1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Atr Fibrillation. Author manuscript; available in PMC 2016 August 01.

-, HHS Public Access
«

Published in final edited form as:
J Atr Fibrillation. 2015 ; 8(2): 81-87.

A Review of the Relevant Embryology, Pathohistology, and
Anatomy of the Left Atrial Appendage for the Invasive Cardiac
Electrophysiologist

Christopher V. DeSimone, MD, PhD?, Prakriti Gaba, BS2, Jason Tri3, Faisal Syed, MBBS3,
Amit Noheria, MBBS, SM3, and Samuel J. Asirvatham, MD?:3

IMayo Medical School, Mayo Clinic Rochester, Minnesota

2Division of Cardiovascular Diseases, Department of Internal Medicine, Mayo Clinic, Rochester,
Minnesota

3Department of Pediatrics and Adolescent Medicine, Mayo Clinic, Rochester, Minnesota

Abstract

The three-dimensional morphology of the left atrial appendage provides the substrate for thrombus
generation, and is a harbinger for embolic material due to its direct connection to the left-sided
circulation. Appreciating the development of the appendage from mesodermal layer to its adult
form provides the basis to improve exclusion from the atrial circulation, and thereby can lead to a
significant reduction in stroke risk. This process also provides insight into the role of the left atrial
appendage as an endocrine organ, its involvement in fluid homeostasis, and its connection to the
autonomic nervous system. Knowledge of the surrounding structural arrangement is critical to
identify landmarks from both an endocardial and epicardial perspective to improve targeted device
placement. Furthermore, correlation of the left atrial appendage body, neck, and ostium to the
surrounding anatomy can also improve both procedural efficacy and safety. In addition, a working
knowledge of the regional anatomy adds a prudent degree of awareness for procedural
complications, and allows for early identification and timely intervention as these situations arise.
A detailed understanding of the left atrial appendage embryology, histology, and gross anatomy is
imperative to identify the correct device and approach for each individual patient. In addition, this
increased awareness can identify areas that are in need of further innovation, and thus provide the
ability to adapt and refine existing technologies to overcome pitfalls currently facing catheter-
based approaches.
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Introduction

The left atrial appendage (LAA) itself is one of the most “lethal” structures that exists in the
human body [1]. The anatomical landscape of the pectinate muscles and crevices of the
LAA, in the presence of blood stasis when the atrium is in fibrillation, produces an optimal
site for the generation of thrombi [2]. The data regarding its pertinence to stroke risk are
impressive, where its involvement occurs in approximately 90% of cases with a
cardioembolic etiology in non-valvular atrial fibrillation (AF) patients [3]. Thus, this is one
of the most critical cardiac structures where it is absolutely essential to have a detailed
understanding of the embryology, histopathology, and anatomy for proceduralists of the
LAA who wish to improve efficacy while establishing and maintaining safety [4].

Understanding the left atrial appendage anatomy is becoming of ever increasing importance
as the toolkit of LAA exclusion devices continue to grow and more options for targeting this
structure are generated [5]. Irrespective of whether a surgical or percutaneous appendage
procedure is employed, the goal is to achieve LAA exclusion without damage to the LAA
itself or the major structures that lie in its close proximity [6]. Because of its baseline
complex structure and the tremendous amount of variation amongst individuals, difficulty
still remains when attempting to match the correct approach, device, and patient so that the
procedure is both therapeutic and safe [4]. Moreover, the same can be said not only pre-
procedurally, but also post-procedurally in order to maintain successful exclusion from the
left atrial circulation, as well as to monitor for potential consequences during long term
follow-up [7]. Furthermore, this may provide a foundation for solving issues where complete
exclusion is difficult, and provide a better understanding of the surrounding landscape,
which can make catheter based approaches increasingly complicated [6].

In this review, we provide the proceduralist with a background of LAA embryology,
endocrinology, anatomy, and place the critically related spatio-temporal structures in
context, in order to provide a roadmap for safer and more effective exclusion therapies.

Embryologic and Histopathologic Overview of the Left Atrial Appendage

[I-A. Development from Mesenchymal Tissue

Cardiac structures are ultimately derived from the mesodermal tissue layer during the third
week of embryonal development [8]. The genesis and ultimate location of the left atrial
appendage and its surrounding structures begins from a simple connection of paired cardiac
mesoderm that fuses to form a two-cell thick tubular heart [9]. The initiation of this
anatomical development involves a pro-myocardial plate of cells, which slowly develops
into a three-dimensional tubular formation [8, 10]. This growth continues on towards a more
seasoned cardiac formation via folding in an area that ultimately develops into a heart
residing in the eventual pericardial space [8, 10]. It is within these early stages of embryonic
growth that the left atrial appendage begins to emerge [11].

It is during the third week of gestation that the left atrial appendage originates and develops
from the wall of the left side of the primary left atrium [12]. However, prior to formation of
the semblance of a recognizable heart structure, a primary cardiac tube is formed which
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contains two caudally oriented, asymmetric, inverted “Y-shaped” structures which eventually
develop into the primary right and left atrial horns; these horns are continuous with the
venous system at approximately week four of embryologic development [8, 10]. At around
week six of embryologic life, further development of the left atrium occurs, but it is
dependent on the growth and development of the pulmonary system, which connects to the
heart via the pulmonary vein-left sinus horn [8, 10].

The right and left atrial appendages are both formed from the superolateral wall of the
primary atrium, with the left appendage specifically arising from the superior and left side of
the primary atrial tube [8]. The appendage further matures with the formation of trabeculae,
secondary to cellular protrusion into the lumen and surrounding vasculature which engages
this substrate from the epicardial aspect, in order to solidify the basal layer [9]. These
trabeculations start to form in the atria at around week five in humans [9]. The left atrial
appendage is significantly smaller than its counterpart structure on the right side, and is
heavily trabeculated, with fibers running in parallel orientation [12].

[I-B. Relevant Histology of the Left Atrial Appendage

The majority of developing thrombi which are ultimately responsible for ischemic events,
including those that form during rhythms of AF, are generated in the left atrial appendage
[13]. In fact, approximately 90% of the thrombi that are found in patients with AF are
discovered in the LAA [14]. A clear reason for this occurrence is due to the loss of the
appendages’ contractile properties during AF, which leads to increased pressure causing
expansion and dilation of the LAA, as well as a resultant stagnancy of blood in the
trabeculated muscle [14]. Indeed, when a slower velocity of blood flow is found in AF,
patients are more likely to have thrombi in the LAA [15]. The issue of stasis can be
facilitated by a smaller size of the LAA (diameter of the LAA being 10-40 mm in some
patients), in addition to significantly reduced contractibility, leading to an increasing risk of
thrombus formation [11]. Although exclusion of the LAA from the atrial circulation can
prevent thrombus formation, undesirable changes may occur after disrupting the structure
and histology with device therapy [16].

The underlying histology of the left atrial appendage gives rise to multiple aspects of
anatomic and physiologic relevance in the human body [17]. These functions are usually
overlooked or poorly understood, although intervention involving the LAA can have
multiple downstream effects post-procedurally due to alterations in cellular physiology [17].
Furthermore, the cellular composition of the appendage is quite variable both in composition
and compaction. It contains both endocardial and epicardial layers, and these structures are
complicated by a disarray of myocyte orientation [18]. Additionally, the myocytes of the
LAA are more akin to ventricular than atrial cells in physical structure [17]. From an
endocardial aspect, the LAA has a variable thickness across the area between the muscle
bundles [19].

The characteristic shape of the epicardial aspect of the left appendage is due in part to the
intervening conducting bundles of fibers that alter its architecture [19], and adds to the
complexity of its function. In addition to Bachman’s bundle, the epicardial layer of the LAA
is comprised of myocytes [18]. Bachman’s bundle is a sub-epicardial structure that provides
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facilitation of conduction through circumferential muscle bundles running from the right
atrial appendage and coursing across to feed into the left appendage [19]. These bundles

reach the LAA from the right atrial appendage after traversing the inter-atrial septum; the
course of which requires the bundles themselves to branch both superior and inferiorly to
encircle the neck of the LAA [20].

In addition to increased coagulability and stasis in the left appendage, histo-morphologic
changes can occur over time especially in patients with chronic AF, and these micro-
structural changes can further alter the endocardial substrate and may also play a role in
thrombus formation [21]. A post-mortem study found that patients with AF had appendages
that were triple the volume of those without (5.4 + 3.7 cc3 vs. 1.7 + 1.1 cc®), and had a lower
volume of pectinate muscles likely due to increased distension of this structure [21].
Furthermore, thickening of the endocardial surface due to fibrous and elastic changes
occurred more often in patients with AF, and these changes to the endocardial landscape also
included embedding of the pectinate muscles by this infiltration [21]. Another cause of stasis
in the LAA may be related to its role in atrial amyloidosis and possibly in “atrial myopathy,”
because amyloid often collects in the LAA more than the right [22]. The amyloid deposition
in the LAA is especially found in patients with chronic AF where significant structural
remodeling and infiltration occurs over time [22].

[I-C. Endocrine Function of the Left Atrial Appendage

A greatly underappreciated aspect of the appendage is its unique role as an endocrine organ
[17]. Interestingly, the LAA has been found to contain a variety of cardiac progenitor cells
(CPC) [23], and this attribute is fundamental to many of its underlying functions, including
its impressive role in endocrine regulation [23]. It is of critical importance to cardiac
physiology and homeostasis, as this structure contains almost 30% of the heart’s pool of
atrial natriuretic factor [11, 24]. The release of this potent endocrine modulator leads to a
myriad of effects including change in heart rate, natriuresis, and urination, all underscoring
the importance of the LAA’s role in modulating body volume status [11]. Furthermore, atrial
natriuretic factor release is also stimulated by low oxygen, myocyte stretch, and oxytocin,
which incrementally improves the tight regulation of pressure overload and volume status
sensed via the cells of the appendage [11, 17].

Distension of the wall of the appendage can occur during procedural interventions as well as
certain pathologic states, and the tension on the wall is amplified because of the physical
properties of its shape [17]. Increased distention of the LAA in an animal study has shown to
generate an increase in heart rate, urination, and facilitation of sodium excretion [25]. These
data support the potential for the LAA neuroendocrine response via release of atrial
natriuretic factor from stretch receptor activated cells that reside in the LAA [11]. Therefore,
there was early controversy that the critical role of the LAA in normal physiological
functioning may be eliminated with LAA procedures. For example, one potential concern
was in regards to LAA exclusion in precluding the ability to maintain this critical pressure-
induced, stretch receptor endocrine response [25]. However, the right atrial appendage is
likely critical in overcoming this dilemma, as it is able to execute similar endocrine effects
as the LAA [11]. Although there is the possibility that tight endocrine regulation via both
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appendage structures are required, and exclusion may eventually lead to long-term adverse
results, no studies to date have shown any adverse effects post-exclusion [17].

In addition to its role in natriuresis and urination, the left appendage has additional
capabilities to function in tightly controlling overall volume [26]. For example, it may play a
role in facilitating or mediating thirst [27]. An /n vivo study in sheep showed results in
support of this notion, as the sheep with non-intact versus intact LAA had a differential
response to water consumption [22, 26, 27]. The sheep that did not have an intact LAA did
not increase the amount of water consumption despite dehydration, however the sheep with
intact LAA did [22, 26]. Furthermore, in addition to thirst, the closely connected volume
status of an individual may depend on an intact and functioning LAA to regulate blood
pressure via innervation with both sympathetic and parasympathetic fibers [11]. A study
performed in canines found that destroying the base of the LAA did in fact decrease the
heart rate, which can likely be ascribed to the reflex response from the vagus nerve, and
further implicates the role of the autonomic system and its interaction with the LAA [11].
Therefore, this structure plays a magnificent role in the physiology of the human body and
its appreciation is necessary when choosing which approach is best on a per-patient basis.

Anatomical Variations that Influence Appendage Exclusion Procedures

llI-A. Pectinate Muscles of the Left Atrial Appendage

In contrast to the rest of the smooth left atrium, the appendage is comprised of rigid
pectinate muscles that are orientated in a “whorl-like” fashion throughout, with thin-walled
myocardium interdigitating these raised regions [28, 29]. These pectinate structures are
almost exclusively found in the appendage, in comparison to the remainder of the left atrium
[20]. The majority of hearts have variable appendageal wall thickness, and post-mortem
studies have shown that the majority of pectinate muscle thickness to be of at least 1 mm in
size [18, 30]. Moreover, a retrospective study found a more extensively trabeculated LAA to
be a strong independent predictor of thromboembolic risk [31]. In addition to these rigid
pectinate muscles, additional complexities associated with the LAA such as the three-
dimensional morphology and the shape and size of the appendage ostium can create
difficulty when attempting to interface opposing surfaces during LAA exclusion procedures
(FIGURE 1) [32].

IlI-B. Variable Morphology of the Left Atrial Appendage Ostium Shape and Dimensions

The three-dimensional shapes of the left atrial appendage are varied and complex [4]. The
gross structure of the appendage usually consists of a uni- or multi-lobed, finger or stump-
like extension of the left atrium [28, 29]. The distal most lobular structures of the appendage
transition towards the left atrium proper by assuming a tubular shape, and further tapers
down in size to form a “waist-like” structure [28]. The connecting structure from the base of
this outpouching appendage to the opening of the left atrium is via the LAA ostium, which is
of particular importance especially with respect to LAA procedures involving endocardially
placed occlusion devices. This is because the entry for endocardial delivery of an occlusion
device first engages the appendage through accessing this ostial region [18].
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The ostium of the left atrial appendage has great variation in shape and is more elliptical as
opposed to the circular structure associated with many appendage exclusion devices [6].
Because the LAA ostium has been noted to have great variation in shape, but falls into
certain categories of distinctive morphology, these structures have been given terms for
easier classification. Both the nomenclature and the prevalence of these shapes have been
displayed in an elegant study to which the ostium was termed to be “oval” (68.9%), “foot-
like” (10%), “triangular” (7.7%), “water drop-like”, or round (5.7%) [20] (FIGURE 2). This
hollowed structure is separated from the left superior pulmonary vein both superiorly and
posteriorly by the presence of the left lateral ridge of the atrium; an endocardial invagination
of the lateral left atrial wall [18, 28]. The prominent ridge that separates the ostium of the
LAA and the left superior pulmonary vein can be seen as a “Q-tip sign” on
echocardiographic images, allowing for easier identification of this structure [29].

A large study performed by Ernst ef a/was integral in demonstrating an appreciation for the
various left atrial appendage morphologies, as well as connection of these shapes to potential
underlying pathologic conditions [33]. This study involved 220 hearts and the numerical
dimensions of the anatomy was achieved by making resin casts to delicately study this
structure [33]. In these hearts, the LAA ostium was found to have an average minimum to
maximum diameter of 15-21 mm, an average size from bottom to top of 30 mm, a 31 mm
distance at a right angle from the “bottom to top” measurement, and an average appendageal
volume of 5220 mm3 [33]. Important clinical associations were found between AF and LAA
volume, as well as correlation to appendage orifice diameter [33]. In addition, fewer
branches of the LAA structure were likely to be found in patients with AF [33]. The authors
also found that the larger the volume of both the LAA and ostium were more likely to have
thrombus detected [33]. Interestingly, a retrospective study found an independent association
with thromboembolic risk in patients who had a smaller sized diameter of LAA os [31].

llI-C. Variable Morphology of the Left Atrial Appendage and Stroke Risk

There are several variations in the left atrial appendage anatomy with respect to shape,
volume, length, and width [33]. The variation in LAA morphology has been found to be
related to the likelihood of thrombus formation, especially with respect to larger LAA
volume, depth, and number of lobes [34]. One study reported the occurrence of the number
of lobes in a study of fifty hearts of chronic AF patients; the LAA was comprised of a single
lobe in 68%, two lobes in 24%, three lobes in 6%, and four lobes in 2% in their studied
cohort [4]. Moreover, there has been a classification of appendageal variation with respect to
similarity in three-dimensional shapes of the LAA. One study noted their prevalence in a
cohort, and utilized the terms “chicken wing” (48%), “cactus” (30%), “windsock” (19%),
and the least common “cauliflower” (3%) [18, 35] (Figure 3).

The left atrial appendage shape may also have prognostic significance in terms of likelihood
of stroke. This association was shown in a retrospective study where “chicken wing” was
least likely and “cauliflower” morphology was most likely to be associated with a
cardioembolic event [35]. Furthermore, in a study with a cohort of low CHADS?2 scores and
non-valvular AF, the presence of a LAA with a “cauliflower” morphology was found to be a
strong independent predictor for stroke risk [36]. However, a separate retrospective study
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conducted in patients with AF, showed data to support that a smaller LAA ostium and more
extensive trabeculations may trump this “cauliflower” morphology in terms of stroke risk
[31].

[lI-D. Critical Problems Associated with Left Atrial Appendage Exclusion Procedures

Although there are multiple devices and approaches, not every patient is able to achieve a
complete exclusion of their left atrial appendage. This can be attributed to the wide variation
in shape, number of lobes, and ostia for each unique LAA encountered, and is further
complicated by potential limitations with certain imaging modalities such as transesophageal
echocardiography, which is used during surgical procedures [15]. In addition, a major
problem is that the failure to achieve full exclusion may lead to a more dangerous situation
because of the potentially increased thrombogenicity with “residual stumps” [23]. The
incomplete exclusion of the LAA can even occur with external clipping or excision
procedures because of residual stump formation, as well as with percutaneous measures;
though it seems that the actual type of approach used itself is not the determining factor of
this inability for complete exclusion [37].

The issue of incomplete occlusion of the appendage poses a major threat to the viability of
this procedural option, as well as presenting an uncertain and controversial risk of persistent
thrombogenesis in these patients [15]. This problem can be borne out during LAA occlusion
procedures when proper planning is not carefully performed or is lackluster. For example, it
is essential for correct tailoring of the size of the device to match the variant morphology of
the LAA in order to ensure a secure fit to prevent collateral blood pooling into unwanted
sites that promote thrombi formation [4]. In addition to the variant morphology of the body,
the “neck” of the LAA can be variable in patients as well. A retrospective study has shown
that the “neck” of the LAA (which connects the body to the left atrium) had an average
volume (17.3 + 6.7 cc3), long axis diameter (20.0 +5.3 mm), and short axis diameter (14.1
+ 4.7 mm), with associated ranges of volume (5-35.7 cc3), long axis diameter (9.5-29.9),
and short axis diameter (3.1 — 24.1 mm) [4].

The finding of “divots” or diverticular pockets surrounding the endocardial surface of the
appendage ostia can further complicate the ability to achieve complete exclusion, and these
sites may be optimal for thrombus propagation [6, 29]. A post-mortem examination of
human hearts showed these “pitted” structures to range from 0.5-10.3 mm in diameter, and
found a range of distance from the LAA ostia to vary from 1.4 — 20.9 mm [6]. Because these
diverticular-like pouch structures can vary in size and depth around the appendage ostium
[19], these areas may not be excluded from the left atrial circulation during exclusion
procedures regardless of whether the approach is occlusion or ligation, and regardless of
whether an endocardial or epicardial approach is employed. The major issue with these
pitted areas is that even after LAA device exclusion these divots may remain unprotected
and in contact with the left atrial blood (Figure 4). Therefore, these structures can potentially
house thrombi that would still pose a thromboembolic risk to the patient. This may indeed
prove to be the “Achilles heel” of LAA exclusion in certain patients. Furthermore, if large
enough, these pitted regions can pose difficulty during endocardial manipulation and may
lead to potential damage of surrounding structures during procedures [6].
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The various morphologies of the left atrial appendage can pose great difficulty for
procedural exclusion from the cardiac circulation because of the shape of the device itself
[15]. For example, the “chicken-wing” morphology is of particular difficulty for LAA
occlusion because of its shape; this is due to the course of this structure taking a very sharp
bend (<180 degrees) and having this turn occur extremely close to the ostium (<20 mm)
[32]. An insightful approach was taken by Freixa et al., and proved to solve the difficultly
associated with certain cases with varying morphologies by implanting the Amplatzer
Amulet or Plug (St. Jude Medical, MN) [32]. The key to the successful procedural outcomes
stemmed from the clever use of placing a slightly oversized device (3—6 mm) and deploying
the distal end of the device towards the dominant appendage lobe, in order to seal off the
ostium with the proximal end of the device [32]. Innovative approaches and studies such as
these, as well as their publication will aid in the future application of these ideas and
techniques for procedural safety.

Relevant Spatial Relationships for Left Atrial Appendage Procedures

The left atrial appendage is a blind-ended pouch emanating from the left atria and is situated
within the pericardium [28, 29]. The anatomical relations of the left appendage are complex
and the critical structures surrounding the LAA include: 1) a superiorly directed pulmonary
artery, 2) the appendage tip pointing in an inferomedial direction towards the free wall of the
left ventricle, 3) the left phrenic nerve coursing overtop of the appendage, 4) fibers of
Bachmann’s bundle that approach the LAA from the medial aspect of the atrial roof, 5) a
posteriorly situated left superior pulmonary vein, and 6) an inferiorly related mitral valve [6,
12, 18, 28, 38]. However, of utmost importance to note when performing any type of
appendage procedure is the critical relationship of the LAA covering the area above the left
atrioventricular groove, which houses both the left circumflex artery and great cardiac vein
(Figure 5) [18, 28].

IV-A. Relationship of the Left Circumflex Artery to the Left Atrial Appendage Ostium

The proximity of the left circumflex artery is of particular importance when performing
either endocardial or epicardial procedures of the left appendage. The left circumflex artery
courses along the epicardial surface which overlies the approximate endocardial location of
the LAA ostium, and was found to be in close relation to this structure in a study of
postmortem hearts [6]. In this study, the authors sought to measure the actual distance of the
ostium to the coronary artery [6]. This was performed by measuring the distance from the
epicardial location, which correlated to the underlying the location of the endocardial
ostium, to the epicardial distance to the coronary artery and on average was separated by a
small distance of only 11.3 £ 5.2 mm [6]. The importance of this knowledge becomes
readily apparent when taking into context situations where an endocardially placed
occlusion device can: 1) be too large for the ostium and pose a risk for compression of the
device on the circumflex artery, or 2) cause overdistention of the LAA and poses a risk for
perforation [6, 7].
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IV-B. Epicardial/Endocardial Relationship of the Left Atrial Appendage to the Left Superior
Vena Cava and Left Superior Pulmonary Vein

In early embryologic life, the mere presence of blood flowing through the left superior vena
cava results in an indentation at a fairly distinct location in between the left atrial appendage
and the left superior pulmonary vein [38]. As a result, in adult life, where most patients have
a regressed left superior vena cava, an indentation persists between the left atrial appendage
and the left superior pulmonary vein which houses the vein/ligament of Marshall [38]. This
provides two demarcations that can serve as landmarks from both an epicardial and
endocardial perspective (Figure 6). From an epicardial perspective, a persistent indentation
remains that courses between the LAA and left superior pulmonary vein [39]. From an
endocardial aspect, the left lateral endocardial ridge is present and is consistently located
endocardially to the vein of Marshall; this structure separates the appendage ostium from
both the left superior and inferior pulmonary vein ostia [38, 39]. Furthermore, potential
damage to the left superior pulmonary vein exists with intervention of the LAA during
exclusion procedures. This is due to the close proximity of the pulmonary vein to the LAA,
which lies directly anterior to this structure [38]. The distance found between the LAA and
the left superior pulmonary vein was found in a study of post-mortem human hearts to be
11.1+ 4.1 mm [6].

IV-C. Relationship of the Left Atrial Appendage Ostium and Mitral Valve

The mitral valve lies inferior to the ostium of the left atrial appendage, along with an
interspaced vestibule between these two structures [28]. The mitral valve is therefore at
potential risk for damage during any endocardially based procedure as it can be compressed
from an oversized device, or simply because of the tight spacing that may exist between
these two structures [6]. One study has shown that the average distance between the mitral
valve and ostium of the appendage was 10.7 = 2.4 mm [6]. It is therefore a critical structure
for visualization during procedures and should be monitored for dysfunction or device
interaction prior to final deployment as well as post-procedurally for surveillance [40].

Conclusions

In this review we focused on providing the invasive electrophysiologist with an appreciation
of the LAA, with special emphasis on its magnificent abilities ranging from its unique
cellular properties that are critical in development and endocrine regulation, difficulties that
face proceduralists when attempting to match the correct approach and device to highly
variable individual patient LAA morphology, and to highlight the extremely important
spatial anatomy surrounding the LAA that can be damaged during procedures. Though many
advances have been made in this field and innovations continue to abound at a tremendous
pace, a well-developed knowledge of the anatomy and physiology of the LAA, including the
variations that must be assessed on a case-by-case basis, can increase the safety and efficacy
of LAA exclusion procedures.
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Figure 1. Complexity of Left Atrial Appendage M or phology
Shown are endocardial views of the left atrial appendage from post-mortem specimens of

human hearts. Left panel: The left atrial appendage ostia have more of an elliptical, rather
than round shape. Middle panel: An endocardial view of that shows the relationship of the
left atrial appendage ostia, neck, pectinate muscles, and outpouching structure is shown. The
smooth left atrium and orifices of pulmonary veins are seen in the figure in relation to the
appendage. RA,; right atrium. LA; left atrium. White arrows; outpouching structure of the
appendage where the neck extends outwards to a 3D body. Right panel: An endocardial view
of the left atrial appendage showing the complexity of a multi-lobed structure, 3D shape, and
prominent pectinate ridges. LAA; left atrial appendage. White arrows; point towards
multiple lobes and pectinate muscles.
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Figure 2. Morphologic Variation in Left Atrial Appendage Ostia
Adapted with permission from Cabrera; Heart 2014

Panel A. The ostium of the left atrial appendage with a “chicken wing” morphology is
shown. Notice the slightly elliptical morphology of the os. In addition, the proximity to the
mitral valve (MV) is seen. Also of note are the crevices/pits surrounding the ostium. Panel
B. Amplatzer Cardiac Plug /n situ 10 mm from the ostium to occlude the appendage. Notice
that after appendage occlusion, there the divots are “unprotected”. Also note the proximity
of the device to the circumflex artery (LCx) and mitral valve (MV). Panels C-D: Variant
ostial morphology; these are classified as C) “round” ostial variant, D) “elliptical: variant”,
E) triangular, F) “water-drop like”, G) “foot-like”. MV; mitral valve.
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Figure 3. Morphologic Complexity and Variation in Left Atrial Appendage 3D structure
Adapted with permission from Cabrera; Heart 2014

Panel A: Post-mortem specimens showing a single lobed left atrial appendage (LAA). The
closely related pulmonary trunk (PT) and left superior pulmonary vein (LSPV) are also
shown. Panel B: Example of a multi-lobed left atrial appendage (asteric showing distinct
lobes). The aorta, as well as the pulmonary trunk and LSPV are seen in this view. Panels C-
F: Examples of variant 3D morphology of left atrial appendage shape; Panel C: “Chicken
Wing”, Panel D: “Windsock”, Panel E: “Cactus”, Panel F: “Cauliflower”.
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Figure 4. Diverticular Structures Surrounding the Left Atrial Appendage Ostium
Left panel: Endocardial view of the atria showing the ostium of the left atrial appendage

(LAA) and its surrounding structures. Of special note are the diverticular structures that are
proximal to the LAA ostium. The relationship of the left superior and inferior pulmonary
veins (LSPV and LIPV) is shown, as well as their separation by the vein/ligament of
Marshal (LOM) ridge; which is an endocardial marker for the epicardial vein of Marshall
(note that the course of the vein/ligament of Marshall running in between the Left
pulmonary veins and the LAA, on its route to empty into the coronary sinus. The
relationship of the LAA and the left circumflex artery is also illustrated. Right panel: After
the left atrial appendage is occluded with a device (black circle represents the proximal end
of the occlusion device), the surrounding pits/divots that are proximal to the ostium remain
“unprotected” and in contact with the left atrial circulation. In addition, note the relationship
of the proximal end of the occlusion device with the left circumflex artery.
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Figure 5. Relevant Anatomy Surrounding the Left Atrial Appendage
Illustration of the human heart showing the left atrial appendage (LAA) and its closely

related structures. Notice that the tip of the appendage is pointing towards, as well as the
body of the LAA, covering the left circumflex artery and great cardiac vein. Also seen is the
overlying left phrenic nerve coursing on top of the LAA. The vein of Marshall traverses
through the LAA and left superior pulmonary vein. The closely related pulmonary trunk also
is shown abutting the LAA.
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Figure 6. Endocardial and Epicardial Landmarks of the L eft Atrial Appendage Ostium
Top Panel: The left inset shows a gross anatomical specimen of an endocardial view of the

right and left atrium transected at the annulus to show the relationship between the left atrial
appendage (LAA), ligament/vein of Marshall (LOM) ridge, and coronary sinus (CS). Two
probes are shown marking where the ostia of the left sided pulmonary veins are in relation to
this ridge. The accompanying lllustration on the right shows a similar view of the gross
anatomy after opening the LAA to provide a view the endocardial surface of the appendage.
This image shows the endocardial relationship of the LOM ridge which is a marker for the
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overlying epicardial ligament of Marshall. This ridge separates the ostia of the left superior
and left inferior pulmonary veins (LSPV and LIPV) and the ostium of the LAA. The
ligament/vein of Marshall course is shown (blue-grey shadowing), as well as its connection
to the CS. Bottom Panel: An illustration of an epicardial view showing the invagination of
the epicardial surface which contains the vein/ligament of Marshall is shown in the left inset.
The invagination forms a boundary between the LAA and the LSPV/LIPV. The location of
the epicardial invagination reflects the location of the endocardial ridge and approximation
of the ostium of the LAA. The accompanying right inset shows a gross anatomical specimen
depicting this view with a probe inside of the LOM.
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