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In left atrial appendage occlusion (LAAO), pre-procedural imaging is pivotal to describe the highly variable LAA
anatomy and to guide the operator in device sizing and interventional planning.
Multiplanar reconstruction and 3D rendering are used for the interpretation of 3D CT datasets. However, this
method of review of such imaging, which is mediated by 2D screens, may be limited due to the lack of true 3D
visualization of the structures of interest; Mixed Reality (MxR) may further improve the CT-based pre-procedural
planning by allowing for real-3D visualizations with holographic replicas of anatomical models.
In this manuscript we present a novel software based on MxR and we evaluated its feasibility on different LAA
morphologies. The morphological analysis of the holographic anatomical models was successfully applied for all
the patients (n ¼ 4) independently from the morphology and it was performed in less than 10 minutes.
Our findings suggest that with further developments MxR could have the potential to become a pivotal tool in LAA
occlusion planning thanks to the real-3D perception, possibly leading to a more accurate and faster planning
phase.
Fig. 1. Workflow for the generation and the analysis of the holographic model:
(A) 3D model generation: creation of an endocardial isosurface; (B) 3D Model
Visualization: MxR application with the left heart model displayed; (C) Quan-
titative analysis of the morphology: identification of the maximum and mini-
mum diameter of the landing zone; (D) Virtual implantation of the LAA occluder
into the holographic model.
Dear Editor,

In this study we developed a novel software based on Mixed Reality
(MxR) to help clinicians in pre-procedural left atrial appendage (LAA)
occlusion planning starting from computed tomography (CT) images and
we evaluated its feasibility on four patients.

The importance of CT for LAA occlusion planning has been demon-
strated in multiple publications.1,2 Tools such as multiplanar recon-
struction or 3D real-time rendering techniques allow for navigating 3D
CT acquisitions. However, images viewed on 2D screens may be
misleading due to the limited 3D perception. Approaches that exploit
Mixed Reality (MxR) could further improve CT-based planning because
MxR allows for real 3D visualizations, 3D quantifications and in-
teractions with holographic replica of the anatomy.3–5

The workflow we are proposing for planning LAA occlusion through
MxR includes two phases:

1) Using a custom computer software an isosurface of the left atrium
together with the LAA, the left circumflex artery (LCx) and the left
upper pulmonary vein (LUPV) is identified by the user on the CT
acquisition and processed using a marching cube algorithm to obtain
a patient-specific 3D model (Fig. 1A).

2) The model is then analyzed on our MxR platform following these steps:

i. Qualitative analysis of the anatomy by moving and zooming its
holographic replica through dedicated gestures (Fig. 1B).

ii. Quantitative morphological analysis: ostium plane and landing
zone are identified by moving a holographic plane that interpolates
the CT volume and cuts the holographic model. Measurements of
the minimum and maximum landing diameters are taken on the
identified planes through dedicated gestures (Fig. 1C).
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iii. Simulation of the implant of a virtual replica of a transcatheter
occluder, whose size is determined based on the measurement of
the landing zone maximum diameter (Fig. 1D).

The four patients analyzed in this study were randomly selected
among those clinically referred for a CT scan prior to transcatheter aortic
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Fig. 2. Application of the MxR technology to four LAA morphologies (chicken wing, cactus, windsock, cauliflower): (A,D,G,J) lateral and frontal view of the ho-
lographic patient-specific model of the left heart: LAA in yellow, LUPV in light blue, LCx in green, other structures in red; (B,E,H,K) measurements of the two di-
ameters of the LAA landing plane as depicted on its short axis view; (C,F,I,L) view of the model cropped with a 3D cropping tool to highlight the virtual replica of the
LAA occluder placed by the operator. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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valve replacement. Each patient was characterized by a specific LAA
morphology according to the classification by Wang et al.: cauliflower,
cactus, chicken wing, windsock.2

The proposed workflow was successfully applied for all the patients
independent of the morphological complexity. All the models were suc-
cessfully uploaded in the MxR platform (Fig. 2A), and the analysis was
performed in less than 10 minutes.

The ostial plane was identified using the LCx and LUPV as references,
whereas the landing plane was positioned approximately 10 mm inside
the LAA from the ostium plane perpendicularly to the LAA wall.6 The
realistic display in 3D of the anatomic structures provided by MxR and
2

the ability to superimpose the CT images on the holograms were pivotal
to achieve an optimal position of the forementioned planes.

The operators easily measured the minimum and maximum di-
ameters of the identified planes using a dedicated measuring tool
(Fig. 2B). Finally, they placed the holographic replica of a properly sized
LAA occluder inside the LAA hologram (Fig. 2C).

Since clinical cases are handled by multiple specialists (the Heart
Team), each with in-depth expertise of advances in their area,7 the an-
alyses were collaboratively performed by more than one operator (e.g.,
an interventional cardiologist and an imaging cardiologist). This was
achieved through the possibility of our MxR platform to share in



Fig. 3. Sharing of the Holographic model between clinicians. (A) Local sharing
between clinicians in the same room interacting to perform 3D cropping of a
patient-specific holographic model. (B) Remote sharing between clinicians
located in different places. The 3D pointer (white transparent pencil-stick)
controlled by the second operator (right panel) is shared with the clinician in
the first location (left panel) preserving the same identical position in the scene
relative to the 3D model.
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real-time the holographic model and the interactions performed on it
between two or more people wearing the MxR device. Our MxR platform
proved able to perform the real-time sharing both between clinicians
located in the same place (i.e., local sharing; Fig. 3A) and in different
places (i.e., remote sharing; Fig. 3B).

Although only a small patient cohort was used, the preliminary results
obtained suggest that it is feasible to performa comprehensive 3D analysis
of the LAA with our novel MxR platform. Our software provided an intu-
itive way to fully appreciate the complex LAAmorphology and the spatial
relationship with surrounding structures such as the LCx. This suggests
that with further developments MxR could have the potential to become a
pivotal tool in LAA occlusion planning thanks to the real-3D perception,
which could possibly lead to a more accurate and faster planning phase.

Finally, the possibility offered by our MxR platform to share the ho-
lographic scene between different clinicians allowed for an effective and
engaging collaboration between the Heart Team specialists; moreover,
3

the remote sharing might improve the clinical case discussion between
experts from different hospitals.
Declaration of competing interest

Matteo Pasquali is employed at Artiness s.r.l. that has developed the
software used in the manuscript.

Omar Pappalardo and Alberto Redaelli are founders of Artiness s.r.l.
References

1. Korsholm K, Berti S, Iriart X, et al. Expert recommendations on cardiac computed
tomography for planning transcatheter left atrial appendage occlusion. JACC Car-
diovasc Interv. 2020;13(3):277–292. https://doi.org/10.1016/j.jcin.2019.08.054.

2. Wang Y, Di Biase L, Horton RP, et al. Left atrial appendage studied by computed to-
mography to help planning for appendage closure device placement. J Cardiovasc
Electrophysiol. 2010;21(9):973–982. https://doi.org/10.1111/j.1540-
8167.2010.01814.x.

3. Southworth MK, Silva JR, Silva JNA. Use of extended realities in cardiology. Trends
Cardiovasc Med. 2020;30(3):143–148. https://doi.org/10.1016/j.tcm.2019.04.005.

4. Butera G, Sturla F, Pluchinotta FR, et al. Holographic augmented reality and 3D
printing for advanced planning of sinus venosus ASD/partial anomalous pulmonary
venous return percutaneous management. JACC Cardiovasc Interv. 2019;12(14):
1389–1391. https://doi.org/10.1016/j.jcin.2019.03.020.

5. Pasqualin G, Sturla F, D’Aiello AF, et al. Mixed reality navigation of a systemic venous
baffle obstruction: unravelling the percutaneous approach in atrial switch operation.
Eur Heart J. 2021;42(41):4284. https://doi.org/10.1093/eurheartj/ehaa961.

6. Wunderlich NC, Beigel R, Swaans MJ, et al. Percutaneous interventions for left atrial
appendage exclusion: options, assessment, and imaging using 2D and 3D echocardi-
ography. JACC (J Am Coll Cardiol): Cardiovasc Imaging. 2015;8(4):472–488. https://
doi.org/10.1016/j.jcmg.2015.02.002.

7. Gaudino M, Crea F, Massetti M, et al. Heart Team 2.0: keep your friends close…and
your enemy closer!. J Thorac Cardiovasc Surg. 2018;155(3):874. https://doi.org/
10.1016/j.jtcvs.2017.10.050.

M. Pasquali1

Artiness s.r.l., Milan, Italy

L. Fusini1

Centro Cardiologico Monzino, IRCCS, Milan, Italy
Department of Electronics, Information and Bioengineering, Politecnico di

Milano, Milan, Italy

G. Italiano, A. Maltagliati, G. Tamborini
Centro Cardiologico Monzino, IRCCS, Milan, Italy

M. Penso
Centro Cardiologico Monzino, IRCCS, Milan, Italy

Department of Electronics, Information and Bioengineering, Politecnico di
Milano, Milan, Italy

D. Andreini
Centro Cardiologico Monzino, IRCCS, Milan, Italy

Department of Biomedical and Clinical Sciences “Luigi Sacco”, University of
Milan, Milan, Italy

A. Redaelli
Department of Electronics, Information and Bioengineering, Politecnico di

Milano, Milan, Italy

O. Pappalardo*

Artiness s.r.l., Milan, Italy

M. Pepi
Centro Cardiologico Monzino, IRCCS, Milan, Italy

* Corresponding author.
E-mail address: omar.pappalardo@artinessreality.com (O. Pappalardo).
1 Equal contribution.

https://doi.org/10.1016/j.jcin.2019.08.054
https://doi.org/10.1111/j.1540-8167.2010.01814.x
https://doi.org/10.1111/j.1540-8167.2010.01814.x
https://doi.org/10.1016/j.tcm.2019.04.005
https://doi.org/10.1016/j.jcin.2019.03.020
https://doi.org/10.1093/eurheartj/ehaa961
https://doi.org/10.1016/j.jcmg.2015.02.002
https://doi.org/10.1016/j.jcmg.2015.02.002
https://doi.org/10.1016/j.jtcvs.2017.10.050
https://doi.org/10.1016/j.jtcvs.2017.10.050
mailto:omar.pappalardo@artinessreality.com

	Feasibility study of a mixed reality tool for real 3D visualization and planning of left atrial appendage occlusion
	Declaration of competing interest
	References


