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ABSTRACT: Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is a life support intervention for
patients with refractory cardiogenic shock or severe cardiopulmonary failure. However, the choice of cannulation
strategy remains contentious, partly due to insufficient understanding of hemodynamic characteristics associated with
the site of arterial cannulation. In this study, a geometrical multiscale model was built to offer a mathematical tool
for addressing the issue. The outflow cannula of ECMO was inserted into the ascending aorta in the case of central
cannulation, whereas it was inserted into the right subclavian artery (RSA) or the left iliac artery (LIA) in the case of
peripheral cannulation. Numerical simulations conducted on three patient-specific aortas demonstrated that the central
cannulation outperformed the two types of peripheral cannulation in evenly delivering ECMO flow to branch arteries.
Both the central and RSA cannulations could maintain an approximately normal hemodynamic state in the aortas,
although the area of aortic walls exposed to abnormal wall shear stress (WSS) was considerably enlarged in comparison
with the normal physiological condition. In contrast, the LIA cannulation not only led to insufficient delivery of ECMO
flow to the right upper body (with ECMO flow fractions < 0.5), but also induced marked flow disturbance in the aorta,
causing about 40% of the abdominal aortic wall and over 65% of the resting aortic wall to suffer from high time-averaged
WSS (>5 Pa) and low time-averaged WSS (<0.4 Pa), respectively. The LIA cannulation also resulted in significantly
prolonged blood residence time (>40 s) in the ascending aorta, which, along with abnormal WSS, may considerably
increase the risk of thrombosis. In summary, our numerical study elucidated the impact of arterial cannulation site in
VA-ECMO intervention on aortic hemodynamics and ECMO flow distribution. The findings provide compensatory
biomechanical information for traditional clinical studies and may serve as a theoretical reference for guiding the
evaluation and selection of cannulation strategies in clinical practice.

KEYWORDS: Veno-arterial extracorporeal membrane oxygenation; multiscale model; cannulation strategy;
hemodynamics

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/CMES
https://www.techscience.com/
http://dx.doi.org/10.32604/cmes.2025.066444
https://www.techscience.com/doi/10.32604/cmes.2025.066444
mailto:fuyouliang@sjtu.edu.cn


2868 Comput Model Eng Sci. 2025;143(3)

1 Introduction
Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is a temporary life support technique

that diverts venous blood through an oxygenator and reperfuses the oxygenated blood into the arterial
system, thereby providing support for both the cardiac and pulmonary functions in patients with refractory
cardiogenic shock (CS) or severe cardiorespiratory failure [1]. In the implementation of VA-ECMO, the
ascending aorta and several peripheral arteries (e.g., the femoral, subclavian, or axillary arteries) are potential
candidates for ECMO outflow cannulation [2]. The aortic cannulation forms the central VA-ECMO con-
figuration, while the cannulation to a peripheral artery constitutes the peripheral VA-ECMO configuration.
Clinically, central VA-ECMO requires more complex surgical procedures than peripheral VA-ECMO [3]. In
the past decades, the trade-off between the benefits and risks of central vs. peripheral cannulation strategy
has long been a critical issue of debate. Some clinical studies suggested that central cannulation is associated
with higher in-hospital mortality compared to peripheral cannulation, with an increased rate of bleeding and
infection [4–6]. Conversely, other studies have reported no significant differences in in-hospital mortality
between patients receiving central and peripheral VA-ECMO supports [7,8], although peripheral VA-ECMO
was found to be associated with a higher incidence of vascular complications, lower-limb ischemia, or
cerebrovascular events. So far, the exact mechanisms underlying the differential outcomes of clinical studies
remain incompletely understood, although the differences in patient cohort and limitations in available
clinical data for in-depth analysis are important factors of concern [9,10].

From the biomechanical point of view, the reinjection of blood from the VA-ECMO system into the
arterial system will induce significant changes in blood flow patterns, especially those in the aorta [11].
Another important issue associated with VA-ECMO support is the distribution of the ECMO-oxygenated
blood in the body via the aorta and its branch arteries [2]. As a useful means for overcoming the limitations
of clinical studies in collecting detailed hemodynamic data, computational modeling methods have been
widely employed to address biomechanical problems associated with ECMO support [12,13]. Studies focused
on peripheral VA-ECMO have demonstrated the presence of strong retrograde blood flow in the aorta,
which interacts with the forward flow originating from the heart to induce marked flow disturbance
and abnormality of wall shear stress (WSS) [14,15]. In comparison with central cannulation, peripheral
cannulation has also been found to have poor performance in evenly distributing ECMO-oxygenated blood
in the body, leading to hypoxemia of certain organs/tissues, such as the brain and upper limbs [16]. At this
point, numerical studies have proposed some strategies, such as placing the cannula tip closer to the aortic
arch or increasing the power of the ECMO pump, to enhance oxygen delivery to the upper body and coronary
circulation in the context of peripheral VA-ECMO [17,18]. While these studies offered valuable insights,
many of them employed stand-alone three-dimensional (3D) models and incorporated simplifications or
assumptions in model development, such as the use of idealized aortic models, the prescription of fixed flow
conditions at the aortic inlet and the ECMO outlet, and the neglection of the dynamic interaction between
the heart and ECMO. These simplifications/assumptions might considerably compromise the physiological
relevance of numerical results. The limitations of stand-alone 3D models in assessing the impact of VA-
ECMO on cardiac load, systemic hemodynamics and oxygen transport can be effectively addressed by
employing reduced-order models, such as one-dimensional or lumped parameter models, which integrate
the ECMO and cardiovascular systems into a unified framework [19–21]. These kinds of models, however,
lack the ability to provide spatially high-resolution hemodynamic information in specific aortic segments
or arteries of interest. Given the limitations of existing studies, it remains unclear how varying the arterial
cannulation site of VA-ECMO would affect aortic hemodynamics and the distribution of ECMO-oxygenated
blood over the body.
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In the present study, we developed a geometrical multiscale model by coupling a closed-loop lumped
parameter (0D) model of the cardiovascular system supported by a VA-ECMO with a three-dimensional
(3D) model of the aorta and its major branch arteries. The multiscale modeling approach ensured that the
boundary conditions of the 3D model could dynamically adapt to systemic hemodynamic changes [22],
thereby minimizing the artifacts associated with prescribed boundary conditions in stand-alone 3D models.
The multiscale model also allowed for flexible connection of the ECMO outflow cannula to any artery of
interest, thereby offering a practical tool for simulating and comparing the hemodynamic impacts of various
VA-ECMO cannulation strategies. In addition, the blood flows originated from the heart and ECMO were
modeled as two fluids with the same physical properties for purpose of tracing the distribution of ECMO
flow, and the ‘virtual ink’ technique was employed to quantify the residence time of blood in the aorta.

2 Methods

2.1 Model Development and Numerical Methods
A 0D model of the cardiovascular system was firstly constructed by representing the vascular resistances,

compliances, and blood inertances of the major cardiovascular portions (i.e., heart, pulmonary circulation,
arterial system, and venous system) with lump parameters, which was then coupled to a 3D model of an aorta
and its major branch arteries to form a geometrical multiscale model (see Fig. 1). In addition, a 0D model
of the ECMO system was coupled to the multiscale model by connecting its inflow cannula to the vena cava
and outflow cannula to the aorta or a branch artery, thereby forming a flow pathway running in parallel with
the cardiopulmonary circulation. In order to represent the CS condition, the peak systolic elastances of the
left ventricle (LV) and right ventricle in the 0D model were reduced by 83% relative to the normal values,
resulting in a LV ejection fraction of 20% that fulfills the diagnostic threshold for CS [23,24]. The ECMO
pump was modeled as a mathematical function relating pump output to the rotation speed and trans-pump
pressure gradient [25]. More detailed descriptions of the cardiovascular and ECMO models are provided in
the Supplementary Material, while the assigned parameter values have been reported in a recent study by
our group [14]. To determine the optimal VA-ECMO work state under the CS condition, the rotation speed
of the ECMO blood pump was adjusted via numerical experiments so that the total cardiac output (i.e., the
sum of the native cardiac flow rate and ECMO flow rate) was 5.25 L/min. The total cardiac output aligns with
most clinical guidelines on targeted cardiac output (5.25–6.06 L/min) in VA-ECMO support and is close to
the typical cardiac output in healthy adults [1].

The 3D geometric models of three aortas and their branch arteries were reconstructed from the
computed tomography angiography (CTA) images of three patients upon the approval of the Ethical Review
Committee of the West China Hospital (No. 2020309). A 3D straight tube model with a diameter of 19F
was built to represent the distal portion of the ECMO outflow cannula that was inserted into the ascending
aorta to represent central cannulation or into a branch artery (herein, the left iliac artery (LIA), or the right
subclavian artery (RSA)) to represent peripheral cannulation. The reconstructed geometric models were
meshed in Ansys ICEM with a hybrid meshing method. Specifically, the entire domain was firstly divided by
tetrahedral elements, with local refinements applied to regions with abrupt geometrical changes or narrow
fluid space, such as the origins of branch arteries and the ECMO outflow cannula. In the near-wall regions,
five layers of prism elements were created, which were mapped along the inner wall and grew toward the
internal fluid domain. The thickness of the first prism layer was set to 0.005 mm, which increased toward
the internal layers at a ratio of 1.2. To ensure the acquirement of mesh-independent numerical solutions,
grid sensitivity analysis was conducted on a randomly selected model. The results showed that setting the
maximum tetrahedral element size at 1.5 mm in the aortic domain and 0.15 mm in the branch arteries was
sufficient to guarantee mesh-independent solutions, as evidenced by less than 0.5% change in time-averaged
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WSS (TAWSS) following further mesh refinement by reducing the aortic and branch arterial element sizes
to 1.0 mm and 0.1 mm, respectively. A total of nine mesh models were generated for the three cannulation
strategies (central, RSA, and LIA) implemented on the three aortas, with the total element numbers ranging
from 7,789,367 to 7,917,524.

Figure 1: Geometrical multiscale model of the cardiovascular system supported by VA-ECMO. The 3D model of the
aorta and its branch arteries is connected to the 0D cardiovascular model via exchange of hemodynamic quantities
at the inlet and outlets and to the ECMO outflow cannula at a specific cannulation site (i.e., ascending aorta, right
subclavian artery (RSA), or left iliac artery (LIA))

Blood was assumed to be a homogeneous, incompressible, and Newtonian fluid, and the blood flow
was governed by the continuity and Navier-Stokes equations. The arterial wall was assumed rigid, with a
no-slip boundary condition imposed. In addition, to facilitate the tracing of the ECMO flow in the aorta and
branch arteries, the bloods originated from the heart and the ECMO were treated as two fluids using the
two-phase mixture model, but with the same physical properties. The continuity equation for the mixture
model is expressed as

∇ ⋅ →v m = 0 (1)

where�→v m is the velocity of the mixture blood.
The momentum equation for the mixture model was obtained by summing up the individual momen-

tum equations for all phases, and is expressed as
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where ρm is the density and μm is viscosity of the mixture blood, taken to be 1050 kg/m3 and
0.0035 Pa ⋅ s, respectively.

The volume fraction of ECMO-originated blood is governed by a ‘mass’ conservation equation.

ρp
⎛
⎝

∂ (αp)
∂t

+∇ ⋅ (αp
→

v m)
⎞
⎠
= ṁqp − ṁpq (3)

where subscripts ‘p’ and ‘q’ denote the ECMO-originated and heart-originated bloods (same physical
properties), respectively. αp is the volume fraction of ECMO-originated blood in a fluid element. By
definition, αp = 0 in the absence of ECMO-originated blood, while αp = 1 as the element is completely filled
with ECMO-originated blood. ṁqp represents the rate of mass transfer from the heart-originated blood phase
to the ECMO-originated blood phase, while ṁpq represents the reversed mass transfer rate.

Hemodynamic variables in the 0D model were governed by ordinary differential equations that were
solved using a fourth-order Runge-Kutta method. The 3D equations of blood flow were discretized and
numerically solved with second-order schemes for both the temporal and spatial terms in Ansys Fluent.
Hemodynamic quantities in the 0D and 3D models were coupled via bidirectional data exchange at their
interfaces, as described in detail in our previous work [14]. In brief, the inlets and outlets of the 3D model were
connected to the ‘Q’ (flow rate) and ‘P’ (pressure) nodes of the 0D model, respectively (see Fig. 1), forming
0–3D model interfaces where the solutions of the two models are linked to each other. At an inlet of the 3D
model, the flow rate computed by the 0D model was imposed as the inflow boundary condition, while the
computed inlet pressure by the 3D model was in turn used to set the pressure boundary condition of the
0D model. At an outlet of the 3D model, the 0D model transmitted the computed blood pressure to the 3D
model as the outlet pressure boundary condition, while the 3D model returned the updated outlet flow rate
to the 0D model. Herein, to facilitate the data exchange between the two models, the computer program of
the 0D model was embedded into Fluent in form of user-defined functions. The coupled solution of the 0D
and 3D models was implemented in a time-marching manner by iteratively exchanging hemodynamic data
(i.e., pressure and flow rate) at the 0D–3D model interfaces at each numerical time step (fixed at 0.0005 s).
Each set of numerical simulation was run continuously for 60 cardiac cycles (the duration of a cardiac cycle
is 0.75 s) so that the distribution of ECMO flow and the blood residence time could be fully evaluated.

2.2 Design of Numerical Experiments and Data Analysis
For each aortic model, the ECMO outflow cannula was connected to the ascending aorta, RSA, and

LIA, respectively, forming three cannulation modes, including one central cannulation and two peripheral
cannulations. In total, nine sets of numerical simulation were performed for the three aortic models.

Data analysis was focused on the fraction of ECMO flow that characterizes the distribution of oxy-
genated blood in the body, and WSS metrics (herein, TAWSS and oscillatory shear index (OSI)) that evaluate
hemodynamic characteristics. For the definitions of TAWSS and OSI, please refer to previous studies [14,26].
In addition, blood residence time (RT), which measures the severity of flow stagnation, was evaluated by
tracing the blood with the ‘virtual ink’ technique [27]. To implement the technique, hypothetical massless
dye was introduced to the full 3D fluid domain at the beginning of numerical simulation. The motion of dye
in the blood stream followed the advection-diffusion equation, which was numerically solved with the blood
flow velocities from the hemodynamic model as the input. The governing equation is expressed as

∂C
∂t
+ →u ⋅ ∇C = D∇2C (4)



2872 Comput Model Eng Sci. 2025;143(3)

where�→u is the velocity vector, C is the concentration of the dye, and D is the diffusion coefficient, which was
herein set to zero [27]. C was a dimensionless variable with its value ranging from 0 to 1. Initially, the values
of C in all meshes of the 3D model were set to 1. After the beginning of numerical simulation, the values of
C in the blood streams originated from the heart and the ECMO were set to zero. Following the entering of
bloods originated from the heart and ECMO into the aorta over time, the massless dye was gradually washed
out from the 3D model domain, leading to a time-dependent decrease in C. It is noted that the decrease in
C in each individual mesh is related closely to local hemodynamic conditions. The computation of C also
facilitated the evaluation of blood residence time (RT). Specifically, the RT at each mesh within the fluid
domain was initialized to zero at the start of numerical simulation. It then increased cumulatively as the
simulation progressed until the local value of C decreased lower than a threshold (herein set to 0.01). To
facilitate the visualization of RT at different time moments, RT was further divided by the time period of
simulation to yield a normalized residence time (NRT).

3 Results

3.1 Influence of Cannulation Sites on Hemodynamic Characteristics
Fig. 2 presents the simulated aortic and ECMO flow waveforms and flow streamlines (at peak velocity)

in the three aortas under different cannulation conditions. A jet flow from the ECMO outflow cannula was
predicted in all the cases, but it had differential impacts on the native aortic flow depending on the site of
cannulation. Specifically, the most remarkable changes in aortic flow patterns were predicted in the case of
LIA cannulation, as characterized by the presence of a strong retrograde swirling flow in the abdominal aorta.
The central cannulation could better preserve cardiac output, as evidenced by the higher aortic flow rate
than those under the peripheral cannulation conditions. The cannulation site also affected the distributions
of aortic flow to branch arteries. In the case of central cannulation, approximately 31% of the total aortic flow
(sum of flows originated from the heart and ECMO) was delivered to the aortic arch branches, 39% to the
abdominal branches, and 30% to the iliac arteries, which changed into 32%, 38%, and 30% in the case of RSA
cannulation, and into 30%, 47%, and 23% in the case of LIA cannulation. The anatomical structure of the
aorta only had minimal influence on flow distribution, as indicated by less than 0.5% differences among the
three models.

Figure 2: (Continued)
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Figure 2: Flow streamlines in three aortas at the moment of peak flow velocity (left panels) and heart-and ECMO-
generated flow waveforms (right panels) under central (ascending aorta) and peripheral (LIA or RSA) cannulation
conditions of VA-ECMO

Fig. 3 shows the distributions of TAWSS and OSI in the three aortas. Under the control (normal
physiological) condition, most values of TAWSS and OSI in the aortas fell in the normal ranges (0.4 Pa <
TAWSS < 5 Pa, OSI < 0.35), although abnormal values in some local regions or the branch arteries were
observed. Under the CS condition supported by VA-ECMO, regional high TAWSS (>5 Pa) was predicted,
which was present in the inner wall of the ascending aorta and aortic arch in the central cannulation mode,
the outer wall of the ascending aorta and the brachiocephalic artery in the RSA cannulation mode, and the
abdominal aorta in the LIA cannulation mode. Quantitatively, the area ratios of walls exposed to high TAWSS
in the ascending aorta and aortic arch segments of Model 1, Model 2, and Model 3 were 45.38%, 49.90%, and
47.65% in the case of central cannulation, and were 19.11%, 15.32%, and 7.88% in the case of RSA cannulation.
In the case of LIA cannulation, high TAWSS appeared in the abdominal aorta, occupying 38.11%, 43.29%,
and 43.58% of the wall area in Model 1, Model 2, and Model 3, respectively. These regions corresponded to
the wall regions subjected to the impingement of the jet flow from the ECMO. Large area of low TAWSS
(<0.4 Pa) appeared in the aortic segments distal to the aortic arch in the cases of central and RSA
cannulations, and in the aortic segments proximal to the abdominal aorta in the case of LIA cannulation.
Quantitatively, in the case of central cannulation, the area ratios of low TAWSS in the abdominal aorta
segments of Models 1, 2, and 3 were 31.84%, 24.62%, and 33.59%, respectively, which became 30.76%, 20.97%,
and 31.81% when the cannulation site was switched to the RSA. In contrast, the LIA cannulation caused a large
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portion of the aortic segments proximal to the abdominal aorta to suffer from low TAWSS, with the area ratios
of low TAWSS reaching 87.45%, 65.55%, and 80.91% in Models 1, 2, and 3, respectively. As for OSI, high OSI
(>0.35) distributed widely in the aortic segments proximal to the abdominal aorta under the LIA cannulation
condition, with the area ratios of high OSI being 35.41%, 29.28%, and 40.93% in Model 1, Model 2, and
Model 3, respectively. Relatively, high OSI was predicted to appear only in some focal regions in the
cases of central and RSA cannulations. The three aortas exhibited overall similar hemodynamic charac-
teristics, although they differed in the details of flow field and WSS distribution owing to the different
anatomical structures.

Figure 3: Contour maps of TAWSS (left panels) and OSI (right panels) in three aortas under the control (i.e., normal
physiological) condition and various VA-ECMO cannulation conditions
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3.2 Distribution of ECMO Flow
The distribution of ECMO flow was quantified by the fraction of the ECMO-originated blood in the fluid

domain. Fig. 4 shows the flow streamlines colored by the fraction of ECMO flow at peak velocity as well as
the plots of ECMO flow fractions in the branch arteries averaged over a cardiac cycle. The central cannulation
and RSA cannulation enabled an overall uniform distribution of ECMO flow in the aorta, whereas the LIA
cannulation led to insufficient delivery of the ECMO flow to the ascending aorta, which is consistent with
the imaging data reported in a previous clinical study [28] (see Fig. 5). All the branch arteries exhibited a
ECMO flow fraction of over 0.8 in the cases of central cannulation and RSA cannulation, whereas only the
branch arteries located distal to the descending aorta were sufficiently perfused by the ECMO flow in the
case of LIA cannulation. The fractions of ECMO flow in the RSA and right carotid artery (RCA) were most
sensitive to cannulation site, which were close to 1 with the RSA cannulation, but dropped to lower than 0.5
as the cannulation site was changed to the LIA. In addition, the left and right carotid arteries suffered from
unbalanced ECMO flow perfusion under the conditions of RSA and LIA cannulations. In particular, with
the LIA cannulation, the ECMO flow fractions in the RSA and RCA (which perfuse the right upper body)
were only about 50% of those in the left subclavian artery (LSA) and left carotid artery (LCA) (which perfuse
the left upper body).

Figure 4: (Continued)
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Figure 4: Distributions of ECMO flow fraction (visualized on flow streamlines) in three aortas at peak velocity (left
panels) and time-averaged ECMO flow fractions in branch arteries (right panels) under various cannulation conditions
of VA-ECMO. Abbreviations: RSA, right subclavian artery; RCA, right carotid artery; LCA, left carotid artery; LSA, left
subclavian artery; CTA, celiac trunk artery; SMA, superior mesenteric artery; RRA, right renal artery; LRA, left renal
artery; LIA, left iliac artery; RIA, right iliac artery

Figure 5: CTA image of ECMO-originated blood flow in the aorta of a patient undergoing VA-ECMO support with
femoral cannulation [28]. The blue arrow shows the heart-originated antegrade flow directed to the ascending aorta
and right-sided branch arteries, while the red arrow indicates the retrograde flow stemming from the ECMO, which
perfuses the left subclavian artery better than the ascending aorta and right-sided branch arteries

3.3 Blood Residence Time
In order to highlight the changes in blood residence time in the aorta following the implementation of

VA-ECMO support, numerical simulations were also carried out under the normal physiological (control)
condition in the absence of VA-ECMO support. The simulated values of NRT for the three aortas under all the
conditions are displayed in Fig. 6. It is noted that RT can be readily derived from the data presented in Fig. 6
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by multiplying NRT by the time moment of visualization. Under the normal physiological condition, the
residence time of blood in the aorta was less than 2.25 s in all three models, indicating the absence of evident
flow stagnation. Under the CS condition, the implementation of VA-ECMO led to prolonged retention of
blood in the aorta. For the three models, the computed blood residence times in the aorta ranged from 12.19 s
to 21.34 s in the case of central cannulation and from 12.22 s to 23.48 s in the case of RSA cannulation. The
LIA cannulation further prolonged the blood residence time in the proximal portion of the aorta, especially
the ascending aorta where the blood residence time was over 40 s.

Figure 6: Contour maps of normalized blood residence time (NRT) in three aortas under the normal physiological
condition and the CS condition supported by VA-ECMO of various cannulation modes. NRT is calculated for each
specific time moment for visualization (e.g., 10, 20, 30, and 40 s), i.e., the simulated residence time is divided by the
time moment
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4 Discussion
VA-ECMO establishes a dual blood circulation wherein the blood flows in the native and extracorporeal

circuits interact complexly [11], imposing great influence on hemodynamic characteristics in the aorta. In the
present study, we developed a geometrical multiscale model to offer a mathematical tool for quantitatively
investigating the hemodynamic impact of VA-ECMO and its sensitivity to the arterial cannulation site under
the CS condition. The numerical results demonstrated the marked changes in aortic hemodynamics and
distribution of ECMO flow following the variations in cannulation site. In general, the distributions of
TAWSS and OSI in the aorta under the CS condition supported by VA-ECMO differed considerably from
those under the normal physiological condition. Relatively, the central cannulation could better preserve
physiological flow patterns in the aorta and evenly distribute ECMO-oxygenated blood to branch arteries
that perfuse various organs/tissues. In contrast, the LIA cannulation led to marked disturbance of aortic
flow, prolonged blood residence time, and inadequate delivery of ECMO flow to the upper body. The RSA
cannulation was basically comparable to the central cannulation, although the details of hemodynamic
characteristics under the two cannulation conditions were different. In addition, it was found that inter-
patient differences in aortic anatomical structure led to regional differences in flow patterns and WSS metrics,
but did not qualitatively alter the major hemodynamic characteristics associated with cannulation sites.

Thrombosis is one of the major complications associated with VA-ECMO support [1,3,29]. Previous
studies have extensively demonstrated the association of hemodynamic environment with thrombosis. For
instance, high WSS can activate platelets, while low oscillatory WSS (indicated by low TAWSS and high
OSI) can cause endothelial dysfunction/injury to enhance platelet activation and induce coagulation cascade
[30–32]. In addition, the risk of thrombosis can be significantly elevated in vascular regions with severe
flow stagnation that facilitates the accumulation of platelets and clotting factors [27]. Based on the results of
our hemodynamic analysis, the LIA cannulation is most likely to induce thrombosis in the ascending aorta
where TAWSS is low, OSI is high, and flow stagnation is severe as indicated by the long blood residence time.
The risk may be further increased by the extremely high WSS present in the abdominal aorta, because part
of the activated platelets by high WSS there can transport to and stay in the ascending aorta according to
the distribution of ECMO flow fraction shown in Fig. 4. These numerical results may theoretically explain
the clinically observed high risk of aortic root thrombosis in patients supported by VA-ECMO in the LIA
cannulation mode [33]. Relatively, the central and RSA cannulations have lower risk of triggering thrombosis
given the small area of aortic walls exposed to low oscillatory WSS and the absence of aortic segments with
severe flow stagnation. Nevertheless, the presence of high WSS in the ascending aorta and aortic arch and
the larger NRT than that in the normal physiological condition (see Fig. 6) still imply an increased risk of
thrombosis in comparison with the normal physiological state, which justifies the necessity of preventive
antithrombotic therapy for patients undergoing VA-ECMO intervention regardless of the cannulation mode
as suggested by clinical guidelines [3].

The distribution of ECMO flow plays a pivotal role in delivering oxygenated blood to organs/tissues,
especially the metabolically active ones, such as the brain and heart [2]. Our numerical results indicate that
the central and RSA cannulations can both enable a large portion of ECMO flow to be distributed throughout
the body. A specific weakness of the RSA cannulation compared with the central cannulation is that it tends to
deliver more ECMO flow to the RSA and RCA while relatively less to the LSA and LCA, leading to unbalanced
perfusion of the left and right brain hemispheres (see Fig. 4). Unlike the central and RSA cannulations,
the LIA cannulation causes evidently nonuniform distribution of ECMO flow, and cannot deliver sufficient
ECMO flow to the upper body, especially the right-side part supplied by the RSA and RCA (see Fig. 4). These
results indicate that the LIA cannulation has inherent limitations in supporting cerebral and upper-limb
perfusion, and provide theoretical evidence for explaining the clinical finding that ‘Harlequin Syndrome’
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(or ‘North-South Syndrome’), characterized by hypoxemia of the upper body, frequently occurs in patients
suffering from pulmonary failure and receiving peripheral VA-ECMO intervention [28,34].

While the study provides useful insights into the hemodynamic characteristics associated with the
arterial cannulation site of VA-ECMO, the findings must be considered in the context of certain limitations.
Despite the use of patient-specific aortic models, the hemodynamic analyses were not conducted for patients
receiving VA-ECMO intervention, because CTA scanning of the entire aorta is not a routine examination for
the patient cohort. In addition, the measurement of hemodynamic data in the aortas of patients supported
by VA-ECMO is technically restricted given the special environment of intensive care unit where the patients
are admitted to. For these reasons, validating the numerical results with patient-specific clinical data remains
highly challenging. To solve this problem, in-vitro experiments may be a feasible approach [35]. Another
limitation is due to the fixed pathological condition represented by the models (herein, the CS condition
characterized by a LV ejection fraction of 20%). In reality, patients receiving VA-ECMO intervention may
exhibit large variability and high complexity in impairment of the cardiac and/or the pulmonary function.
These patient-specific characteristics may significantly affect the behavior of cardiac-ECMO interaction and
the distribution of oxygenated blood in the body, and thereby compromise the applicability of the findings
of the present study. To address the limitation, large-scale numerical simulations covering a wide range of
pathological conditions are warranted.

5 Conclusions
The multiscale model developed in the study enabled quantitative analysis and comparison of hemo-

dynamic characteristics associated with arterial cannulation sites in VA-ECMO support. The central
cannulation was proven as the best approach for preserving physiological flow patterns, minimizing the
risk of thrombosis, and evenly distributing ECMO flow in the body. While the RSA cannulation offers a
potential alternative to the central cannulation, unbalanced perfusion of the left and right brain hemispheres
may be an issue of concern. Relatively, the LIA cannulation, though having the advantage of easier access
to the cannulation artery and simpler surgical procedure, is most risky because it induces pronounced flow
disturbance that may considerably increase the probability of thrombus formation and result in insufficient
perfusion of the upper body. These findings deepen our understanding of the hemodynamic impact of VA-
ECMO and provide theoretical insights to guide the optimization of cannulation strategies depending on
patient-specific pathological conditions.
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