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Abstract: Extracorporeal Membrane Oxygenation (ECMO) is a medical device used to support
patients with severe cardiac and/or respiratory failure. It is being used more frequently to offer per-
cutaneous mechanical circulatory support, even though the intricate interactions between ECMO and
the failing heart, as well as its impact on hemodynamics and perfusion, are not yet fully understood.
Within the two main types of ECMO support (the veno-venous ECMO (VV-ECMO), which is used
to support only the lungs) and the veno-arterial ECMO (VA-ECMO), which is used to support the
lungs and heart), consideration is given solely to the second approach. Indeed, this study focuses
on the impact of different ECMO cannulation site and blood perfusion conditions on the aortic
hemodynamics and organ perfusion in VA-ECMO. Using computed tomography (CT) images, we
reconstructed specific aortic models based on clinical cannula configurations and placements. A
detailed cannula-aorta integration model was developed to simulate the VA-ECMO blood supply
environment. Employing computational fluid dynamics (CFD), we analyzed how varying ECMO
perfusion levels and ECMO cannulation sites affect flow characteristics. This study provides insights
into optimizing ECMO therapy by understanding its effects on blood flow and potential damage to
blood and organs.

Keywords: computational fluid dynamics; extracorporeal membrane oxygenation; aortic hemodynamics

1. Introduction

Extracorporeal Membrane Oxygenation (ECMO) is widely used as an advanced medi-
cal device with the aim to provide critical support for patients experiencing severe cardiac
and/or respiratory failure [1,2]. Its application has increased notably in recent years, en-
hancing the chances of survival for patients with severe and life-threatening conditions [3].
ECMO systems generally fall into two categories: veno-venous ECMO (VV-ECMO), which
exclusively supports pulmonary function, and veno-arterial ECMO (VA-ECMO), which
provides comprehensive support for both the lungs and the heart [4]. Although ECMO
is increasingly utilized, the complex interactions between the device and a failing heart,
along with its impacts on hemodynamics and organ perfusion, remain areas of concern [5].
When VA-ECMO is deployed, it delivers oxygenated blood directly into the arterial system,
bypassing the failing heart and lungs [6]. However, this creates the potential for severe
complications, such as Harlequin syndrome (also known as “north-south syndrome” or
“dual circulation”) [7–10].

This syndrome arises when there is a mismatch between the native cardiac output
and the retrograde ECMO flow, leading to inhomogeneous aortic flow patterns. The upper
body (supplied by the left ventricle) and the lower body (supplied by the ECMO circuit)
may receive blood with vastly different oxygenation levels. This can lead to complications
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such as pulmonary congestion, left ventricular distension, and end-organ hypoxemia, all of
which contribute significantly to morbidity and mortality in ECMO patients.

The femoral artery is commonly used for rapid vascular access in adult VA-ECMO.
However, this approach carries notable risks, including femoral artery occlusion, distal
limb ischemia, reperfusion injury leading to compartment syndrome, retroperitoneal hem-
orrhage, thrombosis, embolization, and, critically, brain and myocardial ischemia due to
inadequate upper body perfusion. These risks are particularly elevated in patients with se-
vere peripheral vascular disease, which may serve as a relative contraindication to femoral
artery cannulation. Subclavian artery cannulation offers a promising alternative, helping
to maintain cerebral and cardiac blood flow while reducing the complications linked to
femoral artery cannulation.

Understanding the hemodynamic changes that occur during VA-ECMO is crucial for
optimizing patient outcomes. Clinicians often face challenges in balancing ECMO flow
with native heart function to prevent complications such as organ ischemia, increased
afterload, or systemic hypoperfusion. This makes the study of aortic flow dynamics,
particularly through mathematical modeling [11] and computational fluid dynamics (CFD),
vitally important.

Computational Fluid Dynamics models are a powerful tool in the cardiovascular
realm [12–17] and, specifically, in ECMO therapy [17–19], providing valuable insights
into fluid dynamics, optimizing device settings and configurations, and ultimately im-
proving patient outcomes through better understanding and management of the complex
interactions between ECMO systems and the human body.

Indeed, the CFD modeling has the power to provide a detailed simulation of blood
flow dynamics within the ECMO circuit and the specific patient’s vasculature. It is essential
for understanding how the ECMO device (type, position, orientation) influences blood flow
and how it interacts with the patient’s anatomy. CFD models can simulate various cannula
placements and configurations, that are critical points in ECMO therapy, to determine
their impact on hemodynamics. This helps in optimizing cannula positioning to ensure
effective blood flow, reduce complications, and improve patient outcomes. In addition, CFD
models allow for the optimization of ECMO settings to minimize adverse effects on blood
by evaluating parameters like wall shear stress (WSS) and oscillatory shear index (OSI)
that are crucial in evaluating potential blood damage and the risk of thrombus formation
or hemolysis.

State-of-the-art contributions made a previous attempt to investigate blood flow be-
havior in VA-ECMO cannulation [18–23].

Xi et al. [22] employed a CFD method in peripheral VA-ECMO cannulation to study the
impact of varying perfusion conditions—specifically, different cardiac output volumes and
ECMO perfusion levels—on flow characteristics such as velocity and pressure gradient. GU
et al. [23] examined the differences in aortic hemodynamics between central VA-ECMO and
peripheral VA-ECMO, discovering that lower extremity perfusion levels were significantly
reduced in peripheral VA-ECMO compared to central ECMO. However, these studies
simplified the aortic model or used an idealized version, which diverges from clinical
reality and does not account for many important organ perfusions within the aorta.

The aim of our study is to specifically investigate the VA-ECMO approach, focusing
on how variations in ECMO cannulation sites (femoral vs. subclavian) and blood perfusion
conditions influence aortic hemodynamics and organ perfusion.

By analyzing how cannulation sites and ECMO flow rates affect aortic and organ per-
fusion, we aim to provide insights that could improve the precision of ECMO management
and reduce the risk of adverse clinical outcomes.

By examining these factors, the research aims to enhance understanding of how dif-
ferent ECMO configurations impact blood flow dynamics and organ function, potentially
improving clinical outcomes for patients undergoing VA-ECMO therapy. Mathematical
models and computational fluid dynamics approaches play an important role in under-
standing and optimizing an ECMO system, with a particular focus in improving flow
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dynamics, ensuring appropriate flow rates, reducing areas of low velocity or stagnation,
and managing pressure gradients to minimize complications like thrombosis or afterload
on the heart. The model helps predict where improvements in flow or adjustments in
cannulation might better support patient outcomes. Thus, this investigation is directly
linked to real-world clinical challenges, and its findings could lead to better-informed
decisions during ECMO therapy, ultimately improving patient survival rates and reducing
complications associated with this life-saving yet high-risk procedure.

2. Materials and Methods
2.1. Anatomical Model

A three-dimensional, patient-specific model of the aorta, obtained from a series of
DICOM (Digital Imaging and Communications in Medicine) images (in vivo contrast-
enhanced axial CT scan), was used. CT images were performed on a healthy female
(21 years old [24]). The resulting surface geometry (Figure 1) was improved for CFD analysis
and converted into an appropriate format to be imported in COMSOL Multiphysics®

(version 6.1) software [25], used for fluid dynamic simulation.
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The model of the aorta includes four sections: the ascending aorta, the aortic arch, the
thoracic aorta, and the abdominal aorta. The 4 branch vessels of the aortic arch (identified in
our study as superior trunk) are the right subclavian artery (RSCA), right common carotid
artery (RCCA), left common carotid artery (LCCA) and left subclavian artery (LSCA)
(Figure 2). The aorta model was reconstructed including also the left gastric artery (LGA),
hepatic artery (HA), splenic artery (SA), superior mesenteric artery (SMA), right renal
artery (RRA), left renal artery (LRA), inferior mesenteric artery (IMA), left internal iliac
artery (LIIA), right iliac artery extension (RIAE), left profunda artery (LPA), and left femoral
artery (LFA), shown in Figure 2.
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Figure 2. VA-ECMO cannulations sites.

A simplified arterial cannula with 18 Fr (6.0 mm diameter) size was modeled and
inserted in two different positions according to the clinical routine placement of VA-ECMO
cannulations [4]. Thus, two models are considered, as follows:

• Case I, with arterial cannula positioned in femoral site (Figure 2);
• Case II, with arterial cannula positioned in subclavian site (Figure 2).

2.2. Mathematical Model, Boundary Conditions, and Simulation Details

To simulate the blood motion, the 3D incompressible Navier–Stokes equations were
considered, as follows:

∇·u = 0 (1)
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ρ (∂u/∂t) + ρ (u·∇)u = ∇·[−pI + µ (∇u + (∇u)T] + F (2)

where u indicates the fluid velocity vector, ∇u is the tensor derivative of the velocity vector
u, p represents the pressure, µ is the dynamic viscosity, ρ is the density of blood, I is the
identity matrix, and F is the volume force field.

It is important to note that, because the patient was in a supine position during the
surgical procedure, the force of gravity (term F) was omitted from the computational study.
Thus, the simplified equation to simulate the blood motion is as follows:

ρ (∂u/∂t) + ρ (u·∇)u = ∇·[−pI + µ (∇u + (∇u)T] (3)

Blood is assumed to have a Newtonian behavior, a conventional assumption for flows
in vessels as large as the aorta [26]. The laminar model was adopted to simulate the blood
flow motion. Blood density ρ was assumed to be equal to 1060 kg/m3, while the dynamic
viscosity µ was 0.0035 Pa s.

In most previous CFD studies, blood was simplified as a Newtonian fluid, even though
its behavior is not truly Newtonian. As flow velocity and shear strain rates increase, blood
viscosity decreases [27,28]. However, in low-flow regions, viscosity is higher than typically
accounted for, and non-Newtonian models could better represent these variations in blood
viscosity. Prior studies have simulated blood flow across various vessels, highlighting
differences in pressure and wall shear stress (WSS) estimates when using Newtonian versus
non-Newtonian models [29–31]. In our study, focused on a large vessel, we chose to
approximate blood as a Newtonian fluid for simplicity.

For both cases, we hypothesized that no flow came out from the aortic valve (total
support condition: all the blood flow rate in aorta is supplied by ECMO). Thus, the blood
was delivered only through the arterial cannula, and the aorta was modeled with a zero-
velocity input.

To evaluate the hemodynamics in the aorta vessel, two steady-state simulations were
performed, as follows:

(a) Case I: Arterial Cannula in femoral site;
(b) Case II: Arterial Cannula in subclavian site.

Each case was analyzed considering different conditions of flow rates in VA-ECMO
cannula. Specifically, several values of constant flow rate (2.00/3.00 and 4.00 L/min)
were set as the inlet boundary condition for the VA-ECMO cannula. A pressure outlet
boundary condition of 70 mmHg was applied at all the exits. Considering that this study
investigates how variations in ECMO cannulation sites (femoral vs. subclavian) and blood
perfusion conditions influence aortic hemodynamics and organ perfusion, the assumption
of identical boundary conditions for both simulations was chosen. For the computational
fluid dynamics simulation, the aorta and the VA-ECMO cannula walls were assumed to be
inflexible, and no-slip boundary conditions were applied.

In this study, COMSOL 6.1 (Comsol Inc., Burlington, MA, USA), a finite element
analysis solver for various physics and engineering applications [25] was used.

To analyze mesh quality and performance in COMSOL 6.1, several key metrics were
evaluated, including minimum element quality, element volume ratio, and maximum
growth rate. For both cases (I and II), optimal mesh parameters were selected to balance
mesh quality, computation time, and solution accuracy. The convergence error achieved
was around 10−6, indicating that the solutions are highly accurate. This careful tuning of
mesh parameters ensures that the numerical results are reliable while maintaining efficient
computational performance.

The meshes comprised tetrahedral elements totaling 219,288 elements for case I and
209,937 elements for case II, with a minimum element quality of 0.0020739 for case I and
0.004269 for case II, an average element quality of 0.6794 for case I and 0.6657 for case II, and
an element volume ratio of 1.468 × 10−5 for case I and 2.623 × 10−7 for case II (Figure 3).

While increased refinement typically leads to more accurate results, it also significantly
impacts computational load and times due to mesh quality. Therefore, it is essential to
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establish a sufficiently fine mesh beyond which further refinement yields diminishing
returns. In this analysis, lower computational times were prioritized, as an excessively
refined solution was not necessary. To solve the Navier–Stokes equations, some choices
were made, as follows: the Pardiso solver with a pivoting perturbation of 1.0 × 10−13, the
P1–P1 finite element method for spatial discretization, and linear elements for both velocity
components and the pressure field. The computations were performed on an Intel (Santa
Clara, CA, USA) Xeon 2.10 GHz processor with 192 GB of RAM.
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3. Results

The hemodynamic modifications (flow distribution and velocity pattern) were evalu-
ated in case I and case II also considering, for each case, several values of constant flow rate
(2.00/3.00 and 4.00 L/min) set as the inlet boundary condition for the VA-ECMO cannula.

The flow distribution in all vessels for the two analyzed cases and for the different
values of VA-ECMO cannula inlet flow rates are evaluated.

More specifically, the velocity field in terms of streamlines in epiaortic vessels (superior
trunk) for the case I and II and for the three values of VA-ECMO cannula inlet flow rate
(2.00/3.00 and 4.00 L/min) are shown in Figure 4. In the upper part of the aorta, the flow
is lower in the case of femoral cannulation; in the case of subclavian artery cannulation,
the flow towards the upper part of the body increases with the increase in the flow rate. It
should be remembered that in the vessel occupied by the cannula there is an additional
cannula to provide the correct perfusion.

Similarly, the velocity flow distributions in terms of streamlines in thoracic vessels
(inferior trunk) for the case I and II and for the three values of VA-ECMO cannula inlet flow
rate (2.00/3.00 and 4.00 L/min) are illustrated in Figure 5. Analyzing the flows in the lower
part of the trunk, it is possible to note how the flows are lower in the case of subclavian
cannulation. This could lead to ischemic phenomena in the lower limbs or other types of
problems related to poor blood supply.
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In addition, mean flow rates in superior and inferior trunk between case I and case II
and for the three values of VA-ECMO cannula inlet flow rate (2.00/3.00 and 4.00 L/min)
are evaluated and shown in Table 1.

Table 1. Comparison of mean flow rates in superior and inferior trunk between case I and case II and
for different values of VA-ECMO cannula inlet flow rate.

Vessel

Case I (Femoral Site) Case II (Subclavian Site)

(2.00 L/min)

Cannula Inlet

(3.00 L/min) (4.00 L/min) (2.00 L/min)

Cannula Inlet

(3.00 L/min) (4.00 L/min)

Mean Flow
(L/min)

Mean Flow
(L/min)

Mean Flow
(L/min)

Mean Flow
(L/min)

Mean Flow
(L/min)

Mean Flow
(L/min)

Superior Trunk 0.7019 1.0530 1.4041 1.2332 1.8507 2.4688
Inferior Trunk 1.3165 1.9746 2.6326 0.1546 0.2321 0.3099

Perfusion of the upper part of the trunk is certainly greater in the case of subclavian
cannulation. It should also be considered that an additional cannula helps to perfuse the
most sacrificed vessels.

For both cases, we hypothesized that no flow came out from the aortic valve (total
support condition: all the blood flow rate in aorta is supplied by ECMO). Thus, the
blood was delivered only through the arterial cannula, and the aorta was modeled with a
zero-velocity input. To give information on aortic hemodynamics in the presence of left
ventricular flow, in addition to the flow rate in the cannula, we performed an additional
simulation. More specifically, for both cases (Case I femoral site and Case II subclavian
site), the conditions were as follows:

• Flow rate of 3.00 L/min was set as the inlet boundary condition for the VA-ECMO
cannula;

• Flow rate of 1.00 L/min (small left ventricular contribution) was set as the inlet
boundary condition for the ascending aorta;

• A pressure outlet boundary of 70 mmHg was applied at all the exits.

Thus, compared to the simulations in which only the condition of 3.00 L/min was
set as the inlet boundary for the VA-ECMO cannula, we added the condition of flow rate
of 1.00 L/min (small left ventricular contribution) as the inlet boundary condition for the
ascending aorta. Table 2 shows the results of this simulation.

Table 2. Comparison of mean flow rates in superior and inferior trunk between case I and case II and
for same values of VA-ECMO cannula inlet flow rate (3.00 L/min) and with the additional condition
of flow rate of 1.00 L/min (small left ventricular contribution) as the inlet boundary condition for the
ascending aorta.

Vessel

Case I (Femoral Site) Case II (Subclavian Site)

Cannula Inlet

(3.00 L/min)

Asc. Aorta Inlet

(1.00 L/min)

Cannula Inlet

(3.00 L/min)

Asc. Aorta Inlet

(1.00 L/min)

Mean Flow (L/min) Mean Flow (L/min)

Superior Trunk 1.7807 2.5227
Inferior Trunk 2.2561 0.5228

As results, in Case I (femoral site), the flow through the superior trunk was 1.7807 L/min,
while the inferior trunk received 2.2561 L/min. In contrast, for Case II (subclavian site), the
superior trunk experienced a higher flow rate of 2.5227 L/min, while the inferior trunk saw
a significantly lower flow of 0.5228 L/min.
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4. Discussion

This study aimed to investigate the effects of different ECMO cannulation sites and
varying blood perfusion conditions on aortic hemodynamics and organ perfusion using
computational fluid dynamics (CFD). The use of extracorporeal membrane oxygenation
(ECMO) [3,5], particularly veno-arterial ECMO (VA-ECMO), has become increasingly
prevalent in supporting patients with severe respiratory and cardiac failure [6–10]. How-
ever, its impact on blood flow dynamics and organ perfusion remains an area of concern [5].
Indeed, the effort of the clinical and scientific community is moving towards greater under-
standing of the hemodynamic alterations that occur during VA-ECMO to improve patient
outcomes. Clinicians often encounter challenges in harmonizing ECMO flow with the
patient’s native cardiac function to avoid complications such as organ ischemia, elevated
afterload, or systemic hypoperfusion. As a result, the investigation of aortic flow dynamics,
particularly through mathematical modeling [11] and computational fluid dynamics (CFD),
becomes critically important.

Recent advancements have sought to investigate blood flow behavior during VA-
ECMO cannulation [18–23]. Xi et al. [22] used a CFD approach to model only peripheral
VA-ECMO cannulation, examining the effects of different cardiac output volumes and
ECMO perfusion levels on flow characteristics like velocity and pressure gradients. The
authors demonstrated that peripheral VA-ECMO with varying levels of cardiac output and
ECMO perfusion significantly affects aortic flow dynamics.

Gu et al. [23] studied aortic hemodynamics in both central and peripheral VA-ECMO
configurations, finding that peripheral VA-ECMO resulted in significantly reduced lower
extremity perfusion compared to central ECMO. However, these studies relied on simplified
or idealized aortic models, which deviate from clinical reality and overlook important
organ-specific perfusion patterns within the aorta. Compared to these previous studies, we
analyzed aortic hemodynamics in both central and peripheral VA-ECMO configurations
with several cannulation perfusion levels and in a patient-specific model.

Our findings provide valuable insights into the intricate hemodynamic interactions in
the aorta during VA-ECMO support. The CFD simulations revealed that both cannulation
site and perfusion levels significantly influence aortic flow patterns and organ perfusion.
Specifically, differences in cannulation positions led to distinct variations in flow distribu-
tion, which are critical for minimizing blood damage and optimizing oxygen delivery to
vital organs. Our model demonstrated that suboptimal cannulation positioning can result
in uneven perfusion, potentially compromising cerebral and myocardial blood flow. This
is particularly concerning for patients with preexisting cardiovascular conditions, where
maintaining adequate perfusion is crucial. Based on data of this type, the surgeon can
adjust the various flow rates.

Using an additional simulation, we explored the two different VA-ECMO cannulation
sites (femoral and subclavian) and assessed how the inclusion of a small left ventricular
flow (1.00 L/min) affects the aortic hemodynamics when the ECMO is supplying most of
the circulatory support (3.00 L/min). The goal was to understand the distribution of flow
between the superior and inferior trunks of the aorta under these conditions.

In Case I (femoral site), the flow through the superior trunk was 1.7807 L/min, while
the inferior trunk received 2.2561 L/min. In contrast, for Case II (subclavian site), the
superior trunk experienced a higher flow rate of 2.5227 L/min, while the inferior trunk saw
a significantly lower flow of 0.5228 L/min.

These results suggest a significant difference in how blood flow is distributed between
the superior and inferior aorta depending on the cannulation site. The subclavian site
seems to favor increased flow to the superior trunk, likely due to the anatomical proximity
of the cannula to this region and the reduced need to route blood flow further downstream.
On the other hand, the femoral site supports a more balanced distribution, with a higher
flow rate to the inferior trunk.

This difference can be attributed to the hemodynamic impact of the cannulation
location on the overall vascular resistance and the interaction between the ECMO flow
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and the small left ventricular contribution. The small left ventricular flow (1.00 L/min) is
expected to provide a modest contribution to the aortic flow, but the presence of ECMO
support strongly influences how the flow is directed through the arterial tree.

The value of CFD in this context lies in its ability to model typical flow patterns
and pressures associated with various cannulation strategies, which can inform protocols
and best practices. By understanding how different cannulation sites influence blood
distribution to critical organs (such as the brain and kidneys), clinicians can make more
informed decisions that help mitigate complications like upper body hypoperfusion or
lower limb ischemia. CFD simulations also allow for exploring how different flow rates
affect aortic hemodynamics, which can guide post-ECMO adjustments in clinical practice
to optimize organ perfusion and reduce risks of complications.

In essence, while CFD simulations cannot replace the need for rapid decision making
in emergency ECMO deployment, they provide a valuable foundation for establishing
generalized, evidence-based protocols that improve outcomes across a range of emer-
gency scenarios.

Moreover, the study highlights the importance of monitoring ECMO perfusion levels
closely. The results indicate that higher ECMO flow rates, while ensuring sufficient circu-
latory support, can lead to increased shear stress, raising concerns about potential blood
trauma and hemolysis. Conversely, lower perfusion rates may lead to insufficient organ
perfusion, particularly in the brain and heart. Striking the right balance between these two
extremes is essential for improving patient outcomes.

Our findings align with existing literature that underscores the complexity of ECMO
management and the need for further research into optimizing ECMO settings. Studies
by others have indicated similar challenges in achieving optimal hemodynamic support
without causing adverse effects on blood flow patterns. However, our study advances
the understanding of how different cannulation strategies directly impact these outcomes,
offering practical guidelines for clinical ECMO management. Indeed, important consid-
erations can be made on the implications of subclavian vs. femoral cannulation on organ
perfusion. Concerning subclavian cannulation, our study confirmed that it provides better
perfusion to the upper body, including the brain, which is advantageous for preventing
cerebral ischemia. However, it might compromise blood flow to the lower body, leading
to risks of ischemia in the lower limbs or abdominal organs. This approach may thus be
more suitable for patients where brain and upper body perfusion is the primary concern,
such as those with significant cardiac dysfunction or risk of stroke. Femoral cannulation
offers better blood supply to the lower body but at the potential expense of upper body
perfusion, including blood flow to the brain. This could lead to upper body hypoperfusion
if the patient’s native cardiac output is insufficient. Femoral cannulation may be preferable
in patients where perfusion to the abdominal organs and lower extremities is the priority,
such as in trauma cases or in those with pre-existing vascular issues in the lower body.

Clinical significance of the patterns indicates a trade-off between upper and lower
body perfusion based on cannulation site. Clinicians need to balance the risk of ischemia
in different regions, selecting the cannulation site based on patient-specific factors, such
as the presence of peripheral vascular disease, risk of cerebral ischemia, or critical organ
perfusion needs. For instance, in patients requiring brain protection and high cerebral
perfusion, subclavian cannulation might be prioritized. On the other hand, patients with a
risk of lower limb ischemia or who need strong perfusion to the abdominal organs might
benefit more from femoral cannulation.

These insights guide the selection of VA-ECMO cannulation sites to optimize patient
outcomes and minimize the risk of organ ischemia depending on the clinical scenario.

There are some limitations to this study. First, while the CFD models provide detailed
insights into flow characteristics, they are inherently limited by the assumptions made
regarding blood properties, vessel wall elasticity, and other physiological factors that were
not accounted for in this simulation.
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The limitation of the Newtonian fluid deserves particular attention. Indeed, from a
macroscopic point of view, the blood has a non-Newtonian behavior [32], but for large
vessels it can be modeled as an incompressible and Newtonian fluid [26], with a viscosity
of 0.0035 Pa·s [33]. As a non-Newtonian fluid, its viscosity changes depending on the shear
rate. At higher shear rates (like those near vessel walls or during rapid blood flow), blood
behaves more like a Newtonian fluid with stable viscosity. However, at low shear rates,
which occur in areas of slower blood flow or near stasis (such as in large arteries or areas
with complex flow patterns), blood viscosity increases as red blood cells aggregate. Flow
velocities and pressure gradients in low-shear regions might be inaccurately predicted. A
Newtonian assumption might make the model better suited to high-shear regions (e.g.,
near the cannula and high-velocity regions), but it could reduce accuracy in areas where
blood flows more slowly.

The rigid-wall assumption in this model presents a significant limitation, particularly
in patients with altered aortic compliance, such as those with hypertension. In clinical
settings, this could lead to an underestimation of adverse effects on blood flow dynamics,
particularly in how ECMO therapy influences organ perfusion. Future models should
incorporate aortic elasticity to better simulate real-world conditions and to improve the
accuracy of hemodynamic predictions, allowing for more precise optimization of VA-ECMO
cannulation strategies in diverse patient populations.

Another limitation concerns the single-patient analysis that was conducted in this
study. Using data from a single patient limits the generalizability of the findings. Differences
in anatomy and physiology across patients mean that broader trends might be missed, and
specific predictions may not apply to others with different profiles. For broader application,
incorporating multiple patient anatomies and performing sensitivity analyses would help
validate and generalize the study’s findings, making the model a more reliable tool for
clinical guidance in ECMO cannulation strategies.

Additionally, the study focuses on VA-ECMO, and the findings may not be entirely
applicable to veno-venous ECMO (VV-ECMO) or other forms of mechanical circulatory
support. Future studies could explore these aspects to provide a more comprehensive
understanding of ECMO’s hemodynamic effects across different patient populations
and conditions.

5. Conclusions

This study demonstrates that the aortic hemodynamics and organ perfusion in VA-
ECMO are significantly influenced by cannulation site and ECMO perfusion settings. By
employing computational fluid dynamics (CFD) on patient-specific aortic models recon-
structed from CT images, we evaluated the complex flow dynamics associated with various
cannulation configurations. Our findings highlight the potential to optimize VA-ECMO
therapy through tailored cannulation strategies, thereby improving blood flow distribution
and minimizing risks to organs. This work provides a foundational understanding that
may guide clinicians in selecting ECMO parameters that maximize therapeutic efficacy
while reducing hemodynamic complications, potentially improving outcomes for patients
with severe cardiac and respiratory failure. In conclusion, this study reports that both
the ECMO cannulation site and perfusion level significantly affect aortic hemodynamics
and organ perfusion during VA-ECMO. These findings highlight the importance of indi-
vidualized cannulation strategies and careful monitoring of perfusion levels to optimize
ECMO therapy. The insights gained from this work can guide clinicians in refining ECMO
protocols, ultimately improving patient outcomes in critical care settings. Further stud-
ies incorporating a broader patient dataset and non-Newtonian blood flow models are
warranted to validate and generalize these findings.

Author Contributions: Conceptualization, V.G., A.P. and G.F.; methodology, V.G., A.P. and G.F.;
software, V.G., A.P. and G.F.; validation, G.F.; formal analysis, V.G., A.P. and G.F.; investigation, V.G.,
A.P. and G.F.; resources, G.F.; data curation, V.G. and G.F.; writing—original draft preparation, V.G.
and G.F.; writing—review and editing, A.P.; visualization, V.G., A.P. and G.F.; supervision, A.P. and



Fluids 2024, 9, 269 12 of 13

G.F.; project administration, G.F.; funding acquisition, G.F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rabah, H.; Rabah, A. Extracorporeal membrane oxygenation (ECMO): What we need to know. Cureus 2022, 14, e26735. [CrossRef]

[PubMed]
2. Makdisi, G.; Wang, I.W. Extra Corporeal Membrane Oxygenation (ECMO) review of a lifesaving technology. J. Thorac. Dis. 2015,

7, E166–E176. [CrossRef] [PubMed]
3. Gehron, J.; Schuster, M.; Rindler, F.; Bongert, M.; Böning, A.; Krombach, G.; Fiebich, M.; Grieshaber, P.; EMPACS (Exploration of

the mixing phenomena during interaction of internal and external circulations) study group. Watershed phenomena during
extracorporeal life support and their clinical impact: A systematic in vitro investigation. ESC Heart Fail. 2020, 7, 1850–1861.
[CrossRef] [PubMed]

4. Calhoun, A.; Szabo, C.; Convissar, D.; Pisano, D.V.; Ortoleva, J. Beyond Venoarterial and Venovenous Extracorporeal Membrane
Oxygenation: Novel Cannulation Strategies. J. Cardiothorac. Vasc. Anesth. 2024, 38, 1830–1835. [CrossRef]

5. Bongert, M.; Gehron, J.; Geller, M.; Böning, A.; Grieshaber, P. In silico study of the dynamic interaction between extracorporeal
circulation and native circulation. Curr. Dir. Biomed. Eng. 2018, 4, 55–58. [CrossRef]

6. Napp, L.C.; Brehm, M.; Kühn, C.; Schäfer, A.; Bauersachs, J. Heart against veno-arterial ECMO: Competition visualized. Int. J.
Cardiol. 2015, 187, 164–165. [CrossRef]

7. Alwardt, C.M.; Patel, B.M.; Lowell, A.; Dobberpuhl, J.; Riley, J.B.; DeValeria, P.A. Regional perfusion during venoarterial
extracorporeal membrane oxygenation: A case report and educational modules on the concept of dual circulations. J. Extra Corpor.
Technol. 2013, 45, 187–194. [CrossRef]

8. Angleitner, P.; Röggla, M.; Laufer, G.; Wiedemann, D. Watershed of veno-arterial extracorporeal life support. Eur. J. Cardio-Thorac.
Surg. 2016, 50, 785. [CrossRef]

9. Avgerinos, D.V.; DeBois, W.; Voevidko, L.; Salemi, A. Regional variation in arterial saturation and oxygen delivery during
venoarterial extracorporeal membrane oxygenation. J. Extra Corpor. Technol. 2013, 45, 183–186. [CrossRef]

10. Broomé, M.; Donker, D.W. Individualized real-time clinical decision support to monitor cardiac loading during venoarterial
ECMO. J. Transl. Med. 2016, 14, 4. [CrossRef]

11. Doshi, D.; Burkhoff, D. Cardiovascular Simulation of Heart Failure Pathophysiology and Therapeutics. J. Card. Fail. 2016, 22,
303–311. [CrossRef] [PubMed]

12. Morris, P.D.; Narracott, A.; von Tengg-Kobligk, H.; Silva Soto, D.A.; Hsiao, S.; Lungu, A.; Evans, P.; Bressloff, N.W.; Lawford,
P.V.; Hose, D.R.; et al. Computational fluid dynamics modelling in cardiovascular medicine. Heart 2016, 102, 18–28. [CrossRef]
[PubMed]

13. Chiastra, C.; Zuin, M.; Rigatelli, G.; D’Ascenzo, F.; De Ferrari, G.M.; Collet, C.; Chatzizisis, Y.S.; Gallo, D.; Morbiducci, U.
Computational fluid dynamics as supporting technology for coronary artery disease diagnosis and treatment: An international
survey. Front. Cardiovasc. Med. 2023, 10, 1216796. [CrossRef] [PubMed]

14. Syed, F.; Khan, S.; Toma, M. Modeling Dynamics of the Cardiovascular System Using Fluid-Structure Interaction Methods. Biology
2023, 12, 1026. [CrossRef]

15. Caruso, M.V.; Gramigna, V.; Serraino, G.F.; Renzulli, A.; Fragomeni, G. Influence of aortic outflow cannula orientation on epiaortic
flow pattern during pulsed cardiopulmonary bypass. J. Med. Biol. Eng. 2015, 35, 455–463. [CrossRef]

16. Gramigna, V.; Palumbo, A.; Rossi, M.; Fragomeni, G. A Computational Fluid Dynamics Study to Compare Two Types of Arterial
Cannulae for Cardiopulmonary Bypass. Fluids 2023, 8, 302. [CrossRef]

17. Caruso, M.V.; Gramigna, V.; Renzulli, A.; Fragomeni, G. Computational analysis of aortic hemodynamics during total and partial
extracorporeal membrane oxygenation and intra-aortic balloon pump support. Acta Bioeng. Biomech. 2016, 18, 3–9.

18. Nezami, F.R.; Khodaee, F.; Edelman, E.R.; Keller, S.P. A Computational Fluid Dynamics Study of the Extracorporeal Membrane
Oxygenation-Failing Heart Circulation. ASAIO J. 2021, 67, 276–283. [CrossRef]

19. Vignali, E.; Gasparotti, E.; Haxhiademi, D.; Celi, S. Fluid dynamic model for extracorporeal membrane oxygenation support and
perfusion in cardiogenic shock. Phys. Fluids 2023, 35, 111909. [CrossRef]

20. He, Y.; Northrup, H.; Le, H.; Cheung, A.K.; Berceli, S.A.; Shiu, Y.T. Medical Image-Based Computational Fluid Dynamics and
Fluid-Structure Interaction Analysis in Vascular Diseases. Front. Bioeng. Biotechnol. 2022, 10, 855791. [CrossRef]

21. Khamooshi, M.; Wickramarachchi, A.; Byrne, T.; Seman, M.; Fletcher, D.F.; Burrell, A.; Gregory, S.D. Blood flow and emboli
transport patterns during venoarterial extracorporeal membrane oxygenation: A computational fluid dynamics study. Comput.
Biol. Med. 2024, 172, 108263. [CrossRef] [PubMed]

22. Xi, Y.; Li, Y.; Wang, H.; Sun, A.; Deng, X.; Chen, Z.; Fan, Y. The impact of ECMO lower limb cannulation on the aortic flow features
under differential blood perfusion conditions. Med. Nov. Technol. Devices 2022, 16, 100183. [CrossRef]

https://doi.org/10.7759/cureus.26735
https://www.ncbi.nlm.nih.gov/pubmed/35967165
https://doi.org/10.3978/j.issn.2072-1439.2015.07.17
https://www.ncbi.nlm.nih.gov/pubmed/26380745
https://doi.org/10.1002/ehf2.12751
https://www.ncbi.nlm.nih.gov/pubmed/32530129
https://doi.org/10.1053/j.jvca.2024.04.012
https://doi.org/10.1515/cdbme-2018-0014
https://doi.org/10.1016/j.ijcard.2015.03.311
https://doi.org/10.1051/ject/201345187
https://doi.org/10.1093/ejcts/ezw185
https://doi.org/10.1051/ject/201345183
https://doi.org/10.1186/s12967-015-0760-1
https://doi.org/10.1016/j.cardfail.2015.12.012
https://www.ncbi.nlm.nih.gov/pubmed/26703246
https://doi.org/10.1136/heartjnl-2015-308044
https://www.ncbi.nlm.nih.gov/pubmed/26512019
https://doi.org/10.3389/fcvm.2023.1216796
https://www.ncbi.nlm.nih.gov/pubmed/37719972
https://doi.org/10.3390/biology12071026
https://doi.org/10.1007/s40846-015-0053-4
https://doi.org/10.3390/fluids8110302
https://doi.org/10.1097/MAT.0000000000001221
https://doi.org/10.1063/5.0174259
https://doi.org/10.3389/fbioe.2022.855791
https://doi.org/10.1016/j.compbiomed.2024.108263
https://www.ncbi.nlm.nih.gov/pubmed/38489988
https://doi.org/10.1016/j.medntd.2022.100183


Fluids 2024, 9, 269 13 of 13

23. Gu, K.; Zhang, Y.; Gao, B.; Chang, Y.; Zeng, Y. Hemodynamic Differences Between Central ECMO and Peripheral ECMO: A
Primary CFD Study. Med. Sci. Monit. 2016, 22, 717–726. [CrossRef] [PubMed]

24. Available online: https://www.vascularmodel.com/vmr-pdfs/0028_H_ABAO_H.pdf (accessed on 4 April 2023).
25. Comsol. COMSOL-Software for Multiphysics Simulation. Available online: https://www.comsol.com/ (accessed on 4

April 2023).
26. Formaggia, L.; Perktold, K.; Quarteroni, A. Cardiovascular Mathematics: Modeling and Simulation of the Circulatory System; Springer:

Milan, Italy, 2009; Volume 1.
27. Moon, J.H.; Kim, D.Y.; Lee, S.H. Spreading and receding characteristics of a non-Newtonian droplet impinging on a heated

surface. Exp. Therm. Fluid Sci. 2014, 57, 94–101. [CrossRef]
28. Johnston, B.M.; Johnston, P.R.; Corney, S.; Kilpatrick, D. Non-Newtonian blood flow in human right coronary arteries: Transient

simulations. J. Biomech. 2006, 39, 1116–1128. [CrossRef]
29. Hippelheuser, J.E.; Lauric, A.; Cohen, A.D.; Malek, A.M. Realistic non-Newtonian viscosity modelling highlights hemodynamic

differences between intracranial aneurysms with and without surface blebs. J. Biomech. 2014, 47, 3695–3703. [CrossRef]
30. Husain, I.; Labropulu, F.; Langdon, C.; Schwark, J. A comparison of Newtonian and non-Newtonian models for pulsatile blood

flow simulations. J. Mech. Behav. Mater. 2013, 21, 147–153. [CrossRef]
31. Rabby, M.G.; Shupti, S.P.; Molla, M.M. Pulsatile Non-Newtonian Laminar Blood Flows through Arterial Double Stenoses. J. Fluids

2014, 2014, 757902. [CrossRef]
32. Cutnell, J.D.; Johnson, K.W. Physics; Wiley: Hoboken, NJ, USA, 1998.
33. Yilmaz, F.; Gundogdu, M.Y. A critical review on blood flow in large arteries; relevance to blood rheology, viscosity models, and

physiologic conditions. Korea-Aust. Rheol. J. 2008, 20, 197–211.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.12659/MSM.895831
https://www.ncbi.nlm.nih.gov/pubmed/26938949
https://www.vascularmodel.com/vmr-pdfs/0028_H_ABAO_H.pdf
https://www.comsol.com/
https://doi.org/10.1016/j.expthermflusci.2014.04.003
https://doi.org/10.1016/j.jbiomech.2005.01.034
https://doi.org/10.1016/j.jbiomech.2014.09.027
https://doi.org/10.1515/jmbm-2013-0001
https://doi.org/10.1155/2014/757902

	Introduction 
	Materials and Methods 
	Anatomical Model 
	Mathematical Model, Boundary Conditions, and Simulation Details 

	Results 
	Discussion 
	Conclusions 
	References

