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ARTICLE INFO ABSTRACT
Keywords: Background: Contrast retention (CR) is an important predictor of left atrial appendage thrombus
Left atrial appendage (LAA) (LAAT) and stroke in patients with non-valvular atrial fibrillation (AF). We sought to explore the

Computational fluid dynamics (CFD)
Contrast retention (CR)
Mechanism

underlying mechanisms of CR using computational fluid dynamic (CFD) simulations.

Methods: A total of 12 patients with AF who underwent both cardiac computed tomography
angiography (CTA) and transesophageal echocardiography (TEE) before left atrial appendage
occlusion (LAAO) were included in the study. The patients were allocated into the CR group or
non-CR group based on left atrial appendage (LAA) angiography. Patient-specific models were
reconstructed to evaluate time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI),
relative residence time (RRT), and endothelial cell activation potential (ECAP). Additionally, the
incidence of thrombosis was predicted using residence time (RT) at different time-points.
Results: TAWSS was lower [median (Interquartile Range) 0.27 (0.19-0.47) vs 1.35 (0.92-1.79), p
< 0.001] in LAA compared to left atrium. In contrast, RRT [1438 (409.70-13869) vs 2.23
(1.81-3.14), p < 0.001] and ECAP [122.70 (30.01-625.70) vs 0.19 (0.16-0.27), p < 0.001)] was
higher in the LAA. The patients in the CR group had significantly higher RRT [(mean + SD)
16274 + 11797 vs 639.70 + 595.20, p = 0.009] and ECAP [610.80 + 365.30 vs 54.26 + 54.38,
p = 0.004] in the LAA compared to the non-CR group. Additionally, patients with CR had a wider
range of thrombus-prone regions [0.44(0.27-0.66)% vs 0.05(0.03-0.27)%, p = 0.009] at the end
of the 15th cardiac cycle.

Conclusions: These findings suggest that CR might be an indicator of high-risk thrombus formation
in the LAA. And CT-based CFD simulation may be a feasible substitute for the evaluation of LAA
thrombotic risk in patients with AF, especially in patients with CR.
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Abbreviations

AF Atrial fibrillation

CFD Computational fluid dynamic
CR Contrast retention

CTA Computed tomography angiography
ECAP Endothelial cell activation potential
LA left atrium

LAA Left atrial appendage

LAAO Left atrial appendage occlusion
LAAT Left atrial appendage thrombus

LVEF Left ventricular ejection fraction
OsI Oscillatory shear index

PV Pulmonary vein

RRT Relative residence time

RT Residence time

TAWSS Time-averaged wall shear stress
TEE Transesophageal echocardiography

1. Introduction

Atrial fibrillation (AF) is one of the most prevalent arrhythmias globally, and is associated with a 5-fold increased risk of stroke [1,
2]. Majority of the thromboembolic events in nonvalvular AF are caused by thrombi originating in the left atrial appendage (LAA) [3,
4]. Left atrial appendage occlusion (LAAO) has emerged as a non-pharmacological stroke prevention strategy for patients with non-
valvular AF who are not suitable candidates for long-term oral anticoagulation. The contrast retention (CR) phenomenon is defined as
a visible contrast media residue within the LAA that persists more than 15 heartbeats after the LAA angiography during the LAAO
procedure. There is a significant positive correlation between CR in LAA angiography, left atrial appendage thrombus (LAAT), and
stroke [5,6]. This indicates that CR is a potential predictor for LAAT and stroke. However, the underlying mechanisms of this CR
phenomenon are incompletely understood.

Computational fluid dynamics (CFD), which is a subfield of fluid mechanics, can now provide sufficient hemodynamic information
for the quantitative detection of cardiovascular hemodynamics. With the advancement of CFD simulation, we can now understand the
hemodynamic characteristics of left atrium (LA) and LAA, the impact of AF on LA/LAA hemodynamics, and the underlying hemo-
dynamics associated with LA thrombosis [7,8,9,10,11,12,13,14]. While certain physiological models may reflect the hemodynamic
alterations brought about by atrial fibrillation, the accuracy of CFD simulation results is reduced due to the high heterogeneity of LAA,
which can cause simulation results unique to a few populations to diverge from the population as a whole [15,16,17,18].

In this study, we generated individual CFD models to investigate the hemodynamics in patients with AF. Additionally, we explored
the underlying hemodynamic mechanisms of the CR phenomenon.

2. Methods
2.1. Study population and groups

This single-center, retrospective study included all patients who underwent percutaneous left atrial appendage occlusion (LAAO)
procedures from November 2021 to February 2023 at the Sixth Medical Centre of the Chinese PLA General Hospital. The inclusion
criteria were as follows: (1) aged 18-85 years; (2) non-valvular AF; (3) LAAO; and (4) transesophageal echocardiography (TEE)
(including pulmonary vein (PV) flows and LAA velocity analysis) and cardiac CT (including the full atrium and pulmonary vein
anatomy) performed before the LAAO procedure was conducted. The exclusion criteria were as follows: (1) structural heart disease; (2)
insufficient cardiac CT imaging for LA/LAA model construction; and (3) insufficient TEE imaging. The patients were then divided into
two groups based on the observation of CR phenomenon during LAA angiography: CR group (n = 6) and non-CR group (n = 6). This
research protocol was approved by the appointed local ethics committee. The need for written informed consent was waived due to the
retrospective nature of the study.

2.2. CT acquisitions

The CT acquisition protocol has previously been described [19]. In brief, periprocedural prospective ECG gating multidetector CT
(dual-source FLASH high-pitch spiral, SIEMENS Definition) was used to reconstruct and evaluate the left atrium (LA) and the LAA.
Approximately 60 ml of iopromide (Ultravist 370, Bayer Healthcare, Berlin, Germany) was injected with a double-barrelled high--
pressure CT syringe at a flow rate of 4.0-5.0 mL/s through a median cubital vein.
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2.3. LAA angiography and CR assessment

Under general or basic anesthesia, the femoral vein was used to provide venous access. The transseptal puncture was carried out in
the inferior-posterior region of the oval foramen. The left atrial pressure was measured before the angiography. Contrast medium was
then injected into the LAA using the 14F access sheath and 5F pigtail catheter simultaneously in the right anterior oblique (RAO) 30°
and caudal (CAU) 20°. Within 3 s, 15 ml of contrast medium was administered through the pigtail catheter at a slow to fast injection
rate, followed by a long cine angiography lasting at least 15 consecutive cardiac cycles to examine the contrast agent filling and
clearance in the LAA. The patient was divided into two groups based on whether the contrast was still seen in the LAA after 15 cardiac
cycles: CR group and non-CR group. The morphological types and the lobes of LAA were measured.

2.4. Image Segmentation

The patient-specific LA/LAA geometry was generated using Mimics Medical 17.0 (Materialise, Belgium) using the CT scans at
30-40% of the RR interval. The PVs, LA and LAA walls, and the plane of the mitral valves (excluding valves) were all included in the
extracted surface. Then, extracted surfaces were smoothed out by removing spikes and reducing noise using Geomagic Studio (Geo-
Magic Inc, USA), and all the inlet and outlet geometric boundaries were cropped to generate a flat surface [20]. Next, the SOLID-
WORKS software was used to lengthen the entry lengths to lessen the entrance effects [21]. To minimize the impact of mitral valve
discrepancies on atrial hemodynamics, all patients were given an identical mitral valve area (mitral valve diameter 13 mm) to exclude
substantial mitral regurgitation. Tetrahedral elements were used for volumetric meshing in the LA and LAA volume by using five wall
prism layers using the ANSYS Workbench 2021R1 (ANSYS, USA). The base element size was set at 1 mm, and the mesh entity with a
maximum element size of 0.5 mm was created in the LAA region for the localized complex geometric structures, yielding 6-10 million
elements for each patient depending on the size of the LA. The size of mesh components was thus modified to appropriately reflect
topology based on surface curvature [13]. Various mesh sizes were produced for meshing convergence investigation, and the final
meshes provided were optimal and did not compromise solution accuracy. A schematic depiction of the workflow designed and
developed in this study is shown in Fig. 1.

2.5. Boundary conditions

The patient-specific PV flow profiles were extracted from the TEE data to obtain the final velocity profile by digitizing and
generating points on the waves. We use only one patient-specific PV velocity Doppler profile as the inlet boundary condition of all 4/5

Patient-Sepecific Images Geometry Segmentation

Compare Hemodynamics
in Non-CR and CR Group

Meshing and CFD Simulation

SHdd

Hemodynamic Indices

LAA Angiography

Fig. 1. A schematic depiction of the workflow designed and developed in this study. Firstly: patient-specific data processed to derive individualized
LA/LAA anatomical CFD models. Secondly: personalized boundary conditions are applied for CFD simulation, and the simulation results were post-
processed to derive hemodynamics indices. Thirdly: comparison of hemodynamic indices between the CR and non-CR groups based on the LAA
angiography results. Abbreviations: CFD, computational fluid dynamics; CR, contrast retention.
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PV in this simulation because not all of the 4/5 PV velocity Doppler profiles are available for every case, and prior research has shown
that cases where the velocities are all four left PVs or all four right PVs do not differ much from the case with four different PVs [15].
The mitral valve was under zero pressure throughout the simulation to reduce computational expenses. Given that atrial flow has been
found to have a Reynolds number of less than 2 300, it was presumed that the blood flow was in the laminar regime.

2.6. Computational fluid dynamics simulation

Ansys CFX 2021R1 (ANSYS, USA) was used for the simulation. Blood was defined as an incompressible, Newtonian fluid with a
constant density and viscosity of 1050 kg/m> and 0.0035 Pa s, respectively. The LA and LAA walls were assumed to be rigid and non-
slip. The calculations were run with a time step of 0.01 s and 100 iterations per time step to ensure solution convergence. Residuals of
mass and momentum conservation equations <0.001 were considered absolute convergence criteria. We simultaneously set up
massflow monitoring during the computation, and when the entire inlet massflow equals the outlet massflow, we consider the
calculation to have converged. Five transient simulations were carried out to guarantee stability and mitigate the effects of transition.
The flow was totally periodic after the third cycle, and no significant differences were found. The last cardiac cycle was used for all the
analyses.

2.7. Hemodynamic indicators

The CFD simulation results were further processed using CFD-Post 2021R1 (ANSYS, USA). The most important hemodynamic
characteristics, which are derived from wall shear stress and used to explain LAA fluid dynamics and related thrombus formation,
including time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI), relative residence time (RRT), and endothelial cell
activation potential (ECAP) were computed using MATLAB R2021b (The Mathworks, USA) [22,23,24]. The definitions of these four
indices are given in Equations (1)-(4), respectively.

T
1
TAWSS = /\Wssmt €))
0
T
‘ WSSdt
OSI=0.5x [1———— @
/ (WSS |dt
0
RRT = ! )
" [(1 =2 x OSI) x TAWSS]
0SI
ECAP =
¢ TAWSS “

2.8. Residence time and thrombosis-prone region

The extra variable RT (residence time) was applied to identify the time blood stays in various fluid regions and obtain qualitative
information on areas that are more susceptible to blood stagnation. This was modeled as a passive tracer conveyed with flow and
simulated as done in previous studies [25,24]. RT was solved using the transport equation provided below:

ORT

T*V x VRT = Dgr V?RT + 1

v = Blood flow speed;

t = Time;

Drr — blood self-diffusion rate (Dgrtr = 1.14 x 10-11 m?s .

The initial value of RT was set to 0, and the source term "1” refers to a unit increase in RT for each unit increase in time.

Given that the RT value represents the time it takes for blood to enter and stay in the LA and LAA, we use it as a reference to
calculate the regions that have a RT value greater than 5th/10th/15th cardiac cycle, which represent the areas in the LA and LAA that
are least prone to blood exchange, and refer to this area as the thrombosis-prone region.

2.9. Statistics
The statistical analysis was conducted using GraphPad Prism 9 (GraphPad Software, USA) and SPSS (SPSS 26, SPSS Inc., USA). The

Shapiro-Wilk test was used to assess normality of data distribution. Continuous variables that conformed to normal distribution were
described as mean + standard deviation. Data with skewed distribution are described as median (interquartile range). The student’s t-
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test was used to compare the means for data with normal distribution; otherwise, the Mann-Whitney test was used. The paired t-test or
Wilcoxon signed-rank test was used to compare paired data depending on data distribution. Categorical variables were summarized as
frequency (percentage) and compared using Pearson’s chi-square test (or Fisher’s exact test whenever needed). A two-tailed P value <
0.05 was considered statistically significant.

3. Results
3.1. Demographics and morphological characteristics

After reviewing medical records of patients admitted to our center from November 2021 to February 2023, a total of 48 patients
were identified on initial screening for the LAAO cohort. Of the 48 patients, 33 were excluded for lacking velocity profiles at the PV,
and 3 were excluded because the left atrium was not completely covered by cardiac CT. Finally, 12 patients were enrolled in this study.
Patient characteristics are summarized in Table 1. There were no significant (p > 0.05) differences between the two groups with
regards to age, gender, CHA2DS»-VASc score, AF type, hypertension, heart failure, vascular disease, cardiogenic stroke or systemic
embolism, diabetes, and left ventricular ejection fraction (LVEF). Morphological parameters of the LA/LAA are also presented in
Table 1. Additionally, there were no significant variations in LA volume, LAA volume, LAA depth, LA anteroposterior diameter, the
number of lobes, or LAA morphology between the two groups.

3.2. Comparison of hemodynamic parameters in the LA and LAA

Hemodynamic parameters in the LA and LAA are compared among all patients. Notably, the TAWSS values were quantitatively and
significantly lower in the LAA compared to the LA [0.27(0.19-0.47) vs 1.35 (0.92-1.79), p < 0.001)] (Fig. 2a). Additionally, there
were significantly higher RRT [1438(409.70-13869) vs 2.23(1.81-3.14), p < 0.001] and ECAP [122.70(30.01-625.70) vs 0.19
(0.16-0.27), p < 0.001] values in the LAA compare to other parts of the LA (Fig. 2b). The distributions of OSI in the LA and LAA were
similar (Fig. 2a).

3.3. Comparison of hemodynamic parameters in the CR and Non-CR group

Average hemodynamics comparison showed that both the RRT and ECAP values of the LAA were significantly higher in CR group
compared to the non-CR group [p = 0.009 and p = 0.004 for RRT and ECAP, respectively] (Fig. 2c and d). However, the differences
between LAA TAWSS and OSI between the two groups were not statistically significant (p = 0.10 and 0.52, respectively) (Figs. S1 and
S2). There were no significant differences in the LA hemodynamics between the two groups. The distribution of RRT and ECAP
magnitude over the LA/LAA is illustrated in Fig. 3.

3.4. Thrombosis prediction using RT

There was no statistical difference in the proportion of thrombus-prone areas between the CR and non-CR groups at the time of the
5th cardiac cycle [2.22 £ 0.93% vs. 1.01 + 1.02%; p = 0.06]. At the time of the 10th cardiac cycle, the thrombus-prone region in the
CR group was larger than the non-CR group [0.64 + 0.31% vs. 0.24 + 0.24%; p = 0.03]. At the end of the 15th cardiac cycle, all

Table 1

Demographics and morphological characteristics. Continuous variables were reported as means =+ standard deviations or medians (interquartile
ranges), and categorical variables were reported as n (%). Abbreviations: AF, atrial fibrillation; LA, left atrium; LAA, left atrial appendage; LVEF, left
ventricular ejection fraction; CR, contrast retention; n, number; ml, milliliter; mm, millimeter.

Non-CR group (n = 6) CR group (n = 6) P-value

Age, year 59.8 +7.1 66.7 + 4.1 0.07
Gender, male, n (%) 5 (83.3%) 4 (66.7%) >0.99
CHA,DS,-VASc score 3.5(3-5) 4 (2.8-5.3) 0.87
AF type 0.24
Persistent AF, n (%) 2 (33.3%) 5 (83.3%)

Paroxysmal AF, n (%) 4 (66.7%) 1 (16.7%)

Hypertension, n (%) 4 (66.7%) 2 (33.3%) 0.45
Heart failure, n (%) 1 (16.7%) 1 (16.7%) >0.99
Vascular disease, n (%) 3 (50.0%) 3 (50.0%) >0.99
Cardiogenic Stroke or systemic embolism, n (%) 2 (33.3%) 3 (50.0%) >0.99
Diabetes, n (%) 2 (33.3%) 1 (16.7%) >0.99
LVEF (%) 59.7 £5.1 57.8 £ 9.0 0.67
LA Volume (ml) 146.4 + 60.8 160.3 £+ 37.1 0.64
LAA Volume (ml) 10.3 £3.7 142 £5.8 0.20
LAA Depth (mm) 39.4 (31.8-41.9) 42.1 (40.7-46.4) 0.13
LA anteroposterior diameter (mm) 39.5(36.5-44.8) 44(40.8-48.3) 0.33
Number of Lobes 2.5(1.8-3.3) 3(2-3) 0.87
LAA Morphology (Chicken Wing) 2(33.3%) 0(100%) 0.45
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Fig. 2. Hemodynamic parameters comparison between LA and LAA (a, b); Hemodynamic parameters comparison between CR group and non-CR
group in LA/LAA (c, d). Abbreviations: LA, left atrial; LAA, left atrial appendage; CR, contrast retention; TAWSS, time averaged wall shear stress;
OS], oscillatory shear index, RRT, the relative residence time; ECAP, the endothelial cell activation potential.

thrombus was located at the tip of the LAA, and the CR group considerably widened the scope of thrombus-prone regions. The median
normalized volume of residual passive tracer in the non-CR group was 0.05(0.03-0.27) %, compared to 0.44(0.27-0.66) % in the CR
group(p = 0.009). Fig. 4 depicts the formation of the thrombus predicted by RT at the 15th cardiac cycle.

4. Discussion

This study analyzed personalized CFD simulations to compare the hemodynamic parameters of LA/LAA and explored the mech-
anism of the CR phenomenon. The major findings of the present study are as follows: (1) LAA in patients with AF had lower TAWSS and
higher RRT and ECAP compared to the LA, suggesting that the LAA is more thrombogenic than the LA; (2) Patients with CR had a
higher RRT and ECAP in the LAA, indicating a prothrombotic milieu compared to non-CR patients; and (3) Patients with CR had more
stagnant flow in the LAA, suggesting the patients with CR have a wider thrombus-prone region.

TAWSS and OSI are the most commonly employed indices for the diagnosis of endothelial damage zones using CFD simulations in
patients with AF [8,17,24]. RRT combines TAWSS and OSI to represent the time blood spends near the wall [20]. The ECAP is based on
the ratio of OSI to TAWSS and highlights regions of aberrant hemodynamics in vascular flow and higher endothelial susceptibility,
making it a more reliable index for assessing the risk of thrombus formation [26]. Our CFD simulations demonstrated that the TAWSS
value of the LAA is significantly lower than the LA. These results align with the findings of previous CFD investigations [17,27,24].
Notably, RRT and ECAP in the LAA were considerably greater in all patients compared to the LA. This suggests that RRT and ECAP are
more sensitive detectors of abnormal hemodynamic zones, which is consistent with Wu et al.’s findings [28]. Prior research has
indicated that certain patients with AF have high OSI values in the LAA, while others also have high OSI values in the atrium, indicating
the heterogenicity of OSI [24]. There were no significant variations in OSI distributions between the LA and LAA, which was likely due
to the small sample size. Further studies are thus required to validate these findings. These findings, based on CFD, can explain why
thrombi primarily formed in the LAA of patients with AF. Additionally, this clarifies the primary formation of CR in the LAA as opposed
to the LA.

Previous research indicated that the CR phenomenon was an independent risk factor for LAAT [6]. A recent cross-sectional study
also found that CR was independently related to stroke in patients with AF, and that the combination of CR can enhance the
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Fig. 3. Patients’ distribution of RRT and ECAP contours of the LA/LAA. Abbreviations: LA, left atrial; LAA, left atrial appendage; CR, contrast
retention; RRT, the relative residence time; ECAP, the endothelial cell activation potential.

CHA;,DS;-VASc stratification system for stroke risk prediction [5]. There was no significant difference in any of the hemodynamic
indicators in the LA when comparing the CR and non-CR groups. However, the LAA of the CR group showed significantly higher RRT
and ECAP values compared to the non-CR group. This suggests that the CR phenomenon was predominantly produced by local he-
modynamic alterations in the LAA and that the CR group was at a higher risk of thrombosis. These outcomes support the findings of our
previous retrospective study [6].

In the present investigation, blood flow through the LA was timed using the passive scalar technique and the thrombus-prone
regions in the LA were predicted based on the RT value at different time-point. There were no significant differences in the propor-
tion of thrombus-prone areas between the CR and non-CR groups by the 5th cardiac cycles. However, the CR group had a significantly
wider range of thrombus prone areas at the 10th or 15th cardiac cycles. This indicates that the CR group has reduced temporal ef-
ficiency of LAA emptying. The CFD-derived RT simulation was consistent with CR clinical observations; however, more data is
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Fig. 4. The distributions and thrombus volume proportions predicted by RT between CR group and non-CR group at the 15th cardiac cycle. Red
indicates the thrombus-prone area. Abbreviations: CR, contrast retention.

required to further define its role in LAA thrombus-prone area prediction and to assist in future LAAO location optimization. Addi-
tionally, we found that the predicted thrombus-prone areas were mostly located at the tip and body of the LAA, especially the distal
lobes of LAA. Our findings align with those of Luis Marroquin et al., who reported on 126 patients with LAA thrombi, which included
63.9% and 18.5% thrombi localized at the tip and body of the LAA, respectively [29].

The present study had some limitations. Firstly, despite the patient’s unique mitral valve morphology and movement, which may
have an impact on the LAA dynamics, our CFD simulation was implemented with constant parameters to minimize variations during
the calculation process. Secondly, although our study’s sample size is considerable, a larger sample size in a follow-up study would
enable a more precise evaluation of LA/LAA hemodynamics utilizing MDCTA. Thirdly, the mitral valve was assumed to be open
throughout the simulation as an outlet boundary condition, which is inconsistent with real conditions. Therefore, more complex
numerical approaches and more accurate boundary conditions may produce more realistic simulations in the future.

5. Conclusion

This study employed CFD models to investigate the mechanism CR phenomenon. We used patient-specific boundary conditions and
geometries to numerically simulate LA/LAA hemodynamics in patients with or without CR, and computed a number of reliable in-
dicators that had been used previously. Our results identified significant potential indicators for the identification of LAA with a high
risk of stroke. This will assist clinicians in the selection of individualized therapies, thus improving clinical prognosis.
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