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ABSTRACT

The widespread use of veno-arterial extracorporeal membrane oxygenation (VA-ECMO) in the last decade has encouraged the concept of
various return cannulas aimed at ensuring bidirectional perfusion and avoiding limb ischemia. Yet, the local hemodynamics modification
owing to bidirectional flow cannulas is poorly understood. Computational fluid dynamics simulations of two different bidirectional flow can-
nulas inserted within an idealized artery were performed. The cannula designs differ in elbow configuration. One design has a single hole
(single-hole, SH cannula), while the other has four holes (multi-hole, MH cannula) at the elbow region. Simulations were run at two different
perfusion flow rates, namely, 1.4 and 3.5 L/min, and compared with the hemodynamics of a standard one-directional cannula. Both cannulas
achieved improved distal perfusion compared to the standard configuration, delivering between 14% and 23%, and 22.5% and 37% of the
total ECMO flow through the SH and MH configurations, respectively. However, secondary circulations arose from the distal opening, result-
ing in a large stagnation region along the MH cannula body. Such a condition, which is recognized as a risk factor for thrombus formation,
was less pronounced in the SH solution. The analysis shows that distal openings provide adequate limb perfusion, potentially reducing ische-
mia risk. The multi-opening solution results in more effective outcomes to some degree but may present stagnation if not properly sized, thus
potentially compromising local hemodynamics.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0314881

I. INTRODUCTION

Veno-arterial extracorporeal membrane oxygenation (VA-
ECMO) has been increasingly used in the last decade as a support for
patients in cardiogenic shock (CS)." This pathological condition is
characterized by an impaired contractility of the left ventricle (LV)

room. Unfortunately, the use of VA-ECMO is still associated with a
high number of drawbacks® and a large mortality rate (ranging from
30% to 50% depending on the etiology)” despite the technological
improvements. In particular, a high incidence of vascular complica-
tions is currently observed,” and these issues include increased risk of

that induces a hypoperfusion of organs. The use of VA-ECMO ensures
cardiac and gas exchange support while waiting for the patient’s recov-
ery, the implantation of a long-term support device, or heart
transplantation.””

VA-ECMO consists of the following components: a centrifugal
pump to provide adequate blood flow (organ perfusion), an oxygena-
tor to enable proper gas exchange, an external tubing circuit, a drain-
age cannula to collect the deoxygenated blood, and a return cannula to
reintroduce the oxygenated blood into the vascular system. The type of
drainage and return access depends on the clinical need. This study is
focused on the peripheral VA-ECMO in its femoro-femoral configura-
tion (drainage/return access at the level of the femoral vein/artery).
This type of configuration is increasingly adopted in clinical practice, *
as it can be performed at the bedside without the need for an operating

thrombus formation associated with the presence of exogenous bodies”
and the development of abnormal flow dynamics, which can also
induce a degenerative response of the vessel wall.” '’

The choice of the return cannula size appears to be critical in the
VA-ECMO application since it is strictly dependent on the blood flow
rate required for the patient’s perfusion. In many cases, cannulas with
a diameter comparable to that of the patient’s femoral artery, i.e., the
vessel where the cannula is placed, are necessary. As a result, we often
witness significant occlusion and related hypoperfusion of the lower
limbs, which favor the development of an ischemic condition at the
level of the return access in 10%-30% of cases."'

To mitigate these risks, clinicians commonly use a distal perfu-
sion catheter (DPC). This approach involves inserting a small-
diameter cannula [6-8 Fr (Ref. 12)] into the return cannula at the level
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of the superficial femoral artery (SFA). The added perfusion line
restores blood flow to the distal limb, thereby reducing the likelihood
of ischemic complications.

However, a recent study by Buda et al.” showed that the upfront
use of the DPC is associated with higher mortality, suggesting its selec-
tive use. In any case, DPC requires an additional intervention and
increases the risk of bleeding and infection."” For this reason, in recent
years, return cannulas have been proposed with a new design to over-
come these usage limitations.'*'” The common feature of these cannu-
las is the presence of one or more secondary openings, aimed at
granting distal limb perfusion. Although the multi-opening solution
seems plausible and feasible, the effects of bidirectional cannulas on
local hemodynamics are still poorly explored in the literature. “Are
there any contraindications to using a bidirectional flow?,” “Can one
or more holes substantially alter hemodynamic conditions to the point
of being contraindicated?” are some research questions still
unanswered.

This study aims to answer the above questions through compu-
tational fluid dynamics (CFD) simulations employed to investigate
the efficacy and the potential improvements associated with these
types of design. Previous numerical studies on VA-ECMO have pri-
marily focused on identifying the local implications of the watershed
region position'®'” and assessing the performance of the drainage
cannula.”'® To our knowledge, only the work by Xi et al.'” exam-
ined the hemodynamic behavior of new designs of return cannula
for a representative support flow rate of 3.5L/min. In the present
work, we extend this analysis by comparing two distinct patented
return cannulas under two different operating conditions: one simu-
lating the weaning phase (laminar flow) and the other representing
the target support (turbulent flow).

Il. MATERIALS AND METHODS

The effectiveness of the two-flow approach in preventing limb
ischemia was evaluated through a comparative analysis of two cannula
designs, both derived from a one-directional configuration, hereafter
referred to as the standard cannula and used as the baseline.

The cannulas have the same size with external (d,) and inter-
nal (d) diameter equal to 21 Fr (7 mm) and 18 Fr (6 mm), respec-
tively, and the same shape based on the arterial cannula of
Edwards OptiSite (Edwards Lifesciences, Irvine, CA, USA) [Figs.
1(a) and 1(b)]. The first new cannula, labeled as SH (Single-Hole),
shows a 7 Fr circular opening in the distal portion [Fig. 1(c)]. The
second cannula, labeled as MH (multi-hole), features a more com-
plex configuration in the distal portion, with four 7 Fr openings
arranged around its circumference [Fig. 1(d)]. Both configurations
aim to ensure secondary perfusion of the lower limb, as described
in published patents.'""”

An idealized cannula-femoral artery district was considered to
test the three cannulas’ hemodynamics. Particularly, the cannula is
inserted within a rigid and straight arterial segment of length, L,
and diameter, D, equal to 370 and 10 mm (=30 Fr), respectively.
The cannula body is positioned in the middle of the vessel at an
insertion angle equal to 35° [see Fig. 1(a)] as suggested in clinical
practice.

Both cannula and vessel walls are modeled as no-slip rigid bound-
aries. The modeled fluid was blood with density p = 1050 kg/m”. Tt is
considered characterized by a Newtonian rheological law. This
assumption is widely accepted in the 3D modeling of large arteries”’
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and is considered appropriate here, given the focus on the femoral
artery and the presence of regions, such as the vessel-cannula gap,
characterized by a width greater than 0.3 mm,”" which represents the
lower limit above which the apparent viscosity may be assumed con-
stant (i.e., consistent with a Newtonian rheological model for blood).
The fluid viscosity value accounts for the hemodilution that charac-
terizes the blood of patients undergoing VA-ECMO support, and it
was set equal to p = 2.8 x 10~ Pa-s, which corresponds to blood
with 30% hematocrit and a crystalloid solution, according to the
relation proposed by Eckmann et al.”*

To support the circulation of patients with different degrees of
cardiovascular insufficiency, the VA-ECMO device operates in a broad
range of flow rates (Q = 1-7 L/min).”’ As a result, the Reynolds num-
ber in the cannula, Re = p - U - d/p, where U is the cross-sectional
velocity, spans from 1000 to 9000, encompassing both laminar
(Re < 2500) and turbulent (Re > 4000) regimes. To analyse the pecu-
liarities of each hemodynamic condition, two series of simulations
were carried out, each one characterized by a distinct set of boundary
conditions [Fig. 1(e)]. The first series of simulations examined laminar
conditions with a cannula inlet flow of Q=1.4L/min (Re = 1800),
representing the VA-ECMO weaning phase, and a pressure gradient
of 4 mm Hg was applied between the proximal and distal arterial out-
lets. The second series investigated the turbulent regime with an inlet
flow of Q =3.5 L/min (Re =4600), a typical setting for a 75kg patient,
and a pressure drop applied to the arterial vessel extremities equal to
10mm Hg.

The introduced pressure drops are important to ensure a reason-
able flow direction in both regimes; the higher value in the turbulent
case is consistent with the increased dissipation inherent to the regime.

The flow field is fully described by the Navier-Stokes and the
mass conservation equations, which, respectively, read
u

Vp = —pd yr +uV2ii, 1)
V-i=0. (2)

Here, p is the pressure, and u is the blood flow velocity.

Fluid dynamics is simulated using COMSOL Multiphysics®. The
laminar regime is solved through direct numerical simulation (DNS),
while the turbulent regime is reproduced using large eddy simulation
(LES). The residual-based variational multiscale (RBVM) method™” is
adopted to have a more detailed description of the unresolved eddy
scales (see Subsection 1 of Appendix A).

The suitability of the fluid domain discretization was assessed
through a mesh sensitivity analysis, with the aim of obtaining a
good trade-off between computational cost and accuracy (see
Subsection 2 of Appendix B). The flow domain is discretized with
a similar number of elements for all the cases, resulting in a mesh
of nearly 3130000 and 4 000 000 linear tetrahedra for the laminar
and turbulent scenarios, respectively. The higher number of ele-
ments in the turbulent simulations is due to the introduction of the
boundary layer along the cannula surface and in the vessel’s
regions near the cannula outlet and elbow (Fig. 2). The mesh size
ranges from 0.35 to 1.00 mm in the bulk regions, while the bound-
ary layer is composed of six layers, with the smallest size equal to
0.04 mm. The evaluation of the element quality, based on the skew-
ness parameter, yielded an average and minimum value of 0.66
and 0.19, respectively.
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Distal Outlet
P = 0 mmHg - Turbulent

P = 0mmHg - Laminar

Cannula elbow

b. c. d

.
STANDARD CONFIGURATION ~ NEW CONFIGURATION NEW CONFIGURATION
(Baseline) (Single-hole) (Multi-hole)

Bottom wall

Globally, the simulated period of each simulation is 3s. In all
runs, the system starts from Q=0L/min, and the target flow is
reached within 0.5 s through a ramp. The target flow (1.4 or 3.5 L/min,
depending on the regime) is then maintained for an additional 2.5 s, in
order to minimize the impact of transient flow effects on the distal
results (see Subsection 3 of Appendix C).

lll. RESULTS
A. Velocity field
The analysis of the velocity field highlights the significant impact

of cannula introduction on hemodynamics and its potential role in the
development of nonphysiological conditions due to disturbed flow.””

Upper wall

Inlet Cannula

Q = 3.5L/min - Turbulent
Q = 1.4L/min - Laminar

FIG. 1. Fluid domain geometry. Schematic
description of the three flow cannula solu-
tions, with the assigned coordinate system
(x, ¥, z) and velocity components (u, v, w),
respectively. (a) Representation of the
cannula schematization, evidencing the
elbow region. (b)—(d). Details of the elbow
region for the baseline, SH, and MH con-
figurations. (e) Sketch of the femoral
artery-cannula district with details of the
BCs used in the simulations.

Proximal Outlet

P=10mmHg -> Turbulent

P =4 mmHg

> Laminar

1. Laminar condition

Figure 3 illustrates the velocity magnitude, U, in the zx-plane for
the three cannulas, highlighting distinct flow patterns in the proximal
and distal regions of the arterial vessel.

The baseline configuration exhibits a high-velocity jet at the can-
nula outlet within the central region of the vessel’s proximal segment,
with an irregular flow distribution. In contrast, the distal part of the
vessel, which is the critical region of the domain for evaluating the
design’s effectiveness in preventing ischemic conditions, shows a more
uniform distribution of the flow in the zx-plane view [Fig. 3(a)]. The
presence of this slight distal perfusion is solely due to the small gaps
maintained between the cannula and the vessel wall in the simulations.

FIG. 2. Mesh distribution in different areas
of the fluid domain. Highlighting the areas
with boundary layer in panels (a) and (c),
while panel (b) shows the mesh distribu-
tion in the vessel-cannula gap.
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The flow distribution is quite different adopting the new can-
nula designs, with only some qualitative similarities as can be easily
seen comparing the velocity patterns in the three insets of Fig. 3. In
the proximal region, the SH cannula shows a disturbed flow pat-
tern similar to that of the baseline, whereas a more uniform jet is
found in the MH cannula. Conversely, in the distal region, the SH
cannula shows a complex flow structure as a result of the high
velocity jet through the secondary opening, while in the MH can-
nula, the velocity appears more uniformly distributed as observed

a. Baseline b. Single-hole c.

A-A’

ARTICLE pubs.aip.org/aip/pof

in the baseline. The differences encountered in the two new designs
can be attributed to the number and distribution of the holes. In
the SH cannula, the presence of a single hole leads to a high-
intensity jet in the distal part, but this does not significantly attenu-
ate the flow rate along the proximal portion of the cannula, thus
leading to disturbed distributions of the blood velocity in both
regions of the artery. In contrast, in the MH cannula, the blood
flow through each hole is smaller than in the SH case; however,
overall, we observe a strong reduction of the flow through the

Multi-hole

1.0

0.8

0.6

0.4

0.2 FIG. 3. Assessment of the velocity field
under laminar flow conditions. (a)—(c)
Velocity distribution in the zx-plane in the
three cannulas, while the out-of-plane vor-
ticity is reported in the A-A" cross section.
(d) and (e) Velocity profiles computed in
Section A-A’ along segments C-C’ and D-
D’ (see insets) for the three cases.

0.0

A-A’

A-A /

&ﬂ
[ S |

-40 20 0 20 40 200 0 200 -100 0 100

w, [1/s] wg [1/5] w; [1/s]

zA
— Baseline
Single-hole
Multi-hole
d. e.

0.7 0.7

0.6+ 0.6

0.5 0.5
s 04) 04
£ 03 £ 03
2 2
- £
= 02 = 02
> >

0.1 0.1

0 0
0.1 : ‘ -0.1
0 0.002 0004 0006 0008  0.01 0 0.002

arc length (x) [m]

0.004 0.006 0.008 0.01
arc length (y) [m]

Phys. Fluids 38, 031914 (2026); doi: 10.1063/5.0314881
© Author(s) 2026

38, 031914-4

St :00 :¥T 9202 U2 JaN ST


pubs.aip.org/aip/phf

Physics of Fluids

main body of the cannula downstream of the elbow, thus resulting
in a more uniform velocity distribution across both vessel
segments.

Nevertheless, in all configurations, disregarding the presence of
secondary holes, the most extended high-velocity region is observed in
the proximal portion of the artery, near the main outflow. Here, the
velocity peaks are equal to 1.21 and 1.0m/s for cases SH and MH,
respectively. However, these values are lower than those observed in
the baseline condition 1.55 m/s, where the entire blood flow is directed
through the proximal outlet.

An analysis of the out-of-plane vorticity () in the A — A’ sec-
tion, positioned at the level of the cannula insertion point in the vessel,
shows the development of vortical structures, with enhanced values in
the MH and SH cannula. Specifically, the peak of the out-of-plane vor-
ticity increases from the range of [—40,+-40] s~ ' in the baseline config-
uration to [—200, +200] s~ in the SH and [—100, +100] s! in the
MH cannulas. This increase in w; is related to the impingement of
the ECMO jet in this area, attributed to the side holes positioned at the
level of the elbow. The presence of these secondary flows results in a
highly three-dimensional flow field, as demonstrated by the evaluation
of the streamwise velocity component along two different directions of
the A — A’ section. In the C — C’ segment [Fig. 3(d)] a nearly uniform
streamwise velocity component w has been identified in most part of
the cannula, as in the baseline condition, in both bidirectional cannu-
las, but with different velocity values (0.18 m/s in the baseline, 0.17 in
the SH cannula, and 0.41 m/s in the MH cannula); the SH cannula
presents an exception with a localized peak near the bottom of the ves-
sel (~0.7m/s). While the evaluation of w in the D — D' segment
[Fig. 3(e)] highlights a heterogeneous behavior. Similar to the baseline
condition, the cannula MH exhibits a preferential flow region in the
central portion of the vessel (0.4 m/s, while in the baseline, it is equal
to 0.16m/s), along with slight negative velocities near the wall
(~—0.03m/s). In contrast, the SH cannula pattern exhibits three dis-
tinct velocity peaks—near the wall and in the central portion—ranging
between 0.08 and 0.17 m/s. Despite the improvements obtained in the
distal part, all measured values remain lower than 1.15m/s that corre-
sponds to the physiological references for the systolic peak of velocity
at the level of the common femoral artery in healthy conditions.” In
addition, these values are lower than the mean forward velocity com-
ponent (Common Femoral artery 69.73 % 3.96cm/s, Superficial
Femoral Artery 70.26 *3.38cm/s, and Profunda Femoris Artery
51.74 + 2.95 cm/s).”’

2. Turbulent condition

The increase in flow inertia, i.e., the Reynolds number, is respon-
sible for irregular velocity patterns in the proximal portion of the
artery, regardless of the type of cannula. Conversely, by evaluating the
distal portion of the vessel, a significant difference between the baseline
condition and the new generation cannulas emerges, as reported in
Fig. 4. Specifically, in the baseline case, the flow distribution in the dis-
tal segment is similar to that identified in the laminar condition,
whereas both new cannulas exhibit a highly disturbed flow pattern due
to the increased flow at the cannula inlet. Also, in this scenario, the
most extended high velocity area is at the level of the main outflow of
the cannula, with velocity peaks at t =3 s equal to 3.46 and 3.38 m/s in
the SH and MH cannula, respectively. Both values are lower than the
velocity estimated in the baseline configuration, which is equal to
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4.04m/s. In the current hemodynamic regime, particular attention
should be given to the flow field within the cannula. Low velocity areas
are identified in the baseline and the SH configuration in the upper
part of the cannula body [see Fig. 4, panels (a) and (b)], while the MH
cannula shows a highly disturbed flow throughout the section
[Fig. 4(c)]. The evaluation of the velocity profile (w-velocity compo-
nent) in the distal part of the vessel is reported in Fig. 4 [panels (d), (e),
(D), ()] to assess how turbulent conditions affect the velocity distribu-
tion in the new-generation cannulas and how these dynamics may
help to prevent the onset of ischemic conditions. This analysis is par-
ticularly relevant, considering that the behavior of the baseline configu-
ration in the distal region appears to be independent of the flow
regime; indeed, the increase in the flow at the inlet of the cannula does
not produce any effect in the distal region of the vessel. The results
report the mean * standard deviation of the outputs and underscore
irregular hemodynamic conditions both in space and time. Notably,
the vertical velocity profile [C — C', panels (d) and (e)] shows that the
higher velocity region in both the SH and MH cannula is near the bot-
tom of the vessel. Specifically, the SH cannula has two distinguished
peaks with the higher near the bottom of the vessel (1.32 = 0.54m/s
and 0.94 = 0.47 m/s, respectively), while the MH cannula shows a sin-
gle peak (0.58 = 0.17 m/s).

The dynamics appear more complex along the transverse direc-
tion [D — D/, panels (f) and (g)], especially for the single-hole configu-
ration, where alternating backflows and forward flows mark out the
hemodynamics.

B. Pressure drop

The introduction of secondary perfusion openings also impacts
flow resistance along the cannula, overall resulting in a pressure head
reduction with respect to the baseline configuration once a fixed flow
rate Q is prescribed in VA-ECMO (Fig. 5). In the laminar case, the
above difference is estimated to be approximately 5.5 and 8.0 mm Hg
for the Single-Hole and Multi-Hole cannula, respectively. As expected,
the reduction in pressure loss downstream of the secondary holes mir-
rors the corresponding reduction in flow rate in the final section of the
cannula. Interestingly, this corresponds to a significant reduction in
the mean velocity through the elbow, while the total mechanical energy
of the flow remains unchanged. As a result, pressure is recovered along
the elbow, which represents the signature of localized leakage in the
upstream section. Specifically, the higher the pressure recovery, the
higher the flow rate through the distal outlet, thus suggesting a larger
amount of blood flowing toward the limb in the multi-hole scenario
compared with the single-hole case.

Finally, while we observe a more-than-linear increase in pressure
with Q from the laminar to the turbulent regime no substantial change
is observed in the pressure distribution along the cannulas across the
two series of experiments.

C. Shear stress

The time-averaged wall shear stress, 7, is another key parameter
for assessing local hemodynamics. Figure 6 displays the wall shear
stress distribution normalized with the critical shear stress 7. = 0.4 Pa,
i, the stress value below which the triggering of the biochemical pro-
cesses associated with hyperplasia of the tunica intima, the innermost
layer of the artery endothelium, is observed.”**”
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Only regions with shear stress t = 7,,/7, < 1 are reported in
the figure for the sake of clarity. Panels (a) and (d) of Fig. 6 show the
behavior of the baseline cannula under both the hemodynamic
regimes, evidencing no significant differences, as shown in the case of
the velocity field. The baseline configuration shows an extended low
7* region in the distal part of the vessel, suggesting a potential risk of
abnormal wall response. Marked differences from the baseline config-
uration are observed in the two new cannula designs with regime-
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FIG. 4. Assessment of the velocity field
under turbulent flow conditions. (a)—(c)
Velocity distribution in the distal part of the
vessel and in the main part of the cannula
body. (d) and (e) Velocity profile along C-
C’ direction (see inset) in SH and MH
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dependent patterns. Under laminar flow, the entire artery is affected
by potentially damaging t* when the multi-hole cannula is inserted
[panel (b)]. The adoption of the single-hole cannula mitigates the
extension of low-stress regions [panels (a) and (c)], which are substan-
tially limited to the distal portion of the artery.

The persistence of low wall shear stress is not observed in turbu-
lent scenarios, where higher Q increases t* in both the proximal and
distal regions. Notably, in the MH cannula, stagnation of blood with
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— MH FIG. 5. Pressure drop along the axis of
the cannulae for (a) laminar and (b) turbu-

lent regimes.
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T & 0 occurs along the portion of the artery occupied by the cannula
(panel f). Such a condition is likely caused by flow recirculation around
the cannula body, fed by the outlets positioned on the elbow. This is
particularly effective in hindering the mass exchange between the
proximal and distal portions of the artery, as highlighted in Fig. 7,
which displays the shear rate j and the in-plane velocity vectors in the
four scenarios analyzed.

D. Performance of the different cannulas

In the present analysis, the cannula partially occluded the hosting
artery, maintaining a small gap between its body and the vessel wall.
Accordingly, a non-null flow rate toward the lower limb can also be
established in the absence of secondary outlets (baseline scenario).
Here, to estimate the distal flow rate, Qepow, We first assess the blood
flow through the openings on the cannula elbow. In the laminar simu-
lations, Qqpow equals 0.32 L/min for the single-hole configuration and
0.52L/min for the multi-hole cannula. This means that the fraction of
the VA-ECMO flow rate feeding the limb is nearly 23% and 37% in
the two cases, respectively. In the turbulent cases, the increment of Q
determines the increment of Qgpo,, in both the cannula SH and MH,
resulting Qgpoy = 0.50 and 0.79 L/min, respectively. However, the
above absolute increment corresponds to a reduction of the fraction of
Q toward the limb (14.2% and 22.5% for Cannula SH and MH, respec-
tively), as shown in Fig. 8.

The assessment of the flow in the distal portion (Qy) of the vessel
shows, in the baseline configuration, a Q; =0.24 L/min in both the
hemodynamic regimes. In this case, the perfusion is entirely provided
by the blood flowing through the gap between the cannula and the arte-
rial wall. In cannula SH, Q; is equal to 0.51 L/min with the cannula-
artery gap contributing approximately 36% of the total distal perfusion.
In the MH-cannula, the distal flow is equal to 0.59 L/min, with the gap
accounting for only 12% of the total. In both configurations, a reduc-
tion of approximately 10% of the cannula-gap contribution to the distal
flow is identified in the turbulent case. The low vessel-cannula gap con-
tribution that characterizes the MH-cannula can be attributed to the
vortices created by the presence of the four holes, as shown in Fig. 7.
The results for the SH and MH designs indicate that the distal perfusion
delivered by bidirectional cannulas cannot be predetermined, and this
is in agreement with the findings of Simons et al."’

0.8 1
Cannula axis/ cannula length [-]

IV. DISCUSSION

In patients undergoing VA-ECMO, inserting a return cannula
into the femoral artery significantly alters physiological blood circula-
tion due to the external pump supporting cardiac function.
Additionally, the cannula itself obstructs the artery, severely limiting
limb perfusion [Fig. 3(a)]. For this reason, a comparative analysis
between the standard cannula and innovative cannula configurations
is conducted. The new generation designs are characterized by the
presence of secondary openings that promote distal perfusion in both
the laminar and turbulent flow regimes [Figs. 3(b) and 3(c) and Fig. 4].
While such an outcome is expected, our numerical simulations reveal
unexpected and sometimes counterintuitive results.

In both simulated scenarios, the single-hole configuration intensi-
fies the three-dimensional nature of the flow, showing a behavior sig-
nificantly different from that observed in the baseline configuration.
The presence of a highly three-dimensional flow enhances the cannula
backside flushing even at a low flow rate Q, showing limited areas with
low t* [see Fig. 6(b)]. In contrast, in the laminar regime, the multiple-
opening configuration, facilitated by diffusive leakage around the
elbow, shows a flow velocity condition, which resembles those observed
in the baseline configuration. However, in the turbulent scenario, the
increase in flow velocity through the secondary holes virtually excludes
the distal from the proximal region of the artery (Fig. 7), leading to
results that differ from the baseline case. It remains unclear whether
this could lead to some benefits in the efficacy of the treatment, as the
limb perfusion turns out to be weakly dependent on the vessel size.
Nonetheless, the shear stress distribution reported in Fig. 6 [panel (f)]
indicates higher risks of thrombogenicity near the insertion site.

The evaluation of the shear stress, 7, in the cardiovascular system
is particularly important, as it is the main variable that mediates the
physiological signaling in wall cells."’ In fact, abnormal distributions or
values of 7 are usually associated with a non-physiological response of
the vessel wall. The shear-dependent phenomena have a higher impact
on the arterial system‘;“ ! than on the venous one; therefore, the assess-
ment of this hemodynamic parameter seems important in the present
study, where abnormal flow patterns emerge within the arterial-
cannula district. In the standard cannula configuration, areas with low
values of 7" are identified in the distal part of the vessel [Fig. 6, panels
(a) and (d)], suggesting a potential worsening in the ischemic condition.
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A similar behavior is evident in the MH cannula, under the laminar
regime, where the diffusive leakage created by the four holes leads to an
abnormal response of the wall not only at the distal but also at the level
of the proximal part of the vessel. Conversely, the SH cannula, thanks
to a concentrated Qg in a single hole, seems to promote more favor-
able conditions along the artery. At low Q, it generates sufficient back-
ward recirculation and consistently maintains perfusion through the
proximal outlet. At high Q, it allows for potential blood flow through
the gaps between the cannula and the artery.

Proper sizing of the secondary holes in MH-configuration can help
achieve results comparable to those of SH cannula, leading to improved
distal perfusion. Nonetheless, substantial distal diversion of flow can be

/4"/ 0.8

pubs.aip.org/aip/pof

Multi-hole

T[]

0.9

FIG. 6. Shear stress in the two analyzed
0.7 hemodynamic regimes. Normalized shear
stress 7* along the artery under laminar

| 06 conditions: (a)—(c); and under turbulent
conditions (d)—(f). In turbulent flow, values
0.5 of =* are averaged over the last 1s of
simulation.
/ 0.4
0.3
/
\ 0.2
0.1

advantageous, as it may reduce the hydraulic resistance within the can-
nula and lessen the mechanical stress exerted on blood cells during their
passage through both the device body and the openings.” In all configu-
rations, platelet activation and endothelial damage may occur due to the
formation of high shear rate regions near the secondary outlets
(5 >5000 s 1), particularly under turbulent flow conditions. As
illustrated in Fig. 7, a reduction of the area extension is evidenced with
increasing number of holes at the level of the elbow. Moreover, the anal-
ysis reveals localized zones where § reaches values as high as 50 000s .
Whether such extreme shear rates could lead to hemolysis remains
uncertain, as this also depends on the duration of red blood cell expo-
sure to altered conditions. Given the complexity of the phenomenon,
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FIG. 7. Assessment of the shear rate and the velocity field (green arrow vectors) in
the two configurations of bi-flow cannula. Shown are the SH (a) and (b) and MH (c)
and (d) configurations under laminar (a) and (c) and turbulent (b) and (d) conditions.
For turbulent cases, the results are time-averaged over the last second of simulation.

further specific studies are required to assess the hemolytic potential of
present cannula configurations (see, e.g, Marom and Bluestein™). In
any case, the proper sizing of the secondary openings must also account
for this aspect, balancing all the factors mentioned above.

At this stage, a comprehensive experimental or clinical validation is
not feasible. Nevertheless, the numerical findings show qualitative agree-
ment with previous studies on alternative cannula designs, such as those
reported by Xi et al.”” (e.g., low velocity and shear stress areas), as well as
with preliminary observations from the clinical use of similar devices.”
The regions with low velocity and low shear stress recognized in the pre-
sent analysis agree with those reported in Xi et al'” In that work, the
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S
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FIG. 8. Flow distribution in distal (Qq) and proximal (Q,) part of the vessel for the
two bi-directional cannulas under laminar and turbulent conditions.
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authors demonstrated that cannula designs promoting distal perfusion
can reduce the risk of blood stagnation (i.e., residence time) under VA-
ECMO conditions (Q=3.5L/min), thereby decreasing the hemolysis
index. However, the pressure drop predicted in Xi et al."” is quite higher
than that obtained in the present study. This is likely due to their adop-
tion of the k — @ Reynolds-Averaged Navier-Stokes (RANS) formula-
tions, which implicitly assumes a fully developed turbulent regime
throughout the domain and may thus lead to overestimating the viscous
dissipations along both the cannula and the vessel. In contrast, the adop-
tion of the RBVM-based LES employed here provides a more faithful
representation of the local hemodynamics, and consequently of the
losses and the pressure drop associated with the cannula.

A preliminary comparison of the distal perfusion improvement
can be made between the present results and clinical outcomes on the
BiFlow cannula (LiVanova, Italy), which utilizes the same bidirectional
flow concept as the single-hole solution proposed here. Gunaydin
et al.” reported blood flow rates measured in 15 patients undergoing
VA-ECMO with a 19 Fr BiFlow cannula. In this cohort, Doppler ultra-
sonography revealed that 33.1% of the total flow rate was directed
along the limb with an external blood perfusion of 2.2-2.5L/min per
m?. This operating condition is not significantly different from the tur-
bulent scenario simulated in our study. The percentage of flow along
the distal portion of the artery exceeds the 14.2% computed for the sec-
ondary hole alone, aligning more closely with the total flow distribu-
tion in our simulation, which accounts for contributions from the
secondary outlet and the cannula-artery gaps, estimated at 27.2%.

Although the satisfactory comparison, applying our estimation to
a real-world scenario requires caution for several reasons. First, the
boundary conditions used in our simulations do not accurately replicate
the actual pressure in a patient under VA-ECMO, which could result in
a different distribution of flow rates along the proximal and distal direc-
tions. In addition, they are maintained constant along all the simulated
time, so no differences in the flow distribution can be identified based
on the specific phase of the cardiac cycle. Second, real arteries exhibit
mechanical properties that may lead to local lumen compression owing
to the cannula insertion.”” and compliance-related effects on pressure
and flow propagation—factors that can result in additional local hemo-
dynamic alterations not captured in our model.’*”” Third, the anatomi-
cal geometry of real arteries is likely to influence cannula positioning,
particularly regarding gap distribution and the positioning of the distal
opening. The extent to which these factors may affect flow partitioning
remains unquantified and warrants further investigation. Finally, while
the assumption of Newtonian rheology is justified by the shear rate val-
ues observed in this study, the adoption of non-Newtonian models
should be considered if the gap between the cannula and the vessel
is significantly reduced. Despite this, the persistence of small pres-
sure differences at the artery extremities during diastole is
expected; accordingly, our results should be regarded as represen-
tative of the hemodynamics in this specific phase of the cardiac
cycle. However, to address the aforementioned limitations, cou-
pling the present 3D CFD model of the return cannula-femoral
artery district with a lumped-parameter (0D) model of the global
cardiovascular system appears to be a promising strategy for
imposing physiologically realistic boundary conditions and for
assessing the efficacy of the bidirectional flow solution.”® Such a
coupled approach would also enable the investigation of the
broader hemodynamic impact of VA-ECMO—both local and
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systemic—particularly in scenarios involving impaired ventricular
function.”” We believe that the development of such an advanced
numerical tool would offer significant benefits to clinicians, aiding
both in patient monitoring and therapeutic planning during VA-
ECMO support. The present work represents an initial step toward
achieving this ambitious purpose.

V. CONCLUSIONS

In this study, we characterized the hemodynamics near the return
access of two types of bidirectional cannulas properly designed for
VA-ECMO treatment, in comparison with a standard cannula design.

Specifically, the first cannula shows a single distal opening, while
the second solution includes more distal holes. We assessed the can-
nula performance through a series of 3D numerical simulations
exploring two distinct flow regimes, namely, laminar (Q = 1.4 L/min)
and turbulent (Q = 3.5 L/min).

The numerical analysis underscores that secondary distal open-
ings ensure adequate blood perfusion along the limb, thereby reducing
the risk of ischemia often associated with using VA-ECMO. The perfu-
sion we estimated with a single-hole configuration is consistent with
the clinical measurements observed in patients using a commercial
cannula with a similar bidirectional flow solution. However, the effec-
tiveness of the flow rate repartition seems influenced by many factors;
among the others, the amount of blood flow pumped by the VA-
ECMO, whose increment determines a reduction in the proportion of
blood directed toward the limb.

Although the cannula design with multiple openings promotes
more homogeneous flow conditions in the distal portion of the artery,
our preliminary simulations do not reveal any substantial benefits
from its use. On the contrary, the results suggest that such designs
require careful sizing of the secondary openings to avoid the formation
of a large stagnation region, which may adversely affect local hemody-
namics and result in performance comparable to the baseline design,
thereby limiting its potential advantage.
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APPENDIX A: TURBULENCE MODELING STRATEGY
1. Turbulence modeling strategy

The flow field in the cannula vessel return district is fully
described by the Navier-Stokes equations and the mass conserva-

tion, which, respectively, read
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V- i =0. (A2)

Here, p is the pressure, d is the blood flow velocity, p is the fluid
density (p =1050kg/m?), and u is the dynamic viscosity (u=2.8
x 1072 Pa s). Fluid dynamics in the cannulas is simulated using
COMSOL Multiphysics®. The laminar regime is solved through
direct numerical simulation (DNS), while the turbulent regime is
reproduced using large eddy simulation (LES). The residual-based
variational multiscale (RBVM) method”* is adopted to have a more
detailed description of the unresolved eddy scales, i.e., the residuals
of the resolved scales are used to obtain velocity (u’) and pressure
(p’) fluctuations as

!
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* res,, is the momentum equation residual, expressed as
Ou T
res, = p equ-Vu +Vp—V- |\ulVu+(Vu) ||, (A5)
* res. is the continuity equation residuals, expressed as
resc = pV - u. (A6)

* 1, is the intrinsic time-scales of the momentum equation and is

expressed as
1

2
C
\/(AL;D) +4p*u - Gu+ C12G: G

) (A7)

Tm =

with C; being a constant depending on the temporal scheme, C,
is a constant depending on the shape of the element, and G is the
covariant matrix tensor;
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/ FIG. 10. Assessment of result stationarity.

Panels (a)—(d) display the flow rate stabil-
ity across four different sections in the
three cannula configurations, while panel
(e) illustrates the steadiness of the wall
shear stress (z) within a specific region of
interest.
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* 7. is the intrinsic time-scales of the continuity equation and is
expressed as

T, = C3(prmtruce(G))7l, (A8)

with C; being a constant depending on both the order of the
shape function and the shape of the element.
The parameters C;, C,, and C; are algorithmic constants,”’
automatically set by COMSOL Multiphysics® based on the numeri-
cal formulation of the problem.

APPENDIX B: MESH SENSITIVITY

In the present study, the mesh sensitivity was explored consid-
ering the baseline configuration under laminar flow regime. The
results in the three evaluated meshes (article mesh: 3131632 ele-
ments, 1st mesh refinement: 6012899 elements, 2nd mesh
refinement: 8664 874 elements) exhibited consistent flow patterns,
demonstrating that all configurations effectively capture the main
hemodynamic features (Fig. 9). Despite the substantial increase in
the number of elements, only minor quantitative differences were
observed. In particular, the variation between the mesh adopted in
the study (the coarsest one) and the finest mesh was below 8% for
both distal flow rate and mean wall shear stress, which are the main
variables of interest in the present study. This discrepancy is consid-
ered acceptable given the inherent modeling assumptions and
ensures an optimal balance between numerical accuracy and com-
putational efficiency.

APPENDIX C: STATIONARY CONDITION

The achievement of a statistically steady condition and bound-
ary layer stability in the turbulent regime is confirmed by evaluating
the time evolution of the flow in different sections of the vessel
[Figs. 10(a)-10(d)], as well as monitoring the surface averaged wall
shear stress along the vessel surface [Fig. 10(e)]. Both metrics oscil-
late around a constant mean value without significant drift,
confirming that the transient phase is exhausted.
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