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Abstract 

Atrial fibrillation (AF) is a major cause of stroke and 
there has been much interest in the underlying 
mechanisms leading to this higher risk of thrombus 
formation. The latter risk correlates with four 
morphologies of the left atrial appendage (LAA), i.e.  
chicken wing (CW), broccoli (BR), cactus (CA) and 
windsock (WS). We present a mechanistic study of 
coagulation dynamics in blood flow in a series of 2D 
models of the left atrium (LA) to dissect the impact of 
LAA shape on thrombus formation. 

Interactions between blood flow, viscosity and key 
clotting proteins (thrombin, fibrinogen and fibrin) were 
modelled during 1 minute of pulsatile LA blood flow to 
simulate the blood gelification process leading to 
thrombus formation. Simulations were performed in sinus 
rhythm (SR) and AF by varying the active contraction of 
the LAA and pulmonary vein inflow velocities. 

In the CW morphology, fibrin inside the LAA was 
almost completely washed out after 28 seconds in SR, 
while in AF the gelification process was slow, suggesting 
the CW has the lowest risk of thrombus formation. 
Conversely, the BR morphology had the highest risk of 
thrombus formation due to a region of sustained flow 
stasis which prevented fibrin washout during SR and 
facilitated the shortest time to thrombus formation in AF. 

 
 

1. Introduction 

 Atrial fibrillation (AF) is a prevalent cardiac arrythmia 
associated with five-fold increased risk of stroke [1]. AF 
creates conditions which promote pathological thrombus 
formation (TF) according to Virchow’s Triad; blood 
stasis, hypercoagulability and endothelial damage [2].  
 Greater than 91% of AF-related thrombi originate from 
the left atrial appendage (LAA) which is a muscular 
extension to the left atrium (LA) [3]. The LAA has four 
primary morphologies; windsock (WS), cactus (CA), 

broccoli (BR) and chicken wing (CW) – with the latter 
believed to have the lowest risk of TF [4]. The likelihood 
of TF may be influenced by LAA size and shape, flow 
patterns and blood velocity [5]. 
 Current computational fluid dynamics (CFD) models 
aim to identify blood stasis without addressing the 
underlying mechanisms of coagulation. Equally, complex 
mechanistic coagulation models have not yet been applied 
in realistic atrial geometries and flow conditions. 
 The coagulation cascade describes the complex series 
of biochemical reactions required to repair endothelial 
injury. The cascade ultimately leads to the formation of a 
viscous fibrin gel created by the catalytic conversion of 
fibrinogen circulating in the blood to fibrin by thrombin.  
 In this study, we propose a novel, state-of-the-art CFD 
model characterising the multifactorial relationship 
between fibrin gel coagulation dynamics, blood flow and 
LAA morphologies and contractility in both SR and AF. 
 
2. Methods 

Flow and Coagulation Models: Blood flow velocity in 
the deforming LA was calculated by solving the 
incompressible Navier-Stokes equations in the arbitrary 
Eulerian-Lagrangian (ALE) frame of reference to account 
for the domain deformation. This velocity was used as 
input to the system of reaction-diffusion-convection 
equations (1-3) to define the generation of key 
coagulation proteins; thrombin (𝑇ℎ), fibrinogen (𝐹𝑔) and 
fibrin (𝐹𝑛) [6]: 

 

			
𝜕𝑇ℎ
𝜕𝑡 = 𝐷!"	∆	𝑇ℎ	 − 	𝒖	. 𝛻	𝑇ℎ	 + 𝑅!"																								(𝟏) 

			
𝜕𝐹𝑔
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𝜕𝐹𝑛
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 Diffusion coefficients were set to; 𝐷#$ = 𝐷#' =
2.0 × 10())	𝑚*/𝑠 and 𝐷!" = 4.6 × 10())	𝑚*/𝑠 with 
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effective reaction coefficient 𝐾%&& = 7180	𝑚+	𝑚𝑜𝑙	𝑠. 
Blood density was set to	𝜌 = 1060	𝐾𝑔/𝑚+	and	viscosity 
was set to 𝜇 = 3.5 × 10(+ 𝑃𝑎	𝑠. 
 

2D LAA Finite-Element Meshes: The four 2D LAA 
morphologies were derived from literature [7]. Each mesh 
was created in SimModeler (Simmetrix Inc.) and 
comprised of ~50,000 triangular elements with seven 
boundary patches: four for the pulmonary veins (PV1-4), 
and one each for the LAA, mitral valve (MV) outflow 
and remaining boundary as the LA wall (Fig. 1).  

Simulating Blood Flow and Coagulation: The multi-
physics finite-element solver, CHeart, was used to 
perform simulations of flow and coagulation [8]. A 
pulsatile blood flow velocity of 7.5	𝑐𝑚/𝑠 for SR and 
5.0	𝑐𝑚/𝑠 in AF was applied through the PVs. LA flow 
was simulated for 60 seconds with a time step of 0.01s. 
AF inflow velocities on PV1-4 were derived from 
literature to be approximately 30% lower than SR [9]. 

LAA deformation was defined by prescribing a wall 
displacement in the inward normal direction using two 
temporally varying sinusoidal functions to mimic flow 
deformation patterns for: 1) active LAA contractile 
motion in SR and 2) the diminished contractility which 
occurs during AF [5]. The displacement and frequency of 
contraction were informed by image-based LAA models 
[10]. 

Endothelial injury leading to thrombin, 𝑇ℎ, release was 
initiated in three positions (P1, P2 and P3) inside the 
LAA, where an initial condition of 𝑇ℎ = 0.09	𝑚𝑚𝑜𝑙/𝑚+ 
was applied (Fig. 1). Specifically, P1 corresponded to the 
LAA entrance, P2 to the middle of the LAA and P3 to the 
LAA tip, resulting in a total of 24 simulations. Blood 
fibrinogen was set to an initial value of 4.5	𝑚𝑚𝑜𝑙/𝑚+ 
everywhere in the LA. 
    Physiologically, the gelification of fibrin reduces blood 
flow to form a haemostatic plug at the point of 

endothelial injury to facilitate healing.  This was 
modelled by increasing blood viscosity in elements where 
the fibrin concentration exceeded its precursor, 
fibrinogen, following a Hill curve to a maximum value of 
2	𝑃𝑎	𝑠 [11]. 

TF was defined by the simultaneous occurrence of 
80% of blood fibrinogen being converted to fibrin 
(3.6	𝑚𝑚𝑜𝑙/𝑚+) and blood viscosity surpassing 1.5	𝑃𝑎	𝑠. 
Washout was defined as less than 10% of converted fibrin 
remaining in LAA after 1 minute (0.5	𝑚𝑚𝑜𝑙/𝑚+). The 
corresponding times to achieve washout and TF are 
defined as 𝑡𝑖𝑚𝑒, and 𝑡𝑖𝑚𝑒!# in (𝑠), respectively. The 
residual fibrin concentration after 60 seconds, 𝐹𝑛-%.	and 
mean LAA velocity, 𝑉/%0'	(𝑐𝑚/𝑠) , were also measured. 
 
3. Results 

Impact of Positions P1-3 on TF: Upon initiation of 
endothelial injury in the P1 location, all four LAA 
morphologies saw rapid fibrin concentration washout 
within 5s as the formation of vortices in both SR and AF 
in the LA body sucked out any fibrin near the entrance of 
the LAAs.  

Conversely, injury located near the LAA tip (P3) led to 
TF in all cases within 60s. The increased blood velocities 
generated by SR contraction were insufficient for 
reducing or expelling fibrin accumulation from the LAA.  

Differences between LAAs became more apparent 
when injury was initiated in P2, with detailed findings 
summarised in Table 1. High flow velocities and presence 
of a vortex near the entrance of the LAAs in SR 
facilitated fibrin concentration leakage from the CW 
(illustrated in Fig. 2) and CA, whilst in WS and BR the 
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Figure 1. 2D LA mesh with seven boundary patches 
labelled around the exterior. Four LAA shapes adapted 
from [7]: CW, CA, WS and BR.  Positions P1-3 for each 
LAA are also labelled. 
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Figure 2. Fibrin concentration washout in the CW during 
SR. Yellow arrows represent instantaneous blood flow 
velocity. Red arrows mark the location of the fibrin gel. 
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fibrin gel was pushed further into the WS and BR LAAs 
where it remained after 60s below the threshold for TF. 
Flow velocities were up to 10 times slower in AF 
enabling TF in all LAAs, regardless of shape, with 
thrombus sizes doubling from the initial area of injury 
after 60s. However, differences in 𝑡𝑖𝑚𝑒!# were observed 
between morphologies, with clotting occurring in the BR 
up to 30% earlier than the other shapes. 

 
Table 1. Flow parameters in the CFD simulations at P2. 
The best (CW) and worst LAA (BR) are highlighted in 
green and red boxes, respectively. 
 

 SR AF 
LAA 𝑉!"#$  𝐹𝑛%"&  𝑡𝑖𝑚𝑒'#&()*+  𝑉!"#$ 𝐹𝑛%"&  𝑡𝑖𝑚𝑒,- 

CW 0.12 0.1 28 0.022 3.7 17 
WS 0.11 0.9  0.019 3.6 16 
BR 0.11 1.3  0.011 3.8 14 
CA 0.13 0.5 42 0.031 3.7 20 

 
 Impact of LAA morphology on TF (CW vs BR):  

CW: Upon initial thrombin release, both SR and AF 
results were almost identical with 0.9	𝑚𝑚𝑜𝑙/𝑚+ of fibrin 
generated and low velocity of ~1.3	𝑐𝑚/𝑠	near the LAA 

entrance directed towards the MV outflow in (Fig. 3a, b).  
After 27s in SR, faster flowing blood (2.5	𝑐𝑚/𝑠) acted on 
fibrin gel formation, facilitating its leakage into the LA 
blood pool where the high pulsatile flow velocities of 
15	𝑐𝑚/𝑠 washed fibrin out of the MV (Fig. 3c). After 50s 
the fibrin washout was almost complete in SR (𝐹𝑛-%. =
0.1	𝑚𝑚𝑜𝑙/𝑚+) and a vortex with peak velocity of 
4.6	𝑐𝑚/𝑠 entered partway into the LAA (Fig. 3e). 
Conversely, in AF, lower flow velocities of 0.3	𝑐𝑚/𝑠 
facilitated a considerable rise of fibrin to 3.7	𝑚𝑚𝑜𝑙/𝑚+, 
above the threshold for TF, with the fibrin concentration 
spreading from the centre of the thrombus filling greater 
than 50% of the CW after just 1 minute (Fig 3d, f). 

BR: In the initial stages, similar fibrin concentrations 
of 1.0	𝑚𝑚𝑜𝑙/𝑚+ were observed for both SR and AF 
early in the simulation (Fig. 3g, h). A distinct difference 
between SR and AF became apparent by 27𝑠 as 
substantial fibrin generation occurred (3.8	𝑚𝑚𝑜𝑙/𝑚+) 
due to slow peak flow velocities of 0.2	𝑐𝑚/𝑠 during AF 
(Fig. 3j). In SR, a fibrin concentration of 1.8	𝑚𝑚𝑜𝑙/𝑚+ 
remained in the BR irrespective of higher blood flow 
velocities of up to 2.5	𝑐𝑚/𝑠 (Fig. 3i). After 50𝑠 in SR, a 
vortex formed in the lower region of the BR with velocity 
of 4.5	𝑐𝑚/𝑠 which pushed the fibrin concentration to the 
top of the LAA (Fig. 2k). Similar to the CW, the fibrin 
gel in AF grew in size filling most of the LAA (Fig. 3l). 
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Figure 3. Formation of fibrin gel for the CW (a-f) and BR (g-l) LAA morphologies in the P2 location during SR and AF 
for 0.5s, 27s and 50s. Yellow arrows and streamlines represent instantaneous blood velocity. CW showed complete 
washout of fibrin concentration is achieved by 50s in SR, while in AF reached the threshold for TF is reached after 17s. 
In BR, a residual fibrin concentration is still present after 50s during SR and TF occurs after 14s in AF. 
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4. Discussion and Conclusion 

We successfully demonstrate a novel multi-physics 
modelling approach for simulating the complex reactions 
involved in forming a fibrin gel thrombus under different 
LA flow conditions and found that a combination of 
factors influence TF risk; 1) LAA flow velocity, 2) LAA 
anatomy and 3) flow topology such as vortical structures. 

By ensuring identical LA shape, PV inflow velocities 
and LAA contraction, the variability between LAA 
anatomies was the primary driver of TF risks. All four 
morphologies had comparable 𝑉/%0' velocities in SR 
ranging from 0.11	to	0.13	𝑐𝑚/𝑠, yet 𝐹𝑛-%.	for BR was 
thirteen times greater than that in CW after 60s.  

We deduce that LAA flow velocity alone may not be 
sufficient for determining TF risk, but that the shape of 
the LAA can have a significant impact. This conclusion is 
further supported by the fact that CA showed the longest 
𝑡𝑖𝑚𝑒!# of all the LAAs in AF and also had the highest 
𝑉/%0' in both SR and AF. High flow velocities are 
normally associated with a lower risk of TF and we 
would expect CA to have the fastest washout in SR, yet 
CW expelled the fibrin concentration 50% faster despite 
its slightly lower mean blood velocity, indicating that CW 
was most effective at preventing fibrin gel formation in 
SR and slowing TF time in AF. 

On the other hand, BR showed greatest propensity for 
TF in SR due to the presence of a large vortex near the 
opening of the LAA that effectively isolated flow inside 
the region for most of the cycle preventing leakage of 
fibrin concentration into the LA, illustrating the 
importance of flow topology on washout. Furthermore, 
with the same level of contractility applied in all LAAs, 
BR had the lowest mean flow velocity in AF, which 
facilitated the fastest time to TF. Both of these outcomes 
agree with previous clinical studies indicating that BR 
carried the highest risks of TF while CW had lowest [4]. 

These findings also support the link between 
paroxysmal AF (in which patients may spontaneously 
switch between SR and AF) and increased stroke risk [1]. 
Our results show that in AF, without anticoagulation 
therapy, TF may occur regardless of LAA shape if the 
arrhythmic event sustained till fibrin gel formation is 
triggered. The viscous fibrin gel may then trap and collect 
solid blood constituents such as red blood cells and 
platelets, and when the LA naturally reverts to SR, the 
improved contractility may dislodge and eject the solid 
clot from the LAA and out of the MV potentially leading 
to a thromboembolic event.  

By elucidating the mechanistic relationship between 
flow dynamics, blood coagulation and anatomy in 
simplified 2D simulations, this study sets the ground for a 
tailored, patient-specific approach to modelling TF, 
which is a crucial step towards improving assessment of 
stroke risk and anticoagulation therapy [10]. 
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