analyzed the data
twice on occasions separated by an interval of 1 month. To test inter-observer variability,
a second observer analyzed the data without knowledge of the first observer’s
measurements. Reproducibilities were assessed as the mean percent error (absolute
difference divided by the mean of the two observations).
Results are expressed as number (%) or mean ± SD. Comparisons of continuous
variables between groups were performed with Student’s t-test. Correlations between
two variables were evaluated by linear regression analysis. Correlations between LA
volume and the number of LAA lobes were evaluated by Pearson’s rank correlation
coefficient. A P value <0.05 was considered to indicate statistical significance. All
calculations were performed with SPSS for Windows (SPSS Inc., Chicago, IL).

Results
Comparisons between the measurements at full-volume mode and zoom mode by
3D-TEE and reference data are shown in Figure 3. Excellent correlations were observed
between echocardiographic data and reference data for each 3D-TEE mode.
All 107 patients underwent TEE without complications. Clinical characteristics and
2D-TTE data are summarized in Table 1. In 3D-TEE examinations, LAA morphology
evaluations could be assessed in 101 patients (94%). The remaining 6 patients, who all
had AF rhythm, were excluded because of poor image quality for analysis. The clinical
and echocardiographic data for the 6 excluded patients are summarized in Table2.
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Compared to included patients with AF, the heart rate (HR) was faster in the excluded
patients, and all patients with HR ≥90 bpm (Case Nos. 1, 3, 5, and 6) were excluded.
Comparisons of LA and LAA data between patients with NSR and AF are
summarized in Table 3. In patients with AF, LA and LAA volume and LAA orifice
measurements were larger than those in patients with NSR. Both in patients with NSR
and in those with AF, LA volume and LAA orifice measurements at end-diastole were
significantly decreased compared to those at end-systole. The number of LAA lobes
ranged between 1 to 4 lobes, and a representative case of each is shown in Figure 4. In
patients with NSR, 2 lobes were observed most frequently (n = 30), followed by 1 lobe
in 14 patients, 3 lobes in 10 patients, and 4 lobes in 1 patient. In patients with AF as
well, patients with 2 lobes were observed most frequently (n = 22), followed by 3 lobes
in 18 patients, 1 lobe in 4 patients, and 4 lobes in 2 patients.
Correlation between LA volume and parameters of LAA morphology are shown in
Figure 5. LA volume was weakly correlated with LAA orifice area, LAA depth, LAA
emptying flow velocity, and LAA volume, but not with the number of LAA lobes. In
addition, these correlations were not significant in separate analysis among patients with
NSR alone or those with AF alone.
In 10 patients with NSR, intraobserver variabilities in measurement were 4.8 ± 3.2%
for LAA long diameter, 4.5 ± 3.0% for short diameter, 6.3 ± 4.0% for LAA orifice area,
6.4 ± 4.2% for LAA depth, and 6.8 ± 4.6% for LAA volume, and interobserver
variabilities were 6.7 ± 5.7%, 6.4 ± 5.4%, 7.2 ± 6.0%, 8.2 ± 6.8%, and 7.3 ± 6.5%,
respectively. In 10 patients with AF, intraobserver variabilities were 6.3 ± 6.0% for
LAA long diameter, 4.8 ± 2.8% for short diameter, 6.5 ± 5.5% for LAA orifice area, 7.2
± 4.0% for LAA depth, and 7.1 ± 5.3% for LAA volume, and interobserver variabilities
were 6.8 ± 6.2%, 6.3 ± 3.9%, 8.3 ± 6.0%, 9.1 ± 6.4%, and 9.0 ± 6.9%, respectively. The
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number of LAA lobes corresponded among the 2 observers in all patients.

Discussion
In the present study, 3D-TEE provided feasible visualization of the LAA in the
majority patients. In particular, adequate 3D full-volume images could be obtained in all
patients with NSR. In contrast, adequate images could not be obtained in 6 patients
(5.6%) with AF. Similarly, in the first report on LAA visualization by 3D-TEE,
adequate 3D LAA images could not be obtained in 5% patients.7 Because of the
irregular rhythm, the full-volume image derived from 6 cardiac beats was not available
in patients with AF, in whom we used zoom mode imaging. In comparison with
included patients with AF, excluded patients had increased HR. The ability of zoom
mode to assess highly mobile structures such as vegetations is limited.12 Therefore, the
lower frame rate may affect image quality in patients with AF and increased HR.7
Despite such limitations, adequate images could be obtained in most patients with AF,
and intra- and inter-observer variabilities in patients with AF were clinically acceptable.
These results suggest LAA 3D-imaging to be available for the assessment of LAA
geometry in the majority of patients referred for TEE.
The present study is the first to show detailed morphological variations of the LAA
with 3D-TEE as previously reported in autopsy studies and studies with computed
tomography (CT).10,13-16 Our experimental studies, which revealed the accuracy of LAA
measurements with 3D-TEE imaging, strongly support the reliability of our clinical
results, although our results were not validated with other diagnostic imaging modalities
such as cardiac multidetector CT.
With recent development of LAA occlusion systems, it has become clinically
important to accurately assess LAA orifice size measurement to perform the correct
sizing and placement of occlusion devices.7,10,15-17 2D-TEE has been used to determine
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the device size.17 However, 3D-TEE estimated LAA orifice size more accurately.7
Although even 3D-TEE images should be used cautiously because of changes in LAA
orifice area between proximal and distal portions of the LAA, the reconstructed whole
images of the inner surface of the LAA used in our study may provide additional
information on LAA anatomy so as to avoid suboptimal sizing of LAA occlusion
devices.16 In addition the present study revealed LAA orifice morphology was changed
throughout the cardiac cycle. The findings also may contribute to determine the optimal
size of LAA occlusion device. Based on these abilities of the 3D-TEE, we consider that
3D-TEE provides more useful information for LAA occlusion device than 2D-TEE. In
contrast, it is difficult to anatomically determine the LAA orifice, because of lack of
LAA orifice ridge except for ridge-like fold of the atrial wall that separates the os from
the left upper pulmonary vein.14 Therefore, our method for measurements of LAA
orifice may differ from those of previous studies.
Furthermore, the present study showed the variability of LAA lobes. In an autopsy
study, distribution of the number of LAA lobes was 2 (54%), 3 (23%), 1 (20%), and 4
lobes (3%), which agreed well with our results.3 In identifying the number of lobes, an
important issue was to differentiate them from pectinate muscle, and we carefully
determined LAA lobe based on pathological study.4 The clinical implications of LAA
lobe variability have not been fully understood. In the future, 3D-TEE imaging studies
may contribute to recognition of the implications of LAA lobe variability.
The present study showed modest relations between LAA morphology and LA
volume.
Heist et al.18 also reported with magnetic resonance imaging that LAA depth and
volume did not correlate with LA volume.
The LAA volume is normally about 10% of that of the entire LA volume, and the
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LAA is considered to play a part in LA function.19 However in some patients, the LAA
is markedly dilated despite slight dilation of the LA main chamber.20 LAA is more
compliant than the LA main chamber and has a role as reservoir for LA volume and
pressure overload. 21-23 Differences in compliance, which are attributed to quite different
behaviors including distinct histologic structures between LA and LAA, may be a cause
of the disturbances between LA volume and LAA morphology.24 In addition, the present
study showed that patients with AF had larger LAA than those in patients with NSR as
in previous studies.15,16 However, increases of LAA volume in patients with AF were
significant but little compared to those of LA volume. The results suggest that AF has
less effect on LAA remodeling.
Integration of a 3D full-volume image requires 6 cardiac cycles. Therefore,
beat-by-beat motion artifacts, so-called stitching noise, may affect the 3D-images. Since
a main cause of stitching noise is motion variation with respiration, we obtained all
images during apnea at end expiration. In addition, since magnitudes of LAA motion are
less than those of the LV and mitral valve through a cardiac cycle, the full-volume LAA
images were less affected by the stitching noise. We did not assess the affect of LAA
motion magnitudes by LAA fibrillation to obtain the LAA 3D images. The rapid motion
during LAA fibrillation may affect accuracy of the LAA geometric measurements.
The experimental study may not be a comparable gold standard for the In-Vivo
imaging due to the better penetration of the ultrasound beam that can be achieved in a
water tank as opposed to the internal environment in a human subject.
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Figure legends
Figure 1. Left atrial appendage views and measurements. Panel A represents a left atrial
appendage (LAA) long-axis view at the level including the mitral valve annulus, left
coronary artery (black arrow), and lateral ridge of the left superior pulmonary vein
(white arrowhead). Panel B represents a LAA long-axis view at the level including the
mitral valve annulus, aortic valve annulus (white arrows) and lateral ridge of the left
superior pulmonary vein (white arrowhead). The dashed line with double-headed white
arrows in Panels A and B corresponding to the line to determine the orifice of the LAA
as shown in Panel C. In Panel B, the double-headed white arrow shows LAA depth and
the angle of the first bend from the LAA orifice. LAA orifice area and long and short
diameters are shown in Panel C.

Figure 2. Comparison of image quality between full-volume mode and zoom mode
imaging. Panels A and B represent long-axis and short-axis images of the left atrial
appendage (LAA) on full-volume mode, and Panels C and D the long-axis and
short-axis images on zoom mode imaging, respectively. Each image clearly provides an
image of the orifice of a LAA lobe (dashed circle) separate from other orifices. The
green line shows a coronal section line for ultrasonic beam direction (Panels A and C),
and the red line shows a sagittal section (Panels B and D).

Figure 3. Correlations of left atrial appendage (LAA) measurements with experimental
study. Panel A presents correlations of LAA measurements from full-volume mode
imaging with those of the experimental study. Panel B presents correlations of LAA
measurements by zoom mode with those of the experimental study. Panel C presents
correlations between measurements from full-volume mode and those from zoom mode.
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Figure 4. Representative reconstructed three-dimensional images of the left atrial
appendage (LAA). Examples of LAAs with 1 lobe (Panel A), 2 lobes (Panel B), 3 lobes
(Panel C), and 4 lobes (Panel D). The green line indicates the coronal section line for
ultrasonic beam direction (Panels B, C and D), the red line indicates a sagittal section
(Panel D), and the blue line indicates a horizontal section (Panels C and D).

Figure 5. Relation between left atrial (LA) volume and parameters of left atrial
appendage (LAA) morphology. Regression lines and data means of the relations among
all subjects are shown. Open circles = patients with normal sinus rhythm; closed circles
= patients with atrial fibrillation.
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