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Abstract

Aims: Device sizing for LAA closure using transoesophageal echocardiography (TEE) can be challenging
due to complex LAA anatomy. We investigated whether the use of 3D-printed left atrial appendage (LAA)
models based on preprocedural computed tomography (CT) permits accurate device sizing.

Methods and results: Twenty-two (22) patients (73+8 years, 55% male) with atrial fibrillation requir-
ing anticoagulation at high bleeding risk underwent LAA closure (WATCHMAN device). Preprocedurally,
LAA was sized by TEE and third-generation dual-source CT. Based on CT, 3D printing models of LAA
anatomy were created for simulation of device implantation. Device compression was assessed in a CT
scan of the 3D model with the implanted device. Implantation was successful in all patients. Mean LAA
ostium diameter based on TEE was 2244 mm and based on CT 2543 mm (p=0.014). Predicted device size
based on simulated implantation in the 3D model was equal to the device finally implanted in 21/22 patients
(95%). TEE would have undersized the device in 10/22 patients (45%). Device compression determined in
the 3D-CT model corresponded closely with compression upon implantation (16+£3% vs. 18+5%, 1=0.622,
p=0.003).

Conclusions: Patient-specific CT-based 3D printing models may assist device selection and prediction of
device compression in the context of interventional LAA closure.
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Abbreviations

CT computed tomography

LAA left atrial appendage

TEE transoesophageal echocardiography
3D three-dimensional

Introduction

The relationship between atrial fibrillation and ischaemic events
has been established'. Traditionally, oral anticoagulation is the
therapy of choice to prevent thromboembolic complications?.
Occlusion of the left atrial appendage (LAA) provides effec-
tive stroke prevention and is clinically used in patients with high
bleeding risk on anticoagulation therapy'. For the WATCHMAN™
device (Boston Scientific, Marlborough, MA, USA), non-inferior-
ity regarding safety and efficiency compared to warfarin has been
demonstrated in randomised trials>*.

Correct sizing is crucial for successful and safe device implan-
tation. Serious complications are reported in 4% of cases®.
Intraprocedurally, imaging by angiography and transoesophageal
echocardiography (TEE) is used to confirm complete sealing of
the LAA by the occluder, exact device positioning and appropriate
compression of the occluder prior to device release. A compres-
sion of 8-20% of the original occluder size is desirable to pre-
vent device embolisation®’. Due to the complex three-dimensional
(3D) and highly variable LAA anatomy, imaging is difficult, and
currently used imaging modalities have limited value to predict
the appropriate device size. Intraprocedural device removal and
re-implantation of a differently sized model therefore frequently
become necessary.

3D printing has emerged as a tool for planning struc-
tural heart interventions®®. In this prospective study, we sys-
tematically compared computed tomography (CT)-based 3D
model prediction of device size and compression to the estab-
lished TEE-based approach. Preprocedurally, an occluder
was implanted in the 3D model based on CT sizing and vis-
ually assessed regarding positioning, anchoring and sealing.
Furthermore, compression was quantified in a CT scan of the

model with an implanted occluder.

Methods

PATIENTS

Twenty-nine consecutive patients with atrial fibrillation and
at high risk for stroke (CHA,DS-VASc score >2) and bleed-
ing (HAS-BLED score >3 or history of major bleeding compli-
cations on anticoagulant therapy) undergoing LAA occlusion
with the WATCHMAN device were screened for enrolment
between October 2015 and January 2017. Three patients showed
an impaired renal function (GFR <30 ml/min/1.73 m?), and one
patient refused informed consent. Two patients demonstrated an
LAA thrombus, and one patient had LAA dimensions exceeding
available occluder sizes. Finally, 22 patients participated in the
study (Figure 1). The local institutional review board approved
the study.
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Screening (n=29)
Inclusion criteria

—CHA,DS,-VASC score >2

— Increased bleeding risk: HAS-BLED score >3

— History of major bleeding or recurrent bleeding
complications on anticoagulation therapy

—GFR =30 ml/min/1.73 m?

— Able to provide informed consent

Excluded (n=4)

P>|  _Refused informed consent (1)
—GFR <30 ml/min/1.73 m? (3)

Y
’ Enrolment (n=25) ‘

Excluded (n=3)

> —Thrombus of left atrial appendage (2)
—LAA ostium (35 mm) exceeding
available occluder size (1)

\4
’ Study population (n=22) ‘

Figure 1. Study flow chart. Out of 29 patients initially screened for
participation in the study, 22 patients were finally included in the
cohort.

TRANSOESOPHAGEAL ECHOCARDIOGRAPHY ASSESSMENT

All patients underwent preprocedural TEE for assessing LAA ori-
fice diameter and length at 0°, 45°, 90° and 135° by an opera-
tor with clinical experience regarding TEE in the context of LAA
occlusion (more than 100 cases) and blinded to CT and 3D model
sizing results. Patients were pre-hydrated with 1,000 ml intrave-
nous balanced electrolyte solution to ensure sufficient LAA filling.
Device selection by TEE was based on maximum ostial diameters

according to the manufacturer’s instructions.

CT IMAGE ACQUISITION

For comparable LAA filling conditions, CT imaging was per-
formed immediately after TEE using third-generation dual-source
CT (SOMATOM® Force; Siemens Healthineers, Forchheim,
Germany) and a prospectively ECG-triggered high-pitch spiral
acquisition mode’. Tube output was adjusted to patient’s BMI (80-
100 kV, 450-650 mAs); acquisition was performed at 70% of the
R-peak-to-R-peak interval. Patients with a heart rate >60 beats/
min received beta-blockers. Contrast transit time was assessed by
the test bolus technique. For angiography, 60 mL of contrast agent
(350 mg iodine/mL, Iomeron®; Bracco Imaging, Milan, Italy) was
injected via an antecubital vein followed by a 60 mL flush (80%
saline, 20% contrast agent) at 6 mL/s.

CT-BASED MEASUREMENT OF LAA DIMENSIONS

Analyses were performed on an off-line workstation (Multimodality
Workplace; Siemens Healthcare, Erlangen, Germany) by an opera-
tor experienced in CT imaging and analysis in the context of LAA
occlusion (more than 100 cases) and blinded to TEE results. LAA
ostium diameters, length, morphology (chicken wing, windsock,
cauliflower or cactus) and number of lobes were assessed in two-
dimensional (2D) oblique transverse views with the three planes
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locked at a 90° angle'*!". CT-based device selection was carried out

using the same manufacturer specifications as used for TEE sizing.

CREATION OF 3D MODELS

For creating an individual 3D model based on CT data, the LAA, the
left superior pulmonary vein proximal segment and the adjacent part
of the left atrium were manually segmented slice by slice on a mul-
timodality workstation. DICOM data were imported in the 3D-slicer
open-source software platform and converted into 3D-printable
standard tessellation language to print a 3D relief (Ultimaker 2;
Ultimaker B.V., Geldermalsen, the Netherlands). Next, a negative
model was created using a two-component silicone rubber vulcanis-
ing at room temperature (ELASTOSIL P7670 A/B; Wacker Chemie
AG, Munich, Germany) (Figure 2). Generation of the 3D print and
corresponding model requires approximately five to six hours in
total; the pure material cost is approximately 20 euros.

SIMULATION OF LAA DEVICE IMPLANTATION

Based on CT sizing and blinded to TEE results, an occluder was
inserted into the 3D model by the interventional cardiologist perform-
ing the later occluder implantation with an experience of more than
125 LAA occlusion procedures. Complete engagement of all anchors
and sealing of the LAA ostium was visually assessed; a stability test
(tug test) was performed. For prediction of device compression, CT
images of the 3D model with the implanted device were acquired
(70 kV, 450 mAs) in high-pitch spiral acquisition and reconstructed
with a medium sharp convolution kernel (“B40”), a 0.6 mm slice
thickness and a 0.4 mm increment. Two maximum intensity projec-
tions (10 mm thickness), one carefully aligned with the longitudinal
axis of the implanted occluder and one aligned with the LAA
ostium, were used to visualise the device'?. The maximum device

diameter was measured and compression (in %) was calculated as

maximum diameter of implanted device
(1- S x100.
original device diameter

The device size was rated as “optimal” if all anchors were
completely engaged, the ostium was completely sealed, the tug
test was positive and compression was within the optimal range
(8-20%)°. If the device size based on CT measurements was inap-
propriate in the 3D model, the next larger and smaller device sizes
were assessed until the optimal device size was found. Imaging
cascade is shown in Figure 3.

LAA PROCEDURE

The WATCHMAN device was implanted via a transfemoral trans-
septal approach using a catheter-based delivery system. All patients
were pre-hydrated to achieve a left atrial pressure >12 mmHg. The
implantation procedure was performed under fluoroscopic and TEE
guidance'. Initial device size was chosen based on 3D model meas-
urements; the interventional cardiologist was blinded to the prepro-
cedural TEE and CT results. Only optimally implanted devices,
defined as a completely sealed ostium, a positive tug test and a com-
pression within optimal range, were accepted and, if necessary,
partial or full recapture including a change in occluder size was per-
formed. Compression was measured periprocedurally by TEE using
the maximum diameter of the device. Post-procedurally, antiplatelet
therapy consisted of 100 mg acetylsalicylic acid and 75 mg clopi-
dogrel daily for six months.

FOLLOW-UP

A clinical and TEE follow-up was performed in all patients after
30 days. Adverse events including severe bleeding, haemodynami-
cally significant pericardial effusion, occluder embolisation, stroke,
mortality, and all death were assessed. Presence of device-attached
thrombus and peri-device leak were examined by TEE.

STATISTICAL ANALYSIS
Statistical analysis was performed using SPSS software, Version
21 (IBM Corp., Armonk, NY, USA). Continuous variables were

Figure 2. Generation of 3D model. From a standard tessellation language file (4), a 3D relief was printed (B). The 3D-printed positive model
was fixed in a casting mould (C) and a negative model was created by filling the mould with two-component silicone rubber vulcanising at

room temperature (D & E). After curing and demoulding, the plastic model was removed from the silicone rubber cast leaving the 3D

structures (F) displaying the left atrial appendage (1) and the proximal left upper pulmonary vein (2).
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Figure 3. Left atrial appendage (LAA) imaging and device implantation in a 71-year-old male. A) CT angiography (* LAA).

B) Transoesophageal echocardiography. C) 3D print LAA model. D) 3D model with implanted device. E) CT scan of 3D model with implanted

device. F) Fluoroscopy LAA imaging. G) Implanted device.

expressed as meant+SD, categorical variables as frequencies and
percentage. A chi-squared test (%* test) was used for comparison
between categorical variables. Parametric data were compared
using the t-test and non-parametric data using the Mann-Whitney U
test for continuous variables. Association between compression of
the implanted occluder and 3D model-predicted compression was
assessed by Pearson correlation coefficient. All tests performed were

two-sided and p<0.05 was considered to be statistically significant.

Results

BASELINE CHARACTERISTICS AND OUTCOME

Mean patient age was 73+8 years; 55% of the patients were male.
The mean CHA DS -VASc score was 3+1, and the mean HAS-
BLED score was 4+1. Table 1 presents baseline characteristics. The
periprocedural drug regimen is illustrated in Table 2. Intraprocedural
pressure of the left atrium was >12 mmHg in all patients. LAA clo-
sure was successfully performed in all patients. Intraprocedural
TEE revealed a complete device sealing of the LAA in all patients.
During implantation, seven patients (32%) showed sinus rhythm,
and 15 patients (68%) atrial fibrillation. There was no case of in-
hospital death or death within the first 30 days (Table 3).

PREPROCEDURAL ASSESSMENT OF MORPHOLOGY AND
SIZING BY TEE, CT AND 3D-CT MODEL

CT-based assessment of LAA shape revealed “chicken wing”
morphology in five patients (23%), “cactus” morphology in six
patients (27%), “cauliflower” morphology in eight patients (36%)
and “windsock” morphology in three patients (14%). Fourteen
patients (64%) had an unilobular LAA and eight patients (36%)
a bilobular LAA. CT-based measurements of ostium diameter
(2543 vs. 22+4 mm, p=0.014) and depth (38+5 vs. 3246 mm,
p<0.001) were significantly larger than TEE-based measure-
ments (Table 4). Device implantation according to CT-based
LAA diameters into the 3D model revealed a correct size selec-
tion in 18 cases (81%). In the other four cases, the 3D model

recommended the next smaller device size for optimal fitting and
compression (Table 5).

AGREEMENT OF TEE AND 3D MODEL-BASED PREDICTION
DEVICE SIZE WITH FINAL IMPLANTATION

3D model-based prediction of occluder size was in agreement
with the finally implanted occluder in 21/22 cases (95%). In one
case, the predicted size was too small, showing a slight leak-
age. The interventional cardiologist performed a full recapture
with a device change to the next larger size. Angiographic and
echocardiographic assessment revealed no leakage and a compres-
sion within optimal range. CT-based device size prediction was
congruent with the final device size in 17 patients (77%), while
four cases (18%) were oversized and one case (5%) undersized
(Figure 4). TEE-based size suggestion was congruent with the
finally implanted size in 12 cases (55%). For the other 10 cases,
TEE-based device sizing was too small. Compression measured
periprocedurally by TEE after implantation was within the optimal
range (8-20%) in 17 patients (77%); five patients had a compres-
sion between 20% and 24%. Compression of implanted occluders
corresponded well with the 3D-CT model-predicted compression
(17.6+4.7 vs. 15.6+3.2%, 1=0.622, p=0.003) (Figure 5).

FOLLOW-UP

At 30-day TEE follow-up, 20 patients (90%) demonstrated com-
plete LAA sealing by the occluder, while two patients had a minimal
leakage (<3 mm). There was no serious adverse event. In one patient
with polycythaemia vera and a priori unknown heparin-induced
thrombocytopaenia, a device-attached thrombus was found inciden-
tally by TEE before electrocardioversion 19 days after implantation.
This disappeared under phenprocoumon without any embolic event.

Discussion
In this prospective study, we demonstrated that the manufacturing
of LAA models using 3D printing based on CT data provides
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Table 1. Baseline characteristics.

Table 2. Periprocedural drug regimen.

. Total cohort Anticoagulation Pre-implant Post-implant
Variable
n=22 None 2(9) 0(0)
Clinical characteristics Single APT 2(9) 0 (0)
Age (yrs) 73+8 Dual APT 3(14) 22 (100)
Male sex, n (%) 12 (55) Vitamin-K dependent agents 10 (46) 0 (0)
Body mass index (kg/m2) 27+6 Novel oral anticoagulants 7 (32) 0 (0)
Cardiovascular risk factors, n (%) Low molecular weight heparin 1 (5) 0(0)
Hypertension 20 (91) Values are n (%). Pre-implantation information exceeds n=22, as some
Hyperlipidaemia 9 (41) patients received both APT and anticoagulation. APT: antiplatelet
therapy
Diabetes mellitus 3(14)
Tobacco use 1 (5)
Family history of coronary artery disease 5 (23) a feasible, non-invasive technique for visualisation of patient-
CHA,DS,-VASc score 3+1 specific LAA anatomy and allows preprocedural WATCHMAN
2,1 (%) 5 (23) device sizing, including simulation of occluder implantation with
3 7 (32) accurate prediction of device compression.
4 7 (32) We found a 95% agreement rate for 3D model-based sizing
5 1 (5) compared to the finally implanted WATCHMAN occluder. The
6 2(9) incidence of serious adverse events within 30 days was 4.5%,
HAS-BLED score 4+1 corresponding to results from multicentre registries including
3, n (%) 13 (59) EWOLUTION, PROTECT AF and PREVAIL**“, TEE-based
4 7 (32)
5 2(9)
Atrial fibrillation. n (%) Table 3. Procedural success and outcome.
Paroxysmal 11 (50) Variable Total cohort
Persistent 2(9) n=22
Permanent 9(41) Procedural success 22 (100)
Congestive heart disease, n (%) 2 (9) Serious adverse events (SAE) within 30 days 1(4.5)
Vascular disease, n (%) 10 (46) Device/procedure-related SAE 0
Abnormal renal function, n (%) 5(23) Bleeding SAE 0
Abnormal liver function, n (%) 2 (10) Thrombus on the device 1(4.5)
Prior ischaemic stroke, n (%) 1(5) All deaths 0 (0)
Prior haemorrhagic stroke, n (%) 7 (32) Haemodynamically relevant pericardial effusion 0 (0)
Pric_)r major bleeding complications on 19 (86) Stroke — 0(0)
anticoagulation therapy, n (%) Occluder embolisation 0 (0)
Ejection fraction, % 55+12 In-hospital mortality 0 (0
Ejection fraction <35%, n (%) 2(9) 30-day mortality 0
Left atrium size, mm 47+6 Values are n (%).
Table 4. LAA dimensions and device sizing by TEE, CT and 3D model, and agreement with finally implanted occluder size.
Variable ‘ TEE-based ‘ CT-based ‘ ‘ p-value
LAA dimensions, mm Ostium 22+4 25+3 0.014
Depth 326 38+5 <0.001
‘ TEE-based ‘ CT-based 3D model ‘ Implantation
Sizing, n (%) 21 mm 8 (36) 2(8) 3(14) 3(14)
24 mm 6 (27) 3(14) 3(14) 3(14)
27 mm 3(14) 7(32) 7(32) 7 (32)
30 mm 5(23) 7 (32) 7(32) 6 (26)
33 mm 0(0) 3(14) 2(8) 3 (14)
Agreement with finally implanted occluder size, n (%) 12 (55) 17 (77) 21 (95)
CT: computed tomography; LAA: left atrial appendage; TEE: transoesophageal echocardiography
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Figure 4. Device size prediction by transoesophageal echocardiography (TEE), computed tomography (CT) and 3D model with implanted

device and agreement with final implanted device size.

sizing has previously been shown to have the lowest correlation to
implanted device size compared to other imaging methods includ-
ing conventional cardiac angiography and cardiac CT'>". In the
current study, we found a 55% agreement rate with the finally
implanted device size for TEE. Due to the restricted view by
2D-TEE, underestimation of the LAA ostium diameter can easily

Table 5. Recommendations of device size by TEE, CT and 3D
model compared to finally implanted device size.

Patient TEE-based | CT-based |3D model-based _ Finally
0. recommen- | recommen- | recommen- |mpla_nted
dation dation dation device

1 21} 27 27 27

2 24 | 30 30 30

3 30 30 30 30

4 30 30 30 30

5 21 301 27 27

6 27 27 27 27

7 30 331 30 30

8 21 21 21 21

9 21 21 21 21
10 21 24 1 21 21
11 27 27 27 27
12 24 24 24 24
13 24 | 27 27 27
14 24 27 1 24 24
15 24 27 27 27
16 30 30 30 30
17 21| 27 27 27
18 30 33 33 33
19 21| 30 30 30
20 21 ] 24 24 24
21 24 | 33 33 33
22 27 | 30} 30 33

CT: computed tomography; TEE: transoesophageal echocardiography

occur if the plane is not exactly aligned with the largest diameter
of the LAA orifice'®. 2D-CT, on the other hand, has been reported
rather to overestimate LAA diameters. We show a 77% agreement
rate with the final implantation device size, which corresponds
closely with the results of Lopez-Minguez et al who reported
a 75% agreement rate's.

3D printing technology has been increasingly applied for inter-
ventional and surgical procedural planning®s. For optimal LAA
device sizing, Otton et al analysed positioning and anatomic defor-
mation of the WATCHMAN device in a flexible 3D printed LAA
replica’. An implanted 21 mm WATCHMAN in the 3D replica as
recommended by TEE sizing showed insufficient radial force and
deformation of the LAA, whereas the 27 mm device was too large
to achieve full retraction. A 24 mm occluder was deployed show-
ing intraoperative good fitting with no peri-device leak. Pellegrino
et al reported two successful cases of LAA occlusion procedures

— N N
o > o
| | |

Compression of implanted device

o
|

o r=0.622, p=0.003

T T T T T
0 5 10 15 20 25
Compression predicted by 3D mould model

Figure 5. Correlation between compression of the finally implanted
occluder and compression predicted by the 3D model.
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supported by a 3D printed model for device sizing using two dif-
ferent occluder systems (WaveCrest™ [Biosense Webster, Irvine,
CA, USA] and AMPLATZER™ Amulet™ [St. Jude Medical, St.
Paul, MN ,USA])®. Liu et al generated LAA printing models from
3D-TEE data and reported a correctly suggested device size in seven
out of eight individuals®'. Wang et al investigated LAA device siz-
ing using a 3D-CT-based approach including 3D printing for plan-
ning of spatial navigation through the left atrium®. They reported
a 100% successful implantation rate for the 3D-CT-predicted sizing,
but a slight peri-device leak in 7.5% of the patients. In our study,
only optimal implantation results, defined as a completely sealed
ostium, a positive tug test and a device compression within optimal
range (8-20%), were accepted. Therefore, we counted only 21/22
successful implantations (95%) based on 3D model-based sizing.
In the one patient with an undersized occluder, the 3D model-based
size prediction resulted in a slightly too small and deeply seated
device in vivo. As the device size showed a correct position and
complete sealing in the 3D model, we assume that the undersiz-
ing was most likely due to a reduced LAA filling pressure during
CT acquisition despite pre-hydration. The interventionalist therefore
decided to perform a full recapture and switch to a 33 mm device.
The final result with the implanted 33 mm occluder showed a com-
plete sealing with an optimal compression. In addition to mere siz-
ing, we also assessed the prediction of device compression by the
3D model. An optimal compression of 8-20% has been emphasised
to ensure a sufficient pressure on the LAA wall for minimising the
risk of embolisation and residual leakages®. There was a good cor-
relation between 3D model-predicted compression and compression
of the implanted device. Compression of the implanted device was
within optimal range in 77% of the cases. Recently, Li et al pub-
lished a small study on 42 patients randomised to 3D printing-based
or conventional imaging-based sizing®. They reported no case of
residual shunt as assessed by TEE for the 3D print cohort, but 3/21
cases for the conventional imaging cohort. Among procedural para-
meters, a significant radiation exposure reduction was found.

Limitations

Several limitations need to be acknowledged. First, our patient cohort
included only 22 individuals. Device size selection initially used for
implantation was based only on the 3D model, and there was no ran-
domisation to CT-based and TEE-based sizing for device implanta-
tion. Therefore, we do not know in how many cases a TEE-sized (and
hence probably smaller) device would also have been acceptable for
implantation. Next, we created the 3D model based only on CT data,
while 3D printing from 3D-TEE data has also been reported, but was
not used in this trial. Furthermore, we applied 2D-TEE for prepro-
cedural sizing, which is used for LAA occlusion guidance and device
sizing as standard. The superiority of 3D-TEE over 2D-TEE has been
demonstrated; however, Wang et al reported an undersizing of 53%
for 3D-TEE-based and 62% for 2D-TEE-based size prediction®*.
Additionally, patient preparation regarding hydration status is cru-
cial to ensure optimal LAA filling. Prior to CT, TEE and implanta-
tion, patients were hydrated, but their hydration status and left atrium

pressure may still have differed slightly. Furthermore, the silicone
rubber used for the 3D model does not exactly mimic the specific
texture, elasticity and distensibility of the left atrium. Therefore, the
silicone models may not fully simulate device compression, since
their ability to reshape and expand may be different from LAA
tissue. Nonetheless, a 95% correct size prediction and absence of
procedure-related complications in our series show that 3D models
allow reliable sizing with excellent procedural outcome, support-
ing the clinical use of 3D printing for LAA occlusion device sizing.
Finally, we only addressed the WATCHMAN LAA occluder in the
current study. We would expect that the benefit of 3D model sizing
should be transferable to alternative occluders, though proof of this
assumption must be obtained in specific studies with other occluders.

Conclusions

We present a proof-of-concept study showing that 3D printing is
capable of assisting device selection and prediction of device com-
pression for LAA occlusion using the WATCHMAN device. As
a next step, a larger randomised trial consisting of a TEE, CT and
3D model study arm will be needed to assess the outcome of the
different sizing approaches.

Impact on daily practice

Conventional imaging by TEE and CT in the context of LAA
occlusion is limited due to the complex three-dimensional
and highly variable LAA anatomy. 3D printing has emerged
as a potentially useful tool for the planning of structural heart
interventions. 3D print models are feasible to assist interven-
tional LAA occlusion for preprocedural device sizing and pre-
diction of device compression.
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