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Abstract
Preoperative optimal selection of the occluder size is crucial in percutaneous left atrial appendage (LAA) occlusion, and 
the maximal width of the LAA orifice is the main reference index, however it can not fully meet the practical operation 
requirements. We retrospectively analyzed three-dimensional (3D) transesophageal echocardiography (TEE) and computed 
tomography (CT) imaging dataset of the 41 patients who underwent LAA occlusion with LAmbre™ system. The LAA 
orifice parameters were overall evaluated to determine their role in device size selection. Eight LAA 3D models of the four 
cases who had been replaced their device during the procedure based on TEE and CT were printed out to verify the optimal 
parameter decision strategy. There was a significant concordance of the results between 3D TEE and CT in the LAA orifice 
evaluation. The correlations between the perimeter and maximal width measurements by 3D TEE and the closure disk of the 
device were stronger than that between the area measurements and the closure disk (r = 0.93, 0.95, 0.86, respectively and 
p < 0.001 all), and the result was similar to that by CT (r = 0.92, 0.93, 0.84, respectively and p < 0.001 all). The ratios of 
the maximal width to the minimal width of the four cases were all > 1.4, however the rest 37 cases were all ≤ 1.4. Based on 
the comprehensive assessment of the LAA orifice perimeter and maximal width of the 3D printed models, the experiments 
were all succeed just for one try. The LAA orifice perimeter of 3D printed model based on 3D TEE may help in choosing 
the optimal device size of LAmbre™, especially for the LAA with flater ostial shape.

Keywords  Left atrial appendage closure · Size · Orifice · Three-dimensional transesophageal echocardiography · Computed 
tomography · Three-dimensional model

Abbreviations
LAA	� Left atrial appendage
3D	� Three-dimensional
TEE	� Transesophageal echocardiography
DICOM	� Digital imaging and communications in 

medicine
CT	� Computed tomography

Introduction

Transcatheter left atrial appendage (LAA) occlusion is an 
effective treatment for the prevention of atrial fibrillation-
related stroke in patients with anti-coagulation contraindica-
tions or a high risk of embolism [1, 2]. However, the ana-
tomical morphology and the size of the LAA vary greatly, 
which makes percutaneous occlusion fairly challenging [3, 
4]. In early clinical trials of LAA occlusion, interventional 
physicians used an average of 1.8 occluders to achieve a sat-
isfactory sealing effect, and frequent replacement of occlud-
ers can increase the risk of complications. Improper size of 
LAA occluder will lead to an increased times of replace-
ment, and oversizing and undersizing of the LAA occluder 
have potential risks of complications, such as device migra-
tion or embolization, cardiac perforation, pericardial effu-
sion and even cardiac tamponade. Thus, preoperative opti-
mal selection of the device size is particularly important to 
increase the one-time success rate of occlusion [5–7].
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Currently, the maximal width of the LAA orifice meas-
ured by clinical imaging modality is the main reference 
index for the clinical decision, while the anatomy of the 
LAA orifice can not be accurately and comprehensively 
assessed just by this parameter. For example, for the LAA 
whose opening shape is foot-like, the difference between the 
maximal and minimal width of the LAA orifice is large. Due 
to the occluders are all round-shape, as a result, the device 
would be more easily overestimated if only consideration of 
the maximal width, which may cause the difficulty of release 
and lead to the corresponding complications.

In recent years, studies have shown that three-dimensional 
(3D) printing technology has rapidly developed in the field 
of cardiovascular medicine [8–10]. Presently, patient-spe-
cific 3D printing LAA models based on computed tomogra-
phy (CT) and 3D transesophageal echocardiography (TEE) 
[11–12] have been successfully applied to the guidance of 
percutaneous LAA occlusion, and CT is the mainstream 
approach. In this study, we used the Materialise interactive 
medical image control system (Mimics; Leuven, Belgium) 
to post-process the digital imaging and communications in 
medicine (DICOM) data from 3D TEE and cardiac CT to 
obtain the 3D printing digital file of the LAA, and then to 
compare and evaluate these measurements based on these 
two 3D data sources.

On this basis, our study evaluated the relationship 
between the several parameters of the LAA orifice of 3D 
models based on 3D TEE and CT data and the actually 
implanted device size of LAmbre™. By obtaining patient-
specific 3D printed LAA models with a rubber-like mate-
rial, which could simulate the deformation action after the 
implantation of the occluders, we intended to discuss the 
instruction value of LAA orifice perimeter for sizing an 
LAA occluder especially for those cases with special ostia 
shape.

Methods

Research subjects

This was a retrospective study. Forty-one patients with per-
sistent or paroxysmal atrial fibrillation who underwent suc-
cessful LAA occlusion with the LAmbre™ device in our 
hospital between January 2015 and February 2017 were 
enrolled in this study. The device sizes during LAAO in 
these patients were selected under the guidance of the maxi-
mal width based on 3D TEE in the 3D Flexi Slice mode 
at the 135° planes and X-ray. Patients with other forms of 
arrhythmia, coronary heart disease, cardiomyopathy, con-
genital heart disease, or other organic heart disease were 
excluded. All patients had both 3D TEE and cardiac CT 
images with high quality in our hospital database. Four of 

them had been replaced occluders once during actual occlu-
sion, and the other 37 cases were all successfully occluded 
for one try. The study protocols were approved by the ethics 
committee at Renmin Hospital of Wuhan University.

TEE image acquisition

Patients were required to fast for 10 h prior to the examina-
tion. All of them were monitored via a synchronized elec-
trocardiogram (ECG) and were assessed in the left lateral 
decubitus position. On this basis, TEE was performed on 
all 41 patients by experienced investigators using the GE 
Vivid E9 platform (GE Vingmed Ultrasound AS, Horten, 
Norway). The 6VT-D 3D TEE probe (3–8 MHz, frame 
rate: 8–12 frames/s) was placed in the middle esophagus to 
acquire 3D images. After obtaining a clear LAA two-dimen-
sional gray image in the middle of the esophagus at 90°, the 
"4DZOOM" function was applied to tailor the LAA into the 
sampling box. Once the 4D mode was entered, five continu-
ous root cycle volume images of the LAA were recorded 
under single-beat mode. To obtain the best image result, 
frame frequency and gain were set reasonably. The image 
was imported into the EchoPac workstation (GE Healthcare, 
WI).

CT image acquisition

CT images were acquired using a 64-row, 128-slice volume 
CT coronary angiography system (LightSpeed VCT, GE 
Healthcare, VA). Scanning ranged from the tracheal bifur-
cation level to 5 cm below the diaphragm. The scanning 
parameters were set as follows in the retrospective ECG gat-
ing: tube voltage 120 kV, tube current 300–650 mA, pitch 
0.984, scanning layer thickness 5 mm, reconstruction layer 
thickness 0.625 mm. The image was stored in the GE ADW 
4.6 workstation.

Image post‑processing

The DICOM volume data of LAA at 75% of the R-R inter-
phase of the cardiac cycle by 3D TEE from the EchoPac 
workstation was exported into MATLAB software to obtain 
multi-slice information. These multi-slice data-based 3D 
TEE and the volume data of LAA at the same cardiac cycle 
by CT from the GE ADW 4.6 workstations were post-pro-
cessed by Mimics Innovation Suite 17.0 (Materialise, Leu-
ven, Belgium) to obtain a 3D volume image of the LAA. 
The main related operations included gray-scale inversion, 
threshold segmentation, editing of the 3D mask (area of 
interest of the contour mask), manual denoising process of 
interactive segmentation and 3D model calculation (Fig. 1).
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Measurement and evaluation of the anatomical 
parameters of the LAA orifice

Qualitative parameters: according to the shape of the LAA 
orifice, the ostial morphology was classified into the fol-
lowing five imaging types: oval, foot-like, triangular, water 
drop-like and round. The acquisition process of the orifice 
is described in the next section.

Quantitative parameters: multi-planner reconstruction 
(MPR) was applied to the mask of the LAA, which had been 
calculated. By rotating three mutually perpendicular planes, 
the reconstructed orifice plane of the LAA was obtained 
10 mm distally from the ostial plane (at the junction of the 
left atrium and the LAA) into the lobe. The maximal width, 
minimal width, perimeter, and area of the LAA orifice were 
measured and the shape of the LAA orifice was recorded in 
the corresponding MPR plane (Fig. 2).

Simulation operation

The final DICOM volume data were converted into stereo-
lithography files. Eight life-sized LAA models based on 3D 
TEE and CT dataset were printed out using a rubber-like 
material, which were the four cases who had been replaced 
devices during actual implantation, the maximal width, 

minimal width and perimeter of the LAA orifice were meas-
ured by vernier caliper, and the shape of the LAA orifice was 
recorded. Simulation operations with the LAmbre™ device 
were performed on the models by the assessment of the size 
of the LAA orifice.

Observer variability

All the data were post-processed by two physicians with 
more than 100 cases of LAA data analysis experience in a 
randomized double-blind trial. The data were analyzed two 
days apart by the same observers who were blinded to their 
first results, and the average value was used for statistical 
analysis.

Statistical analysis

Statistical analyses were performed using SPSS version 
21.0 (SPSS, Chicago, IL) and MedCalc version 11.0.1.0 
(MedCalc Software, Mariakerke, Belgium). Continuous 
variables were presented as the means ± standard deviations, 
and categorical variables were presented as frequencies or 
percentages. Paired t tests were used to compare differences 
between different methods. The data on the LAA orifice 
based on 3D TEE and CT and the final implanted device 

Fig. 1   The three-dimensional (3D) reconstruction images based on 
3D transesophageal echocardiography (TEE) (a–d) and computed 
tomography (CT) (e–h). a and e show the left atrial appendage 

(LAA) cardiac chamber model. b and f show the 3D cutting of three 
orthogonal planes. c, d, g and h show the LAA cardiac wall model
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size were analyzed to assess the normality of the distribution 
using Kolmogorov–Smirnov tests. The agreement between 
different measurements by the two methods was expressed 
by the Lin concordance coefficient. The equivalence of 
the measurements by these two methods was investigated 
using Bland–Altman agreement and graphically presented 
as Bland–Altman plots. A kappa test was used to assess the 
agreement of LAA morphological parameters by 3D TEE 
and CT, and the agreement was weighted according to the 
frequency of opening shape type. The association between 
measurements of the parameters of the LAA orifice in the 
41 cases via the two methods and the final implanted device 
size was assessed by the Pearson correlation coefficient. 
Inter-observed and intra-observed agreement were analyzed 
by the intra-class correlation coefficient. p-Values below 
0.05 were considered significant.

Results

3D DICOM LAA data by echo and CT were successfully 
post-processed in 41 patients (Table 1), and the anatomical 
parameters of the LAA orifice were measured and evaluated 
(Table 2; Fig. 3).

Comparison and evaluation of different ostial 
parameters between 3D TEE and CT

Qualitative parameters: shape of the LAA orifice: There 
were three types assessed via 3D TEE, as follows: oval in 
34 cases (82.9%), round in two cases (4.9%) and water drop-
like in five cases (12.2%). Four types were observed by CT, 

as follows: oval in 35 cases (85.4%), round in two cases 
(4.9%), water drop-like in two cases (4.9%), and triangular 
in two cases (4.9%) (Fig. 4). The kappa value was 0.742 with 
good agreement.

Quantitative parameters: CT-based measurements of the 
maximal width (mm), minimal width (mm), perimeter (mm), 
and area (mm2) of the LAA orifice were larger than those by 
3D TEE (all  p < 0.05).

The correlation between the maximal width, minimal 
width, perimeter, and area of the LAA orifice via 3D TEE 
and CT using Lin’s concordance coefficient were 0.91 (95% 
CI 0.85, 0.95), 0.87 (95% CI 0.78, 0.93), 0.81 (95% CI 0.70, 
0.89), and 0.92 (95% CI 0.86, 0.95), respectively. Bland–Alt-
man plots demonstrated good agreement between these four 
parameters by the two methods, with mean differences of 
1.6 mm (95% LOA-1.2, 4.4), 1.1 mm (95% LOA-1.9, 4.1), 
6.8 mm (95% LOA-5.1, 18.8), and 50.0 mm2 (95% LOA-
38.1, 138.2), respectively. The majority of plots (95.1%, 
97.6%, 92.7%, and 95.1%, respectively) fell within the limits 
of agreement.

Correlation between the measurements of the ostial 
parameter of 3D LAA models and the actually 
inserted occluder size

Correlations between the values of the perimeter (mm), 
maximal width (mm), and area (mm2) of the closure disk 
of the finally implanted LAmbre™ device and the 3D TEE-
based results in 41 cases were r = 0.93, p < 0.001; r = 0.95, 
p < 0.001; r = 0.86, p < 0.001, respectively, and the result 
was similar to that by CT(r  = 0.92, p < 0.001; r = 0.93, p < 
0.001; r = 0.84, p < 0.001, respectively).

Fig. 2   The measuring method of the maximal width, minimal width, perimeter and area of the left atrial appendage (LAA) orifice based on 
three-dimensional (3D) transesophageal echocardiography (TEE) (a) and computed tomography (CT) (b)
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Table 1   The clinical information of 41 patients with LAAO

LAAO left atrial appendage occlusion, Max W maximal width of LAA orifice, Min W minimal width of LAA orifice, EI ellipticity index (maxi-
mal width/minimal width), 3D TEE three-dimensional transesophageal echocardiography

Number Max W Min W EI Shape of the LAA 
orifice by 3D TEE

Occluder replacement dur-
ing LAAO/numbers

Device size in the 
first choice

Device size 
in the second 
choice

1 20.22 15.2 1.33 Oval No 32/26
2 32.98 23.85 1.38 Oval No 40/36
3 28.21 24.31 1.16 Oval No 38/34
4 21.56 20.15 1.07 Oval No 32/26
5 24.6 18.38 1.34 Oval No 32/26
6 31.63 30.16 1.05 Oval No 40/36
7 25.83 19.07 1.35 Oval No 34/28
8 22.39 16.42 1.36 Water drop-like No 32/26
9 26.12 19.35 1.35 Oval No 36/30
10 24.24 17.5 1.39 Oval No 36/30
11 17.76 17.03 1.04 Round No 28/22
12 32.78 22.24 1.47 Oval Yes/1 40/36 38/34
13 30.76 18.19 1.69 Water drop-like Yes/1 38/34 36/32
14 15.59 12.18 1.28 Oval No 26/20
15 18.69 15.19 1.23 Oval No 28/22
16 29.74 21.37 1.39 Oval No 38/34
17 18.38 13.97 1.32 Oval No 26/20
18 15.51 15.24 1.02 Oval No 30/16
19 26.37 21.96 1.2 Oval No 36/30
20 19.59 17.59 1.11 Oval No 32/20
21 17.37 16.13 1.08 Oval No 30/24
22 22.01 15.82 1.39 Oval No 32/26
23 33.62 26.27 1.28 Oval No 40/36
24 25.73 21.12 1.22 Oval No 34/28
25 19.96 16.02 1.25 Oval No 28/22
26 31.13 23.48 1.33 Oval No 40/36
27 31.15 20.36 1.53 Oval Yes/1 38/34 36/32
28 21.29 16.07 1.32 Oval No 30/24
29 32 24.84 1.29 Oval No 40/36
30 21.8 17.65 1.24 Water drop-like No 30/24
31 23.98 17.29 1.39 Oval No 32/26
32 18.12 15.66 1.16 Water drop-like No 28/22
33 26.67 20.17 1.32 Oval No 36/30
34 25.61 16.24 1.58 Water drop-like Yes/1 34/28 32/26
35 22.56 19.17 1.18 Oval No 34/28
36 28.5 22.44 1.27 Oval No 36/32
37 20.11 18.35 1.1 Oval No 32/26
38 20.1 19.7 1.02 Round No 30/24
39 26.72 21.23 1.26 Oval No 36/30
40 29.3 20.88 1.4 Oval No 38/34
41 20.44 19.45 1.05 Oval No 30/24
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Table 2   3D TEE, CT and 
device measurements in 41 
cases

3D TEE three-dimensional transesophageal echocardiography, CT computed tomography

Maximal width (mm) Minimal width (mm) Perimeter (mm) Area (mm2)

Device 27.76 ± 5.30 27.76 ± 5.30 87.20 ± 16.63 626.56 ± 231.91
3D TEE 24.42 ± 5.21 19.21 ± 3.63 69.71 ± 14.36 413.83 ± 164.05
CT 26.04 ± 4.95 20.30 ± 3.63 76.54 ± 14.03 463.88 ± 159.57

Fig. 3   Measurements of 
the parameters of left atrial 
appendage (LAA) orifice base 
on three-dimensional (3D) 
transesophageal echocardiogra-
phy (TEE), computed tomogra-
phy (CT) and the device size in 
41 cases.  *p < 0.05, compared 
with the finally implanted 
device size

Fig. 4   Different shapes of left atrial appendage (LAA) orifice based 
on three-dimensional (3D) transesophageal echocardiography (TEE) 
and computed tomography (CT). Three types including oval (a), 

water drop-like (b) and round (c) were evaluated via 3D TEE. Four 
types including oval (d), water drop-like (e), round (f) and triangular 
(g) were assessed based on CT
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Relationship between the measurements of the LAA 
ostial parameters and their shapes

By analysis, in the four cases who had been successfully 
implanted device in the second try, the ratios of the LAA 
ostial maximal width to the minimal width based on 3D 
TEE and CT were all > 1.4. However, in the other 37 cases, 
whose actual intervention operations were all successfully 
performed just for once, the values were all ≤ 1.4, and the 
shapes of the orifice were rounder than those in the four 
cases.

Simulation operation

Our research group successfully obtained eight LAA 3D 
printing models based on 3D TEE and CT dataset. We found 
that the error of the LAA ostial maximum width, minimum 
width and perimeter measurements of the 3D printed mod-
els (Tables 3, 4) and the corresponding results of the 3D 
reconstruction models was small, and the results of these 
two modes for sizing LAA occluders were consistent.

After a failed attempt, the simulation operation in the first 
model (NO.12) based on TEE data was successfully carried 
out in the second experiment. The maximal width of the 
LAA orifice was 33.01 mm. According to the principle of 
routine clinical selection of the device size, a 36 mm LAm-
bre™ occluder was selected and it was delivered within the 
3D printed LAA. However, the release results showed that 
the size was too large, which resulted in obvious exposure 
of the device shoulder. The minimal width of the LAA ori-
fice was 21.88 mm, the ratios of the LAA ostial maximal 
width to it was 1.51, accordingly, the difference between the 

minimal width and the maximal width values of the LAA 
orifice was high, which was in accordance with its morpho-
logically long oval shape. Thus, in view of the above cor-
relation results, we also analyzed the LAA ostial perimeter. 
The measurement of the perimeter of the LAA orifice was 
80.59 mm, which was much smaller than the corresponding 
measurement of a 36 device (113.10 mm), but was closer to 
the measurement of a 34 device (106.81 mm). On this basis, 
the occluder was changed to a smaller size of 34 mm in the 
second choice, which had the same size as the occluder cho-
sen for the actual procedure, and it demonstrated good seal-
ing (Fig. 5). Similar situations occurred in other three LAA 
models based on TEE data (NO.13, 27, 34, respectively) and 
two models based on CT data (NO. 27 and NO. 34). In the 
NO.12 model based on CT, the maximal width of the LAA 
orifice was 33.88 mm and a 34 mm LAmbre™ was selected. 
The results showed good sealing. And considering that the 
measurement of the LAA orifice perimeter (103.32 mm) in 
the model was close to the corresponding measurement of 
the 34 mm device, the second test was not carried out. Simi-
lar situation occurred in the NO.13 LAA model.

Observer variability

Interobserver intraclass correlation coefficients for the 
parameters of the maximal width, minimal width, perimeter, 
area and shape of the LAA orifice via 3D TEE were 0.95, 
0.93, 0.91, 0.93, and 0.82, respectively, and the correspond-
ing values based on CT were 0.92, 0.90, 0.94, 0.91, and 0.85, 
respectively. Intraobserver intraclass correlation coefficients 
for the same parameters by TEE were 0.96, 0.92, 0.94, 0.95, 

Table 3   The LAA ostial 
parameters results of the 3D 
printed wall models based on 
3D TEE

EI ellipticity index (maximal width/minimal width)

Number Maximal width 
(mm)

Minimal width 
(mm)

EI Perimeter (mm) Shape of the LAA orifice

12 33.01 21.88 1.51 80.59 Oval
13 31.25 18.77 1.66 82.81 Water drop-like
27 30.97 20.03 1.55 80.04 Oval
34 25.98 17.22 1.51 72.12 Water drop-like

Table 4   The LAA ostial 
parameters results of the 3D 
printed wall models based on 
CT

EI ellipticity index (maximal width/minimal width)

Number Maximal width 
(mm)

Minimal width 
(mm)

EI Perimeter (mm) Shape of the LAA orifice

12 33.88 23.86 1.42 103.32 Oval
13 31.56 22.14 1.43 96.84 Water drop-like
27 32.79 21.29 1.54 81.06 Oval
34 26.94 17.27 1.56 75.11 Oval
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and 0.89, respectively, and by CT were 0.97, 0.93, 0.92, 
0.96, and 0.90, respectively.

Discussion

In this study, we found that 3D TEE and CT were in good 
concordance in assessing the LAA orifice. On this basis, we 
innovatively analyzed the relationship between the meas-
urements of each LAA ostial parameter based on these two 
techniques and the final occluder size, and the major findings 
were summarized as follows: (1) in addition to the LAA 
ostial maximal width, the perimeter measurements had the 
best correlation results with the closure disk of the LAm-
bre™ occluder among all the parameters of the LAA orifice; 
(2) our in-vitro simulation experiments based on 3D printing 
models showed that comprehensive assessment of the LAA 
ostial perimeter and maximal width of 3D model based on 
3D TEE and CT dataset could help to select the suitable 
occluder size for one try, especially for the cases when the 
ratio of the maximal width to the minimal width of the LAA 
orifice were > 1.4.

Comparison of 3D TEE and CT

At present, the maximal diameter of the LAA orifice is pri-
marily measured by conventional 2D TEE and intraoperative 
x-ray angiography. However, studies have shown that the 
measurements of this parameter obtained by multi-planar 

sampling of 2D TEE were smaller than those obtained by 
3D TEE and CT. 3D TEE and cardiac CT are convenient 
for obtaining full volume data and presenting a full-view 
image of the LAA via specialized segmentation software. 
Using these methods, effective measurement was carried 
out, which was more accurate than 2D-TEE by virtue of the 
limited sections. And more other parameters of LAA orifice, 
such as perimeter, area, the angle of the first bend and the 
distance from the first bend of the LAA to the orifice, can 
be easily measured and evaluated, which can not be reached 
by conventional 2D TEE and x-ray angiography. Cardiac CT 
angiography [13–15] and 3D TEE [16, 17] are both the data 
source of 3D-printed LAA model, and CT is the mainstream 
data source. The former has the advantages of clear bound-
ary definitions, superior spatial resolution and the function 
of reconstructing the LAA digital model by volume render-
ing imaging. However, because there are some associated 
risks such as ionizing radiation and contrast agent allergies, 
images of some patients may not be obtained. Beyond that, 
CT has a high negative predictive value in the preoperative 
detection of thrombus in the LAA, however, the positive 
predictive value is not high, and it is easy to cause false 
positive because it is difficult for CT to identify blood sta-
sis and thrombus. The latter has no such limitations. The 
limitation of TEE is the attenuation of ultrasonic signals in 
the far field, but which had no influence on the evaluation 
of the LAA orifice. TEE is the foremost imaging method in 
preoperative screening, the choice of device type and size, 
intraoperative monitoring and postoperative follow-up. The 

Fig. 5   The process of the simulation operations.The left atrial 
appendage (LAA) three-dimensional (3D) volume images were 
obtained through several operations such as segmentation (a) and the 
LAA 3D printed heart wall models were obtained (b). The maximal 
width (c), minimal width (d) and perimeter of the LAA orifice were 
measured by vernier caliper, and the measuring method of perimeter 

was wire moulding(e–f). On the basis, simulation operations were 
performed on the models. By comprehensive analysis of the LAA 
orifice parameters, especially the maximal width and perimeter, the 
LAmbre™ occluders finally used for simulation were selected, which 
had the same size as the occluders chosen for the actual procedure, 
and were inserted into 3D models with a near perfect fit (g–h)
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feasibility analysis of the acquisition of good LAA 3D-full-
volume images by 3D TEE is as follows: (1) in this retro-
spective study, we selected the patients with clear imaging 
to ensure smooth following process; (2) because the size of 
each pixel provided by 3D TEE for each section ranged from 
0.40–0.61 by 0.40–0.561 mm in this study (there were minor 
differences depending on the sampling methods and the vol-
ume), and the size of each pixel is 0.625 by 0.625 mm for 
each CT section, the spatial resolution of 3D TEE is almost 
the same as it is for CT of this specific region; (3) in this 
study, the anatomic structures of the LAA were displayed 
directly and stereoscopically by a segmentation treatment 
of Mimics software. Therefore, the reconstruction and com-
parison of the LAA orifice of 3D models based on echo and 
CT is of great significance to prove the accuracy of 3D TEE. 
The study may lay a more solid imaging foundation for the 
complementary advantages of these two imaging methods. 
Therefore, the reconstruction and comparison of the LAA 
orifice of 3D models based on echo and CT is of great sig-
nificance to prove the feasibility and accuracy of 3D TEE.

This study evaluated the concordance between the two 
methods by comparing five parameters of the LAA orifice. 
The results showed that the orifice shapes of the LAA in 
41 patients were mostly oval, with round, water-drop and 
triangular shapes found in a few cases, while no foot shape 
was found, which was considered to be related to the number 
of samples selected. The kappa value of 0.742 displays good 
agreement between 3D TEE and CT. Compared with TEE, 
the LAA orifice shape via CT could be fuller, because the 
infiltration of contrast media into myocardium may occur in 
the latter. Despite the slight underestimation of LAA orifice 
parameter using 3D TEE compared to CCTA, which can 
possibly be explained by the different working principles of 
these two techniques, the results still showed a high level of 
consistency. The comparison results related to simulation 
operations were showed in the following section.

Comparison of the LAA ostial parameters 
measurements of 3D models and the final occluder 
size

The LAA landing zone is defined as the entryway into the 
dominant lobe of the LAA, where a potential occluder could 
comfortably and safely be seated within the confines of the 
body of the LAA. The cases that we studied all used the 
LAmbre™ device [18, 19], which is a nitinol-based, self-
expanding device comprising a hook-embedded umbrella 
and a cover that is 4–6 mm larger in diameter than the 
umbrella (Fig. 6). This type of occluder is available in 11 dif-
ferent sizes based on the lobe diameter, which is 16–36 mm, 
stepwise in 2 mm increments, and the corresponding size of 
perimeter is 50.3–113.1 mm, stepwise in 6.3 mm increments. 

Similar to ACP occluders [20], the LAmbre™ device has a 
double-disk structure; therefore, the definition of the land-
ing zone diameters for endoluminal devices is similar to that 
for the LAmbre™ device. On our digital reconstruction by 
Mimics based on 3D TEE and CT, the plane of the LAA 
orifice was reconstructed ~ 10 mm distally from the ostial 
plane into the lobe [21], and then the maximal width, mini-
mal width, perimeter and area of the LAA landing zone were 
measured and compared with the size of the closure disk of 
the LAmbre™ device.

The shapes of the LAA orifice are mostly elliptical or 
irregular, however, the current occluders are all designed to 
be round [22, 23]. Self-expansion of the LAmbre™ device 
may cause deformation of the LAA orifice; for example, 
the triangular shape becomes oval. After occluder implanta-
tion, the morphological deformation of the LAA orifice may 
lead to marked changes of LAA maximal width and minimal 
width, but not very noticeable changes of LAA perimeter. 
The trend and degree of the change in LAA maximal width 
and minimal width may be determined by the shape of the 
LAA orifice. Moreover, by virtue of the law that the area of 
the circle is largest under the condition of constant perim-
eter, the area of the LAA orifice would increase. Thus, the 
perimeter may be the most reproducible parameter for sizing 
devices. Since the minimal width of the LAA orifice is only 
related to the opening shape, the correlation between it and 
the device size was not analyzed. Our study shows good 
correlation to the measurements of the perimeter and maxi-
mal width of the LAA orifice by 3D TEE and CT DICOM 
dataset and the closure disk of the LAmbre™ device, which 
indicates that these two LAA ostial parameters are both 
important parameters for the choice of occluder size.

Fig. 6   The LAmbre™ device, which is a nitinol-based, self-expand-
ing device comprising a hook-embedded umbrella (yellow arrow) and 
a cover (white arrow) connected with a center stick (red arrow)
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The value of the LAA ostial perimeter of 3D printed 
models with a rubber‑like material in device size 
selection

Patient-specific 3D LAA models acting as life-like replicas 
generated by 3D printing could assist the interventional 
doctor in selecting the proper occluder and thus guide the 
LAA occlusion [24], and it could help to reconstruct the 
actual operation to solve intraoperative problems. More-
over, the models may provide the important reference 
significance to future improvement of occluders and the 
design of new devices. In this study, we used rubber-like 
material to make the LAA wall models, its elasticity and 
softness were similar to human heart tissue, which could 
well mimics the deformation of the LAA orifice after 
device implantion. On this basis, we could better explore 
the relationship between the LAA ostial parameters which 
would be changed with the LAA orifice shape and the size 
of the finally selected occluders.

In our in  vitro simulation experiments, the LAA 
occluder sizes of four models based on 3D TEE dataset and 
two models based on CT dataset were both overestimated 
just by the analysis of the LAA ostial maximum diameter 
for the first time. In these six 3D printed models, the ori-
fice shapes were long oval or water drop-like, and the min-
imal width was relatively small when compared with other 
ostial shapes. Additionally, in consideration of the above 
correlation analysis results, other parameters of the orifice 
should also be analyzed, especially the perimeter. After 
assistant analysis of the LAA ostial perimeter, this study 
successfully selected the optimal size of the occluders by 
simulating the occlusion in the 3D printed LAA models, 
which were the same as the choices of actual operation. In 
other two 3D printed LAA models based on CT, the device 
sizes seleted by both the maximal width and perimeter 
of the LAA orifice were the same sizes as the actually 
inserted ones. The reason for the difference between 3D 
TEE and CT was the way these two imaging methods work 
as mentioned above. In conclusion, the in vitro release 
experiment of occluders showed that, when the ratio of the 
maximal width to the minimal width of the LAA orifice 
were above 1.4, in other words, when the shape of the 
LAA orifice is flater, the comprehensive assessment of 
the maximal width and perimeter of LAA orifice based 
on both 3D TEE and CT may assist the choice of occluder 
size to reduce the times of device replacement in practice. 
Based on the above results, 3D-TEE could be the preferred 
method in the whole process of the future LAA occlusion 
to reduce medical cost. For patients with contraindica-
tions to TEE or unclear images acquired before surgery, 
CT can be considered for preoperative evaluation to guide 
the selection of occluders.

This study found that the results of the orifice parameters 
of the four 3D printed LAA models were consistent with 
the results of the 3D reconstruction models in occluder size 
decision, indicating that the ostial planes defined by these 
two modes were consistent, and that the printing error of 
the 3D printed heart wall models was small. In the future 
work, for the LAA with special ostial shape evaluated by 
3D reconstruction model, the measurement and evaluation 
of the LAA orifice parameters of 3D printed wall models and 
the simulation operation on them may help to the appropri-
ate device size selection strategy.

Limitations

We report a single-center experience with a small sample 
size including only 41 individuals. A 3D LAA model was 
printed within 6 h using a 3D printer, which is time con-
suming. The depth and angulation of LAA are also impor-
tant parameters for the choice of the occluder device type. 
However, we focused on discussing the value of different 
LAA orifice parameters especially perimeter for sizing an 
LAA occluder and didn’t analysis these parameters in this 
study. In addition, due to the selection method of device 
size, the results of good correlation between 3D TEE and 
actually inserted occluder size were a natural result. This 
is an inadequacy of the study.

Conclusions

Considering the deformation of the LAA orifice after 
occluder insertion, for the LAA with special ostial shape, 
the assessment of the LAA ostial perimeter of 3D model 
based on 3D TEE and the simulation on 3D printed model 
with rubber-like material may help to choose the optimal 
device size of LAmbre™ in increasing the one-time suc-
cess rate of operation.
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