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[bookmark: _Hlk184487488][bookmark: _Hlk187324069]A surgical technique, known as hepatic artery patch, is applied in the anastomosis of the hepatic artery to minimize complications such as hepatic artery thrombosis (HAT). This surgical technique is used when there is a diameter size difference in the two connected arteries. Computational fluid dynamics (CFD) is a tool for solving problems including various phenomena (e.g., fluid flow, mass transfer, heat transfer) (Raman et al., 2018). Moreover, CFD has a wide range of applications from turbomachinery design and aerodynamics of aircrafts to food industry, drug delivery and even more (Raman et al., 2018; Kiparissides et al., 2018). There is limited data from the viewpoint of CFD studying the HAT problem and how it can be reduced or prevented. Herein, the hepatic artery anastomosis using hepatic artery patch is studied. For this, the geometric characteristics, such as the diameter of the connection that the patch should have, in relation to the blood inlet and outlet artery (i.e., the recipient’s blood vessel diameter, the donor’s blood vessel diameter), are studied. In addition, pulsatile flow with various assumed heart rates inside and outside the normal range are considered together with a Carreau model for blood rheology (Zouggari et al., 2018). The CFD solver, ANSYS, has been used to generate the simulation results. It is known that ANSYS is appropriate to simulate complex geometries (Papadimitriou et al., 2011). Solutions are obtained over a span of at least three flow pulses. In the literature wall shear stress and blood velocity are associated with thrombosis and plaque formation (Reorowicz et al., 2022). The simulation results are compared with clinical studies from the literature on the risk of thrombosis.
Introduction
A solid organ transplantation (e.g., liver transplantation, kidney transplantation) includes a series of steps to be completed during surgery such as blood vessel anastomoses. In liver transplantation there is a number of blood vessel anastomoses that need to be completed before the transplantation surgery can be completed and the graft can function properly (Cohn et al., 2012). Some of these anastomoses include the hepatic artery anastomosis and the portal vein anastomosis. As in every surgery there may be complications in the postoperative period. The hepatic artery thrombosis (HAT) (Pareja et al., 2010) is a common postoperative complication of the liver transplantation.
General Information on Liver Transplantation
The first successful liver transplant was performed in July 1967 by a surgical team led by Dr Thomas Starzl (Zarrinpar and Busuttil, 2013, Karageorgos et al., 2024). Since then, these interventions have expanded significantly and a total of 34,694 liver transplants were performed globally in 2021 (Terrault et al., 2023). During liver transplantation the following vascular anastomoses must be performed: the piggy-back inferior vena cava anastomosis; the portal vein anastomosis; the hepatic artery anastomosis; the bile duct anastomosis. 
Non-occlusive and steno-occlusive diseases are the two main types of hepatic artery complications (Cizman and Saad, 2023). The term "steno-occlusive disease" refers to a group of conditions including hepatic artery kinks, stenosis, and thrombosis. Arteriovenous fistulae, arterial rupture, pseudoaneurysms, and non-occlusive hepatic artery hypoperfusion syndrome are all referred to as non-occlusive arterial disease. HAT is the most frequent vascular complication that follows after liver transplantation, occurring in 2–12% of cases (i.e., 694-4164 cases per year) (Katyal et al., 2000). Hepatic artery stenosis is the second most frequent vascular complication following liver transplantation that occurs in ≤5% of transplants (Katyal et al., 2000).
Hepatic Artery Anastomosis and Dimensions
In liver transplant surgeries the recipient and donor arteries undergo an anastomosis, where the initial diameter and length of the arteries, together with other factors that differ from patient to patient, determine the level of anastomosis on both the donor and recipient sides. Hepatic graft arterialization is often accomplished by end-to-end anastomosis between the recipient hepatic artery and the small Carrel patch of the graft's celiac trunk (CT) on the CT itself (Todo et al., 1987). One preferred site for the end-to-end anastomosis is the recipient gastroduodenal artery (GDA) bifurcation at the common hepatic artery (CHA) (see Figure 1) (Todo et al., 1987). To choose an appropriate recipient for anastomosis, the GDA and the proper hepatic artery (PHA) are split to form a patch (see Figure 1). Similar applications include the take-off of the splenic artery (SA) from the CT or the bifurcation of the RHA and LHA at the PHA. Additionally, suitable spots include the CT and CHA (Todo et al., 1987). Regarding the dimensions of the anatomical elements from literature the dimension and the length of the CHA are in Table 1 and Table 2.
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[bookmark: _Hlk184595149]Figure 1: Arterial tree of the donor and the recipient to create a patch in the anastomosis of the common hepatic arteries (CHA). LHA: Left hepatic artery; RHA: right hepatic artery; GDA: Gastroduodenal artery; CT: Coeliac trunk; SA: Splenic artery; PHA: Proper hepatic artery; CHA: Common hepatic artery; LGA: Left gastric artery .
Table 1: Anatomical dimensions of the common hepatic artery from Singh et al., 2014.
	Dimensions
	Men
	Female
	Both sexes average

	Diameter range (mm)
	3-9
	2-8
	5.1

	Mean diameter (mm)
	5.4
	5.2
	-


Table 2: Anatomical dimensions of the common hepatic artery from Saldarriaga et al., 2023.
	Dimensions
	Value

	Diameter (mm)
	5.2

	Length (mm)
	26.7


[bookmark: _Hlk179660491]Scope of the Study
This study aims to examine 3 simplified cases of hepatic arterial anastomoses using Computational Fluid Dynamics (CFD) and extract conclusions for further study.
Materials and Methods
Three cases were simulated using the CFD software Fluent (ANSYS Inc.). These cases are: Case I (Vessel – Anastomosis – Vessel = 5mm-12mm-5mm), Case II (Vessel – Anastomosis – Vessel = 4mm-12mm-6mm), and Case III (Vessel – Anastomosis – Vessel = 6mm-12mm-4mm) (see Figure 2). The CFD model assumed axial rotational symmetry, employed a domain discretization of about 140,000-150,000 elements in each of the three cases (see Figure 3) and employed a Carreau viscosity for blood (see equation 1). 
	
	(1)


The parameters used in the simulation were the following (Zouggari et al., 2018): Fluid density ρb = 1060 kg/m3, time constant λ = 3.3, power index n = 0.36, zero shear viscosity μ0= 0.056 kg/m-s, infinite shear viscosity μ∞= 0.0035 kg/m-s. For the boundary condition at the inlet to the domain a user-defined function having the function shown in Figure 4 was used. In addition, the physiological parameters of the pulse were: Heart rate = 75 bpm (a value in the normal heart rate window); Peak velocity = 1.0 m/s (Iranpour et al., 2016); Lowest velocity = 0.2 m/s with the assumption of resistive index (RI) at 0.80. A pressure boundary condition at the domain outlet of 13332 Pa = 100 mmHg (i.e., the mean of 80 mmHg and 120 mmHg) was employed and 3 consecutive pulses were considered for each simulation. Here since this study is a preliminary study of a deeper analysis to come only three consecutive pulses were simulated.
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Figure 2: Dimensions for the three cases used in the simulations. On top is Case I, on the bottom left is Case II and on the bottom right is Case III.   
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Figure 3: Mesh of the anastomosis on the left side (approximately 140,000 cells were used) and detail of the denser mesh near the edge on the right side. 
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Figure 4: Plot of blood velocity profile for one heartbeat. In total three heartbeats were used in the simulations. 
Results and Discussion
Literature studies generally associate thrombosis and plaque formation with i) Wall shear stress; ii) Blood velocity. The safe levels of the wall shear stress and the blood velocity have not yet been clearly established. According to Malek et al., (1999), hemodynamic shear stress has a significant role in determining the phenotype and function of endothelial cells and also claim that the shear stress of >1.5 Pa = 15 dyne/cm2 (i.e., arterial-level) induces endothelial quiescence and an atheroprotective gene expression profile. Finally, they state that low shear stress (<0.4 Pa = 4 dyne/cm2) that is prevalent at atherosclerosis-prone sites, stimulates an atherogenic phenotype (Malek et al., 1999). Cheng et al., (2006) states that where shear stress is low (i.e., <1.5 N/m2=1.5 Pa in humans), like the inner curvatures of coronary arteries, atherosclerotic plaque development preferentially occurs. In the work of Reorowicz, et al., (2022) it is noted that for human arteries, the upper limit of the healthy range of wall shear stress is roughly 7 Pa. Malek et al., (1999), recommend >7 Pa high shear thrombosis occurs.
In addition, in cases of relatively low blood velocity, thrombosis and blood stagnation may develop, which can result in clots forming between the aneurysm and the stent (Reorowicz, et al., 2022). In Reorowicz, et al., (2022) there are more than one values of the limit of blood stagnation. Specifically, they report that blood stagnation occurs when blood velocity drops below 0.001 m/s from literature values (Reorowicz, et al., 2022). Moreover, in their produced work the blood stagnation can be defined as the region where the blood velocity does not exceed 0.01 m/s (Reorowicz, et al., 2022). For all these reasons, the current results focus on: i) Blood velocity under 0.01 m/s; ii) Wall Shear ≥7 Pa and ≤1 Pa.
Results regarding wall shear
In all Cases (i.e., I, II, III) there are areas on the wall of the anastomoses where the wall shear stress is ≤1 Pa during the whole simulation (i.e., in all 3 pulses). Specifically, in Case I before and after the anastomosis there are large areas with wall shear ≥7 Pa in the peak of blood velocity (data not shown). In Case II before and after anastomosis (in a small area) there are areas with wall shear ≥7 Pa in the peak of blood velocity (data not shown). In addition, in Case III before and after anastomosis there are areas with wall shear ≥7 Pa in the peak of blood velocity (data not shown). Moreover, in Case III there is an area after anastomosis where there is wall shear ≥7 Pa during the whole simulation (i.e., all 3 pulses). 
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Figure 5: Blood velocity profile at t=2.4s (only velocity values less than the stagnation limit of 0.01 m/s are shown). The side view (on the left) and the view of the cross section of the anastomosis on the largest diameter (on the right). On the top there are the velocity results for Case I, on the middle there are the velocity results for Case II and on the bottom there are the velocity results for Case III. 
Results regarding blood velocity
In the three simulated cases there were areas in the peak of the heartbeat velocity where the blood velocity is lower than 0.01 m/s (see Figure 5). Note that the largest area of stagnant flow according to literature is found in Case II. Then Case I follows and finally Case III is the case with the smallest stagnant conditions according to literature. 
Limitations of this study
This study can be seen as a simplistic approach to try to understand and provide solutions for the hepatic artery thrombosis phenomenon in liver transplant recipients. There are several limitations in the present study. The first limitation includes the simplified geometry, which in this case it can provide results in the anastomosis area but can only account for the complex geometry of vessel-anastomosis-vessel structure in an approximate sense (e.g., via the hydraulic diameter analogue), the second limitation is the number of the pulses in each simulation. A more important limitation is the number of cases simulated in total which were only three. Finally, a major limitation is that there were no experimental data for comparison with the simulation results. 
Future Steps
The current study was a feasibility study to see whether the geometric characteristics of an anastomosis (i.e., diameter and length of the anastomosis and diameter of the vessels) could be associated with thrombosis and plaque formation in the case of hepatic artery. To advance the quality of the study and see the characteristics that can potentially be used to explain and eventually prevent hepatic artery thrombosis, there are necessary steps to be made in the current model. First of all, the geometry of the anastomosis has to be made more realistic. One way to do that is the use of a computational tomography scan to take the realistic geometry of the anastomosis after a transplant from a real liver graft recipient. The second step would be to simulate more pulses in the total simulation run. This can provide more stable conditions for the flow velocities. Currently, 3 pulses have been utilized and we aim for at least 5 to 10 pulses. Moreover, the pulses had a steady pace of 75 beats per min. It is better also to include cases with brachycardia (<60 bpm), tachycardia (>100 bpm) and also cases where the heartbeat pace changes from a low bpm value to a high bpm value and vice versa. This can provide conditions that may drastically change wall shear and blood velocity in such values to be problematic for a patient. In addition, more geometries with different ratio of Danast/Dvessel to get a map of the phenomenon and try to achieve clinical-related conclusions. These can provide the initial step to proceed with the most realistic or patient-obtained geometries and reduce the area of different ratio of Danast/Dvessel to be examined. It is also desirable to include more realistic conditions in terms of flow and the interaction between the fluid and the structure. For this reason, a fluid structure interaction model should be implemented. Additionally, a more realistic flow pattern and blood velocity profile should be utilized. This could be taken from flow velocity measurements during surgery after the transplantation. In the present study three cases of geometric and flow conditions have been compared to each other and have been put in descending order for thrombosis risk. This idea is good but there should be found a better and more efficient way to measure the risk of thrombosis with an absolute value or with a final probability and finally calculate the risk of thrombosis. There is potential to include a simple thrombosis model to the CFD simulations (Yazdani et al., 2017) or to utilize CFD results in a separate thrombosis model. 
Conclusions
The hepatic artery patch is applied in the anastomosis of the hepatic artery to minimize complications such as hepatic artery thrombosis during liver transplantation. CFD simulations have been used to determine the wall shear and blood velocity in three different geometries of anastomosis (i.e., Case I-III). Literature findings insist to associate thrombosis and plaque formation with: i) Wall shear stress; ii) Blood velocity. These efforts include blood velocity and wall shear cut-offs (some of them are empirical). The stagnant conditions are decreasing following this order: Case II > Case I > Case III. In all Cases (i.e., I, II, III) there are areas on the wall of the anastomoses where wall shear stress is ≤1 Pa during the whole simulation (3 pulses). In all Cases (i.e., I, II, III) there are areas on the wall before and after anastomosis with a wall shear ≥7 Pa at the point of peak blood flow velocity. In Case III there is an area after the anastomosis where there is wall shear stress ≥7 Pa during the whole simulation. Our study may be beneficial to hepatic artery stenosis, but more realistic conditions are necessary to be used. The current results are one of the first studies to study this effect and could be the basis of more studies to come not only by providing guidelines for more precise simulations but also by identifying the worse cases that are likely of high risk for arterial thrombosis.
Nomenclature
ρb – density of blood, kg/m3
n – power index, -
μ0 – zero shear viscosity, kg/m-s
RI – resistive index, -
λ – time constant, s
μ –viscosity, kg/m-s
μ∞ – infinite shear viscosity, kg/m-s
γ – shear rate, s-1
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