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• Key Points 

o The left atrial appendage is the main source of cardio-embolic stroke, not 
just a useless attachment to the heart. 

o Left atrial appendage morphological variability is very high and normal 
reference values are still not clearly defined. 

o A multimodality imaging approach, using advanced computational tools 
for their exploration and analysis, is the key to better understand the left 
atrial appendage anatomy and function. 

o The best treatment options to prevent clot formation should be 
personalized.  

• Synopsis  
Although the left atrial appendage (LAA) seems useless, it has several critical 
functions that are not fully known yet, such as the causes for being the main origin of 
cardio-embolic stroke. Difficulties arise due to the extreme range of LAA 
morphological variability, making the definition of normality challenging and 
hampering the stratification of thrombotic risk. Furthermore, obtaining quantitative 
metrics of its anatomy and function from patient data is not straightforward. A 
multimodality imaging approach, using advanced computational tools for their 
analysis, allows a complete characterisation of the LAA to individualise medical 
decisions related to left atrial thrombosis patients.   



Introduction 
 
Modern science has demonstrated how humans are much alike, with 99.9 % of genome of 
any two individuals being identical. It comes to no surprise the homogeneity in human 
organ’s structure and function, despite the existence of variability considering gender and 
ethnicity, among other aspects, as well as congenital malformations. Therefore, the 
concept of normality in healthy organs covers the normal range of variations, which is 
crucial to identify abnormal patterns in anatomy and function of the studied organs.  
 
However, there are structures in the human body that challenge the concepts of normality 
and standard ranges of variability, such as the left atrial appendage (LAA). The LAA is 
the only remnant of the primitive atrium, developing since the third gestational week1 and 
has a small finger-like size and decentralized position. The right and left atrial 
appendages appear as extensions hanging off each atrium2. The LAA apparently seems 
useless, without a clear function in healthy hearts. Moreover, LAA present an extreme 
range of 3D morphological variability, as can be seen in Figure 1. Can you imagine any 
other human structure that could be categorised as a chicken wing, a cactus, a windsock 
or a cauliflower3? How would you define normality over all these structures? Shape 
variability is also interesting because the most common site for clot formation4 in AF 
patients and has been therefore defined as “the most lethal attachment to the heart”5. 
 
The mystery of the LAA has not been solved mainly due to the difficulties on obtaining 
patient-specific, robust and quantitative metrics of its anatomy and function that would 
allow the definition of normality, stratify the risk of thrombus generation in patients and 
personalise treatment. For instance, accurate LAA morphology characterisation is key for 
selecting the optimal LAA occluder device settings. In this paper we present a 
comprehensive review of anatomical and functional LAA differences in relation to 
thrombus formation and to occlusion procedures, as well as on the advanced imaging and 
computational techniques to fully characterisation of LAA features.  
 
Anatomy 
 
Embryogenesis 
The left atrial appendage is a remnant of the primitive atrium, with the proliferation of the 
mesodermal cells determining its muscular wall and pectinate muscles; the heart looping 
and the connection with the pulmonary veins justify the variable and irregular shapes1. 
Very few developmental abnormalities of the LAA have been reported. Apart from 
appendage isomerism, congenital abnormalities include aplasia, hypoplasia, aneurysms, 
accessory appendages and LAA membranes. Most LAA aneurysms should be operated 
on as they represent risk factors for thrombosis, arrhythmias and rupture. Less is known 
about hypoplasia, which may reduce thrombosis risk, and about LAA membranes, which, 
on the contrary, may increase it. Congenital absence of the LAA is an extremely rare 
cardiac anomaly, with unknown physiological consequences. 
 
Left atrial appendage anatomy 



The LAA is attached to the anterolateral LA wall, and it is in close spatial relation with 
the left phrenic nerve, the left upper pulmonary vein (LUPV) and the left circumflex 
artery. Only the posterior-superior border of the LAA is clearly separated from the 
LUPV, by a ridge (pulmonary or Coumadin ridge) that represents a remnant of the 
superior vena cava (Marshall ligament), whereas the other margins continue directly with 
the LA walls. Pits or recesses frequently surround the ostium and may contribute to 
thrombus formation6. Also, the coverage of the pulmonary ridge is becoming relevant in 
the implantation of occluder device to have a lower incidence of device-related 
thrombosis7.  
 
Two appendages are present in the human heart (see Figure 2). Due to their different 
anatomy, the frequency of right atrial appendage (RAA) thrombi is approximately 12 
times less frequent compared to LAA8. While the LAA is an external structure attached 
to the left atrium, the right one appears as a prolongation of the right atrial cavity with a 
broad base. The RAA is shallow, with a single triangular-shaped lobe and a smooth 
surface; the ‘‘terminal crest’ represents its ‘‘roof”. Pectinate muscles and sagittal bands 
radiate from the terminal crest into the RAA, improving atrial contractility that may play 
a role in preventing thrombus formation. Finally, the RAA has a lower plasticity, lacking 
significant remodelling in AF9.  
 
The LAA communicates with the LA by means of an ostium (or orifice), which is narrow 
and well-defined due to the LAA tubular shape10. The LAA ostium is oval shaped (69%), 
otherwise round, water drop- or foot-like. Wang et al.3 obtained the following mean 
ostium dimensions: maximum diameter of 25.4 ± 5.5, minimum diameter of 16.8 ± 4.5 
and perimeter of 77.1 ± 17.9. Enlargement of the LAA orifice area11 was found an 
independent stroke risk factor in patients with non-valvular AF, while others found the 
opposite12.  
 
The LAA length was also estimated by Wang et al.3 (4.58 ± 1.21 mm). Khurram et al.12 
found shorter LAA lengths being associated with stroke, while others13 stated the 
contrary. In a similar way, Khurram et al.12 did not find significant differences in LA 
antero-posterior diameters between controls and stroke patients, whereas others11,13 
observed larger LA dimensions in stroke cases. Table 1 summarises the variability of 
different LAA features. In an autopsy study14 it was found a wide range of LAA volumes 
(0.7 to 19.2 ml). More recently, Tian et al.15 estimated a LAA volume > 9.5 ml as a 
threshold to predict AF recurrence after radio-frequency ablation of the pulmonary veins. 
 
When analysing LA and LAA measurements, several factors influence the obtained 
values. First, some measurements are load-dependent; volume loading increases the 
orifice size by an average of 1.9 mm, and the LAA depth of 2.5 mm16 (see 
Supplementary Material). Second, there are discrepancies between measurements 
estimated from different imaging modalities. For instance, ostial size dimensions are 
more accurate in 3D transoesophageal echocardiography (TOE) than in 2D counterparts; 
although a slight underestimation compared to CT data is reported17–19. 
 



The presence and number of secondary lobes in the LAA is large variable and potentially 
related to thromboembolism. A LAA lobe can be defined as an outpouching of the LAA 
of at least 1 cm in width and depth20. In an autoptic study21, the LAA was bilobed in 
54%, a single lobe was found in 20%, and 3 or more in 26%. Di Biase et al.22 suggested 
that patients with more LAA lobes and shape complexity are significantly more likely to 
have emboli. The main lobe bending23, with the LAA presenting an acute angle bend or 
fold from the proximal/middle portion of the LAA, has also being associated to low risk 
of embolic stroke24. Finally, Nedios et al.25 observed a relationship between the risk of 
thrombus and the relative position of the LAA with the LUPV and the mitral valve. 
 
Left atrial appendage morphology classifications 
The most commonly used LAA morphology classification was proposed by Wang et al.3, 
based on CT image analysis, where they qualitatively labelled them with the infamous 
Chicken wing (a long dominant lobe bending < 100° in its proximal part), Cactus (a 
central lobe < 40 mm with secondary lobes and recesses), Windsock (dominant lobe > 40 
mm and secondary lobe/s bending > 100°) and Cauliflower (length < 40 mm with 
irregular multiple recess) categories. The same team22 found that Chicken Wing LAA 
morphologies were less likely to have stroke, while Cactus and Cauliflower LAA were 
more prone to having embolic events.  
 
However, several studies12,25,26 have raised concerns about the robustness of this 
classification to relate LAA morphology and thrombogenesis. First, the qualitative 
category define (only 28.9% consensus26). Moreover, Bai et al.18 found statistically 
significant bias in classifying LAA morphologies by the same operator using different 
imaging modalities. Some researchers have proposed a reduced list of LAA shape types, 
finding improved inter-observer agreement27. Yaghi et al.24 introduced a LAA 
classification system based on the angle bend from the proximal/middle portion of the 
LAA, with > 90° angles being associated to high risk of embolic stroke. Additionally, 
statistical shape models of LAA geometries28 automatically identified two distinct LAA 
shape clusters (Chicken Wing and non-Chicken Wing), with the LAA size, main lobe 
bending and tip width being the main modes of variation. 
 
Gender, ethnicity and inter-species variations 
Available clinical data suggest a higher thromboembolism rate in women29. However, 
Boucebci et al.30 only found significant differences in LAA length and maximum width, 
(longer in men), with a decrease of 2% in LAA ejection fraction per decade in both sexes. 
Kamiński et al.29 observed that most LAA in female population were composed of 2 
lobes, while 2 or 3-lobed appendages were most usual in the male group. Additionally, 
smaller orifice size was found in women, as well as a more tubular shape of the LAA 
lobes, which could explain a higher risk of thrombus formation in women. 
 
It has also been reported a higher risk of cardioembolic stroke in black people. Mumin et 
al.31 analysed the LAA shape in Kenyan patients, finding similar prevalence of 
Cauliflower (the highest), Chicken Wing and Windsock types, with Cactus being the least 
frequent. A basic comparison to similar studies available in the literature31 shows that the 
most common LAA shape is different in most countries (Windsock for Americans, 



Turkish and Finish; Chicken Wing for Italians; and Cactus for Japanese). Egyptian 
patients also have Windsock LAA shapes preferentially32, but females less likely have a 
Chicken Wing shape and had larger LAA volumes, smaller LAA length and a higher 
prevalence of high LAA orifice position. Additionally, Asians have larger LAA ostium 
diameter than non-Asians33, hence requiring larger LAAO devices. Finally, a new study34 
did not find significant differences in LA diameters/volumes or pulmonary configuration 
between Indigenous and non-Indigenous Australians, despite the former having a greater 
AF burden at younger ages. However, a tendency was observed towards non-Chicken 
Wing types and more eccentric, oval shaped LAA ostia in Indigenous Australians. 
 
All large mammalians have an earlike appendage35, although its size and shape vary 
considerably between species. For instance, Hill & Iaizzo35 mainly found tubular LAA 
shapes in fresh ex-vivo human and canine hearts, while ovine and porcine LAA 
morphologies were rather triangular. A canine animal model can be useful for device 
testing since their LAA have similar bending angles than human ones36. More recently, 
Reinthaler37 preferred a pig model to investigate LAAO devices since there is an under-
representation of challenging LAA shapes in the canine model. Olivares et al.38 found 
similar patterns to humans when comparing cardiomyopathy cats with normals, as well as 
thrombus vs non-thrombus cases, i.e., larger LA/LAA volumes, LAA length and orifice 
areas in pathological hearts. 
  



Thrombogenesis 
 
Physiology 
In early diastole, the LAA behaves as a conduit, while in late diastole (e.g., atrial 
contraction) it assists left ventricular filling as an active contractile chamber. The LAA 
may act as an additional volume reservoir to the LA: it is more distensible than the left 
atrium and it can be a decompression chamber when atrial pressure is increased or with 
volume overload40.  
 
In sinus rhythm the LAA contraction results in a positive signal on pulse Doppler 
echocardiography (1 cm inside the LAA ostium), representing the emptying velocity. It 
can be a good indicator of appendage contractility. Normally, LAA peak emptying 
velocities in sinus rhythm are > 50 cm/s40, but a cut-off value of < 40 cm/s is commonly 
used to define a significant reduction41. After LAA contraction, the filling is represented 
by a negative inflow signal, followed by a small systolic reflection wave.  
 
The left atrial appendage is also an endocrine organ, being the main site of production of 
atrial natriuretic peptide. In consequence, the LAA has an important role in maintaining 
normal fluid haemostasis; diuresis, natriuresis and increased heart rate can be observed 
with elevated LAA pressures42. 
 
Pathophysiology and thrombus generation 
Left atrial appendage myopathy is defined with LAA emptying velocities < 20 cm/s43. 
Relapse of AF is frequent with velocities < 40 cm/s; the lower the velocities the more the 
probability of arrhythmia recurrence. In AF pulse Doppler echocardiography signals are 
lost and an alternation of positive and negative waves with different amplitudes is seen. 
On the contrary in atrial flutter a series of regular positive and negative waves of similar 
amplitudes are observed, with a mean velocity higher than observed in AF. However, a 
significant difference in thrombus risk frequency is not present44.  
 
The three determinant factors of thrombosis were described by Virchow45 (see Figure 3): 
1) endothelial/endocardial damage/dysfunction and related structural changes; (2) 
hemodynamic changes, such as blood stasis or turbulence; (3) increased coagulability. In 
AF a prothrombotic or hypercoagulable state can be caused by abnormal changes in 
blood flow, atrial wall and blood components. Activation of the clotting system, 
oxidative stress and inflammation are additional causes of atrial thrombogenesis. D-
dimer, fibrinogen, platelet factor-4 and von Willebrand factor46, as well as C-reactive 
protein, interleukins, and tumour necrosis factor-a may be elevated in AF patients, thus 
increasing thrombotic risk47. Endothelial damage/dysfunction may be imaged by cardiac 
magnetic resonance48, allowing detection of left atrium wall fibrosis that is independently 
associated with LAA thrombus. 
 
The left atrial appendage is the main localisation for thrombus in AF patients. In a large 
population of non-valvular AF patients, the prevalence of thrombosis not localised inside 
the left appendage was very low (0.28%)4. The LAA morphology, with its deep, narrow 
cavity and the enlargement due to AF remodelling, the presence of acute angles, and its 



complex shape with multiple lobes and recesses, reunites all characteristics predisposing 
to blood stasis. Although not fully established, there is evidence on the protective role of 
Chicken Wing LAA types (or less complex shapes), and the relevance of ostium 
characteristics, LAA length, main lobe bending and LAA ejection fraction43 in thrombus 
formation.  
 
Nevertheless, LAA anatomy alone is not sufficient to fully explain thrombogenic risk; 
LA haemodynamics may play an important additional role. For instance, blood stasis due 
to mitral stenosis is a severe risk factor for atrial and appendage thrombus formation50, 
while mitral regurgitation, with high velocity flow inside the LA, may reverse the stasis 
and play a preventive role51. 
 
Limitations of thrombus risk indices 
The CHA2DS2-VASc is the most widely used stroke risk stratification score in AF 
patients, but it has limited value to identify at-risk patients for several reasons. First, it 
only uses a few clinical risk factors that have different weights in the individual patient 
(e.g., paroxysmal vs permanent AF have the same impact). Also, missing parameters 
include: the presence of chronic kidney disease, obesity, sedentary lifestyle, obstructive 
sleep apnoea syndrome; the type and severity of underlying heart disease; LA/LAA 
morphological and functional characteristics; or biomarkers such as pro-BNP or 
Troponin. 
 
Left atrial appendage emptying velocities, although expression of appendage myopathy 
and thrombosis risk, poorly correlate with LA anatomical and functional variables and 
should not be used as surrogates of global LA function52. To better evaluate LAA 
function and thrombogenic risk, additional imaging parameters have been evaluated, such 
as the LAA ejection fraction (LAAEF)18. Reduced LAA contractility, measured by 
speckle-tracking echocardiography, E/e’ and e’ velocity, as well as LA strain, are also 
new methodologies that have been found to independently correlate with LAA thrombus 
in non-valvular AF. Still, these methodologies are not routinely used for assessing LA 
performance and LAA thrombotic risk due to the difficulties in defining appendage 
boundaries and ostium, as well as the lack of technique standards with acknowledged 
normal reference values. 
 
A thorough analysis of thrombus risk for a better patient stratification should include 
advanced morphological and functional indices of the LA and LAA, as well as clinically 
relevant information. For instance, Mill et al.53 jointly analysed CT-based morphological 
and in-silico haemodynamics metrics to study the influence of the PV configuration on 
LA blood flow, obtaining differences in LAA washout for non-Chicken Wing 
morphologies with and without stroke history. Unfortunately, most of these indices can 
only be extracted in a robust way with sophisticated imaging systems and computational 
tools that are not available in clinical routine yet.  
 
 
 
 



Instrumentation/Implantation 
 
For patients with contraindications to oral anticoagulants, LAAO implantation is 
becoming a good alternative. Nowadays, there are several devices available in the market 
(e.g., Amulet-Amplatzer, Watchman (FLX), LAmbre, WaveCrest, Ultraseal), all 
providing different sizes, with new products continuously being developed (e.g., CLASS, 
OMEGA, Occlutech Plus, etc.). Clinicians need to decide which type of device to 
implant, which size (also considering acceptable ranges of over-compression) and the 
optimal position (definition of landing zone) to avoid leaks, embolization and device-
related thrombus (DRT) after the intervention.  
 
The optimal settings for LAAO device implantation are necessarily different for each 
patient, due to the high LAA anatomical variability. Dimensions of the ostium (and how 
oval shaped is), LAA depth and width, the landing zone, the circumflex position, the 
distance of the LAA to the pulmonary ridge and mitral valve, and the presence and angle 
of LAA bending, trabeculations or secondary lobes next to the ostium, need to be 
considered for device selection. These indices can generally be extracted from 
multimodal medical images, but caution is needed due to the differences in measurements 
from distinct imaging acquisitions; López-Minguez et al.54 found consistency in the 
determination of device size for LAA closure in only 21.6% of the cases when using CT, 
TEE and angiography images. 
 
Fortunately, the success rates of LAAO implantation are very high (e.g., 98.6% in a 
recent study7), but some incorrect LAAO settings are still associated to non-negligible 
number of adverse events such as DRT (Fauchier et al.55 reported from 5.5 to 11% in 
real-world clinical data). For instance, it was recently reported the relevance of covering 
the pulmonary ridge to avoid DRT7,56. Figure 4 shows the use of in-silico simulations to 
identify differences in blood flow patterns covering or not the pulmonary ridge. 
 
Some LAA morphologies are more difficult to close than others, especially in LAA 
anatomies with irregular ostium shapes, or very large dimensions, small necks, high 
bending close to the ostium, or LAA position far from the pulmonary ridge and close to 
the mitral valve. For some complex cases, more flexible and conformal LAAO devices 
(e.g., LAmbre or CLAAS) might be appropriate. Moreover, some advanced occlusion 
procedures such as the sandwich technique can be used in Chicken Wing LAA types with 
severe bending short necks57.  
 
We certainly need better ways to identify which patients will benefit more from closure. 
It is still unclear the long-term effects from “removing” a cavity in the LA. Some studies 
have even suggested heart failure deterioration caused by LAA exclusion58, due to the 
consequent reduction of atrial and brain natriuretic peptide secretion. In addition, it was 
demonstrated in several animal experiments59 that LAA removal led to the reduction in 
left atrial compliance (and thus, reservoir function), cardiac output, stroke volume and 
even water retention, all factors that could promote heart decompensation.  
 



In addition, LAA closure only targets the flow factor of Virchow’s triad, while OAC 
would rather focus on thrombogenicity issues. Optimal treatment for a given patient 
should consider which thrombogenic factors are more relevant and find the most 
appropriate combination of drug and device therapies to minimise potential risks. For 
instance, a complex LAA morphology, being difficult to cover the pulmonary ridge, in a 
high thrombogenic patient, could require continuous OAC dose to avoid DRT, making 
LAAO more a problem than a solution. On the other hand, simpler LAA morphologies in 
patients with high risk of bleeding would be more suitable for selecting LAAO as a first-
line treatment. 
 
Future Developments 
 
Multimodal imaging 
In the majority of clinical centres, echocardiography, mainly transthoracic (TTE) pre-
procedural and transoesophageal (TOE) during the procedure, is used for planning and 
guiding the LAAO implantation, together with X-ray fluoroscopy. Both imaging 
techniques allow real-time visualisation of the LA anatomy and dynamics during the 
intervention, showing the status of the patient at the time of the procedure and the relation 
with the implanted device. However, the poor image resolution and the 2D nature of 
these two modalities hampers a full characterisation of the LAA anatomy, which is 
critical for the selection of device settings. Furthermore, Doppler data only provide over-
simplified indices of the complex 4D nature of blood flow patterns. New 
echocardiographic systems are also appearing to eliminate the need for general 
anaesthesia in LAAO procedures, such as intra-cardiac echocardiography (ICE)60 or with 
trans-nasal TEE61, but these new approaches still require experienced interventional 
cardiologists and more cost-efficiency studies to prove their added value.    
 
Computer tomography (CT) is emerging as a valid alternative for pre-procedural 
planning and follow-up62, providing excellent 3D image resolution that permits a more 
robust morphological analysis, leading to improved device selection accuracy and 
reducing procedural time. However, CT has a poor positive predictive value (41%) for 
detection of LAA thrombus63 in standard acquisitions. However, contrast delayed 
imaging or use of dual-energy CT may help to differentiate between poor LAA filling or 
thrombosis64. On the other hand, CT still overestimates the occurrence of peri-device 
leaks, compared to TOE65. Cardiac magnetic resonance imaging (CMR) has also been 
used to identify the presence of LAA thrombus, with a high concordance with TOE66, 
with the additional potential of measuring LAA flows. Actually, more advanced imaging 
techniques to better characterise blood flow patterns such as 4D flow MRI and blood 
speckle imaging (BSI), are starting to be adapted to the left atria67,68 (see Figure 5 and 
Supplementary Material).  
 
 
Advanced computational tools 
The exploration of medical images in LAA applications is usually performed in multi-
planar reconstruction (MPR) visualisation on 2D flat screens, being difficult to capture 
the 3D nature of the LAA. Moreover, measurements to characterise the LAA morphology 



are mainly obtained with manual annotations, prone to high intra- and inter-observer 
variability, especially in noisy images such as echocardiography and X-rays. However, 
some LAA-tailored sofwares such as 3mensio Structural Heart software (Pie Medical 
Imaging, Bilthoven, the Netherlands) and Materialise Mimics (NV, Leuven, Belgium) 
already include advanced visualisation tools such as 3D rendering, landing zone 
assessment, automatic LAA measurements, simulation of X-rays, virtual device 
implantation and manipulation, as well as planning of transeptal puncture. The VIDAA 
research platform69 is a web-based alternative that also allows a full characterisation of 
the LAA morphology and the virtual implantation and manipulation of devices 
recommended based on the LAA morphological analysis (see Figure 6 and 
Supplementary Material).  
 
Advanced rendering tools can also improve our understanding of the LAA anatomy. For 
instance, a new tissue transparency trans-illumination tool has shown to facilitate the 
delineation of cardiac structures, including the LAA, when analysing 3D 
echocardiographic images70. Cinematic rendering has also been proposed for generating 
photo-realistic illustrations of the cardiac anatomy from CT images71. Moreover, 
multimodal fusion of echocardiographic and X-ray images during the intervention has 
proven to reduce procedural times and contrast medium72.   
 
The aforementioned imaging and visualisation techniques are still limited to 2D flat 
screens, hampering the scaling and depth perception required to fully understand the 3D 
nature of the LAA. Augmented or virtual reality (AR/VR) solutions, as well as 3D 
printing, may be used for further exploration of left atrial anatomy and better planning of 
LAAO interventions. Several studies have evaluated the added value of 3D printed 
models for training and planning of LAAO interventions73. Narang et al.74 recently 
demonstrated a reduction in measurement variability and time required when exploring 
with a VR system cardiac structures such as the LAA. Also, the VRIDAA platform75 (see 
Figure 6 and Supplementary Material) allows the visualisation/analysis of LAA 
anatomies with and the most appropriate occlusion devices to be implanted with VR 
headsets. Similarly, augmented/mixed reality systems are emerging with the same 
objective76.  
 
In-silico simulations can provide a complete analysis of LA haemodynamics based on a 
Digital Twin built from patient-specific data. Several researchers have used 
computational fluid dynamics (CFD) to better understand the most relevant factors that 
guide blood flow patterns in the LA. Several researchers have used computational fluid 
dynamics to analyse thrombus generation in the LA77–79, identifying regions with low 
velocities, re-circulations or vortices, abnormal wall-shear stresses and the relevance of 
PV configuration80. Finally, some studies56,69 also included LAAO devices with different 
settings in in-silico fluid simulations, demonstrating the benefit of appropriate sizing and 
positioning to avoid regions prone to device-related thrombus, as can be seen in Figure 4. 
Device deployment can also be simulated with the commercial tool HEARTguide 
(FEops, Belgium) to predict LAAO deformation and apposition81. 
 



Artificial intelligence (AI) and machine learning (ML) is having nowadays a major 
impact in radiology tasks, contributing to automatise and accelerate some tasks that are 
key for LAA-based decisions82. Deep learning algorithms have already been applied for 
the automatic segmentation of LA and LAA from CT images83. Additionally, more recent 
advanced ML techniques are being developed to provide surrogates of fluid simulations84 
at almost real-time. These AI-based tools, together with clinical-friendly interfaces would 
soon allow the interactive and fast estimation of thrombus risk with different LAAO 
settings for enhanced pre-procedural planning. 
 
The clinical translation of the advanced imaging and computational tools listed above is 
still challenging, requiring further development to reduce their costs and simplify their 
usage in a clinical environment, but they certainly have a role in structural heart disease 
applications73. Recently, a comparative study85, where several cardiologists tested 
different tools for LAAO pre-procedural planning, suggested that 3D visualisation 
including interactive manipulation of LAAO devices in conjunction with 3D printing can 
already be integrated in most hospitals, adding value for planning, while in-silico 
simulations could be interesting for follow-up analysis. 
 
 
Summary 
 
Arguably, we could affirm that all atria and appendages are rather different than equal, 
due to the high morphological variation, the yet unclear role in healthy cases and being a 
lethal player in pathology. Why evolution left such as auricle in the left atria in all 
mammals is still a mystery that needs to be elucidated, especially in relation to 
pathophysiological mechanisms leading to thrombus.  
 
Despite the attempts of researchers to classify LAA morphology onto independent non-
overlapping categories, a continuum diversification of shapes, number of lobes, recesses 
and angulations is the normality. We could say that “Nature does not know about 
classifications”. On the other hand, there is enough demonstrations in the literature that 
more complex LAA anatomies are associated to a higher thrombotic risk. Consequently, 
there is a need for more quantitative metrics (e.g., beyond chicken wings and vegetables) 
for the robust characterisation of LAA anatomical and functional variations with 
advanced imaging and computational techniques for a better and more personalised 
planning of LAAO interventions, prediction of thrombogenic risk, before and after the 
procedure, and tailored follow-up treatment. The (LAA) quest continues.  
 
Clinics Care Points (116 words) 
 

• The left atrial appendage is the main source of cardio-embolic stroke, not just a 
useless attachment to the heart. 

• Left Atrial Appendage anatomical and morphological variability is very high and 
normal reference values are still not clearly defined. 



• A multimodality imaging approach, using advanced computational tools for their 
exploration and analysis, is the key to better understand the left atrial appendage 
anatomy and function.  

• The risk of clot formation is not only a consequence of anatomical features but 
depends also on global heart function and thrombophilic state. 

• The study of flow dynamics and the development of new computational 
technologies will allow a better understanding of LAA characteristics to 
individualize the prevention of clot formation and embolism. 
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Figure Legends (248 words in total)  
 
Figure 1. Three-dimensional reconstructions of left atrial appendages from computer 
tomography scans, showing the large morphological variability in different cases. 
Figure 2. Cardiac computed tomography showing the different characteristics of left and 
right appendages (LAA and RAA, respectively). AF: atrial fibrillation. 
Table 1. Variability of left atrial appendage features.  
Figure 3. Virchow’s triad applied to the left atrial appendage. 
Figure 4. In-silico fluid simulations with two different left atrial occluder devices in two 
distinct positions, with the pulmonary ridge (PR) covered and uncovered. The coverage 
of the PR leads to higher blood flow velocities and more laminar flows. 
Figure 5. Advanced imaging modalities to visualise blood flow patterns and velocities in 
the left atria. Left: 4D flow magnetic resonance imaging. Right: Blood Speckle Imaging. 
Figure 6. Advanced visualisation platforms for the morphological analysis of the left atria 
and virtual implantation of occluder devices. Top: Web-based VIDAA platform. Bottom: 
Virtual reality VRIDAA platform. 
 
Videos Legends  
 
Video 1. 3D echocardiography showing changes over the cardiac cycle of left atrial 
appendage orifice.  
Video 2. 4D flow magnetic resonance imaging showing blood flow patterns in the left 
atria. 
Video 3. Blood speckle imaging showing blood flow patterns in a left atrium with an 
implanted left atrial appendage occluder device. 
Video 4. Web-based VIDAA platform for exploring and analyzing the morphology of the 
left atria and virtually implant occluder devices.   
Video 5. Virtual reality VRIDAA platform for exploring and analyzing the morphology 
of the left atria and virtually implant occluder devices. 
 
 
 
 


