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Abstract

Introduction: The aim of this study was to investigate the thickness of the left atrial

wall surrounding the left atrial appendage (LAA) orifice.

Methods and Results: The tissue thickness around the LAA orifice was measured at

four points (superior, inferior, anterior, and posterior) in 200 randomly selected

autopsied human hearts. The thickest tissue was observed at the anterior

point (3.17 ± 1.41mm), followed by the superior (2.47 ± 1.00mm), inferior

(2.22 ± 0.80mm) and posterior (2.22 ± 0.83mm). The chicken wing LAA type was

associated with the lowest thickness at the superior point compared to the cauli-

flower and arrowhead shapes (p = .024). In hearts with an oval LAA orifice, the atrial

wall was significantly thicker in all points than in specimens with a round LAA orifice

(p > .05). Both the LAA orifice anteroposterior diameter and orifice surface area

were negatively correlated with the tissue thickness in the anterior (r = −.22,

p = .004 and r = −.23, p = .001) and posterior points (r = −.24, p = .001 and r = −.28,

p = .005). Endocardial surface roughness was commonly in the inferior pole of the

LAA orifice (75.5% of cases), while they are much less prevalent in other sectors

around the orifice (anterior: 17.5%), superior: 4.0%, and posterior: 1.5%).

Conclusions: Although a significant heterogeneity in the atrial wall thickness around

the LAA orifice was observed, the thickness in the respective points is quite con-

servative and depends only on LAA orifice size and shape, as well as LAA body

shape. Thin atrial wall and endocardial surface roughness might challenge invasive

procedures within this region.
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1 | INTRODUCTION

The left atrial appendage (LAA) is the irregular and highly tra-

beculated vestige of the primal embryonic left atrium that de-

velops during early gestation.1–3 The LAA is connected to the left

atrium via a relatively narrow orifice.4 These features of the LAA,

together with the disturbed blood flow that may occur in patients

with atrial fibrillation, predispose to thrombogenesis within the

LAA and consequent cardioembolic stroke.5 Approximately 90%

of thrombi in patients with nonvalvular atrial fibrillation derive
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from LAA.6 One of the well‐recognized stroke prevention stra-

tegies is LAA mechanical exclusion.7 However, as with any in-

travascular intervention, LAA occlusion is burdened with some

complications. The most severe include: perforation, pericardial

effusion, device thrombus, and even procedure‐related strokes.8

Various LAA properties, including the body type (shape and size)

and LAA orifice geometry, are related not only to the increased

thrombogenicity of the appendage but also to the success rate

and durability of procedures targeted to the LAA.9,10

The LAA has been progressively recognized in the initiation

and maintenance of atrial tachyarrhythmias.11–13 Several LAA

features might predispose to its arrhythmogenicity. First, the

trabeculated muscle network within the LAA body generates

areas of slow conduction, conduction block, and can initiate re‐
entrant circuits.14 Second, the LAA orifice interferes with the left

atrial musculature, disturbing it and thus producing significant

tissue anisotropy that results in electrophysiological non-

heterogeneity.12 Moreover, the LAA orifice is entwined by

Bachmann bundle final fibers, and this connection with the LAA

has been recognized in the initiation and maintenance of atrial

fibrillation.15 In the last decade, the linear ablations at the base

of the LAA or within the LAA or circumferential isolation of the

LAA orifice are gaining popularity.12,13,16 Although the LAA

electrical isolation is considered relatively safe, it may be chal-

lenging. The procedure is difficult and requires a complex map-

ping with the main concerns related to the LAA perforation

during ablation. Nevertheless, no definite data exist on the op-

timal ablation energy and strategy to minimize this risk.17

Both the LAA mechanical exclusion and electrical isolation pro-

cedures affect not only the body of the LAA but also the surrounding

rim of the left atrial wall. Therefore, in this study, we have aimed to

evaluate the thickness of the left atrial wall surrounding the LAA

orifice and to find associations between wall morphometric char-

acteristics and the LAA type, presence of left lateral ridge, as well as

the left‐sided pulmonary venous drainage configuration. Providing

such data will increase the anatomical knowledge and thus con-

tribute to increased safety and efficiency of percutaneous proce-

dures targeted to the LAA.

2 | MATERIALS AND METHODS

This current study was conducted at the Department of Anatomy at

the Jagiellonian University Medical College. The study was con-

ducted according to the principles expressed in the 1975 Declaration

of Helsinki and was approved by the Bioethical Committee of the

Jagiellonian University in Cracow, Poland (No. 1072.6120.4.2020).

2.1 | Study population

We have investigated 200 randomly selected autopsied human hearts

(Caucasian) of both sexes (25.0% females). The mean age of donors was

46.6 ± 19.1 years, mean body weight and body heigh were 78.3 ± 14.1 kg

and 1.71± 0.1m, respectively and the mean body mass index (BMI) was

26.5 ± 4.8 kg/m2. Hearts were collected during routine forensic medical

autopsies executed at the Department of Forensic Medicine, Jagiellonian

University Medical College in Cracow, Poland. Study exclusion criteria

comprise past cardiac surgery, heart grafts, previous heart trauma, evi-

dent severe macroscopic pathologies revealed during an autopsy, vas-

cular or cardiac anatomical defects, and macroscopic signs of cadaver

decomposition. There were no donors with either a history of persistent

atrial fibrillation or a thrombus identified in the LAA during autopsy

among studied cases.

2.2 | Dissection, observations, and measurements

Hearts were dissected from the chest cavity in a routine manner.

Then, all samples were inspected, washed out of excess blood,

weighed, and afterward fixed in a 10% paraformaldehyde buffered

solution until the time of the next observations and measurements.

After sample preservation, the shape of the LAA was classified ac-

cording to the previously established three‐type classification system

(Type I—the cauliflower: compact LAA body with a limited length, a

variable number of lobes and without obvious bends, Type II—the

chicken wing: a substantial bend in the proximal or middle part of the

dominant lobe, Type III—the arrowhead: dominant lobe of substantial

F IGURE 1 Photographs of cadaveric heart specimens showing different types of the left atrial appendage (LAA): (A) cauliflower, (B) chicken
wing, (C) arrowhead
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length, LAA body without obvious bends) (Figure 1).18 Next, the left

atrium was opened to expose the postero‐lateral region of the left

atrium and the LAA orifice to execute further observations and

measurements. Both the transverse diameter (parallel to the mitral

valve annulus) and the anteroposterior diameter (perpendicular to

the mitral valve annulus) of the LAA orifice were measured. The

shape of the LAA orifice was classified as oval or round, and the LAA

orifice area was calculated as described above.18 The occurrence of

any additional structures (crevices, diverticula, trabeculae, or tissue

bridges) around the LAA orifice was documented. The presence of

the left atrial ridge (defined as a prominent fold of tissue located

between the left‐sided pulmonary vein ostia and the LAA orifice) was

also noted.19 We also investigated variations in the left‐sided pul-

monary vein ostia. Finally, the left atrial wall around the LAA orifice

has been cut (3 mm from the LAA orifice edge) at four points

(Figure 2) to obtain a cross‐section which allowed us to measure the

total wall thickness of the left atrium (endocardium, myocardium,

and epicardium with adipose tissue):

‐ superior point—at the left atrium roof,

‐ inferior point—at the atrio‐ventricular sulcus,
‐ anterior point—at the mitral valve annulus,

‐ posterior point—at the left‐sided pulmonary vein ostia (Figure 2).

All linear measurements were conducted with 0.03‐mm preci-

sion electronic calipers (YATO, YT–7201, Poland). To reduce human

bias, all measurements were recorded by two independent in-

vestigators. If results between the two researchers varied by more

than 10%, both measurements were repeated. The mean of the two

new values was calculated and reported as the final value.

2.3 | Statistical analysis

Data are shown as mean values with corresponding SDs (±SD) or de-

termining percentages. To determine if the quantitative data were nor-

mally distributed, the Shapiro–Wilk test was used. Levene's test was

performed to verify a relative homogeneity of variance. The Student

t tests, Wilcoxon signed‐rank tests, and the Mann–Whitney U tests with

Bonferroni corrections were used for statistical comparisons. The non-

parametric Kruskal–Wallis test was used to compare values between

different groups. Correlation coefficients were calculated to assess

whether there was a statistical dependence between the measured

parameters. We have calculated that to detect a simple correlation

(r= .25) with 80% power and a 5% significance level (two‐tailed; α= .05;

β= .2), the required minimal sample size is approximately 123 cases. A

p value lower than .05 was considered statistically significant. Statistical

analyses were performed using StatSoft STATISTICA 13.1 software for

Windows (StatSoft Inc.).

3 | RESULTS

The left atrial wall around the LAA orifice was the thickest at the

anterior point (3.17 ± 1.41mm, range: 1.12–8.91mm), followed by

the superior point (2.47 ± 1.00mm, range: 0.34–5.52mm), inferior

F IGURE 2 Photograph of a cadaveric heart specimen showing
left atrial appendage (LAA) orifice with marked points of the cross‐
section, which allowed us to measure left atrial wall thickness.
SupP—superior point (at the left atrium roof); InfP—inferior point
(at the atrio‐ventricular sulcus); AntP— anterior point (at the mitral
valve [MV] annulus); PostP—posterior point (at the left‐sided
pulmonary vein ostia). LSPV, left superior pulmonary vein

F IGURE 3 Box‐and‐Whiskers plot of median values for the wall
thickness in different points around the left atrial appendage orifice.
Wilcoxon signed‐rank test with Bonferroni correction (significant
p value level at .008)
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point (2.22 ± 0.80mm, range: 0.83–5.35mm), and posterior point

(2.22 ± 0.83mm, range: 0.61–5.43mm) (Figure 3). The mean heart

weight was 440.2 ± 97.4 g and was not significantly correlated with

the tissue thickness in any measured point (all r < .2 and p > .05).

There were no notable differences in measured thicknesses between

sexes (p > .05). The thickness was not correlated with the donors'

age or anthropometric features (weight, height, BMI) (all r < .2

and p > .05).

The most common LAA body shape was chicken wing (37.5%),

followed by cauliflower (36.5%) and arrowhead (26.0%). A significant

difference in the tissue thickness at the superior point was observed

between different LAA types, where the chicken wing type was as-

sociated with the lowest thickness compared to the cauliflower and

arrowhead shapes (Table 1, p = .024). No other significant differences

connected with the LAA body type were observed (Table 1). The

average LAA volume was 3.0 ± 2.1ml and was not significantly cor-

related with the measured thicknesses (all r < .2 and p > .05).

The LAA orifice shape was described as round in 55.0% and oval

in 45.0% of cases. In hearts with the oval LAA orifice, the atrial wall

thickness was significantly thicker in all measured points than in

specimens with round LAA orifice (Table 1). The calculated LAA or-

ifice surface area was 1.4 ± 0.9 cm² and was negatively correlated

with the tissue thickness in the anterior (r = −.23, p = .001) and pos-

terior point (r = −.28, p = .005). The same negative correlations were

observed between the LAA orifice anteroposterior diameter and the

tissue thickness in both anterior and posterior points (r = −.22,

p = .004 and r = −.24, p = .001, respectively).

The left lateral ridge was present in 58.0% of investigated

hearts, and it did not affect the thickness of the wall around the LAA

orifice (Table 1, p > .05). In only 8.5% of examined hearts, a variant in

the left‐sided pulmonary venous drainage was observed (i.e., single

common left pulmonary vein ostium). The presence of common left

pulmonary vein ostium also did not affect the thickness at the

measured points (Table 1, p > .05).

A significant difference in the prevalence of additional structures

on the endocardial surface (crevices, diverticula, trabeculae, or tissue

bridges) was observed in different sectors around the LAA orifice.

The inferior sector was the most affected by surface roughness

(observed in 75.5% of hearts), followed by anterior (17.5%), superior

(4.0%), and posterior sectors (1.5%) (p = .001); in the remaining cases,

the endocardial surface was smooth (Figure 4).

4 | DISCUSSION

Although the current study is the first to investigate in detail the wall

thickness around the LAA orifice, many previous studies have in-

vestigated atrial tissue thickness in different left atrium regions.

Previous studies have shown that significant and clinically important

variations exist for left atrial wall thickness at its different regions,

which are commonly targeted during transcatheter ablation proce-

dures.20–22 A great heterogeneity may be observed in tissue thick-

ness with the values ranging from below 1–12mm (mean:T
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1–4mm).23 Nevertheless, there is no consensus regarding the gen-

eral trends in the wall dimensions (anterior vs. posterior vs. roof vs.

septal). The current study also showed diverse wall thickness around

the LAA orifice, and the obtained values did not seem to differ sig-

nificantly from measurements performed by other authors in dif-

ferent areas of the left atrium. Therefore, the tissue thickness in the

proximity to the LAA orifice should be considered as a safe place for

interventions, not differing significantly from other left atrial regions.

Electrophysiological conditions seem to change with wall thick-

ness profile.24 The general trend may be observed that patients

predisposed to atrial arrhythmias have thicker tissue. Moreover, it

was shown that thick and heterogeneous left atrial wall promotes

atrial fibrillation recurrence after ablation.23 The structure of the

atrial wall influences the possibility of the creation of the transmural

block and durable lesion; thus, it is an of arrhythmia recurrence after

ablation.25 Therefore, the atrial wall thickness might be an essential

determinant of pathological tissue remodeling in patients with atrial

arrhythmias and further a marker of response to ablation.23 Finally,

tissue thickness is a key factor responsible for procedural safety and

the risk of perforation during the left atrial invasive procedures.23

The current study shows that the thickest tissue might be ob-

served at the anterior circumference of the LAA orifice. This might

be explained by the anticipated presence of Bachmann's bundle fi-

bers in this region.26 Furthermore, we detected a significant asso-

ciation between the tissue thickness and the shape of the LAA

orifice. The oval orifice is related to thicker tissue all around the LAA

orifice. This might be important during LAA occlusion device im-

plantation, where both oval shape and reduced surrounding tissue

susceptibility to deformation may adversely affect the results of the

procedure.9 On the other hand, bigger LAA orifices are correlated

with the decreased tissue thickness in the anteroposterior axis. An-

other significant but difficult to explain observation of the current

study is a significant narrowing of the tissue near the atrial roof in

hearts with the chicken wing type LAA. Interestingly, despite its

regional diversity, the tissue thickness around the LAA orifice in the

respective points is a constant parameter that is not affected by sex,

age, or anthropometric parameters. Moreover, even the presence of

the left lateral ridge or variants in the left‐sided pulmonary veinous

drainage pattern does not influence the thickness around the LAA

orifice. The knowledge we provide in this regard is a valuable hint for

clinicians performing procedures within the LAA orifice area.

In the current study, endocardial surface roughness was observed

around the LAA orifice. These structures should be identified as the

embryological remnants of the pectinate muscles that extended from the

LAA.27 Such abrupt changes in myocardial thickness and fibers direction

that are produced by the presence of the additional structures might act

as an arrhythmogenic substrate.23,28 Moreover, the presence of addi-

tional crevices, recesses, and muscle bands can have a significant impact

on transcatheter procedures within this region, as the unwanted struc-

tures might entrap the tip of a catheter and thus hinder the procedure.

Also, energy adjustment might be necessary to reach the electrical block.

An ablation index, that is a novel marker incorporating contact force,

time, and power in a weighted formula to accurately estimate ablation

lesion depth may be used for ablations within the left atrium, also within

the LAA orifice area to achieve better lesion quality.29,30 However, op-

erators should be aware, that endocardial surface roughness may de-

crease contact force being at the same time the sites of the reduced wall

thickness.

Using imaging modalities that could analyze atrial tissue thick-

ness and localize areas of increased as well as decreased wall

thickness may improve the safety and effectiveness of ablation

procedures.23 Several available techniques can be used for this

purpose. One of the available modality is cardiac magnetic resonance

imaging; nevertheless, while this technique is suitable for atrial tissue

characterization (e.g., fibrosis, scars, lesions, tissue remodeling), the

spatial resolution of currently available magnetic resonance scanners

is too low to precisely evaluate the thickness of the atrial tissue.31

Furthermore, transesophageal echocardiography and intracardiac

echocardiography can be used to describe the wall of the left atrium;

however, due to their invasive nature, they are mainly limited to the

periprocedural period.32,33 On the other hand, transthoracic echo-

cardiography that is widely used in clinical practice, does not provide

adequate spatial resolution to allow the assessment of atrial tissue

thickness.23 Finally, cardiac computed tomography is considered the

most optimal and accessible technique for assessing the structure of

the left atrial wall that allows reconstructing the whole atrium with

the fine resolution.34 Almost all anatomical information about the

LAA may be provided by high‐resolution and high‐quality contrast

enhanced electrocardiographically‐gated cardiac computed tomo-

graphy. The LAA shape and size may be easily assessed using stan-

dard imaging and 3D reconstructions.4 Moreover the left atrial wall

thickness may also be easily measured using computed tomography

imaging that largely reflects the real anatomy of this region.35

Therefore, the computed tomography plays a key role in the peri-

procedural planning and postprocedural evaluation during the LAA

device implantations and wide range of interventions targeted to

LAA.36

F IGURE 4 Photographs of cadaveric heart specimens showing
left atrial appendage orifice with present additional structures on the
endocardial surface (crevices, diverticula, trabeculae or tissue
bridges) located in different sectors around the orifice (red arrows)
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There are several limitations to this study that should be noticed.

The major one is that this study was performed on autopsied ma-

terial preserved in paraformaldehyde solution. Therefore, slight

changes to the size and shape of the studied specimens due to the

fixation process may occur. However, our previous studies have

proved that a paraformaldehyde solution did not cause significant

changes in cardiac dimensions.37 Also, because the post‐mortem

tissue was investigated, we were unable to evaluate the behavior and

dimensional changes of left atrial wall components during the cardiac

cycle. Furthermore, only hearts from healthy donors were in-

vestigated. Hence our results might not fully reflect the morphology

attributed to patients with structural heart diseases and arrhythmias.

As left atrial wall structural remodeling occurs with prolonged epi-

sodes of atrial fibrillation, further studies on specimens with a history

of arrhythmias should be conducted. Moreover, measurements were

performed only in four selected points that may not fully cover the

structure of the left atrial wall around the entire LAA orifice cir-

cumference. Finally, only the whole atrial wall tissue was measured

with no further subdivision to tissue layers. Despite these limitations,

we believe that this study has provided significant insight into the

morphometrical characteristics of the left atrium and the LAA.

5 | CONCLUSIONS

Significant heterogeneity in the left atrial wall thickness around

the LAA orifice is observed, with the thickest wall observed at

the mitral valve annulus point. At its thinnest point, the wall

around the LAA orifice can measure below 0.5 mm. When con-

sidering the respective points, the tissue thickness around the

LAA orifice is a quite conservative parameter that is not affected

by sex, age, or anthropometric parameters, as well as the pre-

sence of the left lateral ridge and left‐sided pulmonary veins

variants. Similarly, the LAA body shape has no major impact on

the tissue around the LAA orifice, except for the superior point,

for which the chicken wing type was associated with the lowest

thickness. Both the LAA orifice shape (oval vs. round) and size

(dimension and area) have a significant impact on the tissue

thickness around the LAA orifice. Endocardial surface roughness

is commonly present in the inferior pole of the LAA orifice (75%

of cases), while they are much less prevalent in other sectors

around the orifice.
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