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Left Atrial Appendage Morphology and
Local Thrombogenesis-Related Blood
Parameters in Patients With Atrial Fibrillation

Buyun Xu, MD*; Ye Du, MD*; Chao Xu, MD; Yong Sun, MD; Fang Peng, MD; Shengkai Wang, MD; Jie Pan, MD;
Yuanqing Lou, MD; Yangbo Xing “=, MD, PhD

BACKGROUND: Left atrial appendage (LAA) morphology predicts stroke risk in patients with atrial fibrillation. However, it is not
precisely understood how LAA morphology influences stroke risk. The present study aimed to investigate the relationship
between LAA morphology and local thrombogenesis-related blood parameters in LAA.

METHODS AND RESULTS: We enrolled 205 patients undergoing catheter ablation of atrial fibrillation. The prevalence of chicken
wing-, cactus-, windsock-, and cauliflower-type LAAs were 23.9%, 32.7%, 29.3%, and 14.1%, respectively. Blood samples
were collected from the femoral vein, left atrium, and LAA in each patient. The levels of blood parameters were tested for
each blood sample. The cauliflower-type LAA was associated with elevated platelet P-selectin expression, and interleukin-6
levels and with lower NO levels in LAA blood samples (P<0.05) independent of LAA flow velocity and LAA volume. LAA flow
velocity, which was lowest in the cauliflower-type LAA, was the only independent predictor of von Willebrand factor antigen
and plasminogen activator inhibitor-1 levels in LAA blood samples. In femoral vein blood samples, no significant difference
was detected in the above blood parameters among the four LAA morphological types. In all blood samples, the levels of
thrombin-antithrombin complex, D-dimer, fibrinogen, and tissue plasminogen activator were comparable among the four LAA
morphological types.

CONCLUSIONS: In patients with atrial fibrillation, LAA morphological types might be associated with local platelet activity,
fibrinolysis function, endothelial dysfunction, and inflammation.
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clinical practice that is associated with ischemic
stroke. In patients with nonvalvular AF, the left
atrial appendage (LAA) represents a major source of
cardiac thrombus formation. The mechanism by which
the LAA precipitates thrombogenesis has not been
fully elucidated, but Virchow’s triad (abnormal blood
flow, abnormal blood constituents, and abnormal ves-
sel walls) might apply.’
Given the important role of the LAA in AF-related
thromboembolism, the anatomy and physiology of

Atrial fibrillation (AF) is a common arrhythmia in

the LAA have been widely investigated. Di Biase et al
classified the LAA into 4 morphological types (chicken
wing, cactus, windsock, and cauliflower), which pro-
vided additional value in stratifying the risk of stroke or
transient ischemic attack (TIA).? Nevertheless, it is not
precisely understood how LAA morphology influences
the risk of stroke/TIA. Previous studies have suggested
that the size and flow velocity of the LAA vary among
LAA morphologies, resulting in varying degrees of
blood stasis, which might partially explain the relation-
ship between LAA morphology and the risk of stroke/
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CLINICAL PERSPECTIVE

What Is New?

e Compared with the non-cauliflower-type left
atrial appendage (LAA), the cauliflower-type
LAA was associated with higher platelet activity,
worse fibrinolysis, more severe endothelial dys-
function, and greater inflammation in the LAA.

e The results provided a new insight into under-
standing the relationship between LAA mor-
phology and stroke risk.

What Are the Clinical Implications?

e The study supports individual anticoagulation
based on LAA morphology.

e FEvaluating LAA morphology might be indispen-
sable in patients with atrial fibrillation.

Nonstandard Abbreviations and Acronyms

FV femoral vein

LAA left atrial appendage

LAAFV  left atrial appendage flow velocity
PAI-1 plasminogen activator inhibitor-1
TAT thrombin-antithrombin

vVWF von Willebrand factor

TIA.® Besides abnormal blood flow, whether LAA
morphology affects the other 2 factors of Virchow’s
triad, abnormal blood constituents and abnormal ves-
sel walls, has not been well studied. This study aimed
to investigate the relationship between LAA morphol-
ogy and local blood parameters in LAA including those
reflecting hemostasis, fibrinolysis, endothelial dysfunc-
tion, and inflammation.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Population

Between January 2018 and June 2020, patients with
AF undergoing initial catheter ablation of AF under
guideline recommendations were consecutively en-
rolled at Shaoxing People’s Hospital in a prospective
manner. The exclusion criteria were as follows: (1) re-
versible causes of AF; (2) previous ablation of atrial flut-
ter or tachycardia originating from the left atrium; (3)
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valvular heart disease; (4) severe heart disease (ejection
fraction <35%, dilated cardiomyopathy, hypertrophic
cardiomyopathy, myocardial infarction within the past
year); (5) hepatic or renal dysfunction; (6) known bleed-
ing or platelet disorders; (7) known cancer; and (8)
hormonal stimulation, including pregnancy. The study
was conducted in accordance with the declaration
of Helsinki, and the Ethics Committee of Shaoxing
People’s Hospital approved the study design. Written
informed consent was obtained from all patients.

Echocardiographic Data Analysis

Enrolled patients received transthoracic echocardiogra-
phy and transesophageal echocardiography within 2 days
before the scheduled procedure. Transthoracic echocar-
diography and transesophageal echocardiography were
performed with IE33 (Philips, Amsterdam, Netherlands)
and Acuson SC2000 (Siemens USA, Washington, DC)
ultrasound system using X5-1 and Z6Ms transducers,
respectively, by an experienced sonographer following
a standard protocol according to the recommendations
of the American Society of Echocardiography.8® LAA
flow velocity (LAAFV) was measured with pulsed-wave
Doppler at a site =1 cm from the LAA orifice in the longi-
tudinal view of the LAA. During sinus rhythm, LAAFV was
defined as the peak of the outflow velocity during dias-
tole, and the average LAAFV over 3 consecutive cardiac
cycles was used for analyses. During AF, LAAFV was de-
fined as the mean velocity of peak outflow velocity over
10 consecutive cardiac cycles.

Cardiac Multidetector Computed
Tomography Imaging Analysis

ECG-gated computed tomography was performed in
all patients within 2 days before the scheduled pro-
cedure. Between January 2018 and December 2019,
a 64-slice spiral scanner (Briliance 64, Philips) was
used. After December 2019, a 320-slice spiral scanner
(Aquilion One; Canon Medical, Otawara, Japan) was
used. The slice acquisition thicknesses were 0.625 and
0.3 mm, respectively. Three-dimensional left atrium
and LAA structures were reconstructed using the
postprocessing system. The LAA orifice plane was de-
fined by a combination of the center of the pulmonary
ridge and the centerline of the proximal left circumflex
artery. Standard measurements of LAA volume, ori-
fice area, and number of lobes were obtained from the
volume-rendered 3-dimensional images.

Although Di Biase et al originally categorized LAA
into 4 morphological types,? a recent study has sug-
gested that because of the lack of objective criteria
and the presence of high interobserver and intraob-
server variability, this classification might be unreli-
able.'® Therefore, in our study, LAA morphology was
classified using the Kimura et al'' method, which
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uses more objective measurements for distinguish-
ing between LAA morphologies. Using this system,
each LAA was classified as 1 of the following 4 types:
(1) chicken wing: a main lobe measuring >4 cm in
length, with a folded angle of <100°; (2) windsock: a
main lobe measuring >4 cm in length, with a folded
angle of >100°; (3) cactus: a main lobe measuring
<4 cm in length, with >2 lobes over 1 cm; and (4)
cauliflower: a main lobe of <4 c¢m in length, with no
forked lobes. Patients were grouped according to the
LAA morphology type.

Preprocedural Anticoagulation

Antiplatelet drugs were discontinued at least 1 week
before the procedure. If patients had been receiving
long-term non-vitamin K antagonist oral anticoagu-
lants or warfarin, anticoagulants remained uninter-
rupted during the periprocedural period according to
the guidelines.” In patients who had not been receiv-
ing oral anticoagulants, low-molecular-weight hepa-
rin was started before the procedure, with the last
dose being administered at least 12 hours before the
procedure.

Blood Sampling

The right femoral vein was punctured using the
Seldinger technique, and a femoral cannula sheath
was placed in the vein. All blood samples were
collected using the slow withdrawal technique.
Immediately after the vein was accessed, 20 mL of
blood was drawn through the side arm of a short
introducer sheath, from which the first 5 mL of blood
was discarded to exclude intrasheath hemostasis
activation (the femoral vein [FV] sample). Transseptal
catheterization was then performed. A 5F pigtail
catheter was inserted through the transseptal sheath
to obtain blood samples from the LAA and left atrium
in a randomized sequence (20 mL from each). Again,
the first 5 mL of blood was discarded. Immediately
after the collection of the left heart blood samples,
150 IU/kg body weight intravenous heparin was
administered. From each blood sample, 5 mL was
added to a sodium citrate tube, which was used to
perform platelet function tests within 90 minutes. The
remainder of each blood sample was anticoagulated
with a mixture of buffered citrate, theophylline, aden-
osine, and dipyridamole and centrifuged twice at
15009 for 20 minutes at room temperature. Plasma
samples were stored at —70°C until further analysis.

Laboratory Tests

All blood samples were tested for platelet function,
hemostasis, fibrinolysis, endothelial dysfunction, and
inflammation. Platelet activation status was evaluated
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according to platelet P-selectin expression density.
Platelets were marked with the general platelet marker
CD42b-PE and the activation-specific antibody
CD62P-FITC. The fluorescence intensity of CD62P-
FITC—positive platelets was measured by flow cytom-
eter (FACSCanto Il; BD Biosciences, San Jose, CA).
D-dimer levels were assayed using routine laboratory
techniques. The fibrinogen concentration was meas-
ured using the von Clauss method. Levels of the von
Willebrand factor (VWF) antigen (Novus Biologicals,
Centennial, CO), thrombin-antithrombin (TAT) complex
(Novus Biologicals), tissue-type plasminogen activator
(tPA) (Thermo Scientific, Waltham, MA), plasminogen
activator inhibitor-1 (PAI-1) (R&D Systems, Minneapolis,
MN), and interleukin-6 (R&D Systems) were measured
using commercially available ELISA tests. The level of
NO was identified by its stable metabolites, nitrite and
nitrate, using the Griess reaction (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China). The inter-
and intra-assay coefficients of variation for all tests
were <8%. Technicians were blinded to sample origin
and patient characteristics.

Statistical Analysis

For continuous variables, Kolmogorov-Smirnov
tests were performed to check for a normal distri-
bution. Normal distribution data were presented as
mean+SD and were compared using 1-way ANOVA,
and Tukey’s or Dunnett’s tests were used for multiple
comparisons. Skewed data were presented as me-
dian (minimum-maximum) and compared using the
Kruskal-Wallis tests. Categorical variables were ex-
pressed as counts (percentages) and were compared
using Fisher’'s exact test or Pearson’s chi-square
tests, as appropriate. To ensure normal distribution
and homoscedasticity, natural logarithm transforma-
tions were applied for the levels of TAT. To identify the
independent relationship between LAA morphology
and the laboratory parameters, multiple linear regres-
sion analyses were performed in a forward stepwise
manner according to the F statistics (the signifi-
cance level for entry of variables: P<0.1; for removal:
P>0.2). In model 1, the following variables were in-
cluded: age, sex, AF type, AF duration, hypertension,
diabetes mellitus, heart failure, stroke/TIA history,
CHA2DS2-VASc score, spontaneous echo contrast,
anticoagulant administration (using dummy variable
with low-molecular-weight heparin as a reference),
antiplatelet drugs administration, left ventricular ejec-
tion fraction, left atrial dimension, and LAA morphol-
ogy type (using dummy variable with the cauliflower
type as a reference). In model 2, we added LAA vol-
ume and LAAFV to model 1. All data were analyzed
using SPSS 20.0 (IBM, Armonk, NY). A P<0.05 was
considered to be statistically significant.
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Table 1. Characteristics of Patients With Different LAA Types
Chicken Wing Cactus Type Windsock Type Cauliflower Groups With Pairwise
Type (n =49) (n=67) (n=60) Type (n = 29) P Value Significant Difference
Age, y 67+8 65+9 64+10 65+8 0.328 /
Male, n (%) 28 (57) 45 (67) 37 (62) 17 (59) 0.708 /
BMI, kg/m? 24.3+3.4 241+2.4 24.2+3.2 23+3.0 0.502 /
Persistent AF, n (%) 30 (61) 37 (55) 29 (48) 16 (55) 0.608 /
AF duration, mo 22+20 2118 23+21 18413 0.733 /
Hypertension, n (%) 27 (55) 45 (67) 32 (53) 18 (62) 0.384 /
Diabetes mellitus, n (%) 7 (14) 11 (16) 10 (17) 6 (21) 0.910 /
Heart failure, n (%) 4(8) 5(7) 13 0.785 /
Coronary heart disease, 4 (8) 5(7) 2(7) 0.915 /
n (%)
Prior stroke/TIA, n (%) 5 (10) 5(7) 6 (10) 7 (24) 0.114 /
CHA2DS2-VASc* 21+1.3 2.0+1.4 1.9+1.3 21£1.3 0.751 /
eGFR, mL/min 90+12 89+18 92+12 92+12 0.757 /
Antiplatelet drugs 3(6) 3(4) 1) 0.931 /
before blood drawing,
n (%)
Anticoagulant 0.990 /
LMWH, n (%) 7 (14) 10 (15) 9 (15) 4(14) /
Warfarin, n (%) 15 (31) 24 (36) 21 (35) 10 (35) /
Rivaroxaban, n (%) 19 (39) 23 (34) 17 (28) 10 (34) /
Dabigatran, n (%) 8 (16) 10 (15) 13 (21) 5(17) /
Rhythm during blood 0.654 /
drawing
AF, n (%) 23 (47) 38 (57) 35 (58) 16 (55) /
Sinus rhythm, n (%) 26 (53) 29 (43) 25 (42) 13 (45) /
LVEF, n (%) 64+6 64+7 64+6 0.932 /
LAD, mm 39+7 39+6 38+7 0.710 /
SEC, n (%) 6 (12) 11 (16) 9 (15) 10 (34) 0.071 /
LAA flow velocity, cm/s 50+16 4317 44116 3117 <0.001 Tvs4;1vs2;2vs4;3vs4
LAA orifice area*, cm? 3.24+0.81 3.24+0.88 3.55+0.81 3.63+0.76 0.037 2vs4
LAA volume?, cm® 11.7£3.9 12.2+4.5 14.6+3.8 15.2+3.3 <0.001 1vs3;1vs4;2vs3;2vs4

AF indicates atrial fibrillation; BMI, body mass index; eGFR, estimated glomerular filtration rate; LAA, left atrial appendage; LAD, left atrial dimension; LMWH,
low-molecular-weight heparin; LVEF, left ventricular ejection fraction; SEC, spontaneous echo contrast; and TIA, transient ischemic attack.

“/”: no significant difference was found among groups.

*The reported CHA2DS2-VASc was calculated before any thromboembolic event.

The mean withdrawal time was 16 days.
*Measured from computed tomographic image.

RESULTS

Patient Characteristics

A total of 205 patients (62.0% men) with a history
of paroxysmal (54.6%) or persistent (45.4%) AF were
enrolled at our center between January 2018 and
June 2020. The mean age was 65+9 years and the
average duration of AF was 22+19 months. A history
of stroke/TIA was present in 11.2% of patients. The
mean CHA2DS2-VASc score calculated before any
thromboembolic event was 2.01+1.32. At the time of
blood withdrawal, 93 patients (45.4%) were in sinus
rhythm and 112 patients (54.6%) were in AF rhythm.
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Before the procedure, 51.2% of patients were being
treated with non-vitamin K antagonist oral anticoag-
ulants (83.7% rivaroxaban, 17.6% dabigatran), 34.1%
were on vitamin K antagonists, and the remaining
patients received low-molecular-weight heparin.
Regarding echocardiography parameters, spontane-
ous echo contrast was detected in 17.6% of patients.
The mean left ventricular ejection fraction and left
atrial dimension values were 64+7% and 39+6 mm,
respectively.

The prevalences of chicken wing—, cactus-, wind-
sock-, and cauliflower-type LAAs were 49 patients
(23.9%), 67 patients (32.7%), 60 patients (29.3%),
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and 29 patients (14.1%), respectively. Table 1 shows
the baseline demographic and clinical characteristics
and LAA measurements of the patients with each
LAA morphology type. No significant difference was
found in baseline demographic or clinical character-
istics between morphological types. LAA morphology
and function characteristics were significantly different
among the 4 LAA types. The LAAFV was highest in the
chicken wing-type LAA and lowest in the cauliflower-
type LAA. The LAA orifice area and LAA volume were
greatest in the cauliflower-type LAA.

Blood Parameter Levels

In the FV, left atrial, and LAA blood samples, the lev-
els of TAT complex, D-dimer, fibrinogen, and tPA were
all comparable among the 4 LAA morphological types
(Figures 1 and 2). Similarly, in FV blood samples, no
significant difference was detected between the LAA
morphological types in the levels of platelet P-selectin
expression, VWF antigen, PAI-1, NO, or interleukin-6.
However, in the left atrial and LAA blood samples,
LAA morphology was associated with varying levels of
platelet P-selectin expression, VWF antigen, PAI-1, NO,
and interleukin-6 (Figures 1 through 3). The results of
pairwise comparisons suggest that the cauliflower-type
LAA was associated with elevated platelet P-selectin
expression, VWF antigen, PAI-1, and interleukin-6 lev-
els and with lower NO levels in left atrial/LAA blood
samples (Figures 1 through 3). In addition to the rela-
tionship among the four LAA morphological types and
thrombogenesis-related blood parameters, we also

Left Atrial Appendage and Thrombogenesis

evaluated the effect of following factors on the blood
parameters: age, sex, rhythm during blood drawing,
AF type, AF duration, hypertension, diabetes mellitus,
heart failure, stroke/TIA history, CHA2DS2-VASc score,
left atrial dimension, left ventricular ejection fraction,
spontaneous echo contrast, anticoagulant administra-
tion, and antiplatelet drug application before the proce-
dure. The results are shown in Tables S1 and S2.
Moreover, we also compared blood parameters ac-
cording to sample origins. The results suggested that
parameters measured from left atrial and LAA blood
samples were similar. However, the levels of platelet
P-selectin expression, VWF antigen, PAI-1, and inter-
leukin-6 were significantly higher in the left atrial/LAA
blood samples than in the FV blood samples (Figures 1
through 3).

To identify the independent relationship between
LAA morphology and LAA blood sample parameters,
the associations between the LAA morphology and
those local blood parameters identified as significant
in univariate analysis (namely, platelet P-selectin ex-
pression, VWF antigen, PAI-1, NO, and interleukin-6),
were adjusted for baseline demographic and clinical
characteristics and the other LAA measurements.
The results showed that LAA morphology was still
independently associated with the above blood pa-
rameters, with the exception of vVWF antigen and PAI-
1. The level of VWF antigen was associated only with
spontaneous echo contrast and stroke/TIA history
in model 1 (adjusting for baseline demographic and
clinical characteristics) and with LAAFV in model 2
(model 1+other LAA measurements). Although the

A
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Figure 1.

Levels of hemostasis parameters: P-selectin (A), vWF (B), TAT complex (C), D-dimer (D), and fibrinogen (E).

Measures are presented graphically as mean and Cls. *: P<0.05 compared with the chicken wing-type LAA with the same blood
sample source; **: P<0.05 compared with the cactus-type LAA with the same blood sample source; ***: P<0.05 compared with
the windsock-type LAA with the same blood sample source. The horizontal line above indicates the comparison among different
sample sources using 1-way ANOVA. FV indicates femoral vein; LA, left atrium; LAA, left atrial appendage; Ln, natural logarithm; TAT,

thrombin-antithrombin complex; and vVWF, von Willebrand factor.
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Figure 2. Levels of fibrinolysis parameters: tPA (A) and PAI-
1(B).

Measures are presented graphically as mean and confidence
intervals. *: P<0.05 compared with the chicken wing-type LAA
with the same blood sample source; the horizontal line above
indicates the comparison among different sample sources using
1-way ANOVA. FV indicates femoral vein; LA, left atrium; LAA,
left atrial appendage; PAI-1, plasminogen activator inhibitor-1;
and tPA, tissue plasminogen activator.

level of PAI-1 was still associated with LAA types in
model 1, LAAFV was the only independent predictor
of PAI-1 level in model 2. The results of multiple linear
regression analyses are summarized in Table 2.

DISCUSSION

The present study is, as far as we know, the first to
evaluate the relationship between LAA morphology
and hemostasis, fibrinolysis, endothelial dysfunction,
and inflammation, as measured in blood samples from
the LAA. Compared with non—cauliflower-type LAA,
the cauliflower-type LAA was associated with higher
platelet activity, worse fibrinolysis, more severe en-
dothelial dysfunction and greater inflammation in the
LAA. These findings might partially explain the higher
risk of stroke in patients with AF with a cauliflower-type
LAA.

Platelet P-selectin is an important adhesion mol-
ecule that mediates leukocyte-platelet-endothelium
interactions and is expressed mainly in activated
platelets. Although the role of platelet activation in

J Am Heart Assoc. 2021;10:e020406. DOI: 10.1161/JAHA.120.020406

Figure 3. Levels of NO (A) and IL-6 (B).

Measures are presented graphically as mean and confidence
intervals. *: P<0.05 compared with the chicken wing-type LAA
with the same blood sample source; **: P<0.05 compared with
the cactus-type LAA with the same blood sample source; ***:
P<0.05 compared with the windsock-type LAA with the same
blood sample source. The horizontal line above indicates the
comparison among different sample sources using 1-way
ANOVA. FV indicates femoral vein; IL-6, interleukin 6; LA, left
atrium; and LAA, left atrial appendage.

the prothrombotic state in AF is controversial, mul-
tiple studies demonstrated that AF was associated
with elevated P-selectin and that restoring the sinus
rhythm contributed to a reduction in P-selectin.3
The prognostic significance of P-selectin also re-
mains in debate, but most previous studies focused
on peripheral samples, which might attenuate the
significance of P-selectin.™ In our study, we found
that the platelet P-selectin expression was signifi-
cantly higher in the center samples than in periph-
eral samples, which might better predict outcomes.
Previous studies suggested that P-selectin was not
only a marker of platelet activation but also an indi-
cator of endothelial dysfunction related to arrhyth-
mia.'”® Therefore, in theory, local P-selectin levels
might predict the risk of local thrombogenesis. The
present study found that the level of P-selectin ex-
pression measured from LAA/left atrial samples
varied among the 4 LAA morphologies, with the
cauliflower-type LAA being associated with a higher
P-selectin level than the chicken-wing and cactus
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Table 2. Multiple Linear Regression Analyses for Blood Parameters Measured From LAA Samples

Left Atrial Appendage and Thrombogenesis

Dependent Unstandardized Coefficient Standardized R? for Overall
Model Variables Independent Variables (95% CI) Coefficient* P Value Model
Model 17 P-selectin Chicken wing type -3.81 (-5.46 to -2.17) -0.424 <0.001 0.168

Cactus type -3.28 (-4.83 to -1.72) -0.400 <0.001
Windsock type -1.86 (-3.45t0 -0.27) -0.221 0.022
Cauliflower type Reference
CHA2DS2-VASC score 0.52 (0.14 to 0.89) 0177 0.007
Rhythm during blood 1.09 (0.10 to 2.08) 0.141 0.031
drawing*
VWF SEC 31.35 (11.33 to 51.36) 0.215 0.002 0.079
Stroke/TIA history 24.23 (0.10 to 48.36) 0.138 0.049
PAI-1 Chicken wing type —2.74 (-4.98 to —-0.50) -0.203 0.017 0.077
Cauliflower type Reference
Stroke/TIA history 3.64 (0.041 to 7.233) 0.168 0.047
NO Chicken wing type 5.47 (2.36 to 8.58) 0.233 0.001 0.091
Cauliflower type Reference
Diabetes mellitus -4.94 (-8.51 to -1.37) -0.183 0.007
Interleukin-6 Chicken wing type -0.568 (-0.896 to —0.241) -0.229 0.001 0.181
Cauliflower type Reference
Diabetes mellitus 0.581 (0.206 to —0.956) 0.204 0.003
Model 28 P-selectin Chicken wing type -3.17 (-4.84 to —1.51) -0.352 <0.001 0.204
Cactus type -2.74 (-4.31 to -1.17) -0.335 0.001
Windsock type -1.79 (-3.35 t0 -0.23) -0.226 0.025
Cauliflower type Reference
Rhythm during blood 1.14 (0.17 to 2.11) 0.145 0.021
drawing*
LAA volume (per cm®) 0.19 (0.07 to 0.31) 0.208 0.003
VWF LAAFV (per cm/s) -1.13 (-1.55 t0 -0.72) -0.354 <0.001 0.125
PAI-1 LAAFV (per cm/s) -0.093 (-0.148 to —0.040) -0.284 0.001 0.081
NO Chicken wing type 4.69 (1.51 to 7.87) 0.200 0.004 0.109
Cauliflower type Reference
Diabetes mellitus -4.32 (-7.91 to -0.73) -0.160 0.019
LAAFV (per cm/s) 0.082 (0.0083 to 0.161) 0.142 0.043
Interleukin-6 Chicken wing type —0.568 (-0.896 to —0.241) -0.229 0.001 0.181
Cauliflower type Reference
Diabetes mellitus 0.581 (0.206 to —0.956) 0.204 0.003

LAA indicates left atrial appendage; LAAFV, LAA flow velocity; PAI-1, plasminogen activator inhibitor-1; SEC, spontaneous echo contrast; TIA, transient

ischemic attack; and vVWF, von Willebrand factor.
*Effects are for per SD increase or vs reference category.

Model 1 adjusted for age, sex, atrial fibrillation type, rhythm during blood drawing, atrial fibrillation duration, hypertension, diabetes mellitus, heart failure,
stroke/TIA history, CHA2DS2-VASc score, SEC, anticoagulant application, antiplatelet drug administration, left ventricular ejection fraction, and left atrial

dimension.
+Atrial fibrillation vs sinus rhythm.
SModel 2 added LAA volume and LAAFV to model 1.

types. Recently, Kosiuk et al'® found that LAA vol-
ume was a morphological predictor of P-selectin
level. In fact, in the present study, the cauliflower-
type LAA had the largest LAA volume among the 4
LAA morphologies. In multivariable linear regression
analysis, LAA morphology, but not LAA volume, was
independently associated with the platelet P-selectin
expression level in the LAA blood samples.
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vWF is mainly produced in endothelial cells and
plays an important role in inflammatory and hemo-
static processes. VWF is not only directly involved in
clot formation but also reflects endothelial dysfunc-
tion in many cardiovascular diseases. Multiple stud-
ies demonstrated a close relationship between vVWF
and AF in both peripheral and central samples."'6:'”
Moreover, the association between vVWF and the risk of
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thromboembolic events in patients with AF is supported
by previous studies.”® In the present study, compared
with non-cauliflower-type LAAs, the cauliflower-type
LAA was significantly associated with increasing vVWF
in LAA/left atrial blood samples rather than in FV blood
samples, which might partially explain the local pro-
thrombotic state in LAA and the higher risk of stroke
in AF patients with a cauliflower-type LAA. However,
after adjusting for LAAFYV, the relationship between the
LAA morphology and VWF was no longer significant,
suggesting that the LAA morphology might influence
the VWF level by affecting the LAAFV. Indeed, VWF
is rapidly degraded by ADAMTS-13 (a disintegrin and
metallopeptidase with thrombospondin type-1 motif,
member 13), which is flow dependent. Therefore, re-
duced blood flow disrupts the regulatory process."
Consistent with the findings of previous studies, the
present study also suggested that the LAAFV of the
cauliflower-type LAA was the lowest among the 4 LAA
morphologies.*

In addition to hemostasis parameters, the present
study also evaluated the level of PAI-1, the endoge-
nous inhibitor of the fibrinolytic system. An increased
level of PAI-1 is associated with many cardiovascular
conditions, but the relationship between PAI-1 and AF
is controversial. Early studies suggested that hypo-
fibrinolysis is associated with a high level of PAI-1 in
patients with AF'® However, a recent study reported
no difference in the level of PAI-1 between patients
with AF and healthy participants.”” Nevertheless, the
prognostic significance of PAI-1 was supported by a
meta-analysis, which demonstrated that the level of
PAI-1 was associated with the risk of stroke in patients
with AR In the present study, we found that the level
of PAI-1 in LAA/left atrial samples was higher in the
cauliflower-type LAA group than in the chicken wing—
type LAA group, which suggests that LAA morphology
might have an effect on the fibrinolytic system. PAI-1 is
synthesized and secreted by endothelial cells that are
mediated by a number of factors, such as NO and in-
flammatory cytokines. The increased intracardiac level
of PAI-1 in patients with a cauliflower-type LAA might
result from a reduction in endocardial NO synthase
and stronger local inflammation, as discussed below.

NO is a key factor released by endothelial cells and
plays an important role in thrombosis, platelet aggre-
gation, oxidative stress, vascular tone, and inflamma-
tion. As a marker of endothelial dysfunction, NO was
found to be closely associated with AF, and the rela-
tionship was independent of comorbidities such as hy-
pertension and diabetes mellitus.?® NO reduction has
also been regarded as an important contributor to AF-
related thrombogenesis.?' In our study, the cauliflower-
type LAA was associated with a lower level of NO in
LAA blood samples, which indicated more severe en-
dothelial dysfunction in the cauliflower-type LAA than
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in non—cauliflower-type LAAs. The mechanism under-
lying the phenomenon might be explained by a more
impaired rheology in the cauliflower-type LAA. Lower
blood flow velocity and turbulent flow resulting from
AF have been recognized as potential mechanisms un-
derlying NO reduction in patients with AF. In fact, the
LAA morphology might play an important role in rheol-
ogy in the LAA. As mentioned above, the cauliflower-
type LAA was associated with lower LAAFV. Besides
LAAFV, in a recent computational fluid dynamics
study, LAA morphology also influenced vorticity inde-
pendent of LAAFV. Lower flow velocity and vorticity in
the cauliflower-type LAA contribute to lower wall shear
stress, which is an important modulator of NO produc-
tion, explaining why, in our study, NO level was lower
in the cauliflower-type LAA than in the other LAAs."2?

The close relationship between inflammation and
AF is widely accepted. Among various inflammation
factors, interleukin-6 has been widely studied and is
closely associated with AF. Interleukin-6 enhances
platelet activity, accelerates fibrinogen production,
and reflects endothelial dysfunction. Therefore, an
increased interleukin-6 level promotes the prothrom-
botic state in AF'® In the present study, a higher in-
terleukin-6 level in LAA/left atrial blood samples was
detected in patients with the cauliflower-type LAA than
in those with non—cauliflower-type LAAs. As with NO,
higher interleukin-6 levels in the cauliflower-type LAA
might result from a more impaired rheology because
interleukin-6 production is also regulated by wall shear
stress.?

Although LAA morphology was associated with
the levels of platelet P-selectin expression, VWF an-
tigen, PAI-1, NO, and interleukin-6, which have roles
upstream of thrombogenesis, the parameters involved
in the end stage of thrombogenesis did not differ sig-
nificantly different among the 4 LAA morphologies.
The TAT complex is a marker of the rate of thrombin
generation, D-dimer is a product of fibrin turnover,
and tPA production results from secondary fibrinoly-
sis. Therefore, levels of the TAT complex, D-dimer, and
tPA levels all reflect the degree of thrombogenicity. Al
these indices increase in patients with AF and are asso-
ciated with thromboembolic events.! Interestingly, our
study failed to demonstrate an association between
LAA morphology and these parameters. However, the
results should be interpreted with caution, since >85%
of the patients had been receiving oral anticoagulant
before the procedure, which might greatly affect these
parameters.

Overall, the present study demonstrated that the
LAA morphology was associated with platelet activity,
endothelial dysfunction, fibrinolysis function, and in-
flammation in the left atrium/LAA. However, the degree
of thrombogenicity, as reflected by TAT complex, D-
dimer, and tPA levels, did not differ among the 4 LAA
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morphologies, which might be a consequence of the
high proportion of patients in our study receiving long-
term oral anticoagulants. Previous studies have largely
attributed varying stroke risk to varying LAAFV among
the different LAA morphologies. Our results provided
a new insight into understanding the relationship be-
tween the LAA morphology and stroke risk, which
might contribute to the delivery of more appropriate
individual therapy in the future.

Limitations

There are several limitations to the present study. First,
the present study was conducted in a single center
with a small sample size in which type Il error must be
considered. Therefore, further large multicenter studies
are warranted to confirm the results. Second, as men-
tioned above, most patients had been receiving oral
anticoagulants before the procedure, which might af-
fect the results, particularly in the levels of TAT complex,
D-dimer, and tPA levels. However, according to the cur-
rent guidelines, an uninterrupted anticoagulation strat-
egy is strongly recommended, so ethical requirements
prevented anticoagulant treatments from being stopped
before the procedure.” Third, the present study enrolled
only those patients receiving AF ablation, which might
have introduced a selection bias. Moreover, extensive
left atrial ablation, especially LAA isolation, might change
the hemodynamics and thrombogenesis-related blood
parameters in the left atrium and LAA. In the present
study, we enrolled only patients without previous exten-
sive left atrial ablation. Therefore, the results should be
extrapolated with caution. Finally, the classification of
left atrial morphology was subjective, and interobserver
and intraobserver variation reduced the reliability of the
LAA morphology classification.? In our study, the LAA
morphology was classified by the method reported by
Kimura et al, which uses a more objective approach for
classification.!!

CONCLUSIONS

In patients with AF, LAA morphological types were
associated with the local prothrombotic state in the
LAA. Compared with non-—cauliflower-type LAAsS,
the cauliflower-type LAA might be associated with
higher platelet activity, worse fibrinolysis function,
more severe endothelial dysfunction, and greater
inflammation. The results partially explain why the
cauliflower-type LAA has a greater risk of thrombo-
embolic events.
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Table S1. The impact of potential confounding factors on blood parameters ( Categorical variables) *

PCF Blood Parameters  site Mean+SD P-value

Rhythm during blood P-selectin (%+ve) LAA 12.29 £3.87 vs 11.00 £3.72 <0.05
drawing ¥ VWF (1U/dI) LAA 159.6+55.2 vs 144.1 + 55.3 <0.05
Heart failure tPA (ng/ml) LA 11.86+3.66 vs 10.08+3.11 0.09
P-selectin (%+ve) FV 9.87+3.63 vs 8.40+3.78 <0.01

LA 11.72+3.59 vs 10.56+4.06 <0.05

Hypertension ¥

PAI-1 (ng/ml) FV 25.26+4.95 vs 23.16+5.33 <0.01

LAA 26.75+6.21 vs 25.04+5.67 <0.05

IL-6 (ng/L) LAA 3.05+0.92 vs 2.45£1.06 <0.01

NO (umol/L) FV 28.75£9.12 vs 33.26+£10.14 <0.01

Diabetes * LAA 28.29+9.24 vs 33.45£10.00 <0.01
PAI-1 (ng/ml) FV 25.80+5.75 vs 24.14+5.06 0.09
LA 28.30+8.30 vs 24.44+5.38 <0.05
LAA 29.07+8.80 vs 25.46+5.16 <0.05

LnTAT (ug/L) LAA 3.22+0.76 vs 2.93+£0.82 0.10

IL-6 (ng/L) FV 2.70+1.05 vs 2.26+1.03 0.06
Stroke/TIA history LAA 2.97+1.02 vs 2.49+1.06 <0.05
PAI-1 (ng/ml) LA 28.21+8.53 vs 24.96+5.64 <0.05

LAA 29.29+9.01 vs 25.65+5.46 0.07

LnTAT (ug/L) FV 3.20+0.61 vs 2.63+0.84 <0.01

LA 3.43+£0.52 vs 2.81+0.83 <0.01

LAA 3.48+0.50 vs 2.85+0.83 <0.01

SEC*
VvWF (1U/dI) FV 157.03+£35.04 vs 134.98+53.04 <0.01
LA 171.69+42.95 vs 140.70+55.97 <0.01

LAA 182.42+44.49 vs 146.21+55.82 <0.01



IL-6 (ng/L) LAA 2.94+1.10 vs 2.46+1.04 <0.05

NO (umol/L) FVv 29.21+9.66 vs 33.21+10.08 <0.05
LA 29.13+8.89 vs 33.09+10.43 <0.05
LAA 28.83+9.28 vs 33.40+10.04 <0.05
D-dimer (mg/L) FV 0.60£0.56 vs 0.42+0.31 0.07
LA 0.61+0.57 vs 0.43+0.32 0.07
LAA 0.59+0.53 vs 0.42+0.31 0.07
Fibrinogen (g/L) LA 2.54+0.59 vs 2.87+0.67 <0.01
LAA 2.65+0.55 vs 2.93+0.61 <0.05
tPA (ng/ml) FV 11.76£3.05 vs 13.08+3.26 vs 0.07
12.27+3.82 vs 11.25+3.97
Anticoagulant 3
LAA 11.51+3.23 vs 13.14+3.75 vs 0.02
11.67+3.74 vs 10.94+4.66

FV, femoral vein; IL-6, interleukin 6; LA, left atrium; LAA, left atrial appendage; NO, nitric oxide, PAI-1,
plasminogen activator inhibitor-1; PCF, potential confounding factors; SEC, SEC: spontaneous echo
contrast; TAT, Thrombin-antithrombin complex; TIA, transient ischemic attack; tPA, tissue plasminogen

activator; vVWF, von Willebrand factor.

*, evaluate the following potential confounding factors and only show the factors with P-value less than
0.10 in univariate analyses: Sex, rhythm during blood drawing, AF type, hypertension, diabetes, heart
failure, stroke/TIA history, spontaneous echo contrast, anticoagulant administration and antiplatelet drugs
before the procedure;

T, atrial fibrillation vs. sinus rhythm;

t yesvs. no;

8 low-molecular-weight-heparin vs. warfarin vs. rivaroxaban vs. dabigatran.



Table S2. The impact of potential confounding factors on blood parameters (continuous

variables) *
Correlation
PCF Blood Parameters site P-value
Coefficient
IL-6 (ng/L) LA 0.17 0.01
NO (umol/L) FV -0.21 <0.01
Left atrial dimension
LA -0.28 <0.01
(mm)
PAI-1 (ng/ml) FV 0.83 <0.01
LA 0.58 <0.01
P-selectin (%+ve) FV 0.183 0.01
AF duration (months)
LA 0.137 0.05
P-selectin (%+ve) FV 0.12 0.09
LA 0.13 0.07
LAA 0.18 0.01
CHA,DS,-Vasc NO (umol/L) FV -0.18 0.01
LAA -0.13 0.06
IL-6 (ng/L) LAA 0.142 0.04
PAI-1 (ng/ml) LAA 0.12 0.09

FV, femoral vein; IL-6, interleukin 6; LA, left atrium; LAA, left atrial appendage; NO, nitric oxide, PAI-1,

plasminogen activator inhibitor-1; PCF, potential confounding factors.

*, evaluate the following potential confounding factors and only show the factors with P-value less than
0.10 in univariate analyses: left atrial dimension, age, AF duration, CHA2DS2-VASc score, and left

ventricular ejection fraction.



