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ARTICLE INFO ABSTRACT

Article history: Venoarterial extracorporeal membrane oxygenation (VA-ECMO) is a mechanical system that provides
Accepted 23 February 2020 rapid and short-term support for patients with cardiac failure. In many patients, pulmonary function is
Available online xxxx also impaired, resulting in poorly-oxygenated cardiac outflow competing against well-oxygenated
VA-ECMO outflow, a condition known as North-South syndrome. North-South syndrome is a primary
Keywords: concern because of its potential to cause cerebral hypoxia, which has a critical influence on neurological
ECMO complications often seen in this patient population. In order to reduce ischemic neurological complica-
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Hemodynamics blood oxygenfitlon. Here, we studlfed the impacts of flow rate and can'nu.l;.atlon site on oxygenatfon using
Mixing zone a one-dimensional (1D) model to simulate blood flow. Our model was initially tested by comparing blood
flow results to those observed from experimental work in VA-ECMO patients. The 1D model was com-
bined with a two-phase flow model to simulate oxygenation. Additionally, the influence of various other
clinician-tunable parameters on oxygenation in the common carotid arteries (CCAs) were tested, includ-
ing, blood viscosity, cannula position within the insertion artery, heart rate, and systemic vascular resis-
tance (SVR), as well as geometrical changes such as arterial radius and length. Our results indicated that
blood oxygenation to the brain strongly depended on the cannula insertion site and the VA-ECMO flow
rate with a weaker but potentially significant dependence on arterial radius. During femoral cannulation,
VA-ECMO flow rates greater than ~ 4.9 L/min were needed to perfuse the CCAs. However, axillary and
central cannulation began to perfuse the CCAs at significantly lower flow (~ 1 L/min). These results
may help explain the incidence of cerebral hypoxia in this patient population and the common need
to change cannulation strategies during treatment to address this clinical problem. While this work
describes patient-averaged results, determining these relationships between VA-ECMO parameters and
cerebral hypoxia is an important step towards future work to develop patient-specific models that clin-
icians can use to improve outcomes.
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1. Introduction

Venoarterial extracorporeal membrane oxygenation (VA-ECMO)
is a rapid support option for patients with cardiopulmonary failure
and acts as a bridge to long term solutions such as native cardiac
recovery, heart transplantation, or left ventricular assist devices.
The number of cases and hospitals performing VA-ECMO has grown
quickly in the past decade due to increased recognition of its bene-
fits, access to equipment, and personnel training (ECLS, 2018).
While this system is often vital for survival, ~15% of patients exhi-
bit cerebral hypoxia that results from the VA-ECMO system (Squiers
et al,, 2016; Lorusso et al., 2016; Cheng et al., 2014). In fact, it is
well-known that cerebral hypoxia is a major cause of impaired cog-
nitive function in patients on cardiopulmonary bypass (Newman
etal., 1994; Fearn et al., 2001). VA-ECMO is a complex system with
many critical components that can be modified by a clinician, and a
deeper understanding of how these clinician-tunable parameters
impact blood oxygenation to the brain could help inform clinical
decisions and improve neurological outcomes. During VA-ECMO
patient support, deoxygenated blood is drained from the venous
system, passed through an external pump and oxygenator, and
returned to the body through a cannula typically placed in the
femoral artery, such that native anterograde cardiac outflow pumps
against retrograde VA-ECMO outflow, meeting in a region of the
aorta known as the mixing zone. In patients with impaired pul-
monary function, this process can result in North-South syndrome,
where the upper body is perfused with poorly oxygenated cardiac
outflow (Stevens et al., 2017; Makdisi and Wang, 2015; Zhong
et al., 2016; Sorokin et al., 2017).

The femoral artery is the most common cannulation site because
of its rapid implementation, but clinicians often move the insertion
cannula to the axillary artery or aorta to reduce cerebral hypoxia.
Aortic, or central, cannulation is the optimal choice for hemody-
namics but requires a sternotomy or thoracotomy to directly access
the aorta. Similarly, axillary cannulation requires a significant pro-
cedure in the operating room where a graft is sewn to the artery. In
one study at Duke University, 60.7% of patients were cannulated in
the femoral artery, 12.2% in the axillary artery, and 27.5% in the
aorta. Clinicians generally choose the cannulation site based on
arterial access, urgency of the procedure, and preexisting condi-
tions (Ranney et al., 2017). With a more in depth understanding
of how each cannulation site impacts hypoxia, clinicians can factor
this crucial parameter into their decisions.

Measuring the impacts of various clinician-tunable parameters
on oxygenation is difficult in vivo, and researchers are turning to
computational fluid dynamics to simulate blood flow over wide
ranges of parameters in a fast and cost-effective manner. To our
knowledge, (Stevens et al., 2017, 2018) were the first group to
use simulations showing that the mixing zone and blood oxygena-
tion were highly influenced by VA-ECMO flow rates. The authors
performed simulations across various flow rates in a three-
dimensional (3D) geometry specifically for femorally cannulated
patients. Similarly, (Gu et al., 2016, 2018) performed four VA-
ECMO simulations with varying flow rates in an idealized 3D aorta
and focused their studies on both flow to the brain and local hemo-
dynamics such as wall shear stress. They found that volume of flow
to the brain correlated with VA-ECMO flow rates, but they did not
study any other input parameters and only considered central and
femorally cannulated patients. Computational studies have also
been performed comparing the effects of pulsatile and steady
VA-ECMO flow (Zhang et al., 2018) in a single 3D model. The
authors found that by carefully choosing the VA-ECMO pulse tim-
ing, they can achieve better upper limb perfusion.

The question still remains as to how various clinician-tunable
parameters, such as cannulation site, VA-ECMO flow rate, cardiac

output, blood viscosity, cannula position within the insertion
artery, heart rate, and systemic vascular resistance (SVR), influence
cerebral hypoxia. To investigate this open question, we developed
a one-dimensional (1D) blood flow simulator (Boileau et al., 2015;
Olufsen et al., 2000) coupled to a two-phase flow model to track
oxygenation throughout the vasculature. With our 1D framework,
we analyzed the influence of combinations of clinician-tunable
parameters as well as geometrical parameters including artery
diameter and length. Our results indicated that cannulation site
and flow rate had the strongest influence on oxygenation with rel-
atively little importance of other clinician-tunable parameters.
Arterial length and diameter had small but potentially important
impacts on oxygenation. We found that high VA-ECMO flow rates
were necessary for adequate cerebral oxygenation with femoral
cannulation, whereas significantly lower flow was needed with
axillary and central cannulation. The patient-averaged model we
built is a critical step towards a better understanding of the rela-
tionships between VA-ECMO parameters and cerebral hypoxia.

2. Methods
2.1. Vascular geometry

To accurately simulate blood flow in VA-ECMO patients, we
needed to account for arterial flow behavior on the full body scale,
with particular emphasis on vasculature reaching from the cannu-
lation sites to the carotid arteries as well as the radial arteries
which were used for model calibration (see Section 2.3). 1D models
are a good choice to simulate blood flow over a large arterial geom-
etry with fast run-times but make simplifying assumptions that
may lead to less accurate results when compared with 3D models
(Alastruey et al., 2012). The reduced computational load also
enables large parameter sweeps and detailed sensitivity analyses
that may not be feasible with 3D models (Diem and Bressloff,
2017; Boileau et al., 2015; Olufsen et al., 2000). Lumped parameter
models are also a good choice for fast simulations. However, these
models make further limiting assumptions and cannot be used to
determine mixing zone locations, since they lose the axial spatial
dimension (Shi et al., 2011).

Full body VA-ECMO scans are rarely taken in practice, so we used
an adult male patient-averaged geometry developed by Sherwin
et al. (2003), that describes the 55 largest arterial segments with
lengths and radii in 1D. This model captures the regions of interest
as well as many large distal arteries to account for downstream
effects. Arteries were modeled as deformable tubes in a single axial
dimension, and the insertion cannulae were modeled as rigid tubes
inserted into either the femoral artery, axillary artery, or aortic root.
Each artery had constant radius, a common assumption in 1D mod-
els (Wang, 2014; Sherwin et al., 2003 ). VA-ECMO draws blood from
the venous system, but a model incorporating veins was not neces-
sary since we focused on oxygenation in arteries. While studies have
shown that the number of branches impacts flow rate and pressure,
we fixed the total vessel number to focus exclusively on the impacts
of VA-ECMO parameters (Vardhan et al., 2019; Giannopoulos et al.,
2016). The number of vessels can be restricted in future work using
data from patient-specific images. The full geometry is depicted in
Fig. 1, and arterial properties are shown in Table 1.

2.2. VA-ECMO blood flow model development

The 1D blood flow simulator was developed in C++. The 1D gov-
erning equations describe the conservation of mass and
momentum:
oA 0Q

Sty =0 (1)
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Fig. 1. The geometric model used in this study is based off of an adult male 1D
model created by Sherwin et al. (2003 ). The model consists of the 55 largest arterial
segments. Each arterial segment is numbered to correspond with its properties in
Table 1. The inlets to the model were VA-ECMO cannulae located at either the
axillary artery (axillary cannula), aorta (central cannula), or femoral artery (femoral
cannula), as well as cardiac output. Each outlet, indicated with a blue circle, was
coupled to a 3-element Windkessel boundary condition (Table 1). The red arrows
indicate the direction of flow. The baseline waveform applied to the ascending
aorta, derived from (Xiao et al., 2014), is also shown.

9 o (. Q*\ AP _Q
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where A is the cross-sectional area, Q is the flow rate, P is the pres-
sure, and p = 1060 X% is the density of blood. The term C; = 227y
represents friction that incorporates the dynamic viscosity
v=4 cP, and o = 1.1 describes a somewhat flat velocity profile.
The values used for o and C; were adopted from experimental data
and are commonly used in 1D blood flow models (Smith et al.,
2002; Alastruey et al., 2011; Wang, 2014). The governing equations
were solved with a MacCormack finite difference scheme.

To compute the location of the mixing zone and oxygen concen-
trations throughout the vasculature, a two-phase flow model was
coupled to the 1D simulator. The purpose of the two-phase model
was to track the volume fraction of VA-ECMO flow (VFgcyo) versus
left ventricular outflow (VFy). Distinguishing VA-ECMO flow from
native cardiac output is important because each flow source has
different blood oxygen concentrations. With knowledge of volume
fractions and oxygen concentrations from each phase, we can com-
pute total oxygen concentration at any location and timepoint
throughout the vasculature. The two-phase flow model was based

on the volume of fluid method that solves the 1D transport equa-
tion to advect volume fractions (Aniszewski et al., 2014):

O(VFEcmo) n <Q> O(VFecmo)

Bn 1 ox =0, VFeemo + VFy = 1. 3)
Eq. (3) is implemented using a first order upwind scheme
(Kajishima and Taira, 2017) at each time step after the flow field

is computed from Egs. (1) and (2) (Supplemental S1).

2.3. Inlet and outlet boundary conditions

To simulate VA-ECMO flow, the geometry required an inlet at
the ascending aorta and another at various insertion cannula sites.
A pulsatile inlet waveform at the ascending aorta was derived from
(Xiao et al., 2014) (Fig. 1) and severely diminished to represent car-
diac failure by scaling the waveform with constant factors such
that the total flow rate (VA-ECMO flow and cardiac flow) was held
constant at 5.5 L/min (Supplemental S3). As is typically seen clini-
cally, we applied steady flow to the cannula inlet (Squiers et al.,
2016). The heart rates and VA-ECMO flow rates used in this study
were checked to ensure they were within the range of patient data
obtained from the Duke University Medical Center under Institu-
tional Review Board (IRB) approved protocols (Table 2). Data was
gathered from adult VA-ECMO patients, and averages were used
to guide inputs to the simulations. In each patient, the important
parameters measured were VA-ECMO flow rate, heart rate, systolic
pressure, and diastolic pressure.

A 3-element Windkessel lumped parameter model, consisting
of two resistance values and one compliance value, was imposed
at each outlet (Westerhof et al., 2009):

R, a P dp
(1+R—p>Q+CRcE7R—p+CE 4)

where R,R,, and C are the characteristic resistance, peripheral
resistance, and compliance, respectively. The 3-element Windkessel
(Eqn 4) is a common choice to implement outlet boundary condi-
tions by incorporating the effects of small distal arteries
(Westerhof et al., 2009). Although a patient-averaged geometry
was used in this study, we calibrated the model with patient data
by tuning the resistances and compliances at the outlets to match
patient pressures (Table 2). Specifically, the peripheral resistances
and compliances were iterated until the resulting systolic and dias-
tolic pressures were within 1% of the patient-averaged pressure
data in the left radial artery (Supplemental figure S1). Iterations
were performed manually with knowledge that increasing the com-
pliance lowers the pulse pressure, and increasing the resistance
raises the pressure. We were able to achieve convergence after
ten manual iterations. The resulting 3-element Windkessel param-
eters are depicted in Table 1.

2.4. Study design

To ensure temporal convergence, all simulations were per-
formed over 15 cardiac cycles, and the last cycle was used for
analysis.

2.4.1. Assessing the accuracy and validity of the model
Demonstrating that the 1D simulator is capable of modeling
VA-ECMO flow required model verification as well as testing
against VA-ECMO patient data. We verified our simulator by com-
paring the simulation results to analytical solutions in a pipe and
bifurcation geometry. Additionally, we tested our simulator by
comparing simulation results with computational studies per-
formed by Xiao et al. (2014) to show how our simulator performs
in a larger geometry. We chose to use the most complex geometry
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Table 1
The 1D geometry and the Windkessel parameters are described in this table.

ID Artery Length (cm) Radius (cm) B(gs2cm?) Rp(gs'ecm™) Re(gs™ ' ecm™) C(cm*s?g™)
0 Ascending Aorta 4 1.38 9.70E+04

1 Aortic Arch | 2 1.28 8.70E+04

2 Brachiocephalic 34 0.62 2.33E+05

3 Right Subclavian | 34 0.42 4.23E+05

4 Right Carotid 17.7 0.37 5.16E+05

5 Right Vertebral 14.8 0.2 2.59E+06 7.17E+04 1.81E+04 1.72E-06
6 Right Subclavian II 42.2 04 4.66E+05

7 Right Radial 235 0.19 2.87E+06 4.57E+04 1.15E+04 2.70E-06
8 Right Ulnar | 6.7 0.22 2.25E+06

9 Right Interosseous 7.9 0.1 1.29E+07 1.89E+05 4.78E+04 6.52E-07
10 Right Ulnar II 171 0.2 2.45E+06 4.65E+04 1.17E+04 2.65E-06
11 Right Internal Carotid 17.6 0.2 2.64E+06 2.28E+04 5.76E+03 5.41E-06
12 Right External Carotid 17.7 0.2 2.47E+06 3.72E+04 9.39E+03 3.32E-06
13 Aortic Arch II 3.9 1 1.30E+05

14 Left Carotid 20.8 0.37 5.19E+05

15 Left Internal Carotid 17.6 0.2 2.64E+06 2.29E+04 5.78E+03 5.39E-06
16 Left External Carotid 17.7 0.2 2.47E+06 3.73E+04 9.42E+03 3.31E-06
17 Thoracic Aorta I 52 1 1.24E+05

18 Left Subclavian I 34 0.42 4.16E+05

19 Vertebral 14.8 0.2 2.59E+06 7.62E+04 1.92E+04 1.62E-06
20 Left Subclavian II 42.2 0.4 4.66E+05

21 Left Radial 235 0.19 2.87E+06 4.49E+04 1.13E+04 2.75E-06
22 Left Ulnar I 6.7 0.22 2.24E+06

23 Left Interosseous 7.9 0.1 1.29E+07 1.90E+05 4.80E+04 6.49E-07
24 Left Ulnar II 171 0.2 2.45E+06 4.74E+04 1.20E+04 2.60E-06
25 Intercostals 8 0.25 8.85E+05 3.96E+04 8.00E+03 1.65E—-06
26 Thoracic Aorta Il 104 0.98 1.17E+05

27 Abdominal [ 5.3 0.78 1.67E+05

28 Celiac I 2 0.39 4.75E+05
29 Celiac Il 1 0.2 1.81E+06
30 Hepatic 6.6 0.22 1.14E+06 1.33E+04 3.35E+03 9.31E-06
31 Gastric 7.1 0.18 1.57E+06 1.36E+06 3.43E+05 9.08E-08
32 Splenic 6.3 0.28 8.06E+05 1.87E+04 4.73E+03 6.58E—06
33 Superior Mesenteric 5.9 0.37 5.69E+05 8.64E+03 2.18E+03 1.43E-05
34 Abdominal II 1 0.63 2.27E+05
35 Left Renal 3.2 0.32 5.66E+05 8.96E+03 2.26E+03 1.38E-05
36 Abdominal III 1 0.57 2.78E+05
37 Right Renal 3.2 0.23 1.18E+06 8.99E+03 2.27E+03 1.37E-05
38 Abdominal IV 10.6 047 3.81E+05
39 Inferior Mesenteric 5 0.16 1.90E+06 9.47E+04 2.39E+04 1.30E-06
40 Abdominal V 1 0.43 3.99E+05
41 Right Common Iliac 59 0.32 6.49E+05
42 Left Common Iliac 5.8 0.32 6.49E+05
43 Left External Iliac 144 0.28 1.49E+06
44 Left Internal Iliac 5 0.24 3.13E+06 1.65E+04 4.16E+03 7.49E-06
45 Left Femoral 443 0.21 2.56E+06
46 Left Deep Femoral 12.6 0.2 2.65E+06 1.36E+04 3.43E+03 9.09E-06
47 Left Posterior Tibial 32.1 0.19 5.81E+06 8.38E+04 2.12E+04 1.47E-06
48 Left Anterior Tibial 343 0.14 9.24E+06 9.71E+04 2.45E+04 1.27E-06
49 Right External Iliac 14.5 0.28 1.49E+06

50 Right Internal Iliac 5.1 0.24 3.13E+06 1.64E+04 4.15E+03 7.51E-06
51 Right Femoral 44.4 0.21 2.56E+06
52 Right Deep Femoral 12.7 0.2 2.65E+06 1.36E+04 3.43E+03 9.09E-06
53 Left Posterior Tibial 32.2 0.19 5.81E+06 8.38E+04 2.12E+04 1.47E-06
54 Right Anterior Tibial 344 0.14 9.24E+06 9.71E+04 2.45E+04 1.27E-06
Table 2 data from (Cevasco et al., 2018) showing how mean pulsatility

Patient data shown as mean and standard deviation (n = 5).

Patient Parameters Patient Averaged Data

Age 57 £15.1

Height (cm) 166.2 £ 3.5
Weight (kg) 863 7.8
Heart rate (beats/min) 91.0 £ 11.5
Systolic pressure (mmHg) 91.7 £22.8
Diastolic pressure (mmHg) 83.0 +23.9
ECMO flow rate (L/min) 45+04

in their work for comparisons, which included vasculature extend-
ing from the ascending aorta to the iliac arteries (Fig. 2, Table 3).

Finally, we tested the ability of our simulator to model VA-
ECMO flow by comparing simulation results to VA-ECMO patient

indices (MPIs) varied based on insertion cannula site. MPIs were
computed as follows (Eq. (5)):

systolic pressure — diastolic pressure
mean pressure

MPI =

()

We used the full body geometry for this analysis (Fig. 1). Because
we lacked patient-specific data, we sought to ensure that the gen-
eral trends seen in the simulations and literature were similar
rather than precisely matching literature values. Cevasco et al.
(2018) computed MPI in the middle cerebral arteries, whereas we
computed MPI in the internal carotid arteries (ICAs) as those arter-
ies feed into the middle cerebral arteries. We chose to compute MPI
values as ratios to the maximum MPI (MPI ratio), which occurred in
the right ICAs with femoral cannulation in our simulation results
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Fig. 2. Comparison of the 1D simulator with 1D and 3D computations performed by Xiao et al. (2014). The geometry is shown on the right, which consists of ten aortic
segments and nine branches. Flow rates and pressures were compared at the inlet of the ascending aorta and the outlets of seven arteries - brachiocephalic artery (BC), left
common carotid artery (LCCA), left subclavian artery (LSUB), superior mesenteric artery (SMA), right renal artery (RREN), inferior mesenteric artery (IMA), and right iliac

artery (RILI).

and the right middle cerebral artery in the experimental work, to
give a more general metric that could potentially scale similarly
in different geometries. To ensure the MPI ratio results were not
highly sensitive to input parameters, we swept over three parame-
ters that were likely to influence pulsatility: vessel stiffness (),
total arterial compliance, and peripheral resistance (Further details

on model verification and testing with patient data can be found in
Supplemental S2).

2.4.2. Sensitivity analyses for blood oxygenation
Sensitivity analyses were performed to determine which
parameters had the strongest influence on mixing zone location
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A geometry from (Xiao et al., 2014) was used to test the 1D blood flow simulator. Several of the arteries from their work were tapered and had varying f values along the length of
the artery. In our model, we used the vessel average diameter and f value.
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Artery Length Radius - Xiao et al. Radius B - Xiao et al. B R, R¢ C
(cm) (cm) (cm) (gs2cm?) (gs2cm™?) (gs'em™) (gs'em™) (cm*s? g 1)

Aol 7.0357 152 - 1.39 1.455 1.79E+05 — 2.07E+05 1.93E+05

Ao Il 0.8 139 — 1.37 1.38 2.07E+05 — 2.12E+05 2.10E+05

Ao Il 0.9 137 - 135 1.36 2.12E+05 — 2.16E+05 2.14E+05

Ao IV 6.4737 135 —-1.23 1.29 2.16E+05 — 2.52E+05 2.33E+05

AoV 15.2 1.23 — 0.99 1.11 2.52E+05 — 3.56E+05 2.98E+05

Ao VI 1.8 0.99 — 0.97 0.98 3.56E+05 — 3.68E+05 3.62E+05

Ao VII 0.7 0.97 — 0.962 0.966 3.68E+05 — 3.73E+05 3.70E+05

Ao VIII 0.7 0.962 — 0.955 0.9585 3.73E+05 — 3.77E+05 3.75E+05

Ao IX 4.3 0.955 — 0.907 0.931 3.77E+05 — 4.09E+05 3.93E+05

Ao X 43 0.907 — 0.86 0.8835 4.09E+05 — 4.46E+05 4.27E+05

Brachiocephalic 3.4 0.635 — 0.635 0.635 7.24E+05 — 7.24E+05 7.24E+05 1.06E+04 5.19E+02 8.70E-05
L. com carotid 3.4 0.36 — 0.36 0.36 1.80E+06 — 1.80E+06 1.80E+06 5.22E+04 1.92E+03 1.77E-05
L. subclavian 3.4 0.48 — 0.48 0.48 1.14E+06 — 1.14E+06 1.14E+06 1.30E+04 9.88E+02 7.09E-05
Celiac 3.2 0.445 — 0.445 0.445 1.28E+06 — 1.28E+06 1.28E+06 7.57E+03 1.18E+03 1.22E-04
Sup. mesenteric 6 0.375 — 0.375 0.375 1.69E+06 — 1.69E+06 1.69E+06 5.51E+03 1.74E+03 1.67E-04
R. renal 3.2 0.28 — 0.28 0.28 2.69E+06 — 2.69E+06 2.69E+06 5.39E+03 3.41E+03 1.71E-04
L. renal 3.2 0.28 — 0.28 0.28 2.69E+06 — 2.69E+06 2.69E+06 5.39E+03 3.41E+03 1.71E-04
Inf. mesenteric 5 02— 02 0.2 4.60E+06 — 4.60E+06 4.60E+06 4.62E+04 7.40E+03 2.00E-05
R. com. iliac 8.5 0.6 — 0.6 0.6 7.94E+05 — 7.94E+05 7.94E+05 1.02E+04 5.91E+02 9.07E-05
L. com. iliac 8.5 0.6 — 0.6 0.6 7.94E+05 — 7.94E+05 7.94E+05 1.02E+04 5.91E+02 9.07E-05

Table 4 To determine the location of the mixing zone, we started from

Parameters are shown as the baseline values + the range used for analyses. VA-ECMO
flow rate did not have a baseline value since every study conducted in this work
varied that parameter. Femoral cannula position refers to the cannula location within
the vessel itself, not across cannula insertion sites.

Parameter Range

ECMO flow rate (L/min) 1-5.5

Viscosity (cP) 4+1

Peripheral resistance scale factor 1+05

Cardiac cycle time (s) 0.7 £0.15

Femoral cannula position Along length of iliac artery
Cannula insertion site Femoral artery, axillary artery, or aorta

and blood oxygenation in the left common carotid artery (LCCA) in
femorally cannulated patients. We focused this component on
clinician-tunable parameters, including VA-ECMO flow rate, heart
rate, SVR, blood viscosity, and VA-ECMO insertion cannula position
(Supplemental S3) (Table 4). Sensitivity analyses were performed
using the Sobol method implemented in the open source Python
library SALib (Sobol et al., 2007; Eck et al., 2016) and tested the
influence of individual as well as combinations of parameters.
The first-order sensitivity index (S;) is given by the following equa-
tion (Eqn 6):

_VIEY|Z)]

5=y ©®)

where S; represents the amount that input parameter Z; contributes
to the total variance of the output parameter V[Y]. E[Y|Z;] repre-
sents the expected value of the output parameter Y given a fixed
input parameter Z;. Higher order sensitivity indices can be com-
puted to determine the influence of combinations of input parame-
ters on output variables. Here, we compute total sensitivity indices,
which represent the direct effect of an individual input parameter
as well as its interactions with all other inputs. The total sensitivity
index Sy; is computed as follows (Eqn 7):

VIE[Y | Z_]]

Sri=1- VY] (7)

where Z_; represents all the inputs excluding Z;. We used the Saltelli
method to uniformly generate 10,000 combinations of input param-
eters, which we deemed sufficient to fully understand the contribu-
tion of each input parameter.

the ascending aorta and traveled down the aorta until the propor-
tion of VA-ECMO flow reached at least 0.5 (VFgcmo = 0.5) at any
time point during the cardiac cycle. The distance from the mixing
zone location to the insertion cannula was recorded.

2.4.3. Determining the influence of VA-ECMO flow rate on oxygenation

To further probe the influence of VA-ECMO flow rate, we swept
across 1,000 flow rate values, while holding all other clinician-
tunable parameters constant. We assumed that 1,000 values were
enough to fully delineate the flow rate parameter space. Addition-
ally, we chose to vary two geometrical parameters - arterial diam-
eter and length - to determine how they influence oxygenation
results. While arterial anatomies in VA-ECMO patients will likely
have a wide variation, such as location and spacing of arteries,
we focused this study on diameter and length due to the difficulty
in acquiring VA-ECMO patient-specific images. The diameters were
held at baseline, reduced by 10%, or raised by 20%, following the
work of (Willemet et al., 2015), and the arterial lengths were held
at baseline or raised/lowered by 20% (Smulyan et al., 1998). Simu-
lations varying the arterial length and diameter were held at base-
line diameter and baseline length values, respectively. For
simulations with femoral cannulation, the location of the mixing
zone and the VFgqyo in the common carotid arteries (CCAs) were
computed. For central and axillary cannulation, only the VFgqyo
in the CCAs was computed as these cannulation sites are not
known to produce a mixing zone.

3. Results
3.1. 1D simulator verification, calibration, and testing

All simulations performed in this work are listed in Table 5. We
performed verification, calibration, and testing of our model for
blood flow in VA-ECMO patients. Verification was tested with flow
in a pipe, where flow rate was plotted against distance along the
pipe for a half sine wave input, showing good agreement between
the analytical and simulated solution (Supplemental figure S2a and
S2b). We also verified flow through a bifurcation with the same
inlet condition and computed the reflected and transmitted waves.
Once again, we saw good agreement between the simulated and
analytical results (Supplemental figure S2c).
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Table 5

Each simulation performed in this worked is listed along with the purpose of the simulation and the figure or table showing the results.

Simulation Goal Results Figure/

Table
Model verification, calibration, and testing
Simulator verification Comparing our 1D simulator to an analytical solution Figure S2
Simulator calibration Tuning the boundary conditions to match VA-ECMO patient data from the Duke University Medical Figure S1
Center

Testing simulator against Comparing our 1D simulator to a well-known simulator from Xiao et al. (2014) Fig. 2

other work

Testing Simulator against Testing model against VA-ECMO patient data from literature Table S1

VA-ECMO data

Sensitivity analysis for testing with VA- Determine how sensitive the results are to input parameters when comparing simulations with VA- Figure S3

ECMO patient data ECMO patient data from literature
Sensitivity analysis
Sensitivity analysis Determine which physician-tunable parameters contribute to oxygenation and mixing zone location Table 6
Mixing zone and oxygenation studies
Mixing zone location Determine how changes in flow rate impact the location of the mixing zone Fig. 3
Carotid oxygenation Determine how changes in flow rate as well as changes in arterial diameter and length impact Figs. 4 and 5

oxygenation in the CCAs

To test the model on VA-ECMO patient data from literature, MPI
ratios in the ICAs for femoral, axillary, and central cannula inser-
tion locations were computed and compared to work from
(Cevasco et al., 2018). Results show that MPI ratios were similar
between simulations and literature (Supplemental table S1). In
each cannulation location, the left ICA had a smaller MPI than
the right side. Additionally, femoral cannulation resulted in the
highest MPI followed by central cannulation, and axillary cannula-
tion had the smallest. To ensure our results were not highly subject
to model assumptions, we performed sensitivity analyses with
three parameters that are likely to impact blood flow pulsatility:
artery stiffness, peripheral vascular resistance, and total arterial
compliance. Results showed that total arterial compliance and
peripheral resistance had almost no impact on MPI ratio. Vessel
stiffness had a larger impact where MPI ratios changed by nearly
20% in the right ICA (Supplemental figure S3).

We also compared our 1D simulator with computational work
performed by Xiao et al. (2014). Pressure and flow rate compar-
isons were shown for six different arteries in the model. Our 1D
results were similar to the 1D and 3D results found by the authors,
with some minor differences across each artery. The inlet pressure
had the most extensive difference between our 1D results and the
authors’ work. This is likely due to the authors using tapered ves-
sels whereas we used vessels with constant diameter. However,
the values were still within 5% in the worst case scenario (Fig. 2).

3.2. Influence of clinician-tunable VA-ECMO parameters on blood
oxygenation

To identify the influence of each parameter, we performed sen-
sitivity analyses that indicated which clinician-tunable parameters
most strongly influenced mixing zone location and blood oxygena-
tion for femoral cannulation. Results showed that the VA-ECMO
flow rate had the largest influence on both mixing zone location
and blood oxygenation with minimal influence from viscosity,

Table 6

peripheral resistance, heart rate, and cannula position (Table 5).
We note that these sensitivity analyses do not account for various
cannula insertion sites.

3.3. Influence of VA-ECMO flow rate on blood oxygenation

Based on the results of the sensitivity analyses, we studied how
VA-ECMO flow rate altered the mixing zone location while holding
all other clinician-tunable parameters at their respective baseline
values. VA-ECMO flow rate was plotted against distance from the
insertion cannula location, demonstrating how the mixing zone
location migrates proximally towards the left ventricle as VA-
ECMO flow rate increases (Fig. 3).

Finally, we assessed oxygenation in the LCCA and right CCA
(RCCA) by computing VFgcpyo with femoral, axillary, and central
cannulation. All three cannulation strategies were included in this
study because each strategy has a potentially different impact on
blood oxygenation in the brain. VA-ECMO flow rate was plotted
against VFgqyo for each cannulation site, showing significantly dif-
ferent VFgcyo in the LCCA and RCCA for all three cannulation strate-
gies (Figs. 4 and 5). Briefly, femoral cannulation required high flow
rates before VA-ECMO flow reached the CCAs, whereas axillary and
central cannulation began to oxygenate the CCAs at low flow rates.
Arterial diameter had minor impacts during femoral cannulation
but larger effects with axillary and central cannulation, where lar-
ger diameter arteries tended to result in higher oxygen concentra-
tion in the CCAs (Fig. 4). Arterial length demonstrated a similar
trend where longer arteries led to higher CCA oxygenation, partic-
ularly with central cannulation (Fig. 5).

4. Discussion

VA-ECMO support is often vital for patient survival, but it is fre-
quently associated with neurological complications resulting from
cerebral hypoxia (Lorusso et al., 2016). In fact, significant resources

The sensitivities of the mixing zone location and oxygenation in the LCCA were computed for various parameters shown in the table. S1 refers to the first order sensitivity index,
and ST refers to the total sensitivity index. Sensitivity indices closer to one indicate a higher contribution to the variance in the mixing zone location. Cannula position refers to the

location of the cannula within the femoral artery.

Sensitivity Target Sensitivity Index VA-ECMO Flow Rate Viscosity Peripheral Resistance Heart Rate Cannula Position
Mixing zone location S1 0.96 0.002 —0.003 —0.002 0.001
ST 1 0.003 0.022 0.016 0.006
LCCA oxygenation S1 1.01 0.001 0 0.002 0
ST 1.01 0 0.001 0.002 0
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Fig. 3. The location of the mixing zone within the aorta was computed at 1,000 different VA-ECMO flow rates for a femorally cannulated patient. The plot shows the location
of the mixing zone as a function of VA-ECMO flow rate. The 1D image on the right shows some sample distance measurements between the femoral cannula and aortic root.
The location is recorded as a distance from the insertion cannula. The geometry was cut off in the image for illustration purposes.

are often spent monitoring brain oxygenation in this patient pop-
ulation (Le Guennec et al., 2018; Kazmi et al., 2018; Kim et al.,
2019). While simulations are unlikely to replace physical monitor-
ing techniques, they can be used to predict and better understand
how clinicians’ choices impact cerebral hypoxia. To model hemo-
dynamics, we developed a 1D simulator capable of modeling vari-
ous combinations of clinician-tunable parameters. From our
sensitivity analyses, we hypothesized that flow rate was the most
influential parameter. However, the effects of other clinician-
tunable parameters on oxygenation remained unclear. The mini-
mal contribution by each clinician-tunable parameter other than
flow rate was an interesting result and allowed us to focus the
remainder of the study on flow rate. While simulating the influ-
ence of VA-ECMO flow rates on oxygenation, we varied the cannu-
lation site between femoral, axillary, and central, and also varied
arterial diameter and length.

To oxygenate the CCAs with femoral cannulation, a higher flow
rate was needed compared with axillary or central cannulation due
to the increased distance between the CCAs and the insertion can-
nula. While this result could be predicted based on the increased
distance from the femoral cannula to the left ventricle, the flow
rates needed to oxygenate the brain from each cannula location
were unknown. Oxygenated blood began to reach the LCCA and
RCCA at flow rates of ~ 5L/min and ~ 5.3 L/min, respectively. In
the RCCA, the VFgqyo only reached ~ 0.3 even at the highest flow
rates, which indicates that providing adequate amounts of oxy-
genated blood to the RCCA with femoral cannulation could be chal-
lenging. These results are similar to those observed by Stevens
et al. (2017) who showed that the brachiocephalic arteries were
mostly perfused with cardiac flow even when VA-ECMO flows con-
sisted of 85% of the total flow. They additionally demonstrated that
VA-ECMO flows consisting of 75% of the total flow were needed to
perfuse the LCCA, further agreeing with our results. Often, femo-
rally cannulated patients require clinicians to change the cannula
location or add an additional cannula due to poor oxygenation.
For example, work by Pavlushkov et al. (2017) describes patients
with poor upper body oxygenation that need extensive changes
to their treatment plans such as adjusting ventilator settings, using
diuretics, or adding another cannula to insert oxygenated blood
closer to the heart. None of these options are ideal for patients

who are already in critical condition. Our results provide a step
in the right direction towards reducing the need for these changes
by better predicting oxygenation. Unlike femoral cannulation, axil-
lary and central cannulation results showed that the RCCA was
well perfused with VA-ECMO flow at low flow rates.

Our study on mixing zone location (Fig. 3) indicates a reason for
the reduced oxygenation in the CCAs with femoral cannulation as
the mixing zone location was typically located between the renal
arteries and the ascending aorta except for very low VA-ECMO flow
rates. This is consistent with reports by Napp et al. (2016) who saw
similar observations for patients in clinical settings. Napp et al.
(2016) also mention that the brachiocephalic artery and LCCA were
perfused via the heart in most patients. While it was not surprising
that the mixing zone migrated proximally towards the heart with
increased VA-ECMO flow rates, the velocity and locations of migra-
tion were unknown. Ideally, clinicians would continue to increase
VA-ECMO flow rates in a clinical setting to ensure adequate oxy-
genation to the cerebral vasculature. However, raising the flow rate
to large values can result in high shear from the centrifugal pump
and increased afterload on the left ventricle (Sakota et al., 2008;
Meani and Pappalardo, 2017).

Finally, we tested the impacts of arterial diameter and length
on CCA oxygenation. While these parameters are unlikely to be
measured in VA-ECMO patients, they provide an interesting
biomechanics study indicating how simple geometrical changes
influence oxygenation. Evidence suggests that several diseases
such as obesity and impaired glucose tolerance are associated
with larger arterial diameters (van Dijk et al., 2000; Wildman
et al., 2004) which could influence flow. Arterial length is
strongly correlated with patient height and is therefore, an
important parameter to study (Smulyan et al., 1998). However,
few studies, have investigated the relationship between patient
height and neurological outcomes in VA-ECMO patients. Our
results showed that axillary and central cannulated patients with
larger arterial diameters exhibit higher oxygen concentrations in
the CCAs. Additionally, arterial length had a potentially signifi-
cant impact with central cannulation where longer arteries led
to higher oxygenation in the CCAs. As the VA-ECMO flow rates
grew, differences in oxygenation based on length tended to grow
smaller (Fig. 4).
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Fig. 4. The VFgqyo was computed at the ends of the left common carotid artery (LCCA) and right common carotid artery (RCCA) as a function of VA-ECMO flow rate for various
changes in arterial diameter. Each artery was altered from its baseline diameter by either reducing the diameter by 10% (small diam) or increasing the diameter by 20% (large
diam). Simulations were performed for (a) femoral cannulation, (b) axillary cannulation, and (c) central cannulation. (d) Depicts the cannulation sites with blue arrows
pointing to the measurement locations in the LCCA and RCCA and depicts the arterial diameter changes. The geometry was cut off in the image for illustration purposes.
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Fig. 5. The VFrcyo was computed at the ends of the left common carotid artery (LCCA) and right common carotid artery (RCCA) as a function of VA-ECMO flow rate for various
changes in arterial length. Each artery was altered from its baseline length by either reducing the length by 20% (short length) or increasing the length by 20% (long length).
Simulations were performed for (a) femoral cannulation, (b) axillary cannulation, and (c) central cannulation. (d) Depicts the cannulation sites with blue arrows pointing to
the measurement locations in the LCCA and RCCA and depicts the arterial length changes. The geometry was cut off in the image for illustration purposes.
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4.1. Limitations

One of the limitations of our work is the lack of patient-specific
parameters. While supporting a patient with VA-ECMO, it is often
difficult to obtain patient-specific scans and cardiac outflow rates
due to mechanical and equipment constraints, cost, and patient
safety. While we varied arterial diameters and radii, we did not
change network connectivity, which includes the position of arter-
ies with respect to each other, and the total vessel number. The
total vessel number has been shown to impact flow rate, pressure,
and local hemodynamic parameters in arterial networks (Vardhan
et al.,, 2019; Giannopoulos et al., 2016). Limiting the simulations to
one patient-averaged geometry allowed us to focus on the influ-
ence of clinician-tunable parameters. Holding the geometry con-
stant is consistent with other VA-ECMO simulation studies
(Stevens et al., 2018, 2017; Gu et al., 2018, 2016; Zhang et al.,
2018). Another limitation is the assumption that the diameters
and lengths of all arteries varies with the same constant factor
when iterating over these two parameters. Finally, we do not
account for more complex blood vessel behavior including the
cerebral auto-regulatory system (Subudhi et al., 2010) as well as
vasoconstriction and vasodilation due to hypoxia (Lumb and
Slinger, 2015).

5. Conclusion

In this study, we analyzed how various VA-ECMO clinician-
tunable parameters influenced cerebral oxygenation. To simulate
VA-ECMO flow, we developed a 1D simulator coupled to a two-
phase flow model. With this model, we were able to simulate
how various combinations of blood flow parameters influenced
oxygenation. Our results showed a strong influence of VA-ECMO
flow rates and cannula insertion locations on oxygenated blood
flow to the brain, with minimal influence from blood viscosity,
heart rate, SVR, and cannula position.
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