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Abstract

The left atrial appendage (LAA) is well known as a source of cardiac thrombus for-

mation. Despite its clinical importance, the LAA neck is still anatomically poorly

defined. Therefore, this study aimed to define the LAA neck and determine its mor-

phometric characteristics. We performed three‐dimensional reconstructions of the

heart chambers based on contrast‐enhanced electrocardiography–gated computed

tomography scans of 200 patients (47% females, 66.5 ± 13.6 years old). The LAA

neck was defined as a truncated cone‐shaped canal bounded proximally by the

LAA orifice and distally by the lobe origin and was present in 98.0% of cases. The

central axis of the LAA neck was 14.7 ± 2.3 mm. The mean area of the LAA neck

walls was 856.6 ± 316.7 mm2. The LAA neck can be divided into aortic, arterial (the

smallest), venous (the largest), and free surfaces. All areas have a trapezoidal shape

with a broader proximal base. There were no statistically significant differences in

the morphometric characteristics of the LAA neck between LAA types. Statistically

significant differences between the sexes in the main morphometric parameters of

the LAA neck were found in the central axis length and the LAA neck wall area. The

LAA neck can be evaluated from computed tomography scans and their three‐

dimensional reconstructions. The current study provides a complex morphometric

analysis of the LAA neck. The precise definition and morphometric details of the
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LAA neck presented in this study may influence the effectiveness and safety of

LAA exclusion procedures.

K E YWORD S

atrial appendage, atrial fibrillation, cardiac surgical procedures, heart atria

1 | INTRODUCTION

1.1 | Stroke prevention in atrial fibrillation

The incidence and prevalence of atrial fibrillation are on the rise

worldwide. It is estimated that nearly one-third of the population over

40 years of age may suffer from this disease (Kornej et al., 2020). The

risk of stroke in patients with atrial fibrillation is significantly

increased, and the left atrial appendage (LAA) is the primary cardioem-

bolic source of stroke (Naksuk et al., 2016; Słodowska, Szczepanek,

et al., 2021; Whiteman et al., 2019). Lifelong anticoagulation therapy

is recommended in patients with atrial fibrillation to prevent fatal

thromboembolic complications (Steffel et al., 2021). As an alternative

to pharmacotherapy, LAA exclusion procedures are performed in

patients who object to anticoagulation (e.g., at increased risk of bleed-

ing) (Hindricks et al., 2021; Steffel et al., 2021). This procedure aims to

separate the LAA from the circulatory system, thereby eliminating the

most common cardiac source of thrombus.

1.2 | LAA exclusion procedures

Exclusion of the LAA can be performed in several ways. The LAA can

be surgically removed, sutured, or stapled (Grygier et al., 2018;

Whitlock et al., 2021). On the other hand, the LAA can be occluded in

minimally invasive procedures (Lariat, AtriClip) or closed with percuta-

neous procedures (Watchman or Amplatzer devices) (Burysz

et al., 2019; Litwinowicz et al., 2021; Litwinowicz, Bartus, Kapelak,

et al., 2019; Litwinowicz, Bartus, Malec-Litwinowicz, et al., 2019;

Reddy et al., 2013; Toale et al., 2019). All the above procedures are

performed in the LAA neck region, whose morphological feature is

significant for percutaneously implanted devices. Therefore, the anat-

omy of the LAA neck and its surrounding area may influence the

safety and efficacy of LAA closure procedures (Batko et al., 2022).

1.3 | The clinical implication of the LAA neck

The LAA neck is one of the most clinically essential parts of the

appendage. It is located between the LAA orifice and the LAA main

lobe and clinically serves as the site of LAA closure or implantation of

occluding devices. Despite the tremendous clinical importance of the

LAA neck, its anatomical description is still inadequate. Therefore, this

study aimed to provide the first complex morphological and morpho-

metric description of the LAA neck and to discuss the clinical rele-

vance of the individual components of the LAA neck. Providing such

an anatomical description may increase clinicians' knowledge of the

complex anatomy of this region and contribute to the effectiveness

and safety of LAA exclusion procedures.

2 | MATERIALS AND METHODS

This study was approved by the Bioethical Committee of the Jagiello-

nian University, Cracow, Poland (nos. 1072.6120.205.2019 and

1072.6120.151.2019). The study protocol conforms to the ethical

guidelines of the 1975 Declaration of Helsinki.

2.1 | Study population

We analyzed a set of consecutive cardiac contrast-enhanced

electrocardiogram-gated computed tomography (CT) scans performed

at the Department of Cardiology and Cardiovascular Interventions,

University Hospital in Cracow, for coronary artery disease evaluation.

The exclusion criteria were low-quality CT images and any significant

valvular or structural heart disease in the patient's history or revealed

during hospitalization. As a result, the study included 200 adult

patients (47.0% females, mean age 66.5 ± 13.6 years old) for further

evaluation.

2.2 | Cardiac CT protocol

The CT was performed in the sinus rhythm using a 64-row dual-

source scanner (Aquilion 64, Toshiba Medical Systems, Tokyo,

Japan) during deep inspiration breath-hold. Depending on physician

recommendation, 10 or 40 mg of propranolol or 40 mg of verapamil

was administered to patients with heart rates over 70 bpm before

the procedure. The imaging parameters for CT were 100–120 kV

tube voltage and 350–400 mA effective tube current. The collima-

tion was 2 � 32 � 0.6 mm, and the temporal resolution was 165 ms.

The time of the contrast agent's arrival to the ascending aorta was

established at the level of the tracheal bifurcation with the test bolus

method in which the 15 mL of contrast agent followed by 20 mL of

saline was infused. Then, the contrast agent at a dose of 1.0 mL/kg

and 40 mL saline chaser was injected at a rate of 5.5 mL/s each. In

the test bolus, the acquisition delay was the time of maximum den-

sity of the ascending aorta with an additional 6 s delay. Images were

reconstructed with a B26f and B46f kernel and an image matrix of

512 � 512 pixels. A multiphase reconstruction (from 10% to 100%)

was done, and the 70% phase was evaluated as left ventricle
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end-diastole. All CT scans were analyzed on a dedicated workstation

(Dell, USA). Three-dimensional reconstructions of the left atrium

together with LAA and left ventricle, aortic root, and coronary ves-

sels were created using volume-rendering and segmentation tech-

niques using Mimics Innovation Suite 22 software (Materialise,

Plymouth, MI, USA) in a predefined phase. Manual and semi-

automatic methods of segmentation were used. Raw data and visual-

izations were further morphologically and morphometrically ana-

lyzed using virtual calipers.

2.3 | Morphological and morphometrical analyses

The following definitions were implemented in this study to describe

the LAA morphology. The LAA body is divided into the neck and lobe

(Figure 1). The LAA lobe is the central part of the LAA body where

pectinate muscles are present. The LAA lobe has an irregular external

shape that could be divided into different types (Słodowska,

Szczepanek, et al., 2021; Wang et al., 2010). The LAA neck is defined

as a truncated cone-shaped canal, bounded proximally by the LAA ori-

fice and distally by the lobe origin (lobe entry). The LAA neck was

morphologically evaluated with particular emphasis on its proximity to

the surrounding heart structures. Based on the position concerning

neighboring structures, the neck can be divided into four surfaces

(Figure 2):

1. Venous—adjacent to the left superior pulmonary vein ostium

(or left common pulmonary vein ostium if present),

2. Aortic—adjacent to aortic root (left coronary aortic sinus and left

coronary artery trunk), bounded by the superior margin of the

left superior pulmonary vein ostium (or left common pulmonary

vein ostium if present) and left coronary artery bifurcation.

3. Arterial—adjacent to the left circumflex artery (periappendicular

course of the left circumflex artery).

4. And free surface—located between venous and arterial surface,

bounded by the end of periappendicular course of the left

circumflex artery and the inferior margin of the left superior pul-

monary vein (or left common pulmonary vein ostium if present).

The LAA orifice and lobe entry diameters (anteroposterior and

transverse) were measured. The length of the LAA neck central axis,

as well as the length of each neck surface, were measured. The length

of the boundaries between surfaces was also measured. Proximal

(at the LAA orifice) and distal (at the lobe entrance) heights of the LAA

neck surfaces were also obtained (Figure 3). The surface area of the

neck walls was calculated.

2.4 | Statistical analyses

The data was analyzed using IBM SPSS Statistics 28.0 (Predictive

Solutions, Pittsburgh, PA, USA). Categorical variables are pre-

sented as numbers (n) or percentages. Quantitative variables are

presentation as mean with standard deviation. The normal distribu-

tion was explored with the Shapiro–Wilk test. Differences

between customarily distributed quantitative parameters were

assessed with the student t-test, and non-normally distributed

quantitative data was checked using the Mann–Whitney U test.

The differences between categorical variables were determined

using the chi-square test of independence. Differences between

more than two groups were also assessed. For normally distributed

data, a one-way analysis of variance (one-way ANOVA) was used

with Tukey's post hoc test to determine if ANOVA results were

statistically significant. For non-normally distributed data, Kruskal

and Wallis's test was used with Dunn's post hoc test to determine

if their test results were statistically significant. For categorical

variables, the chi-square test of independence was used. Correla-

tions were checked using rho Spearman correlation (two-tailed,

α = 0.05, β = 0.2). In the results, post hoc tests p-value of direct

group comparison was presented. In tables, ANOVA simultaneous

group comparison p-values were presented. A p-value <0.05 was

considered significant.

F IGURE 1 Three-dimensional reconstructions segmented from contrast-enhanced computed tomography of hearts showing a left lateral
view of the left atrial area. The left atrial appendage subdivision into the neck (N) and lobe (L) is visible. *, left atrial roof; LI, left inferior pulmonary
vein; LS, left superior pulmonary vein; RI, right inferior pulmonary vein; RS, right superior pulmonary vein.
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3 | RESULTS

3.1 | Morphometric parameters of the LAA neck

The LAA neck was present in 98.0% of cases, and in the remaining

2.0%, the LAA orifice connected the left atrium directly to the pec-

tinated body of the LAA (no visible neck). The size of the LAA ori-

fice was significantly larger than the LAA lobe entrance

(anteroposterior diameter: 18.0 ± 4.3 mm vs. 17.1 ± 4.1 mm,

p = 0.024; the transverse diameter: 26.3 ± 5.4 mm vs. 17.7

± 3.9 mm, p < 0.001). In 71.9% of hearts, the LAA orifice may be

classified as oval, and the remaining 28.1% as round. The central

axis of the LAA neck was 14.7 ± 2.3 mm. The mean area of the LAA

neck surface was 856.6 ± 316.7 mm2. The neck was divided into

four surfaces: venous, aortic, arterial, and free. Table 1 shows the

measurements performed and the comparison of surface morphom-

etry. The venous surface of the LAA neck is the largest (the largest

surface wall area), followed by the aortic, free, and arterial surfaces

(Table 1, p < 0.001). It is also the longest among all surfaces (venous

> free > aortic > arterial) (Table 1, p < 0.001). All surfaces are trape-

zoidal, with the proximal base wider than the distal base (Table 1).

The borders between the surfaces were also measured, with the

longest dimension for the aortic-venous boundary (23.8 ± 5.8 mm),

followed by the venous-free surface boundary (17.2 ± 7.4 mm), the

aortic-arterial surface boundary (12.1 ± 4.0 mm) and the arterial—

free surface boundary (6.1 ± 3.1 mm) (p < 0.001). The size compari-

son of the LAA neck surfaces, regarding the shape of the LAA ori-

fice (round vs. oval), showed statistically significant differences only

in aortic proximal surface height (p = 0.002) and free surface proxi-

mal (p = 0.026) and distal heights (p = 0.004) (larger in round ori-

fices, for details see Table A1). In the studied population,

cauliflower type was present in 38.5% of patients, chicken wing in

32.0%, and arrowhead in 29.5%. There were no statistically signifi-

cant differences in the LAA neck morphometric characteristics

between LAA types (all p > 0.05).

3.2 | Age and sex differences in the LAA neck
morphometry

Statistically significant differences between the sexes were observed

in the main morphometric parameters of the LAA, with larger values

F IGURE 2 Three-dimensional reconstructions segmented from contrast-enhanced computed tomography of hearts showing a left lateral
view of the left atrial area. The left atrial appendage body is removed from the neck to show the left atrial appendage neck division into four
surfaces: venous (V), aortic (Ao), arterial (Ar), and free surface (F). *, left coronary artery trunk; Cx, left circumflex artery; LAS, left coronary aortic
sinus; LI, left inferior pulmonary vein; LS, left superior pulmonary vein; RS, right superior pulmonary vein.
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observed in men than in women: length of the central axis (males:

15.3 ± 2.2 mm vs. females: 14.0 ± 2.4 mm; p = 0.027) and area of

the LAA neck (males: 914.3 ± 318.4 mm2 vs. females: 795.2

± 304.8 mm2; p = 0.006). Detailed between-sex comparisons for

each LAA neck surface are shown in Table A2. In addition, significant

positive correlations were found between the obtained morphomet-

ric parameters and the age of the patients for the central axis length

(r = 0.22, p = 0.002), LAA transverse (r = 0.27, p < 0.001), and ante-

roposterior (r = 0.33, p < 0.001) orifice diameters, LAA transverse

lobe entrance diameter (r = 0.25, p < 0.001), as well as with area of

the LAA neck surface (r = 0.24, p < 0.001), LAA neck free surface

area (r = 0.21, p = 0.003) and LAA neck venous surface area

(r = 0.20, p = 0.005). No other statistically significant differences or

correlations were found (all p > 0.05).

4 | DISCUSSION

4.1 | The LAA in the context of the left atrial
anatomy

As previously described, several parts can be seen in the left atrium,

including the body, vestibule, septal portion, venous compartment, and

appendage (Anderson et al., 2000; Ho et al., 2012; Wang et al., 1995).

Apart from the atrial appendage, with a well-defined orifice, the other

atrial modules do not have clear boundaries. An excellent tool for left

atrial anatomy analysis is virtual dissection, which utilizes reconstructions

from cardiac CT scans and thus allows the study of three-dimensional

cardiac anatomy in great detail and proper anatomical position (Mori

et al., 2019). Its embryological origin should be mentioned to understand

TABLE 1 The left atrial appendage (LAA) neck surfaces comparison (mean ± standard deviation).

Parameter Venous surface Aortic surface Arterial surface Free surface p-value ANOVA

Surface length (mm) 24.1 ± 5.7 15.4 ± 4.8 6.4 ± 3.2 16.6 ± 4.2 <0.001

Proximal surface height (at LAA orifice) (mm) 16.4 ± 4.0 14.0 ± 5.5 17.8 ± 5.1 13.5 ± 5.9 <0.001

Distal surface height (at lobe entrance) (mm) 11.8 ± 3.1 13.4 ± 4.9 15.5 ± 4.6 7.3 ± 4.8 <0.001

Surface wall area (mm2) 345.6 ± 129.9 232.3 ± 110.3 108.4 ± 67.2 170.3 ± 113.1 <0.001

Surface wall area/LAA neck wall area ratio 40.8% ± 7.1% 27.2% ± 8.7% 12.6% ± 5.7% 19.3% ± 9.5% <0.001

Note: Statistically significant p-values bolded.

F IGURE 3 Three-dimensional reconstructions segmented from contrast-enhanced computed tomography of the heart showing the left atrial
appendage neck in different views. The measurement sites are marked. (A) left atrial appendage orifice anteroposterior and transverse diameters;
(B) lobe entry anteroposterior and transverse diameters; (C) and (D) neck surface length (L); (E) and (F) proximal (at LAA orifice) (PH) and distal
(at the lobe entrance) (DH) heights of the neck surfaces.
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the LAA anatomy better. The LAA development begins in Carnegie stage

11 when the atrial appendages and apical ventricular components bal-

loon as a result of radial growth of the developing heart. The pectinate

muscles, visible from stage 14, expands in stage 18, further developing

both atrial appendages. Its further size and pectinate muscle develop-

ment can be observed during Carnegie stage 23 (Hikspoors et al., 2022).

4.2 | The lack of a definition of the LAA neck

Although the LAA anatomy appears thoroughly known (Dudkiewicz

et al., 2021; Roberts et al., 2019; Slodowska et al., 2022; Słodowska,

Hołda, et al., 2021; Słodowska, Szczepanek, et al., 2021), the LAA

neck has not been well defined or explored. The growing clinical

importance of the LAA as a common source of thrombus formation

and the introduction of various LAA exclusion techniques into daily

clinical practice forced us to provide a detailed morphological descrip-

tion of the most proximal part of the LAA—the neck region (Naksuk

et al., 2016; Słodowska, Szczepanek, et al., 2021; Whiteman

et al., 2019). The LAA neck is clinically where occlusion and closure

devices are implanted. In the past, the LAA neck has been defined

indirectly as the portion of either the LAA body or the left atrium. It

has been described as a region where occluding devices are placed, a

junction between the orifice, landing zone, and lobar region (Beigel

et al., 2014; Grygier et al., 2018; Naksuk et al., 2016). The term “LAA
neck” has also been mentioned in a few recent anatomical publica-

tions without clearly defining this structure (Slodowska et al., 2022;

Whiteman et al., 2019).

4.3 | The precise anatomical definition of the
LAA neck

Our study is the first to define the LAA neck precisely and deliver data

on its morphological features and subdivision into potentially clinically

essential surfaces. The anatomic definition of the LAA neck provided

in the current study incorporates the region defined by clinicians as

the LAA landing zone—a crucial region of the heart for all LAA exclu-

sion procedures (Batko et al., 2022; Grygier et al., 2018; Hindricks

et al., 2021; Naksuk et al., 2016; Wang et al., 2010). Greater knowl-

edge of the LAA anatomy may contribute to more efficient and safer

performance of various procedures in this essential cardiac area. Bet-

ter awareness of the LAA neck anatomy may also contribute to a

more accurate choice of used LAA exclusion technique or suitable

LAA occlusion device, reducing the risk of complications and

peri-device leaks (Burysz et al., 2019; Litwinowicz et al., 2021; Litwi-

nowicz, Bartus, Kapelak, et al., 2019; Litwinowicz, Bartus, Malec-

Litwinowicz, et al., 2019; Reddy et al., 2013; Toale et al., 2019;

Whitlock et al., 2021). Providing a clear definition of the studied

region may also facilitate communication between clinicians and

researchers regarding a detailed description of complications that may

occur during LAA exclusion procedures. Nowadays, specific complica-

tions related to the LAA exclusion, especially those related to the

destruction of adjacent structures, are hard to evaluate because of

the lack of proper terminology to describe damage precise

localization. This significant obstacle can now be removed by report-

ing damages occurring in particular LAA areas defined as LAA neck

surfaces.

4.4 | The origin of the subdivision of the LAA neck

The subdivision of the LAA neck into surfaces is based on the pres-

ence of clinically essential structures near each surface. The aortic sur-

face is adjacent to the left coronary aortic sinus and trunk of the left

coronary artery. It is separated from the pulmonary valve root by the

apex of the left ventricular summit, the region of idiopathic ventricular

arrhythmias (Yamada et al., 2010). The arterial surface of the LAA

neck borders major coronary vessels from the epicardial side: the left

circumflex coronary artery and great cardiac vein (Kassem

et al., 2021). Therefore, the arterial surface borders the accessible and

inaccessible part of the left ventricular summit (Kuniewicz

et al., 2021). From the endocardial side, it is separated from the mitral

valve annulus by the LAA isthmus, which is a potential ablation target

(Hołda et al., 2017). Near the free surface of the LAA neck, the vein

or ligament of Marshall may be present, which is known to be an

essential site of abnormal cardiac electrical activity (He et al., 2021;
_Zab�owka et al., 2020). From the endocardial side, the free surface of

the LAA neck is separated from the mitral valve annulus by the mitral

isthmus (Hołda et al., 2017). We observed some deformations of the

left atrial wall in this region, which should be further analyzed and

described. The venous surface is adjacent to the left pulmonary veins,

and as previously reported, the left atrial ridge (coumadin ridge) may

be present in this area in 60% of hearts (Piątek-Koziej et al., 2020).

4.5 | The clinical significance of the LAA neck

The size of the LAA neck may influence the course of procedures

aimed at excluding the LAA. The manufacturers of the Watchman and

Amplatzer devices define the minimum central axis of the LAA neck

for performing LAA occlusion as at least 10 mm (Grygier et al., 2018).

As shown in the current study, the mean length of the LAA neck cen-

tral axis is above 14 mm, but in 4.5% of all cases studied, the length

was <10 mm, making these hearts unsuitable for LAA occlusion

devices implantation. However, the measured arterial surface length

was 6.4 ± 3.2 mm. The influence of each wall parameter should be

further investigated to evaluate its impact on the effectiveness of the

LAA closure procedure and potential complications. Other closure

methods may be more appropriate for patients with shorter central

axis of the LAA neck (Lee & Hanke, 2022; Litwinowicz et al., 2021;

Litwinowicz, Bartus, Kapelak, et al., 2019; Toale et al., 2019). One of

the most dangerous complications associated with LAA exclusion pro-

cedures is damage or occlusion of the left circumflex coronary artery

(Batko et al., 2022; Kuzmin et al., 2021). Some of the specific arrange-

ments of coronary vessels within the LAA isthmus, localized inferiorly

6 BATKO ET AL.
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to the arterial surface, may predispose to severe vascular injury (Batko

et al., 2022; Hołda, Hołda, et al., 2018; Hołda, Koziej, et al., 2018).

Additionally, the studied region is of great interest to electrophysiolo-

gists, as the mitral isthmus and LAA isthmus, where ablations are per-

formed, are adjacent to the LAA ostium and neck (Hołda et al., 2017).

Relation between the mitral and LAA isthmus and the LAA neck are

presented in Figure 4. Moreover, the arterial surface of the LAA neck

was found to be the smallest among all areas of the LAA neck, which

may further contribute to lacerations located near the base of the

LAA (Lee & Hanke, 2022). The LAA itself can be divided into several

types (Wang et al., 2010). The most recent classification proposes

three LAA types based on the shape of its body: chicken wing, cauli-

flower, and arrowhead (Słodowska, Szczepanek, et al., 2021). Notably,

the current research found that there are no statistically significant

differences or correlations regarding the LAA type and the LAA neck

morphometry. Only isolated differences were found in the LAA

neck dimensions between hearts with round versus oval LAA orifices.

4.6 | Study limitations

Several significant limitations of this study should be stated. First, the

current study is a single-center, retrospective CT scan analysis aimed

at one ethnic group (Caucasians). Second, it was performed on a rela-

tively old population. Therefore, further studies should focus on youn-

ger patients. Moreover, the used three-dimensional segmentation tool

(Mimics Innovation Suite 22, Materialise) is different from a typical

clinical tool used in everyday practice but an expensive software with

high hardware requirements that demand high experience in opera-

tion. Furthermore, some functional anatomy studies should be per-

formed to show LAA neck morphology behavior during the cardiac

cycle. Additionally, future research should be performed to indicate

atrial fibrillation's impact on LAA neck morphology. Finally, additional

analysis of the LAA neck wall thickness performed on cadaveric

material may give further essential data on this heart region regarding

LAA exclusion procedures. Despite these limitations, the current study

delivers a complex morphometrical analysis of the LAA neck that may

have clinical significance for LAA exclusion procedures.

5 | CONCLUSIONS

The neck of the LAA is the smooth-walled, truncated cone-shaped

channel located between its pectinated component and the body of

the left atrium. The LAA neck can be evaluated based on cardiac CT

scans and three-dimensional reconstructions. Based on its position

concerning neighboring structures, the LAA neck can be divided into

four surfaces: venous, aortic, arterial, and free surface. Significant dif-

ferences in surfaces' morphometry are observed, with the venous sur-

face being the largest and arterial the smallest part of the LAA neck.

The neck of the LAA neighbors with several crucial heart structures,

including the left superior pulmonary vein, aortic root (left aortic

sinus), left coronary artery trunk, and left circumflex coronary artery

with an accompanying great cardiac vein. Precise definition and mor-

phometrical details of the LAA neck that were introduced in this study

may influence the effectiveness and safety of LAA exclusion

procedures.
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