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Background: Veno-arterial extracorporeal membrane oxygenation (VAECMO), including central ECMO (cECMO) and peripher-
al ECMO (pECMO), is widely used in cardiopulmonary surgery. The outcomes and complications of both types
of ECMO are quite different from each other. The hemodynamic differences among them are hypothesized as
a key factor. Hence, a numerical study was conducted to test this hypothesis.

Material/Methods: Ideal cardiovascular models with pECMO and cECMO were established. The aortic pressure and flow rate were
chosen as boundary conditions. The flow pattern, blood flow distributions, flow junction, harmonic index (HI)
of blood flow, wall shear stress (WSS), and the oscillatory shear index (OSI) were calculated to evaluate the he-
modynamic states.

Results: pECMO could achieve better upper limb and brain perfusion (0.05458 vs. 0.05062 kg/s), and worse lower limb
perfusion (0.03067 vs. 0.03401 kg/s). There exist low WSS (<0.4 pa) regions at the inner and posterior wall of
the aorta, and high WSS (>2 pa) region at the access of the femoral artery. These regions also have relatively
high OSI value (reaching 0.45). In contrast, for cECMO, there exist high WSS at the posterior wall of the aortic
arch.

Conclusions: The hemodynamic performances of various types of ECMO are different from each other, which maybe the
key reasons for the differences in the outcomes and complications. Therefore, for pEMCO, the lower-extremity
ischemia is a complication that must be considered. The type, support level, and duration of ECMO should also
be carefully regulated according to the patients’ condition, as they are the important factors related to vascu-
lar complications.
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Background

Veno-arterial extra corporeal membrane oxygenation (VA ECMO)
is a common clinical aid for cardiopulmonary surgery [1-4].
Based on the different cannular position, VA ECMO is classified
as peripheral ECMO (pECMO) and central ECMO (cECMO) [5].
For pECMO cannulas are inserted both into the right femoral
artery and the right common femoral vein [6]. In contrast, cE-
CMO usually has an arterial cannula placed into the ascending
aorta and a venous cannula placed in the right atrium [7,8].
Along with the widely uses of peripheral and cECMO, their
clinical complications have been studied by more and more
researchers. For instance, compared with pECMO, the cECMO
was found that it could lead more required re-exploration for
bleeding [9] and higher risk of infection [10]. In contrast with
cECMO, the pECMO has more complications on the blood per-
fusion and vascular impair, including lower extremity ischemia,
amputation and vascular complication [11]. In addition, more
than half of patients appeared complication of limb ischemic
with the treatment of pECMO [12-14]. And there is also re-
port that patients undergoing pECMO support through femoral
vessels are prone to vascular complications [15]. Although the
precise reason on the difference in the complications caused
by both types of ECMO, the differences in the hemodynam-
ic states resulted from the different cannular location of both
types of ECMO are considered as a key factors.

Computational fluid dynamics (CFD) as an effective method
widely used to evaluate the hemodynamic effects of ECMO on
cardiovascular system. For instance Kaufmann et al. analysis
the hemodynamic effects of the outflow cannula of cECMO
by using CFD method [16]. He found that the outflow cannula
significantly affected the hemodynamic states in aortic arch.
Similarly, Neidlin et al. conducted CFD simulation to study the
hemodynamic effect of the distance between the cannula tip
and the vertebral artery branch on the cerebral perfusion [17].
Kaufmann et al. proposed a multi-scale model, involving the
cerebral autoregulation characteristic, to study the effect of
ECMO on cerebral perfusion [18]. Although there are many
studies on the hemodynamic effects of ECMO on the cardio-
vascular system, the hemodynamic difference between periph-
eral and cECMO is still under investigation.

In order to clarify this problem, numerical studies were conduct-
ed. Ideal cardiovascular geometric models with peripheral and
cECMO were established based on physiological data. The aor-
tic pressure and flow rate, derived from previous work [19-22],
were chosen as the boundary conditions. The flow pattern
in the aorta and femoral branches, the distribution of blood
flow rate from the aorta to brain and limbs, the distribution
of blood flow rate between arterial bifurcations, flow junction,
harmonic index (HI) of blood flow (HI is used to evaluate the
pulsatility of blood flow in the aorta), wall shear stress (WSS),
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and the oscillatory shear index (OSI, which is used to evaluate
the effects of blood flow on the endotheliocyte in the aorta)
were used as the factors to evaluate the hemodynamic states.

Material and Methods

Construction of geometric model

The ideal 3-dimensional geometry model with peripheral and
cECMO (Figure 1) was constructed by using the commercial
software SolidWorks. Figure 1A and 1B show the models of
pECMO and cECMO, respectively. The models consist of the as-
cending aorta, the innominate artery (lA), left common carotid
artery (LCCA), left subclavian artery (LSA), left femoral artery
(LFA), right femoral artery (RFA), and the cannula of ECMO. The
geometric characteristics of models are derived from the lit-
erature [23], as shown in Table 1. A standard arterial cannu-
la (24 Fr) was added to the ascending aorta on the site that
is routinely used in clinical practice (Figure 1B). The cannular
anastomotic position is about 2 cm below the inlet of the in-
nominate artery on the anterior wall of the aorta, at a 45° an-
gle to the x-y plane.

Both geometric models were meshed by using HyperMesh
commercial software to generate the computational models.
Both models are meshed by using tetrahedral elements, in
which there are 908 666 elements and 973 949 elements, re-
spectively. Mesh independence tests were conducted for mass
flow rate and the maximal error is within 5%; the reasonable
accuracy of the computing was confirmed.

Mathematic model

The blood motion is governed by 3-dimensional Navier-Stokes
equations:
. Vu=0 (1)
plg7) + pus Vu=V[=pl + p(Vu + (VuD+F (2)

Where u represents the blood velocity. p is the pressure. p de-
notes the dynamic viscosity. p represents the blood density
and F is the volume force field. In all simulation, the blood was
set up as a homogeneous, incompressible, and Newtonian flu-
id flow with p=1020 kg/m? and p=0.0035kg/m.s. As the mean
Reynolds’s number is less than 2300, the blood flow here was
assumed as laminar flow. The finite volume method was used
to solve Navier-Stokes equations by the transient simulation.

Boundary condition
For studying the hemodynamic effects, the continuous flow of

4 L/min was used as the inlet boundary condition delivered
from inlet cannula of both ECMO. Pulsatile flow rates (average
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Central ECMO inlet A

Femoral ECMO inlet

Figure 1. The ideal 3-dimensional geometric model of peripheral
and cECMO and related blood vessels. (A) is the model
of pECMO and (B) is the model of cECMO.

value 1 L/min), derived from a validated lumped parameter
model (LMP) [24-26], were imposed on inlet of aorta as the
inlet boundary conditions (Figure 2). Thus, the total blood per-
fusion was 5 L/min, which satisfies the physical requirement.
The mean blood pressure (70 mmHg) was imposed to the out-
lets of aorta as the outlet boundary condition.

Definition of indicators of hemodynamic performance

To assess the difference of perfusion condition under both
ECMO, blood flow rate ratios (R) of arterial bifurcations was
defined as the equation (3):

Qvessel

anrta (3)

Rvessel/aorta =

where Q____ was the flow rate of the concerning vessel in one
cardiac cycle, Q, . was the flow rate of the cardiac output.
Specially, R, was the ratio of the upper limb and brain blood
supply to total blood supply. R, . was the ratio of the lower
limb blood supply to total blood supply. They were defined as
equations (4) and (5).

Q. v+ Qles tidartery + Qlef

flur = L Quorte - @)

Qleftfemm'alaﬂery + Qrdghtfemm‘alm‘tery
Raown = (5)

Qaorta

To evaluate the pulsatility of the flow rate, the harmonic in-
dex (HI) was proposed. HI was a measure of the relative con-
tribution of non-static intensity to the overall signal intensity,
and this parameter ranges from 0 (in the case of a steady non-
zero flow rate signal) to 1 (in the case of a purely oscillatory
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Table 1. Vessel sizes of the geometry.

Location Diameter Unit
Ainlet of aorta 26 mm
B
: oulef[ of 10 mm
innominate artery
C outlet of left
common carotid 7 mm
artery
D outlet of left

. 6 mm
subclavian artery
E outlet of left
8 mm
femoral artery
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Figure 2. The inlet flow rate waveforms of the aorta and
selected time for later analysis.

signal with a time average of zero) [27]. HI was defined as
the equation (6):

+00
HI = Zﬁi} T [nwo]
Zn:O T[Tl’wg]
Where T[nw,] was the magnitude of the transformed flow
rate signal.

To quantify the magnitude of flow oscillation during cardiac
cycle, the oscillatory shear index (OSI) was calculated as the

equation (7) [28]:
osr=1 (1— |f7‘1 det') ()
fo |Tw| dt

Where 1 was the wall shear stress, T was 1 cardiac cycle.
The OSI value can vary from 0 to 0.5, with 0 corresponding
to a totally unidirectional WSS and 0.5 to a purely oscillatory
WSS. Areas of high OSI were predisposed to endothelial dys-
function [29,30].

[}
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Figure 3. Flow rate of all the outlets of the cases. (A) is the flow
rate of pECMO and (B) is the flow rate of cECMO.

Table 2. Average flow rate of all the outlets of the 2 cases.

Figure 4. Flow rate ratio of the 2 modes. A is the R of 2 modes
of ECMO and B is the R, of 2 modes of ECMO.

down

Innominate Left femoral Left common Left subclavian Right subclavian
arery (IA) artery (LFA) carotid artery (LCCA) artery (LSA) artery (RSA)
Case 1 0.030403 0.014311 0.009871 0.030672 kg/s
Case 2 0.0143 0.020145 0.01618 0.016898 0.017108 kg/s

Table 3. HI of all the flow rate waves of the 2 modes of ECMO.

Left femoral
artery (LFA)

Innominate
arery (IA)

Left common
carotid artery (LCCA)

Left subclavian
artery (LSA)

Right subclavian
artery (RSA)

Results

Figure 3 shows the flow rate of all the outlets of the cases.
Figure 3A shows the mass flow rate of the pECMO. Figure 3B
shows the mass flow rate of the cECMO. For both types of
ECMO, when the blood is injected from left ventricle into the
ascending aorta, the blood flow entering into IA was much

higher than at other outlets. Table 2 shows the average mass
flow rate of the 2 modes. The average flow rate values of IA
and LFA under pECMO were higher than that of cECMO, but
the rest of the outlets were the reverse. In addition, for pEC-
MO, RFA was almost blocked by the cannula inlet, so most of
the downstream blood went to the LFA. Compared with cEC-
MO, the average flow rate of LFA of pECMO was lower than the
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Figure 5. Velocity vector of aorta arch and femoral bifurcation at different times in the 2 modes of ECMO. (A, C) are the velocity
vectors of pECMO, while (B, D) are the velocity vectors of cECMO.

sum of average flow rate of LFA and RFA of cECMO(0.03067
<0.03401 kg/s), but the sum average flow rate of 1A, LCCA, and
LSA under pECMO were higher than that of cECMO (0.05458
>0.05062 kg/s).

Figure 4 shows the flow rate ratio of the 2 modes. R, was high-
er under pECMO and R, = was higher under cECMO. That is,
in this study, pECMO has a better perfusion to the upper limb
and brain than cECMO, while the downstream perfusion cEC-
MO overshadowed pECMO.

Table 3 shows the HI of all the flow rate waves of the 2 modes
of ECMO. The HI of flow rate of IA and LSA under cECMO was
higher than that under pECMO, while HI of flow rate of LFA,
LCCA, and LSA under cECMO was lower.

Figure 5 shows the velocity vector of the aorta arch and fem-
oral braches at different times under both types of ECMOs.
Figure 5A and 5C show the flow pattern under pECMO; sim-
ilarly, Figure 5B and 5D show the flow pattern under cECMO.
Figure 5A shows the obvious blood interface (the circle region)
at the aortic arch, due to the different direction of blood in-
jected from heart and cannula of ECMO. Moreover, the loca-
tion of the interface is changed along with the fluctuation of
instantaneous blood flow rate from both inlets. Retrograde
blood flow from the cannula of ECMO crash with the antegrade
blood flow from left ventricle at the aortic arch forming the

interface. For cECMO, the velocity of the blood injected from
the cannula was much higher than in other regions (Figure 5B),
which causes the vertexes (the arrow location).

At the femoral branch, as the high-speed blood flow is inject-
ed from the pECMO cannula, there are vertexes (the arrow lo-
cation). For cECMO, the blood flow in femoral bifurcation has
no vertexes. The results indicate that pECMO has worse hemo-
dynamic conditions at the femoral bifurcation than that sup-
ported by cECMO, and there is blood flow junction also ob-
served under pECMO.

Figure 6 shows the wall shear stress (WSS) contours at differ-
ent times. Figure 6A and 6C show the WSS distribution under
pECMO, while Figure 6B and 6D show the WSS distribution
under cECMO. In the aortic arch, the WSS under pECMO is sig-
nificantly lower than that under cECMO, as the high velocity
blood flow is injected from the cannula of cECMO. In contrast,
WSS at the femoral branch was higher under pECMO com-
pared with that under cECMO, as the blood flow jetted from
LFA. Moreover, the high WSS region under both types of ECMO
is different. For pECMO, the inner wall of the aortic arch and
femoral branch were high WSS regions (reaching 5 pa and 10
pa, respectively), while the region appeared at the posterior
wall of aortic arch for cECMO (reaching 10 pa).
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Figure 6. Wall shear stress (WSS) contours at different times in the 2 modes of ECMO. (A, C) are the wall shear stress (WSS) contours
of pECMO, while (B, D) are the wall shear stress (WSS) contours of cECMO.

Figure 7 illustrates the change in WSS at special areas along with
time during the whole cardiac cycle. At the inside wall of the aor-
tic arch (region 1), WSS under cECMO was lower than that un-
der pECMO. In contrast, at the posterior wall of the aortic arch
(region 2), WSS under cECMO was higher than that under pEC-
MO. For the femoral branch (region 3), WSS achieved by pECMO
was higher than that achieved by cECMO. Table 4 lists the mean
values of WSS at regions 1, 2, and 3 under both types of ECMOs.

Figure 8 illustrates the distribution of OSI under both types of
ECMOs. Figure 8A shows the OSI distribution under pECMO.
Figure 8B shows the distribution of OSI under cECMO. For both
types of ECMO, OSI were high (max value is 0.45) at the inner
wall of the aortic arch, the descending aorta, and the femo-
ral branch. However, the high OSI regions under both types
of ECMO were different from each other. For pECMO, the high
OSlI region was at the aortic arch closing with the ascending
aorta and femoral branch. For cECMO, however, the region was
at the aortic arch closing with the descending aorta, showing
that high OSls were usually located in the regions where WSS
was low, which agrees with other studies [27].

Discussion

VA ECMO has been used as an effective method for clinical
surgery. For instance, Chen et al. [31] reported that ECMO had

become an important method for organ transplants in clinical
practice. Besides that, Jennifer et al. [32]. reported that the ECMO
is potentially a reliable bridge-to-diagnosis and bridge-to-deci-
sion in cardiac amyloidosis patients. Rousse et al. [33] reported
that ECMO could be used as a decision method for heart fail-
ure patients. Doctors could determine the optimal operation for
the patients according to the treatment performance of ECMO.
Kapur et al. [34] found that the short-term support by ECMO is
a useful operation to improve the survival rate of heart failure
patients. Mancio Silva et al. [35] reported that an experienced
ECMO team, careful patient selection, and rigorous manage-
ment protocols with objective criteria to wean or stop ECMO
are needed for improving the performance of VA ECMO clini-
cal application. Similarly, Religa et al. [36] applied a short-term
ECMO as a bridge-to-bridge helped save the patient from se-
vere cardiogenic shock caused by increased left ventricular af-
terload. Along with VA ECMO was widely applied in the clinical
practice, the complications, including ischemia-reperfused inju-
ry [37], hypoxemia, hyper perfusion and vascular complication,
attracted more and more attention. Those complications may
be contributed to the abnormal hemodynamic states caused
by ECMO. Although many studies focus on the hemodynam-
ic effects of ECMO on cardiovascular system, there is no study
on the hemodynamic differences between pECMO and cECMO.

This work focuses on the hemodynamic difference between
the pECMO and cECMO and explores the relationship of
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Figure 7. Wall shear stress of selected regions
at 1 cardiac cycle. (A) is the selected
3 region, (B) is the wall shear stress
of region 1 at 1 cardiac cycle, (C) is
the wall shear stress of region 2 at 1
cardiac cycle, and (C) is the wall shear
stress of region 3 at 1 cardiac cycle.
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Table 4. Average WSS of regions 1, 2, and 3 of the 2 modes of ECMO.

Region 1 Region 2 Region 3 Unit
Case 1 0.4889425 12.041993125 0.537955 Pa
Case 2 0.153244375 0.1875985 7.741355375 Pa

hemodynamic factors and perfusion condition to provide some
advice on reducing the risk of hemodynamic complications.

Limb ischemia is a general complication of ECMO leading to
limb loss even death in serious cases [38]. And the risk of limb
ischemia caused by pECMO is higher than that caused by cE-
CMO. Slottosch et al. [39] reported that 20.8% of the patients
undergoing pECMO required treatment of lower limb ischemia.
Cheng et al. [11] stated that 16.9% of patients develop lower
extremity ischemia and 4.7% of patients have lower extremity
amputation for pECMO. Distal perfusion catheters were used
to improve this situation [40], while there is still 3.2% of limb
ischemia [41]. In addition, the cerebral blood vessels and up-
per limbs are also at risk of hypoxemia for the patients un-
dergoing pECMO [42], which receive predominantly deoxygen-
ated blood from the left heart [43]. Our results suggest that,
pECMO has a better perfusion to the upper limb and brain

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

than cECMO (Figure 4A), while for the downstream perfusion
cECMO has advantage over pECMO (Figure 4B). The results of
this study are consistence with the previous literatures. And
the difference in the distribution of blood flow in each vessel
maybe result from the different types of ECMO. Consequently,
if the patient supported by the pECMO, the lower extremity
ischemia is a complication that must be concerned.

For heart mechanism, a pulsatile circulation is obligatory [44].
The ECMO, however, generated the nonpulsatile blood flow,
which may have the negative effects on heart and aorta.
Short et al. [45] shown that VA ECMO altered pulsatile blood
flow and cerebral autoregulation have the effect on endothelial
reactivity in animal models. HI as index evaluating the pulsa-
tility of the flow rate has been recommended that change the
flow pattern from nonpulsatile flow to pulsatile flow.
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Figure 8. OSI of the 2 modes of ECMO. (A) is the OSI of pECMO and (B) is the OSI of cECMO.

Wall shear stress has been considered an important factor lead-
ing vascular remodel. Mean and maximum values of WSS were
major factors for endothelial pathology [46,47] and intimal dis-
ease [48]. Adel et al. [49] reported that arterial-level shear stress
(about 2 pa) is suitable for maintaining the endothelial quies-
cence and an atheroprotective gene expression profile, while
low shear stress (<0.4 pa) that is prevalent at atherosclerosis-
prone sites stimulates an atherogenic phenotype. As seen in
Table 4, for cECMO, the average WSS of region 2 is much high-
er than 2 pa. For pECMO, the average WSS of regionl and re-
gion 2 is lower than 0.4 pa, while the average WSS of region
3 is much higher than 2 pa. There exist low shear stress (<0.4
pa) at region 1 and region 2 under pECMO. Lower WSS region
is prone to develop vasculopathy. Areas of high OSI are predis-
posed to endothelial dysfunction and atherogenesis. For pEC-
MO, the OSI of the aorta arch and access of femoral artery is
higher than cECMO. This results is constant with the findings
that pECMO is prone to vascular complications [15].

The duration of the ECMO was conducted was a very important
factor to its effects on the vessel. For pECMO, the duration is
usually one or two weeks. According to the study on the bio-
mechanical effect of blood flow on the endothelial cell [50], the
duration of pECMO was sufficient to active the endothelial func-
tion and result in the abnormal function of vessel. Therefore,
the abnormal distribution of WSS under pECMO may contribute
to the endothelial and vascular dysfunction. In contrast, the cE-
CMO usually was used in the cardiac surgery, which is usually

less than 12 hours. Thus, the distribution of WSS under cECMO
may have little effects on the vascular disease. Therefore, this
paper focuses on the effect of distribution of WSS under pECMO.
Moreover, according to hemodynamic theory, the distribution of
WSS is regulated by both the type and support level of ECMO.
Hence, surgeons should carefully choose the appropriate type
and support level of ECMO according to the states of patients.
Meanwhile, surgeons should reduce the duration of ECMO as
well to reduce the risk of endothelial and vascular dysfunction.

Limitation

The present study is based on an ideal geometric model in
which the parameters were from derived from the literature.
Because the differences among patients are huge, the ideal
geometric model may not be sufficient to clarify the changes in
hemodynamic effects of the 2 types of VA ECMO. In the future,
the patient-specific models will be established and the realistic
boundary conditions collected from clinical practice also would
be used to study the hemodynamic differences under the 2
types of VA ECMO support. In addition, the related statistical
analysis would be conducted to provide guidance to surgeons.

Conclusions

To clarify the hemodynamic difference between peripher-
al and cECMO, numerical studies were conducted. Results
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demonstrated that pECMO had lower perfusion to lower limb
than cECMO, which may contribute to the lower extremity isch-
emia. In addition, the pECMO also has a higher WSS at the
bifurcation of the femoral artery, which may induce vascular
complications. And for pECMO, OSI of the aorta arch and ac-
cess of femoral artery are higher than cECMO. These regions
are prone to develop vasculopathy. These results may contrib-
ute to the findings that pECMO is prone to vascular complica-
tions. Moreover, for pECMO, there exists a flow junction in the
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