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Objectives: Traditionally, the arterial blood perfusion tube for an extracorporeal left ventricular assist device (LVAD) is placed in the femoral artery, which limits patients' mobility and increases the possibility of lower limb ischemia. We have also developed a new approach for percutaneous placement using the right jugular vein and axillary artery. However, there hasn't been a direct hemodynamic comparison between axillary and femoral perfusion. Therefore, this study estimated the hemodynamic differences between axillary artery and traditional femoral artery perfusion for LVAD.



Methods: Five patients underwent LVAD implantation through the right axillary artery and jugular vein approach at Wuhan Union Hospital. Based on one of their computed tomographic angiography (CTA) data, we established a computational fluid dynamics model. Key hemodynamic parameters, including time-averaged wall shear stress (TAWSS) and oscillatory shear index (OSI), were estimated to be compared.



Results: The axillary perfusion improved perfusion to critical arteries and maintained more stable blood flow distribution, regardless of whether the LVAD supplied 40% or 60% of the total cardiac output. Femoral perfusion caused a substantial reduction in TAWSS and an increase in OSI, suggesting greater blood flow disturbances. In contrast, axillary perfusion maintained TAWSS values closer to normal and exhibited lower OSI, particularly in the thoracic and upper abdominal aorta.



Conclusions: The axillary approach may offer superior hemodynamic performance compared with the conventional femoral approach for percutaneous LVAD, including improved perfusion of abdominal aortic branches and steadier blood flow changes. The jugular-axillary approach could be a promising procedure for future percutaneous LVAD.
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Introduction

Extracorporeal left ventricular assist device (Extra-LVAD) is a standard temporary circulatory support device for patients with severe heart failure, whether transitioning to heart transplantation or transitioning to heart repair surgery (1–3). We have developed a new approach using the right jugular vein and the axillary artery (AA) for percutaneous placement to avoid the disadvantages caused by traditional femoral artery (FA) perfusion, as we previously described in a case report (4). Except for our case, some centers used axillary artery perfusion (5–7). However, a direct hemodynamic comparison of LVAD perfusion between the AA and FA approaches has not previously been reported. In this study, based on the computed-tomographic angiography (CTA) data of a male patient with severe heart failure, we established a computational fluid dynamics (CFD) model. We compared hemodynamics during LVAD perfusion using the AA and FA approaches.

The wall shear stress (WSS), a fluid dynamics concept, describes the frictional force a fluid exerts on a solid wall it contacts. Pathologically, changes in WSS can affect vascular endothelial gene expression or solute transport, such as oxygen and low-density lipoprotein (LDL), near the wall, possibly leading to vascular diseases (8–10). Two parameters, time-averaged WSS (TAWSS) and oscillatory shear index (OSI), help characterize WSS. TAWSS averages WSS over a cardiac cycle. Meanwhile, OSI, a dimensionless parameter ranging from 0 to 0.5, measures the direction variability of WSS and indicates steady to highly fluctuating flow. Our study mainly focused on the characteristics of each aorta part.



Materials and methods


Study population

This study was conducted under a protocol approved by the Institutional Review Board of Union Hospital, Affiliated with Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China (number: 2023-0429, approval date: June 6, 2023).

The study protocol complies with the ethical principles of the 1975 Declaration of Helsinki. From May 2022 to January 2023, five patients in our center underwent Extra-LVAD placement via the right jugular vein and AA. We used aorta CTA data from one of these patients.



3D Model reconstruction

The contrast-enhanced CTA images were obtained from a heart failure patient with an LVAD. CTA imaging was performed using a dual-source CT scanner (SOMATOM Force, Siemens Medical, Germany, Software Version VA50). Volumetric datasets were retrospectively reconstructed using a multi-segment algorithm, generating thin-section images with a slice thickness of 0.3 mm.

The segmentation region encompassed the aortic lumen and its major branches, extending to the right axillary and femoral arteries as potential LVAD implantation sites. Anatomical model reconstruction was performed through manual segmentation and subsequent smoothing using the open-source software 3D Slicer (Version 5.3.0, National Institutes of Health, USA). The resulting vessel wall model was clipped, and inlet and outlet boundaries were generated to cap the ends, thereby defining a continuous fluid domain for computational simulation.



Computational method

Blood was modeled as an incompressible Newtonian fluid with a density of 1,050 kg/m3 and a dynamic viscosity of 0.0035 Pa·s. The Reynolds-averaged Navier-Stokes (RANS) equations were solved using the Shear-Stress Transport (SST) k-ω turbulence model. This hybrid model was selected for its demonstrated efficacy in predicting flow separation under adverse pressure gradients (11), which is particularly relevant for capturing the jet flow dynamics induced by LVAD insertion, and its ability to accurately resolve near-wall flow, which is critical for reliable Wall Shear Stress (WSS) calculations (12). The model integrates the robustness of the k-ε model in the far-field with the precision of the k-ω model in near-wall regions.

The governing continuity (1) and momentum (2) equations are:






	∇⋅u=0

	(1)















	∂u∂t+(u⋅∇)u=−1ρ∇p+ν∇2u

	(2)










Where ρ is the fluid density, u is the velocity vector field, p is the pressure, ν is the kinematic viscosity.

The spatial discretization employed a second-order upwind scheme, and the pressure-velocity coupling was handled using the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm. Solutions were considered converged at each time step when the maximum normalized pressure residual fell below 10−4. The fluid domain was discretized using a hybrid mesh, comprising tetrahedral elements in the core and three layers of prismatic elements adjacent to the wall to capture the boundary layer (Supplementary Figure S1) accurately.

A grid independence study was conducted to ensure robust results (Supplementary Figure S2). Simulations were performed on coarse (∼1 million cells), medium (∼2.2 million cells), and fine (∼5 million cells) meshes for the baseline model (without LVAD). The difference in computed WSS between the medium and fine meshes was less than 1%. Consequently, the medium-resolution mesh was adopted for all subsequent simulations (approximately 2.2 million cells for the baseline, and 2.4 million for LVAD-supported models). The near-wall resolution was controlled to achieve a y+ value of approximately 1, consistent with the SST k-ω model's requirements.

The time step was fixed at 1 ms to ensure temporal accuracy. Simulations were run for three cardiac cycles to achieve a periodic solution, with data from the final cycle used for analysis. The aortic wall was modeled as rigid with a no-slip boundary condition. The simulations were performed using OpenFOAM (version 11).

A physiologically representative flow waveform for the ascending aorta, corresponding to a cardiac output (CO) of 5 L/min for a healthy individual (13), was prescribed at the inlet (Figure 1A). To model the impedance of the peripheral vasculature, a tightly coupled 0D-3D scheme was implemented within OpenFOAM. This scheme solves the three-element Windkessel (0D) model equations in a tightly coupled manner with the 3D Navier-Stokes equations at each time step. A three-element Windkessel (0D) model, characterized by proximal resistance (Rp), compliance (C), and distal resistance (Rd) (14), was applied at each outlet (Figure 2, Supplementary Figure S3). The Windkessel parameters were calibrated to match reference systolic/diastolic pressures and presumed flow splits under normal conditions (without LVAD support).


[image: Panel A shows a velocity graph over time, Contraction period with a red point marked around 0.3 seconds. Panel B displays the flow rate in the aorta, peaking at approximately 350 milliliters per second around 0.3 seconds. Panel C combines flow rates of the aorta and LVAD, showing aorta peaking similarly while LVAD remains constant around 50 milliliters per second. Panel D shows a similar pattern with the aorta peaking early and LVAD remaining constant.]
FIGURE 1
The origins of blood flow during a cardiac cycle. (A) We studied blood flow velocities at the end-systolic phase, marked by the red dot during the cardiac cycle. (B) In the standard group, the heart propels all blood. In this study, we assumed a cardiac output of 5 LPM. (C) With LVAD supplying 40% of total flow, 2 LPM of blood is perfused from the LVAD and 3 LPM from the heart. (D) With LVAD supplying 60% of total flow, 3 LPM perfused from LVAD and 2 LPM from the heart.



[image: Diagram of a vascular system model, labeled with numbered sections and inlets. Rectangular boxes with arrows indicate inlets, leading to pathways that split towards labeled outlets. Circuit diagram representations of resistors and capacitors are shown beside outlets, marked with symbols \\( R_p \\), \\( R_d \\), and \\( c \\).]
FIGURE 2
Identification of specific aortic branch locations referenced in Tables 1, 2. Points 1 and 2 signify the LVAD and left ventricle inflow locations. The square denotes the location of the graft for perfusion. Points 3-12 indicate the perfusion outlet sites for each aortic branch, calculated using Windkessel models.




TABLE 1 Flow divisions in aorta branches with and without LVAD, considering femoral and axillary perfusion at 40% of the total flow.



	Branch of aortaa
	Without LVAD
	LVAD via femoral artery perfusion
	LVAD via axillary artery perfusion



	Flow division (%)
	Flow division (%)
	Variation (%)
	Flow division (%)
	Variation (%)





	Input



	 LVAD inflow (1)
	0%
	24.7%
	-
	24.7%
	-



	 CO (2)
	100.0%
	75.3%
	-
	75.3%
	-



	Output



	Upper extremity arteries and carotid arteries



	 Right subclavian artery (3)
	3.0%
	2.8%
	−0.2%
	3.2%
	0.2%



	 Right common carotid artery (4)
	7.3%
	7.0%
	−0.3%
	7.2%
	−0.1%



	 Left common carotid artery (5)
	4.3%
	4.4%
	0.1%
	4.6%
	0.3%



	 Left subclavian artery (6)
	9.2%
	9.3%
	0.1%
	10.1%
	0.9%



	Lower extremity arteries



	 Right internal iliac artery (7)
	3.9%
	3.6%
	−0.3%
	3.8%
	−0.1%



	 Left internal iliac artery (8)
	3.9%
	3.6%
	−0.3%
	3.8%
	−0.1%



	 Right profunda femoris artery (9)
	5.3%
	4.9%
	−0.4%
	4.9%
	−0.4%



	 Right femoral artery (10)
	6.1%
	9.6%
	3.5%
	5.3%
	−0.8%



	 Left profunda femoris artery (11)
	5.4%
	4.8%
	−0.6%
	5.0%
	−0.4%



	 Left femoral artery (12)
	5.5%
	4.9%
	−0.6%
	5.1%
	−0.4%



	Branches of the abdominal aorta



	 Inferior mesenteric artery (13)
	0.9%
	0.9%
	0.0%
	0.5%
	−0.4%



	 Superior mesenteric artery (14)
	11.0%
	10.4%
	−0.6%
	10.9%
	−0.1%



	 Celiac trunk (15)
	15.4%
	14.8%
	−0.6%
	15.5%
	0.1%



	 Left renal artery (16)
	9.5%
	9.5%
	0.0%
	10.0%
	0.5%



	 Right renal artery (17)
	9.3%
	9.5%
	0.2%
	10.0%
	0.7%




	LVAD, left ventricular assistance device; CO, cardiac output.


	aThe exact locations of the aortic branches are displayed in Figure 4E with corresponding labels in the table.









TABLE 2 Flow divisions in aorta branches with and without LVAD, considering femoral and axillary perfusion at 60% of the total flow.



	Branch of the aortaa
	Without LVAD
	LVAD via femoral artery perfusion
	LVAD via axillary artery perfusion



	Flow division (%)
	Flow division (%)
	Variation (%)
	Flow division (%)
	Variation (%)





	Input



	 LVAD inflow (1)
	0%
	24.7%
	-
	24.7%
	-



	 CO (2)
	100%
	75.3%
	-
	75.3%
	-



	Output



	Upper extremity arteries and carotid arteries



	 Right subclavian artery (3)
	3.0%
	2.6%
	−0.4%
	3.7%
	0.7%



	 Right common carotid artery (4)
	7.3%
	6.6%
	−0.7%
	7.1%
	−0.2%



	 Left common carotid artery (5)
	4.3%
	4.2%
	−0.1%
	4.9%
	0.6%



	 Left subclavian artery (6)
	9.2%
	9.0%
	−0.2%
	10.3%
	1.1%



	Lower extremity arteries



	 Right internal iliac artery (7)
	3.9%
	3.2%
	−0.7%
	3.7%
	−0.2%



	 Left internal iliac artery (8)
	3.9%
	3.3%
	−0.6%
	3.7%
	−0.3%



	 Right profunda femoris artery (9)
	5.3%
	4.4%
	−0.9%
	4.7%
	−0.6%



	 Right femoral artery (10)
	6.1%
	15.3%
	9.2%
	5.0%
	−1.1%



	 Left profunda femoris artery (11)
	5.4%
	4.3%
	−1.1%
	4.7%
	−0.7%



	 Left femoral artery (12)
	5.5%
	4.4%
	−1.1%
	4.8%
	−0.7%



	Branches of the abdominal aorta



	 Inferior mesenteric artery (13)
	0.9%
	0.8%
	−0.1%
	0.9%
	0.0%



	 Superior mesenteric artery (14)
	11.0%
	9.6%
	−1.4%
	10.7%
	−0.3%



	 Celiac trunk (15)
	15.4%
	13.9%
	−1.5%
	15.5%
	0.1%



	 Left renal artery (16)
	9.5%
	9.1%
	−0.4%
	10.2%
	0.7%



	 Right renal artery (17)
	9.3%
	9.3%
	0.0%
	10.3%
	1.0%




	LVAD, left ventricular assistance devices; CO, cardiac output.


	aThe exact locations of the aortic branches are displayed in Figure 4E with corresponding labels in the table.









Boundary conditions

A typical ascending aorta blood flow waveform corresponding to the normal time-average CO, which is assumed to be 5 L/min in this work, was imposed at the inlet, as shown in Figure 1A. The Windkessel models were applied to outlets to represent the impedance of the distal vascular bed to blood flow, as shown in Figure 2 and Supplementary Figure S3.

The LVAD pump function was simplified as a graft inlet with a constant flow rate. Two LVAD support configurations were modeled by introducing a graft at either the FA or the right AA. For each configuration, two constant LVAD flow rates were simulated: 2 L/min and 3 L/min. These were chosen to represent scenarios where the native cardiac output is, respectively, higher or lower than the LVAD output. A summary of the boundary conditions for the standard and LVAD-supported configurations is provided in Supplementary Table S1.

The Windkessel model parameters, calibrated for the baseline condition (without LVAD), were held constant for all simulations with LVAD support. This assumption is based on the established practice in hemodynamic simulations (15–18) and the hypothesis that the characteristics of the distal arterial system remain essentially unchanged immediately post-implantation when total perfusion is restored to a near-normal level (approximately 5 L/min) (19–21). This approach, necessitated by the lack of patient-specific postoperative data, ensures that the observed hemodynamic differences are attributable primarily to the LVAD cannulation site (FA vs. AA).




Results


Aortic branch perfusion estimation via CFD model

The Extra-LVAD maintained a flow of 1.82-3.25 LPM for all patients, which accounted for 36%–65% of the total flow, with a CO of 5 LPM (Figure 1B). Hence, we studied the hemodynamic changes caused by the Extra-LVAD in our models under two conditions: the LVAD supplying 40% (Figure 1C) and 60% (Figure 1D) of the total flow. Cardiac ejection accounts for 75.3% of total perfusion at the end-systolic phase, with LVAD covering the remaining 24.7%. Tables 1, 2 detail the distribution of blood flow in the aortic branches, with LVAD accounting for 40% or 60% of total blood flow. Figure 2 shows the location of the main aortic branches studied by our research, including the subclavian artery, common carotid artery, internal iliac artery, profunda femoris artery, femoral artery, renal artery, inferior mesenteric artery (IMA), superior mesenteric artery (SMA), and celiac trunk. Figures 3, 4 display the flow patterns. Regardless of the amount of blood flow the LVAD provides, axillary perfusion consistently outperformed femoral perfusion in most of these arteries, except at the placement site and the inferior mesenteric artery.


[image: Illustration of a vascular system showing blood flow velocity using colored arrows. The main image features a tree-like structure with detailed zoomed-in sections. A color scale indicates velocity ranging from 0.00 meters per second in blue to 0.50 meters per second in red.]
FIGURE 3
Blood flow distribution in the standard group.



[image: Illustration showing velocity distribution in the femoral and axillary arteries at different constriction levels. Panels A and C depict the femoral artery with 40% and 60% constrictions, respectively. Panels B and D show similar conditions for the axillary artery. Velocity is indicated by a color scale from blue (low) to red (high), ranging from 0.00 to 0.50 meters per second. Insets provide close-up views of specific artery sections.]
FIGURE 4
Visualization of blood flow distribution in the aorta and its main branches. A and B. With LVAD supplying 40% of total flow, the blood flow distribution in the femoral (A) and axillary perfusion group (B) is shown. C and D. With LVAD supplying 60% of total flow, blood flow distribution in the femoral (C) and axillary perfusion group (D).


For the abdominal aorta branches, axillary perfusion resulted in a significant decrease in blood supply to the IMA by 44.4% at 40% LVAD flow, but this reduction disappeared at 60% LVAD flow. At 60% LVAD flow, all arteries supplying the intestines and kidneys showed increased blood flow with axillary perfusion compared to femoral perfusion. Specifically, the IMA showed no decrease as opposed to an 11.1% reduction with femoral perfusion, the SMA decreased by 2.8% compared to a 12.7% decrease, the celiac trunk increased by 0.6% instead of decreasing by 9.7% with femoral perfusion, the left renal artery (LRA) increased by 7.4% instead of a 4.2% decrease, and the right renal artery (RRA) increased by 10.8% compared to no change. In the lower extremities, femoral perfusion also led to greater reductions in blood supply. Except for the right femoral artery as the perfusion site, at 60% LVAD flow, blood supply to all lower extremity arteries decreased by more than 15% with femoral perfusion. In comparison, they experienced less than a 13% reduction with axillary perfusion. The upper extremity and carotid artery blood flow remained stable at 40% LVAD, regardless of the perfusion approach. At 60% LVAD flow, axillary perfusion significantly increased blood flow to three of the arteries, including the right subclavian artery (23.3%), the left common carotid artery (14.0%), and the left subclavian artery (12.0%). Still, femoral perfusion decreased the blood flow in these arteries. Blood flow increased notably at the catheter insertion sites, especially the right femoral, with a 151.5% increase at 60% LVAD flow with femoral perfusion.

In terms of blood flow disorders, axillary perfusion may cause turbulent flow in the brachiocephalic trunk (Figures 4B, D), while femoral perfusion may interfere with cardiac ejection in the abdominal aorta, significantly reducing blood flow to it (Figures 4A, C).



WSS assessment in aortic branches via CFD model

The distribution of TAWSS (Figures 5, 6) showed values exceeding 5 Pa at all points where the perfusion graft is attached. With femoral perfusion, TAWSS in the thoracic and upper abdominal aorta above the kidneys decreased significantly to less than 1 Pa, particularly when LVAD contributed 60% of total perfusion. However, in the axillary perfusion group, the distribution of TAWSS values was more similar to that of the standard group, regardless of total perfusion.


[image: Visualization of a vascular model showing Time-Averaged Wall Shear Stress (TAWSS) in pascals. The model is color-coded, with a scale from blue (0.0 Pa) to red (5.0 Pa) indicating stress levels on the arterial walls.]
FIGURE 5
Overview of time-averaged wall shear stress (TAWSS) in the aorta and its branches in the standard group.



[image: Diagram showing four 3D models of arteries labeled A, B, C, and D, representing two configurations of femoral and axillary arteries. Colors indicate time-averaged wall shear stress (TAWSS), with a gradient from red (high) to blue (low). Models are grouped under 40% and 60% labels, likely indicating variations in vessel geometry or branching.]
FIGURE 6
TAWSS distribution in the LVAD group. A and B. With LVAD supplying 40% of total flow, TAWSS distributions in the femoral (A) and axillary (B) perfusion groups. C and D. With LVAD supplying 60% of total flow, TAWSS distributions in the femoral (C) and axillary (D) perfusion groups.


The OSI distribution (Figures 7, 8) was generally lower in axillary perfusion (less than 0.2 in the most regions of the aorta) compared to femoral perfusion (more than 0.2 in the most regions), especially in the thoracic aorta and the upper abdominal aorta. This indicates less pronounced changes in WSS direction with axillary perfusion as LVAD flow increased.


[image: Diagram of a vascular structure with color mapping for Oscillatory Shear Index (OSI). Blue areas indicate lower OSI values, transitioning through green, yellow, and red to depict higher OSI values. A color scale on the left ranges from 0.0 to 0.5.]
FIGURE 7
Overview of the oscillatory shear index (OSI) in the aorta and its branches in the standard group.



[image: Four 3D representations of an artery section, labeled A, B, C, and D, with color gradients (blue to red) indicating oscillatory shear index (OSI) levels. Sections A and C show a 40% blockage, while B and D show a 60% blockage. The chart on the left explains the OSI scale from 0.0 (blue) to 0.5 (red). The top label is \"Femoral Artery\" and the bottom is \"Axillary Artery.\"]
FIGURE 8
OSI distribution in the LVAD group. A and B. With LVAD supplying 40% of total flow, OSI distributions in the femoral (A) and axillary (B) perfusion groups. C and D. With LVAD supplying 60% of total flow, OSI distributions in the femoral (C) and axillary (D) perfusion groups.





Discussion

This study has several limitations. First, the LVAD was modeled as a constant-flow inlet at 2 L/min and 3 L/min, without dynamic pump-arterial coupling. This simplification may underestimate the competitive interplay between the LVAD and the native heart, potentially leading to inaccuracies in estimated flow rates through the aortic branches. Second, as the primary objective was to compare the two perfusion sites rather than obtain precise hemodynamic values for every small branch, normalized hemodynamic waveforms were employed. Critical misrepresentation would be more likely in a pulsatile environment or with a pulsatile LVAD model, which was not the focus of this study. Furthermore, the model relies on assumptions of rigid, non-remodeling vessel walls and Newtonian blood rheology. Finally, the sample size was limited. These factors collectively differentiate our computational approach from real-world clinical studies, underscoring the need for further investigation.

From a hemodynamic perspective, we explored the pros and cons in two aspects- perfusion and WSS. Our CFD model showed that axillary perfusion resulted in less reduced perfusion in major aortic branches than femoral perfusion. This was consistent regardless of whether the LVAD provided 40% or 60% of total perfusion, except in the intubation arteries and the IMA. Perfusion to the IMA decreased significantly only at the 40% LVAD flow rate, but improved at 60% with axillary perfusion. Therefore, axillary perfusion may not critically compromise IMA perfusion, particularly given that our patients' average initial pump flow was 2.68 (±0.60) L/min (approximately 54% of a 5 L/min CO). Regarding hemodynamic complications, specifically hyperperfusion syndrome (22), our model suggests that the axillary approach may not increase its incidence. Hyperperfusion syndrome is typically associated with over a 100% increase in carotid perfusion (23, 24). The axillary approach resulted in only a 13% increase in carotid artery flow, which may be insufficient to precipitate the syndrome. Conversely, the 24% increase in flow observed in the distal right axillary artery may be clinically relevant, potentially explaining patient reports of arm swelling and numbness.

For the WSS aspect, with femoral perfusion, the TAWSS significantly decreased, with its OSI increased, indicating prevalent aortic blood flow disturbances. However, in the axillary perfusion group, because it provides perfusion in the same direction as the heart, the OSI was generally lower, except at the ascending aorta, and the reduction in TAWSS was less marked. High WSS is usually beneficial, whereas low WSS might be associated with high OSI due to flow reversal (8, 25) and could lead to conditions such as atherosclerosis (8, 26) and aortic or arterial aneurysms (27, 28), possibly due to drastic fluctuations. Based on a CDF model established by our patient's CTA, the axillary approach may offer improved hemodynamics compared to the conventional femoral approach.



Conclusions

We developed a CFD model using patient CTA data to analyze key fluid parameters. Our findings suggest that, within the constraints of a model assuming rigid vessel walls and Newtonian blood flow, the axillary approach may improve overall circulation. It is associated with a more favorable hemodynamic profile, including enhanced perfusion to abdominal aortic branches and more stable flow patterns, compared to the traditional femoral approach. The jugular-axillary approach thus emerges as a promising configuration for future percutaneous extra-LVAD procedures. Further validation through real-world clinical studies is warranted.
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Supplementary Figure S1

Detailed mesh with boundary layers for the baseline model (without LVAD).

Supplementary Figure S2

Grid (Mesh) independence in the standard group (without LVAD). A. The graph (A) plots the computed TAWSS against the total number of grid elements for three systematically refined meshes. TAWSS values are presented for two different surface domains: full wall (B) and clip wall (C). B and C. The orange-shaded regions on the 3D aorta schematics (insets) illustrate the respective surface domains from which the TAWSS values were extracted: Full wall (B), the entire luminal surface of the aortic model, including all major branches. Clip Wall (C), a truncated aortic wall, created by clipping the inlet, outlets, and branch vessels, retaining only the primary aortic trunk to minimize the influence of local flow effects at the boundaries.

Supplementary Figure S3

The schematic of inlet/outlet boundary conditions and LVAD graft locations.
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